A study of infra-red behaviour of gauge theories involving
dark matter

By
Pritam Sen

PHYS10201305003

The Institute of Mathematical Sciences, Chennai

A thesis submitted to the
Board of Studies in Physical Sciences

In partial fulfillment of requirements
For the Degree of
DOCTOR OF PHILOSOPHY
of
HOMI BHABHA NATIONAL INSTITUTE

June, 2021






Homi Bhabha National Institute

Recommendations of the Viva Voce Board

As members of the Viva Voce Board, we certify that we have read the dissertation prepared
by Pritam Sen entitled “A study of infra-red behaviour of gauge theories involving dark
matter” and recommend that it may be accepted as fulfilling the dissertation requirement
for the Degree of Doctor of Philosophy.

[tk St Date: 15.11.21

Chair - Prof. RAHUL SINHA

bl
D _— - Date. 15.11.21

Guide/Convener - Prof. D. INDUMATHI

A
" Date: 15.11.21
Examiner - Prof. SOURENDU GUPTA

A omatem B Date: 15.11.21
Member 1 - Prof. SANATAN DIGAL

A'_,‘ y
N

Date: 15.11.21

Member 2 - Prof. R. SHANKAR
k[ 'Lﬁl 9\)/) L\%

\
% Date: 15.11.21

Member 3 - Prof. NITA SINHA

Final approval and acceptance of this dissertation is contingent upon the candidate’s
submission of the final copies of the dissertation to HBNI.

I hereby certify that I have read this dissertation prepared under my direction and
recommend that it may be accepted as fulfilling the dissertation requirement.

Date: 15.11.21 _—

Place: IMSc, Chennai. Guide - Prof. D. INDUMATHI



il



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for an advanced
degree at Homi Bhabha National Institute (HBNI) and is deposited in the Library to be

made available to borrowers under rules of the HBNI.

Brief quotations from this dissertation are allowable without special permission, provided
that accurate acknowledgement of source is made. Requests for permission for extended
quotation from or reproduction of this manuscript in whole or in part may be granted by
the Competent Authority of HBNI when in his or her judgment the proposed use of the
material is in the interests of scholarship. In all other instances, however, permission must

be obtained from the author.

P“{“i—t&m SGV\.

Pritam Sen

il



v



DECLARATION

I hereby declare that the investigation presented in the thesis has been carried out by me.
The work is original and has not been submitted earlier as a whole or in part for a degree

/ diploma at this or any other Institution / University.

P“{“it&m SGV\.

Pritam Sen




vi



List of Publications arising from the thesis

Journal

1. “Infrared finiteness of a thermal theory of scalar electrodynamics to all orders”,
Pritam Sen, D. Indumathi and Debajyoti Choudhury,
Eur. Phys. J. C79 (2019) no.6, 532.

2. “Infrared finiteness of a complete theory of charged scalars and fermions at finite
temperature”,
Pritam Sen, D. Indumathi and Debajyoti Choudhury,
Eur. Phys. J. C 80 (2020) no.10, 972.

Conferences

1. “Infrared Finiteness of Theories with Bino-Like Dark Matter at 7 = 0”,
Pritam Sen, D. Indumathi and Debajyoti Choudhury,
Springer Proceedings in Physics, vol 261 (2021), 351-356.

2. “IR Finiteness of Theories with Bino-Like Dark Matter at Finite Temperature”,
Pritam Sen, D. Indumathi and Debajyoti Choudhury,
Springer Proceedings in Physics, vol 261 (2021), 375-381.

P\Oitam Sen.

Pritam Sen

vii



viii



Dtoreed T,
T Loy Monory (F
%Efm






ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my supervisor, Prof. D. Indumathi for
her valuable guidance, consistent encouragement and scholarly inputs that I have recieved
throughout the doctoral endeavor. Her deep understanding and insights in different subject
areas of physics has helped me to extend the horizon of my knowledge. I have always
found her to be extremely approachable regarding all the academic discussions. She has
always been extremely supportive and caring throughout the research work, for which I

am very much obliged and grateful to her.

I would like to extend my gratitude to our collaborator Prof. Debajyoti Choudhury for
getting the opportunity to work with him. I have benefited substantially from all the in-

teresting physics discussions with him, especially during his visit at IMSc.

[ want to thank Prof. Rahul Sinha, Prof. Sayantan Sharma for all the insightful discussions,
advises and support provided by them. I also thank all the members of doctoral committee
for their valuable suggestions and members of phenomenology journal club for all the
fascinating discussions. I would particularly like to thank Prof. M. V. N. Murthy, Prof.
Sibasish Ghosh, Prof. Rajesh Ravindran, Prof. Satyavani Vemparala, Prof. R. Shankar,
Prof. Partha Mukhopadhyay, Prof. Purusattam Ray, Prof. Gautam Menon, Prof. Sanatan
Digal, Prof. Venkata Suryanarayana Nemani, Prof. Shrihari Gopalakrishna, Prof. V.
Ravindran, Prof. Balachandran Sathiapalan, Prof. Nita Sinha for all valuable physics

discussions and for teaching some magnificent physics courses.

[ want to thank my classmates, seniors and juniors of MatScience, particularly, Ashutosh,
Prathyush, Sourav, Kamal, Prashanth, Dhruv, Partha Sarathi, Amlan, Arya, Chinmay, Ma-
hesh, Vigneshwar, Madhav, Varun, Krishanu, Ankit, Dheeraj, Abinash, Prafulla, Priyang-

shu, Avijit, Narayanan, Arindam Da, Dipanjan, Diptapriyo, Arnab, Priyamvad, Keshab,

Xi



Pulak, Prasanna, Sagnik, Sanjoy, Madhusudhan, Anil, Vivek Vyas, Sreeraj, Balesh, Bi-
joy, Shreyansh, Prosenjit, Kamalakshya, Jahanur, Joyjit, Soumya, Abhrajit, Nirmalya,
Suratno, Tuhin, Chandan, Rajesh, Rusa, Minati, Lakshmi, Saveetha, Devanand, Anand
Babu, Jayakrishnan, Sridhar, Biplab, Rupam, Pranendu, Mrigendra, Karthick, Jayakumar,
Rakesh, Abhijeet, Sathish, Shabbir, Arpan, Abdul, Arindam, Ankit, Vinay, Soumya, Anu-
pam, Ramanathan, Anuj, Anantha, Ashutosh Rai, Ramit, Abhranil, Gaurav Sood, Arunk-
umar, Chandrashekar, Sabiar, Sujoy, Ajjath, Thiru Senthil, Srivatsa, Bhargava, Sahil,
Shivam, Ravi, Arkajyoti, Umang, Sayantan, Prabhat, Hitesh, Vinod, Amit, Manas, Jy-
otijwal, Apurba, Sushovan, Tanmay, Vignesh, Sabyasachi, Soumen, Vaibhav, Prem, Ravi

Shanker, who have made my life at IMSc a memorable and enjoyable one.

I thank all the of members of IMSc administration, library staffs, personnel managing
computers and IT, canteen personnel, housekeeping staffs, security personnel and mem-
bers of electrical and civil department for creating and maintaining wonderful working

environment at IMSc.

I find myself fortunate enough to come across extremely good teachers who have in-
spired and motivated me in different stages of my life. I would particularly like to thank
Prof. Atisdipankar Chakrabarti and Prof. Rajen Kundu from my undergraduate days
who through their excellent lectures and caring nature have inspired me a lot continuing

physics.

I would like to express my deepest gratitude to my parents for all their care, love, support,
understanding, belief in me and advices. I want to thank them for always keeping my and
my sister’s education as their highest priority. I want to thank my sister for being always
by my side, for all her affection, advice and emotional support; specially during recent
times after demise of our father. I would also take this opportunity to express a special
thanks to my mother for all her unconditional love, care, support, patience, perseverance

and sacrifices that have shaped the person I am.

Xii



Contents

Page No.

Summary Xix
List of Figures XXi
1 Introduction 1
I.1 Motivation. . . . . . . . . . 4

1.2 Outlineofthethesis . . . . . .. ... ... ... ... .. . ...... 8

2 Introduction to thermal field theory 13
2.1 Prologue . . . . . . . ... 13
2.2 Introduction to real time formulation of thermal field theory . . . . . .. 19
2.2.1 Thepropagators . . . . . . . . . . . 25

2.2.2 The interaction vertex factors . . . . .. ... ... ... .... 27

2.3 Infrared structure of field theories at finite temperature . . . . . .. . .. 28
24 Summary ..o ... e e e 29



3 The technique of Grammer and Yennie to identify infrared structures

3.1

3.2

33

Prologue . . . . . . . .
Features of GY techniques and modification of polarization sums . . . . .
3.2.1 Modification and rearrangement of polarization sums . . . . . . .

3.2.2  Effect of rearranging matrix element in terms of K, K and G, G

polarizations . . . . . . . ... ...
323 Finalremarks . . . . . .. ... .. .. ... .. ... .. ...

Summary . . . ... .

4 Extension of technique of Grammer and Yennie to finite temperature

4.1

4.2

4.3

4.4

4.5

Prologue . . . . . . . .
Extension of the GY technique to finite temperature . . . . . . . ... ..
Application of extension of GY technique to thermal fermionic QED . . .
4.3.1 Effect of virtual K, G photon insertion at finite temperature . . . .
432 Effectofreal K, G photon contributions at finite temperature . . .
Application of extension of GY technique to thermal scalar QED . . . . .
4.4.1 Effect of insertion of K, G photon contributions . . . . . . .. ..

442  Effect of insertion of K, G photon contributions . . . . . ... ..

5 Infrared safety of scalar QED at finite temperature

5.1

Prologue . . . . . . . . ...

X1V

31

31

32

36

38

47

47

49

49

51

54

56

63

64

66

76

76

79



6

52

53

54

5.5

5.6

5.7

5.8

Insertion of virtual K photons . . . . . . . . ... ... ... .......
5.2.1 K photon insertion between pand p’-leg . . . . ... ... ...
5.2.2 Inclusion of already existing seagull interaction vertices . . . . .
5.2.3 Both the K photon insertion vertices being on p’-leg . . . . . . .
5.2.4  Schematic discussion of K photon factorization on p’-leg

5.2.5 Both the K photon insertion vertices beingon p-leg . . . . . ..
5.2.6 Including the disallowed diagrams . . . . . . .. ... ... ...
5.2.7 The total contribution due to K photon insertions . . . . . . . ..
Insertion of virtual G photons . . . . . . . ... ... ... ... ...,
5.3.1 Insertion of thermal scalars and other subtleties . . . . . . .. ..
The total matrix element for the virtual photon insertions . . . . . . . ..
Real photon emission to and absorption from the heatbath . . . . . . ..
55.1 RealK photon emission and absorption . . . . .. ... .. ...
552 RealG photon emission and absorption . . . . .. ... .. ...
The total cross section for the real photon emission and absorption . . . .
The total cross section to all orders for thermal scalar QED . . . . . . . .

Summary . . . ...

Infrared finiteness of a theory of dark matter at finite temperature

6.1

6.2

Prologue . . . . . . . . ...

The n™ order diagram and the choice of special vertex . . . . . .. .. ..

XV

96

97

98

99

100

103

109

111

113

114

116

118

119

121



6.3 Virtual K photon insertion . . . . ... ... ... ... ... ... 128

6.4 Virtual K photon insertion between initial p and final p’-leg . . . . . .. 132
6.4.1 Insertion of vertex u on final fermionic p’-leg . . . . . ... . .. 133
6.4.2 Insertion of vertex voninitial p-leg . . . . . .. ... ... ... 134
6.4.3 Insertion of vertex v on internal scalar p-leg . . . .. ... ... 135
6.4.4 Insertion of vertex v on initial fermionic p-leg. . . . . . .. . .. 139
6.4.5 The total contribution of v vertex insertion on initial p-leg . . . . 141
6.4.6  Final matrix element for K photon insertion between initial p and

final p’-leg . . . . . .. 143

6.5 Insertion of both the vertices of virtual K photon on final fermionic p’-leg 143

6.6 Insertion of both the vertices of virtual K photon on initial p-leg . . . . . 144
6.6.1 Insertion of both the virtual K photon vertices on the internal scalar
p-leg oo e 146
6.6.2 Insertion of K photon vertices sharing internal scalar and initial
fermionic p-leg . . . . . . ... 162
6.6.3 Insertion of both the virtual K photon vertices on the initial fermionic
pleg ..o 166
6.6.4 Final matrix element for both the K photon insertion being on ini-
tial p-leg . . . . ... 168
6.7 The total contribution due to virtual K photon insertions . . . . ... .. 169
6.8 The total matrix element for the virtual photon insertions . . . . . . . .. 171
6.9 The total cross section to all orders for thermal theory of Dark Matter . . 172

Xvi



6.10 Summary . . . . . ... e 175

7 Conclusion 179
7.1 Future Directions . . . . . . . . . . .. ... 185
A Appendix A : Feynman rules at finite temperature 187
A.1 Feynman rules for the propagators . . . . ... ... ... ........ 187
A.2 The interaction vertex factors . . . . . . .. ... ... oL 189
B Appendix B : Generalized Feynman’s Identities at finite temperature 191
REFERENCES 195

xvil



xviii



SUMMARY

This thesis concerns the demonstration of infrared (IR) finiteness of a thermal theory of
neutrals interacting with charged fermions and scalars to all orders in perturbation theory
specifically in the context of theories involving dark matter (DM). DM is predominantly
conjectured to be thermally produced in the early Universe, staying in equilibrium with the
background plasma until the occurrence of freeze-out. The thermal effects being of cru-
cial importance can contribute appreciably while predicting the relic density of DM while
trying to delineate the parameter space of models of viable DM candidates. The IR struc-
ture of the concerned theories are of great importance, playing a pivotal role while trying
to predict the relic density reliably. The IR structure of theories is well known to become
more intricate at finite temperature due to the presence of thermal fluctuations in addition
to already present quantum fluctuations. In addition to this, at finite temperature, both the
emission to and absorption of real particles from the heat bath also become feasible, mak-
ing the situation more involved. To account for all these intricacies, the extension of the
Grammer and Yennie (GY) technique [Phys. Rev. D 8 (1973), 4332] to finite temperature
as was originally prescribed by Indumathi [Annals Phys. 263 (1998), 310] for the case
of thermal purely fermionic QED, is implemented to unambiguously identify the correct
IR divergent and finite pieces. As the theories of DM often involve charged scalars and
fermions, we start by analyzing the IR structure of the thermal theory of scalar QED. The
theory of charged scalars also involve quadrilinear seagull vertices in addition to usual tri-
linear interaction vertices. After applying the extension of GY technique, the IR divergent
pieces of both the virtual and real photon contributions are found to factorize, leading to
exponentiation and resummation. The quadrilinear seagull and tadpole diagrams play an
indispensable role to obtain this neat IR factorization and resummation by exactly cancel-
ing out respectively the remnant IR finite linear and quadratic terms in photon momentum
that would otherwise spoil the factorization, at all orders, of the purely IR divergent terms

at finite temperature. The IR divergent pieces arising in the virtual and real contributions

XixX



are found to cancel among themselves, making the theory of thermal charged scalars IR
finite to all orders in perturbation theory. We then focus our attention to a theory of DM
involving interactions with charged scalars and charged fermions. The similar analysis
of IR structure for this full theory having different kind of particles, after implementing
the extension of GY technique becomes highly involved. We observe non-trivial double
cancellations among terms after applying GY reduction. The IR divergent terms again
factorize and get resummed into an exponential factor in both virtual and real photon con-
tributions. The IR divergent pieces then cancel among the appropriate virtual and real
contributions making the theory of DM to be IR finite to all orders in perturbation theory
at finite temperature. The IR factorization, resummation and cancellation are found to be
independent of the specific nature of the interaction term of neutrals, charged scalars and
charged fermions making the proof and results of IR finiteness to be well applicable for
a general thermal theory of neutrals interacting with charged fermions and scalars. This
proof of IR finiteness was only possible after accounting for both the real photon emission
to and absorption from the heat bath. Hence in this thesis, we establish, for the first time,
the all-order proof of the infra-red finiteness of thermal field theories relevant to the study
of dark matter. The effect of the heat bath is found to become perceptible at observable
energy resolution giving rise to discernible temperature dependent finite corrections above
soft limit. This finite contribution has been studied upto next-to-leading (NLO) order by

Beneke and collaborators [JHEP 10 (2014), 045] but is beyond the scope of this thesis.
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Chapter 1

Introduction

Quantum Field Theory (QFT) has emerged as one of the cornerstones of contemporary
physics having its applicability in a wide range of physical phenomena. Perturbative quan-
tum field theory has proved its predictive power regarding phenomena related to physics
over a vast range of energy scales; even predicting extremely accurate theoretical predic-
tions such as anomalous magnetic dipole moment of electron [ 1-3], which can be regarded
as the epitome of predictable accuracy in the field of physics or rather in the field of em-
pirical sciences. Often, when predicting these results from theoretical calculations one
is riddled with divergent expression owing to Ultraviolet (UV) and Infrared (IR) diver-
gences. The origin and the implication of these divergences has to be interpreted correctly
and carefully to predict any sensible results in QFT. The origin and treatment of UV di-

vergences are more readily discussed and understood in the literature.

The origin of UV divergences pertains to the fact that, while calculating higher order
corrections to the related quantity of interest using QFT effects, all the possible quantum
states' of the system have to be included as internal virtual states. These states also include

some high momentum modes at the higher energy scale much beyond the low energy scale

! According to the framework of quantum mechanics while calculating higher order corrections in per-
turbation theory all possible feasible states, may it be all possible states in the Universe have to summed
over as the internal states.



of the theory? at which calculations are being performed. The effect of inclusion of these
high energy modes requires an understanding of high energy (small distance) physics much
beyond the reach of the relevant theory, resulting in troubling divergences. For a sensibly
written QFT at low energy scale, considering the QFT as an effective theory, these high
energy modes can be integrated out, absorbing the effect of these modes by modifying the
coupling constant, mass and field strength renormalization of the theory after performing
matching calculations of deep IR quantities. The theory is then said to be UV renormalized

and these renormalized theory can be used perturbatively to predict sensible results.

In the QFT having massless particles we often face another kind of divergences known
as IR divergences. In the theories involving massless particles, those particles can simul-
taneously become both on-shell (or near on-shell) and soft carrying vanishing energy. In
those scenarios those massless particles can propagate indefinitely carrying information
at minuscule energy cost resulting in soft IR divergences. For theories involving interac-
tions where only massless particles couple among themselves, there can be another kind of
singularity which may arise. This kind of singularity arises (even with involved particles
having finite momenta) when massless particles get converted into other massless ones
while the momentum of both the initial and final particles are in the same (or opposite)

direction, and is famously known as collinear singularities in the literature.

In practical scenarios, as any scattering experiment is performed during a finite time inter-
val, hence emission of soft photons with vanishing momentum is highly non feasible, thus
alleviating soft IR divergences in real experiments. It was initially shown by Bloch and
Nordsieck [4] that carefully constructed sufficiently inclusive observable cross sections
in QED are free from any infrared divergences. The subject of IR finiteness of QED has
been also discussed by several authors in the literature, see Ref. [5—12]. A general theo-
rem related to IR behaviour of field theories was proved by Kinoshita, Lee and Nauenberg

(KLN) [13, 14] finding IR divergences to cancel for any unitary theory when all the de-

2Like any other theories of nature, QFT is also an effective theory with an inbuilt energy scale associated
with it.



generate initial and final states are summed over. The KLN theorem turned out to be
of formal interest, as in real settings one usually does not sum over initial states. In real
situations one often manages to avoid IR singularities, understanding that a real detector

has a finite energy and angular resolution.

The works of Weinberg [15] further shed light on the universal properties of leading soft
structure of amplitudes for theories involving massless particles (generalized to gravity).
Realization of the fact that scattered charged particles are always accompanied by a cloud
of soft photons, has also led to reformulation of QED in terms of dressed coherent asymp-
totic states [16—24]. The seminal work of Faddeev and Kulish [24] then provided a pre-
scription for construction of IR finite amplitudes for massive abelian gauge theories. This
was followed by a similar construction for nonabelian gauge theory [25,26] and gravita-
tion [27] in literature. In recent times there have been important observations of ‘asymp-
totic symmetries’ [28-32] and ‘memory effect’ [33—36] related to the infrared dynamics

of the field theory for both abelian and non-abelian gauge theories.

The IR structure plays a crucial role in the discussions of collider physics, Yang-Mills the-
ories and field theories at finite temperature also. In this regard, IR behaviour of theories
has been widely studied in the development of soft collinear effective theory (SCET) [37]
which has been related in connection to soft theorems [38]. IR structure also plays a very
important role in the studies of Quark Gluon Plasma (QGP) Ref. [39]. For field theories
at finite temperature the IR divergent structure of the theories have been found to be more
severe due to the presence of thermal fluctuations. The IR finiteness of the theory of ther-
mal fermionic QED has been shown to all orders in perturbation theory, using eikonal

approximation by Weldon [40] followed by an exact calculation by Indumathi [41].

In this thesis we discuss the proof and results of IR finiteness of theories of charged
fermions and scalars interacting with neutrals at finite temperature, specifically in the con-
text of gauge theories involving dark matter. We start by proving IR finiteness for scalar

quantum electrodynamics [42] to all orders, and then generalizing to the case of theories



of dark matter [43] at finite temperature. The IR divergent structure was found to have an

universal behaviour independent of the exact nature of the interaction terms.

1.1 Motivation

To explain the results of the observations ranging over a multitude of length-scales, starting
with Zwicky’s observations of Coma Cluster [44, 45], galactic rotation curves [46—48],
gravitational lensing (strong lensing) [49], Microlensing [50, 51], observations of Bullet
cluster [52], recent observations of galaxies and clusters of different sizes [53-55], to
finally the observations of cosmic microwave background (CMB) [56-58] the existence
of Dark Matter (DM) is necessitated [59], which overwhelms [58] the ordinary component
of matter in the known Universe. Although the prominent evidences till now in favour of
DM have arisen only from the gravitational effects, the theories simply trying to modify
gravity (MOND) [60] or theories with cosmic fluid [61] have, so far, failed to successfully

account for all the relevant observations.

The various non-baryonic and baryonic candidates such as WIMPs, Axions and axion-like
particles (ALP), sterile neutrinos, particles from dark sectors, particles in universal extra
dimensional theories to primordial black holes, can be feasible candidates for the DM, and
details of the properties of these candidates have been extensively reviewed in literature
[62—67]. Before moving to our particular model of interest, we will briefly discuss about
some general properties concerning DM. As CMB is sensitive to the baryonic and the total
matter densities respectively through the height of the first peak and through the ratio of the
heights of the first and the second peaks, it can be inferred (from results of CMB) that not
all matter in the Universe can be baryonic. In fact from the latest results of PLANCK [58]

it has been noted that DM is dominated by non-baryonic component,

onh® = 0.1430+0.0011 , o.h* = 0.1200£0.0012, o»h* = 0.02237 + 0.00015, (1.1)



where 0, 0. and o, are respectively the density of total matter, cold dark matter and bary-
onic matter; and A is the reduced Hubble’s constant with & = Hy/100 = 0.6736+0.0054
[58]. The masses of the DM also can vary over a wide range of values. The lower bound
of mass for the fermionic DM has resulted from Tremaine-Gunn limit [68] using results
of the Fornax dwarf [69], to be 70 eV < m#. The lower bound for bosonic DM masses
corresponds to a value 10722eV < mg [70-74]. The upper limit of masses of DM have a
bound of 5M, [75,76]. The DM candidate should be electrically neutral® and should not

interact strongly, and must be stable on cosmological time scales [77].

DM particles can be classified in different ways. Depending on how relativistic DM can-
didates were when they decoupled from thermal plasma (falling out of thermal equilibrium
in the early Universe), the DM candidates can be classified into three categories, i.e., Hot
dark Matter (HDM), Cold Dark Matter (CDM) and Warm Dark Matter (WDM). HDM
and CDM were respectively relativistic and non-relativistic at the time of decoupling, and
the WDM represents to a scenario in between HDM and CDM. The Large Scale Structure
formation of the Universe strongly supports the dominant contribution to DM to be CDM
in nature. The DM candidates also can be classified according to their formation mech-
anism, i.e., thermal, non-thermal, freeze-in, asymmetric, primordial black hole formation

etc.

In this thesis we will focus on the case of thermally produced CDM. The most natural and
well studied production mechanism of CDM candidate to meet the current day abundance
of DM is through the production of the CDM thermally in the post-inflation reheating
phase. The relevant number density of CDM is then determined by coupled Boltzmann
equations in the expanding Lemaitre-Friedmann-Robertson-Walker Universe [59]; until
when due to the expansion of the Universe, the interaction rate of CDM falls below the
Hubble expansion rate, resulting in the CDM component to fall out of equilibrium, and

number density of CDM freezes out.

3 Although some ‘milli-charged’ DM candidate (obtaining effective charge through kinetic mixing with
a dark photon field, producing very suppressed coupling with photon field) can be feasible, it is severely
constrained from the data.



In the current era of precision cosmology this relic density of DM is being measured with
high precision [56—58]; and only an order of magnitude calculation of relic densities from
theoretical point of view is not any more justifiable. Efforts to include higher order cor-
rections to annihilation cross-section from theoretical calculations [78—85] have already
been implemented, resulting in non-negligible contribution with respect to leading order
at zero temperature. As the DM component was in thermal equilibrium with background
plasma interacting with it until the freeze out, thus thermal effects become of crucial im-
portance while performing relic density calculations. Hence, predictions of relic density at
finite temperature including the higher order NLO corrections are highly preferable. The
suitable efforts along this direction were taken in Refs. [86, 87]. Specifically in Ref. [86]
Beneke et al. have implemented relic density calculations at NLO in thermal field theory
obtaining finite thermal corrections. IR divergences related to the corresponding process
were found to completely cancel at order NLO at finite temperature, when both absorp-
tion of particles and emission of them to the heat bath were allowed. This NLO result of
Beneke et al. thus motivated us to look into an all order IR behaviour of the corresponding

theory at finite temperature.

In this thesis, among various potential candidates of CDM, we will be interested in the
discussions concerning weakly interacting massive particle (WIMP). Minimal Supersym-
metric Standard Model (MSSM) [88-92] naturally has particle contents which can corre-
spond to eligible candidates [93-99] related to the WIMP paradigm. We are interested in
the neutralino particles as the Lightest Supersymmetric Particle (LSP) playing the role of
WIMP CDM particle in the context of MSSM. Although the neutralino is a linear combi-
nation of the bino, the neutral wino and the two neutral higgsinos, we will be interested in

the thesis regarding a simplified model of bino (bino-like) dark matter candidate.



The corresponding Lagrangian density related to the model is expressed as
1 w | T 1_..
L= JFu P+ [ (il = my) f + 5% (i = my ) x
+ (D*¢)" (Dup) - myp'¢ + (AxPLf ¢ +he.) (1.2)

which has been extensively studied in the literature [100—103] at zero temperature. The
model is an extension of Standard Model (SM) containing left handed SM fermion dou-
blets f = (f°, f)! along-with an additional scalar doublet ¢ = (¢, ¢")" which are
super-partners of SM fermions f. Majorana fermion y which isa S U(2) x U(1) singlet is
also contained in the corresonding model as the concerned dark matter candidate, having
amass at TeV scale, m, ~ O (0.1-1 TeV), and mass of sfermion ¢ is m, > m,. As gener-
ically for CDM candidates freeze-out occurs at a temperature 7 freeze—oir ~ M,/20, thus
in this model freeze-out of DM occurs after the electro-weak transition, making only the
electromagnetic interactions to be the relevant one at this scale, while having the discus-
sion of IR behaviour of the corresponding theory. In the current model the DM candidate
x interacts with SM particles f via Yukawa interaction. In addition to interactions of
charged components, there is the feasibility of the an interaction term coupling the neu-
tral components as AP, f°¢° . But, we have discounted writing such an expression in
Eq. 1.2 as although the neutral particles play an important role in the calculation of in-
clusive cross-section they are not important in the analysis of IR behaviour of the theory

being non-interacting to photon.

We would also note here that although the model Eq. 1.2 may look like too specific a
choice but it fruitfully captures the spirit of a wide class of models. As it has been already
explained, though neutralino can be an admixture of bino, neutral wino and two neutral
higgsinos, for a very large class of supersymmetry breaking scenarios, we find the the
higgsino mass parameter u to be much larger than the soft terms (M, 2) for the gauginos,
suppressing the higgsino component to a negligible level. And as bino-wino mixing is also

dependent on the value of y, a large value of higgsino mass parameter also suppresses the



wino-component in the DM. The consideration of bino-like DM further simplifies the cal-
culations as additional diagrams can be safely neglected, e.g., with s-channel gauge bosons
or Higgs*. Therefore restricting ourselves to the specific case of the bino (bino-like) DM
does not represent the neglect of subtle issues while still allowing for considerable space

for simplifications, both algebraic and in bookkeeping.

The IR structure of this theory of bino (bino-like) DM is then analyzed at finite tempera-
ture, starting with the proof of IR finiteness of the theory of scalar QED at finite temper-
ature, and then generalizing to a full theory of DM with all the particle content. The final
total cross-section for the theory of DM turns out to be IR finite to all orders in perturba-
tion theory giving an exact closed form expression. The IR divergent pieces are found to
be universal, and to be independent of the specific interaction terms, making the results
useful for any complete theory for charged scalars, fermions and neutrals. The exact sym-
bolic expression of the cross-section at finite temperature can be used order by order to
calculate finite corrections. The calculation of such results of finite corrections are beyond

the scope of the current thesis.

1.2  QOutline of the thesis

The thesis has been organized as follows.

In Chapter 2 the basics of thermal field theory have been discussed. Starting with a brief
discussion of general features of thermal field theory, we have quickly moved towards and
discussed about the real time formulation of thermal field theory. Following the introduc-
tion of the Schwinger-Keldysh contour, we have found the thermal fields to be doubled,
with thermal type-1 and type-2 fields correspondingly playing the role of respectively
‘physical’ and ‘ghost’ fields. The infrared structure of a field theory (especially involv-

ing massless bosons) at finite temperature is found to become more intricate and more

4 Although for pure binos, such couplings only arise at the one-loop level, and are only of little conse-
quence.



violently IR divergent. The leading IR divergence is found to be linear due to the ef-
fects of thermal fluctuations, in contrast to only logarithmic IR divergence present at zero
temperature. In addition to leading linear IR divergence, the existence of an additional
sub-leading logarithmic IR divergence arising due to thermal fluctuations is also found to

be present at finite temperature.

The subject matter of Chapter 3 is to correctly identify and separate out the IR diver-
gent and finite contributions for field theories. Identification and separation of IR finite
and divergent contributions are performed using the technique of Grammer and Yennie
(GY) [12]. The technique of GY is reviewed for zero temperature fermionic quantum
electrodynamics (QED) to make readers familiar with the main features of it at zero tem-
perature to start with, which will be generalized in the following chapters to field theories
at finite temperature for more complicated theories. To achieve the goal of correctly sep-
arating out the IR divergent and finite pieces, the polarization sums of both the virtual and
real photon contributions will be rearranged into modified polarization sums; respectively
denoted by K and G polarization contributions (for virtual photons), and Kand G polar-
ization contributions (for real photons). All the IR divergent contributions are then found
to be contained inside K and K terms; and the contributions of G and G terms are found
to be IR finite. The notations regarding the use of GY rearrangement related to a general
diagram having multiple photon interactions, is also set up in this chapter. These notations
will be extensively used in the following chapters to fruitfully interpret the results arising

from more general theories.

At finite temperature the IR structure of the field theories is more complicated due to the
presence of additional leading linear and sub-leading logarithmically divergent terms due
to the effects of thermal fluctuations. Thus a generalization of GY technique is required
at finite temperature to correctly identify IR divergent and finite contributions. We start
Chapter 4 by reviewing the generalization of GY technique at finite temperature as men-

tioned in Ref. [41]. After reviewing the technique for fermionic QED at finite temperature



we focus our attention on scalar QED at finite temperature. The original results and find-
ings of the thesis begin at this section. To apply the GY rearrangements the generalized
Feynman’s Identities (Ward Identities) have been derived for scalar QED at finite tem-
perature. In scalar QED in addition to trilinear (scalar-photon-scalar) interaction vertices
(similar to fermionic QED) additional quadrilinear (scalar-scalar-photon-photon) seagull
interaction vertices are also found to be present. To manage proliferating number of the
Feynman diagrams, particular contributions from these set (trilinear and quadrilinear) of
diagrams are clubbed together and are denoted by ‘circled vertex’. These circled vertices
will turn out to be of extreme importance to collect similar types of contributions while
correctly identifying the IR divergent and finite contributions in discussions of the chap-

ters following.

The proof technique and results regarding the IR finiteness of scalar QED at finite tem-
perature is elaborately discussed in Chapter 5. Using the generalized Feynman identities
all the IR divergences are found to be contained inside virtual K and real K polarization
contributions. The IR divergent parts are found to factorize leading to resummation and
exponentiation to all orders in thermal field theory. After including subtle arguments and
proper phase space factors for real photon emission and absorption the virtual G and real
G polarization contributions are found to be IR finite. The IR divergent factors are found
to cancel between K and K contributions order by order to all orders in perturbation theory
at finite temperature, resulting in a IR finite cross section. The presence of seagull and
tadpole contributions is indispensable to achieve this result, canceling exactly remnant
IR finite sub-contributions linear and quadratic in photon momentum, arising from GY

rearrangement, making possible factorization and resummation of IR divergent pieces.

The proof and results of IR finiteness of the theories involving dark matter at finite tem-
perature is the subject matter of Chapter 6. The particular theory inspected in this chapter
is expressed by the Lagrangian of Eq. 1.2. Due to the presence of different species of

particles (charged scalars, charged fermions, neutrals and photons) the applications of the
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GY technique at finite temperature becomes an extremely involved one. Again all the IR
divergences are found to be contained within virtual K and real K polarization contribu-
tions, and virtual G and real G polarization contributions are found to be IR finite. The IR
divergent factors again get factorized leading to resummation for K and K contributions
and then getting canceled among K and K terms. In contrast to all previous cases, the
IR factorization in this case is rather non-trivial, which results due to non-trivial ‘double-
cancellation’ of sub-contributions. This kind of non-trivial ‘double-cancellation’ could
not in any way be speculated starting from individual thermal theories of either fermionic
or scalar QED. The ‘double-cancellation’ leading to IR factorization and resummation was
found to be independent of the particular interactions of charged particles and neutrals, im-
plying the universality of the IR divergent structure at finite temperature. It should be also
noted here, that the IR finite contributions are certainly model dependent and depend on
the details of particular theories. Using all these we obtain a closed form exact expression

for the IR finite cross section to all orders in perturbation theory at finite temperature.

The key findings of the thesis, future prospects and the concluding remarks have been

summarized in Chapter 7.
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Chapter 2

Introduction to thermal field theory

2.1 Prologue

Thermal field theory provides us a framework to discuss about the physics of systems
comprising of multiple relativistic and quantum mechanical particles interacting among
themselves. In addition to the quantum fluctuations, statistical fluctuations (arising due
to the particles interacting among themselves and with the medium) also play crucial role
in these scenarios. The effect of the medium (pertaining to statistical fluctuation) to a
relevant process of interest is often non-negligible and brings out interesting physics. Most
appropriate way to describe such system involving many degrees of freedom is through
ensemble description. The ensemble consists of all the second quantized states belonging
to the Fock space of the relevant system. The properties of the ensemble specifying the
system, is suitably described by the density matrix (density operator) p. The density matrix

is defined as

p(t) = Y palty) In(1)) (n(ss)] @.1)
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where |n), n = 1,2, ... are the complete set of states belonging to the ensemble, and we are
working in the Schrédinger picture. The probability of finding the quantum mechanical
system in the state |n) at time ¢; is given by p,(t;), with Z pa(t;) = 1. Hence, incorporating
both effects of the quantum and statistical ﬂuctuatior;l, the expectation value (ensemble

average) of an operator O at time #; can be written as

O(t:)) = > pult)) (&)1 On(1)) = Tr (pu(t) In(8:)) (n(1) O()) = Tr p(1)O(t;)

(2.2)

The expectation value of the same operator O at some later time ts is given by
O(ty)) = Tr p(tr)O(ty) . (2.3)

The ability to predict the expectation value of operator O at a time tr given the expectation
value of the same operator at some earlier time 7;, completely specifies the dynamics of
the system. In the Schrodinger picture it is well known that the quantum states (describ-
ing the system) evolve with time (and the operators do not). Hence, the density matrix
(encapsulating the properties of the states) evolve with time, and the time evolution of the

density matrix is described by the Liouville-von Neumann equation written as,

i%(tt) =|H.61)] . (2.4)

The explicit solution of the above Eq. 2.4 can be rather challenging for particular systems,
where the Hamiltonian H is time dependent or even the Hamiltonian being time indepen-
dent if that does not commute with the density matrix. The solution of the Eq. 2.4 can be

generically (implicitly) given by,

plt) = Ultyat) plas) U (t7,1) = Uty ) pl6) Ul 1) (2.5)
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where U (ty,1;) is the unitary time translation operator,

Uty t;) = T exp [—i f ! H(t') dt’] . (2.6)

In the above expression T represents the time ordering of the corresponding operator.
Using the result of Eq. 2.5 in Eq. 2.3 the expectation value of operator O at some later

time #, is given by',

O(ty)) = Tr (U(ty.1:) p(t;) U(tin17) Olty)) - (2.7)

Evaluating the above expression by inserting complete set of states in the field basis®> we

obtain

Oy =Y {ea Uty ) 00) {01 | (1) | 0e) {0 | Ut 17) | 0} {wa | O(11) | )
a,b,c,d
- Z (@a| Utr.1) | @0) o (e | Ut1s17) [ 0) Oua (2.8)
a,b,c,d

The matrix element of the unitary time evolution operator can be represented using path

reads as,

(#d

integration formulation. The corresponding expression for time evolution operator thus
1y R
T exp [—if H(t’)dt']
ti

<Ph>
e1(tr)=¢a

— f Dy eS| (2.9)
13

1(t)=ep

Ulty.1; |90h> <90a

"Note that this expression is same and independent of different pictures used, i.e., for Schrddinger,
Heisenberg and Interaction picture. As, in the Heisenberg picture density matrix (states) does not evolve
with time and operators evolve with full Hamiltonian; and in Interaction picture density matrix (states)
evolve with interaction Hamiltonian and operators evolve with free Hamiltonian producing same result.

2We have applied ¢ to represent generic field in this discussion. For particular discussions relating to
different fields (scalar ¢, fermion ¢ and gauge A*) we will use corresponding notations and use other related
subtleties.
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and,

(e

Ulti, tr) |S0d> = <90c

li
T exp [—if H(1") dt"] god>
Iy

pa(tf)=¢a )
= f Dy e S#2) (2.10)
[}

2 (ti)=¢c

Using the results of Eq. 2.9 and Eq. 2.10 in the Eq. 2.8 we obtain the expectation value of

the operator O to be,

O = ), T e [ gy esensien p, 0 2.11
)= P1 P2 € Pic Uda - (2.11)
(2

abedveilt)=e 2 (t)=¢c

In the above equation (unlike for pure states) the matrix elements of the density matrix is
usually very hard to predict for an ensemble (mixed state), where multiple particles are
interacting among themselves. For the special case of thermal equilibrium this problem
can be mitigated. For a system in thermal equilibrium the density matrix takes up the

form,

~

e PH . H for canonical ensemble .
, where H = (2.12)

H- u,N,- for grand canonical ensemble .

A~

Peq =

In the above expression 3 corresponds to the inverse temperature of the system, 8 = 1/T
(where T corresponds to the temperature of the system and we are working in the natural
unit so that Boltzmann constant k = 1). In Eq. 2.12 for the case of grand canonical
ensemble, N; corresponds to the operator related to conserved commuting Noether charge
of the system, and y; refers to the chemical potential associated with the respective global

conserved charge N;. In Eq. 2.12, Z refers to the partition function and is expressed as,

. Tr e PH for canonical ensemble .
Z=TrefM = (2.13)

Tr e #(#=#¥)  for grand canonical ensemble .
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We note here that the density matrix in the thermal equilibrium Eq. 2.12 has a formal
analogy with the time evolution operator in Eq. 2.6, with time interval traded off with —ig.
With this consideration, the matrix element of the equilibrium density matrix expressed in

the path integral representation is written as

. e_ﬁ(ﬁ_”[ﬁi)
(Pea)se = (b | Peq | ) = <90b ~ soc>
1 (eEltr=iB)=*p
== f Doy e 5eWe) (2.14)
Z ‘PE([i):‘;DC
where S ¢ corresponds to the Euclidean action,
B
SE == f dT(LE —,Lll'N,‘) . (215)
0

where T corresponds to imaginary time, T = if and y;’s vanishes for calculations in the
canonical ensemble. In Eq. 2.14, ¢g(t; —iB) corresponds to the field at time 7, — i, which
is equal to +¢,; where plus and minus sign respectively refer to the boundary conditions
corresponding to bosonic and fermionic fields. Using the results of Eq. 2.14 with the
results of Eq. 2.11 we find the partition function Z for the ensemble can be expressed in

the path integral representation as

Z[p] = f Dpi e 5er) f D1 Dipy ¢S #1)78(e2) (2.16)

Let us spend a few moments appreciating the final expression of the partition function as
obtained in the above expression. From the structure of the equilibrium density matrix
Eq. 2.12 it is evident that it is time translation invariant (see Eq. 2.4); as it commutes
with the Hamiltonian H s [ Pegs H | = 0. Hence, for a system in equilibrium the choice
of initial time #; is completely arbitrary. Thus for a local operator in time, the final time
t; can be chosen to be 1, = #; (without loss of any generality). This renders the D,
and Dys integrals dropping out individually, leaving only the Euclidean Dy integral as

the surviving one in Eq. 2.16. The above argument is also valid for a set of operators,
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0 =0.(%).. (5,,()?,1) having all the same time arguments (or if they are separated in
spacelike intervals and are situated on a Cauchy surface). The above result is formally

known as the imaginary time formulation [104—108] in literature.

For the case where the set of operators are separated in timelike intervals (in real time),
O = O0(t,%)...0,(t,, &) with t; < t5 < ... < t,; then the first operator O (11, %)
acting on the equilibrium density matrix matrix pe, creates a new density matrix p(f;) =
Peq O, (t1, X ), which no longer commutes with H the Hamiltonian. Therefore the Dy, and
Dy, integrals do not trivialize as before and gives non-vanishing contributions over the
real branches of time integral in Eq. 2.16. This contour which is formed in the complex
time plane having two real branches (C; and Cs) and imaginary branches (C5 and C,) is

known as the Schwinger-Keldysh contour, and is shown in Fig. 2.1. The corresponding

formalism is known as real time formulation [107-116] in literature.

The expectation value of set of operators separated in real time can be evaluated by defin-

ing the generating functional Z|B, Jy, J5] as

ZIB 1, 0] = f Doy e-S0) f Dy Digy ¢! 5152+ {1001 (9-12(2)e )

2.17)

where J; and J; are the sources defined respectively on the C; and C,, part of the contour in
Fig. 2.1. The technique to evaluate (perturbatively) of the generating functional Z[B, J1, J5]

will be discussed in more details in the next Section 2.2.

There are mainly three formalisms which are widely used to study thermal systems in liter-
ature. These are respectively known as imaginary time formalism [104—108], real time for-
malism [107-116] and thermo field dynamics [117-121]. The imaginary time formalism
is best suited to describe a system in thermal equilibrium, making it most suitable to cal-
culate time independent bulk thermodynamic quantities (inherently Euclidean quantities).
By analytically continuing the time into real domain, and after incorporating fluctuation-

dissipation theorem using Kubo-Martin-Schwinger (KMS) relations [122, 123] few time
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dependent quantities also can be evaluated in this formalism. But, imaginary time formu-
lation is usually not well suited to calculate expectation values of operators which are well
separated in real time, due to their inherent Minkowskian nature. This problem of evalu-
ating expectation values of formally Minkowskian quantities is mitigated in the real time
formulation. The real time formulation is well suited for estimating the quantities which
are well separated in real time (inherently Minkowskian) and separates out the effect of
the medium (thermal fluctuations) from the beginning. It is also applicable to describe
non-equilibrium phenomena in real time formalism, which become crucial while estimat-
ing transport coefficients of thermodynamic systems. The other real time approach which
is based on the operator field theory is known as the thermo field dynamics (TFD). This
formulation is most suitable to describe the algebraic structure of thermal systems, includ-
ing doubling of the Fock space involved. And being operator field theory approach, TFD
is also extremely useful involving calculations related to the symmetry arguments of the

systems.

In this thesis we are interested in the processes involving real time separations. Thus we
will use the real time formulation in upcoming discussions. We will briefly review the
aspects of the real time formulation in the next section, and will discuss only about the

subtleties which will be of importance in the context of following chapters.

2.2 Introduction to real time formulation of thermal field

theory

From the discussion of the previous sections, we have noticed that the Boltzmann operator
in the density matrix Eq. 2.12 has a formal similarity with the unitary time evolution oper-
ator Eq. 2.6 identifying inverse temperature with imaginary time. Thus the allowed values

of time can now have complex values, that is # € C . The formal quantities of interest for
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the thermal system are the Green functions defined as,

Gc(Xl,...,Xn) = <TC (gb(xl),,gb(xn))) (218)

In the above equation (.. .) refer to the thermal (ensemble) averaged quantities. The time
arguments in the above equation can now have complex values. So to make sense of the
time ordering, T¢ is only defined along a path in complex time. The path can be paramet-
rically defined as t = z(w), where w is real and monotonically increasing parameter along
the path, such that ordering in w corresponds to the ordering along the path. With this
definition in mind, the step function 6 and delta function ¢ along the path can be defined

as

Oc(t—1)=0w—-w), 6c(t—1)= (g—fv)_ s(w—w'). (2.19)

We can also generalize the notion of functional differentiation along the path as,

= 5c(t—1)5(F— 7). (2.20)

With the definitions of Eq. 2.19 and Eq. 2.20 we can define a generating functional Z¢[3; J |

to obtain the Green’s functions,

1 0"Zc[B; T ]

Zc[B] (0)"6J (x1) ... 67 (x,) (2.21)

Ge(xy,...,x,) =

J=0

The formal and obvious solution for the generating functional is given by

Zc|B;J] = Tr

P T, exp(i fc d4xJ(x)¢J(x))

- [Doen|i [[ax(zet) +iwet)| . )
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where the path C must pass through all the arguments of x; in the relevant Green’s function.
In Eq. 2.22 the expression for the generating functional is finally expressed in terms of the
path integral representation, such that the boundary conditions are given by ¢(#;, X) =

+¢(t; — i3, ¥ ), where plus and minus sign respectively refer to the bosonic and fermionic

field.
Im ¢
ti  C ty
) ) Ret
ti - 10 4 "OS
\
C’4+ Cy ty —io
t; —if

Figure 2.1: Standard time path is shown for real time formulation of thermal field theory.
The type-1 and type-2 thermal fields “live” on the C1 and Cs part of path of the full contour,
and 0 < o < B. For symmetric choice of path, o = B/2.

Using the analytic properties of the Wightman functions along with the KMS relations
[122, 123] (relating the Wightman functions in thermal equilibrium), it can be shown
that the formal region of interest for evaluating the Green’s functions lie in the strip of
—B < Im(z — ¢') < 0 (we have already used this information to express the path integral
representation in Eq. 2.22). Now, in this strip the path C must go through all the spacetime
arguments. For drawing a path it has to be noted that the imaginary part of the time must
have a non increasing dependence on the path parameter w, such that the path does not
move upward in imaginary time. The path also must contain real time axis, as we are inter-
ested in Green’s functions with real valued time arguments. These conditions provide us

with many possibilities of path C, of which the usual standard choice is shown in Fig. 2.1.

The standard time path consist of four main parts,

1. C; : This part starts from a large negative real value of time #;, (f; — —o0) following
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the real time axis to a large positive real value of time 77, (; = +o0). The operators

situated along this path are all time ordered.

2. C3: This part starts from 7 and goes to ¢, — io-, where 0 < o < § along a vertical

straight line along imaginary time.

3. Cy : This part starts from ¢, — io- and goes to ; — io-, along a horizontal straight line
in the complex time plane.The operators situated along this path are all anti-time

ordered.

4. C4 : This part starts from #; — io- and goes to ¢, — i3, along a vertical straight line

along imaginary time.

This path is famously known as Schwinger-Keldysh [111, 112] path in the literature.

Following the path the action now can be separated out in four distinct parts,

5 — fc dr f & x L(p(x))
_ f Y dr [ @estot - f Cdr [ @ ziote - i)

! B
—ffdtfd‘gxﬁ(go(t—iozi’))—if drfdgx.ﬁ(go(ti—ir,)?)). (2.23)

In the above equation we have assumed that the Lagrangian does not contain any derivative
expression for simplicity. Now we define the fields along the parts of the path C; and C,

respectively as ¢; and ¢,

o1(t, %) = (1, X), @2(t,X) = ¢(t —io, X) , (2.24)

J1(t,%) = J(t,X), Jo(t,X) = J(t—io, X) . (2.25)
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Using the results of Eq. 2.23, Eq. 2.24, Eq. 2.25 in Eq. 2.22 we can separate out the gener-
ating functional into different parts. Using the Riemann—Lebesgue lemma for the (spatial
Fourier transformed) Green’s Function [116] it can be shown the generating functional

can be factorized into two parts as in Eq. 2.26 when #; = —oo and ¢y — oo,

ZC[B’ ‘” = ZC34[ﬁ’ J]ZC12[ﬁ’ J]

_ f Digp &~550) f Dy Digy ' 1305 EA{N o1 (0-12(2)02()

. (2.26)

In the above expression, Zc, [, J] corresponds to the respective contribution from the
relevant part of the time path, where C;; = C; U C; . See the similarity of Eq. 2.26 with

Eq.2.17.

Now to obtain a perturbative evaluation of Eq. 2.26 we remind ourselves,

ZclB; J] :expl —ifcd“x(v( )]Zg[ﬁ;J]. (2.27)

i0J (x)

In the above expression Z%.[3; J | is the generating functional corresponding to free part

of the Lagrangian,

22191 = [[Deew| i [ ax(Laleto) +aweto)| . @29
and the full Lagrangian is

L) = Lolgl0) + Lulo()) = Lo(e(0) - Vi), (229)

where for simplicity again we have considered that the Lagrangian does not contain any

derivative interaction.

Using Eq. 2.29 in Eq. 2.26 and after noting that the effect of Z¢,, [, J | can be replaced by
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an overall normalization factor N, the expression for Eq. 2.26 can be written as,

(o)

2elpi71 =N [ Do Dprewp|i [ ata(Laintn) - Loa(a)

—00

- [ ate (Vi) - Viea()
# [ (e - ae)| - @30

The free part of the generating functional after integrating can be written as,

Zc|lB;J] = Nfi)(pl Dy, exp [—% f d*x d*x 0, (x) (G ap (x — X ) (X))

- [ (Vi) - Vie)
# [ (ne ) - ae)| @3

where G’ is the Green’s function for the free theory. Now, using Eq. 2.27 into Eq. 2.31

we obtain the perturbative expansion of the generating functional as

R Y Gy 7 ML A

exp [—% fm d4xd4x'Ja(x)G5b(x—x’)]b(x’)] . (2.32)

With the definitions of Eq. 2.20 and Eq. 2.25 the functional derivative can now be written

down as

6J,(x)

= 6,60 (x-x). 2.33
575(x) b (x =) ( )

The Green’s Function of the theory hence can be written down as,

1 6> Zc[B; J ]
B J] i 6Ja(x) 6T (9)|), s

F —
Gialx=9) = 7 (2.34)

Now from above equation it can be seen that the thermal propagator takes a matrix form.
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From Eq. 2.31 it can be noted that the doubling of field has happened. The ¢, fields
which live on the C; part of the contour are ‘physical’ fields, and can occur on both the
internal and external lines of Green’s function. Whereas ¢ fields live on the C, part of
the contour, and are to be interpreted as ‘ghost’ fields and can occur only on the internal
lines of Green’s function. The off-diagonal elements of the Green’s function refer to the

propagators related to different field types.

2.2.1 The propagators

Using the results of previous section, we express the Feynman rules for the propagators
related to corresponding theories here. We will specify the Feynman rules in metric con-
vention g = n* = diag(1l,-1,-1,-1), and for symmetric choice o = /2 of the
Schwinger-Keldysh contour. In our future discussions we will be interested in analysis
of the structure of matrix elements involving multiple number of particles. We will use
placeholders for characterizing vertex numbers in those general cases. Let two placehold-
ers for the particular vertex numbers be i and j, with the thermal types #;, ¢; referring to
the thermal types of particles at vertex i and j respectively; #;,; = (1, 2) depending on the
particular thermal type. Hence, for those cases with zero chemical potential the Feynman

rules in momentum space are specified as follows.
For a scalar having momentum p and mass my, the Feynman rules for propagators are

given by

ot A(p) 0 . . 1 P°1/(2T)
8™ (p.mg) = +276(p”~my)Nu (") | , (2.35)
0 A*(p) elP°1/(2T) 1

where A(p) = i/(p* — mj + ie), and Ng(|p"|) is the distribution function for bosons,

1
exp{lp®|/T} -1

Ng(1p%)) = (2.36)
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After using the gauge fixing and then evaluating the Green’s functions for photon having

momentum k , the photon propagators in the Feynman gauge can be written down as,

i[DM]'% (k) = —g"iD"" (k) (2.37)
where,
A(k) 0 1 e|k0|/(2T)
iD"i (k) = + 276 (k*)Ng (IK°|) . (2.38)
0 A* (k) e\ko|/(2T) 1

In the above equation A(k) = i/(k® + i€), which is written in accordance with Eq. 2.35

for massless photons, and Ng(|k”|) is the the distribution function for photons. Therefore,

l-[D,uv] t,-,t_/-<k) — _gllviDt,',lj<k) = _gllV iS l‘,',lj(k, 0) . (239)

After using the Grassmann algebra for fermions and then evaluating the Green’s functions
for fermions having momentum p and mass m;, the fermionic propagators in real time

formulation can be expressed as,

oo 1 € po)elpol/(QT)
l'FliJj(p’mf) — —27rF'5(p2 _m?)NF(lpOD (
0 F* _E(po)elpol/(ZT) 1
b Gt
- (ﬁ i mf) P p , (240)
Gy

where F = i/(p—my+ie),and F’ = (p+my). From the above expression it can be noted
that the full fermion propagator is proportional to (p + my). Here Ng(|p°|) corresponds to

the distribution function of the fermion,

1
exp{|p°l/T} + 1

Ne(1p°l) = (2.41)

In the above Eq. 2.35, Eq. 2.38 and Eq. 2.40, the first and second part respectively corre-
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spond to the quantum fluctuation and the medium induced thermal parts for the relevant

propagators iS “i(p,mg), iD,s" (k) and iF “'i(p, my).

2.2.2 The interaction vertex factors

From the expression of Eq. 2.31 it is evident that the internal vertices in the perturbative
expressions can be of two types. The first kind of vertex has all the particles with ther-
mal type-1 and for the second kind the vertex has only thermal type-2 particles. It is also
evident from Eq. 2.31 that a particular vertex has only the fields of one particular thermal
type. The mixing of the fields only happen through the off-diagonal elements of the ther-
mal propagators. It can be also realized from Eq. 2.31 that the contribution for the thermal

type-1 and thermal type-2 vertices are opposite of each other.

In the upcoming discussions we will be interested in charged fermions and charged scalars
interacting with photons. All possible allowed insertion vertices for a theory of fermions
and scalars interacting with photons has been shown in Fig. 2.2 (where fermions, scalars
and photons have been denoted by respectively single solid, dashed and wiggly lines). For
the fermions only trilinear (fermion-photon-fermion) insertion is allowed. For the theories
involving charged scalars, in addition to trilinear (scalar-photon-scalar) insertion vertices,

quadrilinear seagull (scalar-scalar-photon-photon) insertion vertices are also allowed.

a. Trilinear Fermionic Vertex b. Trilinear Scalar Vertex ¢. Quadrliniear Seagull Vertex

Figure 2.2: All possible allowed insertion vertices for charged fermions and scalars in-
teracting with photons.

The fermion-photon-fermion trilinear insertion vertex has a contributing factor

(—iey,)(=1)»*!, where 7, = 1,2 according to the thermal type (type 1 or 2) of vertices.
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The scalar-photon-scalar trilinear insertion vertex has a contributing factor
[~ie(p, + p,,)](=1)%**, where p, and p;, are the four momenta of the scalar entering and

leaving the insertion vertex.

The scalar-scalar-photon-photon quadrilinear seagull insertion vertex has a contributing
factor of [+2ieg,,](—1)%*!. It also has to be noted that the seagull vertices has an overall
opposite relative sign with respect to trilinear scalar-photon-scalar insertion vertices. This

sign, as well as the factor of 2, will play an important role in our calculations.

For the bino-scalar-fermion insertion vertex, the contributing factor at an insertion vertex
V is denoted by I'y. The Feynman rules for Majorana particles at this kind of insertion
vertex at zero temperature are given in Ref. [124,125]. These Feynman rules apply as well
for type-1 thermal bino vertex; and for type-2 vertices we have to account for an overall

negative sign.

All these Feynman rules are collected in the Appendix A for convenience.

2.3 Infrared structure of field theories at finite tempera-

ture

From Eq. 2.35, Eq. 2.38 and Eq. 2.40 it can be noticed that the medium induced thermal
part of the propagators always accompany a distribution function in accordance to their
spin, as expressed in Eq. 2.36 and Eq. 2.41. Now if the particles are nearly massless and
their momenta are soft, then, for fermions the Infrared (IR) behaviour of the distribution
function becomes

1 p°—0

1
0\ — Z
Ne(Ip°)) = ol T 1 3 (2.42)

which is finite and converges in the IR limit. But for the massless bosons such as photons

the bosonic distribution function in the photon propagator in the soft limit contributes an
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additional power of |k°| in the denominator

1 -0 T
Nz (&%) = — 2.43

The contribution diverges in the IR limit. Thus it can be realized for the theories involv-
ing massless bosons such as photons, the leading IR divergence is linear due to thermal
fluctuations in addition to logarithmic IR divergence which was already present due to
quantum fluctuations Ref. [41, 126]. There is also residual sub-leading logarithmic IR
divergence arising from the thermal fluctuations. Thus taming the IR divergences in the
thermal field theory is much nontrivial and challenging than at zero temperature. The dis-
cussions of following chapters will focus on the issue of mitigating the apparent violent

IR divergence problem.

We also note here that the distribution functions (both fermionic and bosonic) are well
behaved in the Ultraviolet (UV) limit and act as a natural cut-off for any momentum p of
the order of temperature 7 of the system. Thus the loop integrals involving fermions and
bosons will have an effective cut-off at scale O(T'). As the medium does not invoke any
new UV divergences in thermal field theory Ref. [127], thus the available tools related

zero temperature UV renormalization is well applicable for thermal systems also.

2.4 Summary

Thermal field theory provides a framework for dealing with many body systems where
particles are interacting among themselves. Due to this interaction in addition to quantum
fluctuations, statistical fluctuations also become very important in thermal system. We
briefly discuss the general properties of thermal systems and make a note that the Boltz-
mann operator in thermal equilibrium has a formal similarity with time evolution operator
if inverse temperature can be identified with imaginary time argument. After that, we have

focused our attention to real time formulation of thermal field theory, and have briefly pre-
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sented the formulation of it arriving at the Schwinger-Keldysh contour. It has been found
that field doubling has occurred, resulting in type-1 and type-2 fields. Whereas type-1
‘physical’ field can arise on both the internal and the external lines, the type-2 ‘ghost’
fields can arise only on the internal lines. The propagators have taken 2 X 2 matrix form
where the off-diagonal elements convert the fields of one type to another. The number of
vertices also have doubled, having only similar type fields at a particular type of vertex. In
the real time formulation the effect of the medium inducing thermal fluctuations are found
to be separated out in the propagators. The part corresponding to the medium have been
found to be proportional to distribution functions of the particle type (fermions or bosons)
depending on their spin. The IR behaviour of the fermions were found to be well behaved
in the soft limit, whereas the IR behaviour of massless bosons worsen in the soft limit. For
massless bosons the leading IR behaviour turns out to be linear in thermal fluctuations in
addition to already present logarithmic quantum fluctuations. There is also a sub-leading
logarithmic IR divergence arising due to thermal fluctuation. Managing this violent IR

structure will be our main motive of discussion in the following chapters.
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Chapter 3

The technique of Grammer and Yennie

to identify infrared structures

3.1 Prologue

The subject concerning Infrared (IR) structure of fermionic QED at zero temperature has
a rich history. The conceptual intricacies related to the IR structure have been well un-
derstood in different formalisms. It has been well understood that, a sufficiently inclusive
observable cross-section Ref. [4] in fermionic QED is free from any infrared divergences.
There have been development of separate techniques and formalisms; involving summing
over sets of diagrams (resulting sets of integrals) which when taken together is shown
to be IR finite by Yennie, Frautschi and Suura (henceforth referred as YFS) Ref. [10],
to reformulation of QED in terms of dressed coherent asymptotic states Ref. [16-24] .
Although these techniques and reformulations have certainly increased the foundational
insights about the subject; the results from these are often very hard to incorporate in
practical calculations in perturbative theory. This difficulty has been resolved via a con-
venient technique formulated by Grammer Jr. and Yennie (henceforth referred as GY)

in the classic paper Ref. [12] . GY in their technique have rewritten and rearranged the
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photon polarization sums of both real and virtual photons to a sum of two modified photon

polarizations; namely, K and G type polarization sums.

They have shown that, by construction, all the IR divergent terms are only contained in K
type virtual and real polarization sums. When summed over all possible photon insertions,
these IR divergent pieces factor out and can be exponentiated. Furthermore, the cancel-
lation of those IR divergent pieces of K type polarization sums were shown to happen
order by order to all orders in pertubation theory. The fascinating result that GY have also
proved is, the G type polarization sums for both virtual and real photons for every term
(diagram) are IR finite, which can be readily used in perturbation theory to get IR finite
results. And, qualitatively to see the IR finiteness of these G type polarization sum terms,
the actual momentum integrals need not to be performed; but the IR finiteness of these

terms can be realized simply by gazing at the corresponding terms '.

We will review the main features of GY technique at zero temperature in the next section,
so that the generalization of this technique to finite temperature in Chapter 4 and then the
use of those finite temperature techniques in Chapter 5 and Chapter 6 becomes convenient

to follow.

3.2 Features of GY techniques and modification of polar-

ization sums

We start with an overview of the basic technique of GY for correctly identifying the IR
structure of a general process; beginning with an elastic scattering of a fermion due to
an external local potential (need not be an electromagnetic potential) at leading order (in

local potential) denoted by, f(p)y*(¢) — f(p’) shown pictorially in Fig. 3.1 .

'Obviously, to get the quantitative results from these IR finite terms, one has to explicitly perform
momentum integrals.
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Figure 3.1: A typical diagram of n'™ order for the process f(p)y*(q) — f(p’), with par-
ticularly r and s photon vertices on respectively p and p’ leg, withr + s = m.

Fig. 3.1 corresponds to an n' order process ? in electromagnetic interactions and leading
order in local external potential (denoted by vertex V in Fig. 3.1). Here, in this chapter
the external potential is explicitly an electromagnetic interaction (as we are speaking of
process f(p)y*(q) — f(p’)), and that is denoted by wavy photon line bringing in hard
momentum g at the vertex V. We will see in later chapters (Chap. 6) that, as the technique of
GY does not depend on the specific nature of external potential, hence we will be provided
the firm-base to use the technique consistently for the applications related to dark matter

in Chap. 6.

We will examine the effect of adding an additional photon (be it virtual or real) in all pos-

sible ways to this n'" order process. We will find that after using symmetries (Feynman

2 Here, we define the n' order process in a generic way, where by n™ order we mean that the corre-
sponding matrix element should contribute at O(e*") or O(a") to the cross-section at the leading order, i.e.,
if all the vertices on Fig. 3.1 should correspond to virtual photons then /V(g/\/(,f‘“”im“all ~ O(e*) (where
M corresponds to the contribution from tree level diagrams) and if all the vertices correspond to the real
photon insertions then |M 2172 ~ O(e?"), and accordingly generalizing this understanding for diagrams
containing an admixture of arbitrary number of real and virtual photons. The bottom-line is that the diagrams
corresponding to a particular order of @ which are present in the squared matrix element have to be always
considered together to find and see IR divergence cancellation. This fact will be of fundamental importance
in succeeding chapters when charged scalars are also involved, as then we can have seagull insertions and
tadpole diagrams (in addition to normal fermion-photon-fermion vertex); both of which will contribute a
factor of 2 per vertex to the matrix element.
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identities) of the problem, the higher order matrix element (for K type polarization sums)
will factorize to lower n™ order matrix element times IR divergent factors. These, IR di-
vergent factors then can be resummed and will be shown to cancel order by order between

K type virtual and real photon contributions.

Now, we will come to the notations related to Fig. 3.1. The fermion lines can be distinc-
tively classified into two groups depending on whether that line comes before or after
the interaction with external potential exchanging the hard momenta q . The fermion line
which comes before the interaction with external potential at V is denoted as incoming
line or p-leg (to the left of the vertex V) and the one which continues after the interaction
with external potential at V is denoted as outgoing line or p’-leg (to the right of the vertex
V). Henceforth, any additional photon insertion to this n'™ order diagram will always be
denoted and classified by the insertion on p or p’ leg depending on whether the insertion

is on respectively the initial or final fermion line.

The photons which are already present in the n't order diagram, see Fig. 3.1, leave the p’
leg with momenta [, at vertices ¢, with ¢ = 1,---, s and enter the p leg with momenta
l; at vertices j, with j = 1,--- ,r 3. We have to also remind ourselves that this choice
of photon momentum direction is just a convenient form of book-keeping without loss of
any generality. According to this notation, the momentum of the fermion line to the left
of the g™ vertex on the p’ leg becomes (p’ + £7_ I)) = (p’ + %,); and the momentum of
the fermion line to the right of the j™ vertex on the p leg reads (p + X/, 1)) = (p + X)).
Therefore, we will denote F),, 5 | for a fermionic propagator on the p leg from vertex
Jj — 1 to j having momentum p + Z{;i li; and F)yy5  denotes a fermionic propagator

q-1 4

from vertex g — 1 to vertex g, corresponding to a momentum flow* p’ + Y.7°, I/

Now, if this n'" order diagram has one or more virtual photons, which rejoin at some vertex

3We will always use the same notation ’(I) for photon momenta associated with particularly p’(p) -leg
for all the upcoming chapters.

“For the cases of scalar propagators in subsequent chapters F will be replaced by S; and for thermal
cases these propagators will also carry additional thermal indices denoting thermal type of vertex (denoted
in the superscripts) as F'~" and S’" in addition to momentum identifier which will be always denoted in
the subscripts of the propagators.
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in the fermion line; then three possibilities may arise: virtual photon between p and p’ leg,
or virtual photon having both the end points on same leg, i.e., both on p or both on p’ leg.
Now, supposing the virtual photon has k as its momentum, and is inserted at vertices x and
v, the momentum k can be identified depending on the insertions being on the p’ or p legs

as,

* x belongs to p-leg and y belongs to p’-leg then, k = I[ = [, ;
* x and y both belong to p’-leg then, k = I}, = -/} ;
* x and y both belong to p-leg then, k = [, = -1, ;

where, in the above expression, the photon momenta k, [, and /;; correspond to four vectors

and we have suppressed the Lorentz indices related to / (I')’s .

Figure 3.2: Schematic diagram of an n™ order process f(p)y*(q) — f(p’), which is
exactly same as representing Fig. 3.1, but where already present photon lines have been
suppressed to conveniently focus only on the all possible ways of new photon (real or
virtual) insertions to n'™ order diagram.

All the notations which have been set up in last few paragraphs will be generically true and
similar for the upcoming chapters. We now want to suppress all already present photon

lines which were dangling in Fig. 3.1 to be newly represented as in Fig. 3.2 where all
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the dots on the fermion line actually and faithfully represent all already present fermion-
photon interaction vertices®. These suppression has been done to conveniently track all
the possible ways of insertions of an additional new photon (real or virtual) to the n'" order
diagram. Moreover, whenever an n' order diagram of similar type appear in subsequent
discussion, it should be understood that all the notations that have been set up in last few

paragraphs hold true for those cases also.

3.2.1 Modification and rearrangement of polarization sums

To unambiguously and correctly identify the IR divergent and finite contributions arising
from a virtual photon insertion, the polarization sum —g*” in the photon propagator will
be modified to sum of two rearranged terms, such that all the IR divergent pieces are

contained in one term, and the other term contains the IR finite pieces.

To attain this for the cases of virtual photons the photon propagator will be rearranged as,

e [t men] o]}
= k2: - {[G] + [K]} . (3.1)

Here, by(py, pi) is defined as in the following expression, to separate out all the IR diver-

gences correctly only at zero temperature 6

(2pf — k) - (2pi — k) .
(k2 —2p, k) (k2= 2p; - k) L PiFPf-
bk(l’f’pi) = (3.2)
1| @pr—k)-(2pi - k)
2| (@ =2p; k) (k2 —2p; - k)

t(ko—k)| L if pi=p;.

3In the above diagram Fig. 3.2 the dots refer to fermion-photon-fermion vertices. In the upcoming
chapters, in the presence of charged scalars a particular dot will either refer to an already present trilinear
scalar-photon-scalar vertex or to an already present quadrilinear seagull type scalar-scalar-photon-photon
vertex of n'" order diagram. Hence, in succeeding chapter we will specify how to tackle this kind of special
situation.

The definition of by has to be modified at finite temperature case to correctly identify the IR divergent
pieces.
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In the above expression, b, depends on the relevant photon momentum & and also on the
momenta, py, p;. Here, p; (py) refers to the momentum p or p” depending on whether the

initial (final) vertex of the (n + 1)™ photon is inserted on the p or p’-leg.

In order to incorporate the effect of the rearrangement in Eq. 3.1, every new virtual photon
insertion will now be re-expressed as sum of K and G terms (Henceforth, for convenience
these will be referred to as K and G type photons). These K and G photons have to be
inserted symmetrically, over already symmetrized n" order diagrams. Consider the in-
sertion of an additional virtual photon with momentum k at vertices y, v in an already
symmetrised n'" order diagram. The factor k*k” from the K photon insertion combines
with the vertex factors that are proportional to y,y, to give a factor of y,k* = k at each
vertex. These vertex factors can be simplified using Feynman identities. It turns out that
these contributions from a K photon insertion can be expressed as the difference of two
terms. Insertion of K photons in all possible ways will then result in a collection of such
terms. When contributions from all possible insertions of the virtual photon are included,
these terms will have pair-wise cancellation among different contributions. This results
in the higher (n + 1) order contribution arising due to K photon insertions to be propor-
tional to the lower n™ order contribution times the factored out IR divergent contributions

coming from the K photon insertions.

For real photon insertions an analogous rearrangement of polarization sums can be per-
formed in the square of the matrix element. The polarization sums can be denoted as K
and G (here tildes have been used to differentiate the real from the virtual photon contribu-
tions) which are identified through the following term arising in the square of the matrix

element, viz.,

sek)ek) = —guw,

pol
= —{ [gw—ék(pf,pi)k#kv] + [[;k(pf’pi)k,ukv] } ; (3.3)



where by (pys, pi) is defined [12] to correctly identify IR divergent and finite pieces from
real photon insertions:
= PrDi

b(pys, pi) = kpf—kp : (3.4)

Here, ps (p;) correspond to the momentum p’ or p based on whether the real photon was
inserted on the p’ or p-leg of the matrix element M (M"). With similarity to the virtual
photon case it can be shown that the IR divergent pieces are all contained in the K photon
contributions. GY have proved that the cross-section corresponding to the higher order
K photon is proportional to the lower order cross-section times factored out IR divergent
pieces. The IR finiteness of the cross section is then proven by showing that the IR diver-
gent factors coming from virtual K and real K photons cancel among themselves order by

order in perturbation theory.

The matrix element corresponding to virtual G photons, and the cross-section related to
the real G photons are found to be IR finite for every separate diagram and hence can be

used successfully in the context of perturbation theory.

3.2.2 Effect of rearranging matrix element in terms of K, KandG,G

polarizations

We will consider the higher order corrections to the n'™ order process corresponding to
f(p)y*(q) — f(p’) (where, p+q = p’), which have been represented in both the Fig. 3.1
and Fig. 3.2. To understand the effect of separating the K and G photon polarizations,
we will simply start with an n'" order diagram, of which all the already present photon
vertices correspond to virtual photons without loss of any generality (which can be easily

extended to a process having arbitrary admixture of real and virtual photons).

The matrix element related to zeroth order (tree level) process denoting f(p)y*(q) —
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f(p’) is represented by the matrix element,
IME™" = (i, Ty uy) (3.5)

where I'y = —iey,, for the case in which the external potential is the electromagnetic

potential interacting with charged fermion f.

Now, consider the n™ order diagram having n virtual photons with s number of vertices
on the p’-leg and r number of vertices on the p-leg, such that r + s = m = 2n. The matrix

element corresponding to this process can be expressed generically as,

. gfermi C N/ _
anerrmon — (—ze) "(l>m X [up,ymeuer 7H2FP’+22 ce VuS71FP/+Zsf1 yﬂst”rZJ]
X FV X [Fp+2r yv)'Fp+Zr—1 ’yyr—l e FP+Z1 yVl up] X D L fss Ve VL 5

= (—ie)”(i)" x [C'| x Ty X [C!] x D, . (3.6)

In the above expression, C” and Cf/ correspond to the contributions to the matrix ele-
ment resulting from respectively p and p’-leg (which are denoted in the superscripts) and
the subscripts on the C contributions denotes the exact number of vertices with photon
insertions present on the related contribution (subdiagram) as pictorially represented in
Fig. 3.2. Here, I'y factor again represents the contribution arising from interaction with
external local potential. In Eq. 3.6 every vertex contributes a factor of (—ie), and we have

separated out a factor of (i) contributing from each propagator F .

While, writing Eq. 3.6 it was assumed all photon insertions were virtual photons®, and

7 Although, in this particular case, m = 2n, i.e., the number of fermionic propagators and fermion-
photon-fermion vertices are equal; but in a generic diagram these numbers can be quite different. For a
case where charged scalars is involved, the number of vertices and propagators can be quite different even
though all the vertices consist of virtual photons, due to the presence of seagull vertices and tadpole diagrams.
Hence, the above notation has been chosen generically in accordance with what is to follow in succeeding
chapters.

81f any real photon insertion was present in the n'" order process, the analogous definition still holds,
as the GY technique is performed at the square of matrix element level (in presence of any real photon),
and therefore the number of vertices are still even, and generalisation of the above definition can be readily
obtained in later discussions wherever applicable.
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the contribution arising from photon propagators D, is represented by a product over n

terms,
dk, | —ig®
D, = DHLHaVETT — — |5 - 3.7
nf(27r)4 [k2—|—i€ 3D
{ap} @
Here, @, denote any two among the dummy indices uy, - -+, us; vy, -+ , v, designating

the vertices (whether on the p or the p’-legs) where the virtual photon is inserted, and the

contribution is symmetrized over all possible allocations of @ and g.

Effect of K photon insertion : A virtual K photon having momentum k is inserted

on the n™ order matrix element at vertices u and v (the notation u, v has to be understood
according to the concerned discussion; it can be used as a placeholder denoting the vertices
where the new photon is inserted; or u and v can be also used as Lorentz indices related
to the four vectors (or tensors) such as J¥, v*, k* , g etc. denoting currents, photon
momenta, polarization sum related to vertices with vertex number placeholder i and v.
This same notation u and v has been used, as we do not want produce cumbersome over-
complicated expressions in following chapters, and the notation should be understood
sensibly depending on the particular situation). The photon is inserted in a way so that
momentum k leaves at the vertex p and enters back at the vertex v. The new K photon
can be inserted in three possible ways; such that the endpoints of K photon is each on
(different) p and p’-leg, or the other two cases, where the endpoints are on same (both
on p or both on p’) leg. We will start with the first case when the inserted new K photon

vertices are on different legs’.

If the v vertex is inserted to the left of vertex j on the p leg and u vertex is inserted to
the right of vertex g on the p’ leg, then the photon momenta flows though all the fermion

propagators in between and all the other propagator momenta are unchanged. That is, all

%Since, it is the simplest of three possibilities, and hence to understand the basic technique involved.
As in other two cases (both the vertices are on same leg) we have to be cautious not to double count the new
vertices, and will discuss about this in upcoming chapters.

40



the fermion propagators to the left of vertex v has unchanged momenta, but all the fermion
propagators to the right of vertex v are shifted by an amount +k,, i.e., the momenta of the
propagators to the right of vertex a on p-leg is given by p + >\, l; + k, fora > j. And,
similarly all the fermion propagators to the right of vertex ¢ has unchanged momenta, but
all the fermion propagators to the left of vertex u are shifted by an amount +k,; i.e., the
propagator momenta for the left of vertex b on p’-leg is given by p’ + Zﬁ’zl I'+k,forb > q.
With this understanding, the matrix element after attaching new photon is represented by,
MNP — ()22 ()2
[L_‘p’Vme”er Vg Eor S Y s ok Yy Fras, 1 Vu.ng’+Zs+k]

X 1—‘V X [Fp'i‘zr +k Vv, ’)/VjFp-‘ij_l +k ’)/VFIH-ZJ'_l ij—l T Fp+21 Y1 up]

X D KV L5 s fss Vst 5 V1

b

= (—ie)™ (i)™ x [Cl | x Ty x [l | x D (3.8)

Here, C f’H“ (C/})) represents corresponding contributions arising from p’(p)-leg, on which

there are now ‘s 4+ 1’ (‘r + 1”) number of vertices, and the new vertex u (v) insertion of

photon is on p’(p)-leg.

The contribution from the newly inserted photon propagator is

4 Y
DI = DIV YV 4k '8 |« rre by
i (2m)* | k2 + ie

dik [ —ig"
= | —— D, , 3.9
f(271)4 [k2 + ie] % (3.9)

where D, represents the contribution of the photon propagators from the underlying n™

order matrix element and only the contribution of the (n + 1) photon is explicitly shown.

Using the definition of the K and G photon propagator from Eq. 3.1, the corresponding K
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photon contribution from the Eq. 3.9 reads,

1
k% +ie

[ —i8" (3.10)

K
[ ie] = [(—ibk(p’,p)k”k”) X

Inserting the corresponding contribution of K photon from Eq. 3.10 to Eq. 3.8 we see
the contribution to the matrix element for the two legs get factorized and hence can be

evaluated independently of each other,

rmion;p’ ’ 5 .y . 1
METD (4 ) [kﬂc;:{‘ x Ty x| k,C" x[ —lk2+l,€]x@n. 3.11)
K photon insertion: contribution from the p’-leg : We will now focus on the effect

of the K photon insertion on the p’-leg represented by k,C fﬁ’ in Eq. 3.11. All possible
ways of insertions of u vertex on the p’-leg will contribute (s + 1) number of diagrams,
which are represented schematically in Fig. 3.3. The first diagram corresponds to the new

photon being inserted to the right of vertex ‘1’°. The others correspond to the insertion of

vertex u to the right of vertex 2, 3, - - - , 5, V respectively, giving s + 1 number of diagrams
in all.
2 i T ? i T
v s s—1 2 1 u ¥ v s s—1 2 pu 1 ¥
oty 5, _— i -
v s u os—1 2 1 ¢V yvopu s s—1 2 1 7

Figure 3.3: All possible ways of insertions of a virtual K photon at vertex u on p’-leg of
a fermion of an n'™ order diagram, which on its p’-leg already has s vertices. The shaded
(left most) vertex correspond to vertex V, and the p leg of the diagram is not shown.

Before venturing to calculate the contribution of the whole set of diagrams, let us see the

structure of a generic diagram of the set as schematically represented in Fig. 3.4.
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2 % -
V s s—1 q W q—1 2 1 D

Figure 3.4: A generic diagram of K photon insertion on the p’-leg, where u vertex is
between vertices g and g — 1.

The contribution of the diagram when y is inserted to the left of vertex number ¢ — 1 in

Fig. 3.4 can be expressed as,

p';urightofq — —
ki CJq = Uy Vi Vg [Fp’+2q71 KFpis, +k] g

= ﬁp”}//ll . e yyq*1 I:Fp,+2!l*1 - Fp/+zq71 Jrk] cee

M- M, (3.12)

where in the Eq. 3.12 the term in the squared bracket turns into the difference of two terms
using ‘Feynman’s Identity’ [128—130], which reduces the term into a difference of two

propagators as follows,

Fp/"’_Zq—l (k) Fpl+2q—l +k =

1 y 1 ]
A -me S+ k—my

1 1
VS vy A 1/’+Z?;i%+k—mf]

P8~ Fpag, ke (3.13)

Looking at the Eq. 3.12 we find that the particular contribution becomes the difference
of two terms. A similar procedure can be performed for other terms also. Hence, the
contribution of the diagrams for which u vertex is inserted to immediate right of ¢ = 2 to

q = V (last s diagrams of Fig. 3.3) is expressed as,
right of ’ ’ ’ ’ ’
Zk G = (M = M3) + (M = M) + -+ (M = M)
- M+ ML, (3.14)
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where in Eq. 3.14 V” is the vertex (corresponding interaction with local external potential)
to the immediate left of vertex number s. And, the contribution of the first diagram in

Fig. 3.3 is,

p';urightofl
k Cs+1 = Uy k +k7/11 Ytk
= ”p’yme’+Zl REE 7;1(171Fp’+2q,1 ko

=M, (3.15)

where we have used the fact that external fermion line is on-shell. This fact gives rise to
a single term in Eq. 3.15 opposed to difference of two terms in Eq. 3.12. With the help of
Eq. 3.14 and Eq. 3.15 we find the total contribution of the K photon insertion in the p’-leg
1s reduced to,
Csp+1y - ( Mi + M;+1) + Mi = M;H )
— [gp, Yir Vi Forvs, 1 Fp’+2s] i

_cr (3.16)

Hence, after adding all the possible contributions of K photon insertion on the p’-leg, the
result turns out to be proportional (apart from factors of b (p’, p) and €?) to the lower order
contribution C”’. A similar exercise can be done for the p-leg, finding then that all the
possible contributions of K photon insertion on the p-leg turns out to be proportional to
the lower order contribution C?.

kCl

=My =M)+ (M, =M, y) + -+ (M, = M) = My,

= [FPJrZ,- Yoo o Fpayyy Yoy o I"(p)] >

—Cr. (3.17)

r

Hence, the total contribution of all possible K photon insertions in between p and p’-leg
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turns out to be,

' , d*k ,
Mﬁlp P — _je? f ) be(p', p) M, . (3.18)

After performing a similar exercise when both the insertions are on same leg (for when

both the K photon vertex are on either p or p’-leg) we can write the total contribution

Ref. [12] due to the insertion of K photon as,

Ky, tot ieQ d4k ’ro 7 ’
M=~ o) bi(p'.p') = 2bi(p'. p) + bi(p. p) | Ma,
_ ie? d*k 9 B
=5 f 5 [J (k)]Mn - BIM, (3.19)

where all the IR divergences are now contained in the factored out B, which solely repre-
sents the contribution of inserted K photon contribution (which is logarithmically diver-

gent for zero temperature case).

Effect of K photon insertion : The contribution from insertions of real K photons to

the n order diagram can be similarly be factorized using the Feynman’s identity in the

square of the matrix element, giving rise to an expression,

2

‘Ml?y,tot

n+1

2 - - ~
o — ¢ [bk(p,p) —2bi(p', p) +bk(p’,p’)] X |Mn
2

= T2k 'Mn , (3.20)

where all the IR divergences have been now factored out into J 2 (k). Now, it can be shown
the IR divergent pieces arising from K and K cancel among themselves order by order in

perturbation theory [12].

Effect of virtual G and real G photon insertions : In the above discussions we have

shown that the K and K photon contributions have IR divergent pieces. Now it is the time

to show that the G and G tilde photons contributions do not have any IR divergent pieces
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and are all IR finite.

GY have shown that, for the insertion of G photon to the n'" order matrix element, when
the u vertex is inserted on py-leg and the v vertex is inserted on the p;-leg (where py,
pi belong to either p’, p as in earlier discussion), as k — 0, the dominant part of the the

corresponding contribution reduces to terms in the numerator proportional to,

Gropsop dtk {8 = b(pr POk} - pr )
Mn+1f ~f(27r>4 (kQ)(pf.k)(p,-.k) . (3.21)

Hence, the G photon contributions at zero temperature turn out to be proportional to,
Gy; fermion v
M~ {gﬂv - b(py, Pi)kﬂk\'} X P}l Di >
= 0+ O(k) + higher order in k , (3.22)

where the leading IR divergence behaviour of the lower n™ order diagram was already
known to be logarithmic, and can be easily relatable from Eq.3.21. After addition of
virtual G-photon contribution the leading IR divergent term has become zero, as has been
shown in Eq. 3.22. The next important term in numerator is O(k) , which is IR finite
(as at zero temperature the original divergence was only logarithmic making G photon
contributions IR finite). The argument presented here only proves the fact that there are
no leading IR divergences related to G photons, but there can be divergent subgraphs
present in a Feynman diagram. GY have shown in Ref. [12] that the result of IR finiteness
of G photons can be fruitfully extended to those cases also by looking at controlling set of

momenta in skeletal graphs Ref. [12]. Hence, the G photon contributions are IR finite.

A similar exercise can be carried out to show that the real G photon contributions are also

IR finite.
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3.2.3 Final remarks

It has to be noted that, while rearranging the photon polarizations according to the tech-
nique of GY, we have not worsened the ultraviolet (UV) structure of the propagators. It
should noted that in UV limit when photon momenta k > p(p’) the G photon propagators
resembles the form of the photon propagator in Landau gauge. The K photon propagator
then resembles a gauge transformation leading to zero contribution, after using Feynman’s

Identity Ref. [128].

We also have to note that, here we have only spoken about the simplest scattering due to
external potential at a single vertex. The GY technique is well applicable to the processes
involving multiple scattering from local external potential, to processes where charged
fermionic loops are present and fermion to fermion scattering etc. The interested readers

may look into Ref. [12] to find out that GY technique is well applied for these cases also.

We have presented the technique of GY in detail since we will adapt this technique to
prove the IR finiteness of theories at finite temperature. We will show this systematically

for different theories in the succeeding chapters.

3.3 Summary

The conceptual complexities related to infrared structure of fermionic QED at zero tem-
perature have been understood quite well using different formalisms. In this chapter we
were interested in the technique prescribed by Grammer and Yennie to identify the correct
IR structure of fermionic QED. To identify the IR divergent and finite contributions un-
ambiguously, the contributions of both the virtual and real photons have been rearranged
into two terms. The effects of virtual photons were rearranged into K and G contribution
terms in matrix element level. The effects of real photons were rearranged into K and

G contribution terms in the cross section level. All the IR divergences were found to be
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contained inside K and K terms, and G and G contributions were found to be IR finite. It
has been also mentioned that the IR divergent pieces of K and K contribution terms cancel
in the cross-section in the soft limit, making the theory of fermionic QED IR finite at zero

temperature.
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Chapter 4

Extension of technique of Grammer and

Yennie to finite temperature

4.1 Prologue

In the previous chapter we have discussed about the prescription of the rearrangement of
the polarization sum of the photon due to Grammer Jr. and Yennie [12], which produced
a clear way of identifying IR divergent and finite pieces related to a process involving
fermionic QED in perturbation theory at zero temperature. We have already discussed in
Chapter 2 that the infrared structure of a theory at finite temperature is much more rich
and complicated than the same theory at zero temperature. The complication is due to
presence of thermal fluctuations in addition to the already present quantum fluctuations.
The presence of the thermal fluctuation is manifested by the presence of adequate statisti-
cal factors in both the propagators and in phase space integrals, in the form of distribution
functions (number operator) for bosons (obeying Bose-Einstein statistics) and fermions

(obeying Fermi-Dirac statistics). Although the number operator related to fermions are
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well behaved in the infrared limit,

1 -0 1
N N = —_— =,
1P = ST+ 1 2

(4.1)

but, the number operator of the bosons (particularly for massless bosons) diverge in the

infrared limit,
1 Ko T

0y — =) L
NellD = ST =1 el 42

This divergence is the source of the non-trivial structure of the IR divergence of theories
of bosons and the theories where the bosons are interacting with fermions and/or bosons

at finite temperature.

Usually, for the theories at zero temperature, if a Feynman diagram related to some process
does not have any divergent subgraphs, then the diagram is known to diverge logarithmi-
cally in IR (in photon momenta for QED). But as seen from Eq. 4.2 in the IR limit, the
number operator of massless bosons diverges as T /|k°| as k® — 0. Therefore, it can be
easily realized from the Feynman rules of the theories at finite temperature, as mentioned
in Chapter 2 and Appendix A, that now in the IR limit we have /inear superficial degree of
divergences from thermal fluctuations, in addition to logarithmic divergence from quan-
tum fluctuations and additional (in finite temperature) logarithmic sub-divergence arising

from thermal fluctuations.

Hence, the IR structure is very much non-trivial at finite temperature. Not only the the-
ories (involving massless bosons) diverge much more severely, i.e., linearly as opposed
to logarithmically as in zero temperature case; but it also has an additional logarithmic

sub-leading divergence from thermal fluctuations which also needs to be tamed.

Apart from all these, as the system is inside a heat bath now and is interacting with it;
hence in addition to the real particle emission the absorption of real particles from the
heat bath is also perfectly feasible. We have to take account of all such possibilities with

correct weight factors. And, it will be shown in upcoming discussions that only with the
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inclusion of absorption of particles from heat bath the IR divergent terms will be shown

to have canceled and perturbation theory can be fruitfully be applied.

We will be interested in the processes involving electrodynamics (involving charged scalars
or fermions) in upcoming discussions. From the discussions of the last few paragraphs,
we understand that correct identification of the IR divergent and finite pieces related to
photon polarization is going to be our main focus. Hence, we have to generalize and ex-
tend the technique of GY to the case of finite temperature such that this identification of
IR finite and divergent pieces at finite temperature becomes unambiguous. This can be
done by rearranging and modifying the polarization sum of the photons accordingly, as

mentioned below.

4.2 Extension of the GY technique to finite temperature

To correctly identify the IR divergent and finite pieces arising from the photon insertions
at finite temperature, an extension of GY technique is performed as below. This minimal
extension of GY technique has been shown to correctly identify the relevant IR finite
and divergent contribution initially for thermal fermionic QED in Ref. [41] giving rise
to correct eikonal currents, as was mentioned in Ref. [40]. Later, it was also shown that
the same extension of GY technique also works successfully for theories of thermal scalar
QED in Ref. [42] and for a full theory of charged scalars and fermions at finite temperature
in Ref. [43]. The proof of IR finiteness of these field theories at finite temperature, and the
isolation and exponentiation of the IR divergent terms to all orders using the GY technique
constitute the main results of this thesis. In particular, due to the presence of quadrilinear
vertices, the case of thermal field theories with scalars becomes much more complicated.
However, it will be seen that the proof of IR finiteness is generic and applies to an entire

class of such thermal field theories.

The fact that the factor of —g"” representing photon polarization factor which is used in
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GY rearrangement, is present in all the components of the thermal photon propagator
(see Appendix A), enables us to correctly rearrange photon polarization sum into sum of
two terms in the finite temperature case as well. This is the key step in obtaining the

factorization of IR divergences in the thermal theories.

To correctly obtain and distinguish the IR finite and divergent pieces arising due to virtual

photons, the polarization sum of photons at finite temperature are rearranged as,

g Do (k) = —iDe (k) { [gw ~ bi(pse ) W] ; [bk<pf,pi>k~kV] }

= —iD"" (k) {[G] + [K]} : (4.3)

where iD'" (k) is the part of the thermal photon propagator which remains after separating
out the —g#” part (see Eq. 2.37, and Eq. 2.38). In Eq. 4.3 b(py, p;) is defined so as to
contain all the IR divergences only in the K-photon contribution (henceforth called K
photon term) at finite temperature,

1 @p—k)-2p—k
2| =2, )2~ 2p, &)

bi(ps, pi) = + (k & —k)| ¥ choicesof p;, pr. (4.4)

In contrast to Eq. 3.2, it is to be noted that by (py, p;) is now always symmetric in the
exchange of (k < —k) for all choices of p; and p; (whether that be related to p and/or p’-
leg). This modification of definition of b, (py, p;) is sufficient to correctly separate out all
the linear leading and logarithmic sub-leading divergence to only virtual K photon terms,
leaving G-photon polarization sum (henceforth called G photon term) at finite temperature

IR finite.

For the real photons a similar rearrangement of polarization sums can be obtained in the
square of the matrix element at finite temperature. These new polarization sums are de-
noted as K and G (here tildes have been used to differentiate the real polarization sums

rearrangements from the virtual photons, and these will be referred as Kand G photons in
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all upcoming discussions); which are identified through the following equation,

Zl GZ(k) Gv(k) = - g,uv )
po

= —{ [gyv_bk<pf’pi>kﬂkv] + [[;k(Pf,Pi)kukv] } . (4.5)
= {6+ [ |-

In the above expression by (p +, pi) is related to by (py, p;) as photons become on-shell with

k* = 0 (real), and is expressed as,

PrDi
bk(pf’ pl) - bk(pfa pl)

= 4.6
k=0 k-psk-p; (46)

It is also to be noted that, as the real photons are physical; hence whether real photons are
emitted or absorbed, the real photons will correspond to thermal type 1 only. Therefore,
any insertion vertex due to real photons is only of type 1. Hence, the cancellation of IR
divergence between virtual and soft real photons can only take place, if contributions due
to virtual photons also come out to be proportional to D*!. We find that this is indeed the

case in the thermal theories that we consider.

Along with this we also have to note that, the real photon brings in or takes out physical
momentum. In Chapter 5 it will be mentioned in detail, how to tackle this issue. Apart
from this, in thermal field theory the phase space corresponding to emission or absorption
of photons is not symmetric with respect to photon momenta and is expressed as,

d'%;
(2m)*

dei = —— 276(k?) |0(k) + Na (k1) - (4.7)

Where, ‘k? > 0’ refers to the photon emission, and k) < 0’ refers to the absorption of
the photon with photon momentum k; . Thus, the real photon emission is proportional to a
factor of (14+Ng(|k?])), and the absorption is proportional to a factor Ng(|k?|). Although the

whole phase space is not symmetric in k; <> —k; but the concerned part which is appearing
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due to the effect of finite temperature, i.e., NB(Ik?I), i1s symmetric under k; <> —k;. Only
after including both the emission and absorption of real photons, and taking into account
the symmetric nature of Ng(|k?|) it will be shown that all the leading linear and sub-leading
logarithmic IR divergences are contained in K photon contributions, leaving G photon

contributions IR finite.

4.3 Application of extension of GY technique to thermal

fermionic QED

Figure 4.1: Schematic diagram of an n'™ order process f(p)y*(q) — f(p’) at finite tem-
perature, where the every virtual photon interaction vertices can have both the thermal
types (type-1, type-2) of vertices, except the ones which are just next to the physically ob-
servable particles. Here solid lines represent fermions and the wavy line represents the
photon.

We will start again with an n'" order process corresponding to the f(p)y*(q) — f(p)

(where, p + g = p’) as in Chapter 3, but now in thermal field theory'. The higher order

IThe IR finiteness of thermal fermionic QED has been shown in Ref. [41] and is reproduced here for
completeness (since it is the simplest thermal case without the complication of quadrilinear vertices as for
scalar QED). In addition, these results for fermionic QED will be used in Chapter 6 when we deal with the
full interacting thermal theory of fermions and scalars.

54



corrections to it will generate a similar set of diagrams with some changes due to presence
of finite temperature. To emphasize on the differences between zero and finite temperature
cases, (and also for completeness and convenience of readability) we will again represent
the schematics of the n™ order contribution to the process f(p)y*(¢) — f(p’) Fig. 4.1,
which naively and schematically looks similar to Fig. 3.2; but we will stress on the differ-
ences. Now, in this n™ order diagram the virtual photons can have both the types of thermal
vertex type (i.e., both type-1, type-2), except the ones which are immediately next to phys-
ically observable particles which bring in ~ard momenta. Hence the thermal type of vertex
immediately adjacent to the in/out states (i.e., vertex number 1) on both p and p’-leg, and
thermal type of vertex V can be only of type-1, i.e., t;(p—leg) = t1(p’ — leg) =ty = 1 (as
always for physical processes involving hard observable photons, the photon being ob-
servable imply ¢, = 1). With this understanding, and taking the same notation discussed
in Chapter 3 (i.e., already present photon momenta on p’ (p)-leg is taken to be outgoing
(incoming), and is represented by /; (I;) at the i-th vertex on that particular leg), the n™
order matrix element for process f(p)y*(q) — f(p’), withm = r+ s = 2n number of vir-
tual photon vertices (the involvement of any finite number of real photons will not change
any argument) can be written as,

MmO — ()2 (1)L (D) (jym o [L_t,,/ymF;},’le Vi F20s ey Fis yﬂsF;;"Izs]

X Ty x [Eafs, y Sl o Fily ] x DY

= (=ie)?"(=1)Z= D (ym [c;”] X Ty X [C]X D, . (4.8)

In the expression above, I'y = —ieyy; C? " and C/ correspond to the contributions to the
matrix element resulting from respectively p” and p-leg. Fermion propagators now have
thermal indices (where we represent the thermal type at vertex i by #;. If the thermal vertex
type at vertex number i is of type 1, then #; = 1; and if that is of type 2, then #; = 2) on
their superscripts in addition to momenta being denoted in their subscripts (accroding to

the notations defined in Chapter 3). Here, the factors of (—ie x (—1)%*1) are related to
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vertex factors at interaction vertex ¢, and all factors of (i)” from propagators have been

separated. And here,

. dik
_ M1 sy Vi sV a . aB Mt
oo [][ S el
{aB}
In the above expression, @, 5 denote any two amidst the dummy indices yq, - - - , s v, -+, vy,

referring to the vertices (can be present on either p and/or the p’-legs) where the ends of

the virtual photon are inserted and then symmetrized over all possible values of @ and .

4.3.1 Effect of virtual K, G photon insertion at finite temperature

Now, let us insert an additional virtual photon having momentum k, on the n™ order matrix
element. The direction of the momenta £ is outgoing at the new insertion vertex u and in-
coming at the new insertion vertex v. Among the three possibilities (first two possibilities:
both insertion vertices are on same leg, third possibility:insertion vertices are on different
legs), in which new vertex u and v can be added we will start with the possibility where
the insertion vertices are on different leg; i.e., u is inserted on the final p’-leg just right to
the vertex ¢ and v is inserted on the initial p-leg just left to the vertex j. Hence, the matrix
element after attaching the new virtual photon reads,

iM,fi”?i"””’"p _ (_ie)2n+2(_1)2?;1(t,-+1)(_1)(ty+1)(_1)(tv+1)(l-)m+2x

- t1,t2 lg-1:tu tulq t5-1.1s Is,ty
[uply“le”er Vi1 Fp’+2q—1 W S+ Vg FP’+Z,V_1 +k Vs Fp’+2s +’<]

ty,ty L. tj.ty tytj-1 .. ptah
x Ly x [F ek Ve Vol pis s Y By i ”P]

% D ,U,Vi,ul,'" sMs3 Vs, V1 ,
tystyy{ti}

= (—ie)2"+2(—1) ;ll(tfﬂ)(_l)(fﬁl)(_1>(tv+1)<i)m+2x
x| < Ty x[ei]x D) @.10)

s+1 r+1 n+1 °
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where the notation and contribution of C” +; and C!’" are in accordance with the notation

defined just below Eq. 3.8. And D', is,

g ViR fsy VitV d4k (Y s s Vst s V
Dl =D = f(?T)“ [~ig""D¥" ] x D H 1
'k
= f (27[')4 [_lgﬂ Df;utv] X Dn . (4.11)

Here we are particularly interested in K and G photon rearrangements, and corresponding
contributions of those from O/, is obtained after rearranging the appropriate parts of
thermal photon propagator as mentioned below. The virtual K photon contribution in

Eq. 4.11 can be obtained as
[ —ig” D% )" =[ —iD"" ][ be(p', p)K'K' ], (4.12)
and for virtual G photon polarization sum contribution,
[ —ig"’ D4 )% = —iD"" ][ " ~ bu(p'.pKK'] . (4.13)

We have to replace —ig"” D" via the the corresponding virtual K and G polarization sums
in accordance with respectively Eq. 4.12 and Eq. 4.13 while talking in terms of particular
polarization sum. Keeping aside G photon contribution momentarily, let us at first focus
on the K photon contributions. The contribution due to insertion of a K photon to the n™

order matrix element hence yields,

iMfermion;p',p _ (_ie)2n+2(_1)z’i"=1(zi+1)(_1)(t”+1)(_1)(ty+1)(l-)m+2x

n+1
d4k , p’;p pv sty
ka(p,p) k#CSH xI'y x kvcr+1 X| —iD""|xXD,.

(4.14)

From Eq. 4.14 it is seen that the contribution to the matrix element for the p and p’-legs

get factorized in this case, and hence can be evaluated independently of each other.
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Effect of virtual K photon insertion : We will start by observing the effect of K pho-

Piu

ton insertion on the p’-leg, k,C_ |

at first. The insertion of the K photon in this case ex-
actly produces (s + 1) number of diagrams. These diagrams when schematically drawn,
look to be exactly same as what was mentioned in Fig. 3.3, except that the vertices now

can have both the types of thermal vertices. The set of diagrams is again presented in

Fig. 4.2 for sake of completeness and readability.

+---+ 2 5, >_+9 /
Vv s s—1 2 1 p

v s p os—1 2 1

= X
Y

Figure 4.2: All possible ways of insertions of a virtual K photon at vertex u on p’-leg of
an n™ order diagram in thermal fermionic QED, which already had s number of vertices
on p’-leg.

A typical diagram when u vertex is situated in between vertices g and g — 1 is shown
Eq. 4.3 and will be calculated first to emphasize the structure of GY factorization at finite

temperature.

2

vV s s—1 g p q—1 2 1 p

Figure 4.3: A generic diagram of K photon insertion on the p’-leg from Fig. 4.2 in thermal
fermionic QED, where u vertex is situated in between vertices q and g — 1 .

The contribution of Fig. 4.3 can be expressed as,

p';urightofq __ — lg-15ty lwslq
k'u CSJFl o up, 7/11 7#q—1 FI’,"‘qul k P+Xg1+k

b

lg-1:lq

— (—1)(tt1) & ... C ..
- ( 1) Up Vi Yitg1 6’wtq Fp’+Zq,1 5%@7*1 Fp’+2,,,1 +k ’

M, -M,_,, (4.15)

where the rearrangement (which looks quite similar to its zero temperature counterpart
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Eq. 3.12) of the part of the matrix element in the square bracket is due to application
of the ‘Generalized Feynman’s Identity’ at finite temperature (see Eq. B.3), which are
mentioned in Appendix B. We also want to mention that the factor (—1)“%*1 highlighted in
the above equation is also a result of the Grammer and Yennie (GY) reduction after using
‘Generalized Feynman’s Identity’. This is an extra factor what we have obtained after
performing the GY reduction, and has no source related to already present overall factor

of (—ie)?+2(—1)Zi= D) (1) 6+ (~ 1)+ (7)m+2 which was factored out, see Eq. 4.14.

From Eq. 4.15 we find that the typical term reduces to difference of two terms; this proce-
dure can be performed for each diagram of Fig. 4.2 which will result in series of ‘difference
of two terms’ which will cancel in pairs among themselves. Similar to the zero tempera-
ture case (see Eq. 3.14), the contribution of the diagrams excluding the first one, as shown

in Fig. 4.2 is given by

\%4
3k, GO = (0~ M)+ (M~ M)+ -+ (ML, — M),

=M+ M, (4.16)

Where in above equation 'V’ is the vertex which is situated at the immediate left of vertex
s (of p’-leg). The contribution corresponding to the first diagram of Fig. 4.2 will look
little bit different, as p’-leg is on-shell and one of the term will become zero, giving the

contribution as

r’; prlghtofl st 11,t2
k,C iy kF F o

s+1 pk Yt s
— +1 - 11t tg—1,t
= (_1)(,“ )5tﬂ,t1 ”V?’mel_fz 4k Yug- 1F;/+£q Lk
=M, (4.17)

where we have used the ‘Generalized Feynman’s Identity’ as mentioned in Appendix B.

Using Eq. 4.16 and Eq. 4.16 we can write the total contribution of K photon insertion on
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p’-leg as,
k Csp—ﬁ—lﬂ - ( M’ +Ms+1) + M/ - M;-i—l ’

_ t,+1 - Tg-1,14 Lyt
- (_1)(M )6twt\/ up, yﬂl : yﬂq 1F[;1+ZI 1 Fp 4‘»/2)

= (-1)%* s, ., CI". (4.18)

Hence, the term k, Cp ' becomes equal to the lower order contribution Cp times the

multiplicative (—1)%*Ys, , factor.

Similarly, the contribution &, C”;} from Eq. 4.14 can also be independently calculated. A
similar calculation for K photon insertion on p-leg will produce (r + 1) number of terms.
A typical diagram of that set when v has been inserted in between j — 1 and j has been

schematically shown below.

> e ¢
p 1 2 4-1v 5 r—17r v

Figure 4.4: A generic diagram of K photon insertion on the p-leg in thermal fermionic
QED, where the new vertex v is situated in between vertices j — 1 and j .

This particular contribution can be again simplified by the use of ‘Generalized Feynman

Identity’ (see Eq. B.2) as

ky Crp+;]eﬁ0fj F;‘;tz kT %,—[ ;]Jivz, K Zle, [P ulp) s
= (=1)(+D) FY o, [@W,jF;jflel - 5ty,r,>1FZf§j,l e
Yo u(p) s
=M;-M,,, (4.19)

where now the GY reduction yields an overall factor of (=1)*1 in place of (=1)U*+1
when compared to Eq. 4.15 as the reduction now occurs at the v vertex. Now, performing

a similar analysis for other terms of p-leg and after remembering that the contribution
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M;_; = 0 for j = 1 due to the on-shell nature of p-leg we find that the whole K photon
contribution from the p-leg now simplifies to,

kyCly = (My = M,) + (M, = M,y) + -+ + (My = M) = My,

¥ tjtj—
— (_1)(tv+1)6lv,tv F;V_;_tzr ’er “ e ij+/21_1 ’)/Vj—l PN u(p) s

— (_1)(ty+1)(5tm Cr . (4.20)

From the above equation we find again that k, C} reduces to the lower order contribution

C! times the multiplicative (—1)**Vs, , factor.

fermion; Ky, p’, p

ol after taking all possible K photon insertion

Hence, the matrix element M

contribution in between p and p’-leg evaluates to

ermion; ! d4k fon; p’
MET i [ b0, p) 8,8 DR ME L 421)

n+1

The contributions due to other legs also factorize in a similar manner. The effect of all the

contributions of K photon factorize as shown in Ref. [41]:

fermion; Ky, tot iez d4k 1ty ror
M, =3 ) @ 01,11 01,0y D™ (k) |bi(p', P') + br(p, p)

+ 6[;4,!‘/ 6tv,tv Dty,lv (k) [ - Qbk(p”p)] }Mnfermion,

= [BI M, , (4.22)

where

ie? dk ., ,
B= —f D" (k) [bk(p ,p') = 2b(p', p) + bi(p.p) |

2 (2m)4
-© ((;TI;D”(k) [m) ] | (4.23)

In Eq. 4.22 it was considered that the hard and/or external vertices can be only of type-

1 thermal type; i.e.,, t; = ty = 1. From Eq. 4.23 it is evident that B has both leading
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linear and sub-leading logarithmic divergences, and this prescription of extension of GY
technique to finite temperature has separated out IR divergences into the contributions due

to K-photon terms, and is manifested inside B.

Effect of virtual G photon insertion : A similar analysis can be performed for the all

the virtual G photons insertions to n™ order process in fermionic thermal QED. The objec-
tive here is then to show that the G photons do not contain any IR divergent terms, and a/l

the IR divergent terms are contained and separated out in virtual K photon contributions.

After using the Dirac algebra, the G photon contributions for fermionic QED at finite
temperature in the soft limit (irrespective of the choice of final p, and initial p;-leg) turn

out as,

{g}lV - bk(pf, pi)kﬂky} X p};p;’
O(k?)

Mfll ~ fd4k |:k2 _li_ iedzﬂ,zv * 27T(5(k2)NB(|k|)DtﬂJv] % [

(4.24)

Looking at Eq. 4.24 naively it seem that the corresponding matrix element has both the
linear leading and logharithmic sub-leading divergence. We have to prove that G photon
contributions are actually IR finite. The proof of IR finiteness of these contributions are

quite complicated and was shown for the case of thermal fermionic QED in Ref. [41].

At this juncture, we simply point out that the proof of IR finiteness of the thermal field
theory thus comprises two parts. One is to prove that the G photon insertions (and so also
the real G photon insertions) are IR finite. The second is to show that the IR divergences,
which are completely contained in the K and K photon contributions, cancel against each
other, order by order in perturbation theory. This then constitutes an all-order proof for

the IR safety of the corresponding thermal field theory.
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4.3.2 Effect of real K, G photon contributions at finite temperature

In order to compute the contributions arising from the real KandG photons for the thermal
fermionic QED, we have to rearrange the polarization sum in the square of matrix element
as mentioned in Eq. 4.5. We also have to make note of the fact that, in addition to photon
emission to the heat bath the absorption of photon from the heat bath is also perfectly fea-
sible (which is not the case in vacuum field theory). And, it has been shown in Ref. [41]
that, only with the inclusion of the photon absorption the IR divergent pieces cancel be-
tween real and virtual cross-sections. The phase space related to the photon absorption

and emission comes with different weight factor and has been discussed in Eq. 4.7.

Hence, taking into account these facts it was shown in Ref. [41] that the square of the

matrix element for the K photon contribution factorize and become,

— 2 2
fermion; Ky, tot
Mn+1

% ‘ M rfenmon

M_£FMMﬁ—%Mﬂm+h@Uﬂ
2

E_Xf%m'wﬁmm , (4.25)

apart from the relevant phase space factors which contain the number operator for the pho-
ton; see Eq. 4.7. It can be shown in accordance with Ref. [41] that, all the leading linear;
and leading and sub-leading logarithmic IR divergence contributions are now completely
contained in these real K photon terms. These IR divergent contributions will cancel with
virtual K photon contributions order by order, while the G photon contributions turn out

to be IR finite.

We have used this section to record the already available results for thermal fermionic
QED, as well as highlighted how the Generalized Feynman identities can be used to sim-
plify the K photon contributions resulting a factorization of the IR divergent part. We
now proceed to address the same problem, but for a thermal theory of charged scalars

interacting with an electromagnetic field.
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4.4 Application of extension of GY technique to thermal

scalar QED

As in the thermal fermionic QED case, to identify and separate out the relevant IR finite
and divergent contributions in thermal scalar QED, we have to the consider effects of
adding virtual/real photon expressed in new polarization sums (K, G, K,G),inall possible
ways to the n' order diagram related to the process, ¢(p)y*(q) — #(p’), where ¢ is the

charged scalar.

R S

SVos q 2 1y

Figure 4.5: Schematic diagram of an n'™ order process ¢(p)y*(q) — ¢(p’) in scalar QED
at finite temperature. ¢ is the charged scalar, represented by dashed lines. Here, any
dotted vertex can now represent either a seagull or a trilinear vertex, hence even for an
n™ order diagram with all virtual photon vertices, n < s +r = m < 2n.

The n'™ order diagram related to the process ¢(p)y*(¢) — #(p’) at finite temperature
scalar QED has been expressed schematically in Fig. 4.5. Here, now the difference is,
in scalar QED, in addition to normal trilinear scalar-photon-scalar interaction vertex, the
quadrilinear (seagull) scalar-scalar-photon-photon interaction vertices are also possible.
The immediate contrast from fermionic case due to the presence of seagull vertices is
that, in the schematic Feynman diagram (as shown in Fig. 4.5) related to n' order process

é(p)y*(q) — ¢(p’) inscalar QED, the dots can represent either a trilinear or a quadrilinear
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(seagull) vertex. In previous schematic diagrams of n™ order in fermionic QED (as in
Fig. 4.1 and Fig. 3.2); if the dotted vertices were all virtual, then the number of vertices
m = 2n (where n is the order of the diagram). But, in the case of scalar QED (whether
at finite or zero temperature) a seagull vertex contributes ‘e®’ factor to matrix element
and a trilinear vertex contributes a factor of ‘e’ to matrix element. Hence, as the n'" order
all-virtual matrix element should contribute at order ¢?* (as in the definition of Footnote 2
of Chap. 3); hence the number of vertices (represented by dots in schematic diagram)
for an all-virtual n' order diagram can vary from n (implying that all the dotted vertices
are seagull) to a number 2n (implying that all the dotted vertices are trilinear). For an
admixture of already present trilinear and seagull vertex m can be any number in between
n to 2n, i.e., generically for an n'" order all-virtual diagram n < s + r = m < 2n as shown
in Fig. 4.5. Taking this into account, matrix element for an n™ order all-virtual diagram for
process ¢(p)y*(q) — #(p’) at finite temperature, which have all trilinear vertices (these
can be generalized to an arbitrary mixture of seagull and trilinear vertices and will be
discussed elaborately in Chapter 5) can be represented by the following expression,
iM;calar :(6>2n(_i)m(_1)25”:1(n+1)(l-)m x [(2p' + lll)llIStpl"t-Ezl ceex
(2p" + 252 + [ )p Sl (20" + 25,0 + l;)ﬂ_ys;;;;vzs] x T'yX

tyty oty 2.t Ry s Hgi Vi oY
[$345, @p+ 25+ L) SR e ST 2+ L) | < D 1

:(€>2n(_l~)m(_1)z’i”:l(n+1)(i)m x [Csscalar p’] x Ty % [Crscalar p] XD, , (4.26)

where the matrix element has been written in accordance with all previously defined
notations, i.e., the photon momenta at the vertices on the p’(p)-leg are always outgo-
ing(incoming) (without loss of any generality), and are denoted by //(/;). And for nota-
tional convenience the momenta of scalar propagators on respectively p’ and p-leg are
written as, (p' + 3, ) = (p' +%,); (p+ X, L) = (p+X,) which is in accordance with
all the notation used previously (for more details on notations see Chapter 3). ['y = —ieyy

in Eq. 4.26; and C*™ ¥ and C ™ ” respectively correspond to the contributions to the
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matrix element of scalar QED resulting from p’ and p-leg. Here, S corresponds to the

scalar propagator.

Now, let us focus on the similarities and the differences between Eq. 4.26 with similar
expressions written for thermal fermionic QED as in Eq. 4.8. As both the expressions
correspond to n™ order all-virtual matrix element hence, both have correct number of ‘e’
in their expression. But, as the number of vertices, m (in general) varies in scalar QED
case, thus we have separately written the factors of i’s coming from vertices in this case as
(—i)™ in Eq. 4.26. In this case if the schematic diagram has ‘m’ number of vertices, then
there are m number of internal scalar propagators, and we have separately written the (/)"

factors coming out of them in the expression of matrix element.

4.4.1 Effect of insertion of K, G photon contributions

We will examine now the effect of insertion of an additional virtual photon having mo-
mentum k to the n'™ order matrix element. The virtual photon can be inserted in three
possible ways, corresponding to both the insertion vertices being inserted on the same leg
(two cases), and the other possibility (third case) where the new insertion vertices are on
separate legs. The first two cases, where both the insertion vertices of photon are inserted
on the same leg is far more complicated than the fermionic QED case; as there can be tad-
pole diagrams arising from seagull insertions. The full fledged discussion of that is worth
a separate chapter. We will discuss in detail on this issue in Chapter 5, which comprises
one of the main results of this thesis. Therefore, to be able to recognize the basic technol-
ogy involved in the GY factorization in thermal scalar QED we will start with the third
case where the new insertion vertices are inserted on separate legs. We will only present
the basic GY rearrangement and the notations used for this case in this section, and will

reserve the main results for Chapter 5.

To instruct the basic technology involved, we will begin with an n™ order diagram, where
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all the already present dotted vertices represent trilinear ones. The matrix element af-
ter adding a new virtual photon between p and p’-leg is written symbolically below in
Eq. 4.27. The explicit expression for it (which is analogous to explicit expression Eq. 4.10
for fermionic QED) is very cumbersome; as the new vertices can be trilinear one, or the
new photon can add to an already present trilinear vertex making it a seagull one. Hence,
we have presented only an symbolic expression here, and will confront the particular cases
separately in subsequent discussion.

VT — (i) (1) B ()0 () (41 2

[Cscalar p’;y] x FV x [Cscalar p;v] > Duv (427)

s+1 r+1 n+1°

We will explain on the notation used in the above equation, before moving to further
discussions. Although it may naively seem as if the above expression only considers the
insertions of trilinear diagrams (after counting of overall factors of (i) and (e)), but it is
not actually the case. It also contains information about the diagrams with quadrilinear
(seagull) insertion vertices, corresponding to the cases when the new additional photon is

inserted at an already existing trilinear vertex.

If the new insertion vertex on either of p or p’-leg correspond to seagull insertion then,
on that leg we have one less number of insertion vertex, and one less number of scalar
propagator. Suppose for now, if the leg is the p’-leg, and if the new insertion vertex u was
a trilinear vertex inserted between vertex number (¢— 1) and g then, corresponding overall

charge and thermal factors would be
|[(—1)Z= D (—ie) | || | —ie(=1) Y| = (=) Z= D (—1) B (o) (4.28)

for the contribution corresponding to that leg (p’-leg). The exact factor corresponds to
factors arising from [ s numbers of already present trilinear vertex] times [ (s+1) number of

scalar propagators on p’-leg] times [vertex factor coming due to new u trilinear insertion].
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Now, if the new u insertion vertex becomes a seagull vertex at already present vertex

number g on p’-leg then, the corresponding overall factor coming due to that case is,

|(~1)Fnlt D (i) [ ] (20 (=) 61,0, g, |
= (-1) 5 (641) (_1>(m+1) (e)+! x [(_1)(m+1) 81, (—Qgﬂ,lq)] _

(4.29)

The above factor correspond to [(s — 1) numbers of trilinear vertices] times [s number of
scalar propagators on p’-leg] times [the vertex contribution of = g seagull vertex on the

p’-leg]. We have also manipulated the delta function as,
6’;“[51 — (1) X 6’;“[51 — (_1)([;,—{-1) (_1)(1‘“_‘—1) X 61‘#7[‘] — (_1)0‘“_‘—1) <_1>(tq+1) X 61#,151 (430)

in Eq. 4.29. Therefore we find presence of a [(—1)»V) 6, , (=2g,,, )] extra factor for the

case of seagull insertion at ¢ = p with respect to new trilinear insertion between (g — 1)

scalar p’; u

and g , which will be absorbed inside C

contribution in Eq. 4.27 when written
symbolically, making the separated out overall factors arising due to new insertion vertex

to be similar for the both cases, corresponding to seagull and trilinear vertex.

scalar p’; u

By convention, the contribution C

in Eq. 4.27 now suggest that this refers to the
contribution of p’-leg in scalar QED, when new insertion vertex u has been inserted on
the p’-leg. The (s + 1) factor in subscript is to correctly track the factors of electron

charge e coming out of this higher order contribution with respect to C:** 7. In any case,

scalar p’; u

whether the new vertex is trilinear or seagull the C

always contributes an extra
factor of electric charge, e with respect to C: ™ ”'; and hence suggesting the notation
(s + 1) in subscript. It should be also noted that (s + 1) does not always represent the
number of dotted vertices on a higher order schematic diagram truthfully for scalar QED ;
as now both seagull and trilinear vertices are possible. A trilinear new vertex will certainly

increase the number of vertices on p’-leg to (s + 1); but if the new vertex is of seagull

type then number of vertices on p’-leg will not increase and will be ‘s’ (but the number
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of electron charge factors will be same for both the cases, as seagull vertex contributes a
factor of e? in contrast to a trilinear vertex that contributes a factor of ¢). Hence, in the

subscript, the number (s + 1) for Css_ﬁar ¥ have to be taken with a pinch of salt. The

fermion p’;u

difference between fermionic and scalar case hence is that in fermionic case C

contribution suggest that there are exactly (s + 1) number of dotted vertices on the p’-

scalar p’; u

o1 contribution does not always imply (s + 1) numbers

leg, but in scalar case C
of dotted vertices on the p’-leg. For scalar QED there are some diagrams (where every
dotted vertices are trilinear), where there are exactly (s + 1) number of dotted vertices
on the schematic diagram; but then in that contribution C**|*" ” "M there also exist such
diagrams (where seagull vertices are present) for which the number of vertices are less

than (s + 1). Hence, for the scalar case it should be understood that the maximum number

of dotted vertices on schematic diagram for contribution C'" ”** can be (s + 1); but

scalar p’; u

o+l , contributes a factor of

then each diagram which belongs to this contribution C
¢*T1 (which has exactly one more charge ‘e’ factor than C**® #') to the matrix element,
and this notation is a matter of book-keeping. A similar argument can also be spoken

about C1"" " in Eq. 4.27 .

With the understanding of the all the above discussion and with the help of Eq. 4.12, the
relevant part of the higher order matrix element corresponding to the virtual K photon
insertion in the Eq. 4.27 can be written symbolically as

iMSfiaf% KYPP ()22 (1) T (5D (1) (1) (1 ) (D) ¢

d4k scalar p’; scalar p;v , .
/ oy G| ) Tt [ G a7 p) =i X D,

4.31)

where the effect from K photon insertions has been separated out. From the above ex-

scalar p’; u

lar p: .
- and k, C;;'\" 7" contributions can be evaluated

pression we can see that, now k, C

independently of each other.
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Effect of virtual K photon insertion : We will discuss about the fundamentals of the

k,C fﬁar P’ contribution here (the full sophisticated discussion? about K photon insertion

for thermal scalar QED is mentioned in detail in Chapter 5) at first, and then will discuss

lar p: . .
about k, C7" " contribution.

1 ’. . . . .o .
The k, C}%" " contribution comprises of two distinct sets of diagrams shown respec-

tively in Fig. 4.6 and Fig. 4.7 below.

9—-0—--0— -------------- ————H——— />+ 9—-0—--0— -------------- *~-—- --o----/> +
v s s—1 2 1 p P v s s—1 2 4 1 p
+ + 9—-0—-- Bt e e o---o----/> + a--i--o---o- -------------- o---o----/»
vV s pu s—1 2 p vV op s s—1 2 p

Figure 4.6: (s + 1) number of diagrams, which are schematically representing all the
possible trilinear insertions of a virtual K photon at vertex u on the p’ leg in thermal
scalar QED. These figure is analogue of Fig. 4.2 of thermal fermionic QED.

These diagrams in the Fig. 4.6 above correspond to the, new trilinear insertion vertices.
All possible ways of inserting the trilinear vertices on the p’-leg (which already had s
number of vertices) in thermal scalar QED generates (s + 1) number of diagrams which

are exactly the analogue of similar diagrams in Fig. 4.2 of thermal fermionic QED.

In addition to these diagrams, there are also a set of (s) number of diagrams arising due to
seagull insertions of a virtual K photon at vertex u to one of the already existing vertices on
p’-leg. Those set of diagrams® are unique to this scalar QED and have been schematically

drawn in Fig. 4.7.

2We have restricted the discussions here, to a point where the Generalized Feynman Identities (Ap-
pendix B) for scalars are used to reduce the expressions of particular K photon diagrams producing differ-
ence of two terms (similar to the thermal fermionic QED case of Eq. 4.19).

3Note that we have assumed all vertices of the underlying n'" order graph are trilinear so that an addi-
tional photon can be inserted at each one. We will relax this assumption later when we perform the complete
calculation in Chapter 5.
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Vos=p s—1 3 21 7

Figure 4.7: s number of diagrams, which are schematically representing all the possible
seagull insertions of a virtual K photon at vertex u to one of the already existing vertex,
on the p’-leg in thermal scalar QED. These are extra contributions for scalar QED case,
analogue of which does not exist in fermionic QED.

We will schematically define now the circled vertex, which will be a convenient group
of typical diagrams from the set of trilinear diagrams from Fig. 4.6, and from the set of
seagull (quadrilinear) diagrams from Fig. 4.7. On the p’-leg for a new K photon insertion
at vertex u we will combine the insertion of trilinear u vertex to the right of a generic
vertex number ¢, with the seagull u vertex at the vertex number g. These two generic
diagrams are schematically shown in Fig. 4.8. Contribution from the addition of these
two diagram is also shown in Fig. 4.8, and is schematically pictured by a circled vertex,

which is denoted and labeled by notation 4u .

B CET LTy P TR T E T Py ST

_l_
v s s=1 ¢ pg-1 2 1 p v s s-1 ¢=p g—1 2 1 p

9--0---0---------)(--o------o---o----/»

- 9--0---0- ------- -Q--o------o---o----,»
vV s s—1 gl q—1 2 1 D

Figure 4.8: A generic diagram having trilinear new u insertion located to the immediate
right of vertex number q from Fig. 4.6, and new seagull u insertion at vertex number q from
Fig. 4.7, is combined together to produce a single circled vertex, which is denoted and
labeled by ,u . The photon lines have been suppressed in above diagram for the clarity.

This definition of circled vertices will help us a lot in upcoming discussion, to schemati-
cally represent of higher order diagrams, when the number of these diagrams proliferate

considerably.
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The contribution of trilinear diagram shown in Fig. 4.8 can be written as,

Ky G TN = (27 + 1) Sy o (20 20 + ) |S Y
(29" + 284 + k) SH L (2p 28, + 2K+ 1;)ﬂq]><
VSIS
= ()P ) Sy 2P+ 2 o | (6,0, ST
iy SU +k} (29 + 25, + 2%+ l;)#q]S e
(4.32)

where the separation of the bracketed term is the result of application of ‘Generalized
Feynman Identity’ (see Eq. B.6) as mentioned in Appendix B . And, again (—1)(*1) factor

arises here as a result of GY reduction.

With the understanding of the overall factors mentioned in Eq. 4.29, the contribution of
seagull diagram as shown in Fig. 4.8 can be expressed as,
1 /s ’ ’ s ’ ’
ky Csialar Pipatg (—1)(fu+l)(2p + ll)ﬂls;l'le e (2]7 + 22(]_2 + lq)ﬂq—l

ty_1.t toot
St O, (28 K X SWIE e (4.33)

We have to note here that the contribution of this diagram also produces a factor of (—1) 1),
This exact same factor was also produced in Eq. 4.32 after using Feynman’s identity. This
same overall factor gives us freedom to club together Eq. 4.32 and Eq. 4.33 as a circled

vertex as shown in Fig. 4.8.

The square bracketed term in Eq. 4.33 will produce a factor (—2g,,, )k* = —2k,, and will
cancel against a similar term from Eq. 4.32, when adding together the contributions as

circled vertex. Therefore, the contribution of the circled vertex which is shown in Fig. 4.8
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and is given by the sum of Eq. 4.32 Eq. 4.33 evaluates to,

scalar p’5qu _ scalar p’; urightofq scalar p’;uatq
kH Cs+1 = ku (Cs+1 + Cs+1 ) ’

’ ’ s Ig-1,14 ’ ’
= (—1)(”‘“)(21? + ll)mS;;l'fZl e I:Sp]'+12{q16t/"t‘/ (2p + 2% + lq)ﬂq

g1t ’ ’ lglg+1
SIS (225 2kt zq)yq]s; R

=M,- M, . (4.34)

The term having a factor proportional to (2k,,) in Eq. 4.32 has canceled with an opposite
contribution from seagull insertion in Eq. 4.33, in the parentheses of the first squared
bracketed term in expression above. Eq. 4.34 is the analogue of the fermionic QED result
as mentioned in Eq. 4.15 to the scalar QED case, but looks little cumbersome and is not

so clean.

scalar p;v

1 contribution term (de-

A similar redefinition of circled vertex can be done for &, C
fined as in Eq. 4.31) for the insertions on the p-leg. A typical diagrams for this case is

shown below in Fig. 4.9.

-»---o—--o—-----o---)(--o------o---o--é + -»---o—--o—-----o—--)(--------o---o--é
b 1 2 j—1 v J r—1 r yv P 1 2 j—1 j=v r—1 r Vv
= -»---o—--o—-----o—-Q -------- o---o--@

p 1 2 j—1 vj r—1 r Vv

Figure 4.9: A generic diagram having trilinear new v insertion to the immediate left of
vertex number j, and new seagull v insertion at vertex number j on p-leg is combined
together to produce a single circled vertex, which is denoted and labeled by v .

In contrast to Fig. 4.8, here in Fig. 4.9, the new vertex insertion v when placed immediately
left to vertex j, is added together with v at j seagull insertion to form a circled vertex. Such
a clubbing of diagrams is done because, as per our notation the momenta of K photon enters
at vertex v and thus flows through the vertex j. Hence, to have a similar cancellation of

(2k,,) term as in Eq. 4.34, the above grouping of diagrams is done.
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With this consideration the contribution of the v; circled vertex is expressed as below,

scalar;v; __ scalar p; vleftof j scalar p; vatj
ky Con =k, (Cr+1 +Ca ) ’

= (D) S X
|61, 2P+25,141)),, Spis = Gy P28, +2k+1), Sj;f;jﬁk]x

(2P+2% o+1jq), - (2P+L),, ,

Vj-1

ENj—Nj_l . (435)

The things to note here is that, this contribution is proportional to an overall factor (—1)®"+1
as this is related to the insertion of v vertex. And, in the first parentheses of the square
bracketed term a similar (2k,,) term has vanished. Actually, Eq. 4.35 is an exact analogue

of Eq. 4.34, which will be used in greater detail in Chapter 5 .

Now, before moving onto further discussion; let us take time to say a few words regard-
ing the notations of circled vertices. There are three cases related to the insertion of K
of G photons; corresponding to when p and v vertices are inserted on different legs, or
the cases where both of them are inserted on the same leg (two cases). Now, to avoid
double-counting of the vertices, we will always place v vertex to the left of u vertex, ir-
respective of whether both the vertices are on same leg of different legs. And, we will
always consider photon momentum k leaving at vertex u and entering at vertex v with-
out loss of any generality (as this momenta is anyway integrated over all possible values
ranging from —oo to +o0). Hence, this photon momentum now flows through all the scalar
(or fermion, as appropriate) propagators which are in between vertex v and u , and all the
other outside propagator momenta remain unchanged. Hence, from this perspective as v
can be the leftmost vertex from where the photon momentum k starts to flow and ends at
the rightmost vertex , all the internal scalar vertices now have extra factors depending on
the photon momentum according to the Feynman rules of scalar QED. To counteract this
extra momentum factor of (2k) at trilinear vertex corresponding to v/u insertion, they have

been grouped together with adjacent seagull vertex arising due to insertion of v/u vertex,
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justifying the definition of Fig. 4.8 and Fig. 4.9.

Therefore, irrespective of the choice of legs it should be understood*.

* 4 contribution

= contribution of (trilinear u to the right of ¢) + (seagull y insertion at g);

* v; contribution

= contribution of (trilinear v to the left of j) + (seagull v insertion at j).

For the case where both the insertion vertices of new photon are on the same scalar leg,
there can be a circled vertex denoted by , i (as to avoid double count v is always placed

left to i insertion). This circled vertex should be understood as follows,

* , u contribution = v, contribution
= contribution of (trilinear v to the left of trilinear ) + (seagull v, u vertex contri-

bution, which is actually a tadpole).

With this understanding, and with all the results of Eq. 4.34 and Eq. 4.35 it can be shown
the K photon contribution factorizes and contains all the leading linear and logarithmic,
and sub-leading logarithmic divergences. The proof of this is rather intricate and involved,

and hence is the discussion material of Chapter 5.

Effect of virtual G photon insertion : The contribution of virtual G photon after in-

corporating correct factors from Eq. 4.3 and Eq. 4.13 can be shown to have superficial
leading linear and sub-leading logarithmic divergences pertaining to thermal fluctuations,

and leading logarithmic divergences due to quantum fluctuations.

4 In special cases, due to the requirement and for convenience related to particular calculation there
may be a need to define u, and ; v contributions; and these have to be understood according to the defined
notations; i.e., 1. u, contribution = contribution of (trilinear u to the left of g) + (seagull u insertion at g),
and 2. ;v contribution = contribution of (trilinear v to the right of j) + (seagull v insertion at j).
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It will be shown in Chapter 5 that all those divergences in G photon contributions for the

theory thermal scalar QED vanishes, making the G photon contributions IR finite.

4.4.2 Effect of insertion of K, G photon contributions

The effects of contributions arising from the real Kand G photons for thermal scalar QED
can be computed in the square of matrix element level by noting the effects of Eq. 4.5.
Here in this case, we also have to consider the fact that, in addition to photon emission
to the heat bath, the absorption of photons from the heat bath is also perfectly feasible
with different phase space weight factors as mentioned in Eq. 4.7 . And, only with the
inclusion of the photon absorption the IR divergent pieces cancel between real and virtual

cross-sections.

Considering correct phase space factors, it can be shown (and will be shown in Chapter 5)
that all the leading and sub-leading IR divergences is contained in real K photon contri-
butions. These IR divergences will cancel with virtual K photon contributions order by

order to all orders in perturbation theory.

The G contributions turn out to be IR finite (Chapter 5), after noting that the phase space

factor related to finite temperature is symmetric in photon momenta.

4.5 Summary

The IR structure of a thermal field theory is far more intricate than for the similar theory at
zero temperature due to the presence of thermal fluctuations. Particularly, for the theories
involving bosons the IR structure is much more complicated to tackle as the distribution
function of massless bosons diverge at IR limit. In addition to that, for a thermal field
theory, particles can be both emitted to and absorbed from the heat bath. And, only with

the inclusion of the absorption of particles the cross-section turns out to be IR finite.
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This knowledge was applied fruitfully, to generalize the GY technique to thermal field
theories in Section. 4.2 . We have then applied this generalized GY technique for ther-
mal fermionic QED and thermal scalar QED to show the validity of the technique. The
thermal theory of the charged scalars are complicated to discuss as in addition to normal
trilinear vertices, quadrilinear seagull vertices are also allowed. We define circled vertex
in Section. 4.4 to systematically include this effect. It has been mentioned that all the IR
divergences of thermal scalar QED are contained in virtual K and real K photon contri-
butions, while the G and G photon contributions are finite. The IR divergences cancel

among virtual K and real K photon contributions.

The cross-section related to thermal scalar QED turns out to be IR finite and the intricate

details of that proof is discussed in details in next chapter, i.e., Chapter 5.
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Chapter 5

Infrared safety of scalar QED at finite

temperature

5.1 Prologue

The enhancement of the complexity of the Infrared (IR) structure due to the presence of
thermal fluctuations has been a main topic of discussion in Chapter 4. We have discussed
the effects of the finite temperature in the IR structure particularly in fermionic and scalar
QED. Just like fermionic QED, the IR structure of scalar QED at zero temperature has
been a matter of extreme interest in literature and has been discussed in several of them

using different formulations and techniques.

At zero temperature, Low showed that [7] the IR divergence structure of the soft photons
for processes involving bremsstrahlung has a general structure as given by expression
below,

g
O-brems:70+0_1+k0—2+---, (51)

where all the o; have appropriate dimensions; and energy of the photon is denoted by &.

Low has showed that this structure is independent of the spin of the charged particle as long
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as the particle is massive. A generalization of this theorem was proved by Weinberg [15],
showing the leading IR structure to be independent of the spin structure, even for the
theories involving gravitation. To understand and interpret the IR structure of fermionic
QED at zero temperature clearly, a reformulation of fermionic QED in terms of dressed
coherent asymptotic states was performed in Ref. [24]. A similar reformulation was also
performed for scalar QED at zero temperature, using velocity super-selection rules moti-
vated by heavy quark effective theories to obtain on-shell IR finite Green’s functions to
all orders in perturbation theory in Ref. [132,133] . They have also shown that due to spin
structure of scalar QED the asymptotic dynamics becomes more rich, as the charged scalar
particles go massless, turning on the collinear divergences. A more recent discussion on
this rich asymptotic dynamics, and on the phase space of scalar QED at zero temperature

can be found in Ref. [32] .

There have also been discussions regarding the IR finite pieces of scalar QED at zero
temperature, in Ref. [134—136] where factorizing and exponentiation of IR divergent con-
tributions are proved in a translation and gauge invariant fashion. They achieved this IR
factorization after incorporating an order by order agreement with Operator Product Ex-
pansion (OPE). Then, after generalizing Low’s theorem to all orders (which involve both
soft and hard photon term calculations) they were able to produce IR finite contributions

in terms of correlations relating to the photon momentum in the integrands.

Although all these developments have been immensely helpful to understand the founda-
tion of the IR structure of scalar QED at zero temperature, the actual calculation of IR finite
pieces in scalar QED order by order (at even zero temperature) in perturbation theory is
still quite troublesome (often the calculations depend on imposing an IR cut-off by hand).
Hence, inspired by the technique of GY at zero temperature (which does not require IR
cut-off to predict IR finite pieces) for fermionic QED [12] we examine the IR structure
of scalar QED at finite temperature in this chapter using the extension of GY technique

to finite temperature [41-43] . While identifying the intricate IR structure of scalar QED
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at finite temperature, we also consequently prove the IR finiteness of the scalar QED at
zero temperature (77 — 0 limit). The identification of correct IR finite contributions
order by order in scalar QED at finite temperature is more difficult due to the presence of
both the trilinear (3-point) scalar-photon-scalar vertices and quadrilinear (4-point) seagull
scalar-scalar-photon-photon vertices; along with the presence of additional leading linear
and sub-leading logarithmic IR divergences present at finite temperature. This identifica-
tion and prediction of IR finite pieces will be of fundamental importance in many different
scenarios involving different physics. We in our future discussions, in Chapter 6 will be
interested in models of Dark Matter (DM), Ref. [86,103] where heavy charged scalars are
involved. The finite temperature higher order corrections to such models of DM are ex-
tremely important to predict the temperature corrections to relic densities of DM. Hence, a

thorough understanding of the thermal scalar QED is indispensable for these calculations.

The relevant Lagrangian for our analysis of scalar QED is,
: 1
Liqep = (D,9)" (Dugp) —mie’e — ZFWF’” . (5.2)

In the above expression covariant derivative is, O, = 9, + ieA,; and ¢ is the charged
scalar. In Eq. 5.2 we have dropped a quartic scalar self coupling which will be generically
present in theories of charged scalars (like theories involving squarks, sleptons). But,
those quartic couplings does not give us any further new insight regarding GY procedure
involved and therefore has been simply dropped here without loss of any generality of the

upcoming discussions.

From the Lagrangian we can see that in addition to normal trilinear interaction vertex, in
theories of scalar QED we also have presence of quadrilinear seagull vertex as shown in
Fig. 5.1. The presence of these seagull vertices plays a crucial role in the identification
of IR structure. And, it will be seen in upcoming discussions, that only in the presence
of these seagull vertices and tadpole diagrams is an exact and clean IR factorization and

resummation possible.
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a. Trilinear Interaction Vertex b. Quadrilinear Seagull Vertex

Figure 5.1: Allowed vertices for scalar-photon interactions. Here dashed lines represent
scalars.

5.2 Insertion of virtual K photons

To identify and separate out the relevant IR divergent pieces, the effect of insertion of
virtual K photons have to be taken into account. We will start with inclusion of virtual K
photon to an n™ order process corresponding to ¢(p)y*(q) — ¢(p’) in scalar QED at finite
temperature as was shown in Fig. 4.5. For completeness and convenience of the readers

we again present the schematic diagram related to above process here in Fig. 5.2.

B Sy e e Y S Y oY Sl
SV q 2 1 p
L

Figure 5.2: The schematic diagram of a n'™ order process ¢(p)y*(q) — ¢(p’) in thermal
scalar QED, which was also shown in Fig. 4.5. Here, any dotted vertex can represent
a seagull or a trilinear vertex. Therefore, even for a n™ order diagram with all virtual
photon vertices, n < s +r =m < 2n.
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In Fig. 5.2 and in upcoming discussions, all the previously mentioned notations which
were defined in paragraphs below Fig. 4.5 and Eq. 4.26 hold true. Therefore, with the
understanding that the already existing photon momenta at the p’(p)-leg are always out-
going(incoming) (without loss of any generality), and are denoted by /(/;), we can write

down the matrix element corresponding to the n'" order matrix element.

A single dotted vertex in Fig. 4.5 can either represent a trilinear or a seagull insertion
vertex. Here, we will start with a n™ order diagram, where all the existing dotted vertices
represent virtual photon trilinear insertions. We will relax the constraints one by one in

the following discussion; i.e., will include seagull and real photons successively.

So, for an n™ order diagram with all the already existing vertices representing trilinear
virtual photon insertion the matrix element can be written as,
. 1 n(_a\m "ot N\ ’ 4 »
ZM;caar :(6)2 (—l) (_1)2,:1(1+1)(l> X [(2]9 + ll)lllS;/fZl e X
(29" + 250 + 1y St (20 4+ 250 + 1), Sy [ X Tyx

tv b trstre fo.t M1y s lss Viyee sV
[Spv+2, (2p+2%, 0 + 1), S5 - Sy (2p ll)ﬂ] X Dy '

:(e>2n(_l->m(_1>zl’-”:1(ti+l) (l>m X [Csscalar p’] X FV X [Crscalar p] X Dn , (53)

which is the same expression which was expressed in Eq. 4.26, and we have mentioned it
here again for completeness and convenience of readability. The new virtual photon can
be added in exactly three ways to this diagram. The first way, where the new insertion
vertices are on different legs; and in other two cases the ends of photon insertions will be

on the same leg. Let us start with the first case.
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5.2.1 K photon insertion between p and p’-leg

Let us start with adding a virtual photon in all possible ways in an n™ order diagram be-
tween p and p’-leg. The resulting expression can be written down symbolically as,

: alar;p’, n S\ m o (t v -\ 1m

M = ()2 (=i) R (= 1) ER D () B D (1) ) ()2

[Cscalar p’;y] x FV % [Cscalar p;v] x Dyv (54)

s+1 r+1 n+1 °

As the new insertion can be trilinear or seagull, the above expression has been only ex-
pressed symbolically. It contains both the trilinear and seagull insertion contributions. The
reader is referred to the discussions below Eqgs. 4.27, 4.28 and 4.29 to fully understand the

notation related to Eq. 5.4 .

The relevant virtual K photon insertion from this term is specified in Eq. 5.5, which is
repetition of Eq. 4.31 and the readers are referred to the discussion below Eq. 4.31 for
notational clarity. We have

l-MSfiaﬁ Ky.p'.p _ (e)2n+2(_1)2,’.”:1(t[+1)(_1>(t,,+1)(_1)(ty+1)><

d'k scalar p’; scalar p;v , .
f oy [ G T T ¢ [k G P X b p) =i < D,

(5.5)

. lar v’ lar - .
From the above expression we can find that, now k, C7'\" 7 * and k, ;' 7" contribu-

tions can be evaluated independently of each other.

The contribution of the p'-leg, i.e., k, C fiallar P'# consist of two distinct sets of diagrams;
shown in Fig. 4.6 and Fig. 4.7. Fig. 4.6 denotes all new possible trilinear insertions on
the p’-leg and Fig. 4.7 refers to all the new insertion vertices being seagull insertions. For
the sake of convenience a trilinear vertex ‘u to the right of vertex number ¢’ and a seagull
vertex ‘u at the vertex number ¢’ on p’-leg were grouped together in Fig. 4.8 resulting in

a circled vertex denoted by ‘,u’ contribution of which is expressed in Eq. 4.34.
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Hence, using the convention of circled vertices on p’-leg, the () seagull insertion dia-
grams of Fig. 4.7 can be grouped together with the first (s) number of the trilinear inser-
tion diagrams of Fig. 4.6. The last trilinear contribution of Fig. 4.6 is left un-grouped. The

resulting diagram after this regrouping is shown in Fig. 5.3.

9—-0—--0— -------------- o---o--Q---/»+ 9—-0—--0— -------------- o--Q--o----/» +
v s s—1 3 2 1u p v s s—1 3 o2 1 P
+ + -Q--o- ----------------- === + 2--—&--0—--0— -------------- P
Vv sk os—1 2 Yooy op s s—1 2 1 7

Figure 5.3: The sets of diagrams in Figs. 4.6 and 4.7 are grouped to form the s circled
vertices and one leftover (s + 1)™ trilinear diagram (where the new u vertex is inserted to
the left of vertex number s on the p’-leg).

scalar piu

The corresponding contribution k, C can be written down symbolically as,

s+1

scalar p’; u scalar p’; 4u
k s+1 [ 2 ,k CSJrl

|:k;1 Cscalar p';yleftofs] ) (56)

The terms in the first square bracket in Eq. 5.6 represent the (s) number of circled vertex

diagrams. The contribution of these terms after using Eq. 4.34 can be expressed as

Z k# Cssiallar Pight — (_1)(t#+1) X ({0 + 6%[1 (2p/ + lrl)ms;lfz +k><

(2p" + 251 + 2k + L)y - SBYS

{20+ 1) [S18725, 64002 (29" + 251 + )

=S G (207 4 251 + 2k 4 ), | S

+{-)
@+ Sy S35, 00 20+ 2D L)

S 25 2 ]S ).
= ({0+M1}+{M2—M1}+{"'}+{Ms—Ms—1}) . (5.7)
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In Eq. 5.7 each circled vertex gives rise to difference of two terms in accordance with
Eq. 4.34 and the first contribution vanishes as scalar p’-leg is on-shell. The terms cancels

among themselves in pairs.

The singled out trilinear contribution (last diagram of Fig. 5.3), which is expressed sym-
bolically as in the second squared bracketed term in Eq. 5.6, can also be expressed as
difference of two terms after using Eq. 4.32 as,

lar p’; uleftof's ’ ’ , ’ ’
kp Cssiafi plipleftofs _ (—1)(lu+1) {(2}7 + ll)lv‘lsg’-tle - (2p + 284 + ls)#sx

ts,ty _ Is,ty
[S P+ 6’u”V Sp’-&-Z.x +k61ﬂ”5] } ’

= {Ms—l-l - Ms} . (58)

Here, the contribution M, of Eq. 5.8 cancels with a similar remnant term from Eq. 5.7,

scalar p’; u

giving rise to the total contribution k, C

to be proportional to the lower order con-

tribution C5™ #" times the delta function 6,4y which resulted due to GY reduction,

1 s ’ ’ s o
Ot = (0 0+ S, S [

_ (_1)(1#—&-1) (5,“’,‘, Cjcalar )4 ) (59)

In Eq. 5.9 the external hard photon being physically observable, the thermal type of vertex
V is of type-1, i.e., ty = 1. And, hence, the delta function in above expression constrains

t, = 1l also.

A similar regrouping of the terms can be performed on the p-leg also regarding the k, C,
term of Eq. 5.5. The sets of diagrams after using the notation of circled vertices as in
Fig. 4.9 can be schematically represented as in Fig. 5.4. The terms regroup to become r

number of circled vertex diagrams and one leftover (r + 1) trilinear diagram (resulting

from trilinear v vertex being inserted to the right of vertex number r on the p-leg).
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P12 r=1vey P12 =1 r vy

Figure 5.4: The set of diagrams representing K photon contribution of p-leg after using
the convention of Fig. 4.9. There are r circled vertex diagrams and one leftover (r + 1)
trilinear diagram (where the new v vertex is inserted to the right of vertex number r on

the p-leg).

The corresponding contribution of Fig. 5.4 is expressed in Eq. 5.10 as,

[kv C,scalar p;VrightOfr] . (510)

r+1

scalar p;v scalar p;v;
k,C.o [ E ,k Cri

After using the contributions arising from circled vertices on p-leg, as was expressed in
Eq. 4.35 and also using the ‘Generalized Feynman’s Identity’ for p-leg as mentioned in

scalar p;v

Appendix B, we can write the contribution k, C, to be proportional to lower order

contribution C;** ” times the delta function &, ,, which resulted due to GY reduction,

kO (—1><fv“>{[a,v,tv]s;:’rz st <2p+zl>m}

= (=16, e (5.11)

Again the thermal type of vertex V being type-1, i.e., ty = 1, the delta function in above

expression constrains t, = 1.

Hence, after using the results of Eq. 5.9 and Eq. 5.11 with Eq. 5.5 and Eq. 5.3 the total

contribution of K photon insertion between p and p’-leg becomes,

M Kyopop 62(_1)(m+1)(_1>(tv+1)(_1)(tu+1)(_1)(tv+1)x

n+1
d4k o aY /i . scalar
(2 ) 5[” ty 5tv ty bk(p p) - lD K V(k) X an Py (5.12)
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which after simplification can be written as,

Ky d*k
M0 — i [ 0,0 bl PPV ) M (5.13)

The total matrix element as in Eq. 5.13 turns out to be proportional to the lower order

matrix element with all the contribution due to K photon insertions factored out.

5.2.2 Inclusion of already existing seagull interaction vertices

The calculation of the K photon insertion in between p and p’-leg can be also extended to
the case, when some of the already existing dotted vertices in Fig. 5.2 correspond to the
seagull vertices. If x number of dotted vertices refer to the seagull vertices, and rest of the
vertices refer to the trilinear vertices, then the total number of existing dotted vertices in
the schematic n'™ order (all virtual photon) diagram will be equal to ‘m = (2n— x)’, where

x€[0,n].

Now, suppose in the n™ order diagram on p’-leg, at vertex numbers (¢ — 1) and ¢ no sep-
arate trilinear vertices were present. But, rather there is a single seagull vertex in place
of these two trilinear vertices, from which photons with momenta [/ , and [/ are coming
out. The vertex element then would have been proportional to a term *6,,_, ;. (=28, 14,)
(apart from some overall factors). Now, a new K photon cannot get inserted at this seag-
ull vertex, making this vertex an inert one. The new K photon can be inserted on the
scalar propagators, which are present on both the sides of this already existing seagull
vertex. The momenta k of the new photon does not alter the seagull vertex contribution of
‘61, 14,(—28u, 1u,)’- And, it can be shown using simple algebra using ‘Generalized Feyn-
man’s Identity’ (Appendix B) that the pairwise cancellation of terms still holds, from those

two trilinear insertions, which are on each side of already existing seagull vertices.

Therefore, the factor proportional to ‘6,  (=2g,,.,,,)" gets carried along like an inert

factor, and GY reduction still holds. This is also true, if more than one seagull vertices are
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present on a particular leg. In those cases, we will obtain more than one inert factors carried
along. And, the argument does not depend on, whether the new K photon is inserted
between different legs, or if it is inserted on same leg. Hence, the presence of already
present seagull vertices in n' order diagram, does not create trouble; and all the above and

following results holds true, after just including the inert factors due to seagull vertices.

5.2.3 Both the K photon insertion vertices being on p’-leg

After discussing the effects of the K photon insertion in between different legs; now we
turn our attention to the cases where both the virtual photon insertion vertices are on the
same leg. We will at first consider the case, where both the photon vertices are inserted

on the p’-leg.

Now, as both the vertices are on the p’-legs; hence by the virtue of seagull insertions, the
tadpole diagrams are also possible. To avoid the double counting of the newly inserted
vertices, we will always insert vertex v to the left of vertex . The new photon momenta
k will be leaving(entering) at vertex u(v) without loss of any generality (as four momenta

of virtual photons will anyway be integrated for all possible values of momenta).

We will again start with an n™ photon diagram as shown in Fig. 5.2, where all already
existing dotted vertices correspond to the trilinear virtual photon vertices. Therefore, the
contribution of adding both the K photon insertion vertices to p’-leg can be expressed as
in following expression (with the understanding of notation used in Eq. 5.3 and Eq. 5.5),

iMs;aiar;Ky,p’,p’ _ (6)2n+2(_1) l'.":l(tf+1)(_1)(t#+1)(_1)(tv+1)x

d4k scalar p’; v scalar , )
f(27r)4 [l ks €55 7 | X Dy x [P | (i, p) X =iD"] X Dy

(5.14)

where the k, k, Cssf;lar P is the relevant part of the matrix element; and the notation has

to be understood in accordance with the discussion of paragraphs below Eq. 4.29.
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Figure 5.5: Set I: Diagrams where at both the u and v insertions all are circled vertices.

D--)(--o--o------------o--Q---» + 2 - —mmmmm e -Q-u---->+ et D--)(--Q-u- ----------- -t
Vv oss—1 210 p Vo oss—1 ap 1 p' V ovsts—1 21 p

Figure 5.6: Set 1I: Diagrams where at only u insertions all are circled vertices, and v
insertion is kept fixed.

o B B e R + e Y i +- R SRR E PR R RN I = N == =P
Vs=v p s—1 219 Vs sl= u 2179 V s s1 I=v pu ©

Figure 5.7: Set IlI: Diagrams where at g = v are all seagull insertions, and trilinear u
insertion is at immediate right to all possible v insertions.

Figure 5.8: Set IV: Diagrams where all , u circled vertices are present. The last diagram
corresponds to the outermost self energy contribution and to avoid double counting, is to
be omitted on similar set of diagram on the p-leg.

9—-0—--0— ----- - - ——————— ===

v s s—1 qu=pq-1 2 1 p

Figure 5.9: A typical tadpole diagram on p’-leg, where the insertion vertices u, v due
the new K photon have been inserted in between the vertex number q — 1 and q. These
diagrams are sub-contributions of Set IV of Fig. 5.8.
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Due to the presence of the seagull vertices and tadpole diagrams the concerned numbers

scalar p’;u,v

of diagrams contributing to the k, k, C

proliferate in numbers. To easily see the
nature of factorization, we regroup these diagrams into 4 sets of diagrams; as shown in
the figures above. The Set-I of Fig. 5.5 consist of diagrams, where at both the i and v
insertions all are circled vertices. The Set-II of Fig. 5.6 consist of diagrams, where at only
u insertions all are circled vertices, and v insertion is kept fixed to the right of vertex V.
The Set-III of Fig. 5.7 consist of diagrams, where at ¢ = v are all seagull insertions; and
trilinear u insertion is at immediate right to all possible v insertions. And Set-1V of Fig. 5.8
consist of diagrams, where all the possible , u circled vertices are present. Fig. 5.8 has sub-
contributions from tadpole diagrams. A typical tadpole diagram is shown in Fig. 5.9. All

these Sets of diagrams can be evaluated using Eq. 4.34, Eq. 4.35 and the ‘Generalized

Feynman Identities’ of Appendix B.

The contribution of Set-I of the diagrams of Fig. 5.5 can be expressed as,

kﬂkvcsiaéar Pyl _ (—1)(t”+1)(—1)(t"+1)><

({(2p’ 1) SR (2p + 251+ 1)y [SEEE (207 4 280y + 1) 61y Gy

—Ss 20+ 28+ 2+ 1) 00,80, | ST )

+{@P 1) SRy, (20 + 251 + By SR (2P + 285 + Ly )y 1O

—Sht 2 4 2 2k L) O, | O S )

+ {(219, + 1) [S;l/tle (2p" + 251 + 1)1y 01,, 01,0, —
S (2D 251+ 2Kk + 15),,0,,1,0,0, | S0y - SB ) :

(5.15)

For Set-1I of diagrams as seen in Fig. 5.6, pairwise cancellation happens between typical
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terms, leaving us with single contributing expression,

k#kycsf;ar Py, Il (_1)(t#+1)(_1)(tv+1)x

({(2p/ + l'l)msi,lfle@p’ + 251 + 1)y, - '52715_15%“(21’, + 25 + 1) X

8o S!l
[S iz O =Sy +k5fv”v]}) - (5:10)
Now, the contributions Set-III of diagrams of Fig. 5.7 can be expressed as,

scalar p’;u, v, 111
k.k,C rin

ik, C3F (_1)(t;t+1)(_1)(tv+1) x

({<2p’ 1) SR (2p) + 251+ 1) [SEEE 6y,

-S ;ff_}r’gﬂ +k6ty,l,r—1:| O1,.1, (_2k)“f}

+ {(2p, + lll),uls;l'f21<2p’ + 2% — 2k + l’2)#2 T [S;;:j.’g:zélu,ts—l

=S 0o G (2K S )
+{@2P + )y [S 25 810

P+

1,12 f2,t3 ., Qlssly
Spis +k5fwf1] Oryie (=28 705, oS p'+25}

+ {5z,,,t1 (_2k>y151v,t152rf21(2p’ + 2% + 1)y, }) . (5.17)

We have to note that the contribution of Eq. 5.17 has a similar structure like Set-1 of di-
agrams of Eq. 5.15. But, it is also to be noted that all the terms of Eq. 5.17 are linearly
dependent in the K photon momenta via the factors of (—2k),,. All the particular con-
tributing diagrams of Fig. 5.7 can be written down after applying ‘Generalized Feynman
Identity’ as a difference of two terms. Only the last diagram of Fig. 5.7 contributes a sin-
gle term as p’-leg is on-shell, represented by the last curly bracketed term in Eq. 5.17. It
is to be noted that this term does not have any other dependence on K photon momenta k

expect via the factor (—2k),, .

Before calculating the full contribution of Set-IV of diagrams Fig. 5.8, let us observe the

contribution due to a particular diagram of that set. Let that particular diagram be the
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one where the , u circled vertex is placed in between vertex number (¢ — 1) and ¢ on
the p” leg. The , u circled vertex insertion consist of two sub-diagrams, the first where
‘trilinear v insertion is at immediate left to trilinear u insertion’, and the one where ‘u
and v insertion make a tadpole diagram’ (shown in Fig. 5.9). The contribution of first
subgraph is expressed inside first square bracketed terms in Eq. 5.18; and the contribution
of the tadpole diagram is expressed in the second square bracketed term in Eq. 5.18. Note
that any typical tadpole contribution has a symmetry factor of 1/2, nullifying the factor of
(—2) coming from seagull vertex.

k,lkv Csia;ar plimv,IVig (_1)(t#+1) (_1)(ty+1)><

’ ’ K ’ ’ tg—1,1
(<2p + 1) S s, (20 + 251 + 1)y, {[S 43 1 40t 100ty

Iy,
S vslg
oy p/+2q71

+ [Sj;’,;’g‘q1(—k2)6t,1,tysj;,’tqu1]}) . (5.18)

Tg—1,,
Y 61
u

p/+2q71 6IV

+ S (2p 428, +k) k6,

lg-1 Slg-1 p’+2q71

In the expression of Eq. 5.18, the O(k?) contributions coming from trilinear self energy
corrections and the tadpole contributions cancel exactly among themselves. Although any
O(k?) contributions in the numerator is IR finite at finite temperature (as the leading IR
divergence is linear in denominator), but without the exact cancellation of these finite
O (k?) terms, the IR factorization and resummation would be impossible. Hence, the tad-

pole contributions are indispensable to achieve the IR factorization and resummation.

With this understanding, the total contribution of Set-IV of diagrams of Fig. 5.8 can be

expressed in detail in Eq. 5.20, and schematically in Eq. 5.19 below,

scalar p';u, v, IV
ke, CI5T 7Y <IN A =3 B+ Y G (5.19)
qg=1 q=0 q=0

where to identify A, B,, C, clearly with convenience, the contributing terms in Eq. 5.20

have been coloured with same colours. In Eq. 5.20 the last term {[-B, + Cy|} arises from
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the outermost self-energy contribution on the p’ leg. All the B, terms are proportional to

Csr Y and all the C , terms are odd in photon momenta k.

kukvcsia;ar P v IV _ (_1)(@1—1—1)(_1)(&,—&-1) %

({(2p’ 1) S (2P + 280+ B[S 00000

It 15,1, ’ ty,t
=S P"f\'/zs(stﬂ’tsétv,ls + Sp’iZ.‘ (2p" +2%,) - ké’ﬂ”"sii’lz.\]}
+ {(217’ + lll)mStpl/’t_le (2pl + 2% + ll2)/t2 U [S ;;'1% ! +/<67//~7\ 101,11,

Ls-1,1s Is—1:lu ’ byl
—Sp’—izs_létﬂ’ts—lét"’ts-l + SP'+Z.\-1 (2]9 + 223_1) . kd’/“fVSP'-&-Z\q] cee } + { .. }

2P+ B[S 000000 = S 860

11,1t ’ ty,t
S (2p +25) ko, ShE ]
+ {_5%&5%& (2pl + l,l)ﬂ1S;;1fJszl (Qp/ + 2% + 1/2)#2 e

, 1,1 ’ ’ N5 ’ ’
) S8 20+ 1S, (20 250+ B}

={[A, =B, + CJ} +{--}+{[A = B1 + Ci]} + {[-Bo + Col} - (5.20)

scalar p’su, v, I+11+111 scalar p’;u, v, [ scalar p’; u, v, 11 scalar p’; u, v, 111
kyk, Cs+2 = kyk, Cs+2 + kuk, Cs+2 + kuk, Cs+2

= (1) (=)D x ({(2p’ 1) S (207 + 280 1)y - ST -

[6tﬂ,t1 5tv,t1 + 5t”,z251V,t2 + o+ 5[;4’[3'6’\/7[3]}

+ {[(_2]()#16%[15%’1] S;'EZA (2]7’ + 2% + l,2>,u2 et

(2P 4 1) S 25 (22608, 1081 | (207 + 250 + L)y
+(2p" + li)msﬁi’fle " 'Si‘,‘/‘i’g&_,l [(_2k)ﬂ.y5tu,m5tv,t.y] - }

- {(2]?/ + [/l )HIS;)I”EZI (2]?/ + 22:1 + l'/Z)H‘z U |S;;’12\ +k5’ﬂ~,"\6lv-lvl o

+(2P, + 1,1 ),UI Si)l”j:2| (217/ +2% + /‘/Z)Nz o lSj;\UIrEH +k6’/1~,’.\—161v-[\"| S e
20" W)y [S525 8oy | (207 + 250 + 1),y })

= (X} + (V) - {Z) . (5.21)

The Set-1, Set-1I and Set-III contributions from Eq. 5.15, Eq. 5.16 and Eq. 5.16 can be
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added together. These result in mutual cancellation of terms within themselves, producing
a final expression as in Eq. 5.21 above, where again the contributing terms have been

colour coded in Eq. 5.21 to correctly identify the X, V', Z, sets of terms conveniently.

Now, to obtain the kk, C :f:gar Pl the expressions of Eq. 5.20 and Eq. 5.21 have to be
added together. By observing those equations it can be easily noted that the same colour
coded terms of Eq. 5.20 and Eq. 5.21 are of same structure. Hence, the s number of A,
terms of Eq. 5.20 (or Eq. 5.19) exactly cancels with s number of Z terms from Eq. 5.21. The
C, terms of Eq. 5.20 (or Eq. 5.19) and Y terms from Eq. 5.21 are odd in photon momenta k
(with no other photon momenta dependence anywhere); hence vanishing upon integrating
photon momenta f d*k. And, s number of X terms of Eq. 5.21 cancels exactly with s
number of B, terms of Eq. 5.20 (or Eq. 5.19); leaving only a single term from Eq. 5.20
which corresponds to (—By) which resulted from outermost self energy correction on p’-
leg. Therefore the total contribution of all the Sets of diagrams on p’-leg reduces to,

scalar p';u,v scalar p’; u, v, [I+11+111 scalar p’;u, v, IV
ky.k, Cs+2 = kuk, Cs+2 + kuk, Cs+2

= (_1)(ty+1)(_1>(ty+1) {[_6%&6!#1](219/ + lil)/l1S;1"j_221(2p/ + 2%, + l,2>#2 T S;":‘-/Zx}

— (_1)(t,,+1) (_1>(TV+1) [_6tﬂ,tlé‘tv,11:| Csscalar )4 . (522)

The contribution of K photon insertion on p’-leg, k,k, C’ssf;ar P'i#Y hecomes proportional
to the lower order contribution C*** ”" times the delta function [—5,“,,15[“,1]. Note, the
presence of a minus sign (which resulted from Eq. 5.20) in contrast to a similar expression
for the insertion between different legs in Eq. 5.9 and Eq. 5.11. The external scalar being
physical and observable, the thermal type of vertex number ‘1’ can be of type-1 only, i.e.,

t1 = 1. The delta function in Eq. 5.22 hence constrains t, = ¢, = t; = 1 only.

With this understanding and using Eq. 5.14 the effect of adding a virtual K photon to only
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p’-leg can be written as,

iM s:ﬂar; Ky.p'.p’ :eZ (_1) (t,+1) (_1)(tv+l) (_1>(t,,+1) (_1) (t,,+1)x

d'k
f el S L p’)[—iDWV(k) X IMEAT - (5.23)

(2m)*

which after simplification becomes,

scalar; .0 . d4k ro
MR = ’eQI (o Ot O PP () XM (5.24)

Note the “plus’ sign in the above expression in contrast to ‘minus’ sign in Eq. 5.13 (which

resulted from extra ‘minus’ sign from Eq. 5.22).

5.2.4 Schematic discussion of K photon factorization on p’-leg

In the above section we have discussed in detail the effects of the K photon insertion, when
both the insertion vertices are on p’-leg. Due to presence of seagull diagrams, there arose
the possibility of tadpole diagrams on p’-leg. We have discussed about the technique to
avoid double-counting of insertion vertices, by always placing the v insertion vertex to
the left-side of insertion vertex u. Due to presence of seagull and tadpole diagrams, the
number of relevant diagrams proliferate; and we have to regroup the diagrams in terms of

four distinct classes, i.e., Set-1, II, III and IV.

Although we have exhibited the full technical details of the calculation, it is instructive to
understand the nature of the cancellation through a schematic discussion on the effect of
K photon insertion with both vertices on the p’ leg. The matrix element, after insertion of

the K photon, can be schematically expressed as

scalar; "p d* o

d‘k
o f (2ﬂ)4M,j°alaf . (5.25)
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In Eq. 5.25, O(k) and O(k?) respectively denote the remainder linear and quadratic in k
terms in addition to M The suffixes, ‘d’ and ‘no d’ respectively reflect the depen-
dence and absence of photon momentum (k) in the denominators of particular terms . The
‘O(k),” terms exactly cancels against the ‘Seagull’ contributions. The ‘O(k?),, ;* terms
though finite, cancels exactly against ‘tadpole terms’. And, there are some terms which

are represented by ‘O(k), > they being odd under the momentum integral vanishes to

no d

M scalar; Ky, p’,p’»

ot becomes proportional to the lower order matrix element

zero. Hence, the ¢

‘Mealar s and the exact result is shown in Eq. 5.24.

Now, from this discussion we see that, without the incorporation of seagull and tadpole
contributions the O(k), and O(k?),, 4 terms would not have cancelled; and we would not
have got such a clean factorization as in Eq. 5.24. Hence, seagull and tadpole contributions

are indispensable to achieve this clean factorization.

5.2.5 Both the K photon insertion vertices being on p-leg

Analogous to both the K photon insertion vertices being inserted on the p’-leg, a similar
analysis can be performed when both the K photon insertion vertices are inserted on the
p-leg. The resulting diagrams can again be grouped into four classes of sets of diagrams.
After adding all of them we find analogous cancellation between the contributions leaving
us with a similar expression of (—By) as in Eq. 5.20 for the p-leg. The origin of this (—By)
term was the outermost self energy correction. But, according to the method of the GY
this outermost self energy contribution has to be discounted in favour of wave function
renormalization [137]. Hence, on dropping the similar term of (—B,) for the K photon

insertion on the p-leg the total contribution vanishes.

But there is nothing special about the p or p’-leg, as this compensation for wave function
renormalization could have been included in either of the legs. Therefore we symmetrize

the result of K photon insertion with both vertices on the same leg over the two possibilities
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related to different legs. The contributions then can be expressed as,

Ky 1 d*k
M0 — et [ 0,6 bl D () X M,

ntl 2J (2m)t "
scalar; Ky,p,p . 2 1 d4k Lty scalar
M = tie B W Oty Ony bi(py p)D™ (k) X M. (5.26)

5.2.6 Including the disallowed diagrams

Figure 5.10: Disallowed diagrams related to n™ order diagrams; which becomes possible
allowed diagrams at the (n + 1) order while inserting virtual photons.

There were certain diagrams which were disallowed at an n'" order process to account for
the correct wave function renormalization prescription in GY technique Ref. [12]. These
diagrams refer to the outermost self energy diagrams which were discounted to compen-
sate for the wave function renormalization. However, when we add a virtual photon to
the n'™ order diagrams by either insertion of K or G photons, these diagrams become al-
lowed in the (n + 1)™ order diagrams. Therefore, the contributions of these terms must
be taken into account at higher orders. Now, as we are performing the calculation at fi-
nite temperature the insertion vertices of some (not every diagram) of these disallowed
diagrams (represented by momenta d in Fig. 5.10) can sometimes (not always) have both
the thermal types of insertion vertices at both insertions. As in the first picture of the dis-
allowed diagram in Fig. 5.10 both the insertion vertices related to the photon momenta
‘d’ can be of either be thermal type-1 or type-2. Hence, in those cases of particular (n™
order disallowed but at (n + 1) order allowed) diagrams at the (n+ 1)™ order the thermal

type of vertex number ‘1’ can be of type-2 thermal type also, i.e., ‘t; = 2’ also. But, the
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thermal type of vertex ¢, related to the new photon momenta k when inserted on outer-
most leg is always of thermal type-1 (as this is the inserted on outermost physical p-leg),
i.e., ‘t, = 1" always for outermost insertion. Therefore, taking into account of all these
disallowed diagrams with all possible thermal vertices; we find that, with the addition of
mass counterterm all the contribution of disallowed diagrams vanish to zero, as in zero
temperature GY case. Therefore, the disallowed diagrams does not create any trouble for

the calculation.

5.2.7 The total contribution due to K photon insertions

The total contribution for the K photon insertion to an ™ order diagram can be expressed

as,
scalar; o ie? d*k o
Mz 2 f (27)* {5% O, D" (k) [bk(p .P) +bk(p,p)]
+ 51,,,tv (5ty,tv Dtu,tv (k) [ — Qbk(p', p)] }M;calar ,
= [B] Micalar . (527)
Here,

ieQ d4k ’o ’
B = _f D' (k) [bk(p P') = 2bi(p’, p) + bi(p,p)|

2 (2m)4
- % %D“(k) [JQ(k)] . (5.28)

In Eq. 5.28 the fact that the thermal type of vertices related to external/hard physically
observable particles must be of type-1, constrains ‘¢y = #; = 1°. With this consideration
B becomes proportional to the ‘(11)’ component of thermal photon propagator. This re-
sult of being proportional to the D! (k) type thermal photon propagator will be of prime
importance while cancelling the the IR divergent pieces in between virtual and real soft

photon contributions.
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It is also to be noted that, by observing the structure of D! (k) in Eq. 5.28 that, the leading
linear and sub-leading logarithmic divergence are contained in B which has been factored
out from n™ order matrix element in Eq. 5.27. Both these leading and sub-leading di-
vergences will cancel against real photon contributions as will be shown in upcoming

discussion.

5.3 Insertion of virtual G photons

As we have already discussed, in thermal field theory due to the presence of thermal fluc-
tuations the IR behaviour diverge more violently; i.e., at leading behaviour linearly (as
opposed to leading logarithmic behaviour at zero temperate) and at sub-leading behaviour
logarithmically. We have already proved in Eq. 5.27 that K photon contributions have
both leading linear and sub-leading logarithmic divergence. Now, we have to correctly
identify all the IR finite pieces related to a particular process. It has been already seen in
Chapter 3 and in Chapter 4 that the G photon contributions are completely IR finite. We

know that at zero temperature the contribution of G photon contribution behaves like,

M o gy = iy i)k} X P p

— 04 O(k) . (5.29)

The leading divergence for the zero temperature theory (both in fermionic and scalar QED)
was logarithmic in nature and hence any power of photon momenta & in the numerator will

make the corresponding G photon contribution IR finite.

Now in the thermal field theory due to the presence of bosonic number operator, there are
mainly two issues which we have to focus on. These are inclusion of thermal photons and
thermal scalar. Keeping aside the issue of thermal scalar for the moment (we will return

to this issue) we can see that the leading thermal behaviour due to the thermal part of the
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photon propagators for all the components is proportional to,

1

expv‘oT—l . (530)

216 (k)N (|K°]) = 276 (k)

This makes the leading IR divergence to be linear and also produces additional sub-leading

logarithmic IR divergence from any O(k) term in the numerator.

As the zero temperature structure of G photon insertion is well known, we proceed by fo-
cusing on finite temperature part. As thermal part of the photon propagators contain §(k?)
part hence, there are mainly two modification that happen. First, the b(py, p;) modifies
to,

b (s pi) = (5.31)

And then we can drop off any (k?) terms, whether in the scalar propagators or in the
numerators of the matrix element. With this understanding a generic insertion of the G
photon to an n'" order matrix element can be written as,
MY f % [;',5, . i2n<s(k2)N(|k|)D’“”V] [g’”—bkk“kv] [scalar] ,
n (2m)* | k%2 +ie ™ ! v
(5.32)

where the first square bracketed term comes from the photon propagator (the relative +
sign is due to different components of the propagators). The second square bracketed term
represents the rearranged polarization sum of G photon and the third square bracketed
term corresponds to the matrix element part of charged scalar (with scalar vertices, scalar

propagator, and already existing photons).

The relevant portion of the scalar matrix element is the part, where the new G photon is
inserted at vertex u and v. Hence, contracting the G photon polarization sum with the

relevant vertex factors of scalar matrix element contribution at only the u and v vertices
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(assuming y, v insertion to be trilinear at first), we obtain from Eq. 5.32,

(" — bik" K] {S iff_fﬁq_l [(pr +2X,1 + k), S’;];’_‘;Zq_l w2pp+ 28,0 +2k+ 1),

L ‘
——

X
tig1,ty [
{Spj::z_,- +h [(QPi + 2554+ k)y S, Ly (2250 + lj)Vj]}

j b

= [4Pf -Pi+2(Py+ P;) -k —4byPs - k P; - k] [Stq-lvlﬂst#stht.i+1»tvstv”j(. g ()

= [O(pf -pi) +2(pr+ pi) 'k] [scalar] , (5.33)
Wy

In the above expression, we have used P; = p; + Z{: li, and Py = ps + Z;’; Il. In
the IR limit, we have replaced P; — p; and Py — py, and have also used Eq. 5.31 to
substitute the expression for by , to obtain the final expression of Eq. 5.33. We find due to

the construction of by the leading (p; - p;) term vanishes to zero. The [scalar] y refer to the

#
remaining scalar matrix element contribution due to the other vertices and propagators.
The 4 and y in the subscript has been used to remind us that the contribution of u and v
insertion vertices have been contracted with G photon polarization sum. As the momenta
of G photon flows through all the propagators and the vertices which are in between v and

u (here v vertex is always situated to the left of ) insertion vertices, the [scalar] uy term

can be expressed in a power series expansion of photon momenta k in the soft limit as,

[scalar] W

[0<1)+0(k)+0(k2)+---] ~[0(1)+O(k)+0(k2)+---

(pi.k)(pf.k) O(kg) ] (5.34)

Hence, using the results of Eq. 5.33 and Eq. 5.34 in the Eq. 5.32 we obtain the following

expression,

scalar; Gy d4k i 2 Lty
M ~ | o= |0 £ 276(k")N (k) D | X

ntl (2m)* LK% + ie
O(1) + O(k) + O(k*) + - - -
O(k?) ]

[0(171‘ -pi) +2(pr+pi) k] [ (5.35)

Here we see the leading linear divergence ‘276(k*)N(Jk|) x (0(ps - pi)) X O(1)’ coming

from finite temperature (7 # 0) part, and the leading logarithmic divergence coming from
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zero temperature (T = 0) part (1/(k* +i€)) X (0(p; - p;)) X O(1)’ vanishes to zero due to

the construction of by (as by was constructed such that the coefficient of (py - p;) vanishes).

At finite temperature (7 # 0) there are also other potential logarithmic sub-divergent
contributions due to the term ‘276 (k*)N (k)X (0(p-p:)) xO(k)’ which also vanishes as the
coefficient of (p-p;) term is zero. There is also other potential logarithmic sub-divergence
at finite temperature (T # 0) due to the term, ‘2z5(k*)N(kl) X (2(ps + pi) - k) x O(1)’.
This term is odd under the photon momenta (k), i.e., (k < —k), and hence vanishes upon

the momentum integral. Hence, all the sub-divergences also vanishes.

Therefore, the contribution of the G photon is free of any IR divergences and is completely
IR finite. Here, it was assumed that there were no IR divergences associated with already
existing photon momenta (////;). In reality, IR divergence can arise due to any of these
photon momenta going soft. We also have not discussed about the effects of inclusion of
thermal scalars. We will discuss about these cases in more details in following subsection.
It will be found that after inclusion of all these generalities also G photon contributions

are IR finite.

5.3.1 Insertion of thermal scalars and other subtleties

In the above discussion we had considered many simplifications to show the fundamental
aspects of G photon insertion. We relax those simplifications here, one by one to finally

find again, the G photon contributions to be IR finite.

1. IR divergence due to any of the already existing photon momenta [/ //; :

In the previous discussion we have presumed that there were no IR divergences as-
sociated with the photon momenta /;(1;) of the already existing photons in an n™
order diagram, which is not necessarily the case. A potential IR divergence can be

produced from any of the already existing photons becoming soft in a particular di-

agram. Hence, according to GY, we have to identify the sets of momenta /; which
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controls the IR divergence of a particular diagram. If /;,i = 1,--- , m photon mo-
menta have been identified as the controlling set of momenta for IR divergence, then
it is also known that there is not any divergence related to any subset of these con-
trolling momenta [12]. In literature [12,41] the diagrams with controlling momenta

are often referred to as ‘Skeletal Diagram’.

Now, it has been shown for fermionic QED at zero [12] and finite [41] temperature
that the skeletal diagram cannot create any IR divergence when all of the controlling

momenta correspond to G photon polarization.

This argument can easily be generalized to the case of thermal scalar QED here as
the basic structure due to any of the controlling momenta being G photon is same as
of the structure of Eq. 5.35. Hence, it can be shown that, any single momentum fac-
tor /; among the set [;,i = 1,--- ,m in numerator will make the whole contribution
of skeletal diagram IR finite as all the controlling momenta being G photon, corre-
spond to all of them being virtual photons (as G photon is a rearrangement of virtual
polarization). Thus we have the freedom to symmetrize the skeletal diagram with
respect to all virtual G photon controlling momenta (/; — —I;) (photon propagators
—iD'"([;) are anyway symmetric in /;’s). It was shown in Ref. [41] (for fermionic
QED), and also can be shown here with simple algebra that this symmetrization
brings in one or more factors of momenta /; from controlling set /;,i = 1,--- ,m,
to the numerator of the corresponding expression. As the leading linear and sub-
leading logarithmic divergence has already been shown to have cancelled from the
construction of G photons in Eq. 5.35; hence any extra powers of /; from the control-
ling set /;,i = 1,--- ,m due to this symmetrization procedure softens and removes
any asociated sub-divergences, making the skeletal diagram with all the G photons

again IR finite.

. Presence of already existing real photon vertices on n" order diagram: If some

of the dotted vertices in the n' order diagram correspond to the real photon vertices,
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then the diagram is not symmetric in the real photon emission/absorption (absorp-
tion is also possible in finite temperature) due to the presence of weighted phase
space factor (but is symmetric in thermal part Nz(k°) of phase space factor) as shown
in Eq. 4.7. But, the diagram has to be only symmetrized in virtual G photon con-
trolling momenta; hence this does to pose any problem. Symmetrizing in virtual

photons again renders skeletal diagram IR finite.

. The inclusion of thermal scalars: Now the inclusion of thermal scalars can poten-
tially bring in additional divergence due to the presence of the thermal propagators;
which are proportional to ‘delta function times bosonic number operator for scalars’.
Now, if scalars go thermal, for p-leg (for p’-leg also we get an analogous result) we
get additional 6((p + X;+k)* — m?) factors from scalar propagators. Using the
properties of the delta functions the new photon momenta k can be constrained in
terms of the controlling set of momenta /;,,i = 1, - - - , m; for skeletal diagram. And,
as we have already seen that there is no IR divergence related to skeletal diagram,
when all the controlling momenta correspond to G photons, hence the inclusion of
thermal scalars does not worsen the IR structure of matrix element, and the matrix

elements are IR finite.

. G photon is inserted on a trilinear vertex making that a seagull vertex: Till now
we have only discussed about G photon insertion, where they have been inserted to
make new trilinear u and v vertices. But, this is not always true; any one or both
of 1 and v vertices can be inserted at an already existing trilinear vertex making it a

seagull vertex. These kind of insertions produce additional factors such as,

{S ;j;i%q71 [_Qgﬂa#q]} and {SZ,JFJ:Zth +k [_2gV,Vj]} . (536)

In the above expression of Eq. 5.36 the terms in the curly brackets replaces similar

terms in curly braces in Eq. 5.33 if the new insertion were to be seagull ones.
At zero temperature it can be shown that the G photon contributions due to seagull

105



diagrams have an extra term linearly dependent on the photon momentum k than a

corresponding trilinear insertion.

This can be very easily seen from looking at the circled vertex analogue of G photon
insertion from Fig. 4.8 where a trilinear u insertion vertex is inserted at the immedi-
ate right vertex number ¢, and in a different contribution at vertex number ¢ making

a seagull vertex on p’-leg.

We will concentrate on the zero temperature part at first, before moving to the finite
temperature analogue. The relevant contribution of the analogous ‘Circled G Pho-
ton’ combined expression has the form, (for sake of clarity after dropping the part

of G photon polarization and loop integrations):

1
MG~ 2p" + 25,1 +k
n+lg (p; + Zq—1)2 —m2 [( P+ 1T )#

X(2p" + 2841 + 2k + 1)y, — 28, | X

1
X
(p, + Zq—l +k)2 —m?
1
(7 Sy +RP =

(5.37)

In the above expression the photon momentum of the already existing trilinear ver-
tex at g is denoted by ;. A similar contribution can be written down for a sim-
ilar G photon insertion at the v vertex insertion (which will be the analogous di-
agram of Fig. 4.9) at vertex j. Factoring out the scalar propagator contribution
1/((p’ + X1 +k)? — m?®) and multiplying with —2g,,, contribution of the seagull
insertion, we get the term to be reducing to (2p’ - k + k?) . We note that the leading
power of IR divergence in G photon insertion arises when all the controlling sets of
momenta goes soft fogether in skeletal diagrams. Thus we have put all I/ = 0 and

and have used the on-shellness of p’-leg in the above expression of Eq. 5.37.

The contribution of the seagull insertion becoming proportional to (2p’ - k + k?),
implies that at the leading order it will contribute linearly in k at zero temperature

and hence is IR finite according to previously mentioned discussions.

Now, for the case when the scalars are thermal then, extra thermal part (delta func-
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tion times number operator) of scalar propagators are also present in the discussion.
The relevant part of the matrix element again looks like [g"” — bk*k”][scalar],,.
Where, in [scalar],, now one or both of the y, v insertion can be trilinear/seagull
insertion. A similar analysis analogous to Eq. 5.37 can be performed for both p and
v insertions now, but with presence of thermal scalar propagators. The final results

are very messy and we will not write down the explicit expression here.

But, we will point out the main results. The contribution when both the u and v
vertices are trilinear has leading linear and sub-leading logarithmic divergence (as
already seen from Eq. 5.35). The contribution when one of the insertion vertices
among u or v is seagull and other one is trilinear have only logarithmic divergences.
The contribution where both the ¢ and v insertion correspond to seagull insertion
has an overall factor O(k) in the numerator, i.e., it is linear in numerator and hence
is IR finite. The term when u and v are identified (a tadpole diagram) is O(k?) in

the numerator and also is IR finite.

The leading linear and sub-leading logarithmic divergence, when both the u and v
insertion are trilinear have already been found to vanish according to Eq. 5.35. The
other sub-divergence, arising from one of the insertions u or v being trilinear and
the other one being quadrilinear is logarithmic and also vanishes after symmetrizing
with respect to photon momenta G photon momenta k. And, when there are more
than one controlling momenta /;,i = 1,---,m; controlling the divergences then,
symmetrising over all of them, at-least bring one or more additional powers of /;’s

in the numerator cancelling any logarithmic sub-divergence.

It is also to be noted that, this argument does not depend on whether the vertices
where the new G photon is inserted, corresponded to already existing K or G photon
insertion. Hence, all the contribution which refer to seagull type due to insertions

of new G photons are IR finite.
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5. If there were already existing seagull vertices in n" order diagram: Till now we
have only considered the n order diagrams which have trilinear insertions. If there
were already existing seagull diagrams in the n™ order diagram, then this does not
complicate the concerned scenario. As, no new photons (whether G or K) can be
inserted on those seagull insertions; hence they behave like some inert vertices. The
contributions due to those already existing seagull insertion vertices just get carried

along and does not spoil any of the above analysis.

6. If there were already existing K photons in n'" order diagram: If there were al-
ready existing K photon insertions present in the n" order diagram, then we have
already seen that those contributions can be factored out as in Eq. 5.27 to a multi-
plicative factor. If more than one K photons were present then the procedure should
be repeated multiple times untill all the factors related to K photons are factorized
and the diagram only contain G photon contributions. Then all the above results

can be again applied.

It is also to be noted that, “fleshing out” skeletal diagrams and adding self-energy or vertex
insertions does not complicate the situation as all those insertions contribute linear term
in photon momentum k in the numerator and thus become IR finite. This can be proved
using a generic argument as in GY [12] after rationalizing the denominator factors and then
applying the concerned equation of motion. Also, the inclusion of charged scalar loops
or photon loops also do not spoil the IR finiteness. Due to the mass terms of charged
scalars, the scalar loops cannot contribute any IR divergence; and the photon loops which
are tadpole diagrams are already shown to be IR finite. Therefore, the result of the fleshing

out of skeletal diagrams are unchanged in scalar QED at finite temperature.
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5.4 The total matrix element for the virtual photon inser-

tions

We have found that the K photon insertions contain all the IR divergences, and these
IR divergent terms gets factored out. The higher order K photon contribution becomes
proportional to the lower order matrix element as in Eq. 5.27. The G photon contributions
turned out to be IR finite from previous discussions and using Eq. 5.35. As a fully virtual
n™ order graph contributes a factor of ‘e?"’ charge factor to the leading order, hence for a
fully virtual diagram there are always n number of virtual photons present. But, according
to the prescription of GY all the virtual photon polarization sums should be re-written in
terms of K and G photon polarization sums. Hence, if in an n order diagram there are
ng number of virtual K photons and ns number of virtual G photons present, such that
n = ng +ng, due to the Bose symmetry related to » number of photons, each distinct class
of diagram can arise in n!/(ng! ng!) ways. Therefore, the full matrix element for virtual

photon insertions has to be expressed as a summation of all possible individual terms,

1 S| 1
— Msealar — — M - 5.38
nl " n,Zo ng!ln—ng!” O (5.38)

Therefore, summing over to all orders the expression becomes,

(o) [>9) n
1 1 1
scalar __ scalar
Z IM" o Z Z In— |Mnc»n1< ’
=0 n: Ng-Nn —Nng.

n=0 ng=0

=> > niK!niG!Mjgl:;. (5.39)

ng=0nz=0

Using the result of Eq. 5.27 that the K photon higher order contribution is proportional to

lower order matrix element we find,

scalar ng scalar __ ng scalar
MESIE — (B pseElar = () pqscalar (5.40)

nG,ng nG,0 —
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In the above expression, B is defined as in Eq. 5.28. Therefore, all the K-photon insertion
contributions can be factored out, separating out the IR finite G-photon insertion contri-
bution, Mffca‘ar. After manipulating and re-sorting the K photon terms, it can be expressed
and resummed as an IR divergent exponential term:

n (o)
(B ) K Z 1 M scalar
I’ZK! nG! "G

(o)

Z %Mscalar — i

n=0 ng=0 ng=0
> 1
= 3T M, (5.41)
Ho=0 ng.

This neat factorization and the exponentiation was only possible due to the presence of
seagull and tadpole contributions, which cancelled all the finite O(k) and O(k?) terms
resulting in the higher order K photon contribution to be proportional to a single lower
order term. Therefore, the relevant part of the cross section, which incorporates only the

virtual photon contributions to all orders can be written as,

[

1 2
M scalar
2

n=0

= f do, (27)*6*(p +q— p') | Z | ot (5.42)

O_Virtual o fd¢p'(2ﬂ)454(p+q—P')

2

In the above expression we have suppressed flux factors, and d¢,, correspond to the phase
space factors related to the final state charged scalar with momentum p’. The IR finite
virtual

part is denoted by o;™* in Eq. 5.42 and both the linear and logarithmic IR divergent

contributions are contained in the term in the exponent,
|Z|* = exp (B - B*) ) (5.43)

The IR divergent contribution will be shown in following discussions to cancel against
similar IR divergent contributions arising from soft real photon contributions (after in-
cluding both emission and absorption with respect to heat bath), rendering the theory of

scalar QED at finite temperature to be IR finite to all orders in perturbation theory.
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5.5 Real photon emission to and absorption from the heat

bath

The charged scalar particle being present inside the heat bath interacts with the bath via the
exchange of the real photons. Hence, at finite temperature in addition to emitting the real
photon to the heat bath, the photon can also be absorbed from it. This is in contrast to the
zero temperature field theory, where real photons cannot be absorbed from the vacuum.
The real photons can be emitted from/absorbed to the either of the p and p’-leg. Hence, the
contributions arising from each leg are independent of each other and can be calculated
separately. Similar to the virtual photon insertion the real photon can be inserted on a
scalar propagator to create a new insertion vertex, or it can also be inserted on an already
existing trilinear vertex to form a seagull vertex. The main difference between the virtual
and the real photon cases related to the insertion vertices is that there cannot be any tadpole
diagrams for the real photon cases (as the real photon actually brings in/out the momenta

from the heat bath).

In contrast to virtual photon corrections, the real photon actually carries out or brings in
physical momenta. Without loss of any generality, this extra factor of the momenta can be
accounted for by adjusting the momentum at hard vertex V and by keeping the momenta
associated with the p and p’ external legs unchanged. Hence, due to this fact the momenta
of scalar propagators which lie in between the new emission/absorption vertex and the hard
vertex V gets modified; and all the other scalar propagator momenta is kept unchanged.
For an example, if the photon is emitted then the extra additional momentum that the
real photon carries out can be taken into account by readjusting the photon momentum
at the hard vertex by replacing g to (¢ + k). Now, if the real photon is emitted with a
momentum k from new insertion vertex u on the p’-leg, where u vertex is situated at the
immediate right to vertex number g (as shown in the first diagram of Fig. 4.8) then, only the

momentum of the scalar propagators which are in between vertex number g < b < V will
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be modified; and the changed value of the propagator momentum for the left of vertex
b on p’-leg is given by (p’ + X2 I/ + k) for ¢ < b < 5. And, if the real photon is
emitted with same momentum k from new insertion vertex v on the p-leg, where v vertex
is situated at the immediate left to vertex number j (as in the first diagram of Fig. 4.9)
then, only the momentum of the scalar propagators which are in between vertex number
Jj < a < V will be modified; and the changed value of the propagator momentum for the
left of vertex a on p-leg is given by, (p + >\, l; — k) for j < a < r. Note a difference
in the signature of additive factor of k between p’ and p-leg; while on p’-leg it comes
with a plus sign, for p-leg it comes with a minus sign. The difference of this sign of
contribution of photon momentum in scalar propagator is due to the fact that in both the
cases real photon is emitted from the emission vertex. Whereas, the corresponding factors
of photon momenta k in scalar propagators for new virtual photon insertion, always arose
with a similar sign (see the discussion above Eq. 3.8 for comparison) in both the legs for
the cases of virtual photons, as virtual photons are emitted at one leg and absorbed in the
other leg. This difference of sign of additive k term will be of crucial importance while
we factorize the matrix element squared for real photon case. For an absorption of the real
photon, all the above discussion holds true with a flip in the sign of , i.e., wherever in the

above discussion k factor arose now we have to replace that by —k for photon absorption.

Apart from these, as the real photon emission/absorption contributes in the matrix element
squared (cross section) level | M4 |2; hence the modification of the phase space factor
for the real photons must be included. The thermal phase space for photon with momentum
k; can be written down as in Eq. 4.7 and we mention it here again for completeness and
convenience,

d*k;
(27)

de = ——= 2n6(k?) [0(kY) + Ns (K1) - (5.44)

In the above expression 6(k?) correspond to the step function (denoting zero temperature

analogous part of the phase space). For emission of real photons k) > 0 and for the

112



absorption of real photon k! < 0.

Hence, the emission of real photon comes with an overall statistical factor of (Ng+ 1)
in phase space, and for absorption of real photon the corresponding factor is Ng in the
phase space at finite temperature. The presence of statistical weight factors in the form
of number operator (distribution function) worsens the IR divergence for the cases of real
photon emission/absorption from heat bath. The leading IR divergence again become

linear as Ng ~ 1/|k|in IR limit.

To incorporate the extension of the GY technique to the thermal case, the real photon
polarization sum has to be re-expressed as in Eq. 4.5 and Eq. 4.6 of Chapter 4 in terms of

the K and G real photon insertions.

55.1 Real K photon emission and absorption

Inclusion of the real K photon to an n'" order diagram is comparatively simpler than the
analogous case of K photons for virtual photons. The contribution coming from both the
legs can be evaluated independently (and there is no complication related to the double-
counting, tadpole diagrams etc). The real photons being physical, can only correspond
to the thermal type-1 only whether emitted/absorbed. Hence, the real photon insertion
vertices u and/or v correspond to thermal vertex type-1 only. This also simplifies the real
photon calculation a lot. Here, we will make a note that, the virtual K photon insertion
contribution came out to be proportional to D', which can be seen from Eq. 5.27 and
Eq. 5.28. This fact will be crucial to obtain the cancellation of IR divergent factors between

virtual and real soft photon cross-sections.

The real K photon emission contribution calculation follows a similar technique as in vir-
tual K photon case. After using ‘Generalized Feynman identity’ we again find there is a
pairwise term by term cancellation, leaving the contribution of the matrix element includ-

ing K photon contribution on p’-leg to be proportional to n'" order matrix element M sealar
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with contribution of K photon factored out. The corresponding calculation for the p-leg
results in a similar factorization with an extra ‘minus’ sign with respect to the correspond-
ing analogous virtual photon insertion, making the matrix element to be proportional to
— Ml Now, the origin of this ‘minus’ sign is due to the fact that, for both the cases,
from the p’ and p-leg real photon is emitted and hence carries out momenta k for each
case. This also gave rise to different sign of additive k factors in the scalar propagators in

the discussion related to Section 5.5 above.

This overall sign is flipped for the real K photon absorption from heat bath. However,
in the matrix element squared level, the contribution coming from p and p’-leg has to be

multiplied, giving the same factor for both the real photon emission and absorption cases.

Therefore after considering all the possibilities of emission and absorption of K photons
from both the legs and then squaring, the contribution to the (n + 1)® order cross section,
obtained by emission/absorption of a real photon form heat bath to the lower order diagram

for thermal scalar QED becomes,

— 9 2
M scalar; Ky,tot
n+1

Oc—e2 [Ek(p,p) _QZ?k(p',p) +l~7k(p',p') % 'M;calar

2

=_ 62.72(]{) ‘M;calar

(5.45)

While obtaining the above result the inclusion of seagull vertex contributions have also
been taken into account. And the result also holds true, if some of the already existing

vertices of n' order diagram correspond to virtual photon (K or G) insertion.

552 Real G photon emission and absorption

The inclusion of real G photon to an n'™ order diagram has a very similar structure related
to the inclusion of the virtual G photon inclusion. There are obviously certain differences

between both the cases (which we will discuss below), but the fundamental technique to
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prove that G photon contributions are IR finite, have some common similarity with G pho-
ton case. Similar to the real K photon insertion, the computation of G photon contribution
is comparatively simpler; as there are no possibility of double counting or presence of
tadpole diagrams. All the other subtleties which we mentioned in Subsection 5.3.1 for G

photons also hold for G photons also.

The main point to notice here, is about the dependence on k due to the inclusion of finite
temperature. Due to the construction of Bk(p +, pi) the leading IR divergences (linear di-
vergence from thermal part and logarithmic divergence due to zero temperature) cancels
in between ‘g,, and the Ekkykv’ terms of G photon polarization sum. Hence, the main
concern is about potential sub-divergences arising from powers of k in the numerator. As
the leading IR divergence was linear in the denominator (which got cancelled), a linear
power of k in the numerator will give us logarithmic IR sub-divergence, and terms with

quadratic or more powers of k in the numerator are IR finite.

The crucial difference between the virtual G photon and real G photon contribution is that,
the phase space corresponding to the real photon emission/absorption Eq. 5.44 is not sym-
metric under the exchange of real photon momenta k, i.e., (k < —k) due to the presence
of zero temperature part indicated by step function 6(k?). But, we have to notice that the
finite temperature part of the phase space denoted by number operator is symmetric under
photon momenta exchange (i.e., under real photon emission and absorption). Hence, any
potential logarithmic sub-divergence arising from the finite temperature part now vanishes
under (k &> —k) symmetry as the thermal phase space is symmetric, and the whole inte-
grand is odd under photon momentum integral. Thus, the contribution of real G photon

insertions are IR finite.

Again some of the already existing real photons in n'" order diagram, can pose a poten-
tial logarithmic sub-divergence when they go soft. Hence, they are the part of controlling
momenta regarding IR divergences. And, as analogous to G photon calculations, sym-

metrizing them (as the thermal part of phase space is symmetric under photon momenta
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exchange) with respect to their momenta brings in at-least one or more powers of photon
momenta, from the set of controlling momenta in the numerator softening and cancelling

all the sub-divergence for G photon contribution.

Therefore, the contribution of real G photon emission/absorption are IR finite in the cross

section.

5.6 The total cross section for the real photon emission

and absorption

We have obtained that the K photon insertions contain the IR divergences, and G pho-
ton insertions are all IR finite when both the emission and absorption of the real photons
are considered together. As a fully real n™ order diagram contributes a factor of ‘e?’ in
the matrix element square level, for those diagrams all the already existing vertices cor-
respond to real photon insertions, and hence the diagram has n number of real photons.
Now, to apply the GY rearrangement of polarization sums real photons have to be sep-
arated in terms of K and G photons, such that in a diagram of n™ order, if there are ng
numbers of K and ng numbers of G photon emission/absorption then n = ng +ng. Such a
distinct class of diagrams having ng numbers of K and ng numbers of G photons can ap-
pear in n!/(ng!ng!) ways. Here, each real photon brings in/carries out physical momenta
k; to/from the relevant diagram. Due to the presence of identical n number of photons in
the final state, we have to divide by a factor n! at this n' order. The expression of the

cross-section then becomes,

2
do_real fd l l | | fd , Mscalar/lva tot } x
" nKO K[ ¢ } nG I:jn—i-l ¢j #
(27)*6" (p+q P - E lkz] .
=
(5.46)
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In the above expression, the factor (—1) in the delta function, corresponds to +1; based on
the fact that, whether real photon having momentum k; is emitted to/absorbed from heat
bath. The relevant phase space factor of real photon is given by Eq. 5.44 and the factor
J~(k,-) which arose from Eq. 5.45 contains the IR divergent pieces. We manipulate the four
momentum conserving delta function using the trick shown in Eq. 5.47 to separate out the

k; dependence.

2n)'s'\p+q-p - Zn](—l)’kz) = fd4x exp[~i(p+q-p) -« ]_[ exp(+ik; - x) .
- l (5.47)
In the expression above, the sign of photon momenta k; in the last bracketed term depends
on whether the real photon was emitted to or absorbed from heat bath. We also separate

out the contributions of K photons from this last bracketed term as below,

n ng n

n exp ik, - x] = 1_[ exp [xi kg - x| X 1_[ exp [+ik, - x| . (5.48)
=1 k=1 g=ng+1
The first set of terms depend on the photon momenta k; of the K photon insertions. These
factors are hence combined with the common factor for every contribution of K insertion
in Eq. 5.46 (after noting that subscript i and k of photon momenta are dummy indices).

The total contribution due to each K photon hence becomes equal to the expression,

B(x) = —¢* fjg(kk)dqbk exp [xik; - x] . (5.49)

The complete contribution due to K for all real photons in Eq. 5.46 can now be factored

as,

n

dofal;ﬁy o Z i'(g(x))m( . (5.50)

ng.:
nKZO K

The above expression therefore can be exponentiated as n — oco. This factor will be used

to compute the total cross-section (including real and virtual) for the relevant process to
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all orders in perturbation theory.

5.7 The total cross section to all orders for thermal scalar

QED

Therefore, the all order corrections in perturbation theory related to the tree level cross
section of y*)¢ — ¢, in thermal scalar QED including both the virtual and real (soft
emission/absorption) photon contributions, result in an expression of the total cross section

for this process as below,

dotot — fd4x e—i(P+q—P/)'xd¢P, exp [B —+ B*:| exp B | X

(o8]

O_éirtual Z % ln_G[ % fd¢jeiikj'x [_5;11/

ng=00* j=0

M scalar; uv, Gy, tot
nG

|
- f d'xe Pt ¥ g, exp [B+ B + B| o™ (x) . (5.51)

finite

In the above expression, the o™ factor contains a// the IR finite G and G photon con-
tributions; arising respectively from both the virtual and real photon contributions. In
Eq. 5.51 all the IR divergent contributions arising from both the virtual and real photon

is found to be exponentiated and these contributions combine together to produce an IR

finite sum, as can be shown by studying the small - kK behaviour of these terms,

(B+B)+B=¢ f dgy [J(k)2 {1 + 2NB(|k0|)} — J(k)? { (1+ Na (D) e + NB“kol)e_ik.x}]

k—0

— 0+ O(K*) . (5.52)

It is to be noted that the cancellation of IR divergence occurs among virtual and real photon
contributions only when the real photon absorption terms from the heat bath (second term

in the squared bracket in Eq. 5.52 above) are also included. Therefore, the scalar QED at
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finite temperature is IR finite to all orders in perturbation theory, the proof of which was

presented here.

5.8 Summary

The infrared structure of a particular theory at finite temperature is much more intricate
than the corresponding theory at zero temperature due to the presence of thermal fluctu-
ations. Here, in this chapter we have particularly focused our attention on the thermal
theory of scalar QED. Due to the presence of the thermal photons and thermal scalars the
IR structure of the theory becomes highly complicated. The IR divergence associated with
the theory, contains both leading linear and sub-leading logarithmic (due to thermal fluc-
tuations) divergences, in addition to already present leading logarithmic (due to quantum

fluctuation) divergences.

The presence of both the trilinear and the seagull vertices in scalar QED complicates the
situation further. There can be tadpole contributions now in scalar QED for new virtual
photon insertions on the same leg. Thus the numbers of diagrams related to a higher order
process proliferate extensively. After avoiding the matter related to the double counting of
vertices, the similar classes of diagrams were grouped together in particular sets to observe
the nature of factorization easily. Both the seagull and tadpole diagrams played a crucial
role cancelling respectively linear and quadratic in photon momenta terms in numerator.
Although these terms are finite but without cancellation of these terms a neat factoriza-
tion leading to IR resummation would not have been possible. The seagull insertion and

tadpole diagrams were indispensable to achieve this neat factorization and resummation.

The virtual K photon contributions were found to contain all the leading linear and sub-
leading logarithmic divergences. The virtual G photon contributions were found to be
IR finite in thermal field theory, and can be calculated order by order to obtain finite

temperature corrections in perturbation theory.
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As for the real photons in addition to the photon emission, the absorption of the photons
from the heat bath also become feasible, and must be included in the calculation. The
phase space factor for real photon emission/absorption also gets modified due to finite
temperature. The K photon contributions were found to factorize in the square of matrix
element. These K contributions also contained all the leading linear and sub-leading log-
arithmic divergence in the case of real photon. The G photon terms turned out to be IR
finite, after considering the symmetric nature of the relevant thermal part of real photon

phase space.

All the virtual and real photon contributions were then considered together, to find that all
the leading linear and sub-leading logarithmic divergences cancel between virtual K and
soft real K photon contributions, in the cross-section of the processes related to thermal
scalar QED to all orders in perturbation theory; implying the theory to be IR finite. Only
with inclusion of both the absorption and the emission of real photons the IR divergence
were found to cancel against the virtual photons counterpart. Therefore, the scalar QED

at finite temperature is IR finite to all orders in perturbation theory.
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Chapter 6

Infrared finiteness of a theory of dark

matter at finite temperature

6.1 Prologue

To explain the results of the precision measurements ranging over a multitude of length-
scales related to various astrophysical and cosmological observations, the existence of
Dark Matter (DM) is necessitated; which overwhelms the ordinary component of matter
in the known Universe. Among the various potential candidates for DM and the produc-
tion mechanisms, usually the most natural and well studied mechanism to meet the current
abundance of DM is through the production of the DM thermally in the post-inflation re-
heating phase. The ensuing number density of DM is then determined by a set of coupled
Boltzmann equations in the expanding Lemaitre-Friedmann-Robertson-Walker Universe.
The temperature of the universe decreases with its expansion; resulting in the DM compo-
nent to fall out of equilibrium, and the number density of DM freezes out. This freeze out
of DM happens when interaction rate of DM particles falls below the Hubble expansion

rate of the Universe.
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With the advent of precision cosmology, this relic density of the DM in the energy frac-
tion of the Universe has been measured by “‘WMAP’ Ref. [56], followed by ‘PLANCK’
[57,58], with extreme precision. Hence, only an order of magnitude prediction of relic
densities from theoretical calculations are not any more justifiable. There have been efforts
to include the higher order corrections in theoretical calculations [78—85] to the annihila-
tion cross-section of the DM at zero temperature. The higher order (NLO) corrections at
zero temperature were found to be non-negligible with respect to the leading order. But, as
the DM was in thermal equilibrium with the background plasma until the freeze out; hence
the temperature effects can modify the relic density calculations appreciably, and the pre-
dictions including the higher order NLO corrections performed at finite temperature are
highly desirable. The efforts in this directions were fruitfully discussed in Refs. [86, 87].
Particularly in Ref. [86] Beneke et. al. have performed a relic density calculation in the
thermal field theory at NLO. They have obtained the finite thermal correction to relic
density due to temperature effects, and have found the IR divergences related to corre-
sponding process to cancel at NLO completely when both the absorption and emission of
the particles from the heat bath were allowed. This motivated us to look into an all order

IR behaviour of the corresponding theory at finite temperature.

The Lagrangian corresponding to the related model is expressed as,

L =— }lFﬂ"FﬂV +?(i$—m‘f)f+ %)?(l'a—m)()/\/

+ (D*¢)" (Dup) - mye'¢ + (AxPLf ¢" +he.) . (6.1)

This particular model has been studied extensively in Refs. [100—103] at zero temperature,
relating the importance of electroweak bremsstrahlung and lift of helicity suppression at
higher order NLO corrections. The relevant part of the Lagrangian as expressed in Eq. 6.1
describes a simplified model of DM, which is an extension of Standard Model (SM) con-
taining left handed SM fermion doublets f = (f°, f~)” along-with additional scalar dou-

blet ¢ = (¢™, ¢°)” which are super-partners of SM fermions f. The model also contains
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an SU(2) x U(1) singlet Majorana fermion y which is the concerned dark matter candi-
date. The model is motivated by WIMP (weakly interacting massive particle) paradigm in
MSSM (minimal supersymmetric Standard Model), where the DM candidate y is a bino
(bino-like) having a mass of TeV scale, m, ~ O (0.1-1 TeV), and mass of sfermion ¢
is my > m,. Here, y is the DM candidate having a mass of TeV scale; the freeze-out
happens at a temperature 7 fyeeze—one = m, /20 . Hence, the freeze-out of DM takes place
after the electro-weak transition. At this scale, only the electromagnetic interactions are
of relevance to treat the IR finiteness of the corresponding theory. The covariant deriva-
tive term in Eq. 6.1 will only contain the photon contributions, i.e., D, = d, + ieA, . In
the concerned Lagrangian, the DM candidate y interacts with the SM fermions f via the
Yukawa interaction term as written in Eq. 6.1. In the interaction term, there should also be
interaction terms relating the neutral components, i.e., A Y P f°¢" which allows processes
like y + ¥ < f° 4 f°; which we have to certainly include while estimating the inclu-
sive cross-section. But, we have discounted here in Eq. 6.1 any such interaction terms, as
neutral components will not receive any electromagnetic corrections at higher order and

hence will not be of importance in the discussion of IR resummation.

To observe the IR finiteness of the theory, we will start with the processes,

x+xe f+f, ad x+fox+f, (6.2)

which are of importance to estimate the relic density of DM candidate, and will consider
the higher order electromagnetic corrections to these at finite temperature. A particular
diagram representing the annihilation process of Eq. 6.2 at tree level has been shown in
Fig. 6.1. In Fig. 6.1 the DM candidate y is represented by double solid lines, the SM
fermion f and the heavy scalar ¢ have been respectively represented by single solid and

dashed lines.

We would also like to mention here that, though the Lagrangian of Eq. 6.1 may seem too

simplistic, the model actually encapsulates the essence of a wide class of models. More
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about this was already discussed in Chapter 1. With the use of this particular Lagrangian
Eq. 6.1 we are able to capture all the subtle issues related to IR structure of all those various
class of models, while making the way for considerable simplification focusing on the

fundamental process of GY factorization leading to IR resummation at finite temperature.

>
f

<

I A

X

Figure 6.1: 4 typical dark matter x annihilation/scattering process at tree-level.

To study the IR structure of the corresponding theory of Eq. 6.1 we will start with the
effect of adding a virtual/real photon in rearranged polarization sum in all possible ways

to the n™ order processes related to Eq. 6.2 at finite temperature.

6.2 The n'" order diagram and the choice of special vertex

To identify correctly the IR structure of the theory of DM, we will start with an n'" order
diagram of typical processes Eq. 6.2 involving DM; and will see the effect of insertion of
additional photon (virtual or real) to that corresponding process in all possible ways. We
will in particular start with an n™ order process related to x(q + ¢’) f(p) — x(q') f(p’)

!, implying the in-between scalar propagator of the lowest (tree-level) order process has

The result of n' order annihilation processes y + ¥ — f + f can be obtained, using simple use of
crossing symmetry related to the nh order process of y + f — y + f . But, we have here chosen to show the
proof simply for the latter process, to avoid unnecessary complicated expression due to the presence of extra
(=1) form factor in the vertex factors of aniparticles and to avoid different fermion (SM) propagator structure
for antiparticles, which may divert us from the main structure of the proof. The crossing symmetry ensures
the proof for the annihilation processes, and an explicit calculation relating such annihilation processes also
establishes the same fact.
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a momentum of (p — ¢’). The schematic diagram for the corresponding n" order process

has been shown in Fig. 6.2.

Figure 6.2: A typical n'™ order diagram for the process xy f — x f has been drawn. As now
there are two distinct vertices where hard external momenta flows in (vertex V)/out (vertex
X), hence any one of those can be chosen as the special vertex to distinguish between
initial p and final p’-leg. Here, we have chosen vertex V to be that special vertex. Hence,
the final p’-leg (consisting of final fermion line) has u number of vertices. The initial p-
leg consists of both the initial fermion line and intermediate scalar line. The number of
vertices on initial fermion, intermediate scalar, and full p-leg is respectively given by r,
sand r + s = w. For an n™ order diagram, where all the existing photon insertions are
virtualn <u+s+r=m< 2n.

Now, here is a difference in this n™ order diagram, with respect to all other similar dia-
grams which we have discussed in the earlier chapters. Now, there are two special vertices
where the hard momentum (carried by DM ‘y”) flows in (at vertex V') /out (at vertex X).
According to GY [12] either of these vertices can be used as the special vertex to distin-
guish between the initial p and final p’-leg. We will here chose the vertex V to be that
special vertex. Hence, all the part of the diagram which comes before the special inter-
action vertex belongs to initial p-leg; i.e., with our choice, the initial fermion line and
the internal scalar line belong to initial p-leg, and all the part of diagram which comes
after the special interaction vertex V belongs to the final p’-leg, i.e., the final fermion line

makes up the final p’-leg. Now, we could have also chosen X as the special vertex; then in
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such case internal scalar would belong to the final p’-leg instead of initial p-leg. It can be
shown [12], that the contribution of the diagrams, for which the photons would have ended
on internal scalar lines for a particular diagram in a higher order would have differed by a
finite renormalization; but while considering all the sets of diagrams of a particular order
all those finite renormalization parts cancels among themselves and vanishes, providing

us the same result corresponding to the choice of special vertex being V.

The tree level contribution for the process x(¢+¢’) f(p) = x(¢’) f(p’) would correspond

to a matrix element,
i Mo = [a(p)Tvulq + )] [iS3%] [a(g)Txu(p)] - (6.3)

Note, the presence of the scalar propagator even for the tree level diagram (producing an
extra factor of ‘i’). The I'y and I'y correspond to the vertex factors due to the Yukawa
interactions respectively at interaction vertex V and X for this model. The explicit expres-
sions for these vertices involving Majorana fermions can be used from Ref. [124,125], but
we will never in our forthcoming discussions use any special explicit form of interaction

vertices making the proof as general as possible.

We will start with an n'" order diagram related to process x(q + ¢') f(p) — x(¢') £(p'),
in which all the existing photons are virtual photons (without loss of any generality). This
(virtual) n' order diagram contributes a charge factor of ‘e®*’ in the matrix element, and
there are respectively exactly u and r number of (trilinear) vertices on the final (p”) fermion
and initial (p) fermion leg. The number of vertices on the internal scalar (which belong
to p-leg) leg are equal to s. Now, as the scalar can have both the trilinear and seagull
vertices, hence if all the vertices which are present on the scalar line are trilinear then
s = 2n — u — r; and if all the vertices on the scalar leg is quadrilinear (seagull vertices or
tadpole diagrams) then s = (2n — u — r)/2; and s has a value in between these extremes
if there is an admixture of trilinear and quadrilinear vertices. Hence, the total number of

vertices m of an n™ order diagram where all the existing photons are virtual, is given by
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n <u+s+r = m < 2n, where the lowest value corresponds to the case where there
is no virtual photon insertion on fermion lines, and all the scalar insertion vertex being
quadrilinear. The upper limit of m corresponds to the case when all the photon interaction

vertices (whether on fermion or scalar) are trilinear.

In accordance with all the notations set up in the previous chapters, (without loss of any
generality) the momenta of already existing photons on p’/p-leg are all outgoing/incoming
and are denoted by ////;. The momentum of fermion propagator to the left of the vertex
number g on the final p’ leg is given by (p’ + X! ,I)) = p’ + X,. And a similar fermionic
propagator momentum to the right of vertex number j on the initial p leg is expressed as
(p + E{lei) = p + X,. The momentum of the scalar propagator adjacent (immediately
right) to the vertex X on the initial p-leg in Fig. 6.2 is given by p—¢’ + X, = P. Hence, the
momentum of scalar propagator to the right of the vertex number g on the internal scalar
line on initial p-leg is expressed as (P +X%_ ;) = P+ X,; withg = 1,--- , 5. The Lorentz
indices related to the photon interaction vertices on final fermion p’-leg, initial scalar p-

leg and initial fermion p-leg are respectively denoted by w;, @;, v; (and this notation will

be respected in all upcoming discussions).

After noting all the above notations, the matrix element of n'" order diagram as in Fig. 6.2
related to process x(q + ¢') f(p) = x(¢’) f(p’) having all trilinear photon vertices (gen-
eralization to a diagram containing arbitrary number of seagull diagrams is trivial as dis-
cussed in Chapter 5, and will be discussed here also in upcoming discussions) can be

expressed at finite temperature as,

= (o)™ (=i)"(=1)Z= D (i)

- 11 12 2,13 tusty
X up yﬂl P+ ’}/,UQ Fp +Z2 ’}/ﬂqu '+ Fvuq+q,:|

P43, @D Py,

)
|
X [l (2P + 25,1 + L)a,SElE o (2P + 1), S 3]
<[y

I:tr frotr-1 f2,11 H1ses sl @ @15 Vs V1
TxF™N y, Fret vy, oo FPS g, 0| x DB . (6.4)
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Comparing Eq. 6.4 with a similar expression for thermal scalar QED in Eq. 4.26 we find
there is an extra factor of ‘i’ coming from propagators, due to the presence of an extra
scalar propagator in the tree level diagram Eq. 6.3. The above Eq. 6.4 can be symbolically

expressed as,

Mn — (e)2n(_1)2;":1(t,-+1) X [beermion p’] X [Csscalar p] X [Crfermion p] % Drz ,

= (o)"(-1)ZltD x| | x [Ch | x D (6.5)

where we have to note that the definitions of C“™" " and ¢ fe™ion »

referring to the contri-
butions from fermionic part of p” and p leg are little bit different from the similar similar
fermionic contributions in Eq. 4.8. Here, we have absorbed factors of I'yu,, / tyI'x
in the expression of C™ 7'/ ¢fe™on P This is done to keep the notation simple and
not to write each and every time the contribution of DM-scalar-fermion vertex and Ma-
jorana fermion spinor factors explicitly in upcoming discussion making the expression
untidy. These factors being related to DM particle do not get modified (due to higher or-
der photon insertions) in the higher orders, and merely get carried along as multiplicative
factors (until when the final cross section has to be calculated, where sum or average over
DM particle polarization sums may need to be performed). The contribution of the scalar
initial p-leg is expressed as C ™ ” where the scalar leg may or may not have exactly s
numbers of dotted interaction vertices on the internal scalar line but always contributes ex-

actly a charge factor of ‘e?*™“~" to the matrix element, irrespective of number of vertices

s present.

6.3 Virtual K photon insertion

We will start by inspecting the effect of insertion of an additional K photon in all possible
ways to the n'" order diagram related to process x(q + ¢’) f(p) = x(¢') f(p’). The new

insertion can rise in distinctively three ways. Before venturing into the full fledged cal-
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culation for each case, we just list down and summarize the basic technicalities related to

each case here.

Insertion of virtual K photon in between final p’ and initial p-leg : The insertion of
the u vertex end of the virtual K photon on the final fermionic p’-leg in all possible ways,
is analogous to the case of similar insertion for thermal fermionic QED, thus producing
a similar result. For each particular insertion of the u vertex, the other end v vertex of
the virtual K photon has to be inserted in all possible ways to the initial p-leg. As the
initial leg now comprises of both the initial fermionic p-leg and internal scalar p-leg, thus
there are two distinct class of categories of diagrams, where the v vertex end of photon is

inserted either on fermionic p-leg or internal scalar p-leg.

Due to off-shellness of the internal scalar p-leg, all the contributions of v vertex insertion
on scalar line now will finally reduce to two terms after internal term by term cancella-
tions. One of these terms will then cancel against the total result (a single term) coming
from all the contributions of v vertex insertion on initial fermionic p-leg. Hence there is
an observation of non-trivial so called ‘double-cancellation’ for the contribution from v
vertex insertion on initial p-leg irrespective of the explicit nature of vertex factor ['y. The
final matrix element will be proportional to lower order matrix element with the K photon

contributions factored out.

Both the ends of virtual K photon insertion are on final fermionic p’-leg : This par-
ticular case when both the ends of the virtual K photon are on the final fermionic p’-leg is
exactly analogous to the case of similar insertion for the thermal fermionic QED case as
the initial p-leg does not play any role here. Hence, the result of this case can be evaluated

trivially.

Both the ends of virtual K photon insertion are on initial p-leg : This case with both
ends of virtual K photon insertion are on the p-leg is the most difficult one, as both initial
fermion leg and internal scalar line belong to p-leg in addition to the possibility of tadpole

contributions for scalar leg. This case can be categorized into three classes; both the new
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virtual K photon ends being on scalar p-leg, both of the virtual photon ends being on

fermionic p-leg, and each of the ends being shared between scalar p and fermionic p-leg.

As internal scalar line is involved for both the insertion being on initial p-leg, the numbers
of concerned diagrams proliferate immensely for this case. For organizational purposes
and to easily track the nature of GY reduction, cancellation of terms and factorization
we will group the set of diagrams into sets of diagrams (set I, II, III, IV) as shown in
Fig. 6.8 for insertions being solely on scalar leg. We will see complicated cancellation of
contributions among the groups, which will be discussed in detail later. The remnant sets
of terms from this contribution will cancel against set of terms resulting from initial p leg
photon insertions between scalar-fermion legs in an even more non-trivial way irrespective
of vertex factor I'y, again implying a non-trivial ‘double-cancellation’. We will enlighten

more about the nature of cancellations in detail in discussions to follow.

As there are possibilities of having one/both the u and v vertex insertions on the internal
scalar p-leg, hence there are possibilities that the new insertion vertex could turn out be
a trilinear one or a seagull one. We will again group the appropriate adjacent trilinear
and seagull insertions accordingly to define circled vertices. There will be circled vertices
related to one/both of u and v insertions. The notations of circled vertices are in accor-
dance with all the previously mentioned chapters (as described in the paragraph below
Eq. 4.35) As we will use these expressions of circled vertices on many occasions in up-
coming discussions, we will list down the contributions of them here for once and all. The

contribution of the circled , u vertex on internal scalar p-leg has an expression,

k Cscalarp,q;t _ (_1)(’/x+1) Stv,t& (2P+22s—1+13)(xs .. .Stq+2,tq+1 (2P+22q+lfl+1)

B s+l P4y, P+Sg41 g1
X (810, S HERT (2P425g 14y, = Gy SENT, (P25 1 +2k+1,),, |
X SE o QP28 0+ 2kH L), s
=M, - M, , (6.6)
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where we have used ‘Generalized Feynman Identities’ Appendix B to obtain the GY re-
duction resulting in the final expression in Eq. 6.6. We will make note here, that we will
always use M, to denote the contributions from internal scalar leg due to circled u inser-
tions in following discussions. The ellipses in above expression Eq. 6.6 include the rest
of the scalar p-leg contributions which may have k (new photon momentum) dependent
terms, depending on the exact location of v vertex insertion down the p-leg (as according
to our notation vertex v is always placed to the left of y insertion to avoid double count-
ing, making the new photon momentum k flow through all the propagators which are in
between vertices v and u). A similar expression can be written for the circled v vertex
insertion on the scalar p-leg, which can be expressed as,

scalar p,v; o (t,+1) tjit1,tj
kConi =(=1) o SP+2j+k X

[6fwl_/ (2P+221_1+1])QI S;j)’—‘;gj,l - 6Iv,t/'—1 (2P+22]_1 +2k+l])a’j SIP/igj,1+k:| X

(2P+22]_2+l]_1) N (2P+ll)a1 Sg’tx ,

@j-1

ENj—Nj_l. (67)

Here, in the above expression we note that there is an extra S factor with respect to a
similar circled vertex contribution specified on Eq. 4.35, arising as the internal scalar line
on p-leg is off-shell (a similar off-shell propagator contribution is also inside the ellipses
of Eq. 6.6 and has not been shown explicitly). The notation N; will always be used to
denote the contributions from internal scalar leg due to circled v vertex insertions in all
following discussions. It is also to be noted that, in Eq. 6.6 and Eq. 6.7 the subscripts of M
and N terms explicitly refer to the thermal type of vertices after GY reduction captured by
the delta function terms in the explicit individual contributions faithfully. In the Eq. 6.7
the ellipses refer to the scalar contribution of the p leg from special vertex V to vertex
number (j + 1) on scalar leg. This term with ellipses may have k dependence, depending
on the exact location of u vertex. We would also like to mention that, as the vertex X is

on the initial p-leg; hence sometimes if needed, the vertex X may be referred to as vertex
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number 0 (zero) for discussions involving internal scalar p-leg; and also sometimes can be

referred to as vertex number (r + 1) for the discussions involving initial fermionic p-leg.

6.4 Virtual K photon insertion between initial p and final

p’-leg

We now add a virtual photon in all possible ways to the n™ order diagram related to process
x(g+4q) f(p) = x(¢) f(p’). The corresponding matrix element after using the Eq. 6.5

can be symbolically expressed as,

m

ijr,f _ (e)2n+2(_i)m+2(_1) i:l(li+1)(_1)(t#+1)(_1)("/—’_1)(i)m+2x

[Cfermion p’;y] x [CP;V ] x D (68)

u+1 s+r+1 n+1 °

In the above expression, u vertex is inserted on the final p’-leg, and v vertex is inserted on

fermion p’;u

the initial p-leg. The contribution C,

from p’-leg being due to fermion line has
now (after new photon insertion) exactly (u + 1) number of vertices. The same cannot be

said about the contribution C”} ., due to the initial p-leg. This contribution may or may

p

s4p- 1T the new v

not correspomd to having one more number of vertex with respect to C
vertex is on initial fermion line or on scalar line but is a trilinear insertion then the number
of vertices will increase by a additive factor of one. If the new vertex is on scalar p-leg

and is a seagull vertex then the number of vertices on initial p-leg will remain unchanged.

pv

In any case, C;,

, will contribute an additional multiplicative charge factor ‘e’ to the

matrix element than the contribution C”, , and hence the notation.

s+r?
Now, using the definition of the virtual K photon at finite temperature Eq. 4.3, the corre-
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sponding K photon contribution related to the matrix element can be expressed as,

M’iyip”f’ = (e)2n+2(_1) ,'-":1(fi+1)(_1)(fu+1)(_1)(tv+1)x

d4k fermion p’; -y . ,
f eyt Lo Gt ™ " P [l €| ¢ [=ibu(p' p) D] X D (69)
From Eq. 6.9 we observe that the contribution of the p and p’-leg due to K photon insertion

can be evaluated independently of each other. We will compute these contributions in

detail in the following sections.

6.4.1 Insertion of vertex u on final fermionic p’-leg

The insertion of the u vertex to the fermionic final p’-leg is analogous to the similar ther-
mal fermionic QED insertions. A particular contribution when new insertion vertex u is

inserted to the right of already existing vertex g on final p’-leg can be expressed as,

k Cfermion p’;utorightofg _ 1,t2 qu-l,lﬂ k tusty

wCut ”p’7u1Fp/+zl"'?’uq71 DA N gy k| Yig

ts—1,1s I,y
XFJUS v F s L vy - (6.10)

The above expression has quite a bit similarity with the expression of Eq. 4.15. After
using the generalized Feynman'’s identity and after a pairwise cancellation of terms all the
contributions due to u vertex insertions in all possible ways on p’-leg reduces to,
fermion p';u t+1 — Ig-1.1, tg,t
ku Ciy = (-1) )61;1Jv Up Vi *- .7ﬂq71Fp[’1+2‘;71 ++(nok)--- Fou's Tvigig|

= (-1)*V g, ,, Cfemionr” (6.11)

which is an exact analogue of Eq. 4.18. The higher order contribution due to K photon

fermion p’; u

insertion k, C,

turns out to be proportional to lower order contribution of p’-leg

1 i . . . . . .
C, ™" times some multiplicative factors which arose as a result of GY reduction.
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6.4.2 Insertion of vertex v on initial p-leg

The insertion of the new v vertex on the initial p-leg can arise in two distinct ways. The
first way is when v vertex is inserted on the scalar part of the initial p-leg, and in the
second way the new v vertex is inserted on initial fermionic part of the p-leg. Hence the

corresponding K photon contribution related to p-leg can be put together symbolically as,

1234 _ scalar p ;v ~ fermion ~scalar fermion p;v
kV Cs+r—&-1 - I:k" Cs—&-l ] X Cr g + Cs P x [k" Cr—i—l ] ’
_ scalar;v fermion;v
=k, CI 1k, (6.12)

scalar p ; fermion p;
P¥and k, C Py

In the above expression, k, C 1l

respectively denote the contribution

of K photon insertion only due to v vertex insertion being on scalar and fermionic part

fermion p

of p-leg. The contributions C, and C3™7 regpectively denote the remnant part
of the fermionic and scalar contribution respectively. As the momentum k of the new K
photon flows through all the propagators which are in between v and u vertices; hence the
momentum k does not flow through any initial fermionic line on p-leg if the v insertion is

on the initial scalar p-leg, i.e.,

6’»rfermi0n P _ Crfermion P (613)

But, when the new v insertion is on the initial fermionic leg then the photon momentum &
flows through all the internal scalar p-leg lines, shifting the momentum flowing through

them by a factor £, so their contribution is changed as,

C'Tsscalarp — Csscalarp (Pi — P; + k) . (6.14)

Here from Eq. 6.12 we want to again mention that, although the contributing diagrams of

scalar p ;v

fermion p;v
k,C ot

1 have all (r + 1) number of vertices the contributing diagrams to k, C

may not always have (s + 1) number of vertices. There are certainly some contributing
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diagrams where all the photon interaction vertices are trilinear, which have exactly (s+ 1)
numbers of dotted vertices (on schematic diagram); but this is not generically true for

other contributing diagrams which have seagull interaction vertices. But, what is always

scalar p ;v

trueis thatk, C

has one extra contributing electron charge factor ‘e’ than the lower
order contribution C*™”. We have already discussed in the paragraph just below Eq. 6.5

I . e lar p .
that the ;""" contributes a charge factor of ¢*"~*~'; hence k, C ;""" or more specif-

scalar p ;v

1 1 —u— . . fermion:
o+l will contribute a charge factor e?*~“~"*1 2. The contribution k,C_ """

s+r+1

ically C
in Eq. 6.12 suggest that the v vertex has been inserted on the fermionic part of the p-leg
(suggesred by s + r + 1 in subscript), and a similar notation should be understood for
k,C szrarlfl" As it is obvious from Eq. 6.12, k, Cssfllarp Y and k, C rfinln ion P can be evaluated

independently of each other, hence we will continue to do so in following discussions.

6.4.3 Insertion of vertex v on internal scalar p -leg

The v vertex insertion on the internal scalar p-leg can arise either due to new trilinear or
seagull vertices. The appropriate trilinear and seagull vertices can be grouped together to
form s number of circled vertices (j = 1,2, ... s) along-with an unpaired trilinear insertion

where v vertex is to left of V (for each fixed choice of vertex u) and are shown in Fig. 6.3.

—»—o—o—@-—-o— ————— Q— ————— 0——@ a3 —
p 1 e X ]_ Uj . S V u u 1 p/
—— Q- —-X--@ x -
p 1 - r X 1 s v V u n L p

Figure 6.3: Diagrams contributing to K photon insertion with v insertion vertex being on
the internal scalar p-leg, for each fixed choice of u vertex insertion (on p’-leg). There are
s number of circled vertex diagrams for j = 1,2,--- , s represented in first diagram, and
a trinilear insertion diagram in second figure, where v is situated immediately left to V.

2The charge factor can also be derived separately using the fact that, Cffiarp ” contributes to (n + 1)®

order matrix element, and the fermion contributions to charge factors are exactly proportional to the number
of trilinear vertices. Hence, the charge factor associated with C:fiar” Vs 2t D) =(utD)=r _ p2n-u-r+1 yhich
is another way of getting same charge factor.
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The contributions of Fig. 6.3 can be symbolically expressed as,

+ kv C:—c‘_aiarp;vleftof\/ ) (615)

N
A2 scalarp;v;
k,CP) = [Z k,C
=1

A typical contribution of circled v; insertion has already been specified in Eq. 6.7. Making
use of this equation for all the choices of circled vertices j = 1,2, - - - , s and then summing

up all those contributions, we can express the squared bracketed term of Eq. 6.15 as,

Dk CE = (Ny = No) + (Na = Np) 4+ (Ny = Nya)
j=1

= N,— N . (6.16)

Here, we have to note that the N, term only survives as the internal scalar line is off-shell.
The Ny would have vanished if the scalar line would have been on-shell. We will discuss

more about the origin of this term in the paragraph below Eq. 6.18.

The additional single diagram coming from the trilinear insertion on the vertex immedi-

ately left of vertex V can be expressed as,

e, P IOV — (1)) St (2P428,+ k) kS | (2P428 4L,
(2P+11),, SH™,
= (1) [0, S0 =6, S | QP28+, -
(2P+1y),, Su™,

= Ny — N, , (6.17)

after using the generalized Feynman’s Identity Appendix B. The total contribution due

to all the v vertices insertion on the internal scalar p-leg then can be expressed as (using
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results of Eq. 6.16 and Eq. 6.17 and plugging back in Eq. 6.15),
k, C"" = Nyp1 = Ny

= (=1)®*Y [5tv,ws;gfzs e SEN 2P+ L) S

=SSPl o (2P + 2Kk + 1)y, SB] (6.18)

O P4y 4k 1P pik

In the above expression the Ny term proportional to ¢, ,, is only present as the internal
scalar line being off-shell, and would have vanished if scalar line were to be on-shell. The
origin of this term is from the v; circled insertion. The circled v, insertion consist of a
trilinear sub-contribution,

ky CI ORI = o (2P O+ 2K )y S B, (2P 2K+ D, [SRIL(2P4HE) kS

(6.19)

where the square bracketed term in Eq. 6.19 has been simplified using the generalized

Feynman’s Identity where the (2P + k) - k term is manipulated as,
(2P +k) -k =|(P+k)?>—mj| - |P* - m]] . (6.20)
Eq. 6.20 is used to simplify the squared bracketed term of Eq. 6.19 as in expression below,

[S;}ivk(gp + k) .kS;;JX:I = (-=1)+D [6,W,152,tx - 5,V’,XS;§J’:’]‘<] ) (6.21)

In Eq. 6.21 the last term proportional to ¢, ,, arises only because the internal scalar p-leg
is off-shell. If the scalar leg were on-shell, then [P2 — mi] = 0 in Eq. 6.20 making the

term proportional to ¢,,,, vanish. As the scalar line is off-shell hence the Eq. 6.19 can be
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simplified as,

ky Gy ool — (1)) (2P 4 28 4 2K+ Do)y i, (2P 4 2K+ ),

X [80 S5 = 8,055 (6.22)

where the last term proportional to ¢, ,, 1s Ny in Eq. 6.18. The circled vertex v; would
also have one seagull sub-contribution expressed as,

RO = (1) (2P 4 25 4 2K+ B)auS B, [0 (- 2K)0, S

(6.23)

This term will only cancel an additive (2k),, from Eq. 6.22 producing the term N;. And
N; has anyway canceled in pairwise cancellation in Eq. 6.16 when all the circled vertices

contributions are summed up.

scalar p ;v

o1 turns out to

Therefore, the main difference to note here is that, the contribution k, C
be difference of two terms as in Eq. 6.18; which is in contrast to a similar contribution for
scalar QED regarding p-leg insertions (see Eq. 5.11), resulting only a single term propor-

tional to the lower order contribution. Here, in Eq. 6.18 the other extra term proportional

to 0,,,, only arises as the internal scalar p-leg is off-shell.

As for the v insertion being on the internal scalar line, the additional photon momenta &k
does not flow through the fermionic propagators of initial fermionic p-leg. Therefore the

contribution of the initial fermionic p-leg is unchanged and is expressed as,
C’Trfermion P Cfermion P (624)

Therefore, with the help of Eq. 6.18 and Eq. 6.24 the total contribution of adding v vertex
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in all possible ways to the internal initial scalar p-leg can be expressed as,

scalar;y scalar;v ~fermion p
kV C.v+r+1 - [ky CH—I ] X Cr ’
fermion
= [Ny1 — Np) Cfermion s

— (_1)(lv+l) [6tv,tvstv’t5 . .St2atl (2P + ll)al S;JX

P+y, P P,
Sl i (2P 2K+ )y S
x (i TxF% 5, - (no k) u,) | (6.25)

where “no k” refers to the fact that the terms represented by the ellipses are independent

of k.

6.4.4 Insertion of vertex v on initial fermionic p-leg

The insertion of the v vertex to the initial fermionic p-leg is similar to the analogous
fermionic QED case for photon insertions on p-leg. For each particular choice of i vertex
insertion on the final fermionic p’-leg, the v vertex can be inserted in (r+ 1) possible ways
(generating trilinear vertices) to the initial fermionic p-leg. A typical diagram among the
set of (r + 1) diagrams has been shown schematically in Fig. 6.4 (where v corresponds to

the newly inserted trilinear photon vertex on fermionic p-leg).

— ra3 @-—-0— ————— .——@ 3¢ >

Figure 6.4: A typical diagram among a set of (r + 1) diagrams, contributing to K photon
insertion with v insertion vertex being on the initial fermionic p-leg, for each fixed choice
of u vertex insertion (on p’-leg). We note here that the photon momentum k of newly
inserted photon now flows through the entire internal scalar line.

After applying generalized Feynman’s Identities and summing up all the (r + 1) sub-

contributions, there are again pairwise cancellation of terms between the sub-contributions.
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This cancellation provides us with the final expression related to v insertion on initial p-
leg, being proportional to a single term which arises from a remnant contribution (after
pairwise cancellation), where the new v trilinear vertex is inserted immediately to the left
of vertex X. The final total contribution of initial fermion leg can be expressed as in

Eq. 6.26 below,

k, C:’irrlnion v _ (_1)(tv+l) 6lv,fxﬁq'FXF;-(|:%r’er -+ (no k) u,
— (_1)(tv+1) 6’””( X I:C:‘ermion p] , (626)

where the ‘(no k)’ bracketed expression suggest that there is not any k dependence in the

above expression. The Eq. 6.26 is an exact analogue of Eq. 4.20, as the higher order

fermion p;v

contribution due to K photon insertion k, C,

on initial fermionic p-leg becomes
proportional to lower order contribution C fermion? times some multiplicative factors which

arose as a result of GY reduction.

From Fig. 6.4 it is evident that the photon momentum now flows through the entire internal
scalar p leg. Hence, the scalar lines will get this additive photon momentum factor & to

their existing momenta, and the whole contribution will get modified as,
5Sscalarp — Csscalarl7 (Pl — P; + k) . (627)

Using the results of Eq. 6.26 and Eq. 6.27 the total contribution for the v vertex insertion

on the fermionic line can be expressed as,

fermion;y fermion p;
k. C ermion;y Csscalarp > [kv Crirrlmon p v] ’

V™s+r+1
= (~1)FV[Sh e (2P 2K+ ), S
{1y D5 F "5 5,0y, - (n0 K) ) (6.28)

with the first term in square brackets containing k dependence both from the vertex factors
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and the propagator terms.

6.4.5 The total contribution of v vertex insertion on initial p-leg

Using the results of Eq. 6.25 and Eq. 6.28 and plugging those back in Eq. 6.12, the total
contribution of the v vertex insertion on the initial p-leg can be written down as,

kvcp;v =k, {Cscalar;v} +k, {Cfermion;v} ’

s+r+1 s+r+1 s+r+1

_ (_1)(ty+1) { [5lv,tvstv,ts N2 (QP + l1)a15§§”’(

P43 P+3,
= O SEIs orrr (2P 2k + D)o, S X [y T F 25 v, - ||
+ (D)L [Sh e (2P 4 2K+ 1)a, S| X

|y TxF X% 6y, (n0 k) uy |}
= ) 5y, ST 0P S g T )

(6.29)

C fermion;v

shrtl } cancels exactly against

In the above expression we find that the contribution k, {
a similar and opposite sub-contribution proportional to &, ,, from k, {C :frarlflv} term. The
final contribution is again proportional to the lower order contribution coming from p-leg.

The interpretation of this cancellation is non-trivial and we will discuss about the nature

of the cancellation in more detail in following paragraph.

Nature of the double-cancellation for K photon insertion between p’ and p-leg

@ We have observed a double-cancellation in Eq. 6.29. To appreciate the cancellation,
we note that all the possible ways of v vertex insertions on the initial scalar p-leg result in
a pairwise cancellation among the sub-contributions, finally producing two remnant terms
which are respectively proportional to ¢, ,, and d;,,,. These delta functions respectively

result from the remnant terms of the sub-contributions, from v vertex being inserted on
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scalar p-leg immediately to the left of V and to the right of X on scalar leg.

All the possible ways of v vertex insertions on the initial fermionic p-leg result in a pair-
wise cancellation among the sub-contributions, leaving only a single term proportional
01,1~ This final contribution for fermionic insertions results from a remnant term of sub-

contribution, where v is inserted to the immediate left of the vertex X on fermion line.

Therefore, the full contribution of fermion line (corresponding to remnant term from sub-
contribution /eft of vertex X) exactly cancels against one of the contributing terms of scalar
insertions (corresponding to remnant term from sub-contribution right of vertex X). The
final total contribution of p-leg therefore, becomes proportional to lower order contri-
bution with multiplicative o, ,, factor (which resulted from GY reduction). We have to
appreciate here that we have obtained a double-cancellation; the sets of scalar insertions
themselves, and the same is true for fermionic insertions. The remnant scalar (one of the
two remaining terms) and fermionic contributions then cancel against each other indepen-
dent of the explicit form of T'y. As we will find in upcoming discussions, without obtaining
this kind of a double-cancellation, the proof of IR factorization and resummation for K

photon contributions would have been impossible.

@ The factor ['y (I'y) is present in all of the sub-contributions representing the relevant
factor corresponding to y-¢-f interaction vertex. One may expect the explicit structure of
the I'y to play a crucial role in the calculation. But, unexpectedly the nature of the can-
cellation does not depend on the explicit structure of the ['y (as we have never used any
explicit structure of I'y (I'y) in above calculation). Therefore the nature of cancellation
is generic and is ‘blind’ to the explicit structure of ['y. For example ¢ could have repre-
sented a pseudo-scalar field in place of a scalar one; or there could have been explicitly a
pseudo-scalar (y5) term in addition to CP even terms; or rather there could have been other
additional neutral fields at the interaction vertices in some models of non-renormalizable
effective theory. The point we want to stress here is that the nature of cancellation is quite

generic and is independent of explicit structure of the 'y (I'y) interaction vertex factors.

142



6.4.6 Final matrix element for K photon insertion between initial p

and final p’-leg

Using the results of Eq. 6.29 and Eq. 6.11 and plugging them back in Eq. 6.9, the final

matrix element for the total contribution of inserting virtual K photon turns out to be,

d'%
(2m)¢

MKrlp',P — (6)2"+2(—i)m+2(—1)271=1("'+1)(—1)(’““)(—1)('V+1)(i)’"+2 Xf

bi(p',p) [k,l C ermen "/”‘] X [kv C‘f’frﬂ] X [<iD""] x D, ,

_ (e)2n+2(_1)25":1(t,»+1) (_1>(t,,+1) (_1)(1V+1)X

d*k , ) . V
f—(2ﬂ)4 bi(p', p) [(—1)(zp+1) {u”’yﬁ‘lF;'izl - (nok)--- F;;iZS Sy Tv qu,”

[0 o, 1, S, (2P 1) S5 x

(g  DxF % y,, -+ (n0 k) uy}| x [=iD™"] x D, ,

: . d*k ,
= M7 = —je? f ok be(p'. P) [,y G1yy | D (k) X M, (6.30)

Here, the higher order matrix element turns out to be proportional to the lower order matrix
element (after comparing with Eq. 6.4) with all the contributions of the K photon insertions
factored out. The delta functions are obtained as a result of GY reduction. We would like
to mention here that, as the DM particles are physical and bring in/take out hard physical

momenta, thus the thermal type of the vertices V and X are always type-1,i.e.,ty = tx = 1.

6.5 Insertion of both the vertices of virtual K photon on

final fermionic p’-leg

The insertion of both the ends of K photon to the final fermionic p’-leg is much more
straightforward than the other two cases. This is exactly similar to the analogous case

of thermal fermionic QED. After avoiding any possibility of double-counting the higher
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order matrix element turns out to be proportional to the lower order matrix element times
the contributions of K photon insertions factored out [41]. The final expression for the

higher order matrix element hence can be expressed as,

’ o . d4k , ,
MEPP e f (2ﬂ)4bk(p, P80 0ty | D (k) X M, (6.31)

We have listed this result for the sake of convenience and completeness. The outgoing
SM fermions f being physical and carrying hard momenta, the thermal type associated
with the outermost vertices are of type-1, i.e., t; = 1 in the above expression. It is also to
be noted that the overall ie? factor has a multiplicative positive (+) sign here in contrast
to the expression of Eq. 6.30 where ie? factor had an overall negative (—) multiplicative
sign. This is always true for the cases, where both the photon insertions are on same leg

(see Eq. 5.24 of Chapter 5).

6.6 Insertion of both the vertices of virtual K photon on

initial p-leg

This case where both the ends of the virtual K photon are inserted on the initial p-leg is
the most complicated one. There are distinctively three separate classes among which the

insertions can happen. These are particularly,

* Both ends of the new K photon insertion are on the internal scalar leg.

* One end of the new K photon insertion is on the scalar leg whereas the other one is

on the initial fermionic leg.

* Both ends of the new K photon insertion are on the initial fermionic leg.

As both the photon ends are inserted on the initial p-leg hence, we have to take care to

avoid double-counting. As before we, will do so, by always placing v vertex to the left of
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u vertex insertion. With this understanding, the higher order matrix element after adding
a virtual photon on the initial p-leg can be symbolically expressed as,

szl _ (€)2n+2(_l')m+2(_1)21'.”:1(t[+1)(_1)(1“4-1)(_1)(tv—|—1)(l-)m+2><

[Cufermion p'] % [CP;#V ] < Z)MV

S+r+2 n+1 >

(6.32)

where, in the above expression all the notations of contributions of corresponding legs are
in accordance with all previous discussion. We will note that C fﬁiQ always contributes
two extra multiplicative charge factor e to the overall factors of matrix element than the
corresponding C/,, contribution. Using the definition of K polarization sum (see Eq. 4.3)
the corresponding matrix element for the K photon insertion can be written as,

d*k L :
M~ [ G [ | ik, €L X im0, (63)

n+1 271') s+r+2

The relevant contribution to the matrix element now can be symbolically expressed as,

p.uv scalar p ; uv fermion p scalar; u fermion p;v
ke, CI20 = ko, [CI57 7 x € FCITH X el
I fermion p; uv
+ e e gy | (6.34)

As we have already discussed, there are three distinctive classes of the contribution related
to this case. The first term of Eq. 6.34 refers to both the insertions being on the internal
scalar p-leg, the second term refers to the contribution with the two K photon ends being
on the internal scalar p-leg and initial fermionic p-leg, and the third term refers to both
the ends of K photon being inserted on the initial fermionic p-leg. The subscripts asso-
ciated with the scalar contributions are to be understood according to all the discussions
mentioned in previous sections. It is again mentioned here, that the subscripts of scalar
contributions may/may not show faithfully the number of concerned vertices in the dia-
grams of sub-contributions, but they a/ways correctly specify the contribution of charge

factors to the overall matrix element.
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6.6.1 Insertion of both the virtual K photon vertices on the internal

scalar p-leg

This is the most complicated case among all the three possible distinctive classes. As both
the ends of new K photon are inserted on the internal scalar p-leg, hence there is also
the possibility of emergence of tadpole diagrams. The scalar line allows both the trilinear
and seagull insertions; thus the number of the diagrams proliferate immensely. To avoid
double-counting of vertices, the new v vertex is always inserted to the left of i vertex. To
manage this proliferated numbers of diagrams and to show the nature of factorization and

GY reduction clearly, the diagrams are grouped into four sets.

We will show here how the sets have been defined. We will start with a particular case
when the new u vertex is inserted to the immediate left of vertex V on scalar leg, either
making a new trilinear vertex (left of vertex number s) or making a seagull vertex (at
vertex number s). For each of those fixed u (trilinear/seagull) vertex we will add the v

vertices in all possible ways to the left of  vertices.

For all the trilinear new v vertex insertions, the contributing diagrams are grouped into

Fig. 6.5 and symbolically denoted as ‘Set A’.

And for all the seagull new v vertex insertions, the contributing diagrams are grouped into
Fig. 6.6 and symbolically denoted as ‘Set B’. Note that, for Set B there is also a choice
when u and v makes a seagull insertion (a tadpole diagram) immediately to the left of

special vertex V.

Before simplifying the results of both Set A and Set B, note that all the trilinear v ver-
tex insertions are collected into the first and seagull v vertex insertions are collected into
the second square bracketed terms for, both Set A and Set B respectively in Fig. 6.5 and

Fig. 6.6.
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Set A = /S VS - e-%-Q + - + @--e-ommmemmos X e ——e-X--Q
X v 1 s pu vV X 1 vs=1s p V
+ ( @G ------------—-- —-K--e-%--Q ) + < Q- - —-X-%--Q > }
X 1 s—1 v s pu V X 1 s v pu VvV
+ { @ -%--e-mmmmmm - - %x--@ + +  @-e-------- %-=-mm - %--@
X v 1 s—1 pu=sV X 1 v s—1 pu=sV
+ ( @---.- ________ I PR * --0 ) :|
X 1 s—1 v pn=sV
= S Q.o + R —— x--o-Q-_
X v 1 si 'V X 1 vs—1gsuV
+ ( Q-+ --- - oo mmms x-L--g ) - ( e --%-%--Q ) }
X 1 v gt V X 1 s v pu Vv

Figure 6.5: The diagrams which contribute to Set A (when both the photon insertions are
on internal scalar leg) have been shown here. The diagrams correspond to ‘trilinear’ v
vertex insertions in all possible ways, when u insertion is either a fixed trilinear (all the
first square bracketed terms) or a fixed seagull insertion (all the second square bracketed
terms) situated immediately left of vertex V.

Set B = Q- %---—- FS -—%-Q + - + @Qe-e-m—mmmmmoo3; VS -—-%--Q
Xv=1l 2 s pn vV X 1 v=s—1 s u V
+ ( Q--e-------------S oluiniaite *--Q > + ( Q- e --=== *--Q ) }
X 1 v=s w v, X 1 s v=pV
+ { Q->%----- | iuinteiieti bty *%--Q@ + + Q- N—=--- ---Q }
Xv=1l 2 n=sV X 1 v=s—1 p=sV
= { S Qo + -+ + @ e x----Q..0
Xv=1l 2 sV X 1 v=s—1 gspu V
+ ( Q--+-------mmmm - el *--Q ) + ( Q- Labbbbte *--Q ) }
X 1 v=s v X 1 s v=pV

Figure 6.6: The diagrams which contribute to Set B (when both the photon insertions are
on internal scalar leg) have been shown here. The diagrams correspond to ‘seagull’ v
vertex insertions in all possible ways, when u insertion is either a fixed trilinear (all the
first square bracketed terms) or a fixed seagull insertion (all the second square bracketed
terms) situated immediately left of vertex V.
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For both the cases of Set A and Set B, the first (s — 1) diagrams inside parentheses from
both first and second squared bracketed terms are collected together to form (s — 1) terms

with ju circled vertex inside the third (final) square bracketed terms.

Actually, to understand clearly which diagrams are collected together (from either Set A
or B) the parentheses have been colour coded. The diagrams from same colour coded
parentheses are collected together to obtain the final diagrams, which are also inside same
colour coded parentheses. From this colour coded parentheses, it is also evident that other
two terms from Set A, in the magenta coloured parentheses also group together to form a

single circled vertex contribution.

The contributions of Set A and Set B can be symbolically written as in the equations below,

SetA=[(A1+--+A1)+(A)+(A")], (6.35)

where, in the above expression, the contributions of the first (s — 1) terms from Set A
Fig. 6.5 has been collected together and are denoted by (A, + - -- + A,_1 ). The other two
remnant terms from Fig. 6.5 have been denoted by respectively (A’) and (A”). The terms
are again colour coded for easy identification.

Similarly for Set B Fig. 6.5 the first (s — 1) terms are collected together and are denoted
by ( By + -+ B,_1 ) and the other two remnant terms from Fig. 6.5 have been denoted by

respectively (B’ ) and (B” ). Here, also the contributions are colour coded.

SetB=[(By+---+Bs_1)+(B)+(B")] . (6.36)

Now, the contributions of Set A and Set B are added together as in Fig. 6.7. There is
again scope of simplification among the sub-contributions of Set A and Set B. The first
(s—1) terms from Set A and Set B again group together to make v; circled vertices where,
Jj=1,2,....(s — 1). There is also a simplification between A” + B” terms making a ,u

circled vertex term. This ,u circled vertex term has also a tadpole contribution.
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Set A4 Set B= |  @-Qeemcomoo__( Qo + - + @e—cmmmmemmoS Q... Q o
X vy 2 sk V X 1 Vg_1 sp V
+ { S x-Q--q } + { N X X-@
X 1 2 v sph V X 1 V=s nw v
+ |: Q--e--- e -O--@
X 1 2 s vV

Figure 6.7: The contributions from Set A Figs. 6.5 and Set B 6.6 have been added together,
to obtain a simplified set of terms.

The contribution of Set A and Set B can be symbolically written as,

SetA+SetB= (A1 +By)+-+ (A1 +By1) |+ A |+ B |+ [A"+B"],

= Set I, + Set II; + Set III; + Set IV . (6.37)

Now in above expression Set I; correspond to the (s — 1) number of circled vertices con-

tributions, where v; runs from j = 1,2, ..., (s — 1) while yu is at a fixed place.

Setly = [(A1+By) + -+ (As-1 + By-1) | - (6.38)

In Eq. 6.37, Set 11 corresponds to a contribution where the trilinear v vertex is immediately

adjacent to circled ;u vertex.

Set IT, = [A’] . (6.39)

In Eq. 6.37 Set 111, corresponds to a contribution, where v makes a seagull vertex at vertex
number s and u is a trilinear insertion situated immediately to the right of the v = s seagull
vertex, so that

Set I1I, = [B'] . (6.40)

In Eq. 6.37, Set IV correspond to a contribution where the adjacent trilinear insertion of

v and u vertices, and the v = u tadpole diagram combine together to form a ,u circled
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vertex, so that

SetIV, = [A” + B”] . (6.41)

All the above grouping of terms were performed for a special location of i vertex insertion
namely at s, but this kind of grouping can also be performed for any arbitrary location of
u insertion vertex on p-leg. With this consideration, we can say that all the contributing
diagrams, when both ends of the K photon insertions are on the same internal scalar p leg
can be grouped into four independent sets, i.e., Set I, Set I, Set III, Set IV. A typical term

for each set has been shown in Fig. 6.8.

—»-o—o—@--o ----- Q -----Q-----o--@ —»-o—o—@--o-----.--x-g-----o--@

—»—o—o—@--o-----.--}(---)(------o—-@ —»—o—o—@--o-----.--Q--—-----o—-@

Figure 6.8: Typical diagrams contributing to Set I, Set II, Set III, Set IV for both the K
photon vertices on internal scalar p-leg. Set I at Top-left, Set I at Top-right, Set III at
Bottom-left, Set IV at Bottom-right. The final fermionic p’-leg is not shown as that is kept
unchanged for initial p-leg insertions.

* Set I : This set has both the v and u vertex as circled vertices as shown in the top
left diagram of Fig. 6.8. For a particular position of circled vertex ,u, the circled v;
vertex can arise in (¢ — 1) ways, i.e., j = 1,2, ..., (¢ — 1). Now, the circled vertex ,u
can arise in (s — 1) ways corresponding to ¢ = 2,3, ..., s. Therefore Set I consists
of a sum of s(s — 1)/2 number of distinct schematic diagrams, a typical diagram of

which is shown as in the top left panel of Fig. 6.8.

* Set II : This set has u circled vertex and v trilinear vertex. For every ,u circled
vertex, a trilinear v vertex is situated immediately to the left of the circled vertex.
There are exactly s ways corresponding to g = 1, 2, ..., s in which the circled vertex
41 can arise, and hence in this set there are s distinct number of schematic diagrams,

a typical diagram of which is shown as in the top right panel of Fig. 6.8.
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» Set III : This set has v seagull vertex and u trilinear vertex. For v seagull vertex at
q = v the trilinear y vertex is situated immediately to the right of the seagull g = v
vertex. As the seagull ¢ = v vertex can arise in s distinct ways corresponding to
qg = 1,2, ..., s, hence there are s number of distinct schematic diagrams belonging

in this set, a typical diagram of which is shown in the bottom left panel of Fig. 6.8.

» Set IV : This set comprises of circled ,u vertices. Hence, this set includes all the
tadpole diagrams. There are exactly (s + 1) distinct terms in this set, corresponding
to the (s + 1) number of ,u circled vertex insertions on (s + 1) number of scalar
propagators. A typical diagram of this set is shown in the bottom right panel of

Fig. 6.8.

Hence, the total contribution due to both ends of the K photon insertion being on the scalar
line can be symbolically written down as,
k. k Cscalarp;,uv _ [k k Cscalarp;,uv;[] + [k k Cscalarp;yv;ll] +
kv Lt uky Lsio uky Lgio

+ [kﬂkv Cjia;arp;ﬂv;lll] + [k,ukv C:ia;arp;#v;lv] ) (6.42)

We will continue to evaluate the corresponding contribution of the four sets respectively
and then add them to get the full contribution. We will also note that, this is an analogous
(but not explicitly same) rearrangement of the terms as in for scalar QED case in Subsec-
tion 5.2.3. The rearrangement of sets are little bit different here, to facilitate a more clear
cancellation and factorization (as the scalar line is off-shell here, in contrast to scalar QED

case where scalar leg was on-shell).

The contribution of the Set I can be expressed as

s -1

scalar pyuv;l scalar p; gu v i 1
kk, C = kk, C35 : (6.43)

Y M 542

B

q=2

\Hu
—_

where k,k, C:ia;arp kit corresponds to the diagram as shown in Fig. 6.9. We have also
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drawn the Feynman diagrams related to the schematic diagram.

p 1 .. r X 1 ... ; .
—»o—o—@-—o—————é‘—)ji\—/—\—:‘jb(————.—a + —»o—o—@-—o—————[j.—j—\—/—\—:‘jb(————o-—z—'_

plTXl.]/Jq /st pl.er.]:l/.q /,LsV

+ _»_._@__..____éi\_/_\_o_\_‘k____._a + _»_._@__..____[_’._j_\_l_\_’_‘jb(____.._@
q=p... s

Figure 6.9: 4 typical diagram of Set I with contributing Feynman diagrams.

Using Eq. 6.6 and Eq. 6.7 the contribution of a typical diagram of Set I can be written as,

Kok, C;f;arp;qu; virl _ (_1)(f;x+1) (_1)(tv+1) {S;’VJ:Z (2p+22¥_1+ls)% e S;gigq: x

(2P+25+ 1), ., [0, it (P25 1+1y),,

¥g+1 P+3y,

17 S, tg,tg—
~Orayer S ity (2PH2E g +2k+1), | S

tit1.tj titi—
X { .. Slg—lE,j—l—k [6tv,t_j (2P—|—221_1 +lj)(xj S}£+j21j,1
=00 (2P+25,042k+1), SPUS X

(2P+221_2+l]_1) <2P+ll)gl S;;JX} ,

@j-1

= My~ M) 4,8

= (M} {N; =N (6.44)

In the above expression M , corresponds to the expression as defined in Eq. 6.6 and
{N i—=N j_l}v arises as a result of using Eq. 6.7. Now summing over all possible (¢ — 1)

number of circled v; vertices for j = 1,2, ..., (g — 1) we obtain a pairwise cancellation of
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terms, resulting in two remnant terms,

Zk ky Cfia;arpwﬂ = {Mu} {(Nq—l_Nq—2> + (Ng-2=Ng-3) + -+ + (N2=Ny)

q

+ (N1 - No)} )
o

= ¢l -t (6.45)

The complete contribution of Set I, as mentioned in Eq. 6.43, can be obtained after sum-
ming over all the (s — 1) choices of circled ,u vertices, corresponding to ¢ = 2,3,..., s
But, just from a simple observation of Eq. 6.45 it is obvious that for ¢ = 1 the two cor-
responding terms C f’“l and C;’” a exactly cancel among themselves giving a vanishing
contribution. Therefore, we can incorporate this observation by including ¢ = 1 also in
the limit of the summed contribution of Eq. 6.43 producing a result,

klukv scalarp IR Z Cq/l r_ Cq”’ (646)

s+2

where now the ¢ sum runs from 1 to s. Using the results of Eq. 6.6, Eq. 6.7 and Eq. 6.44

in above Eq. 6.45 we obtain,

Ci]#;l — (_1)(zu+1) (_1)(zv+1) [52+Z (2P+225 1+l) Siﬁi‘iﬁ,l _..(2P+22q+lq+1)wq+l]

[5%% Stq+1,tq (2P+2Zq—1+lq)aq — 5t,,

P43, §la+1lq (2P+2%,,4 +2k+lq)aq] X

dg+1 D PSStk

{6100 SIS L 2P425 o), - SE)

P+Eq—1 +k q-1

C;u;l _ (_1)(m+1) (_1)(rv+1) [Sgiz (2P+22571+1 ) SIF\)LZI ..(2p+22q+1ﬁ1)%+1]

(0100, SEL QP25 14Dy, = Oty y SELSL, (2P425, 1 +2k+1,),, | X

P43y g1 P+Y+k
(0,00 SEIS. oy QPH28g 042+, ), - (2P+2k+10), SEl} . (647)

where we notice (see Fig. 6.9) from the above equation that the momentum k of the virtual

K photon does not flow beyond right of insertion vertex y or circled vertex ,u, hence the
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part of the scalar p leg contribution which is in between vertex (¢ + 1) and V remains
unchanged. This unchanged factor which is marked by magenta colour will occur fre-
quently in the following discussion, so we will use the notation [U],,, (with U denoting

unchanged) for this unchanged factor as below,

U, = [5;;1.\2\ (2P+25, 1 +1,),, SHis - (2P+22(,+1(,+1)W] . (6.48)
The total contribution of Set II is symbolically expressed as,
Vs ° lar p; quv; 11
by CERTPI =N ey Cfy (6.49)
q=1

A typical term of this contribution corresponds to the schematic as shown in Fig. 6.10.

—»—o—o—@--o-----o--)(-g-----o--@
pl -«-r X 1 . ...q—1vaght  --- s V

-b-o—o—@--o----o--i\-:}-----o--@ + -b-o—o—@--o----*-@ ------ ---Q

Figure 6.10: A typical diagram of Set Il with contributing Feynman diagrams.

The contribution of a typical term of Set II is given by

lar p;quv; 11 . /ot ty425lq
ke, 25 = (—1) B (1) (D {S;; 0 P28+, - SR X

(2P+25,+1,11),  [810, SIS (2P425, 1),

Qg+1 P“I‘Zq

ot
_6tﬂ’tq+1 SPqilE:-i‘k (2P+2Eq_1+2k+lq)“q] }

X { [5zv,zq S?fij,,l — 011 Slf()/idij,fwk] (2P+22q—2+lq—1)aq_ o 'S;}JX} ’

1

gt; 11

= ey —cy| - e, (6.50)

To obtain Eq. 6.50 the results of Eq. 6.6 and the generalized Feynman’s Identities have
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been used. The two terms in the first curly bracket are due to a result of using Eq. 6.6

to simplify the circled ,u insertion. And the terms in the second curly bracket arise after

. . . ... o 11 eIl . C e
using generalized Feyman’s identities. Here Cl’“ B CQ’” arise from multiplication of

the first term of the second curly bracket with the whole of the first curly bracket and the
-cr " is a result of multiplication of second term of the second curly bracket with the

whole of the first curly bracket. After using Eq. 6.48 the contribution can be written as,

Ci’W' B C;u;n =(=1)H+D) (=1)@+D) U, [5tm Si;’fz’l" (2P+2%,,4 +lq)aq

=Gy Sl (2P+22q_1+2k+1q)aq]

L e

[
X {81,4, S N @P2E ),

oSy (6.51)

1

and the individual contributions can be expressed as,

CH ! =(=1)B D (1) (U] [0, S P (P28 +1,),, |

g+1 [ P+3,

X (81,1, SEISL | (2P+25 2 +1y1)

1.1,
...SI;X},

@g-1

=10 () 8,800, | (U1 [SEET @PH2S 1+, oS3

q+1 |° P+x,

(6.52)

Wols Mo (1)) (1)) (U], [5%%1 S’;fz’:grk (2P+2Zq—1+2k+lq)aq]
} {81, S, @PH2Z 2t ),, o SEY
1 N
Syint (2P+25, ++zq)% X

Stq’qul .. ,Sg,lx] : (6.53)

P+3,

() (1) 5,6, [,
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—Cy ! = = () (1)U, (8,0, S (2P280 1 +y),,

iy SN (2P+25, 1 +2k+1,), |

X {8 SPIS L QPH2T g0ty ), SN
— - oMty (6.54)
where we note that — C#*"" is exactly opposite of C/**' of Eq. 6.47 (i.e., - C!" = ¢!

) and we will see cancellation between these terms in upcoming discussions.

The total contribution of Set III is symbolically given by,
N
kykv Cssia;arp;yv; mr _ Z k,ukv CssiaQIarp;y,q:v; i ‘ (6.55)
g=1

A typical contributing diagram of Set III is schematically and with Feynman diagram

shown in Fig. 6.11.

-t - N -K-----0 = —»—o—o—@--o-----o--&----*-@

Figure 6.11: A4 typical diagram of Set Il with contributing Feynman diagram.

The contribution of the typical diagram is given by,

Kk G PRI (1)) [

v Csto g+1 [Stqﬂ’tﬂ (2P+2%,1+k) kS ]

P+, P45, +k

lg:lg-1 1y,tx
X ((_Qk)aq6IVstq) SPJrEq,l T SP ’

= (=)D (=1)0 ) [l S

lgt1lg
6’#”VS 6’w’q+1 P+Eq+k] >

g+1 [ P+3y

Ig:lg-1 ty,tx
X ((=2K)a, 010, ) St oo SB™,

_ Cf;m _ Cg;m ’ (6.56)
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where in the above Eq. 6.56 the individual contribution of the final expression is given by,

CHM = (=1)(betD (~1) () [5wq 5,W,q] U, {S;’rz’["< 2k),, s’;; +IIEZ . S%,zx} ,

= O (=)D [26, 6| (U (SN (200, S S

P+S, 4k @® P+,
(6.57)
The total contribution of the Set IV can be written symbolically as,
Vi 1 W Y
ke, 3PV — Z ko, SR a1V (6.58)

where a typical term of the Set IV now also contains tadpole insertion. A typical contri-

bution has been shown both schematically and with Feynman diagrams in Fig. 6.12.

-.-----.--Q--.------.--@ =
pl ---r X 1... quvppg+l---s V

-»—.—@-n-----D--------@ + w——@------.---{}---.----o-@

Figure 6.12: A typical diagram of Set IV with contributing Feynman diagrams.

The same contribution of typical diagram Fig. 6.12 can be written symbolically as,

scalar p;,u; q; IV ~scalar pvleftofu; g; IV scalarp; v_,u,q,IV
kuky C =C\ +Cops (6.59)
As the momentum k of the K photon flows from the v vertex to the u vertex; hence here
in Set IV, when the v and u trilinear insertion vertices are adjacent to each other, then
this momentum only flows through a single propagator and that propagator is shared by
both the v and u vertices. Therefore the GY reduction for this case can only happen at a

particular vertex. Considering this fact, the contribution due to adjacent trilinear insertions
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on scalar leg is given by,

1 svleftofu; g; IV of Sy
Kk, 5PN — (2P 2S Hhy ), [ (2P425, + k) kS, X
(2P+2%, + k) - kSl -

= (1) D (—1)BHD) x { (2P428, + ), X

¥g+1

Sur | x @P+25, + k) kSyl, o)

Tg4-1,ty
[6’/4”V S 5twfq+1 P+X,+k P43,

P+,

=(=1)W+D (=) (+D) { < (2P425, 4 1,y

¥g+1

(0,0, [SEE (2P+25, + k) - kS |

_ lg+1:lg Igt-1:1q .
6tu,t,]+1 [6twtt}+ISP+Eq 6’v”qSP+Zq+k] } } ’

=(=1) D (=1)+D) {"'(2P+2Eq+lq+l) X

¥g+1

{ I:(Sl‘#,tyStq+1atv ((2P—|—22q) k4 2 )Stv,tq ]

P+%, P43,
- [6’u”q+1 6tv’tq+1S;Zj'—-lEJ:] + [6tﬂ’tq+1 6thqS;Zji_-12’t:+k] } e } ’
= e - [cs™ ] + e - (6.60)

In Eq. 6.60 the ellipses denote that there is no photon momentum k dependence related
to the other parts of scalar contributions. The contribution of the tadpole diagram can be
expressed as,
—2gM§
lar p ;v=u; q; , sty ,
K G PRI, ), SEAT (T kS,
1 N 1yt
—(=1)W(=1)HDg, { - (2P+23, + lqﬂ)%+1 Sﬁfz: (—k2) glwta

= -CcH, (6.61)

where in Eq. 6.61 we have made use of the fact that (=1)( 1) (-1)*Vg, . =6, , . and
used proper symmetry factor 1/2 related to seagull insertion. It is to be noted that the
contribution — C#"" exactly cancels the k> dependence of C¥*"" term. And although O(k?)
terms are IR finite, but without their cancellations among themselves the factorization and

resummation of IR divergent terms is impossible (as was with pure thermal scalar QED).
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The total contribution of the Set IV terms then can be symbolically expressed as,

N

k,uky C;ia;arp;yv;lV _ Z [Clq;IV _ C;];IV + C?()];IV _ CZ;IV] ) (662)
q=0
The total contribution of the higher (n+1)™ order matrix element due to insertion of virtual
K photon to the lower order matrix element, when both of the ends of newly inserted virtual
K photon are on the internal scalar p-leg gives rise to a final expression (where, we have
used Eq. 6.32 Eq. 6.33, and Eq. 6.34) as shown below,

d'k
(27)*

M = (€30 B0 1) ) (D sz [

bk(p, p) [Cufermion P'] % [k,ukv C:ia;arp;ﬂv % Crfermion p] [—iD[”’[V] XD, .

2n+2 (¢ _ s \m+2 (L) 1\ (D) (1) (D) (ymA2 ﬂ
= (&)= (=)D () (R () f@nm

belp.p) [Cm | x {Z e — ey ]+ 3 [er ! - ey - ey +

q=1 g=1

2 [Cf:’”[ _ Cg;/u] i 2 [C{/;IV _ C.;/:IV i C:;/;IV _ C.Z;lv]} %

g=1 q=0

| fmion 2] [—iD%*] x D, , (6.63)

In the above expression, the contribution due to final fermionic p’-leg i.e., C™ ¥ and

initial fermionic p-leg i.e., C,"™" ” is unchanged; as both the ends of K photon insertion
was on the internal scalar p-leg. We also observe that some distinct contributions arising
from different sets either fully/partially cancel among themselves. The relevant terms

which have a full/partial cancellations among themselves have been colour coded (with

same colour) in Eq. 6.63. Here below, we list down our observations of the cancellations.

1. The contributions C’f“ ' and C:;’“ 1 are exactly identical, and fully cancel among

themselves.

2. The total s number of contributions of C;"" !

! exactly cancel against the first s number

q;1V

of contributions of C;” ", (when ¢ = 0(orX),1,2,...,(s — 1)); leaving only the
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remnant surviving contribution C,"" .

3. The contribution C" ! CH" and CI"" have an partial cancellation among them-
selves leaving behind only a single contribution. The full contribution of C;"’m,
Eq. 6.57 (which is proportional to — (2k),,) cancels exactly against the “boxed”

gk 1
2

terms of " which are proportional to (2k)a,, Eq. 6.53, resulting in a total con-

tribution given by,

N N N
_ Z cuHIl < _ [C;’“:’” n CQq;m] - _ [(—1)([“H)(—1)(’““)5z,,,rq+1 5tv’tq] (U], %
g=1 q=1 g=1
tor1ot taotg- ,
S, QP28 1 +1,), S - SEn

(6.64)

The total s number of terms from the contribution C,’ [

Eq. 6.64 cancels exactly
with the last s number of terms from the contribution ng;lv forg=1,2,..., s, leaving

behind the surviving term, C;( "V corresponding to ¢ = X(or 0) term.

4. All the contributions coming from C*'", C#*" and C?'" vanish exactly. The k* de-
pendent terms from C/"" and C?"" cancel exactly among themselves. The remain-
ing k dependence of C{" and total k dependence of C{*"" are linear in k, hence odd
in k. All the other terms (arising due to C™"”" and C*™°?, b(p, p), photon
propagator) in the integrand are even in k. Hence, the total contribution of these

terms vanishes upon momentum integration.

With this nature of cancellation of terms, among the contributions coming from the four
sets of distinct classes of diagrams, we find that the full contribution of the Set II and Set
[T vanishes. We get some remaining surviving contributions from Set I and Set IV (after
simplification and cancellation of terms among these sets also). The total contribution of
the internal scalar p-leg (which can be expressed as a sum of contributions of the four sets)

when both the ends of new K photon insertion is on internal scalar leg can be expressed
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as in Eq. 6.65 below,

scalarp;uv ait; 1
kukv Cs+2 — | Z Cz +

g=1 1y
_ s -
_ |- a1
= |- 2.C
| g=1 ]

+ [{[ D) D6, 61 | SEENT (2P+28g 1 +,),, <o S

[V X;1v
-C, +C;

11 I v

+ {[(_1)(m+1)(_1>(zv+1)5[w[1 5tv,zx] S;Zilzij (2P+224—1+lq>aq"’52ﬁ” ,

= {_ Z CH* —C5 + Cs} . (6.65)

g=1

In the above expression, the notations related to surviving remnant contributions are rede-
fined as; C2" = CE®, ¢y = ¢ and €)Y = C3. The superscript ‘ss” of the redefined
notations of the contributions imply that these contributions are due to K photon insertions
when both the ends of K photon is on internal scalar (i.e., scalar-scalar insertions or ‘ss’
insertions). It is to be noted that the second term CJ° is proportional to the lower order
contribution and does not have any k dependence. The third term C3* has only a single
k dependent factor in the propagator S 23{ of the contribution, which arose from the ,u
circled insertion being immediately to the right of the vertex X. The term C;* only sur-
vives as the internal scalar line is off-shell. The sum of C* terms also have k dependence
associated with them. Hence, the contribution when both the ends of K photon are on the
internal scalar p-leg does not independently factorize as the contribution coming from K
photon insertion times the lower order contribution (due to the presence of momentum &
dependent contributions). Hence, the contribution of the matrix element corresponding to

both the K photon ends being inserted on internal scalar leg can be expressed as,

d4k i ! - ;S8 ss ss
Mf_zip’p |scalar ~ fwbk(pa p) [Cierrmon p] X {— ZC{IV - CQ + CJ }

g=1

x [femion 7| [—iD] x D, . (6.66)
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Here, we have used the results of Eq. 6.65 in the Eq. 6.63 and have suppressed the overall

factors of charge and ‘i’ in the final expression of Eq. 6.66.

6.6.2 Insertion of K photon vertices sharing internal scalar and initial

fermionic p-leg

Now we discuss the case when the K photon vertices are equally shared among the internal
scalar and initial fermionic p-leg. This type of insertion corresponds to the second term
in the square bracket of Eq. 6.34. The relevant part of the matrix element corresponding

to the K photon insertions for this case reads,

MKy,p,p |scalar,fermion — (e)2n+2(_i)m+2(_1)2;':1(t,-+1)(_1)(t#+1)(_1>(tv+1)(l->m+2x

n+1
[ o [z e s iz

X [-iD """ x D,,  (6.67)

where we have used the relevant part of Eq. 6.34 in Eq. 6.33 to obtain the above expres-

scalar p; u

sion. From the above expression, we note that the higher order contributions k, C "

and %, Cfinfion” "” corresponding to respectively higher order internal scalar and initial

fermionic contributions are independent of each other and can be evaluated separately.

- @--.-----Q-----.--@ - @--)(--. ------- -o--@
P 1 -~ v -~ r X 1 q,LL s V D 1 ---v -~ r X I 1 - ... s V

Figure 6.13: Typical contributing diagrams when v insertion is on initial fermionic p-leg
and  insertion is on internal scalar p-leg. For, each particular choice of v insertion,
there are s number of circled vertex diagrams g = 1,2, ..., s and a trilinear insertion of u
vertex on scalar line.

For each (and every) particular choice of v vertex insertion on the initial fermionic p-leg,

there can be s+ 1 possible (schematically) ways in which the new u vertex can be inserted
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on the internal scalar p-leg. Among these s + 1 number of ways, there are s number of
ways in which the new u insertions can be represented by circled vertices forg = 1,2, ..., s
(a typical diagram is shown in left panel of Fig. 6.13); and one trilinear u vertex insertion
(shown in right panel of Fig. 6.13) where the new trilinear u is inserted immediately to the

right of the vertex X.

The contribution of the initial fermionic line from all the possible insertions of the new v

vertices (from K photon) can be evaluated analogously to the case of thermal fermionic

QED. After using generalized Feynman’s identities, we find the corresponding sub-contributions

have pairwise cancellations among themselves, leaving behind a single term which is pro-
portional to the lower order initial fermionic p-leg contribution. The higher order contri-

bution is hence expressed as,

k, Crfirllnionp;v _ (_1)(IV+1)5ty,tx {ﬁq'Fprti’%rVw - (IlO k) U, } ,
= (-1)* Vs, Clmien s (6.68)

The above Eq. 6.68 is an exact analogue of Eq. 4.20. And, for the insertions of u vertices
on the internal scalar p-leg, using Eq. 6.6 we can write the full contribution of K photon
insertion between initial fermionic and internal scalar leg as,

scalar p; u ~fermionp;v scalar p; u _1\(+1) fermion p
kﬂky Cé+1 Cr+1 - kﬂ Cb_l’_l ( 1) 6ZVle Cr ’

:(_1)(1y+1)(_1)(tv+1) x Cfermion p
{ {Z Or,.1x [ﬂ]q_H [61#,1452115: (2P—|—22q_1 +l‘1)aq -
g=1

61‘#, qu+1,tq (2P+2Eq_1 +2k+l‘1)aq] {S tgstg-1 . Sl‘1,l‘x

lg+17 P4y, +k P31 +k Pk

l

' { [ﬂ]q‘f‘l S;"I—T-lzt: o (2P+ll)m [6&1”X5WXS;JX - 6’;1”16%’)( ngl(c]} ] ,

C fermionp (6.69)

{Z c’ Sf} + {c;“} = {c;f}

q=1
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In the above expression of Eq. 6.69, the Y, C{’ S correspond to the terms which are
inside the first curly braces of second line of Eq. 6.69 and arises due to summing over the
sub-contributions of all the circled insertions. The C5" and CS' represent the terms in the
second curly braces of Eq. 6.69 and arise due to the trilinear y insertion sub-contribution.
The particular expressions for C;' and C3' are respectively given by,

CSf _ (_1>(t;1+1)<_1)(ty+1) { [6tu,tx5tv,tx] S;Zrz’:;q (2P+2Zq—1+lq)aq .. .S;,tx} ’

_Cgf = - (—1)(ty+1)(_1)(zy+1) { [6,H,,16,V,,X] S’;z;’: (2P+22q_1+lq)% . ng,i} , (6.70)

where both in Eq. 6.69 and Eq. 6.70, the ‘sf” superscript on the final contributions sug-
gest that these contributions are the result of the two ends of the K photons being shared
among internal scalar and initial fermionic p-leg (i.e., scalar-fermion insertions and thus

suggesting superscript of ‘sf”’).

Hence, using the results of Eq. 6.69, and plugging the result back in the Eq. 6.67 we find
the total higher order matrix element corresponding to the K photon insertion ends on the

internal scalar line and initial fermionic p leg can be expressed as,

d4k rmion p’ - ; st s
M,ﬁip’p |sca1ar, fermion ~ fwbk(p’ p) [Cie onp ] X {Z Cf’ st + C2f - C;;f}
g=1

x [ClEmien v | [—iDh") x D, . (6.71)

Comparing Eq. 6.67 with Eq. 6.63; and also comparing final results of Eq. 6.71 with
Eq. 6.66 we find that the same overall factors have been suppressed in the above expres-

sion.

We also observe that the total contribution of ‘MX”:

it 7 Iseatar, fermion” Of Eq. 6.71 exactly

cancels against the ‘Mﬁi” 7| seatar. contribution of Eq. 6.66. The similar colour coded
sub-contributions of these full contributions exactly cancel among themselves. The ex-

act nature of the cancellation is rather intricate and demands a full discussion, which is
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elaborated in the following paragraph.

Nature of the double-cancellation for both the ends of K photon being inserted on

initial p-leg

@ The s number of the terms in the contribution C{’ of Eq. 6.71, exactly cancels against
the s number of terms — C;"™ of Eq. 6.66. We have to remind ourselves that, the —C/"*
arose from the sub-contributions which were proportional to M, X (- Ny) (from Eq. 6.45);
suggesting that v insertion of the K photon insertion was fixed as v; circled vertex (just to
the immediately right of vertex X) and all the other possibilities of u insertions on scalar
line as circled vertices were then summed up, leading to the s number of contributions
—C¥*. Whereas, the C¥* has a quite different origin. C* resulted from the contribu-
tions for which all the possibilities of the v vertex insertions on the initial fermionic p-leg
were summed up, resulting in pairwise cancellation of terms and producing a remnant
surviving term from the v insertion being immediately to the left of vertex X and is pro-
portional to ¢, ,,. Then all the contributions of possible circled y insertions on the internal
scalar have been summed up leading to C;’ ¥, Therefore, this cancellation actually signi-
fies the cancellation of s set of terms, among which for one set the v insertion was situated
immediately right of vertex X, and for the other set v insertion was situated immediately
left of vertex X. Hence, the cancellation is among the s set of contributing terms from
across the vertex X; between the insertions of initial fermionic and internal scalar line.
The origin of this cancellation is quite intricate and is independent of the exact form of the

interaction vertex X.

@ The C5' contribution of Eq. 6.71, exactly cancels against — C;* contribution of Eq. 6.66.
Both the terms were proportional to the lower order contribution, but were having very
different origin. The C;' resulted from a sub-contribution where both the v (on initial
fermionic leg) and u (on internal scalar line) are trilinear insertions, and are situated im-

mediately adjacent (respectively left and right) of vertex X, producing a term proportional
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t0 [0,.x01,.4¢) times lower order matrix element. Whereas, — C,° resulted from a surviving
sub-contribution, when the ,u circled vertex was situated immediately left of vertex V,
producing a term proportional to [, ,,6;,.,] times lower order matrix element. As both the
DM particles are physical and brings in/takes out hard momenta thus the thermal type of
vertices V and X can be only of type-1, i.e., ty = tx = 1. After noting this consideration
we find that, C5" and — C5* exactly cancel between themselves, irrespective on the exact
form of vertex X and V. This is a very non-trivial case of cancellation, which could not be

anyway predicted from either pure fermionic or scalar thermal QED.

@ The — C;f contribution of Eq. 6.71 and the C3* contribution of Eq. 6.66 exactly can-
cel among themselves. Both the terms originated as the internal scalar leg was off-shell
and both of these surviving terms came out to be proportional to [5@,115@,@] and exactly

cancelling each-other.

@ All the above mentioned double-cancellations (at first having simplification and can-
cellation among respective (scalar/fermionic) legs, and then cancellation of the remnant
surviving terms from initial fermionic and internal scalar contributions again within them-
selves) are independent of exact form of either vertex V and X, implying a similar nature
of cancellation to hold true for a more general theory of charged scalars, charged fermions

and neutrals also.

6.6.3 Insertion of both the virtual K photon vertices on the initial

fermionic p-leg

The K photon insertion when both the insertion vertices are on the initial fermionic p-leg
correspond to the third term of Eq. 6.34. Using the Eq. 6.34 with the Eq. 6.32 and Eq. 6.33
the higher order matrix element in this case, when both vertices of the K photon insertion

are on the initial fermionic p-leg can be symbolically written as
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&'k
(2m)!

M’ﬁip,l’ | formion = (e>2n+2<_l-)m+2(_1> ,'."Zl(tiJrl)(_1)(t,,+1)<_1)(tv+1)(l-)m+2 % f

b 3 | o7 |l G ] 0]

(6.72)

Here, we have to note that as the new K photon is only inserted on the initial fermionic p-

leg, hence the contribution of final fermionic p’-leg CFmion " and contribution of internal

scalar p

scalar p-leg Cq is left unchanged. Typical diagrams contributing to k,k, C

fermion p;uv
r+2

have been shown in Fig. 6.14.

> * * Q--+-----+--Q

Figure 6.14: Typical diagram corresponding to both the insertions of K photon being on
initial fermionic p-leg. All the set of diagrams, correspond to all the possible insertions of
v and u vertices, when v is placed always to the left of u insertion to avoid double-counting.

The full contribution of k,k, Crfirg’ ion P4 \would correspond to summing over all the pos-
sible diagrams of Fig. 6.14, for all choices of v and u, where v is always situated to the
left of i insertion to avoid double-counting. The effect of photon insertion vertices can
be simplified using the generalized Feynman’s identities, which will result in a pairwise
cancellation of terms, resulting in a final expression proportional to the lower order ma-

trix element (this is exactly analogous to insertion on p-leg for pure fermionic QED, see

Ref. [41] and Chapter 4 for details).

But, according to GY Ref. [12] the outermost self-energy diagram on either the initial/final
leg has to be removed to account for wave function renormalization. But, as we have not
removed any such contribution from final fermionic p’-leg insertions; such contribution of

outermost self energy has to be removed from initial (fermionic) p-leg photon insertions.
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Taking this into account, the net contribution corresponding to both the ends of K photon
being on initial fermionic p-leg turn out to be zero (see Ref. [41] for details),

fermion pyu,y A .
k,k, C ~0;

Hence, M} | fermion = O . (6.73)

6.6.4 Final matrix element for both the K photon insertion being on

initial p-leg

The total matrix element due to the insertion of the both the ends of the K photon to the

initial matrix element hence can be written down as,
Ky,p.p __ Ky, p.p Ky, p.p Ky, p.p _
Mn+1 - Mn+1 |scalar + Mn+1 |sca1ar,fermi0n + Mn+1 |fermi0n =0 > (674)

where to obtain the results of Eq. 6.74, we have used the individual results of Eq. 6.66,
Eq. 6.71 and Eq. 6.73; and incorporated those in Eq. 6.33 and Eq. 6.32. We have al-

Kv, p, Ky, p,
7P |sca1ar and M 7P |scalar,fermion eXﬁCﬂy Cancel

ready observed that the contributions M,/ il

against each other, from Eq. 6.66 and Eq. 6.71. The contribution Mf 217 | fermion also van-
ishes according to Eq. 6.73. Hence, the total contribution of the matrix element MErPp

n+1

due to insertion of K photon solely on the initial p-leg turns out to be zero.

We must understand here that this result of Mﬁip ? being equal to zero is due to the fact

that the outermost self-energy correction from initial (fermionic) p-leg was removed to

Ky, p,

it ” | fermion to vanish (rather

account for the wave function renormalization rendering M
than producing a term being proportional to lower order matrix element), giving rise to
results of Eq. 6.74. As in any case, whether the outermost self energy contribution is
discounted or not, the contributions of Mlﬁi” 7| scalar and Mﬁi” P | scalar.fermion WoUld have

exactly canceled between themselves; thus discounting the outermost self energy correc-

tion plays a major role implying the result of Eq. 6.74.
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Now, as neither of the initial p-leg or the final p’-leg is fundamentally more important
than the other one, thus the compensation of outer most self energy insertion to account
for wave function could have happened for p’-leg (for K photon insertion being solely on
final fermionic p’-leg), refraining any such compensation from the initial p-leg. In that
case the results of Mﬁip ? Eq. 6.74, and Mfrlp """ Eq. 6.31 would have switched among

themselves (with factor of b (p’, p’) of Eq. 6.31 be replaced by bi(p, p) in Eq. 6.74).

Therefore it is necessary and convenient to symmetrize the results of both the K photon
insertion being on the final p’- leg Eq. 6.31 and the results of both the K photon insertion

being on the initial p- leg, Eq. 6.74 among themselves producing the final results,

Ky, p'.p i€2 d4k , , ot
M, = +— | 75390 04 bi(p',p") D¥ (k) M, ;

2 (2m)*
ie? d*k
Mfl’lp’p - +7 W 5%1 0,11 bk(P’P) Dt’“[v(k) M, . (6.75)

Note the existence of extra 1/2 factors in the above expressions resulting from the sym-

metrization procedure.

6.7 The total contribution due to virtual K photon inser-

tions

Using the results of Eq. 6.30, Eq. 6.75 the total contribution of inserting a K photon in all
possible ways to n' order process related to y (g+¢') f(p) — x(¢') f(p’) can be expressed

as,

Ky, tot ieQ d4k Loty ror
My =5 2 4.y Oty D" (k) |bi(p’, p') + bi(p, p)

T Gy Gy D (R) [ o, p>] } M, .

= [BIM, . (6.76)
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where in the above expression of Eq. 6.76, all the effects due to K photon insertion con-
taining all the IR divergences have been factorized and collected in B. The expression of

B is defined as,

. 2 d4k
B= % ot D" (k) [bk(p’,p’) —2b(p’, p) + bi(p. p)|
_ie? ([ d%
== WD”(k) [J2(k)] : (6.77)

Ky, tot

We find B and thus the higher order matrix element M,

to be proportional to the (11)
component of the photon propagator, i.e., being proportional to D! (k). This dependence
on D' (k) arose as all the hard/external physically observable particles must be of type-1,
constraining ‘ty = t; = 1°. We will see the matrix element Mfl’ltm for virtual K photon
insertion being proportional to the D''(k) component of thermal photon propagator will

play a crucial role in obtaining cancellation of the IR divergent pieces between virtual and

real soft photon contributions.

It has to be also noted that, the result of Eq. 6.76 is independent of whether the lower
order diagram has one or more already existing K, G or real photon insertions. The result
does not also depend on whether the lower order matrix element have already existing
quadrilinear (seagull/tadpole) insertions, as those insertions only behave like inert vertices
(as we have already discussed in Chapter. 5) and any new K photon would not be able to
get inserted at those quadrilinear vertices. Hence, the effect of having quadrilinear vertices
will be to having some extra inert multiplicative factors in the matrix element, which will
be carried along while performing the factorization, without spoiling any feature of the
factorization that we have discussed so far. We can also have some disallowed diagrams
on the fermion legs in lower order (according to GY) contribution, which may become
allowed diagrams in higher order contribution (analogous to Subsection. 5.2.6 of Chapter 5
but involving fermions). Following an analogous procedure of Chapter 5 but now for the
disallowed diagrams being situated on fermionic legs, we find the contributions of those

terms to drop off for this case of thermal theory of DM also.
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6.8 The total matrix element for the virtual photon inser-

tions

Before moving on to calculating the total matrix element due to the virtual photon inser-
tion, we would like to mention here that the G photon contributions again turn out to be
IR finite. The leading IR behaviour of G photons (leading logarithmic due to zero temper-
ature part, and leading linear and sub-leading logarithmic due to finite temperature) are
similar for both G photon insertions being on either scalar or fermionic leg or a mixture of
scalar and fermion leg. These leading IR behaviour of the G photon contribution vanishes
due to choice of b, at finite temperature as in the Chapter 5 and Chapter 4. Now, we can
get additional intricate IR structure due to presence of thermal scalars, and there can be
divergent sub-diagrams spanning fermionic, scalar or both scalar and fermionic leg. Anal-
ogous to Section. 5.3 at first identifying skeletal graph, and then symmetrizing over the
controlling sets of momenta of those skeletal graphs, removes any kind of apparent IR di-
vergences for this case concerning theory of DM also (the whole process proceeds exactly
analogous to the process for scalar QED at finite temperature as in Section 5.3, and we
have refrained here from discussing same arguments and subtleties to avoid unnecessary

repetitions).

We use here the fact that the G photon contributions are IR finite, and all the IR divergences
are contained inside K photon insertions. The IR divergent pieces factor out according to
Eq. 6.76, and the higher order K photon contribution becomes proportional to the lower
order matrix element. A fully virtual n' order diagram contributes a factor of ‘@ (or ‘e?"’)
at the leading order. Therefore, there are always n number of virtual photons associated
with fully virtual diagrams. But, due to GY photon polarization sum rearrangement, all
the virtual photons should be re-written in terms of K and G photon polarization sums.
Hence, if an n'" order diagram consists of nx number of virtual K photons and ng number

of virtual G photons, then n = ng + ng. Due to the Bose symmetry related to n number
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of photons, each distinct class of diagram (having n; number of K photon and ng number
of G photon) can arise in n!/(ng! ng!) ways. Therefore, the full matrix element for virtual
photon insertions can be expressed as a summation of all possible individual terms,

1 1 1
M= M - 6.78
n! M nZZO ngln Mo, (6.78)

- I’lK!

Therefore, summing over to all orders, the above expression becomes,

(9]

1 oo
2 M =2 Z nK,n_nK,Mnc,nw

n=0 =

Z‘ Z:: nK'nG Mo - (6.79)

Using the fact that the contributions of the K photons factor out according to Eq. 6.76, the

expression of Eq. 5.39 can be further simplified as,

n=0 ng=0 ng=0
|
B
— —M,,., 6.80
! 2 M (6.80)

where all the IR divergent pieces have been exponentiated and resummed in Eq. 6.80.

6.9 The total cross section to all orders for thermal theory

of Dark Matter

We will at first discuss about the real photon insertions here briefly, for sake of complete-
ness. The real K and G photon insertion results, follow calculations exactly analogous to
the cases as mentioned in Section 5.5 and Section 5.6. One of the main differences for real
photon cases in the thermal field theory is that, in addition to the emission of real photons

into heat bath the real photons can also be absorbed from the heat bath with corresponding
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phase space factor,

d'%;
(27)¢

dei = ——= 2x6(k?) [0(Kk) + Ns(IK1)] (6.81)

where Ng([k?|) corresponds to the distribution function for boson (photon) at finite tem-
perature, and k& > 0 correspond to real photon emissions and & < 0 correspond to cases
of real photon absorption. The real photon also brings in/takes out finite photon phys-
ical momenta and thus can only be of thermal type-1 only. After taking account of all
these facts, the K photon calculation can be performed with exact analogy of virtual K
photon calculation, after writing down the polarizations of emitted or absorbed photons
in accordance with GY prescription of Eq. 4.5. But, now the factorization of K photon
occurs only in the square of matrix element level, and in b, (pfs» pi), the momenta p, and
pi correspond to the momenta of the particular leg of n'" order diagram, in which the real
photon insertions are present respectively in the matrix element, and in the adjoint matrix
element. The calculation of K photon is much simpler than the K photon calculations, as
tadpole diagrams cannot be present in the current K photon (as real photon carries in/takes
out physical momenta). Therefore the full contribution of the K photon insertions can be

factorized in the cross section rather than in the matrix element itself and is expressed as,

2

'M I?y,tot

n+1

M,

2 ~ ~ ~
o — ¢ [bk(p,p) = 2bi(p’, p) + bk(p’,p’)] X
2

=—e2J 2(k) 'Mn : (6.82)

where all the IR divergences are again factored out in the J_ ?(k) in the above expression.
This IR divergent factor then can be exponentiated after manipulation of the momentum

conserving delta function,
.

(20)%6* | p+q=p = ) (=1)"kn] , (6.83)

m=1
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in a process analogous to Section. 5.6, producing an exponentiation where the exponent

contains the IR divergent term (analogous to Eq. 5.49),

B(x) = —¢ f T 2(ky)dehy exp [i ko - ] (6.84)

In the above expression, the + signs respectively correspond to real photon emission and
absorption. Eq. 6.84 is the real photon analogue of Eq. 6.77 (except that B arises in the

cross section level, but exponentiation of B happens in matrix element level).

The G photon contribution again turn out to be IR finite after using the fact that the thermal
phase space is symmetric in finite temperature, with exact analogy to Subsection 5.5.2 of

thermal scalar QED.

Therefore, the all order corrections in perturbation theory related to the tree level cross
section of (¢ + ¢') f(p) = x(¢’) f(p’), in thermal theory of dark matter including both
the virtual and real (soft emission/absorption) photon contributions, result in an expression

of the total cross section for this process as below,

dott — f d*x e—i(p+q—p’)~xd¢p, exp [B + B*|exp B|x

Vlrtual +ikjx
e el 1_[ f dgje™”
ng:

ngo

M M, Gy, tot

1

_ f d'xe Pt dg exp [B+ B+ B| o™(x) . (6.85)

We note here that, symbolically the Eq. 6.85 looks exactly similar to the expression of
Eq. 5.51; but we must stress here that, the actual explicit factors corresponding to the
IR finite pieces of the matrix elements of Eq. 6.85 and Eq. 5.51 are quite different and

explicitly dependent on the relevant interaction Lagrangian for the processes.

In the above expression of Eq. 6.85, the ‘o™ factor contains a// the IR finite pieces
arising from the virtual G and the real G photon contributions. In Eq. 6.85 all the IR

divergent pieces coming from both the virtual and real photon insertion are found to be
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exponentiated in the factors ‘exp [B + B*] X exp[§ ]’ and these contributions combine
together to produce an IR finite sum, as can be shown by studying the small - k behaviour

of these terms,

(B+ B*) + B = ¢ qusk [J(k)2 {1 + 2NB(|k0|)}
~J(k)? { (1 + Na(K)) e + NB(|k°|)e-fk-x} ]

20 0+042). (6.86)

In the above expression, we have inserted the explicit expressions of J? and J? respectively
using the results of Eq. 6.77 and Eq. 6.82, to find that the IR divergent pieces cancel among
the virtual and real (soft) photon contributions, making the total cross section IR finite.
Both the absorption and the emission of the real photons with respect to heat bath were
necessary to obtain this IR finite result. We also note that the cancellation resulted as both
the final form of matrix element of virtual and real photon contributions turned out to be
proportional to thermal type-1 of thermal photons. Here, we have thus demonstrated the
proof of IR finiteness of a theory of dark matter interacting with charged fermions and

scalars at finite temperature to all orders in perturbation theory.

6.10 Summary

In this chapter, we have focused our attention on a simplified theory of dark matter (DM)
interacting with charged scalars and fermions at finite temperature. We have chosen the
DM to be a Majorana charge-less particle (bino-like in the context of the minimal super-
symmetric model, MSSM) motivated by the WIMP (weakly interacting massive particle)
paradigm. The IR structure of this model can be successfully related to the IR structures

of other wide-spread relevant models of DM also in the WIMP paradigm.

Particularly, here we assume the DM mass to be in a ballpark so that the freeze-out happens
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after the electroweak phase transition, making electromagnetic interactions to be of prime
importance while estimating the relic density. To observe the IR structure of the theory of
DM, we start by inspecting the effect of adding virtual and real photons in rearranged K
and G polarization sums as prescribed by the Grammer and Yennie (GY) procedure, to n'
order diagrams related to processes determining relic density. We particularly chose the
n™ order diagram related to the process yf — x f (mediated by an internal heavy charged
scalar ¢) where y is the DM candidate and f belongs to the Standard Model (SM) fermion

doublet.

We identify the special interaction vertex and unambiguously separate out the initial and
final leg (to carry out the GY procedure) such that the outgoing SM fermionic leg becomes
the final p’-leg; and the incoming SM fermionic and internal scalar line constitute the
initial p-leg. We then examine in detail the effect of adding an additional virtual photon,
of either K or G type, to the n™ order diagram. In each case, we find that the IR divergences
are contained in the K photon contributions and they factor out so that they are proportional
to the lower (n'") order matrix element. In contrast, the G photon insertions give finite

contributions.

The result of K photon insertions, where the ends of virtual photon are solely on final
p’-leg follows trivially according to pure fermionic QED results. The K photon inser-
tion, where the two ends of the virtual photon are inserted, one on the p and the other
on the p’-leg, is rather non-trivial, and consist of two distinct classes of diagrams (i.e.,
scalar(p)-fermion(p”) and fermion(p)-fermion(p’) classes) depending on whether the ver-
tex on the p-leg is inserted on the scalar or initial fermion line. After using the notion
of circled vertices, the contributions of these two distinct classes are shown to have a
non-trivial double-cancellation of sub-contributions among themselves, finally producing
a result proportional to lower the order matrix element. The K photon insertion, where
the ends of the virtual photon are solely on the p-leg is the most non trivial one, and con-

sists of three distinct classes of diagrams (i.e., scalar(p)-scalar(p), scalar(p)-fermion(p)
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and fermion(p)-fermion(p) classes, since each vertex can be inserted either on the scalar
or initial fermion line). Among these three classes the contribution (scalar(p)-scalar(p))
for which both the ends of the K photons are inserted on the internal scalar leg is the most
difficult one. In this case the number of diagrams proliferate extensively as the tadpole
diagrams are also allowed. After avoiding any potential double counting of the diagrams,
the contributions were grouped into four distinct sets Set I, II, III and IV for better man-
agement of the IR structure. The different sub-contributions among these sets were found
to cancel among themselves, resulting in the total contribution from Set II and Set III to
vanish. Only some sub-contributions from Set I and Set IV survive this cancellation, and
result in the final expression for scalar(p)-scalar(p) insertion classes. But these remnant
contributions were then found to exactly cancel against the contributions of scalar(p)-
fermion(p) classes of diagrams, via a very intricate double-cancellation. The contribution
of fermion(p)-fermion(p) classes of diagrams turn out to be zero, after discounting out-
ermost self energy correction for wave function renormalization. After symmetrizing the
results of K photon being inserted on solely the final p’-leg and being inserted solely ini-
tial p-leg, the total matrix element turns out to be proportional to the lower order matrix
element with all the IR divergent terms resulting due to K photon contribution factorized

and exponentiated.

The non-trivial double cancellations mentioned above were found to be independent of any
explicit structure of DM-fermion-scalar interaction vertex. This implies the factorization
and resummation of the IR divergence were independent of the particular choice of the
model, and can be generalized to a full theory of neutrals interacting with charged scalars

and fermions.

The seagull and tadpole diagrams again played an indispensable role, cancelling respec-
tively the linearly k£ dependent and quadratic k£ dependent finite terms. Without cancel-
lation of these terms a neat and exact IR factorization for the theory of DM would be

impossible.
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Again, as in the previous cases of field theories at finite temperature, real photons can
both be emitted into and absorbed from the heat bath with different weighted phase space
factors. The real G photon insertion contributions to the cross section also turn out to be
IR finite, after considering the concerned thermal part of the phase space being symmetric
in real photon exchange. The real K contributions to the cross section were found to
contain all the IR divergent pieces for the real photon insertions just like the virtual K
photon contributions. In addition, the IR divergent pieces due to virtual K and real K
photon insertions cancel among each other. Only after including both the emission and
absorption of real thermal photons from heat bath, this cancellation of IR divergent pieces
were found to hold, making the total cross-section of the concerned theory IR finite. Hence
the total cross section for the thermal field theory of dark matter interacting with charged

scalars and fermions turns out to be IR finite to all orders in perturbation theory.
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Chapter 7

Conclusion

This thesis is concerned with the infra-red (IR) behaviour of some field theories at finite
temperature. In particular, we focused on the IR behaviour in the context of a model of
dark matter (DM), where DM is a bino (bino-like) particle interacting with charged scalars
and charged fermions via Yukawa interaction, motivated by the WIMP (weakly interacting
massive particle) paradigm. We assume DM was thermally produced in the early universe,
and stayed in equilibrium with the background plasma until the ‘freeze-out’ scenario oc-
curred. Thus, the thermal effects play a crucial role to determine the present day relic
density of DM. But, to coherently predict the relic density of DM from the theory, a com-
plete understanding of the IR structure of the corresponding theory at finite temperature
is unavoidable. Hence, we proceed to inspect the IR structure of the relevant model of
DM at finite temperature. At the temperatures of interest, this involves the study of purely
electro-magnetic contributions to processes such as the annihilation or scattering of the
dark matter particles, y, into standard model fermions, such as yy < ff or xf © xf.
For this study, it was important to first study the thermal theory of purely scalar QED
(that of fermionic QED is already known) and apply these results to the case of DM. We

established that these processes are infra-red finite to all orders in perturbation theory.

After a quick introduction, motivating the general features of field theories at finite tem-
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perature, we moved on to discuss the real time formulation of thermal field theory. We
briefly discussed the aspects of real time formulation of thermal field theory, necessary
for calculations in this thesis. We observed that the IR structures became more intricate
and divergent (especially for bosons) for theories at finite temperature. To analyze the IR
structure of the corresponding theory we applied the prescription proposed by Grammer
and Yennie (GY) [12]. The original technique of GY was proposed for field theories at

zero temperature.

After reviewing the technique for zero temperature field theory (particularly for fermionic
QED at zero temperature), we proceeded to tame the IR divergences at finite temperature.
The IR structure of relevant theories at finite temperature is far more intriguing. Due
to the presence of photons (bosons) the leading IR divergence becomes linear at finite
temperature in contrast to the leading logarithmic dependence at zero temperature. In
addition to this, there are also additional sub-leading logarithmic IR divergences arising
from the thermal fluctuations, apart from the original leading logarithmic IR divergences
arising from quantum fluctuations. Furthermore, being in the presence of heat bath, now
apart from the usual emission of real photons at higher order, the absorption of real photons
from the heat bath is also allowed. Both emission to and absorption of the real photons
with respect to heat bath occur with different thermal phase space factors. To account for
all of these intricacies at finite temperature, the original prescription of GY technique was

extended to finite temperature case as in Ref. [41].

After showing that the extension of GY techniques was capable to uniquely and unam-
biguously capture the IR finite and divergent pieces, the extended technique was used to
shed light upon the IR structure of thermal scalar QED, and thermal theory of dark matter.
The theory of scalar QED (or for any theory, where charged scalars are involved, be it
at zero/finite temperature) is much more difficult to tackle, as the theory now admits, in
addition to normal trilinear (scalar-photon-scalar) interaction contributions, quadrilinear

contributions (seagull insertions and tadpole diagrams) also. After proving the general-
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ization of Feynman identities holding true for thermal theory of scalars, we grouped the
trilinear and quadrilinear contributions into ‘circled vertices’, which helped us to coher-
ently manage the proliferation of numbers of diagrams at higher orders. We used the
technique of GY at finite temperature for scalar QED, to find out that all the virtual K
photon contribution gets factorized as an IR divergent contribution times the lower order
matrix element. The seagull and tadpole contributions played a crucial role to obtain this
exact factorization. They particularly cancel some IR finite terms linear and quadratic in
photon momentum. Without the exact cancellation of these terms (by virtue of seagull and
tadpole contributions) such a neat and exact factorization would be impossible to attain.
We found the virtual G photon contributions to be IR finite. The real K photon contri-
butions also factorized out of the cross section. The G photon contributions turned out
to be IR finite using the symmetric property of thermal part of the phase space. All the
IR divergences were found to be contained in virtual K photon and real K photon contri-
butions. The IR divergences of these virtual and real contributions were found to cancel

among themselves while taking the soft limit for photons, to all orders in the theory.

After proving the IR finiteness of the thermal charged scalar QED, and noting down the
existing results on the IR finiteness of thermal fermionic QED [41] we proceeded to study
the IR finiteness of a theory of DM interacting with charged scalars and fermions at finite
temperature. This was motivated by the calculation to NLO of the thermal corrections to
the relevant cross sections for DM annihilation in a bino-like theory in Ref. [86]. This
is an important process since the experimental evidence in favor of the existence of dark
matter has only been perceived through the gravitational effects in different length scales.
Thus the estimation of theoretical predictions of relic density of present day DM content
in the cosmological scale is of utmost importance, and this has to be in conjunction with
the current experimental constraints. In this theory, the DM candidate freezes out after
the electro-weak transition (the temperature at freeze-out being of the order of m, /20,
where m,, is the DM mass). At this scale, only electromagnetic interactions are of prime

importance in the inspection of the IR structure at finite temperature. Hence we studied

181



the purely electro-magnetic all-order corrections to these DM scattering and annihilation
processes, thereby extending the IR-finiteness results obtained to NLO in Ref. [86] to all

orders in the theory. Some of the proof details are outlined as follows:

We used the extension of GY technique at finite temperature, to correctly identify the
hard vertex separating out the initial and final leg contributions. The GY reduction for the
theory of DM, provides us with similar results, where K and K photon contributions get
factored out (respectively at matrix element and cross section level), and contain all the IR
divergent pieces. The G and G photon contributions again turn out to be IR finite. We have
to note here that, while performing the IR factorization of the K and K photon contribu-
tions we found some non-trivial ‘double-cancellation’ among the sub-contributions; some
of which cannot by any means be predicted from the individual results of thermal pure
scalar or pure fermionic QED. We found these non-trivial ‘double-cancellation’ leading
to factorization and finally resummation of IR divergent pieces, to be blind to (and hence
independent of) the exact form of the scalar-DM-fermion interaction vertex (as in none of
the calculations in this thesis we have used any particular explicit form of the scalar-DM-
fermion interaction vertex to achieve IR factorization and cancellation). This implies the
exact nature of the factorization and exponentiation of IR divergent pieces are much more
general and can be applied to general classes of theories, such as the scalar be replaced
by a pseudo-scalar, or the DM interaction vertex in addition to CP even term may even
have CP odd factors also, there could have been more than one number of neutrals also
interacting with charged scalar/fermions in some models of non-renormalizable effective
theory of DM, etc. That is, the proof of factorization and resummation (and finally the can-
cellation) of IR divergent pieces is more generic and can be successfully applied to more
general theories, where neutrals, charged scalars, and charged fermions are interacting
among themselves. We will again mention here, that the seagull and tadpole contributions
for the theory of DM, were again indispensable to obtain the neat factorization and resum-
mations of IR divergent pieces. The IR divergent pieces of K and K photon contributions

were found to cancel among themselves after taking the soft limit for photons. Both for
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the scalar QED and theory of DM at finite temperature, this cancellation of the IR diver-
gence could be only obtained after taking into account both the emission/absorption of

real photons with respect to the heat bath.

We have discussed about the intricate details of the proof regarding IR structure in the
paragraph above, and would like to summarize and list down the key findings of this

thesis below for the ease of access of readers.

* We have proved, and found the generic form of generalized Feynman identities
(Ward identities) that holds true at finite temperature for the theories involving
scalars. These generalized Feynman identities were further used to define ‘circled’
vertices which helped the grouping of trilinear and quadrilinear contributions in a

coherent fashion.

* For both the theory of scalar QED and theory of DM at finite temperature, the
quadrilinear seagull and tadpole contributions played a crucial role to factor out the
IR divergences leading to resummation. The seagull and tadpole contributions can-
celed some IR finite sub-contributions, which were respectively linear and quadratic
in photon momenta. Although these sub-contributions were IR finite, but without
obtaining an exact cancellation of these, IR factorization would become impossible.
Hence, in this thesis we discover the vital importance of quadrilinear contributions
to obtain the proof of all order IR finiteness for corresponding theories involving

scalars.

* For the theory of DM, we have found the IR factorization occurs via non-trivial
double-cancellations of sub-contributions. We found the process related to the fac-
torization of IR divergent contributions to be independent of the explicit form of
the DM-scalar-fermion interaction vertex. This implies, the final result of the cross-
section (which is symbolically written) is valid for a general theory of neutrals in-
teracting with charged scalars and fermions at finite temperature. We want to stress

here the fact that the IR finite part of the cross-section will certainly be dependent
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on the details of the particular theory, and also will depend on particular processes
of interest inside same theory. But, the IR divergent term factorization and resum-

mation (and finally cancellation) are universal at finite temperature.

After using the GY prescription at finite temperature, we found all the leading linear
and sub-leading logarithmic IR divergences due to thermal fluctuation, and all the
leading logarithmic IR divergences from zero temperature quantum fluctuation were
contained totally in K and K photon contributions. The contributions of G and G

photon insertions were found to be IR finite.

The closed form expression of the (symbolically written) final total cross-section
is an exact expression. That is, to obtain the expression no approximation (such
as Eikonal approximation etc) scheme were used. Hence, this expression can be
expanded order by order in perturbation theory to obtain higher orders of IR finite

pieces of cross-section at finite temperature.

Both the real photon emission to and absorption from the heat bath played a crucial
role to cancel the IR divergent contributions between virtual and real (soft) photon
contributions. Therefore, the absorption of real photons must be included (in ad-
dition to emission of real photon) at finite temperature to obtain cancellation of IR

divergences.

Due to the nature of IR factorization and presence of hard observable particle, the
virtual photon IR divergent contributions came out to be proportional to only (11)
component of the thermal photon propagator. The real photon contributions also
being proportional to only (11) component of the propagator, resulted in the can-

cellation of IR divergent pieces between virtual and real (soft) contribution.

The IR divergences were found to exactly cancel, after taking the soft limit of the
total cross-section of the corresponding theory. At any resolvable photon momenta,

from the structure of cross-section, we find that the presence of the heat bath will
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be perceptible.

* The virtual and real photon contributions consisted of both the zero and finite tem-
perature pieces. Hence, with this explicit proof of IR finiteness of relevant theory
at finite temperature we also implicitly proved the IR finiteness of the same theory

at zero temperature.

This proof of IR finiteness was found to be independent of the details of the particular
interaction of the current model, and can be extended to other models at finite temperature

with presence of other abelian gauge theories (other than electromagnetic interaction).

7.1 Future Directions

Let us now discuss about the future prospects related to results obtained and to the related
formalism. We have already seen in the current thesis that the IR divergent pieces fac-
torize and exponentiate to finally cancel among the virtual and real (soft) contributions
providing us the IR finite cross-section for relevant theory at finite temperature. We will
be very much fascinated to compute the IR finite contributions to cross-section at finite
temperature using the current formalism. We are extremely intrigued to investigate the IR
finite higher order thermal corrections to the relic abundance of theory of bino (bino-like)
DM candidate. These thermal corrections have been already calculated to next-to-leading
(NLO) order by Beneke et al. Ref. [86]. As the formalism is quite general, we would
like to use it to predict the thermal effects related to other physically relevant quantities
in cosmology. We also like to mention here that, throughout the thesis it was considered
that the charged scalars and fermions are massive. This approximation is quite appro-
priate for practical purposes, as the quartic self-interaction which we discounted in the
discussions of scalars, always contribute to the scalar mass radiatively in higher orders
(making scalar massive); and all the known Standard Model fermions which do interact

electromagnetically are all massive (and for the theories of DM, the intermediate scalars
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are usually always massive). But, from a purely theoretical point of view, we would be
extremely curious to know, whether the current formalism of GY prescription can be ex-
tended to include massless charged scalars or fermions, taking care of the related collinear
divergences, having a soft-collinear factorization at finite temperature (using a further
generalization of the current formalism). These are some open questions that are beyond

the scope of this thesis.

We are also interested to investigate the IR structure of non-abelian gauge theories using
some generalization of current method. As it is already known that, the intricacies of
IR structure for the non-abelian gauge theories are rather nontrivial though; due to the
complicated group structure of such theories, along with the presence of self interactions.
Such theories can have additional collinear divergences in addition to the soft divergences.
A soft-collinear factorization is known to occur for non-abelian theories, particularly at
eikonal limit within the framework of soft collinear effective theory (SCET) Ref. [37,38].
A generalization of the similar factorization using an exact analysis (without going into
eikonal limit) for both zero and finite temperature is rather challenging and intriguing, but

again is beyond the scope of this thesis.
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Appendix A

Feynman rules at finite temperature

We list down the Feynman rules of the relevant theories at finite temperature, for ease of
accessibility here. All the Feynman rules have been written down using a metric conven-
tion, where g" = n*” = diag(1,-1,—1,—1). We have used the real time formulation
of thermal field theory, with the symmetric choice of contour, to specify the concerned
Feynman rules. All the Feynman rules also have been expressed at zero chemical potential.
And, the factors 1, #, refer to the thermal types of particles at vertex a and b respectively,

thus 7,, 1, = (1, 2) depending on the particular thermal type.

A.1 Feynman rules for the propagators

The thermal scalar propagator for a particle of mass m, and momentum p is given by,

sy 270 Voo L
iS™"(p,my) = +2m6(p”—myz)Na(|p"]) . , (A1)
0 A*(p) elr’1/(21) 1

where A(p) = i/(p* — mj + ie), and Ng(|p"|) is the distribution function for bosons,

1
exp{|p°|/T}-1"
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The thermal photon propagator in the Feynman gauge can be written down as,

(D) (k) = —g"'iD"" (k) (A3)

where £ is the photon momentum and

B A(k) 0 , . 1 £k°1/(2T)
iD"i(k) = + 276(k*)Ng (I&"]) . . (A.4)
0  A*(k) eK°1/(2T) 1

Here A(k) = i/(k*+ ie) for the massless photons, and Ny (|k°|) is the distribution function

for photons. Therefore,

{[D*] (k) = —g"iD" (k) = —g" i§ "I (k, 0) . (A.5)

The thermal propagators for fermions with mass m; and momentum p can be expressed

as,
oo 1 e(po)elpol/(QT)
iF " (p,my) = = 21F'5(p* = m)Ne(Ip°))
0 Fr _e(po)elpol/(QT) 1
F' G7!
=ppamp| 7|, (A.0)
—-G-! F;—l
p

where F = i/(p—my+ie),and F’ = (p+my). From the above expression it can be noted
that the full fermion propagator is proportional to (j + my). Here, Ne(|p°l) corresponds

to the distribution function for the fermion,

1

0 =
NelP) = oty 1

(A.7)
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A.2 The interaction vertex factors

All possible allowed insertion vertices for a theory of fermions and scalars interacting with
photons have been shown in Fig. A.1. For the fermions, only trilinear (fermion-photon-
fermion) insertion is allowed. For the theories involving scalars, in addition to trilin-
ear (scalar-photon-scalar) insertion vertices, quadrilinear seagull (scalar-scalar- photon-

photon) insertion vertices are also allowed.

H H K v
4>—L>; ————*———é———-»———— ————-»-—j}e)—)——-b-———
p P’ P P’ P P’
a. Trilinear Fermionic Vertex b. Trilinear Scalar Vertex ¢. Quadrliniear Seagull Vertex

Figure A.1: All possible allowed insertion vertices for fermions and scalars interacting
with photons.
We note that all particles at a given vertex must be of the same thermal type.

The fermion-photon-fermion trilinear insertion vertex has a contributing factor

(—iey,)(=1)*!, where t, = 1,2 according to the thermal type (type 1 or 2) of vertices.

The scalar-photon-scalar trilinear insertion vertex has a contributing factor
—ie —1)%*", where p, an are the four momenta of the scalar entering an.
e(py + p,)|(=1)¥*", where p, and p;, are the fi ta of the scalar entering and

leaving the insertion vertex.

The scalar-scalar-photon-photon quadrilinear seagull insertion vertex has a contributing

factor [+2ieg,,](—1)%*1.

Note the difference in the overall relative sign of the trilinear and quadrilinear interaction

vertex contributions.
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Appendix B

Generalized Feynman’s Identities at

finite temperature

The propagator identities: From the propagators expressed in Eq. A.1, Eq. A.4, and

Eq. A.6, we observe that,

(P —my) iF™“"(p,my) = (P —my) inia’th = i(_l)(tﬂﬂ)@m, ,

(p* = m2) iS™" (p.my) = (p* = m3) iS" = i(~1) s, , . (B.1)

We have written down the momentum dependence of the propagators in the subscript,

which is in accordance with all our previous discussions.

The generalized Feynman identities at finite temperature: We will start with the con-

tribution of n' order process in a relevant theory. According to the GY prescription, after
choosing uniquely the special hard vertex which separates out the initial and final leg, sup-
pose the outermost incoming particle on initial leg has momentum p and the outermost out-
going particle on final leg has momentum p’ associated with them. All the already existing
virtual photon momenta on the p (p”) legs are considered to be all incoming(outgoing) with

momenta /;(I!). According to this notation, the momentum of propagator to the lefi of the
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g™ vertex on the final p’ leg becomes (p’ + X7 I) = (p’ + %,); and the momentum of

propagator to the right of the j vertex on the initial p leg reads (p + E{Zl L)=(p+%)).

Generalized Feynman identities for fermions : For insertion of u vertex of K photon
having momentum k in between ¢ — 1 and ¢ vertices on final p’-leg, and of similar v
vertex insertion between j — 1 and j vertices on initial p-leg for a fermionic theory we

have respectively the generalized Feynman identities

1)
ty-1.ty luly . ( _ )(t;x+ [ -1ty ta-10lg ]
Fp'+2,,,1 ka'+Eq,1+k - 1 6%% Fp'+2q,1 6%&;—1 Fp'+2q,1+k :
1jty Fh (v+1) [ 1jtj-1 1itjo1 ]
p+Ej- H—kk i ( 1) 6%1/ Fp+2,,1 5tv¢./—1 Fp+2,-,1+k : (B.2)

We produce the explicit derivation of the first generalized Feynman identity as shown
below after using Eq. B.1 for fermionic case,

tq 1l k ’u 1y
PJrE 17T Stk

Foist |+ Lo+ kmmp) = (1 + Lo = mg) | F L

_ plg-1slu t/x Iq ’q 1olu tll Iq
F'+Z (l; +Z(1 1+k mf) [)+Eq71+k r+2 1(# +2q 1~ ) P41k
ot ( ) (ta+1) S ( 1)(fu+1) S Flita
/+Eq 1 tusty by, tg-1 [J'+Eq71+k
’q Llq ( ) (tu+1) 5 _ ( _ 1)(fu+1) s th,l,t,,
/+Eq 1 tu, g s tg-1 [7'+qu1+k
(tu+1) ty_1.t, t 1.t
— (| _ q-15lq _ q-1-lq
= (=) S oS = 0 Fps ] (B3)

The second identity of Eq. B.2 for insertion on initial p leg also can be evaluated similarly.
Now, for the cases of u insertion being to the right of the vertex number ‘1’ on the final
p’-leg, and v insertion being to the left of the vertex number ‘1’ on the initial p-leg for a

theory of fermion, we have,

u(p'KF = (=1)V6,, a(p')

Fyku(p) = (=1)"96,, u(p) (B.4)
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where in the above expression p'u(p’) = mysu(p’), and pu(p) = myu(p) have been

applied to obtain the result.

Generalized Feynman identities for scalars : For insertion of u vertex of K photon hav-
ing momenta k in between ¢ — 1 and ¢ vertices on final p’-leg, and of similar v vertex
insertion between j — 1 and j vertices on initial p-leg for a scalar theory we have respec-
tively the generalized Feynman identities

fy-1,1, , ot (1u+1) to_1,t, fy-1,1,
S pesy [(2p 2%+ k) ' k] S pes ik = ( - 1) [6@,,qu‘1+2;1 - 5fw'q—1Spq'+EZq+k] ’

S [ 2p 25 k) kS = (= 0) 7 o S = s

(B.5)

We produce the explicit derivation of the first generalized Feynman identity as shown

below after using Eq. B.1 for scalar case,

§ la-1olu [(QPI +2%,4 + k) ) k] S fmta

p,"l‘zq—l P’+Zq—1+k
-1, ’ 2 ’ ’ 2 )l
=S [(p +Zg1) +2(p + ) k+ K=y = (P Tga) Fmy| Sl

tg11 , 29 , 2 2| | ¢ et
=S5 [{(1’ +3g) - m¢} - {(p + 3 - m¢}] Sy

_Stq,l,tu ( ,+2 )2—m2 St#,zq _Stq,1,t# ( ,—f—E )2—m2 Stwtq
=V pis,a P q-1 $(° p4S,a+k P pan, |\P q-1 ¢ [ p+5, 14k

_g 1g-1,1y (_ 1)(fu+1) s _ ( _ 1)(t/4+1) S S tuly
T PP +Sa Tus1q s lg=1 p' 4+ 3, 1 +k
_ glnly (_ 1)(fu+1) 5 — ( 3 1)(fu+1) s g la-1s
TN S Tus tq lus1g=1° pr 430 +k
(tu+1) ty_1,1, to1,t
[ _ q-1.1qg q-1>1q
- ( 1) [6’#’111510’-&-2,,,1 6’wtq—1Sp’+Eq,1+k] : (B6)

The second identity of Eq. B.5 for insertion on initial p leg also can be evaluated similarly.
Now, for the cases of u insertion being to the right of the vertex number ‘1’ on the final

p’-leg, and v insertion being to the left of the vertex number ‘1’ on the initial p-leg for a

193



theory of scalar, we have,

[(2p" + k) . K] S%:k = (-1, .,

St l2p+k) .k = (-1)* V6, ., (B.7)

2

where to obtain the above equation p® = p* = m;, has been used.
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