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PROLOGUE: SM & MSSM

SM
Complex scalar doublet (4 DOF)

I:: 3 DOF transform into longitudinal modes of W=

Neutral Higgs boson

Yukawa coupling between Higgs field and fermions

—» Masses to fermions
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PROLOGUE: SM & MSSM

SM
Complex scalar doublet (4 DOF)

I:: 3 DOF transform into longitudinal modes of W=

Neutral Higgs boson

Yukawa coupling between Higgs field and fermions

—» Masses to fermions

MSSM
Requires 2 Higgs doublets

neutral h, H, A
—» 5 physical Higgs bosons I::
charged H~

h,H:CP even
A :CPodd

& 4



PROLOGUE: STATE OF THE ART

CP even

Inclusive production cross section at N*1.0O QCD

[Anastasiou, Duhr, Dulat, Furlan, Herzog, Mistlberger]

CP odd

Inclusive production cross section at NNLO QCD

[Harlander, Kilgore; Anastasiou, Melnikov]
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CP even

Inclusive production cross section at N*1.0O QCD

[Anastasiou, Duhr, Dulat, Furlan, Herzog, Mistlberger]

CP odd

Inclusive production cross section at NNLO QCD

[Harlander, Kilgore; Anastasiou, Melnikov]

What is next?
Go beyond NNLO for CP odd!

requires _— Our GOAL
ﬁ 1. Virtual CorrectioEat3/-loop/

2. Real corrections at N°LO




PLAN OF THE TALK

¢ Underlying Theory

¢ Defining Form Factors

<& Calculation of FF

 Feynman Diagrams

e Prescription of V5
o IBP & LI: Master Integrals

e Unrenormalised Results

¢ UV Renormalisation
o Coupling Const Renorm

e Operator Renorm

¢ Universal Structure of FF
e Determining Oper Renorm

¢ Axial Anomaly



UNDERLYING THEORY




LLAGRANGIAN
Original Theory

Pseudo scalar couples to quarks through Yukawa

LA — gvc (mt¢t75wt Z mz¢275wz)

gc = coupling constant, depends on specific theory
V= vev= 2 iG,’
m¢ = top quark mass

d4 = pseudo scalar field
Y = top quark field
n; = no of light quarks = §



EFFECTIVE LAGRANGIAN

Eftective Theory

e g. = cot 8 in MSSM

* In tan 8 — 1 top quark loop dominates

[Chetyrkin, Kniehl, Steinhauser and Bardeen]

 Simplifications occur if ma << 2my

» effective theory by int out top loop

Lo = oA |

» massless QCD

CG Og

3

ZCJOJ_

~ _ v
Oc(x) = GL"Gapv = €po GG

1
Ca = —asﬁ G 7.cotf3

3

OJ:_ {CLSCF (5—31n

Oy(x) = 0, (V" y51)

2 2
>+a§0§)+-~-]cg
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FEYNMAN RULES

Vanishes

}

# Difterent from scalar Higgs
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UNDERLYING THEORY

v

DEFINING FF
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DEFINING FORM FACTORS

Form Factors

| LOOP correction to ng/q(j—molor neutral particle

S
Our Interest  QCD Pseudo-scalar
GOAL gluon FF quark FF

at 3-loop
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DEFINING FORM FACTORS

Recall

Our Strategy

Existence of 2-operators

Calculate FF for individual operators

» Later we will combine
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DEFINING FORM FACTORS

Gluon FF
Corresponding to ()~

Q%> o), Ao @ K 2 2G.2) | 3 Q° b 3 7G,(3)
=1va () A0 va () s va (GG) S0
G(0) 4G, (n)
Eng T Mg M)

(Mg M)
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DEFINING FORM FACTORS

Gluon FF

Corresponding to () ;

2
!
_ TJ
= F:

~GL(0 ~J,(n+1
o (MO Ay

(Mg My )
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DEFINING FORM FACTORS

Quark FF

Corresponding to () ;

2

v
_ TJ
= F;

(MO ™y

(M| Mg?)
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DEFINING FORM FACTORS

Quark FF

Corresponding to ()

~J, (0 ~GL(n+1
o MO MG

(MM
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GOAL

Calculating

@ and

at 3-loop level

J G
Fq ‘Fq

\/J
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UNDERLYING THEORY

v

DEFINING FF

v

CALCULATION OF FF

20



FEYNMAN DIAGRAMS

[P. Nogueira]

1586 MG ) type

447 e <{§§: type
244 MPE) <§z§ type

400 M) @ type
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Y5 PRESCRIPTION

* Color simplification in SU(N) theory
in-house codes

* Lorentz & Dirac algebra in d-dimensions

* What about /5 & Spvpo ?
» inherently 4-dimensional

» problem of defining in d (# 4) dimensions

{757 ’VIUJ} # 0

['t Hooft and Veltman]

Treat in d-dimensions .



Y5 PRESCRIPTION

Problem
Chiral Ward identities fails to hold

¥

Finite renormalization of axial current is required

Remedy

[Larin]

Will come back to this
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IBP & LI

* Removing unphysical DOF of gluons

1. Internal: Ghost loops
2. External: Polarization sum in axial gauge

e Results

Thousands of 3-loop scalar integrals!

IBP & LI identities

[Chetyrkin,Tkachov; Gehrmann, Remeddy]

LiteRed

[Lee]

22 Master Integrals (topologically different)

24



MIS

Master Inte grals [Gehrmann, Huber & Maitre ’05;

Gehrmann, Heinrich, Huber & Studerus '06;
Heinrich, Huber & Maitre '08;

Heinrich, Huber, Kosower & Smirnov ’09;
Lee, Smirnov & Smirnov '10]

- 00 OO0

-OCO- -0 <) ) <1 <<

L < L
<« < < <4

Unrenormalized 3-loop FF in power series of € (d =4 + ¢)
25
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UNDERLYING THEORY

v

DEFINING FF

v

CALCULATION OF FF

v

UV RENORMALIZATION
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CouPLING CONS RENORM

e Dimensional Regularization

d=4+ ¢

* Coupling Constant Renorm

2\ €/2
A S, = ('u—2> Lo Qg
KR

2 4 1 8 14 2
Za, =1+4as |=Bo| ta; |58+ =P +as | 580 + 5P+ B2+
€ € € € € 3€

Bi QCD beta functions
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OPERATOR RENORM

* Overall Operator Renorm

O¢g & O requires additional renorm

v

Oclgr = Zcc |Oclg + Zas |04 p

[OJ]R — Z5SZ;45 [OJ]B

¥ O mixes under renorm

+ Finite renorm Z; ge==)) 75 prescription

28



OPERATOR RENORM

't Hooft & Veltman Prescription

{’757 /ylu} =0

Chiral Ward identities

Violated in d-dimensions

» Fails to restore correct renorm axial current

1

JE = Yyt yseh = @5“’/1”2”315%1 Yoo Vv ¥

» Introduce finite renorm const Z:

o o VBln= 23255 U,
A Q 00l = 27255 00,

[Larin]
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RENORM FF

Corresponding to |O¢|r
[OG]R = 4GG [OG]B + ZaJ [OJ]B
S5 = ZGG<M§’(O)|M?> + ZGJ<M§’(O)\MQJ>

S¢ = Zaa(MPONMEY + Zg (MO IM)

3-Loop
G Sy — G, (n)
- g S n s\ T S
Fln= gom =1t o [FP]
g n=1
S& =
il — 1 =1+ a” | FG ) o
[ q}R CLSS(f’(l) o { q }R n =2
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RENORM FF

Corresponding to |O | r

& [0ils= 225510415

J _ r78r7s G, (0 J
J _ r78r78 “1J,(0 J
SJ
.FJ — g —
[ Q}R aSS;,(l)
J
[F;]R: fq(()) o
i S |

3-Loop
n =2
n =3
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RENORM FF

Operator renorm is expressed as matrix

(00) (% 7))
w
Zij

with Zijc =0
Ly =2r

S
ZMS

Og
O

).

32



How do we determine Z; j?

Universal Structure of FF

33



UNDERLYING THEORY

v

DEFINING FF

v

CALCULATION OF FF

v

UV RENORMALIZATION

v

UNIVERSAL STRUCTURE OF FF
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KG

QCD Factorization, Gauge & RG invariances

1 A MR Q’ /ﬁ%z _
Q dQ2 IDFB(CLS,Q :u ) 5 Kﬁ( 7;“ )_I_GB( MvauQvE)_
# K :polesin€
* Gg . finite in €
RG invariance
y 102 q Q% 112
2 A~ MR 2 A/ A R A 2
% — K (a87—7€) — M — G (asa ) 76) —A (CLS(M
Hdpz, P 2 Rdp2, =P 2 2 pRTENTR

+ A3 :cusp anomalous dimensions

o a4

5=, Aq : maximally non-Abelian



KG: SOLUTION

SOlutlon to Order by Order [Moch, Vogt, Vermaseren; Ravindran; Magnea]

B @it = Yt (L) 8300

A 1 1 1 11
220 = 5{B1 } + 5{ - 542 - BGu (0} + — {52209
. 1 ¢ 8 1 (2 3 4 )
L3ale) =={ = 58348, } + S{5604%1 + 5heAb + 363G, (0)]
L ¢ 2 1 4 11 )
t5{ = 24, - SBIGR(E) - G0} + —{5Gha0)}
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KG: SOLUTION

Solution to order by order

with
22,1(5) — €L2
A 1
52,2(6) — 3
A 1
52,3(6) — 1

[Moch, Vogt, Vermaseren; Ravindran; Magneal]

o0 2 z% o
In F3 (as, Q% 1%, €) = Y al (%) SLL3 i (e)
1=1

1

T P R P < O] R AN O).

(

\

8 1 (2 4 )
\—55314?3,1}4‘6—3{55114 1T 5014 2+353Gg,1(€))>

2 1 11 )
— 5 AY s — 351G () - gﬁo%(e)} + {56400

€

All the poles, except single, can be predicted from previous
order

37



KG: SINGLE POLE A1LSO PREDICTABLE

3—LOOP results Of FF [Ravindran, Smith, van Neerven; Moch et. al.; Gehrmann et. al.]
Ak

Gsa(6) =2(Bg1 —v51) + f5, +Z€k95,

Gh2(6) =2(B3o—732) + f32 = 250 951 +Z 95

k=1
G33(€) =2 (Bhs —753) + [53 — 261951 — 260 (95 > 1+ 26093 )

38



KG: SINGLE POLE A1LSO PREDICTABLE

3-Loop results of FF

[Ravindran, Smith, van Neerven; Moch et. al.; Gehrmann et. al.]

Mk
ngl(e) = 2 (Bf},l — 7§,1) T fé\,l T Z€k95,1

G3o(€) =2(Bjo—752) + fa2 —
A A A A
Gss(e) =2 (B53—53) + 53—

o
+ ) gy
k=1

2619 — 260 (gﬁ 5+ 260957 )

* B}, :collinear, 75, :UV, f3; :soft
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KG: SINGLE POLE A1LSO PREDICTABLE

3-Loop results of FF

G%,l(e) = 2 (Bf} — 72,1) T fé\,l T Z ekggj'f
k—l
Gg,z( ) = Q(Bﬁz 7[32) +fﬁ2 20609 51 -I—z -
k=1
Go(0) = 2 (Bl — 1) + Fla — 2rgt — 260 (
Y0 ekl
k=1

* B3, : collinear, 72‘,2- .UV, [z, :soft

+ 2009

2,2
8,1

)

[Ravindran, Smith, van Neerven; Moch et. al.; Gehrmann et. al.]
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KG: SINGLE POLE A1LSO PREDICTABLE

3—LOOP results Of FF [Ravindran, Smith, van Neerven; Moch et. al.; Gehrmann et. al.]
oo
A A A A W
Gﬁ,l(e) =2 (Bﬁ,l - Vﬁ,l) fﬁ,l Ze 95,1
k=1 o0
A A A A Al kE Ak
Gh2(€) =2(Bjo —752) + /52— 2Bog57 + Z € 98,2
k=1
A,
Ak
+ ) €95
k=1

* B3, : collinear, 752 UV, fa,:soft
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KG: SINGLE POLE A1LSO PREDICTABLE

B—LOOP Ire Su1ts ()f FF [Ravindran, Smith, van Neerven; Moch et. al.; Gehrmann et. al.]
o
A A A A k. M\k
Gp1(6) =2(Bs1 —v51) + /51 + ZG 9s,1
k=1 00
A A A A A, 1 Mk
G3a(€) =2(Bjo —752) + f32— 280951 + ) € g5l
k=1
A A A A1 Al A2
Gsa(€) =2 (B33 —5,3) + 53 — 261951 — 250 (95,2 + 2509&1)
O
Ak
+ )"
k=1

#* Slngle p()le can also be predl(:ted! [Ravindran, Smith, van Neerven]
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KG: SINGLE POLE ALSO PREDICTABLE

3_LOOP results Of FF [Ravindran, Smith, van Neerven; Moch et. al.; Gehrmann et. al.]
O
A A A A E Ak
Gi1(e) =2 (Bg1 —v5.1) + f31 + Q€951
k=1

Gho(€) =2 (B3 —V32) + f32 — 260957 + Z 9575
A,
Gha(0) =2(Bja—3s) + fa — 281951 260( +2809%7 )
k Ak
+ ) €95
k=1
| b . A A
* Bj,:collinear, v5,;:UV, f5, :soft

* Single pole can also be predicted!  iravinaran, smith, van neerven

Xk
* Explicit computation gives 93’;
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KG: UNIVERSALITY OF /7

C'4 .
* ng,z — C_F q)\,z 1 = ]_7 2’ 3 [Ravindran, Smith, van Neerven]

» f é‘z . universal

# Extract 73, from poles of FF since A, B & f arw

A, B & t are same which appear in scalar and vector FF

» known up to 3-loop level

44



DETERMINING Z;;
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S
DETERMINING %4375

Recall
J SBJ S r7s
[FB}R = J,(l) Z Z 'Fﬁ
aSSﬁ

KG

Consider unrenorm 73 == calculate UV anomalous dimen

7 } Vo =", Asexpected
Fg vy 1=1,2

44 10
WBJJ = () V@J,z — CACF{ 3 } C’an{ ; }
3578 22 26 208
%’?’ZCE‘CF{ 27 } CF”f{ 3}_CF”?{E} CACF{ 3 }
149
om0
+ CaCFpny o .



S
DETERMINING Z7;5

J
73 ; N
o 2 (e i) = 3 alo?
'uR =1

=1 foncr{ - B« cong{ - 2] s tfencs (- 28 )

14 0 52 616 88 298
+CF”f{9e}+CF”f{27e 816} CACF{g }+CACF"f{_2762_EH
Q Overall operator renorm const of [OJ]B

Agrees with existing results: different methodology i

[OJ]R — Zng‘zS [OJ]B
~—__» Finite renorm can’t be fixed in this way'

107 31
9 CACp + — C’an}

77 =1+ as{— 4CF}—|—CZ {QQCF oy,
arlz



DETERMINING Z;;

Recall
[‘FQG}R = SG?(()) — ZGGFQG + ZGJF; < J | J >
g

G, (0 G, (0
(Mg MO

8¢ ZaaFEMG M) + Zas B M M)

CI]R_ G,(1) J, (0 G, (1 1 J, (0 J, (0
asSq as {<Mq( )‘Mq ( )> T Z(G}<Mq( )‘Mq( )>]

Consider Z;/[F§ |k
w= Effectively treat as unrenorm FF

Z .
== However, this involves ZGJ with bare FF
GG

) Requires parametrisation of Z;; in terms of
anomalous dimensions

s Non-trivial due to operator mixing! .



DETERMINING Z;

Introduce 7ij

2 1 1 1 8
gy = Qg A s {E%j,l} +a? {6—2{2/30%'3‘,1 + 2%k,1”/kj,1} + Z{%j,QH + a? [6—3{§58%j,1
4 1 4 4 2
‘F450ij7hyl+“§7%Jﬂ%hfﬂ$1}4‘gj{gﬁf%@l*‘gﬁdﬂﬁQ*‘gV%ﬂﬁ%@Q

+iuansn}+ s}
377,k,2’7k3,1 c 37’&3,3

* Recall Z,; = 25755 q YJJ,i i=1,2

107 31

€ dependence is uncommon but crucial!
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DETERMINING Z;;

* Recall Zjg =0 * Y7 = U to all order

_ . 1[G
* With this parametrisation of Z;; , consider Z.:|F5r

ZealFy R K—G> (VGGG J,i)
e | | }Solve coupled linear

eqns

KG
Zoo FolR = ilGleleRTXales )

ﬁ YGG,i & VGJ,i i=1,2,3

50



DETERMINING Z;;

Findings
11 2 2857
[0~ ] i3k~ s 20 20
YGG G[SCA Snf]+a[3CA 3OAnf Crng| + aj =1 C5—
1415 205 79
7 CAnf— CACan+Can+ 4C’An?c+§CFn?]

— Agrees with existing O(a?) by Larin

S

284 8 1607
S [ _ 1204 a2 [ — 5-CaCr +36C% + §Cpnf} + g8 [ - ——C4Cr
164
-+ 4610ACF — 1260F — —CACan + 214Can -I— C’an a QSSCACanC;g

— 288C2n fgg]

Agrees with [Zollgq



DETERMINING Z;

Findings

Results of Yij uniquely specifies Zi;

—> Zaoa & Zayg up to O(a?)

With these we compute renorm FF

52



UNDERLYING THEORY
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DEFINING FF

v

CALCULATION OF FF

v

UV RENORMALIZATION

v

UNIVERSAL STRUCTURE OF FF

v

AXIAL ANOMALY
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AXIAL ANOMALY REILATION

Axial Anomaly
OJ]g = as [OG]

l RG Invariance

n

YIJ = - YGG T as_f’YGJ
Qg 2

Our results are in agreement with this in € — ()

\) Crucial check
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APPLICATIONS

e Soft-virtual cross section at N°LO

and
Threshold resum cross section at N°LL

[TA, Kumar, Mathews, Rana & Ravindran]
[arXiv:1510.02235]

* For total inclusive production cross section, it is an
important ingredient.
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http://arxiv.org/abs/arXiv:1510.02235

FINAL REMARKS

* Pseudo scalar FF at 3-loop QCD have been computed

* In dimensional regularization, 't Hooft-Veltman
prescription for V5, which requires finite renorm.

* By exploiting universal IR structure . independent

determination of operator renorm constants.

* An important ingredient to precision theoretical and
phenomenological study:

* Immediate applications: N°LOgy & N3LL
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Thank you!



