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4 Frangois Englert, Peter Higgs
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Physics 2013
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Frangois Englert Peter W. Higgs

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert and Peter W. Higgs "for
the theoretical discovery of a mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at CERN's Large Hadron
Collider”
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The Standard Model (SM)

A Note on Units

@ Natural Units: Velocity of light c =1
o E=mc? = Measure Energy (E) & Mass (m) in GeV

Eg: Proton mass m, ~ 1 GeV
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Introduction
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The Standard Model (SM)

A Note on Units

@ Natural Units: Velocity of light c =1
o E=mc? = Measure Energy (E) & Mass (m) in GeV

Eg: Proton mass m, ~ 1 GeV

Standard Model (SM) of Particle Physics

Physics operating at A ~ 107" m distance scale

How did we construct the SM?
e Low energy precision experiments

e High energy particle accelerators

o Create new particles (E = mc?)
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The Standard Model (SM)

The Building Blocks

[particleadventure.org]
matter constituents

FERMIONS  spin = 172, 3/2, 5/2

force carriers

BOSONS spin =0, 1, 2,
/—\

Electric
charge

Mass Electric
Name 0 N Mass Electric
2 ame
S - GeVic charge
Y 0 0
€ electron 0.000511 . -1/3 photon

W heskinos ((0.009-0.13)x10-2 I 23 W 80.39 4
&) muon 0.106 @ s | 0. wt o o
Vil nesting | (0.04-0.14)x10-

Yy eiieste (0-0.13)x10-° X 23

91.188

T tau 1.777

Added Higgs in 2012

Baryons qqq and Antibaryons qqq Mesons qq
Baryons are fermionic hadrons. Mesons are bosonic hadrons
‘These are a few of the many types of baryons. ‘These are a few of the many types of mesons.
P | proton | uud 1 0938 |12 a+ | pion | ud +_ | 0140 | 0
P |antiproton| wud -1 0938 |12 K- kaon s -1 0494 | 0
n | neuron | wdd | 0 0940 | 112 o tho ud +1 | 0776 | 1
A | lambda | uds 0 L1116 | 172 B” | Bzero | db 0 5279 | 0
Q| omega | sss | - 1672 | 312 Ne | ewmc | e 0 |29 [0 S&;
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The Standard Model (SM)

Particle Physics Theory framework

@ Special Relativity

® Quantum Mechanics Lorentz Invariance

® Space-Time Symr_netries @ 4-dimensional Space-Time
@ Internal Symmetries o F — mc?

o Gauge Symmetry
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The Standard Model (SM)

Particle Physics Theory framework

@ Special Relativity
o Quantum Mechanics Uncertainty Principle
@ Space-Time Symmetries ApAx = fi
@ Internal Symmetries AEAt> f
o Gauge Symmetry Virtual Particles
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The Standard Model (SM)

Particle Physics Theory framework

Implies

Special Relativity el

Quantum Mechanics

S Ti S i @ Translation symmetry =
pace-1ime Symmetries Momentum Conserved
Internal Symmetries :

@ Rotation symmetry =

e Gauge Symmetry Angular Momentum Conserved
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The Standard Model (SM)

Particle Physics Theory framework

Special Relativity

Quantum Mechanics

Eg: Electromagnetism : U(1) Invariance

Space-Time Symmetries

Internal Symmetries @ Charge Conserved

e Gauge Symmetry
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The Standard Model (SM)

Particle Physics Theory framework

Special Relativity

Quantum Mechanics Dirac: Matter <+ Anti-matter
Space-Time Symmetries

@ electron <> positron

Internal Symmetries @ proton <> antiproton

e Gauge Symmetry



Introduction
[ee]eY To)

The Standard Model (SM)

Form of the Theory

@ Specified by the Lagrangian L=T — V
(T is Kinetic Energy, V is Potential Energy)

@ Eg: Harmonic Oscillator :  L(x,%X) =T -V = %m>'<2 - %kx2

@ Relativistic Quantum Field Theory formulation

o Symmetries dictate form of L : Group Theory
Demand invariance under Group Transformations:
Eg: Lorentz Group SO(1, 3), Unitary Group U(N), Special Unitary Group SU(N), ...
@ Eg: Quantum ElectroDynamics (QED) is a Gauge Theory

0 L =iyt (0y — ieAu)) — mep) — TFPYFuy 5 Fuu = (94A0 — 8uAy)
Invariant under U(1) transformation:
¥ — e, A, — A, — id.a for some a(t, %)
If a is a function of x = (t,X) it is Gauge Invariance
If a is a constant, it is Global Invariance
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The Standard Model (SM)

Standard Model (SM) theoretical structure

e Gauge Theory, Relativistic Quantum Field Theory (QFT)
o SU(3)c ® SU(2), ® U(1)y gauge group (Internal Symmetry)
e Strong, Weak, Electromagnetic Interactions

Eg: EM (QED) is U(1) gauge symmetry
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The Standard Model (SM)

Standard Model (SM) theoretical structure

e Gauge Theory, Relativistic Quantum Field Theory (QFT)
o SU(3)c ® SU(2), ® U(1)y gauge group (Internal Symmetry)
e Strong, Weak, Electromagnetic Interactions
Eg: EM (QED) is U(1) gauge symmetry

Some Gauge Symmetries Spontaneously broken = Massive Weak gauge bosons

The Englert-Brout-Higgs-Guralnik-Hagen-Kibble Mechanism
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The Higgs Mechanism

Spontaneous Symmetry Breaking (SSB)

SSB : Microscopic laws symmetric, but ground state is NOT

@ Analogy: Spontaneous Magnetization in Condensed Matter Systems

IR I

/'/\/,r//,/v/'//:/'
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[Fig by F. Heylighen]

o Higgs Mechanism in QFT

e L is invariant under Gauge Symmetry, but nonzero Vacuum
Expectation Value (VEV) of Higgs field breaks EW symmetry
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The Higgs Mechanism

The Higgs Mechanism in the SM

LD (DuH) D*H + p?H'H — 2 (HTH)?
Spontaneous Breaking of Electroweak Symmetry

(H) = % (8) # 0 (The E-B-Higgs-G-H-K Mechanism)

@ Give masses to W* | Z  (y massless)

@ Generates fermion masses
Lyuk DO = uQHug — \yQHdr — AeLHeg + h.c.
Under SU(3) ® SU(2), ® U(1)y :

H= (f;) =(12)12

Q= (si) =(3,21/6: ur=(3,1)23

L= (:LL) =12 12: er=(11)-1

@ Complex Yukawa couplings A = CP violation

@ Unitarize WW scattering [Lee, Quigg, Thacker, 1977]
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The Higgs Mechanism

The Higgs Mechanism in the SM

LD (DuH) D*H + p?H'H — 2 (HTH)?
Spontaneous Breaking of Electroweak Symmetry

(H) = % (8) # 0 (The E-B-Higgs-G-H-K Mechanism)

@ Give masses to W*, Z (v massless)

@ Generates fermion masses
Lyuk DO = uQHug — \yQHdr — AeLHeg + h.c.
Under SU(3) ® SU(2), ® U(1)y :

H= (f;) =(1,2)12

Q= (si) =(3,21/6: ur=(3,1)23

L= (:LL) =12 12: er=(11)-1

@ Complex Yukawa couplings A = CP violation

@ Unitarize WW scattering [Lee, Quigg, Thacker, 1977]

But, mass of a fundamental scalar is not protected against getting large
quantum correction. A hint for Physics Beyond the SM



The Road to the Prize

The road to the Prize
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Scientifc Backgeound on the Nobel Peze in Physics 2013

THE BEH-MECHANISM,

PRACTIONS WITH SHORT RANGE FORCES
AND
SCALAR PARTICL

‘Compiled by the Classfor Physicsof the Royal Swedish Academy of Sciences
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The Road to the Prize
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Weak Interactions Saga : The Actors and the Play [Royal Sweedish Academy of Sciences]

The Beginnings

- Fermi (1934): Theory for 8-decay

- C.N.Yang, T.D.Lee (1956) : Parity Violation in Weak Decays

- Marshak, Sudarshan (1957); Feynman, Gell-Mann (1958) : V-A theory
Schwinger (1957): SU(2) gauge field theory

But gauge theory has massless W,,. Contradicts experiment!

Glashow (1961); Salam, Ward (1964): SU(2)xU(1) electroweak gauge
theory

Short range of weak interactions by adding m%, W, W*
Theory Non-renormalizable

Any way to keep gauge invariance, while making W,, massive?
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Weak Interactions Saga : The Actors and the Play [Royal Sweedish Academy of Sciences]

Spontaneous Symmetry Breaking & Goldstone Theorem

- Y.Nambu 1960 : BCS theory of Superconductors

Non-relativistic gauge theory formulation of attempts by Anderson

(1958) and others
Chiral fermions global symm; Vacuum Expectation Value (VEV) to

fermion condensate

spontaneous symmetry breaking (SSB) = massive A,

(short-range force)
SSB: Heisenberg (1928) theory of magnetism

Took it to particle physics, fermion bound state — Massless pion
(massive due to explicit breaking)

- J.Goldstone (1961) : Scalar field ¢ = ¢1 + i¢2 with VEV (¢) # 0

Massless mode ¢> (Nambu-Goldstone Boson) appears
Massive mode ¢ initially not investigated (until Higgs)

- Goldstone, Salam, Weinberg (1962) Theorem

SSB — Massless Nambu-Goldstone Boson!
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Weak Interactions Saga : The Actors and the Play [Royal Sweedish Academy of Sciences]

Massless Mode! Abandon Theory?

- Anderson (1963) : Schwinger’s problem in a model of charged plasma

SSB Non-relativistic gauge theory, argued that there is NO massless
mode!
Hinted that in a relativistic theory the longitudinal mode is the third

component of the massive vector boson.

“We conclude, then, that the Goldstone zero-mass difficulty is not a
serious one, because we can probably cancel it off against an equal
Yang-Mills zero-mass problem”

- AKlein, B.W.Lee (1964) : In relativistic case, argued that Goldstone
theorem can be evaded

criticized by Walter Gilbert 1964 (1980 Chemistry Nobell)
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Weak Interactions Saga : The Actors and the Play [Royal Sweedish Academy of Sciences]

Clarity, ... finally!

- Francois Englert, Robert Brout (1964)

motivated by Schwinger's work; but took specific model of gauge
theory with complex scalar field

Gauge invariance dictates W,,0" ¢ term after SSB

Massive W,, in Gauge invariant way, so renormalizable

Massless ¢» not physical, becomes longitudinal W !

Resolution of the puzzle!
- Higgs (1964)
In a gauge theory massless ¢> problem not there
Same model as Englert, Brout, shows ¢ is massive, studies its

properties; So, called the Higgs Boson
In SU(3) gauge theory incorporates massive W,, and massless A,
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Weak Interactions Saga : The Actors and the Play [Royal Sweedish Academy of Sciences]

More Clarity

- Migdal, Polyakov (1966) : In the Soviet Union, in a strongly coupled
theory shows that the massless mode is not physical

- Guralnik, Hagen, Kibble (1964); Higgs (1966); Kibble (1967): further
clarify SSB in NonAbelian gauge theories

- Weinberg (1967) : puts everything together and proposes the SM
(leptons)

- 't Hooft (1971); 't Hooft, Veltman (1972) : shows that above
construction is Renormalizable



The Higgs Discovery

HIGGS BOSON EXPERIMENTAL DISCOVERY

%



The Higgs Discovery
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Accelerator Basics

Accelerators as microscopes

Optical Microscope (A ~ 0.6 um )
Electron Microsope (A = 0.2 nm)

Particle Accelerator (A =~ 1/E) (E is Beam Energy)

@ LEP (CERN, Europe), Tevatron (Fermilab, USA): E ~ 100 GeV , A~ 107 1m
@ Large Hadron Collider (LHC - CERN, Europe): E = 14000 GeV, A~ 10"¥m

~
.
~
N



The Higgs Discovery
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Accelerator Basics

Accelerator schematic

RADIOTFE CH NG Y CAVTTY

BEMOING MAGHE Y

FOCLSING VMAGRE T
-

BUELTION
b

Accelerator Animation
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The Higgs Discovery
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The LHC

The Large Hadron Collider (LHC)

Discovered the Higgs. Continue searching for more ...
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Higgs at the LHC

Higgs Production @ LHC

LHC is a p — p collider

p contains partons: g, u,d,u,d,...
=__ V5

T V5=14Tev

Parton momentum is fraction of v/S :

parton distribution function (pdf)

X
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Higgs at the LHC

Higgs Production @ LHC

LHC is a p — p collider

p contains partons: g, u,d,u,d,...
=__ V5

T V5=14Tev

Parton momentum is fraction of v/S :

parton distribution function (pdf)

X

pp — h—~y @LHC
o(gg — h) r(h— )




Higgs at the LHC

LHC Higgs

Measurements

10000)

Events / 2 GeV

ATLAS

®  Data2011+2012
SM Higgs boson m =126.8 GeV (ii

Bkg (4th order polynomial)

Hory

\s:ﬁTcVILd(:EOHb’

Events - Fitted bkg

FRA )

=3 0
m,, [GeV]

The Higgs Discovery

oe

-+ G(stat; H
ATLAS E )) Total uncertainty
o(sys]
my, = 125.5 GeV +
H oftheo) | T 10 0NL
Ho +0.23
n _ o [£021 —
H= 19902 10.15 i
o5
Lowp n=161+03 -—+—-‘
Highp,, w=1 7‘52 +0.5 |—|—‘<
et High e |
mass (VBF) H=19, 406 1
VH categories 1 =1 3::? +0.9 '——|_"
H— 2Z* - 4l 033
| 4z [£017 —_—
H=T149 00 4014 i
VBF+VH-iike sli1e |
categories 1= 1205 |'da. I I
Other
categories H=145 |+0.35 5 | ol
H- WW* 5 v [T02!
0095 £021 ——
H=0900 0,12 i
0+1 jet p=08277 11022 .—l— ‘
2 jet VBF p=1477l+05 -—{—-‘
Comb. Hosyy, Zz*, Ww+*0-14
o1 [£0.15 E
W= 155000 so.11 ‘
.0 1 2 3

\s=7TeV JLdt = 4.6-4.8 fb

\s=8TeV JLdt=20.7 fb"

Signal strength (i)

#



Now that all the SM particles have been discovered, are we done?
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Now that all the SM particles have been discovered, are we done?

| don't think so ...
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Outlook
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Why BSM Physics?

Motivation for Physics Beyond the Standard Model (BSM)

Questions left unanswered by the SM

Observational
@ What is the observed Dark Matter?
@ What generates the Baryon Asymmetry of the Universe (BAU)?

@ What generates the neutrino masses?

Theoretical
@ SM hierarchy problem (Higgs sector): Mew < Mp;
@ SM flavor problem: m. < m;
@ Explained by new dynamics?

Extra dimensions (Warped (AdS), Flat)

Supersymmetry
Strong dynamics

Little Higgs o



Outlook
°

Summary

Summary

@ The Higgs Mechanism : “Origin of Mass”

o Gives masses to Electroweak Gauge Bosons, Quarks and Leptons
o Gauge invariance intact, renormalizable

@ Discovery of the Higgs Boson completes the verification of the SM!

@ But SM has shortcomings : BSM resolve these?

@ Observational: DM, BAU, v mass
@ Theoretical: Gauge (& flavor) hierarchy problem

@ Upcoming 14 TeV LHC run may tell us more
@ Stay Tuned!



BACKUP SLIDES

BACKUP SLIDES



Hierarchy problem in detail

LHC (and LEP) tell us that the Higgs boson is light m, = 126 GeV

2
LD %/1,2 HtH — % (HTH) No symmetry protecting the Higgs mass!

h T 3,2
SO
V2

(A is momentum cut-off, say M)
Quadratic divergence in the Higgs sector o



New physics possibilities

@ Belief that some new physics cures these problems
@ Look for these at the LHC



New physics possibilities

@ Belief that some new physics cures these problems
@ Look for these at the LHC

Supersymmetry 56 Yoan 2004
,Yuan,

Extra-dimensions : (Warped or Flat)

[Mandal, Mitra, Moreau, SG, Tibrewala 2011, 13][Agashe, Davoudiasl, SG, Han, Huang, Perez, Si, Soni, 2007, 08,
10] [Cao, SG, Yuan, 2003]

Strong dynamics (Note AdS-CFT correspondence)

Little Higgs
Neutrino mass connection and lepton number violation
[EDM with Triplet Higgs: de Gouvea, SG, 2005]

Dark Matter candidates
[SG, Jung, Lee, Wells, 2008, 09]



Precision Probes of BSM

In addition to Collider probes, New Physics can also be probed in:

@ Precision Electroweak Probes (S, T, Zbb)
@ Flavor Changing Neutral Currents (FCNC)

o K°K® mixing, b— sy, b—sttt~, b—sss, K—mvp
,b—T1UX, ..
o Relaxed with flavor alignment : MFV, flavor symmetries

o (g—2),, EDM, ..

Generally result in bound : Mpgsp 2 few — 100 TeV



Summary of CMS SUSY Results* in SMS framework SUSY 2013

gluino production

squark

stop

sbottom

CMS Preliminary

For decays with intermediate mass,
m =M (L0,

\ntermediate "mother

EWK gauginos

slepton

!
800 1000 1200 14

0 200
*Observed limits, theory uncertainties not included Mass scales [GeV]

Only a selection of available mass limits

Probe *up to* the quoted mass limit

u]
8
I
i
!

o>



LSP mass [GeV]

tt production

400

350

S Preliminary
Fls=8TeV
Esusy 2013

—— SUS-13.004 O-epe1-ep (Razor) 19.3 10 - X))

— Observed

--- Expected

F — susi3011 tiep eptome stopios - 1)

E — 5US-13.011 1ep (eptonic stop)195 1o (- b ¥, x=0.25)

e
400

100 500 600

700

80

8

stop mass [GeV]

LSP mass [GeV]

g-g production, g tf?:

CMS Preliminary = sus12024 oiep (74, 19015’

= 5US- 13004 0r1ep (00 193107

fe=8Tev e
Nov 2013 — SUS13.013 24ep (55+0) 195 bt

- = SUS'13.008 34ep (340) 195 0

served
Observed -1 G35,

-

- --Expected

600 700 800 900 1000 1100 1200 1300 1400 1500
gluino mass [GeV]

ci
900

MS Preliminary
T T

Vs=8Tev,L =1951"
T T T

800

my [GeV]

600
500
400|

—pp - XK. vl F) — Observed limits

— o - X i)
— - KK waly

— o - K% i)

3 TR ey

— - B - oibow
SUS-13.006
SUS-13017

M

I I L L
100 200 300 400 500 600 700 800

m; =0.5m, +0.5my

my = m?; [GeV]



C M S EXOTl CA 95% CL EXCLUSION LIMITS (TEV)

9" (ag), dijet
q* (qW)

q* (@2)

a*, dijet pair
q*, boosted Z
e, AN=2TeV
P A=2TeV

Z'SSM (ee, pp)

Z'SSM (17)

2 (tt hadronic) width=1.2%
2 (dijet)

2’ (tt lep+jet) width=1.2%
Z'SSM (Il) fob=0.2

G (dijet)

G (ttbar hadronic)

G (jet+MET) k/M = 0.2

G (yy) kM = 0.1

G (Z()Z(qq)) /M = 0.1

Compositeness

w’ (v)
W’ (dijet)
W (td)
W= WZ(leptonic)
W (tb) — ‘
WR, MNRoMWR/2 | |
WKK i = 10 TeV
pTC, nTC > 700 GeV =| | |
String Resonances (qg) )
i 09 e | ! ‘
E6 diquarks (qq) )
Axigluon/Coloron (qbar)
gluino, 3jet, RPV |
2 3 4
gluino, Stopped Gluino
stop, HSCP
stop, Stopped Gluino Long
stau, HSCP, GMSB Li d
hyper-K, hyper-p=1.2 TeV Ive
neutralino, ct<50cm
0 2 3 4 5

LQ3 (b1), Q=+2/3 or +4/3, B=1.0

MBH, rotating, MD=3TeV, nED
MBH, non-rot, MD=3TeV, nED
MBH, boil. remn., MD=3TeV, nED
MBH, stable remn., MD=3TeV, nED
MBH, Quantum BH, MD=3TeV, nED =

LQ1, B=05
LQ1, p=1.0
LQ2, B
L@z, p
LQ3 (bv), Q=21/3, p:

stop (bt)

b’ = tW, (3, 21) + b-jet
@, b'/t’ degenerate, Vib=1
b = W, l+jets

B’ - bZ (100%)

T - tZ (100%)

t = bW (100%), l+jets

t = bW (100%), 1+1

C.I. A, X analysis, A+ LL/RR
C.I. A, X analysis, A- LL/RR
C.L, py, destructve LLIM
C.l., pp, constructive LLIM
C.l., single & (HNCM)

C.l., single p (HnCM)

C.1., incl. jet, destructive
C.1., incl. jet, constructive

Ms, yy, HLZ, nED
Ms, yy, HLZ, nED
Ms, Il, HLZ, nED =
Ms, II, HLZ, nED

MD, mono-y, nED
MD, mono-y, nED =

o

‘ LeptoQuarks

1 2 3

4

5

Generation

Contact
Interactions

Extra Dimensions
& Black Holes




Large ED (ADD): monojet + £,

Large ED (ADD] . monophoton + £,
srgo ED (ADD) : ciphoton & dilapton, m
UELD : diohoton < E, ..

S§'Z, ED - dilapton.m

RE1 : diphoten & dilepton.m., .

RS1 - 77 resonance,m,

RS1 . WWN resonance, iy,
Sg_t(BR=0.025) t o lels.m
DD BH (M, IM,=3) - &5 dimuon, L
ADD BH [M,, /M _=3) ! leptans + jets X
Quantum black hole : dijet, F’(m')

1 FOE e

eatan

ATLAS Extra Dimensions Limits (Moriond 2013)

AS Exotice Saarches* - 95% CL Lower Limits (Status: HCP 2012)

T T T 77T LI
=47t 7 TeV H210.4401) 437TeW M 16=2) I

L=4.61b", 7 TeV [1209.4525) 183 Tew Mg G=2)

Led7 1", 7 Tev 1241 1150 BTev M, (HLZ 53 NLO) ﬁzﬁﬁs
(248107 Tal [ATLAS-CONF 2012672 1417w Compart scale R 4
=495 ", 7 TaV [1209.2535] ey W, -R'

L=4.7-5.0 107, 7 T2V [1210.5208] 2207y Giaviion mass (k/Mg = 0.1)

L=1010",7 Ta¥ (12030718 245 Gev. Graviton mass (k/M,, = 0.1)

L=A7 10 7 TeV h208.2360) 123TeV Gravilon mass (k/Mx = 6.1 Ldt=(1.0-13.0) "
Lo 7 1L 7 TeV [MILAS-CONF-2012-13¢] 1.9 Tev mass

o . 4, [526) f=7.8TeV
L=1010". 7 eV 1204.4545) 15TV M, [5=6)

L4710, 7 Tev 1210.1718) antev A, (6-6)



Particle Physics and the Universe

story of the Universe
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CMS Resonances Limits (Moriond 2013)

Z'ssMl )

Z' SSM tau tau
2 ttbar, hadronic, width=1.206 [

L e
2, dijet | )
7, Tibar, lop+jet, width=1.2% | p—
ZSSM Il {bb=0.2) = | |
G, dijet | ! | I
G, ttbar, hadronic ! §
GpLMETKM =02 |
| —

GwkM=01
G, Zfzigq). K/M=0.1

Wiy = |
W dijet | ;'I=|_‘

Wod |
W*— WZ(lsptonic)
WH — b L |
WR, MNR=MWRZ = )
e
WHKK p =10 TeV

pTC, nTG > 700 GeV :

String Ball M, MD=2.1, Ms=1.7, gs=0.4 )
String Resonancas (qg) )
s8 Resonance (gg)
8 Rasonance (gg/bb), fob=1
Eo0 diquarks (gq)
Axigluon/Caloren (ggbar)
gluino, 3jet, RPV

neutra

7
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