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PARTICLE PHYSICS

Quest to understand fundamental aspects of Nature

tructure within
the Atom
Quark

Size <107'%m

Nucleus Electron
Slze=10"‘m\ Size <107"8m

Neutron

and
=~ Proton

Size ~10-°m

Size = 107m

If the proton and neutrons in this picture were

10 cm across, then the quarks and electrons

would be less than 0.1 mm in size and the
tire atom would be about 10 km acro
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COMPOSITES

Electric

Symbol| Name | Quark Mass | Spin Name | Quark | Electric [ Mass [Spin
content| charge | GeV/c2 content| charge | GeV/c2
p proton | uud 1 0.938 | 172 w pion ud +1 0.140 | 0
p |antiproton| tuud -1 0.938 | 1/2 K~ kaon su -1 0494 | 0
n | neutron | udd 0 0.940 | 1/2 p tho ud +1 0.776 | 1
A | lambda | uds 0 1116 | 1/2 B’ | B-zero | db 0 5279 | 0
Q~ | omega SSS -1 1.672 | 32 e eta-c cC 0 2980 | O
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PARTICLE DECAYS : UNSTABLE PARTICLES

Example: Muon g (heavier cousin of e)
@ L interactions same as e ;  Q(p) = Q(e)
@ my ~ 207 me,

me = 0.510998910(13) x 103 GeV ; m,, = 0.1056583668(38) GeV

1 unstable, so Decays with lifetime e

o 7, = 2.197034(21) jis DR

1 Anomolous Magnetic Moment §

° (5-2)/2=000116592080(63) -
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VIRTUAL PARTICLES

 Decay

n(g2)

n

Theory and Experiment comparison - Precision Probe
@ 1 part in 10° test of the Standard Model - Triumph!

@ Small disagreement in the last 3 digits
New physics or non-perturbative effects?
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NATURAL UNITS

@ Velocity of light c =1

@ Plancks constant A =1

Recall E = mc?

= Measure Energy (E) & Mass (m) in Giga-electronVolt (GeV)

Eg: Proton mass m, ~ 1 GeV

Eg: Electron mass me ~# 5 x 107% GeV
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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 , \ ~ 10~

@ Large Hadron Collider (LHC - CERN, Europe): E = 14000 GeV , A=~ 10"1m
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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 , \ ~ 10~

@ Large Hadron Collider (LHC - CERN, Europe): E = 14000 GeV , A=~ 10"1m

STANDARD MODEL (SM) OF PARTICLE PHYSICS

Physics operating at A ~ 107" m distance scale
SM constructed and tested in

e Low energy precision experiments \
e High energy particle accelerators
N
o Create new particles (E = mc?) / N
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PARTICLE PHYSICS THEORY FRAMEWORK

@ Special Relativity
@ Quantum Mechanics

© Symmetries (Groups) Lorentz Invariance
o Continuous @ 4-dimensional Space-Time
o Discrete o E = mc?
o Space-time
o Internal
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PARTICLE PHYSICS THEORY FRAMEWORK

@ Special Relativity

@ Quantum Mechanics Uncertainty Principle

@ Symmetries (GFOUPS) Ap Ax > h
e Continuous AE At ; h
o Discrete B
o Space-time Virtual Particles

o Internal
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PARTICLE PHYSICS THEORY FRAMEWORK

@ Special Relativity
@ Quantum Mechanics
@ Symmetries (Groups)
e Continuous
o Discrete
e Space-time
e Internal

EXAMPLE

Space-time, continuous symmetry

@ Translation symmetry
= Momentum Conserved

@ Rotation symmetry
= Angular Momentum Conserved
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PARTICLE PHYSICS THEORY FRAMEWORK

@ Special Relativity
@ Quantum Mechanics

@ Symmetries (Groups)

Space-time, discrete symmetry

Continuous

o Cc @ Parity P : (t,x) — (t,—x)
e Discrete

]

o

Space-time
Internal
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PARTICLE PHYSICS THEORY FRAMEWORK

@ Special Relativity

@ Quantum Mechanics "
Internal, continuous local (gauge)

@ Symmetries (Groups) symmetry [a(t, x)]
e Continuous
o Discrete
e Space-time
o Internal

@ Electrodynamics : U(1) Invariance
—> Charge Conservation
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PARTICLE PHYSICS THEORY FRAMEWORK

@ Special Relativity
@ Quantum Mechanics

@ Symmetries (Groups) Internal, continuous global symmetry
. (¢ = const.)
e Continuous
o Discrete @ Chiral Symmetry = Light pion
o Space-time
e Internal
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PARTICLE PHYSICS THEORY FRAMEWORK

@ Special Relativity
@ Quantum Mechanics

@ Symmetries (Groups)

Internal, discrete global symmetry

Continuous

° +
o Discrete

]

]

@ Charge Conjugation C : e~ — e

Space-time
Internal
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PARTICLE PHYSICS THEORY FRAMEWORK

@ Special Relativity

@ Quantum Mechanics Dirac theory for e

@ Symmetries (Groups) Matter «> Anti-matter

Continuous @ electron < positron
Discrete

]
]
e Space-time
e Internal

@ proton <> antiproton
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Ea: QuaNTUM ELECTRODYNAMICS (QED)

@ QED is an U(1) (Abelian) gauge theory
@ The Lagrangian density is

L= —%(GHA,, — Oy AL) (0" A” — ¥ A*) + 2hin* (O, — ieAu ) — manp
@ The SM uses these notions : non-Abelian gauge theory

o Gauge group : SU(3)c x SU(2). x U(1)y
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PARTICLE CONTENT AND INTERACTIONS

Matter Particles

@ Hadrons (Quarks) (p, n,...); Leptons (e,v,...)
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PARTICLE CONTENT AND INTERACTIONS

Matter Particles
@ Hadrons (Quarks) (p, n,...); Leptons (e,v,...)
Interactions (Forces)
@ Strong Interactions
Responsible for bound Quarks, bound nucleons
@ Electroweak Interactions

Maxwell's Electromagnetism
Weak interactions.  Can change particle type: Radioactivity

@ Gravity

Trivial in the SM; Quantam gravity?
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PARTICLE CONTENT AND INTERACTIONS

Matter Particles
@ Hadrons (Quarks) (p, n,...); Leptons (e,v,...)
Interactions (Forces)
@ Strong Interactions
Responsible for bound Quarks, bound nucleons
@ Electroweak Interactions

Maxwell's Electromagnetism
Weak interactions.  Can change particle type: Radioactivity

@ Gravity
Trivial in the SM; Quantam gravity?
Mass generation (Spontaneous Symmetry Breaking)

@ Higgs mechanism

@ Chiral Symmetry Breaking and Confinement
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STRONG INTERACTIONS

@ Hadrons (Composites)

e Baryons (p, n,...)

o Mesons (nt,7°,...)
@ Short range force : Effective theory by Yukawa (1935)
@ Confinement (Open problem)

@ Hadrons organized into multiplets (representations of SU(3))
[Gell-Mann, Ne'eman]

@ Deep Inelastic Scattering (DIS) : Hadrons have structure = Quarks

@ CP appears to be conserved - why? (open problem)
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WEAK INTERACTIONS

@ Changes particle type

Eg:u Decay
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WEAK INTERACTIONS

@ Changes particle type

Eg:u Decay

Inv —

@ Lee and Yang (1956) : Does Weak Interactions respect Parity P ?

@ Wu (1956) : P violation in Co® — Ni®® + e + Do + 2y
(Co®™ oriented in a B field)

o e preferentially emitted in the lower hemisphere = P violation
(maximal)
o v is left-chiral : “Nature is left-handed”

@ V — A structure of weak interactions LD —fﬁa(w — HP)d Wi + h.c.

[Sudarshan, Marshak; Feynman, Gell-Mann]
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© THE STANDARD MODEL (SM)
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THE STANDARD MODEL (SM)

[particleadventure.org]

Building blocks:
FERMIONS ons 5285 05,

force carriers
1,2

BOSONS spi

e~ ——
Leptons spin =1/2 \ [ Quarks spin=1/2 — - P
Approx Unified Electroweak spin = 1 Strong (color) spin
Mass Electric * | Electric
Flavor a Flavor Mass Mass | Electric N
2 5 Elect
T CERD Gevic2 | charge e GeV/c2 | charge ecrie

charge

Vo e (0-0.13)x10-° 0

)

€ electron 0.000511 =1 photon

W meaiinor 1(0.009-0.13)x10-%| 0 '\ 80.39 -1

Ly muon 0.106 -1 @ strenge 0.1 -1/3 80.39 +1
heaviest W bosons

Vil nectioe | (0.04-0.14)x10° 0 W (¢ 173 213

0
91.188 0
&) botom 42 -113 <

LZDOSQn
2012: Added the Higgs Boson (h), mass 125 GeV, spin 0, charge 0

T 1777 -1
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STANDARD MODEL INTERACTIONS

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravitational Weak. Electromagnetic Strong
Interaction Interactlon(EIectroweak) Interaction Interaction
Mass — Energy Flavor Electric Charge Color Charge
All Quarks, Leptons Electrically Charged Quarks, Gluons

Graviton — =0
(not yet observed) w+ w- Z Y Gluons

10-41 0.8 1 25
10-41 10-4 1 60
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STANDARD MODEL (SM) STRUCTURE

Theory of Quarks, Leptons and their Interactions (Gauge bosons)

@ Quantum Field Theory (QFT)

e Quantum Mechanics
o Particle/Antiparticle creation/annihilation

@ Symmetry

o Lorentz Invariance (Space-time symmetry)
o Gauge symmetry (Internal symmetry)

e SU(3) ® SU(2) ® U(1) gauge group
o Strong, Electromagnetic, Weak forces
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STANDARD MODEL (SM) STRUCTURE

Theory of Quarks, Leptons and their Interactions (Gauge bosons)

@ Quantum Field Theory (QFT)

e Quantum Mechanics
o Particle/Antiparticle creation/annihilation

@ Symmetry

o Lorentz Invariance (Space-time symmetry)
o Gauge symmetry (Internal symmetry)

e SU(3) ® SU(2) ® U(1) gauge group
o Strong, Electromagnetic, Weak forces

Electroweak Symmetry spontaneously broken = Massive gauge bosons W+, Z
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SPONTANEOUS SYMMETRY BREAKING (SSB)

Microscopic laws symmetric , but ground state NOT symmetric

Aside: Eg: In Condensed Matter Systems : Spont. Magnetization

1\‘/’\‘/ V.

/’\,»//.////:/
7l//¢\ AN
‘/.\__" /'/'/'/4

[Fig by F. Heylighen]

@ In analogy to this, in SM QFT,

o Vacuum Expectation Value (VEV) of Higgs field breaks Electroweak
symmetry
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THE ROLE OF THE HIGGS BOSON IN THE SM

Spontaneous Breaking of Electroweak Symmetry

LD D HD*H — V(H)
V(H) = —p2HTH + X (HTH)?

° %:o;(m:\%( 0 )
o SU(Z)L ® U(l)y — U(l)EM

@ Gives particles MASS !l
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Spontaneous Breaking of Electroweak Symmetry

LD D HD*H — V(H)
V(H) = —p2HTH + X (HTH)?

° %:o;(m:\%( 0 )
o SU(Z)L ® U(l)y — U(l)EM

@ Gives particles MASS !l

Gives mass to Gauge Bosons (W, Z)
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THE ROLE OF THE HIGGS BOSON IN THE SM

Spontaneous Breaking of Electroweak Symmetry

LD D HD*H — V(H)
V(H) = —p2HTH + X (HTH)?

° %:o;(m:\%( 0 )
o SU(Z)L ® U(l)y — U(l)EM

@ Gives particles MASS !l

Gives mass to Gauge Bosons (W, Z)
Gives mass to fermions

@ LD - NyQHdr — 2@, - Ht ug + h.c. (X are complex CP violating Yukawa couplings)
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CP VIOLATION

@ Weak Interaction violates P, but how about CP ?
Eg: Kaon (K°, K°) system CP(K®) = —K? cP(K®) = —K®
Experiment by Cronin, Fitch (1963) in the Kaon system :
Weak interaction violates CP (by a tiny amount)
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@ Weak Interaction violates P, but how about CP ?
Eg: Kaon (K°, K°) system CP(K®) = —K? cP(K®) = —K®
Experiment by Cronin, Fitch (1963) in the Kaon system :
Weak interaction violates CP (by a tiny amount)

@ Kobayashi, Maskawa (1973) : CP Violation if 3 generations (or more)
SM CP violation in the W (charged current) interactions (CKM matrix)
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CP VIOLATION

@ Weak Interaction violates P, but how about CP ?
Eg: Kaon (K°, K°) system CP(K®) = —K? cP(K®) = —K®
Experiment by Cronin, Fitch (1963) in the Kaon system :
Weak interaction violates CP (by a tiny amount)

@ Kobayashi, Maskawa (1973) : CP Violation if 3 generations (or more)
SM CP violation in the W (charged current) interactions (CKM matrix)

@ Bj.— B mixing, CP violation studied in B-factories (BaBar and Belle)

Largely agrees with SM
A few tantalizing hints of new physics?  Await more from LHCb, Belle-II
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CP VIOLATION

@ Weak Interaction violates P, but how about CP ?
Eg: Kaon (K°, K°) system CP(K®) = —K? cP(K®) = —K®
Experiment by Cronin, Fitch (1963) in the Kaon system :
Weak interaction violates CP (by a tiny amount)

@ Kobayashi, Maskawa (1973) : CP Violation if 3 generations (or more)
SM CP violation in the W (charged current) interactions (CKM matrix)

@ Bj.— B mixing, CP violation studied in B-factories (BaBar and Belle)

Largely agrees with SM
A few tantalizing hints of new physics?  Await more from LHCb, Belle-II

@ CP violation required for Baryon Asymmetry of the Universe (BAU)
(Shakarov)

SM not enough! So new physics? (Open problem)
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UNANSWERED IN THE SM

Gauge hierarchy problem
@ Higgs sector unstable (quadratic divergence)
Flavor problem
@ Fermion mass hierarchy - Flavor symmetry?
@ Tiny neutrino masses : m, ~ 1072 eV
o India-based Neutrino Observatory (INO)
o Is neutrino Majorana or is it Dirac?  Ovf3[ experiment
Cosmology connection
@ What is the dark matter
@ Inadequate source of CP vioation for observed baryon asymmetry
@ Cosmological constant problem
Quantum theory of gravity?
@ String Theory, Loop Quantum Gravity, ...
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(GAUGE HIERARCHY PROBLEM IN DETAIL

LD —%ht_,qt,_ + h.c.

) sm? 3y2
71% Th - — #/\2 (A is momentum cut-off)

Quadratic divergencel = unnatural (fine-tuning)
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(GAUGE HIERARCHY PROBLEM IN DETAIL

LD —25higt, + h.c.
) sm? 3y2
71% Th = — #/\2 (A is momentum cut-off)

Quadratic divergencel = unnatural (fine-tuning)

New physics (BSM) restores naturalness?
Below what scale (A) should it appear?
m2

=52
omy

fT >01 = A<2TeV (for my, = 120 GeV)

Fine-tuning measure: f;

So expect new physics below 2 TeV scale
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SOME NEW PHYSICS POSSIBILITIES

Belief that something may cure the Hierarchy problem. But what?
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SOME NEW PHYSICS POSSIBILITIES

Belief that something may cure the Hierarchy problem. But what?

Supersymmetry
Extra-dimensions : Warped or Flat
Strong dynamics (Note AdS-CFT correspondence)

°
°
°
@ Little Higgs
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SOME NEW PHYSICS POSSIBILITIES

Belief that something may cure the Hierarchy problem. But what?

@ Supersymmetry

@ Extra-dimensions : Warped or Flat

@ Strong dynamics (Note AdS-CFT correspondence)
@ Little Higgs

Neutrino mass connection and lepton number violation
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SOME NEW PHYSICS POSSIBILITIES

Belief that something may cure the Hierarchy problem. But what?

@ Supersymmetry

@ Extra-dimensions : Warped or Flat

@ Strong dynamics (Note AdS-CFT correspondence)
@ Little Higgs

Neutrino mass connection and lepton number violation

Baryon Number (B) appears to be conserved - Really?

@ Grand-unified Theories (GUT) predict Proton Decay (B violation)
But 7, > 10*? years
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SOME NEW PHYSICS POSSIBILITIES

Belief that something may cure the Hierarchy problem. But what?

@ Supersymmetry

@ Extra-dimensions : Warped or Flat

@ Strong dynamics (Note AdS-CFT correspondence)
@ Little Higgs

Neutrino mass connection and lepton number violation

Baryon Number (B) appears to be conserved - Really?

@ Grand-unified Theories (GUT) predict Proton Decay (B violation)
But 7, > 10*? years

Dark Matter signals
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THE LARGE HADRON COLLIDER (LHC)

LHC at CERN. -

14,000 GeV Collision Energy
Price tag : About US $ 9 Billion
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LHC ATLAS DETECTOR

Muon Detectors Electromagnetic Calorimeters

Solenoid
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LHC CMS DETECTOR

WOORCIAWEERS | [ ER THAGKER
C o 7 Z

VERY FORWARD
CALORMETER

Total Weight .
uerall diamtor: 1460 m M
Staral ameter: 120 mm

Magnetic field Tosla RETURNYORE
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Higgs at the LHC

Hicas piscovEry @ LHC

% EXPERIMENT

19.7 b7 (8 TeV) + 5.1 fb” (7 TeV)

107
S x
2 CMS S/(S+B) weighted sum
& a5y (S+B) weigl
= 4 Daa
2 s — cron et
> 10000 =] D B component
$ C ATLAS 1 3 25 o
o . Data 2011+2012 .| +2
Pl Wtiggs bosonm 1268 Gev ()| B 2F ’
2 F - BKg (4th order polynomial) 4 £
§ r 155
[ 4 2
w F Hovy B S 1E
4000 ‘ E @ sk
E tee77ev [Lai- st 18
2000~ - £ 1 L . 1 L L 1
C \s=arevILdn=zo7qb‘ 1 @ - : : ' - - T
2wk | 2001 * B component sublracted
= 100 | 1
5 4 R
: : ol Ao
fd ¥ T 1951 e an sum 3
IL‘;' ?.#w M -100 { it e o H-
T ! | | It L 1
§ 110 115 120 125 130 135 140 145 150
fir 7o o
m.., (GeV)
v
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BSM at the LHC

SUPERSYMMETRY (SUSY) AT LHC

o Cascade decays

e Missing energy signals

q g
. :
0 3
q X a
. o4 £
g y q z
B
e ¢
g g
N 1

0

Mg (GEY)

[ATLAS Physics TDR]

e Can we determine the spin and couplings to show SUSY?

o Angular distributions
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The Large Hadron Collider (LHC)
BSM at the LHC

ComPOSITE Hicas/WARPED EX-Dim AT LHC

Look for heavy Resonances/Kaluza-Klein states (Heavy Gluon, Graviton, W, Z)
LEP precision electroweak constraints = V' > 2 TeV

Example: W' — XX

BRW'" " -~ XX)

pp — W' — tb — Whb — (uvbb

0.001

0.0001 S S
1 15 2 25 3 35 4 45 5
My [TeV]

.0
500 1000 15002000 2500 3000 350040004500 5000
Mrip




Standard Model
Dark Matter

OUTLINE

@ DARK MATTER



Standard Model
Dark Matter

PARTICLE PHYSICS AND THE UNIVERSE

| Universe

ner®l

il

s
2
oic
09!

2

~ 0

Inflation
>

)
[e}
)
o=
£
o
a
2
5
Eo
E

.
D
1BIpE. sAeMmOII NSO

=

a/q!S_M uo

92 O

e
&

Key: W,Z bosons  Af\, photon
#

q quark meson * star

g guon  {E)@®baryon

€ clectron @ ion
[ 5

$ sy
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EVIDENCE FOR DARK MATTER (DM)

3 [T T T T
No Big Bang

Supernovae

Q,

s forever

c\v‘“m\\ sloeYe

Clusters

7
O‘FB
14
K
Ak o \ 1
£
<
P IVIVEFIS B I e S

0 1 2 3
QM

Bullet Cluster [Hubble4+Chandra, NASA, ESA, CXC, M. Bradac (UCSB), and S. Allen (Stanford)]

Qo = 0.222 + 0.02 poc '0g



Standard Model
Dark Matter

PARTICLE DARK MATTER (DM)

Self-Annihilation cross-section gives present DM Relic density

(4

g
SM
P

(G
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DIRECT DETECTION

| én

X

| bsu

DATA ligediop tobottom o plt
o= COMSSowa) 000 S 7RG thesh) i
i

Eddwas fnd i, 62k d 2002+
kg-daysNal Am. Mod. 35gmawiDAMA 1996
WARP23L S5 K0 days5 eV theshold

ZEPLINT] (e 2007) resit

CRESST. 7somiaycawo4

SOV {Soun) 20042005 Ge(7 ke threshol)

BN Bz X erelysy +2008 Ge
XENGON10 2007 &n)ua 136 ke
OIS Soudn 2007 ed

asouian
“ST@Snolab)
i FV o)
XENONIT oeagi o 7 oposre)
LUX/ZEP 3 Tonhe LX& Proj
LUXIZEP 20 tomne L Xe Proy S tomeen

Cross-section [cm“] (normalised to nucleon)

48|, N P e

WIMP Mass [GeV/c2l
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DARK MATTER AT THE LHC?

Missing momentum!

ET scale: 29 GeV
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CONCLUSIONS

o Standard Model is now firmly established

o Tested in a multitude of experiments to great precision
o Clues that there is physics beyond SM

e LHC is looking for BSM

@ Physics responsible for stability of EW scale?
@ 14 TeV run to start soon - Exciting time!

@ Cosmology connection

e Dark Matter, Baryon Asymmetry
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ROLE OF THE HIGGS (CONTD...

Unitarizes WW scattering

[Lee, Quigg, Thacker, 1977]

M =37(214+ 1) a; Pi(cosb)
a = Al(a/mw)* + B (a/mw)* + C
447 E Perturbative Unitarity: |a,| <1
A = 0 by gauge invariance

B term bad high-energy behavior

RS

“No-loose theorem” from C term: = m

Cancels B, delays unitarity violation

2 < B2 (1TeV)?
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ROLE OF THE HIGGS (CONTD...

Unitarizes WW scattering

[Lee, Quigg, Thacker, 1977]
M =37(214+ 1) a; Pi(cosb)

a=Aa/mw)* + B (a/mw)’ + C
447 Perturbative Unitarity: |a,| <1
A = 0 by gauge invariance

B term bad high-energy behavior
@ S W
h LLL

| Cancels B, delays unitarity violation

RS

“No-loose theorem” from C term: = m? < 8;7(‘;[ (1 TeV)?

But... a fundamental scalar has (quadratic) divergence instability problem
More on this later
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ACCELERATOR SCHEMATIC

BEMOING MAGHE Y

FACLIUAICH — FOCUSING MACKET

-
BUELTIIN
b
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PARTICLE DETECTORS

im m 3m 4m
Key:
Muon

Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
————— Photon

silicon
Tracker

&
Electromagnetic
)“" Calorimeter

Hadron Superconducting
Calorimeter Solencid

Transverse slice

ron return yoke interspersed
through CMS

with Muon chambers

D Bt R, Febriry 2008
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EVENT RECONSTRUCTION

b Jet
ST
b Jet SRS S \
el
) . Jet
\
S
o,
Pt ol £4 ’%}%“&:w
Muon
Neutrino

DO Single Top Event (Tevatron)
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ELECTROWEAK PRECISION OBSERVABLES

Lagrangian parameters in the electroweak sector:

g8, v
’\A/\Qf\/\/\/ =i =i[N(g*)e" — A(a®)q"q"]
W, Z,~ SM and BSM can contribute to “blob”
(SM includes Higgs!)
Observables are given by

2
M2 = (g + %)% + Nzz(M3)

2 242 2
My, = g° % + Nww (Myy)
4o = &2 [1 + ﬂfy,Y(O)] A{R C Vg% +g? (T3 - Si Q)
G _ 1 [y _ Nuwy(@ 2o &2 e Mz
V2 22 M2, RV AZ I N ) M2
“Oblique parameters” :

[Peskin, Takeuchi: 1990,92]

2 2 7 (‘32\/\/*55\/) ’ ’
aS = 4spycpy (Nzz — wew FI,YZ — n’Y’Y

q2=0
1 2
aT = {ﬂ —ciyn }
w2, (Mww = cwlzz|,

— 282 ’ 2 1/ 2 M/ ’
al = 4sy, {I'IWW —cwNzz — sy, — 25WCWn'yZ]q2

=0

Vertex corrections (Zbb) separate constraint
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LEP (AND TEVATRON) CONSTRAINTS

CERN LEP I & Il (eTe™ collider)

@ Tested EW precision observables
@ Direct LEP-Il bound mj; 2 114 GeV ; Best fit : my ~ 90GeV

@ 4 events consistent with Higgs!

6 Jul ZD?B
5 ] ‘
— 0.02758+0.00035 —LEP2 and Tevatron (prel.)
= 0.0‘2|7491§2.0dOO12 80.5- -~LEP1 and SLD
] o t 4
4 incl. low ata 68% CL
o =
% 3- 1 3
Q
= 8044 |4
21 7 =
£
14 4
1 80.3
0 Excluded ~ A Preliminary
!
30 100 300
150

m,, [GeV]
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LEP CONSTRAINT ON BSM

[PDG 2005]

1.25

Lo R e B I e e =
S I Ohe By, Rq ! /) B
1001 asymmetries !
Fi M !
orsfi | W I
’ S i Vv scattering |
0.50Fi [T !
Ei
0.25F1
Fi
=~ 000F
Fi
0.25F; ]
Fi .
0501 ‘ | P =
Fl-” 7 ; A all: M, = 117 GeV ]
07577 X4 ! v H -
Fi " t K4 1
-1.00 7 i v E
E. 7 ; 7 all: M, = 1000 GeV 7
R T NN A N NS R TN R RS TN R

-1.25 -1.00 -0.75 -0.50 -0.25 0.00 025 050 0.75 1.00 125
S



Standard Model
Backup slides

LEP PARADOX

If New Physics is there, LEP should have seen hints of this (but didn't):
“LEP paradox” , “Little hierarchy problem”

041
[ U=0
o3 T
0.2
Eg: Chiral Doublet: s— 1 m B RN
g: iral Doublet: s=¢L |1 - Y log [ % - F
mg of
5 F
. H C e 1 m r
Eg: Vector-like Doublet: s=¢ |-8Y log o ] ot e
d r m, = 200 GeV
.02 m, =300 GeV
£ m,=1Te\
.OT\wwww\www\www\www\ww
702 -0.1 0 0.1 0.2

. . Kribs et al, 2008
Why not more convincing FCNC deviations? [ ]

Kaon, B-meson, g-2, EDM, ....

No dynamical explanation? Landscape of vacuua?
Depressing! So we will be hopeful that there's new physics
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SEARCHING FOR (NEW) PHYSICS AT THE LHC

Quantum Mechanics is probabilistic
@ In given theory, predict probability of new particle production and decay
into given SM particles
@ Compare to LHC event rate observed and see if devation from SM

e LHC is a counting experiment - Statistical Evidence!
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SEARCHING FOR (NEW) PHYSICS AT THE LHC

Quantum Mechanics is probabilistic
@ In given theory, predict probability of new particle production and decay
into given SM particles
@ Compare to LHC event rate observed and see if devation from SM

e LHC is a counting experiment - Statistical Evidence!

ANALOGY: COIN TOSS TO ASCERTAIN FAIRNESS

Toss coin many times : plot probability distribution
Smaller deviation from fairness = larger number of tosses required




Standard Model
Backup slides
LHC

SEARCHING FOR (NEW) PHYSICS AT THE LHC

Quantum Mechanics is probabilistic
@ In given theory, predict probability of new particle production and decay
into given SM particles
@ Compare to LHC event rate observed and see if devation from SM

e LHC is a counting experiment - Statistical Evidence!

m_

e Agree with new theory New particle in Nature
New theory established
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SEARCHING FOR (NEW) PHYSICS AT THE LHC

Quantum Mechanics is probabilistic
@ In given theory, predict probability of new particle production and decay
into given SM particles
@ Compare to LHC event rate observed and see if devation from SM

e LHC is a counting experiment - Statistical Evidence!

o Disagree Consider alternate theory J
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SEARCHING FOR (NEW) PHYSICS AT THE LHC

Quantum Mechanics is probabilistic
@ In given theory, predict probability of new particle production and decay
into given SM particles
@ Compare to LHC event rate observed and see if devation from SM

e LHC is a counting experiment - Statistical Evidence!

Theoretically compute the cross-section (probability) o

@ “signal” cross-section o(pp — h — )
@ “background” cross-section o(pp — )

At LHC establish signal over background to discover Higgs




Standard Model
Backup slides
LHC

LHC pPDF

Keep in mind parton distribution function (pdf)

AAAAAA

111111

—__ V5 X 1
X = V514 Tev 0.01
[Anandam,Soper,CTEQ)]
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LHC RF CAVITIES

Accelerating system:
@ Superconducting cavities
@ 8 single-cell cavities per ring
e 2 MV/cavity at 400 MHz.
o 1 klystron per cavity
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LHC MAGNETS

Dipole Magnets

5000 Dipole magnets (14.2m)
Superconducting (1.9K) Liquid Helium
8.33 Tesla field

Nominal Current 11796A

Stored Energy 7.1 MJ/magnet (1.1 GJ total)
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LHC COMPUTING

Raw Data 300 GB/s
Trigger - multiple levels - 300 MB/s

Interesting events sent to tape
Data processing on World-Wide LHC Computing Grid (WLCG)
o CERN is Tier-0
@ 11 Tier-1 Centers
@ 150 Tier-2 Centers

Data estimate: 10 — 15 x 10° GB/yr !l!
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EArLy LHC (ATLAS) EVENTS

ATLAS
EXPERIMENT

2009-12-06, 10:04 CET
Run 141749, Event 406601

Collision Event

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html
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EAarLy LHC (CMS) EVENTS

3D Lego

(@Y P4 CMS Experiment at the LHC, CERN
Date Recorded: 2009-12-14
Run/Event: 124120/6613074
Candidate Multijet Event at 2.36 TeV

Rho Phi
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LHC HIGGS SIGNIFICANCE

Higgs Significance at the LHC

3 . m  qqH. HoWWolvj s
r - o qqH, H->ZZ 2 o Hooy

s CMS, 30 fb o HOWWIWW g = HH - b
© 40 m HZZ'ZZ -] “H 220 54
= = qqH, Hoyy.c 5 H oo ww” iy
g, @ Hoyy inclh T 02 H - 2Z - llw
= ®  tTH.WH,H ! E * H - WW - Ivj
o« Total significa & — Total significance
= soatz
F2o
2
s
»

10

0
5 \»‘/ N U ATLAS

JLat=30"
(no Kefactors)

, . \ -
300 400 500 800 L . .
my(GeVic®) 10 mH(G‘pr
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LHC Hiccs PRODUCTION AND DECAY

G (pb)

T T T T T T T
o(pp—sH+X)
Ve=14TeV
[ m, =175 GeV
CTEQ4M
aq —Hag
3 e gg—-HW
E  M.Spiractal. gg,qq—sHbb
NLO QCD
L I L L L L
0 200 400 600
My (GeV)

events for 10° pb-!

SM Higgs branching ratios (HDECAY)

(GeV/c?)

™H



Standard Model
Backup slides
LHC

NEW PHYSICS POSSIBILITIES

Belief that something should cure these problems. But what?
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NEW PHYSICS POSSIBILITIES

Belief that something should cure these problems. But what?

Supersymmetry S Youn 2008

Extra-dimensions : Warped or Flat
[Agashe, Davoudiasl, SG, Han, Huang, Perez, Si, Soni, 2007, 08] [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 signals (Missing Energy)
[SG, Jung, Lee, Wells, 2008, 09]
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SUPERSYMMETRY (SUSY)

Reviews: [Martin] [Dress]

. SUSY algebra:
SUSY: Fermions < Bosons : {@a. 0y} - 20" Py

(Doubles particle spectrum) 7
{Qa; @5} ={Q4, @3} =0

[P". Qal = [P", Qs] =0
Introduce fermionic (Grasmann) coordinate 0 : {6,6} = {0,0} = {6,0} =
Superfield : ¢ (x,,6,8)

QIP)=[¥) ; QV)=|9)

Finite SUSY transformation Qo = 3,% - "13558,‘,
& s (0Q+0Q—x, PH) g Qo = — 6 + ,gﬁaﬁ ay

Chiral Superfield: Do, =0 ; Ddg =0 Do = ao% + it 6958
O = ¢(x) + V20(x) + 06F(x) Dy = _aTa — 0%k O

Vector Superfield: v = v
V(x,0,0) = =00, A" (x) + i000X(x) — 006X(x) + 30000D(x)
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SUSY L

LKin = [ d20d%0 ot e2eV
LPo = [d?0 W(®;)+h.c. W is"Superpotential”

[£G—Kin _ 3222 W We W, = DDe=8Y D, e8"
L= Do ? — ido. DM igV2(¢* M — Apgp)
|D, il l;[)a,; Y +igv2(e
oW ?w
- |38 + (58w + he)

1 v_1
—zFw P =3

L= CKfn + CPot + CG—K/'n

2 . - -
Sy 867 T3] —5X00,0" %, + Lo do, AR

a

Minimal Supersymmetric Standard Model (MSSM)
MSSM Superpotential : W = y, U QHy — ygD QHy — ye ESLHy + pHyHy
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SUSY L

LKin = [ d20d%0 ot e2eV
LPo = [d?0 W(®;)+h.c. W is"Superpotential”

[£G—Kin _ 3222 W We W, = DDe=8Y D, e8"
£ =Dutil? = iho, DIy + igV/2(¢" M\ — AP
P l;[)a,; Y+ igV2(¢* M) — Mpo)
oW ?w
- |38 + (58w + he)

1 v_1
—gFuw F* =3

L= CKfn + CPot + CG—K/'n

2 . - -
Sy 867 T3] —5X00,0" %, + Lo do, AR

a

Minimal Supersymmetric Standard Model (MSSM)
MSSM Superpotential : W = y, U QHy — ygD QHy — ye ESLHy + pHyHy

SUSY =— My = My  Experiment = SUSY broken
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SUSY SOLVES GAUGE HIERARCHY PROBLEM

A? divergence cancelled

Similarly h, W, Z divergences cancelled by X
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SUSY SOLVES GAUGE HIERARCHY PROBLEM

A? divergence cancelled

Similarly h, W, Z divergences cancelled by X
Gauge Coupling Unification - GUT SUSY SO(10)

Includes vg = Neutrino seesaw mass
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SUSY BREAKING

SUSY has to be broken
@ Spectrum depends on SUSY Breaking/Mediation + RGE
@ Minimal Supersymmetric SM (MSSM) general parametrization

L8y g D —3M;AX — dfa,QHy — QT2 Q — m2 H*H — buHyHy + - -

MSSM predicts a LIGHT Higgs. At tree level: my < mz.
@ But LEP bound mj, > 114 GeV

@ Sizable one loop correction: 6m? < iz y2 m? log "7

~

m1 mz

@ LEP Higgs bound needs heavy stop = “Little hlerarchy problem”
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R-PARITY

SM gauge symmetry allows
Wa; = LHy + LESL+ QDL ;  Wag = U°DD*

These induce proton decay : 7, ~ 107 s for M ~ 1 TeV

Impose Matter Parity Ry = (—1)*E~1 to forbid AL and AB terms
For components this implies : R-parity R, = (—1)3E-0+%

Consequence : The Lightest SUSY Particle (LSP) is stable

@ Cosmologically stable Dark Matter
@ Missing Energy at Colliders
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WARPED EXTRA DIMENSION

SM in background 5D warped AdS space [Randall, Sundrum 99]
ds? = e 2V (n,, dx" dx”) + dy?
Z» orbifold fixed points:

@ Planck (UV) Brane
@ TeV (IR) Brane

7

R : radius of Ex. Dim.
k : AdS curvature scale (k < M)

Hierarchy prob soln:
@ IR localized Higgs : Mew ~ ke ™R . Choose kR ~ 34

@ CFT dual is a composite Higgs model



Standard Model
Backup slides
Warped Extra dimension

BuLK GAUGE GROUP

[Agashe, Delgado, May, Sundrum 03]
Bulk gauge group : SU(3)qcp ® SU(2)L ® SU(2)r ® U(1)x
@ 8 gluons
@ 3 neutral EW (W}, W3, X)
@ 2 charged EW (W5, W)
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BuLK GAUGE GROUP

[Agashe, Delgado, May, Sundrum 03]
Bulk gauge group : SU(3)qcp ® SU(2)L ® SU(2)r ® U(1)x
@ 8 gluons
@ 3 neutral EW (W}, W3, X)
@ 2 charged EW (W5, W)

Gauge Symmetry breaking:

@ By Boundary Condition (BC): A_4(x,y) BC: Alyg = 0; 8yAly_rp =0
° SU(2)R X U(l)x — U(l)y
@ By VEV of TeV brane Higgs Higgs T = (2,2)

e SU(2) x U()y — U(L)em
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KALUZA-KLEIN (KK) EXPANSION

[See for example: Gherghetta, Pomarol, 2000]

1 i} _
S5 = — /d“x/dy\/—g [ﬁF,%,,N +18m1? + 1Ty Dy W + m3 | ]2 + imy BW
&5

EOM:
[er’n‘“’auau +¢°7 95(e 7 95) — Mi] d(x*,y)=0

Kaluza-Klein expansion

1 oo
o(xH,y) = — oM (xHyf,
) = = ; <*)fa(y)
Orthonormality relation:
1 R _
— dy €797 fo()fn(y) = Sum
27R J—xR
EOM implies
[—e*7 05(e™°7 5) + Mg | fo = T mify
Solution is

fo(y) = N [Ja(%eg)"'ba(mn) Ya(%eo)]

& KK tower with mass m.. Equivalent 4D theory
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FinD THE KK TOWER

Prediction: A Kaluza-Klein tower of states .... Look for it at the LHC
b

2nd KK
1st KK
SM
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CONSTRAINTS ON WARPED EXTRA DIMENSION

@ Bulk gauge symm - SU(2). x U(1) (SM %, H on TeV Brane)

Precision Electroweak Constraints (S, T, Zbb)

o T parameter ~ (7 )?(k7R) [Csaki, Erlich, Terning 02]

@ S parameter also (kwR) enhanced
@ AdS bulk gauge symm SU(2)g < CFT Custodial Symm
[Agashe, Delgado, May, Sundrum 03]

@ T parameter - Protected
@ S parameter - ﬁ for light bulk fermions
@ Problem: Zbb shifted

@ 3rd gen quarks (2,2) [Agashe, Contino, DaRold, Pomarol 06]

@ Zbb coupling - Protected
@ Precision EW constraints = Mgk = 2 — 3 TeV

[Carena, Ponton, Santiago, Wagner 06,07] [Bouchart, Moreau-08] [Djouadi, Moreau, Richard 06]
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KK sTATES AT THE LHC

o h) (KK Graviton) gg — hY — tt
L =300 7b~! LHC reach is about 2 TeV [Agashe, Davoudias|, Perez, Soni 07]
[Fitzpatrick, Kaplan, Randall, Wang 07]

° gﬁl) (KK Gluon) qg — gV — t1
L =100 b~ LHC reach is 4 TeV [Agashe, Belyaev, Krupovnickas, Perez,Virzi 06]

[Lillie, Randall, Wang, 07] [Lillie, Shu, Tait 07]

o ZW W't (Zik=7 Wi =w) qG — Z', W' — XX

“w
[Agashe, Davoudiasl, SG, Han, Huang, Perez, Si, Soni 0709.0007 & 0810.1497]

e v (KK Fermion)
[Agashe, Servant 04][Dennis et al 07][Contino, Servant 08][SG et al ongoing]

@ Radion

Review: [Davoudiasl, SG, Ponton, Santiago, New J.Phys.12:075011,2010. arXiv:0908.1968 [hep-ph]]
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U(1)x HIDDEN SECTOR

Coupled to SM (us) via the Higgs [SG, Jung, Lee, Wells:2008, 2009]
Accidental Z, symmetry : ¢p —» —¢ , SM — SM

@ So 1) cosmologically stable = Dark Matter

Direct Detection? Hidden sector signature at the LHC?
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Hidden sector dark matter

HIDDEN SECTOR DARK MATTER AT LHC

[SG, Lee, Wells:2009]

M, (GeV) my, (GeV)

Look for LHC signal in pp — jj + ET



