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µ interactions same as e ; Q(µ) = Q(e)

mµ ≈ 207me ;
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µ unstable, so Decays with lifetime
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Theory and Experiment comparison - Precision Probe

1 part in 109 test of the Standard Model - Triumph!

Small disagreement in the last 3 digits
New physics or non-perturbative effects?
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Recall E = mc2

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

Eg: Proton mass mp ≈ 1 GeV

Eg: Electron mass me ≈ 5× 10−4 GeV
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Eg: Quantum Electrodynamics (QED)

QED is an U(1) (Abelian) gauge theory

The Lagrangian density is

L = − 1
4
(∂µAν − ∂νAµ)(∂µAν − ∂νAµ) +ψiγµ(∂µ − ieAµ)ψ−mψψ

The SM uses these notions : non-Abelian gauge theory

Gauge group : SU(3)c × SU(2)L × U(1)Y
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Baryons (p, n,...)
Mesons (π±, π0,...)

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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ū(γµ − γµγ5)d W+

µ + h.c.

[Sudarshan, Marshak; Feynman, Gell-Mann]



nulogo.png

Standard Model

The Standard Model (SM)

Outline

1 Basic Particle Physics

2 The Standard Model (SM)

3 Beyond the SM (BSM)

4 The Large Hadron Collider (LHC)

5 Dark Matter

6 Conclusions



nulogo.png

Standard Model

The Standard Model (SM)

The Standard Model (SM)

Building blocks: [particleadventure.org]

2012: Added the Higgs Boson (h), mass 125 GeV, spin 0, charge 0
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Spontaneous Symmetry Breaking (SSB)

Microscopic laws symmetric , but ground state NOT symmetric

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

[Fig by F. Heylighen]

In analogy to this, in SM QFT,

Vacuum Expectation Value (VEV) of Higgs field breaks Electroweak
symmetry
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L ⊃ −λd Q̄LH dR − λuQ̄L · H† uR + h.c. (λ are complex CP violating Yukawa couplings)
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CP violation required for Baryon Asymmetry of the Universe (BAU)
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SM not enough! So new physics? (Open problem)
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14, 000 GeV Collision Energy
Price tag : About US $ 9 Billion
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Conclusions

Standard Model is now firmly established

Tested in a multitude of experiments to great precision

Clues that there is physics beyond SM

LHC is looking for BSM

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

Cosmology connection

Dark Matter, Baryon Asymmetry
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Role of the Higgs (contd...)

Unitarizes WW scattering
[Lee, Quigg, Thacker, 1977]

WL
γ, Z

WL

M =
∑

(2l + 1) al Pl (cosθ)
al = A (q/mW )4 + B (q/mW )2 + C

Perturbative Unitarity: |al | ≤ 1
A = 0 by gauge invariance

B term bad high-energy behavior

WL WL
h Cancels B, delays unitarity violation

“No-loose theorem” from C term: ⇒ m2
h ≤ 8π

√
2

3GF
≈ (1TeV )2

But... a fundamental scalar has (quadratic) divergence instability problem
More on this later
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Accelerator schematic
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Particle Detectors
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Event reconstruction

D0 Single Top Event (Tevatron)
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Electroweak precision observables

Lagrangian parameters in the electroweak sector: g , g ′, v

W,Z, γ
≡ i Πµν = i

[
Π(q2)gµν −∆(q2)qµqν

]
SM and BSM can contribute to “blob”

(SM includes Higgs!)

Observables are given by

M2
Z = (g′2 + g2) v2

4
+ ΠZZ (M2

Z )

4πα = e2
[

1 + Π′γγ (0)
]

GF√
2

= 1
2v2

(
1− ΠWW (0)

M2
W

)
M2

W = g2 v2

4
+ ΠWW (M2

W )

Af
LR :

√
g′2 + g2

(
T3 − s2

∗Q
)

s2
∗ ≡

g′2√
g′2+g2

− e√
g′2+g2

ΠγZ (M2
Z )

M2
Z

“Oblique parameters” : [Peskin, Takeuchi: 1990,92]

αS = 4s2
W c2

W

[
Π′ZZ −

(c2
W−s2

W )

sW cW
Π′γZ − Π′γγ

]
q2=0

= −4e2Π′3Y (0)

αT = 1
M2
W

[
ΠWW − c2

W ΠZZ

]
q2=0

αU = 4s2
W

[
Π′WW − c2

W Π′ZZ − s2
W Π′γγ − 2sW cW Π′γZ

]
q2=0

Vertex corrections (Z b̄b) separate constraint
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LEP (and Tevatron) constraints

CERN LEP I & II (e+e− collider)

Tested EW precision observables
Direct LEP-II bound mh & 114 GeV ; Best fit : mH ≈ 90GeV

4 events consistent with Higgs!

0

1

2

3

4

5

6

10030 300
mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty
July 2008 mLimit = 154 GeV
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LEP Constraint on BSM

[PDG 2005]
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LEP Paradox

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

Eg: Chiral Doublet: S= 1
6π

[
1− Y log

(
m2
u

m2
d

)]

Eg: Vector-like Doublet: S= 1
6π

[
−8Y log

(
m2
u

m2
d

)]

[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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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

LHC is a counting experiment - Statistical Evidence!
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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

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
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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

LHC is a counting experiment - Statistical Evidence!

LHC Outcomes

Agree with new theory New particle in Nature

New theory established
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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

LHC is a counting experiment - Statistical Evidence!

LHC Outcomes

Disagree Consider alternate theory



nulogo.png

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

LHC is a counting experiment - Statistical Evidence!

Eg: Higgs in γγ channel

Theoretically compute the cross-section (probability) σ

“signal” cross-section σ(pp → h→ γγ)

“background” cross-section σ(pp → γγ)

At LHC establish signal over background to discover Higgs
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LHC

LHC pdf

Keep in mind parton distribution function (pdf)

P

P

x ≡
√
ŝ√

S=14TeV
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Graphics by P. Anandam
cteq6m mu=1000GeV up

cteq6m mu=1000GeV ubar
cteq6m mu=1000GeV gluon

1x0.01
[Anandam,Soper,CTEQ]
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LHC

LHC RF Cavities

Accelerating system:

Superconducting cavities

8 single-cell cavities per ring

2 MV/cavity at 400 MHz.

1 klystron per cavity
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LHC

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)

Dipole section

Quadrupole section
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LHC

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)

CERN is Tier-0

11 Tier-1 Centers

150 Tier-2 Centers

Data estimate: 10− 15× 106 GB/yr !!!
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Early LHC (ATLAS) Events
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LHC

Early LHC (CMS) Events
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LHC

LHC Higgs significance

Higgs Significance at the LHC
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LHC

LHC Higgs Production and Decay
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LHC

New physics possibilities

Belief that something should cure these problems. But what?

Supersymmetry
[SG,Yuan,2004]

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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LHC

New physics possibilities

Belief that something should cure these problems. But what?

Supersymmetry
[SG,Yuan,2004]

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: Fermions ⇔ Bosons :
(Doubles particle spectrum)

Q |Φ〉 = |Ψ〉 ; Q |Ψ〉 = |Φ〉

SUSY algebra:{
Qα, Q̄β̇

}
= 2σ

µ

αβ̇
Pµ{

Qα,Qβ
}

=
{
Q̄α̇, Q̄β̇

}
= 0

[Pµ,Qα] =
[
Pµ, Q̄α̇

]
= 0

Introduce fermionic (Grasmann) coordinate θ : {θ, θ} =
{
θ, θ̄

}
=
{
θ̄, θ̄

}
= 0

Superfield : Φ
(
xµ, θ, θ̄

)
Finite SUSY transformation

Φ→ e i(θQ+θ̄Q̄−xµPµ)Φ

Qα = ∂
∂θα

− iσ
µ

αβ̇
θ̄β̇∂µ

Q̄α̇ = − ∂
∂θ̄α̇

+ iθβσ
µ
βα̇
∂µ

Chiral Superfield: D̄ΦL = 0 ; DΦR = 0

ΦL = φ(x) +
√

2θψ(x) + θθF (x)

Dα = ∂
∂θα

+ iσ
µ

αβ̇
θ̄β̇∂µ

D̄α̇ = − ∂
∂θ̄α̇

− iθβσ
µ
βα̇
∂µ

Vector Superfield: V = V†

V (x, θ, θ̄) = −θσµθ̄Aµ(x) + iθθθ̄λ̄(x)− θ̄θ̄θλ(x) + 1
2
θθθ̄θ̄D(x)
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SUSY L

L = LKin + LPot + LG−Kin

LKin =
∫
d2θd2θ̄Φ†e2gV Φ

LPot =
∫
d2θW (Φi )+h.c. W is“Superpotential”

LG−Kin = 1
32g2WαWα Wα = D̄De−gVDαegV

L = |Dµφi |2 − iψ̄σµDµψ + ig
√

2(φ∗λψ − λψ̄φ)

−
∣∣∣ ∂W∂φi

∣∣∣2 +
(

∂2W
∂φj∂kφ

ψjψk + h.c.
)

− 1
4
FµνFµν− 1

2

∑
a

∣∣∣∑i,j gφ
∗
i T

a
ijφj

∣∣∣2− i
2
λaσµ∂µλ̄a + 1

2
gf abcλaσµA

µ
b λ̄c

Minimal Supersymmetric Standard Model (MSSM)
MSSM Superpotential : W = yuUcQHu − ydD

cQHd − yeE cLHd + µHuHd

SUSY =⇒ Mψ = Mφ Experiment =⇒ SUSY broken
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SUSY L

L = LKin + LPot + LG−Kin
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SUSY =⇒ Mψ = Mφ Experiment =⇒ SUSY broken
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SUSY solves gauge hierarchy problem

tL, tR

−i yt√

2

h h +
t̃L, t̃R

−iy
2
t
2

h h

= 0

Λ2 divergence cancelled

Similarly h,W±,Z divergences cancelled by λ̃

Gauge Coupling Unification - GUT SUSY SO(10)

Includes νR ⇒ Neutrino seesaw mass
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LHC

SUSY solves gauge hierarchy problem

tL, tR

−i yt√

2

h h +
t̃L, t̃R

−iy
2
t
2

h h

= 0

Λ2 divergence cancelled

Similarly h,W±,Z divergences cancelled by λ̃

Gauge Coupling Unification - GUT SUSY SO(10)

Includes νR ⇒ 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

LsoftSUSY Br ⊃ −
1
2
Mλ̃λ̃λ̃− ũcauQ̃Hu − Q̃†m̃2

QQ̃ −m2
HH
∗H − bµHuHd + · · ·

MSSM predicts a LIGHT Higgs. At tree level: mh < mZ .

But LEP bound mh & 114 GeV

Sizable one loop correction: δm2
h . 3

4π2 y2
t m2

t log
m̃1m̃2

m2
t

LEP Higgs bound needs heavy stop ⇒“Little hierarchy problem”
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R-parity

SM gauge symmetry allows
W∆L = LHu + LE cL + QDcL ; W∆B = UcDcDc

These induce proton decay : τp ∼ 10−10s for m̃ ∼ 1 TeV

Impose Matter Parity RM = (−1)3(B−L) to forbid ∆L and ∆B terms
For components this implies : R-parity Rp = (−1)3(B−L)+2s

Consequence : The Lightest SUSY Particle (LSP) is stable

Cosmologically stable Dark Matter

Missing Energy at Colliders
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Warped Extra dimension

Warped Extra dimension

SM in background 5D warped AdS space [Randall, Sundrum 99]

ds2 = e−2k|y|(ηµνdx
µdxν) + dy 2

Z2 orbifold fixed points:

Planck (UV) Brane

TeV (IR) Brane

R : radius of Ex. Dim.

k : AdS curvature scale (k . Mpl )

πR0

y

y=0

y=πR

UV

IR

Hierarchy prob soln:

IR localized Higgs : MEW ∼ ke−kπR : Choose kπR ∼ 34

CFT dual is a composite Higgs model
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Warped Extra dimension

Bulk Gauge Group

[Agashe, Delgado, May, Sundrum 03]

Bulk gauge group : SU(3)QCD ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)X

8 gluons

3 neutral EW (W 3
L ,W

3
R ,X )

2 charged EW (W±L ,W
±
R )

Gauge Symmetry breaking:
By Boundary Condition (BC): A−+(x, y) BC: A|y=0 = 0 ; ∂yA |y=πR = 0

SU(2)R × U(1)X → U(1)Y

By VEV of TeV brane Higgs Higgs Σ = (2, 2)

SU(2)L × U(1)Y → U(1)EM
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Warped Extra dimension

Bulk Gauge Group

[Agashe, Delgado, May, Sundrum 03]

Bulk gauge group : SU(3)QCD ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)X

8 gluons

3 neutral EW (W 3
L ,W

3
R ,X )

2 charged EW (W±L ,W
±
R )

Gauge Symmetry breaking:
By Boundary Condition (BC): A−+(x, y) BC: A|y=0 = 0 ; ∂yA |y=πR = 0

SU(2)R × U(1)X → U(1)Y

By VEV of TeV brane Higgs Higgs Σ = (2, 2)

SU(2)L × U(1)Y → U(1)EM
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Warped Extra dimension

Kaluza-Klein (KK) expansion

[See for example: Gherghetta, Pomarol, 2000]

S5 = −
∫

d4x

∫
dy
√
−g

[
1

4g2
5

F2
MN + |∂Mφ|

2 + iΨ̄γMDMΨ + m2
φ|φ|

2 + imΨΨ̄Ψ

]

EOM: [
e2σ

η
µν
∂µ∂ν + esσ∂5(e−sσ

∂5)− M2
Φ

]
Φ(xµ, y) = 0

Kaluza-Klein expansion

Φ(xµ, y) =
1

√
2πR

∞∑
n=0

Φ(n)(xµ)fn(y)

Orthonormality relation:

1

2πR

∫ πR

−πR
dy e(2−s)σ fn(y)fm(y) = δnm

EOM implies [
−esσ∂5(e−sσ

∂5) + M̂2
Φ

]
fn = e2σm2

nfn

Solution is

fn(y) =
esσ/2

Nn

[
Jα(

mn

k
eσ) + bα(mn) Yα(

mn

k
eσ)

]
Φ(n) →KK tower with mass mn. Equivalent 4D theory
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Warped Extra dimension

Find the KK tower

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

SM

1st KK

2nd KK

b

q′

q̄

t

ℓ+

W+(1) b̄

W+
ν
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Warped Extra dimension

Constraints on Warped Extra dimension

W,Z, γ
Precision Electroweak Constraints (S, T, Zbb̄)

Bulk gauge symm - SU(2)L × U(1) (SM ψ, H on TeV Brane)

T parameter ∼ ( v
MKK

)2(kπR) [Csaki, Erlich, Terning 02]

S parameter also (kπR) enhanced

AdS bulk gauge symm SU(2)R ⇔ CFT Custodial Symm
[Agashe, Delgado, May, Sundrum 03]

T parameter - Protected
S parameter - 1

kπR
for light bulk fermions

Problem: Zbb̄ shifted

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

Zbb̄ coupling - Protected
Precision EW constraints ⇒ MKK & 2− 3 TeV

[Carena, Ponton, Santiago, Wagner 06,07] [Bouchart, Moreau-08] [Djouadi, Moreau, Richard 06]
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Warped Extra dimension

KK states at the LHC

h
(1)
µν (KK Graviton) gg → h(1) → tt̄

L = 300 fb−1 LHC reach is about 2 TeV [Agashe, Davoudiasl, Perez, Soni 07]
[Fitzpatrick, Kaplan, Randall, Wang 07]

g
(1)
µ (KK Gluon) qq̄ → g (1) → tt̄

L = 100 fb−1 LHC reach is 4 TeV [Agashe, Belyaev, Krupovnickas,Perez,Virzi 06]
[Lillie, Randall, Wang, 07] [Lillie, Shu, Tait 07]

Z
(1)
µ , W

(1)±
µ

(ZKK ≡ Z ′ , W±KK ≡W ′) qq̄ → Z ′,W ′ → XX

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

ψ(1) (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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Hidden sector dark matter

U(1)X Hidden sector

Coupled to SM (us) via the Higgs [SG, Jung, Lee, Wells:2008, 2009]

Accidental Z2 symmetry : ψ → −ψ , SM → SM

So ψ cosmologically stable =⇒ Dark Matter

Bµ Xµ

φSM φH

ψSM

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]
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Look for LHC signal in pp → jj + /ET


