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Some words about Renormalization

Renormalization

eliminate things which act on a scale irrelevant to the question
(fast degrees of freedom)

⇒ effective description

e.g. in molecular physics: no physics of quarks

Dimensional Analysis

Three important parameters in P.P.: Energy, Length, Time

By setting ~ = c = 1 we get:

[m] = [E ] = [P] = 1
[l ] = 1

[m] = 1
[length]
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Scalar Quantum Field Theory

A scalar Field Φ

L = (∂µΦ)2 + V (Φ), Dimension of Φ?

Quantity of interest: action S =
∫

L d4x

[S ] = 1⇒ [L ] = [l ]−4 ⇒ [Φ] = [l ]−1

Concept of Propagators

Create a particle at x and detect it at y :

〈0|Φ(y)Φ(x) |0〉, [Propagator]= [l ]−2

only reasonable scale: |x − y |
⇒ 〈0|Φ(y)Φ(x) |0〉 ∝ 1

|x−y |2

y

x
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Renormalization of mass

V(Φ) = m2
0

2 Φ2 + gΦ3 + λΦ4

m2
0/2

g

λ

Other processes that contribute to :

∝
λ

|x − y |2
∝ λ

δ2

x x + ∆∝
∫
δ

λ2

∆6
d4∆ ∝ λ2

δ2
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Renormalization of mass

⇒ m2
exp ∝ m2

0 +
λ

δ2
+
λ2

δ2
+ · · ·

In SM: Higgs-Boson parameter mexp is of order 100 GeV

Scale at which SM breaks (probably) down: Plank length lP

lP =

√
~G
c3
' 1.6× 10−35m; often used as Cut-off parameter Λ

unpleasant Fine-Tuning necessary (over 34 digits):

bare mass m0 has to compensate the radiative corrections

Hierarchy problem of the contributions to the Higgs mass
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Renormalization of mass for Fermions and Bosons

Mass term for Fermions: L ∝ mΨ̄Ψ L R

further contributions have also to flip Helicity R L

⇒ mexp = m0 + e2m0 + e4m0 + · · ·

Corrections are small and not dependent on a scale

same observation holds for Bosons

⇒ Chiral Symmetry acts as protection mechanism
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Similar for (scalar) Higgs-Boson possible?

Yes, just add symmetry that links fermions to bosons and vv

Cancellation of the loops due to their different statistics

Assumption: except Spin, all quantum numbers are equal

⇒ Supersymmetry (SUSY)
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Short Repetition of Symmetries in Physics

continuous Symmetries

lead to a conserved quantity via the Noether theorem

time invariance ⇔ energy conservation

spatial invariance ⇔ momentum conservation

rotation invariance ⇔ angular momentum conservation

gauge invariance ⇔ conservation of electric charge

discrete Symmetries

describe non continuous changes of a system

time reversal

spatial inversion (parity)

charge conjugation
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SUSY Basics

Lorentz and Poincare groups

Lorentz group contains rotations and boosts:

[Ji , Jj ] = iεijkJk , [Ki ,Kj ] = −iεijkJk , [Ji ,Kj ] = iεijkKj

Poincare enlarges Lorentz group by adding translations:

[Pµ,Pν ] = 0, [Ji ,Pj ] = iεijkPk , [Ji ,P0] = 0, [Ki ,Pj/0] = −iP0/j ,

Coleman-Mandula theorem

How to extend space-time symmetries beyond Poincare group?

Theorem: Symmetry group G ' Poincare group × internal
symmetries; think of a symmetry V then [V ,H] = 0

Loophole: Use of anticommutators

10 / 24



The Supersymmetry algebra (schematic)

Supercharges Q and Q†

Relate boson- and fermionic states by a supersymmetry
transformation:

Q |Fermion〉 = |Boson〉, Q |Boson〉 = |Fermion〉

That means Q shifts the spin of the particle by 1/2:

Q |J〉 = |J ± 1/2〉

Implementation by a set of (anti)commutators:{
Qα,Q

†
α̇

}
= −2σµαα̇Pµ, {Qα,Qβ} =

{
Q†α̇,Q

†
β̇

}
= 0, and

[Pµ,Qα] =
[
Pµ,Q†α̇

]
Now: Superspace (xµ, θα, θ̄α̇), Superfields

Grassmann coordinate θ: x2 = 0⇔ x = θ
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The Supersymmetric Lagrangians

massless, non-interacting Wess-Zumino model

Weyl fermion ψ, complex scalar field φ

L = ∂µΦ∗∂µΦ + iψ†τ̄µ∂µψ

implement infinitesimal transformation by

δφ = εψ δφ∗ = ε†ψ† δψα = −i(σµε†)α∂µφ δψ†α̇ = i(εσµ)α̇∂µφ
∗

this leads the action invariant under a transformation:

δS =
∫
d4x(δLfermion + δLscalar ) = 0

Interactions

add interaction terms with auxiliary fields

Choice of Superpotential W basically sets up the model of SUSY
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The Minimal Supersymmetric Standard Model (MSSM)

Higgs doublets

In order to give mass to all matter, 2 Higgs doublets with different
hypercharge Y are needed

doublets couple by a term µH̄H in W

⇒ 2 vacuum expectation values vu, vd

paramater tanβ :=
vu

d
, with v2 = v2

u + v2
d =

1√
2GF

≈ (246GeV)2

Supermultiplets

Particles are arranged in 3 Supermultiplets:

chiral

(1
2

0

)
gauge

(
1
1
2

)
gravitation

(
2
3
2

)
In unbroken SUSY the superpartners have same quantum numbers as
their counterparts in the SM
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Particle Content of the MSSM

General

2 scalar Higgs doublets: 8− 3 = 5 dof which result in h0,H0,A0,H±

SUSY fermions mix to 2 chargino pairs χ±1 χ±2
and 4 neutralinos χ0

1 χ
0
2 χ

0
3 χ

0
4
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R-Parity

A New Quantum Number

Superpotential of the MSSM is not unique

could be extended by terms that violate baryon (B) or lepton number
(L) conservation

Decay of proton would be possible in theory (lifetime > 2× 1029

years)

⇒ new quantum number: R = (−)3B+L+2s with spin s

Consequences:

R = 1 for particles and R = (−1) for sparticles

The lightest sparticle (LSP) is stable

⇒ if uncharged, candidate for Dark Matter

In accelerator experiments sparticles are produced in pairs
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SUSY breaking

Need for a broken Symmetry

No detection of superpartners with same mass : mf < mf̃

⇒ Introduction of symmetry breaking: L = LSUSY + Lsoft

Additional 106 parameters (to the 18 of the SM)

Mechanism of SUSY breaking

The mechanism is not known

shifted to a hidden sector

Weakness of the MSSM
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Mechanisms for breaking

Gravity mediated (SUGRA)

spontanous symmetrybreaking of a local SUSY

⇒ emerging massles Goldstino is absorbed by Gravitino G̃

very heavy G̃ sets the mass scale for sparticles

Neutralino is the LSP

Gauge mediated (GMSB)

mediation by gauge bosons and fields of the SM

⇒ G̃ will get very light

Gravitino is the LSP

⇒ Mass scale of SUSY particles depends on breaking mechanism
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Experimental Search for SUSY — Approaches

Top-down

choose model of SUSY breaking

Assume GUT scale parameters:

m0,m 1
2
: scalar & gaugino mass

A0: trilinear Higgs-f̃ -f̃ coupling
tanβ: ratio of Higgs vev
sign(µ): sign of Higgs parameter

Bottom-up

Assume mass for SUSY particles

Simplified models
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Experimental Search for SUSY at LHC

General considerations

SUSY phenomenology varies highly within parameter space

⇒ search based on very general signatures

proton-proton collisions produce gluinos and squarks

decay cascades lead to high pT jets and leptons

If R-parity is conserved: stable LSP’s

⇒ high missing transverse Energy �ET
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Dilepton Searches

Simplifying Assumptions

Neutralino χ̃0
1 is the LSP

SUSY particles decay promptly

electroweak production of χ̃+
1 χ̃
−
1

only one s channel considered:

qq̄ → Z/γ → χ̃+
1 χ̃
−
1

σ shrinks with increasing mass

final-state leptons:

same flavour(SF): e+e− or µ+µ−

different flavour(DF): e±µ∓

same BR for every generation

χ̃±
1

χ̃∓
1

˜̀/ν̃
˜̀/ν̃

p

p

ν/`

`/ν

χ̃0
1

ν/`

`/ν

χ̃0
1
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Dilepton Searches

Background

Background: whole SM

dominant BG processes: tt̄, single top and diboson production

estimated with Monte-Carlo Simulations

Signal

Event selection: 2 OS signal leptons are required

Signal region(SR): Require high mT2-mass:

mT2 ≡ min
�p1+�p2=�pT

[
max{m2

T (pTl− ,�p1),m2
T (pTl+ ,�p2)}

]
3 SR that require mT2 > 90 GeV, 120 GeV, 150 GeV, respectively

in SF: invariant mass mll must be at least 10 GeV away from Z-mass
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Results I — Comparison with SM
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Results II — Exclusions
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Results III — Overall SUSY reach summary

Model e, µ, τ, γ Jets Emiss

T

∫
L dt[fb−1] Mass limit Reference
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20.3 m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20.7 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃01 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1
, χ̃

0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1
, χ̃

0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1
, χ̃

0

2

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′
311

=0.10, λ132=0.05 1212.12721.61 TeVν̃τ

LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′
311

=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e, µ 7 jets Yes 4.7 m(q̃)=m(g̃), cτLS P<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV

full data

√
s = 8 TeV

partial data

√
s = 8 TeV

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Moriond 2014

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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