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Addendum SUSY

• Meanwhile ATLAS and CMS have made their 1st SUSY results public,
CMS in the jets+MET, ATLAS in the jets+MET+1-lepton channel

• This excludes masses up to mq̃ < 700 GeV for a specific choice of
parameters

• More generic limits will come later
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Reasons for new physics

The hierarchy problem: How to stabilise the Higgs mass with Mpl ∼
1017mH

• SUSY: contributions from particles and superpartners cancel

• Extra dimensions (ADD type): in reality Mpl ∼ mH but gravity prop-
agates in 3+n dimensions

• Extra dimensions (RS type): a 4th dimension with a “warped” geom-
etry separates the Planck brane with Mpl ∼ mH and our brane (TeV
brane)

• Little Higgs: The loops are cancelled by new SM-like particles at one
loop, new physics in the 10 TeV range

• Technicolour: the Higgs mechanism in mimicked by new strong inter-
actions at the TeV scale
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What is the origin of dark matter?

• We expect a particle with 0.1−1 TeV mass, neutral, weakly interacting

• Many models contain such a particle which can be made stable with a
special parity

Where does the baryon-antibaryon asymmetry come from?

• We can have an additional source of CP violation

• With a more complicated neutrino sector one can first generate a lepton-
antilepton asymmetry that is then transferred to the baryon sector

• This requires lepton/baryon number violating interactions
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Strategies to find new physics

• Find the Higgs and measure its properties

• Look for particles that are predicted by specific (classes of) models

• Look for generic signals like missing ET from dark matter production

• Look for an extended gauge sector (Z’, W’) predicted by many models

• Measure properties and interactions of gauge bosons, top quarks etc.
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Search for new gauge bosons

• Many models contain an enhanced gauge group

• The new interactions result in new gauge bosons

• Most models contain a neutral Z’

• Many models also contain a charged W’

• At LHC visible via qq̄ → ℓ+ℓ− and qq̄′ → ℓν

➟ Z’ cross section ∝
(

gV (q)2 + gA(q)2
) (

gV (ℓ)2 + gA(ℓ)2
)

/Γ
(interference with Drell Yan plays a minor role)

• The sensitivity gets an additional 1/Γ factor from the background scal-
ing

➟ Relatively weak model dependence
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Z’ searches

Event selection:

• two high energy, opposite sign, same flavour leptons

• if needed some isolation criteria

TEVATRON limits m(Z ′) >∼ 1 TeV depending on model
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At LHC m(Z ′) >∼ 3 TeV with relatively low luminosity

Further improvement difficult due to steeply falling PDFs

At 8 TeV Z’ discovery for the most favourable case (SSM) up to 2 −
−2.5 TeV is possible.
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How can one identify the model?

• The total cross section is proportional to
(

g2
V,q + g2

A,q

) (

g2
V,ℓ + g2

,A,ℓ

)

/Γ

• The total width can be fitted from the data and is ∝ ∑

i

(

g2
V,i + g2

A,i

)

• To get information on the couplings from the width all decay modes
must be known

• The proton contains two valence
up-quarks and only one valence
down-quark
⇒ at high x up-quarks dominate
⇒ at high Z’ rapidity more Z’ orig-
inate from up-quarks

➟ The Z’ rapidity distribution con-
tains information in the up/down-
quark coupling ratio
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• The forward backward asymmetry depends on the ratio of the vector
and axial vector coupling

• At high mass usually the boost direction determines the direction of
the quark

• This gives some distinction between the models if the mass is not too
high
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W’ searches

• Only one lepton and missing ET from neutrino

• Longitudinal ν-momentum unknown ⇒ only mT can be calculated

• In general W’ cross section larger than Z’ cross section

• Event selection: one (isolated) high energy lepton, missing ET and
some jet veto

• Reach ∼ 0.5 −−1 TeV higher than Z’
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Models with extra dimensions

Several models contain extra dimensions

• Large extra dimensions (ADD):

– several (2-7) extra dimensions

– extra dimensions are large (µm − nm)

– only gravitation can live in the bulk

• Universal extra dimensions:

– all fields live in the bulk

– this limits the size of the extra dimensions to several hundred GeV

• Randall Sundrum models

– one extra dimension with warped geometry

– gravity is located on different brane than TeV physics

– only gravity or all fields can live in the bulk

• String theories

– in general no visible signal since extra dimensions on Planck scale
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ADD type extra dimensions

• Only gravity lives in the bulk

• Size of the extra dimensions is O( eV) or nm − µm

• This is also the spacing of the KK graviton resonances

• For LHC energies this is a continuous spectrum of resonances

• Physics interest:

– In reality Planck mass is on TeV scale

– Planck mass appears so large because gravity escapes into extra di-
mensions

M2
pl = M2+n

D Rn



⇒ R ∼ 10
30
n −17

(

1 TeV

MD

)1+2
n
[cm]





R : compactification radius of extra dimensions

• Experimentally get limit on R for assumed n

• This is turned into a limit on MD
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Visible processes:

, but sizeable cross 
Virtual Graviton Exchange

• The cross section for a single KK graviton is negligibly small

• However due to the large number of excitations the total effect has the
size of an electroweak cross section
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Limits from the Tevatron

• At the Tevatron analyses are done
with jets + missing Et and Drell-
Yan type events

• The analyses give limits around
1 TeV almost independent of the
number of extra dimensions

• LEP has analysed the data with
one photon and missing energy

• The LEP limits depend stronger
on the number of dimensions
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Expected effects

Virtual graviton exchange:
Expect broad enhancement of
Drell Yan production

e

Ldt=100 fb-1

Graviton radiation:
Jet events with large missing energy

Ldt=100 fb-1

Both effects are sensitive to MD <∼ 6 − 9 TeV
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Black holes at the LHC

• Black hole production is possible, when the centre of mass energy gets
into the region of the Planck mass

• This would be fulfilled for ADD
models

• Schwarzschild-Radius
RS = 2GMBH

c2

• Cross section σ ∼ πR2
S ∼ 100 pb

• Black holes decay by Hawking ra-
diation with
τBH ∼ 10−27 − 10−25s

• Decay is thermal: high multiplic-
ity, symmetric, democratic in par-
ticle species (⇒ leptons, neutri-
nos)
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Black holes are easy to separate from background by lepton number,
∑

pT
and by event shape variables that are sensitive to the isotropy of the decay

From other new physics like
SUSY they can be separated
e.g. wih missing ET
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• Black holes can be found up to around 10 TeV with almost no lumi-
nosity

• The mass can be reconstructed from the visible decay products

• Some information on the number of extra dimensions can be obtained
from other variables like decay-multiplicity
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Black holes at 7 TeV

• Limits on black holes exist around 4 TeV

• This assumes, however, optimistically large cross sections
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Randall Sundrum models

• Two branes separated in a 5th dimension with an deSitter geometry

• Mass scale on SM brane exponentially suppressed w.r.t. Planck brane
ds2 = e−2kyηµνdxµdxν + dy2 y = φrc

• Scale Λ = MPle
−krcπ ∼ 1 TeV

• Equally spaced KK resonances with mass m1 = x1k/MPlΛ
0.01 < k/MPl < 0.1

• Original version only grav-
itation in the bulk

• KK-graviton decays sym-
metric in flavours

• Graviton has spin 2
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Search for RS-Gravitons

• Most efficient search is in leptonic decay channel

• In this channel the search is identical to the Z’ search

• At low luminosity 1-2 TeV, at high luminosity 2-3 TeV reach are possible

• This excludes the entire region allowed by the model
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How to identify that this is a KK graviton and not a Z’

• Gravitons have spin two resulting in a different decay angle distribution

• For the decay angle distribution it is important that the KK-Graviton
can also be produced by gluons

• In most of the parameter space spin 1 can be excluded

for large number of simulated experiments
d on angular distrib. 

(1)
(2)
(3)

(1)

 Spin-2
 Spin-2 
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RS with matter in the bulk

• New versions of the RS model allow mat-
ter in the bulk

• A new parity can produce dark matter

• The matter fields are located in different
positions in the bulk generating the large
mass differences in the SM

• This causes the KK resonances to decay
dominantly into heavy fermions

• First studies show large effects from the
KK graviton, but only very small effects
from the γ and Z excitation
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Universal extra dimensions

• If all fields live in the bulk the compactification scale must be at least
a few hundred GeV

• A KK parity can be defined that forbids even-odd transitions of KK
resonances and allows even-even and odd-odd transitions only on loop
level

• If the higher resonances are not seen the model is very SUSY like
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• Most efficient search: jets plus missing ET

• This allows to find UED scenarios up to 2.7 TeV

ATLAS will probe UEDs 
over a wide range of the 

 significance discovery

~2.7 TeV

Ldt=100 fb-1
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Search for higher resonances

• For one extra dimension the next resonance has twice the mass of the
first one

• For two extra dimensions the (1,1) resonance has
√

2 times the mass of
the first resonance

• The (1,1) resonances
should have a large
branching ratio to t̄t

• Unfortunately the cross
section is still low

• According to present stud-
ies the LHC can find
these resonances only up to
around 1.5 TeV

G
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W
H
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B
H
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Strong Electroweak Symmetry Breaking

• If no Higgs exists electroweak interactions become strong at high energy
and e.g. WW scattering violates unitarity at

√
sWW ∼ 1.2 TeV.

➟ expect new effects at this energy

• Typical models invoke a new strong interaction at the TeV scale (Tech-
nicolour)

• The Goldstone-bosons (Pions) of the new theory become the longitu-
dinal degrees of freedom of the vector-bosons

• Warning: simple copy of QCD is excluded by LEP/SLD precision data
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Systematic treatment

Effective Lagrangian for VV scattering:

q
1

2
q

V1

V2

V3

V4

L4 = α4

[

g4

2

[

(W+
µ W−µ

)2 + (W+
µ W+µ

)(W−
ν W−ν

)
]

+
g4

c2
w

(W+
µ Zµ)(W−

ν Zν) +
g4

4c4
w

(ZµZµ)2

]

L5 = α5

[

g4(W+
µ W−µ

)2 +
g4

c2
w

(W+
µ W−µ

)(ZνZ
ν)

+
g4

4c4
w

(ZµZµ)2

]

(assuming custodial symmetry, C, P conservation)
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• Effective theory valid up to Λ = 4πv

• Expect |αi| <∼ v/Λ = 1/4π

• Need unitarisation procedure, e.g. Pade unitarisation (works well in
meson physics)

• Most likely get resonances (like ρ and ω in QCD)

• However also models without resonances are possible
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Event selection:

• At least one W,Z decays leptonically

• One W or Z can decay into one or two jets

• For ZZ one Z can decay into neutrinos

• Forward jet tagging and central jet veto similar to Higgs fusion channel

• Sensitivity up to around 1 TeV no results for no-resonance case yet
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Little Higgs models

• In the SM the Higgs-mass receives large loop corrections

– from the top loop δm2
h = 3

8π2λ
2
tΛ

2 ∼ (2 TeV)2 (Λ = 10 TeV)

– from the W/Z loops δm2
h ∼ αwΛ2 ∼ −(750 GeV)2

– from the Higgs loop δm2
h ∼ λ

16π2Λ
2 ∼ −(1.25mh)2

• The SM is embedded in a larger gauge group at ΛH = O(10 TeV)

• The Higgs is a pseudo-Goldstone boson of this breaking

• This protects the Higgs from one-loop corrections ∝ Λ2
H

• Technically this is done by new particles of same spin and O(1 TeV)
mass:

– An extended Higgs sector

– New gauge bosons AHZH , W±
H with mass <∼ 6 TeV

( mH
200 GeV

)2

– A new top-like quark T with mass <∼ 2 TeV
( mH

200 GeV

)2
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Search for the new gauge bosons

Discovery channel: leptonic decays

• Search equal to Z’, W’ searches already shown

• Cross section in general very large depending on a mixing angle θ

• Discovery up to ∼ 6 TeV depending on mixing angle
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How to identify the little Higgs model?

• Decays to heavy quarks are predicted by the model

• Measurement of them helps to identify the model

• Can be seen up to 3 TeV
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• Very important WH , ZH decay to Higgses which are needed to cancel
the W and Z loops

• Can use WH → WH → ℓνbb̄, ZH → ZH → ℓℓbb̄, WH , ZH →
W, Z H → jjγγ

• However decay only visible in limited parameter space

ZH → ZH → ℓℓbb̄
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Search for the T-quark

• T and t mix with mixing parameter λ1/λ2

• Production via qq, gg → TT or qb → q′T ,
cross sections depend on λ1/λ2

• T decays dominantly in Zt, Wb and ht

• Search for Zt, Wb with leptonic W,Z decays
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•Wb can be reconstructed with high efficiency but significant background

• Zt much cleaner but lower efficiency

• Mass reach 1-2 TeV depending on model parameters
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Fermion substructure

• The fermions can have a substructure at a high scale

• In this case excitations of the fermions should exist

• Also the scattering cross section should be modified

• The interaction can be parametrised with a contact interaction
l*l* l*l

q q q q

Leff =
4π

Λ2

∑

i,k=L,R

αik(q̄iγ
µq′i)(f̄kγ

µf ′k)

⇒ cross section rises with s

• Λ: contact interaction scale. Must be > few TeV from previous exper-
iments
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Excited fermions

• Excited fermions could exist at a scale around or smaller than Λ

• Single and pair production is possible

• Single production has a much larger cross section due to the smaller
needed s’

• They decay into a fermion and a gauge boson (γ,W,Z)

• The mass reach is 4-7 TeV for 300 fb−1

ATLAS

= m*
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Already with 1/10th of last year’s luminosity a limit around 1.5 TeV could
be set.
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Quark substructure

• Quark substructure will also be visible in the inclusive jet cross section
at large pT

• Effect gets large close to the compositnes scale

• Statistically no problem to get up to around Λ = 40 TeV

Physics at the LHC Lecture 13-41 Klaus Mönig



However systematics are an issue:

PDFs uncertainties start to get relevant but are not the limiting factor

ibyl, FZÚ, Prague 2nd October 2006 10
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Limiting systematics: linearity of energy scale

• At lower energy the jet-energy scale can be measured very precisely
from Z+jets events

• At higher energy the scale can be estimated from boot-strap methods
e.g. using three jet events

• This introduces some non-linearity in the energy scale

• Since the QCD cross section falls so steeply this introduces a large
uncertainty in the jet rate

• A 2% non linearity at 2 TeV limits the sensitivity to Λ = 10 − 20 TeV

Lukáš P ibyl, FZÚ, Prague 2nd October 2006 9
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Also hear 3.1 pb−1 where sufficient to set a limit around 3.5 TeV
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Leptoquarks

• Grand unification models try to embed the SM gauge group into a
larger group like SU(5)

• Such a group contains new interaction which are lepton- and baryon-
number violating

• The corresponding gauge bosons have baryon and lepton number 6= 0
and decay into quark-lepton (leptoquarks)

• Some production channels:
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Cross section

• For low masses the cross sections are very high

• However they fall steeply for higher masses

• In general the single LQ cross section is higher than the pair-production
one
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Event selection

• Two same flavour leptons with
high pt

• High ET jets

• Large ℓℓ mass to suppress Drell-
Yan

• With these cuts a clean selection
is possible

• Leptoquarks up to ∼ 800 GeV can
be discovered with very low lumi-
nosity

• For high luminosity only about
1.5 TeV are possible due to fast
falling cross section

 [GeV]ljM
0 100 200 300 400 500 600 700 800

-1
E

ve
nt

s 
/ 2

0 
G

eV
 / 

10
0 

pb

0

5

10

15

20

25

30

ATLAS
Signal - 400 GeV

Drell-Yan

tt
WW,ZZ,WZ

Second generation

1

10

10 2

10 3

10 4

10 5

400 600 800 1000 1200 1400 1600 1800

5σ

2σ

Leptoquark mass, GeV

S
/√

B

Physics at the LHC Lecture 13-47 Klaus Mönig



Model independent searches

Idea:

• Plot as many distributions as possible and compare with prediction

• New physics will show up in deviations of the data from the prediction

Problem:

• Impossible to understand all variables at hadron colliders with good
precision

• All problems in detector understanding will appear as deviations in the
plots (can try to fit some correction factors)

• With many variables expect some deviations from statistical fluctua-
tions (can be corrected for)
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Advantages:

• Model independent

• Don’t overlook unexpected new physics

Disadvantages:

• Non-optimal cuts since one wants to stay model independent

➟ signals may remain hidden under background

The CDF VISTA approach

• Plot as many distributions as possible

• Derive correction factors from a fit

• Correct significance for trial factor
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• General agreement is good

• Largest deviation even is a deficit

• No sign of new physics
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“Typical” variable: W pT
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• Up to now no indications from this approach

• However should be followed not to miss anything

• Makes only sense to plan for LHC once data are there and detector and
SM physics is well understood
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Conclusions

• The LHC can search for many new physics channels

• As a general rule new particles can be found up to 2 − 3 TeV

• However many models are not well defined, so limits should not be
taken literally in many cases
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