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Questions from the first lecture?  

①  It is a profound phenomenon in nature that the 
gauge symmetry SU(2)xU(1) is spontaneously broken. 
à Why does this happen? �

②  What does explanation look like for hierarchy 
problem? à Are there any new particles, forces or 
dimensions in nature? �

�
③  Anomalies: we face significant experimental issues 

which guaranteed to be beyond the Standard Model. �
�
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Searches for new physics phenomenology and questions 
Ex

ot
ic

a 
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Where are we? 

o  All these questions à the weak/Higgs mass scale and “naturalness” 

 
o New physics appears near electro-weak scale (fix divergences) �
o  New physics modifies couplings: GUT at the electro-weak scale �

o  Gravity is strong in ND, weak in 4D; e.g. MPl (5D) ~ TeV ? �
 �
o  Extra groups: Occur naturally in GUT scale theories�
�
o  Natural combination for the quark and lepton sector �
�
o  More generations? New/excited fermions�

�
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Where are we? 

o  All these questions à the weak/Higgs mass scale and “naturalness” 

 

Supersymmetry 

Extra Dimensions 

Extra Gauge groups: Z`, W` 

Leptoquarks 

Compositeness 

o New physics appears near electro-weak scale (fix divergences) �
o  New physics modifies couplings: GUT at the electro-weak scale �

o  Gravity is strong in ND, weak in 4D; e.g. MPl (5D) ~ TeV ? �
 �
o  Extra groups: Occur naturally in GUT scale theories�
�
o  Natural combination for the quark and lepton sector �
�
o  More generations? New/excited fermions�
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Topological signals vs BSM models? 

Sh. Rahatlou

SIGNATURE- OR TOPIC-BASED?
• Same final state often probing very different models or topics

– 2 leptons, 2jets + MET, lepton+jet+MET

• Topological presentation requires jumping
 between very different models

• I will follow a topic-based approach
– easier to combine constraints on model from 

different topologies
– Same final state is not simple re-interpretation

‣ often optimization redone to deal with different 
acceptance for very different models

‣ different analysis strategy and signal extraction 
methods

4
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Remember! 
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Extra Dimensions 
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Extra Dimensions 

Extra Space-Dimensions
and the law of gravity ...

Gauß’ Law:

∮
!FGd!S ∼ M

⇒ FG · S ∼ M

FG ∼ M

S
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1

∮
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S: n-dim. Surface
[2-dim.: S=4πr2]
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F (r) = G(3+n)
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r2+n
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1
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S
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F (r) = G(3)
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r2
∝ 1

r2

F (r) = G(3+n)
mM

r2+n
∝ 1

r2+n

1

3-dim.

(n+3)-dim.

Conflict with every day life?

This theory requires that the fields of the Standard Model are confined to a four-dimensional 
membrane, while gravity propagates in several additional spatial dimensions that are large 
compared to the Planck scale. �
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Gravitational Force 4D  Gravitational Force in a 4D-World
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Extra Dimensions 

R: size of the dimension �
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Hierarchy Problem?  
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Hierarchy Problem 
Intermediate Summary

Extra Dimensions may solve Hierarchy problem
if size of the compactified dimensions is large enough

But: Only gravity should live inside the Extra Dimensions 
as distance laws for other SM interactions are much better known

[no longer true for models with warped extra dimensions]

Gravity becomes strong at small distances
i.e. for distances of the order of the size of the extra dimensions
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New Dimensions 

☞ Removes the hierarchy problem 

☞ Consider 4+n dimensional space time 
 

o  Gravity propagates in all dimensions 
o  Appears weak in 4D space-time 
o  Gravity becomes strong at short distances 
 

ü    expect  
o  Effects of virtual graviton interactions  
o  Kaluza-Klein excitations of graviton  

 

new dimensions 
• removes the hierarchy problem 
• consider 4+n dimensional space time 

– gravity propagates in all dimensions 
– appears weak in 4 dim space time 
– gravity becomes strong at short distances 

• expect 
– effects of virtual graviton interactions 
– KK excitations of graviton 

• ADD 
– n dimensions, compactified over multidim torus of radius 𝑅 
– 𝑀௉௟ ≈ 𝑀஽

௡ାଶ𝑅௡ 
• RS 

– one warped dimension 

7/30/2012 Ulrich Heintz – SLAC Summer Institute 14 

Arkani-Hamed, Dimopoulos, Dvali, PL B429 (1998) 

Randall and Sundrum, PRL 83, 3370 (1999) 

Intermediate Summary

Extra Dimensions may solve Hierarchy problem
if size of the compactified dimensions is large enough

But: Only gravity should live inside the Extra Dimensions 
as distance laws for other SM interactions are much better known

[no longer true for models with warped extra dimensions]
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Extra Dimensions à ADD and RS new dimensions 

7/30/2012 Ulrich Heintz – SLAC Summer Institute 15 

• virtual gravitons modify production of sm particles 
– enhanced production at high mass 

• graviton production 
– KK excitations  resonances 
– graviton unobserved  missing momentum 

• example: 𝛾𝛾 mass spectrum 
– ADD 𝑀஽ > 2.6…3.9  TeV 

• for 𝑛 = 7…3 

– RS 𝑚 𝑔ோௌ > 1.0   …2.1  𝑇𝑒𝑉 
• for 𝑘 𝑀ഥ௉௟⁄ = 0.01  …0.1 

ATLAS-CONF-2012-087 

7 TeV 
4.9/fb 
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Black Holes 

Sh. Rahatlou

MICRO/QUANTUM BLACK HOLES 

• Black%Holes%are%a%direct%predicFon%of%Einstein’s%general%theory%on%relaFvity

• If%%Planck%scale%~TeV%region,%%expect%Quantum%Black%Hole%producFon

• Using%Gauss’s%law%with%n%extra%dimensions

• For%small%extra%dimension%of%size%R

• RelaFon%between%planck%scale%in%4D%and%4+nD

• Schwarzschild%radius%is%the%radius%in%which%a%confined%mass%would%become%a%

black%hole

– Mpl%=%1019%GeV%in%4D%implies%rh%<<%10<35%m

– Mpl%=%TeV%in%4+n%D%implies%rh%~%10<17%m%

• Occasionally%protons%with%parton%center%of%mass%energy

could%collide%at%a%distance%smaller%than%rh

• such%collisions%saFsfy%the%black%hole%definiFon%but%with%Fny%mass

30

JHEP08(2003)033
2. Black hole production and decay

The details of production and decay of black holes in extra dimension models are compli-
cated and not particularly well understood. Here we outline the theory and mention some
of the assumptions which are usually made.

In theories with extra dimensions the ∼ TeV energy scale is considered as fundamental
— the 4D Planck scale (Mp(4) ∼ 1018 GeV) is then derived from it. The relationship
between the two energy scales is determined by the volume of the extra dimensions. If R is
the size of all n extra dimensions it can be shown, using Gauss’ Law, that for r " R then

V (r) ∼ M

Mn+2
p

1
rn+1

, (2.1)

whereas for r # R

V (r) ∼ M

Mn+2
p Rn

1
r

. (2.2)

In these expressions Mp is the (4+n)-dimensional Planck mass (throughout this paper
the conventions of [8] are used for Mp). They show that the two energy scales are related
(up to volume factors of order unity) by

M2
p(4) ∼ Mn+2

p Rn , (2.3)

which allows the sizes of extra dimensions to be calculated for different values of n [1].
Short scale gravity experiments and particle collider experiments provide limits on the
fundamental Planck scale. However for the smaller values of n, the more stringent con-
straints come from astrophysical and cosmological data, albeit with larger uncertainties. It
is widely agreed that both n = 1 and n = 2 are ruled out by such data. For a comprehensive
recent review of these constraints see, for example, [9].

As the fundamental Planck scale is as low as ∼ TeV, it is possible for tiny black holes
to be produced at the LHC when two partons pass within the horizon radius set by their
centre-of-mass energy. The black holes being considered in this work are in the r " R

regime, so an analogous approach to the usual 4D Schwarzschild calculation [10] shows the
horizon radius for a non-spinning black hole to be

rh =
1√

πMp

(
MBH

Mp

) 1
n+1

(
8Γ

(
n+3

2

)

n + 2

) 1
n+1

, (2.4)

where MBH is the mass of the black hole.
There has been much discussion in the literature (e.g. [11]–[15]) about what the cross

section for black hole production is, but the consensus opinion seems to be that the classical
σ ∼ πr2

h is valid (at least for black hole masses MBH # Mp). It is unclear for exactly what
mass this cross section estimate starts to become unreliable, but for MBH close to the
fundamental Planck scale a theory of quantum gravity would be required to determine the
cross section. The black holes produced may have any gauge and spin quantum numbers
so to determine the p − p or p − p production cross section it is necessary to sum over

– 2 –
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Production and Decay of Black Holes 

Sh. Rahatlou

PRODUCTION AND DECAY OF BLACK HOLES

32

!  Formation: semi-classical argument 
!  Partons with impact parameter less 

than Schwarzchild radius Rs(√s) 

!  Hawking evaporation with lifetime  
τ~10-27 sec 

!  Experimental signatures 
!  High multiplicity events 
!  Hadrons:Leptons ~ 5:1 
!  Spherical events 
!  Large missing PT 

!  Could be discovered with 
 1 fb�1 if MPl < 5 TeV! 

MBH >> MD 

Parton i 
Parton j 

RS 

area ~ πRS
2 ~ 1 TeV -2 ~ 10-38 m2 ~ 100 pb 

Production rate of ~0.1 Hz at L = 1034cm-2 s-1$

Harris et al. [JHEP 08(2003) 033, JHEP 10(2003) 014] 

! 

MD
2 = MPl(4+n )

2+n Rn
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Searches for Black Holes at the LHC 

Sh. Rahatlou

MICROSCOPIC BLACK HOLES

• Analysis strategy: events with large transverse energy, multiple high- energy jets, 
leptons, and photons

• Main Standard Model background: QCD multijet production

• Discrimination variable: visible transverse energy
– scalar sum of ET for identified  physics objects and MET

• Estimate background shape from low multiplicity events

33
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Figure 1: Distribution of the total transverse energy, ST, for low-multiplicity events with mul-
tiplicity: a) N = 2 and b) N = 3 photons, electrons, muons, or jets in the final state. Ob-
served data are depicted as points with error bars; solid line with a shaded band is the back-
ground prediction and its systematic uncertainty. Non-QCD backgrounds are shown as filled
histograms (not stacked). Also shown is the black hole signal for three parameter sets of the
BLACKMAX nonrotating black hole model, demonstrating that signal contamination in the fit
region of 1200 � 2800 GeV would be small.

sample is normalized to the observed data in the range 1800 to 2200 GeV, where no signal
contribution is expected. Also shown are the expected semiclassical black hole signals for three
parameter sets of the BLACKMAX nonrotating black hole model. The results are presented
separately for six different values of the minimum final state multiplicity. The data agree with
the background shapes from the low-multiplicity samples and do not exhibit evidence for new
physics. Figure 3 shows a similar comparison of the experimental ST distribution with the
predicted signal for three parameter sets of the QBH quantum black hole model. In this case
the comparison is shown separately for just two values of the minimum final state multiplicity,
reflecting the different decay characteristics expected for quantum black holes compared to
semiclassical black holes.

5 Results

In order to set exclusion limits on black hole production, we assign systematic uncertainties on
the background estimate varying from 3% to 300% in the ST range used in this search. These
uncertainties are dominated by the uncertainties from using various fit ansatz functions (2%–
300%), which are added in quadrature to the second-largest contribution, which arise from the
normalization statistical uncertainty (2%–21%). The integrated luminosity is measured with
4.5% uncertainty [8, 9] utilizing information from the forward calorimeters. The signal uncer-
tainty is dominated by the jet energy scale uncertainty of ⇡ 2% [22], which translates into 2%
uncertainty on the signal. An additional 2% uncertainty on the signal acceptance comes from
the variation of acceptance obtained with the default MSTW2008lo68cl PDF library and PDFs
within the CTEQ61 and CTEQ66 error sets [34].

Given the significant model dependence of the black hole production cross section and decay
patterns, it is not practical to test all different variations of model parameters, offered by recent

6 5 Results
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Figure 2: Distribution of the total transverse energy, ST, for events with multiplicity: a) N � 3,
b) N � 4, c) N � 5, d) N � 6, e) N � 7, and f) N � 8 objects (photons, electrons, muons, or
jets) in the final state. Observed data are depicted as points with error bars; the solid line with
a shaded band is the background prediction and its systematic uncertainty. Also shown are the
expected semiclassical black hole signals for three parameter sets of the BLACKMAX nonrotat-
ing black hole model. Here, Mmin

BH is the minimum black hole mass, MD is the multidimensional
Planck scale, and n is the number of extra dimensions.
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Multijet events as Black Holes 

Sh. Rahatlou

MULTIJET EVENT AS BLACK HOLE CANDIDATE

34
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Searches for new resonances at the LHC 

Sh. Rahatlou

HEAVY RESONANCES

10

• New gauge bosons predicted by many extensions of the Standard Model with 
extended gauge symmetries
– ZSSM in Sequential Standard Model with same Z0 coupling as in Standard Model

– Z’ models from E6 and SO(10) GUT groups
– The Kaluza-Klein model from Extra Dimension

– Little, Littlest Higgs model

• No precise prediction for mass scale of gauge bosons

• Technicolor also predicts variety of narrow heavy particles

• Backgrounds
– relatively clean with good S/B 

– mostly tails of SM processes

• Experimental challenges
– detector resolution can be a key player

‣ 1.3% - 2.4% for electrons and 7% for muons at 1 TeV mass

– extra care for energy/momentum reconstruction above 1 TeV
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New Resonances 

P. Sphicas 
Physics Beyond the Standard Model 

■  Propagation into the other 
dimensions:  
◆  Resonances! 

■  What we will see: 

Aug 1-3, 2011 
CERN Summer Student Program 52 

Forces and number of dimensions 
■  Number (D) of space-time 

dimensions → form of 
force observed 
◆  E+M: F~1/r2 because D=3+1 
◆  For “ants” living in D=2+1 

dimensions, E+M is actually 
a F~1/r force 

■  Tabletop experiments: look 
for deviations from 1/r2 law 
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Di-Electron Searches for Z` Model 

Sh. Rahatlou

DI-ELECTRON

11

• Background estimation: QCD and ttbar from data, DY from MC

u, d, s 

u, d, s 

γ / Z / Z’ 
l 

l 

Z’ production  

•  Additional U(1) gauge 
symmetries and 
associated Z gauge 
bosons are one of the 
best motivated 
extensions of the 
Standard Model (SM). 

•  Benchmark: Sequential 
Standard Model (SSM) 

–  Heavy boson with spin 1 
and Z-like couplings 

•  Also E6 Grand Unified 
Theory (GUT), broken 
in U(5) and two U(1) 
groups, giving raise to 
two new U(1) fields. 
Their mixing can give 
rise to Z’ candidates 

A. Nisa(, Searches for Exo(c Physics at the LHC May 9th, 2012 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–  Heavy boson with spin 1 
and Z-like couplings 

•  Also E6 Grand Unified 
Theory (GUT), broken 
in U(5) and two U(1) 
groups, giving raise to 
two new U(1) fields. 
Their mixing can give 
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Di-Electron Searches for Z` Model 

Sh. Rahatlou

DI-ELECTRON

11

• Background estimation: QCD and ttbar from data, DY from MC

u, d, s 

u, d, s 

γ / Z / Z’ 
l 

l 

 background from Z 
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Di-Electron Searches for Z` Model 

Sh. Rahatlou

DI-ELECTRON

11

• Background estimation: QCD and ttbar from data, DY from MC

u, d, s 

u, d, s 

γ / Z / Z’ 
l 

l signals 



Altan Cakir  |  Beyond the Standard Model I |  DESY Summer School Lectures 2013 | 14.08.2013 |  Page 25 

Di-Muon 

Sh. Rahatlou

DI-MUON

• Several events with mass of 1 TeV

• But much larger resolution with muons spreads out a possible signal a lot compared to 
electrons

12



Altan Cakir  |  Beyond the Standard Model I |  DESY Summer School Lectures 2013 | 14.08.2013 |  Page 26 

W` à Lepton + MET Search 

Sh. Rahatlou

W’ → lν EXCLUSION LIMITS

• Exclusion Limits now past 2 TeV

17

Sh. Rahatlou

LEPTON+MET

• Look for heavy W-like Jacobian peak in transverse mass

• Dominant  background: W production in Standard Model

• Now also take into account interference with SM 

16
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LEPTON+MET

• Look for heavy W-like Jacobian peak in transverse mass

• Dominant  background: W production in Standard Model

• Now also take into account interference with SM 
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P. Sphicas 
Physics Beyond the Standard Model 
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95% observed limit Muon

95% observed limit Electron

95% observed limit Combined

95% expected limit Combined

Theoretical Cross Section

Search for W′ 
■  Heavy analog of SM W; assume same 

couplings to fermions.  Cleanest 
signature: high-pT lepton (e or µ) 

■  Search for peak/enhancement in 
transverse mass spectrum (e/µ + MET) 
◆  Main bkgs: W* (high-mass tail of B-W) and 

QCD; estimated via template method 
◆  Mass-dependent selection, e.g. MT>400-675 

GeV for M(W′) = 0.6-2.0 TeV; 2-0 events 
observed 

■  Data agree with SM expectation 
◆  W′→eν channel: M(W′)>1.36 TeV 
◆  W′→µν channel: M(W′)>1.40 TeV 
◆  e and µ channel combined: M(W’)>1.58 TeV 

■  Well beyond Tevatron limit 1.12 TeV 
[CDF@5.3 fb–1, arXiv:1012.5145] 

Aug 1-3, 2011 
CERN Summer Student Program 53 
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Heavy Neutrinos and LR Symmetry 

Sh. Rahatlou

HEAVY NEUTRINO AND L-R SYMMETRY

• Parity violation built-in for the Standard Model 
– Parity violation in LRSM via symmetry breaking at 

intermediate mass scale 

• Neutrino oscillations require massive neutrinos
– but neutrinos mass forbidden in SM

– “See saw” mechanism in LRSM can explain small mass of 
neutrinos via heavy partners

18

Exotica Meeting (8 May 2012)Bryan Dahmes (University of Minnesota) 2

Motivation

● Parity violation is built-in for the SM
● Parity violation in LRSM via symmetry 

breaking at intermediate mass scale
● Neutrino oscillations require massive neutrinos

● Forbidden in SM
● “See saw” mechanism in LRSM

Standard Model Left-Right-Symmetric Extension 
(LRSM)

Gauge group SU(2)
L
 X U(1)

Y
SU(2)

L
 X SU(2)

R
 X U(1)

B-L

Fermions
LH doublets: QL = (ui,d i)L 

 , LL =  (l i,ν i)L 

RH singlets: QR = ui
R , d i

R  , LR = l i
R 

LH doublets: QL = (ui,d i)L ,
 
LL =  (l i,ν i)L

RH doublets: QR= (ui,d i)R , LR =  (l i,N i)R 

Neutrinos
ν iR do not exist

ν i
L 

are massless & pure chiral

Ν i
R  are heavy partners to the ν iL

Ν i
R Majorana in the Minimal LRSM

Gauge bosons W±
L
, Z0, γ W±

L
,W±

R
, Z0, Z´, γ
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Heavy Neutrino and WR Symmetry 

Sh. Rahatlou

HEAVY NEUTRINO AND WR

• Currently limits at 2.4 TeV
– Most stringent limits today!

• Gets very interesting for theory once limits at 2.5 TeV

• Enhanced cross section at 8 TeV with

19

Exotica Meeting (8 May 2012)Bryan Dahmes (University of Minnesota) 3

Event Signature
2011 highest mass
μμjj candidate

Run 171282, Lumi 109
Event 152103306μ1 pT = 282 GeV

μ2 pT = 77 GeV

j2 pT = 92 GeV

j1 pT = 158 GeV

M(WR) = 1875 GeV
M(μμ) = 304 GeV
M(jj) = 199 GeV

Two pT > 40 GeV jets

Two high pT isolated leptons
pT1 > 60 GeV, pT2 > 40 GeV
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WZ Resonances 

• Sensitive to sequential SM and techni-hadrons

• 3 leptons + missing energy
– Sum of lepton Pt

– WZ invariant mass with W mass constraint

• Scalar sum of transverse momenta a key discriminator 
to reject SM background

Sh. Rahatlou

WZ RESONANCES

20

HT > 300 GeV

11

Technicolor Production

aT

AN

ρT , aT W Z 

10% difference

14

Backgrounds

Mostly SM Diboson production (WZ, ZZ)

+ components of top pair production, Z+ jets, VQQ
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WZ and ZZ Resonances 

Theory Overview

3

• Many Beyond Standard Model theories predict 
new vector bosons (W’, Z’)

• GUT, SUSY, ED, Little Higgs, Technicolor, etc

• New vector bosons come “naturally” by 
extending SM gauge group

• W’  →  VZ : extension of W’ →WZ →3l+MET 
analysis (EXO-11-041 - approved, currently in 
CWR)

• Possible solution for SM Hierarchy Problem

• MPl >> MEW 

• Phenomenology

• Series of Kaluza-Klein graviton 
resonances

• Model parameters:                 and MG 

W’ Randall-Sundrum

• pp → G*  → ZZ → q qbar ll

• pp → W’  → WZ → q q’bar ll

• Signature based analysis 

quarks

Z → μμ, ee

W and Z hadronic 
indistinguishable (jet 

resolution) ⎬
k/M̄Pl

Tuesday, April 10, 2012

pp ! G⇤ ! ZZ ! qq̄ l+l�

pp ! W 0 ! WZ ! qq̄ l+l�

Sh. Rahatlou

WZ AND ZZ RESONANCES

• For very heavy resonances hadronic W and Z merge into one fat jet
– jet energy resolution 

22
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ZZ Resonance 

pp ! G⇤ ! ZZ ! qq̄ ⌫⌫̄

Sh. Rahatlou

ZZ RESONANCE

23

Theory Overview

3

• Many Beyond Standard Model theories predict 
new vector bosons (W’, Z’)

• GUT, SUSY, ED, Little Higgs, Technicolor, etc

• New vector bosons come “naturally” by 
extending SM gauge group

• W’  →  VZ : extension of W’ →WZ →3l+MET 
analysis (EXO-11-041 - approved, currently in 
CWR)

• Possible solution for SM Hierarchy Problem

• MPl >> MEW 

• Phenomenology

• Series of Kaluza-Klein graviton 
resonances

• Model parameters:                 and MG 

W’ Randall-Sundrum

• pp → G*  → ZZ → q qbar ll

• pp → W’  → WZ → q q’bar ll

• Signature based analysis 

quarks

Z → μμ, ee

W and Z hadronic 
indistinguishable (jet 

resolution) ⎬
k/M̄Pl

Tuesday, April 10, 2012

⌫⌫̄
5

(a) (b)

Figure 2: Comparison between simulated backgrounds in Box A, corrected with the usage of
the r parameter, and Run2011 data for (a) leading jet mass and (b) jet-ET/ transverse mass.

test aims to estimate the purely statistical variation of r. A series of 100000 pseudo-experiments
of the following form was setup:

• a number Nevt is sampled from a Poisson distribution with mean l = NA + NB +
NC + ND;

• a two-dimensional histogram is filled with Nevt pseudo-experiments, according to
the simulated Standard Model distribution from Figure 1a;

• a r parameter is calculated from that histogram through Equation 1, setting Best =
NA.

The distribution of r obtained in such a fashion shows that, from statistical fluctuations in the
event yields in the four boxes, the value of r can fluctuate around 15% of its nominal value.
The second test studies how the correction factor r changes according to the definition of the
sideband regions, while the signal region remains untouched. It is found that, although the
value of r depends on the sideband regions, the changes on the estimated background Best are
of the order of 5%. The final value to be used in the estimation of the remaining Standard
Model background in Box A is therefore

rMC = 0.42 ± 0.06 stat. ± 0.02 syst. (2)

which translates to a background estimation of:

Best = 153 ± 29

which is compatible with the event yield in the signal box, NA = 138 events. Figures 2a and
2b show the comparison between the Standard Model simulated events in Box A, scaled to the
estimated background value Best, together with an example signal distribution. There is good
agreement between the expected background and experimental data.

Remember the trick! 
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Di-Jet Resonance 

P. Sphicas 
Physics Beyond the Standard Model 

Dijet mass (and search) 

Aug 1-3, 2011 
CERN Summer Student Program 41 

■  Very early search for numerous 
resonances BSM: string 
resonance, excited quarks, axi-
gluons, colorons, E6 diquarks, W’ 
& Z’, RS gravitons 

Four-parameter 
fit to describe 
QCD shape 
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Sh. Rahatlou

DI-JET

• Resonances predicted in numerous models
– larger branching fraction compared to dileptons

– much higher background from QCD

• Wide jets to recover radiation
– divide event in 2 hemispheres

25

Sh. Rahatlou

DI-JET

• Resonances predicted in numerous models
– larger branching fraction compared to dileptons

– much higher background from QCD

• Wide jets to recover radiation
– divide event in 2 hemispheres

25

Dijet resonance

Very important signature:

Any new particle produced in

the s channel at hadron colliders

can decay into a pair of jets!

!
!

!
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Gaussian peak

. 15
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Tri-Jet Resonance 
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Di-Jet Pair 

Sh. Rahatlou

DI-JET PAIR

28
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Fourth Generation 

Sept. 19th, 2011page 7.

Fourth Generation Quark

u c t

d s b

I II III

extension

t'

b'

IV
Sept. 19th, 2011page 8.

Public Results from CMS

 LHC is a good place to search for 4th gen quark

➔High production cross section.

➔High luminosity.

 Search for b'

➔b'→tW  @1.14fb-1

 Search for t'

➔ t'→bW (l+j channel) @0.8fb-1

➔ t'→bW (dilepton channel) @1.14fb-1

➔T→tZ @0.2fb-1
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Fourth Generation 

Sept. 19th, 2011page 9.

b'→tW

 b'b' pair production

 BR(b'→tW) = 100%

 Decay Chain: b'b'→tWtW→bbW+W-W+W-

 Complex signature

How to see l, v, q, b?

Sept. 19th, 2011page 11.

Event Selection

 Final States: 4L+2J, 3L+4J, 2L+6J, 1L+8J, 0L+10J

 Counting experiment

 same-sign lepton(e/μ) pair or trilepton

 at least 1 b-jet

 higher mass then top quark & more Jets then top pair

Decay Mode Branch Ratio

4L+2J 1/81

3L+4J 8/81

2L+6J 24/81

same-sign 2L 8/81

1L+8J 32/81

(clean/large modes)
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b’→ t + W
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• At least 1 b-jet, 2 or 3 leptons

• Main backgrounds determined from lepton fake rate in data

• Dominant systematic uncertainty: b-tagging and lepton efficiency

• Main background discrimination from total transverse energy

Supersedes previous measurement 
by CDF at 372 GeV

3

Table 1: Summary of expected signal production cross sections, selection efficiencies, and ex-
pected signal yields. The cross sections are calculated in Ref. [40].

Mb⇤ cross section same-sign dilepton trilepton
[GeV/c2] [pb] efficiency [%] yield efficiency [%] yield

350 3.20 1.16 ± 0.15 42 0.33 ± 0.06 12
400 1.41 1.36 ± 0.17 22 0.42 ± 0.06 6.7
450 0.662 1.51 ± 0.18 11 0.45 ± 0.07 3.4
500 0.330 1.57 ± 0.19 5.9 0.48 ± 0.07 1.8
550 0.171 1.80 ± 0.22 3.5 0.57 ± 0.08 1.1

selection threshold is applied on the impact parameter significance of the third track in the list.91

This threshold corresponds to an identification efficiency of ⇥50% for b-jets and a misidentifi-92

cation rate of ⇥1%.93

Events are required to have at least one well reconstructed interaction vertex [34]. Events94

with two same-sign leptons or with three leptons (two of which must be oppositely charged)95

are selected. Events with fewer than four (two) jets are rejected for the same-sign dilepton96

(trilepton) channel. At least one of the selected jets should be identified as a b-jet. In ad-97

dition, events with a muon or electron pair with |M�� � MZ| < 10 GeV/c2 are rejected in98

order to suppress the background from Z decays. For each event, the scalar quantity ST =99

� pT(jets) + � pT(leptons) + E/T is determined and a minimum ST of 500 GeV is required.100

Selection efficiencies for signal events are estimated using samples simulated with the MAD-101

GRAPH/MADEVENT generator [35] with up to two additional partons in the hard interactions.102

Two additional quarks are implemented as a straightforward extension to the standard model103

configuration of the generator. The events are subsequently processed with PYTHIA [36] to pro-104

vide parton showering and hadronization of the particles with the matching prescription given105

in Ref. [37], and then passed through a simulation of the CMS detector based on GEANT4 [38].106

The signal efficiency varies from 1.5 to 2.4% for b⇤ masses between 350 and 550 GeV/c2, in-107

cluding both trilepton and same-sign dilepton channels, as summarized in Table 1. These effi-108

ciencies include the W decay branching fractions, and a correction for b-tagging performance109

in data [39]. The jet multiplicities for the trilepton and same-sign dilepton channels are shown110

in Figure 1. The distributions of dilepton invariant mass M�� and ST are presented in Figure 2.111

The expected distributions for the b⇤ signal of a 400 GeV/c2 mass are normalized with the pro-112

duction cross section calculated in Ref. [40], which takes approximate next-to-next-to-leading113

order perturbative QCD corrections into account.114

4 Background Estimation115

For the same-sign dilepton channel, 98% of the background events have at least one top quark,116

including tt, tt + W/Z, and single top processes. The backgrounds are categorized into three117

sources: single-lepton events with an extra misidentified or non-isolated lepton, dilepton events118

with a charge-misidentified electron, or events with prompt same-sign dilepton. Background119

yields from former two sources are estimated from data as follows.120

Leptons chosen with the full selection criteria defined above are denoted as “tight” muons and121

“tight” electrons. Muon candidates with relaxed isolation thresholds and a relaxed track-fit122

quality requirement, or electron candidates with relaxed identification and isolation require-123

ments are defined as “loose” muons or “loose” electrons. Tight leptons are excluded in the124

CMS EXO-11-036

CDF: PRL106.141803 (2011)
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1 Introduction
The standard model accommodates three generations of fermions. It is natural to ask the ques-
tion whether there could be more than three. Experimental constraints require the fermions
of a chiral fourth generation to be quite massive. The corresponding neutrino has to be more
massive than half the mass of the Z boson [1] and the masses of the quarks have to be greater
than about 350 GeV [2, 3]. The existence of such a fourth generation can be made consistent
with precision electroweak data and could relax the upper limit on the mass of the Higgs boson
to about 500 GeV [4]. In order not to contradict precision electroweak measurements, the mass
splitting between the up-type (t⇤) quark and the down-type (b⇤) quark of a fourth generation
has to be smaller than the mass of the W boson [5–7]. Thus, the t⇤ quark cannot decay to W + b⇤.
Assuming moderate mixing between the three known generations and the fourth generation,
the primary decay mode of the t⇤ quark is likely to W boson plus b quark.

A search is performed for the strong pair production of a t⇤ quark and its antiparticle, followed
by each of their decays to a W boson and a b or b̄ quark. Lepton-plus-jets events are selected
with a single charged lepton, missing transverse momentum, and at least four jets of high
transverse momenta, indicative of events in which one of the W bosons decays to leptons (e⇤ or
µ⇤) and the other W boson decays to quarks. This signature is not limited to quarks of a chiral
fourth generation. Vector-like quarks, predicted by many theoretical models of physics beyond
the standard model [8, 9], could give rise to the same final state.

There are also standard model processes that give rise to the lepton-plus-jets signature, most
notably tt̄ production and W+jets production. The primary discrimination between the stan-
dard model t quark and a t⇤ quark is based on the larger mass of the t⇤ quark. Thus, a kinematic
fit to the t⇤ t̄⇤ ⇥ WbWb̄ ⇥ �⇤bqq̄b̄ hypothesis is performed to assign the reconstructed objects,
the jets and the lepton, to the decay products of the t⇤ pair and to estimate the parent t⇤-quark
mass. A statistical analysis of the two-dimensional distribution of m f it, the fitted t⇤-quark mass,
and HT, the sum of the transverse energies of the lepton, the jets, and the magnitude of missing
pT, is used to test for the presence of t⇤ t̄⇤ production in the data.

CMS uses a polar coordinate system, with the z axis coinciding with the axis of symmetry of the
CMS detector, and oriented in the counterclockwise proton direction. The polar angle ⌅ is de-
fined with respect to the positive z axis, and � is the corresponding azimuthal angle. Transverse
energy is defined as energy times sin ⌅ and pseudorapidity is defined as ⇥ = � ln[tan( ⌅

2 )].

Events with one electron (the e+jets sample) or with one muon (the µ+jets sample) are analyzed
separately. The event selection for each channel is optimized to maximize the search sensitivity.
Finally, the results from both channels are combined statistically.

2 CMS Detector
The characteristic feature of the CMS detector is the superconducting solenoid, 6 m in diameter
and 13 m in length, which provides an axial magnetic field of 3.8 T. Inside the solenoid are
located a multi-layered silicon pixel and strip tracker covering the pseudorapidity region |⇥| <
2.5 to measure the trajectories of charged particles, an electromagnetic calorimeter (ECAL) in
the range |⇥| < 3.0 made of lead tungstate crystals to measure electrons and photons (with a
preshower detector in the endcap region 1.65 < |⇥| < 2.6), and a hadronic calorimeter (HCAL)
made of brass and scintillators covering |⇥| < 3.0 to measure jets. Muons are reconstructed
with gas detectors embedded in the return yoke of the solenoid and covering |⇥| < 2.4. The
detector is nearly hermetic, allowing for momentum balance measurements in the plane trans-

CMS: PAS EXO-11-051 CMS: PAS EXO-11-050

ATLAS-CONF-2011-022mQ4 > 270 GeV with 35 pb-1
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Exotica Searches in the CMS Collaboration 
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Exotica Searches in the ATLAS Collaboration 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults�

Mass scale [TeV]
-110 1 10 210

O
th

er
Ex

cit
.

fe
rm

.
Ne

w 
qu

ar
ks

LQ
V'

CI
Ex

tra
 d

im
en

sio
ns

Magnetic monopoles (DY prod.) : highly ionizing tracks
Multi-charged particles (DY prod.) : highly ionizing tracks

jjmColor octet scalar : dijet resonance, ll
m), µµll)=1) : SS ee (→

L
±± (DY prod., BR(HL

±±H Zlm (type III seesaw) : Z-l resonance, ±Heavy lepton N
Major. neutr. (LRSM, no mixing) : 2-lep + jets

WZ
mll), νTechni-hadrons (LSTC) : WZ resonance (l

µµee/mTechni-hadrons (LSTC) : dilepton, 
γl

m resonance, γExcited leptons : l- WtmExcited b quark : W-t resonance, 
jjmExcited quarks : dijet resonance, jetγ

m-jet resonance, γExcited quarks : 
qνlmVector-like quark : CC, 

 Ht+X→Vector-like quark : TT
,missT

E SS dilepton + jets + →4th generation : b'b' 
 WbWb→ generation : t't'th4

jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pair (
jjν=1) : kin. vars. in eejj, eβScalar LQ pair (
tb

m tb, LRSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : tt
m l+jets, → tZ' (leptophobic topcolor) : t

ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH ( tt

m l+jets, → t (BR=0.925) : tt t→
KK

RS g
lljjmBulk RS : ZZ resonance, 
νlν,lTmRS1 : WW resonance, 
llmRS1 : dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

mass862 GeV , 7 TeV [1207.6411]-1=2.0 fbL

mass (|q| = 4e)490 GeV , 7 TeV [1301.5272]-1=4.4 fbL

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

| = 0)
τ

| = 0.063, |V
µ

| = 0.055, |V
e

 mass (|V±N245 GeV , 8 TeV [ATLAS-CONF-2013-019]-1=5.8 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ920 GeV , 8 TeV [ATLAS-CONF-2013-015]-1=13.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

b* mass (left-handed coupling)870 GeV , 7 TeV [1301.1583]-1=4.7 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

T mass (isospin doublet)790 GeV , 8 TeV [ATLAS-CONF-2013-018]-1=14.3 fbL

b' mass720 GeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3534 GeV , 7 TeV [1303.0526]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W' mass1.84 TeV , 8 TeV [ATLAS-CONF-2013-050]-1=14.3 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.86 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

 (C=1)Λ3.3 TeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=5.0 fbL

Λ7.6 TeV , 7 TeV [1210.1718]-1=4.8 fbL

=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g2.07 TeV , 7 TeV [1305.2756]-1=4.7 fbL

 = 1.0)PlM/kGraviton mass (850 GeV , 8 TeV [ATLAS-CONF-2012-150]-1=7.2 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (2.47 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=5.0 fbL

-1Compact. scale R1.40 TeV , 7 TeV [1209.0753]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)



Altan Cakir  |  Beyond the Standard Model I |  DESY Summer School Lectures 2013 | 14.08.2013 |  Page 41 

Summary 

ü  There is a very rich and exciting the physics beyond the SM program at 
LHC (beyond?) probing many fundamental aspects of the nature. �

ü  Past 3 years of data taking at the LHC have been very intense and 
productive! �

ü  Many different signatures of new physics (SUSY & Exotica) are being 
studied in both collaborations (also many other experiments). �

ü  Many searches of new Physics in complementary final states have been 
performed, and many analyses are ready to process with full dataset in 
2012. �

ü  Unfortunately, no significant excess observed over SM. "�
�
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Outlook 

Various unsolved puzzles:

• jj + W excess – CDF

• Att̄
FB – D0 & CDF

• µ±µ± asymmetry – D0

• Cosmic γ line @ 130 GeV
talk by J. Wacker

• Muon g − 2

• MiniBoone low energy data

• B → D(∗)τν – BaBar

• (bb)b final state – CDF & D0

• ...

phdcomics.com/higgs
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Understand electroweak symmetry breaking
Observe the Higgs boson
Measure neutrino masses and mixings
Establish Majorana neutrinos (ββ0ν )
Thoroughly explore CP violation in B decays
Exploit rare decays (K , D, . . . )
Observe neutron EDM, pursue electron EDM
Use top as a tool
Observe new phases of matter
Understand hadron structure quantitatively
Uncover QCD’s full implications
Observe proton decay
Understand the baryon excess
Catalogue matter and energy of the universe
Measure dark energy equation of state
Search for new macroscopic forces
Determine GUT symmetry

Detect neutrinos from the universe
Learn how to quantize gravity
Learn why empty space is nearly weightless
Test the inflation hypothesis
Understand discrete symmetry violation
Resolve the hierarchy problem
Discover new gauge forces
Directly detect dark-matter particles
Explore extra spatial dimensions
Understand the origin of large-scale structure
Observe gravitational radiation
Solve the strong CP problem
Learn whether supersymmetry is TeV-scale
Seek TeV-scale dynamical symmetry breaking
Search for new strong dynamics
Explain the highest-energy cosmic rays
Formulate problem of identity

. . . and learn the right questions to ask.
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þ  à Observation of the new boson!  


