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• 2012 data
– 5 preliminary results

• 2011 data
– 40 submitted

• A number of searches 
with 2011 data available 
as preliminary result
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A	  VERY	  PRODUCTIVE	  2012
• 40 results produced by CMS on 2011 data so far

– with 2-3 exceptions all using full 2011 data set of 5 fb-1

• Comprehensive review requires a few hours

• Focus mostly on most recent results
– Few preliminaries with full 2012 data
– New results using full 2012 dataset to be presented at Moriond

• Complete list of results
– CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO


• SUSY results reported almost always in (m0,m1/2) plane
– Relation between mass of supersymmetric particles

• Large missing transverse energy usually the primary signature

• In exotica we look for particles and resonances that are not necessarily 
needed or predicted in supersymmetry
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SUSY	  OR	  EXOTICA?
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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 mostly 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
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Figure 7: The observed exclusion region for the mass and proper decay length of the c̃0
1 in the

SPS8 model of GMSB supersymmetry.

These limits are the most stringent for long-lived neutralinos.239
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• Comprehensive list of signatures
– di-leptons
‣ e,mu,tau
‣ lepton+MET

– di-bosons (W/Z)
‣ 3l+MET
‣ 2l+2j

– 2-photon

• 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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DI-‐LEPTON
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High Mass Dilepton Resonances, EXO-11-019 … 
aka the Guido’ 

• In June, with just 200 pb-1 we saw an intriguing structure in both 
ee + µµ

• Quite significant given “gap”, and what CDF had seen
• Soon it was evident ATLAS also had a consistent event

• ORANGE status activated by Guido, EXO discovery plan enacted

DPG, POG, other PAG 
all contributed timely 
critical information to 

confirm these were good 
events

27Thursday, December 1, 11

June 2011

• High hopes at start of 8 TeV run
– enhanced cross section

• Now only a nice Drell-Yan tail and no 
peak

• Next stop summer of 2015
– cross section increase of > x3 above 1 TeV
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Figure 1: The invariant mass spectrum of µ+µ� (left) and ee (right) events for the
p

s = 8 TeV
data set. The points with error bars represent the data. The solid histograms represent the
standard model predicted background contributions.

Table 1: The dilepton event count in the control region 120 < m`` < 200 GeV and in the search
region m`` > 200 GeV for the

p
s = 8 TeV data set. The total background is the sum of the

events for the standard model processes listed. Uncertainties represent a quadrature sum of
statistical and systematic uncertainties.

Source Number of events
Dimuon sample Dielectron sample

(120–200) GeV >200 GeV (120–200) GeV >200 GeV
Data 1381 3503 12030 2904
Total background 13010± 590 3630± 160 12240± 590 2970± 260
Z/g⇤ 11700± 570 2920± 140 10660± 530 2200± 220
tt + others 1280± 150 698± 78 1220± 180 560± 80
Jets 26± 3 10± 1 360± 180 210± 110

Ref. [6], which is based on an unbinned extended maximum likelihood analysis. We calculate
the limits using the 8 TeV data alone, as well as from a combination of the 8 TeV and 7 TeV data
sets. Mass-dependent ratios of parton distribution functions (PDF) at

p
s = 7 TeV and 8 TeV

are used as an additional input to derive limits on Rs at 8 TeV, Rs,8TeV, that combine both data
sets. The CTEQ6.1 LO PDF set [34] was used to calculate these ratios, and the result was cross-
checked with the MSTW2008 PDF set [35]. The CTEQ and MSTW calculations agreed well and
the uncertainty in this ratio does not significantly contribute to the final result. The most signif-
icant uncertainty in the limit computation is associated with our understanding of the selection
efficiency and detector acceptance ratio for Z0 bosons relative to the Z, denoted Re. The uncer-
tainty in the total lepton selection efficiency at high mass dominates the Re uncertainty. The
lepton selection efficiencies are measured in data up to pT ⇠ 500 GeV, but above 100 GeV the
uncertainties in these measurements become large. This leads to a total uncertainty in Re of 3%
for the dimuon channel and 8% for the dielectron channel after including PDF uncertainties in
the acceptance. The effects of misalignment, higher order corrections to the background shape,
and the uncertainty in backgrounds due to jets misidentified as leptons have only negligible
impact on the limits. The upper limits on the ratio Rs for spin-1 and spin-2 particles obtained
from the dilepton combined mass spectra are shown in Fig. 2. Table 2 shows the limits on Rs

converted into mass limits on specific models. The resonance is assumed to be narrow, mean-
ing that the detector resolution dominates the width of the peak. The Z0

y with a relative width
of 0.6% is therefore considered narrow. A wider resonance, such as the Z0

SSM, which has a width
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p

s = 8 TeV
data set. The points with error bars represent the data. The solid histograms represent the
standard model predicted background contributions.

Table 1: The dilepton event count in the control region 120 < m`` < 200 GeV and in the search
region m`` > 200 GeV for the

p
s = 8 TeV data set. The total background is the sum of the

events for the standard model processes listed. Uncertainties represent a quadrature sum of
statistical and systematic uncertainties.

Source Number of events
Dimuon sample Dielectron sample

(120–200) GeV >200 GeV (120–200) GeV >200 GeV
Data 1381 3503 12030 2904
Total background 13010± 590 3630± 160 12240± 590 2970± 260
Z/g⇤ 11700± 570 2920± 140 10660± 530 2200± 220
tt + others 1280± 150 698± 78 1220± 180 560± 80
Jets 26± 3 10± 1 360± 180 210± 110

Ref. [6], which is based on an unbinned extended maximum likelihood analysis. We calculate
the limits using the 8 TeV data alone, as well as from a combination of the 8 TeV and 7 TeV data
sets. Mass-dependent ratios of parton distribution functions (PDF) at

p
s = 7 TeV and 8 TeV

are used as an additional input to derive limits on Rs at 8 TeV, Rs,8TeV, that combine both data
sets. The CTEQ6.1 LO PDF set [34] was used to calculate these ratios, and the result was cross-
checked with the MSTW2008 PDF set [35]. The CTEQ and MSTW calculations agreed well and
the uncertainty in this ratio does not significantly contribute to the final result. The most signif-
icant uncertainty in the limit computation is associated with our understanding of the selection
efficiency and detector acceptance ratio for Z0 bosons relative to the Z, denoted Re. The uncer-
tainty in the total lepton selection efficiency at high mass dominates the Re uncertainty. The
lepton selection efficiencies are measured in data up to pT ⇠ 500 GeV, but above 100 GeV the
uncertainties in these measurements become large. This leads to a total uncertainty in Re of 3%
for the dimuon channel and 8% for the dielectron channel after including PDF uncertainties in
the acceptance. The effects of misalignment, higher order corrections to the background shape,
and the uncertainty in backgrounds due to jets misidentified as leptons have only negligible
impact on the limits. The upper limits on the ratio Rs for spin-1 and spin-2 particles obtained
from the dilepton combined mass spectra are shown in Fig. 2. Table 2 shows the limits on Rs

converted into mass limits on specific models. The resonance is assumed to be narrow, mean-
ing that the detector resolution dominates the width of the peak. The Z0

y with a relative width
of 0.6% is therefore considered narrow. A wider resonance, such as the Z0

SSM, which has a width

EXO-12-015
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6 6 Summary

of 3%, will have more background under the peak. Consequently, we would set weaker limits
on its production cross sections. The two cases provide similar results when there is very little
background after all selection criteria have been imposed. This occurs around 1.4 TeV. For a res-
onance below 1.4 TeV not to have been discovered, it must have a small coupling and therefore
be narrow. For the spin-2 case an additional requirement is that the ratio of gg to qq production
of the resonance must be the same as the ratio for an RS graviton. The combination of the 7 and
8 TeV data sets relies on this assumption, as gg and qq cross sections scale differently with

p
s.

For the spin-1 case, no gg coupling is considered. The Z0 and RS Graviton cross sections are
calculated using the PYTHIA event generator with the CTEQ6.1 PDF set. The LO cross sections
are corrected for next-to leading (NLO) or NNLO QCD contributions using the same k-factors
as Ref. [6]. A mass dependent NNLO k-factor calculated with ZWPRODP [36–38] is used for the
Z0 models. A flat NLO k-factor of 1.6 is applied to the RS graviton cross sections [39].



 

Figure 2: Upper limits on the ratio Rs of the production cross section times branching fraction
into lepton pairs to the same quantity for Z bosons, as a function of resonance mass M for spin-
1 (top) and spin-2 (bottom) boson production. The left plots are for the 8 TeV data set while
the right plots are for the combination of the 7 and 8 TeV data sets. For the spin-2 case, the
7 and 8 TeV data set combination is only valid for models that have the same fraction of qq
to gg coupling as an RS graviton. For the spin-1 case no gg coupling is considered. Shaded
bands identified in the legend correspond to the 68% and 95% quantiles for the expected limits,
respectively.

6 Summary

The CMS Collaboration has searched for heavy narrow resonances in dimuon and dielectron
invariant mass spectra. The search combined data samples from pp collisions at

p
s = 7 TeV [6]

and 8 TeV. The
p

s = 8 TeV data sets have integrated luminosities of 4.1 fb�1 (3.6 fb�1) for

spin 1

spin 2
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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 
11
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W’	  →	  lν	  EXCLUSION	  LIMITS
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Contact Interaction Interpretation



Shahram Rahatlou, Roma Sapienza & INFN

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
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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
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HEAVY	  NEUTRINO	  AND	  WR

• Mass limits approaching 3 TeV
– Most stringent limits today!

14
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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

EXO-12-017



• 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

Shahram Rahatlou, Roma Sapienza & INFN

WZ	  RESONANCES

15

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

EXO-11-041
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WZ	  EXCLUSION	  LIMITS
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COMPOSITENESS	  AND	  CONTACT	  INTERACTION

17

q* (qg), dijet
q* (qW)
q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, Λ = 2 TeV
μ*, Λ = 2 TeV

0 1 2 3 4 5 6

• Excited quarks and leptons

• Both leptonic and hadronic states
– lepton + photon (l* -> l + gamma)
– 2-jet (q* -> q glu)
– boosted Z spectrum in q* -> q Z

• Contact interaction 
– di-jet angular analysis
– re-interpretation of  di-lepton
– re-interpretation of  W’

C.I. Λ , Χ analysis, Λ+ LL/RR

C.I. Λ , Χ analysis, Λ- LL/RR

C.I., dimuon, destructve LLIM

C.I., dimuon, constructive LLIM

C.I., single lepton (HnCM)

0 3 6 9 12 15
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HADRONIC	  RESONANCES
• Extremely rich and productive 

hadronic program

• Variety of signatures and 
models explored
– standard jets
– b-jets
– fat jets
– jet substructure for W/Z tag

18

•  Studied in CMS (so far) 
•  String resonances, S (qq,qg,gg) 
•  Scalar diquarks, D (qq) 
•  Excited quarks, q* (qg,qW,qZ) 
•  Axigluons, A (qq) 
•  Color-octet colorons, C (qq, qqqq) 
•  Color-octet scalar, S8 (gg,bb) 
•  W‘ bosons (qq,WZ) 
•  Z‘ bosons (qq,bb,tt) 
•  RPV SUSY gluinos (qqqqqq) 
•  RS gravitons (qq,gg,WW,ZZ) 
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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

19
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W/Z	  TAGGED	  DI-‐JET

20

EXO-11-095

5

4 The signal: dijet resonance
We search for dijet resonances corresponding to several models. Using the W/Z-tagging algo-
rithm, we examine both single W/Z-tag and double W/Z-tag events.

The pruned jet mass and mass drop distributions in signal MC, data and background MC are
shown in Fig. 2. The discriminating power of the pruned jet mass and mass drop for the differ-
ent signals is evident.
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Figure 2: Pruned jet mass and mass drop in signal MC, data and background MC. All curves
are plotted with the same binning. The signal MC distributions are plotted as smooth curves
connecting the histogram entries.

The signal BR(W/Z ! jets)⇥acceptance is shown in Fig. 3. The fraction of events that pro-
duce dijet events which survive the kinematic selection and contribute to the peak is about
20% � 50%. Note that this includes also the branching ratios of W/Z decaying into objects
which are reconstructed as jets. It does not contain the W/Z-tagging efficiency. The decrease
in acceptance at high W 0 resonance masses is due to a long tail of the resonance distribution
towards low dijet invariant masses outside of the acceptance of this analysis. The tail is less
pronounced for the Herwig++-based RS graviton models, because a different narrow width
approximation is used [53].

The W/Z-tagging efficiency is shown in Fig. 4. The W/Z-tagging efficiency for single W/Z-
tagged signals is about 20% � 50%. The W/Z-tagging efficiency for a double W/Z-tagged
signals is about 10% � 30%.

The signal shapes for all five processes considered in this analysis are shown in Fig. 5. For the
qW and qZ final states the shape with a single W/Z-tag required is shown, while for the other
signals two W/Z-tags are required.

5 Systematic uncertainties
The sources of systematic uncertainties are summarized as follows:

• Background-related systematic uncertainties: choice of background parametriza-
tion.

•  Studied in CMS (so far) 
•  String resonances, S (qq,qg,gg) 
•  Scalar diquarks, D (qq) 
•  Excited quarks, q* (qg,qW,qZ) 
•  Axigluons, A (qq) 
•  Color-octet colorons, C (qq, qqqq) 
•  Color-octet scalar, S8 (gg,bb) 
•  W‘ bosons (qq,WZ) 
•  Z‘ bosons (qq,bb,tt) 
•  RPV SUSY gluinos (qqqqqq) 
•  RS gravitons (qq,gg,WW,ZZ) 
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Exotic models with hadronic final states 

Search for hadronic resonances at CMS 
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DI-‐JET	  EXCLUSION	  LIMITS
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• Now excluding resonances below 2.5 TeV for variety of models



Sh. Rahatlou

DI-JET PAIR

• Events with at least 4 jets and pt > 150 GeV

• Sensitive to colorons at low mass

22

EXO-11-016

Update w/ 2011 Full Dataset  

!   Well described by QCD MC and parameterization (same as in the dijet search)�
!   No evidence for new physics�
!   Exclude pair production of colorons @95%: with mass in [250, 740] GeV assuming 

coloron decays to 100% to qqbar, or mass in [250, 580] GeV assuming 60% BF �
!   Start to be sensitive to stop �

19!
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• 6 jets in several theoretical models 
– Q = g = SU(3)C Adjoint Majorana Fermion 

– R-Parity violating (No Missing ET) 

• Modeled as R-parity violating  gluino 
(negligible intrinsic width) 

Sh. Rahatlou

TRI-JET RESONANCE

23

1

q
0

Q

q

q

q

Figure 1: Feynman diagram of the process considered. We search for a hadronic resonance (Q)
which is pair produced and gives a six jet final state, pp ! QQ ! 3j + 3j.

1 Introduction1

We present a model-independent analysis to search for possible new physics potentially hiding2

in multi-jets events. In particular, we are interested in the process pp ! QQ ! 3j + 3j, where3

Q is a heavy resonance, such as a gluino in the case of R-parity violating supersymmetry (RPV4

SUSY) [1], decaying to three jets as shown in Fig. 1. This search is performed in the region5

where we expect the signal to contain at least six jets. From R-parity violation, these supersym-6

metric particles couple strongly to standard model particles (ie. quarks) without leaving a large7

missing transverse energy (MET) signal, thus our search is performed in the region where we8

expect the signal to contain at least six jets and no requirements on MET. This is a significant9

departure from most searches, since MET is a heavily relied-upon selection criterion for the10

vast majority of current searches. If real new physics does not carry with it significant MET, it11

will be much more likely to be otherwise missed.12

By probing the part of SUSY that is R-Parity violating, we can extend this search include a more13

generic 3 jet signature that would belie a strong cascade decay of a supersymmetric particle into14

standard model quarks. Due to the size of the expected background (primarily QCD jets), we15

perform the analysis as a “bump hunt”, and the estimate of the background is “data-driven”,16

that is to say that it is taken directly from the data itself. The methods described here are17

also used in similar studies performed at the Tevatron [2, 3] and designed to reduce the QCD18

background as best as possible while preserving signal efficiency. We make use of the features19

of the kinematics of the decay particles and their correlations and create an ensemble of jet20

combinations.21

2 Data Sample and Monte Carlo Simulation22

2.1 Dataset23

This analysis utilizes the entire 7 TeV dataset recorded during the 2011 run, corresponding to24

5.0 fb�1 of data [4]. The data were recorded in two orthogonal Primary Datasets (PDs), where25

the events that fired the lowest unprescaled trigger for this analysis are located. A combination26

24/4/2012 

2 

Dan Duggan 

  Searching for new physics in multijets! 

  Studying pp → QQ → 3j + 3j = 6 jets 

  Q = g = SU(3)C Adjoint Majorana Fermion 

  R-Parity violating (No Missing ET) 

  Modeled as RPV (uds Yukawa) gluino 

 (negligible intrinsic width) 

  Large Backgrounds 

  6 jet selection essentially all QCD 

  Use established data-driven techniques 

  What we do: 

  Use an ensemble of jet combinations 

  Model-independent approach 

General Exo3ca Mee3ng  24/4/2012 

5 

 j j j  

j j j 

pp  QQ Q= g 
~ 

Constructing ensembles: 
 In the 6 jet scenario, there are 20(!) unique combinations of jet triplets: 

 123, 124, 125, 126, 134, 135, 136, 145, 146, 156,  

 234, 235, 236, 245, 246, 256, 345, 346, 356, 456 

1 

6 

5 
4 

3 

2 

The challenge:  
 Separating the good ensembles (resonances) from everything else! 

5 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Duggan 

5

]2 [GeV/c
jjj

Triplet Mass M
400 600 800 1000 1200 1400 1600

(D
at

a-
 F

it)
/F

it

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5
 = 7 TeVs, -1CMS 5.0 fb

(a)

]2 [GeV/c
jjj

Triplet Mass M
400 600 800 1000 1200 1400 1600

(D
at

a-
 F

it)
/E

rr
or

-3

-2

-1

0

1

2

3

 = 7 TeVs, -1CMS 5.0 fb

(b)

Figure 2: Difference between the measured triplet mass distribution and the fitted background
parametrization, divided by the fitted value (a) or by the statistical uncertainty on the fitted
value (b).
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Figure 3: Observed and expected 95% CL upper limits on the cross section times branching frac-
tion for gluino pair production followed by RPV decay of each gluino to three light-flavored
quark jets. Also shown are the ±1s and ±2s bands on the expected limit, as well as the theo-
retical NLO cross section for gluino production.
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QUAD-‐JET	  RESONANCE

• Multivariate analysis for max. QCD 
rejection
– pt of 1st,4th, 7th, and 8 jets
– HT

– 8-jet invariant mass
24

madgraph+pythia
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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�

Shahram Rahatlou, Roma Sapienza & INFN

WZ	  AND	  ZZ	  RESONANCES

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

25
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pp ! G⇤ ! ZZ ! qq̄ ⌫⌫̄

Shahram Rahatlou, Roma Sapienza & INFN

ZZ	  RESONANCE
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Theory Overview
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• 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 
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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.
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CONSTRAINTS	  ON	  GRAVITONS
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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

28
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MULTIJET EVENT AS BLACK HOLE CANDIDATE
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LIMITS	  ON	  BLACK	  HOLES

30

• Significant increase in signal cross 
section at 8 TeV
– no signal yet unfortunately

• Model-independent limits useful to 
constrain new theoretical models 
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4TH	  GENERATION	  AND	  TTBAR

31

b’ ⇒ tW, (3l, 2l) + b-jet

q’, b’/t’ degenerate, Vtb=1

b’ ⇒ tW, l+jets

B’ ⇒ bZ (100%)

T’ ⇒ tZ (100%)

t’ ⇒ bW (100%), l+jets

t’ ⇒ bW (100%), l+l

0 1 2 3 4 5 6

• Extremely rich program with at least 
one top in final state

• Serval searches for 4th generation 
heavy quarks
– leptons
– lepton+jets
– all hadronic

• ttbar resonances across the spectrum
– alla hadronic boosted top technique at 

high mass
– lepton + jets
– close interaction with top group to 

coordinate low (1<1 TeV) and high 
mass analyses 

• Search for exotic q=5/3 top partners 
ongoing
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LEPTON	  +	  JETS
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LQ1, β=0.5

LQ1, β=1.0

LQ2, β=0.5

LQ2, β=1.0
LQ3, (bbnunu) Br(LQ → bντ) = 1

LQ3, (btau) β=1.0

stop (btau)

0 1 2 3 4 5 6

• Lepton and jets used usually for leptoquark 
searches
– now also first 3rd generation searches

• Same final state sensitive also to RPV SUSY

• Extending program to single LQ production
and top+tau final states

Introduc6on'

•  Leptoquark'(LQ)'is'a'hypothe6cal'par6cle'that'carries'both'
color'charge'and'lepton'numbers,'and'interacts'with'both'

quark'and'lepton'

–  Due'to'the'experimental'constraints'on'flavor;changing'

processes,'the'leptoquark'is'tradi6onally'classified'into'3'

families,'each'couple'to'the'same'quark/lepton'family'

–  Many'theories'predicts'the'existence'of'LQ,'e.g.,'Grand;unified'

theories'

•  Dominant'process'at'the'LHC'is'LQ'pair'produc6on'
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Figure 1: Feynman diagrams for leptoquark production.

1.2 Left-Right Symmetry

Left-Right Symmetric Models (LRSMs) of the weak interaction address two important topics: the
nonzero masses of the three known left-handed neutrinos [11] and baryogenesis. LRSMs conserve parity
at high energies by introducing three new heavy right-handed Majorana neutrinos Ne, Nµ and N⇥ . The
smallest gauge group that implements an LRSM is SU(2)L⇥ SU(2)R⇥U(1)B�L. At low energies, the
left-right symmetry is broken and parity is violated. The Majorana nature of the new heavy neutrinos
explains the masses of the three left-handed neutrinos through the see-saw mechanism [12]. The lepton
number L could be violated in processes that involve the Majorana neutrinos. This opens a window to the
very attractive theoretical scenario for baryogenesis via leptogenesis, where baryon and lepton numbers
B and L are violated but B�L is conserved.

In addition to the Majorana neutrinos, most general LRSMs also introduce the new intermediate
vector bosons WR and Z⌅, Higgs bosons, and a left-right mixing parameter. The most restrictive lower
limit on the mass of the WR boson comes from the KL �KS mass difference which requires mWR >
1.6 TeV. This lower limit is subject to large corrections from higher-order QCD effects. Heavy right-
handed Majorana neutrinos with masses of about a few hundred GeV would be consistent with the data
from supernova SN1987A. Such heavy neutrinos would allow for a WR boson at the TeV mass scale.
This scenario would also be consistent with LEP data on the invisible width of the Z boson. Present
experimental data on neutral currents imply a lower limit on the mass of a Z⌅ boson of approximately
400 GeV. Recent direct searches [13] for the WR boson at DØ give a lower mass limit of 739 GeV and
768 GeV, assuming the WR boson could decay to both lepton pairs and quark pairs, or only to quark pairs,
respectively. However, heavy Majorana neutrinos decaying to a lepton and a pair of quarks (detected as
jets) were not searched for in those analyses.

The new intermediate vector bosons WR and Z⌅ would be produced at the LHC via the Drell-Yan
(DY) process like Standard Model W and Z bosons. Their decays would be a source of new Majorana
neutrinos. The Feynman diagram for WR boson production and its subsequent decay to a Majorana
neutrino is shown in Fig. 2. This note describes an analysis of WR boson production and its decays
WR ⇤ eNe and WR ⇤ µNµ , followed by the decays Ne ⇤ eq⌅q̄ and Nµ ⇤ µq⌅q̄, which can be detected in
final states with (at least) two leptons and two jets.
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Introduction

The Basics:
Leptoquarks are hypothetical particles carrying both baryon and lepton number.
Many theories predict the existance of Leptoquarks

Grand Unified Theories
Superstring-inspired E6 models
Technicolor Schemes
Composite Models

According to the minimal Buchmüller-Rückl-Wyler (mBRW), LQs couple to a single generation.

Leading order Diagrams: Model Parameters:

The Analysis:
Search for 2nd generation, � = 1 and � = 1/2 Pair Production of Leptoquarks

i.e. The processes LQLQ � µqµq and LQLQ � µq⇤q
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gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB

hyper-K, hyper-ρ=1.2 TeV
fractional charge, q=2/3e
fractional charge, q=1/3e

multiple charge, q=2e
multiple charge, q=3e

neutralino, ctau=25cm, ECAL time

0 1 2 3 4 5 6

• Most exotic part of exotica
– requires dedicated reconstruction, trigger, 

and detailed detector level understanding 
unlike other searches

• Heavy stable charge particles
– slow muon-like objects
‣ dE/dx, TOF, proper reco

– also q > 1

• Stopped gluino
– dedicated data taking conditions and 

understanding of beam conditions

• Fractionally charged particles
– dE/dx in tracker

• Displaced leptons and vertices

• Displaced photons
– first analysis using time measurement in 

ECAL

10 References
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SPS8 model of GMSB supersymmetry.

These limits are the most stringent for long-lived neutralinos.239
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• Pair production of Dark Matter candidates at colliders accompanied by 
Initial State Radiation of gluon or photon
– More sensitive in low mass region than direct detection

• Search for just one photon or jet and large missing transverse energy

PRODUCTION OF DARK MATTER AT CMS

• Search%for%evidence%of%pair[produc=on%of%Dark%MaAer%par=cles%(χ)

• Dark%MaAer%produc=on%gives%missing%transverse%energy%(MET)

• Photons%(or%jets%from%a%gluon)%can%be%radiated%from%quarks,%giving%monophoton%
(or%monojet)%plus%MET

3

4

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇥⇥)+ j and (W � ⌅inv⇥)+ j final states. In the latter case the charged lepton ⌅ is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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• Experimentally challenging
– 1 photon, MET and no other activity
– excellent estimate of non-beam 

background
with ECAL time measurement

• Look for excess in photon pT spectrum
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Figure 1: The photon pT distribution for the candidate sample, compared with estimated con-
tributions from SM backgrounds and a prediction from ADD for MD = 1 TeV and n = 3.

The efficiency associated with the product A ⇥ eMC for the signal cross section for both models
is determined from MC samples. For the model of DM, the MC samples are produced using
a software package from Ref. [3], requiring pg

T > 125 GeV and |hg| < 1.5. The estimated value
of A ⇥ eMC for Mc in the range 1–100 GeV is between 30.5–31.0% for vector and 29.2–31.4%
for axial-vector couplings, respectively. The spectra for ADD MC events are generated using
PYTHIA 8.145 [21], requiring pg

T > 130 GeV, and scaled to NLO using a K-factor from Ref. [22].
The factor A ⇥ eMC for ADD is in the range of 26.5–28.5% in the parameter space spanned by
n = 3–6 and MD = 1–3 TeV.

Systematic uncertainties that contribute to the A⇥ eMC calculation are from the choice of PDF [18,
23, 24]; the selection of the primary vertex for the photon, modeling of pile-up, and the energy
calibration and resolution for photons [8]; jets [25]; and ET/ [26]. The total systematic uncertainty
on A ⇥ eMC is +4.8% and �4.9%.

As mentioned above, A ⇥ eMC is multiplied by a scale factor (SF) to account for the difference
in efficiency between data and MC. The calculated SF of 0.90 ± 0.11 combines contributions
from the trigger, photon reconstruction, consistency of cluster timing, and vetoes. The photon
HLT is determined to be essentially 100% efficient for our selection criteria in data and in MC,
but is assigned a 2% uncertainty due to small L1 trigger inefficiencies. Since the photon identi-
fication requirements have similar efficiencies for photons and electrons, the electron efficiency
of 0.96 ± 0.02, as measured in Z ! ee decays is used as the SF. Corrections for photon recon-
struction are described in Ref. [20]. The photon clusters in MC always have consistent timing
among individual crystals, and the SF in data is found to be 0.983 ± 0.009 based on a sample
of electron events. The track and jet-veto efficiency is studied in samples of W ! en data and
MC, and confirmed with Zg ! eeg data. Since the efficiencies measured in these samples
agree within their uncertainties, the SF is set to unity and assigned a systematic uncertainty of
±0.10. The SF for the cosmic-ray muon veto is determined to be 0.95 ± 0.01 by comparing its
efficiency in MC and data in a sample of Z ! ee events.

Upper limits are placed on the DM production cross sections, as a function of Mc, assuming
vector and axial-vector operators, summarized in Table 2a. These are converted into the cor-
responding lower limits on the cutoff scale L, also listed in Table 2a. The L values are then
translated into upper limits on the c-nucleon cross sections, calculated within the effective the-
ory framework. These are displayed in Fig. 2 as a function of Mc [2]. The 90% CL limits are
presented in Table 2a. Superposed are the results from selected other experiments. Previously
inaccessible c masses below ⇡3.5 GeV are excluded for a c-nucleon cross section greater than

MONOPHOTON – EVENT DISPLAY
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A MONOJET EVENT

18

MET = 359 GeV
pT(jet1) = 331 GeV
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MONO-‐JET	  +	  MET
• Higher cross section than monophoton

– main background from invisible Z decays 
in Z+jets measured with data driven 
method

• Require one high pt jet and possibly 
a second jet
– recover radiation
– reject events with close-by leptons

38

EXO-11-059

 [GeV] T
missE

200 400 600 800 1000

E
ve

n
ts

 /
 2

5
 G

e
V

1

10

210

310

410

510

610

710
νν→Z

νl→W

tt

QCD

-
l+l→Z

Data

 = 599 GeV, m = 1 GeVΛDM 

 = 3δ= 2 TeV, DADD M

CMS
 = 7 TeVs

-1
L dt = 5.0 fb∫



Sh. RahatlouShahram Rahatlou, Roma Sapienza & INFN

DARK	  MATTER	  LIMITS

39

• Pair production modeled 
as contact interaction

• Spin-independent

• Spin-dependent

PHENOMENOLOGY

• Pair[produc=on%of%χ%can%be%characterised%by%a%contact%interac=on%with%operators%%

• Cross%sec=on%depends%on%the%mass%(mχ)%and%the%scale%Λ%(for%couplings%gχ, gq)

5

[Bai,%Fox%and%Harnik,%JHEP%1012:048%(2010)]

[Goodman,%Ibe,%Rajaraman,%Shepherd,%Tait,%
Yu,%Phys.Rev.D82:116010%(2010)]

[Beltran,%Hooper,%Kolb,%Krusberg,%Tait,%JHEP%
1009:037%(2010)]

axial=vector%%==>%%spin=dependent%(SD)

vector%%==>%%spin%independent%(SI)%

spin=independent%
and%spin=dependent%
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OUTLOOK	  AND	  PROSPECTS
• Heavy resonances excluded past 2 TeV

• 4th generation excluded up to ~0.5 TeV

• Increase of x35 in data from 2010 to 
Summer 2011 improved exclusion limits 
sometime less than 20%
– Increase in luminosity not a game changer in searches 

• Higher center-of-mass energy opens 
new doors 

• Higher	  beam	  energy	  increases	  cross	  
sec<on	  by	  x2-‐3
– 1	  TeV	  resonance:	  x1.5	  @	  8	  TeV	  	  and	  x2	  @	  9	  TeV
– 2	  TeV	  resonance:	  x2.1	  @	  8	  TeV	  and	  x3.6	  @	  9	  TeV

• Exotic scenarios can be probed with little data in 2015
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