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Leptoquarks - Introduction

Leptoquarks (LQ’s) are 
hypothetical particles 
carrying both baryon and 
lepton numbers 


Predicted by many theories 
beyond the SM - GUTs, 
compositeness models...


Couple to leptons and 
quarks of a single 
generation


Dominant processes for LQ 
pair production at LHC - 
gluon-gluon fusion & quark-
antiquark annihilation

3
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Figure 1: Leading order Feynman diagrams for pair production of scalar leptoquarks.

for both the µµjj and the µnjj signatures. Section 3 describes object identification. Section 471

describes the event selection for both signatures. Sections 5 and 6 describe physics and detector72

backgrounds for the µµjj and µnjj final states, respectively. Section 7 describes systematic73

uncertainties. Finally, Section 8 gives results for the individual channels Section 9 summarizes74

this note.75

2 Samples76

2.1 Data Samples77

Data used in these studies were collected during runs 2011A and 2011B. They were recon-78

structed using CMSSW 4 2 4. Quality requirements were applied to exclude data taken during79

periods with known detector problems. After this exclusion, the data sample corresponds to80

4.98 fb�1 of integrated luminosity. Table 2 lists the datasets and corresponding luminosities.81

Events are selected if they pass the lowest pT threshold un-prescaled single muon trigger82

available throughout data taking without any isolation requirements (the maximum thresh-83

old available during this period of data taking is 40 GeV, corresponding to HLT Mu40 and84

HLT Mu40 eta2p1).85

Table 2: Datasets and corresponding luminosities used in the analysis.

Data sample Run range
/SingleMu/Run2011A-May10ReReco-v1/AOD 160329 - 163869
/SingleMu/Run2011A-PromptReco-v4/AOD 165071 - 168437
/SingleMu/Run2011A-05Aug2011-v1/AOD 170053 - 172619
/SingleMu/Run2011A-PromptReco-v6/AOD 172620 - 175770
/SingleMu/Run2011B-PromptReco-v1/AOD 175832 - 180296
Total (Certified) L = 4.98 fb�1

The Experimental Apparatus Leptoquarks Searching Strategy Samples & Modeling Uncertainties Results Conclusions/Looking Forward

Intro To Leptoquarks

Leptoquark Basics
I LQ’s are hypothetical particles carrying both baryon and lepton number.
I Predicted by GUTs, Superstring-inspired E6 models, Technicolor Schemes,

Composite Models, R-Parity violating SUSY
I According to the minimal Buchmüller-Rückl-Wyler (mBRW) general

e↵ective Lagrangian, LQs couple to a single generation

Leading Order Diagrams Model Parameters

The Search for Leptoquark Pair Production, With the CMS Detector at the LHC 7/27
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Search for LQ1, LQ2

For lljj analyses:


Mll, Mlj


STll = pT (l1) + pT (l2) + pT 
(j1) + pT (j2)



For lνjj analyses:


MET, Mlj


STl
ν = pT (l) + MET + pT 

(j1) + pT (j2)
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Channels for the Searches

DiLepton DiJet Channel

LQ + LQ ! lljj Final State

Backgrounds

I Z + 2 or more Jets
I tt + jets

I Both Ws decay leptonically

I Diboson (WW/WZ/ZZ)

I W + Jets

I With a jet faking a lepton
I Multijet Processes

I With a jet faking lepton

CMS EXO-11-027 and CMS EXO-11-028

The Search for Leptoquark Pair Production, With the CMS Detector at the LHC 10/27
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Channels for the Searches

Lepton +/E
T

+ DiJet Channel

LQ + LQ ! l⌫jj Final State

Backgrounds

I W + 2 or more Jets
I tt + jets

I One W decays leptonically
I One W decays hadronically

I Diboson (WW/WZ/ZZ)
I Z + Jets

I One lepton fails ID

I Multijet Processes
I With a jet faking lepton

CMS EXO-11-027 and CMS EXO-11-028

The Search for Leptoquark Pair Production, With the CMS Detector at the LHC 11/27

Search for pair production of first & second 
generation LQ’s in “di-lepton+di-jet” and 
“lepton+di-jet+missing Et (MET)” final states


β = 1 for lljj final states



β = 0.5 for lνjj final states

LQ2, EXO-12-042 with full 8TeV CMS data

10 6 Systematic Uncertainties
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Figure 6: Distributions of ST, MT
µn, and of M(µ, jet) at preselection level in the µnjj channel.

”Other Background” include diboson, Z+Jets, and single-top contributions.
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Figure 7: Distributions of ST and M(µ, jet) reconstruction at final selection level for a LQ mass
of 500 GeV in the µnjj channel. The gray shaded region indicates the statistical and systematic
uncertainty on the background prediction. ”Other Background” include diboson, Z+Jets, and
single-top contributions.
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Figure 3: Distributions of ST and Mmin(µ, jet) reconstruction at final selection level for a LQ
mass of 500 GeV in the µµjj channel. The gray shaded region indicates the statistical and
systematic uncertainty on the background prediction. ”Other Background” include diboson,
W+Jets, and single-top contributions.
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Figure 4: Distributions of ST and Mmin(µ, jet) reconstruction at final selection level for a LQ
mass of 900 GeV in the µµjj channel. The gray shaded region indicates the statistical and
systematic uncertainty on the background prediction. ”Other Background” include diboson,
W+Jets, and single-top contributions.

LQ1 - EXO-11-028 - 7TeV CMS data, 8TeV results about to come
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LQ1 & LQ2 Limits

5
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Figure 12: Left (right) frame: the expected and observed exclusion limits at 95% CL on the
first- (second-)generation leptoquark hypothesis in the b versus mass plane using the central
value of signal cross section for the individual eejj and enjj (µµjj and µnjj) channels and their
combination. The dark green and light yellow expected limit uncertainty bands represent the
68% and 95% confidence intervals. Solid lines represent the observed limits in each channel,
and dashed lines represent the expected limits. The systematic uncertainties reported in Table 8
are included in the calculation. The shaded region is excluded by the current ATLAS limits [14,
15].

8 Summary287

In summary, a search for pair production of first- and second-generation scalar leptoquarks has288

been performed in decay channels with either two charged leptons of the same-flavor (electrons289

or muons) and at least two jets, or a single charged lepton (electron or muon), missing trans-290

verse energy, and at least two jets, using 7 TeV proton-proton collisions data corresponding to291

an integrated luminosity of 5 fb�1. The selection criteria have been optimized for each lepto-292

quark signal mass hypothesis. The number of observed candidates for each hypothesis agree293

with the estimated number of background events. The CLS modified frequentist approach has294

been used to set limits on the leptoquark cross section times the branching fraction for the295

decay of a leptoquark pair. At 95% confidence level, the pair production of first- and second-296

generation leptoquarks is excluded with masses below 830 (640) GeV and 840 (650) GeV for297

b = 1 (0.5). These are the most stringent limits to date.298
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Figure 9: The expected and observed exclusion limits at 95% CL second-generation leptoquark
mass as a function of the branch fraction b. Limits are expressed for the central value of sig-
nal cross section given in Table 1. The dark green and light yellow expected limit uncertainty
bands represent the 68% and 95% confidence intervals on the combination. Limits for the indi-
vidual µµjj and µnjj channels are also given as in the MLQ versus b plane. Solid lines represent
the observed limits in each channel, and dashed lines represent the expected limits. The left-
most shaded region is excluded by the most recent ATLAS 7TeV result [10], and the rightmost
shaded region is excluded by the CMS 7 TeV Result [11].

EXO-12-042 with full 8TeV CMS data

Scalar LQ1 with mass below 
830 (640) GeV are excluded 
for β = 1 (0.5) at 95% CL

Scalar LQ2 with mass below 
1070 (785) GeV are excluded 
for β = 1 (0.5) at 95% CL
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Search for LQ3 (→tτ)

Require same-sign (SS) µτh + X final state 



ST = pT (l) + pT (τ) + pT (j) + MET, ST > 400 GeV



Njets >1, Z-veto, MT (µ, MET) > 40 GeV 


event centrality: average absolute η of all e’s, µ’s, τ’s in 
the event.



LQ3 dominant in central region


search split in two channels (<0.9, >0.9)



Final cuts on ST and  pT (τh) are optimized for each LQ3 
mass hypothesis.

6

LQ3 ĺ�W���Ĳ Search

4Pheno2014 (CMS-EXO-12-030) Kevin Pedro

• Required same-sign ȝĲh pair reduces SM backgrounds
• Major background mainly from jets misidentified as Ĳh (“fakes”) and also 

from leptons from heavy flavor decays within jets, estimated from data using 
Loose-to-Tight Extrapolation Method (LTEM): ([1 =�ࡂ – x)

• Minor backgrounds estimated from MC

Q = –1/3
ȕ(LQ3 ĺ�W���Ĳ) = 1

LQ3 ĺ�W���Ĳ Search

4Pheno2014 (CMS-EXO-12-030) Kevin Pedro

• Required same-sign ȝĲh pair reduces SM backgrounds
• Major background mainly from jets misidentified as Ĳh (“fakes”) and also 

from leptons from heavy flavor decays within jets, estimated from data using 
Loose-to-Tight Extrapolation Method (LTEM): ([1 =�ࡂ – x)

• Minor backgrounds estimated from MC

Q = –1/3
ȕ(LQ3 ĺ�W���Ĳ) = 1

EXO-12-030 with full 8TeV CMS data

4 5 Backgrounds

to ST cuts, an additional MT(µ, Emiss
T ) > 40 GeV requirement is imposed using the previously

chosen muon candidate. Figure 2 illustrates the data-MC agreement in the f|h| and ST distribu-
tions to within 20%.
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Figure 2: Data-MC agreement in the f|h| and ST distributions using the signal-depleted selec-
tion of events with a same-sign µthad pair. Rare SM contributions are from processes such as
tt̄W, tt̄Z, W±W±qq, Wg⇤, and triboson. The data-MC agreement, represented as the shaded
band in the ratio plot, is found to be 20%, and is assigned as the MC normalization systematic
uncertainty for the non-rare SM contributions in the signal region.

For the signal selection, in addition to the same-sign µthad pair, events are required to have
ST > 400 GeV and 2 or more jets, whereas those containing an opposite-sign di-muon pair
whose invariant mass is consistent with the Z boson are vetoed. In order to exploit the central-
ity of the signal model which places the LQ3 contribution dominantly in the central region, the
search is split into two channels of f|h|, f|h| < 0.9 (central) and f|h| � 0.9 (forward) respectively.
Furthermore, a 2D optimization is performed using the simulated samples for the determina-
tion of selection criteria on the ST - tau pT plane for each LQ3 mass hypothesis in the range of
200-800 GeV. The tau pT cut is applied only on the tau object chosen as a part of the same-sign
dilepton pair. The optimization is carried out by maximizing the figure of merit given in Eq.2
[21], where # is the signal efficiency and B is the number of background events.

c(pt
T, ST) =

#(pt
T, ST)

1 +
p

B(pt
T, ST)

(2)

5 Backgrounds
Within the framework of this analysis, prompt leptons are considered as those which come
from W or Z boson decays and are usually well isolated, whereas fake leptons either originate
from semi-leptonic heavy flavor decays within jets or are simply misreconstructed genuine jets
and in both cases are generally not isolated.

The same-sign dilepton requirement in the final selection yields a background particularly con-
sisting of events containing fake leptons (especially taus faked by jets), which are mainly from
semi-leptonic tt̄+jets and W+jets processes in similar proportions. Additionally, there are less
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chosen muon candidate. Figure 2 illustrates the data-MC agreement in the f|h| and ST distribu-
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Figure 2: Data-MC agreement in the f|h| and ST distributions using the signal-depleted selec-
tion of events with a same-sign µthad pair. Rare SM contributions are from processes such as
tt̄W, tt̄Z, W±W±qq, Wg⇤, and triboson. The data-MC agreement, represented as the shaded
band in the ratio plot, is found to be 20%, and is assigned as the MC normalization systematic
uncertainty for the non-rare SM contributions in the signal region.

For the signal selection, in addition to the same-sign µthad pair, events are required to have
ST > 400 GeV and 2 or more jets, whereas those containing an opposite-sign di-muon pair
whose invariant mass is consistent with the Z boson are vetoed. In order to exploit the central-
ity of the signal model which places the LQ3 contribution dominantly in the central region, the
search is split into two channels of f|h|, f|h| < 0.9 (central) and f|h| � 0.9 (forward) respectively.
Furthermore, a 2D optimization is performed using the simulated samples for the determina-
tion of selection criteria on the ST - tau pT plane for each LQ3 mass hypothesis in the range of
200-800 GeV. The tau pT cut is applied only on the tau object chosen as a part of the same-sign
dilepton pair. The optimization is carried out by maximizing the figure of merit given in Eq.2
[21], where # is the signal efficiency and B is the number of background events.

c(pt
T, ST) =

#(pt
T, ST)

1 +
p

B(pt
T, ST)

(2)

5 Backgrounds
Within the framework of this analysis, prompt leptons are considered as those which come
from W or Z boson decays and are usually well isolated, whereas fake leptons either originate
from semi-leptonic heavy flavor decays within jets or are simply misreconstructed genuine jets
and in both cases are generally not isolated.

The same-sign dilepton requirement in the final selection yields a background particularly con-
sisting of events containing fake leptons (especially taus faked by jets), which are mainly from
semi-leptonic tt̄+jets and W+jets processes in similar proportions. Additionally, there are less

Search for scalar LQ3 pair each decaying to top +τ 



Q = -1/3, β= 1
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Search for LQ3 (→bτ)
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Search for scalar LQ pair each decaying to b andτ  



Q = 2/3 or 4/3, β= 1



One τ decay leptonically (τl) & other hadronically (τh)  



Require two jets, at least one tagged as b-jet


M (τh , j) > 250 GeV



minimize difference b/w mass of τand one jet and the mass 
of the light lepton and the other jet 



ST = pT (l) + pT (τh) + pT (j) + pT (b-jet)



ST distribution used to extract limits

LQ3 ĺ�E���Ĳ Search

7Pheno2014 (CMS-EXO-12-032) Kevin Pedro

Q = –2/3, –4/3
LQ3 ĺ�E���Ĳ

• Reducible background from jets 
misidentified as Ĳh estimated from data

• Irreducible background from t t̄ + jets with genuine Ĳh estimated from data

• Minor backgrounds estimated from MC

EXO-12-032 with full 8TeV CMS data
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6 6 Results

6 Results

The number of observed events and expected signal and background events after the final
selection for the leptoquark and stop searches are listed in Table 1 and Table 2, respectively. The
ST distribution of the selected events in data and simulation, combining eth and µth channels,
are shown in Fig. 1 for the LQ search and Fig. 2 for the stop search. The LQ signal tends to have
more events in the tail of ST distribution than the backgrounds. The stop signal shows a visible
enhancement above the backgrounds in the core of the ST distribution. As the data agree well
with the SM background prediction, a limit is set on the product of the cross section for pair
production of third-generation LQs (stops) and the square of the branching fraction, B, for the
LQ decay to a t lepton and a b quark (stop decay to a c± and a b quark, with a subsequent
decay of the chargino via c̃± ! ñ + t± ! jj + t±). The modified frequentist construction
CLs [32, 33] is used for the limit calculation. A maximum likelihood fit is performed to the ST
spectrum simultaneously for both the eth and µth channels, taking into account correlations
between the systematic uncertainties. Expected and observed limits as a function of the signal
mass are shown in Fig. 3 for the LQ search and Fig. 5 for the stop search. Similar results are
obtained when calculating limits using a Bayesian method with a flat prior. These limits assume
B = 100%. The limits for the LQ search as a function of the leptoquark branching ratio and the
mass are shown in Fig. 4. We exclude scalar leptoquarks with masses below 740 GeV, in good
agreement with the expected exclusion at 754 GeV. We exclude stop quarks with masses below
576 GeV, in agreement with the expected exclusion at 588 GeV.

Table 1: Observed event yields, estimated backgrounds, and expected number of signal events
for the LQ search. Uncertainties on simulation-based estimations are given as ± (statistical
uncertainty) ± (systematic uncertainty), where the latter includes the systematic uncertainties
affecting yields.

µth Channel eth Channel
tt (irreducible) 66.7 ± 12.6 105.6 ± 18.1
Reducible 117.3 ± 18.9 147.8 ± 33.0
Z(``/tt)+jets 7.5 ± 4.6 ± 0.2 21.4 ± 7.4 ± 4.9
Single-t 17.3 ± 2.8 ± 4.7 16.0 ± 2.8 ± 4.4
VV 2.6 ± 0.5 ± 0.8 4.1 ± 0.6 ± 1.3
Total Bkg. 211.4 ± 5.4 ± 23.4 294.9 ± 7.9 ± 39.1
Observed 216 289
Signal (500 GeV) 51.6 ± 1.3 ± 5.3 57.7 ± 1.4 ± 5.9
Signal (600 GeV) 17.7 ± 0.4 ± 1.6 20.1 ± 0.5 ± 1.9
Signal (700 GeV) 6.2 ± 0.1 ± 5.5 7.1 ± 0.2 ± 6.3
Signal (800 GeV) 2.3 ± 0.1 ± 0.2 2.7 ± 0.1 ± 0.2

In summary, a search for pair production of third-generation scalar leptoquarks and top squarks
has been presented. The leptoquark search is performed in the final state including an electron
or a muon, a hadronically decaying t lepton, and at least two jets, one of which is b-tagged. The
stop search is performed in events containing an electron or a muon, a hadronically decaying
t lepton, and at least five jets, one of which is b-tagged. No excesses above the SM background
prediction are observed in the ST distributions. Assuming a 100% branching fraction for the
decays of the hypothetical particles, the existence of the scalar leptoquarks with masses below
740 GeV and top squarks with masses below 576 GeV is excluded at the 95% CL. The limits on
the leptoquarks are the most stringent to date, while this is the first search for top squarks in
such a final state.
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LQ3 Limits
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(c) Combination Channel
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Figure 5: Figures 5a-5c are the expected and observed exclusion limits at 95% CL on the LQ3
pair-production cross-section times b2 in the central, forward, and combination channels re-
spectively. The red-dashed curves represent the theoretical uncertainty on the leptoquark pair-
production cross-section due to the PDF and renormalization/factorization scale uncertainties.
As expected, the central channel has greater sensitivity to the LQ3 signal. In the forward chan-
nel, MLQ3 = 200 GeV point is not shown in the exclusion plot since the associated event selec-
tion has no signal efficiency for a leptoquark of mass 200 GeV (see Table 2). Figure 5d is the
expected significance as computed in the combination channel.

EXO-12-030 with full 8TeV CMS data
10 References

 (GeV)LQM
200 300 400 500 600 700 800

 (p
b)

2
Β×

σ

-310

-210

-110

1

10

210

310 CMS Preliminary, 2012

 = 8 TeVs, -119.7 fb

=100%Β, 2Β × th.σ

Expected limit

Observed limit

Figure 3: The expected and observed combined upper limit on the LQ pair production cross
section times B2 at the 95% CL, as a function of the LQ mass. The dark blue curve and the light
blue band represent the theoretical LQ pair production cross section and the uncertainties due
to the choice of PDF and renormalization/factorization scales.

[26] S. Agostinelli et al., “Geant4—a simulation toolkit”, Nucl. Instrum. Meth. A 506 (2003)
250, doi:10.1016/S0168-9002(03)01368-8.
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-1/3 LQ3 decaying to top
+tau with mass below 550 
GeV excluded at 95% CL 

( 582 GeV expected)

LQ3 decaying to b+tau 
with mass below 740 

GeV excluded at 95% CL 
( 754 GeV expected)
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search as a function 
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DarK Matter - Introduction
Strong astrophysical evidences for the 
existence of DM


No unambiguous direct detection so far


Needs independent verifications from various 
astrophysical and non-astrophysical 
experiments. 

9

1. Direct Detection Experiments 
- Dark Matter-nucleus scattering. 
- Low mass DM particles not probed yet. 
- Less sensitive to spin-dependent coupling. 
- XENON-100, CDMS, CoGeNT 
2. Indirect Detection Experiments 
- Observe annihilation products. 
- Low mass DM particles not accessible. 
- Depends on DM density and annihilation model. 
- Super-Kamiokande, IceCube 
3. Collider Experiments 
- Laboratory production of DM particles. 
- Sensitive to huge mass range. 
- Both spin-dependent and spin-independent couplings. 
- Tevatron, LHC 

4

Search for Dark Matter

Needs independent verifications from various astrophysical and 
non-astrophysical experiments.
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Colliders provide an alternative way of 
searching through DM production


Signal characterstics:



large missing transverse energy (MET) from production of DM 
particles recoiling against X (=g,W/Z,γ)



Effective theory approach (EFT) used 


assuming interaction mediated by a heavy particle with 
mass M, scale of the process M* or Λ, and coupling gχ 
and gq



express limits in terms of DM-nucleon cross-section, then 
compared with constraints from direct and indirect 
experiments.

I. Vivarelli - Search for dark matter and extra dimensions at the LHC - Blois 2014

Results and interpretations

• No search has shown any excess in any signal region

• Results used to extract limits on Mχ as a function of 
M* (or Λ) for different operators
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monojet, mostly sensitive 
to D5, D8 operators

D5 - similar for D8

D5 D8

hadronic W/Z, mostly sensitive 
to non destructive D5, D9
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More on DM will be covered in plenary talk by N. Neumeister
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Mono-jet

One jet with pT > 110 GeV and allow an additional 
jet (pT > 30 GeV) provided Δφ(j1, j2) < 2.5



Veto event if has third jet with pT>30GeV


Veto event if has isolated leptons with pT>10GeV 
(20GeV for taus)  


Several signal regions with increasing MET thresholds



MET > 250, 300, 350, 400, 450, 500, 550 GeV


MET > 400 GeV used for limit

10

Large missing transverse energy recoiling against a high pT jet

I. Vivarelli - Search for dark matter and extra dimensions at the LHC - Blois 2014

mono-jet

4

• Look for DM recoiling against hadrons

Selection (CMS):

• Trigger on ET
miss or jet + ET

miss

• One jet with pT > 110 GeV. A second one allowed provided ΔΦ(j1,j2) < 
2.5. 

• No other central jet with pT > 30 GeV. No leptons with pT > 10 GeV (20 
GeV for taus)

• Several signal regions with increasing ETmiss thresholds

Z→νν and W→lν dominant SM background: 

• Z→νν estimate from Z→μμ, W→lν with a semi-data drive approach

X = jet
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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, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 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
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 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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10 6 Results

Table 7: Summary of the contributions (in %) to the total uncertainty on the W+jets background
from the various factors used in the data-driven estimation.

Emiss
T ( GeV) > 250 > 300 > 350 > 400 > 450 > 500 > 550

Statistics (Nobs) 0.9 1.3 2.0 2.9 4.0 5.5 7.5
Background (Nbgd) 2.5 2.3 1.9 2.1 2.1 1.9 2.4
Acceptance and efficiency 2.0 2.0 2.2 2.4 2.8 3.3 4.1
PDFs 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total 3.9 3.9 4.1 4.9 6.0 7.6 10.1

Table 8: SM background predictions compared with data after passing the selection require-
ments for various Emiss

T thresholds, corresponding to an integrated luminosity of 19.5 fb�1.
The uncertainties include both statistical and systematic terms and are considered to be un-
correlated. In the last two rows, expected and observed 95% confidence level upper limits on
possible contributions from new physics passing the selection requirements are given.

Emiss
T ( GeV) ! > 250 > 300 > 350 > 400 > 450 > 500 > 550

Z(nn)+jets 30600 ± 1493 12119 ± 640 5286 ± 323 2569 ± 188 1394 ± 127 671 ± 81 370 ± 58
W+jets 17625 ± 681 6042 ± 236 2457 ± 102 1044 ± 51 516 ± 31 269 ± 20 128 ± 13
tt̄ 470 ± 235 175 ± 87.5 72 ± 36 32 ± 16 13 ± 6.5 6 ± 3.0 3 ± 1.5
Z(``)+jets 127 ± 63.5 43 ± 21.5 18 ± 9.0 8 ± 4.0 4 ± 2.0 2 ± 1.0 1 ± 0.5
Single t 156 ± 78.0 52 ± 26.0 20 ± 10.0 7 ± 3.5 2 ± 1.0 1 ± 0.5 0 ± 0
QCD Multijets 177 ±88.5 76 ±38.0 23 ±11.5 3 ±1.5 2 ±1.0 1 ± 0.5 0 ± 0
Total SM 49154 ± 1663 18506 ± 690 7875 ± 341 3663 ± 196 1931 ± 131 949 ± 83 501 ± 59
Data 50419 19108 8056 3677 1772 894 508
Exp. upper limit 3580 1500 773 424 229 165 125
Obs. upper limit 4695 2035 882 434 157 135 131

certainties on the acceptance from PDFs, and (iv) the uncertainty in the selection efficiency e as
determined from the difference in measured efficiency between data and simulation. A sum-
mary of the contributions of these uncertainties to the total error on the W+jets background is
shown in Table 7.

Background contributions from QCD multijet events, top and Z(``)+jets production are small.
QCD events are normalised to the cross section measured in dijet events, tt̄ events are nor-
malised to the measured cross section in the tt̄ inclusive cross section measurement and Z(``)+jets
are normalised using the comparison between data and MC in the Z(µµ) control sample after
applying the monojet selection. A 50% uncertainty is assigned to these background predictions.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of the Emiss

T cut are shown in Table 8. Also shown in
Table 9 are the number of events from representative signal points for ADD, dark matter and
Unparticles that pass the selection requirements for various Emiss

T thresholds.

The Emiss
T cut is optimised by using representative model points from the three signal scenarios.

The best expected limits are found to be at Emiss
T > 400 GeV for ADD and dark matter and

Emiss
T > 350 GeV for Unparticle models.

The total systematic uncertainty on the signal is found to be 20% for dark matter, ADD and
Unparticles. The sources of systematic uncertainty considered are: jet energy scale, PDFs,
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Mono-photon

One energetic photon with pT > 145 GeV within |η| < 1.4442



Veto events with leptons and significant hadronic activity


MET > 140 GeV


Δφ(photon,MET) > 2
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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
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EXO-12-047 with full 8TeV CMS data

Large missing transverse energy recoiling against a high pT γ

more details - poster by Z. Demiragli
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Mono-X (results)
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EXO-12-047 with full 8TeV CMS data

Stringent constraints by colliders 
over the whole mass range

Extends the limits for Mχ < 3 GeV - 

which remained unexplored by direct 
detection experiments 
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Extra Dimensions - Introduction

Non-SUSY solutions to the 
hierarchy problem: extra 
dimensions (ED)



ADD: SM particles are confined to 
4D subspace (brane) gravity 
propagates in additional dimensions 
(bulk). Its 4D projection is weak.


Signature: 



mono-X from direct graviton 
production


enhanced high mass di-object 
events (virtual graviton 
exchange)
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ADD with Mono-jet/photon
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EXO-12-047/48 with full 8TeV CMS data

Comparison of lower limits on MD versus the number 
of extra dimensions with LEP, CDF, and D0.

Limits on MD as a function of extra 
dimensions, compared to LO results from 
similar searches at the Tevatron and LEP 
along with the CMS 7 TeV results.

Limits on the order of 3-5 TeV, lower for larger number of EDs

https://twiki.cern.ch/twiki/bin/edit/CMSPublic/TeV?topicparent=CMSPublic.PhysicsResultsEXO12047;nowysiwyg=1
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MODEL PARAMETERS
Two conventions commonly used

● GRW 

– G.F.Giudice, R.Rattazzi, J.D.Wells

● HLZ

– T.Han, J.D.Lykken, R.Zhang

– Related via

ED with di-leptons

Enhanced non-resonant dilepton production


Best S/B ratio in high mass tail of dilepton 
spectrum


Single bin counting experiment with 
Bayesian approach (Optimized lower mass 
threshold of Mll > 1.8 TeV)
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EXO-12-027, EXO-12-031 with full 8TeV CMS data

CMS ADD DileptonSebastian Thüer (RWTH Aachen) 02-17-2014                          4

DILEPTON PRODUCTION
Graviton modes couple to the Standard Model energy-momentum tensor

● Enhanced non-resonant dilepton production

● QCD NLO k-factor of 1.3 (conservative)
(M. C. Kumar et al. Eur. Phys. J. C 49 (2007) 599, 
 P. Mathews et al. Nucl. Phys. B 713 (2005) 333)

→ Best signal/background ratio in high mass tail of dilepton spectrum

Dominant SM
 background

Virtual
qq-annihilation                             

Virtual
gluon fusion

Model Parameters: 
GRW (Giudice, Rattazzi, Wells)


!
!
!
!
!
!
HLZ (Han, Lykken, Zhang)
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ED with di-leptons

Observed combined limit on σs < 
0.12 fb at 95% CL



Observed limits on cross-sections are translated to 
exclusion limits on ADD model parameters


Translating in GRW limit (combined ee & µµ limit) 
ΛT > 4.15 TeV 



translate into HLZ by
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EXO-12-027, EXO-12-031 with full 8TeV CMS data
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Figure 2: The observed and expected upper limit on the signal cross section including the side
bands are shown when a cut of 1.8 TeV is applied on the invariant mass. The theoretical cross
section is shown for comparision.

the signal region, and the signal efficiency were used to calculate 95% C.L. upper limits on the
signal cross section based on a counting experiment method. The systematic uncertainties in
Table 1 were included in the computation of the limits. To calculate the limits the RooStats [17]
package was used.

To set the upper limit on the cross section of the ADD signal decaying to a dielectron pair
a Bayesian approach was used. The expected 95% C.L. upper limit on the cross section was
found to be 0.19 fb while the observed limit amounted to 0.19 fb in the signal region. The
observed and expected upper limits on the signal cross section including the side bands are
shown in figure 2 after applying a cut of 1.8 TeV on the invariant mass. The theoretical cross
section of the signal is shown for comparision.

The upper limits on the signal cross section were translated into lower limits on the model
parameter. Figure 3 presents the limits in the HLZ convention obtained under the hypothesis
of different ranges of validity of the model, assuming no signal contribution beyond a given
cut-off Mmax. The limits are shown for the leading order ADD scenario and for an assumed
higher-order correction factor (k-factor) of 1.3 for the ADD signal contribution [18].

Table 3 shows the obsered(expected) limit in GRW and HLZ conventions for the truncation at
Mee = MS or Mee = LT for the dielectron channel, dimuon channel and their combination
respectively which significantly have been improved compare with the 2011 data. Combined
limits with dielectron and dimuon events are calculated by multiplying the likelihoods of the
single channel counting experiments. A detailed description of the dimuon input is given in
[21]. Luminosity and SM DY cross section uncertainties are assumed to be fully correlated
between the two channels. All other uncertainties are treated as uncorrelated.

In summary, we performed a search for the large extra dimensions as proposed by ADD by
looking for the effects of virtual Kaluza-Klein graviton in the dielectron channel using data
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Figure 2: Cross section limit for the dimuon channel. In addition to the 95% CL observed limit,
the expected limit with the 1s and 2s band is shown. The theoretical prediction is shown in
both leading and next-to-leading order.

The cross section limit obtained this way is shown in Fig. 2. The observed limits on ss are trans-
lated into exclusion limits on the ADD model parameters. Fig. 3 shows the obtained limits in
the HLZ convention obtained under the hypothesis of different ranges of validity of the model,
assuming no signal contribution beyond a given cut-off Mmax. The limits are shown for the
leading order ADD scenario and for an assumed higher order correction factor (k-factor) of 1.3
for the ADD signal contribution. The k-factor of 1.3 is conservative with respect to studies of
QCD NLO corrections on dilepton processes in the ADD model [20, 21]. Table 3 summarizes
the limits on the GRW and HLZ parameters for the truncation at Mµµ = Ms or Mµµ = LT for
the respective dilepton channels and their combination. A CLs approach [22] with profile like-
lihood test statistic [23] gives limits on the model parameters that are substantially unchanged.
A summary of the development of limits on Ms from the analysis of dimuon events obtained
by different experiments is presented in Figure 4.

In conclusion, we have presented a search for the effects of large extra dimensions in the
dimuon invariant mass spectrum using the CMS detector at the LHC. The SM prediction is
found to be in agreement with the data and no significant excess of events has been observed
in the dimuon high mass region. The observed 95% C.L limits on ADD models are found to
significantly improve the previous limits evaluated with 2011 data [6] and provide the best
limits based on dimuon events to date.

di-muon channeldi-electron channel

CMS ADD DileptonSebastian Thüer (RWTH Aachen) 02-17-2014                          11

COMBINATION OF LIMITS

Combined limit yields 0.12 fb

→ Translation in GRW limit

Able to translate into HLZ by

 

Λ
T
>4.15TeV

Possible signal has same BR to mm & ee
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Conclusions

Full 8TeV CMS data has been analyzed for most of the 
searches. 


Huge improvements on the known limits of LQ pair production, 
dark matter and extra dimensions, have been made. These 
results are the most stringent to date.


Searches for all three LQ generations with different channels 
are shown (LQ1 8TeV results not public yet) .


Dark matter searches target lots of different ISR objects - 
sensitivity to different operators in EFT enhanced -competitive 
with direct searches - especially these collider DM results 
are relevant at low DM mass and for spin-dependent 
interactions.


Search for extra-dimensions in different possible signatures 
show no sign for its existence.


But stay tuned - more results are on the way - 13 TeV 
collisions about to start !
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Thanks …
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