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Introduction 

Several CMS searches for leptoquarks and compositeness with pp data 
collected at 13 TeV at the LHC shown here: 

•  First and second generation leptoquarks (2.6, 2.7 fb-1) 
•  Third generation leptoquarks (as part of WR search) in two 

channels, including τhadτhadbb and τhadlbb channel (2.1, 12.9 fb-1) 
•  Excited leptons (2.7 fb-1) 

Excited quarks presented in separate talk on multijets (S. Bhattacharya) 

 

Three new results for ICHEP2016 in this talk [green] 

 

Full list of CMS results: 
http://cms-results.web.cern.ch/cms-results/public-results/publications/ 

 

2 



CMS Detector 
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Leptoquarks: Theory in brief 
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Theory

Search for a scalar boson carrying
both baryon and lepton number and
fractional charge

Leptoquark searches are traditionally
grouped into generations

This search is for pair-production of
first generation leptoquarks

— = BR(LQ æ e

±
q) is treated as a

free parameter, leading to two
separate analyses:
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•  New symmetry between quarks and leptons.  Some 
beyond the SM models predict leptoquarks arising from 
this symmetry (Pati-Salam, GUTs, technicolor, etc.) 

•  Leptoquark (LQ): boson coupling to both quarks and 
leptons (carries baryon and lepton numbers) and 
fractional electric charge. Concentrating on scalar case. 

•  Consider pair-produced particles: Dominant gg production 
mode at LHC is virtually independent of the lepton/quark/
LQ coupling strength.  

•  Separate analysis by lepton generation: FCNC constraints 
imply no intergenerational mixing 

•  Branching ratio LQ à lq is treated as free parameter β 

•  Final states covered in this talk: 
•  1st/2nd generation: lj+lj, for l=e,µ 
•  3rd generation: τhadblb for l=e, µ; τhadb+τhadb 

 



LQ 1st and 2nd generation analysis overview 
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¾ Look for a striking experimental signature: 

two high-pT charged leptons and two 

high-pT jets

� Trigger:  robust and efficient lepton triggers

� Event selection:
− At least 2 isolated high-pT leptons, at least 2 high-pT jets

− A lower cut on Mll to remove Z+jets bkg

− ST = pT (l1) + pT (l2) + pT (j1) + pT (j2) > f(MLQ)

� Background estimate: 
− Backgrounds containing vector bosons are estimated using MC samples 

� Z+jets and ttbar are the dominant backgrounds

� MC normalization and  systematic uncertainty on the background estimate

are assessed by comparing data and MC

− The small QCD background is determined from data

quark

quark

jet

jet

lepton

lepton +/-

+/-

CMS Analysis Strategy

December 9, 2010 8Paolo Rumerio, Maryland

 
2 high pT leptons and 2 high pT jets are a striking signature 
 
Use single electron or muon trigger 

•  2 isolated high-pT leptons (pT > 50 GeV) 
•  2+ high-pT jets (pT > 50 GeV) 
•  Final selection variables: 

•  ST=ΣpT(l,j) for l1,l2,j1,j2 
•  Mmin(lj) 
•  M(ll) 

•  Minimal ST requirement (300 GeV) 
•  Validate backgrounds vs. data at preselection 
•  Optimize final selections as a function of LQ mass 

Backgrounds: 
Z+Jets: MC shape, normalized in Z peak 
TTbar+Jets: eµjj data-driven shape/normalization (LQ2); MC normalized to eµjj data (LQ1) 
QCD Multijets (LQ1: data-driven fake rate) 
Others: Diboson, single top, etc.: MC 



LQ 1st/2nd generation 
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CMS EXO-16-043 
New for ICHEP2016 

6 6 Systematic Uncertainties
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Figure 1: Distributions of the muon and the jet pT’s at preselection level. The contribution
denoted as ”Other Background” includes diboson, W+jets, and single-top contributions. Signal
distributions are overlaid for LQ masses of 650 and 950 GeV.
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Figure 2: Distributions of ST, Mµµ, and of Mmin(µ, jet) at preselection level. The contribution
denoted as ”Other Background” includes diboson, W+jets, and single-top contributions. Signal
distributions are overlaid for LQ masses of 650 and 950 GeV.
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Figure 2: Distributions of ST, Mµµ, and of Mmin(µ, jet) at preselection level. The contribution
denoted as ”Other Background” includes diboson, W+jets, and single-top contributions. Signal
distributions are overlaid for LQ masses of 650 and 950 GeV.

Good data/MC agreement observed at preselection 

 
CMS EXO-16-007 



LQ 1st / 2nd gen. results 

1st generation LQ mass limit is set at 1130 GeV for  β=1 

•  Previous CMS: 1010 GeV (8 TeV, 19.7 fb-1); ATLAS 1100 GeV (13 TeV, 3.2 fb-1) 
2nd generation LQ mass limit is set at 1165 GeV for β=1 

•  Previous CMS: 1080 GeV (8 TeV, 19.7 fb-1); ATLAS 1050 GeV (13 TeV, 3.2 fb-1) 
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expected limits and uncertainty bands represent the median expected limits and the 68% and
95% confidence intervals. The stheory curves and their bands represent, respectively, the theo-
retical scalar leptoquark pair production cross section and the uncertainties due to the choice
of PDF and renormalization/factorization scales.

CMS EXO-16-007 

CMS EXO-16-043 
New for ICHEP2016 
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WR/LQ 3rd generation 

Left-Right Symmetric standard model 

•  Heavy right-handed neutrinos and right-
handed WR 

Also sensitive to scalar leptoquarks decaying to 
ττbb 

 

Require: 

•  1 (or 2) isolated τhad , high pT (50-70 GeV) "

•  2 high pT jets (50 GeV) 

•  τ ,jet l,jet   τ,l  spatial separation 

Calculate ST(τ, τ,j,j,MET) "
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ττjj final state 

τ+ 

τ- 

Searches for Leptoquarks, Extra Dimensions, and Dark Matter - Lovedeep K. Saini ( KSU, Manhattan ) - LHCP 2014 

Search for LQ3 (→bτ)

7

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.



WR/LQ 3rd generation: τhadτhadbb 

Trigger: double τ 

M(ττ) > 100 GeV 

MET > 50 GeV 

Examine ST, 

    m(τ,τ,j,j,MET) 
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9

x = m(Nt)/m(WR). The signal acceptance and mass shape is evaluated for each {m(WR), x}
combination in Figure 4 and used in the limit calculation procedure described above. Masses
below m(WR) = 2.35 (1.63) TeV are excluded at a 95% confidence level, assuming the Nt mass
is 0.8 (0.2) times the mass of WR boson.

This is the first LHC result for Nl searches with t leptons. Other searches for heavy neutrinos
have been performed in the µµjj and ee jj channels assuming Nt is too heavy to play a role in
the decay of WR (and thus free of t leptons). In those searches, an excess of 2.4-2.8s has been
observed at ⇡ 2.2 TeV in the eejj channel, while the µµjj channel excludes m(WR) less than ⇡ 3
TeV under the assumption of very heavy Nt [4]. For the leptoquark interpretation using ST as
the final fit variable, the expected 95% CL exclusion is LQ masses below 790 GeV, while the
observed exclusion is approximately 740 GeV, resulting in the most stringent limit to date.

Figure 2: Left: m(th, th, j, j, Emiss
T ) distribution in the SR. Right: ST distribution in the SR.

Figure 3: Left: Expected and observed limits, at 95% confidence level, as functions of m(WR)
mass. Right: Expected and observed limits, at 95% confidence level, as functions of LQ mass.
The bands on the expected limits represent the one and two standard deviations obtained using
a large sample of pseudo-experiments based on the background-only hypothesis for each bin
of the mass and ST distributions.

CMS EXO-16-016 

QCD multijet background dominates 

•  Data-driven ABCD method (MET, 
isolation of τ) 

Others (ttbar+jets, DY+jets, etc., via MC) 

 



WR/LQ 3rd generation: τhadτhadbb 
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CMS EXO-16-016 

Limit M(LQ3) > 740 GeV 
Limit M(WR) > 2.31 TeV [m(Nτ) = 0.5 m(WR) ] 

9

x = m(Nt)/m(WR). The signal acceptance and mass shape is evaluated for each {m(WR), x}
combination in Figure 4 and used in the limit calculation procedure described above. Masses
below m(WR) = 2.35 (1.63) TeV are excluded at a 95% confidence level, assuming the Nt mass
is 0.8 (0.2) times the mass of WR boson.

This is the first LHC result for Nl searches with t leptons. Other searches for heavy neutrinos
have been performed in the µµjj and ee jj channels assuming Nt is too heavy to play a role in
the decay of WR (and thus free of t leptons). In those searches, an excess of 2.4-2.8s has been
observed at ⇡ 2.2 TeV in the eejj channel, while the µµjj channel excludes m(WR) less than ⇡ 3
TeV under the assumption of very heavy Nt [4]. For the leptoquark interpretation using ST as
the final fit variable, the expected 95% CL exclusion is LQ masses below 790 GeV, while the
observed exclusion is approximately 740 GeV, resulting in the most stringent limit to date.

Figure 2: Left: m(th, th, j, j, Emiss
T ) distribution in the SR. Right: ST distribution in the SR.

Figure 3: Left: Expected and observed limits, at 95% confidence level, as functions of m(WR)
mass. Right: Expected and observed limits, at 95% confidence level, as functions of LQ mass.
The bands on the expected limits represent the one and two standard deviations obtained using
a large sample of pseudo-experiments based on the background-only hypothesis for each bin
of the mass and ST distributions.



WR/LQ 3rd generation: τhadlbb 
2016 pp data"
τhadlbb channel 

Trigger: single e/µ 
Require 1 b-tagged jet (LQ) 

M(τhad,j) > 250 GeV (LQ) 

MET > 50 GeV (WR) 

M(τhad,l) > 150 GeV (WR) 
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CMS EXO-16-023 
New for ICHEP2016 

ttbar background 
dominates 

•  MC, checked with 
eµ data 

 

Others (W+jets, DY+jets, 
QCD, etc., via MC) 
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WR/LQ 3rd generation: τhadlbb 
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CMS EXO-16-023 
New for ICHEP2016 

Limit M(LQ3) > 900 GeV 
Limit M(WR) > 3.2 TeV [m(Nτ) = 0.5 m(WR) ] 
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Compositeness: theory overview 

As far as we know, quarks and leptons are elementary particles 

But if they in fact have substructure, it could help answer some open 
questions in the standard model, such as the mass hierarchy of 
quarks and leptons 

Constituents known as preons, bounded by a new strong gauge 
interaction of scale Λ (Pati and Salam) 

Can lead to production of excited quarks and leptons 

•  Direct evidence of compositeness 
 

Known l, q: ground states 

Flavor shared with SM particle 

 

Look in llγ final state 
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1

1 Introduction1

The standard model (SM) successfully describes the interactions between particles and agrees2

with a wealth of experimental results collected during the past 40 years. However, there are still3

several fundamental questions not explained in the SM. One of them is the mass hierarchy of4

quarks and leptons. A possible solution is to introduce composite models [1–9] in which quarks5

and leptons are claimed to be the bound states of three fermions or a fermion-boson pair. These6

sub-particles are proposed to be bounded by a new strong interaction. If this substructure of7

fermions really exists, there could be excited states of fermions.8

In this analysis we follow the formalism in Ref. [7]. The production of excited fermions via9

four-fermion contact interaction can be described by an effective Lagrangian:10

LCI =
g⇤2

2L2 jµ jµ, (1)

where g⇤2 is chosen to be 4p, L is the compositness scale, and jµ is the fermion current.11
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Figure 1: Feynman diagram for the investigated ``g channels.

This analysis summary presents a search for excited leptons with two same-flavour leptons (e,12

µ) and one photon in the final state. Figure 1 shows a Feynman diagram of the production of13

an excited lepton, `⇤, via contact interaction and its gauge-mediated decay with emission of a14

photon.15

The analysis strategy follows previous CMS searches for excited leptons as published in Refs. [10,16

11]. The latter provides limits on a number of decay channels. The channels with photon ra-17

diation, have excluded the existence of excited leptons of mass below 2.5 TeV, under the hy-18

pothesis of mass equal to the compositeness scale. Corresponding searches by the ATLAS19

collaboration [12, 13], not using the full data sample, provide less stringent limits. Searches20

at LEP [14–17], HERA [18], and the Tevatron [19–22] also have found no evidence for excited21

leptons.22

2 Data and simulated samples23

The data for this analysis are collected with the Compact Muon Solenoid (CMS) detector [23]24

at the CERN LHC with proton-proton collisions at a centre-of-mass energy of 13 TeV in the25

year 2015. The integrated luminosity corresponds to 2.7±0.1 fb�1 [24]. For both channels, eeg26

and µµg, data acquisition is triggered by requiring the coincidence of two lepton candidates27

of the same flavour. In case of the eeg channel, a trigger with a threshold on the transverse28

energy of the calorimeter cluster, ET , of 33 GeV for both electron candidates is used, while the29
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f and f ⇤ represent the SM fermion and excited fermion respectively. The h factors of left-12

handed currents are set to be one and the right-handed currents are set to zero for simplicity.13

SM fermions can transit to excited fermions via gauge-mediated process. According to the14

following effective Lagrangian, an excited lepton is allowed to transit to a SM lepton via an15

electroweak process:16
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This analysis presents the search for excited leptons with two same-flavour leptons (e, µ) and17

one high pT photon in the final state. Fig. 1 shows a Feynman diagram of the production of an18

excited lepton `⇤ via contact interaction (CI) and its gauge-mediated decays under emission of19

a photon. Also the gauge-mediated decay under emission of a Z-boson is possible (final states20

are 4` or 2`2j) but have a lower sensitivity due to their branching fraction, as shown in our21

previous analysis (with more manpower) in ref. [10].22
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The analysis strategy follows our previous searches for excited leptons as published in refs. [10,23

11]. The latter provides the world’s best limits to date on a number of decay channels. Cor-24

responding searches by the ATLAS collaboration [12, 13], not using the full data statistics, are25
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Excited leptons: analysis overview 

•  Use double electron or double muon trigger 

•  Select photon 

•  Impose photon/lepton separation ΔR > 0.7 

•  Veto Z peak: M(ll) > 116 GeV 

•  Two highest-pT leptons paired with photon:     
Mlγ min, max 

•  Background: DY, diboson, ttbar+jets 

•  Data-driven QCD jet background, 
misidentified photon from MC (checked 
with data) 

14 

CMS EXO-16-009 
New for ICHEP2016 



Excited leptons: analysis overview 

15 

Signal forms an “L” shape in Mlγ min vs. max 

•   Create signal region from 2-D regions 

CMS EXO-16-009 
New for ICHEP2016 



Excited leptons: results 

16 

Search windows defined in 
Mlγ min, max 

 

Limits on cross-
section(x)branching ratio 
for excited leptons 

M(e*) > 2.8 TeV (electron) 

M(µ*) > 3.0 TeV (muon) 
(8 TeV CMS mass limit: 2.5 TeV) 

 

Also limits on Λ itself: 

Λ > 15 TeV 

CMS EXO-16-009 
New for ICHEP2016 



Summary 

Wide range of CMS results on 2015 and 2016 data from leptoquark 
and compositeness searches 

•  Leptoquark searches extend previous LHC Run I limits with 
2015 data (1st gen., 2nd gen.) 

•  LQ3 in two channels also extend previous limits, with the 
τhadlbb channel results using 2016 data 

•  Excited lepton results extend limits on the compositeness 
scale to ~15 TeV 

 

Overall, 3 new results for ICHEP2016 [green] presented here 

 

Expect results with 2016 data from all analyses  

17 



Backup 

18 



Optimized Thresholds (LQ2) 
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5

MLQ ST > Mµµ > Mmin(µ, jet) >
200 300 100 100
250 330 100 140
300 420 100 190
350 510 110 240
400 595 130 290
450 680 150 335
500 760 170 375
550 835 190 415
600 910 210 450
650 985 225 485
700 1055 240 515
750 1120 255 540
800 1185 270 565
850 1245 285 585
900 1305 300 605
950 1360 315 620
1000 1415 325 635
1050 1465 335 640
1100 1515 350 650
1150 1560 360 650
1200 1605 365 650
1250 1645 375 650
1300 1680 385 650
1350 1715 390 650
1400 1750 400 650

Table 2: Optimized thresholds for different signal mass hypotheses. All values are in GeV.

The contribution from QCD-multijet processes is determined using a multijet-enriched data
sample of same-sign dilepton events with no muon isolation criteria imposed. The same-sign
non-isolation data sample is rescaled according to a same-sign/opposite-sign ratio and an isola-
tion efficiency calculated using MC. After the MC-driven rescaling, the same-sign non-isolated
data sample is used to predict the multijet contribution to final selection, which is determined
to be negligible.

The observed data and background prediction is compared for all kinematic distributions rel-
evant to the analysis. Figure 1 shows the data and background comparison for the leading
and subleading muon and jet pT. Figure 2 shows the distributions of the three kinematic vari-
ables used in the final selection optimizations. Good agreement is found between data and the
background prediction for all kinematic distributions at preselection level.

The number of events selected in data and backgrounds at final selection is shown in Table 3.

6 Systematic Uncertainties
The systematic uncertainties considered in this measurement are:

• An uncertainty of 2.7 % on the determination of the integrated luminosity [33].


