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Run 1: SM remains a huge success

CMS Exotica Physics Group Summary – Moriond, 2015!
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yet there are a few anomalies out there 
(focusing on the high-pT results)

• CMS eejj, eν jj “leptoquark excess”, 2.4/2.6σ,  
                                           CMS PAS EXO-12-041 

• CMS eejj “W’ excess”, 2.8σ, 1407.3683

• CMS OS dilepton “edge”, 2.4σ, 1502.06031

• CMS LFV Higgs decay (μτ), 2.4σ 1502.07400

• ATLAS dileptons + jets + MET, 3.0σ, 1503.03290

• ATLAS SS dileptons + b-jets + MET, 2.5σ, 1504.04605
…



with so many things measured at the LHC, there 
must be some deviations

most will shrink in time with more data

deviations that persist are looked at seriously.. 
analysis are redone independently

results are  scrutinized for months, 
sometimes even longer



whenever a new excess comes out 
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whenever a new excess comes out 

it’ll go away.. its 
just the SM.. 

statistical 
fluctuation.. 

backgrounds… 
doesn’t occur in 

‘nice’ models



whenever a new excess comes out 

maybe its the 
beginning of new 
physics!! we are in 
this business to 
look for new 

phenomena, after 
all!



who cares if its a 
‘motivated’ model?

it’ll go away.. its 
just the SM.. 

statistical 
fluctuation.. 

backgrounds… 
doesn’t occur in 

‘nice’ models



Higgs discovery was a huge achievement

very difficult, even for a particle we EXPECTED and KNEW 
where to look



Higgs discovery was a huge achievement

very difficult, even for a particle we EXPECTED and KNEW 
where to look

Can we really discovery something totally unexpected?



ATLAS/CMS cast a wide net, but our job is to make 
sure it is wide enough

LHC searches are strongly biased towards ‘motivated 
models’.. but we haven’t seen any of those motivated 

particles, so time to expand our scope
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ATLAS/CMS cast a wide net, but our job is to make 
sure it is wide enough

LHC searches are strongly biased towards ‘motivated 
models’.. but we haven’t seen any of those motivated 

particles, so time to expand our scope

so grab anomalies, explore what can explain them

finally, don’t let the fact that “no paper exists with that  
particle/final state” be an excuse for the experimenters 



even if the anomaly fades, efforts point out 
weaknesses/problems in search strategies• “One possible way to interpret this disagreement is a gaussian 

contribution in the 120–160 GeV/c2 mass range” with the 
significance of 3.2 σ 

Previous result

Phys. Rev. Lett. 
106, 171801 (2011)
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Effect of the MC corrections
(Muon sample)

• Dijet mass in the muon sample with
‣ standard JES MC (as in 2011)
‣ JES MC corrections 
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even if the anomaly fades, efforts point out 
weaknesses/problems in search strategies

and motivate new ones, either for full model or 
components (ex. dark photon)
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Search for 1st Generation LQ
✦ One of just three CMS searches, where slight excesses have 

been seen
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Figure 10: The expected and observed exclusion limits at 95% CL on the first generation lep-
toquark hypothesis in the b versus mass plane using the central value of signal cross section
for the individual eejj and enjj channels and their combination. The green and 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.

10 7 Comparison with data
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Figure 4: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.
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Figure 5: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.

12 8 Systematic uncertainties

In the final selection plots in Figures 7 and 8 and in Table 5, a broad excess is clearly visible
for all final selections optimized for a leptoquark of mass greater than 300 GeV. As in the case
of the eejj channel, this excess is most significant in the selection optimized for a leptoquark
of mass 650 GeV, where 7.54 ± 1.20 (stat) ± 1.07 (syst) events are expected and 18 events are
observed. The significance of the observed data with respect to the background estimate at this
selection is 2.6. Unlike predicted leptoquark signal, the excess does not peak sharply in the
mej distribution.
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Figure 7: The ST (left) and mej (right) distributions for events passing the full enjj selection opti-
mized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncertainty
on the background prediction.
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Figure 8: The ST (left) and mej (right) distributions for events passing the full enjj selection opti-
mized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncertainty
on the background prediction.

8 Systematic uncertainties

The systematic uncertainties applied to this analysis are as follows:

• A 2.6% uncertainty on the integrated luminosity [26];
• A jet energy scale uncertainty depending on jet pT and h [27];
• A jet energy resolution uncertainty depending on jet h [27];
• An electron energy scale uncertainty of 0.4% (4.1%) for electrons in the ECAL barrel

(endcap) [20];
• An electron energy resolution uncertainty of 0.6% (1.5%) for electrons in the ECAL

barrel (endcap) [28];

✦ Search for 1st generation LQ in the eejj + eνjj 
channels


✦ Excess seen in both channels for the  
M(LQ) = 650 GeV selection


✦ Many cross-checks done: does not appear to 
be coupled between two channels or signal-
like

B = 20.5 ± 2.1 ± 2.5 
N = 36 (2.4σ)

B = 7.5 ± 1.2 ± 1.1 
N = 18 (2.6σ)
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Figure 10: The expected and observed exclusion limits at 95% CL on the first generation lep-
toquark hypothesis in the b versus mass plane using the central value of signal cross section
for the individual eejj and enjj channels and their combination. The green and 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.
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optimized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.
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ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.

12 8 Systematic uncertainties

In the final selection plots in Figures 7 and 8 and in Table 5, a broad excess is clearly visible
for all final selections optimized for a leptoquark of mass greater than 300 GeV. As in the case
of the eejj channel, this excess is most significant in the selection optimized for a leptoquark
of mass 650 GeV, where 7.54 ± 1.20 (stat) ± 1.07 (syst) events are expected and 18 events are
observed. The significance of the observed data with respect to the background estimate at this
selection is 2.6. Unlike predicted leptoquark signal, the excess does not peak sharply in the
mej distribution.
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mized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncertainty
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8 Systematic uncertainties

The systematic uncertainties applied to this analysis are as follows:

• A 2.6% uncertainty on the integrated luminosity [26];
• A jet energy scale uncertainty depending on jet pT and h [27];
• A jet energy resolution uncertainty depending on jet h [27];
• An electron energy scale uncertainty of 0.4% (4.1%) for electrons in the ECAL barrel

(endcap) [20];
• An electron energy resolution uncertainty of 0.6% (1.5%) for electrons in the ECAL

barrel (endcap) [28];

✦ Search for 1st generation LQ in the eejj + eνjj 
channels


✦ Excess seen in both channels for the  
M(LQ) = 650 GeV selection


✦ Many cross-checks done: does not appear to 
be coupled between two channels or signal-
like

B = 20.5 ± 2.1 ± 2.5 
N = 36 (2.4σ)

B = 7.5 ± 1.2 ± 1.1 
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Figure 10: The expected and observed exclusion limits at 95% CL on the first generation lep-
toquark hypothesis in the b versus mass plane using the central value of signal cross section
for the individual eejj and enjj channels and their combination. The green and 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.
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Figure 5: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.

12 8 Systematic uncertainties

In the final selection plots in Figures 7 and 8 and in Table 5, a broad excess is clearly visible
for all final selections optimized for a leptoquark of mass greater than 300 GeV. As in the case
of the eejj channel, this excess is most significant in the selection optimized for a leptoquark
of mass 650 GeV, where 7.54 ± 1.20 (stat) ± 1.07 (syst) events are expected and 18 events are
observed. The significance of the observed data with respect to the background estimate at this
selection is 2.6. Unlike predicted leptoquark signal, the excess does not peak sharply in the
mej distribution.
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8 Systematic uncertainties

The systematic uncertainties applied to this analysis are as follows:

• A 2.6% uncertainty on the integrated luminosity [26];
• A jet energy scale uncertainty depending on jet pT and h [27];
• A jet energy resolution uncertainty depending on jet h [27];
• An electron energy scale uncertainty of 0.4% (4.1%) for electrons in the ECAL barrel

(endcap) [20];
• An electron energy resolution uncertainty of 0.6% (1.5%) for electrons in the ECAL

barrel (endcap) [28];

✦ Search for 1st generation LQ in the eejj + eνjj 
channels


✦ Excess seen in both channels for the  
M(LQ) = 650 GeV selection


✦ Many cross-checks done: does not appear to 
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tainty on the background prediction.
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12 8 Systematic uncertainties

In the final selection plots in Figures 7 and 8 and in Table 5, a broad excess is clearly visible
for all final selections optimized for a leptoquark of mass greater than 300 GeV. As in the case
of the eejj channel, this excess is most significant in the selection optimized for a leptoquark
of mass 650 GeV, where 7.54 ± 1.20 (stat) ± 1.07 (syst) events are expected and 18 events are
observed. The significance of the observed data with respect to the background estimate at this
selection is 2.6. Unlike predicted leptoquark signal, the excess does not peak sharply in the
mej distribution.
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Figure 7: The ST (left) and mej (right) distributions for events passing the full enjj selection opti-
mized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncertainty
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8 Systematic uncertainties

The systematic uncertainties applied to this analysis are as follows:

• A 2.6% uncertainty on the integrated luminosity [26];
• A jet energy scale uncertainty depending on jet pT and h [27];
• A jet energy resolution uncertainty depending on jet h [27];
• An electron energy scale uncertainty of 0.4% (4.1%) for electrons in the ECAL barrel

(endcap) [20];
• An electron energy resolution uncertainty of 0.6% (1.5%) for electrons in the ECAL

barrel (endcap) [28];

✦ Search for 1st generation LQ in the eejj + eνjj 
channels


✦ Excess seen in both channels for the  
M(LQ) = 650 GeV selection


✦ Many cross-checks done: does not appear to 
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like
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optimized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.
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Figure 5: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.

12 8 Systematic uncertainties

In the final selection plots in Figures 7 and 8 and in Table 5, a broad excess is clearly visible
for all final selections optimized for a leptoquark of mass greater than 300 GeV. As in the case
of the eejj channel, this excess is most significant in the selection optimized for a leptoquark
of mass 650 GeV, where 7.54 ± 1.20 (stat) ± 1.07 (syst) events are expected and 18 events are
observed. The significance of the observed data with respect to the background estimate at this
selection is 2.6. Unlike predicted leptoquark signal, the excess does not peak sharply in the
mej distribution.
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mized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncertainty
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Figure 8: The ST (left) and mej (right) distributions for events passing the full enjj selection opti-
mized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncertainty
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8 Systematic uncertainties

The systematic uncertainties applied to this analysis are as follows:

• A 2.6% uncertainty on the integrated luminosity [26];
• A jet energy scale uncertainty depending on jet pT and h [27];
• A jet energy resolution uncertainty depending on jet h [27];
• An electron energy scale uncertainty of 0.4% (4.1%) for electrons in the ECAL barrel

(endcap) [20];
• An electron energy resolution uncertainty of 0.6% (1.5%) for electrons in the ECAL

barrel (endcap) [28];

✦ Search for 1st generation LQ in the eejj + eνjj 
channels


✦ Excess seen in both channels for the  
M(LQ) = 650 GeV selection


✦ Many cross-checks done: does not appear to 
be coupled between two channels or signal-
like
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B = 7.5 ± 1.2 ± 1.1 
N = 18 (2.6σ)

C
M

S 
EX

O
-1

2-
04

1 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- S

ea
rc

he
s 

fo
r N

ew
 P

hy
sic

s 
@

 th
e 

LH
C 

- P
he

no
 2

01
5

Search for 1st Generation LQ
✦ One of just three CMS searches, where slight excesses have 

been seen

57

15

 (GeV)LQM
400 600 800 1000 1200

β

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

95% CL limits
jj (Obs.)νCMS eejj + e
jj (Exp.)νCMS eejj + e

jj (Obs.)νCMS e
jj (Exp.)νCMS e

CMS eejj (Obs.)
CMS eejj (Exp.)

-1 = 8 TeV         19.6 fbsCMS Preliminary          

eejj

jjνe

jjν
ee

jj +
 e
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Figure 4: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.
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Figure 5: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.

12 8 Systematic uncertainties

In the final selection plots in Figures 7 and 8 and in Table 5, a broad excess is clearly visible
for all final selections optimized for a leptoquark of mass greater than 300 GeV. As in the case
of the eejj channel, this excess is most significant in the selection optimized for a leptoquark
of mass 650 GeV, where 7.54 ± 1.20 (stat) ± 1.07 (syst) events are expected and 18 events are
observed. The significance of the observed data with respect to the background estimate at this
selection is 2.6. Unlike predicted leptoquark signal, the excess does not peak sharply in the
mej distribution.
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Figure 7: The ST (left) and mej (right) distributions for events passing the full enjj selection opti-
mized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncertainty
on the background prediction.
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mized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncertainty
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8 Systematic uncertainties

The systematic uncertainties applied to this analysis are as follows:

• A 2.6% uncertainty on the integrated luminosity [26];
• A jet energy scale uncertainty depending on jet pT and h [27];
• A jet energy resolution uncertainty depending on jet h [27];
• An electron energy scale uncertainty of 0.4% (4.1%) for electrons in the ECAL barrel

(endcap) [20];
• An electron energy resolution uncertainty of 0.6% (1.5%) for electrons in the ECAL

barrel (endcap) [28];

✦ Search for 1st generation LQ in the eejj + eνjj 
channels


✦ Excess seen in both channels for the  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Table 1: The total numbers of events reconstructed in data, and the expected contributions
from signal and background samples, after successive stages of the selection requirements are
applied. For the first selection stage, all kinematic and identification requirements are imposed
on the leptons and jets as described in the text. The “Signal” column indicates the expected
contribution for MWR = 2.5 TeV, with MN`

= 1.25 TeV. The “Other” column represents the
combined background contribution from diboson and single top quark processes. The uncer-
tainties in the background expectation are derived for the final stage of selection and more
details are given in Section 6. The total experimental uncertainty is summarized in the first sig-
nal uncertainty, and the second signal uncertainty represents the PDF cross section uncertainty.
The yields from earlier stages of the selection have greater relative uncertainty than that for the
final M``jj > 600 GeV selection stage.

SM Backgrounds
Data Signal Total tt DY+jets Other

Two electrons, two jets 34506 30 34154 4725 28273 1156
Mee > 200 GeV 1717 29 1747 1164 475 108
Meejj > 600 GeV 817 29 ± 1 ± 3 783 ± 51 476 ± 42 252 ± 24 55 ± 12

Two muons, two jets 42090 35 41204 5625 34220 1359
Mµµ > 200 GeV 2042 35 2064 1382 549 133
Mµµjj > 600 GeV 951 35 ± 1 ± 4 913 ± 58 562 ± 50 287 ± 26 64 ± 12

eled the shape of each background Mµµjj distribution using an exponential lineshape. For this
search, we again find that an exponential function can be used to describe each background
M``jj distribution below 2 TeV, but these M``jj distributions begin to deviate from the assumed
exponential shape at high mass. As a result, in this updated search we use the M``jj distribu-
tions from each background process directly instead of relying on exponential fits to model the
shape of the SM backgrounds.

As the tt background shape is taken from a control sample of eµjj events in data, we exam-
ine the shape of the tt background Meµjj distributions in both simulation and data. Based on
the method to extract the background shape in our earlier search, we fit each Meµjj distribu-
tion to an exponential lineshape for events surviving all selection criteria for eµjj events. The
tt background distribution is again expected to decrease exponentially as M``jj increases, al-
though we allow for deviations at high mass (beyond 2 TeV) where the DY+jets background is
more significant. The simulated Meµjj distribution agrees with the exponential lineshape for
Meµjj < 2 TeV, as expected, while we find that the Meµjj distribution in the data control sample
noticeably deviates from fit expectations for 1.0 < Meµjj < 1.2 TeV. While the fit expects 94
events, only 78 events are found in data in this region. As a result, we correct the Meµjj distri-
bution from the data control sample to the expected number of events from the exponential fit
for 1.0 < Meµjj < 1.2 TeV, and this correction is reflected in Table 1. The size of the correction is
taken as a systematic uncertainty in the shape of the tt M``jj distribution.

The M``jj distributions for events satisfying all selection criteria appear in Fig. 2. A comparison
of the observed data to SM expectations yields a normalized c2 of 1.4 (0.9) for electron (muon)
channel events. We observe an excess in the electron channel in the region 1.8 < Meejj <
2.2 TeV, where 14 events are observed compared to 4 events expected from SM backgrounds.
This excess has a local significance of 2.8s estimated using the method discussed in Section 7.
This excess does not appear to be consistent with WR ! eNe decay. We examined additional
distributions for events with 1.8 < Meejj < 2.2 TeV, including the mass distributions Mejj (for
both the leading and subleading electrons), Mee, and Mjj, as well as the pT distributions for
each of the final state particles. In this examination, we find no compelling evidence in favor of

8 6 The MWR distribution and systematic uncertainties

the signal hypothesis over the assumption of an excess of SM background events in this region.
Examining the charge of the electrons used to build WR boson candidates in data events with
1.8 < Meejj < 2.2 TeV, we find same-sign electrons in one of the 14 reconstructed events. In
this region, the same-sign SM background is expected to be on the order of half an event due to
SM diboson processes and charge misidentification in DY+jets events. No same-sign events are
observed in the same mass region of the distribution for the muon channel. For comparison,
making plausible assumptions for the properties of a signal contributing in this region, one
would expect half of the additional events to have electrons with the same sign.

The uncertainties in modeling the shape of the background M``jj distributions dominate the
background systematic uncertainty, as shown in Fig. 2. The background M``jj uncertainty is
determined in each mass bin based on the number of events surviving all selection criteria for
each background sample. For the two dominant backgrounds, an additional shape uncertainty
is included as part of the background shape uncertainty.

The additional tt shape uncertainty is included for the 1.0 < M``jj < 1.2 TeV mass region based
on the previously discussed correction to the Meµjj distribution for 1.0 < Meµjj < 1.2 TeV. No
additional tt shape uncertainty is applied at other M``jj values as the Meµjj distributions in
both data and simulation agree with the assumed exponential lineshape below 1.8 TeV, and the
statistical uncertainty of the eµjj control sample dominates at high mass. For the DY+jets back-
ground, the M``jj shape uncertainty is determined using simulated samples from two different
MC generators, MADGRAPH and SHERPA. The difference between these two M``jj distribu-
tions, computed as a function of mass, is taken as an additional systematic uncertainty in the
DY+jets shape.

The uncertainty associated with the background normalization is taken as the quadratic sum
of the uncertainty in the scale factors determined from the cross-check for tt background per-
formed on a control region in data, the uncertainty estimated from the difference in the val-
ues obtained for DY+jets scale factors in the electron and muon channels, and the combined
cross section and luminosity uncertainties for the remaining backgrounds. This overall back-
ground normalization uncertainty is small compared to the uncertainties determined for the
background shape.

Lepton reconstruction and identification uncertainties, which also contribute to the total signal
and background systematic uncertainty, are determined using Z ! ee, µµ events reconstructed
in both data and simulation. Uncertainties in the jet and lepton energy scales and resolutions
also contribute to the systematic uncertainty. These uncertainties dominate the signal efficiency
uncertainty, resulting in a total systematic uncertainty of up to 10% for the signal efficiency,
depending on the WR boson mass assumption. The combination of lepton and jet energy scale,
resolution, and efficiency uncertainties is less than 5% for the background estimates taken from
simulation.

The systematic uncertainties related to pileup, uncertainties in the proton PDFs, and initial-
or final-state radiation are computed for the simulated background samples and are found
to be small when compared to the background shape uncertainty. Additional theoretical un-
certainties for the SM background processes are covered by the shape uncertainty. The total
uncertainty for signal and background is determined for the final selection stage and presented
in Table 1. Figure 2 summarizes the background uncertainty as a function of M``jj and displays
the dominant background shape uncertainty relative to the total background uncertainty.

1407.3683
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meejj feature points towards resonant production:

pp → V → XX
decays of X must contain eejj, eνjj..

mass fixed; changing the quantum numbers of X, V changes 
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first hurdle:  di-jet resonance constraint 

need to make sure σ(pp → V)BR(V → jj) is small
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We explore both of these possibilities in greater detail in
this paper.

The remainder of this paper is structured as follows.
We begin by introducing a coloron model that can be
consistent with all current data. We then fit this model
to the current excesses. Given the model details, we make
several predictions for follow up searches. We conclude
by briefly discussing some alternatives and their distin-
guishing features.
Coloron-assisted Leptoquark Model. Noting the ap-

proximately equal excesses in the eejj and e⌫jj channels,
we consider a scalar leptoquark with (3̄, 1)1/3 under the
SM gauge group. Following the notation in Ref. [5], we
have the interaction of

gij1Lq̄
c i
L i⌧2 `

j
L S1 . (1)

For the flavor assumption gij1L ⇡ gi1L�
ij with g11L >

g21L, g
3
1L, the S1 mainly couples to the first-generation

quarks and leptons. Because the SU(2)W symmetry,
the leptoquark could decay into ej and ⌫ej with equal
branching ratios. Other operators like ūc

ReRS1 may break
this branching ratio relation.

One simple extension of the leptoquark model which
includes resonant production is to introduce a coloron,
which is a massive color-octet gauge boson [7–10]. For a
simple two-site model with SU(3)1 ⇥ SU(3)2 ! SU(3)c
from a Higgs mechanism, we have the massless gluon
Gµ = cos ✓G1µ+sin ✓G2µ and the massive coloron G0

µ =
� sin ✓G1µ +cos ✓G2µ. The two gauge couplings satisfy
h1 cos ✓ = gs and h2 sin ✓ = gs as well as h1/h2 = tan ✓.
In this paper, we will ignore other potential color-octet
scalars in the renormalizable coloron model (see Ref. [11–
13] for recent studies). All the SM quarks couple to site
number one, so one has the coupling of G0 to quarks

gs tan ✓ q̄ �µ T a G0a
µ q . (2)

Depending on the site at which the leptoquark couples,
one can have

i gS1 gs G
0a
µ

h
S1T

a@µS†
1 � (@µS1)T

aS†
1

i
, (3)

with gS1 = ⇠/ tan ✓ for generalized to a multi-site model
and S1 allowed to sit on a site beyond the two sites of G0.
For S1 just coupling to site number two, one has ⇠ = 1.0.
We will not consider the case with S1 sitting on the site
number one as it cannot provide a su�cient signal cross
section to be an explanation for the observed excess.
The coloron can decay into quarks as well as lepto-

quarks. The partial decay widths of G0 into the five light
flavors, tt̄ and leptoquarks are given by

�(G0 ! jj) =
5↵s

6
tan2 ✓MG0 , (4)

�(G0 ! tt̄) =
↵s

6
tan2 ✓MG0

✓
1 +

2m2
t

M2
G0

◆✓
1� 4m2

t

M2
G0

◆1/2

,(5)

�(G0 ! S1S
†
1) =

g2S1
↵s

24
MG0

✓
1�

4M2
S1

M2
G0

◆3/2

. (6)

For the production ofG0, we can use the narrow width ap-
proximation (for 0.15 < tan ✓ < 1/

p
2, �G0/MG0 < 0.1)

to estimate the production cross section for producing a
G0 in the s-channel:

�(qq̄ ! G0) ⇡ 8⇡2 ↵s tan2 ✓

9MG0
�
⇣p

ŝ�MG0

⌘
. (7)
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FIG. 1. The production cross sections of coloron times its
various decay branching ratios. The solid lines have MS1 =
550 GeV with ⇠ = 1.0, while the dotted lines have MS1 =
650 GeV with ⇠ = 0.15. The black and horizontal line is the
constraint from the narrow dijet resonance searches [14]. The
two green five-pointed stars are the benchmark model points
to fit the data.

At the 8 TeV LHC and for MG0 = 2.1 TeV (the lo-
cation of the most significant excess in the eejj invari-
ant mass distribution [2]), the production cross section is
�(pp ! G0) ⇡ 1780 ⇥ tan2 ✓ fb. Using the MSTW [15]
PDFs as well as the calculated branching ratios, we
show S1S

†
1 and jj production cross sections from G0 in

Fig. 1. In the same plot, we also show the current con-
straints from dijet narrow resonance searches from CMS
with 19.6 fb�1 data. For the model with ⇠ = 1.0 and
MS1 = 550 GeV the dijet has a constraint of tan ✓ < 0.32,
while for the model with ⇠ = 0.15 and MS1 = 650 GeV
the dijet has a constraint of tan ✓ < 0.19 (see also Ref. [16]
for more constraints on other coloron masses without a
leptoquark). The current tt̄ resonance searches [17] are
not sensitive enough to constrain the model parameters
in Fig. 1.
Fit to Data. We parametrize the model first with three
phenomenological parameters, �SG ⌘ �(pp ! G0 !
S1S

†
1), Brej ⌘ Br(S1 ! ej) and Br⌫j ⌘ Br(S1 ! ⌫j)

to fit the three excesses. The signal acceptances for cases
not studied in [1] are estimated by implementing the col-
oron model in FeynRules [18], generating events at LO
using MadGraph [19], showering and hadronizing using
Pythia [20], and simulating the detector using PGS[21].
The selection cuts as outlined in [1] and [2] are applied
to the PGS events and the signal acceptance is extracted.
The acceptances for two benchmark leptoquark masses

parameters: MG’, MS1, ξ, tanθ, BRej, BRνj,

solid: MS1 = 550 GeV, ξ = 1, dashed MS1 = 650 GeV, ξ = 0.15

vary parameters for best fit to rate and distribution..  
signal efficiency also different than CMS model
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LQ Mass Production LQ eejj LQ ⌫ejj WR +Ne

550 (GeV) QCD 0.45 0.08 0.04

Coloron (2.1 TeV) 0.60 0.18 0.55

650 (GeV) QCD 0.49 0.29 0.08

Coloron (2.1 TeV) 0.64 0.45 0.58

TABLE I. The acceptances for two benchmark leptoquark
masses, for the three di↵erent searches, and for QCD and
coloron-mediated productions. For the leptoquark searches,
the acceptances are for the final selection of the cuts op-
timized for a 650 GeV leptoquark [1]. For the WR + Ne

search, the acceptance is for the selected events to have
1.8 TeV < meejj < 2.2 TeV [2].

are shown in Table I. The acceptances are for the final
selection cuts optimized for a 650 GeV leptoquark in the
leptoquark searches and for selected events falling in the
1.8 TeV < meejj < 2.2 TeV bin in the WR +Ne search.
Since there are three searches and three parameters in
this procedure, we solve for optimal parameters that fit
the central values of the excesses under the acceptances
we calculated. Taking the coloron mass to be fixed at
2.1 TeV, we find parameters

�SG = 63.0 fb , Brej = 0.12 , Br⌫j = 0.15 . (8)

for a leptoquark mass of 550 GeV and

�SG = 17.8 fb , Brej = 0.21 , Br⌫j = 0.13 . (9)

for a leptoquark mass of 650 GeV. A �2 fit shows that the
model with leptoquark mass 550 GeV is consistent with
Brej = Br⌫j, while the model with leptoquark 650 GeV
is consistent with Brej = 2Br⌫j. Either scenario is a
plausible result of electroweak symmetry. In terms of the
parameter tan ✓ and from Fig. 1, the required production
cross sections can match to tan ✓ = 0.19 and tan ✓ = 0.17
for MS1 = 550 GeV and MS1 = 650 GeV, respectively.

Although we only use the total excess numbers of
events to fit our model, we also show the mmin

ej distri-
bution in the eejj final state of the leptoquark search
in Fig. 2, the mej distribution in the e⌫jj final state of
the leptoquark search in Fig. 3 and the meejj distribu-
tion in the WR +Ne search in Fig. 4. Comparing fitted
results with two di↵erent leptoquark masses, one can see
that the current data does not have enough statistics to
constraint the leptoquark mass.
Predictions and Further Searches. These results
have several implications for further searches, which we
now briefly outline. Most obviously, the ATLAS experi-
ment should be sensitive to any excesses in all three chan-
nels studied here. In addition, assuming the best fit col-
oron model, ATLAS and CMS should see the following
signatures:

• A bump in the e⌫jj invariant mass distribution.
Assuming a leptoquark mass, one can reconstruct
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events in this channel. If one cannot determine

MS1 = 550 GeV, σ(G’) = 63 fb, BRej = 0.12, BRνj = 0.15 
MS1 = 650 GeV, σ(G’) = 18 fb, BRej = 0.21, BRνj = 0.13 
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we calculated. Taking the coloron mass to be fixed at
2.1 TeV, we find parameters

�SG = 63.0 fb , Brej = 0.12 , Br⌫j = 0.15 . (8)

for a leptoquark mass of 550 GeV and

�SG = 17.8 fb , Brej = 0.21 , Br⌫j = 0.13 . (9)

for a leptoquark mass of 650 GeV. A �2 fit shows that the
model with leptoquark mass 550 GeV is consistent with
Brej = Br⌫j, while the model with leptoquark 650 GeV
is consistent with Brej = 2Br⌫j. Either scenario is a
plausible result of electroweak symmetry. In terms of the
parameter tan ✓ and from Fig. 1, the required production
cross sections can match to tan ✓ = 0.19 and tan ✓ = 0.17
for MS1 = 550 GeV and MS1 = 650 GeV, respectively.

Although we only use the total excess numbers of
events to fit our model, we also show the mmin

ej distri-
bution in the eejj final state of the leptoquark search
in Fig. 2, the mej distribution in the e⌫jj final state of
the leptoquark search in Fig. 3 and the meejj distribu-
tion in the WR +Ne search in Fig. 4. Comparing fitted
results with two di↵erent leptoquark masses, one can see
that the current data does not have enough statistics to
constraint the leptoquark mass.
Predictions and Further Searches. These results
have several implications for further searches, which we
now briefly outline. Most obviously, the ATLAS experi-
ment should be sensitive to any excesses in all three chan-
nels studied here. In addition, assuming the best fit col-
oron model, ATLAS and CMS should see the following
signatures:

• A bump in the e⌫jj invariant mass distribution.
Assuming a leptoquark mass, one can reconstruct
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events in this channel. If one cannot determine

3

LQ Mass Production LQ eejj LQ ⌫ejj WR +Ne

550 (GeV) QCD 0.45 0.08 0.04

Coloron (2.1 TeV) 0.60 0.18 0.55

650 (GeV) QCD 0.49 0.29 0.08

Coloron (2.1 TeV) 0.64 0.45 0.58

TABLE I. The acceptances for two benchmark leptoquark
masses, for the three di↵erent searches, and for QCD and
coloron-mediated productions. For the leptoquark searches,
the acceptances are for the final selection of the cuts op-
timized for a 650 GeV leptoquark [1]. For the WR + Ne

search, the acceptance is for the selected events to have
1.8 TeV < meejj < 2.2 TeV [2].
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in Fig. 2, the mej distribution in the e⌫jj final state of
the leptoquark search in Fig. 3 and the meejj distribu-
tion in the WR +Ne search in Fig. 4. Comparing fitted
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ment should be sensitive to any excesses in all three chan-
nels studied here. In addition, assuming the best fit col-
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events in this channel. If one cannot determine

MS1 = 550 GeV, σ(G’) = 63 fb, BRej = 0.12, BRνj = 0.15 
MS1 = 650 GeV, σ(G’) = 18 fb, BRej = 0.21, BRνj = 0.13 

       model building components:
• wide resonances 
• pair produced states which decay by higher dimension  

    operators



resonant production of more complex objects

ej and eejj peaks may be fit better by more complicated 
model: pp → ee 4j, or ee 6j  
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Search for 1st Generation LQ
✦ One of just three CMS searches, where slight excesses have 

been seen
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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.

10 7 Comparison with data
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Figure 4: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.
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Figure 5: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.

12 8 Systematic uncertainties

In the final selection plots in Figures 7 and 8 and in Table 5, a broad excess is clearly visible
for all final selections optimized for a leptoquark of mass greater than 300 GeV. As in the case
of the eejj channel, this excess is most significant in the selection optimized for a leptoquark
of mass 650 GeV, where 7.54 ± 1.20 (stat) ± 1.07 (syst) events are expected and 18 events are
observed. The significance of the observed data with respect to the background estimate at this
selection is 2.6. Unlike predicted leptoquark signal, the excess does not peak sharply in the
mej distribution.
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Figure 7: The ST (left) and mej (right) distributions for events passing the full enjj selection opti-
mized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncertainty
on the background prediction.
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mized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncertainty
on the background prediction.

8 Systematic uncertainties

The systematic uncertainties applied to this analysis are as follows:

• A 2.6% uncertainty on the integrated luminosity [26];
• A jet energy scale uncertainty depending on jet pT and h [27];
• A jet energy resolution uncertainty depending on jet h [27];
• An electron energy scale uncertainty of 0.4% (4.1%) for electrons in the ECAL barrel

(endcap) [20];
• An electron energy resolution uncertainty of 0.6% (1.5%) for electrons in the ECAL

barrel (endcap) [28];

✦ Search for 1st generation LQ in the eejj + eνjj 
channels


✦ Excess seen in both channels for the  
M(LQ) = 650 GeV selection


✦ Many cross-checks done: does not appear to 
be coupled between two channels or signal-
like

B = 20.5 ± 2.1 ± 2.5 
N = 36 (2.4σ)

B = 7.5 ± 1.2 ± 1.1 
N = 18 (2.6σ)
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one more: CMS: 1407.3683

eejj final state 2.8� @2.1 TeV



resonant production of more complex objects
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FIG. 1. Resonant production of vectorlike neutral leptons, followed by 3-body decays within the

Z ′N Model (left diagram), or by decays through a scalar doublet (S+, S0) within the Z ′NS Model

(right diagram). In both models the final states are e+e−+ 4j, e+ 4j + /ET , or 4j + /ET .

The process relevant for the ee-plus-jets final state is pp → Z ′ → NN̄ followed by

N → e−jj and N̄ → e+jj, so that there is a e−e++ 4j resonance at MZ′ , as shown in

the left diagram of Fig. 1. The eν-plus-jets final state arises from the same resonant NN̄

production followed by N → νjj and N̄ → e+jj, or N → e−jj and N̄ → ν̄jj. Assuming

that the branching fractions for decays ofN involving µ, τ , b or t are negligible, the branching

fractions for N → ejj and N → νjj are equal to 50%. Thus, the total cross section for the

pp → Z ′ → e+e− + 4j and pp → Z ′ → eν + 4j processes, for a narrow Z ′, are

σ(ee+ 4j) =
1

2
σ(eν + 4j) =

1

4
σ(pp → Z ′X)B(Z ′ → NN̄) . (3.4)

For MZ′ = 2.3 TeV and mN = 700 GeV we find σ(ee+4j) = g2z × 1.8 fb at the 8 TeV LHC.

B. Z ′NS Model

In the second model, referred to as Z ′NS, instead of the dimension-7 operator (3.3)

there is an SU(2)W -doublet scalar, S = (S+, S0), which is neutral under U(1)B and has a

Yukawa-like dimension-5 interaction

yS
φB

MS′

L̄1
LNRiσ2S

∗ +H.c. , (3.5)

where yS is a dimensionless parameter, and MS′ is the mass of a very heavy particle that has

been integrated out, for example an S ′ scalar of U(1)B charge +1. The above dimension-5
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N → e−jj and N̄ → e+jj, so that there is a e−e++ 4j resonance at MZ′ , as shown in

the left diagram of Fig. 1. The eν-plus-jets final state arises from the same resonant NN̄

production followed by N → νjj and N̄ → e+jj, or N → e−jj and N̄ → ν̄jj. Assuming

that the branching fractions for decays ofN involving µ, τ , b or t are negligible, the branching

fractions for N → ejj and N → νjj are equal to 50%. Thus, the total cross section for the

pp → Z ′ → e+e− + 4j and pp → Z ′ → eν + 4j processes, for a narrow Z ′, are
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1
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For MZ′ = 2.3 TeV and mN = 700 GeV we find σ(ee+4j) = g2z × 1.8 fb at the 8 TeV LHC.
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In the second model, referred to as Z ′NS, instead of the dimension-7 operator (3.3)
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been integrated out, for example an S ′ scalar of U(1)B charge +1. The above dimension-5
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pp → Z’ → NN̅, which can decay 1 → 3 directly, or 1 → 2 → 3

different choices have different phenomenology

[Dobrescu, Martin 1408.1082]

N may be SM neutral, or carry hypercharge



resonant production of more complex objects

instead of G’, resonant production through U(1)B  Z’.. 
 dijet rate controlled by taking (charge of N) ≫ (charge of q) 

N → 3 objects through higher dim. operator

Qdc LN �

⇤3
σ(ee + 4j) = σ(eν + 4j)/2

selected by charge of φ, field that breaks U(1)B 

Q†uc† LN �

⇤3
,
dc†uc† ecN �

⇤3 would change this )( adding 



parameters: MZ’, gZ’, MN, BR(N→ ejjj) = 0.5

Alternatively, can have N decay in stages

4 jets in event means reconstructed eejj and ej are not 
completely capturing resonances

softened, broadened features → heavier Z’, N needed

L(N�)S

⇤
N → LS, S a new SU(2) doublet



many possibilities for S decay

S → ff from higher dimensional operators 
S → gg from higher dimensional operators 
S± → S0 via W emission 
…

new parameters are MS, final states of S decay

unlike original setup, jets now come from decay of on-shell 
particles.. possible contributions to ee +6j, +8j

S+-S0 mass difference, while other decay modes of E± can be neglected. We obtain

B(E → eS0) =
(m2

E −M2
S0)2

(m2
E −M2

S0)2 + (m2
E −M2

S+)2
(3.9)

≈
1

2
+

2MS

m2
E

(MS+ −MS0) +O
(

(MS+ −MS0)2/m2
E

)

and B(E± → νS±) = 1− B(E → eS0).

The branching fractions of S0 → gg and S+ → S0W+(∗) are nearly 100%. However,

the event selection discards final states where the W boson (whether on- or off-shell) decays

involves an electron or muon, so the relevant branching fraction is B(S+→ hadrons) ≈ 75%,

where we included both W → jets and W → τν with hadronic τ decays. Thus, in the Z ′ES

model,

σ(ee + 4j) = σ(pp → Z ′X)B(Z ′ → E+E−)B(E → eS0)2 ,

σ(eν + hadrons)

σ(ee+ 4j)
= 2

B(E+ → νS+)

B(E → eS0)
B(S+→ hadrons) . (3.10)

For MZ′ = 2.4 TeV, mE = 800 GeV, MS0 = 400 GeV and MS+ = 440 GeV we obtain

B(E → eS0) = 54%, σ(ee + 4j) = g2z × 1.0 fb and σ(eν + hadrons) = g2z × 1.3 fb at the 8

TeV LHC.
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FIG. 2. Resonant production of vectorlike leptons, followed by decays through a scalar (S+, S0)

within the Z ′ES Model. The final states are e+e−+4j (left diagram) or e+4j +W (∗) + /ET (right

diagram).
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cross checks and predictions

confirmation from more data/more experiments.  
should know soon!

• feature in Meνjj 

• excesses in ee + 3+ jets

• O(fb) rate in νν + jj

• within ee + jets, bump in dijets

violation of lepton universality [hints from LHCb? 1409.0882 ]
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model building components:
• wide resonances 
• pair produced states which decay by higher dimension  

    operators

• multi-particle resonances (i.e. N → ejj) 
• vector-like, EW charged matter 
• light dijet resonances

time for some new searches, or wider 
recasting of existing searches

other eejj/eνjj suggestions: 

1408.2456, 1501.04815 (W’ and Z’)
1408.4508, 1408.5439 (RPV susy)

1505.00513 (LQ + νR),



THANK YOU, and enjoy the rest of MC4BSM

Conclusions

LHC run 2 about to begin: we have the Higgs, now looking for 
BSM, best to keep an open mind…

if there’s new physics, it will first show up as an ‘anomaly’


