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Introduction

• I will present a brief summary of resent BSM searches 
with the CMS detector. 

• Other results from CMS/Atlas shown in SILAFAE by: 
• Oscar Gonzalez on Higgs results. 
• Sudhir Malik on SUSY searches 
• Leonid Serkin Atlas results 

• List of public results on CMS Exotica results at 
• http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html 

• List of public results on CMS Beyond Two Generations 
(B2G) results at 
• http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html 

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html
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First, our tool ….
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Excellent Detector Performance
Status of CMS as on June 2016 (%)
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Data Collected by CMS

CMS Run 1

CMS Run 2

2016

• Excellent and smooth performance by LHC operations  
• Data collection efficiency 93%

20162015201220112010

CMS Run 2

2015
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A few Examples of The Excellent Object Reconstruction
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Looking for “bumps”
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Jet(q,g,b) 
Photon 
Muon 

Electron 
Tau 

Missing ET 

Boosted: 
W/Z→qq 

H→bb 

top

Reconstructing a Mass = X + Y

q
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q
qW

bt

X

+

Jet(q,g,b) 
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Electron 
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H→bb 
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q
qW

b
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q
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bt

Y

More than 150 ways to make a mass!
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Run-1 Analysis with a slight excess
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Leptoquarks (LQ)
• Leptoquarks are hypothetical particles carrying both baryon 

and lepton number.  
• LQ states are expected to exist in various extensions of SM 

e.g. GUT, SUSY with R-parity violation, technicolor, 
compositeness.  

• The spin of the LQ state is taken to be 1 (vector LQ) or 0 
(scalar LQ) 

• Direct searches for LQ include pair and single productions: 
•   
•   
•  
q + q̄ ! LQ+ LQ
g + g ! LQ+ LQ

g + q ! LQ+ `
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First Generation Leptoquarks (ee) at 8TeV

20 7 Results
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Figure 12: The expected and observed exclusion limits at 95% CL on the first (left) and second
(right) generation scalar LQ hypothesis in the b versus LQ mass plane using the central value
of signal cross section for the individual ``jj and `njj channels and their combination. The
expected limits and uncertainty bands represent the median expected limits and the 68% and
95% confidence intervals. Solid lines represent the observed limits in each channel, and dashed
lines represent the expected limits.

the NLO K-factors for scalar LQ pair production vs. vector LQ pair production are expected
to be very similar to the analogous ratios for single LQ production, which have recently been
published [79]. Therefore, the limits we obtain by applying the scalar LQ K-factors to the
vector LQ LO theoretical curves to obtain predictions for the NLO cross sections are expected
to be conservative. The distributions of the kinematic variables for scalar and vector LQs are
sufficiently similar that the same event selections and final optimization thresholds can be used
for both analyses. It is found that the cross section limits determined using the MC scenario
agree within uncertainties with the YM, MM, and AM coupling scenarios. Thus, it is sufficient
to overlay the theoretical cross section curves for all vector LQ scenarios with the limit curve
calculated using the MC scenario.

Figure 13 shows the experimental limits along with the four theoretical vector LQ cross sections
for the eejj (enjj) channel for b = 1 (0.5). The experimental results yield a 95% CL upper limit
exclusion of masses less than 1470 (1360) GeV assuming YM couplings, 1270 (1160) GeV for the
MC couplings scenario, 1660 (1560) GeV for the MM couplings scenario, and 1150 (1050) GeV
for the AM scenario. The increased energy and luminosity of the LHC results in considerably
improved limits compared to the ones determined by the D0 experiment at the Tevatron [35],
which excluded leptoquark masses less than 340 (315) GeV for the case of YM couplings.

Experimental limits along with the four theoretical vector LQ cross sections for the µµjj (µnjj)
channel for b = 1 (0.5) are shown in Fig. 14 on the left (right). In the µµjj (µnjj) channel, the
experimental results yield a 95% CL upper limit exclusion of masses less than 1530 (1280) GeV
assuming YM couplings, 1330 (1070) GeV for the MC scenario, 1720 (1480) GeV for the MM
couplings scenario, and 1200 (980) GeV for the AM couplings scenario. These are the most
stringent limits to date on second-generation vector LQ production.

The data have also been compared with an RPV SUSY model described in Ref. [80]. This
model predicts light top squarks that decay to a lepton and quark through an R-parity violat-

B = 20.5 ± 2.1 ± 2.5 
N = 36 (2.4σ)

B = 7.5 ± 1.2 ± 1.1 
N = 18 (2.6σ)

eejj

e𝛎jj

• Small excess seen in both eejj and ejj 
channels for the M(LQ)=650 GeV 
selection. 

• Majorana neutrino search also 
observes small excess in same state. 

• Many cross-checks have been done.

CMS Run 1

PRD 93 (2016) 032004

BF
 o

f L
Q
→
ℓ+

q

🤔
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Leptoquark Search at 13 TeV

• Analysis followed up with 13 TeV 2015 data.  
• No excess is seen in the eejj channel. 
• First generation limits 1130 GeV (920 GeV) excluded for 𝛽=1 (𝛽=0.5) 
• Second generation limits at 1165 GeV (960 GeV) for 𝛽=1 (𝛽=0.5)
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The Diphoton “excess”

• Search for resonances with mass above 500 GeV. 
• Recall in 2015, Atlas and CMS reported slight excess of 

events at ~750 GeV using 3fb-1 at 13 TeV.  
• Huge excitement in the theory community >450 papers.

3σ local
1.7σ global

3.6σ local
2σ global😍

CMS Run 1

Run 2 2015
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The Diphoton Search

• No hint of excess with 2016 data. 
• Local significance of 0.8𝜎 with combined 2015-2016 data

arXiv:1609.02507

😢
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The Diphoton Search
• Local p-values for 2015, 2016, and combined datasets.

arXiv:1609.02507

narrow
J=0

wide
J=0

narrow
J=2

wide
J=2
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Jet Substructure Techniques
• Several methods for CA, anti-kt jets developed to find structure 

inside a wide jet. 
• Usually applied to jets with pT>300 GeV. 
• Techniques take advantage of 

• Jet observables: jet mass, kT scale, N-subjettiness (𝜏N) 

• 𝜏2/𝜏1 (𝜏3/𝜏2) can be used as discriminators for boosted W/Z 
(top quarks) 

• Jet grooming helps to improve the jet mass resolution and 
reduce sensitivity to multiple pp collisions: 
• mass-drop filtering, trimming, pruning

arXiv:1306.4945
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WW/WZ/ZZ  with tagged W/Z jetsCMS Run 1

• Massive resonance decaying to a pair of vector bosons. 
• Limits on Randal-Sandrum (GRS) and bulk (Gbulk) gravitons, 

and W heavy partner (W’) 
• Search using jet substructure techniques to tag W/Z jets. 
• Small excess in fully hadronic channels but not in the lepton 

plus jets channel. 
• Also excess observed by Atlas (~ same mass, larger 

excess)

q

q’

q

q’

q

q’

Z

Z

Z
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WW/WZ/ZZ  with tagged W/Z jets
CMS Run 1

12 7 Summary
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Figure 7: Expected and observed 95% CL limits on the production cross section as a function of
the resonance mass for (upper left) qW resonances, (upper right) qZ resonances, and (bottom)
WZ resonances, compared to their predicted cross sections for the corresponding benchmark
models.

tainties are removed.

7 Summary

An inclusive sample of multijet events corresponding to an integrated luminosity of 19.7 fb�1,
collected in pp collisions at

p
s = 8 TeV with the CMS detector, is used to measure the W/Z-

tagged dijet mass spectrum for the two leading jets, produced within the pseudorapidity range
|h| < 2.5 with a separation in pseudorapidity of |Dh| < 1.3. The generic multijet background
is suppressed using jet-substructure tagging techniques that identify vector bosons decaying
into qq’ pairs merged into a single jet. In particular, the invariant mass of pruned jets and the
N-subjettiness ratio t21 of each jet are used to reduce the initially overwhelming multijet back-
ground. The remaining background is estimated through a fit to smooth analytic functions.
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Figure 8: Expected and observed 95% CL limits on the production cross section as a function
of the resonance mass for (upper left) GRS ! WW resonances, (upper right) GRS ! ZZ res-
onances, (bottom left) Gbulk ! WW resonances, and (bottom right) Gbulk ! ZZ resonances,
compared to the predicted cross sections.

With no evidence for a peak on top of the smoothly falling background, lower limits are set at
the 95% confidence level on masses of excited quark resonances decaying into qW and qZ at
3.2 and 2.9 TeV, respectively. Randall–Sundrum gravitons GRS decaying into WW are excluded
up to 1.2 TeV, and W0 bosons decaying into WZ, for masses less than 1.7 TeV. For the first time
mass limits are set on W0 ! WZ and GRS ! WW in the all-jets final state. The mass limits on
q⇤ ! qW, q⇤ ! qZ, W0 ! WZ, GRS ! WW are the most stringent to date. A model with
a “bulk” graviton Gbulk that decays into WW or ZZ bosons is also studied, but no mass limits
could be set due to the small predicted cross sections.

JHEP 08(2014) 173

• Tag CA (0.8) jets as W/Z jets using the mass of pruned jets 
between 70-100 GeV. 

• Take advantage of N-subjettiness ratio 𝜏2/𝜏1 to select signal-
like candidates. 
• Tagging efficiency ~30% 

• Slight excess seen around 2 TeV (similar in Atlas result). 
Excess only in the hadronic channel.
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WW/WZ Search at 13 TeVB2G-16-020

• Most recent analysis with 2016 data in the semileptonic 
channel (l𝜈jj). 

• The dijet system uses jet substructure. 
• The WW and WZ analyses are not independent as the 

mass windows partially overlap. 
• No evidence for statistically significance excess in the 

range 0.6 to 4.5 TeV.
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Figure 9: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
product of the W’ production cross section and the branching fraction of W’ ! WZ for the
statistical combination of electron and muon channels. The theoretical cross section multiplied
by the relevant branching ratio is shown as a red solid line. The dashed vertical line delineates
the transition between the low and high mass searches.

16 8 Statistical interpretation
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multiplied by the relevant branching ratio is shown as a red solid line. The dashed vertical line
delineates the transition between the low and high mass searches.
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Run-2 Analysis: Dijet searches
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Dijet Searches
• Traditional dijet mass search using 

AK4 jets. 
• High mass analysis combined leading 

jets using ΔR. 
• Mass spectra fit with parametric 

function for background and signal 
shape from simulation.
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Light Vector Resonance
• Search in the region 100 GeV < mSD < 300 GeV 
• Use substructure techniques to reconstruct low 

mass wide jet. 
• Multijet QCD background estimated from data in 

sidebands. 
• Most stringent constraints for m(Z’) < 300 GeV.
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Low Mass Dijet with substructure
• RPV models of boosted stops decaying 

to light quarks. 
• HT>900 GeV. Pruning & N-subjettiness 

applied to jets.

EXO-16-029

RPV stops excluded between  
masses 80-240 GeV
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Run-2 Analysis: Z’ boson searches
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Z’ to ee/𝛍𝛍 

• Background fit using a parametric function. 
• For a Sequential SM Z’SSM, masses excluded < 4 TeV. 
• For a GUT Z’𝜓 model, masses excluded < 3.5 TeV. 

e, 𝜇

e, 𝜇

EXO-16-031

ee 𝛍𝛍 
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Z’ to tt (semileptonic)
• Many extensions of the SM predicts a heavy Z’ 

coupled to top quarks e.g. KK excitations of 
gluons and RS gravitons. 

• Top-tagging is applied using 𝜏3/𝜏2<0.69 and 
110<MSD<210 GeV.

-t

t-

B2G-15-002
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B2G-15-002

0 top tag
0 b tag 

0 top tag
1 b tag 

1 top tag 

Z’ to tt (semileptonic)-
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• Apply b-tagging algorithm to 
subjets. 

• Use substructure to tag top jets. 
• Analysis done in 6 samples: 0 b, 

1 b, 2 b jets and rapidity 
difference |Δy| < 1 and |Δy| > 1.

B2G-15-003Z’ to tt (fully hadronic)-
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• Search for heavy spin-1 Z’ decaying to a top quark and a heavy 
vector-like top partner T’ decaying to Wb, and W to quarks. 

• Substructure is used to tag a W and top jets. 
• Z’(tT’) is excluded with upper cross section limits ranging 0.13 

to 11 pb.
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• Search for a Sequential SM Z’ decaying to a pair of tau leptons. 
• Four final states: 𝜏e𝜏𝜇 , 𝜏e𝜏h , 𝜏h𝜏𝜇 , 𝜏h𝜏h  
• SSM Z’ boson with masses < 2.1 TeV are excluded

EXO-16-008Z’ to 𝛕𝛕
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Figure 2: 95% CL upper limits on the product of the cross section times branching fraction into
t lepton pairs as a function of Z0
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(e) their combined 95% CL upper limits.
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Run-2 Analysis: W’ searches
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• SSM W’ decaying to electron/muon + missing ET is excluded 
below 4.4 TeV

W’ to lepton+𝛎 EXO-15-006
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• Search for W’ with purely right handed coupling. Two channels. 
• All hadronic channel uses jet substructure 
• Lepton+jets channels use reconstruction of top quark. 

• Limits on W’R are set between 2 and 2.7 TeV depending on the 
right handed neutrino mass

W’R to tb
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• W’ decaying to tau (hadronic) and 𝜈 excluded from 1 to 3.3 TeV

W’ to 𝛕𝛎 EXO-16-006
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Run-2 Analysis: Dark Matter searches
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• Three main processes to detect dark matter 
(DM): 

• DM nucleon scattering - direct detection 
(DD) 

• Indirect detection - annihilation (ID) 
• Pair production at colliders 

• These processes are just permutations of the 
same Feynman diagram. 

• DM particles can be observed at the LHC when 
they are produced in association with a SM 
particle (g, q, 𝛾, Z, W, H).

Dark Matter Searches

χ

χ

q

q

M

D
ire

ct
 

de
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ct
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n

Freeze-out, 
indirect detection

Collider 
production

gχ gqmχ

Fundamentally 4D problem!

• Each model is characterized by 4 
parameters: 
• DM mass (m𝜒), mediator mass (Mmed), 

mediator coupling to quarks (gq), and 
mediator coupling to DM (gDM) 

• Signal based on simplified models 
that allow a more fair comparison with 
DD results
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mono-business
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• In 2015, the Atlas/CMS DM forum make recommendations for presentation 
of results from the LHC: 
๏ arXiv:1507.00966

๏ arXiv:1603.04156


• Project full 4 dimensional parameter space to only 2 dimensions. 
• Fix a set of coupling gq and gDM and produce a mass-mass plot: 

• gDM =1, gq = 0.25 for vector and axial cases 
• gDM = gq = 1 for scalar and pseudoscalar cases 
• Values motivated by requirements on the mediator width <10% of its 

mass, and current dijet constraints.

Presentation of DM Search Results

Vector, Dirac, gq = 0.25, gDM = 1
Observed 95% CL
Uncertainties
Expected 95% CL
Relic density

500 1000 1500 2000

200

400

600

800

1000

Mmed [GeV]

m
D
M

[G
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]

Figure 1: 95% CL exclusion contours in the mass-mass plane for a simplified model with a

vector mediator, Dirac DM and couplings gq = 0.25 and g

DM

= 1. The black solid (dashed)

curve shows the median of the observed (expected) limit, while the yellow curves indicate

an example of the uncertainties on the observed bound. A minimal width is assumed and

the excluded parameter space is to the bottom-left of all contours. The dotted magenta

curve corresponds to the parameters where the correct DM relic abundance is obtained

from standard thermal freeze-out for the chosen couplings. DM is overproduced to the

bottom-right of the curve. The shown LHC results are intended for illustration only and

are not based on real data.

when interpreting supersymmetry searches at the LHC. The parameter space shown in the

mass-mass plots can be divided into three regions:

On-shell region: The on-shell region, M
med

> 2m
DM

, is the region where LHC searches

for MET signatures provide the most stringent constraints. The production rate

of the mediator decreases with increasing M

med

and so does the signal strength in

mono-jet searches. In this region the experimental limits and the signal cross sections

depend in a complex way on all parameters of the simplified model, and it is therefore

in general not possible to translate the CL limit obtained for one fixed set of couplings

gq and g

DM

to another by a simple rescaling procedure.

O↵-shell region: In the o↵-shell region, M
med

< 2m
DM

, pair-production of DM parti-

cles turns o↵ and the constraints from MET searches rapidly lose power. The cross

sections become proportional to the combination g

2

q g
2

DM

of couplings, so that in prin-

ciple the LHC exclusions corresponding to di↵erent coupling choices can be derived by

simple rescalings. Deviations from this scaling are observed on the interface between

on-shell and o↵-shell regions M

med

' 2m
DM

[32]. Note that for M

med

< 2m
DM

an

– 5 –

arXiv:1603.04156

mass-mass contours Relic Density:  
DM density observed 
by WMAP and Planck
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• Two event categories: monojets and mono-V boosted. 
• Background estimated with a fit to control regions µµ/ee+jets, γ

+jets, and µ/e+jets with "MET" defined ignoring the µ or γ.

DM: Monojet and Mono-V EXO-16-037
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Monojet and Mono-V Searches EXO-16-037

15

limits are computed on the combined the signal cross section due to the monojet (Fig. 2a) and
mono-V (Fig. 2b) processes. No exclusion is expected or observed when considering only the
monojet signal cross section for the scalar mediator. In the case of the pseudoscalar mediators
limits are computed on just the monojet signal cross section. Scalar and pseudoscalar mediator
masses up to 100 GeV and 430 GeV, respectively, are excluded at 95% CL. For both the scalar
and pseudoscalar mediators no exclusion is expected on the mmed–mDM plane.

Figures 10-11 also show the constraints from the observed cosmological relic density of DM
as determined from measurements of the cosmic microwave background by the WMAP and
Planck experiments [74, 75]. The expected DM abundance is estimated using a thermal freeze-
out mechanism implemented in MADDM [76], and compared to the observed cold DM density
Wch2 = 0.12 [77] under the assumption that a single DM particle is the only relevant particle
that describes DM interactions in the early universe.

(a) (b)

Figure 10: Exclusion limits at 95% CL on the µ = s/sth in the mmed–mDM plane assuming
vector (a) and axial-vector (b) mediators. The solid (dotted) red (blue) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Cosmological constraints from the WMAP and Planck
experiments [74, 78] are shown with the dark green line.

Figure 12 shows the expected and observed 95% CL upper limits on the signal strength µ as a
function of the mediator mass for the scalar and pseudoscalar models. These limits are com-
puted assuming the mediator decays to a pair of 1 GeV DM particles. In the case of the scalar
model limits are computed on the combined cross section of the monojet and mono-V signal
processes, and also on the cross section of just the monojet signal. In the case of the pseu-
doscalar mediator, limits are computed for just the monojet signal.

Limits obtained using the simplified models can also be compared with the results from direct-
detection experiments that are expressed as 90% CL upper limits on on the DM-nucleon scat-
tering cross sections. Approaches outlined in Refs. [5, 79–81] are used to translate the results
obtained in this search to the equaivalent t-channel DM-nucleon scattering cross section. The
exclusion contours are then translated into the mDM–sSI/SD plane where sSI/SD are the spin-
independent/spin-dependent DM-nucleon scattering cross sections. These are shown in Fig. 13

16 6 Conclusions

(a) (b)

Figure 11: Exclusion limits at 95% CL on the µ = s/sth in the mmed–mDM plane assuming
vector (a) and axial-vector (b) mediators. The red line shows the contour for the observed
exclusion. The solid red contours around the observed limit represent one standard deviation
due theoretical uncertainties in the signal cross section. The dashed blue contour in the case
of the scalar mediator shows the -1s deviation due to the combination of the statistical and
experimental systematic uncertainties. Cosmological constraints from the WMAP and Planck
experiments [74, 78] are shown with the dark green line.

for the vector and axial-vector mediators, and Fig. 14 for the scalar and pseudoscalar mediators.

For the vector and scalar mediators, the 90% CL upper limits on the spin-independent DM-
nucleon scattering cross section are compared to the limits from CDMSLite [81], LUX [82],
PandaX-II [83], and CRESST-II [84] experiments. For the axial-vector mediator, the 90% CL
upper limits on the the spin-dependent DM-nucleon scattering cross section are compared to
the DM-proton scattering cross section upper limits from the PICO-2L [85], PICO-60 [86], Ice-
Cube [87] and Super Kamiokande [88] experiments. In the case of the pseudoscalar mediator,
the 90% CL upper limits are compared with the indirect detection results from the Fermi-LAT
collaboration [89, 90]. These limits apply to a scenario in which DM annihilates in the centre of
a galaxy, producing a g ray signature which can be interpreted as DM annihilation to b quark
pairs.

The results of this search can also be interpreted in terms of an upper limit on the cross section
times branching fraction of the SM-like Higgs boson (H) with the mass of 125 GeV to invisible
particles. The observed (expected) 95% CL upper limit on the invisible branching fraction of the
Higgs boson, s ⇥ BR(H ! inv.)/sH, is found to be 0.44 (0.56). Table 1 shows the break down
of this limit into the monojet and mono-V categories. Table 1 also provides the composition
of the SM Higgs boson signal in the monojet and mono-V categories in terms of the various
production modes. The limits are summarized in Fig. 15.

6 Conclusions

A search for DM has been performed using events with jets and large Emiss
T in the 13 TeV

proton-proton collision data corresponding to an integrated luminosity of 12.9 fb�1. No sig-
nificant excess is observed with respect to the SM backgrounds. Limits are computed on the

Exclusions:
• Vector and 

axial-vector at 
<1.95 TeV

• pseudo scalar < 
430 GeV and

• scalar <100 GeV

pseudoscalarscalar

axial vectorvector
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Comparison with ID and DD Results EXO-16-037

18 6 Conclusions
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(b)

Figure 13: Exclusion limits at 90% CL in the mDM–sSI/SD plane assuming for vector (a) and axial-
vector (b) mediator models. The solid (dotted) red line shows the contour for the observed
(expected) exclusion using 12.9 fb�1 of 13 TeV data. Limits from CDMSLite [81], LUX [82],
PandaX-II [83] and CRESST-II [84] experiments are shown for the vector mediator. Limits from
PICO-2L [85], PICO-60 [86], IceCube [87] and Super-Kamiokande [88] experiments are shown
for the axial-vector mediator.
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Figure 14: Exclusion limits at 90% CL in the mDM–sSI/SD plane for scalar (a) and pseudoscalar
(b) mediator models. The solid red line shows the contour for the observed exclusion using 12.9
fb�1 of 13 TeV data. Limits from the CDMSLite [81], LUX [82], PandaX-II [83] and CRESST-
II [84] experiments are shown for the scalar mediator case. For the pseudoscalar mediator,
limits are compared to the the DM annihilation cross section upper limits from Fermi-LAT [91].
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Figure 13: Exclusion limits at 90% CL in the mDM–sSI/SD plane assuming for vector (a) and axial-
vector (b) mediator models. The solid (dotted) red line shows the contour for the observed
(expected) exclusion using 12.9 fb�1 of 13 TeV data. Limits from CDMSLite [81], LUX [82],
PandaX-II [83] and CRESST-II [84] experiments are shown for the vector mediator. Limits from
PICO-2L [85], PICO-60 [86], IceCube [87] and Super-Kamiokande [88] experiments are shown
for the axial-vector mediator.
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Figure 14: Exclusion limits at 90% CL in the mDM–sSI/SD plane for scalar (a) and pseudoscalar
(b) mediator models. The solid red line shows the contour for the observed exclusion using 12.9
fb�1 of 13 TeV data. Limits from the CDMSLite [81], LUX [82], PandaX-II [83] and CRESST-
II [84] experiments are shown for the scalar mediator case. For the pseudoscalar mediator,
limits are compared to the the DM annihilation cross section upper limits from Fermi-LAT [91].
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• Photon ET > 175 GeV 
• Missing ET > 170 GeV 
• Dominant background are Z(nunu)+gamma and W(lnu)+gamma

Mono-photonEXO-16-039

1

1 Introduction

One of the most intriguing open questions in the field of particle physics today is the nature

of dark matter (DM). While DM is the dominant non-baryonic contribution to the matter den-

sity of the universe [1], its detection and identification in ground-based and spaceborne ex-

periments remain elusive. At the Large Hadron Collider (LHC), production of DM particles

may be inferred from pp collisions with large missing transverse momentum (E
T

/ ), if the DM

particles indirectly interact with the standard model (SM) quarks and gluons via forces of the

electroweak scale.

Another highly important question is that of the hierarchy problem, namely the large gap be-

tween the electroweak (M
EW

) and Planck (M
Pl

) scales. One of the proposed solutions to this

problem, so-called ADD extra dimensions [2], postulates that there exist n compactified extra

dimensions, in which gravitons can propagate freely, and that the true scale of the gravitational

interaction in this 4 + n dimension spacetime (MD) is of the same order as M
EW

. The compact-

ification length scale R of the additional dimensions can be large from a particle physics per-

spective, admitting a near-continuous mass spectrum of the Kaluza-Klein graviton states. Pro-

duction of such gravitons at the LHC will therefore also manifest itself as events with broadly

distributed in E
T

/ .

Events with large missing transverse momentum exist only if there are visible objects recoiling

against the invisible particles. Among the many possibilities, a recoiling photon (g) has the

advantage of being identifiable with high efficiency and purity. In generic DM production

under a Drell-Yan-like process, a photon can be radiated from the incoming quarks (Fig. 1a). It

is also possible that the DM sector couples preferentially to the electroweak sector, leading to

an effective interaction qq ! g⇤ ! gcc [3], where c is the DM particle (Fig. 1b). In the case of

ADD graviton production, the graviton can couple directly to a photon (Fig. 1c) or to a quark.

In the present analysis, we look at a final state containing high E
T

/ in the presence of a high

transverse momentum (p
T

) photon, searching for an excess of events over the SM prediction.
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(a) DM simplified model.
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(b) Electroweak-DM effective inter-
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(c) ADD graviton production.

Figure 1: Example diagrams of new-physics interactions that lead to a final state of g and large

missing transverse momentum.

The primary, irreducible background for the g + E
T

/ signal is SM Z(! nn) + g production. This

process and other SM backgrounds, including W(! `n) + g, W ! `n, g + jets, multijet (re-

ferred to as QCD), tt g, VVg (V=W,Z), and Z(! ``) + g, as well as non-collision backgrounds

from beam halo and detector noise, are taken into account in the analysis.

The results of the search are interpreted in terms of the three types of interactions illustrated in

Fig. 1: DM simplified models as proposed by the CMS-ATLAS Dark matter forum group [4];

electroweak dark matter production with a dimension-7 effective interaction; and the ADD

8 6 Interpretation

Table 2: Summary of relative systematic uncertainties (%) for different background estimates.
Source Background uncertainty (%)
Integrated luminosity All MC-based 6.2
Jet and g energy scale, ET/ resolution All MC-based 3–4
Data/MC scale factor All MC-based 6
PDF, µR, µF Z(! nn) + g, W(! `n) + g 5–9
EWK corrections Z(! nn) + g, W(! `n) + g 7–11
Hadronic fake ratio Jet misid. 29
e seeding e Electron misid. 6
ECAL spikes template shape ECAL spikes 50
Beam halo template shape Beam halo 30
g + jets yield g + jets 54

6.1 Limits on simplified dark matter models

The DM simplified models proposed by the CMS-ATLAS Dark Matter Forum [4] are designed
to facilitate the comparison and translation of various DM search results by limiting the degrees
of freedom of the DM production interaction. In the models considered in this analysis, Dirac
DM particles couple to a vector or axial-vector mediator, which in turn has couplings to the
SM quarks. Model points are identified by a set of four parameters: the DM mass mDM, the
mediator mass Mmed, the universal mediator coupling to quarks gq and the mediator coupling
to DM gDM. In this analysis, we fix the values of gq and gDM to 0.25 and 1, respectively, and scan
the Mmed–mDM plane. For each model point, 50,000 events with a restriction of ET/ > 130 GeV
and |hg| < 1.5 are generated by MADGRAPH5 AMC@NLO.

Figure 3 shows the cross section upper limits with respect to the corresponding theoretical cross
section (µ = s95%/sTheory) for the vector and axial-vector mediator scenarios on the Mmed–mDM
plane. The solid red and black curves are the expected and observed exclusion contours. The
uncertainty on the expected upper limit includes the experimental uncertainties. The uncer-
tainty in the theoretical cross section is translated to the uncertainty in the observed exclusion
contour. For the simplified DM models considered, mediator masses of up to 760 GeV are ex-
cluded for small mDM.
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Figure 3: 95% CL upper limits on µ = s/sTheory in the Mmed–mDM plane for vector and axial-
vector mediator, assuming gq = 0.25 and gc = 1. Expected and observed exclusion contours
are overlaid, where mass points to the lower left of the curves are excluded.

Exclusion contours in Fig. 3 are also translated into the sSI/SD–mDMplane where sSI/SD are the

6.2 Limits on electroweak dark matter models 9

spin-independent/dependent DM-nucleon scattering cross sections [26]. For these contours,
we derive 90% CL upper limits to make a direct comparison with the limits from the direct
detection experiments, which are overlaid in the figure.
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Figure 4: The 90% CL exclusion limits on the c-nucleon scattering cross section in a simplified
model of dark matter production involving a vector and axial-vector operator as a function of
the mDM. The region to the upper left of the contour is excluded. Shown together are corre-
sponding exclusion contours, where regions above the curves are excluded, from the recent
results by CDMSLite [27], LUX [28], PandaX [29], CRESST-II [30], PICO-2L [31], PICO-60 [32],
IceCube [33], and SuperKamiokande [34] collaborations.

6.2 Limits on electroweak dark matter models

In the DM effective field theory (EFT) model with a dimension-7 interaction of type ggcc [3],
the interaction is described by four parameters: the coupling to photons, parametrized in terms
of coupling strengths k1 and k2; the DM mass mDM; and the suppression scale L. Since the
interaction cross section is directly proportional to L�6, cross section upper limits are translated
into lower limits on L. The expected and observed lower limits on L as a function of dark
matter mass mDM are shown in Fig. 5. Values of L up to 620 GeV are excluded at 95% CL.

6.3 Limits on ADD Model

Figure 6 shows the upper limit and the theoretical calculation of ADD graviton production
cross section for n = 3 as a function of MD. Lower limits on MD in different number of extra
dimensions are summarized in Tab. 3, and are compared to CMS Run 1 [35] results in Fig. 7. The
trends of the two results differ because the graviton production cross section can be increasing
or decreasing in n depending on the values of

p
s and MD [36]. Values of MD up to 2.60 TeV for

n = 6 are excluded.

7 Summary

Proton-proton collision events containing a photon and missing transverse momentum have
been investigated to search for new phenomena. In the

p
s = 13 TeV data set corresponding to

12.9 fb�1 of integrated luminosity, no deviations from the standard model predictions are
observed. Upper limits are obtained on dark matter and ADD graviton production cross

axial vectorvector
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• Missing ET + Z(dilepton) signature: 
• Select dilepton around Z mass window 
• Missing ET > 100 GeV 

• Dominant background are Z(ℓℓ)Z(𝜈𝜈) and Z(ℓℓ)W(ℓ𝜈) 
• Missing ET shape analysis

Mono-Z(𝓵+𝓵-) EXO-16-038

9.2 Limit on invisible Higgs boson decays 9

Figure 1: Left: Distribution of the Emiss
T after the full selection except that 50 GeV < Emiss

T < 100
GeV. Right: The Emiss

T in the signal region. The error bars represent statistical uncertainty, and
the shaded bands represent systematic uncertainty. The histogram stack correspond to the sum
of all background predictions, the dots are the data, the red line is the prediction for the Z(``)H
(mH = 125 GeV) signal, and the dashed green line is the prediction for the DM signal for the
simplified model with vector mediator with (mc, MV) = (150, 500) GeV. The DM signal yield
is multiplied by a factor three.

Figure 2: The 95% CL observed limits on signal strength sobs/sth in both vector (left) and axial-
vector (right) coupling scenario, for coupling gq = 0.25. The expected exclusion curves for
unity signal strength are shown as a reference.
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Figure 1: Left: Distribution of the Emiss
T after the full selection except that 50 GeV < Emiss

T < 100
GeV. Right: The Emiss

T in the signal region. The error bars represent statistical uncertainty, and
the shaded bands represent systematic uncertainty. The histogram stack correspond to the sum
of all background predictions, the dots are the data, the red line is the prediction for the Z(``)H
(mH = 125 GeV) signal, and the dashed green line is the prediction for the DM signal for the
simplified model with vector mediator with (mc, MV) = (150, 500) GeV. The DM signal yield
is multiplied by a factor three.

Figure 2: The 95% CL observed limits on signal strength sobs/sth in both vector (left) and axial-
vector (right) coupling scenario, for coupling gq = 0.25. The expected exclusion curves for
unity signal strength are shown as a reference.
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Mono-Z(𝓵+𝓵-)
Comparison with (I)DD

EXO-16-038

10 9 Results

Figure 3: The 95% CL observed limits on signal strength sobs/sth in both vector (left) and axial-
vector (right) coupling scenario, for coupling gq = 1. The expected exclusion curves for unity
signal strength are shown as a reference.
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Figure 4: Observed 90% CL limits on the DM-nucleon scattering cross sections in both spin-
independent (left) and spin-dependent (right) cases, assuming a mediator-quark coupling con-
stant gq = 0.25 and mediator-DM coupling constant gc = 1. Limits from the LUX [56],
CDMSLite [57], PandaX-II [58], and CRESST-II [59] experiments are shown for the spin-
independent case. Limits from the Super-Kamiokande [60], PICO-2L [61], PICO-60 [62], and
IceCube [63] experiments are shown for the spin-dependent case.
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• Channel: Missing ET + H(bb) 
• Missing ET > 170 GeV 
• Selected boosted Higgs and resolved substructure 

• Channel: Missing ET + H(𝛾𝛾) 
• Missing ET > 105 GeV 
• 120 < M(𝛾𝛾) < 130 GeV 

• Interpretation in the context of 2HDM

Mono-Higgs
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Figure 5: Expected and observed limits at 95% CL on the signal cross section. Also plotted is
the theoretical cross section with the assumption that gZ = 0.8. Details on this model are listed
in Section 3.1 and in Ref. [6].

After passing trigger requirements, events are selected if they contain two photon candidates
passing kinematic requirements on the pT/mgg of the two photons, Emiss

T and pTgg obtained
with an optimization study on the benchmark model. A lepton veto is applied to reduce the
electroweak background together with topological requirements to avoid events with highly
energetic objects collinear with the Emiss

T for which the Emiss
T could simply arise from a misre-

construction of the jet itself. Data driven techniques are applied to estimate the non-resonant
background contributions. With the optimized selection, limits on the signal cross section are
calculated. The projected upper limits on the cross section are approximately 2 to 5 fb for the
mZ0 range considered. Observed limits are consistent with the expectation at the one-sigma
level.
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• Possible via t-channel FCNC mediator 
exchange or via s-channel exchange of a 
charged colored scalar.

Mono-TopEXO-16-040

1

1 Introduction

There is strong evidence for the existence of dark matter from astrophysical observations [1],
which to-date is only in the form of gravitational inference. Thus, direct confirmation of the
nature of dark matter particles has remained elusive. While many searches for dark matter are
carried out by looking for interactions between cosmic dark matter and detectors (via nuclear
recoil, for example) or for the abundance of particles produced in the annihilation or the decay
of cosmic dark matter, the LHC presents a unique opportunity to possibly produce dark matter
particles as well as study them. In this analysis summary we describe a search for events where
a dark matter candidate particle is produced in association with a top quark (“monotop”),
which was originally proposed in [2]. Such searches have been previously carried out by the
CDF Collaboration [3] at the Tevatron and the CMS [4–6] and ATLAS [7] Collaborations at
the LHC. This search utilizes the 13 TeV dataset accumulated in 2016, corresponding to an
integrated luminosity of 12.9 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from top
quark decay. This decay channel has the largest branching fraction and is fully reconstructible.
We consider two interpretations of this signature. The first model includes a flavor-changing
neutral current, where a single top quark is produced in association with a vector boson that
has flavor-changing couplings to top and light quarks and decays to dark matter. The second
model contains a colored, charged scalar which decays to a top quark and an invisible fermion.
Example diagrams of monotop production are shown in Figure 1.

t

V

g

ui

t

�̄

�

�

d̄j

d̄i

t

�

Figure 1: Example of monotop production via a neutral flavor-changing current (left) and a
heavy scalar (right).

The effective Lagrangian [8] which describes monotop production by a flavor-changing neutral
current (FCNC) is given by [8]:

L = LSM + Lkin + Vµ(gRc c̄RgµcR + gLc c̄LgµcL) + Vµui[(aFC)
ijgµ + (bFC)

ijgµg5]uj + h.c., (1)

where LSM is the standard model (SM) Lagrangian, Lkin is the kinematic part of the Lagrangian,
aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
flavor-changing tu-couplings and also assume a flavor-conserving coupling of the mediator
to u quarks (realized in the above equation by setting i = j) with a coupling constant that
has the same numerical value (0.25). This convention differs from previous monotop searches,
which assume a coupling of 0.1 (Ref. [6]). The change in convention is to facilitate comparison
with other dark matter searches, which adhere to the recommendations from the Dark Matter
Forum, given in Ref. [9].

Resonant scalar Flavor-Changing vector
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Figure 9: Results assuming a resonant interpretation of the monotop signature. Shown are
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• Explore boosted all-hadronic decay mode of top quark. 
• Missing ET > 250 GeV. 
• Top tagging jets with R=1.5
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• Probes (pseudo)scalar mediator with Higgs-like couplings. 
• Combination of single and double b tag channels. 
• Also sensitive to tt+DM production through b quarks from top 

quark decays.

Mono-bb(tt) ProductionB2G-15-007
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• Search on semileptonic, boosted hadronic decays, and 
dilepton channels. 
• Missing ET > 200,160, 50 GeV for hadronic, semileptonic, dileptonic. 
• tt dominant background

Mono-tt Production

EXO-16-005

EXO-16-028
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Figure 9: 95% CL upper limit on the ratio of the DM production cross section to the simplified
model expectation as a function of scalar (upper) and pseudoscalar (lower) mediator mass with
semileptonic and categorised hadronic channels combined. The hypothesis of a DM candidate
of mass equal to 1 GeV is considered.
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Figure 9: 95% CL upper limit on the ratio of the DM production cross section to the simplified
model expectation as a function of scalar (upper) and pseudoscalar (lower) mediator mass with
semileptonic and categorised hadronic channels combined. The hypothesis of a DM candidate
of mass equal to 1 GeV is considered.
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2 Figure
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Figure 2. 95% CL exclusion regions in Mmed � mDM plane for di↵erent /ET based DM searches
from CMS in the lepto-phobic AV and V models. It should be noted that the exclusion regions and
relic density contours in this plot are not applicable to other choices of coupling values or models.
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Figure 3. A comparison of CMS results to the mDM–�SD plane. Unlike in the mass-mass plane, the
limits are shown at 90% CL. The CMS contour in the SD plane is for an Axial Vector mediator,
Dirac DM and couplings gq = 0.25 and gDM = 1. The SD exclusion contour is compared with
limits from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the Super-
Kamiokande limit for the bb̄ annihilation channel. It should be noted that the CMS limits do not
include a constraint on the relic density and also the absolute exclusion of the di↵erent CMS searches
as well as their relative importance will strongly depend on the chosen coupling and model scenario.
Therefore, the shown CMS exclusion regions in this plot are not applicable to other choices of
coupling values or models.
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from CMS in the lepto-phobic AV and V models. It should be noted that the exclusion regions and
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3 Figure

 [GeV]DMm
10 210 310

]2
 [c

m
SD

σ

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10

36−10

35−10
ICHEP 2016

[EXO-16-038] llCMS DM+Z

[EXO-16-039] γCMS DM+

[EXO-16-037] 
qqCMS DM+j/V

Pico 2L

Pico 60

-τ+τSuper-K 

-
τ+τ

IceCube 

ICHEP 2016

Preliminary CMS

 = 1
DM

 = 0.25, gqg
Axial-vector med., Dirac DM  observed exclusion 90% CLCMS

[EXO-16-037]
qq

CMS DM+j/V

[EXO-16-039]
γCMS DM+

[EXO-16-038]
llCMS DM+Z

 observed exclusion 90% CLDD/ID

[arXiv:1601.03729]
Pico 2L

[arXiv:1510.07754]
Pico 60

[arXiv:1503.04858]
-τ+τSuper-K 

[arXiv:1601.00653]
-τ+τIceCube 

Figure 3. A comparison of CMS results to the mDM–�SD plane. Unlike in the mass-mass plane, the
limits are shown at 90% CL. The CMS contour in the SD plane is for an Axial Vector mediator,
Dirac DM and couplings gq = 0.25 and gDM = 1. The SD exclusion contour is compared with
limits from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the Super-
Kamiokande limit for the bb̄ annihilation channel. It should be noted that the CMS limits do not
include a constraint on the relic density and also the absolute exclusion of the di↵erent CMS searches
as well as their relative importance will strongly depend on the chosen coupling and model scenario.
Therefore, the shown CMS exclusion regions in this plot are not applicable to other choices of
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• Dijets provide stringent constraints for certain couplings. 
• Dijet limits on axial-vector mediator, compared with mono-DM 

searches

Dark Matter - Reuse Dijet Search CMS-DP-2016-057
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Figure 1. 95% CL exclusion regions in Mmed � mDM plane for di-jet searches and di↵erent /ET

based DM searches from CMS in the lepto-phobic Axial Vector model. Following the recommendation
of the LHC DM working group [1, 2], the exclusions are computed for a universal quark coupling
gq = 0.25 and for a DM coupling of gDM = 1.0. It should also be noted that the absolute exclusion
of the di↵erent searches as well as their relative importance, will strongly depend on the chosen
coupling and model scenario. Therefore, the exclusion regions, relic density contours, and unitarity
curve shown in this plot are not applicable to other choices of coupling values or model.
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Dark Matter - Limit bar plot
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Figure 5. 95% CL observed (full-line) and expected (dashed-line) exclusion limits for the Scalar
(left) and Pseudoscalar (right) model as a function of Mmed for di↵erent /ET based DM searches
from CMS. Following the recommendation of the LHC DM working group [1, 2], the exclusions are
computed for quark coupling gq = 1.00 and for a DM coupling of gDM = 1.0 It should be noted
that an exclusion away from �/�0 ⇡ 1 only applies to coupling combinations that yield the same
kinematic distributions as the benchmark model considered here.
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BSM - Grand Summary (1)

CMS Exotica Physics Group Summary – ICHEP, 2016!
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Excited quarks
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Museum Hotel Santo Domingo, Antigua

still waiting for  
the coming 

of New Physics
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a long journey still ahead of us
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• A large number of searches for new physics are on going and 
covering “all” possible phase space available at the LHC. 

• Some of the excess from Run-1 are vanishing with early Run-2 
data. 

• Analyses are being optimized and reloading the full Run-2 data 
set. Stay tune for updates. 

• What is next? 
• Atlas and CMS detectors are being upgraded during the 

technical stop 2016-2017. 
• CMS upgrade of pixel, calorimeter, trigger detectors. 
• These improvements will help extent the search for new 

physics

Conclusions
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Backup Slides
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Presented CMS analyses
• EXO-12-041 
• EXO-12-024 
• EXO-16-027 
• EXO-16-029 
• EXO-16-031 
• B2G-15-002 
• B2G-15-003 
• B2G-16-017 
• B2G-16-009 
• EXO-16-008 
• EXO-16-006
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Leptoquark 1st and 2nd Generation Limits 8TeV
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Leptoquark 1st (ee) at 13TeV with 2.6 fb-1
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Boosted VV
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Jet substructure Techniques


