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Outline
✦LHC Performance

✦Run 2 searches


๏Low-hanging fruit 

๏Not-so-low-hanging fruit

๏High-hanging fruit 

๏Out-of-reach fruit

๏Conclusions: hanging in there...


✦ Disclaimer: I'll mainly focus on the most recent results - either preliminary or recently 
submitted


✦ For the full searches landscape in CMS, see:

๏ http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS/

index.html

๏ http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/

index.html

๏ http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/

index.html
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/index.html


The LHC  
Performance 
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2016 Data Taking
✦ About 40/fb has been delivered by the LHC in 2016, 

exceeding the integrated luminosity accumulated in 
all years before 2016 and expectations

✦ Thank you, the LHC, for a spectacular year!
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The Giant is Awaking
✦ Already delivering first luminosity; will go with 600 x 

600 bunch collisions later today or Friday

5

L = 1.8 x 1030 cm-2s-1



Run 1  
Excesses
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Run 1 Excesses
✦ Very few statistically interesting excesses remained after 

Run 1

๏ A slight excess in the H(μτ) search (CMS saw about 2.4σ 

excess, while ATLAS was consistent with both zero and CMS)

๏ A ~2.5σ  excess in CMS 1st generation LQ search in both eejj 

and eνjj channels seen for the 650 GeV LQ mass hypothesis

๏ A ~3σ  ATLAS on-Z excess in the OS dilepton search (SUSY 

"edge" search)

๏ A 2-3σ excess in the VV mass spectrum at ~2 TeV in both 

ATLAS and CMS

✦ Most of those were not confirmed with 2015 13 TeV data, 

including the diboson one

✦ Large data sets collected in 2016 would allow to 

ultimately test those

7
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Old Hints for New Physics?
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Figure 7: The HT (top) and jet multiplicity (bottom) distributions for the electron (left) and muon (right) channel
in the on-Z SRs after having applied the requirement ��(jet1,2, Emiss

T ) > 0.4. All uncertainties are included in the
hatched uncertainty band. Two example GGM (tan � = 1.5) signal models are overlaid. For the HT distributions,
the last bin contains the overflow. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”. The negligible contribution from Z+jets is omitted from these
distributions.
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Figure 7: The HT (top) and jet multiplicity (bottom) distributions for the electron (left) and muon (right) channel
in the on-Z SRs after having applied the requirement ��(jet1,2, Emiss

T ) > 0.4. All uncertainties are included in the
hatched uncertainty band. Two example GGM (tan � = 1.5) signal models are overlaid. For the HT distributions,
the last bin contains the overflow. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”. The negligible contribution from Z+jets is omitted from these
distributions.
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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-
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection, (c) after tagging with the ZZ selection, and (d) for events passing any of
the three tagging selections. The significance shown in the inset for each bin is the di↵erence between the data
and the fit in units of the uncertainty on this di↵erence. The significance with respect to the maximum-likelihood
expectation is displayed in red, and the significance when taking the uncertainties on the fit parameters into account
is shown in blue. The spectra in the three signal regions are compared to the signals expected for an EGM W 0 with
mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

The dijet mass distributions after all three tagging selections are well-described by the background model
over the entire mass range explored, with the exception of a few bins near m j j = 2 TeV which contain
more events than predicted by the background model. Approximately 20% of the events selected by
either the WW, WZ, or ZZ selection are shared among all three signal regions. The fraction of events
common to the WZ and the WW or the WZ and the ZZ selections are 49% and 43% respectively. After
requiring that m j j > 1.75 TeV, 5 out of 25 events are common to all three signal regions. The statistical
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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.

13

), %τµ→95% CL limit on B(H
0 2 4 6 8 10

1.51% (obs.)
0.75% (exp.)  

τµ→H
3.68% (obs.)
2.31% (exp.)  

, 2 Jets
h
τµ

2.22% (obs.)
2.07% (exp.)  

, 1 Jet
h
τµ

2.61% (obs.)
2.34% (exp.)  

, 0 Jets
h
τµ

3.84% (obs.)
3.77% (exp.)  

, 2 Jetseτµ

2.38% (obs.)
1.66% (exp.)  

, 1 Jeteτµ

2.04% (obs.)
1.32% (exp.)  

, 0 Jetseτµ
Observed

Expected

σ 1±Expected 

σ 2±Expected 

 (8 TeV)-119.7 fbCMS

), %τµ→Best fit to B(H
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

 %-0.37
+0.390.84  
τµ→H

 %-0.93
+1.161.48  

, 2 Jets
h
τµ

 %-1.09
+1.030.21  

, 1 Jet
h
τµ

 %-1.22
+1.200.41  

, 0 Jets
h
τµ

 %-0.97
+1.580.05  

, 2 Jetseτµ

 %-0.78
+0.850.81  

, 1 Jeteτµ

 %-0.62
+0.660.87  

, 0 Jetseτµ

 (8 TeV)-119.7 fbCMS

Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.
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Figure 5: Left: Distribution of Mcol for all categories combined, with each category weighted
by significance (S/(S + B)). The significance is computed for the integral of the bins in the
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VV Excess Gone?
✦ Analysis of the first 13 TeV data did not confirm the 

VV excess, neither in ATLAS, nor in CMS

9
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Figure 4: Observed and expected 95% CL limits on the cross-section times branching ratio to diboson final states
for a narrow-width scalar resonance, as a function of its mass, combining the WW and ZZ decay modes.

and that the ratio of the expected cross-section limit to the theoretical cross-section improves by a factor
two for triplet masses of 2 TeV.
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ATLAS arXiv:1606.04833

CMS arXiv:1612.091597.2 Model-independent limits 19
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Figure 6: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of a narrow-width resonance decaying to a pair of vector bosons for different signal
hypotheses. In the upper plots, limits are set in the context of a spin-1 neutral Z0 (left) and
charged W0 (right) resonances, and compared with the prediction of the HVT Models A and
B. In the lower left plot, limits are set in the same model under the triplet hypothesis (W0 and
Z0). In the lower right plot, limits are set in the context of a bulk graviton with k/MPl = 0.5
and compared with the prediction. For Gbulk, Z0 and triplet signals (W’ signal) with masses
<0.8 TeV (<0.75 TeV), the limits are obtained from the low-mass `n+jet channel, while for the
higher masses they are obtained from the high-mass `n+jet and dijet channels.

To avoid the dependence on assumptions in the construction of the separate categories, we
perform a simplified analysis, reducing the event classification to two (`n+jet) and one (dijet)
categories, respectively. This is done by eliminating the low-purity categories and combining
the jet mass categories in the analyses. The loss in performance is very small for a large range
of masses. The effect of dropping the LP category is observed only at very high masses, where
the upper limit on the cross section becomes less stringent.

2015

2015

2015

2015

2015



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- R

ec
en

t C
M

S 
Re

su
lts

 fr
om

 S
ea

rc
he

s 
- C

ER
N

-C
KC

What about H(µτ)?
✦ Brand new result from CMS based on full 2016 data


๏ Definitively excludes the Run 1 excess (alas...)

10

15
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Figure 4: Observed and expected 95% CL upper limits on the B(H ! µt) for each individual
category and combined. Left: Mcol-fit analysis. Right: BDT-fit analysis.

Table 5: The expected and observed upper limits at 95% CL and best fit branching fractions in
percent for each individual jet category, and combined, in the H ! µt process obtained with
the BDT-fit analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 0.94 < 1.21 < 3.73 < 2.76 < 0.71
eth < 1.52 < 1.93 < 3.55 < 1.76 < 0.97
et < 0.56

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 1.27 < 1.26 < 3.90 < 1.78 < 0.85
eth < 1.53 < 2.07 < 3.65 < 3.39 < 1.31
et < 0.72

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

etµ 0.46 ± 0.43 0.07 ± 0.39 0.13 ± 1.13 -1.38 ± 1.03 0.21 ± 0.36
eth 0.18 ± 0.35 0.45 ± 0.60 0.29 ± 1.13 2.03 ± 0.47 0.51 ± 0.41
et 0.23 ± 0.24

19

CL upper limits. The BDT-fit analysis is more sensitive than the Mcol-fit analysis, with limits
reduced by about a factor two.

Table 7: The observed and expected upper limits at the 95% CL and the best fit branching
fractions in percent for the H ! µt and H ! et processes, with the different selections.

Observed(Expected) limits (%) Best fit branching fraction (%)
Mcol-fit BDT-fit Mcol-fit BDT-fit

H ! µt <0.51 (0.49) % <0.25 (0.25)% 0.02 ± 0.20% 0.00 ± 0.12 %
H ! et <0.72 (0.56) % <0.61 (0.37) % 0.23 ± 0.24 % 0.30 ± 0.18 %

The constraints on B(H ! µt) and B(H ! et) can be interpreted in terms of LFV Yukawa
couplings [34]. The LFV decays et and µt arise at tree level from the assumed flavour violating
Yukawa interactions, Y`a`b where `a, `b denote the leptons, `a, `b = e, µ, t and `a 6= `b. The
decay width G(H ! `a`b) in terms of the Yukawa couplings is given by:

G(H ! `a`b) =
mH

8p

�|Y`b`a |2 + |Y`a`b |2�,

and the branching fraction by:

B(H ! `a`b) =
G(H ! `a`b)

G(H ! `a`b) + GSM
.

The SM H decay width is assumed to be GSM = 4.1 MeV [71] for MH = 125 GeV. The 95%
CL upper limit on the Yukawa couplings derived from the expression for the branching frac-
tion above is shown in Table 8. The limits on the Yukawa couplings derived from the BDT-fit
analysis results are shown in Figure 8.

Table 8: 95% CL upper limit on the Yukawa couplings
Mcol-fit BDT-fitq

|Yµt|2 + |Ytµ|2 < 2.05 ⇥ 10�3 < 1.43 ⇥ 10�3
p|Yet|2 + |Yte|2 < 2.45 ⇥ 10�3 < 2.26 ⇥ 10�3

9 Summary

This article presents the search for LFV decays of the Higgs boson in the µt and et final states,
with the 2016 data collected by the CMS detector. The dataset analyzed corresponds to an in-
tegrated luminosity of 35.9 fb�1 of proton-proton collision data recorded at

p
s = 13 TeV. The

results are extracted by a fit to the output of a BDT trained to discriminate the signal from back-
grounds. The results are cross-checked with alternate analysis that fits the Mcol distribution
after applying selection criteria on kinematic variables. No evidence is found for LFV Higgs
boson decays. The observed (expected) limits on the branching fraction of the Higgs boson to
µt and to et are found to be less than 0.25(0.25)% and 0.61(0.37)%, respectively, at 95% confi-
dence level, and constitute a significant improvement with respect to the previously obtained
limits by CMS and ATLAS using 20 fb�1 of 8 TeV proton-proton collision data. Upper limits on
the off-diagonal µt and et Yukawa couplings are derived from these constraints on the branch-
ing ratios, and found to be

q
|Yµt|2 + |Ytµ|2 < 1.43 ⇥ 10�3 and

p|Yet|2 + |Yte|2 < 2.26 ⇥ 10�3

at 95% CL.

12 8 Results

each category in Tables 3, 4, 5 and 6. The limits are also summarized graphically in Figures 4
and 7.

Table 3: The expected and observed upper limits at 95% CL, and best fit branching fractions
in percent for the different jet categories for the H ! µt process obtained with the Mcol-fit
analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

µte < 1.01 < 1.47 < 3.23 < 1.73 < 0.75
µth < 1.14 < 1.26 < 2.12 < 1.41 < 0.71
µt < 0.49

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

µte < 1.08 < 1.35 < 3.33 < 1.40 < 0.71
µth < 1.04 < 1.74 < 1.65 < 1.30 < 0.66
µt < 0.51

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

µte 0.13 ± 0.43 -0.22 ± 0.75 0.22 ± 1.39 -1.73 ± 1.05 -0.04 ± 0.33
µth -0.30 ± 0.45 0.68 ± 0.56 -1.23 ± 1.04 -0.23 ± 0.66 -0.08 ± 0.34
µt 0.02 ± 0.20

Table 4: The expected and observed upper limits at 95% CL, and the best fit branching fractions
in percent for each individual jet category, and combined, in the H ! µt process obtained with
the BDT-fit analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

µte < 0.83 < 1.19 < 1.98 < 1.62 < 0.59
µth < 0.43 < 0.56 < 0.94 < 0.58 < 0.29
µt < 0.25

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

µte < 1.30 < 1.34 < 2.27 < 1.79 < 0.86
µth < 0.51 < 0.53 < 0.56 < 0.51 < 0.27
µt < 0.25

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

µte 0.61 ± 0.36 0.22 ± 0.46 0.39 ± 0.83 0.10 ± 1.37 0.35 ± 0.26
µth 0.12 ± 0.20 -0.05 ± 0.25 -0.72 ± 0.43 -0.22 ± 0.31 -0.04 ± 0.14
µt 0.00 ± 0.12

No evidence is found for either the H ! µt or H ! et processes in the the 35.9 fb�1 dataset at
13 TeV. The observed exclusion limits are a significant improvement over 8 TeV results [27, 28]
and the early 13 TeV 2015 result [70]. The new results exclude the branching fraction that
corresponded to the best fit for the 2.4 s excess observed in the 8 TeV H ! µt channel results
at 95% CL, in both the Mcol-fit and BDT-fit analysis. Table 7 shows a summary of the new 95%
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Z'(ll) Search
✦ CMS analysis based on partial 2016 data


๏ Use standard techniques well-tested in earlier reincarnations of the analyses

๏ Limits on sequential Z' reached ~4 TeV


✦ Limits as a function of cu/cd couplings last done in Run 1, but time is ripe to 
do this in Run 2!


✦ The results can also be interpreted as limits on quark-lepton compositeness

12
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W'(lv) Search
✦ Analyses based on 2015 CMS data


๏ Use standard techniques well-tested in earlier 
reincarnations of the analyses


๏ Limits on sequential W' reach ~4 TeV

13

6.3 Model-independent cross section limits 9
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Figure 5: Expected and observed 95% CL limits for the combination of the electron and muon
decay channels. The expected (observed) limit is displayed as a dashed (solid) line and the
associated inner (outer) bands represent the one (two) standard deviation (s.d.) uncertainties.
The SSM W0 NNLO cross section is displayed as a function of M(W0).

W0 masses below 2.2 TeV, the higher integrated luminosity data set from the 8 TeV Run still
makes the biggest contribution to the sensitivity. Considering both data sets, SSM W0 bosons
with masses less than 3.7 (3.9) TeV are excluded in the electron (muon) channel. Combining
both final state channels using the data at both center-of-mass energies the production of SSM
W0 bosons with masses below 4.1 TeV is excluded at 95%CL.

6.3 Model-independent cross section limits

A cross section limit that is independent of the MT dependence expected in any given model is
determined by performing a single-bin counting experiment in a transverse mass range above
a threshold, denoted Mmin

T . The results for the electron and muon channels are shown in Fig. 7
along with the combination. Values of the product of cross section and branching fractions
above the solid curve are excluded. The observed cross section limit includes the fiducial ac-
ceptance, A, defined by the lepton geometrical acceptance and the offline pT thresholds (Sec-
tion 4), as well as detector effects and kinematic selection (back-to-back topology), denoted as
e. Both quantities are evaluated relative to events generated with a transverse mass above the
Mmin

T threshold. The fiducial acceptance for very massive SSM W’ bosons is of the order of 1,
since the products of their decay are mainly emitted at very high angles relative to the beam
direction.

In order to compare a specific new model to the given cross section limits, the effect of the
threshold Mmin

T on the signal acceptance has to be taken into account by determining the ratio
( fMT) of the number of events with MT > Mmin

T to the number of events generated. For the
MT range shown in Fig. 7 the reconstruction efficiency is constant and the impact of the MT
resolution effect is negligible. Therefore fMT can be evaluated at generator level. For lower
MT a very small (<1%) difference is expected because of the single lepton trigger threshold
(130 GeV for electrons, 50 GeV for muons).

A limit on the product of the cross section and branching fraction (s B A e)excl can be obtained
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Z'/W' in τ channels
✦ Could also do the same search in τ channels, in case of 

preferential coupling to third generation

๏ Still using SSM as a convenient benchmark, set limits 

around 2 TeV on Z' and 3 TeV on W', exceeding Run 1 limits

14
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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

SSM mass for (a) tµth, (b) teth, (c) tetµ, (d) thth final states, and
(e) their combined 95% CL upper limits.
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Figure 6: Left: Limits on the product of cross section and branching fraction into tn for a SSM
W0 boson. The solid line shows the limit observed with 2.3 fb�1 of data while the dashed line
corresponds to the expected limit. The shaded bands indicate the 68% and 95% confidence
intervals of the expected limit. The dotted and the long-dashed lines show the cross section
prediction in the SSM as a function of the W0 boson mass, at NNLO and LO, respectively.
Right: The limit is now represented as cross section ratio sexcl./stheo.. built from the expected
theoretical cross section for a SSM W0 and the observed excluded cross section from this mea-
surement. For the result from the 2015 data, the expected and observed limits from the left plot
are shown in red. In comparison the expected and observed 95% CL limit from the 2012 data is
shown in blue [2]

The multibin approach assumes a certain signal shape in MT. However, new physics processes
yielding a tau+Emiss

T final state could cause an excess of a different shape. To be independent
from specific models, a single-bin approach compares the number of observed events above a
sliding MT threshold, denoted Mmin

T , with the SM expectation for this MT range. The resulting
cross section limit as a function of Mmin

T is shown in Fig. 7. The reconstruction efficiency is
estimated to be about 48% for W0 events satisfying the condition MT > Mmin

T . It may be noted
that the fraction of the signal that satisfies the Mmin

T requirement depends on the particular
model, and is mass-dependent. The reconstruction efficiency has an uncertainty corresponding
to that of a typical W0-like signal at different Mmin

T thresholds. For a W0 with a mass of 3 TeV
the efficiency, including all acceptance and reconstruction factors, is 34% of the total W0 ! tn
process, where only events with a hadronic tau decay t ! thn contribute. For the full tau
decay this corresponds to 23%. This mass corresponds to the typical W0-like signal. This allows
a reinterpretation in various models by evaluating the signal efficiency, #signal, for the Mmin

T
threshold, defined as the number of events in the signal region with MT > Mmin

T divided by
the total number of generated events: #signal = NMT>Mmin

T
/Ntotal.

9 Summary
In summary, we have performed a search for new physics in final states with a tau decaying
hadronically and missing transverse energy. The data sample was collected with the CMS de-
tector in proton-proton collisions at

p
s = 13 TeV and corresponds to an integrated luminosity

of 2.3 fb�1. No significant excess beyond the SM expectation is observed in the transverse mass
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10 7 Results
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Figure 3: 95% C.L. upper limit on the W0 boson production cross section separately in the
electron (top) and muon (bottom) channels for right-handed W0. W0 boson masses for which
the theoretical cross section (in red and/or blue) exceeds the observed upper limit (in solid
black) are excluded at 95% C.L. The green and yellow bands represent the ± 1 and 2 standard
deviation uncertainties on the expected limit, respectively.
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Figure 4: 95% C.L. upper limit on the W0 boson production cross section for right-handed
W0. W0 boson masses for which the theoretical cross section (in red and/or blue) exceeds the
observed upper limit (in solid black) are excluded at 95% C.L. The green and yellow bands
represent the ± 1 and 2 standard deviation uncertainties on the expected limit, respectively.

mass distributions for a W0 boson with arbitrary aL and aR couplings.

It should be noted that in the case that the W0 couples exclusively to right-handed fermions, this
equation reduces to the sum of SM s-channel tb and W0

R production as expected. For pure W0
L

or W0
LR production the equation reduces to the cross section of the respective sample, which is

generated already including SM s-channel tb production and interference with W0 production.

We scan over the aL and aR plane in 0.1 steps from 0 to 1 to produce cross section limits for
arbitrary combinations of aL and aR. For each point in the scan we calculate the expected and

W'R(tb) Search
✦ Can also search for W' in the semileptonic decay channel of the 

top quark decay

๏ Limits on W'R are set up to 3.6 TeV, depending on the right-handed 

neutrino mass

15

CMS PAS B2G-17-010

2016

11

observed 95% CL upper limits on the cross section using the same method described above.
Figure 5 shows the excluded W0 boson mass for each (aL,aR) point, in addition to an interpola-
tion between points to create smooth contours of equivalent signal mass limits.

Figure 5: Expected (left) and observed (right) limits on the W0 signal mass as function of the
left-handed (aL) and right-handed (aR) couplings. Black lines represent contours of equal mass.

8 Summary
We have performed a search for a heavy W0 boson resonance decaying to a top and a bottom
quark in lepton + jets final states in data collected at

p
s = 13 TeV by the CMS detector in

2016. The integrated luminosity of the data set analyzed is 35.9 fb�1. We observe no evidence
for the production of a W0 boson, and 95% upper limits on s(pp ! W0

R)⇥ B(W0
R ! tb) are

determined as a function of the W0
R boson mass. The observed (expected) 95% confidence level

upper limit is 3.4 (3.3) TeV if MW 0
R
� MnR and 3.6 (3.5) TeV if MW 0

R
< MnR . Exclusion limits

are also presented for W0 bosons with varied left- and right-handed couplings to fermions for
the first time at

p
s = 13 TeV. These results represent the most stringent limit to date in the tb

decay channel.

2016
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Dijet Resonance Searches
✦ Standard search to do at any new energy


๏ Recent additions to the dijet search portfolio:

✤ Scouting (trigger-level) analysis based on low-threshold 

triggers writing only very limited information about the event

16
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences
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Generic Resonance Limit
✦ N.B. Gaussian resonance shape (ATLAS) gives artificially 

stronger limits compared to BW resonances due to large lower 
tail from PDFs
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Figure 3: The observed 95% CL upper limits on the product of the cross section, branch-
ing fraction, and acceptance for quark-quark, quark-gluon, and gluon-gluon type dijet res-
onances. Limits are compared to predicted cross sections for string resonances [20, 21], ex-
cited quarks [26, 27], axigluons [23], colorons [25], scalar diquarks [22], color-octet scalars [28],
new gauge bosons W0 and Z0 with SM-like couplings [29], dark matter mediators for mDM =
1 GeV [30, 31], and RS gravitons [32].
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Dijets: Convenient Language
✦ For many applications, it's convenient to express limits in terms 

of a Z'B like object with a coupling gB to a baryon number 
[Dobrescu, Yu, arXiv:1306.2629] given by                   , αB = gB2/4π 

✦ The decay width:
✦ Parameterize everything as a function of gq = gB/6

18

gB
6
Z 0
Bµq̄�

µq

6

allowed, but U can decay via renormalizable in-

teractions only if there is at least one additional

field (e.g., a scalar S which is a SM gauge sin-

glet, has U(1)B charge 0, and interacts through

ūRULS).

The D=U and D=7U+3 models are identical

for z = −1/(2n). In this case, a second scalar

φ′, of U(1)B charge 1/3 − 1/(2n), is necessary

to allow Q, U , and D decays through q̄LQRφ′,

ūRULφ′ and d̄RDLφ′, respectively.

The choice of vectorlike fermions shown in Ta-

ble I is simple but not unique. For example,

anomaly cancellation in the presence of vector-

like leptons instead of quarks is also possible [38].

A fourth generation of chiral quarks and leptons

can also lead to the cancellation of the U(1)B

anomalies [39], but this possibility is nearly ruled

out [36] now by the measurements of Higgs pro-

duction through gluon fusion [40], and by direct

searches for t′ [41] and b′ [42] quarks at the LHC.

The couplings of the Z ′
B to SM quarks are

given by

gB
6
Z ′
Bµ qγ

µq , (6)

where gB is the U(1)B gauge coupling (using the

normalization where the group generator is 1/2),

and is related to the coupling constant, as usual,

by αB = g2B/(4π). The Z ′
B can decay into a pair

of jets (including b jets) or into a tt̄ pair (for a

Z ′
B mass MZ′

B
> 2mt), with partial decay widths

given by

Γ
(

Z ′
B→ jj

)

=
5αB

36
MZ′

B

(

1 +
αs

π

)

,
(7)

Γ(Z ′
B→ tt̄)

Γ
(

Z ′
B→ jj

) =
1

5

(

1−
4m2

t

M2

Z′
B

)1/2[

1+O

(

αsmt

MZ′
B

)]

.

Here we have included the NLO QCD corrections

and no electroweak corrections. If the decays into

vectorlike quarks are kinematically closed, then

the total width of Z ′
B is

ΓZ′
B
= Γ

(

Z ′
B → jj

)

+ Γ
(

Z ′
B → tt̄

)

. (8)

B. Coloron

Another hypothetical particle that can easily

produce dijet resonances with large cross section

at the LHC is the coloron [32], a spin-1 color-

octet gauge boson. The coloron, in the case of

flavor-universal couplings [33], is not significantly

constrained by flavor processes nor by other low

energy data. Furthermore, the coloron is auto-

matically leptophobic.

The simplest gauge symmetry that can be as-

sociated with a heavy color-octet vector boson is

SU(3)1×SU(3)2 [43]. This is spontaneously bro-

ken down to the diagonal SU(3)c gauge group,

which is identified with the QCD one. A min-

imal renormalizable extension of the SM which

includes a coloron, dubbed ReCoM, is analyzed

in Ref. [34]. Assuming that all the SM quarks

transform as (3, 1) under SU(3)1 × SU(3)2, the

couplings of the coloron to SM quarks are given
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Angular Dijet Analysis
✦ Using the 𝛘 variable:


✦ ADD:  
MPl > 7.9-11.2 TeV


✦ Compositeness:  
Λ > 11.5-14.4 TeV


✦ Quantum black holes: 
MQBH > 5.3-7.8 TeV

19

8 6 Summary
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Figure 2: Normalized cdijet distributions for 2.6 fb�1 of integrated luminosity in the highest
three mass bins. The corrected distributions in data are compared to NLO predictions with
non-perturbative corrections (black dotted line). The vertical bar on each data point represents
statistical and systematic experimental uncertainties combined in quadrature. The horizontal
bar indicates the bin width. Theoretical uncertainties are indicated by the gray band. Also
shown are the predictions for various QBH, CI, and ADD models.

CMS arXiv:1703.09986

6 Angular analysis

Di↵erences between the rapidities of two jets are invariant under Lorentz boosts along the z-axis, hence
the following function of the rapidity di↵erence y⇤,

� = e2|y⇤ | ⇠ 1 + cos ✓⇤

1 � cos ✓⇤
,

is the same in the detector frame as in the partonic center-of-mass frame. The variable � is constructed
such that, in the limit of massless parton scattering and when only t-channel scattering contributes to the
partonic cross-section, the angular distribution dN/d� is approximately independent of � [68].

In the center-of-mass frame, the two partons have rapidity ±y⇤. A momentum imbalance between the
two incident partons boosts the center-of-mass frame of the collision with respect to the laboratory frame
along the z direction by

yB = ln (xi/x j) = (y1 + y2)/2,

where yB is the rapidity of the boosted center-of-mass frame, xi and x j are the fractions of the proton
momentum (Bjorken x) carried by each incident parton, and y1 and y2 are the rapidities of the outgoing
partons in the detector frame. The measured shapes of the observed dN/d� distributions di↵er from the
parton-level distributions because the observed ones convolve the parton-level distributions with non-
uniform parton momentum distributions in xi and x j, and also contain some admixture of non-t-channel
processes. Restricting the range of the two-parton invariant mass and placing an upper bound on yB
reduces these di↵erences.

The dN/d� (angular) distributions of events with |y⇤| < 1.7 and |yB| < 1.1 are analyzed for contributions
from BSM signals. The data with m j j < 2.5 TeV are discarded to remove trigger ine�ciencies which
otherwise arise due to the loosened y⇤ selection compared to the resonance analysis. The dataset is then
analyzed by fitting to it a Pythia MC sample acting as an SM template as explained below. This sample
is simulated as described in Section 4, including the aforementioned corrections. Figure 2 shows the
angular distributions of the data in di↵erent m j j ranges starting from 3.4 TeV, the SM prediction for the
shape of the angular distributions after it is fit to data, and examples of the signals described in Section 7.
In the statistical analysis, MC simulation is normalized to data; in Figure 2 both the MC simulation and
the data are normalized to unit integral in each m j j range for clarity of display.

Theoretical uncertainties in simulations of the angular distributions from QCD processes are estimated as
described in Ref. [23].4 The e↵ect of varying the choice of PDF sets on the multijet prediction is estimated
using NLOJET++ with three di↵erent PDF sets: CT10 [69], MSTW2008 [70] and NNPDF2.3 [46]. As
the choice of PDF mainly a↵ects the total cross-section rather than the shape of the � distributions, these
uncertainties are negligible (< 1%) in this analysis. The uncertainty due to the choice of renormalization
and factorization scales is estimated using NLOJET++ by varying each one independently up and down
by a factor of two. The resulting uncertainties, taken as the variations in the normalized � distributions,
depend on both m j j and � and rise to 12% (8%) for the renormalization (factorization) scale, at the
smallest � values and high m j j values. The statistical uncertainty in the simulated NLO corrections is
less than 1%. The dominant experimental uncertainty in the predictions of the � distributions is the jet

4 Uncertainties in electroweak corrections are not yet available and so are not included.
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Gluino-Mediated SUSY
✦ Variety of searches in 0, 1, 2, >3 lepton final states, 

using different gluino decay modes, techniques, and 
"designer" variables


✦ Gluinos below about 2 TeV are excluded nearly up to 
kinematic limit
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Squark Production
✦ All-hadronic analyses can also be used to set limits on light-

generation squarks

๏ Here limits reach 1.5 TeV, but only in the case of four degenerate squarks

๏ If online light squark is allowed, the limits are still below 1 TeV
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6 References
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Figure 3: Upper limits on gq as a function of the Z0 mass at 95% CL [77]. Limits from other
relevant searches are shown. An indirect constraint from the width of the SM Z boson is also
given.
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Trijets/jj𝛄 as a Dijet Proxy
✦ Another way to look for low-mass dijets is to 

use photon or jet ISR to aid triggering and 
utilize jet substructure techniques to 
reconstruct boosted Z'


✦ Allows to lower the dijet mass reach to ~100 
GeV, as demonstrated with the W/Z peak 
observation in CMS
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Figure 6: (a) 95% CL upper limits on the Z0 production cross section compared to the theoretical
cross section and (b) translation of the upper limits to limits on gq as a function of the Z0 mass.
Limits from other relevant searches are also shown. An indirect constraint on a potential Z0

signal from the SM Z boson width [68] is also shown.
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H(bb) in Boosted Channel
✦ Could use the same approach to look for H(bb) decays in b-tagged large-cone 

jet

✦ Currently limited by the trigger; work on specialized triggers is ongoing

✦ First results are very promising: achieved ~1σ sensitivity w/ 2016 data

✦ Ultimately would like to probe the H(gg) decay, which can't be seen otherwise
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7 Results

The estimation of the SM background processes and the extraction of a potential signal from SM
H ! bb are performed simultaneously. The resonant Z signal is used as a standard candle to
simultaneously constrain the systematic uncertainties associated to it and the H boson. Results
are obtained from a combined binned maximum likelihood fit to the mSD distribution in data
in the passing and failing regions of each pT category, and in the tt-enriched control region.
The combined likelihood of the data for a given Higgs signal strength µH and Z signal strength
µZ, L(data|µH, µZ), is given by the product of Poisson likelihoods in each bin multiplied by
external constraints for the nuisance parameters.

Fig. 4 shows the mSD distribution for data and measured SM background contributions in the
passing and failing regions. Contributions from W and Z boson production are clearly visible
in the data.
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Figure 4: Post-fit mSD distributions in data for the pass and fail regions and combined pT cate-
gories by using a polynomial 2nd order in r and 1st order in pT. The features at 166 GeV and
180 GeV in the mSD distribution are due to the kinematic selection on r, which affects each pT
category differently.

The measured Z boson signal strength is µZ = 0.78+0.23
�0.19, which corresponds to an observed

significance of 5.1s with 5.8s expected. This constitutes the first observation of the Z signal
in the single-jet topology, further validating the substructure and b-tagging strategy for the
Higgs boson search in the same topology. The measured cross section of the Z+jets process
is 0.85+0.26

�0.21 pb, which is consistent, within the uncertainty on the measurement, with the SM.
The measured H boson signal strength is µH = 2.3+1.8

�1.6 and includes the corrections to the
pT described in Sec. 3. The observed µH and the theoretical cross-section imply a measured
cross-section of 74+51

�49 fb, which is consistent, within the stated uncertainty, with the SM. The
observed (expected) significance is 1.5s (0.7s).

Tab. 2 summarizes the measured signal strengths and significances for the Higgs and Z boson
processes. In particular, they are also reported for the case the corrections to the Higgs pT spec-
trum are not applied. Fig. 5 shows the profile likelihood test statistic scan in data as function of
the Higgs and Z signal strength parameters (µH, µZ).
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Figure 5: Profile likelihood test statistic �2D logL scan in data as a function of the H signal
strength µH (upper left), Z signal strength µZ (upper right), and both signal strengths (µH, µZ)
(lower).

H H no pT corrections Z
Observed best fit µH = 2.3+1.8

�1.6 µ0
H = 3.2+2.2

�2.0 µZ = 0.78+0.23
�0.19

Expected significance 0.7s (µH = 1) 0.5s (µ0
H = 1) 5.8s (µZ = 1)

Observed significance 1.5s 1.6s 5.1s

Table 2: Fitted signal strength and observed significance of the Higgs and Z signals.

CMS PAS HIG-17-010

2016
2016



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- R

ec
en

t C
M

S 
Re

su
lts

 fr
om

 S
ea

rc
he

s 
- C

ER
N

-C
KC ✦ CMS search for tt resonances with 2015 data in the 

semileptonic and all-hadronic final states, using jet substructure

๏ Limits on Z' with Γ/M = 0.1 at 3.9 TeV are set, as well as limits as a 

function of the width

๏ Also limits on gKK at 3.3 TeV are set @ 95% CL
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Figure 6: Observed and expected upper limits at 95% CL on the product of the production
cross section and branching fractions for the full combination of the analysis results, shown as
function of the resonance mass. Limits are set using four extensions to the SM : (upper left) a Z0

boson with G/M of 1%, (upper right) a Z0 boson with G/M of 10%, (lower left) a Z0 boson with
G/M of 30% and (lower right) a KK excitation of a gluon in the RS model. The corresponding
theoretical prediction as a function of the resonance mass is shown as a dot-dashed curve.

depleted of tt events. No excess above the standard model expectation is observed, and limits
were set on the production cross sections of Z0 bosons and RS gluons, for signal models with
varying widths. For some signal models, previous limits are eclipsed, excluding Z0 bosons with
masses up to 3.3 (3.8) TeV, for Z0 relative widths of 10% (30%) of their masses.
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Figure 7: Expected and observed limits presented as a function of width, for MZ0 = 1, 2, 3,
4 TeV. The corresponding theoretical prediction as a function of width is shown as a dot-dashed
curve in each case.

Table 6: Expected and observed cross section limits at 95% CL, for the 1% width Z0 resonance
hypothesis.

Mass [TeV] Observed limits [pb] Expected limits [pb]
�2s �1s Median +1s +2s

0.5 77.7 32.1 50 88.2 153 229
0.75 7.14 2.93 4.33 6.14 8.81 12.7
1.0 1.8 0.746 1.04 1.47 2.15 3.01
1.25 1.14 0.264 0.377 0.534 0.778 1.16
1.5 0.239 0.145 0.202 0.291 0.425 0.617
2.0 0.104 0.0568 0.08 0.117 0.17 0.235
2.5 0.0464 0.0314 0.0443 0.0614 0.09 0.132
3.0 0.0462 0.0244 0.033 0.0469 0.0708 0.0992
3.5 0.0248 0.0192 0.0257 0.036 0.0554 0.0813
4.0 0.0224 0.0163 0.022 0.0318 0.0488 0.0749

2015

CMS arXiv:1704.03366
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Pair-Produced Dijet Resonances
✦ A search for RPV top squark pair 

production with 4 jets and jjbb

26
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Figure 1: Diagrams depicting the direct pair-production of top squarks through strong interactions, with decays into
a d- and an s-quarks (left) or to a b- and an s-quark (right) through the � 00 R-parity violating couplings, indicated
by the blue dots.

5 Object reconstruction

Candidate jets are reconstructed from three-dimensional topological energy clusters [68] in the calorimeter
using the anti-kt jet algorithm [69] with a radius parameter of 0.4. Each topological cluster is calibrated to
the electromagnetic scale response prior to jet reconstruction. The reconstructed jets are then calibrated to
the particle level by the application of a jet energy scale (JES) calibration derived from simulation and in
situ corrections based on 13 TeV data [70–72]. The TightBad cleaning quality criteria [73] are imposed
to identify jets arising from non-collision sources or detector noise. Any event containing at least one jet
failing quality requirements with pT > 20 GeV is removed.

Jets containing b-hadrons (b-jets) are tagged by a multivariate algorithm (MV2c10) using information
about the impact parameters of inner detector tracks associated to the jet, the presence of displaced sec-
ondary vertices, and the reconstructed flight paths of b- and c-hadrons inside the jet [74]. A working point
with a 77% e�ciency, as determined in a simulated sample of tt̄ events, was chosen. The corresponding
rejection factors against jets originating from c-quarks and from light-quarks or gluons are 4.5 and 130,
respectively [75].

6 Event Selection

Each event is required to have a reconstructed primary vertex consistent in location with the beamspot
envelope, with at least two associated tracks with pT > 400 MeV. If more than one such vertex is found,
the vertex with the largest

P
p2

T of the associated tracks is chosen.

The final state under consideration consists of four jets forming two pairs, originating from a pair of equal
mass resonances. After the trigger requirement, only events with at least four reconstructed jets with
pT > 120 GeV and |⌘ | < 2.4 are retained in the analysis.
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Pair-Produced VLQ Searches
✦ Classical T/Y pair production searches:


๏ T5/3 pair production, with T → tW (SS dileptons and semileptonic)

๏ T2/3 and Y4/3 production in the bWbW semileptonic channel


✦ Limits exceed similar ones set in Run 1 by ~500 GeV
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Figure 4: Exclusion limits obtained using W-tagged category of events only (top) and post-fit
distribution of the reconstructed mass, Mreco (bottom). Shaded band on the histogram shows
statistical and systematic uncertainties.
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Pair-Produced VLQ Searches
✦ Classical T/Y pair production searches:


๏ T5/3 pair production, with T → tW (SS dileptons and semileptonic)

๏ T2/3 and Y4/3 production in the bWbW semileptonic channel


✦ Limits exceed similar ones set in Run 1 by ~500 GeV
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Figure 4: Exclusion limits obtained using W-tagged category of events only (top) and post-fit
distribution of the reconstructed mass, Mreco (bottom). Shaded band on the histogram shows
statistical and systematic uncertainties.
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flat prior. The systematic uncertainties are simultaneously fitted across signal and control re-
gions, allowing background normalizations to float to match data in the control regions. After
applying the full analysis selection described previously and combining all analysis categories
the observed (expected) limits are found to be 1.32 (1.23) TeV for a right-handed X5/3 and 1.30
(1.23) TeV for a left-handed X5/3 at 95% CL. The expected and the observed limits are shown
in Fig. 6, where the upper limits are compared to signal cross sections at NNLO with the PDF
and renormalization/factorization scale uncertainties shown as the band around the theoretical
predictions.
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Figure 6: 95% CL expected and observed limits for a left-handed (left) and right-handed (right)
X5/3 after combining all categories. The theoretical uncertainty on the signal cross section is
shown with a band around the theoretical prediction.

9 Summary
A search for the pair production of heavy partners of the top quark with an exotic charge 5/3
decaying into a W boson and a top quark is presented. The search uses data collected in 2016
in proton-proton collisions at a center-of-mass energy of 13 TeV with the CMS detector at the
CERN LHC, corresponding to an integrated luminosity of 35.9 fb�1. Final states considered
include an electron or a muon, missing transverse energy, and four or more jets. X5/3 masses
with right-handed (left-handed) couplings below 1.32 (1.30) TeV are excluded at 95% confi-
dence level.
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Single VLQ Production
✦ Several VLQ searches with new data, 

including singly, EW produced VLQs in 
Wb, Zt, Zb channels

๏ Limits are set on the VLQ mass for a fixed 

VLQ-W-b or VLQ-Z-t coupling/width or on 
the coupling as a function of the VLQ mass
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Figure 4: The 95% confidence level upper limits on the cross section sum for production of
heavy fermion pairs (S0S+, S0S�, or S+S�). In the flavor-democratic scenario, we rule out
heavy fermion pair production for masses below 850 GeV (expected 790 GeV).

Type III Seesaw Search
✦ Search for heavy fermions Σ± and Σ0 in Type III seesaw models


๏ Drell-Yan pair production

๏ Decay: Σ±→W±v, Zl±, Hl±;  
Σ0→W±l∓, Zv, Hv


✦ Consider all 27 final states via multilepton search (3 or more e, μ)
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Majorana Neutrino Search
✦ Classical search in dilepton + dijet channel; a slight 

excess was seen in Run 1, but not confirmed w/ 13 
TeV data

๏ Stringent limits on heavy electron and muon neutrinos 

are set

30

1

1 Introduction

The Standard Model (SM) [1–3] describes a parity violating weak interaction through a left-
handed chiral SU(2)L gauge group, whose generators transform into the left-handed gauge
bosons W± and Z. Left-Right (LR) extensions [4–7] of the SM are models in which interactions
mediated by heavy gauge bosons are symmetric with respect to left and right-handed fermions.
These models postulate that parity violation is a result of spontaneous symmetry breaking of a
larger gauge group SU(2)L ⇥ SU(2)R ⇥U(1)Y at a multi TeV scale. Evidence of such symmetry
breaking would manifest as additional gauge bosons that, with additional Higgs fields, would
become massive, right-handed, charged W±

R and neutral Z
0 gauge bosons. These bosons would

be created from the generators of the SU(2)R group, and could be produced at the LHC.

LR theories provide an explanation for the source of SM neutrino masses. Observations of
neutrino oscillations [8, 9] prove that at least two SM neutrinos have mass. However, the
frequency of observed oscillations correspond to neutrino masses [10] that are more than 4
orders of magnitude below the lightest charged SM fermion. This suggests that neutrinos may
acquire mass through a different mechanism than other SM fermions. Heavy right-handed
neutrinos (Ne, Nµ, and Nt) present in LR models explain the source of SM neutrino masses
through the seesaw mechanism [11, 12]. As the heavy right-handed neutrino masses increase,
the masses of the SM left-handed neutrinos decrease.

A search for WR bosons and heavy N` neutrinos is conducted using a sample of proton-proton
collisions at a center-of-mass energy

p
s = 13 TeV collected by the CMS detector at the CERN

LHC in 2015. This search is independent of the other heavy neutrino searches that use data from
2015 collisions [13–15], and is an expansion of a previous search using

p
s = 8 TeV data [16].

It is assumed that WR boson production and decay follows the process shown in Figure 1.
In this process, a WR boson is produced through a quark-antiquark interaction, and it decays
to a charged lepton (` = e, µ) and a right-handed neutrino N`. The decay of the right-handed
neutrino produces a second charged lepton of the same flavor and the same or opposite charge,
together with a virtual W⇤

R. This search assumes the W⇤
R decays to a pair of quarks, and results

in the following complete decay chain to SM particles:

WR ! `1N` ! `1`2W⇤
R ! `1`2qq̄0.

q0

q

W±
R

l

NR

l

W ?
R

jet

jet

Figure 1: Feynman diagram for the production of a WR boson and its decay to two charged
leptons and two quarks through a heavy neutrino.

The quarks hadronize into jets (j), resulting in an observable final state containing two same
flavor charged leptons and at least one jet. In 50% of events with MN`

= MWR /8 the N` decay

11

(a) s(WR ! eejj) limit (b) s(WR ! µµjj) limit

Figure 4: WR cross section limits for MN`
= 1

2 MWR.

(a) WR ! eejj exclusion limit (b) WR ! µµjj exclusion limit

Figure 5: 95% confidence level exclusion in the (MWR, MN`
) plane for WR ! eejj (left) and

WR ! µµjj (right).

11

(a) s(WR ! eejj) limit (b) s(WR ! µµjj) limit

Figure 4: WR cross section limits for MN`
= 1

2 MWR.

(a) WR ! eejj exclusion limit (b) WR ! µµjj exclusion limit

Figure 5: 95% confidence level exclusion in the (MWR, MN`
) plane for WR ! eejj (left) and

WR ! µµjj (right).
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SUSY: Electroweak Production
✦ Variety of channels and signatures, including the 

decays via WZ/WH
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Multijet Searches
✦ Traditionally used to probe semiclassical black 

holes, also provide strong limits on high-
multiplicity signatures often expected to come 
from RPV SUSY decays, axigluons and other 
strong dynamics objects, quantum gravity


✦ Often some of the jets come from b quarks
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Figure 1: Left: the dominant Feynman diagram representing the s-channel pair production of
color-octet vector bosons, subsequently decaying into spin-0 particles and finally to gluons. The
vector bosons can be colorons C or axigluons A, while the spin-0 particles can be pseudoscalar
hyperpions p̃ or scalar particles s. Right: the second decay mode of an axigluon considered
in this analysis, involving a heavy quark Q and a pseudogoldstone boson h with Higgs-like
couplings.
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Figure 2: Gluino decay modes in the RPV SUSY scenario considered. Depending on the RPV
coupling and the nature of the squark, zero (top left), one (top right), two (bottom left), or three
(bottom right) b quarks can be present in each decay.

3 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
silicon strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the coverage in pseudorapidity h provided by the barrel
and endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid.

The silicon tracker measures charged particles in the range |h| < 2.5. For nonisolated particles
with transverse momentum 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically
1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact parameter [63].

In the region |h| < 1.74, the HCAL cells have widths of 0.087 in pseudorapidity and azimuthal
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3 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
silicon strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the coverage in pseudorapidity h provided by the barrel
and endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid.

The silicon tracker measures charged particles in the range |h| < 2.5. For nonisolated particles
with transverse momentum 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically
1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact parameter [63].

In the region |h| < 1.74, the HCAL cells have widths of 0.087 in pseudorapidity and azimuthal
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Figure 7: Upper limits at 95% CL on the signal cross section times branching fraction, as a
function of the gluino mass Meg and squark mass Meq for the pair-produced gluino model with
RPV decays in the final states qqqqq (G1, top left), qqqqb (G2, top right), qqqbb (G3, bottom
left), and qqbbb (G4, bottom right). The observed limit (black long-dashed lines) is compared
to the expected limit (red short-dashed lines) with the one standard deviation theoretical un-
certainty in the observed limit (black dashed lines) and the one standard deviation statistical
and systematic uncertainties combined in the expected limits (red dashed lines). The gluino
pair production cross sections are shown with the color scale.
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Diboson Searches
✦ Many new physics models predict diboson 

resonances

✦ If an excess is seen in one channel (e.g. γγ), it has to 

be present in coupled channels (ZZ, Zγ, possibly 
WW), and the relative strengths would allow to 
understand the SU(2) structure of the underlying 
theory


✦ Thus searches in VV, Vγ, VH, HH channels are an 
important part of the LHC physics program, and is 
also valuable for SM physics, VBS, and TGC studies


✦ The HH studies are going to ultimately lead to the 
constraints of the Higgs boson self-coupling

34
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VV All-Hadronic Searches
✦ Searches for WW, WZ, and ZZ resonances


๏ The 2 TeV bump is back, after disappearing for a year

35
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Figure 5: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of a narrow-width resonance decaying to a pair of vector bosons for different signal
hypotheses. Limits are set in the context of a spin-1 neutral Z0 (left) and charged W0 (right)
resonances resonance, and compared with the prediction of the HVT model B. On the bottom,
limits are set in the context of a bulk graviton decaying into WW (left) and ZZ (right) with k̃ =
0.5 and compared with the model prediction. Signal cross section uncertainties are displayed
as a red checked band.
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Figure 6: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of an excited quark resonance decaying into qW (left) or qZ (right). Signal cross
section uncertainties are displayed as a red checked band.
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VV All-Hadronic (cont'd)
✦ And there is a slight excess in the all-hadronic channel at 2 TeV 

in ATLAS as well

๏ Curiously, both collaborations see it only in the all-hadronic channel
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6.3 Combination of the ``g and Jg channels 13
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Figure 6: Observed (solid) and expected (dashed) 95% C.L. upper limits on s(X ! Zg) as a
function of signal mass, together with the 68% (green) and 95% (yellow) ranges of expectation
in the background-only hypothesis, for the combination of the b-tagged, tau21, and anti-tau21
categories with (a) the narrow-width scenario and (b) the wide-width scenario.
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Figure 7: Left: Observed and expected limits on the product of the cross section at
p

s = 13 TeV
and branching fraction B(X ! Zg) for the production of a narrow spin-0 resonance, obtained
from the combination of the 13 TeV analyses in hadronic and leptonic decay channels of the Z
boson, assuming a gluon fusion production mechanism. Right: Observed and expected limits
for broad spin-0 resonance.

Zγ Searches
✦ Two types of searches pursued:


๏ Leptonic search Z(ll)γ - best at low mass

๏ Boosted hadronic search Z("j")γ, w/ categorization according to the "j" b 

tag (CMS) - best at high masses (> 1.5 TeV)

๏ An excess seen around 2 TeV (!) in both 2015 and 2016 data
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Figure 5: Left: Expected and observed limits on the product of the cross section at
p

s = 13 TeV
and branching fraction B(X ! Zg) for the production of a narrow spin-0 resonance, obtained
from the combination of the 8 and 13 TeV analyses in hadronic and leptonic [15] decay channels
of the Z boson, assuming a gluon fusion production mechanism. Right: expected limits from
the individual and combined analyses, showing the relative contribution of each channel. The
discontinuities are due to the difference in the mass ranges used in the individual searches.

8 Summary

We have presented a search for new spin-0 resonances decaying to a Z boson and a photon,
where the Z boson decays hadronically, in the mass range from 0.65 to 3.0 TeV, using 2012 and
2015 proton-proton collision data at center-of-mass energies of 8 and 13 TeV, respectively. The
search is carried out with two exclusive categories of events, with or without identification of
the Z ! bb decay, and the final result is obtained from the combination of these two categories.
Jet substructure and subjet b tagging techniques are used in order to enhance the sensitivity of
the analysis. No significant deviation from the standard model prediction is found. Results
are presented as upper limits at 95% confidence level on the product of the production cross
section and the branching fraction of the Zg decay channel of a new resonance. The results
of the searches at the two center-of-mass energies are combined assuming the mechanism for
production of a new resonance is gluon fusion. These results are further combined with those of
analogous searches in the leptonic decay channel of the Z boson. The limits set in this analysis
are the most stringent limits to date on Zg resonances in a wide range of masses.
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Zγ Searches
✦ Two types of searches pursued:


๏ Leptonic search Z(ll)γ - best at low mass

๏ Boosted hadronic search Z("j")γ, w/ categorization according to the "j" b 

tag (CMS) - best at high masses (> 1.5 TeV)

๏ An excess seen around 2 TeV (!) in both 2015 and 2016 data
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are found to be consistent with a normal distribution with mean less than 0.5 and width con-
sistent with unity. Thus, we conclude that any possible systematic bias from the choice of the
functional form is small compared to the statistical uncertainty of the fit, and use the latter as
the only uncertainty in the background prediction.

The observed MZg invariant mass distributions in data in the antitagged and b-tagged cate-
gories along with the corresponding fits are shown in Fig. 2, separately for 8 and 13 TeV data.
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Figure 2: Fits to the MZg invariant mass spectra in the search region for the antitagged (left
column) and b-tagged (right column) categories. Upper (lower) row corresponds to 8 (13) TeV
data. The results of the fits to the two categories with the parametric background shape are
shown. The lower panels show the difference between the data and the fit, divided by the
statistical uncertainty in data s stat. For bins with a low number of data entries, the error bars
correspond to the Garwood confidence intervals [52]. The upper error bars for bins with zero
data entries are shown only in the region up to the highest nonzero entry.

2015

4.2 Signal modeling 7

observed MZg invariant mass spectra in the signal region (75 < Mpruned
J < 105 GeV) of the data

in the b-tagged, tau21 and anti-tau21 categories along with the corresponding fits are shown in
Fig. 2.
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Figure 2: Fits in the signal region in the b-tagged, tau21 and anti-tau21 categories.

4.2 Signal modeling

The signal distribution in MZg is obtained from the generated events that pass the full selec-
tion. We generate signal samples for two resonance widths: a narrow resonance model, where
the width is fixed to be equal to 0.014% of the scalar mass, and a wide model with a 5.6%
width. The signal shape is parametrized with a Gaussian core and two power-law tails, an
extended form of the Crystal Ball function [51]. The fitted parameters are determined from
the simulated samples at each mass point, separately for each channel, and then interpolated
through polynomial fits to generic MZg values in order to have smoothly varying signal shape
parametrizations. The typical mass resolution for signal events is 1% for the e+e�g channel
and 1–2% for the µ+µ�g channel, depending on the mass of the resonance.

The product of the expected signal acceptance and efficiency rises from about 27% (42%) at
M``g = 350 GeV to about 46% (55%) at M``g = 2 TeV, for the e+e�g (µ+µ�g) channel. The
signal acceptance times efficiency increases from 7% (3%) at 0.65 TeV to 11% (9%) at 2 TeV
in the anti-tau21 (tau21) category, and is between 2 and 3% for b-tagged category for masses
between 0.65 to 2 TeV.

5 Systematic uncertainties

In the ``g channel, systematic uncertainties on signal yields are:

• luminosity: the uncertainty on the CMS integrated luminosity is based on pixel
cluster counting from the silicon pixel detector and amounts to 2.5% [52];

• parton distribution functions: we estimated a 1 – 3.5% uncertainty on the signal
efficiency that takes into account the variation in the kinematic acceptance of the
analysis coming from the use of alternative PDF sets;
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VV Semileptonic Searches
✦ Most recent CMS WW/WZ search in the 

lνjj channel (jj form a jet w/ substructure) 
and WZ in the lljj channel

๏ No evidence for statistically significant 

excess in the 0.6-4.5 TeV range

๏ See absolutely no excess at 2 TeV with  

1/3 of the full 2016 data set
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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.
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ZZ Leptonic Search
✦ Search for ZZ resonances in the 2l2v channel also 

doesn't show anything exciting at 2 TeV (or other 
masses)
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Figure 5: Expected and observed limits on the production cross-section of a new spin-2 heavy
resonance X ! ZZ assuming zero mass width based on the combined analysis of the electron
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Search for Vq Resonances
✦ Could also interpret the all-hadronic search as a 

search for Vq resonances (q*), with limits reaching 5 
TeV
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Figure 5: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of a narrow-width resonance decaying to a pair of vector bosons for different signal
hypotheses. Limits are set in the context of a spin-1 neutral Z0 (left) and charged W0 (right)
resonances resonance, and compared with the prediction of the HVT model B. On the bottom,
limits are set in the context of a bulk graviton decaying into WW (left) and ZZ (right) with k̃ =
0.5 and compared with the model prediction. Signal cross section uncertainties are displayed
as a red checked band.
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Figure 6: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of an excited quark resonance decaying into qW (left) or qZ (right). Signal cross
section uncertainties are displayed as a red checked band.
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Searches for VH resonances
✦ ATLAS's 3σ bump at 3 TeV is not confirmed by CMS 

(and neither is the 2.6 TeV CMS bump by ATLAS)

๏ Doesn't look like any new physics is hiding in this 

channel
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(b) Interpretation in the hMSSM model

Figure 5: (a) : observed and expected 95% CL upper limits on cross section times branching
fraction as a function of the mass of the resonance mS under the hypothesis that its intrinsic
width is negligible with respect to the experimental resolution. (b) : interpretation of the exclu-
sion limit in the context of the hMSSM model, parametrized as a function of the tan b and mA
parameters. In this model, the CP-even lighter scalar is assumed to be the observed 125 GeV
Higgs boson and is denoted as h, while the CP-even heavier scalar is denoted as H. The gray
dotted lines indicate trajectories in the plane corresponding to the same values of mH.

10 6 Results

Figure 6: Expected and observed 95% CL upper limits on Higgs pair production cross section
times branching ratio for hh ! bbVV ! bblnln as a function of mX. These limits are computed
using the asymptotic CLs method, combining the e+e�, µ+µ� and e±µ⌥ channels, for spin-0
(left) and spin-2 (right) hypotheses. The dashed red lines represent possible expectations for
new physics arising from a new spin-0 or spin-2 resonance (see text for details). The irregular
behaviour of the observed limit is due to the limited statistics on data and to the parameterised
learning technique, which results in a reshuffling of the observed data distributions for each
point of the scan. The expected limits are evaluated with the same granularity as the observed
limits. The DNN interpolates the expected analysis performance in a smooth fashion between
the fully-simulated points.

HH Resonance Searches
✦ Two new, low-mass CMS HH resonance searches: in the bb𝛕𝛕 and bbWW 

channels:

๏ bbττ search is performed in 3 channels: τeτh, τeτμ, τhτh; in boosted and resolved 

categories and sets MI limits on a narrow spin-0 resonance

๏ bbWW search is done in the bblνlν channel and interpreted in the narrow spin-0 

and spin-2 resonance models
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Top Squark Searches
✦ Direct top squark searches are fairly optimized for 

this particular SUSY signature and also explore 3- 
and 4-body decays, as well as FCNC ones
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Supersymmetry or Supercemetry?
✦ 2016 data set put significant dent into natural SUSY 

landscape, particularly in EW gauging sector

44
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Search for Displaced Jets
✦ CMS search based on dedicated triggers requiring at least two jets with low 

number of prompt tracks

✦ Special MVA displaced jet tagging based on the angular and displacement 

information for the tracks

✦ Signal benchmarks - pair production of top squarks with RPV decays into b 

quarks and leptons and pair-produced resonances decaying to dijets
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Search for Stopped Particles
✦ Search for long-lived gluinos and 

top squarks stopped in the detector 
and decaying out of sync with beam 
crossings in the CMS calorimeters


✦ Sensitive to 13 orders of magnitude 
in lifetime

47

References 9

 [s]τ

7−10 6−10 5−10 4−10 3−10 2−10 1−10 1 10 210 310 410 510 610

   
[p

b]
  

sig
na

l
ε ×

 B
F 

× 
σ

4−10

3−10

2−10

1−10

1

CMS Preliminary 2015+ 2016
-1 L dt = 2.7 + 36.8 fb∫

 = 13 TeVs
 > 170 GeVt > 130 GeV, EgE

 > 70 GeVjetE

 = 800 GeV)
g~

 (mtheoryσ

95% CL Limits:
Observed
Expected(median)

σ1±Expected 
σ2±Expected 

)  
 [p

b]
  

0 χ∼
 g

→ g~
 B

F(
×) g~ g~  

→
(p

p 
σ

2−10

1−10

1

10

210

 [s]τ

7−10 6−10 5−10 4−10 3−10 2−10 1−10 1 10 210 310 410 510 610

   
[p

b]
  

sig
na

l
ε ×

 B
F 

× 
σ

4−10

3−10

2−10

1−10

1

CMS Preliminary 2015+ 2016
-1 L dt = 2.7 + 36.8 fb∫

 = 13 TeVs
 > 170 GeVt > 130 GeV, EgE

 > 70 GeVjetE

 = 800 GeV)
t~

 (mtheoryσ

95% CL Limits:
Observed
Expected(median)

σ1±Expected 
σ2±Expected 

)  
 [p

b]
  

0 χ∼  t
→ t~

 B
F(

×) t~ t~  
→

(p
p 

σ

2−10

1−10

1

10

210

Figure 2: Combined expected and observed 95% CL limits on gluino and stop pair production
cross section (left-hand axes) using the cloud model of R-hadron interactions, as a function of
particle lifetime. The discontinuous structure observed between 10�7 s and 10�5 s is due to the
increase of the number of observed events in our search window as lifetime increases.

[3] T. Jittoh, J. Sato, T. Shimomura, and M. Yamanaka, “Long life stau in the minimal
supersymmetric standard model”, Phys. Rev. D73 (2006) 055009,
doi:10.1103/PhysRevD.73.055009,10.1103/PhysRevD.87.019901,
arXiv:hep-ph/0512197. [Erratum: Phys. Rev.D87,no.1,019901(2013)].

[4] M. J. Strassler and K. M. Zurek, “Echoes of a hidden valley at hadron colliders”, Phys.
Lett. B651 (2007) 374–379, doi:10.1016/j.physletb.2007.06.055,
arXiv:hep-ph/0604261.

References 9

 [s]τ

7−10 6−10 5−10 4−10 3−10 2−10 1−10 1 10 210 310 410 510 610

   
[p

b]
  

sig
na

l
ε ×

 B
F 

× 
σ

4−10

3−10

2−10

1−10

1

CMS Preliminary 2015+ 2016
-1 L dt = 2.7 + 36.8 fb∫

 = 13 TeVs
 > 170 GeVt > 130 GeV, EgE

 > 70 GeVjetE

 = 800 GeV)
g~

 (mtheoryσ

95% CL Limits:
Observed
Expected(median)

σ1±Expected 
σ2±Expected 

)  
 [p

b]
  

0 χ∼
 g

→ g~
 B

F(
×) g~ g~  

→
(p

p 
σ

2−10

1−10

1

10

210

 [s]τ

7−10 6−10 5−10 4−10 3−10 2−10 1−10 1 10 210 310 410 510 610

   
[p

b]
  

sig
na

l
ε ×

 B
F 

× 
σ

4−10

3−10

2−10

1−10

1

CMS Preliminary 2015+ 2016
-1 L dt = 2.7 + 36.8 fb∫

 = 13 TeVs
 > 170 GeVt > 130 GeV, EgE

 > 70 GeVjetE

 = 800 GeV)
t~

 (mtheoryσ

95% CL Limits:
Observed
Expected(median)

σ1±Expected 
σ2±Expected 

)  
 [p

b]
  

0 χ∼  t
→ t~

 B
F(

×) t~ t~  
→

(p
p 

σ

2−10

1−10

1

10

210

Figure 2: Combined expected and observed 95% CL limits on gluino and stop pair production
cross section (left-hand axes) using the cloud model of R-hadron interactions, as a function of
particle lifetime. The discontinuous structure observed between 10�7 s and 10�5 s is due to the
increase of the number of observed events in our search window as lifetime increases.

[3] T. Jittoh, J. Sato, T. Shimomura, and M. Yamanaka, “Long life stau in the minimal
supersymmetric standard model”, Phys. Rev. D73 (2006) 055009,
doi:10.1103/PhysRevD.73.055009,10.1103/PhysRevD.87.019901,
arXiv:hep-ph/0512197. [Erratum: Phys. Rev.D87,no.1,019901(2013)].

[4] M. J. Strassler and K. M. Zurek, “Echoes of a hidden valley at hadron colliders”, Phys.
Lett. B651 (2007) 374–379, doi:10.1016/j.physletb.2007.06.055,
arXiv:hep-ph/0604261.

10 References

 [s]τ

7−10 6−10 5−10 4−10 3−10 2−10 1−10 1 10 210 310 410 510 610

m
 [G

eV
]  

400

600

800

1000

1200

1400

1600

1800

2000

2200
CMS Preliminary 2015 + 2016

-1 L dt = 2.7 + 36.8 fb∫
 = 13 TeVs

 > 170 GeVt > 130 GeV, EgE

 > 70 GeVjetE

95% CL Limits:
 observedg~ 
 observedt~ 
 expected (median)g~ 

σ1± expected g~ 
σ2± expected g~ 

 expected (median)t~ 
σ1± expected t~ 
σ2± expected t~ 

Figure 3: Combined expected and observed 95% CL limits on gluino and stop mass using the
cloud model of R-hadron interactions, as a function of particle lifetime. The discontinuous
structure observed between 10�7 s and 10�5 s is due to the increase of the number of observed
events in our search window as lifetime increases.

[5] A. Arvanitaki et al., “Astrophysical Probes of Unification”, Phys. Rev. D79 (2009) 105022,
doi:10.1103/PhysRevD.79.105022, arXiv:0812.2075.

[6] N. Arkani-Hamed and S. Dimopoulos, “Supersymmetric unification without low energy
supersymmetry and signatures for fine-tuning at the LHC”, JHEP 06 (2005) 073,
doi:10.1088/1126-6708/2005/06/073, arXiv:hep-th/0405159.

[7] CMS Collaboration, “Search for long-lived charged particles in proton-proton collisions
at

p
s = 13TeV”, Phys. Rev. D94 (2016), no. 11, 112004,

doi:10.1103/PhysRevD.94.112004, arXiv:1609.08382.

[8] ATLAS Collaboration, “Search for heavy long-lived charged R-hadrons with the ATLAS
detector in 3.2 fb�1 of proton–proton collision data at

p
s = 13 TeV”, Phys. Lett. B760

(2016) 647–665, doi:10.1016/j.physletb.2016.07.042, arXiv:1606.05129.

[9] CMS Collaboration, “Search for decays of stopped long-lived particles produced in
proton-proton collisions at

p
s = 8 TeV”, Eur. Phys. J. C75 (2015) 151,

doi:10.1140/epjc/s10052-015-3367-z, arXiv:1501.05603.

[10] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

CMS PAS EXO-16-004

20162015

20162015

20162015



Monomania, or 
LHC as a Dark 
Matter Factory



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- R

ec
en

t C
M

S 
Re

su
lts

 fr
om

 S
ea

rc
he

s 
- C

ER
N

-C
KC

Dark Matter Interactions
✦ There are three main approaches to detect dark matter (DM):


๏ DM-nucleon scattering (direct detection, or DD)

๏ Indirect detection (annihilation)

๏ Pair production at colliders


✦ All three processes are nothing but topological permutations of one and the same 
Feynman diagram:


๏ But: how to trigger on a pair of DM particles at colliders?

๏ ISR (g, γ, W/Z, H, …) to rescue!


✦ Early DM searches: EFT based

๏ Since then understood the  

fundamental limitations of EFT  
and moved to simplified models


✦ Moving away from EFT allows for a 
more fair LHC vs. DD experiment  
comparison and emphasizes the 
complementarity of the two approaches


๏ arXiv:1507.00966

๏ arXiv:1603.04156

๏ arXiv:1703.05703
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16 5 Results and interpretation
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Figure 10: Observed Emiss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the post-fit background expectations for various SM processes. The last bin in-
cludes all events with Emiss

T > 1250(750) GeV for the monojet (mono-V) category. The expected
background distributions are evaluated after performing a combined fit to the data in all the
control samples, as well as the signal region. The fit is performed assuming the absence of
any signal. Expected signal distributions from the 125 GeV Higgs boson decaying exclusively
to invisible particles, and a 2 TeV axial-vector mediator decaying to 1 GeV DM particles, are
overlaid. Ratios of data with the pre-fit background prediction (red points) and post-fit back-
ground prediction (blue points) are shown for both the monojet and mono-V signal regions.
The gray bands in these ratio plots indicate the post-fit uncertainty in the background pre-
diction. Finally, the distribution of the pulls, defined as the difference between data and the
post-fit background prediction relative to the quadrature sum of the post-fit uncertainty in the
prediction, and statistical uncertainty in the data are also shown in the lower panel.

sensitivity is also compared to earlier results from CMS. The exclusion is shown in Fig. 16, and
vary between 10 TeV for n = 2 to 5.5 TeV for n = 6. In addition, upper limit on the signal
strength µ = s/sth is presented for the ADD graviton production for n = 2 extra dimensions
as a function of MD.

5.4 Fermion portal dark matter interpretation

Results of the search are further interpreted in the context of FP DM model. Limits are obtained
as a function of the mediator mass mfu and the DM mass mc. Figure 17 shows the exclusion
contours in the mfu �mc plane for the coupling choice of lu = 1 for a scalar mediator. Mediator
masses up to 1.4 TeV, and DM masses up to 600 GeV are excluded.

5.5 Nonthermal dark matter interpretation

Results of the search are also interpreted in the context of nonthermal DM model. Limits are
obtained as a function of coupling strength parameters l1 and l2 for benchmark mediator

CMS Monojet Analysis
✦ The latest Run 2 analysis is built on the Run 1 techniques


๏ Increased number of control regions (added e+jets, ee+jets)

๏ Theoretically consistent treatment of EW/QCD corrections to SM 

V+jets processes, after Lindert et al., arXiv:1705.04464
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5.5 Nonthermal dark matter interpretation 17

Figure 11: Exclusion limits at 95% CL on the µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) 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 to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [86] are
shown with the dark blue contours. DM is overabundant in the shaded area.
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Figure 12: Expected (dotted black line) and observed (solid black line) 95% CL upper limits
on the signal strength µ = s/sth as a function of the mediator mass for the scalar mediators
(left). The horizontal red line denotes µ = 1. Exclusion limits at 95% CL on the µ = s/sth in
the mmed–mDM plane assuming pseudoscalar mediators (right). The red line shows the contour
for the observed exclusion. The solid red contours around the observed limit represent one
standard deviation due to theoretical uncertainties in the signal cross section. Constraints from
the Planck satellite experiment [86] are shown with the dark blue contours. In the shaded area
DM is overabundant.
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18 5 Results and interpretation
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Figure 13: Exclusion limits at 90% CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid red (dotted black) line shows the contour for the
observed (expected) exclusion in this search. Limits from CDMSLite [89], LUX [90], PandaX-
II [91], and CRESST-II [92] experiments are shown for the vector mediator. Limits from Pi-
casso [93], PICO-60 [94], IceCube [95], and Super-Kamiokande [96] experiments are shown for
the axial-vector mediator.
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from direct detection experiments as the scattering cross section between DM particles and SM
quarks is suppressed at nonrelativistic velocities for a pseudoscalar mediator [97, 98].
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casso [93], PICO-60 [94], IceCube [95], and Super-Kamiokande [96] experiments are shown for
the axial-vector mediator.

 [GeV]DMm
10 210

/s
)

3
 v

 >
 (c

m
σ<

31−10

30−10

29−10

28−10

27−10

26−10

25−10

CMS exp. 90% CL

CMS obs. 90% CL

FermiLAT

 (13 TeV)-135.9 fb

CMS Preliminary

Pseudoscalar med, Dirac DM
 = 1

DM
 = 1, g

q
g

Figure 14: For the pseudoscalar mediator, limits are compared to the the velocity averaged DM
annihilation cross section upper limits from Fermi-LAT [88]. There are no comparable limits
from direct detection experiments as the scattering cross section between DM particles and SM
quarks is suppressed at nonrelativistic velocities for a pseudoscalar mediator [97, 98].

Comparison w/ I/DD
52

2016

2016

C
M

S 
PA

S 
EX

O
-1

6-
04

8
2016



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- R

ec
en

t C
M

S 
Re

su
lts

 fr
om

 S
ea

rc
he

s 
- C

ER
N

-C
KC

Other Interpretations
✦ Also sets first limits on Dirac fermion [Bai/Berger, arXiv:

1308.0612] and non-thermal [Dutta/Gao/Kamon, arXiv:
1401.1825] DM models and new limits on models with 
large extra dimensions
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20 6 Summary

Table 3: Breakdown of the sensitivity by category in the 13 TeV mono-jet/mono-V search in
terms of the 95% CL upper limit on the invisible branching fraction of a 125 GeV SM-like Higgs
boson.

Category Expected Observed ±1 � s band Expected signal composition
mono-jet 0.57 0.74 [0.40-0.86] 72.82% ggH, 21.52% VBF, 3.31% WH, 1.94% ZH, 0.63% ggZH
mono-V 0.45 0.49 [0.32-0.64] 38.71% ggH, 7.05% VBF, 32.90% WH, 14.62% ZH, 6.72% ggZH
mono-V + mono-jet 0.40 0.53 [0.29-0.58] -

Figure 17: 95% CL expected (black dashed line) and observed (red solid line) upper limits on
µ = s/sth for Dirac DM particle with the coupling strength parameter to the up quark corre-
sponding to lu = 1 in the mfu � mc plane. Constraints from the Planck satellite experiment are
shown with the dark blue contours. DM is overabundant in the shaded area.

masses of MX1 = 1 and 2 TeV. Figure 18 shows the exclusion contours in the {l1, l2} plane.

6 Summary
A search for dark matter particles, invisible decays of standard model-like 125 GeV Higgs bo-
son, and extra dimensions is presented using events with jets and large missing transvers mo-
mentum in a

p
s = 13 TeV proton-proton collision data set corresponding to an integrated

luminosity of 35.9 fb�1. No significant excess of events is observed with respect to the SM
backgrounds.

Limits are computed on the dark matter production cross section using simplified models in
which dark matter production is mediated by spin-1 and spin-0 particles. Vector and axial-
vector mediators with masses up to 1.8 TeV are excluded at 95% confidence level. Pseudoscalar
mediators with masses up to 400 GeV are excluded at 95% confidence level. The limits are also
presented for fermion portal dark matter model in the plane of mfu � mc for the coupling of
lu = 1. The exclusion up to 1.4 TeV on mfu is observed. Furthermore, the results for the
nonthermal dark matter interpretation is presented in the coupling strength plane.

The search also yields an observed (expected) 95% confidence level upper limit of 0.53 (0.40)
on the invisible branching fraction of a standard model-like 125 GeV Higgs boson, assuming

References 21

Figure 18: 95% CL expected (black dashed line) and observed (red solid line) upper limits on
µ = s/sth for a nonthermal DM particle for mediator masses MX1, of 1 and 2 TeV, in the
l1 � l2 plane.

the standard model production cross section.

Lastly, the lower limits are also computed on the fundamental scale MD in the context of the
large extra dimensional model where the exclusion is found to be varying between 10 TeV for
the number of extra dimensions n = 2 to 5.5 TeV for n = 6.
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2 1 Introduction

tors (X⇤) with a coupling strength parameter l2. This new colored mediator also interacts with36

the down-type quarks (d, d0) with a coupling strength parameter l1. Baryon number conserva-37

tion is violated in interactions of such mediators and therefore, nonthermal DM model could38

explain both the baryon abundance and the DM content of the universe. In this model, DM39

candidate can be singly produced at the LHC since it is not parity protected, as shown in Fig. 2.40

This leads to the large missing transverse energy and an associated energetic jet whose trans-41

verse momentum distribution has a Jacobian shape, which peaks at half the mediator mass.42

X�

d�

d

nDM

ū

�1 �2

Figure 2: Diagram of the main production mechanism of DM particles in the nonthermal model
in one jet final state.

The Arkani-Hamed, Dimopoulos, and Dvali (ADD) model [13–17] of large extra dimensions43

(EDs) mitigates the hierarchy problem (the scale difference between the electroweak scale MEW ⇠44

103 GeV at which the electromagnetic and weak interaction unify, and the Plank scale MPl ⇠45

1019 GeV, at which gravity becomes as strong as the gauge interactions) by introducing a num-46

ber, n, of EDs. In the simplest scenario, EDs are compactified on a multidimensional torus of47

common radius R. In this framework, the SM particles and gauge interactions are confined48

to the ordinary 3 + 1 space-time dimensions, whereas gravity is free to propagate through the49

entire multidimensional space. The strength of the gravitational force in 3 + 1 dimensions is50

effectively diluted. The fundamental scale MD of this 4+n-dimensional theory is related to the51

apparent four-dimensional Plank scale MPl according to MPl
2 ⇡ MD

n+2Rn. The production52

of gravitons is expected to be greatly enhanced by the increased phase space available in EDs.53

Once produced, the graviton escapes undetected into EDs and its presence must be inferred54

from an overall transverse momentum imbalance in the collision event.55

For all models, signal extraction is performed considering the shape of the transverse momen-56

tum imbalance in each event category. The results are interpreted in terms of simplified models57

containing of a pair of DM particles, assumed to be Dirac fermions, that couple to a vector,58

axial-vector, scalar, or pseudoscalar mediator [9, 18–34]. The results of the search are reported59

in terms limits on the mediator mass, and the DM particle mass. Models where the DM par-60

ticle is singly produced [11, 12] are also considered and the results of the search are reported61

in terms of limits on the mediator mass, and the DM particle mass or strength of the coupling62

parameters of the mediator to the DM and SM particles. The case of the SM Higgs boson de-63

caying to invisible (e.g. DM) particles is also considered, wherein the results are reported in64

terms of the branching fraction of a SM-like Higgs boson with the mass of 125 GeV [35–37] to65

invisible particles. In the ADD model of EDs, the results are reported in terms of limits on the66

fundamental scale as a function of the number of extra spatial dimensions.67

This physics analysis summary is organized as follows. A brief overview of the CMS detector68

is given in Section 2, and a description of the physics object reconstruction and the event selec-69

tion is provided in Section 3. Section 4 details the background estimation strategy used in the70

analysis. Finally, the results of the search are described in Section 5 and summarized in Section71
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1 Introduction
This physics analysis summary describes a search for new physics resulting in the final states
with one or more energetic jets and an imbalance in transverse momentum due to undetected
particles. These topologies are also referred to as ‘monojet’ and ‘mono-V’ (V = W or Z). Such
events can be produced in new physics scenarios, including dark matter (DM) production and
large extra dimensions. Several analysis have been performed at the CERN LHC using the
monojet and mono-V channels [1–7]. The analysis strategy is similar to the previously per-
formed CMS searches and incorporates both monojet and mono-V final states in a combined
search, categorized according to the nature of jets in the event.

The data sample used in this analysis was collected with the CMS detector at the LHC in
proton-proton (pp) collisions at

p
s = 13 TeV and corresponds to an integrated luminosity

of 35.9 fb�1.

The existence of DM would imply strong evidence for physics beyond the standard model (SM)
[8,9], if it has particle physics origin. However, there is no experimental evidence of its non-
gravitational interaction with SM particles. The LHC provides an opportunity to probe this in-
teraction by directly producing DM particles. If DM and SM particles interact, the former may
be pair-produced in the pp collisions at the LHC. While the DM particles would remain unde-
tected in the detector, they may recoil with large transverse momentum pT against additional
jets radiated from the initial state, resulting in an overall transverse momentum imbalance in
the collision event. Such jets from initial-state radiation can then be used to tag the events.

In many models, DM particles interact with SM particles through a spin-1 or spin-0 media-
tor [8–10]. These interactions can be classified into four different types, depending on whether
the mediator is a vector, axial-vector, scalar, or a pseudoscalar particle. The spin-0 mediators
are assumed to couple to the SM particles via Yukawa-like couplings. The SM Higgs boson is a
specific example of a scalar mediator that may couple to the DM particles.

Fermion portal (FP) DM model is one of the simplified DM models in which a DM particle,
that can be either a Dirac or Majorana fermion, couples to a color-triplet scalar mediator (fu)
and a SM fermion [11]. In the investigated model, the DM candidate is assumed only to couple
to up-type quarks with a coupling strength parameter lu = 1. The associated production
of the mediator fu and the DM candidate yields a monojet signature, while pair production
of mediators can be observed in multijet final states with significant transverse momentum
imbalance, as shown in Fig. 1.

u

�u

u

g

�

�̄

u

�u

u

ū

�

�̄

g

Figure 1: Diagrams of the main production mechanisms of DM particles in the FP model in as-
sociation with a single quark or gluon at the LHC. Both diagrams result in monojet signatures.

The light nonthermal DM model [12, 13] is a minimal extension to SM where the Majorana
fermion DM candidate (nDM) interacts with up-type quarks via colored scalar mediators (X1).
with a coupling strength parameter l2. This new colored mediator also interacts with the
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Mono-Higgs Production
✦ Mono-Higgs analysis in the context of 2HDM and vector mediator

✦ Explore the H(γγ) decay mode

54

2 2 CMS detector

Fu =
1p
2

✓
cos b H+

vu + cos a h + sin a H + i cos b A0

◆
,

where h and H are neutral CP-even scalars, H± are charged scalars, and A0 is a neutral CP-odd
scalar. In this framework, tan b ⌘ vu/vd, and a is the mixing angle that diagonalizes the h � H
mass squared matrix. The a is assigned to be a = b � p/2, in the limit where the h has SM-like
couplings to fermions and gauge bosons, and tan b � 0.3 as implied from the perturbativity of
the top Yukawa coupling.

The model is described by six parameters, namely, (i) the pseudoscalar mass mA0, (ii) the DM
mass mc, (iii) the Z0 mass mZ0 , (iv) tan b, (v) the Z0 coupling strength gZ0 , and (vi) the coupling
constant between A0 and dark matter particles gc. However, only the masses mA0 and mZ0

affect the kinematic distributions and all the other parameters affect the cross sections and
decay widths only, since the decay widths of A0 and Z0 have a small effect on the kinematics. In
addition, when the A0 is on-shell, i.e. when mA0 > 2mc, the cross section has little dependence
on the mass of dark matter particle mc. We considered a Z0 resonance mass between 600 and
2500 GeV, an A0 mass of 300 GeV, and the mass of the DM particle is set to 100 GeV. The A0

mass below 300 GeV is not considered due to the b ! sg constraints [6]. With the tan b and the
gc fixed at unity, independent of the value of gZ0 , the branching ratio of decays to DM particles
B(A0 ! cc) is ⇡ 100% for an A0 mass of 300 GeV and it starts to decrease as mA0 > 2mt since
the decay of A0 ! tt becomes kinematically accessible. For example, for an A0 mass of 400 GeV,
the B(A0 ! cc) reduces to 54%. The results in this document consider only the decays to DM
particles. The signal model cross section is calculated using the benchmark model parameters
tan b and gc set to 1 and for two different values of gZ0 :

1. the cross section is measured using the constraints from dijet searches and electroweak
precision measurements [4], following:

gZ0  0.03 ⇥ gW
cos qW⇥sin2 b

⇥
p

m2
Z0�m2

Z
mZ

;

2. the cross section is obtained using a fixed coupling value gZ0 = 0.8 as considered in Ref.
[7].

The transverse momentum of the Higgs boson increases with mZ0 . The minimum angular dis-
tance (DR =

p
Dh2 + Df2) between the decay products of the Higgs boson (bb̄) follows the

relation DR ⇡ 2 ⇥ mH/pH, where pH is the momentum of the Higgs boson. The present search
analysis considers mZ0 ranging from 600 to 2500 GeV which implies a very wide range of trans-
verse momentum of the Higgs boson and DR(bb̄). Therefore the analysis is divided into two
regimes: (i) a resolved regime where the Higgs boson gives rise to two separate b jets with a
radius of DR = 0.4, and (ii) a boosted regime where the Higgs boson is reconstructed by one
single jet with a jet radius DR = 0.8. The resolved jet analysis is used for lower Z0 mass values
(600 to 1000 GeV) and the boosted jet analysis is performed for higher Z0 mass values (> 1000
GeV).

2 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m inner diameter,
providing a field of 3.8 T. Within the field volume are the silicon pixel and strip tracker, the

Precision EW:

Dijets: gZ' < 0.8

2016

CMS PAS EXO-16-054

13

Figure 5: The upper limits on cross section for the 2HDM scenario as a function of mZ0 for
mA = 300 GeV. The theoretical cross section (blue) is calculated assuming gZ0 = 0.8.

Figure 6: The observed (expected) 95% CL limits on the signal strength (s95%CL/sth) for all
2HDM mass points shown in a grid of mA and mZ0 . The theoretical cross section for each point
is calculated assuming gZ0 = 0.8.

14 References

Figure 7: The upper limits on cross section for the baryonic Z0 scenario as a function of mZ0

for mc = 1 GeV. The theoretical cross section (blue) is calculated assuming gq = 0.25 and
sin(q) = 0.3.

8 Conclusions
A search for dark matter produced in association with a Higgs boson is presented. This analysis
examines the case where the Higgs boson decays to two photons. The analysis is based on
35.9 fb�1 of pp collisions collected by the CMS experiment in 2016 at

p
s = 13 TeV. The results

of the search are interpreted in terms of 2HDM and baryonic Z0 simplified models of dark
matter production.

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

T and pTgg obtained
with an optimization study on the benchmark models. The selection optimization has been
performed in both low- and high-pmiss

T categories. A jet veto is applied to reduce the QCD
background. Topological requirements avoid events with highly energetic jets collinear with
the pmiss

T for which the pmiss
T could simply arise from a misreconstruction of the jet itself. Data

driven techniques are applied to estimate the non-resonant background contributions. Limits
on the signal cross section are calculated.

2HDM signals with mA = 300 GeV are excluded for Z’ masses below 900 GeV. Baryonic Z’
models are excluded for Z’ masses below 800 GeV for a dark matter mass of 1 GeV. Results
are mostly driven by the high-pmiss

T category for the analyzed signal models.
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2 3 Data and Simulated Samples

Figure 1: Feynman diagrams for the benchmark DM signal models: baryonic Z0 (left) and
2HDM (right).

A fit-based analysis similar to that of the SM h! gg search is used to estimate the signal yield.
In addition to a high-pmiss

T category, a lower pmiss
T category is also considered in order to be

sensitive to possible signals with less pmiss
T .

2 The CMS Detector
The central feature of the CMS detector is a superconducting solenoid, of 6 m internal di-
ameter, providing an axial magnetic field of 3.8 T along the beam direction. Within the su-
per conducting solenoid volume are a silicon pixel and strip tracker, a lead-tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL).
Charged particle trajectories are measured by the silicon pixel and strip tracker system, cover-
ing 0  f  2p in azimuth and |h| < 2.5, where the pseudorapidity is h = � ln (tan q/2), and
q is the polar angle with respect to the counterclockwise-beam direction. Muons are measured
in gas-ionization detectors embedded in the steel return yoke. Extensive forward calorimetry
complements the coverage provided by the barrel and endcap detectors. The electromagnetic
calorimeter, which surrounds the tracker volume, consists of 75,848 lead-tungstate crystals that
provide coverage in pseudorapidity |h| < 1.479 in the barrel region (EB) and 1.479 < |h| < 3.0
in two endcap regions (EE). The EB modules are arranged in projective towers. A preshower
detector consisting of two planes of silicon sensors interleaved with a total of three X0 of lead
is located in front of the EE. In the region |h| < 1.74, the HCAL cells have widths of 0.087 in
pseudorapidity and azimuth (f). In the ( h, f ) plane, and for |h| < 1.48, the HCAL cells map on
to 5x5 ECAL crystal arrays to form calorimeter towers projecting radially outwards from close
to the nominal interaction point. At larger values of |h|, the size of the towers increases and the
matching ECAL arrays contain fewer crystals. Within each tower, the energy deposits in ECAL
and HCAL cells are summed to define the calorimeter tower energies, subsequently used to
provide the energies and directions of hadronic jets (highly collimated showers of particles). A
more detailed description of the CMS detector can be found in Ref. [11].

3 Data and Simulated Samples

The data considered in this analysis correspond to an integrated luminosity of 35.9 fb�1 col-
lected by the CMS experiment at the CERN LHC in 2016 at

p
s = 13 TeV. Diphoton triggers

with asymmetric transverse energy thresholds (30/18 GeV) were used to select events. The
analyzed sample fulfills standard data quality criteria for all components of the CMS detector.

The analysis is optimized using fully simulated samples of the dark matter associated pro-
duction with a Higgs boson in 2HDM and Baryonic Z’ (Z0

B) models [10]. 2HDM signals are

2016 2016
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Search for the Mediator
✦ One doesn’t need to produce DM at the LHC to look 

for a mediator (mass M)

๏ Since it’s coupled to the initial state, one  

could look for dijet decays of the mediator  
by "recycling" the dijet resonance searches


๏ Also possible to recycle dilepton searches if the 
mediator couples to leptons in addition to quarks


๏ gB/gq framework provides a convenient language for 
translation, which should take into account the 
additional decay width from the mediator decay to DM 
particles (mass m), not present in the Z'B framework


๏ For gq = 0.25 one gets:
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Figure 1. The processes considered in this work in terms of visible sector quarks (q, q), DSPs (�, �)
and the on-shell (o↵-shell) mediator particle R (R⇤). The various process are: (a) DM annihilation
which sets the relic abundance, (b) DM scattering in direct detection experiments, (c) monojet
signatures, in this case due to initial state radiation of a gluon, (d) LHC Dijet resonance signatures
purely through mediator-quark couplings and (e) dijet associated production.

in order to avoid overstating the strength of direct detection limits. This approach

leads to a compelling interplay between the di↵erent DM detection techniques and

will lead us to conclude that the LHC monojets, LHC dijets and direct detection

strategies each has a unique foothold in the search for DSPs.

In figure 1 we sketch the setup for a dark sector theory involving a DSP � and a

mediator between the visible sector and the dark sector R, together with the detection

processes considered in this work. We denote the couplings between the mediator and

the visible sector quarks (the DSP) with gq (g�). For the purposes of exploring the broad

phenomenology of this dark sector and the general interplay between the di↵erent probes let

us combine the two couplings into an e↵ective DSP-SM coupling g =
p

gq g� and consider

the e↵ect of varying the coupling g. The local density of DSPs in the Milky Way ⇢ is

proportional to the DSP relic abundance from thermal freeze-out ⌦
DSP

, which scales as

the inverse of the annihilation cross section, i.e. ⇢ / ⌦
DSP

/ g�4. Any cross section

involving interactions between the visible sector and the DSP, such as collider production

and direct detection, will scale as � / g4 [1, 28–31] (assuming an o↵-shell mediator). Thus,

broadly speaking, the rate of events in di↵erent DM probes have very di↵erent scaling with

couplings if a standard thermal history is assumed. They are:

• Collider searches for missing energy: Rate / � / g4 .

• Direct detection: Rate / (� ⇥ ⇢) / g0 .

• Indirect detection: Rate / (� ⇥ ⇢2) / g�4 .

Furthermore, resonance searches at colliders typically depend on the production cross sec-

tion for the resonance, �R, multiplied with the branching ratio into the final state under

consideration. If the (on-shell) mediator has a large branching into light quarks we hence

obtain the final important signature

• Collider searches for dijet resonances: Rate / �R / g2q .

This simple consideration demonstrates that, assuming a standard thermal history and con-

sidering the specific phenomenology of the mediator, these four di↵erent detection strate-

gies are parametrically complementary. In essence, large couplings imply large collider

– 3 –

g2B =
9/4
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Using the gB Plot
✦ Reading axial Mmed limits from the gB plot:

56

mDM = ∞

mDM = 0
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Figure 1. 95% CL observed and expected exclusion regions in Mmed�mDM plane for di-jet searches
and di↵erent /E

T

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 g

q

= 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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CMS Dijet Limits
✦ Analogous limits from CMS for (axial) vector mediators
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Figure 2. 95% CL observed and expected exclusion regions in Mmed�mDM plane for di-jet searches
and di↵erent /E

T

based DM searches from CMS in the lepto-phobic Vector model. Following the
recommendation of the LHC DM working group [1, 2], the exclusions are computed for a universal
quark coupling g

q

= 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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Figure 1. 95% CL observed and expected exclusion regions in Mmed�mDM plane for di-jet searches
and di↵erent /E

T

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 g

q

= 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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CMS Dijet Limits
✦ Analogous limits from CMS for (axial) vector mediators
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Dijet & Dilepton Limits
✦ Dijet & dilepton limits on axial-vector & vector mediators
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Figure 5. 95% CL observed and expected exclusion regions in Mmed � mDM plane for di-jet and
di-lepton searches from CMS in the Axial-vector model. Following the recommendation of the LHC
DM working group [1, 2], the exclusions are computed for a universal quark coupling g

q

= 0.1, lepton
coupling g

l

= 0.1, 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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Dijet & Dilepton Limits
✦ Dijet & dilepton limits on axial-vector & vector mediators
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Figure 5. 95% CL observed and expected exclusion regions in Mmed � mDM plane for di-jet and
di-lepton searches from CMS in the Axial-vector model. Following the recommendation of the LHC
DM working group [1, 2], the exclusions are computed for a universal quark coupling g

q

= 0.1, lepton
coupling g

l

= 0.1, 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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Figure 6. 95% CL observed and expected exclusion regions in Mmed � mDM plane for di-jet and
di-lepton searches from CMS in the Vector model. Following the recommendation of the LHC DM
working group [1, 2], the exclusions are computed for a universal quark coupling g

q

= 0.1, lepton
coupling g

l

= 0.01, 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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Comparison w/ Direct Detection
✦ Vector mediators


๏ DD experiments get a resonant enhancement on a nucleus due to 
spin-independent scattering cross section


๏ Colliders only win at low DM masses
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Figure 10. A comparison of CMS results to the mDM–�SI plane . Unlike in the mass-mass plane,
the limits are shown at 90% CL. The CMS contour in the SI plane is for a Vector mediator, Dirac
DM and couplings g

q

= 0.25 and gDM = 1.0. The CMS SI exclusion contour is compared with
the LUX 2016, PandaX-II 2016, CDMSLite 2015 and CRESST-II 2015 limits, which constitutes
the strongest documented constraints in the shown mass range. 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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3 Limits translated into the Direct Detection planes
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Figure 9. 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 g

q

= 0.25 and gDM = 1.0. The SD exclusion contour is compared with
limits from PICASSO and PICO experiments, the IceCube limit for the tt̄, bb̄ annihilation channels,
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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Comparison w/ Direct Detection
✦ Axial vector mediators


๏ No resonant enhancement due to spin-dependent cross section

๏ Colliders typically win over the DD experiments up to a few hundred 

GeV DM masses
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Future Run 2 Searches
✦ Parton luminosity arguments shaped the searches program in 

2015 and 2016:

๏ Look for high-mass singly or pair-produced objects:


✤ Gluinos, squarks (SUSY)

✤ Z’, W’, dijet, tt, and diboson resonances, vector-like quarks, leptoquarks, 

black holes (Exotica)

✦ The situation has finally changed after 2016, since the data 

doubling time from now on for the first time would exceed 1 
year, approaching a "lifetime" of a graduate student


✦ Expect more sophisticated searches in complicated final states 
that haven't been explored before, using advanced analysis 
techniques, ISR and VBF probes, etc.


✦ The LHC searches are moving away from the lampposts (both 
theoretical and experimental) and enter really unprobed 
territory
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Conclusions

New Physics - 
WHERE ARE 

YOU???
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