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106 CHAPTER 6

Figure 6.1: Illustration of the trackless jets signature in a generic detector, show-
ing energy deposits in the calorimeters forming 2 back-to-back jets, but no recon-
structed tracks in the tracking layers.

are shown and interpreted in terms of the SIMP simplified model described in
Section 2.3.

6.1 Physics object reconstruction
In this analysis, jets with a very small charged energy fraction (ChF) are being
searched for. Since these are rather peculiar jets containing no or very few tracks,
a good primary vertex selection and photon identification play an important role in
suppressing the main physics and reconstruction backgrounds.

6.1.1 Jets

For the jet reconstruction, the standard method described in Section 4.3.7 is used.
Although the jets in the signal samples are expected to be neutral, it is beneficial
to use PF jets because they directly provide an unambiguous association of tracks
to jets. The standard jet energy corrections are applied as well, while the standard
jet identification criteria are not used, since several of the quality criteria would
actually remove the neutral SIMP jets.

6.1.2 Photons

Since photons might be reconstructed as neutral jets, photon + jets events are an
important background for the control as well as the signal region. The photons
therefore need to be identified and rejected, which is done using the standard pho-
ton loose identification described in Section 4.3.3. Further photon rejection is
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               Dark Matter searches in non-MET channels 

DM parameters: DM particle and mediator masses, couplings, type of interaction 
(scalar, pseudoscalar, vector, axial-vector, tensor) 

gDM

, l 

, l’ 
Mediator 

gq, gl 
 

At colliders:  
-  dark matter (DM) searches conventionally target WIMPs in channels 

with missing transverse energy (MET) 
-  “mono-X” searches (X = q, g, γ, W, Z, h, t, tt, bb, …) 
-  displaced DM (long-lived particles, e.g. χ2 from heph-ph 1704.06515) 

-  dilepton and dijet non-MET searches extend discovery range 
-  trackless jets targeting SIMPs (strongly interacting DM particles)  
Production at the LHC:  
-  through decays, e.g. LSP in SUSY cascades 
-  direct, e.g. through Higgs or Z’ portal 
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               Dileptons in model with spin-1 mediator 
CMS-EXO-16-047 

hep-ex 1803.06292 CMS search for high-mass vector or axial vector SM-DM mediator 
 
5 parameters define production/decay rates of mediator and event kinematics: mDM, 
mMed, gDM, gl, gq 
Benchmark couplings illustrating complementary strengths of dilepton/dijet analyses:  
-  vector mediator: gDM = 1, gq = 0.1, gl = 0.01 
-  axial-vector mediator: gDM = 1, gq = gl =0.1 

Electron selection:  
-  isolated electromagnetic clusters with pT > 35 GeV and IηI < 1.44 or 1.57 < IηI < 2.50 
-  at least one electron must be in barrel region to reduce QCD background 
-  dielectrons need not be oppositely charged 
Muon selection:  
-  isolated muon tracks with pT > 50 GeV and IηI < 2.4 
 
Backgrounds: estimated from simulation (except fake leptons from QCD jets) 
Drell-Yan (dominant) 
Photons radiated from incoming protons γγ -> l+l- (included in DY NNLO K-factor) 

Leptons from tt, tW, WW, WZ, ZZ, τ+τ- 
QCD jets faking leptons 
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               Dileptons in model with spin-1 mediator 
CMS-EXO-16-047, hep-ex 1803.06292 

Z’ production cross section x branching fraction 
relative to Z boson 
Z’ mass limits: M(Z’SSM) > 4.5 TeV, M(Z’ψ) > 3.9 TeV 
Similar limits have been obtained by ATLAS 

Dielectrons 

Dimuons 

Different widths of resonance mass 

hep-ex 1707.02424 
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Dileptons in model with spin-1 mediator 

95% confidence level exclusions on the masses of the DM particle and its mediator 

mDM > mMed/2: mediator cannot decay to DM, leptonic branching fraction sizable  
Vector -> small lepton branching fraction limits sensitivity to mDM > mMed/2 

   -  interesting range to probe, almost inaccessible to MET searches 
Axial-vector -> sizeable leptonic couplings, exclusion also possible for mDM < mMed/2 

Vector Axial-vector 

CMS-EXO-16-047, hep-ex 1803.06292 



Apr. 2018 C.-E. Wulz 6 

               Dijet analyses 

7

Resonance mass [GeV]
400 600 800 1000 1200 1400 1600

 [p
b]

Α 
Β 

σ

1−10

1

10

210

310

410

510 95% CL upper limits

gluon-gluon

quark-gluon

quark-quark

Excited quark
Axigluon
Scalar diquark
W'
Z'
RS graviton

 (8 TeV)-118.8 fb

CMS

Figure 3: Observed 95% CL upper limits on sBA for a narrow resonance decaying to gluon-
gluon final states (open circles), quark-gluon final states (solid circles), and quark-quark final
states (open triangles) compared with theoretical predictions for various resonance models.

299 coupling gB of a hypothetical leptophobic resonance Z0
B →

300 qq̄ as a function of its mass. The Z0
B production cross

301 section scales with the square of the coupling gB. Figure 4
302 shows the upper limits obtained with the data scouting
303 technique in the mass region from 500 to 1200 GeV,
304 extending the coverage of previous CMS searches to below
305 1200 GeV. Previous exclusions obtained with similar
306 searches at various collider energies are also shown. As
307 a result of the large data set collected by the data scouting
308 stream, the bound on gB is improved by up to a factor of 3
309 for resonance masses between 500 and 800 GeV, compared
310 to previous searches. This corresponds to an order-of-
311 magnitude improvement in the cross section limit.
312 In summary, a search for narrow resonances decaying
313 into two jets was performed using data from proton-proton
314 collisions recorded by the CMS experiment at
315

ffiffiffi
s

p
¼ 8 TeV, corresponding to an integrated luminosity

316 of 18.8 fb−1. The novel technique of data scouting was
317 used; by reducing the information stored per event, multijet
318 events could be collected in sufficiently large samples that a
319 sensitive search for dijet resonances down to masses as low
320 as 500 GeV was possible. No evidence for a narrow
321 resonance is found. Model-independent upper limits on
322 production cross sections are derived for quark-quark,
323 quark-gluon, and gluon-gluon resonances. Based on these
324 results, new limits are set on an extensive selection of
325 narrow s-channel resonances over mass ranges not
326 excluded by previous searches at hadron colliders.
327 Bounds on the coupling of a hypothetical leptophobic
328 resonance decaying to quark-antiquark are also provided,
329 as a function of the resonance mass. The limits obtained
330 are the most stringent to date in the dijet final state for
331 narrow resonance masses between about 500 and 800 GeV.
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Figure 4: Observed 95% CL upper limits on the coupling gB of a hypothetical leptophobic
resonance Z0

B ! qq [23] as a function of its mass. The results from this study are compared to
results obtained with similar searches at different collider energies [14, 23].

hep-ex 1604.08907 

1 Introduction

If new particles beyond those of the Standard Model (SM) are directly produced in proton–proton (pp)
collisions at the Large Hadron Collider (LHC), they must interact with the constituent partons of the
proton, and can therefore also decay into the same partons, resulting in two-jet final states. Quantum
chromodynamics (QCD) predicts that dijet events have an invariant mass distribution (m

j j

) that falls
smoothly, whereas a new state decaying to two partons would emerge as a localized excess in the
distribution.

Traditional dijet searches at the LHC focus on the production of heavy particles with masses above
900 GeV [1–3].

LHC searches for lighter resonances with small production cross-sections have been hampered by re-
strictions in the data-taking rate of the ATLAS and CMS detectors. Single-jet triggers with a jet pT
threshold below roughly 380 GeV are prescaled, a procedure whereby only a fraction of the events passing
the trigger are recorded, hence dijet events with an invariant mass below 1 TeV are largely discarded
by the trigger system, as indicated in Figure 1. Therefore, despite the large number of pp collisions
produced by the LHC, traditional ATLAS and CMS searches are less sensitive to dijet resonances below
900 GeV than searches at the SPS and Tevatron colliders [4–9]. Alternative trigger strategies to search
for low-mass resonances include selecting events with jets recoiling against either an energetic photon or
an additional energetic jet [10–12], or selecting events with decays to heavy-flavor jets [13, 14]. In these
cases, additional features in the events reduce the data-taking rates, reducing the sensitivity to low-mass
resonances.

This Letter describes an innovative data-taking approach to access the invariant mass region below 1 TeV;
only a reduced set of information from the trigger system is recorded and subsequently analyzed. The
trigger-object-level analysis (TLA) approach allows jet events to be recorded at a peak rate of up to
twice the total rate of events using the standard approach, while using less than 1% of the total trigger
bandwidth [15]. This strategy was developed within the LHCb Collaboration [16] and used in searches
for dijet resonances by the CMS Collaboration with 12.3 fb�1 of

p
s = 13 TeV data [17]. The analysis

presented here uses 29.3 fb�1 of
p

s = 13 TeV pp collision data recorded in 2016 by the ATLAS detector.
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Figure 1: Comparison between the number of dijet events in the data used by this analysis (black points), the number
of events selected by any single-jet trigger (thicker, blue line), and the events selected by single-jet triggers but
corrected for the trigger prescale factors (thinner, red line) as a function of the dijet invariant mass (m

j j

). The
definition of y⇤ is (y1 � y2)/2, where y1 and y2 are the rapidities of the highest- and second-highest-pT jets.
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hep-ex 1804.03496 

Novelties:  
-  low-mass mediator regions accessible 

-  angular distributions 
-  data scouting / trigger-level jets (online HLT reconstruction, reduced event format 

-> low trigger rates, no offline reconstruction) 
Note: R-parity conserving SUSY searches also part of LHC DM search program, covering wide 
range of light mediator scenarios (gluinos, squarks, gauginos, higgsinos)   
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               Dijet angular analysis 
Angular distributions 
-  sensitive to wide resonances or non-resonant 

production, in contrast to standard dijet 
searches 

-  sensitive to dynamics of scattering process 
without strong dependence on PDFs 

18

Dijet angular distributions

Standard dijet searches probe narrow resonances but insensitive to wide resonances 
or non-resonant production.  
Angular distributions sensitive to dynamics of scattering process without strong 
dependence on PDFs

QCD: dominated by t-
channel gluon 

exchange 

arXiv: 0902.1678

20

such as those expected from Higgs boson decays, have important back-
grounds from jets (the expected signal-to-background ratio is ∼ 1), the
background rate decreases rapidly with ET . Above ET > 500 GeV, the
photon sample is sufficiently pure [30], with a signal-to-background ratio in
excess of 102, not to affect the interpretation significantly.

Finally, weak boson production provides another robust probe of the
gluon density. While näıvely a quark-induced process, the proces receives
significant gluon-induced contributions at finite pT . The hard processes
qq̄ → Zg and qg → Zq are of similar magnitude per se, but the larger
gluon density favours the second. Again, because of the better knowledge
of the quark density, the gluon initiated process carries essentially all the
uncertainty and hence the potential to constrain the gluon density. This
is illustrated in Fig. 15 on the similar example of Drell-Yan production at
the Tevatron, where for virtualities of Q ∼ 5− 30 GeV, and lepton pair pT
above 10 GeV the gluon initiated process dominates [31].

As above, jet reconstruction issues can be avoided by measuring only the
leptonic system. In Z events, the electron or muon pair momentum allows to
select the high-pT region; in W events, one has to rely on missing transverse
energy as well, making this process experimentally more complicated.

As we will see in the next section, the vector boson pT distribution is
uncertain not only due to PDF uncertainties stricto sensu, but also due to
the mechanisms of repeated soft gluon emission. However, this particular
uncertainty mostly concerns the region of moderate transverse momentum,
pT < 50 GeV. Above this threshold, the spectrum is not affected any more
by resummation effects and can be used to constrain the gluon density.

3.3. Observables less sensitive to the uncertanties on the gluon density

Another idea complementary to the discussion we just had about con-
straining further the gluon density in the proton is to find other observables
which are less sensitive to PDF uncertainties but still to beyond standard
model effects. We will just quote one example of such observables χdijet,
related to the jet angular distribution [32] in dijet events:

χdijet = exp(|y1 − y2|) =
1 + cosθ∗

1− cosθ∗
(4)

where y1, y2 are the rapidities of the two jets and θ∗ is the center-of-mass
scattering angle. The expected distributions are given in Fig. 16 for Ruther-
ford scattering, QCD and new physics (compositeness, extra-dimensions...).
The distribution is flat for Rutherford scattering, slightly shaped for QCD,
and strongly enhanced at low χdijet in the case of quark compositeness or
extra-dimensions. The idea is thus to measure normalised distributions as a

NP: predict more 
isotropic angular 

distributions, excess at 
low Xdijet

arXiv: 1803.08030 
hep-ph 0902.1678 

CMS-EXO-16-046 
hep-ex 1803.08030 

Simplified model: relative width of spin-1 
mediator increases with gq hep-ex 1603.04156 
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Figure 3: The 95% CL upper limits on the quark coupling gq, as a function of mass, for an axial-
vector or vector DM mediator with gDM = 1.0 and mDM = 1 GeV. The observed limits (solid),
expected limits (dashed) and the variation in the expected limit at the 1 and 2 standard devi-
ation levels (shaded bands) are shown. A dotted horizontal line shows the coupling strength
for a benchmark DM mediator with gq = 1.0. The corresponding limits on the width of the
mediators are shown on the vertical axis on the right-hand side of the figure.

perturbative quantum chromodynamics. The results are used to set 95% confidence level lower
limits on the contact interaction scale for a variety of quark compositeness models, the ultravi-
olet cutoff in models of extra spatial dimensions, the minimum mass of quantum black holes,
and the mass and couplings in dark matter models. For the first time, lower limits between 2.0
and 4.6 TeV are set on the mass of a dark matter mediator for (axial-)vector mediators, for the
universal quark coupling gq � 1. This region is not accessible through dijet resonance searches.
The lower limits for the contact interaction scale L range from 9.2 to 22.4 TeV. The lower lim-
its on the ultraviolet cutoff in the Arkani–Hamed–Dimopoulos–Dvali model are in the range
of 8.5–12 TeV, and are the most stringent limits available. Quantum black hole masses below
8.2 TeV are excluded in the model with six large extra spatial dimensions, and below 5.9 TeV in
the Randall–Sundrum model with a single, warped extra dimension. To facilitate comparisons
with the predictions of other models, the angular distributions, corrected to particle level, are
published in HEPData.

CMS-EXO-16-046 
hep-ex 1803.08030 

For the first time, lower limits between 2.0 and 4.6 TeV are set on the mass of a 
dark matter mediator for vector / axial-vector mediators, for universal quark 
couplings gq ≥ 1. This region is not accessible in narrow dijet resonance searches, 
because sensitivity fades away at gq > 0.45 (widths in q decay channel increase 
to > 10%). Limit degradation above 4 TeV / gq > 0.5: acceptance for high-mass 
resonances decreases as function of width. Exclusion almost independent from 
mDM as total width dominated by width of q decay channel. 
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               Low-mass dijet analysis (450 – 1800 GeV) 
hep-ex 1804.03496 

Event selection:  
-  2 samples: L1 jet with ET > 100 GeV (29.3 fb-1), L1 jet with ET > 75 GeV (3.6 fb-1) 
-  at least 2 trigger-level jets with pT > 85 GeV, IηI < 2.8 
-  leading trigger-level jet must have pT > 220 / 185 GeV (ET > 100 / 75 GeV) 
-  cuts on y* = (y1-y2)/2, depending on mjj range and sample 
 
Backgrounds: 
SM dijet production, estimated from data using new sliding-window fit: 
-  fit spectra in smaller windows instead of entire mass range 
-  fitted functional form is evaluated at centre of a window, which slides in 1-bin steps 
-  estimates in each bin collated to form final background estimate 
-  function used for each bin is the one that yields best χ2 over full fitted mjj range 

For this analysis, 3 functional forms have been used, with 

Resonance Search Background with SWiFt 

4/19/17	 6	

•  Traditionally fit full spectrum with ad-hoc function 
       - Hard with large datasets

•  Sliding Window Fits (SWiFt) background
        - Fit spectra in smaller ranges - “windows”
        - Slide window across spectrum  
        - Procedure: 
          -> perform background only fit in each window 
          -> evaluate fit at window center 
          -> stitch background fit value in each bin for full range 
               background prediction    

•  If BUMPHUNTER p-value < 0.01, blind signal region before 
making background

€ 
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               Low-mass dijet analysis (450 – 1800 GeV) 

hep-ex 1804.03496 
Bump hunter  
-  qualifies the statistical significance of any localized excess 
-  if p-value < 0.01 signal region blinded before calculating background 
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Figure 4: The reconstructed dijet mass distribution (filled points) for events in the |y⇤ | < 0.3 and |y⇤ | < 0.6 signal
regions. The solid lines depict the background estimate obtained by a sliding-window fit. Overall agreement
between the background estimate and the data is quantified by the �2 p-value. The most discrepant localized excess
in either signal region identified by the BumpHunter algorithm is indicated by the vertical lines. The open points
show two possible signal models. The lower panels show the bin-by-bin significances of di�erences between the
data and the background estimate, considering only statistical uncertainties.

6 Results and limits

Figure 4 shows the invariant mass distributions for dijet events in each signal region including the results
from the sliding-window background estimates. The global �2 p-value is 0.13 in the |y⇤ | < 0.6 signal
selection and 0.42 in the |y⇤ | < 0.3 signal selection, indicating the data agrees well with the background
estimate. The most discrepant interval identified by the BumpHunter algorithm [30, 31] is 889–1007 GeV
for events with |y⇤ | < 0.6. Accounting for statistical uncertainties only, the probability of observing
a deviation at least as significant as that observed in data, anywhere in the distribution, is 0.44 and
corresponds to significance of 0.16 �. Thus, there is no evidence of any localized excess.

Limits are set on both a leptophobic Z

0 simplified dark-matter model [32] and a generic Gaussian model.
The Z

0 simplified model assumes axial-vector couplings to SM quarks and to a Dirac fermion dark-matter
candidate. No interference with the SM is simulated. Signal samples were generated so that the decay rate
of the Z

0 into dark-matter particles is negligible and the dijet production rate and resonance width depend
only on the coupling of the Z

0 to quarks, g
q

, and the mass of the resonance, m

Z

0 [9]. The model’s matrix
elements were calculated in M��G���� 5 [33] and parton showering was performed in P����� 8 [34].
The width of a Z

0 resonance with g
q

= 0.10, including parton shower and detector resolution e�ects, is
approximately 7%. Limits are set on the cross-section, �, times acceptance, A, times branching ratio, B,
of the model, and then displayed in the (g

q

,m
Z

0) plane.3 The acceptance for a mass of 550 GeV is 20%
for a Z

0 simplified model with g
q

= 0.10 for the |y⇤ | < 0.3 signal selection, and 41% for a signal of mass
equal to 750 GeV for the |y⇤ | < 0.6 signal selection.

Limits are also set on a generic model where the signal is modeled as a Gaussian contribution to the
observed m

j j

distribution. For a given mean mass, m

G

, four di�erent Gaussian widths are considered: a
width equal to the simulated mass resolution (which ranges between 4% and 6%), and the fixed fractions
5%, 7% and 10% of m

G

. As the width increases, the expected signal contribution is distributed across

3 Limits on the coupling are obtained accounting for the scaling of the signal cross-section with g2
q

.

7

more bins. Wider signals are therefore less a�ected by statistical fluctuations from the data in a single
bin. The results can be used to set limits on models of new phenomena besides that of the Z

0 simplified
model and are applicable when the resonance is su�ciently narrow and the parton distribution function
and non-perturbative e�ects can be safely truncated or neglected, as described in Ref. [28]. These criteria
are often met if the m

j j

distribution for a signal approaches a Gaussian distribution after applying the
kinematic selection criteria of the resonance analysis, so that 95% of the signal lies within 20% of the
Gaussian mean mass. Models of new resonances with an intrinsic width much smaller than 5% of its
mass should be compared to the results with a width equal to the experimental resolution. For models
with a larger width, the limit that best matches their width should be used. More-detailed instructions can
be found in Appendix A of Ref. [28].

A Bayesian method is applied to the data and simulation of the signal models at a series of discrete masses
to set 95% credibility-level upper limits on the cross-section times acceptance [27] for the signals described
above. The method uses a constant prior for the signal cross-section and Gaussian priors for nuisance
parameters corresponding to systematic uncertainties. The background is re-estimated for each value of
the mass parameter by including the signal shape with a floating normalization in the sliding-window
fit. The expected limits are calculated using pseudo-experiments generated from the fit parameters of
the background-only model and including systematic uncertainties from both the signal and background
models. The uncertainties on the Z

0 signal model include the jet energy scale and the luminosity. The
impact of the jet energy resolution uncertainty is negligible. For the Gaussian model, a constant jet energy
scale uncertainty of 3% is applied in accordance with the measured impact of this uncertainty on the Z

0

samples. The uncertainty in the integrated luminosity is ±2.2%, derived following a methodology similar
to that detailed in Ref. [35]. The systematic uncertainties in the background estimate include the choice
of the fit function and the uncertainty in the fit parameter values, as described above.
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Figure 5: The 95% credibility-level observed and expected upper limits on g
q

as a function of m

Z

0 for the Z

0 model
described in the text. The lower-mass part of the limits from Ref. [3] is also shown. Couplings above the solid lines
are excluded. The solid and dashed lines represent the observed and expected limits, respectively, and are obtained
accounting for the scaling of the signal cross-section with g2

q

. The di�erent y⇤ selections are described in the text.

Figure 5 shows limits on the coupling to quarks, g
q

, as a function of the mass m

Z

0 for the Z

0 model.
Figure 6 shows limits on a possible Gaussian contribution with a width equal to the detector resolution
as a function of the mean mass, m

G

. In both the Z

0 and Gaussian models, upper limits for masses from
450 GeV to 700 GeV are derived using the distribution with |y⇤ | < 0.3, which is sensitive to the lower
masses. Limits for masses above 700 GeV are derived from the m

j j

distribution with |y⇤ | < 0.6, except
for Gaussian signals with a width of 10% where only the |y⇤ | < 0.3 distribution is used.

8

gq vs mZ’ for trigger-level analysis 
and dijet analysis 
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Figure 3: Top: distribution of large-R jet mass in the jet channel for m

Z

0 = 160 GeV (left) and 220 GeV (right). The
vertical dashed lines indicate the signal region (SR) surrounding the target Z

0 mass. The signal is generated with
g
q

= 0.5. Bottom: ratio of data to the estimated background. The background estimate is di�erent for each signal
mass hypothesis; more details are given in the text.

slope in the data and background distributions changes for a large-R jet mass around 225 GeV (100 GeV)
for Figure 3 (Figure 4), due to the boosted topology requirement, p

J

T > 2 ⇥ m

J

. The beginning of this
e�ect is determined by the p

J

T requirements of 450 GeV and 200 GeV for the ISR jet and ISR � channels,
respectively. The observed distributions of the large-R jet mass are well reproduced by the estimated
background contributions.

A binned likelihood fit to the large-R jet mass distribution is performed in each mass-dependent signal
region in both the ISR jet and � channels, accounting for potential signal contamination in the control
region used to define the TF. The largest excess is observed in the ISR jet signal region centred at 150 GeV.
Performing a signal-plus-background fit with a Z

0 model assumption, the local significance in this region
is found to be 2.5�, corresponding to a global significance of 1.1�, where the look-elsewhere e�ect [51]
is calculated with respect to the entire mass window examined. The largest positive deviation from the
expected background in the ISR � channel is seen in the signal region centred at 140 GeV, with local
(global) significance of 2.2� (0.8�).

Upper limits are derived at 95% confidence level on the Z

0 production cross section times acceptance as
a function of the Z

0 mass between 100 and 220 GeV using profile-likelihood-ratio tests [52] with the CLs
method [53], shown in Figure 5.

The acceptance accounts for all selection criteria except for the requirement on ⌧DDT
21 ; it can vary signific-

antly for various theoretical models, yet can be well estimated without detailed detector simulation. For
the Z’ signal model considered in this paper, acceptance values vary from 0.10% to 0.06% in the ISR jet
channel and from 4.0% to 1.0% in the ISR � channel, in the mass range between 100 and 220 GeV. The

8
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              Low-mass dijet analysis with boosted dijets 
Signal: boosted dijet with jet or photon from ISR 
-  decay products from DM mediator are collimated (merged large-R jet) 
-  use jet substructure techniques to identify quark pair (e.g. N-subjettiness τ21) 
-  can trigger on ISR jet or photon 

Table 1: The source and relative size of each of the largest uncertainties in the best-fit signal-strength parameter µ
of hypothesised signal production of Z

0 with m

Z

0 = 160 GeV and m

Z

0 = 220 GeV.

Uncertainty source �µ/µ [%]
m

Z

0 = 160 GeV m

Z

0 = 220 GeV

Transfer factor 90 88
Large-R jet 25 17
Total systematic uncertainty 93 91

Statistical uncertainty 10 11
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Figure 5: Observed and expected limits at 95% confidence level on the Z

0 production cross section (�) times
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Figure 6: Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to
1000 GeV. Data are shown as black points. The multijet background prediction, including
uncertainties, is shown by the shaded bands. Contributions from the W and Z boson, and top
quark background processes are shown, scaled up by a factor of 3 for clarity. A hypothetical Z0

boson signal at a mass of 135 GeV is also indicated. In the bottom panel, the ratio of the data
to the background prediction, including uncertainties, is shown. The scale on the x-axis differs
for each pT range due to the kinematic selection on r.
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Figure 7: The 95% CL upper limits on the Z0 boson production cross section compared to the-
oretical cross sections (left) and on the quark coupling gq0 as a function of resonance mass for
a leptophobic Z0 resonance that only couples to quarks (right). The observed limits (solid),
expected limits (dashed) and their variation at the 1 and 2 standard deviation levels (shaded
bands) are shown. Limits from other relevant searches and an indirect constraint on a potential
Z0 signal from the SM Z boson width [72] are also shown.

The results of this analysis can be used to constrain simplified models of DM. Figure 8 shows245

the excluded values at 95% CL of mediator mass (mMed) as a function of the dark matter particle246

mass (mDM) for vector mediators, in simplified models that assume a leptophobic mediator that247

couples only to quarks and DM particles [38, 73]. Limits are shown for a choice of universal248

quark coupling gq = 0.25 and a DM coupling gDM = 1.0. The difference in limits between axial-249

vector and vector mediator couplings is small and thus only constraints for the latter coupling250

scenario are shown. The excluded range of mediator mass (red) is between 50 and 300 GeV.251

The upper bound decreases to 240 GeV when mMed > 2mDM, because the branching fraction252

(BR) to qq decreases as the BR to DM becomes kinematically favorable. If mMed < 2mDM, the253

mediator cannot decay to DM particles and the dijet cross section from the mediator model254

becomes identical to that in the leptophobic Z0 model, meaning that the limits on the mediator255

mass in Fig. 8 are identical to the limits on the Z0 mass with a coupling gq0 = gq = 0.25. For256

axial-vector mediators, the excluded values of mediator mass are expected to be identical to the257

excluded values in Fig. 8 when mDM > mMed/2 or mDM = 0, with differences only expected258

in the transition region mMed ' 2mDM. Additional limits (blue) in Fig. 8 come from traditional259

dijet searches [35].260

7 Summary261

A search for a vector resonance (Z0) decaying into a quark-antiquark pair and reconstructed262

as a single jet has been presented, using a data set comprising proton-proton collisions at263 p
s = 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1. Novel substructure tech-264

niques are employed to identify a jet containing a Z0 boson candidate over a smoothly falling265

soft-drop jet mass distribution in data. No significant excess above the SM prediction is ob-266

served, and 95% confidence level upper limits are set on the Z0 boson coupling to quarks, gq0 ,267

as a function of the Z0 boson mass. Coupling values of gq0 > 0.25 are excluded over the Z0 mass268

range from 50 to 300 GeV, with strong constraints for masses less than 200 GeV. The results269

obtained for masses from 50 to 100 GeV represent the first direct limits to be published in this270

range. Limits are set on a simplified model of dark matter mediators that only couple to quarks271

and dark matter particles, excluding vector mediators with masses between 50 and 300 GeV,272

The limits constrain simplified models of dark matter 
production involving a mediator interacting between 
quarks and dark matter particles through a vector or 
axial-vector current.  
Search region extended for the first time to masses 
below 100 GeV.  
 CMS-EXO-17-001, hep-ex 1710.00159 

Resolved  
dijets 

Boosted  
dijets 

Soft-drop mass 
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ATLAS DM exclusion 

Gap 300-500 GeV filled by dijet + ISR analysis 
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               CMS DM summary 
CMS limits on universal coupling between leptophobic Z’ boson and quarks   
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CMS Preliminary Moriond 2018

Dijet DM 

Complemented by ATLAS dijet + ISR analysis 
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               ATLAS DM summary 

ATLAS limits on universal coupling between leptophobic Z’ boson and quarks   
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•   ATLAS and CMS have studied dark matter signatures without missing 
transverse energy and have derived limits as no significant excesses 
have been found. 

•    Dijet and dilepton signatures have been exploited. 

•    Dijet angular distributions extend reach.  

•   Further signatures without missing transverse energy such as 
trackless jets or displaced objects are being studied. 

•   Lots of data are still to come before the next LHC shutdown, so 
stay tuned! 
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MET search for spin-1 mediator

6.2 Invisible decays of the Higgs boson 15

Figure 8: Exclusion limits at 95% CL on the signal strength µ = s/sth in the mmed–mDM plane
assuming vector (left) and axial-vector (right) mediators. The limits are shown for mmed be-
tween 150 GeV and 2.5 TeV, and mDM between 50 GeV and 1.2 TeV. While the excluded area is
expected to extend below these minimum values of mmed and mDM, the axes do not extend be-
low these values as the signal simulation was not performed in this region. 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 theoretical uncertainties in the signal cross section and the combination of
the statistical and experimental systematic uncertainties, respectively. Constraints from the
Planck satellite experiment [83] are shown with the dark green contours and associated hatch-
ing. The hatched area indicates the region where the DM density exceeds the observed value.

the Fermi–LAT Collaboration [90], and provide stronger constraints for DM masses less than
200 GeV.

6.2 Invisible decays of the Higgs boson

The results of this search are also interpreted in terms of an upper limit on the product of the
cross section and branching fraction B(H ! inv), relative to the predicted cross section (sSM)
of the Higgs boson assuming SM interactions, where the Higgs boson is produced through
gluon fusion (ggH) along with a jet; in association with a vector boson (ZH, WH); or through
vector boson fusion (VBF). The predictions for the Higgs boson production cross section and
the corresponding theoretical uncertainties are taken from the recommendations of the LHC
Higgs cross section working group [101]. If the production cross section of the Higgs boson
is assumed to be the same as sSM, this limit can be used to constrain the invisible branching
fraction of the Higgs boson. The observed (expected) 95% CL upper limit on the invisible
branching fraction of the Higgs boson, sB(H ! inv)/sSM, is found to be 0.44 (0.56). The limits
are summarized in Fig. 13. Table 5 shows the individual limits for the monojet and mono-V
categories. While these limits on B(H ! inv) are not as strong as the combined ones from
Ref. [36], they are obtained from an independent data sample and therefore will contribute to
future combinations.

7 Summary
A search for dark matter (DM) is presented using events with jets and large missing transverse
momentum in a

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

luminosity of 12.9 fb�1. The search also exploits events with a hadronic decay of a W or Z bo-
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SUSY models with long-lived particles 
-  Gauge-mediated SUSY, where gravitino is LSP and DM candidate (gravitino decay is 

displaced) 
-  Split SUSY, with e.g. lightest neutralino is DM candidate (decay of gluino proceeds via an 

off-shell quark at high mass and is hence displaced 
-  Models with pure wino-LSP (such as AMSB) or pure higgsino-LSP (the small mass splittings 

result in macroscopic decay distances) 
-  SUSY with DM in hidden sector and non-thermal production of DM (the typically small 

coupling to the hidden sector can make the decay to the hidden sector displaced)  
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