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Dark Matter Searches at LHC 
• Dark Matter (DM) exists ß cosmological observations. 
• Particle nature of DM is completely unknown. 
•  LHC may be able to produce DM particles, but detectors 

(ATLAS or CMS) cannot detect them (MET). 
• We need a SM particle recoil against DM to trigger the 

events à mono-X (+ MET) searches. 
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Mono-X models 
•  Full theory to predict dark matter particles: SUSY, Extra 

Dimensions, etc: 
•  George Redlinger’s talk on SUSY searches. 

•  Simplified Models: 
•  One DM and one mediator particles in addition to SM. 
•  Five parameters: 

•  DM mass, mediator mass, mediator width, mediator SM coupling, mediator 
DM coupling. 

•  Effective Field Theory (EFT) models. 
•  The mediator is integrated out. 
•  Two parameters (less model dependent): 

•  DM mass, effective energy scale. 
•  Variety of operators: D5 (vector), D6 (axialvector) etc. 
•  Valid only where “momentum transfer Q < mediator mass”. 

•  This can be a problem in Run2 (higher energy, 13 TeV). 
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Mono-X channels 
•  X = Vector Boson or Higgs are covered. 

•  Highlights are on 13 TeV analysis  
      (all ATLAS at this moment) 

•  Mono-photon 
•  Low background. 

•  Mono-Z or mono-W 
•  Z can be emitted from mediator in t-channel. 
•  Hadronic decay mode à larger cross section. 
•  Leptonic decay mode à cleaner signature.  

•  Mono-H 
•  No ISR (Initial State Radiation) Higgs. 
•  H can be emitted from mediator in s-channel. 
•  H -> bb decay mode à larger cross section. 
•  H -> γγ decay mode à clean signature. 

•  VVxx (HHxx) contact interaction is unique. 
•  Other mono-X: 

•  Mono-jet: Andreas Korn’s talk. 
•  Mono-heavy quark(s): Alberto Zucchetta’s talk. 
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Mono-photon         8 TeV ATLAS: arXiv:1411.1559[hep-ex] 
CMS: arXiv:1410.8812 

13 TeV ATLAS: https://atlas.web.cern.ch/Atlas/
GROUPS/PHYSICS/PAPERS/
EXOT-2015-05/  

Mono-Z/W (hadr)    8TeV ATLAS: arXiv:1309.4017[hep-ex] 
CMS: CMS PAS EXO-12-055 

  13 TeV ATLAS: ATLAS-CONF-2015-080 

Mono-Z(ll)             8 TeV ATLAS: arXiv: 1404.0051[hep-ex] 
CMS: arXiv: 1511.09375 

Mono-W(lv)           8 TeV ATLAS: arXiv:1407.7495[hep-ex] 
CMS: arXiv:1408.2745[hep-ex] 

Mono-H(bb)           8 TeV ATLAS: arXiv:1510.0621[hep-ex] 

13 TeV ATLAS: ATLAS-CONF-2016-019 

Mono-H(gamgam) 8 TeV ATLAS: arXiv:1506.01081[hep-ex] 

13 TeV ATLAS: ATLAS-CONF-2016-011 



Simplified model parameters in Run2 
•  Based on the Dark Matter Forum  
  recommendation (arXiv:1507.00966 [hep-ex]). 
•  Dark matter: Dirac particles. 
•  Mediator: Vector, Axialvector, Scalar or Pseudoscalar particles. 
•  Mediator width: minimal width = sum of contributions from DM 

and quarks lighter than a half of the mediator mass. 
•  S-channel coupling constants: 

•  Coupling to DM: gDM = 1.0 
•  Coupling to SM: universal to all quarks. 

•  Vector and Axialvector: gSM = 0.25 (larger values are constrained by dijet 
searches, also to keep the mediator width narrow). 

•  Scalar and Pseudoscalar: gSM = 1.0 

•  T-channel couplings: gDM = gSM = 0.1 - 7 

30 March 2016 DM at LHC 2016 (Amsterdam) 5 

1 Introduction

Dark matter (DM) composes a large part of the mass-energy of the universe, but its nature and interactions
with the Standard Model (SM) as well as many of its properties remain unknown. If DM couples to SM
particles it may be observed if it is directly produced in a particle collider, when galactic DM particles co-
annihilate (indirect detection), or induce nuclear recoils in deep underground detectors (direct detection).
Collider production of DM particles, if possible, does not su�er from the astrophysical uncertainties that
a�ect direct and indirect detection experiments. The signature at the Large Hadron Collider (LHC) [1]
is one or more SM particles, X , recoiling against weakly-interacting DM particles, �, which manifest as
missing transverse momentum, Emiss

T . Previous LHC analyses have studied DM produced in association
with a hadronic jet [2, 3], a photon [4, 5], a hadronically decaying W or Z [6], a leptonically decaying W
or Z [7–10], a heavy-flavor quark [11], and a Higgs boson [12, 13].

Two approaches are commonly used to model these processes yielding a final state with a detectable
particle X (e.g. a W or Z boson) recoiling against a system of non-interacting particles. One method
is to use non-renormalizable operators in an e�ective field theory (EFT) framework, where the mediator
of the interaction between DM particles and SM particles is too heavy to be produced directly in the
experiment and is therefore described by contact operators. Simplified models do not have this limitation
on the mediator mass because they explicitly include a specific mediator, V . An EFT requires fewer
free parameters to describe its parameter space, but it may not be valid for the exchanged momentum
values typical for the LHC. Following the Dark Matter Forum report recommendation [14], this analysis
focuses on the Z Z � � EFT [15] and the vector-mediated simplified model [16]. Figure 1 shows diagrams
illustrating each approach. This search is based on proton–proton collision data at a center-of-mass energy
of 13 TeV produced by the LHC and recorded with the ATLAS detector [17] in 2015, corresponding to
an integrated luminosity of 3.2 fb�1.
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Figure 1: (a) Example of dark matter particle (�) production via a Z Z � � vertex in an EFT approach [15]; (b)
example of dark matter particle production via a vector mediator, V , between the dark sector and the SM in
association with a W /Z boson in a simplified model [16].
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Mono-photon Signal simulation 
• Simplified model 

•  Axial vector mediator 
•  Higher cross section than scalar. 
•  Corresponds to spin-dependent interaction 
  à Direct detection has lower sensitivity. 

•  γγXX contact interaction 
•  EW coupling: k1 = k2 = 1.0 
•  Suppression scale: Λ = 3.0 TeV 
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Mono-Photon Results 
•  ATLAS: 13 TeV, 3.2 fb-1 

•  Statistical error 9% 
•  Systematic error 11% 

•  Main systematic error: Electron and Jet fake 
rate. 

•  Dominant background: 
•  Z(vv)+γ, W(lv)+γ 
•  Fake electrons and jets 
•  Estimated from CR (control regions) 
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total background in the SR for W ! ⌧⌫ and Z ! ⌧⌧ respectively. The post-fit Emiss
T distribution and377

the photon pT distribution in the SR are shown in Fig. 5.378

Table 1: Observed event yields in 3.2 fb�1 compared to yields from SM backgrounds in the signal region (SR)
and in the four control regions (CRs), as predicted from the simultaneous fit to all single-bin CRs. The MC yields
before the fit are also shown. The uncertainty includes both statistical and systematic uncertainties described in
Section 8. The individual uncertainties can be correlated and do not necessarily add up quadratically to the total
background uncertainty.

SR 1muCR 2muCR 2eleCR PhJetCR
Observed events 264 145 29 20 214
Fitted background 295 ± 34 145 ± 12 27 ± 4 23 ± 3 214 ± 15
Z (! ⌫⌫) + � 171 ± 29 0.15 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 8.6 ± 1.4
W (! `⌫) + � 58 ± 9 119 ± 17 0.14 ± 0.04 0.11 ± 0.03 22 ± 4
Z (! ``) + � 3.3 ± 0.6 7.9 ± 1.3 26 ± 4 20 ± 3 1.2 ± 0.2
� + jets 15 ± 4 0.7 ± 0.5 0.00 ± 0.00 0.03 ± 0.03 166 ± 17
Fake photons from electrons 22 ± 18 1.7 ± 1.5 0.05 ± 0.05 0.00 ± 0.00 5.8 ± 5.1
Fake photons from jets 26 ± 12 16 ± 11 1.1 ± 0.8 2.5 ± 1.3 9.9 ± 3.1
Pre-fit background 249 ± 29 105 ± 14 23 ± 2 19 ± 2 209 ± 50
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Figure 5: Distribution of Emiss
T (left) and photon pT (right) in the signal region for data and for the background

predicted from the fit in the CRs. Overflows are included in the final bin. The error bars are statistical, the dashed
band includes statistical and systematic uncertainties determined by a bin-by-bin fit. The expected yield of events
from the simplified model with m� = 150 GeV and mmed = 500 GeV is stacked on the top of the background
prediction. The lower panel shows the ratio of data to expected background event yields.

8 Systematic uncertainties379

Systematic uncertainties on the background predictions in the signal region are presented as percentages380

of the total background prediction. This prediction is obtained from the simultaneous fit to all singe-bin381

CRs, which provides constraints on many sources of systematic uncertainty, as the normalisation of the382

dominant background processes is extracted from the data itself.383
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Mono-Photon Limits 
• Simplified model 
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Figure 3: The 90% CL upper limits on the c-nucleon cross section as a function of the DM
particle mass M

c

for spin-independent couplings (left) and spin-dependent couplings (right).
Results from the current search are shown as “CMS Monophoton, 8 TeV ”. Shown are the limits
from CMS using monojet [36] and monolepton [43] signatures (where x is the interference pa-
rameter addressing potentially different couplings to up and down-type quarks and values of
x = ±1 maximize the effects of interference). Also shown are the limits from several published
direct detection experiments [44–53]. The solid and hatched yellow contours show the 68% and
95% CL contours respectively for a possible signal from CDMS [54]
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results published by other experiments [44–53]. The results presented are valid for mediator
masses larger than a few TeV, assuming g

c

=gq=1.

The validity of the EFT framework at the energy scale probed by the LHC has been recently
explored in detail [2, 3, 5, 61–63]. These studies show that for the EFT to be perturbative, pg

c

gq

8 TeV 
19.6 fb-1 

EFT model 

Mmed up to 710 GeV  
and  
Mχ up to 150 GeV 
are excluded 

Truncated = non-valid region is removed 

Better limit in low mass 
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Mono-Photon Limits 
•  γγXX contact interaction (EFT) 
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Mono-W/Z (hadronic) Results 
• ATLAS: 13 TeV, 3.2 fb-1 

• Main systematic error:  
•  Modeling of large-R jets 5 – 10% 

• Main background: 
•  Z+jets, W+jets, ttbar 
•  One muon and two muon control region was used. 
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Mono-W/Z (hadronic) Limits 
• Simplified model (vector mediator): 
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Figure 9: 90% CL Exclusion contours in the mmed � mDM plane assuming a vector (a), axial-
vector (b), scalar (c), or pseudoscalar (d) mediator. The blue scale shows the 90% CL upper
limit on the signal strength assuming the mediator only couples to fermions. For the scalar and
pseudoscalar mediators, the exclusion contour assuming coupling only to fermions is explicitly
shown in the orange line. The white region shows model points which were not tested when
assuming coupling only to fermions and are not expected to be excluded by this analysis under
this assumption. The excluded region is to the bottom-left of the contours shown in all cases
except for that from the relic density as indicated by the shading. In all of the mediator models,
a minimum width is assumed.
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Mono-Z(ll) Limits 
•  8 TeV, ~20 fb-1; Limits on EFT: 
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TABLE III. Observed yields and expected SM backgrounds
in each signal region. Statistical, systematic, and luminosity
uncertainties are added in quadrature to give the total back-
ground estimate and uncertainties.

Process
E

miss
T threshold [GeV]

150 250 350 450
ZZ 41± 15 6.4± 2.4 1.3± 0.5 0.3± 0.1
WZ 8.0± 3.1 0.8± 0.4 0.2± 0.1 0.1± 0.1

WW , tt̄, Z ! ⌧

+
⌧

� 1.9± 1.4 0+0.7
�0.0 0+0.7

�0.0 0+0.7
�0.0

Z+jets 0.1± 0.1 – – –
W+jets 0.5± 0.3 – – –
Total 52± 18 7.2± 2.8 1.4± 0.9 0.4+0.7
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FIG. 3. E

miss
T distributions after all event selections other

than the E

miss
T thresholds for the observed data; the ex-

pected SM backgrounds taken from simulation; the hypothet-
ical pp ! Z��̄ signals for various values of the mass scale,
M?. The dark-matter particle mass is m� = 200 GeV. The
last bin contains the events with E

miss
T > 450 GeV. The ratio

of data to simulated backgrounds is also shown. The band
shows the experimental systematic uncertainties on the ratio.

the e↵ective operators mediating the interaction of the
dark-matter particles with the initial state quarks or the
Z/�⇤ intermediate state. This is done using the relation,

M limit

?

= Mgenerator

?

⇥
�
�generator/�limit

�
1/2p

, where the
superscript indicates whether the parameter is a mea-
sured limit or calculated using MC simulation, and p
indicates the power of (1/M

?

) appearing in the EFT
Lagrangian. These limits are shown in Fig. 4. They
are also translated into limits on the �–nucleon scatter-
ing cross section using the method in Ref. [10] for sev-
eral e↵ective operators mediating the interaction of the
dark-matter particles with the qq̄ initial state, and are
compared with other experimental results described in
Refs. [38–46]. These limits, shown at 90% C.L. in Figs. 5
and 6, are less stringent than the lower limits for dark-
matter candidates recoiling against a W or Z boson de-
caying to hadrons reported in Ref [8]. The limits degrade
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FIG. 4. Observed 90% C.L. lower limits on the mass scale,
M?, of considered e↵ective field theories as a function of m�.
For each operator, the values below the corresponding line are
excluded.

by 13-23% at 95% C.L., depending on the Emiss

T

signal
region under consideration.

A lower limit on the coupling, f , of the scalar-mediator
model is also calculated based on the WIMP relic abun-
dance in Ref. [47] and the expression for the freeze-out
temperature from Ref. [48]. If the relic abundance lower
limit calculated at some mass point (m

�

,m
⌘

) is greater
than the upper limit measured in this analysis, that mass
point is excluded. Limits on the cross section times
branching ratio in the scalar-mediator model are shown
in Fig. 7, and limits on f as a function of mediator mass
m

⌘

and m
�

, as well as the exclusion region, are shown in
Fig. 8.

Fiducial cross-section limits are calculated in each sig-
nal region to complement the limits on specific mod-
els. The reconstruction e�ciency is defined as the ratio
of reconstructed events satisfying all the selection crite-
ria to the number of generated events within a fiducial
region characterized by selection requirements at par-
ticle level identical to all the requirements on the re-
constructed dilepton+Emiss

T

system, where the Emiss

T

is
calculated summing over all neutrinos and dark-matter
particles. The acceptance is the ratio of the number of
generated events within the fiducial region to the to-
tal number of generated events. In addition, the gen-
erated leptons are required to be separated by at least
�R = 0.2 to match the isolation requirement. The recon-
struction e�ciency ranges from (56.9±0.9)% for ZZ��-
max.-�⇤ at m

�

= 1000 GeV to (77.9±3.1)% for D5 at
m

�

= 400 GeV. The lowest value of the reconstruction
e�ciency is used to calculate the fiducial cross-section
limits in order to be conservative. The corresponding
acceptances for the previous operators are (30.3±0.5)%
and (2.6±0.2)%, respectively, where the uncertainties are
purely statistical and the variation in the acceptance
arises primarily from the di↵erent Emiss

T

spectra of the
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be expressed as L ⇠ M/pgqgc, when momentum transfer is small (Qtr < M). Imposing a
condition on the couplings pgqgc < 4p to ensure stability of the perturbative calculation, and
a mass requirement M > 2mc, a lower bound L > mc/2p is obtained for the region of validity.
The area below this boundary, where the effective theory of DM is not expected to provide a
reliable prediction at the LHC, is shown as a pink shaded area in each of the panels of Fig. 6.
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Figure 6: Expected and observed 90% CL lower limits on L as a function of DM particle mass
mc for the operators D5 (top left), D8 (top right), D9 (bottom left) and C3 (bottom left). The pink
shaded area is shown in each plot to indicate the lower bound L > mc/2p on the validity of
the effective field theory DM model. The cyan long-dashed line calculated by MadDM 1.0 [82]
reflects the relic density of cold, non-baryonic DM: Wh2 = 0.1198 ± 0.0026 measured by Planck
telescope [81]. Monojet results from CMS [14] are shown for comparison. Truncated limits withpgqgc = 1 are presented with red dot long-dashed lines. The blue double-dot and triple-dot
dashed lines indicate the contours of RL = 80% for all operators with couplings pgqgc = p,
and 4p.

However, the requirement of L > mc/2p is not sufficient, according to some authors [83, 85–
94], and the region of validity depends on the coupling values in the ultraviolet completion
of the theory. Considering a more realistic minimum constraint Qtr < M ⇠ pgqgcL, we can
calculate the ratio RL of the number of events fulfilling the validity criteria over all events
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FIG. 5. Observed 90% C.L. upper limits on the �–nucleon
scattering cross section as a function of m� for the spin-
dependent D9 e↵ective operators mediating the interaction of
the dark-matter particles with the qq̄ initial state. The limits
are compared with results from the published ATLAS hadron-
ically decaying W/Z [8] and j + �� [4] searches, COUPP [38],
SIMPLE [39], PICASSO [40], and IceCube [41]. These limits
are shown as they are given in the corresponding publications
and are only shown for comparison with the results from this
analysis, since they are obtained assuming the interactions
are mediated by operators di↵erent from those used for the
ATLAS limits.
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FIG. 6. Observed 90% C.L. upper limits on the �–
nucleon scattering cross section as a function of m� for spin-
independent e↵ective operators mediating the interaction of
the dark-matter particles with the qq̄ initial state. The limits
are compared with results from the published ATLAS hadron-
ically decayingW/Z [8] and j + �� [4] searches, CoGeNT [42],
XENON100 [43], CDMS [44, 45], and LUX [46]. These limits
are shown as they are given in the corresponding publications
and are only shown for comparison with the results from this
analysis, since they are obtained assuming the interactions
are mediated by operators di↵erent from those used for the
ATLAS limits.
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by this analysis. The white region is phase space beyond the
model’s validity. In the excluded region in the upper left-
hand corner, demarcated by the black line, the lower limit on
f from the relic abundance calculations based on [47, 48] is
greater than the upper limit measured in this analysis.

operators. The observed and expected upper limits on
the fiducial cross section are given in Table IV.
In conclusion, a search for the production of dark-

matter particles in association with a Z boson that
decays leptonically in 20.3 fb�1 of pp collisions atp
s =8 TeV is presented for three EFT operators where

the dark matter interacts directly with quarks: D1, D5,
and D9. The new limits complement the limits reported
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Figure 7: The 90% CL upper limits on the DM-nucleon cross section as a function of the
DM particle mass. Left: spin-dependent limits for axial-vector (D8) and tensor (D9) coupling
of Dirac fermion DM candidates, together with direct search experimental results from the
PICO [101], XENON100 [102], and IceCube [7] collaborations. Right: spin-independent limits
for vector coupling of complex scalar (C3) and Dirac fermion (D5) DM candidates, together
with CDMSlite [8], LUX [11], as well as Higgs-portal scalar DM results from CMS [96] with
central (solid), minimum (dashed) and maximum (dot dashed) values of Higgs-nucleon cou-
plings. Collider results from CMS monojet [14] and monophoton [16] searches, interpreted in
both spin-dependent and spin-independent scenarios, are shown for comparison. The trun-
cated limits for D5, D8, D9, and C3 with pgqgc = 1 are presented with dashed lines in same
shade as the untruncated ones.

Table 4: Expected and observed 90% CL upper limits on the DM-nucleon cross section scN and
effective cutoff scale L for operator D5.

mc Expected Expected�1s Expected+1s Observed
L scN L scN L scN L scN

(GeV) (GeV) (cm2) (GeV) (cm2) (GeV) (cm2) (GeV) (cm2)
1 576 2.4⇥10�39 630 1.7⇥10�39 525 3.4⇥10�39 528 3.4⇥10�39

10 574 7.5⇥10�39 628 5.3⇥10�39 524 1.1⇥10�38 529 1.1⇥10�38

100 574 8.9⇥10�39 628 6.2⇥10�39 524 1.3⇥10�38 525 1.3⇥10�38

200 556 1.0⇥10�38 608 7.1⇥10�39 508 1.5⇥10�38 506 1.5⇥10�38

300 535 1.2⇥10�38 585 8.4⇥10�39 488 1.7⇥10�38 484 1.8⇥10�38

500 468 2.0⇥10�38 512 1.4⇥10�38 427 3.0⇥10�38 422 3.1⇥10�38

1000 283 1.5⇥10�37 309 1.1⇥10�37 258 2.2⇥10�37 252 2.4⇥10�37

environment with hv2i = 0.24 is considered, which corresponds to the epoch of the early uni-
verse when DM froze out, producing the thermal relic abundance. A 100% branching fraction
of DM annihilating to quarks is assumed. The corresponding truncated limits for D5 and D8
with coupling pgqgc = 1 are also presented with dashed lines in same shade as the untrun-
cated ones. The value required for DM particles to make up the relic abundance is labeled
“Thermal relic value” and shown as a red dotted line. With this constraint on annihilation rate,
we can conclude that Dirac fermion DM is ruled out at 95% CL for mc < 6 GeV in the case of
vector coupling and mc < 30 GeV in the case of axial-vector coupling. Indirect search results
from H.E.S.S [103] and Fermi-LAT [104] are also shown for comparison. These results have
been multiplied by a factor of two since they assume Majorana rather than Dirac fermions.
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FIG. 5. Observed 90% C.L. upper limits on the �–nucleon
scattering cross section as a function of m� for the spin-
dependent D9 e↵ective operators mediating the interaction of
the dark-matter particles with the qq̄ initial state. The limits
are compared with results from the published ATLAS hadron-
ically decaying W/Z [8] and j + �� [4] searches, COUPP [38],
SIMPLE [39], PICASSO [40], and IceCube [41]. These limits
are shown as they are given in the corresponding publications
and are only shown for comparison with the results from this
analysis, since they are obtained assuming the interactions
are mediated by operators di↵erent from those used for the
ATLAS limits.
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are compared with results from the published ATLAS hadron-
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are shown as they are given in the corresponding publications
and are only shown for comparison with the results from this
analysis, since they are obtained assuming the interactions
are mediated by operators di↵erent from those used for the
ATLAS limits.
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FIG. 8. Observed 95% C.L. upper limits on the coupling
constant, f , of the scalar-mediator theory as a function of
m� and the mediator mass, m⌘. The cross-hatching shows
the theoretically accessible region outside the range covered
by this analysis. The white region is phase space beyond the
model’s validity. In the excluded region in the upper left-
hand corner, demarcated by the black line, the lower limit on
f from the relic abundance calculations based on [47, 48] is
greater than the upper limit measured in this analysis.

operators. The observed and expected upper limits on
the fiducial cross section are given in Table IV.
In conclusion, a search for the production of dark-

matter particles in association with a Z boson that
decays leptonically in 20.3 fb�1 of pp collisions atp
s =8 TeV is presented for three EFT operators where

the dark matter interacts directly with quarks: D1, D5,
and D9. The new limits complement the limits reported
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sponds to mη = 700GeV, blue (lower) to mη = 1TeV. Both
cross sections calculated for fud = 1, and using CTEQ6L1
PDF’s.

A. Freezeout

We work in the context of the standard WIMP sce-
nario, in which the DM was in thermal equilibrium in
the early Universe up until the time of thermal freeze-
out, at which point the relic abundance was set. For a
given DM mass, we wish to choose values of the coupling
constant fud, and η mass, such that the DM freezes out
with the correct relic abundance.

The process which kept χ in equilibrium before thermal
freezeout was qq̄ → χχ. The relic density of χ was there-
fore determined by parameters fud, mχ and mη. Fol-
lowing [44, 45], we use a semi-analytic solution to the
co-moving Boltzmann equation, and the inferred value
ΩDMh2 ≃ 0.11 to place constraints on fud for given val-
ues of mχ and mη. Results are displayed in Fig. 6. If
the coupling were any smaller than the constraints in
Fig. 6, then the DM would have been overproduced in
the early universe, yielding an abundance greater than
that observed today. On the other hand, if it were any
larger, then the relic abundance would be smaller than
observed. If there are other DM species contributing to
the relic abundance, then the constraints on fud serve as
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FIG. 5. Ratio σχχZ/σZνν̄ at 14TeV CoM and for mχ =
30 GeV, as a function of the cut on maximum ∆R =
√

∆φ2 +∆η2 between muons in the final state. Red line
(lower) corresponds to mη = 700GeV, blue (upper) to mη =
1TeV.

lower limits, since the DM candidate under consideration
need not contribute the entire relic abundance.

B. Direct Detection

In the model under discussion, quarks couple to the
beyond-SM sector via a qχη vertex with strength fud.
Consequently, care is required to avoid direct detection
constraints. The operator in Eq. 1 allows for χ-quark
scattering via the s and u-channel η exchange graphs in
Fig. 7, which can in turn be related to χ-nucleon scatter-
ing.
The couplings in Eq. 1 Fierz transform into couplings

to nucleons that have both spin-dependent (SD) and
spin-independent (SI) contributions. The strongest con-
straints on our model come from the spin-independent
limits from the XENON100 experiment [46], which looks
for excitations in ultra-cold liquid Xe resulting from DM
scattering events. We performed the calculation of the SI
χ-nucleon cross section in the current model using the mi-
crOMEGAs [47] software package, taking the Lagrangian
in Eq. 1 as input. The calculation was done for values
of fud that produce the correct relic abundance (Fig. 6)

8 TeV 
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Figure 16: Exclusion plane in L–M
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, for the combination of the electron and muon channels.
Vector-like (left) and axial-vector-like (right) couplings are shown. The two gray lines indicate
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Figure 17: Excluded proton-dark matter cross section for vector-like (left) and axial-vector-like
(right) couplings, for the combination of the electron and muon channels. For comparison the
result from the monojet DM search [53] is also shown.

Table 7: The c-proton cross section upper limits at 90% CL for M
c

= 10 GeV.

x Vector coupling Axial-vector coupling
( cm2) ( cm2)

�1 4 ⇥ 10�41 1 ⇥ 10�40

0 6 ⇥ 10�40 2 ⇥ 10�40

+1 3 ⇥ 10�38 2 ⇥ 10�39

Vector-like D5d 
(destructive) 

8 TeV 
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Figure 4. Observed limits on the DM–nucleon scattering cross-section as a function of mχ at
90% CL for spin-independent (left) and spin-dependent (right) operators in the EFT. Results are
compared with the previous ATLAS searches for hadronically decaying W/Z [19], leptonically de-
caying Z [20], and j+χχ [15], and with direct detection searches by CoGeNT [75], XENON100 [76],
CDMS [77, 78], LUX [79], COUPP [80], SIMPLE [81], PICASSO [82] and IceCube [83]. The com-
parison between direct detection and ATLAS results is only possible within the limits of the validity
of the EFT [84].
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Figure 16: Exclusion plane in L–M
c

, for the combination of the electron and muon channels.
Vector-like (left) and axial-vector-like (right) couplings are shown. The two gray lines indicate
where the coupling becomes non-perturbative and (gDM) is equal to 1, as described in Sec-
tion 3.3. The green line shows the limit in the monojet final state [53], which is independent of
x for the limit on L.
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Figure 17: Excluded proton-dark matter cross section for vector-like (left) and axial-vector-like
(right) couplings, for the combination of the electron and muon channels. For comparison the
result from the monojet DM search [53] is also shown.

Table 7: The c-proton cross section upper limits at 90% CL for M
c

= 10 GeV.

x Vector coupling Axial-vector coupling
( cm2) ( cm2)

�1 4 ⇥ 10�41 1 ⇥ 10�40

0 6 ⇥ 10�40 2 ⇥ 10�40

+1 3 ⇥ 10�38 2 ⇥ 10�39

D5c (constructive): 
SU(2) gauge 
invariance violation. 

the mono-jet channel provides the most stringent constraints, while mono-W , Z, � or Higgs
signals would provide indispensable complementary information to identify DM.

The EFT approximation is valid when the momentum transfer in a given process of
interest is much smaller than the mass of the mediating particle. For momentum transfer
larger than or comparable to ⇤, the EFT description will break down. This situation is likely
to arise at the LHC, where the momentum of the partons in the colliding protons, and thus
the momentum transfer of the scattering processes, will be of TeV scale and comparable to
⇤ in many WIMP scenarios. The precise values of the parameters for which this break down
occurs have been the subject of several recent papers [33–36]. An alternative framework
which avoids these issues is “simplified models” [37–42]. In this framework a mediator is
explicitly included and interaction types which are generic yet phenomenologically distinct
are considered.

However, the validity of the EFT description is not governed only by the size of ⇤.
The standard list of EFT operators [3, 4] include several which do not respect the weak
gauge symmetries of the SM1. Such operators break down at the energies comparable to the
electroweak scale, vEW ⇡ 246 GeV, rather than the energy scale of new physics, ⇤, and are
certainly invalid at LHC energies. In fact, such operators should be suppressed by powers
of (vEW/⇤)n, and are thus of higher order in 1/⇤ than they naively appear. One should
proceed with caution in interpreting LHC limits on such operators.

In a recent paper [43] we demonstrated that operators which violate weak gauge symme-
tries can feature spurious cross section enhancements at LHC energies. This was particularly
pertinent for previous mono-W searches for dark matter at the LHC [8, 10, 15], which have
largely focused on SU(2) violating EFTs such as [22]

1

⇤2
(��µ�)

�
u�µu+ ⇠d�µd

�
, (1.2)

with ⇠ 6= 1. The large mono-W cross sections for such an EFT are in fact a manifestation of
the violation of weak gauge invariance in the form of unphysical longitudinalW contributions.
Previous work has used these unphysical enhancements of the mono-W cross section to place
very strong limits on dark matter EFTs. However, when gauge invariance is enforced we
shall see that the limits arising from the mono-W process will in general be weaker than
those arising from the mono-jet. Nonetheless, the mono-W process remains an important
complementary channel to explore the properties of dark matter.

It is the purpose of the present paper to study mono-W signals in renormalizable models
in which gauge invariance is enforced from the outset. We choose two example simplified
models, one involving t-channel exchange of a new colored scalar, and the other s-channel
exchange of a new Z 0 vector boson. We outline these two models in Section 2. In Section 3
we explore the LHC phenomenology of these models, to determine the current constraints
and the 14 TeV LHC reach for the mono-W signal. In Section 4 we explore the possibility
of obtaining SU(2) violating operators, like that of Eq. (1.2), from a gauge invariant model
after electroweak symmetry breaking. While such operators would allow for the production
of longitudinal WL bosons, potentially enhancing mono-W cross sections, we explain why
these e↵ects are constrained to be small.

1Indeed, some simplified models also have this shortcoming.
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Mono-H Signal simulation (1) 
• Simplified model 

•  Vector mediator Z’, with mass mZ’ 

•  gDM = 1.0, gq = 1/3 
•  Z’-Higgs coupling: gZ’ = mZ’ 

•  Baryonic Higgs – SM Higgs mixing: sinθ=0.3 

• Heavy scalar model 
•  Heavy scalar H, with mass mH 

•  Lagrangian: 

30 March 2016 DM at LHC 2016 (Amsterdam) 15 

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

Simplified models of DM production contain a massive mediator which can be a vector, an axial-vector,51

a scalar or a pseudo-scalar. In this analysis simplified models involving a vector mediator are considered52

following the recommendations of the LHC Dark Matter Forum [25].53

In the first model [20], Fig. 1(a), a vector mediator is exchanged in the s�channel, radiates a Higgs boson54

‘h’ and decays into two DM particles. The vector mediator is associated to the baryon number B, which55

is gauged under U (1)B [26]. The symmetry is spontaneously broken to generate the Z 0 mass. The dark56

matter candidate carries baryon number, which allows its coupling to quarks through the Z 0while avoiding57

couplings to leptons which are potentially tightly constrained by dilepton searches. The parameters of this58

model are: a) the coupling of Z 0 to dark matter, g� ; b) the coupling of Z 0 to quarks, gq; c) the coupling59

of Z 0 to the SM Higgs boson, gZ 0; d) the mixing angle between the baryonic Higgs boson, introduced in60

the model to generate the Z 0 mass, and the SM Higgs boson, sin ✓; e) the Z 0mass, mZ 0; and f) the DM61

mass, m� .62

In the second model (Fig. 1(b)), apart from the vector mediator, the SM is extended by an additional63

Higgs field doublet. In this two-Higgs-doublet model (2HDM) five physical Higgs bosons [21] appear: a64

light scalar h associated with the observed Higgs boson, a heavy scalar H , a pseudo-scalar, A, and two65

charged scalars H±. The vector mediator is produced resonantly, Fig. 1(b), and decays as Z 0 ! hA, in a66

Type-II two-Higgs-doublet model [27]. The pseudo-scalar A, subsequently decays into two DM particles67

with a large branching ratio. The results presented are for the alignment limit, in which the h � H mixing68

angle ↵ is related to �, where tan � is the ratio of vacuum expectation values of the two Higgs doublets,69

by ↵ = � � ⇡/2. Only regions of parameter space consistent with precision electroweak constraints [28]70

and with constraints from direct searches for dijet resonances [29–31] are considered. As the A boson71

is produced on-shell and decays into DM, the mass of the DM particle does not a�ect the kinematic72

properties or cross-section of the signal process when it is below half of the A boson mass. Hence, the73

Z 0-2HDM model is interpreted in the parameter spaces of Z 0 mass, mZ 0, A mass, mA, and tan �.74

(a)

q̄

q

�̄

h �

Z � Z �

(b)

q̄

q

�̄

h �

Z,Z � Z,Z �

(a)

q̄

q h

X

X̄

A0

Z 0

(b)

Figure 1: Feynman diagrams showing the simplified models where (a) a Z 0 decays to a pair of DM candidates
� �̄ after emitting a Higgs boson h, and (b) a Z 0 decays to the Higgs boson h and the pseudoscalar A of a two
Higgs-doublet model, and the latter decays to a pair of DM candidates � �̄.

2 ATLAS detector75

ATLAS is a multi-purpose particle physics experiment [32] at the LHC, with an approximately forward-76

backward symmetric and hermetic cylindrical geometry. At its inner-most part lies the inner detector (ID),77

immersed in a 2 T axial magnetic field provided by a thin superconducting solenoid, consisting of silicon78
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1 Introduction36

The discovery of a boson in 2012 by the ATLAS [1] and CMS [2] collaborations, consistent with the37

Standard Model (SM) Higgs boson, has opened up new possibilities in searches for new physics. In38

particular, events with a Higgs boson and missing transverse momentum (Emiss
T ) in the final state can be39

sensitive probes of scenarios predicting dark matter (DM) candidates.40

The ATLAS collaboration has previously reported the results of a search for such events at a centre-of-41

mass energy of
p

s = 8 TeV [3]. That search required the Emiss
T in the event to be larger than 90 GeV. The42

analysis reported in this note extends the previous results to a lower Emiss
T regime, using 3.2 fb�1 of pp43

collision data collected at
p

s = 13 TeV with the ATLAS detector in 2015.44

This note is organized as follows. Section 2 summarizes the DM production models in which the results45

of the analysis are interpreted. Section 3 gives a brief description of the ATLAS detector. Section 446

describes the dataset and the signal and background Monte Carlo (MC) simulation samples used. Section 547

explains the reconstruction and identification of physics objects, while Section 6 gives an outline of the48

event categorisation and optimisation. Section 7 summarizes the parameterisation of the signal and49

backgrounds. Section 8 discusses the experimental and theoretical systematic uncertainties that a�ect the50

results. Section 9 presents the results and their interpretations, and Section 10 gives a summary.51

Throughout this note, a lowercase h refers to the observed SM-like Higgs boson, while an uppercase H52

refers to the heavy scalar in the model described in Section 2.1.53

2 Theoretical Models54

The results of the search are interpreted in two theoretical models. In the first model, a heavy scalar decays55

into a Higgs boson as well as a pair of DM candidates. In the second model, which is a simplified model56

of DM production, a massive vector mediator emits a Higgs boson and subsequently decays into a pair of57

DM candidates. The models are briefly described below.58

2.1 Heavy scalar model59

t

t

t
g

g

H H

h

�

�

Figure 1: Production of a heavy scalar H via gluon fusion (left), and decay of H into a Higgs boson (denoted as h)
and a pair of dark matter candidates via an e�ective coupling (right).

The heavy scalar model [4] introduces a heavy scalar H in the mass range of 2mh < mH < 2mtop, which60

is produced primarily via gluon fusion (ggF) as shown in Fig. 1 (left). The production can be described61

by the Lagrangian:62

LH = �
1
4
�g 

SM
hgg

Gµ⌫Gµ⌫H + �V 
SM
hVV

VµV µH . (1)
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1 Introduction36

The discovery of a boson in 2012 by the ATLAS [1] and CMS [2] collaborations, consistent with the37

Standard Model (SM) Higgs boson, has opened up new possibilities in searches for new physics. In38

particular, events with a Higgs boson and missing transverse momentum (Emiss
T ) in the final state can be39

sensitive probes of scenarios predicting dark matter (DM) candidates.40

The ATLAS collaboration has previously reported the results of a search for such events at a centre-of-41

mass energy of
p

s = 8 TeV [3]. That search required the Emiss
T in the event to be larger than 90 GeV. The42

analysis reported in this note extends the previous results to a lower Emiss
T regime, using 3.2 fb�1 of pp43

collision data collected at
p

s = 13 TeV with the ATLAS detector in 2015.44

This note is organized as follows. Section 2 summarizes the DM production models in which the results45

of the analysis are interpreted. Section 3 gives a brief description of the ATLAS detector. Section 446

describes the dataset and the signal and background Monte Carlo (MC) simulation samples used. Section 547

explains the reconstruction and identification of physics objects, while Section 6 gives an outline of the48

event categorisation and optimisation. Section 7 summarizes the parameterisation of the signal and49

backgrounds. Section 8 discusses the experimental and theoretical systematic uncertainties that a�ect the50

results. Section 9 presents the results and their interpretations, and Section 10 gives a summary.51

Throughout this note, a lowercase h refers to the observed SM-like Higgs boson, while an uppercase H52

refers to the heavy scalar in the model described in Section 2.1.53

2 Theoretical Models54

The results of the search are interpreted in two theoretical models. In the first model, a heavy scalar decays55

into a Higgs boson as well as a pair of DM candidates. In the second model, which is a simplified model56

of DM production, a massive vector mediator emits a Higgs boson and subsequently decays into a pair of57

DM candidates. The models are briefly described below.58

2.1 Heavy scalar model59
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Figure 1: Production of a heavy scalar H via gluon fusion (left), and decay of H into a Higgs boson (denoted as h)
and a pair of dark matter candidates via an e�ective coupling (right).

The heavy scalar model [4] introduces a heavy scalar H in the mass range of 2mh < mH < 2mtop, which60

is produced primarily via gluon fusion (ggF) as shown in Fig. 1 (left). The production can be described61

by the Lagrangian:62

LH = �
1
4
�g 

SM
hgg

Gµ⌫Gµ⌫H + �V 
SM
hVV

VµV µH . (1)
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1 Introduction36

The discovery of a boson in 2012 by the ATLAS [1] and CMS [2] collaborations, consistent with the37

Standard Model (SM) Higgs boson, has opened up new possibilities in searches for new physics. In38

particular, events with a Higgs boson and missing transverse momentum (Emiss
T ) in the final state can be39

sensitive probes of scenarios predicting dark matter (DM) candidates.40

The ATLAS collaboration has previously reported the results of a search for such events at a centre-of-41

mass energy of
p

s = 8 TeV [3]. That search required the Emiss
T in the event to be larger than 90 GeV. The42

analysis reported in this note extends the previous results to a lower Emiss
T regime, using 3.2 fb�1 of pp43

collision data collected at
p

s = 13 TeV with the ATLAS detector in 2015.44

This note is organized as follows. Section 2 summarizes the DM production models in which the results45

of the analysis are interpreted. Section 3 gives a brief description of the ATLAS detector. Section 446

describes the dataset and the signal and background Monte Carlo (MC) simulation samples used. Section 547

explains the reconstruction and identification of physics objects, while Section 6 gives an outline of the48

event categorisation and optimisation. Section 7 summarizes the parameterisation of the signal and49

backgrounds. Section 8 discusses the experimental and theoretical systematic uncertainties that a�ect the50

results. Section 9 presents the results and their interpretations, and Section 10 gives a summary.51

Throughout this note, a lowercase h refers to the observed SM-like Higgs boson, while an uppercase H52

refers to the heavy scalar in the model described in Section 2.1.53

2 Theoretical Models54

The results of the search are interpreted in two theoretical models. In the first model, a heavy scalar decays55

into a Higgs boson as well as a pair of DM candidates. In the second model, which is a simplified model56

of DM production, a massive vector mediator emits a Higgs boson and subsequently decays into a pair of57

DM candidates. The models are briefly described below.58

2.1 Heavy scalar model59

t

t

t
g

g

H H

h

�

�

Figure 1: Production of a heavy scalar H via gluon fusion (left), and decay of H into a Higgs boson (denoted as h)
and a pair of dark matter candidates via an e�ective coupling (right).

The heavy scalar model [4] introduces a heavy scalar H in the mass range of 2mh < mH < 2mtop, which60

is produced primarily via gluon fusion (ggF) as shown in Fig. 1 (left). The production can be described61

by the Lagrangian:62

LH = �
1
4
�g 

SM
hgg

Gµ⌫Gµ⌫H + �V 
SM
hVV

VµV µH . (1)
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Mono-H Signal simulation (2) 
•  Two Higgs Doublet Model (2HDM) 

•  Vector mediator Z’, with mass mZ’ 

•  Pseudo-scalar Higgs boson A, with mass mA 

•  DM mass fixed: mDM = 100 GeV 
•  The ratio of the v.e.v. of two doublets: tanβ=1 
•  SM Higgs – heavy scalar Higgs mixing angle α=β-π/2 
(SM Higgs h, heavy scalar H, pseudo-scalar A, charged scalars H+ 
and H- are the 5 Higgs bosons after symmetry breaking.) 
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Simplified models of DM production contain a massive mediator which can be a vector, an axial-vector,51

a scalar or a pseudo-scalar. In this analysis simplified models involving a vector mediator are considered52

following the recommendations of the LHC Dark Matter Forum [25].53

In the first model [20], Fig. 1(a), a vector mediator is exchanged in the s�channel, radiates a Higgs boson54

‘h’ and decays into two DM particles. The vector mediator is associated to the baryon number B, which55

is gauged under U (1)B [26]. The symmetry is spontaneously broken to generate the Z 0 mass. The dark56

matter candidate carries baryon number, which allows its coupling to quarks through the Z 0while avoiding57

couplings to leptons which are potentially tightly constrained by dilepton searches. The parameters of this58

model are: a) the coupling of Z 0 to dark matter, g� ; b) the coupling of Z 0 to quarks, gq; c) the coupling59

of Z 0 to the SM Higgs boson, gZ 0; d) the mixing angle between the baryonic Higgs boson, introduced in60

the model to generate the Z 0 mass, and the SM Higgs boson, sin ✓; e) the Z 0mass, mZ 0; and f) the DM61

mass, m� .62

In the second model (Fig. 1(b)), apart from the vector mediator, the SM is extended by an additional63

Higgs field doublet. In this two-Higgs-doublet model (2HDM) five physical Higgs bosons [21] appear: a64

light scalar h associated with the observed Higgs boson, a heavy scalar H , a pseudo-scalar, A, and two65

charged scalars H±. The vector mediator is produced resonantly, Fig. 1(b), and decays as Z 0 ! hA, in a66

Type-II two-Higgs-doublet model [27]. The pseudo-scalar A, subsequently decays into two DM particles67

with a large branching ratio. The results presented are for the alignment limit, in which the h � H mixing68

angle ↵ is related to �, where tan � is the ratio of vacuum expectation values of the two Higgs doublets,69

by ↵ = � � ⇡/2. Only regions of parameter space consistent with precision electroweak constraints [28]70

and with constraints from direct searches for dijet resonances [29–31] are considered. As the A boson71

is produced on-shell and decays into DM, the mass of the DM particle does not a�ect the kinematic72

properties or cross-section of the signal process when it is below half of the A boson mass. Hence, the73

Z 0-2HDM model is interpreted in the parameter spaces of Z 0 mass, mZ 0, A mass, mA, and tan �.74

(a)

q̄

q

�̄

h �

Z � Z �

(b)

q̄

q

�̄

h �

Z,Z � Z,Z �

(a)

q̄

q h

X

X̄

A0

Z 0

(b)

Figure 1: Feynman diagrams showing the simplified models where (a) a Z 0 decays to a pair of DM candidates
� �̄ after emitting a Higgs boson h, and (b) a Z 0 decays to the Higgs boson h and the pseudoscalar A of a two
Higgs-doublet model, and the latter decays to a pair of DM candidates � �̄.

2 ATLAS detector75

ATLAS is a multi-purpose particle physics experiment [32] at the LHC, with an approximately forward-76

backward symmetric and hermetic cylindrical geometry. At its inner-most part lies the inner detector (ID),77

immersed in a 2 T axial magnetic field provided by a thin superconducting solenoid, consisting of silicon78
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Mono-H(bb) Results 
• ATLAS 13 TeV, 3.2 fb-1; 4 signal regions: 
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Resolved, 2 b-tag Merged, 2 b-tag 

Content (Table 2)	

22 March 2016 S. Meehan 30 

DRAFT

function as nuisance parameters, with Gaussian constraints, implemented using the framework described310

in Refs. [86, 87]. The nuisance parameters with the largest e�ect on the determination of the parameter of311

interest are the flavour-tagging and jet systematic uncertainties, together with the normalisation of the tt̄312

and W +bb̄ backgrounds. The reconstructed Higgs boson candidate mass distribution is shown in Fig. 2 in313

each of the Emiss
T categories for the set of events with two b-tags with the integrated event yields shown in314

Table 2. Furthermore, shown in Fig. 3 is the Emiss
T distribution in the signal region, noting that in the two315

portions of the spectrum, below and above Emiss
T = 500 GeV, the requirements on the hadronic activity is316

taken from the small-R and large-R jets, respectively. No significant excess of events is observed above the317

background with the global significance of the deviation of the data from the background only prediction318

being 0.056.319

Table 2: The numbers of predicted background events following the profile likelihood fit for each background
process, the sum of all background components, and observed data in the 2 b-tag signal region of the resolved and
merged channels for each Emiss

T region. Statistical and systematic uncertainties are combined. The uncertainties
on the total background take into account the correlation of systematic uncertainties among di�erent background
processes. An example signal expectation using the vector mediator model with m

Z

0 = 2000 GeV and m� = 1 GeV,
normalised with a cross section of 1 pb is also listed.

Emiss
T Resolved Merged

(GeV) 150–200 200–350 350–500 >500
Z + jets 258.52 ± 26.81 171.24 ± 13.13 14.63 ± 1.21 3.80 ± 0.44
W + jets 94.78 ± 27.79 70.14 ± 21.67 7.51 ± 2.42 2.48 ± 0.71
tt̄ & Single top 1444.38 ± 44.39 656.02 ± 24.51 30.76 ± 1.41 4.83 ± 0.88
Multijet 21.38 ± 9.96 10.89 ± 5.08 0.58 ± 0.27 –
Diboson 17.84 ± 1.62 18.73 ± 0.98 2.53 ± 0.22 1.20 ± 0.12
SMV h 2.77 ± 1.30 2.78 ± 1.40 0.46 ± 0.23 0.15 ± 0.08
Tot. Bkg. 1839.68 ± 33.12 929.80 ± 19.63 56.47 ± 2.08 12.47 ± 1.27
Data 1830 942 56 20
Exp. Signal 80.15 ± 7.95 244.53 ± 17.76 160.58 ± 11.56 149.28 ± 33.67

Upper limits on the production cross section for the process times branching ratio of the Higgs boson320

decaying to two bottom quarks (pp ! h � �Br (h ! bb̄)), set at 95% confidence level using the CL
s

321

modified frequentist formalism [88] with the profile likelihood ratio test statistic [89], are interpreted as322

lower limits on the mass parameters of interest in the specific model. In Fig. 4(a) the Z 0-2HDM exclusion323

contour in the (m
Z

0,m
A

) plane for tan � = 1, m� = 100 GeV is presented, with limits more stringent324

than obtained in Run 1, excluding Z 0 masses below 1400 GeV and A masses below 500 GeV for large Z 0325

masses. In Fig. 4(b), the exclusion contour is shown in the (m
Z

0,m� ) plane for the vector mediator model326

described in Section 3. This interpretation was not performed in Run 1 and the mass reach for this choice327

of couplings excludes Z 0 masses below 900 GeV for low DM mass.328
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Table 1: The numbers of predicted background events following the profile likelihood fit for each background
process, the sum of all background components, and observed data in the 2 b-tag signal region of the resolved and
merged channels for each Emiss

T region. Statistical and systematic uncertainties are combined. The uncertainties
on the total background take into account the correlation of systematic uncertainties among di�erent background
processes. The W/Z + bb, bc, bl and cc backgrounds have been merged and labelled W+hf and Z+hf. An example
signal expectation using the vector mediator model with mZ 0 = 2000 GeV and m� = 1 GeV, normalised with a cross
section of 0.1 fb is also listed.

Emiss
T Resolved Merged

(GeV) 150–200 200–350 350–500 >500
Z + l – 0.26 ± 0.19 0.10 ± 0.07 0.09 ± 0.01
Z + cl 2.8 ± 1.1 2.55 ± 0.90 0.35 ± 0.13 0.14 ± 0.05
Z + hf 255 ± 27 168 ± 13 14.2± 1.2 3.58 ± 0.45
W + l 3.2 ± 2.0 0.83 ± 0.33 0.03±0.02 0.05 ± 0.01
W + cl 5.4 ± 1.7 2.57 ± 0.85 0.26 ± 0.08 0.14 ± 0.06
W + hf 86 ± 29 67 ± 22 7.2 ± 2.5 2.30 ± 0.74
tt̄ 1336 ± 44 590 ± 24 24.5 ± 1.3 3.80 ± 0.81
single top 108.3 ± 8.2 66.1 ± 5.1 6.22± 0.55 1.03 ± 0.17
Multijet 21 ± 10 10.9 ± 5.1 0.58 ± 0.27 –
Diboson 17.8 ± 1.6 18.7 ± 1.0 2.53 ± 0.22 1.2 ± 0.12
(W/Z )h 2.8 ± 1.4 2.8 ± 1.4 0.46 ± 0.23 0.15± 0.08
Tot. Bkg. 1840 ± 33 930 ± 20 56.5 ± 2.1 12.5 ± 1.3
Data 1830 942 56 20
Exp. Signal 8.01 ± 0.80 24.5 ± 1.8 16.1 ± 1.2 14.9 ± 3.4

exclusion contour in the (mZ 0,mA) plane for tan � = 1, m� = 100 GeV is presented, which improves331

substantially over the Run-1 result, excluding Z 0 masses below 1400 GeV and A masses below 500 GeV332

for large Z 0 masses. In Fig. 4(a), the exclusion contour in the (mZ 0,m� ) plane for the vector mediator333

model described in Section 3. This interpretation was not performed in Run 1 and the mass reach for334

this choice of couplings excludes Z 0 masses below 1000 GeV and dark matter masses up to 1000 GeV for335

certain Z 0 masses.336
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13 TeV 

MET 

•  Stat error 20.5% 
•  Systematic error 10.3% 
•  Main background: 

•   Z+jets, W+jets, 
ttbar 

•  Estimated from 
1and 2 lepton CR 
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Figure 2: The reconstructed dijet and single jet invariant mass distribution in the resolved and the merged signal
regions for the case where two b-tags have been identified for the four kinematic regions. The Standard Model
background expectation is shown before (after) the profile likelihood fit by the dashed blue line (solid histograms)
with the bottom panel showing the ratio of the data to the predicted background after the combined fit. For visual
clarity the various components of the W/Z + jets (bb̄, bc, bl, cc̄, cl, ll) backgrounds have been merged and labelled
W + jets and Z + jets. An example signal expectation using the vector mediator model with mZ 0 = 2 TeV and m� = 1
GeV, normalised with a cross section of 0.1 pb is also shown.
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Figure 2: The reconstructed dijet and single jet invariant mass distribution in the resolved and the merged signal
regions for the case where two b-tags have been identified for the four kinematic regions. The Standard Model
background expectation is shown before (after) the profile likelihood fit by the dashed blue line (solid histograms)
with the bottom panel showing the ratio of the data to the predicted background after the combined fit. For visual
clarity the various components of the W/Z + jets (bb̄, bc, bl, cc̄, cl, ll) backgrounds have been merged and labelled
W + jets and Z + jets. An example signal expectation using the vector mediator model with mZ 0 = 2 TeV and m� = 1
GeV, normalised with a cross section of 0.1 pb is also shown.
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Figure 3: The reconstructed Emiss
T distribution in the combined resolved and merged two b-tag signal regions. The

Standard Model expectation is shown before (after) the profile likelihood fit by the dashed blue line (solid histograms)
with the bottom panel showing the ratio of the data to the predicted background after the combined fit. For visual
clarity the various components of the W/Z + jets (bb, bc, bl, cc, cl, ll) backgrounds have been merged and labelled
W + jets and Z + jets. It is noted, that the multijet background was found to be negligible in the merged region. An
example signal expectation using the vector mediator model with mZ 0 = 2 TeV and m� = 1 GeV, normalised with a
cross section of 0.1 pb is also shown.
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the parameter space below the limit contours are excluded at 95% CL.
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Mono-H(bb) Limits 
• Simplified model                       2HDM 
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13 TeV 

mZ’ < 900 GeV is excluded. mA < 500 GeV is excluded. 
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Figure 3: The reconstructed Emiss
T distribution in the combined resolved and merged two b-tag signal regions. The

Standard Model expectation is shown before (after) the profile likelihood fit by the dashed blue line (solid histograms)
with the bottom panel showing the ratio of the data to the predicted background after the combined fit. For visual
clarity the various components of the W/Z + jets (bb, bc, bl, cc, cl, ll) backgrounds have been merged and labelled
W + jets and Z + jets. It is noted, that the multijet background was found to be negligible in the merged region. An
example signal expectation using the vector mediator model with mZ 0 = 2 TeV and m� = 1 GeV, normalised with a
cross section of 0.1 pb is also shown.
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uncertainty bands, respectively. The observed limit is given by the solid line, see text for discussion. In both cases,
the parameter space below the limit contours are excluded at 95% CL.

29th March 2016 – 17:52 12

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

E
ve

n
ts

 /
 5

0
 G

e
V

2−10

1−10

1

10

210

310

410

510

610

710
ATLAS
Preliminary
2 b-tags

Resolved

200 400D
a
ta

/P
re

d

0.5

1

1.5
600 800 1000 1200

Data

Z+jets

 + Single toptt

W+jets

Diboson

Standard Model VH

Multijet

Background Uncertainty

Pre-fit Background

mono-H Vector Mediator

 = 1 GeV
χ

 = 2 TeV, MZ’M

 = 0.1 pb
Signal

σ

 = 13 TeVs
-1 L = 3.2 fb

Merged

 [GeV]miss
TE

600 800 1000 1200

Figure 3: The reconstructed Emiss
T distribution in the combined resolved and merged two b-tag signal regions. The

Standard Model expectation is shown before (after) the profile likelihood fit by the dashed blue line (solid histograms)
with the bottom panel showing the ratio of the data to the predicted background after the combined fit. For visual
clarity the various components of the W/Z + jets (bb, bc, bl, cc, cl, ll) backgrounds have been merged and labelled
W + jets and Z + jets. It is noted, that the multijet background was found to be negligible in the merged region. An
example signal expectation using the vector mediator model with mZ 0 = 2 TeV and m� = 1 GeV, normalised with a
cross section of 0.1 pb is also shown.
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Mono-H(γγ) Results 
• ATLAS 13 TeV, 3.2 fb-1 ; 4 signal regions 
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•  Signal and 
background are 
parameterized. 

•  Statistical error 
dominant. 



Mono-H(γγ) Limits 
• Simplified model:                     Heavy scalar model: 
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Conclusions 
• Mono-γ/Z/W/H dark matter searches were presented for 

ATLAS and CMS. 
•  These are 

•  Clean channels. 
•  No-ISR processes are possible. 

• Simplified models are the main focus in Run2 (13 TeV). 
• Mediator mass exclusion 

•  Mono-photon: 710 GeV 
•  Mono-H(bb): 900 GeV 

• Better exclusion at low mass than direct detection 
experiments. 
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Backup: Mono-Photon event selection 
and background estimation 
•  13 TeV, 3.2 fb-1 

•  Event selection: 
•  Photon trigger with threshold of pT > 120 GeV. 
•  Well reconstructed and isolated photon: 

•  pT > 150 GeV, |η| < 2.37. 
•  |z| < 0.25 m (suppress beam induced photons) . 

•  MET > 150 GeV. 
•  Δφ(γ,MET) > 0.4 (back to back). 
•  Lepton veto (suppress W/Z events). 
•  Rejects events with more than 1 jet. 

•  Low background: 
•  Z(vv)+γ (irreducible): simulation normalized in two leptons 

control region. 
•  W(lv)+γ and Z(ll)+γ with missing lepton(s): simulation 

normalized in single muon and two leptons control regions. 
•  γ+jets with missing jets: simulation normalized in low MET 

control region. 
•  W/Z + jets, top, diboson: 

•  Fake photon from leptons: determine electron-to-photon 
misidentification factor with Z(ee) sample -> apply it to e+MET 
sample. 

•  Fake photon from jets: ABCD method with photon ID and isolation. 

30 March 2016 DM at LHC 2016 (Amsterdam) 22 

E
ve

nt
s 

/ 1
50

 G
eV

1−10

1

10

210

310
data

γ)ν l→W(
Fake Photons

γ ll)→Z(
γ)νν→Z(

 + jetsγ

 PreliminaryATLAS

 -1=13 TeV, 3.2 fbs

Single-muon CR

 [GeV]miss
TE

150 200 250 300 350 400 450 500 550 600

D
at

a/
B

kg

0.5
1

1.5

Ev
en

ts
 / 

15
0 

G
eV

1−10

1

10

210
data

γ ll)→Z(

Fake Photons

γ)ν l→W(

 PreliminaryATLAS

 -1=13 TeV, 3.2 fbs

Two-electron CR

 [GeV]miss
TE

150 200 250 300 350 400 450 500 550 600

D
at

a/
Bk

g
0.5

1
1.5

1 muon CR 

2 electrons CR 

13 TeV 



Backup: Mono-W/Z(hadronic) Event 
Selection and  Backgrounds 
•  13 TeV, 3.2 fb-1, MET trigger 
•  Event Selection 

•  W or Z candidate = large-R jet 
•  MET > 250 GeV, and track based MET: p-

MET > 30 GeV 
•  Min[Δφ(MET,jets)] > 0.6 : no jets near MET 
•  Δφ(MET,p-MET) < π/2: track MET align to 

MET 
•  Lepton veto 

•  Background estimation 
•  Two muons CR: Z+jets 
•  One muon and no b-tagged track jets CR: 

W+jets 
•  One muon and b-tagged track jets CR: 

ttbar 
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Backup: Mono-H(bb) Event Selection 
•  13 TeV, 3.2 fb-1, MET trigger. 
• MET > 150 GeV, and track based MET: p-MET > 30 GeV 
•  Lepton veto (no isolated electron or muon with pT>7GeV) 
• H candidate: 

•  Two small-R jets (j1 and j2) in resolved region (MET<500GeV) 
•  Leading jet pT > 45 GeV 

•  One large-R jet in merged region (MET>500GeV) 
•  1 or 2 b-tagged jet(s). 

• Resolved region : cuts to suppress multi-jets background 
•  min[Δφ(MET,jets)] > 20 deg: No jets near MET. 
•  Δφ(MET,p-MET) < 90 deg: MET and track MET align. 
•  Δφ(MET,Higgs) > 120 deg: MET and H go back-to-back. 
•  Δφ(j1,j2) < 140 deg: Two jets are not back-to-back. 
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Backup: Mono-H(bb) Background 
Estimation 
• W+jets and ttbar with missing lepton: One-muon control 

region. 
•  Z+jets with missing leptons: Two-lepton control region 
• Multi-jet background (resolved region): data-driven 

method. Derived from multi-jet dominant region.  
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Figure 7: Post-fit plots of the invariant mass of the two signal jets for the 1 lepton control region for 1 tag events.
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Figure 10: Post-fit plots of the invariant mass of the two signal jets for the 2 lepton control region for 2 tag events.
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Backup: Mono-H(bb) Systematic errors 
• Systematic errors 
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DRAFT

Uncertainties on the signal acceptance from the choice of PDFs, from the choice of factorisation and290

renormalisation scales, and from the choice of parton-shower and underying event tune have been taken291

into account in the analysis. These are typically < 10% each, although they can be larger for regions with292

low acceptance at either low or high Emiss
T depending on the model and the choice of masses. In addition,293

uncertainties arising from the limited number of simulated events are taken into account.294

The contribution of the various sources of uncertainty for an example production scenario is given in295

Table 1.296

Source of uncertainty Impact (%)
Total 23.0
Statistical 20.5
Systematic 10.3

Experimental Uncertainties
b-tagging 6.6
Luminosity 4.4
Jets+Emiss

T

2.8
Leptons 0.4
Theoretical and Modeling Uncertainties
Top 5.1
Z+jets 3.4
Signal 2.6
W+jets 1.5
Diboson 0.6
Multijet 0.5
V H 0.4

Table 1: The percentage impact of the various sources of uncertainty on the expected production cross section for
signal expectation using the vector mediator model with m

Z

0 = 2000 GeV and m� = 1 GeV, normalised with a cross
section of 0.1 pb.

8 Results297

Results are extracted by means of a profile likelihood fit to the reconstructed invariant mass distribution of298

the dijet or single large-R jet system simultaneously in all signal and control regions. The spectra entering299

the fit are those from the three selections associated with the number of leptons with each of these regions300

divided into three categories based on the number of b-tags and four kinematic regions. In the zero lepton301

region, this division is based on Emiss
T while in the one and two lepton regions, it is based on p

T

(µ, Emiss
T )302

and p
T

(`, `), respectively. The shape information is not used in the zero b-tag distributions in order303

to simplify the fit. This division is designed to isolate separate and more e�ectively constrain di�erent304

backgrounds. In particular, the Z + jets background is constrained both by the sample of events containing305

two leptons and those containing zero leptons and zero b-tags. In addition, the set of events containing306

one lepton and zero b-tags constrains the W + jets background while those containing one and two b-tags307

constrain both the W + jets and tt̄ backgrounds. The parameter of interest in the fit is the signal yield, while308

all parameters describing the systematic uncertainties and their correlations are included in the likelihood309
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Backup: Mono-H(bb) Limits 
• EFT limits 
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Figure 5: Limits at 95% CL on the suppression scale ⇤ as a function of the DM mass (m�) for EFT operators
�̄�µ�Bµ⌫H†D⌫H (left) and �†@µ�H†DµH (right). Solid black lines are due to h(! bb̄) + Emiss

T (this article); regions
below the lines are excluded. Results where EFT truncation is applied are also shown, assuming coupling values
g =
p
gqg� = 1 (line with circles), 4⇡ (line with squares). The g = 4⇡ case overlaps with the no-truncation result.

The solid green line with hash marks indicates regions excluded by collider searches for h(! ��) + Emiss
T [16]. In

the right figure, the region below the dashed blue line fails the perturbativity requirement, the red line indicates
regions excluded by upper limits on the invisible branching ratio (BR) of the Z boson [103], and the magenta line
indicates regions excluded by the LUX Collaboration [104].

10 Conclusion

A search has been carried out for dark matter pair production in association with a Higgs boson that decays
into two b-quarks, using 20.3 fb�1 of pp collisions collected at

p
s = 8 TeV by the ATLAS detector at

the LHC. Two techniques are employed, one in which the two b-quark jets from the Higgs boson decay
are reconstructed separately (resolved), and the other in which they are found inside a single large-radius
jet using boosted jet techniques (boosted). A set of increasing Emiss

T thresholds defines the final signal
regions for each channel, optimized for individual signals in the parameter space probed.

The numbers of observed events are found to be consistent with Standard Model predictions. Results from
the resolved channel are used to set constraints in regions of parameter space for a Z0-two-Higgs-doublet
simplified model. For mA = 300 GeV, mZ0 = 700–1300 GeV is excluded for tan � < 2, with further
exclusion of larger mA when tan � = 1. The boosted channel results are interpreted in the framework of
di↵erent e↵ective field theory operators that describe the interaction between dark matter particles and
the Higgs boson. In addition, model-independent upper limits are placed in both channels on the visible
cross-section of events with large missing transverse momentum and a Higgs boson decaying to two
b-quarks for each of the ascending Emiss

T thresholds up to Emiss
T > 400 GeV.
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Figure 5: Limits at 95% CL on the suppression scale ⇤ as a function of the DM mass (m�) for EFT operators
�̄�µ�Bµ⌫H†D⌫H (left) and �†@µ�H†DµH (right). Solid black lines are due to h(! bb̄) + Emiss

T (this article); regions
below the lines are excluded. Results where EFT truncation is applied are also shown, assuming coupling values
g =
p
gqg� = 1 (line with circles), 4⇡ (line with squares). The g = 4⇡ case overlaps with the no-truncation result.

The solid green line with hash marks indicates regions excluded by collider searches for h(! ��) + Emiss
T [16]. In

the right figure, the region below the dashed blue line fails the perturbativity requirement, the red line indicates
regions excluded by upper limits on the invisible branching ratio (BR) of the Z boson [103], and the magenta line
indicates regions excluded by the LUX Collaboration [104].

10 Conclusion

A search has been carried out for dark matter pair production in association with a Higgs boson that decays
into two b-quarks, using 20.3 fb�1 of pp collisions collected at

p
s = 8 TeV by the ATLAS detector at

the LHC. Two techniques are employed, one in which the two b-quark jets from the Higgs boson decay
are reconstructed separately (resolved), and the other in which they are found inside a single large-radius
jet using boosted jet techniques (boosted). A set of increasing Emiss

T thresholds defines the final signal
regions for each channel, optimized for individual signals in the parameter space probed.

The numbers of observed events are found to be consistent with Standard Model predictions. Results from
the resolved channel are used to set constraints in regions of parameter space for a Z0-two-Higgs-doublet
simplified model. For mA = 300 GeV, mZ0 = 700–1300 GeV is excluded for tan � < 2, with further
exclusion of larger mA when tan � = 1. The boosted channel results are interpreted in the framework of
di↵erent e↵ective field theory operators that describe the interaction between dark matter particles and
the Higgs boson. In addition, model-independent upper limits are placed in both channels on the visible
cross-section of events with large missing transverse momentum and a Higgs boson decaying to two
b-quarks for each of the ascending Emiss

T thresholds up to Emiss
T > 400 GeV.
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Direct detection and Z->inv. 
shows stronger limits 

1 Introduction

Although dark matter (DM) contributes a large component of the mass-energy of the universe, its proper-
ties and interactions with known particles remain unknown [1]. In light of this unsolved puzzle, searches
for DM pair-produced at collider experiments provide important information complementary to direct
and indirect detection experiments in order to determine whether a signal observed experimentally in-
deed stems from DM [2].

The leading hypothesis suggests that most of the DM is in the form of stable, electrically neutral, massive
particles, i.e., Weakly Interacting Massive Particles [3]. This scenario gives rise to a potential signature
at a proton-proton collider where one or more Standard Model (SM) particles, “X”, is produced and
detected, recoiling against missing transverse momentum (with magnitude Emiss

T ) associated with the
noninteracting DM. Recent searches at the Large Hadron Collider (LHC) consider “X” to be a hadronic
jet [4, 5], heavy-flavor jet [6, 7], photon [8, 9], or W/Z boson [10, 11]. The discovery of the Higgs boson
h [12, 13] provides a new opportunity to search for DM production via the h+Emiss

T signature [14–16]. In
contrast to most of the aforementioned probes, the visible Higgs boson is unlikely to have been radiated
from an initial-state quark or gluon, and the signal would give insight into the structure of DM coupling
to SM particles.

Two approaches are commonly used to model generic processes yielding a final state with a particle X
recoiling against a system of noninteracting particles. One option is to use nonrenormalizable operators in
an e↵ective field theory (EFT) framework [17], where particles that mediate the interactions between DM
and SM particles are too heavy to be produced directly in the experiment and are described by contact
operators. Alternatively, simplified models that are characterized by a minimal number of renormaliz-
able interactions and hence explicitly include the particles at higher masses can be used [18]. The EFT
approach is more model-independent, but is not valid when a typical momentum transfer of the process
approaches the energy scale of the contact operators that describe the interaction. Simplified models do
not su↵er from these concerns, but include more assumptions by design and are therefore less generic.
The two approaches are thus complementary and both are included in this analysis.

2 Signal models and analysis strategy

Using the EFT approach, a set of models described by e↵ective operators at di↵erent dimensions is con-
sidered, as shown in Figure 1(a). Following the notation in Ref. [14], the e↵ective operators in ascending
order of their dimensions are:

�|�|2|H|2 (Scalar DM, dimension-4) (1)
1
⇤
�̄i�5�|H|2 (Fermionic DM, dimension-5) (2)

1
⇤2�

†@µ�H†DµH (Scalar DM, dimension-6) (3)

1
⇤4 �̄�

µ�Bµ⌫H†D⌫H (Fermionic DM, dimension-8) (4)

2



Backup: Mono-H(bb) Limits 
•  2HDM limits 

30 March 2016 DM at LHC 2016 (Amsterdam) 28 

8 TeV 

 [GeV]Z’m
600 700 800 900 1000 1100 1200 1300 1400

 [G
eV

]
A

m

300

350

400

450

500

550

600

650

700

750

800
Z’-2HDMATLAS

-1=8 TeV, 20.3 fbs =1βtan 

   
)theory

σ1 ±Observed limit (
   

)expect
σ1 ±Expected limit (

(a) mZ0 � mA

 [GeV]Z’m
600 700 800 900 1000 1100 1200 1300 1400

β
ta

n 

2

4

6

8

10

12 Z’-2HDMATLAS
-1=8 TeV, 20.3 fbs =300 GeVAm

   
)theory

σ1 ±Observed limit (
   

)expect
σ1 ±Expected limit (

(b) mZ0 � tan �

Figure 4: The Z0-2HDM exclusion contour in the (a) mZ0–mA plane for tan � = 1 and (b) mZ0–tan � plane for mA =
300 GeV. The expected limit is given by the dashed blue line, and the yellow bands indicate its ±1� uncertainty.
The observed limit is given by the solid red line, and the red dotted lines show the variations of the observed limit
due to a ±1� change in the signal theoretical cross-section. The parameter spaces below the limit contours are
excluded at 95% CL.

assumption is not valid, hence only limits for the �†@µ�H†DµH and �̄�µ�Bµ⌫H†D⌫H operators are shown
in Figure 5 for regions of parameter space where the kinematic assumption holds.

For both operators shown in Figure 5 corresponding to either fermionic or scalar DM candidates, the
limits achieved by this analysis are a few times stronger than the prior ATLAS search for DM production
in association with a Higgs boson where the Higgs boson decays to a pair of photons [16]. For the
�†@µ�H†DµH operator, the Z coupling between DM and nucleon leads to a sizable cross-section for
direct detection, and results from the LUX Collaboration [104] exclude larger regions of parameter space
than this search. However, the LUX limits are not applicable if the DM is inelastic leading to insu�cient
energy transition for direct detection. The upper limit on the branching ratio of the Z boson decaying
invisibly places stronger constraints for this model for DM with mass values below half of the Z boson
mass. For the lowest m� region not excluded by results from searches for invisible Higgs boson decays
or invisible Z boson decays near m� = mH/2, with the kinematic assumption, values of ⇤ up to 24, 91,
and 270 GeV are excluded for the �̄i�5�|H|2, �†@µ�H†DµH, and �̄�µ�Bµ⌫H†D⌫H operators respectively;
values of � above 6.7 are excluded for the |�|2|H|2 operator.
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mA = 300 GeV,  
mZ’ = 700 - 1300 GeV  
is excluded  
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Figure 4: The Z0-2HDM exclusion contour in the (a) mZ0–mA plane for tan � = 1 and (b) mZ0–tan � plane for mA =
300 GeV. The expected limit is given by the dashed blue line, and the yellow bands indicate its ±1� uncertainty.
The observed limit is given by the solid red line, and the red dotted lines show the variations of the observed limit
due to a ±1� change in the signal theoretical cross-section. The parameter spaces below the limit contours are
excluded at 95% CL.

assumption is not valid, hence only limits for the �†@µ�H†DµH and �̄�µ�Bµ⌫H†D⌫H operators are shown
in Figure 5 for regions of parameter space where the kinematic assumption holds.

For both operators shown in Figure 5 corresponding to either fermionic or scalar DM candidates, the
limits achieved by this analysis are a few times stronger than the prior ATLAS search for DM production
in association with a Higgs boson where the Higgs boson decays to a pair of photons [16]. For the
�†@µ�H†DµH operator, the Z coupling between DM and nucleon leads to a sizable cross-section for
direct detection, and results from the LUX Collaboration [104] exclude larger regions of parameter space
than this search. However, the LUX limits are not applicable if the DM is inelastic leading to insu�cient
energy transition for direct detection. The upper limit on the branching ratio of the Z boson decaying
invisibly places stronger constraints for this model for DM with mass values below half of the Z boson
mass. For the lowest m� region not excluded by results from searches for invisible Higgs boson decays
or invisible Z boson decays near m� = mH/2, with the kinematic assumption, values of ⇤ up to 24, 91,
and 270 GeV are excluded for the �̄i�5�|H|2, �†@µ�H†DµH, and �̄�µ�Bµ⌫H†D⌫H operators respectively;
values of � above 6.7 are excluded for the |�|2|H|2 operator.

19



Backup: Mono-H(γγ) Event selection and 
Backgrounds 
•  13 TeV, 3.2 fb-1, photon trigger. 
• Event selection: 

•  H candidate = two isolated  
   photons with pT > 25 GeV,  
                         |η| < 2.37 

•  H mass window [105 GeV, 160 GeV] 

• Signal and background are parameterized: 
•  Signal : a double sided Crystal Ball (DSCB) function 
•  Background:  

•  An analytical function is chosen from background MC samples. 
•  Evaluated by fitting to background dominant data. 
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DRAFT

is dominated by the intrinsic calorimeter resolution, while the impact from the vertex determination is225

negligible. The production vertex selection was studied with Z ! ee events in data and simulation by226

removing the electron tracks from the events. The MC simulation is found to accurately describe the227

e�ciency measured in data. The integrated e�ciency to locate the diphoton vertex within 0.3 mm of the228

production vertex for SM Higgs boson production via gluon fusion is 87% in the MC sample.229

In the simplified model of DM production, the Higgs boson recoils against the DM pair, resulting in large230

Emiss
T in the event and large pT of the diphoton candidate, denoted as p��T . By contrast, in the heavy scalar231

model, Emiss
T and p��T can span a wide range. Consequently, dividing the events into multiple categories232

based on these quantities increases the sensitivity to the two signal models. The events in the m�� window233

are divided into four categories based on Emiss
T , phard

T and p��T , where phard
T is the scalar sum of the pT of234

all selected jets and photons in the event.235

The definitions of the categories are optimised using MC samples for DM production, SM Higgs boson236

background, and continuum �� background, taking into account the systematic uncertainties. The237

optimised definitions of the categories are shown in Table 2.238

Table 2: Optimised criteria used in the categorisation. A ‘-’ denotes no requirement on that observable in that
category. The ‘Rest’ category excludes events that are in any of the other categories. The p��T > 15 GeV
requirement in the ‘Rest’ category is motivated by the fact that the background from the SM Higgs boson produced
via gluon fusion is very large at low values of p��T .

Category Emiss
T [GeV] phard

T [GeV] p��T [GeV]

High Emiss
T , high p��T > 100 - > 100

High Emiss
T , low p��T > 100 -  100

Intermediate Emiss
T > 50 and  100 > 40 -

Rest - - > 15

7 Signal and Background Parameterisation239

The signal is extracted by fitting an analytical function to the diphoton invariant mass spectrum in each240

category, which describes the background and a signal contribution.241

7.1 Signal model242

For signal modelling, a double sided Crystal Ball (DSCB) function2 is used, with mh = 125 GeV. For the243

fit to the heavy scalar signal, both the signal and the SM Higgs boson background are modelled using the244

heavy scalar signal MC sample, separately in each of the four categories. Similarly, for the fit to the DM245

signal in the simplified model, both the signal and the SM Higgs boson background are modelled using246

the DM signal MC sample in each category.247

2 A double-sided Crystal Ball function is composed of a Gaussian distribution at the core, with two power law distributions
describing the lower and upper tails.
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Backup: Mono-H(γγ) Systematic errors 
• Systematic errors: 
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analysis category. The resulting uncertainty on the number of events from gluon-fusion produced325

Higgs boson in the high Emiss
T and the Intermediate categories is 25%, while in the Rest category it326

is 10%.327

PDF uncertainty: For SM Higgs boson backgrounds, the PDF uncertainties are taken from Ref. [40]. For328

the signal processes, the PDF uncertainty is evaluated using the recommendations of PDF4LHC [42],329

both intra-PDF and inter-PDF uncertainties being extracted. Intra-PDF uncertainties are obtained by330

varying the parameters of the NNPDF2.3LO PDF set, while inter-PDF uncertainties are evaluated331

using alternative PDF sets. The final inter-PDF uncertainty is the maximum deviation among all332

the variations from the central value using the NNPDF2.3LO PDF set.333

Other theoretical uncertainties: The h ! �� branching ratio uncertainty is 4.9%, taken from Ref. [40].334

The e�ect of multi-parton interactions (MPI) was evaluated by switching it on and o� in P�����8335

in the production of the gluon-fusion produced Higgs boson sample. The resulting uncertainty on336

the number of events in this sample is 50% in the high Emiss
T , low p��T category.337

A summary of the experimental and theoretical uncertainties is given in Table 3 in terms of the fractional338

impact on the number of events from SM Higgs boson background processes.339

Table 3: Breakdown of the dominant systematic uncertainties. The impact of uncertainties on the yield of the SM
Higgs boson background processes is shown. All production modes of the SM Higgs boson are considered together
unless otherwise stated. Representative values for the impact on the four analysis categories are shown, unless a
given source has very di�erent impacts on di�erent categories, in which cases the largest and the smallest impacts
are shown separately.

Source Maximum uncertainty (%)

Experimental

Luminosity 5
Trigger e�ciency 0.4
Vertex selection 3.6 (Intermediate), 20 (High Emiss

T )
Photon identification e�ciency 2.8
Photon energy scale 1
Photon energy resolution 2
Photon isolation e�ciency 4
Emiss

T reconstruction 1 (Rest), 20 (Intermediate and High Emiss
T )

Pile-up reweighting 4.5

Theoretical

QCD scale uncertainty of ggH pT spectrum 10 - 20
Modelling of ggH Emiss

T spectrum 25
PDF 9
MPI 1 (Intermediate), 50 (High Emiss

T )
BR(h ! ��) 4.9
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