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Motivation and Detection of Dark Matter 

• Dark Matter (DM) has been one of the major unsolved problems in physics nowadays 
• What is the identity of DM? Is it a particle or not?   
• Much evidence from astrophysical measurements, but no evidence yet for non-gravitational interactions 

between DM and SM particles  

• Three detection ways:  
• Direct method: DM-nucleon elastic scattering, results in a recoil (with energy ~ 50 keV) 
• Indirect method: DM pair-annihilation, decay to various observable particles: χχ → tt, bb, WW, ZZ, γγ, …… 
• Collider method: main topic of this talk 
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Collider Method — DM searches at the LHC

• Two different paths: 

• Effective field theory (EFT) approach: several 
nonrenormalizable operators without the UV 
physics specified 
• largely model-independent  
• but cannot be reliable when parton energies 

in the events are comparable to the effective 
mass scale 

• don’t account the constraints on the UV 
physics generating these operators (e.g. 
contains from recent dijet/dilepton searches) 

• Simplified models: UV particles are kept as 
degrees of freedom, but more model-
dependent 
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1.3.6 Collider detection – Effective field theory models

Besides the Higgs-portal DM models, several contact interaction operators in effective field

theories (EFTs) are available to probe possible DM signals from colliders. As shown in Fig. 1.18,

these EFT models assume the DM pair coupling to a quark-antiquark pair (��̄qq̄) or two gauge

bosons (��̄V1V2) through a contact interaction. The total production rate and the distribution

of transverse momentum of the DM pair depends on the spin and mass of the DM, and the

Lorentz structure of its interaction to quarks or gauge bosons.
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Figure 1.18: The Feynman diagrams for the production of DM pairs with coupling to a quark-antiquark
pair (left, ��̄qq̄) or two gauge bosons (right, ��̄V1V2) through a contact interaction.

DM pair coupling to a quark-antiquark pair

For the EFT model of qq̄��̄, the DM particle � is assumed to be a Dirac fermion or a com-

plex scalar particle whose coupling to SM quarks q can be described by one of the effective

interaction terms [75]:

Vector coupling, spin-independent(D5) :
�̄�µ�q̄�µq
⇤2 ;

Axial-Vector coupling, spin-dependent(D8) :
�̄�µ�5�q̄�µ�5q

⇤2 ;

Tensor coupling, spin-dependent(D9) :
�̄�µ⌫�q̄�µ⌫q
⇤2 ;

Vector coupling, spin-independent(C3) :
�†
$
@µ�q̄�µq
⇤2 ;

(1.57)

where ⇤ parameterizes the effective cutoff scale for interactions between DM particles and

quarks. The operators denoted by D5, D8, and D9 couple to Dirac fermions, while C3 couples
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Figure 1.19: Feynman diagrams for simple tree level ultraviolet-complete models that contains a massive
spin-0 or spin-1 mediator exchanged in the s-channel. The DM particle is assumed to be a Dirac fermion
with mass m�. For the case of spin-1 mediator (left), the vector mediator is labeled as A. While for the
case of spin-0 mediator (right), the scalar mediator is marked as �.

s-channel vector mediator

Two models with vector and axial-vector couplings between the spin-1 mediator A and SM

and DM fields, the full Lagrangian of s-channel vector mediated dark matter model can be

written as:

LVector Mediator = LSM � 1
4
Fµ⌫F µ⌫ � 1

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

where the coupling gq is assumed to be universal to all quarks. We can rewrite the vector-type

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

in which f = �, q, the amplitude square for vector and axial-vector interaction term are given

by:

|MV |2 = g2
f
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!EFT!model!has!two!parameters:!DM!mass!mx,!the!effective!cutoff!scale!Λ!

!when!Qtr!<<!M,!EFT!model!will!become!reliable,!but$this$is$not$always$true$at$LHC
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1.3.6 Collider detection – Effective field theory models

Besides the Higgs-portal DM models, several contact interaction operators in effective field

theories (EFTs) are available to probe possible DM signals from colliders. As shown in Fig. 1.18,

these EFT models assume the DM pair coupling to a quark-antiquark pair (��̄qq̄) or two gauge

bosons (��̄V1V2) through a contact interaction. The total production rate and the distribution

of transverse momentum of the DM pair depends on the spin and mass of the DM, and the

Lorentz structure of its interaction to quarks or gauge bosons.
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Figure 1.18: The Feynman diagrams for the production of DM pairs with coupling to a quark-antiquark
pair (left, ��̄qq̄) or two gauge bosons (right, ��̄V1V2) through a contact interaction.

DM pair coupling to a quark-antiquark pair

For the EFT model of qq̄��̄, the DM particle � is assumed to be a Dirac fermion or a com-

plex scalar particle whose coupling to SM quarks q can be described by one of the effective

interaction terms [75]:

Vector coupling, spin-independent(D5) :
�̄�µ�q̄�µq
⇤2 ;

Axial-Vector coupling, spin-dependent(D8) :
�̄�µ�5�q̄�µ�5q

⇤2 ;

Tensor coupling, spin-dependent(D9) :
�̄�µ⌫�q̄�µ⌫q
⇤2 ;

Vector coupling, spin-independent(C3) :
�†
$
@µ�q̄�µq
⇤2 ;

(1.57)

where ⇤ parameterizes the effective cutoff scale for interactions between DM particles and

quarks. The operators denoted by D5, D8, and D9 couple to Dirac fermions, while C3 couples
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Figure 1.19: Feynman diagrams for simple tree level ultraviolet-complete models that contains a massive
spin-0 or spin-1 mediator exchanged in the s-channel. The DM particle is assumed to be a Dirac fermion
with mass m�. For the case of spin-1 mediator (left), the vector mediator is labeled as A. While for the
case of spin-0 mediator (right), the scalar mediator is marked as �.

s-channel vector mediator

Two models with vector and axial-vector couplings between the spin-1 mediator A and SM

and DM fields, the full Lagrangian of s-channel vector mediated dark matter model can be

written as:

LVector Mediator = LSM � 1
4
Fµ⌫F µ⌫ � 1

2
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where the coupling gq is assumed to be universal to all quarks. We can rewrite the vector-type

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

in which f = �, q, the amplitude square for vector and axial-vector interaction term are given

by:

|MV |2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins
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Collider Method — DM searches at the LHC (Mono-X)

• Mono-X: a final state of 
MET + Jet(s), photon, W, 
Z, Higgs, top/b quark 

• X can be emitted 

• either directly from 
ISR through SM 
gauge interactions 

• or from a BSM vertex 
coupling

4
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).

Lvector = gq Â
q=u,d,s,c,b,t
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Laxial�vector = gq Â
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5
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
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3
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q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

L
f

= g
c

fc̄c +
fp
2 Â

i

⇣

guyu
i ūiui + gdyd

i d̄idi + g`y`i ¯̀ i`i

⌘

, (2.6)

La = ig
c

ac̄g5c +
iap

2 Â
i

⇣

guyu
i ūig5ui + gdyd

i d̄ig5di+

g`y`i ¯̀ ig5`i

⌘

. (2.7)

where f and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
p

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ⌘ gu = gd = g`.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling g

c

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
m

c

, m
f,a, g

c

, gq (and G
f,a) parameter space that differ significantly

from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses m
c

and m
f,a.

Figure 2.23 and 2.24 show typical dependencies for scalar and
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neutralino, except for two distinct points: the c is a Dirac fermion
and the coupling g is not limited to be weak scale (g ⌧ 1). In the
MSSM, most of these processes are sub-dominant, even if reso-
nantly enhanced, because the production is proportional to weak
couplings. In the more general theories considered here, g is free
to take on large values of order 1 or more, and thus diagrams ne-
glected in MSSM simulation can occur at a much higher rate here.
While constraints from SUSY jets+/ET analyses on MSSM mod-
els can be recast to apply to the specific model in this report, DM
searches should also directly test their sensitivity to the MSSM
benchmark models.
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Figure 2.27: Leading order mono-jet
t-channel processes, adapted from
[PVZ14].

The state of the art calculation for these models is LO and
they can be interfaced with a parton shower program. The stud-
ies in this Section use a LO model implementation within Mad-
Graph5_aMC@NLO v2.2.3, but no parton shower could be em-
ployed in the time-frame of the conclusions of this Forum. Further
implementation details can be found in Section 4.1.3.
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Figure 2.28: Leading order two-jet
t-channel processes, adapted from
[PVZ14].

3
Specific models for signatures with EW bosons

In this Section, we consider specific models with a photon, a W bo-
son, a Z boson or a Higgs boson in the final state (V+/ET signature),
accompanied by Dark Matter particles that either couple directly to
the boson or are mediated by a new particle. The common feature
of those models is that they provide different kinematic distribu-
tions with respect to the models described in Section 2.

V

q̄

q

c̄

c

V Figure 3.1: Sketch of benchmark
models including a contact interac-
tion for V+MET searches, adapted
from [Nel+14].

The models considered in this Section can be divided into two
categories:

V-specific simplified models These models postulate direct couplings
of new mediators to bosons, e.g. they couple the Higgs boson to
a new vector or to a new scalar [Car+14; BLW14b].

Models involving a SM singlet operator including a boson pair that couples to Dark Matter through a contact interaction
Shown on the right-hand side of Figure 3.1, these models allow
for a contact interaction vertex that directly couples the boson to
Dark Matter [Cot+13; Car+13; CHH15; BLW14b]. These models
are included in this report devoted to simplified models since
UV completions for most of these operators proceed through
loops and are not available to date. These models provide a
benchmark to motivate signal regions that are unique to searches
with EW final states and would otherwise not be studied. How-
ever, we recommend to use these models as placeholders and
emphasize model-independent results especially in signal re-
gions tailored to these models. Wherever results are interpreted
in terms of these operators, a truncation procedure to ensure the
validity of the EFT should be employed, as detailed in the next
Section (Sec. 5).
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Figure A.1: Feynman diagrams of
leading order processes leading to
monotop events: production of a
colored scalar resonance j decaying
into a top quark and a spin-1/2
fermion c (a), s� (b) and t-channel
(c) non resonant production of a top
quark in association with a spin-1
boson V decaying invisibly.

metric matrices aq
SR (scalar couplings) and bq

SR (pseudoscalar cou-
plings) while those to the new fermion c and one single up-type
quark are given by the three-component vectors a1/2

SR and b1/2
SR in

flavor space.
Under the form of Eq. (A.1), the Lagrangian is the one intro-

duced in the original monotop search proposal [AFM11]. It has
been used by the CMS collaboration for Run I analyses after ne-
glecting all pseudoscalar components of the couplings and adding
the vector resonance case for which minimality requirements
are difficult to accommodate [CMS15d]. In contrast, the study
of Ref. [Bou+15] has imposed electroweak gauge invariance and
required minimality. This enforces all new couplings to be right-
handed so that

a1/2
SR = b1/2

SR =
1
2

y⇤s and aq
SR = bq

SR =
1
2

ls , (A.2)

where the objects ys and ls are a tridimensional vector and a 3 ⇥ 3
matrix in flavor space respectively. This class of scenarios is the
one that has been adopted by the ATLAS collaboration for its Run I
monotop searches [ATL15b] and will be considered by both collabo-
rations for Run II analyses.

The resulting model can be likened to the MSSM with an R-
parity violating of a top squark to the Standard Model down-type
quarks and an R-parity conserving interaction of a top quark and a
top-squark to a neutralino.

Non-Resonant production

For non-resonant monotop production, the monotop state is
produced via flavor-changing neutral interactions of the top quark,
a lighter up-type quark and a new invisible vector particle V. This
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quark are given by the three-component vectors a1/2

SR and b1/2
SR in

flavor space.
Under the form of Eq. (A.1), the Lagrangian is the one intro-

duced in the original monotop search proposal [AFM11]. It has
been used by the CMS collaboration for Run I analyses after ne-
glecting all pseudoscalar components of the couplings and adding
the vector resonance case for which minimality requirements
are difficult to accommodate [CMS15d]. In contrast, the study
of Ref. [Bou+15] has imposed electroweak gauge invariance and
required minimality. This enforces all new couplings to be right-
handed so that
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SR = b1/2
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SR = bq

SR =
1
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where the objects ys and ls are a tridimensional vector and a 3 ⇥ 3
matrix in flavor space respectively. This class of scenarios is the
one that has been adopted by the ATLAS collaboration for its Run I
monotop searches [ATL15b] and will be considered by both collabo-
rations for Run II analyses.

The resulting model can be likened to the MSSM with an R-
parity violating of a top squark to the Standard Model down-type
quarks and an R-parity conserving interaction of a top quark and a
top-squark to a neutralino.

Non-Resonant production

For non-resonant monotop production, the monotop state is
produced via flavor-changing neutral interactions of the top quark,
a lighter up-type quark and a new invisible vector particle V. This
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The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).

Z0
Z0

q̄

q

c̄

c

h

(a)

Z0

A0

q̄

q

c̄

c

h

(b)

Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.

mono-Jet/photon/W/Z mono-Higgs
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mono-V
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Introduction — mono-Higgs
• Difference between mono-Higgs and other mono-X searches  

• ISR Higgs boson is Yukawa suppressed, a mono-Higgs signal can only be through 
BSM vertex  

• This talk will focus on Higgs decaying to ZZ*→4ℓ𝓁, 𝛾𝛾, and bb  

• Three simplified models: 
• Z’-2HDM: vector mediator (Z’), two-Higgs-doublet: h; H (CP-even); A0(CP-odd); H±;  

• DM only coupling to pseudo-scalar A0, Z’→A0 + h  
• free parameters: gq , gΧ , MZ’ ,MA0, MΧ, mixing angles h-H, A0-H 

• Z’B: a vector boson Z’ with baryon number coupling with Higgs,  
• free parameters: gq , gΧ , gZ’, MZ’ ,MΧ , mixing angle h-hB  

• Scalar model: a massive scalar S 
• free parameters: gq, yx, MS, MX, coupling S and h, mixing angle S-h
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Figure 3.3: Examples of Feynman
diagrams leading to Higgs+/ET events
for a model with a scalar mediator (S)
coupling with DM and with the Higgs
boson h.

3.1.1 /ET +Higgs from a baryonic Z0

The model shown in Fig. 3.2 (a) postulates a new gauge boson
Z0 corresponding to a new U(1)B baryon number symmetry. The
stable baryonic states included in this model are the DM candidate
particles. The mass of the Z0 boson is acquired through a baryonic
Higgs hB, which mixes with the SM Higgs boson.

The interactions between the Z0, the quarks and the DM are
described by the following Lagrangian:

L = gqq̄g

µqZ0
µ

+ g
c

c̄g

µ

cZ0
µ

. (3.1)

The quark couplings gq are fixed to be equal to one third of the
gauge coupling gB, while the DM coupling to the Z0 are propor-
tional to the baryon number and to the gauge coupling (g

c

= BgB).
No leptonic couplings of the Z0 are allowed, thus evading dilep-
ton constraints. After incorporating the mixing of the baryonic
and SM Higgs bosons, this model is is described by the following
Lagrangian term at energies below mZ0 1: 1 The operator in Eqn. 3.2 is an effec-

tive one, to highlight the two main
terms. The full dimension-4 simplified
model is used in the model for event
generation.

Leff = � gqg
c

m2
Z0

q̄g

µqc̄g

µ

c

⇣

1 +
ghZ0Z0

m2
Z0

h
⌘

, (3.2)

The first term of this equation is the standard DMV model in the
large MZ0 limit. This term can lead to a monojet signature, which
can be also used to constrain this model. The second term describes
the interaction between the Z0 and the SM Higgs boson, via the
coupling ghZ0Z0 =

mZ02 sin q

vB
, where sin q is the mixing angle between

the SM Higgs and the baryonic Higgs hB, and vB is the Baryonic
Higgs vacuum expectation value.

In its most general form, this model can contribute to mono-Z
signals due to the Z0 mixing with the Z or photon. Note that EWSB
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The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).
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Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.
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• A model where a vector mediator (Z0
B) is exchanged in the
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• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).
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coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.
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Mono-Higgs(→ZZ*→4ℓ𝓁)

• H→ZZ*→4ℓ𝓁 has low BR, but this channel is very clean 

• Multi-leptons triggers (Efficiency > 99%) 

• Event selection: at least four well-identified, isolated leptons, 
same flavor-opposite-charge lepton pair match to Z mass 

• Background:  
• ZZ* (irreducible): from simulation with NNLO@QCD, 

NLO@EWK correction 
• ttV/VVV: from simulation 
• Z+jets, ttbar: Data driven estimated shape and normalization  

• Signal region: M4ℓ𝓁 [110,140] GeV, MET>100 GeV  

• No significant BSM excess is observed! Upper limit is set on the 
production cross section times BR as a function of mediator 
mass in both Z’B and Scalar scenarios
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(b) Vector mediator

Figure 10: Upper limits on the cross section as a function of the mediator mass for (a) the scalar model and (b) the
vector model corresponding to a dark matter mass of 1 GeV.
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Figure 5: m4` distribution of the selected candidates, compared to the background expectation (a) in the low mass
region. Distributions of data (filled circles) and the expected signal and backgrounds events in the m34 – m12 plane
with the requirement of m4` in 110–140 GeV (b). The projected distributions are shown for m12 (c) and m34 (d). The
signal contribution is shown for mH = 125 GeV as blue histograms in (a), (c) and (d). The expected background
contributions, ZZ⇤ (red histogram), Z+ jets plus tt̄ (purple histogram) and tt̄V plus VVV (yellow histogram), are
shown in (a), (c) and (d); the systematic uncertainty associated to the total background contribution is represented by
the hatched areas. The expected distributions of the Higgs signal (blue) and total background (red) are superimposed
in (b), where the box size (signal) and colour shading (background) represent the relative density.
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Figure 9: The Emiss
T distribution of the selected data candidates in the 110 < m4` < 140 GeV region compared to the

SM expectation. Expected dark matter signal distributions (solid and dashed lines) for a vector mediator scenario
with mmed = 200 GeV and a scalar mediator scenario with mmed = 300 GeV are shown, as are the expected SM
backgrounds (filled histograms). The last bin contains the integral of the overflow.

Table 11: Expected yields for the background components and two signal models in the two Emiss
T categories for

candidates with 110 < m4` < 140 GeV. The observed yields are shown in the last row. The uncertainties include
both statistical and systematic components.

Process High-Emiss
T category Low-Emiss

T category
(Emiss

T > 100 GeV) (Emiss
T < 100 GeV)

H ! ZZ⇤ ! 4` (2.1 ± 0.6) · 10�2 4.9 ± 0.5
ZZ⇤ (0.7 ± 0.4) · 10�2 4.4 ± 0.4
Z+jets and tt̄ (3.1 ± 1.2) · 10�2 0.8 ± 0.5
ZH(`⌫`⌫) (1.2 ± 0.6) · 10�5 (5.8 ± 0.8) · 10�4

ZH(``⌫⌫) (1.3 ± 0.8) · 10�7 (8.2 ± 1.5) · 10�7

Total background (5.9 ± 1.6) · 10�2 10.1 ± 1.0
Vector mediator signal (9.7 ± 3.3) · 10�2 (1.3 ± 0.6) · 10�1
m� = 1 GeV, mmed = 200 GeV
Scalar mediator signal 0.41 ± 0.14 0.44 ± 0.09m� = 1 GeV, mmed = 300 GeV
Data 0 9
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Scalar Z’B

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-059/


Mono-Higgs(→𝛾𝛾)
• Diphoton trigger (Efficiency > 99%)  

• Two well-defined photons with pT > 35(25) GeV, and relative cut 
pT/m𝛾𝛾 > 0.35 (0.25) 

• MET is calculated w.r.t. the diphoton vertex including track-based 
soft term 

• Non-resonant background  
• 𝛾𝛾: dominant, need large METSig cut to reject  
• 𝛾+jets: second dominant, similar to 𝛾𝛾 when the jet is mis-

identified as a photon 
• V𝛾, V𝛾𝛾: visible contribution at High METSig, where a lepton is 

misidentified a a photon or not well-reconstructed (induce fake 
MET) 

• Resonant background: SM Higgs, ZH is irreducible 

7

Table 2: Optimised criteria used in the categorisation. A ‘-’ denotes no requirement on that observable in that
category, apart from the selections applied in Section 6. 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 contribution
from the SM Higgs boson produced via gluon fusion is very large at low values of p��T .

Category SEmiss
T

[
p

GeV] p��T [GeV]

High SEmiss
T

, high p��T > 7 > 90
High SEmiss

T
, low p��T > 7  90

Intermediate SEmiss
T

> 4 and  7 > 25
Rest - > 15

7.1 Modeling of Signals and SM Higgs Boson Background

For modeling the signal and the background from the SM Higgs boson, a double-sided Crystal Ball
function4 is used, with parameters fit to the diphoton mass distribution of the relevant signal or the SM
Higgs boson samples. The generated samples use a Higgs boson mass of 125 GeV. MC studies have shown
that the shapes of the reconstructed m�� spectra of the SM Higgs boson and the BSM signal samples agree
with each other. Both the signal and the SM Higgs boson background are modeled using the relevant MC
sample, separately in each of the four categories.

7.2 Modeling of Non-Resonant Background

The non-resonant background contribution is evaluated from data by fitting an analytic function to the
m�� distribution [44]. The form of the function is chosen by performing a test using templates built from
background MC samples for non-resonant processes. The m�� distributions from these samples are fitted
in the range of 105 GeV < m�� < 160 GeV with a signal plus a background model. Since no signal is
present in these background-only samples, the resulting number of signal events from the fit, Nsp, can be
taken as a measure of the bias in a particular background model. Such a bias is considered acceptable
if Nsp is smaller than 10% of the expected signal rate of SM Higgs boson or smaller than 20% of the
statistical uncertainty on the number of background events in the fitted signal peak in the mass range.
The largest Nsp in the mass range is taken as a systematic uncertainty on the background model. This
procedure is referred to as a spurious signal test.

The spurious signal test is performed in the intermediate and the rest categories, which have su�cient
numbers of events to enable such a test. An exponential of a second order polynomial is found to fulfill the
requirements, and is used to model the background in these two categories. The systematic uncertainty
corresponding to this function is 3% of the gluon-fusion produced Higgs boson contribution in the
intermediate category and 13% of the same background in the rest category. Owing to the small number
of events in the high SEmiss

T
categories, a spurious signal test is not feasible, and a simple exponential

function is used to model the non-resonant background.

4 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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background. This non-resonant background shape from MC is also used to assess the spurious signal
systematics as described in section 7.2.
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Figure 3: Inclusive SEmiss
T

distribution in the full dataset compared to Monte Carlo shape prediction. The �� sample
shape is reweighted to the Emiss

T distribution in the data. The �-jet shape is obtained from a reweighting of the
�� sample using a data driven measurement of �-jet/�� ratio as a function of the diphoton mass. Finally, The
�� and �-jet are scaled to the data driven fraction, accounting for 78%, 21% of the total, respectively. The stack
of background contributions is normalized to the data. A typical example of each signal model is shown. In the
bottom ratio plot, the yellow band shows the statistical uncertainties from MC samples added in quadrature with
the systematic uncertainties. The full di�erence between MC and data distribution shapes is taken into account
when evaluating systematics on the limits set on the models investigated. In the statistical analysis, the non-resonant
backgrounds are fitted from data and the MC samples of these backgrounds are not used.

7 Signal and Background Parameterisation

The signal is extracted by fitting an analytic function to the diphoton invariant mass distribution in each
category. The function describes the background and signal contributions. The full fit model includes the
signal, the SM Higgs boson background and the non-resonant backgrounds.
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DRAFT

data driven sample composition measurement, accounting for 78% �� and 21% �-jet is then used to build283

up the total �� + �-jet MC prediction. It has been checked that the agreement between MC and data is284

fair in each specific category and the full di↵erence between data and simulated samples have been taken285

into account in the systematic uncertainties estimations.286
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Figure 3: Inclusive SEmiss
T

and p��T distributions in the full dataset compared to Monte Carlo predictions. The ��,
�-jet are scaled to the data driven fraction, accounting for 78%, 21%, respectively. The �� sample is reweighted in
the Emiss

T distribution to data. The stack of background contributions are normalized to the data. The three signal
samples are shown. The �-jet requires at least one loose ID but not tight ID photon.

Table 2: Optimised criteria used in the categorisation. A ‘-’ denotes no requirement on that observable in that
category, apart from the selections applied in this section. 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 contribution
from the SM Higgs boson produced via gluon fusion is very large at low values of p��T .

Category SEmiss
T

[
p

GeV] p��T [GeV]

High SEmiss
T

, high p��T > 7 > 90
High SEmiss

T
, low p��T > 7  90

Intermediate SEmiss
T

> 4 and  7 > 25
Rest - > 15

7 Signal and Background Parameterisation287

The signal is extracted by fitting an analytical function to the diphoton invariant mass spectrum in each288

category, which describes the background and signal contributions. The full fit model includes the signal,289

the SM Higgs boson background and the non-resonant backgrounds.290
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A good performance of Emiss
T implies to recalculate the soft-terms with regard to the correct vertex. Fig-271

ures 8 show the impact of changing the vertex in soft-term calculation on the total Emiss
T calculation. It272

can be deduced that the diphoton vertex performs better than the hardest vertex and that lower tails as well273

as resolution is achieved by changing the vertex. A more detailed study for the performance of the Emiss
T274

with respect to two di↵erent vertices is presented in Annexe A. The conclusion from this study is that for275

all SM samples and the heavy scalar searches, changing from the hardest vertex to the diphoton vertex is276

convenient due to the higher identification e�cency. However, in the case of MonoHiggs samples, hardest277

vertex seem to perform better than the monoHiggs for events where at least one truth jet is present.278

5.4.1. Emiss
T

significance279

Performance studies on Emiss
T reconstruction show that it is not completely insensitive to the level of

pileup in a given event. As shown in Figure 8-b, the MET resolution increases linearily with the number
of pileup eents. Nevertheless, ⌃Et , the scalar sum of the tranverse momentum of every signle object
measured inside the ATLAS detector acceptance, is also growing with the number of pileup events. From
this, one can define a much more pileup resilient variable called Emiss

T significance, defined as :

SEmiss
T
=

Emiss
Tp
⌃Et

This quantity is used to define the categories used in the present analysis. Figure 9 shows SEmiss
T

distribu-280

tion of the inclusive diphoton sample passing the HGAM selection and its dependence with the number281

of primary vertices.282

5.5. Overlap removal283

Overlap removal between di↵erent objects is performed in the following order. Electrons and muons284

close to photons are removed if the lepton is within �R < 0.4 of the photon. If a jet is within �R < 0.4285

of a photon or within �R < 0.2 of an electron, the jet is removed. Finally, if a lepton is within �R < 0.4286

of a jet, the lepton is removed.287
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Control plots

●
Differences in E

T

miss

 significance are taken as systematics :

– 25 % for HMHP category for ggF sample.

– 60 % for HMLP category for ggF sample.
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Mono-Higgs(→𝛾𝛾)

• Double-sided Crystal Ball function is 
used to model the signal shape as well 
the SM Higgs  

• Data-driven non-resonant background: 

• High METSig category: simple 
exponential  

• Intermediate and rest categories: 
exponential of 2nd order polynomial.  

• No significant BSM excess is observed!
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Figure 4: Diphoton invariant mass distribution for data and the corresponding fitted signal and background in the
four categories. The non-resonant background and the predicted SM Higgs boson contributions are shown. The fit
result including signal, SM Higgs boson and non-resonant background are shown by the blue curve. The fit depicted
constrains the signal contribution to be non-negative, and its best-fit value is zero, which is shown here. The fitted
signal shown here is the Z 0B model with a DM particle mass of 1 GeV and MZ 0 = 20 GeV.

10 Conclusion

Searches for new phenomena in diphoton events with di�erent Emiss
T requirements are presented with

13.3 fb�1 of proton-proton collision data collected at the centre-of-mass energy of 13 TeV with the
ATLAS detector at the LHC in 2015 and 2016.

No significant excess over the background expectation is observed. The results of the analysis are
interpreted in the context of three theoretical models. For the simplified model of dark matter production
involving a massive vector mediator Z 0B, a 95% CL upper limit of 3 fb is set on the cross-section times
branching ratio of h to � �̄ for a mediator mass of 50 GeV and a dark matter mass of 1 GeV. For the
Z 0-2HDM model, 95% CL exclusion limits on cross-section times branching ratio of h to � �̄ are shown
as a function of the pseudoscalar mass mA0 and vector mediator mass mZ0. In the model involving heavy
scalar production, a 95% CL upper limit of 18.2 (23.9) fb is set on the product of the cross-section and
the branching fraction into the h ! �� final state with a DM particle of 50 (60) GeV. With respect to the
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10 Conclusion

Searches for new phenomena in diphoton events with di�erent Emiss
T requirements are presented with

13.3 fb�1 of proton-proton collision data collected at the centre-of-mass energy of 13 TeV with the
ATLAS detector at the LHC in 2015 and 2016.

No significant excess over the background expectation is observed. The results of the analysis are
interpreted in the context of three theoretical models. For the simplified model of dark matter production
involving a massive vector mediator Z 0B, a 95% CL upper limit of 3 fb is set on the cross-section times
branching ratio of h to � �̄ for a mediator mass of 50 GeV and a dark matter mass of 1 GeV. For the
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four categories. The non-resonant background and the predicted SM Higgs boson contributions are shown. The fit
result including signal, SM Higgs boson and non-resonant background are shown by the blue curve. The fit depicted
constrains the signal contribution to be non-negative, and its best-fit value is zero, which is shown here. The fitted
signal shown here is the Z 0B model with a DM particle mass of 1 GeV and MZ 0 = 20 GeV.
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No significant excess over the background expectation is observed. The results of the analysis are
interpreted in the context of three theoretical models. For the simplified model of dark matter production
involving a massive vector mediator Z 0B, a 95% CL upper limit of 3 fb is set on the cross-section times
branching ratio of h to � �̄ for a mediator mass of 50 GeV and a dark matter mass of 1 GeV. For the
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Figure 4: Diphoton invariant mass distribution for data and the corresponding fitted signal and background in the
four categories. The non-resonant background and the predicted SM Higgs boson contributions are shown. The fit
result including signal, SM Higgs boson and non-resonant background are shown by the blue curve. The fit depicted
constrains the signal contribution to be non-negative, and its best-fit value is zero, which is shown here. The fitted
signal shown here is the Z 0B model with a DM particle mass of 1 GeV and MZ 0 = 20 GeV.
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Searches for new phenomena in diphoton events with di�erent Emiss
T requirements are presented with

13.3 fb�1 of proton-proton collision data collected at the centre-of-mass energy of 13 TeV with the
ATLAS detector at the LHC in 2015 and 2016.

No significant excess over the background expectation is observed. The results of the analysis are
interpreted in the context of three theoretical models. For the simplified model of dark matter production
involving a massive vector mediator Z 0B, a 95% CL upper limit of 3 fb is set on the cross-section times
branching ratio of h to � �̄ for a mediator mass of 50 GeV and a dark matter mass of 1 GeV. For the
Z 0-2HDM model, 95% CL exclusion limits on cross-section times branching ratio of h to � �̄ are shown
as a function of the pseudoscalar mass mA0 and vector mediator mass mZ0. In the model involving heavy
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• Upper limit is set on the production cross section times BR as a function of 
mediator mass in both Z’B and Z’-2HDM scenarios

9

Mono-Higgs(→𝛾𝛾)
ATLAS-CONF-2016-087
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Figure 5: Expected and observed 95% CL exclusion upper limits on the product of the cross section of pp! h � �̄
and BR(h ! ��) in the Z 0B model corresponding to couplings of gq = 1/3, g� = 1 and sin ✓ = 0.3. The limits are
shown as a function of the mediator mass for a fixed DM particle mass of 1 GeV.

 [GeV]0Am
200 300 400 500 600 700 800

) [
fb

]
γγ 

→
 B

R(
h 

×) χχ
 h

→
(p

p 
σ

95
%

 C
L 

lim
it 

on
 

1−10

1

10

210
Observed
Expected

σ 1±Expected 
σ 2±Expected 

 PreliminaryATLAS
-1 = 13 TeV, 13.8 fbs

, Z'-2HDM modelχ χ) + γγ h(→pp 
 = 1000 GeVZ'm = 100 GeV, χm = 0.8, 

Z'
g = 1.0, βtan

 [GeV]Z'm
400 600 800 1000 1200 1400

) [
fb

]
γγ 

→
 B

R(
h 

×) χχ
 h

→
(p

p 
σ

95
%

 C
L 

lim
it 

on
 

1−10

1

10

210

310
Observed
Expected

σ 1±Expected 
σ 2±Expected 

 PreliminaryATLAS
-1 = 13 TeV, 13.3 fbs

, Z'-2HDM modelχ χ) + γγ h(→pp 
 = 200 GeV0Am = 100 GeV, χm = 0.8, 

Z'
g = 1.0, βtan

Figure 6: (Left) Expected and observed 95% CL exclusion upper limits on the product of the cross section of
pp ! h � �̄ and BR(h ! ��) in the Z 0-2HDM model corresponding to couplings of tan � = 1, gZ0 = 0.8, and
mZ 0=1000 GeV. The limits are shown as a function of the pseudoscalar A0 mass for a fixed DM particle mass of
100 GeV. Also shown are the expected limits on �(pp ! h � �̄) ⇥ BR(h ! ��) for this model. (Right) Expected
and observed 95% CL exclusion upper limits on the product of the cross section of pp! h � �̄ and BR(h ! ��) in
the Z 0-2HDM model corresponding to couplings of tan � = 1, gZ0 = 0.8, mA0=200 GeV. The limits are shown as a
function of Z 0 mass for a fixed DM particle mass of 100 GeV.
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Mono-Higgs(→bb)
• MET Trigger (Efficiency: ~100%@200GeV) 

• Signal region:  

• Resolved: two b-tagged jets + intermediate MET 
• Merged: one large-R jet with two b-tagged tracks 

+ large MET 

• Background: 
• two main backgrounds: W/Z+jets (15~65%); 

ttbar(45~80%)  
• control regions are defined with 1-/2-lepton events

10

EXOT-2015-23

ETmiss >500350 < ETmiss  < 500

ttbar control Z+jets control

boost

Resolved Merged
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Mono-Higgs(→bb)

11

DM!+!Higgs!(bb)

20

Figure 13: An event display of a signal event in the merged signal region. This event is characterized by Emiss
T =213

GeV and two b-tagged small-R calorimeter jets that form a dijet system with with m j j = 120 GeV.

31

Figure 12: An event display of a signal event in the merged signal region. This event is characterized by Emiss
T =694

GeV and a large-R jet with mJ = 106 GeV and two b-tagged track jets.
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Resolved Region (ETmiss < 500 GeV)
 small radius jets

Merged Region (ETmiss > 500 GeV)
 large radius jet

EXOT-2015-23

MET = 213 GeV, Mjj = 120 GeV MET = 694 GeV, mJ = 106 GeV,  
and two b-tagged track jets
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Mono-Higgs(→bb)

• No significant BSM excess is observed!  

• Shape-based limit is obtained from dijet/single-large-R-jet mass simultaneously in all SRs and CRs. 

• 2D Limit contour (mDM, mZ’) are set for both Z’B and Z’-2HDM scenarios
12

EXOT-2015-23

Z’B
Z’-2HDM
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Summary

• The dark matter searches with a signature of Higgs plus missing transverse energy in ATLAS are 
presented using 2015/2016 data 

• Spirit: using the recent discovered Higgs boson as a tool for new possible discovery  

• No significant BSM excess is observed yet, but looking forward to results using full 2015+2016 
dataset. 

13

3x



Thank you!


