
On behalf of the ATLAS Collaboration KIP ATLAS Nachwuchsgruppe

Dark Matter searches with the ATLAS Detector

Stanislav Suchek

Ruprecht-Karls-Universität Heidelberg
Kirchhoff-Institut für Physik

On behalf of the ATLAS Collaboration

Baryon and Lepton Number Violation 2017, Cleveland

15.05.2017

Stanislav Suchek Dark Matter searches at ATLAS BLV2017, 15.05.2017 1 / 28



On behalf of the ATLAS Collaboration KIP ATLAS Nachwuchsgruppe

Can we probe dark matter with LHC?

15% of ordinary matter (SM) and 85%
of dark matter (DM)

What is the physics portal
between SM and DM sectors?

What drives existing SM and DM
fractions in our Universe?

Dark matter (DM) and matter decoupled today ⇒
decoupled in the past?

If coupled in the past, can DM explain baryon asymmetry?

Mechanisms of DM baryogenesis? WIMPs?

WIMPs: (meta)stable, m ∼ O(10 − 100) GeV ⇒ can be produced @ LHC!
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Dark matter: complementary way to discover

Baryon and Lepton Number Violation 2017 KIP ATLAS Nachwuchsgruppe

Photon + �ET :
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DM production 
(collider searches)

DM annihilation (assuming thermal freeze-out)
(indirect searches)
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This talk assumes WIMP Dark Matter
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Dark matter searches at ATLAS: general picture
Baryon and Lepton Number Violation 2017 KIP ATLAS Nachwuchsgruppe

Photon + �ET :
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ATLAS

SM particles+ DM

W/Z/h + DM

heavy flavour + DM

jet + DM

photon + DM

Long-lived 
particles

(metastable DM)

Invisible decays
(Z, Higgs)

SUSY Dark sector
searches

DM mediators
(resonant searches)
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Dark matter production at LHC

X+ /ET signature

• Dark matter (DM) does not interact with detector ⇒
missing transverse momentum ( /ET ).

• Typical signature:
DM recoiling against Standard Model particles (back-to-back topology).

Baryon and Lepton Number Violation 2017 KIP ATLAS Nachwuchsgruppe
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Dark matter production at LHC

X+ /ET typical signature

• Dark matter (DM) does not interact with the detector material ⇒
seen as missing transverse momentum ( /ET ).

• Typical signature is DM recoiling against Standard Model particles
(back-to-back topology).

Higgs + /ET ⇒ direct
probe of BSM physics!

2

h,Z, �,

Z 0, S, ...

h

�

�q̄, g

q, g

FIG. 1: Schematic diagram for mono-Higgs production in pp
collisions mediated by electroweak bosons (h, Z, �) or new me-
diator particles such as a Z0 or scalar singlet S. The gray
circle denotes an e↵ective interaction between DM, the Higgs
boson, and other states.

signals at the 8 TeV and 14 TeV LHC, with 20 fb�1 and
300 fb�1 respectively, in four Higgs boson decay channels
(bb̄, ��, 4`, ``jj), including both new physics and SM
backgrounds. In Sec. V, we conclude.

II. NEW PHYSICS OPERATORS AND MODELS

We describe new physics interactions between DM and
the Higgs boson that may lead to mono-Higgs signals at
the LHC. In all cases, the DM particle is denoted by �
and may be a fermion or scalar. We also assume � is a
gauge singlet under SU(3)C ⇥ SU(2)L ⇥ U(1)Y .

First, we consider operators within an EFT frame-
work where � is the only new degree of freedom beyond
the SM. Next, we consider simplified models with an
s-channel mediator coupling DM to the SM. For both
cases, Fig. 1 illustrates schematically the basic Feynman
diagram for producing h + 6ET (although not all mod-
els considered here fit within this topology). Quarks or
gluons from pp collisions produce an intermediate state
(e.g., an electroweak boson or a new mediator particle)
that couples to h��.

At the end of this section, we identify several bench-
mark scenarios (both EFT operators and simplified mod-
els) that we consider in our mono-Higgs study, see Ta-
ble I.

A. E↵ective operator models

The simplest operators involve direct couplings be-
tween DM particles and the Higgs boson through the
Higgs portal |H|2 [14–20]. For scalar DM, we have a
renormalizable interaction at dimension-4:

�|H|2�2 , (1)

where � is a real scalar and � is a coupling constant. For
(Dirac) fermion DM, we have two operators at dimension-
5:

1

⇤
|H|2�̄� ,

1

⇤
|H|2�̄i�5� , (2)

suppressed by a mass scale ⇤. Mono-Higgs can arise via
gg ! h⇤ ! h�� through these operators. However, it is

important to note that these interactions lead to invis-
ible Higgs boson decay for m� < mh/2. Treating each
operator independently, the partial widths in each case
are

�(h ! ��) =
�2v2

4⇡mh
scalar � (3a)

�(h ! ��̄) =
v2mh

8⇡⇤2
fermion � (3b)

neglecting O(m2
�/m2

h) terms, where v ⇡ 246 GeV is the
Higgs vacuum expectation value. If invisible decays are
kinetimatically open, it is required that � . 0.016 (⇤ &
10 TeV) for scalar (fermion) DM to satisfy Binv < 38%
obtained in Ref. [6]. In this case, since the couplings
must be so suppressed, the leading mono-Higgs signals
from DM are from di-Higgs production where one of the
Higgs bosons decays invisibly, as we show below. On the
other hand, if m� & mh, invisible Higgs boson decay is
kinematically blocked and the DM-Higgs couplings can
be much larger.

At dimension-6, there arise several operators that give
mono-Higgs signals through an e↵ective h-Z-DM cou-
pling. For scalar DM, we have

1

⇤2
�†i

$
@µ�H†iDµH (4)

while for fermionic DM we have

1

⇤2
�̄�µ�H†iDµH ,

1

⇤2
�̄�µ�5�H†iDµH . (5)

When the Higgs acquires its vev, the Higgs bilinear be-
comes

1

⇤2
H†iDµH ! � g2v

2

4cW⇤2
Zµ

⇣
1 +

h

v

⌘2

, (6)

where g2 is the SU(2)L gauge coupling and cW ⌘ cos ✓W

is the cosine of the weak mixing angle. Thus, these oper-
ators generate mono-Higgs signals via qq̄ ! Z⇤ ! h��.
However, for m� < mZ/2, these operators are strongly
constrained by the invisible Z width. The partial width
for scalar DM is

�(Z ! ��†) =
g2
2v4mZ

768⇡c2
W⇤4

scalar � , (7)

neglecting O(m2
�/m2

Z) terms. For fermionic DM, the par-
tial width is larger by a factor of four for either of the
operators in Eq. (5). Requiring �inv

Z . 3 MeV [21] im-
poses that ⇤ & 400 GeV (550 GeV) for scalar (fermion)
DM if such decays are kinematically open.

At higher dimension, there are many di↵erent oper-
ators to consider for coupling h�� to additional SM
fields. Here we focus in particular on operators arising at
dimension-8 that couple DM particles and the Higgs field
with electroweak field strength tensors [22]. (Such oper-
ators have been considered recently in connection with

jet/γ/W/Z + /ET
mostly from radiation

Higgs → invisible
(if mDM < mHiggs/2)
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Photon + /ET : strategy

High /ET > 150 GeV and γ
from initial state radiation
(ISR).

Look for an excess in /ET
distribution.

OLEG BRANDT 

l  Analysis strategy: 
-  Require ! + ET

miss > 150 GeV  
-  Look for excess 

5 

PHOTON + ET
MISS [1] 

ev
en

ts
 

ET
miss 

5 ET
miss bins 

3 inclusive,  
2 exclusive 

Selection overview 

[1] CERN-EP-2017-044 

jets veto: <=1 jet 
with p  > 30 GeV  T

Baryon and Lepton Number Violation 2017 KIP ATLAS Nachwuchsgruppe

Photon + �ET :
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DM simplified models:

(brand new with 36.1 fb−1!)
arXiv: 1704.03848

Stanislav Suchek Dark Matter searches at ATLAS BLV2017, 15.05.2017 6 / 28



On behalf of the ATLAS Collaboration KIP ATLAS Nachwuchsgruppe

Photon + /ET signature: results

Main backgrounds:

Irreducible: SM Z(→ νν) + γ (55-75%)

Reducible: W (→ lν) + γ (10-15%)

Other reducible: γ+jets (2-10%), γ fakes (e, jets; 10-15%)

0 lepton 1 lepton 2 lepton γ+jets
signal region (SR) control region (CR) control region (CR) control region (CR)

signal constrain W (→ lν) + γ constrain Z(→ νν) + γ constrain γ+jets
from Z(→ ll) + γ
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Photon + /ET signature: results
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Higgs + /ET signature

H → bb̄
(brand new with 36.1 fb−1!)

+ High Br(H → bb̄) ≈ 58%

- Large SM backgrounds

OLEG BRANDT 12 

HIGGS + ET
MISS SIGNATURES WITH 36.1 FB-1 

�

�
Emiss

T

h

b

b̄

h ! bb̄

Highest BR = 58%  
High SM backgrounds 

New! 

�

�
Emiss

T

�

�
h

h ! �� New! 

Low BR = 0.2%  
High purity in mh window 

(not shown today) 
ATLAS-CONF-2017-024 

ATLAS-CONF-2017-028 ATLAS-CONF-2017-028

H → γγ
(brand new with 36.1 fb−1!)

- Low Br(H → bb̄) ≈ 0.2%

+ Very low SM backgrounds

OLEG BRANDT 12 

HIGGS + ET
MISS SIGNATURES WITH 36.1 FB-1 

�

�
Emiss

T

h

b

b̄

h ! bb̄

Highest BR = 58%  
High SM backgrounds 

New! 

�

�
Emiss

T

�

�
h

h ! �� New! 

Low BR = 0.2%  
High purity in mh window 

(not shown today) 
ATLAS-CONF-2017-024 

ATLAS-CONF-2017-028 

ATLAS-CONF-2017-024
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Higgs + /ET signature: strategy

High /ET > 150 GeV (> 90 GeV for H → γγ).

Two jets from b quarks (two γ) in final state.

Look for an excess in mbb̄ (mγγ) distributions.
Baryon and Lepton Number Violation 2017 KIP ATLAS Nachwuchsgruppe
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125 GeV× 4 /ET bins× 1,2 b quark jets

DM simplified model:
Z ′-2HDM (Type-II)
(arXiv: 1402.7074)

gZ′ = 0.8, tanβ = 1.0, mχ = 100 GeV
2

q̄

q h

X

X̄

Z/�

q̄

q h

X

X̄

A0

Z 0

FIG. 1: Production mechanisms for dark matter plus Higgs through (left) a contact operator coupling dark matter to Zh or
�h, or (right) a new Z0 coupled to a two Higgs doublet model, where the new pseudoscalar A0 decays primarily to the dark
matter.

tion V.
We also note that the mono-Higgs signal has recently

been discussed in Refs. [18, 19]. Ref. [18] considered con-
tact operators coupling dark matter to SM Higgs dou-
blets and possibly other SM states (the operators are dif-
ferent from the ones in this paper); however they found
that for most of the operators the bounds on the cut-
o↵ scale are quite low, less than 50 GeV, which is well
beyond the regime of validity for assuming a contact op-
erator.

Ref. [19] considered a somewhat di↵erent set of opera-
tors as well as simplified models. For the “Higgs-portal”-
type operators (e.g., [20–22]), they find LHC limits to be
much weaker than exclusion limits on Higgs invisible de-
cay for DM masses below mh/2, while direct detection is
very constraining at higher masses. Ref. [19] also consid-
ered simplified models with an additional Z 0, where the
Higgs is produced through Higgs-strahlung of the Z 0. For
the case of Z � Z 0 mass mixing, they found mono-Higgs
is only able to probe large mixing angles (sin ✓ > 0.1), in
apparent conflict with precision electroweak data. In con-
trast, for our scenario the Z 0 is produced resonantly and
decays, and we have imposed the precision electroweak
constraint from fits of the ⇢0 parameter.

II. Higgs + MET AT THE LHC

We consider two possible Higgs decay channels, bb̄ and
��, as promising for observing Higgs plus MET. The bb̄
channel has the largest branching ratio for a Higgs of
mass mh = 125 GeV, Br(h ! bb̄) ⇡ 0.577 [23], and
gives the best statistics for the signal, while the diphoton
branching ratio is only Br(h ! ��) ⇡ 2.28 ⇥ 10�3, but
is potentially a very clean channel. These channels as
well as multi-lepton final states from h ! ZZ⇤ were also
studied in [19].

The dominant irreducible SM background for Higgs
plus MET is Zh production with Z decaying to neutrinos.
Depending on the decay channel, other SM backgrounds
can also be comparable or larger. Here we rely on the
ATLAS report [24] to derive bounds from LHC Run 1.
For 14 TeV projections, we estimate backgrounds rates

LHC Run 1 14 TeV

tt̄ 200 1006 ± 335

Zbb̄ 336 682 ± 26

V h 23 142 ± 5

SM total 727 ± 11 1830 ± 336

Dim-8, fermion DM 329 ± 10 23150 ± 880

MZ0 = 1 TeV, tan� = 1 43 ± 1 1836 ± 36

TABLE I: Background and signal events for h ! bb̄ decay,
for the cuts described in the text. The background num-
bers for LHC Run 1 are taken from Ref. [24] for MET > 120
GeV. For our background estimate at a 14 TeV LHC, we in-
clude only the processes listed here; uncertainties from MC
statistics are shown and we include an additional 25% sys-
tematic uncertainty in deriving constraints. For the signal
from a dimension-8 operator with fermion DM, Eq. (7), we
take fiducial values of ⇤ = 200 GeV and mX = 1 GeV. For
the Z0 case, the coupling is the upper limit allowed by the ⇢0

constraint, shown in Fig. 4.

from our own Monte Carlo event simulations and also use
some results from [19].

Our dark matter models have been implemented with
FeynRules 2.0 [25], and our event generation makes use
of the MadGraph [26], PYTHIA [27], and Delphes [28]
pipeline from parton-level to detector-level simulation.

A. Two b-jet channel

A search for h ! bb̄ decay in association with a Z/W
boson has been performed using the data of Run 1 of
the LHC; the observed signal strength is compatible with
that of the SM Higgs boson [24, 29]. In particular, the
ATLAS collaboration presents an analysis for the Z(⌫⌫̄)h
channel in several MET bins, with the full integrated
luminosity of 4.7/fb at 7 TeV and 20.3/fb at

p
s = 8

TeV [24]. We use these results to derive constraints on
mono-Higgs for the models in this paper.

Event selection is governed by demanding two leading

New U(1) gauge boson

pseudoscalar

Br(A -> XX) = 100%
Stanislav Suchek Dark Matter searches at ATLAS BLV2017, 15.05.2017 10 / 28
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Higgs(→ bb̄) + /ET signature: backgrounds and regions

Main backgrounds:

Resonant: SM
Z(νν) + h(bb̄)
Non-resonant:

Z(→ νν)+jets
(30-70%)
W (→ lν)+jets
(10-20%)
tt̄ (10-50%)

0 lepton
signal region (SR)

signal and constrain
Z(→ νν)+jets

1 lepton
control region

constrain W (→ lν)+jets
and tt̄

2 lepton
control region

constrain Z(→ νν)+jets
from Z(→ ll)+jets
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Higgs(bb̄)/Higgs(γγ) + /ET : results2

q̄

q h

X

X̄

Z/�

q̄

q h

X

X̄

A0

Z 0

FIG. 1: Production mechanisms for dark matter plus Higgs through (left) a contact operator coupling dark matter to Zh or
�h, or (right) a new Z0 coupled to a two Higgs doublet model, where the new pseudoscalar A0 decays primarily to the dark
matter.

tion V.
We also note that the mono-Higgs signal has recently

been discussed in Refs. [18, 19]. Ref. [18] considered con-
tact operators coupling dark matter to SM Higgs dou-
blets and possibly other SM states (the operators are dif-
ferent from the ones in this paper); however they found
that for most of the operators the bounds on the cut-
o↵ scale are quite low, less than 50 GeV, which is well
beyond the regime of validity for assuming a contact op-
erator.

Ref. [19] considered a somewhat di↵erent set of opera-
tors as well as simplified models. For the “Higgs-portal”-
type operators (e.g., [20–22]), they find LHC limits to be
much weaker than exclusion limits on Higgs invisible de-
cay for DM masses below mh/2, while direct detection is
very constraining at higher masses. Ref. [19] also consid-
ered simplified models with an additional Z 0, where the
Higgs is produced through Higgs-strahlung of the Z 0. For
the case of Z � Z 0 mass mixing, they found mono-Higgs
is only able to probe large mixing angles (sin ✓ > 0.1), in
apparent conflict with precision electroweak data. In con-
trast, for our scenario the Z 0 is produced resonantly and
decays, and we have imposed the precision electroweak
constraint from fits of the ⇢0 parameter.

II. Higgs + MET AT THE LHC

We consider two possible Higgs decay channels, bb̄ and
��, as promising for observing Higgs plus MET. The bb̄
channel has the largest branching ratio for a Higgs of
mass mh = 125 GeV, Br(h ! bb̄) ⇡ 0.577 [23], and
gives the best statistics for the signal, while the diphoton
branching ratio is only Br(h ! ��) ⇡ 2.28 ⇥ 10�3, but
is potentially a very clean channel. These channels as
well as multi-lepton final states from h ! ZZ⇤ were also
studied in [19].

The dominant irreducible SM background for Higgs
plus MET is Zh production with Z decaying to neutrinos.
Depending on the decay channel, other SM backgrounds
can also be comparable or larger. Here we rely on the
ATLAS report [24] to derive bounds from LHC Run 1.
For 14 TeV projections, we estimate backgrounds rates

LHC Run 1 14 TeV

tt̄ 200 1006 ± 335

Zbb̄ 336 682 ± 26

V h 23 142 ± 5

SM total 727 ± 11 1830 ± 336

Dim-8, fermion DM 329 ± 10 23150 ± 880

MZ0 = 1 TeV, tan� = 1 43 ± 1 1836 ± 36

TABLE I: Background and signal events for h ! bb̄ decay,
for the cuts described in the text. The background num-
bers for LHC Run 1 are taken from Ref. [24] for MET > 120
GeV. For our background estimate at a 14 TeV LHC, we in-
clude only the processes listed here; uncertainties from MC
statistics are shown and we include an additional 25% sys-
tematic uncertainty in deriving constraints. For the signal
from a dimension-8 operator with fermion DM, Eq. (7), we
take fiducial values of ⇤ = 200 GeV and mX = 1 GeV. For
the Z0 case, the coupling is the upper limit allowed by the ⇢0

constraint, shown in Fig. 4.

from our own Monte Carlo event simulations and also use
some results from [19].

Our dark matter models have been implemented with
FeynRules 2.0 [25], and our event generation makes use
of the MadGraph [26], PYTHIA [27], and Delphes [28]
pipeline from parton-level to detector-level simulation.

A. Two b-jet channel

A search for h ! bb̄ decay in association with a Z/W
boson has been performed using the data of Run 1 of
the LHC; the observed signal strength is compatible with
that of the SM Higgs boson [24, 29]. In particular, the
ATLAS collaboration presents an analysis for the Z(⌫⌫̄)h
channel in several MET bins, with the full integrated
luminosity of 4.7/fb at 7 TeV and 20.3/fb at

p
s = 8

TeV [24]. We use these results to derive constraints on
mono-Higgs for the models in this paper.

Event selection is governed by demanding two leading

New U(1) gauge boson

pseudoscalar

Br(A -> XX) = 100%

Stronger limits for
pT (Higgs) > 150 GeV

ATLAS-CONF-2017-028

Complementary for
pT (Higgs) < 150 GeV

ATLAS-CONF-2017-024
Stanislav Suchek Dark Matter searches at ATLAS BLV2017, 15.05.2017 12 / 28
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Higgs invisible decays and Higgs portal

Higgs production and decay rates
(bb, γγ, ZZ, WW, Zγ, ττ, µµ)

Direct searches for H→invisible
(vector-boson fusion,

associated VH production)

Combined upper limit on Br(Higgs → invisible) < 23%

We will take the H1 as the SM-like Higgs that is consistent with the LHC discovery [28,
29]. So far the measurements of the 125 GeV Higgs boson signal strengths [30, 31] indicate
that the mixing angle ↵ is small sin↵ . 0.4 [32–34].

The Lagrangian describing the interactions of H1,2 with the SM particles and the singlet
fermion DM is given by

Lint = �(H1 cos↵ + H2 sin↵)

"X

f

mf

vh

f̄f � 2m2
W

vh

W+
µ W�µ � m2

Z

vh

ZµZ
µ

#

+ g�(H1 sin↵� H2 cos↵) �̄� . (2.4)

in the mass eigenstates for the neutral scalar bosons.
There are four free parameters relevant to our phenomenological study, m�, mH2 , g� and

sin↵. Moreover, there could be new decay modes open for the H2, such as H2 ! H1H1

if kinematically allowed. And we will see later that the total decay width of H2 (�H2)
is playing a very important role in reconstructing observables at detector level through
interference between H1 and H2 propagators. Therefore �H2 will be treated as the fifth free
parameter in the following discussion.

III. THE INTERFERENCE EFFECT BETWEEN TWO SCALAR MEDIATORS

AT LHC

In the singlet fermion DM model with Higgs portal described in the previous section, the
DM production is dominated by three processes as shown in Fig. 1: i.e. gluon-gluon fusion
(ggF), vector boson fusion (VBF) and Higgs Strahlung (VH).

g

g

t Hi

�

�̄

q

q

q

q

Hi

�

�̄

V

q

q̄

V

V

Hi

�

�̄

FIG. 1: The dominant DM production processes at LHC.

In contrast to the simplified scalar mediated DM model recommended by the LHC Dark
Matter Forum [11], there are two propagators (H1 and H2) that can mediate the DM pair
production in the gauge invariant model descried in the previous section. Note that the
Lagrangian in Eq. (2.4) resembles the singlet scalar mediated DM model in Ref. [11] when
only fermionic couplings of H2 are concerned.

The interference between two propagators in the di↵erential production cross sections of
the DM pair take the following form:

d�i

dm��

/ | sin 2↵ g�
m2

�� � m2
H1

+ imH1�H1

� sin 2↵ g�
m2

�� � m2
H2

+ imH2�H2

|2 , (3.1)
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We will take the H1 as the SM-like Higgs that is consistent with the LHC discovery [28,
29]. So far the measurements of the 125 GeV Higgs boson signal strengths [30, 31] indicate
that the mixing angle ↵ is small sin↵ . 0.4 [32–34].
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q

q
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�
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q

q̄

V

V

Hi

�
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FIG. 1: The dominant DM production processes at LHC.

In contrast to the simplified scalar mediated DM model recommended by the LHC Dark
Matter Forum [11], there are two propagators (H1 and H2) that can mediate the DM pair
production in the gauge invariant model descried in the previous section. Note that the
Lagrangian in Eq. (2.4) resembles the singlet scalar mediated DM model in Ref. [11] when
only fermionic couplings of H2 are concerned.

The interference between two propagators in the di↵erential production cross sections of
the DM pair take the following form:

d�i

dm��

/ | sin 2↵ g�
m2

�� � m2
H1

+ imH1�H1

� sin 2↵ g�
m2

�� � m2
H2

+ imH2�H2

|2 , (3.1)

4

vector boson fusion (VBF)
20.3 fb−1 @ 8 TeV, Run 1

(JHEP01(2016)172)

Higgs Strahlung (VH)
13.3 fb−1 @ 13 TeV, Run 2

(ATLAS-CONF-2016-056)
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Higgs → invisible: results
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Resonance searches for DM mediators

Complementarity of dijet and
X+ /ET searches assuming
s−channel DM mediator

Baryon and Lepton Number Violation 2017 KIP ATLAS Nachwuchsgruppe

Photon + �ET :

Stanislav Suchek Dark Matter searches at ATLAS BLV2017, 15.05.2017 7 / 7
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Summary and outlook

DM search a hot topic at LHC.

First ATLAS results using full 2015+2016 data:

Higgs+ /ET and photon+ /ET analyses show great potential ⇒ strong
exclusion limits.
Strong constrains from Higgs → invisible from SM Higgs production and
direct searches.
Complementarity constrains on DM mediator masses from SM dijet
searches.

Most searches are statistically limited ⇒ improve sensitivity with more LHC
data in the next years of Run 2.
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Thank you for your attention!
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Photon + /ET signature: event selection

with ��(jets, Emiss
T ) < 0.4 are rejected (jet veto), the latter to remove events where Emiss

T originates from
jet mismeasurement. The remaining events with one jet are retained to increase the signal acceptance
and reduce systematic uncertainties related to the modelling of initial-state radiation. Events are required
to have no electrons or muons passing the requirements for e/µ candidates described in Section 4. This
lepton veto mainly rejects W/Z events with charged leptons in the final state.

As the production of a pair of dark-matter candidates or of a high-mass BSM Z(! ⌫⌫)� resonance are
both expected to lead to events with large Emiss

T , five SRs are defined with di↵erent Emiss
T requirements:

three inclusive (SRI1, SRI2 and SRI3) with increasing Emiss
T thresholds and two exclusive (SRE1 and

SRE2) with Emiss
T in two di↵erent ranges. Table 2 shows the criteria for selecting events in the SRs and

the number of events selected in data. The fraction of events in which the selected photon is unconverted
is about 70% for all regions. The fraction of selected events with no jets increases in the regions with
lower Emiss

T thresholds and ranges from about 50% to about 70%.

Table 2: Criteria for selecting events in the SRs and the numbers of events selected in data.

Event cleaning Quality and Primary vertex

Leading photon E�T > 150 GeV, |⌘| < 1.37 or 1.52 < |⌘| < 2.37,
tight, isolated, |z| < 0.25 m,
��(�, Emiss

T ) > 0.4

Emiss
T /

p
⌃ET > 8.5 GeV1/2

Jets 0 or 1 with pT > 30 GeV, |⌘| < 4.5 and ��(jets, Emiss
T ) > 0.4

Lepton veto on e and µ

SRI1 SRI2 SRI3 SRE1 SRE2
Emiss

T [GeV] > 150 > 225 > 300 150–225 225–300

Selected events in data 2400 729 236 1671 493
Events with 0 jets 1559 379 116 1180 263

6 Background estimation

The SM background to the �+Emiss
T final state is due to events containing either a true photon or an object

misidentified as a photon. The background with a true photon is dominated by the electroweak production
of Z(! ⌫⌫)� events. Secondary contributions come from W(! `⌫)� and Z(! ``)� production with
unidentified electrons, muons or with ⌧! hadrons + ⌫⌧ decays and from �+jets events. The contribution
from tt̄ + � is negligible thanks to the jet veto. The contribution from events where a lepton or a jet
is misidentified as a photon arises mainly from W/Z+jets production, with smaller contributions from
diboson, multi-jet and top-quark pair production.

All significant background estimates are extrapolated from non-overlapping data samples. A simultan-
eous fit in background-enriched control regions (CR) is performed to obtain normalisation factors for the
W�, Z� and �+jets backgrounds (see Sections 6.1 and 6.2), which are then used to estimate backgrounds
in the SRs; more details are given in Sections 6.5.1 and 6.5.2. The same normalisation factor is used for

9
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Photon + /ET signature: control regions
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Photon + /ET : “model independent” limits

Upper limits on visible cross section of γ+DM events:

OLEG BRANDT 

l  Limits on !+DM events with minimal model dependence 
l  Assume back-to-back topology of ! and ET

miss 

-  Set limits on visible cross section: 

 
 

-  Translate into limits on fiducial cross section  
-  Residual dependence of     and    on the event topology in given ET

miss bin 
l  Estimate by studying a range of models, take weakest limit 

11 

PHOTON + ET
MISS: “MODEL-INDEPENDENT” LIMITS 

�vis = � ⇥ A ⇥ "

� ⇥ A
Acceptance to fall into given ET

miss bin and pass particle-level selections 

reconstruction and  
selection efficiency 

CERN-EP-2017-044 

Translate into limits on fiducial cross section σ ×A:

Quote the weakest limits from a range of models.

Residual dependence of A and ε on the event topology.

9 Interpretation of results

The event yields observed in data are consistent within uncertainties with the predicted SM background
event yields in all inclusive SRs, as shown in Table 5. The results from the SRs shown in Section 7 are
therefore interpreted in terms of exclusion limits in models that would produce an excess of � + Emiss

T
events. Upper bounds are calculated using a one-sided profile likelihood ratio and the CLS technique [71,
72], evaluated using the asymptotic approximation [73]. The likelihood fit includes both the SRs and their
CRs.

The upper limits on the visible cross section, defined as the product of the cross section times the accept-
ance times the reconstruction e�ciency defined in a fiducial region, �⇥ A⇥ ✏, of a potential BSM signal,
are obtained from the three inclusive SRs. The value of A for a particular model is computed by applying
the same selection criteria as in the SR but at the particle level; in this computation Emiss

T is given by the
vector sum of the transverse momenta of all non-interacting particles. The A values with the selection for
SRI1 or SRI2 or SRI3 are reported in Table 7 for the simplified DM models; the lowest values are found
in models with low-mass o↵-shell mediators and the highest values in models with high-mass on-shell
mediators. The observed and expected upper limits, at 95% confidence level (CL), on the fiducial cross
section, defined as � ⇥ A are shown in Table 7. They are computed by dividing the limit on the visible
cross section by the fiducial reconstruction e�ciency ✏ shown in the same table; as in the case of the
acceptance, the e�ciency is smaller in the high-Emiss

T bins. The lowest e�ciency for each signal region
is used in a conservative way to set the fiducial cross-section limit. These limits can be extrapolated to
models producing � + Emiss

T events once A is known, assuming that the conservative e�ciency applies.

Table 7: The observed and expected limits at 95% CL on the fiducial cross section �⇥ A. The values of the fiducial
reconstruction e�ciency (✏), which is used for the calculation of the fiducial cross section, and of the acceptance
(A) are also shown.

� ⇥ A limit [fb]

Region SRI1 SRI2 SRI3

95% CL observed 7.0 3.7 2.3
95% CL expected 10.6 4.5 3.0
95% CL expected (±1�) 14.5, 7.7 6.2, 3.3 4.2, 2.2
A [%] 14–48 5–31 2–19
✏ [%] 84–95 73–86 64–85

The expected limit on the signal strength in the simplified DM model is computed with the inclusive-SR
fit for the various inclusive regions and with the multiple-bin fit in order to determine which strategy to
adopt for limit setting. While SRI1 is the inclusive SR that gives the most stringent expected limits at
very low DM/mediator masses, SRI2 is the inclusive SR providing the most stringent limits in the rest of
the parameter space; SRI3, which has larger uncertainties, is not able to set better expected constraints on
high-mass models in spite of their harder Emiss

T spectra. The multiple-bin fit, making use of the expected
signal distribution in Emiss

T by combining the information from the various exclusive SRs, allows more
stringent expected limits to be set than in any of the inclusive signal regions.

The results are presented for both the axial-vector and vector mediators using di↵erent couplings to show
the complementarity to the direct searches in X + Emiss

T events and the searches looking for the mediator,
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H(bb̄)+ /ET : event selection

0 lepton 1 lepton 2 lepton
(pVT = /ET ) (pVT = pT (µ, /ET )) (pVT = pT (l, l))

pVT > 150 GeV
2015: HLT xe70 lowest unprescaled
2016: HLT xe90 mht L1XE50 single lepton trigger
2016: HLT xe{100 OR 110} mht L1XE50
2016: HLT xe110 mht L1XE50
no loose e 1 signal µ 2 signal leptons
no loose µ opposite-charged µµ

71 GeV <mµµ < 106 GeV
83 GeV <mee < 99 GeV

pmiss
T > 30 GeV for 0,1 b-tags pVT /H∗

T < 3.5
√

GeV
min(∆φ(pVT , j1,2,3)) > 20○

∆φ(pVT , pmiss
T ) < 90○ H∗

T = ∑
leptons

small-Rjets

pT
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H(bb̄)+ /ET : event selection

Resolved Merged
(pVT ≤ 500) GeV (pVT > 500) GeV

N(small-Rjets) ≥ 2 N(large-Rjets) ≥ 1
N(track-jets) ≥ 1

pj1T > 45 GeV ∣∣ pj2T > 45 GeV
2(3)

∑
i=1

pT (ji) > 120(150) GeV

∆φ(j1, j2) < 140○

∆φ(pVT , j1 + j2) > 120○

New 2016 optimisation selection
(substantial reduction of tt̄, significance gain is up to 50%)
< 3b−jets no b−tagged track-jet outside J1

no loose-BDT-ID τ no loose-BDT-ID τ outside J1

no extended-ID τ no extended-ID τ outside J1
∞

∑
i=4
pjiT /

∞

∑
i=1
pjiT < 0.37

∞

∑
i=1
pji outsideJ1
T /(

∞

∑
i=1
pji outsideJ1
T + pJ1T ) < 0.57

∆R(j1, j2) < 1.8

Stanislav Suchek Dark Matter searches at ATLAS BLV2017, 15.05.2017 22 / 28



On behalf of the ATLAS Collaboration KIP ATLAS Nachwuchsgruppe

H(bb̄)+ /ET : “model independent” limits

Main task: set generic limits on
H(bb)+ /ET with minimal model-dependence

Main assumption: regardless of the model, the Higgs boson is
the SM-like Higgs boson (all measurements indicate it)

Can use branching ratio and mbb distribution

Minimise model-dependence by setting limits in bins of /ET

Set upper limits on visible cross-section σvis
of H+DM events in a given /ET bin
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H(bb̄)+ /ET : “model independent” limits

Small residual model dependence due to event kinematics on mbb and
efficiency to identify b−jets.

Upper limits on visible cross section of H+DM events per /ET bin:
σvis, h+DM ≡ σh+DM ×BR(h→ bb̄) ×A × ε

A × ε is probability that:

event is reconstructed and generated in the same /ET bin.

event passed all selections except b−jet and mbb requirements.

Quote weakest limit from a range of Z ′-2HDM models in a given /ET bin.

OLEG BRANDT 

l  Limits on h+DM events with minimal model dependence 
l  Assume SM-like Higgs boson (mh ≈ 125 GeV, BR(hàbb) ≈ 58%) 
l  Assume back-to-back topology of Higgs and ET

miss 

-  Set limits on visible cross section: 

 
-                probability to reconstructed in same ET

miss bin as generated and   
to pass all selections except b-tagging and mh,reco (measurement-specific) 

l                at parton level à can compare with  

20 

HIGGS(%%) + ET
MISS: “MODEL-INDEPENDENT” LIMITS 

Weakest limit 
from a range   
of Z’-2HDM 
models 
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H(γγ)+ /ET : results

ATLAS-CONF-2017-024
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Higgs invisible decays and Higgs portal

If mDM <mHiggs/2, Higgs boson might decay to DM particles ⇒ invisible
decays.

Assumption: DM interacts very weakly with SM particles, except for
Higgs boson. ⇒ Higgs portal model ⇒ special case of
spin-independent limits from direct searches.

Experimental inputs
SM Higgs boson searches and decays

H → bb, H → γγ, H → ZZ∗ → 4l, H →WW ∗ → lνlν
H → Zγ, H → ττ, H → µµ, associated ttH production

Direct searches of H → invisible
VBF ( → ll+ /ET , → jj+ /ET )

associated V H production (ZH → ll+ /ET , V H → ll+ /ET , V H → jj+ /ET )
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Higgs invisible decays and Higgs portal

Higgs coupling measurements:

Model Coupling
Parameter

Description Measurement

1
Mass scaling
parameterisation

Z Z boson coupling s.f. [�1.06,�0.82] [ [0.84, 1.12]
W W boson coupling s.f. 0.91 ± 0.14
t t-quark coupling s.f. 0.94 ± 0.21
b b-quark coupling s.f. [�0.90,�0.33] [ [0.28, 0.96]
⌧ Tau lepton coupling s.f. [�1.22,�0.80] [ [0.80, 1.22]
µ Muon coupling s.f. < 2.28 at 95% CL

2
MCHM4,
EW singlet µh Overall signal strength 1.18+0.15

�0.14

3
MCHM5,
2HDM Type I

V
Vector boson (W, Z)
coupling s.f. 1.09 ± 0.07

F
Fermion (t, b, ⌧, . . . )
coupling s.f. 1.11 ± 0.16

4 2HDM Type II,
hMSSM

�Vu = V/u

Ratio of vector boson to
up-type fermion (t, c, . . . )
coupling s.f.

0.92+0.18
�0.16

uu = 
2
u/h

Ratio of squared up-type
fermion coupling s.f. to
total width s.f.

1.25 ± 0.33

�du = d/u

Ratio of down-type
fermion (b, ⌧, . . . ) to
up-type fermion
coupling s.f.

[�1.08,�0.81] [ [0.75, 1.04]

5
2HDM
Lepton-specific

�Vq = V/q

Ratio of vector boson to
quark (t, b, . . . )
coupling s.f.

1.03+0.18
�0.15

qq = 
2
q/h

Ratio of squared quark
coupling s.f. to total
width s.f.

1.03+0.24
�0.20

�`q = `/q
Ratio of lepton (⌧, µ, e)
to quark coupling s.f. [�1.34,�0.94] [ [0.94, 1.34]

6

Higgs portal
(Baseline config.
of vis. & inv.
Higgs boson
decay channels:
general coupling
param., no
assumption about
W,Z)

Z Z boson coupling s.f. 0.99 ± 0.15
W W boson coupling s.f. 0.92 ± 0.14

t t-quark coupling s.f. 1.26+0.32
�0.34

b b-quark coupling s.f. 0.61 ± 0.28

⌧ Tau lepton coupling s.f. 0.98+0.20
�0.18

µ Muon coupling s.f. < 2.25 at 95% CL

g Gluon coupling s.f. 0.92+0.18
�0.15

� Photon coupling s.f. 0.90+0.16
�0.14

Z� Z� coupling s.f. < 3.15 at 95% CL
BRinv Invisible branching ratio < 0.23 at 95% CL

Table 1: Measurements of the overall signal strength, scale factors (s.f.) for the Higgs boson couplings and total
width, and the Higgs boson invisible decay branching ratio, in di↵erent coupling parameterisations, along with the
BSM models or parameterisations they are used to probe. The measurements quoted for Models 1–5 were derived
in Ref. [10], while those for Model 6 are derived in this paper. The production modes are taken to be the same as
those in the SM in all cases. In Models 1–3, decay modes identical to those in the SM are taken. For Models 4–5,
the coupling parameterisations and measurements listed do not require such an assumption, which is however made
when deriving limits on the underlying parameters of these BSM models. No assumption about the total width is
made for Model 6.
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Limits on Br(H → invisible) from direct searches:

invBR

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

1-
C

L

-310

-210

-110

1

Obs.
SM exp.

ATLAS

-1 = 8 TeV, 20.3 fbs

-1 = 7 TeV, 4.5 fbs

Figure 7: The (1 � CL) versus BR(h ! invisible) scan for the combined search for invisible Higgs boson decays.
The horizontal dashed lines refer to the 68% and 95% confidence levels. The vertical dashed lines indicate the
observed and expected upper bounds at the 95% CL on BR(h! invisible) for the combined search.

Channels Upper limit on BR(h! inv.) at the 95% CL
Obs. �2 std. dev. �1 std. dev. Exp. +1 std. dev. +2 std. dev.

VBF h 0.28 0.17 0.23 0.31 0.44 0.60
Z(! ``)h 0.75 0.33 0.45 0.62 0.86 1.19
V(! j j)h 0.78 0.46 0.62 0.86 1.19 1.60

Combined Results 0.25 0.14 0.19 0.27 0.37 0.50

Table 6: Summary of upper bounds on BR(h ! invisible) at the 95% CL from the individual searches and their
combination. The Higgs boson production rates via VBF and Vh associated production are assumed to be equal to
their SM values. The numerical bounds larger than 1 can be interpreted as an upper bound on �/�SM, where �SM
is the Higgs boson production cross section in the SM.

The overall upper limit on the branching ratio of the Higgs boson to invisible final states, BRinv, is derived
using a statistical combination of measurements from both the visible and invisible Higgs boson decays.
The visible decay channels are h! ��, h!ZZ⇤! 4`, h!WW⇤! `⌫`⌫, h!Z�, h ! ⌧⌧, h ! µµ, and
h! bb, with a variety of production mode selections used. The invisible decay channels are described in
Section 9.1 and involve the Higgs boson being produced via VBF or Z(``)h, and then decaying invisibly.
The V( j j)h production mode is not included due to overlap of the event selection with the 0-lepton
category of the Vh(bb) measurement.

The extraction of BRinv is performed using a coupling parameterisation that includes separate scale factors
for the couplings of the Higgs boson to the W boson, Z boson, top quark, bottom quark, tau lepton, and
muon, as well as scale factors for e↵ective loop-induced couplings to gluons, photons, and Z� to absorb
the possible contributions of new particles through loops. The Higgs boson production modes are taken
to be the same as those in the SM.

As for the visible decay rates alone, the invisible branching ratio is conservatively estimated by taking the

21

C
E

R
N

-P
H

-E
P

-2
0
1
5
-1

9
1

Stanislav Suchek Dark Matter searches at ATLAS BLV2017, 15.05.2017 27 / 28



On behalf of the ATLAS Collaboration KIP ATLAS Nachwuchsgruppe

Higgs invisible decays and Higgs portal

invBR
0.2− 0.1− 0 0.1 0.2 0.3 0.4 0.5

Λ
-2

 ln
 

0

2

4

6

8
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ATLAS

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

Obs.:
Vis. & inv. decay channels
Inv. decay channels
Vis. decay channels

Figure 8: Observed likelihood scans of the Higgs boson invisible decay branching ratio using direct searches for
invisible Higgs boson decays, rate measurements in visible Higgs boson decays, and the overall combination of
invisible and visible decay channels. The line at �2 ln⇤ = 0 corresponds to the most likely value of BRinv within
the physical region BRinv � 0. The line at �2 ln⇤ = 3.84 corresponds to the one-sided upper limit at approximately
the 95% CL (2 std. dev.), given BRinv � 0.

Decay channels Coupling parameterisation i assumption Upper limit on BRinv
Obs. Exp.

Invisible decays [W , Z , t, b, ⌧, µ, g �, Z�, BRinv] W,Z,g = 1 0.25 0.27
Visible decays [W , Z , t, b, ⌧, µ, g �, Z�, BRinv] W,Z  1 0.49 0.48

Inv. & vis. decays [W , Z , t , b, ⌧, µ, g �, Z�, BRinv] None 0.23 0.24
Inv. & vis. decays [W , Z , t, b, ⌧, µ, g �, Z�, BRinv] W,Z  1 0.23 0.23

Table 7: Summary of upper limits on BR(h ! invisible) at the 95% CL from the combination of direct searches
for invisible Higgs boson decays, the combination of measurements of visible Higgs boson decays, and the overall
combination using both the invisible and visible Higgs boson decays. The results are derived using di↵erent as-
sumptions about W,Z . The results with the baseline configuration for the combination of invisible and visible decay
channels are indicated in bold.

23

Limits on Br(H → invisible) ⇒ limits on σ(WIMP-nucleon):

The agreement between the data and the background expectations in SR1 is also expressed as a model-
independent 95% CL upper limit on the fiducial cross section

�fid = � ⇥ BF ⇥A, (3)

=
N
L ⇥ ✏ , (4)

where the acceptance A is the fraction of events within the fiducal phase space defined at the MC truth
level using the SR1 selections in Section 4, N the accepted number of events, L the integrated luminosity
and ✏ the selection e�ciency defined as the ratio of selected events to those in the fiducial phase space.
Only the systematic uncertainties on the backgrounds and the integrated luminosity are taken into account
in the upper limit on �fid, shown in Table 10. In SR1, the acceptance and the event selection e�ciency,

Table 10: Model-independent 95% CL upper limit on the fiducial cross section for non-SM processes �fid in SR1.

SR1 Expected +1� �1� +2� �2� Observed
Fiducial cross section [fb] 4.78 6.32 3.51 8.43 2.53 3.93

estimated from simulated VBF H ! ZZ ! 4⌫ events, are (0.89 ± 0.04)% and (94 ± 15)% respectively.
The uncertainties have been divided such that the theory uncertainties are assigned to the acceptance and
the experiment uncertainties are assigned to the e�ciency.

8 Model interpretation

In the Higgs-portal dark-matter scenario, a dark sector is coupled to the Standard Model via the Higgs
boson [9, 10] by introducing a WIMP dark-matter singlet � that only couples to the SM Higgs doublet.
In this model, assuming that the dark-matter particle is lighter than half the Higgs boson mass, one would
search for Higgs boson decays to undetected (invisible) dark-matter particles, e.g. H ! ��. The upper
limits on the branching fraction to invisible particles directly determine the maximum allowed decay
width to the invisible particles

�inv
H =

BF(H ! invisible)
1 � BF(H ! invisible)

⇥ �H , (5)

where �H is the SM decay width of the Higgs boson. Adopting the formulas from Ref. [10], the decay
width of the Higgs boson to the invisible particles can be written as

�inv
H!S S =

�2
HS S v

2�S

64⇡mH
, (6)

�inv
H!VV =

�2
HVVv

2m3
H�V

256⇡m4
V

 
1 � 4

m2
V

m2
H

+ 12
m4

V

m4
H

!
, (7)

�inv
H! f f =

�2
H f f v

2mH�
3
f

32⇡⇤2 , (8)

for the scalar, vector and Majorana-fermion dark matter, respectively. The parameters �HS S , �HVV ,
�H f f /⇤ are the corresponding coupling constants, v is the vacuum expectation value of the SM Higgs
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