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Large	Hadron	Collider
LHC	collides	protons	with	center-of-mass	energies	up	to	14	TeV	
n Counter-circulaMng	beams	of	>1000	bunches	 
of	~1011	protons	

n Bunches	cross	every	25	ns	(or	50	ns) 
producing	up	to	40	p-p	collisions	

Run	1:	7	TeV	(2010–11)	and	8	TeV	(2012)	
n All	results	presented	today	use	8	TeV	data
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ATLAS	and	CMS	detectors

Each	detector	is	built	to	surround	a	p-p	collision	point		
nNear-4π	coverage	to	detect	all	collision	products	(photons,	leptons,	
hadrons)	except	for	neutrinos	and	DM	

n Energy/momentum	measurement	of	all	parMcles	➔	Inference	of	undetected	
parMcle(s)	from	momentum	conservaMon	in	the	transverse	plane	
▶ pTX	=	transverse	momentum	of	X	(parMcle	or	group	of	parMcles)	
▶MET	=	negaMve	sum	of	pT	of	all	detected	parMcles	in	an	event	

n All	DM	searches	look	for	events	with	large	values	of	MET
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DM	producMon	at	the	LHC
LHC	(hopefully)	pair-produce	DM	parMcles	in	p-p	collisions	

ProducMon	cross-secMon	σ(pp	→	χχ̅)	is	related	to	the	annihilaMon	
cross-secMon	σ(χχ̅	→	anything),	but	it’s	model-dependent	
n Protons	are	made	(mostly)	of	light	quarks	
n It	also	differs	from	the	nucleon-DM	elasMc 
sca'ering	cross-secMon	measured	by	direct	 
detecMon	experiments	

InterpretaMon	gets	complicated	
n Pay	a'enMon	to	theory	talks	ader	the	coffee	break…
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DM	detecMon	at	the	LHC
Experiments	cannot	see	the	final	state	 
with	only	DM	parMcles	
n How	do	we	record	and	count	such	events?	
We	need	≥1	extra	parMcles	produced	with	the	DM	parMcles	

nWe	call	it	“mono-X”	with	X	=	jet,	photon,	Higgs,	W,	Z,	etc.	

Net	momentum	of	the	outgoing	parMcles	seems	 
to	violate	momentum	conservaMon	➔	“MET”	
n Candidate	events	contain	X	+	MET	and	li'le	else
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Where	does	“X”	come	from?
X	may	be	radiated	by	the	incoming	quarks	
n X	can	be	a	gluon,	photon,	W	or	Z	boson	
n If	qq̅	→	χχ̅	happens,	qq̅	→	χχ̅	+	(g/γ/W/Z)	is	  
guaranteed	to	happen	

n If	X	=	gluon,	it	turns	into	a	“jet”	and	creates	a	“mono-jet”	signature	

X	may	be	more	closely	connected	to	DM	producMon,	e.g.	

n Cross-secMon	depends	on	the	exact	model  
and	the	couplings	

n May	be	large	even	if	qq̅	→	χχ̅	is	small
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Mono-X	results	from	Run	1
n All	results	use	full	staMsMcs	(~20	p-1)	of	8	TeV	collision	data
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“X”	in	mono-X Expt. Reference arXiv

jet ATLAS Eur.	Phys.	J.	C	75	(2015)	299 1502.01518
CMS Eur.	Phys.	J.	C	75	(2015)	235 1408.3583

≥2	jets CMS CMS-PAS-EXO-14-004

photon ATLAS Phys.	Rev.	D	91	(2015)	012008 1411.1559
CMS submi'ed	to	Phys.	Le'.	B 1410.8812

W	(→	ℓν) ATLAS JHEP	09	(2014)	037 1407.7494
CMS Phys.	Rev.	D	91	(2015)	092005 1408.2745

Z	(→	ℓℓ) ATLAS Phys.	Rev.	D	90	(2014)	012004 1404.0051
CMS submi'ed	to	Phys.	Rev.	D 1511.09375

W	or	Z	(→	qq̅) ATLAS Phys.	Rev.	Le'.	112	(2014)	041802 1309.4017
CMS CMS-PAS-EXO-12-055

4̄	(1	lepton) CMS JHEP	06	(2015)	121 1504.03198
4̄	(2	leptons) CMS CMS-PAS-B2G-13-004
t	or	b-quark	jet ATLAS Eur.	Phys.	J	C75	(2015)	92 1410.4031

H	(→	γγ) ATLAS Phys.	Rev.	Le'.	115	(2015)	131801 1506.01081
H	(→	bb7) ATLAS submi'ed	to	Phys.	Rev.	D 1510.06218
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Mono-jet	search
Mono-jet	has	the	highest	sensiMvity	to	“generic”	WIMP-like	DM	
ATLAS	mono-jet	search	[EPJC	75:299]	
n Select	events	with	≥1	jet	with	pTjet	>	125	GeV	  
and	no	leptons	

n Require	MET	>	150	GeV	and	pTjet/MET	>	0.5
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Mono-photon	search
Mono-photon	is	similar	to	mono-jet	
n Smaller	signal	cross-secMon,	but	smaller	background	
CMS	mono-photon	search	[arXiv:1410.8812]		
nOne	photon	with	ETγ	>	145	GeV,	and	≤1	jet	
n Require	MET	>	140	GeV
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Background
Background	in	mono-jet/photon	searches	are	dominated	by	
n Z	(→	νν̅)	+	jet/photon	(irreducible)	
nW	(→	ℓν)	+	jet/photon	where	the	lepton	escaped	detecMon	

EsMmate	them	using	control	samples	in	data	
n Z	(→	ℓℓ)	and	W	(→	ℓν)	+	jet/photon	where	the	leptons	were	detected	

▶NB:	BR(Z	→	ℓℓ)	<<	BR(Z	→	νν̅)	
n Smaller	background	sources	are	esMmated	with	simulaMon	
Instrumental	background	has	to	be	controlled,	too	
n e.g.,	beam-induced	noise	in	the	calorimeter	that	looks	like	a	jet
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InterpretaMon	—	EFT
LHC	measures	σ(pp	→	X	+	DM)	in	bins	of	MET	
n How	does	it	relate	to	the	cosmic	Dark	Ma'er?	
InterpretaMon	requires	theoreMcal	assumpMons	
nWhat	kind	of	DM	(mass,	spin,	parity,	interacMons)	is	it?	
EffecMve	Field	Theory	(EFT)	has	been	our	benchmark	
n Constrain	the	scale	M⁎	as	a	funcMon	of	the	DM	mass	mχ	

nNB:	Validity	of	EFT	is	quesMonable	at	M⁎	≲	2mχ
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LHC	v.s.	direct-detecMon
CauMon:	comparisons	are	strongly	model-dependent	
n Ex)	EFT-based	results	from	CMS	mono-jet,	EPJC	75	(2015)	235	

n Limits	for	the	vector	(D5)	and	scalar	(D11)	operators	differ	by	~105	
n LHC	is	more	sensiMve	to	light	DM,	and	to	spin-dependent	interacMons
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InterpretaMon	—	Simplified	model
Validity	of	EFT	has	been	a	recurring	quesMon	
nWhat	if	the	mediator	is	light	(a	few	100	GeV)?	

ATLAS/CMS	DM	Forum	report	[arXiv:1507.00966]	
n Recommends	simplified	models	for	use	in	new  
measurements	from	the	LHC	

nMono-jet	results,	for	example,	will	be	presented  
as	a	bound	on	the	coupling	(gq⋅gDM)	on	the	 
Mmed-v.s.-mχ	plane	

Recent	ATLAS/CMS	papers	report	both  
EFT	and	simplified	model	results
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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
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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.

Mono-jet	example
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Mono-W/Z
Mono-W/Z	can	be	produced	in	the	same	way	as	mono-jet/photon,	
but	other	possibiliMes	exist:	

n “Higgs-strahlung”	(right)	probes	Higgs-DM	coupling,	or	invisible	Higgs	
decays	in	general	

ATLAS/CMS	can	detect	W/Z	in	two	ways	
n Leptonic	final	states	W	→	ℓν	and	Z	→	ℓℓ	

▶ Small	background.	But	small	branching	fracMons	
nHadronic	final	states	W/Z	→	qq̅	(2	jets)	

▶ Large	branching	fracMons.	But	large	background
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Leptonic	mono-Z
CMS	leptonic	mono-Z	[arXiv:1511.09375]	
n Z	→	ee	or	μμ	with	pTℓ	>	20	GeV,	|mℓℓ	–	mZ|	<	10	GeV,	and	pTℓℓ	>	50	GeV	
nMET	>	80	GeV.	MET	is	back-to-back	and	balanced	with	pTℓℓ	

n At	most	1	jet	and	zero	b-tagged	jet	(to	suppress	4̄	background)	

n Background	is	small,	dominated	by	WZ	and	ZZ	diboson	producMon
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8.1 DM interpretation 11

Table 3: Signal predictions, background estimates, and observed number of events. The DM
signal yields are given for masses mc = 10, 200, and 500 GeV and cutoff scales L = 0.37, 0.53,
0.48, and 1.4 TeV. The yields from an unparticle signal are presented with a scaling dimen-
sion dU = 1.6 and a renormalization scale LU = 33 TeV. The corresponding statistical and
systematic uncertainties are shown, in that order.

Process e+e� µ+µ�
C3, mc = 10 GeV, L = 0.37 TeV 10.7 ± 0.2 ± 1.1 12.8 ± 0.3 ± 1.1
D5, mc = 10 GeV, L = 0.53 TeV 10.0 ± 0.3 ± 1.1 12.3 ± 0.3 ± 1.1
D8, mc = 200 GeV, L = 0.48 TeV 9.0 ± 0.2 ± 1.1 11.1 ± 0.2 ± 0.9
D9, mc = 500 GeV, L = 1.4 TeV 2.67 ± 0.03 ± 0.41 2.81 ± 0.03 ± 0.26
Unparticle, dU = 1.6, LU = 33 TeV 19.0 ± 0.3 ± 1.3 25.6 ± 0.4 ± 1.7
Z/g⇤ ! `+`� 8.2 ± 1.9 ± 0.8 8.6 ± 3.0 ± 1.0
WZ ! 3`n 25.1 ± 0.5 ± 2.8 40.7 ± 0.7 ± 4.5
ZZ ! 2`2n 59 ± 1 ± 10 79 ± 1 ± 14
tt/tW/WW/Z ! tt 18.7 ± 3.4 ± 3.3 22.9 ± 2.3 ± 3.4
W+jets 1.8 ± 0.6 ± 0.3 —
Total background 113 ± 4 ± 13 151 ± 4 ± 18
Data 111 133
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Figure 5: Distributions of the transverse mass for the final selection in the e+e� (left) and µ+µ�
(right) channels. Examples of expected signal distributions are shown for DM particle produc-
tion and unparticle production. The total statistical and systematic uncertainty in the overall
background is shown as a hatched region. Overflow events are included in the rightmost bins.

calculated with MadDM 1.0 [82], and are shown in Fig. 6. Results from a search for DM particles
using monojet signatures in CMS [14] are also plotted for comparison.

It has been emphasized by several authors [28, 83–85] that the effective field theory approach
is not valid over the full range of phase space that is accessible at the LHC, since the scales
involved can be comparable to the collision energy. In the LHC regime, the assumption of a
point-like interaction provides a reliable approximation of the underlying ultraviolet-complete
theory only for appropriate choices of couplings and masses. To estimate the region of validity
relevant to this analysis, we consider a simple tree level ultraviolet-complete model that con-
tains a massive mediator (M) exchanged in the s-channel, with the couplings to quarks and
DM particles described by coupling constants gq and gc. The effective cutoff scale L thus can

12 8 Results

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

However, the requirement of L > mc/2p is not sufficient, according to some authors [83, 85–
94], and the region of validity depends on the coupling values in the ultraviolet completion
of the theory. Considering a more realistic minimum constraint Qtr < M ⇠ pgqgcL, we can
calculate the ratio RL of the number of events fulfilling the validity criteria over all events
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CMS	hadronic	mono-W/Z	[CMS-PAS-EXO-12-055]	
n Two	jets	may	be	detected	as	resolved	(=	2	jets)	or	unresolved	(=	1	jet)	
depending	on	the	boost	of	the	W/Z	
▶Unresolved	case	requires	analysis	of	sub-jet	structure	

n 60	<	mjj	<	110	GeV,	≤1	extra	jet,	and	MET	>	250	GeV	

n Analysis	also	uses	mono-jet	events	with	pTjet	>	150	GeV	and	MET	>	200	GeV

16

12 6 Results
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Figure 7: Post-fit distributions of Emiss
T expected from SM backgrounds and observed in data

in the signal region. The expected distributions are evaluated after fitting to the observed data
simultaneously across the monojet (a), resolved (b) and boosted (c) categories. The gray bands
indicate the post-fit uncertainty on the background, assuming no signal. The expected distri-
bution from a Higgs boson with mass 125 GeV is shown, assuming a 100% branching ratio
to invisible particles, split into the contributions from vector boson fusion and gluon fusion
(VBF+ggH) and associated vector boson production modes (VH).

CM
S-PAS-EXO

-12-055

Resolved	(2	jets)

12 6 Results

Ev
en

ts
/G

eV

-210

-110

1

10

210

310
Data

)+jetsνν →Z(

)+jetsν l→W(

top

Dibosons

QCD

 ll)+jets→Z(

=10 GeV
DM

=1 TeV, m
med

Vector Mediator, m

=125 GeV
H

 inv, m→VBF+gg H 

=125 GeV
H

 inv, m→VH 

Preliminary
CMS

monojet category  (8 TeV)-119.7 fb

200 300 400 500 600 700 800 900 1000

D
at

a/
Bk

g

0.9

1

1.1

 (GeV)miss
TE

(a)

Ev
en

ts
/G

eV

-210

-110

1

10
Data

)+jetsνν →Z(

)+jetsν l→W(

top

Dibosons

QCD

 ll)+jets→Z(

=10 GeV
DM

=1 TeV, m
med

Vector Mediator, m

=125 GeV
H

 inv, m→VBF+gg H 

=125 GeV
H

 inv, m→VH 

Preliminary
CMS

resolved category  (8 TeV)-119.7 fb

300 400 500 600 700 800 900 1000

D
at

a/
Bk

g

0.5

1

1.5

 (GeV)miss
TE

(b)

Ev
en

ts
/G

eV
-210

-110

1

10

Data

)+jetsνν →Z(

)+jetsν l→W(

top

Dibosons

QCD

 ll)+jets→Z(

=10 GeV
DM

=1 TeV, m
med

Vector Mediator, m

=125 GeV
H

 inv, m→VBF+gg H 

=125 GeV
H

 inv, m→VH 

Preliminary
CMS

boosted category  (8 TeV)-119.7 fb

300 400 500 600 700 800 900 1000

D
at

a/
Bk

g

0.5

1

1.5

 (GeV)miss
TE

(c)

Figure 7: Post-fit distributions of Emiss
T expected from SM backgrounds and observed in data

in the signal region. The expected distributions are evaluated after fitting to the observed data
simultaneously across the monojet (a), resolved (b) and boosted (c) categories. The gray bands
indicate the post-fit uncertainty on the background, assuming no signal. The expected distri-
bution from a Higgs boson with mass 125 GeV is shown, assuming a 100% branching ratio
to invisible particles, split into the contributions from vector boson fusion and gluon fusion
(VBF+ggH) and associated vector boson production modes (VH).
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18 7 DM Interpretations
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Figure 9: 90% CL Exclusion contours in the mmed � mDM plane assuming a vector (a), axial-
vector (b), scalar (c), or pseudoscalar (d) mediator. The blue scale shows the 90% CL upper
limit on the signal strength assuming the mediator only couples to fermions. For the scalar and
pseudoscalar mediators, the exclusion contour assuming coupling only to fermions is explicitly
shown in the orange line. The white region shows model points which were not tested when
assuming coupling only to fermions and are not expected to be excluded by this analysis under
this assumption. The excluded region is to the bottom-left of the contours shown in all cases
except for that from the relic density as indicated by the shading. In all of the mediator models,
a minimum width is assumed.
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Figure 9: 90% CL Exclusion contours in the mmed � mDM plane assuming a vector (a), axial-
vector (b), scalar (c), or pseudoscalar (d) mediator. The blue scale shows the 90% CL upper
limit on the signal strength assuming the mediator only couples to fermions. For the scalar and
pseudoscalar mediators, the exclusion contour assuming coupling only to fermions is explicitly
shown in the orange line. The white region shows model points which were not tested when
assuming coupling only to fermions and are not expected to be excluded by this analysis under
this assumption. The excluded region is to the bottom-left of the contours shown in all cases
except for that from the relic density as indicated by the shading. In all of the mediator models,
a minimum width is assumed.
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Mono(?)-4̄
Scalar	interacMon	(D1)	between	DM	and	quarks	is		
n Top	quark	is	favored	➔	Search	for	MET	+	4̄	pair	
CMS	4	+	MET	search	[JHEP	06	(2015)	121]	
n Reconstruct	t(→ℓνb)t(̄→qq̄b@)	
n Require	1	lepton,	≥3	jets	of	which	≥1	is	b-tagged	

nMET	>	320	GeV	
nAddiMonal	kinemaMcal	cuts	 
to	reduce	dominant	background  
from	SM	4̄	events
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1

1 Introduction
Dark matter (DM) is estimated to account for about 23% of the total mass of the universe, and
to be five times more abundant than the known baryonic matter. While the existence of DM
is inferred from astrophysical observations, there is very little information about its nature or
how it interacts with ordinary matter.

In this paper, we consider a simplified scenario [1–3] in which DM has a particle explanation
and, in particular, there is only one new Dirac fermion related to DM within the energy reach
of the LHC. The fermion interacts with quarks via a four-fermion contact interaction, which
can be described by an effective field theory (EFT) Lagrangian:

Lint = Â
q

Â
i

Cq i
�
qGq

i q
��

cGc
i c

�
, (1)

where C represents the coupling constant, which usually depends on the scale of the interac-
tion (M⇤). The operator G describes the type of the interaction, including scalar (G = 1), pseu-
doscalar (G = g5), vector (G = gµ), axial vector (G = gµg5), and tensor interactions (G = sµn).
The exact value of the constant C depends on the particular type of the interaction.

This scenario can lead to the production of DM particles in association with a hard parton, a
photon, or a W or Z boson. The first two production modes are usually referred to as mono-
jets [1, 3–6] and monophotons [4], respectively. Recent monojet results from the ATLAS [7] and
CMS [8] Collaborations have placed lower limits on M⇤ for some typical couplings in Eq. (1).
The ATLAS Collaboration [9] has also searched for DM particles in events with a hadroni-
cally decaying W or Z boson. Assuming a DM particle with a mass of 100 GeV, the excluded
interaction scales are below about 60 GeV [9], 1040 GeV [8], 1010 GeV [8], and 2400 [9] GeV for
scalar, vector, axial-vector, and tensor interactions, respectively, and the excluded scale is below
410 GeV [8] for a scalar interaction between DM particles and gluons.

The exclusion limit for a scalar interaction between DM particles and quarks is the least strin-
gent among all the interaction types that have been probed. In this interaction the coupling
strength is proportional to the mass of the quark:

Lint =
mq

M3
⇤

qqcc. (2)

As a consequence, couplings to light quarks are suppressed. A recent paper [10] suggested
that the sensitivity to the scalar interaction can be improved by searching in final states with
third-generation quarks. It has also been noted that the inclusion of heavy quark loops in the
calculation of monojet production [11] increases the expected sensitivity.

In this paper, we report on a search for the production of DM particles in association with a pair
of top quarks, and consider only the scalar interaction. The ATLAS Collaboration has recently
searched for DM particles in association with heavy quarks [12], placing more stringent limits
on the scalar interaction between DM particles and quarks than the mono-W/Z search [9].
Assuming a DM particle with a mass of 100 GeV, the excluded interaction scale is 120 GeV for
scalar interaction between top quarks and DM particles. Figure 1 shows the dominant diagram
for this production at the LHC. In this paper we focus our search on events with one lepton
(electron or muon) in the final state.

6 5 Event selection
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Figure 3: Distributions of Emiss
T , MT, MW

T2, and min Df(j1,2,~pmiss
T ) after applying SFs for tt+jets

and W+jets backgrounds, as described in section 6. Each distribution is plotted after apply-
ing all other selections, which are indicated by the arrows on the relevant distributions. Two
simulated DM signals with mass Mc of 1 and 600 GeV and an interaction scale M⇤ of 100 GeV
are included for comparison. The hatched region represents the total uncertainty in the back-
ground prediction. The last bin of the Emiss

T , MT and MW
T2 distributions includes the overflow.

The horizontal bar on each data point indicates the width of the bin.
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Interpret	the	result	in	scalar	EFT	(D1)	

n c.f.	Lower	limit	on	D1	from	mono-jet	(ATLAS	EPJC	75:299)	is	~38	GeV
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12 9 Summary
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Figure 6: Observed exclusion limits in the plane of DM particle mass and interaction scale, with
the region below the solid curve excluded at a 90% CL. The background-only expectations are
represented by their median (dashed line) and by the 68% and 95% CL bands. A lower bound
of the validity of the EFT is indicated by the upper edge of the hatched area. The four curves,
corresponding to different g and R values, represent the lower bound on M⇤ for which 50% and
80% of signal events have a pair of DM particles with an invariant mass less than g

p
M3

⇤/mt,
where g = 4p and g = 2p respectively. These curves indicate further restrictions on the
applicability of EFT, as explained in the text.

EFT approximation is then valid if Mcc < g
p

M3
⇤/mt. The fraction of simulated signal events

that satisfy this requirement (R) is reported for given values of g and M⇤. For g = 4p and
g = 2p, contours are overlaid in Fig. 6 that indicate where in the exclusion plane 50% or 80% of
simulated signal events passing the analysis selection criteria satisfy the momentum transfer
condition. If instead of drawing such a contour we fix M⇤ at the 90% CL lower limit obtained in
this analysis, then 89% (46%) of simulated signal events passing the analysis selection criteria
satisfy the momentum requirement for g = 4p(2p) and Mc = 1 GeV. These fractions drop
to 63% (5%) for Mc = 200 GeV. No simulated signal events passing the analysis selection
criteria are found to satisfy this requirement for Mc > 600 GeV. For these reasons, the 90%
CL constraints on M⇤ obtained in this analysis cannot be considered generally applicable, but
should only be interpreted in models with large DM coupling.

The limits on the interaction scale M⇤ can be translated to limits on the DM-nucleon scatter-
ing cross section [3]. Figure 8 shows the observed 90% CL upper limits on the DM-nucleon
cross section as a function of the DM mass for the scalar operator considered in this paper.
More stringent limits are obtained relative to current direct DM searches in the mass region of
less than ⇡6 GeV. In this region, DM-nucleon cross sections larger than 1–2 ⇥ 10�42 cm2 are
excluded.

9 Summary
A search has been presented for the production of dark matter particles in association with top
quarks in single-lepton events with the CMS detector at the LHC, using proton-proton collision
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1 Introduction
Dark matter (DM) is estimated to account for about 23% of the total mass of the universe, and
to be five times more abundant than the known baryonic matter. While the existence of DM
is inferred from astrophysical observations, there is very little information about its nature or
how it interacts with ordinary matter.

In this paper, we consider a simplified scenario [1–3] in which DM has a particle explanation
and, in particular, there is only one new Dirac fermion related to DM within the energy reach
of the LHC. The fermion interacts with quarks via a four-fermion contact interaction, which
can be described by an effective field theory (EFT) Lagrangian:

Lint = Â
q

Â
i

Cq i
�
qGq

i q
��

cGc
i c

�
, (1)

where C represents the coupling constant, which usually depends on the scale of the interac-
tion (M⇤). The operator G describes the type of the interaction, including scalar (G = 1), pseu-
doscalar (G = g5), vector (G = gµ), axial vector (G = gµg5), and tensor interactions (G = sµn).
The exact value of the constant C depends on the particular type of the interaction.

This scenario can lead to the production of DM particles in association with a hard parton, a
photon, or a W or Z boson. The first two production modes are usually referred to as mono-
jets [1, 3–6] and monophotons [4], respectively. Recent monojet results from the ATLAS [7] and
CMS [8] Collaborations have placed lower limits on M⇤ for some typical couplings in Eq. (1).
The ATLAS Collaboration [9] has also searched for DM particles in events with a hadroni-
cally decaying W or Z boson. Assuming a DM particle with a mass of 100 GeV, the excluded
interaction scales are below about 60 GeV [9], 1040 GeV [8], 1010 GeV [8], and 2400 [9] GeV for
scalar, vector, axial-vector, and tensor interactions, respectively, and the excluded scale is below
410 GeV [8] for a scalar interaction between DM particles and gluons.

The exclusion limit for a scalar interaction between DM particles and quarks is the least strin-
gent among all the interaction types that have been probed. In this interaction the coupling
strength is proportional to the mass of the quark:

Lint =
mq

M3
⇤

qqcc. (2)

As a consequence, couplings to light quarks are suppressed. A recent paper [10] suggested
that the sensitivity to the scalar interaction can be improved by searching in final states with
third-generation quarks. It has also been noted that the inclusion of heavy quark loops in the
calculation of monojet production [11] increases the expected sensitivity.

In this paper, we report on a search for the production of DM particles in association with a pair
of top quarks, and consider only the scalar interaction. The ATLAS Collaboration has recently
searched for DM particles in association with heavy quarks [12], placing more stringent limits
on the scalar interaction between DM particles and quarks than the mono-W/Z search [9].
Assuming a DM particle with a mass of 100 GeV, the excluded interaction scale is 120 GeV for
scalar interaction between top quarks and DM particles. Figure 1 shows the dominant diagram
for this production at the LHC. In this paper we focus our search on events with one lepton
(electron or muon) in the final state.
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ATLAS	[EPJC	75	(2015)	92]	searched	more	broadly	for	events	with	
MET	plus	b	or	t	quarks	
n Four	signal	regions	targeMng	1,	2	b-quarks	(SR1,	2)	  
and	4̄	decaying	hadronically	and	semileptonically	(SR3,	4)		

nAddiMonal	sensiMvity	to	scalar	(D1,	C1)	and	tensor	(D9), 
as	well	as	a	bo'om-flavored	DM	model	(b-FDM)

20

2 The ATLAS Collaboration

bg

b

�
�̄

b̄, t̄

b, tg

g

�
�̄

(a) (b)

Fig. 1 Dominant Feynman diagrams for DM production in
conjunction with (a) a single b-quark and (b) a heavy quark
(bottom or top) pair using an e↵ective field theory approach.

b

g

b

�

�̄

�

Fig. 2 Example of DM production in the b-FDM model.

operators are normalized by mq, which mitigates con-
tributions to flavour-changing processes, strongly con-
strained by flavour physics observables [25,26], through
the framework of minimal flavour violation (MFV). The
dependence on the quark mass makes final states with
bottom and top quarks the most sensitive to these op-
erators.

This search is also sensitive to tensor couplings be-
tween DM and quarks. The tensor operator (D9), which
describes a magnetic moment coupling, is parameter-
ized as [12]:

O
tensor

=
X

q

1

M2

⇤
�̄�µ⌫�q̄�µ⌫q. (2)

MFV suggests that the D9 operator should have a mass
dependence from Yukawa couplings although canoni-
cally this is not parametrised as such.

The results are also interpreted in light of a bottom-
Flavoured Dark Matter model (b-FDM) [27]. The b-
FDMmodel was proposed to explain the excess of gamma
rays from the galactic centre, recently observed by the
Fermi Gamma-ray Space Telescope, and interpreted as
a signal for DM annihilation [28]. This analysis of the
data recorded by the Fermi-LAT collaboration favours
DM with a mass of approximately 35 GeV annihilating
into b-quarks via a coloured mediator. In this model, a
new scalar field, �, mediates the interactions between
DM and quarks as shown in Fig. 2. DM is assumed to
be a Dirac fermion that couples to right-handed, down-

type quarks. The lightest DM particle, which consti-
tutes cosmic DM, preferentially couples to b-quarks.
The collider signature of this model is b-quarks pro-
duced in association with missing transverse momen-
tum. This analysis sets constraints on the mass of the
mediator and DM particle in the framework of the b-
FDM model.

2 Detector description and physics objects

The ATLAS detector [34] at the LHC covers the pseu-
dorapidity1 range of |⌘| < 4.9 and is hermetic in azi-
muth �. It consists of an inner tracking detector sur-
rounded by a superconducting solenoid, electromagnetic
and hadronic calorimeters, and an external muon spec-
trometer incorporating large superconducting toroidal
magnets. A three-level trigger system is used to select
events for subsequent o✏ine analysis. The data set used
in this analysis consists of 20.3 fb�1 of pp collision data
recorded at a centre-of-mass energy of

p
s = 8 TeV with

stable beam conditions [35] during the 2012 LHC run.
All subsystems listed above were required to be opera-
tional.

This analysis requires the reconstruction of muons,
electrons, jets, and missing transverse momentum. Muon
candidates are identified from tracks that are well recon-
structed inside both the inner detector and the muon
spectrometer [36]. To reject cosmic-ray muons, muon
candidates are required to be consistent with produc-
tion at the primary vertex, defined as the vertex with
the highest ⌃(ptrack

T

)2, where ptrack
T

refers to the trans-
verse momentum of each track.

Electrons are identified as tracks that are matched
to a well-reconstructed cluster in the electromagnetic
calorimeter. Electron candidates must satisfy the tight
electron shower shape and track selection criteria of
Ref. [37]. Both electrons and muons are required to have
transverse momenta p

T

> 20 GeV and |⌘| < 2.5. Poten-
tial ambiguities between overlapping candidate objects
are resolved based on their angular separation. If an
electron candidate and a jet overlap within �R < 0.2,
then the object is considered to be an electron and the
jet is discarded. If an electron candidate and any jet
overlap within 0.2 < �R < 0.4, or if an electron can-
didate and a b-tagged jet overlap within �R < 0.2 of

1 ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the centre of
the detector, and the z-axis along the beam line. The x-axis
points from the IP to the centre of the LHC ring, and the y-
axis points upwards. Cylindrical coordinates (r, �) are used
in the transverse plane, � being the azimuthal angle around
the beam line. The pseudorapidity ⌘ is defined in terms of
the polar angle ✓ as ⌘ = � ln tan(✓/2). Observables labeled
“transverse” are projected into the x–y plane.
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Fig. 4 Lower limits on M⇤ at 90% CL for the SR1 (red), SR2 (black), SR3 (green), and SR4 (blue) as a function of m
�

for the
operators (a) D1, (b) C1, and (c) D9. Solid lines and markers indicate the validity range of the e↵ective field theory assuming
couplings g

q

g
�

< 4⇡, the dashed lines and hollow makers represent the full collider constraints.

The simulation of the signal samples of pp ! ��+
b(b), pp ! �� + tt, and b-FDM employs the MAD-
GRAPH5 generator interfaced with PYTHIA6 using
the CTEQ6L1 PDF. Samples are generated for oper-
ators D1, C1, and D9, assuming M⇤ = 1 TeV and
m� between 10 GeV and 1300 GeV. Samples for the
b-FDM model are generated for m� values between
1 GeV and 1300 GeV and mediator masses, m�, be-
tween 5 GeV and 3000 GeV. The instrumental uncer-
tainties on the simulated signal yields for D1, C1, and
D9 operators are between 11% and 15%, depending
on the signal region. The equivalent uncertainties for
the b-FDM model range between 6%-16% depending
on m� and the mediator mass. The uncertainties from
the PDF are computed by comparing the rates obtained
with the default PDF set (CTEQ6L1) with those ob-
tained with two alternative sets (MSTW2008LO and
NNPDF21LO [62, 63]). The uncertainties on the sig-
nal acceptance from PDF and scale variations are es-
timated to be approximately 10% for the D1, C1, and
D9 operators for m�=10 GeV and approximately 6%
for b-FDM models.

The validity of the e↵ective field theory assumption
depends on the momentum transfer of the process mo-
delled, which should be below the energy scale of the
underlying interactions [64]. To account for this, the
momentum transfer m(��) = Q

tr

in the events is re-
quired to be less than the energy scale probed. Specif-
ically, Q

tr

must be smaller than the mass M of the
heavy mediator. For an ultraviolet completion this im-
plies M⇤ = M/

p
gqg�. Along with perturbativity of the

couplings gqg� < 4⇡ this leads to the following validity

requirements on MC truth level: Q
tr

< 4⇡
�
M3

⇤/mq

�
1/2

(D1), Q
tr

< 4⇡M⇤ (D9), Q
tr < (4⇡)2M2

⇤/mq (C1).

4 Results

Table 2 shows the expected background from various
sources in the four signal regions as well as the observed
yields in data. The expected signal yields for the oper-
ators D1, C1, and D9, as well as for the b-FDM model
are also shown. The probabilities of the background-
only hypothesis, p-values, for the signal regions SR1,
SR2, SR3, and SR4 are 0.09, 0.29, 0.24, and 0.18, re-
spectively. As no significant excess is observed, limits
on the signal yield are set using a profile likelihood ra-
tio test following the CLs prescription [65]. Also given
is the 95% confidence level (CL) upper limit on the
number of beyond-the-SM events. The yields for the b-
FDM model are obtained assuming m�=10 GeV and a
mediator mass m� = 600 GeV. The limit on M⇤ for a
given assumption on m� is determined by varying M⇤
and scaling the number of signal events predicted by the
corresponding sample generated with M⇤ = 1 TeV until
it is equal to the observed upper limit on beyond-the-
SM events. The corresponding production cross-section
for DM produced via the D1 operator in association
with b(t)-quarks and m� = 10 GeV is 38 (221) fb. The
cross-section for b-FDM models with m� = 600 GeV
and m� = 10 GeV is 134 fb. The signal e�ciency is
independent of M⇤.

Figure 3 shows the Emiss

T

distributions for (a) SR1,
(b) SR2, and (d) SR4 and (c) the R variable for SR3.

Figure 4 shows the 90% CL exclusion curves for the
e↵ective mass scale M⇤ as a function of m�. The re-
sults for the operators D1, C1, and D9 are presented
individually for all four signal regions. The best limits
on the D1 and C1 operators are obtained using SR4,
while SR1 provides the best limits on the D9 opera-
tor, as shown in Fig. 4. These limits are then converted
into limits on the �–nucleon cross-section [12]. Figures 5

EPJC	75	(2015)	92
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Higgs	portal	models
What	if	the	Dark	Ma'er	couples	only	to	the	Higgs?	
n Both	σ(pp	→	χχ̅)	and	σ(Nχ	→	Nχ)	are	strongly	suppressed	

▶ Experimental	constraint	are	very	weak	
One	obvious	test:	invisible	decay	of	Higgs	→	DM	
n Similar	to	mono-X	searches,	look	for	events	in	which	an	invisible	Higgs	is	
produced	with	something	else	

n Combine	all	measurements	to	set	upper	limit	on	BR(H	→	invisible)

21

Expt. Reference BR	limit	(95%)
ATLAS arXiv:1509.00672,	submi'ed	to	JHEP <	23%
CMS CMS-PAS-HIG-15-012 <	36%
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Higgs	portal	models

Translate	from	invisible	Higgs	  
decay	to	N-χ	sca'ering	  
cross-secMon	
n Strong	limit	on	Higgs	Portal  
models	for	mχ	<	mH/2	

nNB:	valid	only	if	the	DM	does	 
not	interact	with	other	SM	 
parMcles	

What	if	mχ	>	mH/2?

22
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Figure 9: ATLAS upper limit at the 90% CL on the WIMP–nucleon scattering cross section in a Higgs portal model
as a function of the mass of the dark-matter particle, shown separately for a scalar, Majorana fermion, or vector-
boson WIMP. It is determined using the limit at the 90% CL of BRinv < 0.22 derived using both the visible and
invisible Higgs boson decay channels. The hashed bands indicate the uncertainty resulting from varying the form
factor fN by its uncertainty. Excluded and allowed regions from direct detection experiments at the confidence
levels indicated are also shown [112–120]. These are spin-independent results obtained directly from searches for
nuclei recoils from elastic scattering of WIMPs, rather than being inferred indirectly through Higgs boson exchange
in the Higgs portal model.

26

arXiv:1509.00672

Expt. Reference BR	limit	(95%)
ATLAS arXiv:1509.00672,	submi'ed	to	JHEP <	23%
CMS CMS-PAS-HIG-15-012 <	36%
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Mono-Higgs
Mono-Higgs	is	another	probe	to	DM	with	special	(or	unique)	
couplings	to	the	Higgs	

The	Higgs	can	be	detected	in	several	decay	channels	
n H	→	γγ	has	a	small	BR	(0.23%),	with	small	background	
n H	→	bb7	has	a	large	BR	(58%),	with	large	background	
nOther	decays	are	too	small	to	measure
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Mono-Higgs	→	γγ
ATLAS	mono-H	→	γγ	[PRL	115	(2015)	131801]	
n Select	events	with	2	photons	with	105	<	mγγ	<	160	GeV	
n Require	MET	>	90	GeV	and	pTγγ	>	90	GeV	

n Look	for	a	peak	at	mγγ	=	125	GeV.	PracMcally	zero	background	
n Limited	staMsMcs	makes	H	→	γγ	less	powerful	than	H	→	bb	for	now

24
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FIG. 2: Distribution of the diphoton invariant mass m�� .
An unbinned maximum-likelihood fit to the spectrum is used
to estimate the number of events from the continuum back-
ground and from H ! �� decays; the individual components
are shown as well as their sum.

To distinguish contributions from processes that in-
clude H ! �� decays from those that contribute to the
continuum background, a localized excess of events is
searched for in the m�� spectrum near the Higgs boson
mass, mH = 125.4 GeV. Probability distribution func-
tions that describe the H ! �� resonance or the contin-
uum background are defined in the range 105–160 GeV as
described below. The contributions from each source are
then estimated using an unbinned maximum-likelihood
fit to the observed m�� spectrum.

The m�� spectra of the signal models of H+DM pro-
duction and SM Higgs boson background processes are
modeled with a double-sided Crystal Ball [37] function;
the width and peak positions are fixed to values extracted
from fits to simulated samples. An exponential function,
eam�� with free parameter a is used to describe the m��

distribution of the continuum background. The chosen
continuum fit function is validated using simulated sam-
ples of the irreducible background processes and in three
data samples adjacent to the signal region, but with re-
laxed requirements on Emiss

T

, on p��
T

, or on photon iden-
tification. Results of the fit to data in the signal region
are shown in Fig. 2.

Systematic uncertainties from various sources a↵ect
the number of SM Higgs boson events in the resonant
background, the predicted shape and location of its peak,
as well as the e�ciency of the selection for the signal
models considered.

The uncertainty on the integrated luminosity, 2.8%, is
derived following the same methodology as that detailed
in Ref. [38] using beam-separation scans. Uncertainties
on the e�ciency of the photon isolation requirement, pho-
ton identification requirement, and trigger selection are
measured in an inclusive SM Higgs boson sample to be
2.8%, 2.1%, and 0.2%, respectively. Uncertainties in the
photon energy scale and resolution lead to respective un-

certainties of 11% and 0.3% in the position and width of
the H ! �� peak. Additional uncertainties on the jet
energy scale and resolution as well as the calibration of
unclustered hadronic recoil energy contribute to uncer-
tainty in the Emiss

T

, leading to 1.2% uncertainty from the
Emiss

T

and p��
T

requirements. The impacts on the selec-
tion e�ciency of the uncertainties on the levels of initial-
state and final-state radiation are assessed by varying the
Pythia8 parameters, as in Ref. [10]; these are found to
be typically at the level of 1%. The total uncertainty on
the selection e�ciency for peaking SM Higgs backgrounds
and signal models is 4.0%.
The theoretical uncertainties on the WH and ZH pro-

duction cross sections come from varying the renormal-
ization and factorization scales and from uncertainties
on the parton distribution functions [30, 39–41]. The
Higgs boson decay branching fractions are taken from
Refs. [42, 43] and their uncertainties from Refs. [44, 45].
The total theoretical uncertainty on the H + Emiss

T

con-
tribution is 6%.
The number of events observed in the data corre-

sponds to a 1.4 � deviation using the asymptotic for-
mulae in Ref. [46]. As the events observed these data
do not include a statistically significant BSM compo-
nent, the results are interpreted in terms of exclusions
on models that would produce an excess of H + Emiss

T

events. Upper bounds, detailed below, are calculated
using a one-sided profile likelihood ratio and the CLS

technique [47, 48], evaluated using the asymptotic ap-
proximation [46], which was ensured to be valid for the
available number of events.
The most model-independent limits are those on the

fiducial cross section of H + Emiss

T

events, including SM
and BSM components, �⇥A, where � is the cross section
and A is the fiducial acceptance. The latter is defined
using a selection identical to that defining the signal re-
gion but applied at particle level, where Emiss

T

is the vec-
tor sum of the momenta of the noninteracting particles,
photon isolation requirements are not applied, and a sim-
pler requirement on photon pseudorapidity |⌘| < 2.37 is
made. The limit on � ⇥ A is derived from a limit on the
visible cross section �⇥A⇥✏, where ✏ is the reconstruction
e�ciency in the fiducial region. An estimate ✏ = 56% is
computed using the simulated signal samples described
above with no quark or gluon produced from the main
interaction vertex; the e�ciencies vary across the set of
models by less than 10%. The observed (expected) up-
per limit on the fiducial cross section is 0.70 (0.43) fb at
95% confidence level (CL). These limits are applicable to
any model that predicts H +Emiss

T

events in the fiducial
region and has similar reconstruction e�ciency ✏.

Limits on specific models of BSM H + Emiss

T

produc-
tion depend on the prediction of theH+Emiss

T

component
produced via ZH or WH; calculations of this theoreti-
cal quantity will improve with time and may depend on
the details of a specific BSM theory. Following the pro-

PRL	115	(2015)	131801
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Mono-Higgs	→	bb7
ATLAS	mono-H	→	bb7	[arXiv:1510.06218]	
n Two	b-jets	may	be	resolved	or	merged	
n Resolved:	2	b-tagged	jets	with	pT	>	100/60	GeV.	  
90	<	mbb	<	150	GeV.	MET	>	150	GeV	

nMerged:	1	fat	jet	with	pT	>	350	GeV	that	contains	 
2	b-tagged	sub-jets.	90	<	mJ	<	150	GeV.	MET	>	300	GeV	

n Background	is	dominated	by	Z	(→	νν̅)	+	jets
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Figure 3: The Emiss
T distribution in the resolved channel (left) and the boosted channel (right) signal region (SR)

for the estimated backgrounds (solid histograms) and the observed data (points). The hatched areas represent the
combined statistical and systematic uncertainties in the total background estimation. The Emiss

T distributions for a
few signal processes are overlayed in dashed lines for shape comparison: the Z0-2HDM signals are scaled by a
factor of 10, and the EFT signals are scaled to their corresponding expected cross-section limit. In the resolved
channel, the small contribution from Zh (Wh) process is included in the Z(! ⌫⌫̄)+jets (W(! `⌫)/Z(! ``)+jets)
distribution.

Table 4: The numbers of predicted background events for each background process, the sum of all background
components, and observed data in the signal region (SR) of the resolved and boosted channels for each of the
sliding Emiss

T requirements. Statistical and systematic uncertainties are combined. The uncertainties on the total
background take into account the correlation of systematic uncertainties among di↵erent background processes.
The large uncertainty on the Z(! ⌫⌫̄)+jets process in the Emiss

T > 150 GeV SR of the resolved channel is due to
limited statistics in the Z(! µ+µ�)+jets data sample used for the estimation of Z(! ⌫⌫̄)+jets with Emiss

T < 200 GeV.
Resolved Boosted

Emiss
T > 150 GeV > 200 GeV > 300 GeV > 400 GeV > 300 GeV > 400 GeV

Z(! ⌫⌫̄)+jets 48 ± 32 21 ± 5 2.9 ± 1.1 0.3 ± 0.3 7.0 ± 2.0 5.2 ± 1.6
Multijet 3.7 ± 3.1 0.02 ± 0.02 – – < 0.0 ± 0.1 < 0.0 ± 0.1
tt̄ & single-top 48 ± 10 17 ± 3.8 1.6 ± 0.5 0.3 ± 0.1 0.8 ± 0.5 0.6 ± 0.4
W+jets & Z+jets 15 ± 3.4 6.2 ± 1.5 1.1 ± 0.3 0.3 ± 0.1 1.4 ± 0.7 0.8 ± 0.4
Diboson 29.4 ± 7.5 13.2 ± 3.8 2.8 ± 1.0 0.6 ± 0.3 0.9 ± 0.5 0.6 ± 0.3
Vh(bb) 5.0 ± 0.7 4.2 ± 0.6 1.0 ± 0.2 0.3 ± 0.1 1.0 ± 0.2 0.6 ± 0.1
Total background 148 ± 30 62 ± 7.5 9.4 ± 1.8 1.7 ± 0.5 11.2 ± 2.3 7.7 ± 1.7
Data 164 68 11 2 20 9

The numbers of observed events and expected background events, along with each of the signal and
background statistical and systematic uncertainties, are used to determine limits for the Z0-2HDM model
and EFT models, which are interpreted separately. Limits on the signal yield are set using a similar
profile-likelihood-ratio test with the CLs method as the aforementioned model-independent upper limit
calculation. Each of the systematic uncertainties is treated as a nuisance parameter, with the correlations
among the sources of systematic uncertainty taken into account.
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Mono-Higgs
ATLAS	mono-H	→	bb7	results	interpreted		
n EFT	scale	limits	for	

▶ 																												(led)	

▶ 																									(right)	

n Simplified  
Z’	+	2HDM
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Figure 5: Limits at 95% CL on the suppression scale ⇤ as a function of the DM mass (m�) for EFT operators
�̄�µ�Bµ⌫H†D⌫H (left) and �†@µ�H†DµH (right). Solid black lines are due to h(! bb̄) + Emiss

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

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

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

10 Conclusion

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

p
s = 8 TeV by the ATLAS detector at

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

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

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

T thresholds up to Emiss
T > 400 GeV.
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1 Introduction

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

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

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

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

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

2 Signal models and analysis strategy

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

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

1
⇤2�

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

1
⇤4 �̄�

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

2

1 Introduction

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

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

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

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

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

2 Signal models and analysis strategy

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

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

1
⇤2�

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

1
⇤4 �̄�

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

2

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

 [G
eV

]
A

m

300

350

400

450

500

550

600

650

700

750

800
Z’-2HDMATLAS

-1=8 TeV, 20.3 fbs =1βtan 

   
)theory

σ1 ±Observed limit (
   

)expect
σ1 ±Expected limit (

(a) mZ0 � mA

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

β
ta

n 
2

4

6

8

10

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

   
)theory

σ1 ±Observed limit (
   

)expect
σ1 ±Expected limit (

(b) mZ0 � tan �

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

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

For both operators shown in Figure 5 corresponding to either fermionic or scalar DM candidates, the
limits achieved by this analysis are a few times stronger than the prior ATLAS search for DM production
in association with a Higgs boson where the Higgs boson decays to a pair of photons [16]. For the
�†@µ�H†DµH operator, the Z coupling between DM and nucleon leads to a sizable cross-section for
direct detection, and results from the LUX Collaboration [104] exclude larger regions of parameter space
than this search. However, the LUX limits are not applicable if the DM is inelastic leading to insu�cient
energy transition for direct detection. The upper limit on the branching ratio of the Z boson decaying
invisibly places stronger constraints for this model for DM with mass values below half of the Z boson
mass. For the lowest m� region not excluded by results from searches for invisible Higgs boson decays
or invisible Z boson decays near m� = mH/2, with the kinematic assumption, values of ⇤ up to 24, 91,
and 270 GeV are excluded for the �̄i�5�|H|2, �†@µ�H†DµH, and �̄�µ�Bµ⌫H†D⌫H operators respectively;
values of � above 6.7 are excluded for the |�|2|H|2 operator.
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LHC	Run	2
LHC	re-started	in	June	2015	with	13	TeV	
nAbout	4	p-1/experiment	recorded	in	2015	

▶Will	accumulate	100	p-1	by	2018	
n 8	TeV	→	13	TeV	increases	parton	luminosity	

▶2015	data	can	improve	over	Run	1		
n LHC	bunch	spacing	changed	50	ns	→	25	ns	

▶Reduced	pile-up	for	the	same	luminosity
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ATLAS	mono-W/Z	(→	qq̄)	in	Run	2
ATLAS	has	just	released	a	Run	2	search	for	mono-W/Z	
n 3.3	p-1	of	p-p	collision	data	at	13	TeV	
n Analysis	is	similar	to	the	Run	1	search	[PRL	112	(2014)	041802]	
Select	events	with	a	fat	jet	(=	boosted	W/Z	→	qq̅)	+	MET	
n The	fat	jet	has	pT	>	200	GeV	and	sub-jets	consistent	with	W/Z	→	qq̅	
nMET	>	250	GeV.	No	leptons
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ATLAS	mono-W/Z	(→	qq̄)	in	Run	2
InterpretaMon	in	EFT	and	simplified	models
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Figure 3: Figure (a) shows the limit on the mass scale, M?, of the Z Z � � EFT. Figure (b) shows the limit on the
signal strength, µ, of the vector-mediated simplified model in the plane of the dark matter particle mass, m� , and
the mediator mass, mmed. .
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CMS	mono-jet	in	Run	2

30

Search for dark matter 
• Search for generic dark matter in final states 

with jets and large missing transverse energy 
• Traditional monojet search extended to 

multijet final states, searching for DM pairs 
produced via a vector mediator 

• Limits comparable to those set in Run 1 

44 
15/12/2015 CMS Collaboration - 13 TeV Results 

EXO-15-003 
Slide	by	Jim	Olsen
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Summary
LHC	hunts	for	Dark	Ma'er	in	pp	→	X	+	invisible	searches	
nMono-jet/photon/W/Z/4̄	searches	cover	a	wide	variety	of	DM	interacMons,	
for	DM	masses	between	0	and	several	100	GeV	
▶ SensiMve	to	light	(as	well	as	heavy)	DM,	spin-dependent	(as	well	as	spin-
independent)	interacMons	

▶ Complementary	to	direct-detecMon	experiments	
n Higgs	portal	models	are	tested	by	invisible	Higgs	and	mono-Higgs	searches	
InterpretaMon	of	results	are	oden	model-dependent	
n Careful	with	plots	that	are	valid	only	for	parMcular	forms	of	interacMon	
n Expect	to	see	more	simplified-model	interpretaMons	
LHC	Run	2	has	started	with	13	TeV	
n Results	from	2015	data	are	coming	out	just	now	
nNext	3	years	will	vastly	increase	the	data	and	improve	our	sensiMvity
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