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Detections of Dark Matter 

• Identifying DM is one of the most important questions in physics now 

• DM is likely a new as yet undetected particle  

• Three detection ways: 

- Direct method (χq→χq): DM-nucleon elastic scattering, with a keV recoil 

- Indirect method (χχ→qq): DM pair-annihilation, decay to various observable particles: tt, 

bb, WW, ZZ, γγ, …… 

- Collider method (qq → χχ):  DM production at collider, model dependent   
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Outline

• Motivation and strategy of Dark Matter (DM) searches with Higgs boson 

- directly coupling to the Higgs boson (invisible-H)  

- adding extra scalar/vector mediator coupling to the Higgs boson (mono-H) 

• Results from ATLAS&CMS on  

- invisible branching fraction from invisible-H 

- production cross section times branching fraction of mono-H 

• DM interpretations 

• Conclusions 
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3

jet pT = 973 GeV 
MET = 954 GeV

jet pT= 574 GeV 
MET = 598 GeV

Are DM new weekly interacting massive particles (WIMPs)?
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Benchmark models fo LHC Run-2 DM searches

4

A big effort is made between LHC experimentalists 

and theorists!
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Benchmark models fo LHC Run-2 DM searches

• Mono-jets: the most powerful in 

general   

• Mono-photons: First used for DM 

searches  

• Mono-W: Distinguish DM couplings to 

u- and d- type of quarks  

• Mono-Z: clean signature   

• Mono-Tops/Bs: Couplings to tops/b-

quarks 

• Mono-Higgs: Higgs-portals 
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“History” of DM searches at the LHC

• Two different approaches:

• Effective field theory (EFT): several 

nonrenormalizable operators without the 
UV physics specified

• largely model-independent 

• but cannot be reliable when parton 

energies in the events are comparable 
to the effective mass scale


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


• Simplified models: UV particles are kept 
as degrees of freedom, but more model-
dependent 
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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3
qq(Mmed � 2mq) .

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

r

1 � 4m2
f

M2
med

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

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

32 atlas+cms dark matter forum

S, P

g

q

c̄

c

q

(a)

S, P

g

g

c̄

c

g

(b)

Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

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

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

L
f

= g
c

fc̄c +
fp
2 Â

i

⇣

guyu
i ūiui + gdyd

i d̄idi + g`y`i ¯̀ i`i

⌘

, (2.6)

La = ig
c

ac̄g5c +
iap

2 Â
i

⇣

guyu
i ūig5ui + gdyd

i d̄ig5di+

g`y`i ¯̀ ig5`i

⌘

. (2.7)

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

i are normalized to the Higgs vev
as y f

i =
p

2m f
i /v.

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

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

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

c

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

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

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

2.2.3.1 Parameter scan

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

c

, m
f,a, g

c

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

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

The kinematics is most dependent on the masses m
c

and m
f,a.

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

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

3
Specific models for signatures with EW bosons

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

V

q̄

q

c̄

c

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

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

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

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

metric matrices aq
SR (scalar couplings) and bq

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

SR and b1/2
SR in

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

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

a1/2
SR = b1/2

SR =
1
2

y⇤s and aq
SR = bq

SR =
1
2

ls , (A.2)

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

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

Non-Resonant production

For non-resonant monotop production, the monotop state is
produced via flavor-changing neutral interactions of the top quark,
a lighter up-type quark and a new invisible vector particle V. This
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where the objects ys and ls are a tridimensional vector and a 3 ⇥ 3
matrix in flavor space respectively. This class of scenarios is the
one that has been adopted by the ATLAS collaboration for its Run I
monotop searches [ATL15b] and will be considered by both collabo-
rations for Run II analyses.

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

Non-Resonant production

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

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

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

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

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

B to leptons.

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

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

Z0
Z0

q̄

q

c̄

c

h

(a)

Z0

A0

q̄

q

c̄

c

h

(b)

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

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

B and A0

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

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

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

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

mono-Jet/photon/W/Z mono-Higgs

mono-tt/bb

mono-t

mono-V

t-channel mono-jet/dijet

X can be emitted either directly from ISR through SM 
gauge interactions or from a BSM vertex coupling
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In the on-shell regime, the models with mediator masses up to 1.55TeV are excluded for m� = 1GeV.
For m� < 1GeV, the monojet analysis maintains its sensitivity for excluding DM models. This analysis
loses sensitivity to the models in the o↵-shell regime, where cross sections are suppressed due to the
virtual production of the mediator. Perturbative unitarity is violated in the parameter region defined by
m� >

p
⇡/2 mZA [92]. The masses corresponding to the relic density [93] as determined by the Planck

and WMAP satellites [9, 10], within the WIMP dark-matter model and in the absence of any interaction
other than the one considered, are indicated in the Figure as a line that crosses the excluded region at
mZA ⇠ 1200GeV and m� ⇠ 440GeV. The region towards lower WIMP masses or higher mediator masses
corresponds to dark-matter overproduction.
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Figure 5: (a) Axial-vector 95% CL exclusion contours in the mZA –m� parameter plane. The solid (dashed) curve
shows the observed (expected) limit, while the bands indicate the ±1� theory uncertainties in the observed limit and
±1� and ±2� ranges of the expected limit in the absence of a signal. The red curve corresponds to the set of points
for which the expected relic density is consistent with the WMAP measurements (i.e. ⌦h2 = 0.12), as computed
with MadDM [94]. The region on the right of the curve corresponds to higher predicted relic abundance than these
measurements. The region excluded due to perturbativity, defined by m� >

p
⇡/2 mZA , is indicated by the hatched

area. The dotted line indicates the kinematic limit for on-shell production mZA = 2 ⇥ m�. The cyan line indicates
previous results at 13TeV [1] using 3.2 fb�1. (b) A comparison of the inferred limits (black line) to the constraints
from direct detection experiments (purple line) on the spin-dependent WIMP–proton scattering cross section in the
context of the simplified model with axial-vector couplings. Unlike in the mZA –m� parameter plane, the limits are
shown at 90% CL. The results from this analysis, excluding the region to the left of the contour, are compared with
limits from the PICO [95] experiment. The comparison is model-dependent and solely valid in the context of this
model, assuming minimal mediator width and the coupling values gq = 1/4 and g� = 1.

The results are translated into 90% CL exclusion limits on the spin-dependent WIMP–proton scatter-
ing cross section �SD as a function of the WIMP mass, following the prescriptions from Refs. [13, 93].
Among results from di↵erent direct-detection experiments, in Figure 5(b) the exclusion limits obtained in
this analysis are compared to the most stringent limits from the PICO direct-detection experiment [95].
The limit at the maximum value of the WIMP—proton scattering cross section displayed corresponds
to the lowest excluded values mZA = 45GeVand m� = 45GeVof the mediator and dark matter masses
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Dark Matter — Jet+X

• Signature: an ISR jet recoiling off a large MET 

• Event selection: a well-identified leading jet pT >250 
GeV, MET > 250 GeV; well-separated between leading 
energetic jet and MET; lepton-veto; up to 3 more jets 

with pT>30 GeV 

• Main backgrounds: Z(νν) + jets, W(!ν) + jets (data-
driven) 

- re-weighted to perturbative calculations at 

NLO@QCD + nNNLO@EW (arXiv:1705.04664)  

- simultaneous fits to control regions (CRs): W(µν)

+jets, W(eν)+jets, and Z/γ∗(µµ )+jets 

• Dominant systematics: W/Z + jets modeling; jet energy 

scale and lepton efficiency 

• No excess is found !
6
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Figure 4: Measured distributions of the (a) Emiss
T , (b) leading-jet pT, (c) leading-jet |⌘|, and (d) jet multiplicity for the

Emiss
T > 250GeV selection compared to the SM predictions. The latter are normalized with normalization factors

as determined by the global fit that considers exclusive Emiss
T regions. For illustration purposes, the distributions of

example ADD, SUSY, and WIMP scenarios are included. The error bands in the ratios shown in the lower panels
include both the statistical and systematic uncertainties in the background predictions. The last bin of the Emiss

T and
leading-jet pT distributions contains overflows. The contributions from multijet and non-collision backgrounds are
negligible and are only shown in the case of the Emiss

T distribution.

the data compared to the SM predictions, as shown in Table 5.

8.1 Model-independent exclusion limits

A likelihood fit is performed separately for each of the inclusive regions IM1–IM10. As a result, model-
independent observed and expected 95% confidence level (CL) upper limits on the visible cross section,
defined as the product of production cross section, acceptance and e�ciency �⇥A⇥ ✏, are extracted from
the ratio between the 95% CL upper limit on the number of signal events and the integrated luminosity,
taking into consideration the systematic uncertainties in the SM backgrounds and the uncertainty in the
integrated luminosity. The results are presented in Table 6. Values of � ⇥ A ⇥ ✏ above 531 fb (for IM1)

18
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Dark Matter — Jet+X
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arXiv:1712.02345

Exclude Vector (Axial-vector) mediator masses up to 
1.8 TeV for DM masses up to 700(500) GeV 

6.1 Dark matter interpretation 19

Figure 10: Exclusion limits at 95%CL on µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (black) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [97] are
shown as dark blue contours; in the shaded area DM is overabundant.
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Figure 11: Expected (dotted black line) and observed (solid black line) 95%CL upper limits
on the signal strength µ = s/sth as a function of the mediator mass for the scalar mediators
(left) for mDM = 1 GeV. The horizontal red line denotes µ = 1. Exclusion limits at 95%CL
on µ = s/sth in the mmed–mDM plane assuming pseudoscalar mediators (right). The solid
(dashed) red (back) line shows the contours for the observed (expected) exclusion. Constraints
from the Planck satellite experiment [97] are shown with the dark blue contours; in the shaded
area DM is overabundant.

abundance is estimated, separately for each model, using the thermal freeze-out mechanism
implemented in the MADDM [98] framework and compared to the observed cold DM density
Wch2 = 0.12 [99], where Wc is the DM relic abundance and h is the Hubble constant.

6.1 Dark matter interpretation 21
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Figure 13: Exclusion limits at 90%CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid red (dotted black) line shows the contour for the
observed (expected) exclusion in this search. Limits from CDMSLite [102], LUX [103], XENON-
1T [104], PANDAX-II [105], and CRESST-II [106] are shown for the vector mediator. Limits
from Picasso [107], PICO-60 [108], IceCube [109], and Super-Kamiokande [110] are shown for
the axial-vector mediator.
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Figure 14: For the pseudoscalar mediator, limits are compared to the the velocity averaged DM
annihilation cross section upper limits from Fermi-LAT [101]. There are no comparable limits
from direct detection experiments, as the scattering cross section between DM particles and SM
quarks is suppressed at nonrelativistic velocities for a pseudoscalar mediator [111, 112].

Axial-vector mediator -> 
Spin dependent DD limits 

https://arxiv.org/pdf/1712.02345.pdf
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Dark Matter — Higgs ("") + X

• Signature: two well-identified photons compatible with the 125 GeV Higgs boson plus MET 

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

- fully data-driven non-resonant background ("", "+jets), SM Higgs is MC estimated (μSM = 1) 

• Main systematic uncertainties: 10% non-resonant background modeling

8

PRD 96 (2017) 112004

No significant BSM excess is observed! 

JHEP 10 (2017) 180

background modeling and 3% from the other systematic
uncertainties). The !1σ variations from the expected limits
are also given. For the Mono-Higgs category, visible cross
sections σBSMvis > 0.19 fb are excluded. The ranges of the
acceptance times efficiency (A × ϵ) for all three different
models considered in this paper are also shown. For the Z0

B
model, signals with DM massmχ between 1 and 1000 GeV
and mediator mass mZ0

B
between 1 and 2000 GeVare taken

into consideration. The samples with the mediator mass

mZ0 ¼ 400–1400 GeV and pseudoscalar boson mass
mA0 ¼ 200–450 GeV are added for the Z0-2HDM model.
For the heavy-scalar model, the values are taken from
the signals points with mH ¼ 260 to 350 GeV and
mχ ¼ 60 GeV.

B. Interpretations of the Z0
B and Z0-2HDM models

Figure 3 shows the mγγ distributions in the Mono-Higgs
category as well as the fits for a Z0

B benchmark point with
mZ0

B
¼ 200 GeV andmχ ¼ 1 GeV. No significant excess is

observed in this category. Upper limits are set on the
production cross sections in the two theoretical models
considered. Figure 4(a) shows the observed and median
expected 95% C.L. upper limits on σðpp → hχχ̄Þ×
Bðh → γγÞ as a function of the mediator mass mZ0

B
for a

DM mass of 1 GeV. The cross sections times branching
fraction of h → γγ larger than 2.3 fb are excluded for the
full range of mZ0

B
between 10 and 2000 GeV at 95% C.L.,

and the Z0
B model is excluded with Z0

B masses below
850 GeV for a DM mass of 1 GeV.
In the Z0-2HDM scenario, the observed and median

expected 95% C.L. upper limits on σðpp → hχχ̄Þ×
Bðh → γγÞ are shown in Fig. 4(b), as a function of the
pseudoscalar boson mass mA0 for mχ ¼ 100 GeV and
mZ0 ¼ 1000 GeV. The masses of the neutral CP-even
scalar (H0) and the charged scalars (H!) from Z0-2HDM
model are set to 300 GeV. The theoretical cross section
starts from mA0 ¼ 201 GeV. The working point with
mA0 ¼ 200 GeV is excluded since the resonant production
of DM particles at mχ ¼ 100 GeV significantly increases
the cross section of the process. To avoid the resonant
regime where mA0 ¼ 200 GeV and mχ ¼ 100 GeV and
allow a better limit interpolation, the pointmA0 ¼ 201 GeV
is shown in this plot instead of 200 GeV. The drop of the
theoretical prediction at mA0 ¼ 345 GeV is due to a rapid
change in the width when A0 decaying to tt̄ is kinematically

TABLE V. Observed and expected upper limits (at 95% C.L.) on the visible cross section for BSM physics processes producing
missing transverse momentum and a SM Higgs boson decaying into two photons. Limits are presented for the five different categories.
The !1σ exclusion from the expected limits are also given. For all the simulated signal points, the lowest and largest values of the
acceptance times efficiency (A × ϵ) for all three models are presented as a range. For the Z0

B model, signals with DMmassmχ between 1
and 1000 GeV and mediator mass mZ0

B
between 1 and 2000 GeV are taken into consideration. The samples with the mediator mass

mZ0 ¼ 400–1400 GeV and pseudoscalar boson mass mA0 ¼ 200–450 GeV are added for the Z0-2HDM model. For the heavy-scalar
model, the values are taken from the signals points with mH ¼ 260 to 350 GeV and mχ ¼ 60 GeV.

σBSMvis [fb] A × ϵ [%]

Category Observed Expected Z0-2HDM Z0
B Heavy scalar

Mono-Higgs 0.19 0.23þ0.11
−0.07 53–74 15–63 1.0–4.0

High-Emiss
T 0.67 0.52þ0.23

−0.15 0.2–12 1.3–7.1 1.8–8.4
Intermediate-Emiss

T 1.6 1.2þ0.5
−0.3 0.05–5.0 0.6–5.5 3.9–6.6

Different-vertex 1.5 2.5þ1.1
−0.7 0.04–11 0.9–10 2.5–7.4

Rest 11 15þ6
−4 0.06–5.5 1.1–22 14–27
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FIG. 3. Diphoton invariant mass distribution for data and the
corresponding fitted signal and background in the Mono-Higgs
category for the Z0

B benchmark model fit using gq ¼ 1=3, gχ ¼ 1,
sin θ ¼ 0.3, and Dirac fermion DM mχ ¼ 1 GeV as an illustra-
tion. A negative best-fit DM signal is found. The data is shown as
dots with asymmetric error bars that represent central Poissonian
confidence intervals at 68% C.L. The postfitted signal (solid red
line), prefitted signal (dashed red line), SM Higgs boson (solid
green line), nonresonant background (dashed blue line) and the
nonresonant background plus the SM Higgs boson (dashed green
line) are shown as well as the total of all those contributions (solid
blue line). In the bottom panel, the “Bkg” represents the total
background including the SM Higgs boson productions.
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Figure 2: The distribution of (a) S Emiss
T

, (b) p��T and (c) phard
T after the selection of diphoton candidates in

120 GeV < m�� < 130 GeV. Expected distributions are shown for a Z0B signal with mZ0B = 200 GeV and Dirac
fermion DM m� = 1 GeV; a Z0-2HDM signal with mZ0 = 1000 GeV, mA0 = 200 GeV and Dirac fermion DM
m� = 100 GeV; and a heavy-scalar model with mH = 275 GeV and scalar DM m� = 60 GeV. These overlaid signal
points are representative of the model kinematics. Only the quadratic sum of the MC statistical and experimental
systematic uncertainties in the total background is shown as the hatched bands, while the theoretical uncertainties in
the background normalization are not included. Overflow events are included in the rightmost bin. The asymmetric
error bars on data points come from Poissonian confidence intervals at 68% confidence level.
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DM!+!Higgs!(bb)

20

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

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

31

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

GeV and a large-R jet with mJ = 106 GeV and two b-tagged track jets.

30

Resolved Region (ETmiss < 500 GeV)
 small radius jets

Merged Region (ETmiss > 500 GeV)
 large radius jet

MET = 213 GeV, Mjj = 120 GeV MET = 694 GeV, mJ = 106 GeV,  
and two b-tagged track jets

Mono-Higgs(→bb)

18

Merged
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Mono-Higgs(→!!,bb)

• Upper limit is set on the signal strength as a function of mA and mZ’ for Z’-2HDM scenario 

- ATLAS:  separated bb and !! @36.1 z-1 

- CMS: combined bb and !! @2.3 z-1 , (improve for low MET regions because of tight MET trigger 
for bb channel )

20

arXiv: 1706.03948

1 Introduction

The discovery of a particle consistent with the Standard Model (SM) Higgs boson in 2012 by the AT-
LAS [1] and CMS [2] collaborations has opened up new possibilities in searches for physics beyond the
SM (BSM). Although strong astrophysical evidence [3, 4] implies the existence of dark matter (DM),
there is no evidence yet for non-gravitational interactions between DM and SM particles. The interaction
probability of DM particles, which are produced in SM particle collisions, with a detector is expected to
be tiny. Thus, many searches for DM at the Large Hadron Collider (LHC) involve missing transverse mo-
mentum (Emiss

T ) produced in association with detectable particles (X+Emiss
T final states). In other X+Emiss

T
searches in proton–proton (pp) collisions, X may represent a jet or a �/W/Z boson, which can be emitted
directly from a light quark as initial-state radiation through the usual SM gauge interactions. However,
SM Higgs boson radiation from initial-state partons is highly suppressed, so events with a final state
compatible with the production of a SM Higgs boson in association with Emiss

T can be sensitive probes
of the structure of the BSM physics responsible for producing DM. Therefore, the SM Higgs boson is
expected to be produced from a new interaction between DM and the SM particles [5]. Both the ATLAS
and CMS collaborations have previously searched for such topologies using 20.3 fb�1 of pp collision data
at
p

s = 8 TeV [6, 7], and 2.3–36.1 fb�1 of pp collision data at
p

s = 13 TeV [8–10], considering the SM
Higgs boson decay into a pair of photons or b-quarks in events with missing transverse momentum. This
paper presents an updated search for DM particles (�) associated with the SM Higgs boson (h) decay to
a pair of photons using 36.1 fb�1 of pp collision data collected at

p
s = 13 TeV during 2015 and 2016,

where both the integrated luminosity and the center-of-mass energy are significantly higher than in the
previously published ATLAS analysis [6].

Z 0

Z 0

q̄

q

�̄

�

h

(a)

Z 0

A0

q̄

q

�̄

�

h

(b)

H

g

g

�

�

h

(c)

Figure 1: The Feynman diagrams for the production of DM (�) in association with a SM Higgs boson (h) arising
from three theoretical models considered in this paper: (a) Z0B model, (b) Z0-2HDM model, (c) heavy-scalar model.

Three benchmark models are considered in this analysis. The leading-order (LO) Feynman diagrams
representing the production of h plus Emiss

T in two simplified models [11] are shown in Figures 1(a)
and 1(b). In the first model, a massive vector mediator Z0 emits a Higgs boson and subsequently decays
to a pair of Dirac fermionic DM candidates. A vector-boson mediator arises in many BSM theories
through a minimal extension to the gauge sector of the SM. In scenarios where the DM couples to the SM
only via the Z0 boson (i.e., the Z0B model [5] represented in Figure 1(a)), the associated U0(1) symmetry
ensures the stability of the DM particle. The baryon number B is associated with the gauge symmetry of
U(1)B, and an additional scalar particle (referred to as a baryonic Higgs boson) is introduced to break this
symmetry spontaneously and generate the Z0 boson mass (denoted by mZ0B). The second model (from a Z0-
two-Higgs doublet model (Z0-2HDM) [12], Figure 1(b)) involves the Z0 boson decaying to the SM Higgs
boson and an intermediate heavy-pseudoscalar boson A0, which then decays to a pair of Dirac fermionic
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Figure 5: The ratios of the observed and expected 95% CL upper limits on the signal cross section to the predicted
signal cross sections for (a) the Z0B model in the (m�, mZ0B ) plane and (b) the Z0-2HDM model in the (mA0 , mZ0 )
plane. For the Z0B model, the mixing angle sin ✓ = 0.3, and the coupling values gq = 1/3 and g� = 1 are used.
In the scenario of Z0-2HDM model, the ratio of the two-Higgs-doublet vacuum expectation values tan � = 1.0,
Dirac fermion DM mass m� = 100 GeV, and the coupling value gZ0 = 0.8 are used. The masses of the neutral
CP-even scalar (H0) and the charged scalars (H±) from Z0-2HDM model are set to 300 GeV. The plus and minus
one standard deviation expected exclusion curves are also shown as red dashed and dotted lines. The regions below
the lines (i.e. with �obs/�th < 1) are excluded. In both figures, the gray dashed line corresponds to the boundary of
the region above which the Z0 boson is produced o↵-shell.
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Figure 6: A comparison of the inferred limits to the constraints from direct detection experiments on the spin-
independent DM–nucleon cross section in the context of the Z0B simplified model with vector couplings. Limits are
shown at 90% CL. The results from this analysis, in which the region inside the contour is excluded, are compared
with limits from the LUX [65], PandaX-II [66], XENON [67], superCDMS [68], and CRESST-II [69] experiments.
The comparison is model-dependent and solely valid in the context of this model, assuming Dirac fermion DM,
mixing angle sin ✓ = 0.3, and the coupling values gq = 1/3 and g� = 1. The impact of renormalization-group
evolution e↵ects [70, 71] when comparing collider and direct detection limits is not taken into consideration here.

19

h→bb + h→!! h→!! 

arXiv:1703.05236

h→bb 

Resolved: two b-tagged 
track-jets + 

intermediate MET

Merged: one large-R jet 
with two b-tagged 
tracks + large MET

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-054/index.html
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-25/
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Figure 17: Kinematic distributions in the signal regions: (top left) mreclustered
top in tN_high, (top right) amT2 in

bC2x_med, (middle left) mT in bC2x_diag, (middle right) Emiss
T in bCbv, (bottom left) mT in DM_low, and (bottom

right) Emiss
T in DM_high. The full event selection in the corresponding signal region is applied, except for the

requirement (indicated by an arrow) that is imposed on the variable being plotted. The predicted SM backgrounds
are scaled with the normalisation factors obtained from the corresponding control regions in Tables 23 and 24. In
addition to the background prediction, a signal model is shown on each plot. In the DM+tt̄ signal model, a coupling
of g = 1 is assumed. The category labelled ‘Others’ stands for minor SM backgrounds that contribute less than 5%
of the total SM background. The hatched area around the total SM prediction includes statistical and experimental
uncertainties. The last bin contains overflows.
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Dark Matter — ttbar + X

• Complicated final states (can be improved by using machine learning)  

- multiple jets (≥2/1/0 b-quarks), 0/1/2 well-identified lepton, and MET

10

EPJC 78 (2018) 18
arXiv:1711.11520
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Figure 4: Comparison of the data with the post-fit SM prediction of the Emiss
T distribution in SRb1 (top left), cos ✓⇤bb

distribution in SRb2 (top right), mb,min
T distribution in SRt1 (middle left), Emiss, sig

T distribution in SRt2 (middle
right) and ⇠+ distribution in SRt3 (bottom). The last bins include overflows, where applicable. All signal region
requirements except the one on the distribution shown are applied. The signal region requirement on the distribution
shown is indicated by an arrow. The bottom panel shows the ratio of the data to the prediction. The band includes
all systematic uncertainties defined in Sect. 6.
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Figure 4: Comparison of the data with the post-fit SM prediction of the Emiss
T distribution in SRb1 (top left), cos ✓⇤bb

distribution in SRb2 (top right), mb,min
T distribution in SRt1 (middle left), Emiss, sig

T distribution in SRt2 (middle
right) and ⇠+ distribution in SRt3 (bottom). The last bins include overflows, where applicable. All signal region
requirements except the one on the distribution shown are applied. The signal region requirement on the distribution
shown is indicated by an arrow. The bottom panel shows the ratio of the data to the prediction. The band includes
all systematic uncertainties defined in Sect. 6.
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hadronic decays of W bosons from top quarks in the event. The requirements applied in SRt1 are such
that both reclustered jets are compatible with a W-boson candidate. The SRt2 signal region is optimised
instead for high-mass spin-0 mediators (100 GeV < m(�/a) < 350 GeV). Requirements on the two lead-
ing reclustered jet masses with radius 1.2 (mjet 1

R=1.2, mjet 2
R=1.2) are used to exploit the more boosted topology

of these signal events compared to the backgrounds. The requirements applied in SRt2 are such that the
leading large-radius jet is compatible with a top-quark candidate and the subleading large-radius jet is
compatible with a W-boson candidate. The specific requirements for each discriminating observable in
SRt1 and SRt2 are summarised in Table 3.

Finally, events assigned to SRt3 are required to have exactly two opposite-sign leptons (NM
` = 2 OS),

electrons or muons, either same- or di↵erent-flavour, with an invariant mass (regardless of the flavours
of the leptons in the pair), m``, being larger than 20 GeV. In addition, for same-flavour lepton pairs,
events with m`` within 20 GeV of the Z-boson mass are vetoed. Furthermore, candidate signal events are
required to have at least one medium b-tagged jet. Events are required to pass the two-lepton triggers
and the leading and subleading lepton transverse momenta in the event are required to be at least 25 and
20 GeV, respectively, which also guarantees that the plateau of e�ciency of the triggers is reached. The
main reducible backgrounds for this analysis are dileptonic tt̄ decays, Z + jets and dibosons. The main
handle for the rejection of these backgrounds is the lepton-based "stranverse mass", m``T2 [92–94], which is
a kinematic variable with an endpoint at the W-boson mass for events containing two W bosons decaying
into leptons. In this selection it is used in linear combination with the Emiss

T , in order to maximise the
discrimination power of the two variables [90]:

⇠+ = m``T2 + 0.2 · Emiss
T .

Further requirements are placed on ��boost [92], the azimuthal angular distance between ~pmiss
T and the

vector sum of ~pmiss
T and the transverse momentum of the leptons, and on mmin

b2` , which is the smallest in-
variant mass computed between the b-tagged jet and each of the two leptons in the event. Both variables
are used to further reject residual contamination from reducible backgrounds for this selection. The vari-
able ��boost, can be interpreted as the azimuthal angular di↵erence between the ~pmiss

T and the opposite
of the vector sum of all the transverse hadronic activity in the event. The requirement on this variable
reject Z(`+`�)+jets events where the Emiss

T arises from jet mismeasurements, while retaining a large frac-
tion of the signal. In events with two top quarks decaying dileptonically such as in the signal topology,
at least one of the two mass combinations must be bounded from above by mmin

b2` <
q

m2
t � m2

W . This
variable helps to reject residual reducible backgrounds, while retaining 99% of the signal. The specific
requirements for SRt3 are summarised in Table 3.

5 Background estimation

The SM backgrounds contributing to each of the five SRs are estimated with the aid of the MC simulation
and using control regions (CRs) constructed to enhance a particular background and to be kinematically
similar but orthogonal to the SRs. The expected background is determined separately in each SR through
a profile likelihood fit based on the HistFitter package [95]. The CR yields constrain the normalisation
of the dominant SM background processes. Such normalisation factors are treated as free fit parameters
and are uncorrelated between fits of di↵erent SRs. The systematic uncertainties are included as nuisance
parameters in the fit. In the case of a "background-only" fit set-up, only the CRs are considered and the
signal contribution is neglected. The number of background events predicted by simulation in the SRs is

12

No significant excess above SM expectation is 
observed in all three channels 
0 lepton

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-16/
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A deeper probe of the Higgs sector 

11

• Total width: ΓH = 4 MeV, too small to be resolved 

experimentally 

- very loose bound from interference gg→ZZ 

- no way to access it indirectly (via production 

rates) in a precise way 
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Higgs-portal DM interpretation (2)

9

• Spin-1 and 1/2 Higgs-portal DM model are not renormalizable, should be more careful when 
doing reinterpretation (PRD 90, 055014, 2014)

JHEP 02 (2017) 135

Combination of inv. Higgs channels
Combination of visible & inv. Higgs channels

JHEP11(2015)206
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Motivation of invisible decay of the Higgs Boson 

• In the SM, the Higgs boson has BR(H→ZZ*→νννν) ~ 0.1% 

• Observation with a sizable BR(H→invisible) would be a strong sign 

of BSM Physics: 

- LSP of SUSY: neutralinos, gravitinos  

- Graviscalars (large extra dimensions) 

- more general interaction between the Higgs boson and dark 
matter 

• Higgs-portal DM: the Higgs bosons acts as mediator between SM 

and DM particles 

- 125 GeV Higgs has been discovered – see how often it decays 

invisibly 

• How to detect a decay mode which is invisible? 

3

Find a recoiling system ⟹ 

 [GeV] HM
10 20 30 100 200 1000 2000

 H
+X

) [
pb

]  
  

→
(p

p 
σ

3−10

2−10

1−10

1

10

210

310

410
= 13 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

 H (NNLO+NNLL QCD)

→pp 

 qqH (NNLO QCD)

→pp 

 WH (NNLO QCD)

→pp 

 ZH (NNLO QCD)

→
pp 

 ttH (NLO QCD)

→pp 

 bbH (NNLO)

→
pp 

 tH (NLO)
→pp 

suffer from large 
backgroundsSee talks from Yann Mambrini and Abdelhak Djouadi
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V(→jj)H and gH

• Main backgrounds: Z(νν)+jets and W(!ν)+jets, simultaneous fits to control regions (CRs) 

- ATLAS: W("ν)+jets, W(#ν)+jets, and Z/$*("")+jets 

- CMS: W(#/"ν) + jets, Z/$*(##/"") + jets, and $ + jets  

• Dominant systematics: 20% uncertainties in the differential XS ratios of γ/Z + jets and W/Z + jets 

• Combination: the fraction of various production mode are assumed to be as in the SM prediction

6

JHEP 02 (2017) 135
arXiv:1502.01518

gHV(→jj)H

• with large statistics 

• similar jet multiplicity, underlying event, and pileup 
conditions with the DY process at high pT region)

Observed (expected) upper limits: 
B(H->inv.) < 0.24 (0.23) @95%CL 

JHEP 02 (2017) 135

Improvement in near future: <10%@Run2

• Invisible decay width: DM connection!  

- the mass of the DM is less than half of 

the Higgs mass 
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Higgs-portal DM interpretation (1)

• Higgs-portal DM models with two assumptions:  
- the Higgs boson is the only mediator between DM and SM sectors 
- the mass of the DM is less than half of the Higgs mass  

• The limit on BRinv can be interpreted as bounds of coupling strength λh!! 

- finally give constraints on DM-nucleon cross sections 
8

χ

χ

h

λh!!

χχ

NN

h
λh!!

Scattering

Decay
B.Patt, F.Wilczek, arXiv:hep-ph/0605188;  
Djouadi, Lebedev, Mambrini, Quevillon, PLB 790, 65;  
Djouadi, Falkoski, Mambrini, Quevillon, Eur. Phys. J. C73, 2455 
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Higgs-portal Dirac fermion DM

The Dirac fermion Higgs-portal DM gives:
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where the highlighted term shows the interaction between Higgs and DM. The amplitude for

H ! f f̄ can be written as:
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and decay width thus is obtained as follows:
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Higgs-portal vector DM

A sample of vector DM in Higgs-portal models [73] is given by:
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in which the highlighted term represents the interaction between Higgs and vector DM. It

gives the square of amplitude for H ! VV :
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straightforwardly. As shown in Fig. 1.17, the DM particles, assumed to have spin-0, -1/2, and

-1, couple to the Higgs boson with strengths �hS S , �h��, and �hVV .
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Figure 1.17: The Feynman diagrams for Higgs-portal scalar (left), fermion (middle) and vector (right)
DM model.

Higgs-portal singlet scalar DM

It is well known that the simplest DM model can be achieved by adding a real singlet scalar

S [69–72] to the SM:

L = LSM + �LS = LSM +
1
2
@µS @µS � 1

2
mS S 2 � 1

4
�S S 4 � 1

4
�hS S H†HS 2 , (1.46)

in which H is the SM Higgs doublet. The linear and cubic terms of the scalar S are forbidden by

the Z2 symmetry (S ! �S ). After electroweak spontaneous symmetry breaking as discussed

in Sec. 1.1.2, the doublet field H is shifted to
✓

0, v+hp
2

◆T
, and �LS can be written as:

�LS = �1
2

(mS +
1
4
�hS S v2)S 2 � 1

4
�S S 4 � 1

8
�hS S h2S 2 � v�hS S

4
hS 2

. (1.47)

The first term is the mass term. The self-interaction term S 4 and 4-point interaction term h2S 2

are not directly relevant to our interests and therefore ignored. The last interaction term be-

tween Higgs and DM gives the decay width of H ! S S :

�inv
h!S S =

�2
hS S v2

128⇡mh
�S , �S =

v

t

1 � 4M2
S

m2
h
, MS = mS +

1
4
�hS S v2 . (1.48)
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Higgs-portal DM interpretation (1)

• Higgs-portal DM models with two assumptions:  
- the Higgs boson is the only mediator between DM and SM sectors 
- the mass of the DM is less than half of the Higgs mass  

• The limit on BRinv can be interpreted as bounds of coupling strength λh!! 

- finally give constraints on DM-nucleon cross sections 
8

χ

χ

h

λh!!

χχ

NN

h
λh!!

Scattering

Decay
B.Patt, F.Wilczek, arXiv:hep-ph/0605188;  
Djouadi, Lebedev, Mambrini, Quevillon, PLB 790, 65;  
Djouadi, Falkoski, Mambrini, Quevillon, Eur. Phys. J. C73, 2455 
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Higgs-portal Dirac fermion DM

The Dirac fermion Higgs-portal DM gives:

�L f = �m f �̄� � 1
4
�h f f

⇤
H†H�̄� = �(m f +

�h f f

8⇤
v2)�̄� � �h f f

8⇤
h2�̄� � �h f f v

4⇤
h�̄� , (1.49)

where the highlighted term shows the interaction between Higgs and DM. The amplitude for

H ! f f̄ can be written as:

|M|2 =
�2

h f f v
2

8⇤2

X

spins

[ū(p)v(q)][ū(p)v(q)]⇤ =
�2

h f f v
2

4⇤2 m2
h(1 �

4M2
f

m2
h

) , (1.50)

and decay width thus is obtained as follows:

�inv
h! f f =

1
16⇡mh

⇥
�2

h f f v
2

4⇤2 m2
h(1 �

4M2
f

m2
h

)

v

t

1 �
4M2

f

m2
h

=
�2

h f f v
2mh

64⇡⇤2 · �3
f , � f =

v

t

1 �
4M2

f

m2
h
, M f = m f +

�h f f

8⇤
v2 .

(1.51)

Higgs-portal vector DM

A sample of vector DM in Higgs-portal models [73] is given by:

�LV =
1
2

m2
VVµVµ +

1
4
�V (VµVµ)2 +

1
4
�hVV H†HVµVµ

=
1
2

(m2
V +

1
4
�hVVv2)VµVµ +

1
4
�V (VµVµ)2 +

�hVV

8
h2VµVµ +

�hVVv
4

hVµVµ ,
(1.52)

in which the highlighted term represents the interaction between Higgs and vector DM. It

gives the square of amplitude for H ! VV :

|M|2 = �
2
hVVv2

8

X

�0
✏⇤µ(�0, p)✏⌫(�0, p)

X

�

✏⇤µ(�, q)✏⌫(�, q)

=
�2

hVVv2

8

0

B

B

B

B

@

4 � p2 + q2

M2
V
+

(p · q)2

M4
V

1

C

C

C

C

A

=
�2

hVVv2

8

0

B

B

B

B

B

@

3 � m2
h

M2
V
+

m4
h

4M4
V

1

C

C

C

C

C

A

.

(1.53)

Chapter 1. Theory 33

Higgs-portal Dirac fermion DM

The Dirac fermion Higgs-portal DM gives:

�L f = �m f �̄� � 1
4
�h f f

⇤
H†H�̄� = �(m f +

�h f f

8⇤
v2)�̄� � �h f f

8⇤
h2�̄� � �h f f v

4⇤
h�̄� , (1.49)

where the highlighted term shows the interaction between Higgs and DM. The amplitude for

H ! f f̄ can be written as:

|M|2 =
�2

h f f v
2

8⇤2

X

spins
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straightforwardly. As shown in Fig. 1.17, the DM particles, assumed to have spin-0, -1/2, and

-1, couple to the Higgs boson with strengths �hS S , �h��, and �hVV .

H0
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�hS S H0

�̄

�

�h�� H0

Vµ

Vµ

�hVV

Figure 1.17: The Feynman diagrams for Higgs-portal scalar (left), fermion (middle) and vector (right)
DM model.

Higgs-portal singlet scalar DM

It is well known that the simplest DM model can be achieved by adding a real singlet scalar

S [69–72] to the SM:

L = LSM + �LS = LSM +
1
2
@µS @µS � 1

2
mS S 2 � 1

4
�S S 4 � 1

4
�hS S H†HS 2 , (1.46)

in which H is the SM Higgs doublet. The linear and cubic terms of the scalar S are forbidden by

the Z2 symmetry (S ! �S ). After electroweak spontaneous symmetry breaking as discussed

in Sec. 1.1.2, the doublet field H is shifted to
✓

0, v+hp
2

◆T
, and �LS can be written as:

�LS = �1
2

(mS +
1
4
�hS S v2)S 2 � 1

4
�S S 4 � 1

8
�hS S h2S 2 � v�hS S

4
hS 2

. (1.47)

The first term is the mass term. The self-interaction term S 4 and 4-point interaction term h2S 2

are not directly relevant to our interests and therefore ignored. The last interaction term be-

tween Higgs and DM gives the decay width of H ! S S :

�inv
h!S S =

�2
hS S v2

128⇡mh
�S , �S =

v

t

1 � 4M2
S

m2
h
, MS = mS +

1
4
�hS S v2 . (1.48)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-016/index.html
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“History” of DM searches at the LHC

• Two different approaches:

• Effective field theory (EFT): several 

nonrenormalizable operators without the 
UV physics specified

• largely model-independent 

• but cannot be reliable when parton 

energies in the events are comparable 
to the effective mass scale


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


• Simplified models: UV particles are kept 
as degrees of freedom, but more model-
dependent 

3

EFT!and!its!Validity!

5
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1.3.6 Collider detection – Effective field theory models

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

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

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

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

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

Lorentz structure of its interaction to quarks or gauge bosons.

q̄

q

�

�̄

V2

V1

�

�̄

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

DM pair coupling to a quark-antiquark pair

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

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

interaction terms [75]:

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

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

⇤2 ;

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

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

(1.57)

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

quarks. The operators denoted by D5, D8, and D9 couple to Dirac fermions, while C3 couples
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A

q̄

q

�

�̄

gq g�
�

q̄

q

�

�̄

yqgq y�g�

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:

|MV |2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µv(q)][ū(p)�⌫v(q)]⇤

=
g2

f
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B
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B

B
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@
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kµk⌫
M2
A

1

C

C
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C

A

Tr[�µ(/q � m f )�⌫(/p + m f )] =
4g2

f

3
(M2
A + 2m2

f ) ,

(1.65)

|MA|2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
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f
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Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
(M2
A � 4m2

f ) .

(1.66)

!EFT!model!has!two!parameters:!DM!mass!mx,!the!effective!cutoff!scale!Λ!

!when!Qtr!<<!M,!EFT!model!will!become!reliable,!but$this$is$not$always$true$at$LHC

g�gq
Q2

tr �M2
= �g�gq

M2
(1 +

Q2
tr

M2
+O(

Q4
tr

M4
)) ⇠ � 1

⇤2

Solution:!truncation,!i.e.,!remove!the!events!with!!

at!the!generator!level.!

Qtr > M ⇠ ⇤ ·pgqg�
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pair (left, ��̄qq̄) or two gauge bosons (right, ��̄V1V2) through a contact interaction.

DM pair coupling to a quark-antiquark pair

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

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

interaction terms [75]:

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

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

⇤2 ;

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

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

(1.57)

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

quarks. The operators denoted by D5, D8, and D9 couple to Dirac fermions, while C3 couples

Chapter 1. Theory 38

A

q̄

q

�

�̄

gq g�
�

q̄

q

�

�̄

yqgq y�g�

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:

|MV |2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µv(q)][ū(p)�⌫v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ(/q � m f )�⌫(/p + m f )] =
4g2

f

3
(M2
A + 2m2

f ) ,

(1.65)

|MA|2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
(M2
A � 4m2

f ) .

(1.66)

Qtr  <<  M

Run1Run2

in the effective theory. Other UV completions, such as a
light neutral mediator, can lead to much weaker collider
cross sections [9], since far above the mediator mass the
rate will fall with jet transverse energy as 1=P2

t ; whereas, in
the effective theory the partonic reaction is flat with jet Pt,
scaling as 1=M2

!. Thus, it should be borne in mind that
our limits strictly speaking only apply when all mediator
masses are much larger than the typical energy of the
reaction, and in the absence of a picture of the UV theory,
it is hard to know whether the bounds are over- or under-
estimated when the effective theory description does not
strictly apply.

For a given WIMP mass, there is a lower bound on M!
such that one can imagine any weakly coupled UV com-
pletion. Since the operators mediate interactions with
(at least) two colored SM fields coupled to two WIMPs,
the simplest tree level UV completions have a single
mediator particle and two interactions. The mapping to
M! from the UV parameters thus involves an expression
such as M! "M=

ffiffiffiffiffiffiffiffiffiffi
g1g2

p
where M is the mass of the

exchanged particle, and g1 and g2 are couplings. Since
an effective theory description requires M> 2m!, and a
perturbative theory g1g2 & ð4"Þ2, a weakly coupled UV
completion requires m! & 2"M!, beyond which the

UV completion becomes nonperturbative. In determining
bounds, since there is no imaginable perturbative UV
picture for m! & 2"M!, we cut off the bounded regions

outside of this region of validity. Furthermore, for the
effective theory to make sense, the mediator mass has to
be larger than energy transfer through quarks at the collider
environment. The limit, in which the effective theory
breaks down, highly depends on the details of relevant
patron energy and its distribution. Since M & 4"M! for
the perturbative UV completion, our bounds are valid when
the characteristic energy transfer is smaller than 4"M!.
The detailed analysis of this limit is beyond the scope of
this work, we will leave it for the future investigation.

The coefficients of the operators are chosen to simplify
comparisons to direct detection experiments. For quark
bilinears, the appropriate matrix elements (at low momen-
tum transfer) are hNjmq !qqjNi and hNj !q#$qjNi which
contribute to spin-independent scattering, hNj !q#$#5qjNi,
which contributes to spin-dependent scattering, and
hNj !q%$&qjNi, which couples to the magnetic moment of
the nucleon. For the gluon operators, the relevant matrix
element is hNj'sGGjNi. The scalar (and pseudoscalar)
quark bilinears are normalized by mq, which together
with our choice of universal vector-type couplings has
the added feature of mitigating contributions to flavor
changing processes from these operators, through the
framework of minimal flavor violation [40]. For the gluon
field strength operators, we normalize by a factor 's,
which both anticipates their origin as loop processes and
captures the dominant renormalization group evolution.
The complete list of leading operators is given in Table I.

The coefficients of these operators have been scaled by
appropriate powers of M! (the value of which can be in
principle different for each operator) to give the correct
over-all dimension in the action.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrainM! for each operator in the table above
by considering the pair production of WIMPs at a hadron
collider:

p !pðppÞ ! !!þ X: (2)

Since the WIMPs escape undetected, this leads to events
with missing transverse energy, recoiling against addi-
tional hadronic radiation present in the reaction.
The most significant standard model backgrounds to this

process are events where a Z boson decays into neutrinos,
together with the associated production of jets. This back-
ground is irreducible. There are also backgrounds from
events where a particle is either missed or has a mismeas-
ured energy. The most important of these comes from
events producing W þ jets, where the charged lepton
from the W-decay is missed. Other backgrounds such as
QCD multijet production (with the missing energy the

TABLE I. Operators coupling WIMPs to SM particles. The
operator names beginning with D, C, R apply to WIMPS that are
Dirac fermions, complex scalars or real scalars, respectively.

Name Operator Coefficient

D1 !!! !qq mq=M
3
!

D2 !!#5! !qq imq=M
3
!

D3 !!! !q#5q imq=M
3
!

D4 !!#5! !q#5q mq=M
3
!

D5 !!#$! !q#$q 1=M2
!

D6 !!#$#5! !q#$q 1=M2
!

D7 !!#$! !q#$#
5q 1=M2

!
D8 !!#$#5! !q#$#

5q 1=M2
!

D9 !!%$&! !q%$&q 1=M2
!

D10 !!%$&#
5! !q%'(q i=M2

!
D11 !!!G$&G

$& 's=4M
3
!

D12 !!#5!G$&G
$& i's=4M

3
!

D13 !!!G$&
~G$& i's=4M

3
!

D14 !!#5!G$&
~G$& 's=4M

3
!

C1 !y! !qq mq=M
2
!

C2 !y! !q#5q imq=M
2
!

C3 !y@$! !q#$q 1=M2
!

C4 !y@$! !q#$#5q 1=M2
!

C5 !y!G$&G
$& 's=4M

2
!

C6 !y!G$&
~G$& i's=4M

2
!

R1 !2 !qq mq=2M
2
!

R2 !2 !q#5q imq=2M
2
!

R3 !2G$&G
$& 's=8M

2
!

R4 !2G$&
~G$& i's=8M

2
!

CONSTRAINTS ON DARK MATTER FROM COLLIDERS PHYSICAL REVIEW D 82, 116010 (2010)

116010-3

PRD 82, 116010 (2010)
PRD 85, 056011 (2012)
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Figure 1.19: Feynman diagrams for simple tree level ultraviolet-complete models that contains a massive
spin-0 or spin-1 mediator exchanged in the s-channel. The DM particle is assumed to be a Dirac fermion
with mass m�. For the case of spin-1 mediator (left), the vector mediator is labeled as A. While for the
case of spin-0 mediator (right), the scalar mediator is marked as �.

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:

|MV |2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µv(q)][ū(p)�⌫v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ(/q � m f )�⌫(/p + m f )] =
4g2

f

3
(M2
A + 2m2

f ) ,

(1.65)

|MA|2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
(M2
A � 4m2

f ) .

(1.66)
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s-channel scalar mediator

For s-channel scalar mediated DM, the Lagrangian for scalar or pseudo-scalar interaction can

be written as:

Ls-channel
Scalar Mediator = LSM +

1
2

(@µ�)2 � 1
2

m2
��

2 + �̄(i/@ � m)� �
X

q
gqyq�q̄(�5)q � g�y���̄(�5)� , (1.69)

where the couplings of mediator to quarks are taken to be proportional to the corresponding

Higgs Yukawa couplings yq. Since there is no necessity to have Yukawa-like couplings for

mediator to dark matter, we take y� ⌘ 1. We can rewrite the scalar/pseudo-scalar interaction

term as:

LS (P)
int = g f y f� f̄ (�5) f , (1.70)

in which f = �, q, the amplitude square gives

|MS |2 = g2
f y

2
f

X

spins

[ū(p)v(q)][ū(p)v(q)]⇤

= g2
f y

2
f Tr[(/q � m f )(/p + m f )] = 4g2

f y
2
f (q · p � m2

f ) ,

(1.71)

|MP|2 = g2
f y

2
f

X

spins

[ū(p)�5v(q)][ū(p)�5v(q)]⇤

= g2
f y

2
f Tr[��5(/q � m f )�5(/p + m f )] = 4g2

f y
2
f (q · p + m2

f ) .

(1.72)

Therefore, the minimal width of this scalar mediator � is defined as

�S ,P
�! f̄ f ,�̄�

= �S ,P
�̄� +

X

qi

�S ,P
q̄iqi
, (1.73)

in which

�S
�! f̄ f =

g2
f y

2
f NcM�
8⇡

0

B

B

B

B

B

B

@

1 �
4m2

f

M2
�

1

C

C

C

C

C

C

A

3/2

,

�P
�! f̄ f =

g2
f y

2
f NcM�
8⇡

v

u

t

1 �
4m2

f

M2
�

.

(1.74)

The ratio of decay width to the scalar mediator mass are illustrated in Fig. 1.21. The ratio is

plotted as a function of the scalar mediator mass for both scalar and pseudo-scalar couplings.

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:

|MV |2 = g2
f

X
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Recast from dijet resonant search

14

• In order to expand dijet analysis at low mJJ 

region 

- ✗ fully lower the jet thresholds at the 
trigger level, but will exponential 
increase bandwidth 

- ✓stores partial event informations (5% of 
full event size) 

‣ dedicated jet calibration for trigger 

level jets 

- ✓ Trigger selection ISR objects to reach 
low mJJ region  

‣ JJ+": single-photon trigger (ET>140Gev) 

‣ JJ+J: single-jet trigger (pT>380 GeV)

q

q̄ q

q̄

X

�

q

q̄ q

q̄

g

X

Figure 1: Examples of diagrams for the production of a new resonance X recoiling against an ISR (left) photon or
(right) jet.

momentum (pT) particles are measured using silicon tracking detectors and straw tubes detecting transition
radiation, finely segmented hadronic and electromagnetic calorimeters, and a muon spectrometer. The
inner tracking detector covers the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon micro-
strip, and transition radiation tracking (TRT) detectors. Lead/liquid-argon (LAr) sampling calorimeters
provide electromagnetic (EM) energy measurements with high granularity. A hadron (iron/scintillator-
tile) calorimeter covers the central pseudorapidity range (|⌘ | < 1.7). The end-cap and forward regions are
instrumented with LAr calorimeters for both EM and hadronic energy measurements up to |⌘ | = 4.9. The
first-level trigger is implemented in hardware and uses a subset of the detector information to reduce the
accepted rate to 100 kHz. This hardware trigger is followed by a software-based trigger that reduces the
rate of recorded events to 1 kHz.

3 Data

The data were collected in pp collisions at
p

s = 13 TeV during 2015 and 2016. The mean number of
interactions per bunch crossing in the dataset varied from 14 in the 2015 dataset to 23.5 in the 2016
dataset. For the X + � search, collision events are recorded with a trigger requiring at least one photon
candidate in the software-based trigger with a transverse energy ET of at least 140 GeV passing "loose"
identification requirements based on the shower shapes in the EM calorimeter as well as on the energy
leaking into the hadronic calorimeter from the EM calorimeter [23]. For the X + j search, collision events
are recorded using a trigger requiring the presence of at least one jet reconstructed in the software-based
trigger with ET of at least 380 GeV.

Only data satisfying beam, detector and data quality criteria are considered. The data used for the analysis
correspond to an integrated luminosity of 15.5 fb�1. The preliminary uncertainty on the combined
2015+2016 integrated luminosity is 2.9%. It is derived, following a methodology similar to that detailed
in Refs. [24] and [25], from a preliminary calibration of the luminosity scale using x-y beam-separation
scans performed in August 2015 and May 2016.

3

JJ+" JJ+J
pT of jets > 25 GeV

ATLAS-CONF-2016-070
ATLAS-CONF-2016-030

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-070/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-030/
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“History” of DM searches at the LHC

• Two different approaches:

• Effective field theory (EFT): several 

nonrenormalizable operators without the 
UV physics specified

• largely model-independent 

• but cannot be reliable when parton 

energies in the events are comparable 
to the effective mass scale


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


• Simplified models: UV particles are kept 
as degrees of freedom, but more model-
dependent 

3

EFT!and!its!Validity!

5
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1.3.6 Collider detection – Effective field theory models

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

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

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

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

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

Lorentz structure of its interaction to quarks or gauge bosons.

q̄

q

�

�̄

V2

V1

�

�̄

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

DM pair coupling to a quark-antiquark pair

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

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

interaction terms [75]:

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

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

⇤2 ;

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

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

(1.57)

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

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:
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|MA|2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins
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!EFT!model!has!two!parameters:!DM!mass!mx,!the!effective!cutoff!scale!Λ!

!when!Qtr!<<!M,!EFT!model!will!become!reliable,!but$this$is$not$always$true$at$LHC

g�gq
Q2

tr �M2
= �g�gq

M2
(1 +

Q2
tr

M2
+O(

Q4
tr

M4
)) ⇠ � 1

⇤2

Solution:!truncation,!i.e.,!remove!the!events!with!!

at!the!generator!level.!

Qtr > M ⇠ ⇤ ·pgqg�
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1.3.6 Collider detection – Effective field theory models

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

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

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

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

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

Lorentz structure of its interaction to quarks or gauge bosons.

q̄

q

�

�̄

V2

V1

�

�̄

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

DM pair coupling to a quark-antiquark pair

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

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

interaction terms [75]:

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

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

⇤2 ;

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

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

(1.57)

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

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:

|MV |2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins
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Qtr  <<  M

Run1Run2

in the effective theory. Other UV completions, such as a
light neutral mediator, can lead to much weaker collider
cross sections [9], since far above the mediator mass the
rate will fall with jet transverse energy as 1=P2

t ; whereas, in
the effective theory the partonic reaction is flat with jet Pt,
scaling as 1=M2

!. Thus, it should be borne in mind that
our limits strictly speaking only apply when all mediator
masses are much larger than the typical energy of the
reaction, and in the absence of a picture of the UV theory,
it is hard to know whether the bounds are over- or under-
estimated when the effective theory description does not
strictly apply.

For a given WIMP mass, there is a lower bound on M!
such that one can imagine any weakly coupled UV com-
pletion. Since the operators mediate interactions with
(at least) two colored SM fields coupled to two WIMPs,
the simplest tree level UV completions have a single
mediator particle and two interactions. The mapping to
M! from the UV parameters thus involves an expression
such as M! "M=

ffiffiffiffiffiffiffiffiffiffi
g1g2

p
where M is the mass of the

exchanged particle, and g1 and g2 are couplings. Since
an effective theory description requires M> 2m!, and a
perturbative theory g1g2 & ð4"Þ2, a weakly coupled UV
completion requires m! & 2"M!, beyond which the

UV completion becomes nonperturbative. In determining
bounds, since there is no imaginable perturbative UV
picture for m! & 2"M!, we cut off the bounded regions

outside of this region of validity. Furthermore, for the
effective theory to make sense, the mediator mass has to
be larger than energy transfer through quarks at the collider
environment. The limit, in which the effective theory
breaks down, highly depends on the details of relevant
patron energy and its distribution. Since M & 4"M! for
the perturbative UV completion, our bounds are valid when
the characteristic energy transfer is smaller than 4"M!.
The detailed analysis of this limit is beyond the scope of
this work, we will leave it for the future investigation.

The coefficients of the operators are chosen to simplify
comparisons to direct detection experiments. For quark
bilinears, the appropriate matrix elements (at low momen-
tum transfer) are hNjmq !qqjNi and hNj !q#$qjNi which
contribute to spin-independent scattering, hNj !q#$#5qjNi,
which contributes to spin-dependent scattering, and
hNj !q%$&qjNi, which couples to the magnetic moment of
the nucleon. For the gluon operators, the relevant matrix
element is hNj'sGGjNi. The scalar (and pseudoscalar)
quark bilinears are normalized by mq, which together
with our choice of universal vector-type couplings has
the added feature of mitigating contributions to flavor
changing processes from these operators, through the
framework of minimal flavor violation [40]. For the gluon
field strength operators, we normalize by a factor 's,
which both anticipates their origin as loop processes and
captures the dominant renormalization group evolution.
The complete list of leading operators is given in Table I.

The coefficients of these operators have been scaled by
appropriate powers of M! (the value of which can be in
principle different for each operator) to give the correct
over-all dimension in the action.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrainM! for each operator in the table above
by considering the pair production of WIMPs at a hadron
collider:

p !pðppÞ ! !!þ X: (2)

Since the WIMPs escape undetected, this leads to events
with missing transverse energy, recoiling against addi-
tional hadronic radiation present in the reaction.
The most significant standard model backgrounds to this

process are events where a Z boson decays into neutrinos,
together with the associated production of jets. This back-
ground is irreducible. There are also backgrounds from
events where a particle is either missed or has a mismeas-
ured energy. The most important of these comes from
events producing W þ jets, where the charged lepton
from the W-decay is missed. Other backgrounds such as
QCD multijet production (with the missing energy the

TABLE I. Operators coupling WIMPs to SM particles. The
operator names beginning with D, C, R apply to WIMPS that are
Dirac fermions, complex scalars or real scalars, respectively.

Name Operator Coefficient

D1 !!! !qq mq=M
3
!

D2 !!#5! !qq imq=M
3
!

D3 !!! !q#5q imq=M
3
!

D4 !!#5! !q#5q mq=M
3
!

D5 !!#$! !q#$q 1=M2
!

D6 !!#$#5! !q#$q 1=M2
!

D7 !!#$! !q#$#
5q 1=M2

!
D8 !!#$#5! !q#$#

5q 1=M2
!

D9 !!%$&! !q%$&q 1=M2
!

D10 !!%$&#
5! !q%'(q i=M2

!
D11 !!!G$&G

$& 's=4M
3
!

D12 !!#5!G$&G
$& i's=4M

3
!

D13 !!!G$&
~G$& i's=4M

3
!

D14 !!#5!G$&
~G$& 's=4M

3
!

C1 !y! !qq mq=M
2
!

C2 !y! !q#5q imq=M
2
!

C3 !y@$! !q#$q 1=M2
!

C4 !y@$! !q#$#5q 1=M2
!

C5 !y!G$&G
$& 's=4M

2
!

C6 !y!G$&
~G$& i's=4M

2
!

R1 !2 !qq mq=2M
2
!

R2 !2 !q#5q imq=2M
2
!

R3 !2G$&G
$& 's=8M

2
!

R4 !2G$&
~G$& i's=8M

2
!

CONSTRAINTS ON DARK MATTER FROM COLLIDERS PHYSICAL REVIEW D 82, 116010 (2010)

116010-3

PRD 82, 116010 (2010)
PRD 85, 056011 (2012)
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Figure 1.19: Feynman diagrams for simple tree level ultraviolet-complete models that contains a massive
spin-0 or spin-1 mediator exchanged in the s-channel. The DM particle is assumed to be a Dirac fermion
with mass m�. For the case of spin-1 mediator (left), the vector mediator is labeled as A. While for the
case of spin-0 mediator (right), the scalar mediator is marked as �.

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:
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s-channel scalar mediator

For s-channel scalar mediated DM, the Lagrangian for scalar or pseudo-scalar interaction can

be written as:

Ls-channel
Scalar Mediator = LSM +

1
2

(@µ�)2 � 1
2

m2
��

2 + �̄(i/@ � m)� �
X

q
gqyq�q̄(�5)q � g�y���̄(�5)� , (1.69)

where the couplings of mediator to quarks are taken to be proportional to the corresponding

Higgs Yukawa couplings yq. Since there is no necessity to have Yukawa-like couplings for

mediator to dark matter, we take y� ⌘ 1. We can rewrite the scalar/pseudo-scalar interaction

term as:

LS (P)
int = g f y f� f̄ (�5) f , (1.70)

in which f = �, q, the amplitude square gives

|MS |2 = g2
f y

2
f

X

spins

[ū(p)v(q)][ū(p)v(q)]⇤

= g2
f y

2
f Tr[(/q � m f )(/p + m f )] = 4g2

f y
2
f (q · p � m2

f ) ,

(1.71)

|MP|2 = g2
f y

2
f

X

spins

[ū(p)�5v(q)][ū(p)�5v(q)]⇤

= g2
f y

2
f Tr[��5(/q � m f )�5(/p + m f )] = 4g2

f y
2
f (q · p + m2

f ) .

(1.72)

Therefore, the minimal width of this scalar mediator � is defined as

�S ,P
�! f̄ f ,�̄�

= �S ,P
�̄� +

X

qi

�S ,P
q̄iqi
, (1.73)

in which

�S
�! f̄ f =

g2
f y

2
f NcM�
8⇡

0

B

B

B

B

B

B

@

1 �
4m2

f

M2
�
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C

A

3/2

,

�P
�! f̄ f =

g2
f y

2
f NcM�
8⇡

v

u

t

1 �
4m2

f

M2
�

.

(1.74)

The ratio of decay width to the scalar mediator mass are illustrated in Fig. 1.21. The ratio is

plotted as a function of the scalar mediator mass for both scalar and pseudo-scalar couplings.

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:
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Recast the limits from interpretation of dilepton resonant search

16

• Signature: a pair of electron/muon (pT > 30 GeV) 

- Fully reconstructed, high signal-selection efficiency, small & well-understood 

backgrounds

Systematic uncertainties: 
DY PDF variations, muon 
reconstruction efficiency 
(high pT), electron isolation 
efficiency (inherent in 
calorimeter-based)

Dominant background: DY

➪ No excess is observed !
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Figure 1. Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (mℓℓ)
after selection, for data and the SM background estimates as well as their ratio before and after
marginalisation. Selected Z ′

χ signals with a pole mass of 3, 4 and 5TeV are overlaid. The bin width
of the distributions is constant in log(mℓℓ) and the shaded band in the lower panels illustrates the
total systematic uncertainty, as explained in section 7. The data points are shown together with
their statistical uncertainty. Exact bin edges and contents are provided in table 8 and table 9 in
the appendix.

(MCMC) technique to compute the marginal posterior probability density of the parameter

of interest (so-called “marginalisation”). Limit values obtained using the experimental

data are quoted as observed limits, while median values of the limits obtained from a large

number of simulated experiments, where only SM background is present, are quoted as the

expected limits. The upper limits on σB are interpreted as lower limits on the Z ′ pole

mass using the relationship between the pole mass and the theoretical Z ′ cross-section.

In the context of the Minimal Z ′ model or CI scenarios, limits are set on the parameter

of interest. In the case of the Minimal Z ′ model the parameter of interest is γ′4. For a

CI the parameter of interest is set either to 1/Λ2 or to 1/Λ4 as this corresponds to the

scaling of the CI-SM interference contribution or the pure CI contribution respectively. In

both the Minimal Z ′ and the CI cases, the nominal Poisson expectation in each mℓℓ bin

is expressed as a function of the parameter of interest. As in the context of the Z ′ limit

setting, the Poisson mean is modified by shifts due to systematic uncertainties, but in both

the Minimal Z ′ and the CI cases, these shifts are non-linear functions of the parameter of

interest. A prior uniform in the parameter of interest is used for all limits.

Two complementary approaches are used in the search for a new-physics signal. The

first approach, which does not rely on a specific signal model and therefore is sensitive to a

wide range of new physics, uses the BumpHunter (BH) [54] utility. In this approach, all

– 15 –
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Figure 1. Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (mℓℓ)
after selection, for data and the SM background estimates as well as their ratio before and after
marginalisation. Selected Z ′

χ signals with a pole mass of 3, 4 and 5TeV are overlaid. The bin width
of the distributions is constant in log(mℓℓ) and the shaded band in the lower panels illustrates the
total systematic uncertainty, as explained in section 7. The data points are shown together with
their statistical uncertainty. Exact bin edges and contents are provided in table 8 and table 9 in
the appendix.

(MCMC) technique to compute the marginal posterior probability density of the parameter

of interest (so-called “marginalisation”). Limit values obtained using the experimental

data are quoted as observed limits, while median values of the limits obtained from a large

number of simulated experiments, where only SM background is present, are quoted as the

expected limits. The upper limits on σB are interpreted as lower limits on the Z ′ pole

mass using the relationship between the pole mass and the theoretical Z ′ cross-section.

In the context of the Minimal Z ′ model or CI scenarios, limits are set on the parameter

of interest. In the case of the Minimal Z ′ model the parameter of interest is γ′4. For a

CI the parameter of interest is set either to 1/Λ2 or to 1/Λ4 as this corresponds to the

scaling of the CI-SM interference contribution or the pure CI contribution respectively. In

both the Minimal Z ′ and the CI cases, the nominal Poisson expectation in each mℓℓ bin

is expressed as a function of the parameter of interest. As in the context of the Z ′ limit

setting, the Poisson mean is modified by shifts due to systematic uncertainties, but in both

the Minimal Z ′ and the CI cases, these shifts are non-linear functions of the parameter of

interest. A prior uniform in the parameter of interest is used for all limits.

Two complementary approaches are used in the search for a new-physics signal. The

first approach, which does not rely on a specific signal model and therefore is sensitive to a

wide range of new physics, uses the BumpHunter (BH) [54] utility. In this approach, all
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Recast the limits from interpretation of dilepton resonant search

17 https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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“History” of DM searches at the LHC

• Two different approaches:

• Effective field theory (EFT): several 

nonrenormalizable operators without the 
UV physics specified

• largely model-independent 

• but cannot be reliable when parton 

energies in the events are comparable 
to the effective mass scale


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


• Simplified models: UV particles are kept 
as degrees of freedom, but more model-
dependent 

3

EFT!and!its!Validity!

5
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1.3.6 Collider detection – Effective field theory models

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

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

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

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

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

Lorentz structure of its interaction to quarks or gauge bosons.

q̄

q

�

�̄

V2

V1

�

�̄

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

DM pair coupling to a quark-antiquark pair

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

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

interaction terms [75]:

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

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

⇤2 ;

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

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

(1.57)

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

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:

|MV |2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µv(q)][ū(p)�⌫v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ(/q � m f )�⌫(/p + m f )] =
4g2

f

3
(M2
A + 2m2

f ) ,

(1.65)

|MA|2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
(M2
A � 4m2

f ) .

(1.66)

!EFT!model!has!two!parameters:!DM!mass!mx,!the!effective!cutoff!scale!Λ!

!when!Qtr!<<!M,!EFT!model!will!become!reliable,!but$this$is$not$always$true$at$LHC

g�gq
Q2

tr �M2
= �g�gq

M2
(1 +

Q2
tr

M2
+O(

Q4
tr

M4
)) ⇠ � 1

⇤2

Solution:!truncation,!i.e.,!remove!the!events!with!!

at!the!generator!level.!

Qtr > M ⇠ ⇤ ·pgqg�
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1.3.6 Collider detection – Effective field theory models

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

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

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

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

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

Lorentz structure of its interaction to quarks or gauge bosons.

q̄

q

�

�̄

V2

V1

�

�̄

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

DM pair coupling to a quark-antiquark pair

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

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

interaction terms [75]:

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

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

⇤2 ;

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

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

(1.57)

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

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:

|MV |2 = g2
f

X
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|MA|2 = g2
f

X
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X
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[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
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Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
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A � 4m2

f ) .

(1.66)

Qtr  <<  M

Run1Run2

in the effective theory. Other UV completions, such as a
light neutral mediator, can lead to much weaker collider
cross sections [9], since far above the mediator mass the
rate will fall with jet transverse energy as 1=P2

t ; whereas, in
the effective theory the partonic reaction is flat with jet Pt,
scaling as 1=M2

!. Thus, it should be borne in mind that
our limits strictly speaking only apply when all mediator
masses are much larger than the typical energy of the
reaction, and in the absence of a picture of the UV theory,
it is hard to know whether the bounds are over- or under-
estimated when the effective theory description does not
strictly apply.

For a given WIMP mass, there is a lower bound on M!
such that one can imagine any weakly coupled UV com-
pletion. Since the operators mediate interactions with
(at least) two colored SM fields coupled to two WIMPs,
the simplest tree level UV completions have a single
mediator particle and two interactions. The mapping to
M! from the UV parameters thus involves an expression
such as M! "M=

ffiffiffiffiffiffiffiffiffiffi
g1g2

p
where M is the mass of the

exchanged particle, and g1 and g2 are couplings. Since
an effective theory description requires M> 2m!, and a
perturbative theory g1g2 & ð4"Þ2, a weakly coupled UV
completion requires m! & 2"M!, beyond which the

UV completion becomes nonperturbative. In determining
bounds, since there is no imaginable perturbative UV
picture for m! & 2"M!, we cut off the bounded regions

outside of this region of validity. Furthermore, for the
effective theory to make sense, the mediator mass has to
be larger than energy transfer through quarks at the collider
environment. The limit, in which the effective theory
breaks down, highly depends on the details of relevant
patron energy and its distribution. Since M & 4"M! for
the perturbative UV completion, our bounds are valid when
the characteristic energy transfer is smaller than 4"M!.
The detailed analysis of this limit is beyond the scope of
this work, we will leave it for the future investigation.

The coefficients of the operators are chosen to simplify
comparisons to direct detection experiments. For quark
bilinears, the appropriate matrix elements (at low momen-
tum transfer) are hNjmq !qqjNi and hNj !q#$qjNi which
contribute to spin-independent scattering, hNj !q#$#5qjNi,
which contributes to spin-dependent scattering, and
hNj !q%$&qjNi, which couples to the magnetic moment of
the nucleon. For the gluon operators, the relevant matrix
element is hNj'sGGjNi. The scalar (and pseudoscalar)
quark bilinears are normalized by mq, which together
with our choice of universal vector-type couplings has
the added feature of mitigating contributions to flavor
changing processes from these operators, through the
framework of minimal flavor violation [40]. For the gluon
field strength operators, we normalize by a factor 's,
which both anticipates their origin as loop processes and
captures the dominant renormalization group evolution.
The complete list of leading operators is given in Table I.

The coefficients of these operators have been scaled by
appropriate powers of M! (the value of which can be in
principle different for each operator) to give the correct
over-all dimension in the action.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrainM! for each operator in the table above
by considering the pair production of WIMPs at a hadron
collider:

p !pðppÞ ! !!þ X: (2)

Since the WIMPs escape undetected, this leads to events
with missing transverse energy, recoiling against addi-
tional hadronic radiation present in the reaction.
The most significant standard model backgrounds to this

process are events where a Z boson decays into neutrinos,
together with the associated production of jets. This back-
ground is irreducible. There are also backgrounds from
events where a particle is either missed or has a mismeas-
ured energy. The most important of these comes from
events producing W þ jets, where the charged lepton
from the W-decay is missed. Other backgrounds such as
QCD multijet production (with the missing energy the

TABLE I. Operators coupling WIMPs to SM particles. The
operator names beginning with D, C, R apply to WIMPS that are
Dirac fermions, complex scalars or real scalars, respectively.

Name Operator Coefficient

D1 !!! !qq mq=M
3
!

D2 !!#5! !qq imq=M
3
!

D3 !!! !q#5q imq=M
3
!

D4 !!#5! !q#5q mq=M
3
!

D5 !!#$! !q#$q 1=M2
!

D6 !!#$#5! !q#$q 1=M2
!

D7 !!#$! !q#$#
5q 1=M2

!
D8 !!#$#5! !q#$#

5q 1=M2
!

D9 !!%$&! !q%$&q 1=M2
!

D10 !!%$&#
5! !q%'(q i=M2

!
D11 !!!G$&G

$& 's=4M
3
!

D12 !!#5!G$&G
$& i's=4M

3
!

D13 !!!G$&
~G$& i's=4M

3
!

D14 !!#5!G$&
~G$& 's=4M

3
!

C1 !y! !qq mq=M
2
!

C2 !y! !q#5q imq=M
2
!

C3 !y@$! !q#$q 1=M2
!

C4 !y@$! !q#$#5q 1=M2
!

C5 !y!G$&G
$& 's=4M

2
!

C6 !y!G$&
~G$& i's=4M

2
!

R1 !2 !qq mq=2M
2
!

R2 !2 !q#5q imq=2M
2
!

R3 !2G$&G
$& 's=8M

2
!

R4 !2G$&
~G$& i's=8M

2
!

CONSTRAINTS ON DARK MATTER FROM COLLIDERS PHYSICAL REVIEW D 82, 116010 (2010)

116010-3

PRD 82, 116010 (2010)
PRD 85, 056011 (2012)
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Figure 1.19: Feynman diagrams for simple tree level ultraviolet-complete models that contains a massive
spin-0 or spin-1 mediator exchanged in the s-channel. The DM particle is assumed to be a Dirac fermion
with mass m�. For the case of spin-1 mediator (left), the vector mediator is labeled as A. While for the
case of spin-0 mediator (right), the scalar mediator is marked as �.

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:

|MV |2 = g2
f

X
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(1.65)
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f
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(1.66)
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s-channel scalar mediator

For s-channel scalar mediated DM, the Lagrangian for scalar or pseudo-scalar interaction can

be written as:

Ls-channel
Scalar Mediator = LSM +

1
2

(@µ�)2 � 1
2

m2
��

2 + �̄(i/@ � m)� �
X

q
gqyq�q̄(�5)q � g�y���̄(�5)� , (1.69)

where the couplings of mediator to quarks are taken to be proportional to the corresponding

Higgs Yukawa couplings yq. Since there is no necessity to have Yukawa-like couplings for

mediator to dark matter, we take y� ⌘ 1. We can rewrite the scalar/pseudo-scalar interaction

term as:

LS (P)
int = g f y f� f̄ (�5) f , (1.70)

in which f = �, q, the amplitude square gives

|MS |2 = g2
f y

2
f

X

spins

[ū(p)v(q)][ū(p)v(q)]⇤

= g2
f y

2
f Tr[(/q � m f )(/p + m f )] = 4g2

f y
2
f (q · p � m2

f ) ,

(1.71)

|MP|2 = g2
f y

2
f

X

spins

[ū(p)�5v(q)][ū(p)�5v(q)]⇤

= g2
f y

2
f Tr[��5(/q � m f )�5(/p + m f )] = 4g2

f y
2
f (q · p + m2

f ) .

(1.72)

Therefore, the minimal width of this scalar mediator � is defined as

�S ,P
�! f̄ f ,�̄�

= �S ,P
�̄� +

X

qi

�S ,P
q̄iqi
, (1.73)

in which

�S
�! f̄ f =

g2
f y

2
f NcM�
8⇡

0

B

B

B

B

B

B

@

1 �
4m2

f

M2
�

1

C

C

C

C

C

C

A

3/2

,

�P
�! f̄ f =

g2
f y

2
f NcM�
8⇡

v

u

t

1 �
4m2

f

M2
�

.

(1.74)

The ratio of decay width to the scalar mediator mass are illustrated in Fig. 1.21. The ratio is

plotted as a function of the scalar mediator mass for both scalar and pseudo-scalar couplings.

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:
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“History” of DM searches at the LHC

• Two different approaches:

• Effective field theory (EFT): several 

nonrenormalizable operators without the 
UV physics specified

• largely model-independent 

• but cannot be reliable when parton 

energies in the events are comparable 
to the effective mass scale


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


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

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

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

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

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

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

Lorentz structure of its interaction to quarks or gauge bosons.

q̄

q

�

�̄

V2

V1

�

�̄

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

DM pair coupling to a quark-antiquark pair

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

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

interaction terms [75]:

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

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

⇤2 ;

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

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

(1.57)

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

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:
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f

X

�0,�
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(1.66)

!EFT!model!has!two!parameters:!DM!mass!mx,!the!effective!cutoff!scale!Λ!

!when!Qtr!<<!M,!EFT!model!will!become!reliable,!but$this$is$not$always$true$at$LHC

g�gq
Q2

tr �M2
= �g�gq

M2
(1 +

Q2
tr

M2
+O(

Q4
tr

M4
)) ⇠ � 1

⇤2

Solution:!truncation,!i.e.,!remove!the!events!with!!

at!the!generator!level.!

Qtr > M ⇠ ⇤ ·pgqg�
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1.3.6 Collider detection – Effective field theory models

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

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

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

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

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

Lorentz structure of its interaction to quarks or gauge bosons.
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V2

V1

�

�̄

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

DM pair coupling to a quark-antiquark pair

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

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

interaction terms [75]:

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

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

⇤2 ;

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

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

(1.57)

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

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

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �
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(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:
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[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
(M2
A � 4m2

f ) .

(1.66)

Qtr  <<  M

Run1Run2

in the effective theory. Other UV completions, such as a
light neutral mediator, can lead to much weaker collider
cross sections [9], since far above the mediator mass the
rate will fall with jet transverse energy as 1=P2

t ; whereas, in
the effective theory the partonic reaction is flat with jet Pt,
scaling as 1=M2

!. Thus, it should be borne in mind that
our limits strictly speaking only apply when all mediator
masses are much larger than the typical energy of the
reaction, and in the absence of a picture of the UV theory,
it is hard to know whether the bounds are over- or under-
estimated when the effective theory description does not
strictly apply.

For a given WIMP mass, there is a lower bound on M!
such that one can imagine any weakly coupled UV com-
pletion. Since the operators mediate interactions with
(at least) two colored SM fields coupled to two WIMPs,
the simplest tree level UV completions have a single
mediator particle and two interactions. The mapping to
M! from the UV parameters thus involves an expression
such as M! "M=

ffiffiffiffiffiffiffiffiffiffi
g1g2

p
where M is the mass of the

exchanged particle, and g1 and g2 are couplings. Since
an effective theory description requires M> 2m!, and a
perturbative theory g1g2 & ð4"Þ2, a weakly coupled UV
completion requires m! & 2"M!, beyond which the

UV completion becomes nonperturbative. In determining
bounds, since there is no imaginable perturbative UV
picture for m! & 2"M!, we cut off the bounded regions

outside of this region of validity. Furthermore, for the
effective theory to make sense, the mediator mass has to
be larger than energy transfer through quarks at the collider
environment. The limit, in which the effective theory
breaks down, highly depends on the details of relevant
patron energy and its distribution. Since M & 4"M! for
the perturbative UV completion, our bounds are valid when
the characteristic energy transfer is smaller than 4"M!.
The detailed analysis of this limit is beyond the scope of
this work, we will leave it for the future investigation.

The coefficients of the operators are chosen to simplify
comparisons to direct detection experiments. For quark
bilinears, the appropriate matrix elements (at low momen-
tum transfer) are hNjmq !qqjNi and hNj !q#$qjNi which
contribute to spin-independent scattering, hNj !q#$#5qjNi,
which contributes to spin-dependent scattering, and
hNj !q%$&qjNi, which couples to the magnetic moment of
the nucleon. For the gluon operators, the relevant matrix
element is hNj'sGGjNi. The scalar (and pseudoscalar)
quark bilinears are normalized by mq, which together
with our choice of universal vector-type couplings has
the added feature of mitigating contributions to flavor
changing processes from these operators, through the
framework of minimal flavor violation [40]. For the gluon
field strength operators, we normalize by a factor 's,
which both anticipates their origin as loop processes and
captures the dominant renormalization group evolution.
The complete list of leading operators is given in Table I.

The coefficients of these operators have been scaled by
appropriate powers of M! (the value of which can be in
principle different for each operator) to give the correct
over-all dimension in the action.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrainM! for each operator in the table above
by considering the pair production of WIMPs at a hadron
collider:

p !pðppÞ ! !!þ X: (2)

Since the WIMPs escape undetected, this leads to events
with missing transverse energy, recoiling against addi-
tional hadronic radiation present in the reaction.
The most significant standard model backgrounds to this

process are events where a Z boson decays into neutrinos,
together with the associated production of jets. This back-
ground is irreducible. There are also backgrounds from
events where a particle is either missed or has a mismeas-
ured energy. The most important of these comes from
events producing W þ jets, where the charged lepton
from the W-decay is missed. Other backgrounds such as
QCD multijet production (with the missing energy the

TABLE I. Operators coupling WIMPs to SM particles. The
operator names beginning with D, C, R apply to WIMPS that are
Dirac fermions, complex scalars or real scalars, respectively.

Name Operator Coefficient

D1 !!! !qq mq=M
3
!

D2 !!#5! !qq imq=M
3
!

D3 !!! !q#5q imq=M
3
!

D4 !!#5! !q#5q mq=M
3
!

D5 !!#$! !q#$q 1=M2
!

D6 !!#$#5! !q#$q 1=M2
!

D7 !!#$! !q#$#
5q 1=M2

!
D8 !!#$#5! !q#$#

5q 1=M2
!

D9 !!%$&! !q%$&q 1=M2
!

D10 !!%$&#
5! !q%'(q i=M2

!
D11 !!!G$&G

$& 's=4M
3
!

D12 !!#5!G$&G
$& i's=4M

3
!

D13 !!!G$&
~G$& i's=4M

3
!

D14 !!#5!G$&
~G$& 's=4M

3
!

C1 !y! !qq mq=M
2
!

C2 !y! !q#5q imq=M
2
!

C3 !y@$! !q#$q 1=M2
!

C4 !y@$! !q#$#5q 1=M2
!

C5 !y!G$&G
$& 's=4M

2
!

C6 !y!G$&
~G$& i's=4M

2
!

R1 !2 !qq mq=2M
2
!

R2 !2 !q#5q imq=2M
2
!

R3 !2G$&G
$& 's=8M

2
!

R4 !2G$&
~G$& i's=8M

2
!

CONSTRAINTS ON DARK MATTER FROM COLLIDERS PHYSICAL REVIEW D 82, 116010 (2010)

116010-3

PRD 82, 116010 (2010)
PRD 85, 056011 (2012)
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Figure 1.19: Feynman diagrams for simple tree level ultraviolet-complete models that contains a massive
spin-0 or spin-1 mediator exchanged in the s-channel. The DM particle is assumed to be a Dirac fermion
with mass m�. For the case of spin-1 mediator (left), the vector mediator is labeled as A. While for the
case of spin-0 mediator (right), the scalar mediator is marked as �.

s-channel vector mediator

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

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

written as:

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

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

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

by:
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s-channel scalar mediator

For s-channel scalar mediated DM, the Lagrangian for scalar or pseudo-scalar interaction can

be written as:

Ls-channel
Scalar Mediator = LSM +

1
2

(@µ�)2 � 1
2

m2
��

2 + �̄(i/@ � m)� �
X

q
gqyq�q̄(�5)q � g�y���̄(�5)� , (1.69)

where the couplings of mediator to quarks are taken to be proportional to the corresponding

Higgs Yukawa couplings yq. Since there is no necessity to have Yukawa-like couplings for

mediator to dark matter, we take y� ⌘ 1. We can rewrite the scalar/pseudo-scalar interaction

term as:

LS (P)
int = g f y f� f̄ (�5) f , (1.70)

in which f = �, q, the amplitude square gives

|MS |2 = g2
f y

2
f

X

spins

[ū(p)v(q)][ū(p)v(q)]⇤

= g2
f y

2
f Tr[(/q � m f )(/p + m f )] = 4g2

f y
2
f (q · p � m2

f ) ,

(1.71)
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f y

2
f

X
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[ū(p)�5v(q)][ū(p)�5v(q)]⇤

= g2
f y

2
f Tr[��5(/q � m f )�5(/p + m f )] = 4g2

f y
2
f (q · p + m2

f ) .

(1.72)

Therefore, the minimal width of this scalar mediator � is defined as

�S ,P
�! f̄ f ,�̄�

= �S ,P
�̄� +

X

qi

�S ,P
q̄iqi
, (1.73)

in which

�S
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2
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2
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f
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(1.74)

The ratio of decay width to the scalar mediator mass are illustrated in Fig. 1.21. The ratio is

plotted as a function of the scalar mediator mass for both scalar and pseudo-scalar couplings.

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

s-channel vector mediator

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

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

written as:

LVector Mediator = LSM � 1
4
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2
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(1.63)

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

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)
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[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
(M2
A � 4m2

f ) .

(1.66)

vector mediator

Reverse

Mediator Mass [TeV]
0 0.5 1 1.5 2 2.5 3

DM
 M

as
s 

[T
eV

]

0.2

0.4

0.6

0.8

1

1.2
DM Simplified Model Exclusions Preliminary July 2017ATLAS 

 = 1
DM

 = 0.01, g
l

 = 0.1, g
q

g
Vector mediator, Dirac DM

All limits at 95% CL

Di
je

t

Dijet
Phys. Rev. D. 91 052007 (2015)

-1 = 8 TeV, 20.3 fbsDijet 8 TeV 

arXiv:1703.09127 [hep-ex]

-1 = 13 TeV, 37.0 fbsDijet 

ATLAS-CONF-2016-030

-1 = 13 TeV, 3.4 fbsDijet TLA 

 ATLAS-CONF-2016-070

-1 = 13 TeV, 15.5 fbsDijet + ISR 

+Xmiss
TE

+Xmiss
TE

Eur. Phys. J. C 77 (2017) 393

-1 = 13 TeV, 36.1 fbs γ+miss
TE

ATLAS-CONF-2017-060

-1 = 13 TeV, 36.1 fbs+jet miss
TE

Di
le

pt
on

CERN-EP-2017-119

-1 = 13 TeV, 36.1 fbs
Dilepton

 DM M
as

s =
 M

ed
iat

or 
Mas

s

×2 

 = 0.
12

2hcΩ

The
rm

al R
elic

 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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Summary & Outlook 

• Latest ATLAS (& CMS) Run II DM searches are presented 

- No sign for DM at the LHC yet in the first 13 TeV data… 

• From EFT-based theory to more complete models didn’t help to accelerate the search of 

DM at the LHC 

• move to more model independent analyses where possible  

• Machine learning technique is not fully applied in DM searches (only in obj. reco.) 

• Could  help a lot for complicated signatures, but need more details:  

- Signal kinematics change much with N(>3) free parameters  

- More accurate background method from data:  

‣ Single data-to-MC scale-factor to simulation event 

‣ Event-by-event weights on data (e.g. matrix method for fake leptons)  

‣ Parameterization from side-band (dijet, diphoton) 

‣ Simultaneous fitting of Signal regions and Background regions  
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20

Dark Matter Search at the LHC

Are we looking at the right place? Maybe it is the time 
for more effort in thinking of complementary searches

Are we leaving no stone unturned?

• The LHC BSM searches are indispensable and should be 
continued in the new energy regime and with increasing 
statistics. 

• But if we still do not see a deviation with more than a ~2 
sigma by 2022, the High Luminosity -LHC will become likely 
mostly a precision physics machine. 

• Are we looking at the right place? Time for more effort in 
thinking of complementary searches? 
Are we looking at the right place? Leave no stone unturned!!



Thanks a lot for your attention!


