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FIG. 2. Left: Schematic mass spectrum of a simplified DM model. In the case considered, the

DM particle ! is lighter than the heaviest SM particles t, h, Z, W . The lightest mediator state is

called Z1 and can be produced on-shell at the LHC. The remaining dark-sector states Z2 and Z3

are separated by a mass gap from Z1 and inaccessible. Right: The EFT limit of the simplified

model with a decoupled mediator Z1. See text for further details.

scenario, where all but the lightest dark-sector states are integrated out. By construction,

the physics of simpliÞed models can therefore be characterized in terms of a small number of

parameters such as particle masses and couplings. While simpliÞed models are clearly not

model-independent, they do avoid some pitfalls of DM-EFTs. In particular, they allow one to

correctly describe the kinematics of DM production at the LHC, by virtue of the dynamical

mediator(s) that they contain. Conversely, by making the mediator(s) su! ciently heavy the

EFT framework can be recovered. The latter feature is illustrated on the left-hand side of

Figure 2.

A. Note about Flavor and CP Violation

The requirement (III) deserves further explanations. The SM posseses both exact and

approximate global accidental symmetries. The former (baryon and lepton number) are

conserved at the renormalizable level, while the latter (custodial and ßavor symmetries) are

broken by quantum e" ects, but parametrically small in the sense that they become exact

global symmetries when a parameter or a number of parameters are set to zero. New physics

will generically not respect these accidental symmetries and, as a result, its parameter space

will be severely constrained: the new interactions are required to be weak or the new states

9

DM e! ective Þeld theory

¥ In DM-EFTs, DM particle is 
by construction only new 
state that is kinematically 
accessible at LHC energies 

¥Under this assumption, 
DM-SM interactions due to 
exchange of virtual heavy 
mediators can be described 
in an universal way

¥DM-EFTs are perfect tool to 
calculate DM-nucleon cross 
sections, as relevant energies 
are below 1 GeV

DM-EFTs in a nutshell
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Limits on suppression scale
[CMS, 1408.3583] 

CMS, 8 TeV, 20.3 fb-1
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DM-EFTs after LHC Run I

¥Given that LHC Run I data allows to probe only suppression scales 
up to around 1 TeV (sometimes only 100 GeV), clearly necessary to 
revisit whether assumptions that lead to DM-EFTs are satisÞed 

¥E.g., if besides DM also mediators between dark sector & SM are in 
kinematic reach, these new states can be produced on-shell, which 
typically leads to signiÞcant changes in mono-X cross sections

¥ If one clearly remembers their limitations, DM-EFTs are however 
not evil per se. Many theorists would appreciate it, if ATLAS & CMS 
would still show DM-EFT limits in future
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FIG. 2. Left: Schematic mass spectrum of a simpliÞed DM model. In the case considered, the

DM particle ! is lighter than the heaviest SM particles t, h, Z, W . The lightest mediator state is

called Z1 and can be produced on-shell at the LHC. The remaining dark-sector statesZ2 and Z3

are separated by a mass gap fromZ1 and inaccessible. Right: The EFT limit of the simpliÞed

model with a decoupled mediatorZ1. See text for further details.

scenario, where all but the lightest dark-sector states are integrated out. By construction,

the physics of simpliÞed models can therefore be characterized in terms of a small number of

parameters such as particle masses and couplings. While simpliÞed models are clearly not

model-independent, they do avoid some pitfalls of DM-EFTs. In particular, they allow one to

correctly describe the kinematics of DM production at the LHC, by virtue of the dynamical

mediator(s) that they contain. Conversely, by making the mediator(s) su! ciently heavy the

EFT framework can be recovered. The latter feature is illustrated on the left-hand side of

Figure 2.

A. Note about Flavor and CP Violation

The requirement (III) deserves further explanations. The SM posseses both exact and

approximate global accidental symmetries. The former (baryon and lepton number) are

conserved at the renormalizable level, while the latter (custodial and ßavor symmetries) are

broken by quantum e" ects, but parametrically small in the sense that they become exact

global symmetries when a parameter or a number of parameters are set to zero. New physics

will generically not respect these accidental symmetries and, as a result, its parameter space

will be severely constrained: the new interactions are required to be weak or the new states

9

simpliÞed DM model

¥SimpliÞed DM models,  
contain at least DM & most 
important state mediating 
its interactions with SM

¥Unlike DM-EFTs, simpliÞed 
models describe kinematics 
of DM production at LHC 
correctly

¥SimpliÞed DM models have 
typically a few parameters 
Ñ in MSSM up to O(20)  
parameters can be relevant 
for DM physics

SimpliÞed DM models
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Criteria for simpliÞed DM models

(i) It should be simple enough to form a credible unit within a more 
complicated model

(ii) It should be complete enough to be able to describe accurately 
relevant phenomena at LHC energies

(iii) By construction is should satisfy all non high-pT constraints in  
most of its parameter space 

Based on these criteria one can now construct simpliÞed DM models. 
The simplest possibilities are theories featuring s-channel exchange of 
colorless vectors (Z!) or scalars (dark Higgs) as well as scenarios with 
t-channel exchange of colored scalar mediators (ÒsquarksÓ)

[Worm et al., 1506.03116] 8/23



Example: Spin-I s-channel models
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Why universal SM couplings?
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To avoid ßavor constraints, simpliÞed DM models should be minimal 
ßavor violating (MFV). In spin-1 case, this is achieved by taking " V = 0.  
In spin-0 case, simplest version of MFV is obtained, if SM couplings are 
universal & of  Yukawa type

Requiring that new-physics contribution to kaon mixing is not larger 
than SM amplitude implies that 

Why universal SM couplings?
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Constraints on SM-V couplings
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In its most general form, Lagrangian of simpliÞed spin-1 s-channel model 
contains couplings of mediator V to all SM fermions. Couplings to charged 
leptons & light quarks should not be too large to avoid LHC bounds from 
di-lepton & di-jet searches
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Limits from di-lepton searches

Stringent di-lepton limits usually avoided by setting gl = 0 from beginning

! ! ! !! ! ! "#!

! ! ! "#"!

!"#!$% &'()*'&+,

-) ! .#

������ ������ ������ ������ ������ ������ ����������! ��

����! ��

����! ��

����! ��

������

��

�� �� "�����	 #

��
$�


��
"�

��

#

���� ! �� �� ! ���� �� �� ! ���� �����	

[more details in presentation by Bryan Zaldivar] 14/23



Limits from di-jet searches
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Di-jet constraints from LHC Run I satisÞed for (gq, g! ) = (0.25, 1) for example 

[more details in presentation by Matthew McCullough] 15/23



Monte Carlo implementations

ET,miss + j signals in s-channel simpliÞed models can be simulated at 
next-to-leading order including parton shower (NLOPS) with both 
POWHEG BOX & MadGraph5_aMC@NLO 

16/23[UH, Kahlhoefer & Re, 1310.449; Backovi! et al., 1508.05327]



Recent detailed ET,miss studies

¥Mono-jet signals from s-channel spin-1 simpliÞed models

¥Mono-jet signals from s-channel spin-0 simpliÞed models 

¥ tt + ET,miss signals from s-channel spin-0 simpliÞed models

[Buchmueller et al., 1407.8257; 
 Harris et al., 1411.0535,1509.02904; 
 Backovi! et al., 1508.05327]

[Buckley et al., 1410.6497;  
 Harris et al., 1411.0535,1509.02904; 
 UH & Re, 1503.00691]

¥É

[Buckley et al., 1410.6497; 
 UH & Re, 1503.00691; 
 Buckley & Goncalves, 1511.06451] 
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NLOPS: Spin-I mediators
[Backovi! et al., 1508.05327] 

M. Backovi«c et al.: Higher-order QCD predictions for dark matter production at the LHC in simpliÞed models 9
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Fig. 4. MET distributions for pp ! X øX + j at the 13-TeV LHC for four benchmark points speciÞed by ( mY , mX ), where we
assume a pure vector mediator and Dirac DM. The middle and bottom panels show the di ! erential scale uncertainties and K
factors, respectively.

¥For heavy mediators & 
hard ET,miss cuts, impact 
of QCD corrections 
small, which results in 
K-factors close to 1
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NLOPS: Spin-I mediators
[Backovi! et al., 1508.05327] 

¥For heavy mediators & 
hard ET,miss cuts, impact 
of QCD corrections 
small, which results in 
K-factors close to 1

¥ In case of very light 
mediators & weak ET,miss 
cuts, NLO effects are 
more important, leading  
to K-factors of O(1.5) 

M. Backović et al.: Higher-order QCD predictions for dark matter production at the LHC in simplified models 9
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Fig. 4. MET distributions for pp ! XX̄ + j at the 13-TeV LHC for four benchmark points specified by (mY ,mX), where we
assume a pure vector mediator and Dirac DM. The middle and bottom panels show the di↵erential scale uncertainties and K
factors, respectively.
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Properties beyond mass scale?

ET,miss & pT,j1 spectra for vector & axialvector operators identical. 
Mono-jet searches not sensitive to chirality of interactions
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Figure 5 – Left: Comparison of the ET,miss spectra of a mono-jet signal resulting from vector and axialvector
interactions. Overlaid are the LO (blue curves and bands) and NLO (red curves and bands) predictions and
the K factor is also shown. Taking into account scale variations the results are clearly indistinguishable. Right:
Normalised ��j1j2 distributions for 300 fb�1 of 14TeV LHC data, assuming m� = 100GeV. The red (blue)
histogram shows the signal plus background prediction for the operator �̄�W i

µ⌫W
i,µ⌫ (�̄�W i

µ⌫W̃
i,µ⌫). The grey

bar chart represents the expected SM background, which for better visibility, has been rescaled by a factor of 1/3.
The solid curves indicate the best fits of the form a0 + a1 cos��j1j2 + a2 cos (2��j1j2).

interactions.28 These three examples show that studies of the correlations of the SM Þnal state
particles in ET,miss events o! er unique opportunities to probe the DM-SM interactions, making
any dedicated e! ort at LHC Run II in this direction more than welcome.

5 Conclusions

With the start of LHC Run II, collider searches for ET,miss signatures are soon to explore
new territory, and the large statistics expected at the phase-1 and phase-2 upgrades at 14 TeV
have the potential to radically change our understanding of DM. New theoretical developments
that allow for a better description of both signals and backgrounds have to go along with the
experimental advances in order to exploit the full physics potential of the LHC. Harnessing the
ideas discussed here may play a key role in this e! ort.
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DM-pair production & 2 jets
[UH, Hibbs & Re, 1311.7131]
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[see Cotta et al.,1210.0525; Crivellin et al. 1501.00907 for related ideas] 21/23



DM-pair production & 2 jets
[UH, Hibbs & Re, 1311.7131]
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[Backovi! et al., 1508.05327; more details in presentation by Matthew Buckley]

2-particle correlations in tt + ET,miss also allow to disentangle whether 
DM-SM interactions due to scalar or pseudoscalar exchange 
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¥Proposed simpliÞed models are not ultraviolate complete theories. 
Important to address questions about gauge invariance, unitarity, 
anomalies, etc.

¥Can reach of ET,miss searches be improved by making them more 
inclusive in number of jets?

¥How to combine individual searches? Will such combinations result 
in signiÞcantly better exclusions?  

¥É

Loose ends

[see for instance Kahlhoefer et al., 1510.02110; 
 more details in presentation by Nicole Bell] 

[see for instance Fox et al., 1203.1662; 
 Buchmueller et al., 1505.07826] 
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LHC vs. DM direct detection

The LHC constraints are strongest at low DM mass, where 
direct detection is challenging due to the small nuclear recoil
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The LHC is superior to any spin-dependent search for all DM 
masses, since DM-nucleon scattering is incoherent in this case 

LHC vs. DM direct detection
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Fig. 11. Distributions for various signal benchmark points and Z (! !̄ )+ jets, where MET > 150 GeV and jets with pT > 30 GeV
and |" | < 4.5 are considered. We assume a pure vector mediator and Dirac DM with the coupling parameters gX = 1 and
gSM = 0.25.

searches beyond mono-jet, either inclusive, or at Þxed jet
multiplicities.

Next, the MET (as well as the hardest jet pT ) distri-
butions for mediators of mass! 100 GeV with light DM
naturally resemble theZ +jets distribution in shape, as the
kinematics of the MET and hardest jet are determined by
the mass scale of the heavy object (i.e. the Z boson or the
mediator). For heavy mediators, the MET and pT (j 1) dis-
tributions fall of with a milder slope, suggesting that the
signal to background ratio (S/B ) in searches for DM could
be improved by requiring a higherpmin

T for the hardest jet.

The pT distribution of the second hardest jet, on the
other hand, seems to display a similar shape in all model
points, as well as theZ +jets background channel. Requir-
ing a high pT on the second jet would hence not improve
neither S/B nor the signal signiÞcance, suggesting that in
searches which exploit the presence of a second jet, only
minimum cuts on pT (j 2) should be applied. Note that the
modelling of the second jet from LO calculations grossly
underestimates the overall rate in case of lighter mediators
for pT ! 100 GeV, as illustrated in Fig. 6.

4 Dark matter production with a top-quark
pair

In the spin-0 mediator model, due to the normalisation
of the Yukawa couplings in the Lagrangian (11), the most
relevant tree-level process at the LHC is

pp " X øX + tøt . (20)

Such models have in the past been studied in the con-
text of EFT [57Ð59] and simpliÞed models [46, 48], and
searched for at the LHC Run I [60,61]. Past work on DM
interactions with the top quarks has mainly focused on LO
estimates, with only a few analyses including NLO cor-
rections. Here we present a comprehensive study of NLO
e! ects of DM interaction with top quarks in the frame-
work of the simpliÞed model. We note that a wide class
of so called Òtop-philic DMÓ models exist where the LO
production is via top loops. Ref. [62] studied such a sce-
nario in a minimally model-dependent framework, while
more recently, Ref. [44] presented concrete predictions for
loop-induced DM production for the current LHC13 run,
using the same simulation framework as in this work.
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Impact of matching & merging 

Expect in low ET,miss region, matching & merging effects in                
mono-jet NLOPS predictions are small not exceeding O(10%)
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Fig. 9. Jet multiplicity for pp ! X øX + jets at the 13-
TeV LHC with FxFx merging in case of mY = 1 TeV with
mX = 50 GeV, where NLO+PS samples are merged up to
one (red) and two (blue) jets. The 1-jet NLO+PS sample
without merging (orange) is also shown for comparison. The
middle panel shows the relative scale uncertainties, while the
bottom panel presents the ratio of the 2 j merged sample to
the 1j merged one and to the non-merged one. We assume
MET > 100 GeV and jets with pT > 30 GeV and |! | < 4.5 for
the purpose of illustration.

3.3 Merging samples at NLO accuracy

In addition to total and di ! erential production cross sec-
tions for the pp ! X øX + j process, we study NLO ef-
fects for di! erent jet multiplicities in the Þnal state. For
this purpose we utilise the FxFx merging procedure [20]
within the framework of MG5aMC , and consider

pp ! X øX + 0 , 1, 2 jets. (19)

We take the merging scales at 45 and 30 GeV for 2- and
1-jet merged samples, respectively.

Figure 9 shows the number of jets in the Þnal state
for NLO merged samples in case ofmY = 1 TeV and
mX = 50 GeV. The red and blue curves show the re-
sults of merging up to 1 and 2 jets, respectively, while
the orange curve shows thepp ! X øX + 1 j process at
NLO+PS without merging for comparison. An inspection
of the three samples in the lowest panel of Fig. 9 shows
that the e! ects of NLO merging are mild. The non-merged
NLO sample over-estimates the production rate in the 0j
and > 2j bins by 20% and 10% respectively, and under-
estimates the rate in the 1j " 2j bins by < 10%. The
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Fig. 10. Same as Fig. 9, but for the MET distribution.

di! erences are even milder between the samples merged
to 1j and to 2j . As the 0j bin is phenomenologically irrel-
evant, we can conclude that the e! ects of jet merging at
NLO are within 10%.

We show e! ects of jet merging on the MET distribu-
tion in Fig. 10. Except in the low MET region, we Þnd that
the e! ects of NLO merging are again mild and within 10%.

3.4 Comparison of signal distributions to the Standard
Model

In discussions of NLO corrections to DM production, it
is important to consider how the possible signal events
at NLO look in the midst of large SM backgrounds. For
the purpose of illustration, we consider only the largest
background in mono-jet searches for DM,i.e. Z +jets and
simulate it to NLO merged up to 2 extra jets via the FxFx
method.

Figure 11 shows an example comparison of theZ +jets
channel to several benchmark points of the simpliÞed model
discussed in previous sections. The shape of signal jet
multiplicity distributions (upper left panel) resembles the
Z +jets distribution to a good degree, while the overall
rate varies wildly depending on the model point. Note
that events containing one jet are produced at almost an
identical rate to 2j events and comparable to 3j events,
both in Z +jets and all of the benchmark model points
we considered. The production rate for di! erent jet multi-
plicities implies that it could be beneÞcial to consider DM

14 M. Backovi«c et al.: Higher-order QCD predictions for dark matter production at the LHC in simpliÞed models
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Fig. 9. Jet multiplicity for pp ! X øX + jets at the 13-
TeV LHC with FxFx merging in case of mY = 1 TeV with
mX = 50 GeV, where NLO+PS samples are merged up to
one (red) and two (blue) jets. The 1-jet NLO+PS sample
without merging (orange) is also shown for comparison. The
middle panel shows the relative scale uncertainties, while the
bottom panel presents the ratio of the 2 j merged sample to
the 1j merged one and to the non-merged one. We assume
MET > 100 GeV and jets with pT > 30 GeV and |! | < 4.5 for
the purpose of illustration.

3.3 Merging samples at NLO accuracy

In addition to total and di ! erential production cross sec-
tions for the pp ! X øX + j process, we study NLO ef-
fects for di! erent jet multiplicities in the Þnal state. For
this purpose we utilise the FxFx merging procedure [20]
within the framework of MG5aMC , and consider

pp ! X øX + 0 , 1, 2 jets. (19)

We take the merging scales at 45 and 30 GeV for 2- and
1-jet merged samples, respectively.

Figure 9 shows the number of jets in the Þnal state
for NLO merged samples in case ofmY = 1 TeV and
mX = 50 GeV. The red and blue curves show the re-
sults of merging up to 1 and 2 jets, respectively, while
the orange curve shows thepp ! X øX + 1 j process at
NLO+PS without merging for comparison. An inspection
of the three samples in the lowest panel of Fig. 9 shows
that the e! ects of NLO merging are mild. The non-merged
NLO sample over-estimates the production rate in the 0j
and > 2j bins by 20% and 10% respectively, and under-
estimates the rate in the 1j " 2j bins by < 10%. The
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Fig. 10. Same as Fig. 9, but for the MET distribution.

di! erences are even milder between the samples merged
to 1j and to 2j . As the 0j bin is phenomenologically irrel-
evant, we can conclude that the e! ects of jet merging at
NLO are within 10%.

We show e! ects of jet merging on the MET distribu-
tion in Fig. 10. Except in the low MET region, we Þnd that
the e! ects of NLO merging are again mild and within 10%.

3.4 Comparison of signal distributions to the Standard
Model

In discussions of NLO corrections to DM production, it
is important to consider how the possible signal events
at NLO look in the midst of large SM backgrounds. For
the purpose of illustration, we consider only the largest
background in mono-jet searches for DM,i.e. Z +jets and
simulate it to NLO merged up to 2 extra jets via the FxFx
method.

Figure 11 shows an example comparison of theZ +jets
channel to several benchmark points of the simpliÞed model
discussed in previous sections. The shape of signal jet
multiplicity distributions (upper left panel) resembles the
Z +jets distribution to a good degree, while the overall
rate varies wildly depending on the model point. Note
that events containing one jet are produced at almost an
identical rate to 2j events and comparable to 3j events,
both in Z +jets and all of the benchmark model points
we considered. The production rate for di! erent jet multi-
plicities implies that it could be beneÞcial to consider DM
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Mtt distribution of tt + ET,miss events

If mediator is light, scalar DM-top interactions can also be distinguished 
from pseudoscalar couplings by studying invariant tt mass distribution
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Fig. 14. Comparison of tt̄ invariant mass distributions between
the scalar (blue) and pseudo-scalar (red) mediator models for
di↵erent mediator masses.

4.2 Di↵erential distributions

For the study of di↵erential distributions, we consider the
invariant mass of the top-quark pair (m(tt̄)), without in-
clusion of a parton shower. Figures 12 and 13 illustrate the
scalar and pseudo-scalar results, respectively, for di↵erent
mediator masses (o↵-shell, threshold, and on-shell) with
the DM mass fixed at 50 GeV. In all cases the shape of
m(tt̄) is well modelled by the LO calculation, and includ-
ing a constant K factor reproduces the NLO results to an
excellent degree, except in the threshold region. However,
the LO calculation su↵ers from significant scale uncertain-
ties which tend to increase with m(tt̄), whereas the scale
uncertainties are under much better control at NLO.

Whether DM is produced via scalar or pseudo-scalar
mediators can have a dramatic e↵ect on the shape of the
m(tt̄) distribution. In Fig. 14 we compare the NLO dis-
tributions in Figs. 12 and 13, where we normalise the his-
tograms to unit area to point out the shape di↵erences.
We observe that the shape of the distribution is partic-
ularly enhanced for m(tt̄) ! 500 GeV in the case of the
pseudo-scalar mediator, while the scalar mediator distri-
bution displays a much more prominent peak at lower
m(tt̄). The e↵ect is severely damped in case of heavy me-
diators, where we find no clear di↵erences between the
shapes of the scalar and pseudo-scalar mediator distribu-
tions. Figure 14 suggests that scalar and pseudo-scalar
mediators could be distinguished based on the shape of
the m(tt̄) distribution, as long as the mediator is su�-
ciently light and/or does not decay highly o↵-shell. An
analogous observation has been made already in the case
of the study of the CP properties of the Higgs boson [67].

5 Summary

Searches for DM are one of the main endeavours at the
LHC Run II. Accurate and precise predictions for produc-
tion rates and distributions are necessary to obtain robust

constraints on DM models and characterise possible DM
signals. In this article we have provided a general imple-
mentation of the simplified DM model approach into a
calculation/simulation framework that allows to system-
atically evaluate and include NLO QCD corrections to
the production of DM at the LHC. We have considered
a class of simplified models where DM is a Dirac fermion
and couples to the SM via either spin-1 or spin-0 s-channel
mediators, making no restrictions on chiral couplings. For
the purpose of illustration, we analysed the NLO e↵ects on
the DM production via vector and axial-vector mediators
in the context of mono-jet signals. In addition, we have
presented detailed predictions of DM production in asso-
ciation with a top-quark pair via scalar and pseudo-scalar
mediators. We presented our results for various DM and
mediator masses to cover benchmark points suggested by
the ATLAS/CMS DM forum [5].

For MET+jets in the spin-1 mediator model, our re-
sults show that higher-order corrections have a significant
e↵ect both on the overall production rate as well as on the
shape of relevant di↵erential distributions, with a sizeable
reduction of the scale and PDF uncertainties. The NLO
corrections to the LO production rates can be large, with
K factors of up to K " 2, and typically occur in parts of
the model parameter space where the mass scale of DM
and mediator is O(10 ! 100) GeV. For such scenarios,
we also find large NLO e↵ects on the shape of di↵eren-
tial distributions in MET and the transverse momentum
of the associated jets. Simplified models with heavy (e.g.
O(1) TeV) mediators/DM do not receive large NLO cor-
rections, and we find that LO predictions describe both
total production rates and shapes of di↵erential distribu-
tions quite accurately. Distributions of the second hardest
jet in the event are well modelled by the parton shower
for heavy mediator/DM cases. On the other hand, for me-
diators/DM with masses of O(100) GeV, the inclusion of
NLO e↵ects is essential for a proper description of pT (j2)
and ! (j2) distributions, especially in the high-pT tails,
where the NLO e↵ects can be an order of magnitude.

So-called “giant K factors” can occur in NLO com-
putations of DM production rates in the regions where
pj

T " mY . Such e↵ects can be extremely large when con-
sidering mono-jet production rates, especially in phase-
space regions with low MET. Imposing a su�ciently large
MET cut and hence avoiding the soft/collinear singulari-
ties associated with the mediator emissions from high-pT
jets e�ciently mitigates the e↵ect of giant K factors.

In our analysis we have gone beyond FO in pertur-
bation theory and studied the e↵ects of jet multiplicity
merging at NLO accuracy. We found that FO calculations
model the jet multiplicity and other di↵erential distribu-
tions adequately well, with no significant e↵ects on the
shapes or overall rates coming from jet sample merging.

Comparisons with the NLO predictions for the leading
SM background channel reveal that considerations of ei-
ther inclusive or exclusive jet samples beyond one jet could
be beneficial for increasing the prospects for DM detec-
tion. The leading jet pT distributions in case of heavy me-
diators display a milder decrease with the increase in pT ,

[Backovi! et al., 1508.05327] 

B6/B12



Scalar singlet DM

C. The DM particle itself may be a mixture of an electroweak singlet and doublet [61–63],

as in the MSSM where it has both bino and higgsino components. Generically, this is

referred to as “singlet-doublet” DM [64].

The first two cases capture important features of models [55, 65, 66] where the SM is extended

to be classically scale invariant [67–70] with the aim of addressing the electroweak gauge

hierarchy problem.

A. Scalar Singlet DM

In the case where an additional real scalar singlet � is the DM candidate, the Lagrangian

of the scalar Higgs portal can be written as

L
scalar,H � ����

4 � �p�
2|H|2 , (26)

where H denotes the usual SM Higgs doublet. Augmenting the Lagrangian with a discrete

Z
2

symmetry that takes � ! �� andH ! H leads to stable DM, and in addition guarantees

that there is no singlet-Higgs mixing, which leaves the couplings of the SM Higgs unaltered

at tree level. The self-coupling �� of the scalar � is in general irrelevant to determining

how well the portal coupling �p can be probed through LHC DM searches, and thus may be

ignored.

For mh > 2m�, the most obvious manifestation of the interactions (26) is through their

contributions to the invisible decay of the Higgs. The corresponding decay width reads

�(h ! ��) =
�2

pv
2

2⇡mh

✓
1�

4m2

�

m2

h

◆
1/2

, (27)

with mh the Higgs mass and v its VEV. In fact, both ATLAS [71] and CMS [72] have already

interpreted their Run I h ! invisible searches in terms of the Higgs portal scenario (26).

For DM candidates with m� . 10GeV these searches are competitive with or even stronger

than the SI results provided by direct detection experiments.

When mh < 2m�, the Higgs cannot decay on-shell to a pair of � particles, so that DM

pair production necessarily has to proceed o↵-shell. The cross section for this process is

then suppressed by an additional factor of �2

p as well as the two-body phase space, leading

to a rate that rapidly diminishes with m�. This feature makes a LHC discovery challenging

even at 14TeV and high luminosity [56].
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discover even at high-luminosity LHC 14 TeV
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Fermion singlet DM

DM fermion singlet SM Higgs doublet

B. Fermion Singlet DM

A simple model including both a real scalar mediators and a fermion DM singlet ! ,

which couple through a Higgs portal is given by

L fermion, H ! " µss3 " " ss4 " y! ø!! s " µps|H |2 " " ps2|H |2 , (28)

where y! is a Yukawa coupling in the dark sector, while theµp and " p terms provide the

Higgs portal between the dark and the SM sectors. The precise values of the Higgs potential

parametersµs and " s do not play an important role in the DM phenomenology at the LHC

and therefore all features relevant for our discussion can be captured within the restricted

framework µs = " s = 0.

In general the Higgs potential in (28) develops nontrivial VEVs for bothH and s, but in

order to keep the expressions simple it is assumed in the following that#s$= 0. The main

physics implications are una↵ected by this assumption. As a result of the portal coupling

µp, the Higgs and the real scalar Þelds mix, giving rise to the physical mass eigenstatesh1

and h2: 0

@h1

h2

1

A =

0

@ cos# sin#

" sin# cos#

1

A

0

@h

s

1

A . (29)

The mixing angle is deÞned such that in the limit# % 0 the dark sector is decoupled from

the SM. Analytically, one has

tan(2#) =
2vµp

m2
s + " pv2 " m2

h

, (30)

while the masses ofh1 and h2 are given bymh1 & mh and mh2 & (m2
s + " pv2)1/ 2. The state

h1 can therefore be identiÞed with the bosonic resonance discovered at the LHC.

To make contact with the scalar mediator model described in Section III, we consider the

Yukawa terms that follow from (28). After electroweak symmetry breaking and rotation to

the mass eigenstate basis, one Þnds

L ! "
1

'
2

(cos#h1 " sin#h2)
X

f

yf
øf f " (sin#h1 + cos#h2) y! ø!! . (31)

Identifying h2 with the Þeld $ in (11), one sees that as far as the couplings betweenh2 and

the SM fermions are concerned, the interactions (31) resemble those of the scalar mediator

model described in Section III withgu = gd = ge = gv = " sin#. The coupling between DM

and the mediator, calledg! in (11), is instead given byg! = y! cos#.
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The mixing angle is defined such that in the limit ✓ ! 0 the dark sector is decoupled from

the SM. Analytically, one has

tan(2✓) =
2vµp

m2

s + �pv2 �m2

h

, (30)

while the masses of h
1

and h
2

are given by mh1 ' mh and mh2 ' (m2

s + �pv2)1/2. The state

h
1

can therefore be identified with the bosonic resonance discovered at the LHC.

To make contact with the scalar mediator model described in Section III, we consider the

Yukawa terms that follow from (28). After electroweak symmetry breaking and rotation to

the mass eigenstate basis, one finds

L � � 1p
2
(cos ✓ h

1

� sin ✓ h
2

)
X

f

yf f̄f � (sin ✓ h
1

+ cos ✓ h
2

) y��̄� . (31)

Identifying h
2

with the field � in (11), one sees that as far as the couplings between h
2

and

the SM fermions are concerned, the interactions (31) resemble those of the scalar mediator

model described in Section III with gu = gd = ge = gv = � sin ✓. The coupling between DM

and the mediator, called g� in (11), is instead given by g� = y� cos ✓.
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The resulting amplitudes for mono-W or mono-Z production at the LHC take the following

schematic form

A(pp ! /E T + W/Z ) " y! sin(2! )
!

1
s! ø! # m2

h1
+ im h1 ! h1

#
1

s! ø! # m2
h2

+ im h2 ! h2

"
, (33)

wheres! ø! denotes the invariant mass of the DM pair and! h1 and ! h2 are the total decay

widths of the scalars. Note that the contributions from virtualh1/h 2 exchange have opposite

sign in (33). This implies that the /E T + W/Z signal cross sections can depend sensitively

on mh2 and m! as well as the cuts imposed in the analysis. The destructive interference

between the contributions of the two scalar mediators is also at work for mono-jets and it

is well-known [57Ð59] that it can be phenomenologically relevant in direct detection.

A second interesting consequence of (28) is that this Lagrangian gives rise to a mono-

Higgs signal [60]. Two examples of Feynman graphs that provide a contribution are given

on the right in Figure 4. Notice that while a /E T + h signal can also arise in the simpliÞed

s-channel scalar mediator scenario discussed in Section III, the presence of the two scalar

statesh1 and h2 and the existence of trilinear Higgs vertices such ash1h2
2 are likely to change

the mono-Higgs phenomenology of (28) compared to (11).

C. Singlet-Doublet DM

Singlet-doublet DM scenarios are the simplest example of models where the interactions

between DM and the SM arise from mixing of a singlet with electroweak multiplets. A

fermion singlet " and a pair of fermion doublets with opposite hypercharge denoted by

#1 = ( # 0
1, # !

1 )T and #2 = ( # +
2 , # 0

2)T are introduced. Assuming that the new Þelds are odd

under a Z2 symmetry under which the SM Þelds are even, the Lagrangian reads

L fermion,SD = i
#

ø" /$" + ø#1 /D#1 + ø#2 /D#2
$

#
1
2

mS" 2 # mD #1#2

# y1" H #1 # y2" H   #2 + h .c. , (34)

whereDµ denotes the covariant derivative. The model generalizes the bino-higgsino sector

of the MSSM in the decoupling limit. In fact, the Yukawa couplingsy1 and y2 are free

parameters, whereas in the MSSM they are related to theU(1)Y gauge coupling.

After electroweak symmetry breaking, singlet and doublets mix. The physical spectrum

consists of a pair of charged particles (" + , " ! ) with mass mD and three neutral eigenstates
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FIG. 4. Left: One-loop diagrams with an exchange of ah1/h 2 mediator that induces a mono-W

and mono-Z signal. Right: Two possible one-loop graphs that contribute to a mono-Higgs signal.

Another important feature of (31) is that the e! ective Yukawa coupling betweenh1 and

the SM fermions is notyf but yf cos! . In fact, the universal suppression factor cos! appears

not only in the fermion couplings but also theh1W + W ! and h1ZZ tree-level vertices as

well as the loop-inducedh1gg, h1"" , and h1" Z couplings. The mixing angle and hence (28)

is therefore subject to the constraints that arise from the ATLAS and CMS measurements

of the signal strengths in Higgs production and decay. Global Þts [73, 74] to the LHC

Run I data Þnd sin! ! 0.4. Constraints on the mixing angle also derive from the oblique

parametersT (aka the # parameter) andS [58], but they are typically weaker than those

that follow from Higgs physics.

Like in the case of the scalar singlet DM model discussed before, the model (28) allows

for invisible decays of the Higgs boson, if this is kinematically possible, i.e.mh1 > 2m! . The

corresponding decay rate is

" (h1 ! $ ø$) =
y2

! sin2 ! mh1

8%

!
1 "

4m2
!

m2
h1

" 3/ 2

. (32)

After the replacements sin! ! cos! and mh1 ! mh2 the same expression holds in the case

of h2, if it is su# ciently heavy. In order to determine from (32) the invisible Higgs branching

ratio, one has to keep in mind that all partial widths ofh1 to SM particles are suppressed by

cos2 ! and that depending on the mass spectrum also the decayh1 ! h2h2 may be allowed.

Turning our attention to the /E T signals, an important observation to make is that the

phenomenology of the fermion singlet DM scenario is generically richer than that of the scalar

mediator model (11). First of all, since the Lagrangian (28) leads to couplings between the

scalarsh1 and h2 to massive gauge bosons as well as DM pairs, mono-W and mono-Z signals

will arise at tree level. The relevant diagrams are shown on the left-hand side in Figure 4.

24

B9/B12



Singlet-doublet DM

The resulting amplitudes for mono-W or mono-Z production at the LHC take the following

schematic form

A(pp ! /E T + W/Z ) " y! sin(2! )
!

1
s! ø! # m2

h1
+ im h1 ! h1

#
1

s! ø! # m2
h2

+ im h2 ! h2

"
, (33)

wheres! ø! denotes the invariant mass of the DM pair and! h1 and ! h2 are the total decay

widths of the scalars. Note that the contributions from virtualh1/h 2 exchange have opposite

sign in (33). This implies that the /E T + W/Z signal cross sections can depend sensitively

on mh2 and m! as well as the cuts imposed in the analysis. The destructive interference

between the contributions of the two scalar mediators is also at work for mono-jets and it

is well-known [57Ð59] that it can be phenomenologically relevant in direct detection.

A second interesting consequence of (28) is that this Lagrangian gives rise to a mono-

Higgs signal [60]. Two examples of Feynman graphs that provide a contribution are given

on the right in Figure 4. Notice that while a /E T + h signal can also arise in the simpliÞed

s-channel scalar mediator scenario discussed in Section III, the presence of the two scalar

statesh1 and h2 and the existence of trilinear Higgs vertices such ash1h2
2 are likely to change

the mono-Higgs phenomenology of (28) compared to (11).

C. Singlet-Doublet DM

Singlet-doublet DM scenarios are the simplest example of models where the interactions

between DM and the SM arise from mixing of a singlet with electroweak multiplets. A

fermion singlet " and a pair of fermion doublets with opposite hypercharge denoted by

#1 = ( # 0
1, # !

1 )T and #2 = ( # +
2 , # 0

2)T are introduced. Assuming that the new Þelds are odd

under a Z2 symmetry under which the SM Þelds are even, the Lagrangian reads

L fermion,SD = i
#

ø" /$" + ø#1 /D#1 + ø#2 /D#2
$

#
1
2

mS" 2 # mD #1#2

# y1" H #1 # y2" H   #2 + h .c. , (34)

whereDµ denotes the covariant derivative. The model generalizes the bino-higgsino sector

of the MSSM in the decoupling limit. In fact, the Yukawa couplingsy1 and y2 are free
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where s��̄ denotes the invariant mass of the DM pair and �h1 and �h2 are the total decay
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between the contributions of the two scalar mediators is also at work for mono-jets and it

is well-known [57–59] that it can be phenomenologically relevant in direct detection.

A second interesting consequence of (28) is that this Lagrangian gives rise to a mono-

Higgs signal [60]. Two examples of Feynman graphs that provide a contribution are given

on the right in Figure 4. Notice that while a /ET + h signal can also arise in the simplified

s-channel scalar mediator scenario discussed in Section III, the presence of the two scalar

states h
1

and h
2

and the existence of trilinear Higgs vertices such as h
1

h2
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are likely to change

the mono-Higgs phenomenology of (28) compared to (11).

C. Singlet-Doublet DM

Singlet-doublet DM scenarios are the simplest example of models where the interactions

between DM and the SM arise from mixing of a singlet with electroweak multiplets. A

fermion singlet � and a pair of fermion doublets with opposite hypercharge denoted by
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= ( +
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, 0
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)T are introduced. Assuming that the new fields are odd

under a Z
2

symmetry under which the SM fields are even, the Lagrangian reads

L
fermion,SD
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�
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/D 
1
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2

/D 
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� 1

2
mS�

2 �mD 1
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� y
1

�H 
1

� y
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�H† 
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where Dµ denotes the covariant derivative. The model generalizes the bino-higgsino sector

of the MSSM in the decoupling limit. In fact, the Yukawa couplings y
1

and y
2

are free

parameters, whereas in the MSSM they are related to the U(1)Y gauge coupling.

After electroweak symmetry breaking, singlet and doublets mix. The physical spectrum

consists of a pair of charged particles (�+,��) with mass mD and three neutral eigenstates
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deÞned by (! 1, ! 2, ! 3)T = U(! , " 0
1, " 0

2)T , where U is the unitary matrix that diagonalizes

the mass matrix

M =

!

"
"
"
#

mS
y1v!

2
y2v!

2

y1v!
2

0 mD

y2v!
2

mD 0

$

%
%
%
&

. (35)

The DM candidate is the lightest eigenstate! 1, whose composition in terms of gauge eigen-

states is ! 1 = U11! + U12" 0
1 + U13" 0

2. In the singlet-doublet scenario, DM couples to the

Higgs bosonh and the SM gauge bosons through its doublet components. The induced

interactions can be read o! from

L ! " hø! i (c"
h! i ! j

PL + ch! i ! j PR)! j " Zµ ø! i #µ(cZ ! i ! j PL " c"
Z ! i ! j

PR)! j

"
g

#
2

(Ui 3W #
µ ø! i #µPL ! + " U"

i 2W #
µ ø! i #µPR! + + h .c.) , (36)

wherei, j = 1, 3 and

cZ ! i ! j =
g

4 cos$w
(Ui 3U"

j 3 " Ui 2U"
j 2) , ch! i ! j =

1
#

2
(y1Ui 2Uj 1 + y2Ui 3Uj 1) , (37)

with g the SU(2)L coupling and cos$w the cosine of the weak mixing angle. Due to these

interactions, DM can annihilate to SM fermions vias-channel Higgs orZ -boson exchange

and to bosons again through a Higgs or aZ boson in thes-channel or via! i or ! + in the

t-channel. Likewise, Higgs (Z -boson) exchange leads to SI (SD) DM nucleon scattering. The

corresponding phenomenology has been studied in [61, 62, 64, 75].

As in the case of the other Higgs portal models, a possible collider signature is the invisible

width of the Higgs, if the decayh $ ! 1! 1 is kinematically allowed:

" (h $ ! 1! 1) =
mh

4%

'
1 "

4m2
! 1

m2
h

( 3/ 2

|ch! 1! 1 |2 . (38)

Since theZ boson couples directly to pairs of DM particles! 1, the model (34) will also give

rise to an additional contribution to the invisible decay width of theZ boson of the form

" (Z $ ! 1! 1) =
mZ

6%

'
1 "

4m2
! 1

m2
Z

( 3/ 2

|cZ ! 1! 1 |2 , (39)

if mZ > 2m! 1 . This possibility is constrained by theZ-pole measurements performed at

LEP [76], which require" (Z $ ! 1! 1) ! 3 MeV.

Since the model (34) contains one charged and two neutral fermions in addition to the

DM state ! 1, LHC searches for electroweak Drell-Yan production allow to set bounds on
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states is ! 1 = U11! + U12" 0
1 + U13" 0

2. In the singlet-doublet scenario, DM couples to the

Higgs bosonh and the SM gauge bosons through its doublet components. The induced

interactions can be read o! from

L ! " hø! i (c"
h! i ! j

PL + ch! i ! j PR)! j " Zµ ø! i #µ(cZ ! i ! j PL " c"
Z ! i ! j

PR)! j

"
g

#
2

(Ui 3W #
µ ø! i #µPL ! + " U"

i 2W #
µ ø! i #µPR! + + h .c.) , (36)

wherei, j = 1, 3 and

cZ ! i ! j =
g

4 cos$w
(Ui 3U"

j 3 " Ui 2U"
j 2) , ch! i ! j =

1
#

2
(y1Ui 2Uj 1 + y2Ui 3Uj 1) , (37)

with g the SU(2)L coupling and cos$w the cosine of the weak mixing angle. Due to these

interactions, DM can annihilate to SM fermions vias-channel Higgs orZ -boson exchange

and to bosons again through a Higgs or aZ boson in thes-channel or via! i or ! + in the

t-channel. Likewise, Higgs (Z -boson) exchange leads to SI (SD) DM nucleon scattering. The

corresponding phenomenology has been studied in [61, 62, 64, 75].

As in the case of the other Higgs portal models, a possible collider signature is the invisible

width of the Higgs, if the decayh $ ! 1! 1 is kinematically allowed:

" (h $ ! 1! 1) =
mh

4%

'
1 "

4m2
! 1

m2
h

( 3/ 2

|ch! 1! 1 |2 . (38)

Since theZ boson couples directly to pairs of DM particles! 1, the model (34) will also give

rise to an additional contribution to the invisible decay width of theZ boson of the form

" (Z $ ! 1! 1) =
mZ

6%

'
1 "

4m2
! 1

m2
Z

( 3/ 2

|cZ ! 1! 1 |2 , (39)

if mZ > 2m! 1 . This possibility is constrained by theZ-pole measurements performed at

LEP [76], which require" (Z $ ! 1! 1) ! 3 MeV.

Since the model (34) contains one charged and two neutral fermions in addition to the

DM state ! 1, LHC searches for electroweak Drell-Yan production allow to set bounds on
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the new fermions arising in scalar-doublet scenarios. The relevant production modes are

qq̄ ! �i�j and qq̄ ! �+�� via a Z boson or qq̄(0) ! �±�i through W -boson exchange.

Generically, the latter production mode has the most relevant LHC constraints. Production

in gluon-gluon fusion gg ! �i�i through an intermediate Higgs produced via a top-quark

loop is also possible. Like in the case of electroweakino production in the MSSM, final

states involving leptons and /ET provide the cleanest way to probe singlet-doublet models

[61, 62, 75]. A particularly promising channel is for instance pp ! �±�
2,3 ! W±�

1

Z�
1

that

leads to both a 2` + /ET and 3` + /ET signature. The scenario (34) predicts further collider

signals with /ET such as mono-jets that await explorations.

V. VECTOR s-CHANNEL MEDIATOR

A. Model-Building Aspects

One of the simplest ways to add a new mediator to the SM is by extending its gauge

symmetry by a new U(1)0, which is spontaneously broken such that the mediator obtains a

mass MV [77, 78]. Depending on whether DM is a Dirac fermion � or a complex scalar ',

the interactions this new spin-1 mediator take the form [17, 20, 79–82]

L
fermion,V � Vµ �̄�

µ(gV� � gA� �5)�+
X

f=q,`,⌫

Vµ f̄�
µ(gVf � gAf �5)f , (40)

L
scalar,V � ig'Vµ('

⇤@µ'� '@µ'⇤) +
X

f=q,`,⌫

Vµ f̄�
µ(gVf � gAf �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos, respectively. Under the

MFV assumption the couplings of V to the SM fermions will be flavor independent, but

they can depend on chirality (such that gAf 6= 0). For Majorana DM, the vector coupling gV�

vanishes, while a real scalar cannot have any CP-conserving interactions with V .

In the literature, one often finds a distinction between vector mediators with vanishing

axialvector couplings (gAf = 0) and axialvector mediators with vanishing vector couplings

(gVf = 0). Neglecting the couplings to neutrinos, the relevant parameters in the former case

are

�
m�, MV , g

V
� , g

V
u , g

V
d , g

V
`

 
, (42)
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t-channel ßavored mediators

VI. t -CHANNEL FLAVORED MEDIATOR

If the DM is a fermion ! , the mediator can be a colored scalar or a vector particle" . We

focus on the scalar case, which makes contact with the MSSM and is easier to embed into

a UV-complete theory. A coupling of the form" ø! q requires either! or " to carry a ßavor

index in order to be consistent with MFV. We choose the case where the colored scalar"

carries the ßavor index (much like in the MSSM case, where the colored scalar quarks come

in the same ßavors as the SM quarks). This class of models has been considered previously

in [15, 97Ð102], while models where! carries the ßavor index have been studied in [103Ð105].

There are variations where the mediator couples to right-handed up-type quarks, right-

handed down-type quarks, or left-handed quark doublets. For deÞniteness, we discuss the

right-handed up-type case (the other cases are obtained in a similar fashion). In this case,

there are three mediators" i =
!

÷u, ÷c,÷t
"

, which couple to the SM and DM via the interaction

L fermion ,÷u !
#

i =1 ,2,3

g" !
i ø! PRui + h .c. (58)

Note that MFV requires both the massesM1,2,3 of the three mediators to be equal and

universal couplingsg = g1,2,3 between the mediators and their corresponding quarksui =

{ u, c, t} . This universality can however be broken by allowing for corrections to (58) and

the mediator masses which involve a single insertion of the ßavor spurionY u   Y u. Because

of the large top-quark Yukawa coupling, in this way the mass of the third mediator and its

coupling can be split from the other two. In practice this means that the generic parameter

space is Þve-dimensional:

{ m! , M1,2, M3, g1,2, g3} . (59)

These simpliÞed models are very similar to the existing ones for squark searches [106], and

results can often be translated from one to the other with relatively little work. Note

that most studies will involve g1,2 together with M1,2 or g3 together with M3. So speciÞc

applications will often have a smaller dimensional space of relevant parameters. In the

discussion below, we restrict attention to the parameter space withg1,2, M1,2, and m! . For

models whereg3 and M3 are relevant, see [105, 107Ð109].
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