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Abstract: Collider experiments are one of the most promising ways to constrain Dark

Matter (DM) interactions. For several types of DM-Standard Model couplings, a mean-

ingful interpretation of the results requires to go beyond effective field theory, considering

simplified models with light mediators. This is especially important in the case of loop-

mediated interactions. In this paper we perform the first simplified model study of the

magnetic dipole interacting DM, by including the one-loop momentum-dependent form

factors that mediate the coupling — given by the Dark Penguin — in collider processes.

We compute bounds from the monojet, monophoton, and diphoton searches at the 8 and

14 TeV LHC, and compare the results to those of direct and indirect detection experiments.

Future searches at the 100 TeV hadron collider and at the ILC are also addressed. We find

that the optimal search strategy requires loose cuts on the missing transverse energy, to

capture the enhancement of the form factors near the threshold for on-shell production of

the mediators. We consider both minimal models and models where an additional state

beyond the DM is accessible. In the latter case, under the assumption of anarchic flavor

structure in the dark sector, the LHC monophoton and diphoton searches will be able to

set much stronger bounds than in the minimal scenario. A determination of the mass of

the heavier dark fermion might be feasible using the MT2 variable. In addition, if the Dark

Penguin flavor structure is almost aligned with that of the DM mass, a displaced signal

from the decay of the heavier dark fermion into the DM and photon can be observed. This

allows us to set constraints on the mixings and couplings of the model from an existing

search for non-pointing photons.
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1 Introduction

The existence of Dark Matter (DM) is firmly established by a large number of astrophysi-

cal and cosmological observations. Despite the fact that it contributes a large component

of the energy density of the universe, however, its precise properties remain almost com-

pletely mysterious. The common belief is that most of the DM is in the form of a stable

particle, which is neutral or charged very weakly under the electric force, but interacts at

least gravitationally with baryons. If such a particle carries non-gravitational interactions
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with the Standard Model (SM), the production of DM particles at high energy collider ex-

periments offers one of the most promising opportunities to identify the nature of the DM

interactions. Thanks to the capability to produce DM particles in a wide mass range and

to the apparent independence from astrophysical uncertainties, collider searches provide

complementary results to the direct and indirect detection experiments [1–6].

When setting collider constraints on DM interactions, the most straightforward way of

parameterizing the DM-SM coupling is through an effective field theory (EFT) description.

The non-observation of events with significant missing transverse energy (MET) in excess of

the SM background is then translated into upper bounds on the coefficients of the effective

operators that couple the DM to the SM fields [7–22]. This simple method is independent

of the details of the ultraviolet (UV) completion of the model. However, it is based on

the assumption that the EFT gives a valid description of the collider process, i.e. that the

mediators can be integrated out at the energy scale of the collision. Unfortunately, the

sensitivity of the current LHC searches does not correspond to heavy enough mediators

for many of the EFT couplings [23, 24], and unitarity usually sets stronger bounds than

the collider search [25, 26]. Thus in many instances, to extract meaningful information

from collider searches it is necessary to consider perturbative models with light mediators.

This ‘simplified model’ approach has been applied to several DM-SM couplings whose UV

completions feature the tree-level exchange of mediators [27–42].

The inadequacy of the EFT approach is manifestly even more dramatic in the case

of loop-mediated couplings. Among the loop-induced DM-SM interactions, an especially

important status is held by the dipole and Rayleigh operators [43, 44], which play impor-

tant roles in DM model building. Collider constraints on these couplings within the EFT

approach have been explored in several previous studies [45–49], but the resulting bounds

translate into very weak constraints on the mediator masses, thus calling for a simplified

model description.

In this work we perform the first systematic collider study of a loop-induced DM-SM

coupling, by considering a perturbative UV completion with light mediators and including

the momentum-dependent form factors in the description of collider processes.1 In our

study we focus on a generic UV completion of the magnetic and electric dipole operators,

the Dark Penguin. We emphasize, however, that the method introduced in this work can

be applied to any other loop-induced DM-SM coupling.

If the DM is a singlet under the SM gauge symmetry, the magnetic and electric dipole

operators µM χ̄σµνχFµν + µE χ̄σ
µνχF̃µν , generated by the dark penguin diagrams, give

the lowest order interactions of the DM with the SM gauge fields. As a consequence,

these operators play important roles in the possible explanation of various γ-ray excesses

observed at indirect detection experiments [52–58]. Moreover, being chirality-flipping, these

operators can possess a non-trivial flavor structure when more than one species of dark

fermions χi is present. In this case the photon dipole couplings in the mass basis can

connect the light and excited DM state, and give interesting inelastic scattering signals

1A first brief discussion of the loop form factors for dipole-interacting DM production at colliders was

presented in ref. [50]. See also ref. [51], where the loop contribution of the dark sector to dilepton production

was considered, although in a different model.
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at direct detection experiments [59–64]. The typical momentum exchange in the direct

and indirect detection experiments is very small, therefore it is reasonable to use the EFT

description even when the mediators are light with respect to collider energies.

In order to allow a comparison to the results of direct and indirect detection exper-

iments, the collider searches need to provide bounds on both the DM-mediator coupling

and the mediator mass. The search for mediator decays in various UV completions of the

dipole and Raleigh operators has been studied in [65]. However, since the decay of the

mediators only depends on their branching ratios, the information about the DM-mediator

coupling is lost in these searches. Thus the study of the dark penguin process would be

crucial even if the mediators were directly discovered first.

The dark penguin serves as a good example of a simplified model that can be con-

strained by different collider searches: depending on the ‘dark flavor’ structure — the

flavor structure of dark fermions, — it can provide signals in the monojet, monophoton,

diphoton, and even non-pointing photon searches. Besides allowing us to set meaningful

constraints, the inclusion of light mediators helps us to identify the optimal cuts to be used

in the collider searches, which are different from those commonly employed in the study of

the EFT couplings. When the mediator mass is much smaller than the typical momentum

exchange in the dipole, the MET distribution of the DM signal is much softer than the

one obtained assuming EFT couplings. Therefore the intuition of setting harder cuts to

increase the signal excess no longer applies: on the contrary, the best strategy is to keep

the cuts as low as possible, to include the enhancement of the form factors corresponding

to the mediators being produced on-shell. It follows that in the search for the dark penguin

with light mediators, lowering the background is more important than increasing the col-

lider energy. Looking ahead towards future experiments, this implies that the International

Linear Collider (ILC) would have the capability to set much stronger constraints than a

very high energy (100 TeV) hadron collider, as will be shown in our analysis.

The organization of the paper is as follows. In section 2 we present the simplified model

used in the analysis, and address the possibility of having displaced photon signals from

an aligned flavor structure. We begin section 3 by explaining our method for including the

loop-mediated dipole couplings in the simulation of collider processes. Then we discuss in

detail the missing energy searches used to set constraints on the simplified model, paying

particular attention to the estimation of the systematic uncertainties in the projection to

the 14 TeV LHC. In section 4 we present the constraints from LEP, the 8 and 14 TeV LHC,

and the future 100 TeV collider and ILC on the dark penguin parameter space, assuming

a single flavor of dark fermions. Furthermore, we point out that the sensitivity to light

mediators can be improved by choosing MET cuts weaker than those used in the search

for effective couplings. To give an example of the case with more than one dark flavors,

we analyze the model with two dark fermions in section 5, setting bounds from LEP

and the monophoton and diphoton searches at the LHC. For the diphoton channel, the

possible application of the MT2 variable to determine the mass of the heavier dark fermion

is discussed. In section 6 we consider the dark penguin with a flavor structure almost

aligned to the dark fermion masses, in which case displaced photon signals can be observed

at the LHC. We use the 8 TeV ATLAS search for non-pointing photons to compute the
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bound on the dark mixing angle and coupling. In section 7 the collider constraints on the

dark penguin are compared to the current results from direct and indirect DM detection

experiments, by showing the reach of the different searches on the magnetic dipole moment

and the annihilation cross section of χχ̄→ γγ, respectively. We conclude by summarizing

our result in section 8. Finally, appendix A contains general formulas for the dark penguin

form factors, whereas appendix B collects the basic statistics we used for setting limits.

It is worth pointing out that section 3 is somewhat technical, therefore the reader

mainly interested in the results of our work might prefer, after having become familiar

with the dark penguin in section 2, to move directly to section 4.

2 A simplified model of dark penguin

Here we describe a simple UV completion of the magnetic and electric dipole operators,

which will be employed throughout the paper. The model is similar to the one discussed

in [52, 65] and contains dark Dirac fermions χi with flavor index i = 1, . . . , Nχ, a fermion

mediator ψ, and a scalar mediator φ. Both mediators carry some hypercharge Y , and the

χi are SM singlets. A specific assignment of dark charge which stabilizes the DM particle

may affect the decay of mediators, but not the dark penguin process we are interested in.

The Lagrangian in the mass basis is written as

L ⊃ χ̄i(i/∂−mi)χi+ ψ̄ i /Dψ−Mf ψ̄ψ+ |Dµφ|2−M2
s |φ|

2 +
(
λRi ψ̄ PR χi φ+λLi ψ̄PL χi φ+h.c.

)
,

(2.1)

where Dµ = ∂µ − i Y g′Bµ. Several simplifications will be made on the Lagrangian: we

assume the fermion and scalar mediators to have the same mass, Mf = Ms = M ,2 and also

assume the Yukawa-type couplings λi = λLi = λRi to be real. This in particular implies that

no electric dipole moment operator is generated from eq. (2.1). Depending on the details

of a specific model, one of the mediators can decay into SM particles, while the mediator

that carries the dark charge stabilizing the DM can decay into the DM and SM particles. A

general analysis of the phenomenology of the mediators can be found in [65]. Their results

show that the discovery prospects at the LHC depend strongly on the charge assignment.

The most challenging scenario corresponds to SU(2)L-singlet mediators with Y = −1, and

ψ mixed with the right-handed tau lepton. Even at 14 TeV with 300 fb−1, the LHC will

have no sensitivity to this model [65]. However, different hypercharge assignments can

change dramatically the decays of the mediators, leading to significantly better prospects.

In our analysis of the dark penguin we wish to be independent from the details of the

model building, therefore we treat Y and M as free parameters. Precision electroweak

measurements do not set relevant constraints on mediators carrying only hypercharge.

Even if the mediators are doublets under SU(2)L, as considered for example in ref. [52], no

contribution to the S and T parameters arises at one loop.

The model in eq. (2.1) generates a magnetic dipole operator through the dark penguin

process in figure 1. The amplitude for Bµ → χiχ̄j is written into a gauge invariant form

iMµ
penguin =

iλiλjg
′Y N

32π2
ū(pi)×

[(
q2γµ − (mχi −mχj )q

µ
)
Fq − iσµνqνFσ

]
v(pj) , (2.2)

2Notice, however, that in appendix A we present general results for the dark penguin with Mf 6= Ms.
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Figure 1. Diagrams of the dark penguin. The corresponding amplitude is given in eq. (2.2).

In this paper, we use various collider searches to set an upper bound on3

λ
√
Y N . (2.3)

where the factor λiλj encodes the dark flavor structure. The factor N is the multiplicity

of the mediators (N > 1 can arise, for example, if the mediators transform non-trivially

under SU(2)L). The form factors Fq,σ as functions of the masses (mχi ,mχj ,Mf ,Ms) and

momentum q2 (defined in figure 1) are given in appendix A. It is important to note that

the model discussed here can also generate other loops, such as those for the Rayleigh

operator, χ̄iχjBµνB
µν . However, the contributions of this operator to the collider processes

considered in this paper carry either extra gauge couplings or phase space suppressions,

and thus only give sub-leading effects, except in a few cases on which we will comment in

what follows. We leave the detailed study of the Rayleigh operators for future work.

In presence of a non-trivial flavor structure of the dark fermions χi, one important dif-

ference between collider searches and (in)direct detection experiments is that the collider

processes can generically involve more than one dark flavor. Indeed, as we will show, the

current and upcoming missing energy searches at colliders are strikingly more sensitive to

the case where more than one dark flavors are within kinematic reach. In this case, some

assumptions on the flavor structure are necessary in order to compare results between the

different experiments. In this paper, we assume the λi couplings have a totally anarchic

structure, with no unnatural hierarchies between different flavors. The assumption of an-

archic structure permits a direct comparison of the collider bounds among themselves and

to the direct and indirect detection experiments, which are typically sensitive only to the

couplings of the lightest dark fermion (the DM particle). To be more precise, in the fol-

lowing we assume λi = λ (1 + δi) with |δi| � 1. For models with different flavor structures,

one can rescale our bounds from the different searches to set proper constraints.

According to naive dimensional analysis (NDA), the perturbative bound is λ
√
N ∼< 4π.

When showing our results, we allow λ
√
Y N to be as large as 8π, which corresponds to

the NDA perturbative bound for Y = 4 (corresponding to g′Y ' 1). In a different UV

completion of the dipole interaction, such as for example a model where the scalar mediator

is replaced with a gauge boson, the quantitative result for the dark penguin would be

3Our analysis is insensitive to the sign of the hypercharge of the mediators. For simplicity, from now on

we denote with Y the absolute value of the hypercharge.
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modified. However, the fact that gauge invariance constrains the structure of the amplitude

forbids a qualitative alteration of our analysis.

2.1 Displaced signals and the aligned flavor structure

Another interesting scenario to explore is the case where the flavor structures of the DM

mass matrix and the dark penguin are nearly aligned. This means that the fermion mass

matrix mijχ̄iχj is almost proportional to the dark penguin, whose flavor structure is de-

termined by λiλj

mij ∝ λiλj(1 + εij) + c δij , |εij | � 1 , (2.4)

where the term proportional to the identity gives the lightest dark fermion a mass ∝ c.

When rotating the dark fermion fields into the mass basis, the dark penguin between

different mass eigenstates carries an extra O(ε) suppression that can result into a displaced

decay of a heavy dark fermion χh to the light DM χl and a photon, with a width (assuming

M � mχh � mχl)

Γ(χh → χlγ) '
e2λ4Y 2N2m3

χh

8π(32π2)2M2
× ε2. (2.5)

Contrarily to the case where the decay is displaced because of phase space suppression [66],

here the photon is hard, therefore the process is accessible in LHC searches.

The aligned flavor structure can be generated if the dark sector has a single flavor

breaking spurion, and both the DM masses and dipole interactions are generated by the

same loop-level mediation. Since the gauge coupling is flavor blind, the flavor structures

of the two operators are identical

∼ λ2 ŷij eQ

16π2M
χ̄iσµνF

µνχj +
λ2ŷij
16π2

Mχ̄iχj , (2.6)

where ŷij indicates the spurion, and Q is the electric charge of the particle mediating the

loop interaction. As a consequence, no heavy-light dipole coupling is present in the mass

basis for dark fermions. However, if there exists a small chiral symmetry breaking in the

infrared, or an extra flavor symmetry breaking from an even higher order mediation is

present, the misalignment between the newly generated mass and the dark penguin leads

to a small heavy-light dipole coupling and thus a suppressed decay rate as in eq. (2.5).

With the assumption of anarchic couplings λi, the search of non-pointing photons+MET

can set interesting bounds on the (λ, ε) plane. The result is discussed in section 6.

3 DM searches at colliders

In this section we describe the collider analyses used in this paper to set bounds on the DM

parameter space. We begin by outlining our procedure for taking into account the full loop

dark penguin form factors in the collider simulations. Then we move on to describe in detail

the relevant searches, including the monojet, monophoton and diphoton final states at the

8 and 14 TeV LHC. Then we turn to the 8 TeV search for non-pointing photons. Finally,

the projections to a 100 TeV collider and to the ILC are studied for some of the searches.

– 6 –
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In our analysis of 8 TeV searches, we reproduce the shape of each SM background

using our MonteCarlo (MC) simulations, and compute the additional global rescaling fac-

tor needed to obtain exact agreement with the distributions reported in the experimental

papers. We then apply these rescaling factors in the 14 TeV projections. In the 14 TeV

projection of monojet and monophoton searches, we estimate the improvement of system-

atic uncertainties by separating them into two parts. For uncertainties that relate to the

normalization of the SM background, we follow the data-driven analysis at 8 TeV by sim-

ulating the control region sample at 14 TeV. For other uncertainties, including those on

the PDFs and the acceptance of the detector, we assume an improvement proportional to

the square-root of the luminosity. We do not attempt to simulate the QCD background

at 14 TeV in this work. In the 8 TeV search, the pure QCD processes contribute less than

∼ 1% (10%) of the monojet (monophoton) background, and we make the reasonable as-

sumption that the background can be kept subdominant at 14 TeV by setting a harder

MET (photon pT ) cut. On the other hand, the QCD background does play an important

role in the 8 TeV diphoton+MET search. We include additional jet and lepton vetoes to

suppress it at 14 TeV.

We generated both the signals and backgrounds using MadGraph5 [67] and showered

the parton level events using Pythia 6 [68]. We used PGS 4 for the detector simulation and

cross-checked the results using Delphes 3 [69]. To compute the QCD K-factors for some

SM backgrounds, we used MCFM [70] and VBFNLO [71].

3.1 Including loop form factors in a collider process

To properly describe loop-mediated processes at colliders, we simulate the DM production

using EFT operators and reweight the events by employing the expressions of the form

factors given in appendix A. As described in eq. (2.2), the amplitude of the dark penguin

contains three distinct Lorentz structures

Fσ(q2) ūχi σ
µνvχjqνBµ, iFq(q

2) ūχiγ
µvχjq

2Bµ, iFq(q
2) ūχivχj (mχj −mχi)q

µBµ . (3.1)

The coefficient of the last operator ∼ qµ vanishes in the Nχ = 1 case, since mχi = mχj .

For Nχ > 1 the contribution of this operator to the amplitude for pair production of DM

particles ff̄ → χiχ̄j is proportional to v̄f (/pf + /pf̄ )uf and is thus strongly suppressed by

the light SM fermion masses, after using the equations of motion. Therefore we neglect the

operator ∼ qµ altogether and only consider the σµνqν and q2γµ operators.

For a given process, we first generate the events in MadGraph5 using a linear combi-

nation of the two relevant effective operators, then we reweight the events using the ratio

of the partonic matrix element squared computed retaining the form factors to the value

obtained using the EFT.

To give a concrete example, we consider the Nχ = 2 monophoton analysis. We first

simulate the signal process in figure 13 using two operators implemented through Feyn-

– 7 –
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Rules [72]:4

Oσ ∼
1

Λ
χ̄h σ

µνχlBµν + h.c., OV ∼ χ̄hγµχlBµ + h.c.. (3.2)

After performing the detector simulation, we apply the cuts for the monophoton search

and obtain a list of signal events. For each event, we compute the value of q2 from the cor-

responding parton-level four momenta and use it to evaluate the form factors Fσ,q(q
2). We

then reweight the event using the expression of the matrix element squared, schematically

dσdark penguin

dq2
'
∣∣MFσ(q2) +MFq(q

2)
∣∣2

|MOσ +MOV |
2

dσEFT

dq2
, (3.3)

whereMFσ,q(q
2) are the amplitudes corresponding to the first and second term in eq. (3.1),

respectively, whereas MOσ,V are the amplitudes corresponding to the effective operators.5

The procedure described above fully accounts for the interference between the two

relevant Lorentz structures, and was applied in the study of the Nχ = 2 scenario, where

both monophoton and diphoton signals are given by 2→ 2 scatterings followed by the decay

of χh, as shown in figures 13 and 16. On the other hand, for Nχ = 1 the main constraint

comes from the monojet process in figure 10, which is genuinely a 2→ 3 scattering. For the

sake of simplicity, in this case we neglect the interference term in eq. (3.3), which carries

an additional ∼ mχ/
√
q2 suppression due to the different chirality structure between the

two operators. In the Nχ = 2 case, the inclusion of the interference term gives at 14 TeV

an increase of the cross section of less than 40%, which translates into a correction of less

than 10% to the constraint on λ
√
Y N . Such a deviation is acceptable when compared to

the possible uncertainties in our projection. Thus we simulate the monojet events using

the incoherent sum of the two operators in eq. (3.2) to obtain the dark penguin result.

To demonstrate the effect of the form factors, we plot in figure 2 the
√
q2 distribution

of the monojet events in both the dark penguin and EFT cases. Notice that due to the

kinematics of the process, the MET is given by
√
q2 multiplied by some angular factors.

The distribution of the dark penguin is remarkably different from the one of the EFT: the

dark penguin exhibits an enhancement around
√
q2 ' 2M , corresponding to the threshold

for the production of on-shell mediators [50], and it is softer than the EFT at high energy.

As a consequence, contrarily to the strategy used for effective DM couplings, where a strong

cut on the MET is generically preferred, in the search for the dark penguin with light

mediators a softer cut is favored. We will return to this point when discussing the monojet

result, see figure 12. The preference for soft MET cuts applies also to the monophoton and

diphoton searches.

3.2 LHC monojet

For the monojet channel, we follow and extend the CMS analysis in [73]. The event

selection requires one jet with pT (j1) > 110 GeV and |η(j1)| < 2.4. A second jet with

4The sum of the second and third term in eq. (3.1) actually corresponds to the gauge invariant dimension-

6 operator χ̄iγ
µχj∂

νBµν/Λ
2 + h.c. (see also appendix A). To simplify the event generation we use OV

instead, and include the q2 factor from the derivatives in the reweighting of the events.
5Notice that the statistical uncertainty on the signal also needs to be rescaled by the reweighting factor.

This, however, does not affect our analysis, where all uncertainties on the signal were neglected.
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Figure 2. The normalized
√
q2 distribution of the DM signal in the monojet search. The

blue histograms correspond to the simulation of the effective couplings χ̄σµνχBµν/Λ (left) and

χ̄γµχ∂νBµν/Λ
2 (right), while the pink (orange) histograms correspond to the full dark penguin

form factors with mediator mass M = 300 (500) GeV. The form factors peak at
√
q2 ' 2M . The

cuts applied are described in section 3.2 (the cut on the MET is set to 550 GeV).

Figure 3. Left panel: the dominant SM backgrounds at 8 TeV from the CMS study in [73] (shaded

regions) and from our MC simulation (dashed lines). Right panel: distribution of the dominant

backgrounds at 14 TeV. Here we take a large DM coupling, λ
√
Y N = 30, for the visualization of

the signal distribution.

pT (j2) > 30 GeV and |η(j2)| < 4.5 is allowed, as long as the ∆φ(j1, j2) < 2.5. Events

containing a third jet satisfying pT (j3) > 30 GeV and |η(j3)| < 4.5 are vetoed. To reduce

the backgrounds from Z and W production, events containing electrons with pT > 10 GeV

and |η| < 2.5, muons with pT > 10 GeV and |η| < 2.1, or hadronic taus with pT > 20 GeV

and |η| < 2.3 are also vetoed. The counting experiments in [73] are performed in 7 signal

regions, with MET cut from 250 to 550 GeV with a step of 50 GeV. In the left panel of

figure 3 we show the comparison of our simulated backgrounds with those reported by

CMS. For each of the three main backgrounds Z+jets, W+jets and tt̄, we use MCFM

to obtain the QCD K-factor and apply an additional rescaling factor to match the CMS

result. The rescaling factors are 0.84, 0.95 and 0.60, respectively. The rescaling factor for

Z+jets is also applied to the DM signal events.

The CMS search uses a data driven analysis based on a µ+jets control sample to

determine the normalization of the jZ and jW backgrounds. The corresponding events

in the control sample are Z(µ+µ−)+jets and W (µν)+jets, respectively. The cuts for the

– 9 –



J
H
E
P
0
7
(
2
0
1
5
)
0
3
1

Figure 4. Event distributions of Z(µ+µ−)+jets and W (µν)+jets in the control region.

control sample are the same as for the monojet search, except the lepton vetoes are not

applied. The Z(µ+µ−)+jets sample requires two muons with pT > 20 GeV and |η| < 2.1,

with at least one of the muons passing isolation requirements, and the invariant mass of

the muon pair between 60 and 120 GeV. Similarly, the W (µν)+jets sample requires one

isolated muon with pT > 20 GeV and |η| < 2.1, and the transverse mass of the muon plus

neutrino system in the range 50 GeV < MT < 100 GeV. Figure 4 shows the comparison

between our MC simulation of the control regions and the CMS results. For Z(µ+µ−)+jets,

the MET is defined as the sum of the muon transverse momenta, while for W (µν)+jets

the MET is given by the neutrino transverse momentum. The good agreement with the

CMS results allows us to simulate the data driven analysis in the 14 TeV study.

For the 14 TeV projection we follow the same cuts in the CMS 8 TeV analysis, apart

from varying the MET cut from 550 to 2250 GeV with a step of 100 GeV. The dominant

systematic uncertainty for each MET cut choice is obtained from the control sample simu-

lation. For the remaining uncertainties, we take the values quoted in the CMS analysis for

a MET cut of 550 GeV, and assume they will decrease with the square root of luminosity,

see table 1. Since at 8 TeV these additional uncertainties do not depend strongly on the

MET cut, it is a reasonable guess to use their value also at 14 TeV. The right panel of

figure 3 shows the projected monojet backgrounds studied in this work, together with the

dark penguin signal. The total systematic uncertainty is shown in figure 5 as a function of

luminosity and MET cut. To provide some figure of merit, with 3 ab−1 of data and MET

cut of 550 GeV the background is ∼ 106 events, which requires ∼ 104 DM signal events for

a few-σ excess, given an uncertainty of order 1%. The corresponding λ
√
Y N is ∼ 20 when

the mediator mass is M ' 500 GeV.

3.3 LHC monophoton

For the monophoton channel, we follow the 8 TeV CMS search in [74]. The event selection

requires one photon with pγT > 145 GeV and |ηγ | < 1.4442, and in addition /ET > 140 GeV

with ∆φ(/ET , γ) > 2. Events containing electrons or muons with pT > 10 GeV, |η| < 2.5,

and ∆R`γ > 0.5 are vetoed, as well as events containing more than one reconstructed jet

with pT > 30 GeV, |η| < 2.5 and ∆Rj γ > 0.5. The comparison of our simulation of the

photon pT distribution to the one obtained in the CMS analysis is given in figure 6. For
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Figure 5. Monojet and monophoton systematic uncertainties as functions of luminosity and MET

cut, following the assumptions in tables 1 and 2. The number shown on each contour is the total

systematic uncertainty divided by the number of background events.

CR statistics Other systematics

Z+jets N
−1/2
CRZj

3.9 L̂−1/2

W+jets N
−1/2
CRWj

4.6 L̂−1/2

Table 1. Summary of the contributions (in %) to the uncertainty used for the 14 TeV monojet

study, following the analysis in [73]. The dominant uncertainty comes from the limited number of

control sample events. L̂ ≡ L/(20 fb−1), and we assume the other sources of uncertainty will be

improved with the increase of data.

each background we apply a pT -dependent K-factor obtained from the NLO MCFM calcu-

lation [70].6 In addition, we apply an overall rescaling in order to match the normalization

provided by CMS: the rescaling factor is equal to 1.1 for Z(ν̄ν)γ, 1.2 for W (eν) and 1.8 for

W (`ν)γ.7 We do not attempt to simulate the backgrounds given by the misidentification

of leptons (W (µν), Z(ll)γ), jets (γ j), γγ, beam halo, and QCD, but these backgrounds are

subdominant as is shown in the left plot of figure 6. Only the three dominant backgrounds

Z(ν̄ν)γ, W (eν), W (`ν)γ are included in the 14 TeV analysis.

In the CMS analysis [74], the main source of systematic uncertainty is given by the

higher-order QCD corrections to the Z(ν̄ν)γ and W (`ν)γ backgrounds. Although the

collaboration performs a data-driven analysis for each of the two backgrounds and compares

the results to those obtained from MCFM, the limited number of control sample events at

8 TeV does not help to reduce the uncertainty. Therefore, in our 8 TeV analysis we made

6The K-factor is very large for W (`ν)γ, K & 4.5 in the region considered pγT > 145 GeV and growing with

increasing pγT . This is a consequence of the presence of a ‘radiation zero’ [75, 76] that strongly suppresses

the LO amplitude. The NLO QCD corrections (in particular those associated with the qg partonic channel,

which is not suppressed by the radiation zero) therefore contribute a large fraction of the total cross section,

leading to the big K-factor [77].
7We do not apply to the DM signal the rescaling factor 1.1 obtained from the Z(νν̄)γ background, since

it amounts to a negligible correction.
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Figure 6. Left panel: comparison of the 8 TeV monophoton backgrounds from our MC simulations

and from the CMS analysis. Our results are shown as dashed histograms, stacked on top of the sum

of the subleading backgrounds (W (µν), Z(ll)γ, γ j, γγ, QCD and beam halo) as given by CMS [74],

in order to facilitate the comparison. Right panel: the projected 14 TeV background used in the

analysis.

Figure 7. Control regions for the Zγ (left) and Wγ (right) backgrounds, with the inverted angular

cut ∆φ(/ET , γ) < 2.9 for the Z(νν̄)γ events and the inverted lepton veto for the W (`ν)γ events.

directly use of the uncertainties quoted by CMS. However, following the same strategy

of the monojet case, we are going to assume that the data-driven analysis will play an

important role in the future. With the increase of luminosity, the systematic uncertainty

will be based on the statistics of the control sample. In this case, using too stringent

kinematic cuts in the search can increase the size of the systematic uncertainty, and a

proper choice of the cut is required to optimize the signal significance.

To perform a data-driven analysis at 14 TeV, we compare our 8 TeV simulation of

the two control region samples to the CMS results, and then apply the same analysis

for the 14 TeV case. The Z(νν̄)γ control region is defined by the inverted angular cut

∆φ(/ET , γ) < 2.9, while the W (`ν)γ control region is defined by the inverted lepton veto.

In both cases we obtain a result in good agreement with CMS, see figure 7.8 This allows

us to simulate the control region sample at 14 TeV and derive the relative systematic

uncertainty shown in figure 5. As given in table 2, the total uncertainty also contains

various systematic uncertainties in the control region analysis for Zγ and Wγ, as well as

8Notice that we need to apply large rescaling factors for the W (`ν)γ and W (eν) backgrounds in the Zγ

control region, 4.2 and 3.0, respectively. However, these backgrounds are subdominant to Z(νν̄)γ.
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Background Relative systematic uncertainty

Z(ν̄ν)γ
√
NCRtot + (0.10 L̂−1/2NCRZγ )2 + (0.16 L̂−1/2NCRW (`ν)γ

)2/NCRtot

W (`ν)γ
√
NCRtot + (0.22 L̂−1/2NCRW (`ν)γ

)2/NCRtot

W (eν) 0.10 L̂−1/2

Table 2. Summary of the contributions to the uncertainty used for the 14 TeV monophoton search.

L̂ = L/(20 fb−1), and the number of control sample events depends on the photon pT cut. The

relative uncertainties are taken from the 8 TeV CMS analysis [74].

the uncertainty on the probability for an electron to be misidentified as photon for the

W (eν) background. We take the values of these uncertainties from the 8 TeV analysis [74],

and assume they will be improved with the increased luminosity as L−1/2. This is based on

the fact that various data-driven analyses have been used to determine these uncertainties

at 8 TeV.

For the 14 TeV monophoton projection, we follow the same event selection used in the

8 TeV CMS search, except for tighter cuts on the photon pT and MET: both are required

to be larger than 300 GeV, to suppress the QCD and beam halo backgrounds, which are

not included in the 14 TeV estimate. As discussed in section 3.1, choosing a tighter cut

does not improve the sensitivity to the dark penguin.

3.4 LHC diphoton + MET: prompt

If there is more than one flavor of χi (Nχ > 1), a heavier χh can decay to the lightest χl
and a photon: χh → χlγ. If χh is pair produced at the collider, diphoton+MET can be

important in probing the multi-flavor scenario. For this channel, we follow the diphoton

search at 8 TeV of energy and 20.3 fb−1 of data performed by the ATLAS collaboration [78].

The search is aimed to constrain the parameter space of gauge mediated supersymmetry

breaking models. The event selection applied in this analysis is as follows. At least two

photons with pγT > 75 GeV and |ηγ | < 2.37 are required. Jets are reconstructed using the

anti-kt algorithm with a radius parameter of 0.4. The jets are required to have pjT > 30 GeV

and |ηj | < 2.8. No vetoes are applied on the number of leptons and jets. Several new

variables are introduced as follows. An angular separation variable, φmin
γ , is defined as the

minimum azimuthal angle between Emiss
T and the two selected photons. In presence of jets,

a variable φmin
jet is introduced and defined as the minimum azimuthal angle between Emiss

T

and the two highest reconstructed jets, where the jets are required to have pjT > 75 GeV.

The total visible energy, HT , is defined as the scalar sum of the transverse momenta of

photons, jets and leptons.

There are three relevant signal regions defined in the first three columns of table 3.

The region WP1 is preferred for a larger mass splitting between mχh and mχl , because

the cut HT > 400 GeV can only be satisfied with high pT photons. In this signal region

the SM background is smaller than in the other two regions, therefore a stricter bound

can be achieved. For a lower mass splitting, the region MIS is preferred because it does
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WP1 WP2 MIS 14 TeV

φmin
γ 0.5 0.0 0.0 0.0

φmin
jet 0.5 0.5 0.5 0.5

HT > (GeV) 400 600 0 0

EmissT > (GeV) 200 150 250 350

jet veto no veto no veto no veto pT > 50 GeV, |η| < 2.8

lepton veto no veto no veto no veto pT > 25 GeV, |η| < 2.5

Predicted 1.01± 0.36 2.38± 0.69 1.59± 0.58 2.90

Observed 1 5 2 —

Table 3. Cuts, number of predicted events and number of observed events for the signal regions

used in the 8 TeV ATLAS diphoton+MET analysis and in our 14 TeV projection. For the latter a

luminosity of 300 fb−1 was assumed.

not have any requirement on the HT value. At 8 TeV, the region WP2 provides a weaker

bound compared with the other regions, because of an upward fluctuation in the number

of observed events.

Note that none of the signal regions veto on the leptons and the jets. In the benchmark

model used in the ATLAS analysis, the NLSP are produced in the decay chain of either

gluino or chargino, and either jets or leptons are always present in the final states. At the

partonic level, the final states of our model contain only a pair of photons and missing

energy from the DM particles χl. Hence vetoing jets and leptons increases the sensitivity

of the search to our model.

The main backgrounds for these regions are Wγγ, Zγγ and “QCD”. In this case,

“QCD” is defined as the sum of multi-jet, γ + jets and γγ + jets processes. When esti-

mating the background, we multiplied the LO cross section of the Wγγ (Zγγ) background

obtained from MadGraph5 with a K-factor of 8.1 (1.8) obtained from VBFNLO [71]. This

result still needs to be multiplied by a factor of 3.7 (1.1) to match the distribution reported

by ATLAS.9 The sum of the Wγγ and Zγγ missing energy distributions in the WP2 signal

region is shown in figure 8. In this region the Wγγ background dominates Zγγ by an order

of magnitude.

For the 14 TeV simulation, we use cuts inspired by the MIS region of the 8 TeV ATLAS

analysis, see table 3. The signal region is defined to have a slightly tighter missing tranverse

energy than the 8 TeV analysis. Additionally, in order to increase the sensitivity of the

search, jet and lepton vetoes are applied. In order to take into account the low pT jet

veto correctly, we generated jet matched samples for both the signal and backgrounds.

Contrarily to the 8 TeV case, at 14 TeV Zγγ is the leading background, as a consequence of

9In analogy with the Wγ process, the very large K-factor for Wγγ can be understood as due to the

presence of a radiation zero in the LO amplitude when the two photons are collinear [79]. We cannot explain

the large rescaling factor of 3.7 needed to match the ATLAS Wγγ result, which was obtained by means of

a data driven analysis.
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Figure 8. Comparison between the ATLAS result and our MC simulation for the sum of Wγγ

and Zγγ in the signal region WP2 (described in table 3).

the lepton veto: the expected background for the 14 TeV signal region is of 2.64 events from

Zγγ and 0.26 events from Wγγ, assuming 300 fb−1 of luminosity. In the 8 TeV ATLAS

analysis, the Zγγ background was estimated using MC, with an associated systematic

uncertainty of 50%. Similarly to the previous subsections, we assume that the systematics

will improve with luminosity as L−1/2. The systematic error is thus estimated to be of

0.69 events at 300 fb−1 and 2.2 events at 3 ab−1. We neglect the systematics for the

subdominant Wγγ background, since the number of events expected from Wγγ is smaller

than the uncertainty on Zγγ. Finally we did not simulate the “QCD” backgrounds, but

they are expected to be small due to the jet and lepton vetoes together with a harder

MET cut.

3.5 LHC diphoton + MET: displaced

For the search of the displaced photon signal plus missing energy, we follow the nonpointing

photon analysis in [80], performed by the ATLAS collaboration on about 20 fb−1 of 8 TeV

data. The full search also uses the delayed photon measurement, however, due to the

complication of modeling the time of flight of the photon from the displaced vertex to

the electromagnetic calorimeter (ECAL), we only focus on the measurement of ∆zγ of

nonpointing photons (see figure 9). For DM signals given by the long-lived χh → χlγ

decay, ∆zγ can be related to the χh decay length `d in the lab frame:

∆zγ = `d

(
r̂χh,z −

r̂χh,T · r̂γ,T
1− (r̂γ,z)2

r̂γ,z

)
= `d

[
cos θχh − cos(φχh − φγ)cot θγ sin θχh

]
(3.4)

where r̂T,z represent the transverse and longitudinal components of the unit vector r̂,

respectively, as shown in figure 9. To obtain the ∆zγ distribution of the DM decay, we first

simulate the prompt process, p p → χhχ̄h, χh → χlγ, χ̄h → χ̄lγ in MadGraph5, apply the

cuts performed in the ATLAS analysis, and reweight the events using the dark penguin
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form factors. Then we calculate the proper lifetime of χh and boost it to the lab frame

using the momenta of each parton-level event. The angular information of the photon and

χh allow us to calculate ∆zγ in eq. (3.4) as a function of the decay length. Using this, each

simulated MC event contributes to the differential cross section in ∆zγ as

dσdisplaced

d∆zγ
= σprompt

dP

d∆zγ
= σprompt

|µ|
2
e−µ∆zγ , (3.5)

where the µ characterizing the probability distribution dP/d∆zγ of the decay is defined as

µ ≡ Γχhmχh

pχh

(
r̂χh,z −

r̂χh,T · r̂γ,T
1− (r̂γ,z)2

r̂γ,z

)−1

. (3.6)

Summing the distributions derived from all the simulated events we obtain the differential

cross section in ∆zγ , see figure 9.

The ATLAS search requires at least two loose photons with |η| < 2.37 and ET >

50 GeV. At least one photon is required to be in the barrel region |η| < 1.37. To avoid

collisions due to satellite bunches, both photons are required to have an arrival time at

the ECAL tγ smaller than 4 ns, with zero defined as the expected time of arrival for a

prompt photon from the primary vertex. We do not attempt to fully simulate tγ , which

would require a more complex detector description, but rather we approximate tγ with the

time of flight of the χh, requiring it to be smaller than 4 ns. In our estimation we do not

include the detailed isolation cuts on the photon. We also neglect the effect of the displaced

decay on the angular acceptance of the photons, simply imposing the requirements on |η|
at the level of the prompt event. The signal region also requires /ET > 75 GeV. Finally, to

simplify the discussion we assume that every event has a reconstructed primary vertex in

the geometrical center of the detector.

For events where only one photon satisfies |η| < 1.37 (i.e. it is in the barrel calorimeter),

this photon is used for the measurement of ∆zγ . For events where both photons are in

the barrel, the photon with larger tγ is used. We approximate this timing condition by

taking the photon emitted by the more boosted χh, in which case the average decay is

more delayed. In figure 9 the generated ∆zγ signal distribution is shown, on top of the

expected background. The latter is taken from figure 4 of the ATLAS paper [80]. Because

we are focusing on the non-pointing photon signals, to set constraints on the DM couplings

we remove events with |∆zγ | < 30 mm. In our exploratory analysis we only consider the

statistical uncertainty on the background, neglecting the effect of systematics.

3.6 100 TeV collider and ILC

To give an idea of how much higher energy colliders can improve the sensitivity to the dark

penguin, we estimate the bound from the mono-jet search at a 100 TeV collider. Following

the discussion in [81], we simulate the DM signal and backgrounds with
√
s = 100 TeV and

impose the cuts pT > 2.5 TeV, |η| < 2.2 on the leading jet, together with /ET > 3 TeV.

A second jet with pT > 100 GeV is allowed as long as it has |η| < 4.5 and the azimuthal

separation from the leading jet is ∆φ < 2.2. Events with leptons (taus) are vetoed if the

– 16 –



J
H
E
P
0
7
(
2
0
1
5
)
0
3
1

Figure 9. Left panel: the ∆zγ distribution of the non-pointing photon signals measured by ATLAS.

The background reported by ATLAS (blue histogram) was obtained from a data driven analysis,

using diphoton events with /ET < 20 GeV. Also shown, stacked on top of the background (red

histogram), is the signal distribution for (mχh
, mχl

, M) = (300, 10, 300) GeV, λ
√
NY = 6, and

ε = 10−7. Right panel: the geometry of the displaced signals.

lepton satisfies |η| < 2.5 and pT > 20 (40) GeV. We assume a 2% systematic uncertainty

when calculating bounds with 3 ab−1 of data.

To show the importance of lowering the SM background for the dark penguin search,

we also estimate the monophoton bound from the ILC-500P and ILC-1000P scenarios in

section 4. Our analysis follows the one in [82] by assuming a 500 GeV (1 TeV) ILC with 250

(500) fb−1 of data, and polarizations equal to P− = + 0.8 and P+ = 0.5 for the electron

and positron beams, respectively. The Z-related SM background e+e− → Z(νν̄)γ can be

eliminated by cutting away the Z pole, but the background process involving a t-channel

W cannot be reduced by simple kinematic cuts. The polarization of the ILC beams plays

an important role in reducing the latter background, since the W only couples to the left-

handed electron. The proposed search requires Eγ > 8 GeV, |cos θγ | < 0.995, and imposes

a veto on events with photon energy 238 < Eγ < 245 (490 < Eγ < 495) GeV at ILC-

500P (-1000P) in order to suppress the Z(νν̄)γ background. Notice that in our simulation

of the dark penguin monophoton signals at the ILC, we only considered the case where

the photon is emitted by ISR. However, in principle the contribution from the Rayleigh

operator χ̄χBµνB
µν is of the same order and should be consistently included. This could

lead to quantitative changes in our results, although the qualitative features would remain

the same. We leave the inclusion of the Rayleigh operators for future work.

4 Collider phenomenology of the Nχ = 1 case

In this section we present the collider reach on the scenario where only a single species of

dark fermion χ is accessible at colliders. In this case, signals in the monojet and monopho-

ton plus missing energy channels can be produced through initial state radiation. In addi-

tion, when the DM mass is less than half of the Z mass, the measurement of the invisible

Z decay at the Z-pole also sets a strong constraint.
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4.1 Bound from the Z invisible width

If the DM is lighter than mZ/2, the decay Z → χ̄χ is kinematically allowed and constrained

by the measurement at LEP/SLD of the invisible decay width of the Z. For mZ � M ,

the decay Z → χ̄χ is well described by an effective dipole interaction χ̄σµνχBµν (see

eq. (A.12)), leading to the following approximate expression for the width

Γ(Z → χ̄χ) ' λ4Y 2N2g′ 2s2
w

24576π5

m3
Z

M2

(
1 + 8

m2
χ

m2
Z

)√
1−

4m2
χ

m2
Z

, (4.1)

The uncertainty on Γ(Z → invisible) is of 1.5 MeV [83], therefore the 95% bound reads

BR(Z → χ̄χ) . 1× 10−3 . (4.2)

This bound is shown as an orange curve in the right panel of figure 11.

4.2 LHC and future colliders

At the LHC, the most promising search for the dark penguin with Nχ = 1 is monojet, in

which a high pT jet is produced through the QCD ISR process, see figure 10. The details of

the analysis were given in section 3.2. The signal and background yields and the systematic

uncertainty on the background all depend on the MET cut and luminosity. The projected

14 TeV constraint is computed varying the MET cut from 550 to 2250 GeV with a step of

100 GeV, and taking the strongest bound. The results are shown as solid blue curves in

figure 11 for mχ = 50 GeV (left panel) and 10 GeV (right panel). The LHC reach is limited:

the 14 TeV run can only cover part of the perturbative parameter space for relatively large

Y ' 4, in which case the perturbative bound is λ
√
Y N ∼< 8π.

To compare the dark penguin to the EFT, we also compute the bounds by parameter-

izing the DM-SM coupling with the effective dipole interaction. The resulting constraint,

shown by the dashed blue lines in figure 11, is weaker than the dark penguin one, since

the dipole EFT neglects the enhancement of the form factor Fσ for
√
q2 ' 2M , as well as

the sizable contribution from the q2γµ term in eq. (2.2) when q2 is large (in the EFT the

q2γµ piece would correspond to a dimension-6 operator, see the first term in eq. (A.12)).

Furthermore, the optimal MET cut for the dark penguin signal is typically softer than for

the EFT coupling. In figure 12 we show a comparison of the best MET cut for the dark

penguin and the effective dipole coupling, as a function of the mediator mass. When the

mediators are light, the best MET cut for the dark penguin is lower than for the effective

coupling. Notice that in both cases the optimal MET cut increases at larger luminosity,

because in our data-driven analysis the systematic uncertainties are mainly determined by

the statistics of the control samples.

The LHC monophoton search gives a much weaker bound compared to monojet, and

will not be discussed in detail.

Given the limited sensitivity of the LHC to the Nχ = 1 scenario, it is important

to estimate how the bounds could be improved at future colliders. The study of DM

production at very high energy machines, such as a 100 TeV pp collider, mandates the

– 18 –



J
H
E
P
0
7
(
2
0
1
5
)
0
3
1

χ

Z, γ
χ̄

χ

Z, γ
χ̄

Figure 10. Diagrams for the monojet process. The grey circle indicates the dark penguin.
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Figure 11. Upper bounds on the DM-mediators coupling for Nχ = 1, as a function of the me-

diator mass M . The dark matter mass is assumed to be mχ = 50 GeV (left) and 10 GeV (right).

Here we optimize the LHC bound by choosing the best MET cut for each mediator mass. The

blue dashed curve shows the bound from the effective dipole interaction, χ̄σµνχBµν in eq. (A.12).

The monophoton constraint from the ILC500-P (ILC1000-P) assumes 250 (500) fb−1 of data with

500 GeV (1 TeV) center of mass energy and a polarization P− = + 0.8 and P+ = 0.5. The orange

curve shows the constraint from the current invisible Z decay measurement. The perturbative

bound on λ
√
Y N depends on the hypercharge of the mediator, λ

√
Y N ∼< 4π

√
Y .
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Figure 12. The MET cut of the projected 14 TeV search that optimizes the DM signal significance

as a function of luminosity. As can be seen in the plots, dark penguins with light mediators

prefer lower MET cuts. When the mediators are heavier the MET distribution becomes harder,

similar to the EFT case, and a tighter cut is preferred. The optimal MET cut increases with

luminosity, because in our data-driven analysis the systematic uncertainties are mainly controlled

by the statistics of the control samples.

full inclusion of the loop form factors, since the typical partonic energy is much larger

than the masses of the mediators. Differently than in the search for heavy particles,

however, the significance of the dark penguin signal will not be appreciably improved

at a higher energy machine, unless the systematic uncertainty can be greatly reduced.

In fact, when the mediators have a sub-TeV mass, both the SM background and DM
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production at 100 TeV are mediated by effectively nearly-massless particles. This results

in similar shapes of the MET distribution for the signal and background, and as long as the

background is systematics-dominated, the ratio between the signal and background does

not vary significantly when increasing the collider energy. The pink curves in figure 11 give

an estimate of the 100 TeV reach (the search is described in detail in section 3.6). The

result is an improvement of the bound on λ
√
Y N by only a factor ∼ 2 with respect to the

projected 14 TeV LHC constraint. The sensitivity of the 100 TeV collider ameliorates if

the MET cut can be kept very weak, below the TeV scale, as in this case the signal region

includes the enhancement of the form factors for
√
q2 ∼ 2M , thus increasing the signal

yield. However, it is not clear whether such a low MET cut would be achievable, and if so,

whether the systematic uncertainties would be increased beyond the 2% that we are using

as benchmark in our estimate. More detailed studies are necessary to precisely assess the

reach of a 100 TeV machine.

In comparison to hadron colliders, the monophoton search at the ILC appears to be

more promising for the dark penguin signals. As discussed in section 3.6, thanks to the

beam polarization and full reconstruction of the missing invariant mass, the SM background

can be efficiently reduced. As is shown in figure 11, the ILC500-P with 500 GeV center of

mass energy, 250 fb−1 of data and polarized beams can improve greatly the sensitivity to

the dark penguin.

5 Collider phenomenology of the Nχ = 2 case with anarchic DM cou-

plings

Differently from the direct and indirect detection experiments, colliders are capable of prob-

ing extended dark sectors, through the production of the additional states that accompany

the DM. In this section we study the monophoton, diphoton, and rare Z decay constraints

on the Nχ = 2 dark penguin model, where one heavy dark fermion χh is present in addition

to the light DM particle χl. In this scenario, large photon signals can be generated through

the pair production of dark fermions, followed by the decay χh → χlγ. Under the assump-

tion of anarchic couplings between the dark fermions and the mediators, we can compare

the bounds from different searches and provide complementary information to the direct

and indirect detection experiments. In the diphoton search, the kinematic variable MT2

can be used to determine the mass of χh.

The constraint from the invisible Z decay width applies also in the Nχ = 2 case, as long

as mχl < mZ/2, as we assume. In addition, when also mχh < mZ/2, the search at LEP1 for

events containing two photons plus missing energy sets a much stronger constraint on the

DM couplings. Therefore we focus first on the case mχh > mZ/2, and discuss separately

the more constrained possibility of a lighter χh, in section 5.3.

5.1 LHC monophoton

The monophoton signal arises through the production of χhχl, followed by the decay χh →
χlγ, see figure 13. The branching ratio for the decay is either ∼ cos2 θw ' 0.8 or unity,

depending on whether the χlZ channel is kinematically open or closed. Therefore the

cross section is much larger than for the ISR process discussed in the case Nχ = 1, whose
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Figure 13. Dominant process for the monophoton signal. The grey circle indicates the dark

penguin.

amplitude is comparatively suppressed by the three-body phase space and by the additional

electromagnetic coupling.10 In this section we calculate the bound on λ
√
Y N from the 8

and 14 TeV monophoton searches, and study the dependence of the bound on the mass

splitting between χh and χl. The result is shown in the left panel of figure 14. For light

mediators, the slope of the bound on λ
√
Y N decreases. This can be understood by noticing

that the requirement of a minimum photon transverse momentum pγT imposes
√
q2 & 2pγT ,

while the dark penguin peaks at
√
q2 ∼ 2M . Therefore, for M . pγT a significant fraction

of the signal does not pass the event selection. The effect is more evident in the 14 TeV

case, where the cut on the photon pT is stronger (300 GeV).

To gain some insight about how the mass difference between χh and χl affects the

monophoton signal, we fix the DM mass to mχl = 10 GeV and show the photon pT dis-

tribution for various choices of mχh in the right plot of figure 14. The coupling λ
√
Y N is

fixed to the value corresponding approximately to the reach of the 14 TeV LHC. We see

that the signal yield decreases significantly only for mχh . 20 GeV. Thus the monopho-

ton search has sensitivity even for fairly degenerate dark fermions, with mass splitting

mχh −mχl much smaller than the required photon pT , thanks to the boost of χh from the

production process.

In figure 15 we show a comparison of the bound obtained using the dark penguin and

the one computed using the effective dipole coupling χ̄hσ
µνχlBµν + h.c. (see eq. (A.12)).

For each mediator mass we vary the photon pT cut between 300 and 1000 GeV in 100 GeV

steps, and choose the value that gives the strongest constraint (therefore the dark penguin

bound shown in figure 15 is slightly better than the one in figure 14, which was obtained

with a fixed cut pγT > 300 GeV for all mediator masses). Similarly to the monojet case,

the bounds computed by taking into account the full dark penguin are stronger than the

EFT results, due to the form factor enhancement at
√
q2 ∼ 2M and the contribution of

the q2γµ term in eq. (2.2) for large q2.

5.2 LHC diphoton + MET

If the χh is light enough to be pair produced with sizable rate, the diphoton+MET signal

can be generated through the process shown in figure 16. Differently from the monophoton

10If kinematically allowed, the outgoing photon in figure 13 can also be replaced by a Z. The inclusive

signal rate in the ``+MET final state is then suppressed by a factor ∼ BR(Z → ``)/ cot2 θw ∼ 1/50

compared to γ+MET. However, the background (composed mainly by ZZ → ``νν̄ [13]) is also smaller

than in the monophoton case. We leave a detailed study of the mono-Z sensitivity to the dark penguin for

future work.
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Figure 14. Left panel: LHC monophoton bounds for Nχ = 2. Right panel: dependence of the

photon pT distribution at 14 TeV on the mass of χh. To generate the distribution, the cuts on the

photon transverse momentum and MET were relaxed to pγT , /ET > 100 GeV. The luminosity is fixed

to 300 fb−1. The vertical dashed line indicates the actual cut applied in the analysis, pγT > 300 GeV.

The perturbative bound on λ
√
Y N depends on the hypercharge of the mediator, λ

√
Y N ∼< 4π

√
Y .

95% CL
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Figure 15. A comparison between the monophoton bounds computed using the dark penguin

amplitude (blue) and the effective dipole interaction χ̄hσ
µνχlBµν+h.c. (orange). For each mediator

mass, the bounds are optimized by choosing the best photon pT cut between 300 and 1000 GeV.

χh

χ̄h
Z, γ

χl

χ̄l

γ

γ

Figure 16. Dominant process for the diphoton signal. The grey circle indicates the dark penguin.

case, there can be a partial cancellation of the transverse momenta of the two χl parti-

cles, leading to a suppression of the MET. Nevertheless, the low SM background makes

diphoton+MET a promising search to look for signals of the dark penguin.11

11If kinematically allowed, one or both outgoing photons in figure 16 can also be replaced by Z bosons,

although the smaller BR(χh → χlZ) ∼ sin2 θw and the additional branching ratios for the Z decays further

suppress the cross section, making these final states less promising.
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Figure 17. Left panel: LHC diphoton bounds for Nχ = 2. Right panel: MT2 distributions for the

diphoton signal and background at the luminosity of 3 ab−1, for various mχh
values. µN = mχl

is

assumed. For each value of mχh
, the coupling λ

√
Y N is chosen to correspond to a 3σ excess with

100 fb−1 of data. The perturbative bound on λ
√
Y N depends on the hypercharge of the mediator,

λ
√
Y N ∼< 4π

√
Y .

The three relevant signal regions for 8 TeV are defined in the first three columns of

table 3. For each point in parameter space we compute the constraint from each of the

three regions, and choose the strongest one. The reach of the 14 TeV LHC is estimated

using the signal region defined in the last column of table 3. The results for both 8 and

14 TeV are shown in figure 17(a).

If a signal is observed, the diphoton+MET channel offers the possibility to measure

mχh through the stransverse mass variable MT2 [84–86]. This variable is constructed from

the two photons and the missing energy and is defined as

M2
T2(µN ) ≡ min

p1
T+p2

T=/p
T

[
max{m2

T (µN ; p1
T , pγ1T ), m2

T (µN ; p2
T , pγ2T )}

]
, (5.1)

where

m2
T (µN ; /piT ,p

γj
T ) = µ2

N + 2( /EiTE
γj
T − /piT · p

γj
T ). (5.2)

In the above equations µN is an unknown trial mass, /pT is the transverse missing momen-

tum, p
γj
T is the transverse momentum of photon γj , while the two transverse energies are

defined as

/EiT =

√
µ2
N + |/piT |2 and E

γj
T = |pγjT |. (5.3)

If the trial mass µN is chosen equal to the χl mass, the distribution of MT2 has an edge at

the value of mχh . In figure 17(b) we show the MT2 distribution at the 14 TeV LHC with

3 ab−1 of data, for some illustrative choices of mχh , assuming µN = mχl . For each mχh ,

we chose the value of the coupling λ
√
Y N such that a 3σ excess would be observed at an

earlier stage of LHC running, namely with 100 fb−1 of data. The edge at MT2 ∼ mχh can

be seen in all cases, with some uncertainty of O(10) GeV due to detector effects.

In figure 17(b) we assumed the mass of the DM to be known, which allowed us to set

µN = mχl in the computation of MT2. But how could mχl be determined experimentally?

References [87, 88] showed that the value of mχl can be estimated by observing a kink of the
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Figure 18. A comparison between the monophoton and diphoton constraints for Nχ = 2. The

perturbative bound on λ
√
Y N depends on the hypercharge of the mediator, λ

√
Y N ∼< 4π

√
Y .

edge of the MT2 distribution as a function of µN . However, a large number of signal events

is required in order for the kink to be observable, making the application of this method,

and thus the determination of the DM mass directly in the diphoton process, not likely for

our model. On the other hand, direct detection constraints may hint that the DM is light.

As we will discuss in section 7, in the region of parameters where the LHC has sensitivity

to a dark penguin signal, current direct detection searches require mχl . 10 GeV. Hence

one can argue that if a diphoton+MET signal is observed at the LHC, and interpreted as

involving as missing energy the particle that provides the dominant dark matter density in

the universe, one should use the value µN . 10 GeV.

It is interesting to compare the results from the monophoton and diphoton searches.

The comparison requires some further assumption, since the monophoton search sets a

constraint on the dark penguin coupling between χh and χl, whereas the diphoton search

constrains the coupling between χh and χh. As discussed in section 2, here we focus on

the totally anarchic scenario, where all couplings are assumed to be of the same order. In

figure 18 we show a comparison between the 14 TeV monophoton and diphoton searches,

for the illustrative choice (mχl , mχh) = (10, 300) GeV. Diphoton gives a slightly stronger

bound, but the difference is below the uncertainties associated with our analysis. Notice

that, while it is useful to compare the two channels within a specific natural scenario such

as the anarchic one, in general the monophoton and diphoton searches are complementary

to each other.

5.3 Constraint from rare Z decays

We now turn to the case of light χh. If mχh < mZ/2, the decay Z → χhχ̄h → γγχlχ̄l is

kinematically allowed, and is constrained by LEP1 data collected at the Z-pole. A search

performed by OPAL [89] for events containing at least two photons and missing energy

sets a strong constraint on this decay. The search region required exactly two photons,

satisfying the cuts Eγ > 1 GeV, |ηγ | < 1.74, mγγ > 10 GeV and π − ∆φγγ > 0.0873
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Figure 19. Comparison of the LEP bounds from Z → γγ+MET (blue) and from the invisible

Z width (orange) to the projected LHC sensitivity in monophoton (black) and diphoton (red), at

14 TeV and with 3 ab−1 of data. The perturbative bound on λ
√
Y N depends on the hypercharge

of the mediator, λ
√
Y N ∼< 4π

√
Y .

(acoplanarity angle). In addition, at least one of the two photons was required to have

|ηγ | < 1.10, and additional photons with Eγ > 0.5 GeV were vetoed. No events of this

type were observed in 43 pb−1 of data, corresponding to 1.8× 106 Z bosons. The expected

SM background comes from e+e− → Z(νν̄)γγ, where the two photons arise from initial

state radiation, and is quoted by OPAL to amount to 0.2 events.12 Therefore, assuming no

systematic uncertainty, the 95% CL limit is of 2.8 signal events. In order to set a bound

on the parameter space, we still need to compute the efficiency of the cuts on the signal.

For mχh = 30 GeV the efficiency is of ∼ 70%, leading to the 95% CL bound (the branching

ratio for the decay χh → χlγ is unity, since mχh < mZ +mχl)

BR(Z → χhχ̄h) . 2× 10−6 , (5.4)

which under the assumption of anarchic couplings is much stronger than the other LEP

constraint from the invisible Z width. The corresponding excluded region is shown in

figure 19, where it is compared to the projected sensitivity of monophoton and diphoton

searches at the 14 TeV LHC. We conclude that if mχh < mZ/2, only the diphoton search

will be able to marginally improve the LEP constraint. This result motivates our focus on

the scenario mχh > mZ/2, in which case LEP data only give a mild constraint from the

invisible Z width.

6 Non-pointing photon signals

As discussed in section 2.1, when the flavor structure of the dipole operator is aligned with

the mass matrix, the decay rate of a heavier fermion χh into the DM χl and a photon can

be highly suppressed, while the coupling of γ, Z to a pair of χh’s or χl’s is still sizable. This

12Simulating the process e+e− → νν̄γγ in the SM we find a prediction of ' 0.1 events, in rough agreement

with the OPAL number.
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Figure 20. Bounds in the (ε, λ
√
Y N) plane obtained from the 8 TeV ATLAS search for non-

pointing photons. The mass of χl is fixed to 10 GeV, and the mediator mass to 300 GeV. The

perturbative bound on λ
√
Y N depends on the hypercharge of the mediator, λ

√
Y N ∼< 4π

√
Y .

motivates the study of displaced photon signals from pair produced χh’s, each decaying into

χl + γ. The bounds obtained using the ATLAS non-pointing photon search [80] are shown

in figure 20, for some representative choices of the parameters. The bounds are computed

by means of a simple counting experiment, by comparing the signal and background yields

in two different regions, corresponding to |∆zγ | > 30 mm (exclusion shaded in blue) and

|∆zγ | > 220 mm (shaded in red). The displacement ∆zγ was defined in figure 9. For both

signal regions, an upper bound |∆zγ | < 750 mm is also imposed, since the ATLAS paper

does not report the background expectation for larger values of the displacement. In the

first signal region, approximately 149 events were expected from the SM background, and

140 were observed. In the second region, approximately 14 events were expected and 18

were observed. A few comments are in order. The first observation is that, independently

of the value of mχh , the lower bound on the coupling13 λ as a function of ε scales as

λ ∝ ε−1/4. This can be understood by noticing from eq. (3.5) that, for large Γχh (the

lower bound on λ corresponds to large displacement of the decay), the number of signal

events passing the cuts is NS ∝ λ4Γχh , since the production cross section scales like λ4.

Recalling that Γχh ∝ λ4ε2 and that in our counting experiment the exclusion bound is

given by NS = constant, we obtain the scaling λ ∝ ε−1/4. Second, comparing the cases

mχh = 300 GeV and mχh = 50 GeV we note that the bound is weaker in the latter case,

especially for the harder cut |∆zγ | > 220 mm. The reason for this is twofold. In first place,

the efficiency of the cuts on the ET of the photons and on the /ET (see section 3.5 for details)

is smaller for lighter χh. In second place, a lighter χh is more boosted, which implies that

the photon from its decay is typically more collinear with χh. This fact, combined with

the upper cut of 4 ns that we impose on the time of flight of χh to avoid spurious collisions

due to LHC satellite bunches, implies that the typical photon displacement is smaller for

lighter χh. As a consequence, for mχh = 50 GeV the cut |∆zγ | > 220 mm significantly

reduces the signal yield.

13In the following discussion, λ is understood as a shorthand for λ
√
Y N .
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7 Comparison to the direct and indirect detection results

The comparison between the collider and direct detection constraints is shown in figure 21,

under the assumption of anarchic couplings between the mediators and the dark fermions.

Here we follow the analysis in [64, 90], comparing the bounds set by the two classes of

experiments on the magnetic dipole moment µχ, defined by the effective operator

µχ
2
χ̄σµνχFµν (7.1)

where χ is the DM, and related to the parameters of the dark penguin that couples two

DM particles to the photon by

µχ =
eλ2Y N

32π2M
. (7.2)

Since the momentum exchange in direct detection experiments is small, we can safely inte-

grate out the mediators and use the effective description in eq. (7.1). Results from direct

detection experiments were obtained in [64], with the assumption of the standard halo

model and velocities vesc = 544 km/s, v� = 232 km/s, v0 = 220 km/s. For the local DM

density, the standard value ρ = 0.3 GeV/c2/cm3 was assumed. Figure 21 shows the 90%

CL bounds from CDMSlite [91], SuperCDMS [92], the XENON10 S2-only analysis [93],

XENON100 [94], LUX [95], CDMS-II-Si [96], CDMS-II-Ge low threshold [96], and Co-

GeNT2014 data [97], together with the 68% and 90% CL allowed regions for DAMA [98]

(assuming quenching factor QNa = 0.30), CoGeNT2014, and CDMS-II-Si. For XENON10

we take the result with a conservative setting of the electron yield to zero below 1.4 keVnr,

as in ref. [94]. For LUX we adapt the limit corresponding to zero observed events. For

further details on the experimental data, as well as on the assumptions made on the low

energy thresholds and quenching factors, we refer the reader to ref. [64].

We discuss first the Nχ = 2 case, shown in the top row of figure 21. The red horizontal

line indicates the upper bound on µχ obtained from the invisible Z decay at LEP. The green

and cyan horizontal lines indicate the bounds obtained from the projected monophoton and

diphoton searches at the 14 TeV LHC, respectively, with solid (dashed) lines corresponding

to 300 (3000) fb−1 of luminosity. Due to the anarchic assumption, all these searches can

be interpreted as effectively constraining the size of the dark penguin that couples two

DM particles to the photon, and thus the size of the effective interaction in eq. (7.1) via

eq. (7.2). This allows us to make the comparison to direct detection experiments.

To gain some understanding of the dependence of the bounds on the mass of χh,

we show results using two benchmark values, 50 and 300 GeV. On the other hand, the

collider bounds are essentially independent of mχl in the range considered mχl . 20 GeV,

the only appreciable effect being that the LHC monophoton and diphoton bounds worsen

slightly for mχl & 10 GeV in the case mχh = 50 GeV. The plots in figure 21 assume the

benchmark value of the mediator mass M = 500 GeV, but they serve as useful order of

magnitude estimates also for heavier mediators. By the end of the high-luminosity LHC

run, monophoton and diphoton+MET searches will be able to test values of the dipole

interaction strength that are comparable to the current XENON10 reach for mχl > 10 GeV,

and will provide a much better bound than the current direct detection limits for lighter χl.
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Figure 21. Top row: comparison between the projected collider constraints and the current bounds

from direct detection experiments for Nχ = 2, based on the assumption of anarchic couplings

between the mediators and dark fermions. Here we adapt the direct detection bounds from [64, 90],

assuming a standard halo model (SHM). See the text for more details. The magnetic dipole moment

is defined by the effective coupling of the DM to the photon, (µχ/2)χ̄σµνχFµν . The red solid

lines show the bound from the measurement of the invisible Z decay width at LEP. The green

(cyan) lines show bounds from the monophoton (diphoton) searches at the 14 TeV LHC, with

solid (dashed) line for 300 (3000) fb−1 of data. Bottom: projected collider constraints and current

bounds from direct detection experiments for Nχ = 1. The lines correspond to the invisible Z

width at LEP (red), 14 TeV LHC monojet (purple), 100 TeV collider monojet (cyan) and ILC1000-

P monophoton (green).

The Nχ = 1 case is shown in the bottom panel of figure 21. The projected 14 TeV

LHC monojet bound (purple) is slightly worse than the current limit from the invisible Z

width (red), showing that to improve the constraint it will be necessary to go to future

colliders. The 100 TeV collider monojet bound is shown in cyan and corresponds to µχ ∼<
2× 10−17e cm, while the ILC1000-P monophoton search (green) can reach a bound . 5×
10−18e cm. For comparison, the LEP constraint derived in [45] corresponds to µχ ∼< 10−16e

cm. Similarly to the Nχ = 2 case, collider searches play a more important role than direct

detection experiments when the DM is light, mχ ∼< 10 GeV.

The collider bounds can also be compared to the indirect detection searches, where a

pair of DM particles annihilates into photons. There are two mechanism through which

the annihilation can proceed in our model: either via two dipole interactions connected by

a t-channel DM exchange, or via a Rayleigh operator, see figure 22. Using naive dimen-

sional analysis, the ratio of the former amplitude to the latter [44] is ∼ λ2M/(16π2mχ).
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Figure 22. Diagrams for DM annihilation. Left: t-channel process, where the grey circles represent

the dark penguin loops. Right: sample diagram contributing to the Rayleigh operator. In the region

of parameters relevant to our discussions, the t-channel process dominates the annihilation.
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Figure 23. Upper bounds on the annihilation of DM into photons, derived from the projected

collider constraints computed in this paper. For Nχ = 2 (left) we show the projected LHC bounds,

while for Nχ = 1 (right) the reach of future colliders is presented. In the right panel, the Fermi

bound corresponds to the expected limit from the 3.7 years data, as reported in [99] (we take the

most stringent limit in ref. [99], obtained using the R16 Einasto DM profile).

Considering the most conservative choice of parameters relevant to our discussion, namely

λ ∼ 4, M ∼ 200 GeV and mχ ∼ 10 GeV, we find the ratio to be about 2. We conclude

that for our purposes it is a safe approximation to neglect the contribution of the Rayleigh

operator, which is typically strongly subdominant compared to the diagram with t-channel

DM exchange. The latter dominates the annihilation, with a cross section [43]

σχ̄χ→γγv =
1

2π
µ4
χm

2
χ . (7.3)

As shown in figure 23, if more than one flavor of dark fermions are accessible at the LHC,

the size of the annihilation into photons can be tested down to approximately 10−33 cm3/s.

In the Nχ = 1 case, the ILC1000-P can set the strongest bound on the annihilation, of

order 10−32 cm3/s.

8 Conclusions

The search for DM plays a central role in the physics program of current and future col-

lider experiments. For many plausible DM-SM couplings, a correct description of the DM
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production processes, which is crucial to extract meaningful information from the experi-

mental results, requires that the EFT parameterization be UV completed by a simplified

model with light mediators. This is especially important when the DM-SM coupling arises

at loop level. In this paper we performed the first simplified model collider study for a loop

process, focusing on the Dark Penguin, whose form factors reduce to the magnetic dipole

operator at low energies. We computed bounds from monojet, monophoton, and diphoton

searches at the 8 and 14 TeV LHC, as well as from the future ILC and 100 TeV hadron

collider. Differently from searches for EFT interactions, when light mediators are included

the optimal search strategy requires the cuts on the MET to be as loose as possible, to

capture the enhancement of the form factors near the threshold for production of on-shell

mediators. As we showed through a detailed comparison, for light DM mass the collider

bounds are complementary to those derived from direct and indirect detection experiments.

Based on general considerations, it is plausible that the dark sector may be endowed

with a non-trivial flavor structure. If some of the additional states beyond the DM are

kinematically accessible, collider experiments offer a unique opportunity to probe the dark

flavor. By employing a simplified model with a second dark fermion in addition to the DM,

we showed that, under the natural assumption of anarchic structure in the dark sector, the

bounds on the DM-SM coupling set by collider searches are much stronger than in the case

where the DM is the only accessible state. Collider searches not only have the capability

to probe the flavor structure of the dark sector, but might even allow to measure some

of its properties. For example, the determination of the mass of the heavy dark fermion

could be possible by using MT2 in the diphoton+MET channel. Furthermore, if the flavor

structures of the dark penguin and the dark fermion mass matrix are nearly aligned, the

decay of the heavy dark fermion into DM and photon can be displaced. In this case, it is

achievable to extract information about the small mixing angle in the dark sector from the

search for non-pointing photons+MET.

We end with an outlook to future developments. While our study was focused on

the dark penguin mediating the dipole operator, our method is fully general and can be

extended to any other loop-mediated interaction between the DM and the SM fields, such

as for example the Rayleigh and χ̄χGµνGµν operators, where Gµν is the SM gluon field

strength. It would also be interesting to analyze in detail the prospects for the ILC, which

the preliminary results presented here show to be very promising. Additionally, while our

first estimates for a very high energy hadron collider appear less favorable, the detailed

assessment of the design requirements that would allow a substantial improvement warrants

a dedicated study.
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A Analytical expressions of the form factors

In this appendix we present the expressions of the form factors that appear in eq. (2.2). By

applying the standard Passarino-Veltman decomposition [100], they can be written as14

Fq =
fq(u1, u2, u3) + aqC0(m2

i ,m
2
j , q

2,M2
s ,M

2
f ,M

2
s ) + bqC0(m2

i ,m
2
j , q

2,M2
f ,M

2
s ,M

2
f )

[q2 − (mi −mj)2][q2 − (mi +mj)2]2
,

Fσ =
fσ(u1, u2, u3) + aσC0(m2

i ,m
2
j , q

2,M2
s ,M

2
f ,M

2
s ) + bσC0(m2

i ,m
2
j , q

2,M2
f ,M

2
s ,M

2
f )

[q2 − (mi −mj)2][q2 − (mi +mj)2]2
.

(A.1)

where

u1 =B0(m2
j ,M

2
f ,M

2
s )−B0(q2,M2

s ,M
2
s ) ,

u2 =B0(m2
i ,M

2
f ,M

2
s )−B0(q2,M2

f ,M
2
f ) ,

u3 =B0(m2
j ,M

2
f ,M

2
s )−B0(m2

i ,M
2
f ,M

2
s ) . (A.2)

For the scalar integrals, we followed the convention of LoopTools [101]. The building blocks

of Fq are given by

fq(u1, u2, u3)

= −2m4
i (1 + u2)−m2

i [q
2(−4 + u1 − 3u2 − u3)− 4(M2

f −M2
s )(u1 − u2 − u3)]

− 4miMfq
2(u1 − u2 − u3)− 2m4

j (1 + u2 + u3)− 4m3
iMf (−u1 + u2 + u3)

− 4m3
j [−(mi +Mf )(u1 − u2) +Mfu3]− q2[2(M2

f −M2
s )(−u1 + u2 + u3)

+ q2(2− u1 + u2 + u3)]−m2
j [q

2(−4 + u1 − 3u2 − 3u3)

− 4(M2
f −M2

s )(u1 − u2 − u3) + 12miMf (−u1 + u2 + u3)

+ m2
i (−4− 8u1 + 4u2 + 6u3)] + 4mj{m3

i (u1 − u2 − 2u3)

+ 3m2
iMf (u1 − u2 − u3) +Mfq

2(−u1 + u2 + u3) +mi[2M
2
f (u1 − u2 − u3)

+ 2M2
s (−u1 + u2 + u3) + q2(2u2 + u3)]}, (A.3)

aq/2

= m5
j (mi+Mf )+m4

j [(mi+Mf )(2mi+Mf )− 2M2
s ] +m2

i [Mf (mi +Mf )(m2
i − 2M2

f )

− 2(mi − 2Mf )(mi +Mf )M2
s − 2M4

s ]− [2m3
iMf − 2miM

3
f +M4

f

− 2(m2
i −miMf +M2

f )M2
s +M4

s ]q2 + (mi −Mf )Mfq
4

+ mj(m
2
i − 2M2

f + 2M2
s − q2){mi[(mi +Mf )(mi + 2Mf )− 2M2

s ]

− Mfq
2}+m3

j [2m
3
i + 4m2

iMf −miq
2 − 2Mf (M2

f −M2
s + q2)]

+ m2
j [2m

4
i + 4m3

iMf − 2(M2
f −M2

s )2 +m2
i (−2M2

f + 4M2
s − 3q2) + 2M2

s q
2

+ mi(−6M3
f + 6MfM

2
s − 4Mfq

2)], (A.4)

14In this appendix, we adopt the shortened notations mi,j ≡ mχi,j and q4,6 ≡ (q2)2,3.
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bq = aq + 2(mj +mi)
2{−(mj +mi + 2Mf )[mjmi(mj +mi) + 2(m2

j −mjmi +m2
i )Mf ]

+ 4(m2
j −mjmi +m2

i )M
2
s }+ 4(mj +mi){2miMf (mi +Mf ) +m2

j (mi + 2Mf )

− 2miM
2
s +mj [m

2
i + 2miMf + 2(M2

f −M2
s )]}q2 − 2[mjmi + 2(mj +mi)Mf ]q4 .

(A.5)

The building blocks of Fσ are

fσ(u1, u2, u3)

= −2m5
j − 2m5

i +miq
2[6(M2

f −M2
s )(u1 − u2 − u3) + q2(−2 + u1 + u2 − u3)]

+ 4m2
iMfq

2(u1 − u2 − u3)−m3
i q

2(−4 + u1 + u2 − u3) + 2m4
jmi(−1 + u3)

+ 4Mfq
4(−u1 + u2 + u3) +m3

j [2m
2
i (2 + u3)− q2(−4 + u1 + u2 + u3)]

+ m2
j [4Mfq

2(u1 − u2 − u3)− 2m3
i (−2 + u3) +miq

2(4 + 3u1 + 3u2 + 3u3)]

+ mj{m2
i q

2(4 + 3u1 + 3u2 − 3u3) + 8miMfq
2(u1 − u2 − u3)− 2m4

i (1 + u3)

+ q2[6(M2
f −M2

s )(u1 − u2 − u3) + q2(−2 + u1 + u2 + u3)]}, (A.6)

aσ = −2(mj −mi)
2(mj +mi)

3M2
s + 2(mj +mi){(mj +Mf )(mi +Mf )[m2

j −mjmi

+ m2
i +(mj+mi)Mf−3M2

f ] + 2[mj(mi +Mf ) +Mf (mi + 3Mf )]M2
s − 3M4

s }q2

− 2[m2
j (mi + 2Mf ) + 2Mf (m2

i +miMf −M2
f )− (mi − 2Mf )M2

s

+ mj(m
2
i + 2miMf + 2M2

f −M2
s )]q4 + 2Mfq

6 , (A.7)

bσ = aσ − 2(mj −mi)
2(mj +mi)

3
[
Mf (mj +mi +Mf )−M2

s

]
+ 2(mj −mi)

2(mj +mi)

×
[
Mf (mj+mi−2Mf )+2M2

s

]
q2+2(mj +mi)

[
Mf (mj +mi + 3Mf )− 3M2

s

]
q4

− 2Mfq
6 . (A.8)

The above expressions can be easily implemented in a numerical code, and provide stable

results for all values of q2, in particular for q2 > 4M2 (where M denotes generically the

mediator mass), where the form factors develop an imaginary part as a consequence of

the virtual states going on-shell. For completeness, we also report the expressions of the

form factors in terms of integrals over Feynman parameters, which are more suitable for

analytical expansions. These read

Fq =
2

mi −mj

∫
d3x

(
cq
∆f

+
dq
∆s

)
,

Fσ = 2

∫
d3x

(
cσ
∆f

+
dσ
∆s

)
, (A.9)

where

∆f = − xyq2 − zxm2
i − yzm2

j + (x+ y)M2
f + zM2

s ,

∆s = ∆f (Mf ↔Ms) ,

cq = y(2y + z − 2)mj − (y + z − 1)(2y + z)mi − (2y + z − 1)Mf ,

dq = y(2y + z − 1)mj − (y + z − 1)(2y + z − 1)mi + (2y + z − 1)Mf ,

cσ = − yzmj + z(y + z − 1)mi + (z − 1)Mf ,

dσ = − yzmj + z(y + z − 1)mi − zMf , (A.10)
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and we defined
∫
d3x ≡

∫ 1
0 dxdydz δ(x+y+z−1). It is straightforward to check numerically

that the eqs. (A.9) agree exactly with eqs. (A.1) for q2 < 4M2, whereas for q2 > 4M2 the

Feynman parameter integrals can become numerically unstable, and only the expression in

terms of scalar integrals should be used.15

By using eqs. (A.9), one can derive the expressions of the form factors for large mediator

mass, Mf = Ms = M � mi,mj ,
√
q2,

Fq →
1

6M2
, Fσ → −

1

M
. (A.11)

In this limit, the amplitude in eq. (2.2) can be seen as generated by the effective Lagrangian

1

1 + δij

(λ2)ij g
′Y N

192π2M2
χiγ

µχj∂
νBµν + h.c.+

1

1 + δij

(λ2)ij g
′Y N

64π2M
χiσ

µνχjBµν + h.c. . (A.12)

B Statistics

In this appendix we briefly describe our procedure for setting limits on the DM parameter

space. Given the expected number of background events NB, we exclude a signal model

yielding NS events if ∫ Nobs

0

dP

dx
(x;NB +NS)dx < p , (B.1)

where dP/dx (x;NB + NS) is the normalized probability distribution function for signal

plus background, Nobs is the number of events observed, and p is the chosen probability.

For example, for a 95% CL exclusion, p = 0.05. Notice that we are setting a ‘one-sided’

limit. Throughout our analysis we neglect systematic uncertainties on the signal, because

they are subleading to those associated with the background.

Under the assumption that signal plus background follows a Poisson distribution with

mean NB +NS , and neglecting all systematic uncertainties, the exclusion limit is given by

Γ(Nobs + 1, NB +NS)

Γ(Nobs + 1, 0)
= p , (B.2)

where Γ(s, q) =
∫∞
q ts−1e−tdt . For example, for p = 0.05, we find for NB = Nobs = 0 that

NS ' 3.0.

If we assume that signal plus background follows a Gaussian distribution with mean

NB + NS and standard deviation
√
NS + (δNB)2, where δNB =

√
NB + (εNB)2, with ε

the relative systematic uncertainty on the background, we find the exclusion limit

NB +NS −Nobs√
NS + (δNB)2

=
√

2 erf−1 (1− 2p) . (B.3)

For example, for p = 0.05 the right-hand side is equal to ' 1.645.

15We have cross-checked our results against ref. [52], where the form factors were computed for the special

case mi = mj , Y = 1/2, N = 2. We find agreement, except for a few small differences that we believe are

due to typos in appendix A of [52]: 1) in their eq. (A7), a factor z should multiply the second term on

the right-hand side (r.h.s. ), and an overall factor (−1) should multiply the r.h.s. ; 2) in their eq. (A8), an

overall factor (−2) should multiply the r.h.s. .
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Equation (B.2) was used to set the limit from prompt diphoton and from the rare Z

decay Z → γγ+MET, whereas all the remaining limits in this paper were computed using

eq. (B.3).

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.
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