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The Significant asymmetry between matter and anti matter → Baryogenesis 

Ωb ≈ ΩDM /5

Asymmetric DarK Matter

→ Asymmetric Dark Matter 

Similar kind of asymmetry is also expected in the DM abundance→

• The ADM hypothesis is well motivated from UV considerations..

Follow very similar type of interactions,  masses are also at Gev scale or so.  

• The key idea being that efficient annihilation of symmetric part of the ADM relic density requires couplings

between DM fermions and SM particles are not too weak. 

• In view of plethora of DM searches at the LHC and Direct detection experiments, 

constraints on ADM are studied. Also included the constrained from heating of compact stars.

Planck Collaboration  1807. 06209

K.M.zurek, Phys Rept 2014, 1308.0338   
Petraki and Volkas, IJMP 2013, 1305.4939



Outline

• The most generalised model independent approach EFT are followed

• DM-quark interactions and its implication  

  →      LHC Mono-jet searches 

  →      DD detections are 

• DM - Lepton  interactions assuming DM leptophilic


Leptophilic DM,  motivated from leptogenesis which translated asymmetry in the DM via

Sphaleron   


  →    LEP experiment Mono-photon searches 

 →     Constraints from the heating of Neutron stars(NS) and White dwarf(WD) 

 →.    Feasibility studies at the FCC-ee 
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(NS) [90] and white dwarfs (WD) [91] happen to provide some of the strongest constraints.

On the collider front, mono-photon searches at LEP have been set bounds on four e↵ective

operators (three of which are independent) [92], which are more stringent than the NS or

WD bounds for DM masses in the 1-100 GeV range. Investigations have also focused on

the prospects of identifying leptophilic dark matter through future lepton colliders, mainly

the International Linear Collider (ILC) [93–95]. In the latter part of this paper, we update

the bounds on DM-lepton interactions using the LEP mono-photon searches, compare with

other constraints as for the quark case, and appraise the viability of leptophilic ADM. We

also forecast discovery prospects at the prospective FCC-ee.

The structure of this paper is as follows. In Section 2, we start by establishing the

EFT framework and provide a brief introduction to the ADM hypothesis and review the

existing constraints on interactions between ADM and quarks. In Section 3, we calculate

new bounds on the ADM-quark interactions from the mono-jet searches at the LHC and

present the constraints on ADM-quark interactions for all EFT operators. Additionally, in

Section 4, we investigate the DM-lepton interactions. Here, a comprehensive methodology

to calculate the LEP bounds are presented, followed by the FCC-ee discovery prospects.

The combined pictures of the allowed (and excluded) regions of ADM-lepton interactions

from all relevant searches are presented at the end of section 4. Lastly, Section 5 summarizes

our findings and concludes.

2 Dark Matter Interactions and Production

2.1 E↵ective interactions

We assume the DM is a Dirac fermion and the mediators responsible for its interactions

with the SM particles are heavier than the DM itself. The interactions are thus encoded

in higher-dimensional operators within the framework of an e↵ective field theory (EFT)

involving SM and DM degrees of freedom. However, we will ignore the dimension-5 cou-

plings of DM to the SM Higgs, which is already very well studied and constrained. See, for

example, the stringent upper limits of HSM ! invisible branching fractions [96, 97].1 With

these considerations, in Table 1 we write down all allowed EFT operators at dimension-6.

These operators are of the form

O��0 =
1

⇤2
( ̄� )(�̄�0�), (2.1)

where  and � are Dirac fermion SM and DM particles, respectively, whereas �(0)s are

strings of gamma matrices,

� = {1, �5, �µ, �µ�5,�µ⌫ ,�µ⌫�5}. (2.2)

1
Note that the Higgs portal for fermionic DM of mass smaller than ⇠20 GeV, consistent with BR(HSM !

invisible) < 10%, leads to DM-nucleon scattering cross-section below the “neutrino floor” [98–100], which

is uninteresting from DD perspective [101]. Alternatively, though a higher mass region of DM allows

parameter regions above the neutrino floor, they are excluded by the DD limits [101].

– 3 –
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present the constraints on ADM-quark interactions for all EFT operators. Additionally, in

Section 4, we investigate the DM-lepton interactions. Here, a comprehensive methodology

to calculate the LEP bounds are presented, followed by the FCC-ee discovery prospects.

The combined pictures of the allowed (and excluded) regions of ADM-lepton interactions

from all relevant searches are presented at the end of section 4. Lastly, Section 5 summarizes

our findings and concludes.
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with the SM particles are heavier than the DM itself. The interactions are thus encoded

in higher-dimensional operators within the framework of an e↵ective field theory (EFT)

involving SM and DM degrees of freedom. However, we will ignore the dimension-5 cou-

plings of DM to the SM Higgs, which is already very well studied and constrained. See, for

example, the stringent upper limits of HSM ! invisible branching fractions [96, 97].1 With

these considerations, in Table 1 we write down all allowed EFT operators at dimension-6.

These operators are of the form
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• DM-SM interaction are encoded in the framweowkr of EFT. Dim 5 couplings of DM with Higgs are 
ignored( Higgs invisible decay BR is highly constrained)

• Assuming DM as the Dirac Fermion and mediators are heavier that the DM mass itself. 
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Table 1: List of dimension-6 operators connecting SM fermions to Dirac DM with flavor-universal
couplings, along with the dependence of the scattering cross section on the spin of the SM target
(and the leading dependence on q or v), as well as the leading partial-wave contribution to the
corresponding annihilation rate; q and v denote the magnitude of transferred momentum and the
relative velocity between the target and the DM, respectively.

Operator Definition Scattering Annihilation

Oss  ̄ f̄f SI (1) p-wave

Opp  ̄�5 f̄�5f SD (q2) s-wave

Osp  ̄ f̄ i�5f SD (q) p-wave

Ops  ̄i�5 f̄f SI (q) s-wave

Ovv  ̄�µ f̄�µf SI (1) s-wave

Oaa  ̄�µ�5 f̄�µ�5f SD (1) s-wave / m2
q/m

2
�

Ova  ̄�µ f̄�µ�5f SD (v) s-wave

Oav  ̄�µ�5 f̄�µf SD (v) p-wave

Ott  ̄�µ⌫ f̄�µ⌫f SD (1) s-wave

Opt  ̄i�µ⌫�5 f̄�µ⌫f SI (q) s-wave

Among the tensor operators,  ̄�µ⌫ f̄ i�µ⌫�5f is rewritable as  ̄i�µ⌫�5 f̄�µ⌫f ⌘ Opt and

 ̄i�µ⌫�5 f̄ i�µ⌫�5f as  ̄�µ⌫ f̄�µ⌫f ⌘ Ott. So they are not separately considered. More-

over, operators enter the Lagrangian along with respective Wilson coe�cients (WC). In

this work, we will consider that the WCs are absorbed into the ⇤.

Using available data, we will determine the viability of each of these operators as a

function of the DM mass m� and the EFT expansion scale ⇤. Note that the operators,

Oss, Ovv, Oaa and Ott present velocity-unsuppressed interactions with nucleon, while the

other interactions are suppressed. On the other hand, operators marked as SI are spin

independent (i.e., do not depend on the spin of the target SM fermion), and thus allow

more sensitive searches that can take advantage of coherent enhancement. For a detailed

discussion of these non-relativistic dependencies of DM, see Ref. [102]. The annihilation

rate, h�vi, also depends on the velocity of DM. While s-wave annihilation is independent

of velocity, p-wave annihilation is velocity-dependent and thus suppressed. As a result,

Oss, Osp, and Oav lead to a velocity-suppressed annihilation rate. It is worth noting

that, although annihilation for Oaa occurs through s-wave, it is suppressed by a factor

proportional to m2
q/m

2
�.

2.2 Relic density and the asymmetry criterion

The asymmetric dark matter paradigm assumes that both DM (�) and the anti-DM (�̄) are

present up to some era of the evolution of the Universe, as in the case of baryonic matter.

Then by some mechanism, an asymmetry is generated between DM and anti-DM sectors,

which gets frozen out with the departure from thermal equilibrium, and the symmetric part

– 4 –

DM interaction and Production
• DM-SM interaction are encoded in the framweowkr of EFT. Dim 5 couplings of DM with Higgs are 

ignored( Higgs invisible decay BR is highly constrained)

• Assuming DM as the Dirac Fermion and mediators are heavier that the DM mass itself. 

L.T. Wang et al , JCAP, 1008.1591
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gets annihilated out. In this study we remain agnostic about the asymmetry generation

and sharing mechanisms.

The total dark-abundance can be written as the sum of the yields of DM and anti-

DM, i.e., Y� + Y�, where the yield Y = n/s is defined as the number density scaled by the

entropy density of the early universe. This, in turn can be expressed as a symmetric and

an asymmetric component:

Ytot = Y� + Y� = (Y� � Y�) + 2Y� = Yasy + Ysym, (2.3)

where, Yasy is the asymmetric yield, and Ysym is the yield of the symmetric component.

For the symmetric part, following [103], we take

Ysym = 2Y� =
2Yasy

exp
h
Yasy�

⇣
a
xF

+ 3b
x2
F

⌘i
� 1

, (2.4)

where a and b are coe�cients in the partial wave expansion of h�vi, � is a function of DM

mass:

� =
4⇡
p
90

m�Mpl
p
g⇤, (2.5)

with reduced Planck mass Mpl = 2.4 ⇥ 1018 GeV, and g⇤ ⇠ 100 being the number of

available relativistic degrees of freedom at freeze-out. Also, the shifted coordinate xF is

given by [103]

xF = xF0

 
1 + 0.285

a�Yasy
x3F0

+ 1.35
b�Yasy
x4F0

!
, (2.6)

with xF0 = m�/TF being the usual coordinate at freeze-out. The di↵erence between xF and

xF0 encodes the ADM correction to the �̄ abundance, which is otherwise under-predicted

by the standard WIMP treatment. The expressions of the annihilation cross-sections times

velocity for each of the operators in Table 1 are given in Appendix A.

The constraint imposed in ADM model is that the symmetric part, as in Eq. 2.4, must

be decidedly sub-leading to the asymmetric part. We implement this by restricting Ysym
to contribute  1% (say) to ⌦DMh2 [32]:

Ysym 
1

100
⇥

⌦DMh2

2.76⇥ 108

✓
GeV

m�

◆
. (2.7)

This is to be achieved by annihilating out the symmetric component (Ysym ! 0) into SM

fermions using the operators presented in Table 1. When there is a stronger interaction

between DM and SM particles, it becomes easier to annihilate the symmetric part. How-

ever, it also makes more challenging to pass the constraints set by various experiments. For

instance, at a specific value of the DM mass m�, a large ⇤ implies less e↵ective scattering

interactions (SI or SD) with quarks, but at the same time, it also indicates less e�cient

annihilation in the early universe. Consequently, the requirement for e�cient annihilation

sets an upper limit on ⇤ (say, ⇤ < ⇤1) via Eq. 2.7. In contrast, null results from DD
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by the standard WIMP treatment. The expressions of the annihilation cross-sections times

velocity for each of the operators in Table 1 are given in Appendix A.

The constraint imposed in ADM model is that the symmetric part, as in Eq. 2.4, must

be decidedly sub-leading to the asymmetric part. We implement this by restricting Ysym
to contribute  1% (say) to ⌦DMh2 [32]:

Ysym 
1

100
⇥

⌦DMh2

2.76⇥ 108

✓
GeV

m�

◆
. (2.7)

This is to be achieved by annihilating out the symmetric component (Ysym ! 0) into SM

fermions using the operators presented in Table 1. When there is a stronger interaction

between DM and SM particles, it becomes easier to annihilate the symmetric part. How-

ever, it also makes more challenging to pass the constraints set by various experiments. For

instance, at a specific value of the DM mass m�, a large ⇤ implies less e↵ective scattering

interactions (SI or SD) with quarks, but at the same time, it also indicates less e�cient

annihilation in the early universe. Consequently, the requirement for e�cient annihilation

sets an upper limit on ⇤ (say, ⇤ < ⇤1) via Eq. 2.7. In contrast, null results from DD
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gets annihilated out. In this study we remain agnostic about the asymmetry generation

and sharing mechanisms.

The total dark-abundance can be written as the sum of the yields of DM and anti-

DM, i.e., Y� + Y�, where the yield Y = n/s is defined as the number density scaled by the

entropy density of the early universe. This, in turn can be expressed as a symmetric and

an asymmetric component:

Ytot = Y� + Y� = (Y� � Y�) + 2Y� = Yasy + Ysym, (2.3)

where, Yasy is the asymmetric yield, and Ysym is the yield of the symmetric component.
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with xF0 = m�/TF being the usual coordinate at freeze-out. The di↵erence between xF and

xF0 encodes the ADM correction to the �̄ abundance, which is otherwise under-predicted

by the standard WIMP treatment. The expressions of the annihilation cross-sections times

velocity for each of the operators in Table 1 are given in Appendix A.

The constraint imposed in ADM model is that the symmetric part, as in Eq. 2.4, must

be decidedly sub-leading to the asymmetric part. We implement this by restricting Ysym
to contribute  1% (say) to ⌦DMh2 [32]:
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This is to be achieved by annihilating out the symmetric component (Ysym ! 0) into SM

fermions using the operators presented in Table 1. When there is a stronger interaction

between DM and SM particles, it becomes easier to annihilate the symmetric part. How-

ever, it also makes more challenging to pass the constraints set by various experiments. For

instance, at a specific value of the DM mass m�, a large ⇤ implies less e↵ective scattering

interactions (SI or SD) with quarks, but at the same time, it also indicates less e�cient

annihilation in the early universe. Consequently, the requirement for e�cient annihilation

sets an upper limit on ⇤ (say, ⇤ < ⇤1) via Eq. 2.7. In contrast, null results from DD
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Figure 1: Representative Feynman diagram of mono-jet production along with DM.

experiments establish a lower limit (⇤ > ⇤2). The space that lies in-between, if it exists

(i.e., ⇤1 > ⇤2), defines the permissible range for ADM scenarios. However, if one finds

⇤1  ⇤2 in a particular mass range, it rules out the feasibility of an ADM scenario within

that region. Operators that lead to p-wave annihilation, such as Oss, Osp, and Oav, require

a lower value of ⇤ to satisfy the ADM requirement, resulting in stronger exclusions.

3 Constraining ADM-Quark Interactions

In this section, we first revisit the constraints on the DM-quark e↵ective interactions and

then find their implications on ADM scenario. The DM-quark interactions are mainly

constrained by the DD experiments and the results of mono-jet searches at the LHC,

where direct interaction of DM with quarks is present. These constraints were already

shown in Ref. [32]. More extensive experimental results and several new searches have

come up since, which are expected to impose stronger and more robust constraints. In this

section, we update the bounds derived from mono-jet searches at LHC using latest data

and by taking relevant detector e↵ects into account. We then present the big picture for

ADM-quark interactions, comparing with constraints from the asymmetry, and including

other important constraints, especially those from recent DD experiments.

3.1 Mono-jet searches at hadron colliders

Any non-vanishing e↵ective interactions between DM and quarks, listed in Table 1, should

pair-produce DM through p-p collision at the LHC, if its mass is within the reach of

LHC energy,
p
s = 13 TeV. However, production of solely DM particles does not yield

any detectable signals within the detector, since they do not interact with the detector.

Only if the DM particles are accompanied by some visible particles, then the imbalance of

the transverse momentum (pT ) can be measured by detecting the visible particles, such as

mono-jet, where one extra jet is produced along with the DM (see Fig. 1 for a representative

Feynman diagram), and results in signals of energetic jets with missing pT (/ET ),

pp ! ��̄j ! /ET j. (3.1)

At the LHC Run-II experiment, both ATLAS and CMS experiments have reported

their results of mono-jet searches [104, 105]. Ref. [104] looks for jets with high pT with
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Figure 1: Representative Feynman diagram of mono-jet production along with DM.
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⇤1  ⇤2 in a particular mass range, it rules out the feasibility of an ADM scenario within

that region. Operators that lead to p-wave annihilation, such as Oss, Osp, and Oav, require

a lower value of ⇤ to satisfy the ADM requirement, resulting in stronger exclusions.

3 Constraining ADM-Quark Interactions

In this section, we first revisit the constraints on the DM-quark e↵ective interactions and

then find their implications on ADM scenario. The DM-quark interactions are mainly

constrained by the DD experiments and the results of mono-jet searches at the LHC,

where direct interaction of DM with quarks is present. These constraints were already

shown in Ref. [32]. More extensive experimental results and several new searches have

come up since, which are expected to impose stronger and more robust constraints. In this

section, we update the bounds derived from mono-jet searches at LHC using latest data

and by taking relevant detector e↵ects into account. We then present the big picture for

ADM-quark interactions, comparing with constraints from the asymmetry, and including

other important constraints, especially those from recent DD experiments.

3.1 Mono-jet searches at hadron colliders

Any non-vanishing e↵ective interactions between DM and quarks, listed in Table 1, should

pair-produce DM through p-p collision at the LHC, if its mass is within the reach of

LHC energy,
p
s = 13 TeV. However, production of solely DM particles does not yield

any detectable signals within the detector, since they do not interact with the detector.

Only if the DM particles are accompanied by some visible particles, then the imbalance of

the transverse momentum (pT ) can be measured by detecting the visible particles, such as

mono-jet, where one extra jet is produced along with the DM (see Fig. 1 for a representative

Feynman diagram), and results in signals of energetic jets with missing pT (/ET ),

pp ! ��̄j ! /ET j. (3.1)

At the LHC Run-II experiment, both ATLAS and CMS experiments have reported

their results of mono-jet searches [104, 105]. Ref. [104] looks for jets with high pT with
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Table 2: 95% CL upper limits on the visible mono-jet production cross-section at the LHC
(
p
s = 13 TeV) [104].

Selection criteria �95(fb)

pjT > 200 GeV 736

pjT > 1200 GeV 0.3

di↵erent selection criteria on pT of the jet. Since the mono-jet cross-section drops with

the pT of jet, a lower pT selection includes a larger fraction of events in the low pT region,

but fewer events in the high pT region. Contrarily, a higher pT cut includes the fraction

of events from the higher pT phase space only. As the scaling of the cross-section of SM

backgrounds with pT may not necessarily be identical to the DM signal, mono-jet analyses

with di↵erent pT cuts result in di↵erent levels of exclusion on the DM-quark interactions. In

order to interpret results of mono-jet searches within the framework of e↵ective interactions

considered here, we closely follow analysis strategy described in Ref. [104], as shown in

Table 2.

The hard-scattering matrix elements are generated in MG5aMC_atNLO-3.3.0 [106] using

Feynrules UFO [107] package, which is required to include the e↵ective interactions for

a given set of parameters (⇤,m�). Events are produced up to one jet in Madgraph, and

MLM-matching is used to avoid double counting, which is essential in reproducing a mono-

jet analysis. The showering and hadronization are performed using PYTHIA8 [108, 109].

Unlike the previous study [32], we consider the ATLAS detector e↵ects using Delphes [110]

ATLAS-card. After applying specific cuts on pjT (see Table 2), we can determine the

acceptance rate of the signal. It is obtained by dividing the number of events that meet the

criteria on pjT (N) by the total number of simulated events (N0), i.e., A = N/N0. However,

it is important to note that various detector e�ciencies (✏) are already applied during the

simulation, and their impacts are already included in the value of N . Therefore, for a given

parameter space, taking into account the e↵ects of DM-EFT, we calculate the measurable

cross-section, �mes = � ⇥ A. If �mes is greater than the experimentally determined 95%

upper limit, then we claim that the given choice of {⇤,m�} is excluded. Repeating this

procedure for various values of {⇤,m�}, finally we obtain the excluded region in the ⇤�m�

plane due to the mono-jet searches, as shown in Figs. 2-6.

3.2 Direct detection experiments

DM can interact with the nucleon via the e↵ective interactions listed in the Table 1. The

strength (1/⇤) of the interactions a↵ect the DM-nucleon scattering cross-section. Thus, the

bounds on the DM-nucleon scattering cross-section can be recast as constraints on these

interactions in terms of ⇤ and mass of DM (m�). Notice that, the spin-dependence of the

scattering cross-section significantly impacts the bounds placed on each e↵ective operator

in Table 1. Some of the interactions get suppressed by the powers of DM velocity (v). For
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example, the vector current singles out the temporal component of a spinor and the axial-

vector current picks up the spatial component. Consequently, the combinations of these

two (Oav or Ova) are velocity suppressed, and eventually leading to weaker bounds from

the DD experiments. On the other hand, spin-independent DM-nucleon scattering cross-

section often turn out to be restricted severely. Considering universal coupling to quarks,

the scattering cross-section for each of the non-suppressed spin-independent interactions

listed in Table 1 are given by [32],

�Oss
SI ⇠

1

⇡⇤4
µ2
pf

2
p , (3.2)

�Ovv
SI ⇠

9

⇡⇤4
µ2
p, (3.3)

where, µp = m�mp/(m� +mp) is the reduced mass of the nucleon-DM system and fp is

the DM e↵ective coupling to protons. Here we use fp = 0.3 [111]. The non-suppressed

scattering cross-section for the spin-dependent operators listed in Table 1 is [32]:

�Ott
SD ⇠ 4⇥ �Oaa

SD ⇠
16

⇡⇤4
µ2
p

 
X

q

�p
q

!2

, (3.4)

where �p
q accounts for the spin content of the nucleon and (

P
q �

p
q)2 ' 0.32 [112].

The LUX-ZEPLIN (LZ) experiment currently provides the most stringent constraint

on the cross-section for SI scattering between DM and nucleons. Specifically, they re-

ported a limit of 6.5⇥10�48 cm2 on �SI at 90% CL for 19 GeV DM mass [113]. In parallel,

the DarkSide-50 experiment excluded a cross-section of 10�41 cm2 for DM-nucleon SI in-

teractions with a 90% CL, for a DM particle mass of 1.8 GeV [114]. The constraints

on the SD scattering cross-sections of dark matter with protons and neutrons have also

improved for large ranges of DM particle masses. Notably, the most stringent limits on DM-

neutron interactions originate from the XENON-nT experiment [115], having a minimum

of 6.3⇥ 10�42cm2 for DM mass 30 GeV at 90% CL. Whereas, for DM-proton interactions

the PICO-60 experiment [116] sets the strongest constraints, e.g., 2.5⇥ 10�41cm2 for DM

mass 25 GeV at 90% CL.

To interpret these findings in the EFT context, we have converted the limits on DM-

nucleon scattering cross-sections to the plane defined by the dark matter particle mass (m�)

and the EFT scale (⇤), using Eqns.. (3.3) and (3.4). Additionally, for the sake of comparison

against the constraints outlined in Ref. [32], we have included the bounds predicted by the

XENON-100 experiment [117]. These comparisons are illustrated in Figs. 2 and 3.

3.3 Constraints on the ⇤�m� plane

In Figs. 2-6, the exclusion on ⇤ as a function of ADM mass are shown along with the results

due to various DD experiments, such as LZ, Xenon, Darkside. The bounds from the mono-

jet searches are presented for two jet-pT selection criteria, pT (j) > 200 GeV (LHC-200)

and pT (j) > 1200 GeV (LHC-1200). The current DD exclusions are also presented in the

same plot to gather an idea of the overall picture of the exclusions.
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example, the vector current singles out the temporal component of a spinor and the axial-

vector current picks up the spatial component. Consequently, the combinations of these

two (Oav or Ova) are velocity suppressed, and eventually leading to weaker bounds from

the DD experiments. On the other hand, spin-independent DM-nucleon scattering cross-

section often turn out to be restricted severely. Considering universal coupling to quarks,

the scattering cross-section for each of the non-suppressed spin-independent interactions

listed in Table 1 are given by [32],
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where, µp = m�mp/(m� +mp) is the reduced mass of the nucleon-DM system and fp is

the DM e↵ective coupling to protons. Here we use fp = 0.3 [111]. The non-suppressed

scattering cross-section for the spin-dependent operators listed in Table 1 is [32]:
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where �p
q accounts for the spin content of the nucleon and (

P
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p
q)2 ' 0.32 [112].

The LUX-ZEPLIN (LZ) experiment currently provides the most stringent constraint

on the cross-section for SI scattering between DM and nucleons. Specifically, they re-

ported a limit of 6.5⇥10�48 cm2 on �SI at 90% CL for 19 GeV DM mass [113]. In parallel,

the DarkSide-50 experiment excluded a cross-section of 10�41 cm2 for DM-nucleon SI in-

teractions with a 90% CL, for a DM particle mass of 1.8 GeV [114]. The constraints

on the SD scattering cross-sections of dark matter with protons and neutrons have also

improved for large ranges of DM particle masses. Notably, the most stringent limits on DM-

neutron interactions originate from the XENON-nT experiment [115], having a minimum

of 6.3⇥ 10�42cm2 for DM mass 30 GeV at 90% CL. Whereas, for DM-proton interactions

the PICO-60 experiment [116] sets the strongest constraints, e.g., 2.5⇥ 10�41cm2 for DM

mass 25 GeV at 90% CL.

To interpret these findings in the EFT context, we have converted the limits on DM-

nucleon scattering cross-sections to the plane defined by the dark matter particle mass (m�)

and the EFT scale (⇤), using Eqns.. (3.3) and (3.4). Additionally, for the sake of comparison

against the constraints outlined in Ref. [32], we have included the bounds predicted by the

XENON-100 experiment [117]. These comparisons are illustrated in Figs. 2 and 3.

3.3 Constraints on the ⇤�m� plane

In Figs. 2-6, the exclusion on ⇤ as a function of ADM mass are shown along with the results

due to various DD experiments, such as LZ, Xenon, Darkside. The bounds from the mono-

jet searches are presented for two jet-pT selection criteria, pT (j) > 200 GeV (LHC-200)

and pT (j) > 1200 GeV (LHC-1200). The current DD exclusions are also presented in the

same plot to gather an idea of the overall picture of the exclusions.
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example, the vector current singles out the temporal component of a spinor and the axial-

vector current picks up the spatial component. Consequently, the combinations of these

two (Oav or Ova) are velocity suppressed, and eventually leading to weaker bounds from

the DD experiments. On the other hand, spin-independent DM-nucleon scattering cross-

section often turn out to be restricted severely. Considering universal coupling to quarks,

the scattering cross-section for each of the non-suppressed spin-independent interactions

listed in Table 1 are given by [32],
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where, µp = m�mp/(m� +mp) is the reduced mass of the nucleon-DM system and fp is

the DM e↵ective coupling to protons. Here we use fp = 0.3 [111]. The non-suppressed

scattering cross-section for the spin-dependent operators listed in Table 1 is [32]:
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where �p
q accounts for the spin content of the nucleon and (

P
q �

p
q)2 ' 0.32 [112].

The LUX-ZEPLIN (LZ) experiment currently provides the most stringent constraint

on the cross-section for SI scattering between DM and nucleons. Specifically, they re-

ported a limit of 6.5⇥10�48 cm2 on �SI at 90% CL for 19 GeV DM mass [113]. In parallel,

the DarkSide-50 experiment excluded a cross-section of 10�41 cm2 for DM-nucleon SI in-

teractions with a 90% CL, for a DM particle mass of 1.8 GeV [114]. The constraints

on the SD scattering cross-sections of dark matter with protons and neutrons have also

improved for large ranges of DM particle masses. Notably, the most stringent limits on DM-

neutron interactions originate from the XENON-nT experiment [115], having a minimum

of 6.3⇥ 10�42cm2 for DM mass 30 GeV at 90% CL. Whereas, for DM-proton interactions

the PICO-60 experiment [116] sets the strongest constraints, e.g., 2.5⇥ 10�41cm2 for DM

mass 25 GeV at 90% CL.

To interpret these findings in the EFT context, we have converted the limits on DM-

nucleon scattering cross-sections to the plane defined by the dark matter particle mass (m�)

and the EFT scale (⇤), using Eqns.. (3.3) and (3.4). Additionally, for the sake of comparison

against the constraints outlined in Ref. [32], we have included the bounds predicted by the

XENON-100 experiment [117]. These comparisons are illustrated in Figs. 2 and 3.

3.3 Constraints on the ⇤�m� plane

In Figs. 2-6, the exclusion on ⇤ as a function of ADM mass are shown along with the results

due to various DD experiments, such as LZ, Xenon, Darkside. The bounds from the mono-

jet searches are presented for two jet-pT selection criteria, pT (j) > 200 GeV (LHC-200)

and pT (j) > 1200 GeV (LHC-1200). The current DD exclusions are also presented in the

same plot to gather an idea of the overall picture of the exclusions.
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example, the vector current singles out the temporal component of a spinor and the axial-

vector current picks up the spatial component. Consequently, the combinations of these

two (Oav or Ova) are velocity suppressed, and eventually leading to weaker bounds from

the DD experiments. On the other hand, spin-independent DM-nucleon scattering cross-

section often turn out to be restricted severely. Considering universal coupling to quarks,

the scattering cross-section for each of the non-suppressed spin-independent interactions

listed in Table 1 are given by [32],
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where, µp = m�mp/(m� +mp) is the reduced mass of the nucleon-DM system and fp is

the DM e↵ective coupling to protons. Here we use fp = 0.3 [111]. The non-suppressed

scattering cross-section for the spin-dependent operators listed in Table 1 is [32]:
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where �p
q accounts for the spin content of the nucleon and (

P
q �

p
q)2 ' 0.32 [112].

The LUX-ZEPLIN (LZ) experiment currently provides the most stringent constraint

on the cross-section for SI scattering between DM and nucleons. Specifically, they re-

ported a limit of 6.5⇥10�48 cm2 on �SI at 90% CL for 19 GeV DM mass [113]. In parallel,

the DarkSide-50 experiment excluded a cross-section of 10�41 cm2 for DM-nucleon SI in-

teractions with a 90% CL, for a DM particle mass of 1.8 GeV [114]. The constraints

on the SD scattering cross-sections of dark matter with protons and neutrons have also

improved for large ranges of DM particle masses. Notably, the most stringent limits on DM-

neutron interactions originate from the XENON-nT experiment [115], having a minimum

of 6.3⇥ 10�42cm2 for DM mass 30 GeV at 90% CL. Whereas, for DM-proton interactions

the PICO-60 experiment [116] sets the strongest constraints, e.g., 2.5⇥ 10�41cm2 for DM

mass 25 GeV at 90% CL.

To interpret these findings in the EFT context, we have converted the limits on DM-

nucleon scattering cross-sections to the plane defined by the dark matter particle mass (m�)

and the EFT scale (⇤), using Eqns.. (3.3) and (3.4). Additionally, for the sake of comparison

against the constraints outlined in Ref. [32], we have included the bounds predicted by the

XENON-100 experiment [117]. These comparisons are illustrated in Figs. 2 and 3.

3.3 Constraints on the ⇤�m� plane

In Figs. 2-6, the exclusion on ⇤ as a function of ADM mass are shown along with the results

due to various DD experiments, such as LZ, Xenon, Darkside. The bounds from the mono-

jet searches are presented for two jet-pT selection criteria, pT (j) > 200 GeV (LHC-200)

and pT (j) > 1200 GeV (LHC-1200). The current DD exclusions are also presented in the

same plot to gather an idea of the overall picture of the exclusions.
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Figure 2: Current exclusion limits on the scale ⇤ at di↵erent DM mass (mDM ) for the

scalar (Oss ⌘
1
⇤2  ̄ q̄q) (left) and vector (Ovv ⌘

1
⇤2  ̄�µ q̄�µq) (right) type interaction of

DM with quarks from di↵erent experimental observations and ADM considerations, labeled

on the respective regions with darker shades. The experimental exclusions extends up to

the bottom of the plots and overlapping regions are implicit.

Figure 3: Same as Fig. 2 but for axial-vector (Oaa ⌘
1
⇤2  ̄�µ�5 q̄�µ�5q ) (left) and tensor

(Ott ⌘
1
⇤2  ̄�µ⌫ q̄�µ⌫q) (right) type interaction of DM with quarks.
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DM with quarks from di↵erent experimental observations and ADM considerations, labeled

on the respective regions with darker shades. The experimental exclusions extends up to

the bottom of the plots and overlapping regions are implicit.
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⇤2  ̄�µ⌫ q̄�µ⌫q) (right) type interaction of DM with quarks.
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1
⇤2  ̄ q̄q) (left) and vector (Ovv ⌘
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⇤2  ̄�µ q̄�µq) (right) type interaction of

DM with quarks from di↵erent experimental observations and ADM considerations, labeled

on the respective regions with darker shades. The experimental exclusions extends up to

the bottom of the plots and overlapping regions are implicit.

Figure 3: Same as Fig. 2 but for axial-vector (Oaa ⌘
1
⇤2  ̄�µ�5 q̄�µ�5q ) (left) and tensor

(Ott ⌘
1
⇤2  ̄�µ⌫ q̄�µ⌫q) (right) type interaction of DM with quarks.

– 9 –

Λ, mχ

The non suppressed operators: 𝒪ss 𝒪vv 𝒪aa
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Figure 4: Same as Fig. 2 but for axial-vector�vector (Oav ⌘
1
⇤2  ̄�µ�5 q̄�µq)(left) and

vector�axial-vector (Ova ⌘
1
⇤2  ̄�µ q̄�µ�5q) (right) type interaction of DM with quarks.

Figure 5: Same as Fig. 2 but for pseudo-scalar�scalar (Ops ⌘
1
⇤2  ̄i�5 q̄q ) (left) and

scalar�pseudo-scalar (Osp ⌘
1
⇤2  ̄ q̄i�5q ) (right) type interaction of DM with quarks.

Clearly, the current DD limits are found to be much stronger compared to those pre-

sented in the Ref. [32]. For large part of the mass region, the DD bounds dominate the

exclusion on the DM-quark interactions. However, in low DM-mass regions, even in case

of the non-suppressed interactions, we found that the bounds coming from the mono-jet

searches supersede the DD limits. Especially for the Oaa and Ott operator, the current

limits exclude a good fraction of region. Indeed, the DD measurements are found to be not

sensitive for operators with suppressed interactions. In these cases the mono-jet searches

put the dominant constraints for these interactions (see Figs. 4-6).
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Figure 4: Same as Fig. 2 but for axial-vector�vector (Oav ⌘
1
⇤2  ̄�µ�5 q̄�µq)(left) and

vector�axial-vector (Ova ⌘
1
⇤2  ̄�µ q̄�µ�5q) (right) type interaction of DM with quarks.

Figure 5: Same as Fig. 2 but for pseudo-scalar�scalar (Ops ⌘
1
⇤2  ̄i�5 q̄q ) (left) and

scalar�pseudo-scalar (Osp ⌘
1
⇤2  ̄ q̄i�5q ) (right) type interaction of DM with quarks.

Clearly, the current DD limits are found to be much stronger compared to those pre-

sented in the Ref. [32]. For large part of the mass region, the DD bounds dominate the

exclusion on the DM-quark interactions. However, in low DM-mass regions, even in case

of the non-suppressed interactions, we found that the bounds coming from the mono-jet

searches supersede the DD limits. Especially for the Oaa and Ott operator, the current

limits exclude a good fraction of region. Indeed, the DD measurements are found to be not

sensitive for operators with suppressed interactions. In these cases the mono-jet searches

put the dominant constraints for these interactions (see Figs. 4-6).
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DM-Quark interaction : Constraints  



Lepton-DM Interactions 

The Leptophilic DM,  other constraints will  less effective   
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Figure 6: Same as Fig. 2 but for pseudo-scalar�pseudo-scalar (Opp ⌘
1
⇤2  ̄�5 q̄�5q) (left)

and pseudo-tensor�tensor (Opt ⌘
1
⇤2  ̄i�µ⌫�5 q̄�µ⌫q) (right) type interaction of DM with

quarks.

4 Constraining ADM-Lepton Interactions

In this section we consider the case of leptophilic DM. Note in these models DM-quark

interactions occur only at the loop level. Consequently, the limits obtained based on the

mono-jet searches at hadron colliders and nuclear recoil dependent DD experiments become

much weaker in this case. Moreover, the LHC being a hadron collider, the production of

DM, which is not coupled to quarks or gluons, is suppressed. On the other hand, leptophilic

DM attracts bounds from monophoton production at lepton colliders, such as LEP, or may

be searched at future lepton colliders, e.g., ILC, FCC-ee. Interestingly, studies of e↵ects

of DM capture in compact stars help constrain DM-lepton interactions strongly, which we

will discuss in Section 4.3.

4.1 Mono-photon searches at LEP

Similar to the mono-jet production in association with DM at the LHC, in an electron-

position collider, e.g., at LEP, DM can be produced accompanied by a photon radiated o↵

from the electron or positron (see Fig. 7 (left)), namely,

e+e� ! ��̄� ! /ET�. (4.1)

The SM counterpart of it involves production of neutrinos in place of DM (see Fig. 7

(right)), such as,

e+e� ! ⌫⌫̄� ! /ET�. (4.2)

These processes give rise to a mono-photon signal at the detector, a potentially robust

way to look for DM in e+e� collider. In Ref. [92], the authors studied the mono-photon
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⇤2  ̄�5 q̄�5q) (left)

and pseudo-tensor�tensor (Opt ⌘
1
⇤2  ̄i�µ⌫�5 q̄�µ⌫q) (right) type interaction of DM with

quarks.

4 Constraining ADM-Lepton Interactions

In this section we consider the case of leptophilic DM. Note in these models DM-quark

interactions occur only at the loop level. Consequently, the limits obtained based on the

mono-jet searches at hadron colliders and nuclear recoil dependent DD experiments become

much weaker in this case. Moreover, the LHC being a hadron collider, the production of

DM, which is not coupled to quarks or gluons, is suppressed. On the other hand, leptophilic

DM attracts bounds from monophoton production at lepton colliders, such as LEP, or may

be searched at future lepton colliders, e.g., ILC, FCC-ee. Interestingly, studies of e↵ects

of DM capture in compact stars help constrain DM-lepton interactions strongly, which we

will discuss in Section 4.3.

4.1 Mono-photon searches at LEP

Similar to the mono-jet production in association with DM at the LHC, in an electron-

position collider, e.g., at LEP, DM can be produced accompanied by a photon radiated o↵

from the electron or positron (see Fig. 7 (left)), namely,

e+e� ! ��̄� ! /ET�. (4.1)

The SM counterpart of it involves production of neutrinos in place of DM (see Fig. 7

(right)), such as,

e+e� ! ⌫⌫̄� ! /ET�. (4.2)

These processes give rise to a mono-photon signal at the detector, a potentially robust

way to look for DM in e+e� collider. In Ref. [92], the authors studied the mono-photon
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Figure 7: (Left) Feynman diagram of DM production from e+e� through e↵ective interac-

tion with additional photon from ISR; (right) Feynman diagram for the SM mono-photon

production process.

production in the e+e� collider and predicted the excluded region in the ⇤�m� plane for

four e↵ective operators (three of which are independent) of the DM-lepton interactions,

considering the mono-photon analysis of the DELPHI experiment at LEP [118], including

a simulation of the e↵ects of the DELPHI detector.

In this section, we revisit this LEP exclusions including all possible DM-lepton contact

interactions (same as Table 1, with f = e). Moreover, while presenting these LEP exclu-

sions, we also include the limits from DD or indirect detection experiments, to review the

overall picture of the current limits on leptophilic DM. Using these limits, we also infer

the exclusions for the case of ADMs. This approach permits us to delineate the parameter

spaces for viable ADM scenarios, similar to the analysis in the previous section.

In the following, we document our methodology to find the exclusions due to the LEP

data. To start with, we performed a Monte-Carlo (MC) simulation of the SM mono-photon

process, as in Eq. (4.2). This simulation is tailored to closely replicate the experimental

data. We factor in all the relevant aspects such as detector e�ciencies, resolutions, and

e↵ects of smearing. Then we validated our MC simulation with the experimental data.

Post-validation, we proceeded to employ the same configuration to generate events associ-

ated with dark matter for a wide range of parameter values, ⇤ and m�. Subsequently, we

evaluated the degree of excess that could potentially manifest at LEP as a result of these

dark matter events. Finally, this allows us to exclude regions in the ⇤-m� plane.

We closely follow the original LEP analysis Ref. [118], describing the measurements

of the mono-photon events with the DELPHI detector corresponding to luminosity L =

650 pb�1. These measurements are presented in bins of,

X� =
E�

Ebeam
, (4.3)

where E� and Ebeam are the energies of the photon and the colliding beams respectively.

The DM events are generated using Madgraph5-aMC@NLO-3.3.0[106] including the ISR

photon, using a UFO model file for leptophilic DM produced using the Feynrules pack-

age [107]. Finally, mono-photon events are passed through PYTHIA8 [108, 109] for show-

ering. It is important to emphasize here that accurate measurements of photons arising

from initial state radiation (ISR) is crucial to model a mono-photon process. In our anal-

ysis, we ensure that all final state photons pass the requirements for identification with
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Figure 7: (Left) Feynman diagram of DM production from e+e� through e↵ective interac-

tion with additional photon from ISR; (right) Feynman diagram for the SM mono-photon

production process.
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four e↵ective operators (three of which are independent) of the DM-lepton interactions,

considering the mono-photon analysis of the DELPHI experiment at LEP [118], including

a simulation of the e↵ects of the DELPHI detector.

In this section, we revisit this LEP exclusions including all possible DM-lepton contact

interactions (same as Table 1, with f = e). Moreover, while presenting these LEP exclu-

sions, we also include the limits from DD or indirect detection experiments, to review the

overall picture of the current limits on leptophilic DM. Using these limits, we also infer

the exclusions for the case of ADMs. This approach permits us to delineate the parameter

spaces for viable ADM scenarios, similar to the analysis in the previous section.

In the following, we document our methodology to find the exclusions due to the LEP

data. To start with, we performed a Monte-Carlo (MC) simulation of the SM mono-photon

process, as in Eq. (4.2). This simulation is tailored to closely replicate the experimental

data. We factor in all the relevant aspects such as detector e�ciencies, resolutions, and

e↵ects of smearing. Then we validated our MC simulation with the experimental data.

Post-validation, we proceeded to employ the same configuration to generate events associ-

ated with dark matter for a wide range of parameter values, ⇤ and m�. Subsequently, we

evaluated the degree of excess that could potentially manifest at LEP as a result of these

dark matter events. Finally, this allows us to exclude regions in the ⇤-m� plane.

We closely follow the original LEP analysis Ref. [118], describing the measurements

of the mono-photon events with the DELPHI detector corresponding to luminosity L =

650 pb�1. These measurements are presented in bins of,

X� =
E�

Ebeam
, (4.3)

where E� and Ebeam are the energies of the photon and the colliding beams respectively.

The DM events are generated using Madgraph5-aMC@NLO-3.3.0[106] including the ISR

photon, using a UFO model file for leptophilic DM produced using the Feynrules pack-

age [107]. Finally, mono-photon events are passed through PYTHIA8 [108, 109] for show-

ering. It is important to emphasize here that accurate measurements of photons arising

from initial state radiation (ISR) is crucial to model a mono-photon process. In our anal-

ysis, we ensure that all final state photons pass the requirements for identification with
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PRD 2011, 1103.0240

Taking into account effects of all operators,   we simulate following the analysis of DELPHI(LEP)   

Delphi collaboration  
EPJC 2005

MG5aMC_atNLO + Feynrules UFO+PYTHIA8   Included all detector related efficiencies  
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The analysis framework is validated    
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Figure 8: Distribution of X� = E�/Ebeam for single photon event, where the agreement

of the SM Monte-Carlo (red histogram) with the DELPHI-data (blue points with error

bar) can be observed. The DM signal (green histogram), with vector-like interaction with

⇤ = 300 GeV and m� = 10 GeV, shows excess for the lower values of X� and otherwise

consistent with the SM.

4.2 Discovery potential of ADM at FCC-ee

In this section we discuss the discovery potential of leptophilic DM in the FCC-ee (Future

Circular Collider - electron-positron) corresponding to the allowed region of parameter

space. The FCC-ee is a proposed e+e� collider with relatively higher center of mass

(COM) energies and luminosities, measuring observables at unprecedented precision [119].

The FCC-ee collider is proposed to operate in several stages, with di↵erent COM energies,

such as
p
s = 91, 160, 240 and 365 GeV. In our study, we have used the highest energy

option (
p
s = 365 GeV) to calculate the discovery reach of ADM scenarios. It is to be noted

that, this sensitivity study is applicable to any leptophilic DM with contact interactions of

Table 1, and not limited to ADM.

The FCC-ee experiment should produce mono-photon events similar to LEP. However,

the new detector set-up with increased COM energy is expected to probe wider ranges of

parameters (⇤,m�).

The production cross-sections of both the signal and backgrounds depend highly on

the polarization of the e+ and e� beams. For the sake of demonstration, we compute the

cross-section of the SM mono-photon background using Madgraph5-aMC@NLO-3.4.1[106],

varying the polarization of the beams. The variation of the cross-section with di↵erent

choices of beam polarizations are presented in Fig. 9 (left). As the beam polarization setting

of FCC-ee is not fixed yet, we used an unpolarized (50%-L and 50%-R combination) beam

for representative purposes.
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Figure 7: (Left) Feynman diagram of DM production from e+e� through e↵ective interac-

tion with additional photon from ISR; (right) Feynman diagram for the SM mono-photon

production process.

production in the e+e� collider and predicted the excluded region in the ⇤�m� plane for

four e↵ective operators (three of which are independent) of the DM-lepton interactions,

considering the mono-photon analysis of the DELPHI experiment at LEP [118], including

a simulation of the e↵ects of the DELPHI detector.

In this section, we revisit this LEP exclusions including all possible DM-lepton contact

interactions (same as Table 1, with f = e). Moreover, while presenting these LEP exclu-

sions, we also include the limits from DD or indirect detection experiments, to review the

overall picture of the current limits on leptophilic DM. Using these limits, we also infer

the exclusions for the case of ADMs. This approach permits us to delineate the parameter

spaces for viable ADM scenarios, similar to the analysis in the previous section.

In the following, we document our methodology to find the exclusions due to the LEP

data. To start with, we performed a Monte-Carlo (MC) simulation of the SM mono-photon

process, as in Eq. (4.2). This simulation is tailored to closely replicate the experimental

data. We factor in all the relevant aspects such as detector e�ciencies, resolutions, and

e↵ects of smearing. Then we validated our MC simulation with the experimental data.

Post-validation, we proceeded to employ the same configuration to generate events associ-

ated with dark matter for a wide range of parameter values, ⇤ and m�. Subsequently, we

evaluated the degree of excess that could potentially manifest at LEP as a result of these

dark matter events. Finally, this allows us to exclude regions in the ⇤-m� plane.

We closely follow the original LEP analysis Ref. [118], describing the measurements

of the mono-photon events with the DELPHI detector corresponding to luminosity L =

650 pb�1. These measurements are presented in bins of,

X� =
E�

Ebeam
, (4.3)

where E� and Ebeam are the energies of the photon and the colliding beams respectively.

The DM events are generated using Madgraph5-aMC@NLO-3.3.0[106] including the ISR

photon, using a UFO model file for leptophilic DM produced using the Feynrules pack-

age [107]. Finally, mono-photon events are passed through PYTHIA8 [108, 109] for show-

ering. It is important to emphasize here that accurate measurements of photons arising

from initial state radiation (ISR) is crucial to model a mono-photon process. In our anal-

ysis, we ensure that all final state photons pass the requirements for identification with
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Figure 9: (Left) Variation of the SM mono-photon production cross-section (e+e� ! ⌫⌫�) at
FCC-ee with variation of beam-polarization; (right) distribution of the energy fraction of photon
in the mono-photon events, for DM-signal (choosing ⇤ = 400 GeV,m� = 100 GeV, and vector-like
interaction) and SM-background.

For the signal, we essentially have one detectable object, namely the photon in the

final state. All other kinematic variables such as /ET and the transverse mass, MT (�, /ET ),

are strongly correlated to the energy of the photon. Hence a selection for photon energy

results in the e↵ective discrimination between signal and background. Hence, a selection

as

fE = E�/Ebeam < 0.3, (4.4)

is found to be very powerful to suppress backgrounds as shown in Fig. 9 (right panel). The

resulting signal significances, S/
p
S +B, are estimated at L = 340 fb�1 for each of the

given parameter spaces {m�,⇤}. Repeating this analysis for di↵erent choices of {m�,⇤},

we present the region for which S/
p
S +B > 3.0, i.e., the 3-� reach. The results are

presented in the following subsection.

4.3 Constraints from compact stars and direct detection

As seen in the previous sections, lepton-colliders are sensitive to a relatively smaller range

of leptophilic ADM masses. Comparatively, DM capture in compact objects can be used

to set bounds on a wider range of DM mass [48, 120–125]. Especially, neutron stars

(NS) [90, 91, 124, 126–133] and white dwarfs (WD) [91, 123, 134–137] constrains DM-lepton

interactions strongly for a MeV to TeV range of DMmass. Due to their high density, NS can

capture dark matter very e�ciently and can lead to the heating of NS [128, 132]. Since old,

isolated NS can naturally cool to temperatures below 1000 K, this heating can be utilized

to establish constraints on the strength of DM interactions. For instance, Refs. [90, 91]

have calculated these limits in detail for DM-electron interactions.

A comparable scenario can arise with white dwarfs (WDs) as well. The core of a WD

is primarily composed of a degenerate electron gas. Consequently, if there is interaction
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Figure 9: (Left) Variation of the SM mono-photon production cross-section (e+e� ! ⌫⌫�) at
FCC-ee with variation of beam-polarization; (right) distribution of the energy fraction of photon
in the mono-photon events, for DM-signal (choosing ⇤ = 400 GeV,m� = 100 GeV, and vector-like
interaction) and SM-background.

For the signal, we essentially have one detectable object, namely the photon in the

final state. All other kinematic variables such as /ET and the transverse mass, MT (�, /ET ),

are strongly correlated to the energy of the photon. Hence a selection for photon energy

results in the e↵ective discrimination between signal and background. Hence, a selection

as

fE = E�/Ebeam < 0.3, (4.4)

is found to be very powerful to suppress backgrounds as shown in Fig. 9 (right panel). The

resulting signal significances, S/
p
S +B, are estimated at L = 340 fb�1 for each of the

given parameter spaces {m�,⇤}. Repeating this analysis for di↵erent choices of {m�,⇤},

we present the region for which S/
p
S +B > 3.0, i.e., the 3-� reach. The results are

presented in the following subsection.

4.3 Constraints from compact stars and direct detection

As seen in the previous sections, lepton-colliders are sensitive to a relatively smaller range

of leptophilic ADM masses. Comparatively, DM capture in compact objects can be used

to set bounds on a wider range of DM mass [48, 120–125]. Especially, neutron stars

(NS) [90, 91, 124, 126–133] and white dwarfs (WD) [91, 123, 134–137] constrains DM-lepton

interactions strongly for a MeV to TeV range of DMmass. Due to their high density, NS can

capture dark matter very e�ciently and can lead to the heating of NS [128, 132]. Since old,

isolated NS can naturally cool to temperatures below 1000 K, this heating can be utilized

to establish constraints on the strength of DM interactions. For instance, Refs. [90, 91]

have calculated these limits in detail for DM-electron interactions.

A comparable scenario can arise with white dwarfs (WDs) as well. The core of a WD

is primarily composed of a degenerate electron gas. Consequently, if there is interaction
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Figure 7: (Left) Feynman diagram of DM production from e+e� through e↵ective interac-

tion with additional photon from ISR; (right) Feynman diagram for the SM mono-photon

production process.

production in the e+e� collider and predicted the excluded region in the ⇤�m� plane for

four e↵ective operators (three of which are independent) of the DM-lepton interactions,

considering the mono-photon analysis of the DELPHI experiment at LEP [118], including

a simulation of the e↵ects of the DELPHI detector.

In this section, we revisit this LEP exclusions including all possible DM-lepton contact

interactions (same as Table 1, with f = e). Moreover, while presenting these LEP exclu-

sions, we also include the limits from DD or indirect detection experiments, to review the

overall picture of the current limits on leptophilic DM. Using these limits, we also infer

the exclusions for the case of ADMs. This approach permits us to delineate the parameter

spaces for viable ADM scenarios, similar to the analysis in the previous section.

In the following, we document our methodology to find the exclusions due to the LEP

data. To start with, we performed a Monte-Carlo (MC) simulation of the SM mono-photon

process, as in Eq. (4.2). This simulation is tailored to closely replicate the experimental

data. We factor in all the relevant aspects such as detector e�ciencies, resolutions, and

e↵ects of smearing. Then we validated our MC simulation with the experimental data.

Post-validation, we proceeded to employ the same configuration to generate events associ-

ated with dark matter for a wide range of parameter values, ⇤ and m�. Subsequently, we

evaluated the degree of excess that could potentially manifest at LEP as a result of these

dark matter events. Finally, this allows us to exclude regions in the ⇤-m� plane.

We closely follow the original LEP analysis Ref. [118], describing the measurements

of the mono-photon events with the DELPHI detector corresponding to luminosity L =

650 pb�1. These measurements are presented in bins of,

X� =
E�

Ebeam
, (4.3)

where E� and Ebeam are the energies of the photon and the colliding beams respectively.

The DM events are generated using Madgraph5-aMC@NLO-3.3.0[106] including the ISR

photon, using a UFO model file for leptophilic DM produced using the Feynrules pack-

age [107]. Finally, mono-photon events are passed through PYTHIA8 [108, 109] for show-

ering. It is important to emphasize here that accurate measurements of photons arising

from initial state radiation (ISR) is crucial to model a mono-photon process. In our anal-

ysis, we ensure that all final state photons pass the requirements for identification with
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Constraints from Compact Stars: Neutron stars and White dwarf

• The phenomena of DM capture may lead constraints on the EFT model parameters.


• The heating of NS due the DM capture can be used to constrain the DM-lepton interaction.    

• The  DAMIC and Super CDMZ also put the strongest constraints on DM-lepton interactions. 

• The core of the White dwarf is primarily composed of electron gas. The DM can then scatter off  

electrons or annihilation process  →  heat up. 

Bell, Busoni Robles, JCAP 2019,  
1904.0983

Bell, Busoni, et.al. JCAP 2021,  
2104.14367
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Figure 10: Limits on ⇤e for scalar (Oss ⌘
1
⇤2  ̄ ēe)(left) and vector (Ovv ⌘

1
⇤2  ̄�µ ē�µe)

(right) type interaction of DM with electrons from di↵erent experimental observations and

ADM scenario, labeled on the respective regions with darker shades. The striped dark blue

region corresponds to the FCC-3� reach. The experimental exclusions/reach extends up

to the bottom of the plots and overlapping regions are implicit.

Osp, Ops, and Opp the LEP bounds are the only ones that can completely exclude ADM

possibility of a certain mass.

The blue striped region in Figs. 10 -14 presents the 3-� reach of the upcoming FCC-

ee experiment in the mono-photon search channel in the m� � ⇤ plane. The pattern

of the probing parameter region is similar to the LEP mono-photon bounds, as expected.

However, owing to higher COM energy, the reach extends tom� ⇠ 175 GeV and constraints

may strengthen by a factor of 2 or so.
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ee experiment in the mono-photon search channel in the m� � ⇤ plane. The pattern
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Figure 11: Same as Fig. 10 but for axial-vector (Oaa ⌘
1
⇤2  ̄�µ�5 ē�µ�5e ) (left) and

tensor (Ott ⌘
1
⇤2  ̄�µ⌫ ē�µ⌫e) (right) type interaction of DM with electrons.

Figure 12: Same as Fig. 10 but for axial-vector�vector (Oav ⌘
1
⇤2  ̄�µ�5 ē�µe) (left) and

vector�axial-vector (Ova ⌘
1
⇤2  ̄�µ ē�µ�5e) (right) type interaction of DM with electrons.

5 Summary and Outlook

In this paper, we present a detailed study of the current status of the e↵ective interactions

of ADM with quarks and leptons, with a future projection of the sensitivity of FCC-

ee in probing leptophilic ADM. We start with the ADM-quark interactions, where the

DD constraints often become most stringent. Considering the strongest exclusions from

di↵erent DD experiments, we find the excluded and allowed region corresponding to each

interaction in the ⇤�m� plane. However, for several e↵ective interactions, the DM-nucleon

scattering cross-sections are suppressed. In these cases, the constraints from monojet
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⇤2  ̄�µ⌫ ē�µ⌫e) (right) type interaction of DM with electrons.

Figure 12: Same as Fig. 10 but for axial-vector�vector (Oav ⌘
1
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The exclusion region in the  plane    Λ, mχ N
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Figure 13: Same as Fig. 10 but for scalar�pseudo-scalar (Osp ⌘
1
⇤2  ̄ ēi�5e ) (left)

and pseudo-tensor�tensor (Opt ⌘
1
⇤2  ̄i�µ⌫�5 ē�µ⌫e) (right) type interaction of DM with

electrons.

Figure 14: Same as Fig. 10 but for pseudo-scalar�scalar (Ops ⌘
1
⇤2  ̄i�5 ēe ) (left)

and pseudo-scalar�pseudo-scalar (Opp ⌘
1
⇤2  ̄�5 ē�5e) (right) type interaction of DM with

electrons.

searches are dominant. We calculate the exclusions from the monojet searches using the

most recent LHC measurements and including detector e↵ects. We find that, for scalar

(Oss ⌘
1
⇤2  ̄ ēe) and vector (Ovv ⌘

1
⇤2  ̄�µ ē�µe) type of interactions, the possibility of

ADM is ruled out almost up to ⇠ 1 TeV. Whereas, for other types of interactions, ADM

of mass larger than a few hundred GeV are still allowed in a narrow range of ⇤. None of

the searches exclude the viability of ADM above ⇠ 1 TeV. Note that the exclusion regions

from the experimental searches are not restricted to the ADM but are also applicable to

any DM with the interactions in Table 1.
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 Summary and Outlook  

• The  detailed study  of effective interaction of ADM with quarks and leptons are presented including 

The future projection for FCC.

• For the DM-quark interaction, DD constraints are found to be severe. In case interactions are suppressed,

Mono jet searches become effective. For scalar and vector type of interactions, ADM is ruled out almost 

up to  ~1 TeV 

• For the DM-lepton interaction, strongest bounds come from NS and WD studies. Mono-photon searches

becomes effective, for range of DM masses 1-100 GeV, except for few other interactions.

• For the DM-lepton interaction,  the 3 sigma reach for FCC-ee is presented. It is found that an DM of mass

~ 200 GeV can be probed for any general kind of effective interactions for the scale ~ 1 TeV.


