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The Least Known Stretch of Cosmic History

Inflation
∼ 1016 GeV

Reheating?

Thermal (SM) Bath {Trh , Tmax} Equation of State

BBN
∼ 4 MeV

Time

What do we know?

• CMB indicates towards inflation.

• 4He, 2H, 3He → hot bath at BBN.

• Therefore, Trh > TBBN ≃ 4 MeV.

The Connection

(Ωh2)DM
during−−−−−−→

reheating
Trh

Dark Matter (DM) relic produced during

reheating carries “memory” of the epoch.

If future colliders measure the DM-SM interaction, can it tell us about Trh?

1/15



The Least Known Stretch of Cosmic History

Inflation
∼ 1016 GeV

Reheating?

Thermal (SM) Bath {Trh , Tmax} Equation of State

BBN
∼ 4 MeV

Time

What do we know?

• CMB indicates towards inflation.

• 4He, 2H, 3He → hot bath at BBN.

• Therefore, Trh > TBBN ≃ 4 MeV.

The Connection

(Ωh2)DM
during−−−−−−→

reheating
Trh

Dark Matter (DM) relic produced during

reheating carries “memory” of the epoch.

If future colliders measure the DM-SM interaction, can it tell us about Trh?

1/15



Two Ways Dark Matter can Remember Reheating

Ultraviolet (UV) Freeze-in

• Feeble, non-renormalizable coupling.

• Relic density set near the highest
temperature achieved by the bath.

1/T (time −→)

Y D
M
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n D
M
/s

high TRH

TRH

TRH giving Ωh2
obs

TRH

low TRH

TRH

Y∞ ∝
MP T k+1

RH
Λk+2

Freeze-out during Reheating

• Thermal decoupling while inflaton
still dominates the energy density.

• Relic diluted by entropy injection.

x = mDM/T (time −→)
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entropy dilution
(inflaton still decaying)
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(Very) Brief Outline of Reheating



Perturbative Reheating in One Slide

Inflaton oscillates in a monomial potential.

V (Φ) = λ
Φn

Λn−4
Φ

, ΛΦ ≤ 1016 GeV

and decays perturbatively to the SM bath:

L ⊃ −µΦ|φ|2︸ ︷︷ ︸
bosonic

or −yΦΨ̄Ψ︸ ︷︷ ︸
fermionic

Time evolution tracked by scale factor, a.

End of Reheating : ρΦ(arh) = ρR(arh)

Temperature Evolution

• Bath temperature during reheating:

T (a) ≃ Trh

(arh
a

)α
,




αb = 3

2(n+2)

αf =
3(n−1)
2(n+2)

• Highest temperature of the bath:

Tmax ≃ T (aI) ≫ Trh

• {Trh , Tmax} −→ n , ΓΦ dependent,
and, DM inherits that dependence.

3/15



Perturbative Reheating in One Slide

Inflaton oscillates in a monomial potential.

V (Φ) = λ
Φn

Λn−4
Φ

, ΛΦ ≤ 1016 GeV

and decays perturbatively to the SM bath:

L ⊃ −µΦ|φ|2︸ ︷︷ ︸
bosonic

or −yΦΨ̄Ψ︸ ︷︷ ︸
fermionic

Time evolution tracked by scale factor, a.

End of Reheating : ρΦ(arh) = ρR(arh)

Temperature Evolution

• Bath temperature during reheating:

T (a) ≃ Trh

(arh
a

)α
,




αb = 3

2(n+2)

αf =
3(n−1)
2(n+2)

• Highest temperature of the bath:

Tmax ≃ T (aI) ≫ Trh

• {Trh , Tmax} −→ n , ΓΦ dependent,
and, DM inherits that dependence.

3/15



The Effective Scale Selects the Reheating Scenario
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Figure 2. Maximum temperature during reheating Tmax, as a function of the reheating temperature
Trh. The solid, dashed and dotted curves correspond to n = 2, 4, 6, respectively.

reheating ∝ mϕ(a), while for bosonic final states it is ∝ 1/mϕ(a). As a consequence, the
reheating process becomes more efficient over time for the bosonic final states than for the
fermionic final states for n > 2, since the inflaton mass mϕ(a) is a decreasing function of time.
Now, the effective description in eq. (3.20) is valid for the duration of reheating provided,
ΛNP ≳ Tmax [13]. On the other hand, since our goal is to explore reheating scenarios at the
collider with

√
s = 1TeV, therefore we prefer to have ΛNP ≳ 1TeV.6 To be more precise, for

the collider analysis, we will fix ΛNP = 1.2TeV. Consequently, it is important to verify if the
hierarchy ΛNP ≳ Tmax is maintained for both bosonic and fermionic reheating scenarios. In
figure 2, we show the maximum temperature Tmax during reheating as a function of Trh for
different choices of n, considering both bosonic and fermionic cases. We see, ΛNP ≳ Tmax is
satisfied for bosonic reheating only, and for n = 4, 6 with Trh around the MeV scale, satisfying
the BBN bound. For fermionic reheating, Tmax is always much higher than ΛNP, while for
larger n in case of bosnic reheating, Tmax decreases with Trh. This can be simply understood
from eq. (3.18), where we see, Tmax is approximately constant for fermionic reheating and
for bosonic, Tmax ∝ 1/Trh, for n≫ 1. Therefore, in order to maintain ΛNP ≳ Tmax, together
with ΛNP = 1.2TeV, we will stick to the bosonic reheating framework.

Before closing this section it is worth mentioning that in this work we focus on low-
reheating-temperature scenarios (as that will provide large signal significance at the collider),
typically around MeV scale and assume small inflaton couplings to daughter particles, which
makes preheating effects inefficient. Therefore, throughout this work, we will concentrate
on the perturbative reheating scenario. In any case, to fully deplete the inflaton energy,
perturbative decay through trilinear couplings between the inflaton and daughter particles is
still necessary, which is expected to occur in the final stage of the heating process after inflation,
when most of the energy is transferred from the inflaton to the bath particles [75–79]. For

6At colliders, the EFT framework breaks down for
√
s > ΛNP.

– 8 –

Solid / Dashed / Dotted → n = 2, 4, 6

Validity Criteria

• The theory must hold in the early
Universe, i.e. Λ > Tmax.

• The theory must also be valid at
colliders, i.e. Λ >

√
ŝ.

• Fermionic reheating: Tmax ≫ TeV,
for all n ⇒ Λ out of reach.

Bosonic reheating with n = 4, 6 ;

MeV-scale Trh keeps Λ ∼ O(TeV).

JHEP 07 (2025) 157, Barman, Bhattacharya, Jahedi, Pradhan, and Sarkar
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UV Freezing-in Dark Matter



Why FIMPs Evade Detection? and the Loophole

UV freeze-in through a dim-d operator,
DM yield grows with bath temperature:

YDM ∝ MP T k+1

Λk+2
, k = 2(d− 5)

Most DM is made at the hottest moment.
Instantaneous reheating, DM with (d = 7):

Λ ≃ 100 GeV
(mDM

MeV

)1/6( Trh

TBBN

)5/6

The Usual Story
High Trh → Huge Λ → (((((hhhhhDetection

The Loophole
Low Trh + Light DM → Λ ∼ TeV,
while still out of equilibrium (Γ/H ≪ 1).

A detection friendly FIMP points to a
low reheating temperature scenario.

PLB 869 (2025) 139863, Barman, Bhattacharya, Jahedi, Pradhan, and Sarkar
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Preferred Interactions: FIMP Suppression + Collider Detection

Of
3 =

1

Λ3

(
BµνB

µν +W i
µνW

iµν
)
χ̄χ

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

Figure 6. Feynman graphs showing associated production of DM pair with mono-γ (left) and OSE
(right) at the e+e− collider.

Figure 7. Feynman graphs for relevant SM backgrounds contributing to mono-γ+ missing energy
(/E) for DM signal at the e+e− colliders.

• Missing transverse energy ( /ET ): missing Transverse Energy (MET) can be esti-
mated from the momentum imbalance in the transverse direction associated with visible
particles, providing an indication of missing particles that are not registered by the
detector. MET is defined as

/ET = −
√(∑

px
)2

+
(∑

py
)2
, (4.1)

where px, y are the 3-momentum along x and y direction respectively, and the sum runs
over all the visible particles registered in the detector.

• Missing energy ( /E): the energy carried away by the missing particles is defined as
missing energy (ME) which can be identified at a lepton collider, given the information
of the CM energy of the process. ME is expressed as

/E =
√
s−

∑

i

Ei , (4.2)

where i’s are the possible visible particles detected in the detector.

• Pseudorapidity (ηγ): we define pseudorapidity from the knowledge of photon emerging
angle as

ηγ = − ln
[
tan

(
θγ
2

)]
. (4.3)

• Azimuthal angle (ϕγ): the azimuthal angle for the photon is defined as

ϕγ = tan−1
(
py
px

)
, (4.4)

where, px and py are the x and y component of the 4-momenta of the photon.

– 15 –

• Same operator: γγ → χχ̄ in the bath
and e+e− → χχ̄γ at lepton colliders.

• ISR photons look like νν̄γ. Vertex
photons have distinct /ET and /E.
Black: Vertex γ Red: ISR γ Blue: νν̄γ

B .Barman, S. Jahedi, D. Sarkar et al.

abundance. As an example, we elucidate how mono-𝛾 signal of an MeV 
scale photophilic fermionic DM can point towards MeV scale 𝑇RH. Such 
mono-𝛾 signal can be segregated from the SM background, when the 
photon emerges from DM vertex, unlike ISR. The analysis seeds plethora 
of possibilities, like incorporating the details of the early Universe dy-
namics [36], different DM operators, and signals which can provide sim-
ilar inferences.
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Appendix A.  Radiation−𝜸 vs. Vertex−𝜸

We review two scenarios in our analysis. The first scenario (already 
discussed in the main text) involves the operator 𝑓

3 , where the pho-
ton from the lepton collider mono-𝛾 signal originates directly from the 
effective vertex itself. In the alternate scenario, the photon is radiated 
from the incoming electron/positron leg. The later scenario is relevant 
to DM produced via leptophilic operators. One such operator is given 
by

𝑓
2 =

𝑐𝜒
Λ2 (𝓁𝐿𝛾

𝜇𝓁𝐿 + 𝑒𝑅𝛾
𝜇𝑒𝑅)(𝜒𝛾𝜇𝜒) . (A.1)

We perform a comparative analysis between the vertex photon from 𝑓
3

and the radiative photon from 𝑓
2  along with the neutrino background. 

The kinematic distributions are shown in Fig. A.5. It can be clearly seen 
that the radiative process is always overshadowed by the SM neutrino 
background, and hence, a clear distinction is extremely difficult using 
cut-based methods. To segregate these signal processes, we require po-
larization tuning (to suppress the background) as well as dedicated mul-
tivariate techniques.

Appendix B.  Reaction density and Boltzmann equation

The reaction density corresponding to 2-to-2 processes reads

𝛾22 = ∫
4∏
𝑖=1

𝑑Π𝑖(2𝜋)4𝛿(4)
(
𝑝𝑎 + 𝑝𝑏 − 𝑝1 − 𝑝2

)
𝑓𝑎
eq𝑓𝑏

eq||𝑎,𝑏→1,2||2

= 𝑇
32𝜋4 𝑔𝑎𝑔𝑏 ∫

∞

𝑠min
𝑑𝑠

[(
𝑠 − 𝑚2

𝑎 − 𝑚2
𝑏
)2 − 4𝑚2

𝑎𝑚
2
𝑏

]

√
𝑠

𝜎(𝑠)𝑎,𝑏→1,2 𝐾1

(√
𝑠

𝑇

)
, (B.1)

with 𝑎, 𝑏(1, 2) as the incoming (outgoing) states and 𝑔𝑎,𝑏 are correspond-
ing degrees of freedom. Here 𝑓𝑖eq ≈ exp−𝐸𝑖∕𝑇  is the Maxwell-Boltzmann 
distribution. The Lorentz invariant 2-body phase space is denoted by: 
𝑑Π𝑖 =

𝑑3𝑝𝑖
(2𝜋)32𝐸𝑖

. The amplitude squared (summed over final and aver-
aged over initial states) is denoted by ||𝑎,𝑏→1,2||2 for a particular 2-
to-2 scattering process. The lower limit of the integration over 𝑠 is 
𝑠min = max

[(
𝑚𝑎 + 𝑚𝑏

)2, (𝑚1 + 𝑚2
)2].

The Boltzmann equation (BEQ) governing the DM number density 
can be written in terms of the DM yield defined as a ratio of the DM 
number density to the entropy density in the visible sector, i.e., 𝑌DM =
𝑛DM∕𝑠. The BEQ can then be expressed in terms of the reaction densities 
as

𝑥𝐻 𝑠
𝑑𝑌DM
𝑑𝑥

= 𝛾22 , (B.2)

where 𝑥 ≡ 𝑚DM∕𝑇 , 𝑇  being the temperature of the thermal bath and 𝐻
is the Hubble parameter. In a radiation dominated Universe, 

𝑠(𝑇 ) = 2𝜋2

45
𝑔⋆𝑠(𝑇 ) 𝑇 3 , 𝐻(𝑇 ) = 𝜋

3

√
𝑔⋆(𝑇 )
10

𝑇 2

𝑀𝑃
, (B.3)

where 𝑔⋆𝑠 and 𝑔⋆ are the effective number of relativistic degrees of free-
dom contributing to the entropy and energy density respectively, while 
𝑀𝑃  is the reduced Planck mass. The typical UV nature of the DM yield 
is very much apparent from Fig. B.6, where, as one can see, bulk of the 
DM production happens around 𝑇RH, for a given DM mass and NP scale.

In Table B.2 we quote the Γ∕𝐻 ratio at 𝑇 = 𝑇RH for several bench-
mark values of DM mass, effective scale and reheating temperature, that 
correspond to the right DM abundance. For all cases we find Γ2→2∕𝐻 ≪
1, showing the DM production happens out of equilibrium (for temper-
atures lower than 𝑇RH, this ratio is even smaller). In each case we also 
provide the value of the thermally averaged DM,DM → 𝛾𝛾 cross-section. 
This shows that our parameter space is safe from CMB bound on the an-
nihilation cross-section of MeV-scale DM into mono-photon final states, 
that typically requires ⟨𝜎𝑣⟩ ≲ 10−16  GeV−2 [45,63].

Fig. A.5. Signal background event distributions for different kinematic variables with the mono-𝛾 final state signal. Left: MET ( ∕𝐸𝑇 ), middle: ME (∕𝐸), right: Pseudo-
rapidity (𝜂𝛾 ). The signal corresponds to: 𝑚𝜒=33 MeV and Λ=1.14 TeV.
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abundance. As an example, we elucidate how mono-𝛾 signal of an MeV 
scale photophilic fermionic DM can point towards MeV scale 𝑇RH. Such 
mono-𝛾 signal can be segregated from the SM background, when the 
photon emerges from DM vertex, unlike ISR. The analysis seeds plethora 
of possibilities, like incorporating the details of the early Universe dy-
namics [36], different DM operators, and signals which can provide sim-
ilar inferences.
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with 𝑎, 𝑏(1, 2) as the incoming (outgoing) states and 𝑔𝑎,𝑏 are correspond-
ing degrees of freedom. Here 𝑓𝑖eq ≈ exp−𝐸𝑖∕𝑇  is the Maxwell-Boltzmann 
distribution. The Lorentz invariant 2-body phase space is denoted by: 
𝑑Π𝑖 =

𝑑3𝑝𝑖
(2𝜋)32𝐸𝑖

. The amplitude squared (summed over final and aver-
aged over initial states) is denoted by ||𝑎,𝑏→1,2||2 for a particular 2-
to-2 scattering process. The lower limit of the integration over 𝑠 is 
𝑠min = max

[(
𝑚𝑎 + 𝑚𝑏

)2, (𝑚1 + 𝑚2
)2].

The Boltzmann equation (BEQ) governing the DM number density 
can be written in terms of the DM yield defined as a ratio of the DM 
number density to the entropy density in the visible sector, i.e., 𝑌DM =
𝑛DM∕𝑠. The BEQ can then be expressed in terms of the reaction densities 
as

𝑥𝐻 𝑠
𝑑𝑌DM
𝑑𝑥

= 𝛾22 , (B.2)

where 𝑥 ≡ 𝑚DM∕𝑇 , 𝑇  being the temperature of the thermal bath and 𝐻
is the Hubble parameter. In a radiation dominated Universe, 

𝑠(𝑇 ) = 2𝜋2

45
𝑔⋆𝑠(𝑇 ) 𝑇 3 , 𝐻(𝑇 ) = 𝜋

3

√
𝑔⋆(𝑇 )
10

𝑇 2

𝑀𝑃
, (B.3)

where 𝑔⋆𝑠 and 𝑔⋆ are the effective number of relativistic degrees of free-
dom contributing to the entropy and energy density respectively, while 
𝑀𝑃  is the reduced Planck mass. The typical UV nature of the DM yield 
is very much apparent from Fig. B.6, where, as one can see, bulk of the 
DM production happens around 𝑇RH, for a given DM mass and NP scale.

In Table B.2 we quote the Γ∕𝐻 ratio at 𝑇 = 𝑇RH for several bench-
mark values of DM mass, effective scale and reheating temperature, that 
correspond to the right DM abundance. For all cases we find Γ2→2∕𝐻 ≪
1, showing the DM production happens out of equilibrium (for temper-
atures lower than 𝑇RH, this ratio is even smaller). In each case we also 
provide the value of the thermally averaged DM,DM → 𝛾𝛾 cross-section. 
This shows that our parameter space is safe from CMB bound on the an-
nihilation cross-section of MeV-scale DM into mono-photon final states, 
that typically requires ⟨𝜎𝑣⟩ ≲ 10−16  GeV−2 [45,63].

Fig. A.5. Signal background event distributions for different kinematic variables with the mono-𝛾 final state signal. Left: MET ( ∕𝐸𝑇 ), middle: ME (∕𝐸), right: Pseudo-
rapidity (𝜂𝛾 ). The signal corresponds to: 𝑚𝜒=33 MeV and Λ=1.14 TeV.
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Fig. 1. DM relic allowed parameter space for fermion (left) and scalar (right) DM, where the colour bar corresponds to Λ. The gray shaded regions are disallowed 
from the instantaneous decay approximation requiring 𝑚DM ≲ 𝑇RH, as well as from the BBN bound 𝑇RH ≳ 4 MeV. In the left panel the cyan and white dashed contours 
shows 5𝜎 significance for mono-𝛾 + ∕𝐸 signal at the ILC, with √𝑠 = 1 TeV, 𝔏int = 8 ab−1 for unpolarized and polarized ({𝑃𝑒+ , 𝑃𝑒−} = {−20%,+80%}) beams respectively.

Fig. 2. Left: Feynman graph for associated production of fermionic DM pair 
(𝜒𝜒) with mono-𝛾 at the 𝑒+𝑒− collider. Right: Feynman diagram corresponds to 
the FIMP-electron (DM − e) scattering.

and integrated luminosity 𝔏int = 8 ab−1) can be projected in this plane, 
as shown by the (cyan) white dashed lines for (un)polarized beams in 
the left panel plot, indicating the possibility of collider reach to probe 
the MeV-scale reheating era. We will elaborate on it soon.

It is worth reminding that MeV-scale reheating is realizable in a min-
imal gravitational reheating scenario, where the SM bath is produced 
from inflaton scattering, mediated by graviton [46]. Since gravity inter-
acts with all matter particles democratically, such a reheating process is 
inevitable and natural. The minimal scenario is however dismissed due 
to the excessive production of inflationary gravitational wave energy 
density around the time of BBN [47,48]. As mentioned before, we re-
frain from adhering to a specific reheating mechanism here, and simply 
consider 𝑇RH as a free parameter. The photophilic DM provides mono-𝛾
with missing energy signal as the innate choice, as shown in the left 
panel of Fig. 2. For collider simulation we consider 𝑓

3 , since for 𝑠
2, 

one needs 𝑇RH < 𝑇BBN to have Λ ≲ (TeV), as seen from Fig. 1. The 
choice of Λ is consistent with the LEP and the LHC mono-photon data 
(see Appendices D and E). For larger Λ, the signal significance dimin-
ishes as the production cross-section reduces. We perform detector-level 
analysis at the projected √𝑠 = 1 TeV and 𝔏int = 8 ab−1 which is expected 
to be the maximum reach of the ILC [50]. The model implementation 
is done in FeynRules [51] and the signal/background events are gen-

erated using MG5_aMC [52]. The simulated events are then showered 
using Pythia8 [53] and further detector simulation is done exploiting
Delphes3 [54].

The signal selection is ensured by only allowing events with a sin-
gle photon with no associated leptons or jets. The dominant SM back-
ground stems from 𝜈𝜈̄𝛾 channel, where the photon can be radiated from 
the electron leg in the 𝑊  mediated 𝑡-channel (dominant), 𝑍 mediated 
𝑠-channel or from the 𝑊  boson fusion process. The photon from the 
SM neutrino background is characterized by low transverse momentum 
(𝑝𝑇 ), unlike the signal. Thus, imposing missing transverse energy (MET), 
∕𝐸𝑇 = −

√∑(
𝑝𝑥
)2 +∑(

𝑝𝑦
)2 (where the sum runs over all visible objects) 

cut effectively mitigates a substantial portion of the dominant SM back-
ground. Missing energy (ME) in this case is defined as ∕𝐸 =

√
𝑠 − 𝐸𝛾 . Ap-

plying a cut to ensure the removal of the two peaks of the neutrino ∕𝐸
distribution reduces the background significantly, retaining most of the 
signal. Finally, implementing an absolute pseudorapidity |𝜂𝛾 | < 1.0 finely 
tunes the elimination of non-transverse backgrounds. For the bench-
marks illustrated in Table 1, the signal efficiency5 𝜖𝑠 is obtained to be 
0.51 for a background rejection rate of 99%. The event topology in Fig. 3 
shows the impact of these particular observables in separating the sig-
nal from the SM background. For details of simulation techniques, see 
Appendix C. The signal significance is calculated via [55]

 =
√

2
[
(𝑆 + 𝐵) log

(
1 + 𝑆

𝐵

)
− 𝑆

]
. (6)

Here 𝑆 and 𝐵 denote signal and background events, respectively. Sig-
nal significance () undergoes enhancement after employing a series of 
cuts outlined in Table 1. Note that, for 𝑆∕𝐵 ≪ 1, one finds  ≃ 𝑆∕

√
𝐵 ∝

1∕Λ6.
As the SM is a left chiral theory, judicious choice of beam polar-

izations, as 𝑒+𝑒− machines are equipped with, can suppress the SM 
background, and enhance . Owing to the proposed polarizability of 
5 We define 𝜖𝑠 = 𝜎𝚜𝚒𝚐∕𝜎𝚙𝚛𝚘𝚍, where 𝜎𝚙𝚛𝚘𝚍 and 𝜎𝚜𝚒𝚐 are the signal cross-section 

before and dummyTXdummy– after cut, respectively.
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Figure 4. Viable parameter space for scalar (top) and fermionic DM (bottom), satisfying the observed
relic abundance for the bosonic reheating scenario. The blue solid and red dashed lines correspond to
n = 4 and n = 6, respectively. The gray shaded region is forbidden from BBN bound on Trh. We have
fixed ΛNP = 2.0 (1.2)TeV for the scalar (fermionic) DM scenario, ensuring consistency with indirect
search constraints and maintaining the validity of the EFT approach in the collider context, where√
s < ΛNP.

The maximum reheating temperature, for each n, that provides right DM abundance also
corresponds to maximum temperature of the thermal bath Tmax = ΛNP, above which the
effective DM-SM description remains valid no more. In the figure we only show the Tmax = ΛNP
contour for n = 6, the same also exists for n = 4 but at a much lower Trh. Note that, for
instantaneous reheating (sudden decay approximation), it is not possible to produce DM
with mass mDM > Trh, as the maximum available temperature to the radiation bath is Trh
itself. This is what we realized in [24], where the scalar DM, produced during instantaneous

– 12 –

• Bosonic, Λ = 1.2 TeV, n = 4, n = 6.

• DM heavier than Trh is now viable.
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Fig. 1. DM relic allowed parameter space for fermion (left) and scalar (right) DM, where the colour bar corresponds to Λ. The gray shaded regions are disallowed 
from the instantaneous decay approximation requiring 𝑚DM ≲ 𝑇RH, as well as from the BBN bound 𝑇RH ≳ 4 MeV. In the left panel the cyan and white dashed contours 
shows 5𝜎 significance for mono-𝛾 + ∕𝐸 signal at the ILC, with √𝑠 = 1 TeV, 𝔏int = 8 ab−1 for unpolarized and polarized ({𝑃𝑒+ , 𝑃𝑒−} = {−20%,+80%}) beams respectively.

Fig. 2. Left: Feynman graph for associated production of fermionic DM pair 
(𝜒𝜒) with mono-𝛾 at the 𝑒+𝑒− collider. Right: Feynman diagram corresponds to 
the FIMP-electron (DM − e) scattering.

and integrated luminosity 𝔏int = 8 ab−1) can be projected in this plane, 
as shown by the (cyan) white dashed lines for (un)polarized beams in 
the left panel plot, indicating the possibility of collider reach to probe 
the MeV-scale reheating era. We will elaborate on it soon.

It is worth reminding that MeV-scale reheating is realizable in a min-
imal gravitational reheating scenario, where the SM bath is produced 
from inflaton scattering, mediated by graviton [46]. Since gravity inter-
acts with all matter particles democratically, such a reheating process is 
inevitable and natural. The minimal scenario is however dismissed due 
to the excessive production of inflationary gravitational wave energy 
density around the time of BBN [47,48]. As mentioned before, we re-
frain from adhering to a specific reheating mechanism here, and simply 
consider 𝑇RH as a free parameter. The photophilic DM provides mono-𝛾
with missing energy signal as the innate choice, as shown in the left 
panel of Fig. 2. For collider simulation we consider 𝑓

3 , since for 𝑠
2, 

one needs 𝑇RH < 𝑇BBN to have Λ ≲ (TeV), as seen from Fig. 1. The 
choice of Λ is consistent with the LEP and the LHC mono-photon data 
(see Appendices D and E). For larger Λ, the signal significance dimin-
ishes as the production cross-section reduces. We perform detector-level 
analysis at the projected √𝑠 = 1 TeV and 𝔏int = 8 ab−1 which is expected 
to be the maximum reach of the ILC [50]. The model implementation 
is done in FeynRules [51] and the signal/background events are gen-

erated using MG5_aMC [52]. The simulated events are then showered 
using Pythia8 [53] and further detector simulation is done exploiting
Delphes3 [54].

The signal selection is ensured by only allowing events with a sin-
gle photon with no associated leptons or jets. The dominant SM back-
ground stems from 𝜈𝜈̄𝛾 channel, where the photon can be radiated from 
the electron leg in the 𝑊  mediated 𝑡-channel (dominant), 𝑍 mediated 
𝑠-channel or from the 𝑊  boson fusion process. The photon from the 
SM neutrino background is characterized by low transverse momentum 
(𝑝𝑇 ), unlike the signal. Thus, imposing missing transverse energy (MET), 
∕𝐸𝑇 = −

√∑(
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)2 +∑(
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)2 (where the sum runs over all visible objects) 

cut effectively mitigates a substantial portion of the dominant SM back-
ground. Missing energy (ME) in this case is defined as ∕𝐸 =

√
𝑠 − 𝐸𝛾 . Ap-

plying a cut to ensure the removal of the two peaks of the neutrino ∕𝐸
distribution reduces the background significantly, retaining most of the 
signal. Finally, implementing an absolute pseudorapidity |𝜂𝛾 | < 1.0 finely 
tunes the elimination of non-transverse backgrounds. For the bench-
marks illustrated in Table 1, the signal efficiency5 𝜖𝑠 is obtained to be 
0.51 for a background rejection rate of 99%. The event topology in Fig. 3 
shows the impact of these particular observables in separating the sig-
nal from the SM background. For details of simulation techniques, see 
Appendix C. The signal significance is calculated via [55]
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cuts outlined in Table 1. Note that, for 𝑆∕𝐵 ≪ 1, one finds  ≃ 𝑆∕
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The maximum reheating temperature, for each n, that provides right DM abundance also
corresponds to maximum temperature of the thermal bath Tmax = ΛNP, above which the
effective DM-SM description remains valid no more. In the figure we only show the Tmax = ΛNP
contour for n = 6, the same also exists for n = 4 but at a much lower Trh. Note that, for
instantaneous reheating (sudden decay approximation), it is not possible to produce DM
with mass mDM > Trh, as the maximum available temperature to the radiation bath is Trh
itself. This is what we realized in [24], where the scalar DM, produced during instantaneous
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• Bosonic, Λ = 1.2 TeV, n = 4, n = 6.

• DM heavier than Trh is now viable.
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Mono-γ + /E Signal: Role of Beam Polarization

Cutflow (ILC 1 TeV 8 ab−1)

Cut χχ̄γ νν̄γ S

Basic 4422 18 101 325 1.04
C1 2957 725 945 3.47
C2 2694 289 420 5.00
C3 2395 219 161 5.10

Benchmark: mχ = 33 MeV, Λ = 1.14 TeV
ILC:

√
s = 1 TeV, Lint = 8 ab−1

Cuts


C1 : /ET > 200 GeV

C2 : 525 GeV < /E < 750 GeV

C3 : −1.0 < ηγ < 1.0

Polarization Effects

{Pe+ , Pe−} χχ̄γ νν̄γ S

{0%, 0%} 2395 219 161 5.10
{+20%,+80%} 2010 55 052 8.52
{−20%,+80%} 2778 40 711 13.6
{+20%,−80%} 2774 453 639 4.11
{−20%,−80%} 2003 303 079 3.63

Polarizing to RH e− cuts the W -exchange
νν̄γ background (∼ 5×). Signal grows.

Polarization: 5.10σ → 13.6σ
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Fig. 3. Normalised signal background event distributions for mono-𝛾 final state. Left: ME (∕𝐸), middle: MET (∕𝐸𝑇 ), right: Pseudorapidity (𝜂𝛾 ). The signal corresponds 
to: 𝑚𝜒=33 MeV, Λ=1.14 TeV.

Fig. 4. Observed DM abundance for 𝑓
3  for different combinations of 𝑚𝜒 , Λ and 𝑇RH, shown via scattered reddish points. Black points are disallowed, requiring 

𝑇RH < 𝑇BBN or 𝑚𝜒 > 𝑇RH or both to produce the right abundance; in conflict with the BBN bound and instantaneous reheating approximation. The colour gradient 
shows the variation of  at ILC with √𝑠 = 1 TeV, and 𝔏int = 8 ab−1, for unpolarized beams (left), and polarised beams {𝑃𝑒+ , 𝑃𝑒−} = {−20%,+80%} (right). The blue 
dashed line represents the projected 95% C.L. exclusion limit from the HL-LHC (√𝑠 = 14 TeV, 𝔏int = 3 ab−1) [49]. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Table 1 
Upper: Signal-background event counts and  for mono-𝛾 signal for 
fermion DM, where 𝑚𝜒=33 MeV and Λ=1.14 TeV. Lower: Same 
after final cut for different polarization combinations. The event 
counts correspond to √𝑠 = 1 TeV and 𝔏int = 8 ab−1.
 Cutflow 𝜈𝜈𝛾 (𝐵) 𝜒𝜒𝛾

 Events (𝑆)  Significance ()
 Basic Cuts  18,101,325  4422  1.04
∕𝐸𝑇 > 200.0 GeV  725,945  2957  3.47
∕𝐸 ∈ [525, 750] GeV  289,420  2694  5.00
|𝜂𝛾 | < 1.0  219,161  2395  5.10
Polarization
{𝑃𝑒+ , 𝑃𝑒− } 𝜈𝜈𝛾 (𝐵) 𝜒𝜒𝛾

 Events (𝑆)  Significance ()
{0%, 0%}  219,161  2395  5.10
{+20%,+80%}  55,052  2010  8.52
{−20%,+80%}  40,711  2778  13.62
{+20%,−80%}  453,639  2774  4.11
{−20%,−80%}  303,079  2003  3.63

ILC, we study  for various polarization combinations, as outlined in 
Table 1. The detailed event analysis is summarized in Appendix C. 
{𝑃𝑒+ , 𝑃𝑒−} = {−20%, +80%} emerges as the most favorable combina-
tion, enhancing the signal while significantly reducing the background. 

Having larger SM background and absence of polarization, probing the 
model at the LHC turns difficult.

Fig. 4 shows  in Λ − 𝑚𝜒  plane via coloured bands, which decreases 
with larger Λ, as the signal cross-section ∼ 1∕Λ6. Also the significance 
diminishes with larger 𝑚𝜒  due to limited phase space. Following Eq.  (4), 
each Λ − 𝑚𝜒  point indicate to a specific 𝑇RH to satisfy the DM abundance, 
as shown by the reddish points, establishing a correlation between 
and 𝑇RH. For higher DM masses, a lower 𝑇RH is required to achieve the 
correct DM relic, which violates the lower bound on 𝑇RH from BBN or the 
instantaneous reheating approximation itself (shown by black points). 
Therefore, it is possible to associate a signal significance of 5𝜎 with MeV-
scale reheating temperature and MeV-scale frozen in DM. This is what 
we represent in the left panel of Fig. 1, via the white (cyan) dashed 
line(s). Note that a significant part of our parameter space survives the 
projected 95% C.L. exclusion limit from the HL-LHC 14 TeV 3 ab−1 run 
(blue dashed line).

An effective DM-electron interaction can also be realized at the 1-
loop level [cf. right panel of Fig. 2], that leads to DM direct search via 
electron scattering, which is typically sensitive to MeV-scale DM [56]. 
However, in our case, the corresponding scattering cross section turns 
out to be ≲ 10−51 cm2, far beyond the reach of present experiments
[57–62].

To summarize, we demonstrate the possibility to infer the reheat 
temperature of the universe from DM signal at future lepton colliders. 
The possibility emerges for DMs that undergo UV freeze-in, having one-
to-one correspondence with 𝑇RH, 𝑚DM and Λ to address correct relic 
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• Tmax = Trh. Flat in mχ; S ∝ 1/Λ6.
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Figure 11. Signal significance as a function of DM mass for the fermionic DM. We choose n = 6,
ΛNP = 1.2TeV,

√
s = 1TeV and Lint = 8ab−1. The polarization combinations are {Pe+ , Pe−} =

{−20%,+80%} ({+20%,+80%}) for mono-γ (OSE) signal. The bar legend denotes the corresponding
reheating temperature required to satisfy the observed DM abundance.

observed DM abundance. We remind the readers once again that in this case only the bosonic
reheating scenario is valid as in that case ΛNP > Tmax is satisfied in order to achieve the
observed abundance for DM mass of our interest. This enables us to establish a one-to-one
correspondence between the DM mass and the reheat temperature, that are controlled by
the reheating dynamics, with the signal significance at the ILC.

5 Conclusion

In this work, we have explored the ability of lepton colliders to shed light on the pre-BBN
cosmology. To establish a one-to-one correspondence between collider and cosmological
observables, we focused on dark matter (DM) genesis via UV freeze-in, which requires non-
renormalizable interactions between DM and the visible sector, i.e., the Standard Model (SM).
We considered DM production during the era of reheating, facilitated by DM-SM operators
with mass dimensions six and seven — where the former pertains to spin-0 DM, and the
latter to spin-1/2 DM. There is a potential difficulty in probing UV freezing in DM at collider,
as the effective NP scale requires to be quite large compared to the DM mass. This evidently
makes the signal cross-section much smaller compared to weak interaction cross-section.
Therefore, the operators that can produce a distinguishable signal from the SM background
at collider, need to produce a missing energy or MET distribution characteristically different
from that of the background. This is what happens when DM operators couple to SM
field strength tensors, the resulting mono-photon signal can be segregated from the SM
contamination with judicious missing energy and MET cuts at future lepton colliders. It
is a bit difficult to do the same exercise in context of LHC, as the background events are
huge and the separability is not that clean.
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Fig. 3. Normalised signal background event distributions for mono-𝛾 final state. Left: ME (∕𝐸), middle: MET (∕𝐸𝑇 ), right: Pseudorapidity (𝜂𝛾 ). The signal corresponds 
to: 𝑚𝜒=33 MeV, Λ=1.14 TeV.

Fig. 4. Observed DM abundance for 𝑓
3  for different combinations of 𝑚𝜒 , Λ and 𝑇RH, shown via scattered reddish points. Black points are disallowed, requiring 

𝑇RH < 𝑇BBN or 𝑚𝜒 > 𝑇RH or both to produce the right abundance; in conflict with the BBN bound and instantaneous reheating approximation. The colour gradient 
shows the variation of  at ILC with √𝑠 = 1 TeV, and 𝔏int = 8 ab−1, for unpolarized beams (left), and polarised beams {𝑃𝑒+ , 𝑃𝑒−} = {−20%,+80%} (right). The blue 
dashed line represents the projected 95% C.L. exclusion limit from the HL-LHC (√𝑠 = 14 TeV, 𝔏int = 3 ab−1) [49]. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Table 1 
Upper: Signal-background event counts and  for mono-𝛾 signal for 
fermion DM, where 𝑚𝜒=33 MeV and Λ=1.14 TeV. Lower: Same 
after final cut for different polarization combinations. The event 
counts correspond to √𝑠 = 1 TeV and 𝔏int = 8 ab−1.
 Cutflow 𝜈𝜈𝛾 (𝐵) 𝜒𝜒𝛾

 Events (𝑆)  Significance ()
 Basic Cuts  18,101,325  4422  1.04
∕𝐸𝑇 > 200.0 GeV  725,945  2957  3.47
∕𝐸 ∈ [525, 750] GeV  289,420  2694  5.00
|𝜂𝛾 | < 1.0  219,161  2395  5.10
Polarization
{𝑃𝑒+ , 𝑃𝑒− } 𝜈𝜈𝛾 (𝐵) 𝜒𝜒𝛾

 Events (𝑆)  Significance ()
{0%, 0%}  219,161  2395  5.10
{+20%,+80%}  55,052  2010  8.52
{−20%,+80%}  40,711  2778  13.62
{+20%,−80%}  453,639  2774  4.11
{−20%,−80%}  303,079  2003  3.63

ILC, we study  for various polarization combinations, as outlined in 
Table 1. The detailed event analysis is summarized in Appendix C. 
{𝑃𝑒+ , 𝑃𝑒−} = {−20%, +80%} emerges as the most favorable combina-
tion, enhancing the signal while significantly reducing the background. 

Having larger SM background and absence of polarization, probing the 
model at the LHC turns difficult.

Fig. 4 shows  in Λ − 𝑚𝜒  plane via coloured bands, which decreases 
with larger Λ, as the signal cross-section ∼ 1∕Λ6. Also the significance 
diminishes with larger 𝑚𝜒  due to limited phase space. Following Eq.  (4), 
each Λ − 𝑚𝜒  point indicate to a specific 𝑇RH to satisfy the DM abundance, 
as shown by the reddish points, establishing a correlation between 
and 𝑇RH. For higher DM masses, a lower 𝑇RH is required to achieve the 
correct DM relic, which violates the lower bound on 𝑇RH from BBN or the 
instantaneous reheating approximation itself (shown by black points). 
Therefore, it is possible to associate a signal significance of 5𝜎 with MeV-
scale reheating temperature and MeV-scale frozen in DM. This is what 
we represent in the left panel of Fig. 1, via the white (cyan) dashed 
line(s). Note that a significant part of our parameter space survives the 
projected 95% C.L. exclusion limit from the HL-LHC 14 TeV 3 ab−1 run 
(blue dashed line).

An effective DM-electron interaction can also be realized at the 1-
loop level [cf. right panel of Fig. 2], that leads to DM direct search via 
electron scattering, which is typically sensitive to MeV-scale DM [56]. 
However, in our case, the corresponding scattering cross section turns 
out to be ≲ 10−51 cm2, far beyond the reach of present experiments
[57–62].

To summarize, we demonstrate the possibility to infer the reheat 
temperature of the universe from DM signal at future lepton colliders. 
The possibility emerges for DMs that undergo UV freeze-in, having one-
to-one correspondence with 𝑇RH, 𝑚DM and Λ to address correct relic 
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Figure 11. Signal significance as a function of DM mass for the fermionic DM. We choose n = 6,
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√
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{−20%,+80%} ({+20%,+80%}) for mono-γ (OSE) signal. The bar legend denotes the corresponding
reheating temperature required to satisfy the observed DM abundance.

observed DM abundance. We remind the readers once again that in this case only the bosonic
reheating scenario is valid as in that case ΛNP > Tmax is satisfied in order to achieve the
observed abundance for DM mass of our interest. This enables us to establish a one-to-one
correspondence between the DM mass and the reheat temperature, that are controlled by
the reheating dynamics, with the signal significance at the ILC.

5 Conclusion

In this work, we have explored the ability of lepton colliders to shed light on the pre-BBN
cosmology. To establish a one-to-one correspondence between collider and cosmological
observables, we focused on dark matter (DM) genesis via UV freeze-in, which requires non-
renormalizable interactions between DM and the visible sector, i.e., the Standard Model (SM).
We considered DM production during the era of reheating, facilitated by DM-SM operators
with mass dimensions six and seven — where the former pertains to spin-0 DM, and the
latter to spin-1/2 DM. There is a potential difficulty in probing UV freezing in DM at collider,
as the effective NP scale requires to be quite large compared to the DM mass. This evidently
makes the signal cross-section much smaller compared to weak interaction cross-section.
Therefore, the operators that can produce a distinguishable signal from the SM background
at collider, need to produce a missing energy or MET distribution characteristically different
from that of the background. This is what happens when DM operators couple to SM
field strength tensors, the resulting mono-photon signal can be segregated from the SM
contamination with judicious missing energy and MET cuts at future lepton colliders. It
is a bit difficult to do the same exercise in context of LHC, as the background events are
huge and the separability is not that clean.
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Fig. 3. Normalised signal background event distributions for mono-𝛾 final state. Left: ME (∕𝐸), middle: MET (∕𝐸𝑇 ), right: Pseudorapidity (𝜂𝛾 ). The signal corresponds 
to: 𝑚𝜒=33 MeV, Λ=1.14 TeV.

Fig. 4. Observed DM abundance for 𝑓
3  for different combinations of 𝑚𝜒 , Λ and 𝑇RH, shown via scattered reddish points. Black points are disallowed, requiring 

𝑇RH < 𝑇BBN or 𝑚𝜒 > 𝑇RH or both to produce the right abundance; in conflict with the BBN bound and instantaneous reheating approximation. The colour gradient 
shows the variation of  at ILC with √𝑠 = 1 TeV, and 𝔏int = 8 ab−1, for unpolarized beams (left), and polarised beams {𝑃𝑒+ , 𝑃𝑒−} = {−20%,+80%} (right). The blue 
dashed line represents the projected 95% C.L. exclusion limit from the HL-LHC (√𝑠 = 14 TeV, 𝔏int = 3 ab−1) [49]. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Table 1 
Upper: Signal-background event counts and  for mono-𝛾 signal for 
fermion DM, where 𝑚𝜒=33 MeV and Λ=1.14 TeV. Lower: Same 
after final cut for different polarization combinations. The event 
counts correspond to √𝑠 = 1 TeV and 𝔏int = 8 ab−1.
 Cutflow 𝜈𝜈𝛾 (𝐵) 𝜒𝜒𝛾

 Events (𝑆)  Significance ()
 Basic Cuts  18,101,325  4422  1.04
∕𝐸𝑇 > 200.0 GeV  725,945  2957  3.47
∕𝐸 ∈ [525, 750] GeV  289,420  2694  5.00
|𝜂𝛾 | < 1.0  219,161  2395  5.10
Polarization
{𝑃𝑒+ , 𝑃𝑒− } 𝜈𝜈𝛾 (𝐵) 𝜒𝜒𝛾

 Events (𝑆)  Significance ()
{0%, 0%}  219,161  2395  5.10
{+20%,+80%}  55,052  2010  8.52
{−20%,+80%}  40,711  2778  13.62
{+20%,−80%}  453,639  2774  4.11
{−20%,−80%}  303,079  2003  3.63

ILC, we study  for various polarization combinations, as outlined in 
Table 1. The detailed event analysis is summarized in Appendix C. 
{𝑃𝑒+ , 𝑃𝑒−} = {−20%, +80%} emerges as the most favorable combina-
tion, enhancing the signal while significantly reducing the background. 

Having larger SM background and absence of polarization, probing the 
model at the LHC turns difficult.

Fig. 4 shows  in Λ − 𝑚𝜒  plane via coloured bands, which decreases 
with larger Λ, as the signal cross-section ∼ 1∕Λ6. Also the significance 
diminishes with larger 𝑚𝜒  due to limited phase space. Following Eq.  (4), 
each Λ − 𝑚𝜒  point indicate to a specific 𝑇RH to satisfy the DM abundance, 
as shown by the reddish points, establishing a correlation between 
and 𝑇RH. For higher DM masses, a lower 𝑇RH is required to achieve the 
correct DM relic, which violates the lower bound on 𝑇RH from BBN or the 
instantaneous reheating approximation itself (shown by black points). 
Therefore, it is possible to associate a signal significance of 5𝜎 with MeV-
scale reheating temperature and MeV-scale frozen in DM. This is what 
we represent in the left panel of Fig. 1, via the white (cyan) dashed 
line(s). Note that a significant part of our parameter space survives the 
projected 95% C.L. exclusion limit from the HL-LHC 14 TeV 3 ab−1 run 
(blue dashed line).

An effective DM-electron interaction can also be realized at the 1-
loop level [cf. right panel of Fig. 2], that leads to DM direct search via 
electron scattering, which is typically sensitive to MeV-scale DM [56]. 
However, in our case, the corresponding scattering cross section turns 
out to be ≲ 10−51 cm2, far beyond the reach of present experiments
[57–62].

To summarize, we demonstrate the possibility to infer the reheat 
temperature of the universe from DM signal at future lepton colliders. 
The possibility emerges for DMs that undergo UV freeze-in, having one-
to-one correspondence with 𝑇RH, 𝑚DM and Λ to address correct relic 
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{−20%,+80%} ({+20%,+80%}) for mono-γ (OSE) signal. The bar legend denotes the corresponding
reheating temperature required to satisfy the observed DM abundance.

observed DM abundance. We remind the readers once again that in this case only the bosonic
reheating scenario is valid as in that case ΛNP > Tmax is satisfied in order to achieve the
observed abundance for DM mass of our interest. This enables us to establish a one-to-one
correspondence between the DM mass and the reheat temperature, that are controlled by
the reheating dynamics, with the signal significance at the ILC.

5 Conclusion

In this work, we have explored the ability of lepton colliders to shed light on the pre-BBN
cosmology. To establish a one-to-one correspondence between collider and cosmological
observables, we focused on dark matter (DM) genesis via UV freeze-in, which requires non-
renormalizable interactions between DM and the visible sector, i.e., the Standard Model (SM).
We considered DM production during the era of reheating, facilitated by DM-SM operators
with mass dimensions six and seven — where the former pertains to spin-0 DM, and the
latter to spin-1/2 DM. There is a potential difficulty in probing UV freezing in DM at collider,
as the effective NP scale requires to be quite large compared to the DM mass. This evidently
makes the signal cross-section much smaller compared to weak interaction cross-section.
Therefore, the operators that can produce a distinguishable signal from the SM background
at collider, need to produce a missing energy or MET distribution characteristically different
from that of the background. This is what happens when DM operators couple to SM
field strength tensors, the resulting mono-photon signal can be segregated from the SM
contamination with judicious missing energy and MET cuts at future lepton colliders. It
is a bit difficult to do the same exercise in context of LHC, as the background events are
huge and the separability is not that clean.
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Fig. 5: The above plots show the evolution of the dark matter relic density for three benchmark points, as specified in the
top-right corner of each panel. The solid black lines represent the DM relic density, while the black dotted curves indicate
the DM equilibrium density. The black dashed vertical lines mark the scale factor corresponding to freeze-out temperature
(Tfo) and reheating temperature (Trh). The horizontal red dashed lines highlight the observed DM relic density.
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Fig. 6: Viable parameter space for dimension-6 leptophilic
interaction-driven (see Eq. 2) DM freeze-out during the re-
heating epoch (with n = 4 bosonic reheating). Contours cor-
responding to the correct DM relic abundance are shown
for Trh = TBBN (solid line), Trh = 10 MeV (dashed line,
with µ/MPl ≃ 10−31), Trh = 100 MeV (dash-dotted line,
with µ/MPl ≃ 10−29) and Trh = 500 MeV (dotted line, with
µ/MPl ≃ 10−28). The thick black line represents the stan-
dard scenario where DM freezes out during the radiation-
dominated era. No freeze-out implies that the interaction
rate is always too low compared to the Hubble expansion
rate, so dark matter never attains thermal equilibrium (in
which case dark matter can be produced via the freeze-in
mechanism, which is beyond the scope of this analysis).

Here, µφe is the reduced mass of the DM-electron system.
In the limit mφ ≫ me, this DM electron recoil cross-section
is expressed as

σ̄eφ→eφ ≈ 57
16π(me +mφ )2

m2
e m2

Z
Λ 4 , (43)

where mZ is the mass of the Z boson. The spin-averaged
squared matrix element is proportional to the square of the
effective coupling

(
v2/Λ 4

)
. Expressing the Higgs vacuum

expectation value in terms of the Z-boson mass and the weak
mixing angle using the electroweak relation in the Standard
Model, we obtain the expression (43). Direct detection ex-
periments such as XENON1T [94], PandaX-4T [95], and
others have placed upper bounds on the electron-DM scat-
tering cross section. Among these, PandaX-4T provides the
strongest constraints. The corresponding excluded region is
shown in Fig. 6. However, these bounds exclude only a nar-
row region of the mφ −Λ parameter space near mφ ≈ 100MeV.
Most of the viable region corresponds to under-abundant
relic density; therefore, the direct detection limits do not sig-
nificantly impact our analysis.

3.2 Indirect Detection

The annihilation cross section of dark matter into a charged
lepton pair ℓ+ℓ− is given in Eq. 28. For the e+e− final state,
the electron mass can be neglected compared to the CM en-
ergy (me ≪

√
s), simplifying the equation as follows,

σ =
v2

EW
4πΛ 4

(
1−

4m2
φ

s

)− 1
2

. (44)

In the CM frame, the momenta of the two annihilating dark
matter particles are equal, |p1|= |p2|= p =

mφ v
2 , where v is

the relative velocity of the dark matter particles in the CM
frame. Their energies are also equal, E1 = E2 = E, leading
to s = 4E2. In the non-relativistic limit, where p2

m2
φ
≪ 1, the

energy simplifies to

E =
√

p2 +m2
φ ≃ mφ

(
1+

p2

2m2
φ

)
≃ mφ

(
1+

v2

8

)
. (45)

Thus,

s = 4E2 = 4m2
φ

(
1+

v2

4
+O(v4)

)
. (46)

With n = 4; Thick Black: Standard Freeze-Out

MeV-GeV leptophilic WIMP, excluded in standard cosmology, is revived by low Trh.
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responding to the correct DM relic abundance are shown
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with µ/MPl ≃ 10−29) and Trh = 500 MeV (dotted line, with
µ/MPl ≃ 10−28). The thick black line represents the stan-
dard scenario where DM freezes out during the radiation-
dominated era. No freeze-out implies that the interaction
rate is always too low compared to the Hubble expansion
rate, so dark matter never attains thermal equilibrium (in
which case dark matter can be produced via the freeze-in
mechanism, which is beyond the scope of this analysis).

Here, µφe is the reduced mass of the DM-electron system.
In the limit mφ ≫ me, this DM electron recoil cross-section
is expressed as

σ̄eφ→eφ ≈ 57
16π(me +mφ )2

m2
e m2

Z
Λ 4 , (43)

where mZ is the mass of the Z boson. The spin-averaged
squared matrix element is proportional to the square of the
effective coupling

(
v2/Λ 4

)
. Expressing the Higgs vacuum

expectation value in terms of the Z-boson mass and the weak
mixing angle using the electroweak relation in the Standard
Model, we obtain the expression (43). Direct detection ex-
periments such as XENON1T [94], PandaX-4T [95], and
others have placed upper bounds on the electron-DM scat-
tering cross section. Among these, PandaX-4T provides the
strongest constraints. The corresponding excluded region is
shown in Fig. 6. However, these bounds exclude only a nar-
row region of the mφ −Λ parameter space near mφ ≈ 100MeV.
Most of the viable region corresponds to under-abundant
relic density; therefore, the direct detection limits do not sig-
nificantly impact our analysis.

3.2 Indirect Detection

The annihilation cross section of dark matter into a charged
lepton pair ℓ+ℓ− is given in Eq. 28. For the e+e− final state,
the electron mass can be neglected compared to the CM en-
ergy (me ≪

√
s), simplifying the equation as follows,

σ =
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EW
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In the CM frame, the momenta of the two annihilating dark
matter particles are equal, |p1|= |p2|= p =

mφ v
2 , where v is

the relative velocity of the dark matter particles in the CM
frame. Their energies are also equal, E1 = E2 = E, leading
to s = 4E2. In the non-relativistic limit, where p2
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MeV-GeV leptophilic WIMP, excluded in standard cosmology, is revived by low Trh.
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Substituting Eq. 46 into Eq. 44 and expanding in the limit
where the relative velocity v is much less than the speed of
light (in natural units, = c = 1), we obtain the following ex-
pression for the annihilation cross section

⟨σv⟩= v2
EW

2πΛ 4

(
1+

v2

8
+O(v4)

)
, (47)

where the relative molar velocity of the DM particles is de-
noted by v, this is around v ∼ 10−3 (in natural units) in-
side the Milky Way halo. We include the DM indirect de-
tection (ID) constraint from the CMB observation (arising
from DM annihilation to charged particles) [92, 96, 97],
this is the most stringent bound for DM mass below 5 GeV.
We also use the limits on the DM annihilation cross-section
from Alpha Magnetic Spectrometer-02 (AMS-02) [98, 99].
Currently, this observation provides the most precise data
for charge cosmic ray measurements, especially in the 10−
1000 GeV DM mass range. The exclusion contours from the
CMB and (AMS-02) data on the dimension-six leptophilic
operator, in the mφ –Λ parameter space, are shown as shaded
grey regions in Fig. 7.

3.3 Supernova Bounds

Significant production of leptophilic DM can occur inside
the supernova core through electron-positron annihilation,
provided the dark matter mass is of the same order as the
core temperature, Tc ∼O(30) MeV. If the dark matter’s mean
free path is comparable to the supernova core radius, Rc ∼
O(10) km, the DM particles can freely escape, thereby en-
hancing the supernova cooling rate. Observations of SN1987A
impose stringent limits on such additional cooling rates [100,
101]. To quantify this effect, we adopt the Raffelt criterion [102],
which constrains the total energy loss rate per unit mass of
the supernova via the following condition on emissivity

ε̇ < 1019erg g−1 s−1 , (48)

and follow the methodology outlined in [103–105] to trans-
late this bound into constraints on the DM mass and NP
scale Λ . In our scenario, the emissivity quantifies the total
energy emitted per unit time and unit volume from the super-
nova due to the process e+(p1)+ e−(p2) → φ(k1)+ φ(k2)

and can be expressed as [103]

ε̇(mφ , Tc,
µ
Tc
) =

1
ρSN

∫ d3 p1d3 p2

(2π)6 (E1 +E2) f1 f2vMσ ,

(49)
where µ is the chemical potential of the electron, ρSN =

3×1014g cm−3 is the supernova core density, and vM is the
Møller relative velocity. The annihilation cross-section, σ ,
is identical to that in Eq. 28, except that mℓ is replaced by
me.

The Raffelt criterion is relevant when the DM particle that
is produced inside the supernova can freely escape from its
core, thereby carrying away some portion of its energy. In
scenarios with stronger interactions between DM and elec-
tron, the corresponding mean free path of the DM (λφ ) can
be substantially reduced. For DM scattering with supernova
electrons, the mean free path is given by

λφ =
1

neσeφ→eφ
, (50)

where ne denotes the electron number density inside the core
of the supernova and σeφ→eφ represents the DM-electron
scattering cross-section. The condition for DM to free stream
out from the supernova core is evaluated using the optical
depth criterion: ∫ Rc

0.9Rc

dr
λφ

≲ 2
3
. (51)

It is important to note that when the DM mass exceeds the
average temperature of the supernova core, the inverse of the
mean free path must be scaled by the Boltzmann suppression
factor e−Eφ /T to account for the reduced DM number density
at larger mass. In Fig. 7, the corresponding exclusion con-
tour from supernova cooling data is shown by shaded green
regions.
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Fig. 7: Modified parameter space with various observational
bounds for leptophilic DM which freezes out during the re-
heating era (with n = 4 bosonic reheating scenario).

3.4 Limits from LEP

The Large Electron–Positron Collider (LEP) conducted ex-
tensive studies of mono-photon events with missing energy [106,
107]. However, most of them were aimed towards preci-
sion measurements within the SM or other exotic searches.
One way to extract information from these existing stud-
ies is to recast them using identical set of resolutions and
efficiencies as used in the original studies and feed Monte

• CMB (ϕϕ → ℓ+ℓ−), provides the
strongest limit for low mass DM,
excludes Trh ≲ 25 MeV scenarios.

• AMS-02 (ϕϕ → e+e−), e+ flux.

• SN1987A cooling. DM produced
(e+e− → ϕϕ) carry away energy.

WIMP: Small wedge survives for
Λ ≳ 2 TeV and mϕ ≈ O(GeV).
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Carlo (MC) generated events through the recasting frame-
work. Such study has been done concerning fermionic lep-
tophilic operators, for example, Ref. [108]. Here we provide
an exclusion bound on the mφ −Λ plane based on existing
LEP data from mono-γ studies. The mono-γ signal for our
operator is shown in Fig. 9 (left). The dominant SM back-
ground comes the ννγ process. It should be noted that in the
low DM mass regime, the cross section and photon energy
distributions are nearly independent of the DM mass. Hence,
this limits cater to the entire low mass regime. LEP studies
were done over a range of CM energies

√
s = [180− 209]

GeV. The observed events, however, were reconstructed and
presented in bins of xγ , defined as Eγ/Ebeam, thus indepen-
dent of CM energy of the collisions. For our analysis, we
generate events at a reference CM mass energy of

√
s =

200 GeV, which, following the conclusion drawn in [108],
does not invalidate the LEP data. The DELPHI detector at
LEP had three angular regions (HPC, FEMC and STIC),
and each region had a different set of trigger and recon-
struction/identification efficiencies. The recasting of each of
these regions, based on [106, 107], are detailed in Tab. 1.
There is an additional photon identification efficiency of 90%
valid for all regions. For STIC, since, the information pro-
vided by [106] is incomplete, we assume the overall effi-
ciency to be 48% as done by [108]. In order to validate our
framework, we plot the xγ distribution of our generated MC
events for the SM backgrounds on top of the same from
DELPHI MC studies. They are found to be in perfect agree-
ment as shown in Fig. 8. The observed data as well as the
DM signal corresponding to the benchmark mφ = 5 GeV,
Λ = 2.5 TeV.

To obtain an exclusion bound on Λ , we perform a ∆ χ2 test
for the binned xγ distribution. We exclude the first bin and
consider other 19 bins for the analysis. The ∆ χ2 for this case
is defined as:

∆ χ2(Λ) =
19

∑
i=1

(
Nobs − (S(Λ)+B)√

S(Λ)+B

)2

, (52)

where, Nobs is the number of events observed in each bin,
S and B are number of signal and background events post
detector efficiencies. The degrees of freedom (dof) for the
binned ∆ χ2 analysis is N−M = 19−2= 17, where, N is the
number of bins and M is the number of model parameters.
For 17 dofs, the ∆ χ2 value corresponding to 95% C.L. is
27.587. Fig. 8 shows, the 95% C.L. exclusion contour in the
mφ −Λ plane.

4 DM Searches at Lepton Collider

Lepton colliders offer a clean experimental environment for
probing dark matter and dark sector particles, with signifi-

Fig. 8: Left: Binned xγ distribution for LEP studies corre-
sponding to Lint = 650 pb−1. The DM signal corresponds
to φφγ production for the benchmark mφ = 5 GeV, Λ = 2.5
TeV. Right: The shaded region is excluded at 95% C.L. (bor-
dered: black, dashed) from the LEP recast study.
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Fig. 9: Feynman diagrams corresponding to mono-γ/Z (left)
and mono-h signal at e+e− colliders (right). The square dot
corresponds to the EFT vertex.

cant advantages over hadron colliders. In contrast to hadron
machines, where large QCD backgrounds, proton remnants,
and pile-up obscure missing energy signals, lepton collid-
ers provide well-defined initial states, negligible QCD ac-
tivity, and virtually no pile-up. This enables precise recon-
struction of missing energy (inaccessible at hadron collid-
ers) and missing transverse momentum, crucial observables
in DM searches. The clean conditions also allow for model-
independent mono-X searches (X = γ,Z,W,h, j), where DM
recoils against a visible object. These channels greatly en-
hance sensitivity to weakly interacting dark sector particles,

• After EWSB: contact e+e−hϕϕ
vertex. Signal grows with

√
s.

• S : h → bb̄ ; B : νν̄h , νν̄ + jets.

Cuts


C1 : |Mbb −mh| < 25 GeV

C2 : /ET > 265 GeV

C3 : /E < 670 GeV

16

Polarization Production cross section (fb)
(Pe+ ,Pe−) φφh(bb) ννh(bb) νν + jets

Unpolarized 0.1590 120.8 512.0
(+20%,+80%) 0.1841 29.69 139.5
(+20%,−80%) 0.1334 259.3 1081
(−20%,+80%) 0.1334 20.61 109.0
(−20%,−80%) 0.1841 172.7 723.7

Table 2: Cross section of DM production in associated with mono-h, along with SM backgrounds, for different polarization
combinations, at the ILC

√
s = 1 TeV run. The DM signal corresponds to the benchmark: mφ = 5 GeV and Λ = 2.5 TeV.

Fig. 10: Normalized event kinematic distributions for signal and background processes. Top Left: Invariant mass of b-jet pair
(Mbb), Top Right: Missing energy (/E), Bottom Left: Missing transverse momentum (/ET ), Bottom Right: pseudorapidity of
b-jet pair system (ηbb). The processes correspond to ILC (

√
s = 1 TeV, Lint = 8 ab−1). The DM signal corresponds to the

benchmark: mφ = 5 GeV and Λ = 2.5 TeV.

The wedge-shaped colored region corresponds to the allowed
parameter space, with the color bar indicating the signal sig-
nificance. The discontinuous vertical lines denote regions
where the relic abundance is satisfied for specific reheat-
ing temperatures. We observe that higher reheating temper-
atures (e.g., ≳ 500 MeV) yield lower collider signal sig-
nificance. In contrast, regions of parameter space consis-
tent with the observed dark matter relic density at lower re-
heating temperatures can yield enhanced signal significance
while remaining compatible with BBN constraints.

Thus, by performing a dedicated optimization tailored to the
dimension-6 leptophilic operator, the projected data from
the lepton collider can impose meaningful constraints on the
dark matter mass versus new physics scale (Λ ) parameter

space. When these collider constraints are combined with
bounds from indirect detection experiments such as AMS-
02 and CMB, along with theoretical requirements, such as
the reheating temperature satisfying TRH >TBBN, correct relic
abundance, and the validity of the EFT framework requir-
ing Λ > Tmax, a complete picture emerges. As illustrated in
Fig. 11, the interplay of these constraints enables us to infer
viable ranges of the reheating temperature, offering novel
insights into the thermal history of the early Universe in
scenarios where dark matter freezes out during the reheat-
ing phase. We also find that TRH ≲ 25 MeV are excluded
(due to the DM ID bound from CMB observations) for the
leptophilic operator considered in our study.

Black: Signal (mϕ = 5 GeV, Λ = 2.5 TeV)
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Black: Signal (mϕ = 5 GeV, Λ = 2.5 TeV)
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Polarization Tuning Helps Once Again!

Cross Sections (fb, ILC 1 TeV)

{Pe+ , Pe−} ϕϕh νν̄h νν̄jj

Unpolarised 0.159 120.8 512.0
{+20%,+80%} 0.184 29.7 139.5

Cutflow (ILC 1 TeV 8 ab−1)

{Pe+ , Pe−} S B S

Unpolarised 173 9218 1.80

{+20%,+80%} 200 2324 4.15

• Choice of RH e− polarization suppresses
the W -exchange backgrounds.

• The Yukawa-like operator flips chirality:
signal grows for same-sign polarization.

Mono-γ (previous): best {−,+}.
Mono-h (current): best {+,+}.

The optimal polarization configuration
follows the concerned operator structure.
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Cuts
Number of events

Unpolarized (Pe+ ,Pe− =+20%,+80%)

Signal (S) Background (B) Signal (S) Background (B)

Basic cuts
425 497246 493 128554

[100%] [100%] [100%] [100%]

Cut 1
339 213995 392 53224

[79.76%] [43.04%] [79.51%] [41.40%]

Cut 2
189 10758 219 2702

[44.47%] [2.16%] [44.42%] [2.10%]

Cut 3
173 9218 200 2324

[40.70%] [1.85%] [40.57%] [1.81%]
Significance, Z 1.802 4.149

Table 3: Cutflow table and signal significance for signal and background process at the ILC (
√

s = 1 TeV, Lint = 8 ab−1),
with unpolarized and polarized (+20%,+80%) beam configurations. The DM signal corresponds to the benchmark: mφ = 5
GeV and Λ = 2.5 TeV.

Fig. 11: Signal significance on mφ −Λ plane, for mono-
h signal at the ILC (

√
s = 1 TeV, Lint = 8 ab−1). The top

and bottom figures correspond to unpolarized and polarized
(+20%,+80%) cases respectively.

5 Summary and Conclusion

To summarize, in this analysis, we have explored the pos-
sibility that dark matter (DM) undergoes freeze-out during
the reheating epoch of the early universe. Such a scenario
is particularly intriguing, as reheating remains a poorly un-
derstood phase and its thermal history can crucially shape
the DM relic abundance. We employ a dimension-6 lep-
tophilic effective operator, supressed by an effective scale,
Λ , to model the DM (φ , scalar in nature) interactions, which
not only makes collider detection viable through clean fi-
nal states but also naturally links to early-universe processes
involving leptons. We demonstrate that this framework not
only modifies and often enlarges the parameter space com-
patible with the observed relic abundance, but also inher-
ently carries imprints of the reheating dynamics, particularly
the reheating temperature. Thus, collider detection of such a
DM candidate offers a promising opportunity to gain insight
into the reheating phase of the universe.

In Sec. 2, we initiate our analysis by considering a simpli-
fied setup where the inflaton field, Φ , decays through os-
cillations at the minimum of a monomial potential, thereby
generating the Standard Model (SM) thermal bath and re-
heating the universe. The degree of the monomial potential,
denoted by n, controls the nature and intensity of the oscil-
lations. We examine two exclusive scenarios: fermionic re-
heating, where Φ decays into a pair of vector-like fermions,
and bosonic reheating, where Φ decays into a pair of Higgs
doublets. In the fermionic scenario, for all values of n, the
maximum temperature attained by the universe tends to be
high. Thus, in order to validate the EFT framework, it pushes
the effective cutoff scale Λ to very large values, often be-
yond the reach of current and future collider experiments. In
contrast, the bosonic reheating scenario allows for a viable

• Lower Trh ⇒ Smaller Λ ⇒ Larger
signal. Signal flat in DM mass.

• For Trh ≳ 500 MeV ⇒ Weak signal.

An observed mono-h excess could
favour freeze-out during reheating.
25 MeV ≲ Trh ≲ O(100) MeV.
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GeV and Λ = 2.5 TeV.

Fig. 11: Signal significance on mφ −Λ plane, for mono-
h signal at the ILC (

√
s = 1 TeV, Lint = 8 ab−1). The top

and bottom figures correspond to unpolarized and polarized
(+20%,+80%) cases respectively.

5 Summary and Conclusion

To summarize, in this analysis, we have explored the pos-
sibility that dark matter (DM) undergoes freeze-out during
the reheating epoch of the early universe. Such a scenario
is particularly intriguing, as reheating remains a poorly un-
derstood phase and its thermal history can crucially shape
the DM relic abundance. We employ a dimension-6 lep-
tophilic effective operator, supressed by an effective scale,
Λ , to model the DM (φ , scalar in nature) interactions, which
not only makes collider detection viable through clean fi-
nal states but also naturally links to early-universe processes
involving leptons. We demonstrate that this framework not
only modifies and often enlarges the parameter space com-
patible with the observed relic abundance, but also inher-
ently carries imprints of the reheating dynamics, particularly
the reheating temperature. Thus, collider detection of such a
DM candidate offers a promising opportunity to gain insight
into the reheating phase of the universe.

In Sec. 2, we initiate our analysis by considering a simpli-
fied setup where the inflaton field, Φ , decays through os-
cillations at the minimum of a monomial potential, thereby
generating the Standard Model (SM) thermal bath and re-
heating the universe. The degree of the monomial potential,
denoted by n, controls the nature and intensity of the oscil-
lations. We examine two exclusive scenarios: fermionic re-
heating, where Φ decays into a pair of vector-like fermions,
and bosonic reheating, where Φ decays into a pair of Higgs
doublets. In the fermionic scenario, for all values of n, the
maximum temperature attained by the universe tends to be
high. Thus, in order to validate the EFT framework, it pushes
the effective cutoff scale Λ to very large values, often be-
yond the reach of current and future collider experiments. In
contrast, the bosonic reheating scenario allows for a viable

• Lower Trh ⇒ Smaller Λ ⇒ Larger
signal. Signal flat in DM mass.

• For Trh ≳ 500 MeV ⇒ Weak signal.

An observed mono-h excess could
favour freeze-out during reheating.
25 MeV ≲ Trh ≲ O(100) MeV.

arXiv:2509.14340, Bhattacharya, Ghosh, Mondal, and Sarkar
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Summing it Up

• Low-scale reheating makes TeV-suppressed DM operators both cosmologically
viable and possibly visible at future high-energy e+e− machines.

• FIMP: UV freeze-in. Natural mono-γ separates cleanly from νν̄γ background.
> 5σ with polarized beams, tied to Trh and inflaton potential (n).

• WIMP: Entropy dilution revives an excluded leptophilic scenario. Searches like
mono-h may observe ∼ 4σ excess in the surviving wedge.

• Polarization is essential for DM searches. ∼ 2× significance improvement, and
optimal polarization choice reflects the operator’s chirality.

• Operators presented are a proof of concept: the method carries over to other
(possibly better) DM models, search channels and colliders.

Can DM discovery turn into a probe of the pre-BBN Universe? Requires more scrutiny.
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THANK YOU!

For any questions or discussion in future, feel free to contact me: asarkar@lpsc.in2p3.fr
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Assumptions Behind the Reheating Picture

• Perturbative inflaton decay; tiny couplings (µ/MP ≲ 10−27) keep preheating inefficient.

• Non-perturbative effects (resonance, fragmentation for n ≥ 4) could shift Trh and Tmax.
Need lattice-based calculations. Also assumes instantaneous thermalization of the bath.

• Standard radiation domination after reheating is assumed, no further entropy injection.

• (Very) crude EFT validity criteria: Λ > Tmax (early Universe) and Λ >
√
s (collider).



Photophilic Dark Matter: Direct & Indirect Detection
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Figure 5. The figures depict the indirect search constraints on the thermally averaged annihilation
cross-section, ⟨σv⟩DM DM→γγ , based on current observational data, presented in the mDM − ΛNP
parameter plane for scalar (left) and fermionic (right) DM. The red (blue) star denotes the benchmark
point utilized in the collider analysis for scalar (fermionic) DM.

reheating, is completely ruled out from the BBN bound. The inclusion of non-instantaneous
inflaton decay therefore helps in resurrecting the relic density allowed parameter space for the
scalar DM on one hand, while for fermionic DM it opens up more parameter space, allowing
heavier DM mass, depending on the choice of n and Trh. Before moving on we would like to
mention that the relic density allowed parameter space for vector DM turns out to be similar
to that of the scalar DM. For the same mass, vector DM corresponding to the operator OV

2
requires about O(1) lower Trh compared to that of scalar to produce the observed abundance,
since in the former case, there is larger number of degrees of freedom. We, therefore, refrain
from showing the resulting parameter space explicitly. For the operator OV V

4 , collider probe
of vector DM is limited considering all the phenomenological constraints.

3.3 Limits from indirect DM search

The relic density allowed parameter space in the present framework is tightly constrained
from Fermi-LAT [86], H.E.S.S [87], and Planck [88] observations that put an upper bound on
the DM annihilation cross-section, depending on the DM mass. Here, the thermally averaged
DM-SM cross section can be sizable because we have ΛNP ∼ 1TeV and Trh ∼ O(MeV), to
satisfy the DM abundance via freeze-in. These observations probe different ranges of DM
mass through γγ annihilation. The Fermi-LAT experiment constrains the thermally averaged
cross-section in the mass range of 200MeV to 400GeV, while HESS sets limits for higher
masses, spanning from 200GeV to 40TeV. On the other hand, Planck provides constraints
over a broader range — covering DM masses from 10MeV to 10TeV. We have translated
bounds on DM annihilation cross-section into bounds on ΛNP and mDM.

In figure 5, we show the constraints on scalar DM (left panel) and fermionic DM (right
panel), annihilating into a photon pair. All the shaded regions are excluded. For DM mass
below 200 MeV, Planck provides the relevant constraint in ΛNP −mDM plane. In the case of

– 13 –

Indirect Detection
Same operator gives χχ̄ → γγ today.
Fermi-LAT and Planck (CMB) excludes
Λ ≲ O(100) GeV. TeV-scale Λ is safe.

Direct Detection
Generates χN(e) → χN(e), at one loop.
SIDD cross section, σSI ≤ 10−51 cm2,
far beyond current DD sensitivity reach.

JHEP 07 (2025) 157, Barman, Bhattacharya, Jahedi, Pradhan, and Sarkar
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