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Topics in Berkeley Grad school

• Neutralino Dark Matter


• SUSY GUTs and flavor


• SUSY Proton Decay


• Anomaly Mediation


• MSSM Baryogenesis 


• Leptogenesis


• mu-problem (with Lawrence + Yasunori)

• Extra  Dimensions!



The LBL lunch crowd

• Neal Weiner


• David Tucker-Smith


• Jay Wacker


• Takemichi Okui


• Thomas Gregoire


• Brent Nelson (MKG)


• Roni Harnik

• C. Grojean


• W. Goldberger


• Yasunori Nomura


• M. Perelstein


• G. Burdman


• Z. Chacko



Hitoshi Promotion party: We should have a party, because after this, there may 
not be any more milestones to celebrate….



 "I firmly believe that basic scientific 
research is a true peacemaker for 
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Outline
• Light(er) Dark Matter


• Dark Matter Freeze-in


• Modifying Freeze-in


• Low-reheat temperatures


• Dark Sinks



WIMP bounds very strong
LZ (TevPA)

Scott Haselschwardt 25

LZ Preliminary

WS2024+WS2022 Combined Spin Independent Limit 

● Frequentist, 2-sided profile likelihood 
ratio test statistic

● Upper limit is power constrained @ 
-1𝜎 sensitivity band per DM 
conventions: EPJC 81 907 (2021)

● Additional under fluctuation from 
combination with WS2022 

● Combined min cross section:       
𝜎SI= 2.2 x 10-48 cm2 @ 43 GeV/c2

Scott Haselschwardt

LBL-> UMich



“Wimps with a capital W”
Singlet-Doublet Model (binos+higgsinos)
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FIG. 1: Relevant diagrams for annihilation and corresponding direct detection diagrams, where

applicable. Achieving su�cient dark matter annihilation in the early universe in order to obtain

the measured relic density requires at least one of these diagrams to be significant. In the case of

s-channel Higgs or Z boson exchange, this may imply correspondingly large �SI or �SD respectively.

In the case of t-channel annihilation or co-annihilation, there is not a clear direct detection analog,

but the processes will be related through couplings and mixing angles.
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stability of the lightest state. We denote the singlet as S and the doublets as D and D
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where SU(2) doublets are contracted with the Levi-Civita symbol ✏ij and H̃ ⌘ i�2H
⇤.

Field re-definitions leave one physical phase for the set of parameters {MS,MD,�,�
0
}. For

simplicity we take them to be real. Discussions of the consequences of introducing a non-
zero phase may be found in [4, 5]. As alluded to in the introduction, in addition to being
an interesting candidate for dark matter in its own right, this model is similar to neutralino
dark matter in the MSSM (or Split Supersymmetry), in which the sterile Bino mixes with
the electroweak doublet Higgsinos (in the limit where the Wino decouples, M2 ! 1).
Consequently, it provides a laboratory where one can potentially gain insight into the physics
of MSSM dark matter.1

Expanding the Higgs field around its vacuum expectation value, v = 246 GeV, we can write
the neutral mass terms in the basis  0 = (S, ⌫, ⌫c) as:
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It can also be instructive to write this in terms of the rotated basis  0
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where �± = �
0
±�. The three physical mass eigenstates for the neutral particles are a linear

1 In fact, [11], where a singlet-doublet model was considered (but without a majorana mass for S), was an

important historical step on the road towards supersymmetric electroweak theories [12].
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Arkani-Hamed, Dimopoulos, Kachru, 

hep-th/0501082



Other options
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Singlet-Doublet Model
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FIG. 3: Plots of spin-independent [top] and spin-dependent [bottom] cross sections against dark

matter mass for mh = 140 GeV. Points satisfy the thermal relic density constraint. Shaded regions

represent �SI exclusion limits from XENON100 [14] [top] and combined �
(p)
SD exclusion limits from

SIMPLE, Super-K and IceCube (hard) [15, 27, 28] [bottom]. Exclusion curves assume a local dark

matter density of ⇢ = 0.3 GeV/cm3.
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Cohen, Kearney, AP, David Tucker-Smith, Phys.Rev.D 85 (2012) 075003



Last refuge of WIMPS?

Bhattiprolu, Petrosky, AP

Preliminary



Light dark matter?

• In response to the downward march of these limits, a lot of effort has been 
put in to thinking about dark matter in the sub-GeV regime.

Nuclear recoils:

Light Hadrophilic DM


Electron Recoils:

take advantage of mass matching

Experimental side Theory side

How would sub-GeV 

dark matter come to be?



Freeze-in of Dark Matter

• Hall, et al, JHEP 1003:080,2010. 
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2

freeze-out

freeze-in



Freeze In Model:

• Dark Matter communicates via kinetic mixing portal
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Standard Model
Dark Photon

Dark Matter Charged 

under Dark Photon
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Direct Detection
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FIG. 1. The evolution of the DM yield (top panel) and the
temperature in the dark sector relative to the SM bath (bot-
tom panel), for m� = 1 MeV and  = 2.5 ⇥ 10�10 (red)
and 2.5 ⇥ 10�11 (blue), as a function of m�/T . The red
and blue curves correspond to two qualitatively di↵erent ways
to achieve the observed DM relic abundance (dotted gray):
“Dark Sink quasi freeze-out” and “Dark Sink freeze-in”, re-
spectively. The usual freeze-in curve (FI = 1.94 ⇥ 10�11;
black; top panel) is also shown for comparison. See text for
more details.

tom) solid red lines in Figs. 2 and 3. This di↵ers from the
prediction often cited for this scenario [9, 10], shown as
dashed gray curves. For details, see the Supplementary
Material.

We now turn to the impact of the Dark Sink. It accom-
modates larger values of , which a priori would over-
produce the DM; the �� interaction provides compen-
sating annihilations and we adjust h�vi

0 to ensure the
correct DM abundance is recovered. Depending on how
much greater  is than the freeze-in value, FI , di↵erent
cosmological histories follow. For much larger , we dub
the qualitative behavior “Dark Sink quasi freeze-out.”
An example is shown as the red curve in Fig. 1 and may
be understood as follows. At early times, YQSE ⌧ Y

0
eq

since h�vi ⌧ h�vi
0. During this period, the middle term

in Eq. (4) is negligible relative to the first term. Omit-
ting it, we find the Boltzmann equation resembles that of
ordinary freeze-out. Thus, the DM yield traces Y 0

eq until
it begins to freeze-out. At this point, we transition to a
regime where YQSE & Y

0
eq. So, we may instead ignore

the first term in Eq. (4) for the middle term. The Boltz-
mann equation again resembles that of ordinary freeze-
out, but now in which YQSE plays the role of the usual
equilibrium yield. Then, the DM yield traces YQSE un-
til the annihilations �� !   become slow relative to
the Hubble expansion rate. This occurs roughly when
h�vi

0
Y ⇠ H/s. This second freeze-out can then result in

the observed DM abundance.

The above occurs as long as there is a su�cient buildup
of DM to allow it to follow YQSE during the intermediate
range of temperatures. However, if  is relatively close
to FI , then the evolution is qualitatively di↵erent. In
this case, DM undergoes what we call “Dark Sink freeze-
in”, an example of which is shown as the solid blue curve
in Fig. 1. Here, at early times, again YQSE ⌧ Y

0
eq, the

middle term in Eq. (4) is negligible, and the DM yield
traces Y 0

eq until it begins to freeze-out. However, if there
is not enough DM at this freeze-out time, then annihi-
lations of SM particles to DM pairs are not balanced by
DM annihilations to  pairs. Then, both the first and
last terms on the right side of Eq. (4) are negligible, and
the middle term may be rewritten as simply h�viYeq

2.
This corresponds to the usual Boltzmann equation for
freeze-in. The only di↵erence to ordinary freeze-in is: the
initial epoch where Y traced Y

0
eq causes the initial DM

yield to be slightly smaller than the would be yield of a
pure freeze-in scenario at the same T/m�. This indicates
that  must be slightly larger than in the usual freeze-in
paradigm in order to achieve the correct relic abundance.
See the Supplementary Material for the evolution of the
yield for benchmarks with di↵erent DM masses.
The joint Planck CMB and baryon acoustic oscillation

(BAO) measurements of Ne↵ constrain the dark-sector
temperature to be [24, 25]

T
0
/T < 0.437 (95% CL), (7)

while upcoming CMB-S4 experiment is expected to fur-
ther constrain T

0
/T to less than 0.292 at 95% CL [26].

In Fig. 1, we show the (expected) Ne↵ bound on T
0
/T

from Planck (CMB-S4) as a solid (dashed) gray line in
the bottom subplot. There, we also show the evolution
of T 0

/T as a function of m�/T , after numerically inte-
grating Eq. (3), for two benchmark .
The power of the Dark Sink.— The existence of the

light  may dramatically impact the expected � direct
detection signals as the  annihilation channel largely de-
couples the DM relic abundance from the expected direct
detection rate. The rate of direct detection can greatly
exceed the usual freeze-in expectation.

The direct detection cross section through the light �0

mediator at the usual reference momentum is [28]

�e =
16⇡µ2

�e↵
2

2

(↵me)
4 . (8)

The range of direct detection cross sections allowed by
the Dark Sink scenario are shaded red in Figs. 2 and
3. In this region, the coupling of �’s to  ’s is pertur-
bative and gives the correct relic abundance. We also
ensure compliance with Ne↵ as follows. We find the
largest  for a given m� which satisfies Eq. (7) by nu-
merically integrating Eq. (3) and deduce the resulting
upper bound on �e. The top solid (dashed) red line
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Freeze-in Benchmark
P. N. Bhattiprolu, R. McGehee, A. Pierce, “A 
Dark Sink Enhances the Direct Detection of 
Freeze-in Dark Matter,” 
arXiv: 2312.14152 [hep-ph].

https://github.com/prudhvibhattiprolu/FreezeIn

X. Chu, T. Hambye, and M. H. G. Tytgat, JCAP 05, 034 (2012), arXiv:1112.0493 [hep-ph].
 R. Essig, J. Mardon, and T. Volansky, Phys. Rev. D 85, 076007 (2012), arXiv:1108.5383 [hep-ph].

• S. Heeba, T. Lin, K. Schutz, Phys.Rev.D 108 (2023) 9, 095016
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FIG. 3. Temperatures where plasmon decays to dark matter are kinematically allowed as a function

of the dark matter mass m�. Whether decays are allowed is determined by the maximum value

of the plasmon masses at a given T (see Fig. 2). Solid and dashed red lines correspond to the

temperatures at which the maximum value of the transverse plasmon mass, mmax
t at k = 1, and

the longitudinal plasmon mass, mmax
` ⌘ !p at k = 0, equal 2m�.

These expressions agree with the corrected published version of Ref. [9]. In Fig. 3, we show

the temperatures where plasmons are kinematically allowed to decay to dark matter as a

function of the dark matter mass m�. These are the temperatures at which the maximum

values of the plasmon masses, mmax
t (at k = 1) for transverse modes and m

max
` ⌘ !p (at

k = 0) for longitudinal modes, are greater than 2m�.

In principle, decays of both longitudinal and transverse plasmons contribute to dark

matter production. However, the contribution of the transverse plasmons dominates; the

decays of longitudinal plasmons make a sub-percent contribution over much of the parameter
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Freeze In Model with a Sink
• Dark Matter communicates via kinetic mixing portal
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Dark Interaction

2

We also assume the dark photon has a negligible mass.
For concreteness, we set m�0 ⇠ 10�24 GeV so that the ki-
netic mixing is unconstrained by COBE/FIRAS [18, 19]
or black hole superradiance [20, 21]. The lightness of the
dark photon with respect to the energy transfers in di-
rect detection experiments enhances the direct detection
cross section. We consider Dirac fermionic DM � with
charge +1 under U(1)0 in the range MeV . m� . TeV.
The lower bound is motivated by the threshold of ongoing
direct detection experiments, but also allows us to ignore
plasmon decay contributions to freeze-in [22]. The up-
per bound is set by perturbativity considerations, as we
discuss in depth below. As in the usual case of freeze-in,
it is helpful to define the portal coupling,  ⌘ ✏

p
↵0/↵,

which determines both the amount of DM production
from SM thermal bath annihilations and the expected
direct detection rates.

The Dark Sink augments the freeze-in benchmark
through the introduction of a light, neutral dark fermion
 .  interacts with � but, importantly, not with any-
thing in the SM. The  � � interaction is mediated by a
heavy scalar mediator �:

L �
y�y 

m
2
�

��  . (2)

We assume � is su�ciently heavy so that it is produced
negligibly and the e↵ective operator in Eq. (2) is su�-

cient. This is an assumption that can be readily sat-
isfied for sub-GeV DM where m� & 50m� still allows
both the correct relic abundance and perturbative cou-
plings. However, making h�vi

0 large enough for heavier
DM starts to require lighter �, a point we return to later.

We must also ensure that  is not too heavy or abun-
dant so that it does not contribute substantially to the
DM relic abundance or Ne↵.3 For the former, it is su�-
cient and simplest to assume  has a negligible mass, as
we do for the rest of the paper. The latter gives a con-
straint on the parameter space for the Dark Sink, which
we will explicitly verify.

The coupling in Eq. (2) allows �� !   . The
DM production proceeds in 2 simultaneous steps: 1)
SM SM ! �� annihilations of charged SM particles pro-
duce DM pairs through the vector portal. 2) �’s quickly
thermalize with  ’s to a dark-sector temperature T 0

< T ,
eventually annihilating via ��!   to deplete the DM
abundance until it reaches the observed value.

Boltzmann Equations and Solutions.—We begin by
enumerating the set of coupled Boltzmann equations
which govern the evolution of the energy density in
the dark sector and the DM yield, assuming Maxwell-
Boltzmann statistics. First, the energy density in the
dark sector, due to SM SM ! �� processes through the
vector portal, is governed by the Boltzmann equation:
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element, and smin = max(4m2
i , 4m

2
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Maxwell-Boltzmann statistics in deriving p
0 above.

The evolution of the DM number density, or equiva-
lently DM yield Y ⌘ n�/s defined as the ratio of the DM
number density n� and the total entropy in the visible
and the dark sectors s, is governed by
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A simpler model where �’s annihilate to light scalar �’s via a

Yukawa interaction—without the addition of the fermionic  —
fails because the Yukawa interaction also gives rise to a too large

� self-interaction for sub-GeV DM.

YQSE = Yeq
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h�vi0 represents a quasi-static equilibrium

abundance [9, 23] described in more detail below, and the
thermally-averaged annihilation cross section for �� !
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Here we have taken the limit m�/T
0
� 1, valid for all

later times of interest during the DM’s evolution.
Having enumerated the Boltzmann equations for the

Dark Sink scenario, let us take the limit in which y ! 0
so that the Dark Sink decouples from DM. Doing so, the
number density Boltzmann equation simplifies to
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This recovers the usual freeze-in scenario and the result-
ing prediction is shown in black in Fig. 1 and as the (bot-
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For concreteness, we set m�0 ⇠ 10�24 GeV so that the ki-
netic mixing is unconstrained by COBE/FIRAS [18, 19]
or black hole superradiance [20, 21]. The lightness of the
dark photon with respect to the energy transfers in di-
rect detection experiments enhances the direct detection
cross section. We consider Dirac fermionic DM � with
charge +1 under U(1)0 in the range MeV . m� . TeV.
The lower bound is motivated by the threshold of ongoing
direct detection experiments, but also allows us to ignore
plasmon decay contributions to freeze-in [22]. The up-
per bound is set by perturbativity considerations, as we
discuss in depth below. As in the usual case of freeze-in,
it is helpful to define the portal coupling,  ⌘ ✏
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which determines both the amount of DM production
from SM thermal bath annihilations and the expected
direct detection rates.
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cient and simplest to assume  has a negligible mass, as
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netic mixing is unconstrained by COBE/FIRAS [18, 19]
or black hole superradiance [20, 21]. The lightness of the
dark photon with respect to the energy transfers in di-
rect detection experiments enhances the direct detection
cross section. We consider Dirac fermionic DM � with
charge +1 under U(1)0 in the range MeV . m� . TeV.
The lower bound is motivated by the threshold of ongoing
direct detection experiments, but also allows us to ignore
plasmon decay contributions to freeze-in [22]. The up-
per bound is set by perturbativity considerations, as we
discuss in depth below. As in the usual case of freeze-in,
it is helpful to define the portal coupling,  ⌘ ✏
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which determines both the amount of DM production
from SM thermal bath annihilations and the expected
direct detection rates.
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isfied for sub-GeV DM where m� & 50m� still allows
both the correct relic abundance and perturbative cou-
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cient and simplest to assume  has a negligible mass, as
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Dark Matter Production
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We also assume the dark photon has a negligible mass.
For concreteness, we set m�0 ⇠ 10�24 GeV so that the ki-
netic mixing is unconstrained by COBE/FIRAS [18, 19]
or black hole superradiance [20, 21]. The lightness of the
dark photon with respect to the energy transfers in di-
rect detection experiments enhances the direct detection
cross section. We consider Dirac fermionic DM � with
charge +1 under U(1)0 in the range MeV . m� . TeV.
The lower bound is motivated by the threshold of ongoing
direct detection experiments, but also allows us to ignore
plasmon decay contributions to freeze-in [22]. The up-
per bound is set by perturbativity considerations, as we
discuss in depth below. As in the usual case of freeze-in,
it is helpful to define the portal coupling,  ⌘ ✏

p
↵0/↵,

which determines both the amount of DM production
from SM thermal bath annihilations and the expected
direct detection rates.

The Dark Sink augments the freeze-in benchmark
through the introduction of a light, neutral dark fermion
 .  interacts with � but, importantly, not with any-
thing in the SM. The  � � interaction is mediated by a
heavy scalar mediator �:
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We assume � is su�ciently heavy so that it is produced
negligibly and the e↵ective operator in Eq. (2) is su�-

cient. This is an assumption that can be readily sat-
isfied for sub-GeV DM where m� & 50m� still allows
both the correct relic abundance and perturbative cou-
plings. However, making h�vi

0 large enough for heavier
DM starts to require lighter �, a point we return to later.

We must also ensure that  is not too heavy or abun-
dant so that it does not contribute substantially to the
DM relic abundance or Ne↵.3 For the former, it is su�-
cient and simplest to assume  has a negligible mass, as
we do for the rest of the paper. The latter gives a con-
straint on the parameter space for the Dark Sink, which
we will explicitly verify.

The coupling in Eq. (2) allows �� !   . The
DM production proceeds in 2 simultaneous steps: 1)
SM SM ! �� annihilations of charged SM particles pro-
duce DM pairs through the vector portal. 2) �’s quickly
thermalize with  ’s to a dark-sector temperature T 0

< T ,
eventually annihilating via ��!   to deplete the DM
abundance until it reaches the observed value.

Boltzmann Equations and Solutions.—We begin by
enumerating the set of coupled Boltzmann equations
which govern the evolution of the energy density in
the dark sector and the DM yield, assuming Maxwell-
Boltzmann statistics. First, the energy density in the
dark sector, due to SM SM ! �� processes through the
vector portal, is governed by the Boltzmann equation:
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keV and 50 keV, respectively. 15
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FIG. 2. The power of the Dark Sink is to lift the usual freeze-
in benchmark such that the entire red region reproduces the
correct relic abundance. Shown in grey are the latest di-
rect detection constraints from PandaX [4], DAMIC-M [5, 6],
SENSEI [2], and DarkSide [3], as well as constraints from the
CMB [24, 26, 27]. The previous result for the freeze-in bench-
mark is shown in dashed grey [10].

in Fig. 2 corresponds to the (expected) 95% CL up-
per limit on �e from the Ne↵ measurements by Planck
(CMB-S4). Also shown in gray are the current direct
detection constraints from PandaX [4], DAMIC-M [5, 6],
SENSEI [2], DarkSide [3], and XENON1T [1, 29]. Con-
straints from CMB+BAO [27] become competitive with
these for m� . MeV. These constraints consider how
DM-SM interactions cool baryons and exert pressure on
DM. The resulting earlier recombination and suppressed
structure formation modifies the CMB spectra and mat-
ter power spectrum.

In Fig. 2, we see that the Dark Sink can allow cross
sections in a region of parameter space which is being
actively probed, but for which there are few other known
models due to stringent cosmological and astrophysical
constraints. For illustration, the chosen values of  cor-
responding to Dark Sink quasi-freeze-out and Dark Sink
freeze-in shown in Fig. 1 are denoted by stars. It appears
there might be a sliver of parameter space for m� near an
MeV which is not already ruled out by direct detection
or CMB constraints which CMB-S4 can thus probe.

In Fig. 3, again we see that the Dark Sink is being ac-
tively probed by ongoing direct detection and gives fur-
ther interesting benchmarks between the freeze-in line
and current bounds. Notably, there is no top boundary
corresponding to an Ne↵ constraint as in the sub-GeV
case. For these heavier DM,  ’s are always decoupled
and redshifting as radiation before the QCD phase tran-
sition, which then guarantees their contribution to Ne↵

is below current constraints. Another di↵erence to the
light DM case is shown as a gradient for m� & 20 GeV.
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FIG. 3. The power of the Dark Sink is to lift the usual freeze-
in benchmark such that the entire red region reproduces the
correct relic abundance. Shown in grey is the latest direct
detection constraint from XENON1T [1, 29] as well as the
perturbativity constraint discussed in the text. The previous
result for the freeze-in benchmark is shown in dashed grey [9].

As in the WIMP paradigm, for heavier masses, achieving
a su�ciently large cross section h�vi

0 begins to require
non-perturbative couplings. To o↵set larger couplings,
we are pressed to consider lighter �. As m� approaches
m�, some � would be produced on shell by DM scatters
in the dark sector bath. Then, a more proper analysis
tracing the � abundance and contribution to the dark
bath is needed.
Though a more thorough treatment is necessary for

these heavier m�, it does not present any insurmountable
challenges. One would need to dynamically track the
yield of �, analogous to Eq. (4). Since � only couples
to  ’s and �’s via Yukawa couplings, the most relevant
processes on the right side of such an equation would be
decays and inverse decays to pairs of these fermions. For
T

0 & m�, �’s would have a non-negligible abundance in
the dark-sector bath and would contribute to g

0
⇤,s. As T

0

drops belowm�, the Yukawas y� and y would determine
the relative branching ratios of �’s. If there is su�cient
time before T

0 drops below m�, this relative branching
will be erased by the thermalization of DM with the Dark
Sink. However, if m� is too close to m�, thermalization
may be incomplete and the decays of � may leave an
imprint on the evolution of the DM abundance.
While constraints coming from large-scale coherent

magnetic fields and plasma instabilities have significant
uncertainties at present, in the future, [30, 31] and related
approaches may rule out the possibility of � comprising
all of DM. Should � only make up a sub-component of
DM, subFI would be proportionately smaller resulting in
an even larger parameter space than the range shown in
Fig. 2.
Discussion.—In this Letter, we have introduced the

Dark Sink: light degrees of freedom in the dark sector
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FIG. 6. The Dark Sink Fermi constant G� that reproduces the required dark matter abundance

as a function of  for dark matter masses of 500 keV (top panel) and 50 keV (bottom panel) with

(solid purple lines) and without (dot-dashed purple lines) plasmons. See text for details.
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of energy density in dark radiation is bounded by cosmological measurements. The upper

boundary of the red-shaded region in Fig. 7 reflects this constraint.

The dot-dashed red lines near the boundaries of the red-shaded region are the would-be
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What models nuclear recoil experiments probe at low DM masses?



Hadrophilic Dark Matter
increasing cross section with a low reheating temperature

• Idea:  UV freeze-in of dark matter will be suppressed for low reheating 
temperatures
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2



Model of Hadrophilic Dark Matter
Direct Detection

The predicted direct detection cross section depends on whether the maximum tem-

perature of the SM bath during pre-heating, Tmax, is close to or much greater than

TR. We consider in detail both instantaneous reheating and finite reheating scenarios.

The outline of this paper is as follows. In Sec. 2, we present a model of hadrophilic

dark matter with a scalar mediator. In Sec. 3, we analyze the UV freeze-in of dark

matter assuming instantaneous reheating and predict direct detection cross sections

for future dark matter experiments for various low TR. In Sec. 4, we relax the

assumption of instantaneous reheating, allowing Tmax > TR. Freeze-in processes

with initial-state pions are especially sensitive to Tmax and can significantly impact

the predicted cross section. We conclude in Sec. 5. In App. A, we consider variations

on the model presented in the text and discuss how the choice of model impacts the

predicted direct detection cross section. In App. B, we derive an expression for the

contribution to the dark matter yield from Tmax to TR.

2 A model of hadrophilic dark matter

Our UV-complete model of hadrophilic dark matter contains a real scalar SM singlet

�, TeV-scale colored vectorlike fermions  , and a fermionic dark matter SM singlet

�.3 The Lagrangian contains the following terms

L � �m   �m����
1

2
m

2
�
�
2
� y �  � y����, (2.1)

which respect a Z2 symmetry under which  is odd.

Because  is colored, it induces a coupling of � to hadrons when integrated out,

so � is a hadrophilic mediator. The rest of  ’s SM charge assignment will impact the

details of the phenomenology. For concreteness, we take  to transform as (3,2, 1/6),

under the SM gauge group (SU(3)c, SU(2)L,U(1)Y ), which would allow for a potential

eventual embedding in a Grand Unified Theory (GUT) framework. However, we

do not assume supersymmetry nor complete GUT multiplets for  , so substantial

threshold corrections would be needed to obtain unification. For discussion how on

the choice of charges for the fermions (including the possibility of adding a full GUT

multiplet) impacts the results presented here, see App. A.

As long as the Z2 breaking is small (or zero),  are stable over detector lengths

and we may infer

m & 1.5 TeV (95% CL) (2.2)

from the LHC searches for long-lived bottom squarks based on ionization energy loss

and time of flight by the ATLAS collaboration [34].

3Similar hadrophilic UV completions have been explored in di↵erent contexts (e.g. [7, 20]).

– 4 –

P. Bhattiprolu, G. Elor, R. McGehee, AP, JHEP 01 (2023) 128,
see also Kanpen, Lin, Zurek, Phys.Rev.D 96 (2017) 11, 115021

After  is integrated out, � has an e↵ective coupling to gluons

L �
y ↵s

6⇡m 

�G
a

µ⌫
G

µ⌫,a
. (2.3)

In the low-energy theory, this translates into a �-nucleon coupling given by [35]

L � �yn�nn, yn = y 
4mn

27m 

, (2.4)

where mn is the mass of the neutron. Here and below, we use mp ' mn where mp is

the proton mass. We only consider m� much greater than the momentum transfer at

direct detection experiments. Thus, the dark matter-nucleon scattering cross section

relevant for direct detection is

��n =
(yny�)

2

⇡

µ
2
�n

m
4
�

, (2.5)

where µ�n is the dark matter-nucleon reduced mass.

Since we will be focused on low TR ⌧ GeV, neither the gluon coupling nor the

nucleon coupling is the most relevant for freeze-in. Instead, induced couplings to

pions and photons matter most. The � coupling to pions is [35]

L �
3yn
mn

�

✓
2

3

��Dµ
⇡
+
��2 �m

2
⇡
⇡
+
⇡
�
◆
. (2.6)

� also couples to other hadrons. These hadronic couplings, together with the coupling

of � to  (which is charged), generate a coupling of � to photons:

L�FF ⇠
17yn↵

8⇡mn

�Fµ⌫F
µ⌫
. (2.7)

This coupling gets a contribution from both IR (the charged hadrons) and UV ( )

physics. While the contribution to the coe�cient of this operator from the UV is

calculable, the IR contribution is subject to non-perturbative physics. For this IR

contribution, we use the Naive Dimensional Analysis (NDA) [36, 37] estimate yn↵

4⇡mn
.

The UV contribution to this coe�cient, which depends on the electroweak charge of

 , is 15yn↵
8⇡mn

for the representation chosen above. As we will see, the induced couplings

in Eqs. (2.6) and (2.7) permit dark matter to freeze-in through pion and photon

annihilations.

Last, we summarize phenomenological constraints on the Yukawa couplings of

Eq. (2.1) as well as m�. For m� lighter than the range considered below, y� would be

constrained by limits on self-interacting dark matter [38, 39]. Here, however, both

y and y� are only constrained by perturbativity. In our results, we set both to a

maximum value of 1. The lower bound on m in Eq. (2.2) implies an upper-bound

on yn through Eq. (2.4),

yn = 9.3⇥ 10�5
⇣
y 

1

⌘✓
1.5TeV

m 

◆
. (2.8)
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� also couples to other hadrons. These hadronic couplings, together with the coupling

of � to  (which is charged), generate a coupling of � to photons:
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This coupling gets a contribution from both IR (the charged hadrons) and UV ( )

physics. While the contribution to the coe�cient of this operator from the UV is

calculable, the IR contribution is subject to non-perturbative physics. For this IR

contribution, we use the Naive Dimensional Analysis (NDA) [36, 37] estimate yn↵

4⇡mn
.

The UV contribution to this coe�cient, which depends on the electroweak charge of
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for the representation chosen above. As we will see, the induced couplings

in Eqs. (2.6) and (2.7) permit dark matter to freeze-in through pion and photon
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Last, we summarize phenomenological constraints on the Yukawa couplings of

Eq. (2.1) as well as m�. For m� lighter than the range considered below, y� would be

constrained by limits on self-interacting dark matter [38, 39]. Here, however, both

y and y� are only constrained by perturbativity. In our results, we set both to a
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on yn through Eq. (2.4),
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Model of Hadrophilic Dark Matter
Direct Detection

The predicted direct detection cross section depends on whether the maximum tem-

perature of the SM bath during pre-heating, Tmax, is close to or much greater than

TR. We consider in detail both instantaneous reheating and finite reheating scenarios.

The outline of this paper is as follows. In Sec. 2, we present a model of hadrophilic

dark matter with a scalar mediator. In Sec. 3, we analyze the UV freeze-in of dark

matter assuming instantaneous reheating and predict direct detection cross sections

for future dark matter experiments for various low TR. In Sec. 4, we relax the

assumption of instantaneous reheating, allowing Tmax > TR. Freeze-in processes

with initial-state pions are especially sensitive to Tmax and can significantly impact

the predicted cross section. We conclude in Sec. 5. In App. A, we consider variations

on the model presented in the text and discuss how the choice of model impacts the

predicted direct detection cross section. In App. B, we derive an expression for the

contribution to the dark matter yield from Tmax to TR.

2 A model of hadrophilic dark matter

Our UV-complete model of hadrophilic dark matter contains a real scalar SM singlet

�, TeV-scale colored vectorlike fermions  , and a fermionic dark matter SM singlet

�.3 The Lagrangian contains the following terms

L � �m   �m����
1

2
m

2
�
�
2
� y �  � y����, (2.1)

which respect a Z2 symmetry under which  is odd.

Because  is colored, it induces a coupling of � to hadrons when integrated out,

so � is a hadrophilic mediator. The rest of  ’s SM charge assignment will impact the

details of the phenomenology. For concreteness, we take  to transform as (3,2, 1/6),

under the SM gauge group (SU(3)c, SU(2)L,U(1)Y ), which would allow for a potential

eventual embedding in a Grand Unified Theory (GUT) framework. However, we

do not assume supersymmetry nor complete GUT multiplets for  , so substantial

threshold corrections would be needed to obtain unification. For discussion how on

the choice of charges for the fermions (including the possibility of adding a full GUT

multiplet) impacts the results presented here, see App. A.

As long as the Z2 breaking is small (or zero),  are stable over detector lengths

and we may infer

m & 1.5 TeV (95% CL) (2.2)

from the LHC searches for long-lived bottom squarks based on ionization energy loss

and time of flight by the ATLAS collaboration [34].

3Similar hadrophilic UV completions have been explored in di↵erent contexts (e.g. [7, 20]).
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� also couples to other hadrons. These hadronic couplings, together with the coupling

of � to  (which is charged), generate a coupling of � to photons:
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This coupling gets a contribution from both IR (the charged hadrons) and UV ( )

physics. While the contribution to the coe�cient of this operator from the UV is

calculable, the IR contribution is subject to non-perturbative physics. For this IR

contribution, we use the Naive Dimensional Analysis (NDA) [36, 37] estimate yn↵

4⇡mn
.

The UV contribution to this coe�cient, which depends on the electroweak charge of

 , is 15yn↵
8⇡mn

for the representation chosen above. As we will see, the induced couplings

in Eqs. (2.6) and (2.7) permit dark matter to freeze-in through pion and photon

annihilations.

Last, we summarize phenomenological constraints on the Yukawa couplings of

Eq. (2.1) as well as m�. For m� lighter than the range considered below, y� would be

constrained by limits on self-interacting dark matter [38, 39]. Here, however, both

y and y� are only constrained by perturbativity. In our results, we set both to a

maximum value of 1. The lower bound on m in Eq. (2.2) implies an upper-bound

on yn through Eq. (2.4),
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Model of Hadrophilic Dark Matter
Dark Matter Production

The predicted direct detection cross section depends on whether the maximum tem-

perature of the SM bath during pre-heating, Tmax, is close to or much greater than

TR. We consider in detail both instantaneous reheating and finite reheating scenarios.

The outline of this paper is as follows. In Sec. 2, we present a model of hadrophilic

dark matter with a scalar mediator. In Sec. 3, we analyze the UV freeze-in of dark

matter assuming instantaneous reheating and predict direct detection cross sections

for future dark matter experiments for various low TR. In Sec. 4, we relax the

assumption of instantaneous reheating, allowing Tmax > TR. Freeze-in processes

with initial-state pions are especially sensitive to Tmax and can significantly impact

the predicted cross section. We conclude in Sec. 5. In App. A, we consider variations

on the model presented in the text and discuss how the choice of model impacts the

predicted direct detection cross section. In App. B, we derive an expression for the

contribution to the dark matter yield from Tmax to TR.

2 A model of hadrophilic dark matter

Our UV-complete model of hadrophilic dark matter contains a real scalar SM singlet

�, TeV-scale colored vectorlike fermions  , and a fermionic dark matter SM singlet

�.3 The Lagrangian contains the following terms

L � �m   �m����
1

2
m

2
�
�
2
� y �  � y����, (2.1)

which respect a Z2 symmetry under which  is odd.

Because  is colored, it induces a coupling of � to hadrons when integrated out,

so � is a hadrophilic mediator. The rest of  ’s SM charge assignment will impact the

details of the phenomenology. For concreteness, we take  to transform as (3,2, 1/6),

under the SM gauge group (SU(3)c, SU(2)L,U(1)Y ), which would allow for a potential

eventual embedding in a Grand Unified Theory (GUT) framework. However, we

do not assume supersymmetry nor complete GUT multiplets for  , so substantial

threshold corrections would be needed to obtain unification. For discussion how on

the choice of charges for the fermions (including the possibility of adding a full GUT

multiplet) impacts the results presented here, see App. A.

As long as the Z2 breaking is small (or zero),  are stable over detector lengths

and we may infer

m & 1.5 TeV (95% CL) (2.2)

from the LHC searches for long-lived bottom squarks based on ionization energy loss

and time of flight by the ATLAS collaboration [34].

3Similar hadrophilic UV completions have been explored in di↵erent contexts (e.g. [7, 20]).
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physics. While the contribution to the coe�cient of this operator from the UV is
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A freeze-in model with low reheating
Direct Detection

The predicted direct detection cross section depends on whether the maximum tem-

perature of the SM bath during pre-heating, Tmax, is close to or much greater than

TR. We consider in detail both instantaneous reheating and finite reheating scenarios.

The outline of this paper is as follows. In Sec. 2, we present a model of hadrophilic

dark matter with a scalar mediator. In Sec. 3, we analyze the UV freeze-in of dark

matter assuming instantaneous reheating and predict direct detection cross sections

for future dark matter experiments for various low TR. In Sec. 4, we relax the

assumption of instantaneous reheating, allowing Tmax > TR. Freeze-in processes
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After  is integrated out, � has an e↵ective coupling to gluons

L �
y ↵s

6⇡m 

�G
a

µ⌫
G

µ⌫,a
. (2.3)

In the low-energy theory, this translates into a �-nucleon coupling given by [35]

L � �yn�nn, yn = y 
4mn

27m 

, (2.4)

where mn is the mass of the neutron. Here and below, we use mp ' mn where mp is

the proton mass. We only consider m� much greater than the momentum transfer at

direct detection experiments. Thus, the dark matter-nucleon scattering cross section

relevant for direct detection is

��n =
(yny�)

2

⇡

µ
2
�n

m
4
�

, (2.5)

where µ�n is the dark matter-nucleon reduced mass.

Since we will be focused on low TR ⌧ GeV, neither the gluon coupling nor the

nucleon coupling is the most relevant for freeze-in. Instead, induced couplings to

pions and photons matter most. The � coupling to pions is [35]

L �
3yn
mn

�

✓
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3

��Dµ
⇡
+
��2 �m

2
⇡
⇡
+
⇡
�
◆
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� also couples to other hadrons. These hadronic couplings, together with the coupling

of � to  (which is charged), generate a coupling of � to photons:

L�FF ⇠
17yn↵

8⇡mn

�Fµ⌫F
µ⌫
. (2.7)

This coupling gets a contribution from both IR (the charged hadrons) and UV ( )

physics. While the contribution to the coe�cient of this operator from the UV is

calculable, the IR contribution is subject to non-perturbative physics. For this IR

contribution, we use the Naive Dimensional Analysis (NDA) [36, 37] estimate yn↵

4⇡mn
.

The UV contribution to this coe�cient, which depends on the electroweak charge of

 , is 15yn↵
8⇡mn

for the representation chosen above. As we will see, the induced couplings

in Eqs. (2.6) and (2.7) permit dark matter to freeze-in through pion and photon

annihilations.

Last, we summarize phenomenological constraints on the Yukawa couplings of

Eq. (2.1) as well as m�. For m� lighter than the range considered below, y� would be

constrained by limits on self-interacting dark matter [38, 39]. Here, however, both

y and y� are only constrained by perturbativity. In our results, we set both to a

maximum value of 1. The lower bound on m in Eq. (2.2) implies an upper-bound

on yn through Eq. (2.4),

yn = 9.3⇥ 10�5
⇣
y 

1

⌘✓
1.5TeV

m 

◆
. (2.8)
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Dark Matter Production

A freeze-in model with low reheating
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There are also constraints in the yn–m� plane arising from rare meson decays. The

 ’s give rise to a �tt coupling at two-loop order [7]:

L � �yt�tt, yt = yn
9↵2

s

2⇡2

mt

mn

log

✓
m

2
 

m
2
t

◆
. (2.9)

This coupling in turn contributes to B
+
! K

+
� decays, K+

! ⇡
+
� decays, and

B � B̄ mixing. Constraints from these processes are weaker than Eq. (2.8). The

bounds from rare B
+ [40] and K

+ [41] decays have been discussed previously [7].

We have checked B � B̄ mixing constraints [42] do not limit the allowed parameter

space, and we do not discuss them further.

3 UV freeze-in with instantaneous reheating

Following the era of inflation, reheating could occur rapidly. If it does, the maximum

temperature of the SM bath after inflation Tmax, could coincide with the temperature

that marks the beginning of the radiation domination era TR. One cosmological

history which could achieve Tmax ' TR is a multi-field inflation scenario, perhaps

accomplishing reheating via a parametric resonance, see e.g. [43]. In this section, we

assume that TR ' Tmax. In the next section, we discuss the implications of relaxing

this assumption, allowing Tmax > TR.

3.1 Freeze-in calculations

In this subsection, we calculate the UV freeze-in of dark matter from SM particle

annihilations for the case of instantaneous reheating. Since � is hadrophilic, and we

focus on low reheating temperatures, 5 MeV . TR . 20 MeV, freeze-in proceeds

through photon and—perhaps less obviously—pion annihilations. For even though

the abundance of pions are Boltzmann suppressed at these temperatures, they can

have a significant impact. The lower bound on the reheating temperature is set by

the requirement that predictions of BBN remain undisturbed [44, 45]. The upper

bound, as we will show below, corresponds roughly to the TR at which predicted

direct detection cross sections are too small to be observable at future experiments.

Note the O(TeV)  are not produced in the early universe due to the low TR.

We first calculate the dark matter produced from photon annihilations, �� !

��. The UV freeze-in proceeds through the dimension-7 operator (see discussion

surrounding Eq. (2.7)),

L �
y�

m
2
�

17yn↵

8⇡mn

��Fµ⌫F
µ⌫
. (3.1)
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Solve a Boltzman equation

Ignoring the possible contribution from initial-state pions for the moment, the number-

density Boltzmann equation governing dark matter freeze-in is [46]

ṅ� + 3Hn� ⇡ h���!��vi
�
n
eq
�

�2
,

h���!��vi
�
n
eq
�

�2
=

1

2!

g
2
�
g
2
�
T

29⇡5

Z 1

4m2
�

ds

q
s� 4m2

�
K1

�p
s/T

�
|M|

2
, (3.2)

where |M|
2 is the fully averaged matrix element squared for the process. The 1/2!

appears due to the 2 identical photons. In the second line, g� and g� are the degrees

of freedom of dark matter and photons. The phase space has been simplified to a

single integral since |M|
2 is only a function of s (see e.g. [25, 47]). This assumes

Maxwell-Boltzmann distributions for thermal �’s and �’s and that �’s are always

out of equilibrium.

Proceeding in a similar vein, we can calculate the UV freeze-in contribution

coming from pion annihilations ⇡+
⇡
�
! �̄� due to the couplings in Eq. (2.6). Adding

both contributions and integrating over temperatures, we obtain the yield of dark

matter, YDM = nDM/s, the ratio of the dark matter number density to the SM bath

entropy. The total yield obtained from pions and photons is

YDM =
y
2
n
y
2
�

m
4
�
m2

n

135
p
10MPl

(2⇡)8

X

j=�,⇡±


2
j

Z
TR

0

dT

T 5

I(mj)

gs,⇤(T )
p
g⇤(T )

, (3.3)

where

j =

(
1 for j = ⇡

±
,

17↵
4⇡ for j = �,

(3.4)

and

I(m) =

Z 1

max(4m2,4m2
�)

ds
(s+m

2)2
⇣

s

m
2
�
� 1

⌘2

+
�2
�

m
2
�

�
s� 4m2

�

�3/2
r

1�
4m2

s
K1

✓p
s

T

◆
. (3.5)

Above, MPl = 2.4 ⇥ 1018 GeV is the reduced Planck mass, g(s,)⇤ are the (entropic)

relativistic degrees of freedom, and �� is the total width of � which in our case almost

always decays to ��. The presence of this width as well as s/m2
�
in the denominator

of Eq. (3.3) is due to our use of the more general Lagrangian in Eq. (2.7) instead of

the approximation in Eq. (3.1). For instantaneous reheating, g(s,)⇤ are not changing

abruptly during freeze-in and the relativistic degrees of freedom are just evaluated

at TR.4 To explain the observed dark matter, we require

m�YDM =
⌦DM⇢crit

s0
= 4.37⇥ 10�10 GeV, (3.6)
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Dark Matter Production
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Figure 1. The ratio of dark matter produced from pions to dark matter from photons as

a function of the reheating temperature for m� = 0.5 MeV. Di↵erent curves correspond

to di↵erent representations of  under the SM gauge group (SU(3)c, SU(2)L,U(1)Y ). The

quark doublet-like representation on which we focus in the main text is shown in green.

where ⌦DM is the energy fraction of dark matter, ⇢crit is the critical energy density,

and s0 is the entropy of the photon bath today [48].

For the low reheating temperatures we consider, one might suspect that photon

annihilations are the dominant process for dark matter freeze-in. For TR . 13 MeV,

this is the case, as shown in Fig. 1. This figure displays the yield of dark matter

frozen-in via pions divided by the corresponding yield frozen-in via photons as a

function of the reheating temperature, i.e., the ratio of the two terms in the sum of

Eq. (3.3). The di↵erent colored curves correspond to di↵erent possible SM charge

assignments for  . The quark doublet-like representation we have emphasized is

displayed in green. The band around the curves corresponds to varying the IR

contribution to the photon coupling around the NDA estimate of Eq. (2.7) by a

factor of 2. As expected, the width of the band is smaller for those representations

that receive larger contributions to �FF from integrating out  in the UV. For now

we continue to concentrate on  ⇠ (3,2, 1/6), and we postpone discussion of other

representations to App. A.

4We have also verified that dgs,⇤/dT is su�ciently negligible in both the instantaneous and
non-instantaneous reheating scenarios.
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Photon domination case (very low RH)

Figure 2. Predictions for yn/m2
�
as a function of m� along with constraints in gray

for y = y� = 1. The LHC constraint is obtained from Eq. (2.8) with m & 1.5 (2)

TeV for shaded region (long dashed line) for current (possible future) constraint. The

colored contours yield the correct relic abundance for m� = 0.5 MeV for various reheating

temperatures. The right vertical axis is the scattering cross section for m� = 0.5 MeV.

calculate the freeze-in with the full � propagator, allowing for its on-shell production

and subsequent decay to pairs of dark matter. However, once we impose this lower

bound on m�, the e↵ective operator picture of Eq. (3.1) is valid [49] and allows our

results to conform to some of the usual intuition from simpler UV freeze-in scenarios.

The right vertical axis of Fig. 2 shows that low reheating temperatures may pre-

dict detectable cross sections. Going to large TR rapidly decreases the cross section,

even more quickly than if only photon annihilations were considered. Despite their

exponentially small abundance in the thermal bath, pions quickly overtake photons

to become the dominant driver of freeze-in for TR & 14 MeV (see Fig. 1). Neverthe-

less, it is informative to first consider the limiting case in which TR . 12 MeV so

that pions contribute less than ⇠ 1% to the dark matter relic abundance and may

be safely ignored. Then the total dark matter yield comes from photon annihilations

alone and for m� ⌧ TR, the integrals in Eq. (3.3) may be done analytically, yielding:

YDM ⇡
3888

p
10

⇡8

MPl

gs,⇤
p
g⇤

 
17yny�↵

4⇡mnm
2
�

!2

T
5
R. (3.7)
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Direct detection depends on the choice of representation.



Predictions for direct detection
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Figure 3. The dark matter-nucleon scattering cross section as a function of m� which

yields the correct relic abundance for y = y� = 1. The colored contours correspond to

di↵erent reheating temperatures. The gray shaded regions are excluded by the LHC and

BBN, while the dashed gray lines show the projected sensitivities of future experiments

[5, 10, 12–14, 16, 17].

In this region of parameter space, the observed dark matter abundance thus predicts

��n ⇡

✓
4⇡

17↵

◆2
⇡
7

3888
p
10

gs,⇤
p
g⇤

MPl

⌦DM⇢crit

s0

m
2
n
m�

T
5
R

⇡ 5.5⇥ 10�44 cm2

✓
gs,⇤

p
g⇤

10.763/2

◆⇣
m�

1 MeV

⌘✓
10 MeV

TR

◆5

. (3.8)

Thus, lower reheating temperatures predict potentially detectable cross sections.

The full predictions, including the pion contributions, for the direct detection

cross section as a function ofm� are shown in Fig. 3. The colored contours correspond

to the same reheating temperatures as in Fig. 2, the gray regions correspond to the

same bounds, and y = y� = 1 again. The LHC constraint again comes from direct

searches for  (see Eq. (2.8)), and the dashed gray line assumes instead a possible

future bound of m & 2 TeV from the LHC.

Note that the approximation of Eq. (3.8) holds as expected when TR . 12 MeV

and m� ⌧ TR. As m� increases, m� & TR, the photons able to produce the �s

start becoming Boltzmann suppressed, requiring larger couplings and resulting in a
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Summary

• Freeze-in represents an interesting target for direct detection at relatively low 
masses.


• Relatively minor modification of the freeze-in simplest story can give rise to a 
wide range of cross sections beyond the simplest benchmark, including ones 
that are being probed now!


• Detectable cross sections for nucleon scattering requires a bit more effort, but 
are possible, and low-reheat temperatures represents an existence proof. 



Thank you!

• Happy Birthday, Hitoshi and Lawrence!


• Your impact on the field through your science and your influence on 
generation(s!) of physicists is a remarkable legacy, and I know you are an 
inspiration to so many of us in this room.
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Figure 4. The ratio of the total dark matter yield to the yield obtained only with the

instantaneous reheating approximation, as a function of TR form� = 10 MeV. The di↵erent

colors correspond to di↵erent Tmax/TR, while the di↵erent line styles correspond to di↵erent

sets of initial SM states.

from Tmax to TR is

Y
non�inst.
DM = 0.4⇥

y
2
n
y
2
�

m
4
�
m2

n

27
p
10MPl

32⇡8

g
5/2
⇤ (TR)

gs,⇤(TR)
T

7
R

X

j=�,⇡±


2
j

Z
Tmax

TR

dT

T 12

I(mj)

g3⇤(T )
, (4.1)

where the I(mj) is defined in Eq. (3.5). For the pion contribution, Tmax is capped at

the temperature of the QCD phase transition, 156.5 MeV [54]. Above this tempera-

ture, gluon annihilations to dark matter occur, but we find these contribute negligibly

to the final dark matter relic abundance. The pre-factor of 0.4 is a correction that

comes from numerically solving the Boltzmann equations [53]. Combining this yield

with the one from temperatures below TR, found in Eq. (3.3), gives the total yield

of dark matter in inflationary scenarios with arbitrary Tmax.

For the small values of TR we consider, a larger Tmax implies exponentially more

pions in the SM bath. The resulting temperature dependence of the thermally-

averaged pion annihilation cross section can more than compensate for the entropy

dilution between Tmax and TR. Thus, the dark matter yield can be much larger than

what we found assuming Tmax ' TR.

To illustrate this point, in Fig. 4 we show the ratio of the total dark matter
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Figure 6. The same as Fig. 3, but with Tmax/TR = 5 (top panel) or Tmax/TR = 1

(bottom panel) instead of Tmax/TR ' 1.
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