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Is such a large cross section even feasible?  
Is there a maximum cross section for DM nucleon scattering given 

present day constraints?
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Maximizing Direct Detection
 There exists a maximum cross section .  

To design experiments targeting larger cross sections is not motivated.
σmax

χn
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A Hadrophilic Scalar Mediator
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UV Model: new vector-like quarks at the TeV scale
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For the heavy mediator scenario with electron coupling, we allowed the mediator to thermalize with
the dark matter (see Section III C). Then y� is bounded by SIDM constraints and can be as large as
⇡ 0.1� 1. The following choice is enough to stabilize the potential

�� ⇡ ��� ⇡ 10�3 , and y� ⇡ 10�1, (A4)

again for m� & m� and �� ⇡ 1. Again since ���, �� ⌧ y2�, the corrections to the � self-interaction
cross section can be neglected for our purposes.

Finally, the perturbativity constraint requires that the one-loop correction to the 1
2y�m���2 cou-

pling is parametrically smaller than the tree-level contribution. In the non-relativistic limit, the one-
loop correction is given by
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which we require to be smaller than y�m�. In the m� ⌧ m� limit, the perturbativity constraint
simplifies to
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while for m� = m� the result is
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Both cases are consistent with the requirement of y� . 4⇡ from naive dimensional analysis. Throughout
this paper we conservatively impose y� < 1.

Appendix B: Self-interaction cross sections

In this appendix, we review scattering of distinguishable dark matter particles. Here �T is the
transfer cross section, defined as the scattering cross section weighted by the momentum transfer,

�T =
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In the Born approximation, where ↵�m�/m� ⌧ 1, the transfer cross section for DM interacting via a
Yukawa potential is [93]
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loop correction is given by
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which we require to be smaller than y�m�. In the m� ⌧ m� limit, the perturbativity constraint
simplifies to

y2�
16⇡2

< 1 , (A6)

while for m� = m� the result is

y2�

48
p
3⇡

< 1. (A7)

Both cases are consistent with the requirement of y� . 4⇡ from naive dimensional analysis. Throughout
this paper we conservatively impose y� < 1.

Appendix B: Self-interaction cross sections

In this appendix, we review scattering of distinguishable dark matter particles. Here �T is the
transfer cross section, defined as the scattering cross section weighted by the momentum transfer,

�T =

Z
d⌦

d�

d⌦
(1� cos ✓). (B1)

In the Born approximation, where ↵�m�/m� ⌧ 1, the transfer cross section for DM interacting via a
Yukawa potential is [93]

�born
T ⇡

8⇡↵2
�

m2
�v4

⇥
log(1 + R2)� R2/(1 + R2)

⇤
, (B2)

where R ⌘ m�v/m�. When the mediator is heavy, such that R ⌧ 1, the coupling constant corre-
sponding to a cross section of 1 cm2/g is

↵� . 0.02

✓
1 keV
m�

◆1/2 ⇣ m�

1 MeV

⌘2
. (B3)
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FIG. 1. Current constraints shown in gray along with current
and future values for (mmin

� , ymax
n ).

model which can realize �max
�n while avoiding cosmolog-

ical bounds. We then detail the HYPER (parameter)
space, highlighting regions in which our hadrophilic HY-
PER model can reach �

max
�n . Finally, we discuss future

directions.
Estimating �

max
�n .—To estimate �

max
�n , we assume a

scalar mediator � is coupled to DM and nucleons, n:

L � �m��̄�� yn�n̄n� y���̄� . (1)

We assume that DM is one species which has a con-
stant, unchanging mass throughout cosmological history,
though there are alternatives to these assumptions (see
e.g. [29–31] and [26, 32], respectively, for examples).

The first step in deriving �
max
�n is to obtain the ex-

tremal values of y�, yn and m� consistent with present-

day bounds. The bounds on yn depend on its origin.
One possibility is that it arises from a coupling to glu-
ons, �Gµ⌫

Gµ⌫ . This coupling can be generated upon in-
tegrating out the relevant heavy degrees of freedom if �
couples to top quarks or to new heavy, vectorlike quarks,
 [33]. Meson constraints are weaker in the latter sce-
nario, so we assume this UV completion to maximize
��n. While the nucleon coupling could arise from cou-
plings to light quarks [34], such set-ups are likely to be
even more susceptible to bounds from meson decays un-
less the mediator is heavier than O(1 GeV), which would
substantially suppress direct detection cross sections. So,
in what follows, we specialize to the case where the nu-
cleon coupling arises from a gluon coupling that comes
from integrating out vectorlike quarks.

The relevant bounds on m� vs. yn are shown in gray
in Fig. 1. They include cooling bounds from supernova
(SN) 1987A [33] and horizontal branch (HB) stars [35].
The vectorlike colored fermions induce a �t̄t coupling
at one loop, which induces K

+
! ⇡

+
� decay at loop-

level via CKM mixing [33]. This is bounded by limits on

FIG. 2. �max
�n for the current and future (mmin

� , ymax
n ) values

from Fig. 1, as well as hadrophilic HYPER DM benchmarks
for a variety of di↵erent TPT contours. The current constraint
from CDEX is shaded gray, while future projected sensitivi-
ties are shown with dashed gray lines. Colored shaded regions
correspond to parameter space for di↵erent benchmark TPT,
and are determined by the requirements that the DM abun-
dance does not change after the phase transition. See Eq. (10)
and Eq. (11).

Br (K+
! ⇡

+
X), where X is an invisible spin-0 parti-

cle [36]. The result is the “NA62 K
+
! ⇡

+
� bound” in

Fig. 1. Future data from NA62 will strengthen the bound
on yn. Anticipating this, we select values of (mmin

� , y
max
n )

given both “Current” and “Future” constraints.
Next, we maximize y�. The strongest bound comes

from DM elastic scattering and applies to the self-
interaction cross section, ���. We use the Born approxi-
mation to the transfer cross section given in [33] and satu-
rate ���/m� . 1 cm2

/g at vDM ⇠ 10�3 [37] to find y
max
� .

We have also verified that indirect detection bounds are
significantly weaker. While a precise calculation of the
� coupling to photons is impossible because of the rel-
evance of non-perturbative quark and gluon loops, an
estimate can be made by considering a loop of protons,
which yields:
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↵yn

6⇡mp
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This permits DM annihilations to photons �̄� ! �� in
the center of galaxies, with a cross section
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When evaluated using the virial velocity of the Milky
Way, this p-wave cross section is roughly 11 orders of
magnitude smaller than the bound [21]. � annihilation
into a pair of on-shell �’s, which could subsequently decay
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Indirect Detection χχ̄ → γγ
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ground. Likewise, errors between di↵erent energy bins
are likely correlated. Nevertheless, we will multiply by
two the error bars reported in Ref. [5] to obtain the fluxes
at 95% C.L. at each energy bin. Then, we will obtain our
limits by requiring that the emission from each DM can-
didate is smaller than this 95% C.L. flux. We note that
older observational data from the INTEGRAL satellite
were used to constrain particle DM in Refs. [81–83].

0.01 0.03 0.1 0.3 1.0 3.0 10.0
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�
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INTEGRAL 
(this work)

COMPTEL

NuSTAR previous 
constraint

FIG. 2 : Constraints on the lifetime of decaying DM, ⌧ ,
assuming decay to two photons, as a function of its mass m�.
The orange and blue shaded regions are constrained by X-ray
and gamma-ray data from COMPTEL [6], and NuSTAR [84].
Our conservative re-analysis of INTEGRAL data yields the
95% C.L. constraints shaded in black, to be compared with
the previous result from Ref. [6] as the dashed gray line. The
kinks in our limit (as well as those presented in Fig. 3) reflect
the energy binning in the INTEGRAL data.

A. Particle Dark Matter

We begin by revisiting the INTEGRAL constraints on
decaying particle DM from Ref. [6].

We show our constraint for decaying DM on Fig. 2,
along with the previous result of Ref. [6]. Our robust
analysis weakens the INTEGRAL constraints by nearly
an order of magnitude. That is partially because not
every photon is included in the data used in Ref. [6],
as well as due to the loss of energy resolution (which
would significantly help in this case). Moreover, we do
not include extra-Galactic photons from decaying DM,
as those are not accounted for in the INTEGRAL/SPI
data set that we use, which narrows the mass range that
can be constrained. We can probe DM masses m� 2
[0.054�3.6] MeV, over which our constraint, in Fig. 2, can
be approximated by ⌧ & 5⇥1026 s⇥ (m�/MeV)�1. Even
when accounting for the weakening of the INTEGRAL
limits, these are still 3 orders of magnitude stronger than
those obtained from the CMB [71].

We now study the case of annihilating dark matter.
We show the limits for DM annihilating to two photons
in Fig. 3. In this case the INTEGRAL data provides
stronger constraints than the CMB [71] and NuSTAR ob-
servations of M31 [84]. While the NuSTAR constraints
could be potentially extended to higher masses using
Galactic-center data [85], they will be less constraining
than our results, so we do not show them here. All these
constraints are significantly smaller than the thermal-
relic cross section, and thus do not allow for a thermal
relic within this mass range annihilating exclusively to
two photons.
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FIG. 3 : Constraints on the thermally averaged cross section
of DM annihilating to two photons, h�vi�� , as a function of
its mass, m�, for our INTEGRAL reanalysis (95% C.L., in
black), compared to the CMB s-wave limits [86] (in purple),
as well as the current best limits from NuSTAR [84] (in blue).

Additionally, DM with masses above the electron mass
can annihilate to electron-positron pairs plus FSR. We
note, in passing, that for this case we find good agreement
with the constraints of Ref. [6], as the FSR spectrum
is fairly broad, so the loss of energy resolution in our
analysis does not change the results significantly.

B. Ultralight PBHs

We follow the same approach for the PBHs, except now
we will phrase our constraints in terms of the maximum
fraction fPBH of the DM that is allowed to be comprised
of PBHs, assuming a monochromatic mass function, and
an NFW distribution for PBHs, even for low values of
fPBH.

We show our limits in Fig. 4, where we see that IN-
TEGRAL can rule out PBHs composing the entirety of
the DM for masses up to MPBH = 1.2 ⇥ 1017 g, provid-
ing the strongest constraint to date. Our result improves
upon that obtained through the flux of electron-positron
pairs in the Galaxy, which would then annihilate and

[2004.00627]
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nario, so we assume this UV completion to maximize
��n. While the nucleon coupling could arise from cou-
plings to light quarks [34], such set-ups are likely to be
even more susceptible to bounds from meson decays un-
less the mediator is heavier than O(1 GeV), which would
substantially suppress direct detection cross sections. So,
in what follows, we specialize to the case where the nu-
cleon coupling arises from a gluon coupling that comes
from integrating out vectorlike quarks.

The relevant bounds on m� vs. yn are shown in gray
in Fig. 1. They include cooling bounds from supernova
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Fig. 1. Future data from NA62 will strengthen the bound
on yn. Anticipating this, we select values of (mmin
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given both “Current” and “Future” constraints.
Next, we maximize y�. The strongest bound comes

from DM elastic scattering and applies to the self-
interaction cross section, ���. We use the Born approxi-
mation to the transfer cross section given in [33] and satu-
rate ���/m� . 1 cm2

/g at vDM ⇠ 10�3 [37] to find y
max
� .

We have also verified that indirect detection bounds are
significantly weaker. While a precise calculation of the
� coupling to photons is impossible because of the rel-
evance of non-perturbative quark and gluon loops, an
estimate can be made by considering a loop of protons,
which yields:
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FIG. 1. Current constraints shown in gray along with current
and future values for (mmin

� , ymax
n ).

model which can realize �max
�n while avoiding cosmolog-

ical bounds. We then detail the HYPER (parameter)
space, highlighting regions in which our hadrophilic HY-
PER model can reach �

max
�n . Finally, we discuss future

directions.
Estimating �

max
�n .—To estimate �

max
�n , we assume a

scalar mediator � is coupled to DM and nucleons, n:

L � �m��̄�� yn�n̄n� y���̄� . (1)

We assume that DM is one species which has a con-
stant, unchanging mass throughout cosmological history,
though there are alternatives to these assumptions (see
e.g. [29–31] and [26, 32], respectively, for examples).

The first step in deriving �
max
�n is to obtain the ex-

tremal values of y�, yn and m� consistent with present-

day bounds. The bounds on yn depend on its origin.
One possibility is that it arises from a coupling to glu-
ons, �Gµ⌫

Gµ⌫ . This coupling can be generated upon in-
tegrating out the relevant heavy degrees of freedom if �
couples to top quarks or to new heavy, vectorlike quarks,
 [33]. Meson constraints are weaker in the latter sce-
nario, so we assume this UV completion to maximize
��n. While the nucleon coupling could arise from cou-
plings to light quarks [34], such set-ups are likely to be
even more susceptible to bounds from meson decays un-
less the mediator is heavier than O(1 GeV), which would
substantially suppress direct detection cross sections. So,
in what follows, we specialize to the case where the nu-
cleon coupling arises from a gluon coupling that comes
from integrating out vectorlike quarks.

The relevant bounds on m� vs. yn are shown in gray
in Fig. 1. They include cooling bounds from supernova
(SN) 1987A [33] and horizontal branch (HB) stars [35].
The vectorlike colored fermions induce a �t̄t coupling
at one loop, which induces K

+
! ⇡

+
� decay at loop-

level via CKM mixing [33]. This is bounded by limits on

FIG. 2. �max
�n for the current and future (mmin

� , ymax
n ) values

from Fig. 1, as well as hadrophilic HYPER DM benchmarks
for a variety of di↵erent TPT contours. The current constraint
from CDEX is shaded gray, while future projected sensitivi-
ties are shown with dashed gray lines. Colored shaded regions
correspond to parameter space for di↵erent benchmark TPT,
and are determined by the requirements that the DM abun-
dance does not change after the phase transition. See Eq. (10)
and Eq. (11).

Br (K+
! ⇡

+
X), where X is an invisible spin-0 parti-

cle [36]. The result is the “NA62 K
+
! ⇡

+
� bound” in

Fig. 1. Future data from NA62 will strengthen the bound
on yn. Anticipating this, we select values of (mmin

� , y
max
n )

given both “Current” and “Future” constraints.
Next, we maximize y�. The strongest bound comes

from DM elastic scattering and applies to the self-
interaction cross section, ���. We use the Born approxi-
mation to the transfer cross section given in [33] and satu-
rate ���/m� . 1 cm2

/g at vDM ⇠ 10�3 [37] to find y
max
� .

We have also verified that indirect detection bounds are
significantly weaker. While a precise calculation of the
� coupling to photons is impossible because of the rel-
evance of non-perturbative quark and gluon loops, an
estimate can be made by considering a loop of protons,
which yields:

L �
↵yn

6⇡mp
�Fµ⌫F

µ⌫
. (2)

This permits DM annihilations to photons �̄� ! �� in
the center of galaxies, with a cross section

�vann =
1

32⇡

✓
2↵ymax

n y
max
�

3⇡mp

◆2
s
�
s� 4m2

�

�

⇣
s� (mmin

� )2
⌘2 . (3)

When evaluated using the virial velocity of the Milky
Way, this p-wave cross section is roughly 11 orders of
magnitude smaller than the bound [21]. � annihilation
into a pair of on-shell �’s, which could subsequently decay

1
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⇠ 10�44cm3s�1 (1)

mi
� ! m� ⌧ mi

� (2)

TPT < TR < mi
� (3)

⌦�h
2 = 0.11 (4)

mi
� > TR ⇠ O(1TeV) (5)

TPT (6)
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Expanding ⌃, the relevant terms for us are:
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I. UV FREEZE IN FROM GLUONS

⌦�h
2 = 0.11 (1) and ??

• Large couplings could over-annihilate in the early Universe: , 
leading to  

• BBN and CMB constrain sub-MeV dark matter with large cross sections. 

• Dark matter (and mediators) with MeV mass and large interactions could 
thermalize the bath and lead to  constraints. 

χχ̄ → ϕϕ
Ωχh2 < 0.1

Neff

Is there a sub-GeV dark matter candidate that: 
                1) may be detected at proposed experiments?  
                2) may have such a large cross section?



Maximizing Direct Detection

with HYPER Dark Matter 

 There exists a maximum cross section .  
To design experiments targeting larger cross sections is not motivated.

σmax
χn

 There exists a model of dark matter that can achieve , 
 and generally lives in a parameter space upcoming experiments will target.

σmax
χn

G. Elor
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4

perature of the dark sector phase transition but be-
low m

i
�. Integrating out both the heavy vectorlike

quark  and the initially heavy mediator �, leads
to ↵sy�yn

2.6mn(mi
�)

2��̄G
a, µ⌫

G
a
µ⌫ . HYPERs thus freeze-in

through this dimension-7 coupling to gluons. This
e↵ective operator description is consistent if TR .
Min

h
m

i
�/20 ,m /20

i
. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
i.e., HYPERs UV freeze-in with yield [53]:

Y� ' 4⇥ 10�5

 
yny�↵s

mn(mi
�)

2

!2
MPlT

5
R

gs,⇤
p
g⇤

. (6)

Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)

L � �
yn

2⇡mn

✓
2

3
�@

µ
⇡@µ⇡ �m

2
⇡�⇡⇡

◆
, (8)

5 We don’t require the slightly stronger lower bound of T⌫, decpl .
TPT since dark particles may annihilate to both photons and
neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.

and lead to the following cross section:

�cmv =
y
2
�y

2
n

288⇡3m2
n

�
s� 4m2

�

�3/2 �
s� 5m2

⇡

�2

s
p
s(s�m

2
�)

2
, (9)

for neutral pions. The cross section for ⇡+
⇡
�
! �̄� is a

factor of four larger. Requiring that these annihilations
be inactive at TPT corresponds to the condition

�
n
eq
⇡0

�2
h�cmvi00 +

�
n
eq
⇡+

�2
h�cmvi+� . Hn� , (10)

where �cmvi00 is the thermally averaged cross section for
⇡
0
⇡
0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT

Dark Sector Phase Transition

HYPERs :  
HighlY interactive ParticlE Relics 
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i.e., HYPERs UV freeze-in with yield [53]:
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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5 We don’t require the slightly stronger lower bound of T⌫, decpl .
TPT since dark particles may annihilate to both photons and
neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.
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for neutral pions. The cross section for ⇡+
⇡
�
! �̄� is a

factor of four larger. Requiring that these annihilations
be inactive at TPT corresponds to the condition

�
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eq
⇡0
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h�cmvi00 +

�
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�2
h�cmvi+� . Hn� , (10)

where �cmvi00 is the thermally averaged cross section for
⇡
0
⇡
0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT
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. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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for neutral pions. The cross section for ⇡+
⇡
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! �̄� is a

factor of four larger. Requiring that these annihilations
be inactive at TPT corresponds to the condition
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where �cmvi00 is the thermally averaged cross section for
⇡
0
⇡
0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT
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�. Integrating out both the heavy vectorlike

quark  and the initially heavy mediator �, leads
to ↵sy�yn

2.6mn(mi
�)

2��̄G
a, µ⌫

G
a
µ⌫ . HYPERs thus freeze-in

through this dimension-7 coupling to gluons. This
e↵ective operator description is consistent if TR .
Min

h
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i
�/20 ,m /20
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. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
i.e., HYPERs UV freeze-in with yield [53]:
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.
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for neutral pions. The cross section for ⇡+
⇡
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! �̄� is a

factor of four larger. Requiring that these annihilations
be inactive at TPT corresponds to the condition
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h�cmvi+� . Hn� , (10)

where �cmvi00 is the thermally averaged cross section for
⇡
0
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0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT
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. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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0
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0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
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To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y
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n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �
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cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
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bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin
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For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT
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UV Freeze-In
At high scales, integrating out initially heavy mediator and heavy vector like quarks:

4

perature of the dark sector phase transition but be-
low m

i
�. Integrating out both the heavy vectorlike

quark  and the initially heavy mediator �, leads
to ↵sy�yn

2.6mn(mi
�)

2��̄G
a, µ⌫

G
a
µ⌫ . HYPERs thus freeze-in

through this dimension-7 coupling to gluons. This
e↵ective operator description is consistent if TR .
Min

h
m

i
�/20 ,m /20

i
. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
i.e., HYPERs UV freeze-in with yield [53]:
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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5 We don’t require the slightly stronger lower bound of T⌫, decpl .
TPT since dark particles may annihilate to both photons and
neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.
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for neutral pions. The cross section for ⇡+
⇡
�
! �̄� is a

factor of four larger. Requiring that these annihilations
be inactive at TPT corresponds to the condition

�
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where �cmvi00 is the thermally averaged cross section for
⇡
0
⇡
0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT

1

I. GENERAL MODEL STUFF WE OMITTED FROM TEXT

L � �� ̄ (1)

L �
↵s

⇤
�G

µ⌫
Gµ⌫ (2)

1

⇤
=

�

M 

$
yn

mn

(3)

L �
↵s

4⇤
�G

a

µ⌫
G

a,µ⌫ (4)

where ⇤ = �0.65mn/yn. This induces

L �
✏
p
2

mt

v
�t̄t (5)

L � yn
mt

v
�t̄t (6)

where ✏ ⇠ �17yn. Throughout I will take the value of yn and m� for our HYPER benchmark.

II. UV FI FROM GLUONS

YUV =
180

1.66(2⇡)7g⇤
s

p
g⇤

 
0.65 yny�
4mn(mi

�
)2

!2

MPlT
5
R
⇠ 4⇥ 10�10 GeV

m�

(7)

III. ESTIMATING Tmax
PT

Following the Higgs Hunters guide

L+ �L =
1

4
f
2
⇣
1 +

c1

⇤
�

⌘
Tr
⇥
@
µ⌃@µ⌃

†⇤+ 1

2
f
2
⇣
1 +

c2

⇤
�

⌘ �
Tr
⇥
µM⌃†⇤+ h.c.

�
(8)

plus terms arising from weak interactions which are not present for us. using ⌃ = e
i⇧a

T
a
/f and Tr

⇥
T

a
T

b
⇤
= �ab and

expanding out ⇧ the matrix of light mesons. M = diag (mu,md,ms) and µ = m
2
⇡
/(mu +md).

Pi =

0

B@
⇡
0 + 1p

3
⌘8

p
2⇡+

p
2K+

p
2⇡�

�⇡
0 + 1p

3
⌘8

p
2K0

p
2K� p

2K̄0
�

2p
3
⌘8

1

CA . (9)

Expanding ⌃, the relevant terms for us are:

L =
1

4

c1

⇤
�Tr

h
@
µ⇧@µ⇧

†
i
�

1

4
µ
c2

⇤
�Tr

h
M⇧2

i
+ h.c. where c1 =

4NH

3b
and c2 =

2NH

b
(10)

here b = 11� 2
3Nf . For us the number of heavy quarks is NH = 1 and 1

⇤ = �
ynb

2⇡mn
. Plugging this all in:

L =

✓
�

yn

2⇡mn

◆✓
1

3
�Tr

h
@
µ⇧@µ⇧

†
i
�

1

2
µ�Tr

h
M⇧2

i
+ h.c.

◆
(11)

1

I. GENERAL MODEL STUFF WE OMITTED FROM TEXT

L � �� ̄ (1)

L �
↵s

⇤
�G

µ⌫
Gµ⌫ (2)

1

⇤
=

�

M 

$
yn

mn

(3)

L �
↵s

4⇤
�G

a

µ⌫
G

a,µ⌫ (4)

where ⇤ = �0.65mn/yn. This induces

L �
✏
p
2

mt

v
�t̄t (5)

L � yn
mt

v
�t̄t (6)

where ✏ ⇠ �17yn. Throughout I will take the value of yn and m� for our HYPER benchmark.

II. UV FI FROM GLUONS

YUV =
180

1.66(2⇡)7g⇤
s

p
g⇤

 
0.65 yny�
4mn(mi

�
)2

!2

MPlT
5
R
⇠ 4⇥ 10�10 GeV

m�

(7)

III. ESTIMATING Tmax
PT

Following the Higgs Hunters guide

L+ �L =
1

4
f
2
⇣
1 +

c1

⇤
�

⌘
Tr
⇥
@
µ⌃@µ⌃

†⇤+ 1

2
f
2
⇣
1 +

c2

⇤
�

⌘ �
Tr
⇥
µM⌃†⇤+ h.c.

�
(8)

plus terms arising from weak interactions which are not present for us. using ⌃ = e
i⇧a

T
a
/f and Tr

⇥
T

a
T

b
⇤
= �ab and

expanding out ⇧ the matrix of light mesons. M = diag (mu,md,ms) and µ = m
2
⇡
/(mu +md).

Pi =

0

B@
⇡
0 + 1p

3
⌘8

p
2⇡+

p
2K+

p
2⇡�

�⇡
0 + 1p

3
⌘8

p
2K0

p
2K� p

2K̄0
�

2p
3
⌘8

1

CA . (9)

Expanding ⌃, the relevant terms for us are:

L =
1

4

c1

⇤
�Tr

h
@
µ⇧@µ⇧

†
i
�

1

4
µ
c2

⇤
�Tr

h
M⇧2

i
+ h.c. where c1 =

4NH

3b
and c2 =

2NH

b
(10)

here b = 11� 2
3Nf . For us the number of heavy quarks is NH = 1 and 1

⇤ = �
ynb

2⇡mn
. Plugging this all in:

L =

✓
�

yn

2⇡mn

◆✓
1

3
�Tr

h
@
µ⇧@µ⇧

†
i
�

1

2
µ�Tr

h
M⇧2

i
+ h.c.

◆
(11)



UV Freeze-In
At high scales, integrating out initially heavy mediator and heavy vector like quarks:
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perature of the dark sector phase transition but be-
low m

i
�. Integrating out both the heavy vectorlike

quark  and the initially heavy mediator �, leads
to ↵sy�yn

2.6mn(mi
�)

2��̄G
a, µ⌫

G
a
µ⌫ . HYPERs thus freeze-in

through this dimension-7 coupling to gluons. This
e↵ective operator description is consistent if TR .
Min

h
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i
�/20 ,m /20
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. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
i.e., HYPERs UV freeze-in with yield [53]:
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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TPT since dark particles may annihilate to both photons and
neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.
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be inactive at TPT corresponds to the condition
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where �cmvi00 is the thermally averaged cross section for
⇡
0
⇡
0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y
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� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
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ply by increasing the present-day mediator mass, m�.
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UV Freeze-In
At high scales, integrating out initially heavy mediator and heavy vector like quarks:
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low m

i
�. Integrating out both the heavy vectorlike

quark  and the initially heavy mediator �, leads
to ↵sy�yn

2.6mn(mi
�)

2��̄G
a, µ⌫

G
a
µ⌫ . HYPERs thus freeze-in

through this dimension-7 coupling to gluons. This
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. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
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Both TR and m
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�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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TPT since dark particles may annihilate to both photons and
neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.
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low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y
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To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
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The final potentially troublesome process after the
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TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
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For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m
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� or y� < y
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� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2
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For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
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I. UV FREEZE IN FROM GLUONS

ymax
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$ mmax
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(2)

⇠ 10�44cm3s�1 (3)

mi
� ! m� ⌧ mi

� (4)

TPT < TR < mi
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2 = 0.11 (6)

mi
� > TR ⇠ O(1TeV) (7)

TPT (8)
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e.g. after the phase transition we must forbid or suppress processes such as 

• Dark matter relic abundance must not change.  

• BBN and CMB must be unaffected
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4

perature of the dark sector phase transition but be-
low m

i
�. Integrating out both the heavy vectorlike

quark  and the initially heavy mediator �, leads
to ↵sy�yn

2.6mn(mi
�)

2��̄G
a, µ⌫

G
a
µ⌫ . HYPERs thus freeze-in

through this dimension-7 coupling to gluons. This
e↵ective operator description is consistent if TR .
Min

h
m

i
�/20 ,m /20

i
. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
i.e., HYPERs UV freeze-in with yield [53]:
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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5 We don’t require the slightly stronger lower bound of T⌫, decpl .
TPT since dark particles may annihilate to both photons and
neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.
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for neutral pions. The cross section for ⇡+
⇡
�
! �̄� is a

factor of four larger. Requiring that these annihilations
be inactive at TPT corresponds to the condition

�
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where �cmvi00 is the thermally averaged cross section for
⇡
0
⇡
0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT
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must ensure that the phase transition does not impact
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than both TR and m�. After the phase transition, how-
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For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m
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Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin
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n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT

• Dark matter relic abundance must not change.  

• BBN and CMB must be unaffected
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for neutral pions. The cross section for ⇡+
⇡
�
! �̄� is a

factor of four larger. Requiring that these annihilations
be inactive at TPT corresponds to the condition

�
n
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⇡0

�2
h�cmvi00 +

�
n
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�2
h�cmvi+� . Hn� , (10)

where �cmvi00 is the thermally averaged cross section for
⇡
0
⇡
0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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This increase in m� may be done without encountering
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• Dark matter relic abundance must not change.  

• BBN and CMB must be unaffected

3

to photons, would also be subject to indirect detection
constraints. Recasting bounds from [21, 22], we find a
slightly smaller ymax

� for m� in the range 0.3�10 MeV in
this case. However, these bounds could easily be avoided
in a concrete model of DM if the �’s could decay to a light
dark state. This would be particularly easy to achieve,
even without introducing large couplings between � and
the light dark state, since the induced coupling in Eq. (2)
is very small. Therefore, in our determination of �max

�n ,
we do not impose any constraint coming from present-
day �̄� ! �� annihilations.

The above values of mmin
� , ymax

n , and y
max
� allow us to

estimate �
max
�n :
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�
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We show the Current and Future �max
�n estimates in Fig. 2

using the Current and Future points from Fig. 1. For
DM masses in the range of 10 keV � 100 MeV, cross
sections greater than 10�36- 10�30 cm2 seem implausible.
We show the current constraint from China Dark Matter
Experiment (CDEX) [38] in gray, along with the pro-
jected sensitivities of future experiments (assuming one
kg-year exposure) in dashed gray [9, 10, 13–17, 19, 20].
Brown Dwarfs may also probe su�ciently large cross sec-
tions, as shown in dotted gray [39]. It is noteworthy that
all of these proposals are sensitive to the smaller, Future
�
max
�n curve and therefore, capable of discovering DM. No

bounds related to cosmic ray scattering [6, 7, 40] appear
in Fig. 2. They are orders of magnitude above even the
“Current �

max
�n ” line and are thus unlikely to constrain

point-like DM models.3

We now comment on the robustness of �max
�n against

variations of our starting assumptions. If we permit suf-
ficient fine tuning when UV completing the nucleon cou-
pling in Eq. (1), the constraints in Fig. 1 can be weak-
ened. For instance, the NA62 bound on Kaon decays
may be avoided by adding a term to the Lagrangian /

�QHuR ! �t̄t which cancels the loop induced contribu-
tion coming from the heavy, vectorlike colored fermions.

[rob: Condensed and edited this paragraph:] One
may also wonder if a larger �max

�n could be achieved with
a vector mediator. We find that current beam dump and
collider constraints [43, 44] on visibly decaying dark pho-
tons and U(1)B�L vectors result in maximum cross sec-
tions less than our �max

�n over the range ofm� we consider.
If instead one considers invisibly decaying dark photons,
the lower bound on their mass comes from HB stars and is
similar to the scalar mediator’s lower mass bound [35, 45].

3 Stronger bounds/projections in [41, 42] would appear in Fig. 2,
but assume unphysical, constant (with respect to energy) cross
sections.

Additionally, the dark gauge coupling, gD, is bounded
by DM self-scattering with a limit of order ymax

� and the
kinetic mixing is bounded to be roughly of order y

max
n

[46]. The resulting �
max
�n is therefore in the same ball-

park as what we have found. However, if NA64 were
able to extend their current constraints [47, 48] on the
kinetic mixing of invisibly decaying dark photons from
1 MeV masses down to ⇠ 0.3 MeV, the resulting ��n for
this scenario would almost certainly be smaller than our
�
max
�n . Finally, one may consider composite instead of

point-like DM. In such a scenario, with su�ciently large
composite states, it is possible for asymmetric DM4 to
have an enhanced direct detection cross section [49].
A hadrophilic HYPER model.—With an estimate of

�
max
�n in hand, the next question is: are there DM mod-

els with such a large cross section that explain the relic
abundance while evading cosmological bounds? Because
of crossing symmetry, such a highly interactive DM would
be expected to over-annihilate in the early Universe and
consequently have too small a relic abundance. [rob:
Gilly and I edited below like we all had discussed.]
One might also expect BBN and CMB to generically
constrain even smaller cross sections than �

max
�n . Both

DM and mediators with masses . 5 MeV and large in-
teractions would thermalize with the SM bath and be
excluded by bounds on Ne↵ [8, 23]. Crossing symmetry
would also imply that DM annihilations to SM particles
at CMB would be excluded if DM were to have large
direct detection cross sections [50, 51]. HYPERs evade
all of these generic problems by having a su�ciently late
dark sector phase transition and their relic abundance set
by UV freeze-in [52, 53]: � and � never come into thermal
equilibrium with the SM. Indirect detection bounds are
evaded by kinematically forbidding the most problematic
annihilation processes to the SM while loop-suppressing
those which are allowed.
The range of HYPER masses we consider is

O(10 keV) . m� < m⇡0 . (5)

In this range, which is also of interest for the experi-
mental proposals in Fig. 2, it is easier to build models
that approach �

max
�n . The upper bound kinematically

forbids �̄� ! hadrons when T < m⇡0 which could re-
duce the DM abundance once a large coupling to nucelons
is assumed. The lower bound ensures consistency with
bounds from Lyman-↵ measurements [54], which apply
to this UV freeze-in scenario.

We now outline the HYPER thermal history. The re-
heat temperature, TR, is much greater than the tem-

4 Even if the asymmetric DM is point-like, it may still have a cross
section as large as �max, for m� & O(10 MeV). However, the a
mediator that approaches mmin

� would be in tension with BBN

bounds without further model building [].

…. G. Elor
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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temperatures requires HYPERs to have y� < y
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To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
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pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-
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The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
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For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
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phase transition which results in a significant drop in
mass for the mediator m
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�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
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TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT

• Dark matter relic abundance must not change.  

• BBN and CMB must be unaffected
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dance will be mainly produced at the temperature TR,
i.e., HYPERs UV freeze-in with yield [53]:
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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5 We don’t require the slightly stronger lower bound of T⌫, decpl .
TPT since dark particles may annihilate to both photons and
neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.
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for neutral pions. The cross section for ⇡+
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� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤
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⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT

3

to photons, would also be subject to indirect detection
constraints. Recasting bounds from [21, 22], we find a
slightly smaller ymax

� for m� in the range 0.3�10 MeV in
this case. However, these bounds could easily be avoided
in a concrete model of DM if the �’s could decay to a light
dark state. This would be particularly easy to achieve,
even without introducing large couplings between � and
the light dark state, since the induced coupling in Eq. (2)
is very small. Therefore, in our determination of �max

�n ,
we do not impose any constraint coming from present-
day �̄� ! �� annihilations.

The above values of mmin
� , ymax

n , and y
max
� allow us to

estimate �
max
�n :

�
max
�n ⌘

�
y
max
n y

max
�

�2

⇡

µ
2
�nh

(mmin
� )2 + v2�m

2
�

i2 . (4)

We show the Current and Future �max
�n estimates in Fig. 2

using the Current and Future points from Fig. 1. For
DM masses in the range of 10 keV � 100 MeV, cross
sections greater than 10�36- 10�30 cm2 seem implausible.
We show the current constraint from China Dark Matter
Experiment (CDEX) [38] in gray, along with the pro-
jected sensitivities of future experiments (assuming one
kg-year exposure) in dashed gray [9, 10, 13–17, 19, 20].
Brown Dwarfs may also probe su�ciently large cross sec-
tions, as shown in dotted gray [39]. It is noteworthy that
all of these proposals are sensitive to the smaller, Future
�
max
�n curve and therefore, capable of discovering DM. No

bounds related to cosmic ray scattering [6, 7, 40] appear
in Fig. 2. They are orders of magnitude above even the
“Current �

max
�n ” line and are thus unlikely to constrain

point-like DM models.3

We now comment on the robustness of �max
�n against

variations of our starting assumptions. If we permit suf-
ficient fine tuning when UV completing the nucleon cou-
pling in Eq. (1), the constraints in Fig. 1 can be weak-
ened. For instance, the NA62 bound on Kaon decays
may be avoided by adding a term to the Lagrangian /

�QHuR ! �t̄t which cancels the loop induced contribu-
tion coming from the heavy, vectorlike colored fermions.

[rob: Condensed and edited this paragraph:] One
may also wonder if a larger �max

�n could be achieved with
a vector mediator. We find that current beam dump and
collider constraints [43, 44] on visibly decaying dark pho-
tons and U(1)B�L vectors result in maximum cross sec-
tions less than our �max

�n over the range ofm� we consider.
If instead one considers invisibly decaying dark photons,
the lower bound on their mass comes from HB stars and is
similar to the scalar mediator’s lower mass bound [35, 45].

3 Stronger bounds/projections in [41, 42] would appear in Fig. 2,
but assume unphysical, constant (with respect to energy) cross
sections.

Additionally, the dark gauge coupling, gD, is bounded
by DM self-scattering with a limit of order ymax

� and the
kinetic mixing is bounded to be roughly of order y

max
n

[46]. The resulting �
max
�n is therefore in the same ball-

park as what we have found. However, if NA64 were
able to extend their current constraints [47, 48] on the
kinetic mixing of invisibly decaying dark photons from
1 MeV masses down to ⇠ 0.3 MeV, the resulting ��n for
this scenario would almost certainly be smaller than our
�
max
�n . Finally, one may consider composite instead of

point-like DM. In such a scenario, with su�ciently large
composite states, it is possible for asymmetric DM4 to
have an enhanced direct detection cross section [49].
A hadrophilic HYPER model.—With an estimate of

�
max
�n in hand, the next question is: are there DM mod-

els with such a large cross section that explain the relic
abundance while evading cosmological bounds? Because
of crossing symmetry, such a highly interactive DM would
be expected to over-annihilate in the early Universe and
consequently have too small a relic abundance. [rob:
Gilly and I edited below like we all had discussed.]
One might also expect BBN and CMB to generically
constrain even smaller cross sections than �

max
�n . Both

DM and mediators with masses . 5 MeV and large in-
teractions would thermalize with the SM bath and be
excluded by bounds on Ne↵ [8, 23]. Crossing symmetry
would also imply that DM annihilations to SM particles
at CMB would be excluded if DM were to have large
direct detection cross sections [50, 51]. HYPERs evade
all of these generic problems by having a su�ciently late
dark sector phase transition and their relic abundance set
by UV freeze-in [52, 53]: � and � never come into thermal
equilibrium with the SM. Indirect detection bounds are
evaded by kinematically forbidding the most problematic
annihilation processes to the SM while loop-suppressing
those which are allowed.
The range of HYPER masses we consider is

O(10 keV) . m� < m⇡0 . (5)

In this range, which is also of interest for the experi-
mental proposals in Fig. 2, it is easier to build models
that approach �

max
�n . The upper bound kinematically

forbids �̄� ! hadrons when T < m⇡0 which could re-
duce the DM abundance once a large coupling to nucelons
is assumed. The lower bound ensures consistency with
bounds from Lyman-↵ measurements [54], which apply
to this UV freeze-in scenario.

We now outline the HYPER thermal history. The re-
heat temperature, TR, is much greater than the tem-

4 Even if the asymmetric DM is point-like, it may still have a cross
section as large as �max, for m� & O(10 MeV). However, the a
mediator that approaches mmin

� would be in tension with BBN

bounds without further model building [].

…. G. Elor
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quark  and the initially heavy mediator �, leads
to ↵sy�yn

2.6mn(mi
�)

2��̄G
a, µ⌫

G
a
µ⌫ . HYPERs thus freeze-in

through this dimension-7 coupling to gluons. This
e↵ective operator description is consistent if TR .
Min

h
m

i
�/20 ,m /20

i
. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
i.e., HYPERs UV freeze-in with yield [53]:
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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5 We don’t require the slightly stronger lower bound of T⌫, decpl .
TPT since dark particles may annihilate to both photons and
neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.

and lead to the following cross section:

�cmv =
y
2
�y

2
n

288⇡3m2
n

�
s� 4m2

�

�3/2 �
s� 5m2

⇡

�2

s
p
s(s�m

2
�)

2
, (9)

for neutral pions. The cross section for ⇡+
⇡
�
! �̄� is a

factor of four larger. Requiring that these annihilations
be inactive at TPT corresponds to the condition
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n
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h�cmvi+� . Hn� , (10)

where �cmvi00 is the thermally averaged cross section for
⇡
0
⇡
0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT
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e↵ective operator description is consistent if TR .
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. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
i.e., HYPERs UV freeze-in with yield [53]:
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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for neutral pions. The cross section for ⇡+
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factor of four larger. Requiring that these annihilations
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where �cmvi00 is the thermally averaged cross section for
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0
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0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
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⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT
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• BBN and CMB must be unaffected
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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5 We don’t require the slightly stronger lower bound of T⌫, decpl .
TPT since dark particles may annihilate to both photons and
neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.

and lead to the following cross section:

�cmv =
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for neutral pions. The cross section for ⇡+
⇡
�
! �̄� is a

factor of four larger. Requiring that these annihilations
be inactive at TPT corresponds to the condition

�
n
eq
⇡0

�2
h�cmvi00 +

�
n
eq
⇡+

�2
h�cmvi+� . Hn� , (10)

where �cmvi00 is the thermally averaged cross section for
⇡
0
⇡
0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT

3

to photons, would also be subject to indirect detection
constraints. Recasting bounds from [21, 22], we find a
slightly smaller ymax

� for m� in the range 0.3�10 MeV in
this case. However, these bounds could easily be avoided
in a concrete model of DM if the �’s could decay to a light
dark state. This would be particularly easy to achieve,
even without introducing large couplings between � and
the light dark state, since the induced coupling in Eq. (2)
is very small. Therefore, in our determination of �max

�n ,
we do not impose any constraint coming from present-
day �̄� ! �� annihilations.

The above values of mmin
� , ymax

n , and y
max
� allow us to

estimate �
max
�n :

�
max
�n ⌘

�
y
max
n y

max
�

�2

⇡

µ
2
�nh

(mmin
� )2 + v2�m

2
�

i2 . (4)

We show the Current and Future �max
�n estimates in Fig. 2

using the Current and Future points from Fig. 1. For
DM masses in the range of 10 keV � 100 MeV, cross
sections greater than 10�36- 10�30 cm2 seem implausible.
We show the current constraint from China Dark Matter
Experiment (CDEX) [38] in gray, along with the pro-
jected sensitivities of future experiments (assuming one
kg-year exposure) in dashed gray [9, 10, 13–17, 19, 20].
Brown Dwarfs may also probe su�ciently large cross sec-
tions, as shown in dotted gray [39]. It is noteworthy that
all of these proposals are sensitive to the smaller, Future
�
max
�n curve and therefore, capable of discovering DM. No

bounds related to cosmic ray scattering [6, 7, 40] appear
in Fig. 2. They are orders of magnitude above even the
“Current �

max
�n ” line and are thus unlikely to constrain

point-like DM models.3

We now comment on the robustness of �max
�n against

variations of our starting assumptions. If we permit suf-
ficient fine tuning when UV completing the nucleon cou-
pling in Eq. (1), the constraints in Fig. 1 can be weak-
ened. For instance, the NA62 bound on Kaon decays
may be avoided by adding a term to the Lagrangian /

�QHuR ! �t̄t which cancels the loop induced contribu-
tion coming from the heavy, vectorlike colored fermions.

[rob: Condensed and edited this paragraph:] One
may also wonder if a larger �max

�n could be achieved with
a vector mediator. We find that current beam dump and
collider constraints [43, 44] on visibly decaying dark pho-
tons and U(1)B�L vectors result in maximum cross sec-
tions less than our �max

�n over the range ofm� we consider.
If instead one considers invisibly decaying dark photons,
the lower bound on their mass comes from HB stars and is
similar to the scalar mediator’s lower mass bound [35, 45].

3 Stronger bounds/projections in [41, 42] would appear in Fig. 2,
but assume unphysical, constant (with respect to energy) cross
sections.

Additionally, the dark gauge coupling, gD, is bounded
by DM self-scattering with a limit of order ymax

� and the
kinetic mixing is bounded to be roughly of order y

max
n

[46]. The resulting �
max
�n is therefore in the same ball-

park as what we have found. However, if NA64 were
able to extend their current constraints [47, 48] on the
kinetic mixing of invisibly decaying dark photons from
1 MeV masses down to ⇠ 0.3 MeV, the resulting ��n for
this scenario would almost certainly be smaller than our
�
max
�n . Finally, one may consider composite instead of

point-like DM. In such a scenario, with su�ciently large
composite states, it is possible for asymmetric DM4 to
have an enhanced direct detection cross section [49].
A hadrophilic HYPER model.—With an estimate of

�
max
�n in hand, the next question is: are there DM mod-

els with such a large cross section that explain the relic
abundance while evading cosmological bounds? Because
of crossing symmetry, such a highly interactive DM would
be expected to over-annihilate in the early Universe and
consequently have too small a relic abundance. [rob:
Gilly and I edited below like we all had discussed.]
One might also expect BBN and CMB to generically
constrain even smaller cross sections than �

max
�n . Both

DM and mediators with masses . 5 MeV and large in-
teractions would thermalize with the SM bath and be
excluded by bounds on Ne↵ [8, 23]. Crossing symmetry
would also imply that DM annihilations to SM particles
at CMB would be excluded if DM were to have large
direct detection cross sections [50, 51]. HYPERs evade
all of these generic problems by having a su�ciently late
dark sector phase transition and their relic abundance set
by UV freeze-in [52, 53]: � and � never come into thermal
equilibrium with the SM. Indirect detection bounds are
evaded by kinematically forbidding the most problematic
annihilation processes to the SM while loop-suppressing
those which are allowed.
The range of HYPER masses we consider is

O(10 keV) . m� < m⇡0 . (5)

In this range, which is also of interest for the experi-
mental proposals in Fig. 2, it is easier to build models
that approach �

max
�n . The upper bound kinematically

forbids �̄� ! hadrons when T < m⇡0 which could re-
duce the DM abundance once a large coupling to nucelons
is assumed. The lower bound ensures consistency with
bounds from Lyman-↵ measurements [54], which apply
to this UV freeze-in scenario.

We now outline the HYPER thermal history. The re-
heat temperature, TR, is much greater than the tem-

4 Even if the asymmetric DM is point-like, it may still have a cross
section as large as �max, for m� & O(10 MeV). However, the a
mediator that approaches mmin

� would be in tension with BBN

bounds without further model building [].

4

perature of the dark sector phase transition but be-
low m

i
�. Integrating out both the heavy vectorlike

quark  and the initially heavy mediator �, leads
to ↵sy�yn

2.6mn(mi
�)

2��̄G
a, µ⌫

G
a
µ⌫ . HYPERs thus freeze-in

through this dimension-7 coupling to gluons. This
e↵ective operator description is consistent if TR .
Min

h
m

i
�/20 ,m /20

i
. In this case, the HYPER abun-

dance will be mainly produced at the temperature TR,
i.e., HYPERs UV freeze-in with yield [53]:
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Both TR and m
i
�, which we adjust to obtain the correct

relic abundance, Y�m� ' 4 ⇥ 10�10 GeV [55], have no
impact on the HYPER’s final direct detection cross sec-
tion. The y

max
n in Fig. 1 corresponds to m

max
 ⇠ 40TeV,

which in turn requires TR . 2 TeV. We have checked
that reheat temperatures up to 2 TeV may result in the
correct HYPER abundance over the range of masses in
Eq. (5) and for couplings as large as ymax

n and y
max
� .

As the Universe cools, the dark sector undergoes a
phase transition which results in a significant drop in
mass for the mediator m

i
� ! m� ⌧ m

i
�. While this

transition has the e↵ect of increasing the direct detection
cross section, we must check that this transition does not
disturb the dark matter abundance, or lead to new con-
straints on the mediator. In particular, processes such as
��̄ ! hadrons and their inverses must be forbidden or
suppressed after the phase transition. Additionally, we
must ensure that the phase transition does not impact
observables at BBN, as would occur if the (now light) �
were to thermalize.

We consider the following range for TPT, the tempera-
ture of the SM bath at the time of the dark sector phase
transition:

1 MeV . TPT . m⇡0 . (7)

The upper bound helps to suppress HYPER produc-
tion via hadrons ! �̄� after TPT and it forbids �̄� !

hadrons which might reduce their abundance. The lower
bound allows us to assume that any lingering entropy
in the dark sector, perhaps necessitated by the particu-
lars of the phase transition, may safely transfer to the
SM bath just prior to BBN.5 Even imposing the upper
bound T < m⇡ is not enough to prevent ⇡⇡ ! �̄� when
TPT & 10 MeV. These processes are mediated by the
couplings (see [56], and references therein)
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5 We don’t require the slightly stronger lower bound of T⌫, decpl .
TPT since dark particles may annihilate to both photons and
neutrinos after neutrinos decouple to avoid a↵ecting Ne↵.

and lead to the following cross section:
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for neutral pions. The cross section for ⇡+
⇡
�
! �̄� is a

factor of four larger. Requiring that these annihilations
be inactive at TPT corresponds to the condition

�
n
eq
⇡0

�2
h�cmvi00 +

�
n
eq
⇡+

�2
h�cmvi+� . Hn� , (10)

where �cmvi00 is the thermally averaged cross section for
⇡
0
⇡
0
! �̄� and likewise for h�cmvi+� As we discuss be-

low, preventing these processes at higher phase transition
temperatures requires HYPERs to have y� < y

max
� .

To avoid a large a dangerous contribution to �Ne↵ at
BBN [55] we must also ensure that � particles do not
thermalize with the SM bath In practice, we find that
⇡⇡ ! �� and �� ! � are su�ciently slow in the regions
of parameter space in which ⇡⇡ ! �̄� is su�ciently sup-
pressed, in part because y

max
n ⌧ y

max
� . In principle, the

longitudinal component of a plasmon can also mix with
� through a top loop to allow �

⇤
` ! ��̄. Such a pro-

cess could in principle source IR freeze-in after the phase
transition. However, at the MeV scales of interest here,
m�⇤

`
⌧ m� [57] and such decays are kinematically for-

bidden.
The final potentially troublesome process after the

phase transition is �̄� ! ��. At temperatures above
TPT, this is kinematically forbidden since m�i is greater
than both TR and m�. After the phase transition, how-
ever, this process could become fast which could deplete
the HYPER abundance. We therefore require that at
TPT,

�v��̄!��n� < H. (11)

For some m� and TPT, satisfying the above requires HY-
PERs to have m� > m

min
� or y� < y

max
� . We note

that the similar process of inverse decays �̄� ! � is
innocous–if it were active, �s would promptly decay back
to DM pairs and not change the HYPER abundance.
[rob: Added: ] Additionally, we find that HYPERs
which satisfy Eq. (11) also avoid present-day indirect de-
tection bounds coming from �̄� ! ��, followed by �

decays to �s.
Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
di↵erent TPT and the “Current” value of (mmin

� , y
max
n ).

For fixed (yn, y�, m�), it is possible to reduce ��n sim-
ply by increasing the present-day mediator mass, m�.
This increase in m� may be done without encountering
any additional bounds on the mediator or a↵ecting the
HYPER relic abundance. Thus, there exists a continu-
ous deformation from the “best” HYPERs, which have
the largest ��n for each TPT, to ordinary models of UV
freeze-in. The range of HYPER models for a given TPT
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FIG. 1. [rob: Constraints are] shown in gray along with the
values for (mmin

� , ymax
n ).

This gives a direct detection cross section
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The first step in estimating �max
�n in this model is to

obtain the extremal values of m�, yn, and y� consistent
with present-day bounds. There are a range of couplings
for which m� & 0.3 MeV prevents disturbing the dy-
namics of Horizontal Branch (HB) stars while avoiding
constraints from supernova (SN) cooling. The bounds on
yn depend on its origin. One possibility is that it arises
from a coupling to gluons, �Gµ⌫

Gµ⌫ . This coupling can
be generated upon integrating out heavy colored degrees
of freedom, as could happen if � couples to top quarks or
to new heavy, vectorlike quarks,  [13]. Constraints that
arise from rare decays of mesons are weaker in the latter
scenario, so we assume this UV completion to maximize
��n. While the nucleon coupling could arise from cou-
plings to light quarks [23], such set-ups are likely to be
even more susceptible to bounds from meson decays un-
less the mediator is heavier than O(1 GeV), which would
substantially suppress direct detection cross sections. So,
in what follows, we specialize to the case where the nu-
cleon coupling arises from a gluon coupling that comes
from integrating out vectorlike quarks.

The relevant bounds on m� vs. yn are shown in gray
in Fig. 1. They include cooling bounds from supernova
(SN) 1987A [13] and HB stars [24]. The vectorlike colored
fermions induce a �t̄t coupling at one loop, which induces
K

+
! ⇡

+
� decay at loop-level via CKM mixing [13].

This is bounded by limits on Br (K+
! ⇡

+
X), where

X is an invisible spin-0 particle [25]. The result is the
“NA62 K

+
! ⇡

+
� bound” in Fig. 1. Future data from

NA62 will strengthen the bound on yn.

FIG. 2. �max
�n for the (mmin

� , ymax
n ) values from Fig. 1, as well

as hadrophilic HYPER space for the TPT = 1 MeV bench-
mark. The current constraint from CDEX is shaded gray,
while future projected sensitivities are shown with dashed
gray lines.

Next, we maximize y�. The strongest bound comes
from DM elastic scattering. We use the Born approx-
imation to the transfer cross section given in [13] and
saturate the bound on the self interaction cross section
���/m� . 1 cm2

/g at vDM ⇠ 10�3 [26] to find y
max
� .

We have verified that indirect detection bounds on y�

are significantly weaker. There are two processes partic-
ularly worth checking. First, � can mediate DM anni-
hilations to photons. While non-perturbative quark and
gluon loops prevent a precise calculation of the � coupling
to photons, an estimate can be made by integrating out
a loop of protons, which yields:

L �
↵yn

6⇡mp
�Fµ⌫F

µ⌫
. (3)

This permits DM annihilations to photons �̄� ! �� in
the center of galaxies, with a p-wave cross section given in
the Appendix. When evaluated using the virial velocity
of the Milky Way, this cross section is roughly 11 orders
of magnitude smaller than the bound [14]. Second, �
annihilation into a pair of on-shell �’s, which could sub-
sequently decay to photons, could be subject to indirect
detection constraints. While the precise bound depends
on the details of the photon spectra, as determined by the
m�/m� mass ratio, even in the most constraining case
when the emitted photons are monochromatic, recasting
bounds from [14, 15], we find y

max
� is una↵ected above

m� = 10MeV. For smaller m�, we find a slightly smaller
y
max
� . However, these bounds are easily avoided if the �’s
could decay to a light dark state. The branching ratio to
the hidden state can be large even without introducing
large couplings between � and the light dark state, since
the induced coupling in Eq. (3) is very small. Therefore,

Achieving  with HYPERsσmax
nχ
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FIG. 1. [rob: Constraints are] shown in gray along with the
values for (mmin

� , ymax
n ).

This gives a direct detection cross section
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The first step in estimating �max
�n in this model is to

obtain the extremal values of m�, yn, and y� consistent
with present-day bounds. There are a range of couplings
for which m� & 0.3 MeV prevents disturbing the dy-
namics of Horizontal Branch (HB) stars while avoiding
constraints from supernova (SN) cooling. The bounds on
yn depend on its origin. One possibility is that it arises
from a coupling to gluons, �Gµ⌫

Gµ⌫ . This coupling can
be generated upon integrating out heavy colored degrees
of freedom, as could happen if � couples to top quarks or
to new heavy, vectorlike quarks,  [13]. Constraints that
arise from rare decays of mesons are weaker in the latter
scenario, so we assume this UV completion to maximize
��n. While the nucleon coupling could arise from cou-
plings to light quarks [23], such set-ups are likely to be
even more susceptible to bounds from meson decays un-
less the mediator is heavier than O(1 GeV), which would
substantially suppress direct detection cross sections. So,
in what follows, we specialize to the case where the nu-
cleon coupling arises from a gluon coupling that comes
from integrating out vectorlike quarks.

The relevant bounds on m� vs. yn are shown in gray
in Fig. 1. They include cooling bounds from supernova
(SN) 1987A [13] and HB stars [24]. The vectorlike colored
fermions induce a �t̄t coupling at one loop, which induces
K

+
! ⇡

+
� decay at loop-level via CKM mixing [13].

This is bounded by limits on Br (K+
! ⇡

+
X), where

X is an invisible spin-0 particle [25]. The result is the
“NA62 K

+
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+
� bound” in Fig. 1. Future data from

NA62 will strengthen the bound on yn.
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�n for the (mmin
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n ) values from Fig. 1, as well

as hadrophilic HYPER space for the TPT = 1 MeV bench-
mark. The current constraint from CDEX is shaded gray,
while future projected sensitivities are shown with dashed
gray lines.

Next, we maximize y�. The strongest bound comes
from DM elastic scattering. We use the Born approx-
imation to the transfer cross section given in [13] and
saturate the bound on the self interaction cross section
���/m� . 1 cm2

/g at vDM ⇠ 10�3 [26] to find y
max
� .

We have verified that indirect detection bounds on y�

are significantly weaker. There are two processes partic-
ularly worth checking. First, � can mediate DM anni-
hilations to photons. While non-perturbative quark and
gluon loops prevent a precise calculation of the � coupling
to photons, an estimate can be made by integrating out
a loop of protons, which yields:
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This permits DM annihilations to photons �̄� ! �� in
the center of galaxies, with a p-wave cross section given in
the Appendix. When evaluated using the virial velocity
of the Milky Way, this cross section is roughly 11 orders
of magnitude smaller than the bound [14]. Second, �
annihilation into a pair of on-shell �’s, which could sub-
sequently decay to photons, could be subject to indirect
detection constraints. While the precise bound depends
on the details of the photon spectra, as determined by the
m�/m� mass ratio, even in the most constraining case
when the emitted photons are monochromatic, recasting
bounds from [14, 15], we find y

max
� is una↵ected above

m� = 10MeV. For smaller m�, we find a slightly smaller
y
max
� . However, these bounds are easily avoided if the �’s
could decay to a light dark state. The branching ratio to
the hidden state can be large even without introducing
large couplings between � and the light dark state, since
the induced coupling in Eq. (3) is very small. Therefore,
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The first step in estimating �max
�n in this model is to

obtain the extremal values of m�, yn, and y� consistent
with present-day bounds. There are a range of couplings
for which m� & 0.3 MeV prevents disturbing the dy-
namics of Horizontal Branch (HB) stars while avoiding
constraints from supernova (SN) cooling. The bounds on
yn depend on its origin. One possibility is that it arises
from a coupling to gluons, �Gµ⌫

Gµ⌫ . This coupling can
be generated upon integrating out heavy colored degrees
of freedom, as could happen if � couples to top quarks or
to new heavy, vectorlike quarks,  [13]. Constraints that
arise from rare decays of mesons are weaker in the latter
scenario, so we assume this UV completion to maximize
��n. While the nucleon coupling could arise from cou-
plings to light quarks [23], such set-ups are likely to be
even more susceptible to bounds from meson decays un-
less the mediator is heavier than O(1 GeV), which would
substantially suppress direct detection cross sections. So,
in what follows, we specialize to the case where the nu-
cleon coupling arises from a gluon coupling that comes
from integrating out vectorlike quarks.

The relevant bounds on m� vs. yn are shown in gray
in Fig. 1. They include cooling bounds from supernova
(SN) 1987A [13] and HB stars [24]. The vectorlike colored
fermions induce a �t̄t coupling at one loop, which induces
K
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+
� decay at loop-level via CKM mixing [13].

This is bounded by limits on Br (K+
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X), where

X is an invisible spin-0 particle [25]. The result is the
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� bound” in Fig. 1. Future data from
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while future projected sensitivities are shown with dashed
gray lines.

Next, we maximize y�. The strongest bound comes
from DM elastic scattering. We use the Born approx-
imation to the transfer cross section given in [13] and
saturate the bound on the self interaction cross section
���/m� . 1 cm2

/g at vDM ⇠ 10�3 [26] to find y
max
� .

We have verified that indirect detection bounds on y�

are significantly weaker. There are two processes partic-
ularly worth checking. First, � can mediate DM anni-
hilations to photons. While non-perturbative quark and
gluon loops prevent a precise calculation of the � coupling
to photons, an estimate can be made by integrating out
a loop of protons, which yields:

L �
↵yn

6⇡mp
�Fµ⌫F

µ⌫
. (3)

This permits DM annihilations to photons �̄� ! �� in
the center of galaxies, with a p-wave cross section given in
the Appendix. When evaluated using the virial velocity
of the Milky Way, this cross section is roughly 11 orders
of magnitude smaller than the bound [14]. Second, �
annihilation into a pair of on-shell �’s, which could sub-
sequently decay to photons, could be subject to indirect
detection constraints. While the precise bound depends
on the details of the photon spectra, as determined by the
m�/m� mass ratio, even in the most constraining case
when the emitted photons are monochromatic, recasting
bounds from [14, 15], we find y

max
� is una↵ected above

m� = 10MeV. For smaller m�, we find a slightly smaller
y
max
� . However, these bounds are easily avoided if the �’s
could decay to a light dark state. The branching ratio to
the hidden state can be large even without introducing
large couplings between � and the light dark state, since
the induced coupling in Eq. (3) is very small. Therefore,
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Summary

for 

1

I. UV FREEZE IN FROM GLUONS

��n . 10�36
� 10�30 cm2 (1)

�̄� ! hadrons (2)

ymax
n = 1.5⇥ 10�5

$ mmax
 ⇠ 40TeV (3)

TR < Min
⇥
mi
�/20 ,m /20

⇤
(4)

⇠ 10�44cm3s�1 (5)

mi
� ! m� ⌧ mi

� (6)

TPT < TR < mi
� (7)

⌦�h
2 = 0.11 (8)

mi
� > TR ⇠ O(1TeV) (9)

TPT (10)

• Given present day constraints, it is unmotivated to think about cross sections 
larger than

1

I. UV FREEZE IN FROM GLUONS

10 keV < m� < 100MeV (1)

��n . 10�36
� 10�30 cm2 (2)

�̄� ! hadrons (3)

ymax
n = 1.5⇥ 10�5

$ mmax
 ⇠ 40TeV (4)

TR < Min
⇥
mi
�/20 ,m /20

⇤
(5)

⇠ 10�44cm3s�1 (6)

mi
� ! m� ⌧ mi

� (7)

TPT < TR < mi
� (8)

⌦�h
2 = 0.11 (9)

mi
� > TR ⇠ O(1TeV) (10)

TPT (11)

• It is not easy to find a dark matter model that realizes such large cross 
sections, or in general live in the parameter space of interest to proposed 
light dark matter direct detection experiments. However, HYPERs is one 
such candidate.



Outlook/Future Directions

• Derive  and leptophilic HYPER models! Would likely require  

• Fully explore the HYPER space of the hadrophilic hyper model. Perhaps 
considering vector mediators as well.  

• Details of the dark sector phase transition.  

• And many more

σmax
χe TPT ≲ me
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Supplementary Material for Maximizing Direct Detection with HYPER Dark Matter

Gilly Elor, Robert McGehee, and Aaron Pierce

In this supplementary material, we calculate the �� !

� rate and derive a su�cient condition to prevent these
inverse decays from increasing the � relic abundance after
the phase transition. We then discuss the considerations
needed to explore the HYPER parameter space for TPT >

1MeV and show the HYPER space for a TPT = 5 MeV
benchmark. We also include the cross sections for �̄� !

�� and �̄� ! �� for reference.

�� ! � INVERSE DECAYS

We address the �� ! � inverse decays here in more
detail. Before the phase transition, m

i
� � T for our

UV freeze-in scenario. But after the phase transition,
m

min
� < TPT, so �� ! � inverse decays may occur. The

decay rate in the � rest frame is:

��!�� =

✓
↵yn

6⇡mp

◆2
m

3
�

2⇡
. (S1)

For the moment, we assume the �� ! � inverse decays
are the dominant, �-number changing process. The �

number density Boltzmann equation then is

@n�

@t
+ 3Hn� = h��!��in

eq
� , (S2)

where the thermal average and equilibrium � number
density are both evaluated at the SM bath temperature.

These inverse decays must be prevented for di↵erent
reasons depending on m�. Let us first consider the sce-
nario in which m� < 2m�. In this case, any �s which are
produced by the SM bath after the phase transition will
not go on to produce DM via decays. Instead, they will
just eventually decay back to SM photons (or to lighter
dark-sector degrees of freedom, if any are present and
coupled to �). In this case, we need only make sure that
�s never come close to thermal equilibrium to prevent
them from contributing noticeably to Ne↵ at BBN. Thus,
the condition we impose from Eq. (S2) is simply

h��!��i ⌧ 3H. (S3)

We find that this is easily satisfied for m� = m
min
� and

yn = y
max
n .

If, however, m� � 2m�, then any produced �s can
quickly decay to DM pairs and increase the DM relic
abundance after the phase transition. Approximating
the equilibrium � distribution as Maxwell-Boltzmann, we
thus require

��!��

m
2
�T

2⇡2
K1(m�/T ) . 0.15Hn� . (S4)

FIG. S1. The HYPER parameter space for the TPT = 1MeV
benchmark (as shown in the main body of the paper), along
with the TPT = 5MeV benchmark which represents the
largest phase transition temperature for which pion interac-
tions are not important.

This ensures subsequent � decays to DM pairs do not
increase the DM number density by more than 10%. Set-
ting yn = y

max
n in Eq. (S1), we find that we need m� &

21 MeV in order to satisfy Eq. (S4) for TPT = 1 MeV.
If we consider instead that TPT = 5 MeV, as we do in
the next section, the constraint yields m� & 110 MeV.
Thankfully, these inverse decays only become an issue
for lighter DM masses when m� < m

min
� /2.

HYPERS AT HIGHER TPT

In the body of this paper and Fig. 2, we have chosen
the benchmark value TPT = 1 MeV. But it is interesting
to consider what ��n HYPERs may be able to achieve
if the phase transition occurred at higher temperatures.
In this case, there are a number of additional processes
that could impact the HYPER abundance.

For larger values of TPT, even though their abundance
in the bath can be substantially suppressed, pions may
still be present in su�cient numbers to enable produc-
tion of �s or �s after the phase transition. These would
disturb the DM abundance and/or lead to additional
constraints from Ne↵. � production processes involving
⇡s include ⇡⇡ ! ��, ⇡

+
⇡
�

! ��, ⇡
±
� ! ⇡

±
�, and

⇡
±
� ! ⇡

±
��. And for each of the above, a � could be

replaced by a �̄� pair to give a DM production process
that may be important. These processes are mediated by

Higher Temperatures

Preliminary 

G. Elor
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