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• Elastic Scattering: DM imparts kinetic 
energy on nuclei  

• Measure nuclear recoil  

• Order keV experimental thresholds 

m� ⇠ 10 GeV - 10 TeV
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“Vanilla” WIMP:

• Interacts via weak force  

•   

•

Direct Detection Searches:  

Heavy “classic” dark matter

Standard elastic scattering:

Max recoil energy:

Need Eth À 100keV

Large volume
Coherence: isotopes with large A

T

� �

T

⇤

ER „ 1

2
µv2

1

2
mXv2 „ 50 keV

What do you know about DM?What do you know about DM? Light DM Fermion absorption Neutral current Charged current 7 39

Baryon Asymmetry ⇠ 10�10 (1)

O = �̄⌫q̄q (2)

O = �̄⌫ l̄l (3)

O = �̄ed̄u (4)

�e ! ⌫e (5)

�

N
AN

Z

u

d

⌧t̃!t+ 3/2
⇠ 18 sec

✓
500GeV

mt̃

◆5 ⇣ m3/2

1GeV

⌘2

(6)
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⌧b!�⇠ūd̄ ⇠ 3⇥ 10�10 sec

✓
2GeV

mb �m 

◆4 ✓mY /
p
y bgud

1.2TeV

◆4

(7)

⌧�i!udd ' 10�6 sec

✓
5GeV

m�

◆5 ✓mY /
p
gudy�id

20TeV

◆4

(8)

L � �gudY
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Searching for WIMP DM?

Dark Matter Direct Detection

G. Elor
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Direct Detection Refresher: WIMPs

Fermion 
~10 GeV-10 TeV

Stable

XENON Collaboration, E. Aprile et al., ³Dark 
Matter Search Results from a One Ton-Year 
E[poVXre of XENON1T´, Phys. Rev. Lett. 121
(2018), no. 11, 111302N N

Robert McGehee

XENON Collaboration PRL 121 (2018) no. 11, 111302

Searching for Dark Matter 
with Nuclear Scattering
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Proposed Experiments: Sub-GeV Dark Matter 
with Nuclear Scattering



Where is the Dark Matter?
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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

G. Elor

   [arXiv:2112.03920, PRL] GE, Robert McGehee and Aaron Pierce 



A Hadrophilic Scalar Mediator

G. Elor

UV Model: new vector-like quarks at the TeV scale
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The Basics

Robert McGehee

models which result in each case [AP: or do we?]. [GE: we are also making an

assumption about the EOS during pre-heating. AP: I think this is a more minor

assumption that I would not state in the introduction, but we can mention later.]

[GE: Agree we should not state it here. I haven’t convinced myself yet that it a mild

assumption though]

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

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

matter assuming instantaneous reheating and predict direct detection cross sections

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

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

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

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

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

the predicted direct detection cross section. App. B explains why vector-mediator

models do not produce benchmarks for future direct detection e↵orts, in contrast

with our our scalar-mediator model.

2 A model of hadrophilic dark matter

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

�, TeV-scale colored vectorlike fermions  , and a fermionic dark matter singlet �.3

The Lagrangian contains the following terms

L � �m   �m����
1

2
m

2
�
�
2
� y �  � y����, (2.1)

which respect a Z2 symmetry under which  is odd.

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

In this way, � can be a hadrophilic mediator. The rest of  ’s SM charge assignment

is less important. For simplicity, we choose  ⇠ (3,2, 1/6), which would allow

for a potential eventual embedding in a Grand Unified Theory (GUT) framework.

However, we do not assume supersymmetry nor complete GUT multiplets for  , so

substantial threshold corrections would be needed to obtain unification. For more

discussion on the choice of charges for the fermions (including the possibility of

adding a full GUT multiplet), and their implications for the results presented here

see Appendix A. As long as Z2 breaking is small (or zero),  are stable over the

detector lengths, and we infer

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

from the LHC searches for long-lived bottom squarks [32] by the ATLAS collabora-

tion based on ionization energy loss and time of flight.

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

– 4 –



DM Self Interactions

Robert McGehee1508.03339

Dwarf, LSB, 
SIDM N-body,  
cluster data 

The Basics

Robert McGehee

DM Self Interactions

Robert McGehee1508.03339

Dwarf, LSB, 
SIDM N-body,  
cluster data 

Dark Matter Self Interactions 

Estimating : Self Interactions σmax
nχ
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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

y3�m�

16⇡2

"
log
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m�

m�
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4m2
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q
4m2

��m2
�
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(A5)

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]
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�

m2
�v4
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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
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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

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,
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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
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Robustness of  ?σmax
nχ

Is  for the Hydrophilic scalar model the  ?σmax
nχ σmax

nχ

• Hadrophilic scalar with different UV completion e.g. mediator couples directly 
to quarks    Meson bounds are more constraining  smaller . 

• Vector Mediator? e.g. visibly decaying dark photon: beam dump and collider 
constraints make  smaller. 

• Composite asymmetric dark matter [1812.07573]. 

σmax
nχ

σmax
nχ
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where ✏ ⇠ �17yn. Throughout I will take the value of yn and m� for our HYPER benchmark.
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III. ESTIMATING Tmax
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Following the Higgs Hunters guide
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Expanding ⌃, the relevant terms for us are:
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3Nf . For us the number of heavy quarks is NH = 1 and 1
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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)

The Basics

Robert McGehee

G. Elor



The Basics

Robert McGehee

Achieving  ?σmax
nχ

G. Elor

1

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?
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UV Freeze In
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I. UV FREEZE IN FROM GLUONS

⌦�h
2 = 0.11 (1)
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I. UV FREEZE IN FROM GLUONS

⌦�h
2 = 0.11 (1)

mi
� > TR ⇠ O(1TeV) (2)

TPT (3)

1

I. UV FREEZE IN FROM GLUONS

⌦�h
2 = 0.11 (1)

TR ⇠ O(1TeV) (2)

TPT (3)

1

Mechansim CPV from what Observable Dark Matter Advantages/Disadvantages

B0
Mesogenesis [] B0

s & B0
d oscillations As,d

sl , BrB!B+X Dark scalar baryon Fully testable in the next ⇠ 5 years –

D+
Mesogenesis [] D±

decays AD
CP , BrD+ , BrM Dark leptons and/or baryons –

B+
Mesogenesis [] B±

decays AB
CP , BrB+ , BrM Dark leptons and/or baryons Could use just the SM CPV –

B+
c Mesogenesis [] B±

c decays ABc
CP , BrB+

c
BrB+ Dark baryons Very simple, motivtes B+

c physics –

TABLE I. Summary of di↵erent flavors of Mesogenesis).
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I. MESOGENESIS
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yn log
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t

(3)

m = 5TeV (4)

m� > mmax
� , and/or y� < ymax

� (5)

SMSM ! � ! ��̄ (6)

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 =
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s� 4m2
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�2
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p
s(s�m

2
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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

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)

1

Mechansim CPV from what Observable Dark Matter Advantages/Disadvantages

B0
Mesogenesis [] B0

s & B0
d oscillations As,d

sl , BrB!B+X Dark scalar baryon Fully testable in the next ⇠ 5 years –

D+
Mesogenesis [] D±

decays AD
CP , BrD+ , BrM Dark leptons and/or baryons –

B+
Mesogenesis [] B±

decays AB
CP , BrB+ , BrM Dark leptons and/or baryons Could use just the SM CPV –

B+
c Mesogenesis [] B±

c decays ABc
CP , BrB+

c
BrB+ Dark baryons Very simple, motivtes B+

c physics –

TABLE I. Summary of di↵erent flavors of Mesogenesis).

Mechansim CPV from what Observable Dark Matter Advantages Downsides

B0
Mesogenesis []

3.5⇥ 10
�6

⇠ 10
�7

–

B0
s & B0

d oscillations 5.0⇥ 10
�4

|y⇠�|
2

⇠ 10
�8

7⇥ 10
�5

[? ]

1.1⇥ 10
�3

⇠ 10
�7

–

⌃
+
(uus) �+ ⇡+

1050 O
L/R
us,d 1.6⇥ 10

�3
⇠ 10

�4
–

⌃
�
(dds) �+ ⇡�

1058 O
L/R
ud,s 1.2⇥ 10

�3
⇠ 10

�4
–

⌅
0
(uss)

�+ � 1315 O
L/R
us,s 1.5⇥ 10

�5
– –

⇠ + � 1315 O
L/R
us,s 3.7⇥ 10

�4
|y⇠�|

2
– –

�+ ⇡0
1180 O

R
us,s 6.2⇥ 10

�3
– –

⌅
�
(dss) �+ ⇡�

1182 O
R
us,s 7.1⇥ 10

�3
– –

TABLE II. Summary of di↵erent flavors of Mesogenesis).

I. MESOGENESIS

Section on relavant EXP

10GeV . TR . 300GeV (1)

HYPERs :  
HighlY interactive ParticlE Relics 

F. Elahi, C. Kolda, J. Unwin [1410.6157]

YIR

Yeq

YFO

YUV

0.01 0.1 1 10

10-11

10-9

10-7

10-5

0.001

x

Y D
M

Figure 1. A schematic plot of the evolution of the DM yield Y ⌘ nDM/S with respect to inverse
scaled temperature x / T

�1 for the freeze-out YFO, IR freeze-in YIR and UV-freeze-in YUV scenarios.

Freeze-in, as a general mechanism for DM production, was proposed only recently [1]1

and thus many important aspects remain to be studied. In particular, a huge class of models

has been largely neglected and the purpose of this paper is to rectify this. Freeze-in using

renormalisable interactions has been considered in some detail [1–3]; here instead we examine

the alternative possibility, that freeze-in production proceeds via non-renormalisable opera-

tors. A suitable DM abundance can potentially be generated by freeze-in via such e↵ective

operators, which we refer to as UltraViolet (UV) freeze-in, and in this case the DM abundance

depends sensitively on the reheat temperature. Conversely, we use InfraRed (IR) freeze-in to

refer to the class of models in which the sectors are connected via renormalisable operators,

in which case the DM abundance is set by IR physics and is independent of the reheat tem-

perature. The di↵erent thermal histories associated to these DM frameworks are illustrated

in Fig. 1.

The two basic premises of the general freeze-in picture are that

• The hidden and visible sectors are thermally disconnected,

• The inflaton decays preferentially to the visible sector, not reheating the hidden sector.

Consequently, it is a model independent statement that, due to the out-of-equilibrium dy-

namics, DM production will proceed through freeze-in via any non-renormalisable operator

which is not forbidden by symmetries. Further, the expectation from UV completions of the

SM is that distinct sectors of the low energy theory are generically connected by UV physics.

On the other hand, IR freeze-in relies on a rather special construction in which the (renor-

malisable) portal operators have diminutive couplings, however the näıve expectation is that

dimensionless parameters should be near unity. Whilst such feeble couplings are not incon-

ceivable (the electron Yukawa Ye ⇠ 10�6 is one example), such decoupling is readily achieved

if the visible sector and hidden sector are only connected via high dimension operators.

1This framework builds upon earlier specific realisations, most notably the production of right-handed

neutrinos [7], axinos [8], and gravitinos [9], and see also [10–12].
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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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◆
, (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:
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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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�. Integrating out both the heavy vectorlike

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

2.6mn(mi
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through this dimension-7 coupling to gluons. This
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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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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an appreciable amount of DM while keeping a detectable
��n is to increasem� to Boltzmann suppress this process.
We find that the inverse decays produce less than 10%
of the DM abundance for m� = 21 MeV, and we then
set y� by making sure Eq. (8) is satisfied. The lightest
m� we consider is m� = !p(TPT)/2 = 48 keV, where
!p(TPT) is the plasma frequency at the phase transition.
It is possible that longitudinal plasmons mixing with �

may allow for �⇤
! �̄� decays [46]. Careful exploration

of this process is postponed to future work.
In summary, HYPERs can have direct detection cross

sections as large as �
max
�n over roughly an order of mag-

nitude in mass, for 17 MeV < m� < m⇡0 , when TPT =
1 MeV. Our estimate of �max

�n did not consider DM’s relic
abundance or cosmological history. It is non-trivial that
there exists a cosmological story such as HYPERs which
can not only achieve �

max
�n while evading the usual early-

Universe constraints, but can do so and still explain the
DM relic abundance.

The cost of a large direct detection signal for HYPERs
seems to be one of fine tuning in the dark sector scalar
potential. For the models with the largest ��n, the po-
tential must cause m

i
� ⇠ O (10TR) ! m� ⇠ O (MeV) at

a late-time phase transition close to TPT ⇠ O (MeV). To
do this for TR ⇠ 250GeV without contributing a sizeable
vacuum energy or entropy dump to the SM at TPT re-
quires a quite flat direction in the scalar potential. This
tuning may be reduced in scenarios with lower TR tem-
peratures, and consequently lighter mi

�.
Additionally, the phase transition requires a large VEV

at high temperatures to transition to a much smaller

VEV at lower temperatures. While transitioning from a
large value to a small value could occur in simple poten-
tials with two-step phase transitions [47, 48], the presence
of such disparate energy scales is a significant challenge
for model building.

Note that a dark sector phase transition that occurs
after or during BBN is not a priori excluded, and if vi-
able, a TPT < m� would kinematically forbid most of
the dangerous processes that can occur after TPT. This
would allow the upper edge of HYPER space to move
closer to �

max
�n . In principle, if the change in the poten-

tial is su�ciently small, one could evade BBN and CMB
constraints [49, 50], and we leave this and other phase
transition investigations to future work [51].

Discussion.—In this Letter, we have addressed ques-
tions relevant to the search for sub-GeV DM. 1) We
have estimated �

max
�n for DM coupled to nucleons. In

particular, we find cross sections greater than about
10�36

� 10�30 cm2 for DM masses 10 keV < m� <

100 MeV are implausible. 2) We have introduced a new
type of DM with cross sections as large as �

max
�n , HY-

PERs. HYPERs populate a parameter space which is
imminently testable by future direct detection e↵orts but
has few DM benchmarks.

It would be interesting to see what kinds of hadrophilic
DM models other than HYPERs could (nearly) saturate
�
max
�n .5 An estimation of �max

�e for scattering o↵ electrons
and a corresponding HYPER model coupled to electrons
would be relevant for a host of proposed electron-recoil-
based future experiments. An electron HYPER would
have a dark phase transition temperature below me. It
is an interesting question as to whether such a low phase
transition temperature could modify or remove bounds
on the mediator from HB stars. We leave a detailed
study of the possible models and associated signals and
constraints to future work [51].
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5 Point-like asymmetric DM may still have a cross section as large
as �max

�n for m� & O(10 MeV). However, a mediator with mass

mmin
� would be in slight tension with BBN bounds on Ne↵ with-

out further model building [13].

Dark matter relic abundance must not change.  
BBN and CMB must be unaffected
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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 [].
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I. UV FREEZE IN FROM GLUONS

�̄� ! hadrons (1)

ymax
n = 1.5⇥ 10�5

$ mmax
 ⇠ 40TeV (2)

TR < Min
⇥
mi
�/20 ,m /20

⇤
(3)

⇠ 10�44cm3s�1 (4)

mi
� ! m� ⌧ mi

� (5)

TPT < TR < mi
� (6)

⌦�h
2 = 0.11 (7)

mi
� > TR ⇠ O(1TeV) (8)

TPT (9)
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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
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

�
n
eq
⇡0

�2
h�cmvi00 +

�
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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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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
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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

�
max
�n ⌘

�
y
max
n y

max
�

�2

⇡

µ
2
�nh

(mmin
� )2 + v2�m

2
�

i2 . (2)

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,
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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

Going to higher TPT

G. Elor
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that may be important. These processes are mediated by
the couplings (see [52], and references therein)

L � �
yn

2⇡mn

✓
2

3
�
��Dµ

⇡
+
��2 �m

2
⇡�⇡⇡

◆
. (S5)

While it is beyond the scope of this work to do a de-
tailed analysis of the above processes, we can get a feel-
ing for the values of TPT at which they become relevant.
Out of all of the above processes, ⇡±

� ! ⇡
±
� produces

a non-negligible amount of �s at the lowest TPT. So, let
us estimate the value of TPT at which this process starts
producing an appreciable number of �s.

For T << m⇡, the approximate cross section for
⇡
±
� ! ⇡

±
� is

�v⇡+�!⇡+� ⇡
23

108⇡2

↵y
2
n

m2
n

. (S6)

We require that

2�v⇡+�!⇡+� n
eq
� n

eq
⇡+ . 0.15Hn�. (S7)

As with Eq. (S4) above, this ensures subsequent � decays
to DM pairs do not increase the DM number density by
more than 10%. We find that this condition is satisfied
for all TPT . 6.7 MeV.

So, for illustrative purposes, we calculate the maxi-
mum ��n for HYPERs assuming a phase transition at
TPT = 5 MeV while only imposing the HYPER con-
straints discussed in the body of the paper. The re-
sult is shown as the light blue region in Fig. S1 over-
laid on-top of the TPT = 1 MeV from Fig. 2. In ad-
dition to this new TPT contour, we have extended the
TPT = 1 MeV contour from m� = !p(TPT)/2 = 48 keV
down to m� = 10 keV with a dashed line. For these
lighter DM masses, it may be possible for longitudinal
plasmon modes mixing with � to decay to �̄� pairs.
Thus, for these lighter m�, it may be necessary to im-
pose additional constraints on (yn, y�,m�) to prevent too
much DM production after the phase transition due to
plasmons. To our knowledge, plasmon decays to DM
pairs in the presence of a scalar mediator have not been
considered in the literature and is beyond the scope of
this work.

Since we already described the prescription for choos-
ing (y�,m�) for TPT = 1 MeV, we describe here the anal-
ogous choices for the TPT = 5 MeV contour which result
in the largest HYPER ��n, shown as the boundary of the
light blue region in Fig. S1.

• 5 MeV < m� < m⇡0 : �̄� ! �� is the most
constraining process; maximized ��n results from
setting m� = m

min
� and taking y� < y

max
� to satisfy

Eq. (9).

• 1.3 MeV < m� < 5 MeV: both �̄� ! �� and
�� ! �̄� are constraining, since m�  TPT; maxi-
mized ��n results from setting m� = E�(TPT) and
taking y� < y

max
� to satisfy Eq. (8).

• m
min
� /2 < m� < 1.3 MeV: for m� < 1.3 MeV,

E�(TPT ) > 2m� and so choosing m� = E�(TPT)
allows � ! �̄�; maximized ��n results from instead
setting m� = m

min
� and y� < y

max
� such that both

Eqs. (8-9) are satisfied; we dash the HYPER curve
for m�  !p(TPT)/2 = 250 keV since it is possi-
ble that longitudinal plasmons mixing with � may
allow for �

⇤
! �̄� decays [46], which we have not

calculated.

• m� < m
min
� /2 = 160 keV: � ! �̄� is always possi-

ble, so �� ! � must be kinematically forbidden by
setting m� = 110 MeV, as discussed above; maxi-
mized ��n results from then setting y� < y

max
� to

satisfy Eq. (8).

CROSS SECTIONS FOR DARK MATTER
ANNIHILATIONS

The spin-averaged matrix element squared, which
agrees with the result in [53], for �̄� ! �� is

1

4
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|M|
2 = 32y4�
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b2
, (S8)
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and its cross section is
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The cross section for ��̄ ! ��, relevant for indirect
detection, is

�v�̄�!��=
1

8⇡
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Additional problematic process become possible e.g.

2

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
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n y
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�

3⇡mp

◆2
s
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s� 4m2
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�

⇣
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

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

L �
y ↵s

6⇡m 

�G
a

µ⌫
G

µ⌫,a
. (2.3)

In the low-energy theory, this translates into a �-nucleon coupling given by [33]

L � �yn�nn, yn = y 
4mn

27m 

. (2.4)

For m� much greater than the momentum transfer at direct detection experiments,

this gives a dark matter nucleon scattering cross section
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Since we will be focused on low TR << GeV, neither the gluon coupling nor the

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

pions and photons matter most. The � coupling to pions is [33]
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� also couples to other hadrons. These hadronic couplings, together with the coupling

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

L�FF ⇠
7yn↵

8⇡mp

�Fµ⌫F
µ⌫
. (2.7)

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

physics. While the contribution from the UV is calculable, the IR contribution is

subject to non-perturbative physics. For this IR contribution, we thus use the Naive

Dimensional Analysis (NDA) [34, 35] estimate yn↵

4⇡mp
. The UV contribution, which

depends on the EW charge of  , is 5yn↵
8⇡mp

for the representation chosen above. As

we will see , the induced couplings in Eqs. (2.6) and (2.7) permit dark matter to

freeze-in through pion and photon annihilations.

Last, we summarize phenomenological constraints on the Yukawa couplings of

Eq. (2.1) as well as m�. For lighter m� than considered here, y� would be constrained

by limits on self-interacting dark matter. [AP: add citation?] Here, however, both

y and y� are only constrained by perturbativity. In our results, we set both to a
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that may be important. These processes are mediated by
the couplings (see [52], and references therein)
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While it is beyond the scope of this work to do a de-
tailed analysis of the above processes, we can get a feel-
ing for the values of TPT at which they become relevant.
Out of all of the above processes, ⇡±

� ! ⇡
±
� produces

a non-negligible amount of �s at the lowest TPT. So, let
us estimate the value of TPT at which this process starts
producing an appreciable number of �s.

For T << m⇡, the approximate cross section for
⇡
±
� ! ⇡

±
� is

�v⇡+�!⇡+� ⇡
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We require that

2�v⇡+�!⇡+� n
eq
� n

eq
⇡+ . 0.15Hn�. (S7)

As with Eq. (S4) above, this ensures subsequent � decays
to DM pairs do not increase the DM number density by
more than 10%. We find that this condition is satisfied
for all TPT . 6.7 MeV.

So, for illustrative purposes, we calculate the maxi-
mum ��n for HYPERs assuming a phase transition at
TPT = 5 MeV while only imposing the HYPER con-
straints discussed in the body of the paper. The re-
sult is shown as the light blue region in Fig. S1 over-
laid on-top of the TPT = 1 MeV from Fig. 2. In ad-
dition to this new TPT contour, we have extended the
TPT = 1 MeV contour from m� = !p(TPT)/2 = 48 keV
down to m� = 10 keV with a dashed line. For these
lighter DM masses, it may be possible for longitudinal
plasmon modes mixing with � to decay to �̄� pairs.
Thus, for these lighter m�, it may be necessary to im-
pose additional constraints on (yn, y�,m�) to prevent too
much DM production after the phase transition due to
plasmons. To our knowledge, plasmon decays to DM
pairs in the presence of a scalar mediator have not been
considered in the literature and is beyond the scope of
this work.

Since we already described the prescription for choos-
ing (y�,m�) for TPT = 1 MeV, we describe here the anal-
ogous choices for the TPT = 5 MeV contour which result
in the largest HYPER ��n, shown as the boundary of the
light blue region in Fig. S1.

• 5 MeV < m� < m⇡0 : �̄� ! �� is the most
constraining process; maximized ��n results from
setting m� = m

min
� and taking y� < y

max
� to satisfy

Eq. (9).

• 1.3 MeV < m� < 5 MeV: both �̄� ! �� and
�� ! �̄� are constraining, since m�  TPT; maxi-
mized ��n results from setting m� = E�(TPT) and
taking y� < y

max
� to satisfy Eq. (8).

• m
min
� /2 < m� < 1.3 MeV: for m� < 1.3 MeV,

E�(TPT ) > 2m� and so choosing m� = E�(TPT)
allows � ! �̄�; maximized ��n results from instead
setting m� = m

min
� and y� < y

max
� such that both

Eqs. (8-9) are satisfied; we dash the HYPER curve
for m�  !p(TPT)/2 = 250 keV since it is possi-
ble that longitudinal plasmons mixing with � may
allow for �

⇤
! �̄� decays [46], which we have not

calculated.

• m� < m
min
� /2 = 160 keV: � ! �̄� is always possi-

ble, so �� ! � must be kinematically forbidden by
setting m� = 110 MeV, as discussed above; maxi-
mized ��n results from then setting y� < y

max
� to

satisfy Eq. (8).

CROSS SECTIONS FOR DARK MATTER
ANNIHILATIONS

The spin-averaged matrix element squared, which
agrees with the result in [53], for �̄� ! �� is
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The cross section for ��̄ ! ��, relevant for indirect
detection, is
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that may be important. These processes are mediated by
the couplings (see [52], and references therein)
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As with Eq. (S4) above, this ensures subsequent � decays
to DM pairs do not increase the DM number density by
more than 10%. We find that this condition is satisfied
for all TPT . 6.7 MeV.

So, for illustrative purposes, we calculate the maxi-
mum ��n for HYPERs assuming a phase transition at
TPT = 5 MeV while only imposing the HYPER con-
straints discussed in the body of the paper. The re-
sult is shown as the light blue region in Fig. S1 over-
laid on-top of the TPT = 1 MeV from Fig. 2. In ad-
dition to this new TPT contour, we have extended the
TPT = 1 MeV contour from m� = !p(TPT)/2 = 48 keV
down to m� = 10 keV with a dashed line. For these
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much DM production after the phase transition due to
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pairs in the presence of a scalar mediator have not been
considered in the literature and is beyond the scope of
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ogous choices for the TPT = 5 MeV contour which result
in the largest HYPER ��n, shown as the boundary of the
light blue region in Fig. S1.
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UV Freeze In

1

I. UV FREEZE IN FROM GLUONS

⌦�h
2 = 0.11 (1)

TR ⇠ O(1TeV) (2)

TPT (3)

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)
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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
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⇡0

�2
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�
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
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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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for neutral pions. The cross section for ⇡+
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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
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� . In principle, the
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� through a top loop to allow �
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` ! ��̄. 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
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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 �
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Maximizing Direct Detection with HYPERs.— Fig. 2

shows the range of possible ��n in HYPER models for
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max
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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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Other Cosmological Histories?

After the  is integrated out, � has an e↵ective coupling to gluons
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In the low-energy theory, this translates into a �-nucleon coupling given by [33]
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For m� much greater than the momentum transfer at direct detection experiments,

this gives a dark matter nucleon scattering cross section
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�

. (2.5)

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

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

pions and photons matter most. The � coupling to pions is [33]

L �
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��Dµ
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��2 �m

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

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

L�FF ⇠
7yn↵

8⇡mp

�Fµ⌫F
µ⌫
. (2.7)

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

physics. While the contribution from the UV is calculable, the IR contribution is

subject to non-perturbative physics. For this IR contribution, we thus use the Naive

Dimensional Analysis (NDA) [34, 35] estimate yn↵

4⇡mp
. The UV contribution, which

depends on the EW charge of  , is 5yn↵
8⇡mp

for the representation chosen above. As

we will see , the induced couplings in Eqs. (2.6) and (2.7) permit dark matter to

freeze-in through pion and photon annihilations.

Last, we summarize phenomenological constraints on the Yukawa couplings of

Eq. (2.1) as well as m�. For lighter m� than considered here, y� would be constrained

by limits on self-interacting dark matter. [AP: add citation?] Here, however, both

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

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

on yn through Eq. (2.4),

yn  9⇥ 10�5
⇣
y 

1

⌘✓
1.5TeV

m 

◆
. (2.8)
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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
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
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Since we will be focused on low TR << GeV, neither the gluon coupling nor the

nucleon coupling are the most relevant for freeze-in. Instead, induced couplings to
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� also couples to other hadrons. These hadronic couplings, together with the coupling

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

L�FF ⇠
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�Fµ⌫F
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This coupling gets a contribution from both IR (the charged hadrons) and UV ( )

physics. While the contribution from the UV is calculable, the IR contribution is

subject to non-perturbative physics. For this IR contribution, we thus use the Naive

Dimensional Analysis (NDA) [34, 35] estimate yn↵

4⇡mp
. The UV contribution, which

depends on the EW charge of  , is 5yn↵
8⇡mp

for the representation chosen above. As

we will see , the induced couplings in Eqs. (2.6) and (2.7) permit dark matter to

freeze-in through pion and photon annihilations.

Last, we summarize phenomenological constraints on the Yukawa couplings of

Eq. (2.1) as well as m�. For lighter m� than considered here, y� would be constrained

by limits on self-interacting dark matter. [AP: add citation?] Here, however, both

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

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

on yn through Eq. (2.4),

yn  9⇥ 10�5
⇣
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⌘✓
1.5TeV
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◆
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There is also a constraint in the yn–m� plane arising from rare meson decays. The

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

L � �yt�tt, yt = yn
9↵2

s

2⇡2

mt

mn

log

✓
m

2
 

m
2
t

◆
. (2.9)

This coupling in turn contributes to B
+
! K

+
� decays as well as B � B̄ mixing.

Constraints on yn/m
2
�
from these processes are weaker than Eq. (??). The bounds

from rare B+ decays have been discussed previously [7], and we have checked B� B̄

mixing constraints do not limit the allowed parameter space, and we do not discuss

them further.

3 UV freeze-in with instantaneous reheating

Following the era of inflation, one possibility is that reheating proceeds rapidly. In

this case, the maximum temperature obtained following inflation Tmax is expected to

coincide with the temperature that marks the beginning of the radiation domination

era TRH . One possibility for a cosmological history which achieves Tmax ' TR is a

multi-field inflation scenario. For instance �may be a daughter field in the multi-field

interacting reheaton scenario discussed in [36]. In general the masses and couplings

in the daughter particles in these setups are not constrained (although [36] proposed

signals at gravitational wave detectors). Furthermore, as shown in [37], certain values

of model parameters the equation of state during reheating can be ! = 0, therefore

mapping directly onto our scenario. [GE: Have not looked into the axion references

yet]

3.1 Freeze-in calculations

In this section, we review the UV freeze-in of dark matter from SM particle anni-

hilations, and apply our results to the case of instantaneous reheating. Since � is

hadrophilic, and we consider low reheating temperatures, 5 MeV . TR . 20 MeV,

freeze-in proceeds through photon and—perhaps less obviously—pion annihilations.

For even though the abundance of pions will be Boltzman suppressed at these tem-

peratures, they can nevertheless have a significant impact. The lower bound on the

reheating temperature window we consider is set by the requirement that predictions

of BBN remain undisturbed [38, 39]. The upper bound is purely phenomenological

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

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

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

We assume in this section that TR coincides with the largest temperature the

SM bath reaches, Tmax. In the next section, we discuss the implications of relaxing

this assumption, allowing Tmax > TR.

– 6 –

Decreasing  increases  for a 
fixed yield and increases the cross 

section at direct detection

TR ynyχ /m2
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Figure 1. The ratio of dark matter produced from pions to dark matter from photons

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

to di↵erent representations of  , with our chosen representation in green. The shaded

bands surrounding them correspond to varying the NDA estimate for the contribution of

the charged hadronic states to the �F 2 operator by a factor of 2.

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

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

surrounding Eq. (2.7)),

L �
y�

m
2
�

7yn↵

8⇡mp

��Fµ⌫F
µ⌫
. (3.1)

[AP: there is something to discuss here.... there are two reasons in princi-

ple to impose the bound on m� vs. TRH – 1) is that the e↵ective operator

picture is good, 2) ensure that � quanta are not produced in the bath that

could subsequently decay to �. (1) I think can be massaged by the fact

that we do calculations that actually keep the phi propagator. However,

we still don’t talk about processes that produce phi on shell and then

decay into the Dark matter. So we should definitely still want phi heavy

relative to TRH . There is a subtlety for Tmax > TRH– should we impose,

e.g. mphi > 25Tmax?] For the e↵ective operator picture of Eq. (3.1) to be valid, we

need m� & 25TR (see [40] for careful constraints [AP: ????] in other models). In
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Since we will be focused on low TR << GeV, neither the gluon coupling nor the

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

pions and photons matter most. The � coupling to pions is [33]

L �
3yn
mn

�

✓
2

3

��Dµ
⇡
+
��2 �m

2
⇡
⇡
+
⇡
�
◆
. (2.6)

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

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

physics. While the contribution from the UV is calculable, the IR contribution is

subject to non-perturbative physics. For this IR contribution, we thus use the Naive

Dimensional Analysis (NDA) [34, 35] estimate yn↵
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. The UV contribution, which

depends on the EW charge of  , is 5yn↵
8⇡mp

for the representation chosen above. As

we will see , the induced couplings in Eqs. (2.6) and (2.7) permit dark matter to

freeze-in through pion and photon annihilations.

Last, we summarize phenomenological constraints on the Yukawa couplings of

Eq. (2.1) as well as m�. For lighter m� than considered here, y� would be constrained

by limits on self-interacting dark matter. [AP: add citation?] Here, however, both

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

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

on yn through Eq. (2.4),
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Figure 3. The dark matter-nucleon scattering cross section as a function of m� which

yields the correct relic abundance. The colored contours correspond to di↵erent reheating

temperatures as labeled. The red shaded region is excluded by Eq. (2.2), while dashed

gray lines show projected sensitivities of various future experiments [7, 10, 12–14, 16, 17].

sections. [AP: if we’re going to say that here, we should probably mention

(perhaps in the intro) what is a detectable target?] However, there are lim-

itations to the size of cross section that may be achieved. First, predicting larger

couplings to nucleons by decreasing TR can only work to a point. Eventually, the

requisite size of yn requires a colored fermion to become too light and ruled out by

direct LHC searches. Also, not only does going to larger TR predicts smaller cross

sections, it does so more quickly than if only photon annihilations were considered.

Despite their exponentially small abundance in the thermal bath, pions quickly over-

take photons to become the dominant driver of freeze-in for TR & 12 MeV. This is

the reason for the rapid increase in the spacing of the contours at higher tempera-

tures. Uncertainty in the photon coupling due to NDA estimates only changes the

predicted cross section by a factor of 2 for lower reheating temperatures, and this

e↵ect gets smaller as the contribution from the pions outstrips that of the photons

at higher temperatures. We will not show this uncertainty in the rest of our results.

With an understanding of how existing constraints impact the viable parameter

space, we proceed to detail the predictions relevant for direct detection. It is informa-

tive to first consider the limiting case in which TR . 10 MeV so that pions contribute

– 11 –

   [arXiv:2210.15653, JHEP] Prudhvi Bhattiprolu, GE, Robert McGehee and Aaron Pierce 



G. Elor

Take Aways
• Given present day constraints, it is unmotivated to build experiments 

targeting DM-nuclear cross sections larger than:

• Even so, is not easy to find DM models that realizes such large cross 
sections. HYPERs involves a dark sector phase transition and can achieve 

. 

• Freeze in with a hadrophilic mediator at very low reheating temperatures can 
also lead to detectable cross sections. 

• Ongoing work: CMB and Supernova bounds on a late dark sector phase 
transition 

• Possible future work: model building (late time inflation, the phase 
transition…)
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Figure 2. Predictions for yn/m2
�
as a function of m� which yield the correct relic abun-

dance for m� = 0.5 MeV. The colored contours correspond to various reheating temper-

atures TR, as labeled, and the shaded bands surrounding them correspond to varying the

NDA estimate for the (IR) contribution of the charged hadronic states to the �F 2 operator

by a factor of 2. The gray and navy shaded regions correspond to the constraint on the

mass of  (inferred from LHC searches for long-lived bottom squarks) in eq. (2.2) plugged

into eq. (2.4) and B+
! K+� searches, respectively. The vertical axis on the right cor-

responds to the scattering cross-section obtained from yn/m2
�
using eq. (2.5) for a fixed

m� = 0.5 MeV.

3.2 Results

For fixed m� and TR, explaining the dark matter abundance in Eq. (3.6) predicts

a value of yn/m2
�
. We plot the requisite value of yn

m
2
�
(m�) which satisfies Eq. (3.6)

using Eq. (3.3) in Fig. 2, for a benchmark case of m� = 0.5 MeV. The bands sur-

rounding these curves (which are especially visible for lower reheating temperatures)

correspond to if the NDA estimate for the photon coupling in Eq. (2.7) is o↵ by a

factor of 2 too small or too big. Before considering the direct-detection implications,

we impose (shown in gray) the existing constraints on yn and m� discussed in Sec. 2.

The light gray shaded region is ruled out by direct searches for  from the LHC; see

Eq. (2.2). [AP: use new equation?] The navy shaded region is constrained by

searches for rare B-meson decays to K
++�. The former dominates the latter which

we just show for completeness.

This figure shows that low reheating temperatures may predict detectable cross

– 10 –

Decreasing  increases  for a fixed yield and 
increases the cross section at direct detection

TR ynyχ /m2
ϕ

   [arXiv:2210.15653, JHEP] with Prudhvi Bhattiprolu, GE, Robert McGehee and Aaron Pierce 
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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

�
max
�n ⌘

�
y
max
n y

max
�

�2

⇡

µ
2
�nh

(mmin
� )2 + v2�m

2
�

i2 . (2)

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,

 suppressed by 
  and  

χ̄χ → ϕϕ
mϕ = mmin

ϕ yχ < ymax
χ

  
 maximized by 

   
to kinematically forbid 

σ
mϕ = Eχ(TPT) > mmin

ϕ

χ̄χ → ϕϕ

   
 

 can start to 
increase the DM abundance

mϕ = Eχ(TPT) > 2mχ
γγ → ϕ → χχ̄

 and   
to suppress 
mϕ > mmax

ϕ yχ < ymax
χ

γγ → ϕ → χχ̄

below plasmon decays 
to dark matter could 
become important

mχ = ωp(TPT)/2 = 48 keV

  
 is p-wave 

suppressed so  
 

σvχ̄χ

σvχ̄χ→ϕϕnχ < H

   [arXiv:2112.03920, PRL] with Robert McGehee and Aaron Pierce 
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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

1026

1027

1028

1029

m� [MeV]

�
[s]

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.

0.01 0.03 0.1 0.3 1.0 3.010-33

10-32
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m� [MeV]

<
�
v>

��
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3
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1 ]

h�
vi

�
�
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m

3
s�

1
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CMB

INTEGRAL 
(this work)

NuSTAR

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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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
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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
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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)

p-wave


