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The WIMP paradigm

The endangered WIMP

• DM in thermal equilibrium with SM at
T >> mDM .

• Before nDM → 0, DM is rescued by
‘freeze-out’ Γ < H.

• ρDM ∼ a
−3 , eventually dominating

over radiation.

• Canonical WIMP scenario
is getting cornered by DD.
• A possible alternative:

=⇒ avoid thermal eq. with
SM by extremely tiny
DM-SM coupling→
Freeze-in.

• Also: WIMPZillas (9810361), SIMP
(1402.5143), ELDER (1706.05381)...
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Freeze-in Classes

Freeze-in:

IR freeze-in:
• DM-SM renormalizable coupling
λ ∼ O(10−10).

• YDM ∼ λ2Mpl
T

=⇒ favoring low T .
• Dominant production at T ∼ m, T < m
∼ exp(−m/T ).

• Caveat: Unnaturally small coupling.

UV freeze-in:
• Dark sector

∝ 1
Λn===⇒ visible sector.

• Small coupling is natural when Λ is
very large.

• YDM ∝
MplT

2n−1

Λ2n if TRH >> mi.
• DM production dominated at
highest T i.e., T ∼ TRH .
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Effective theory of freeze-in Set-up

Freeze-in in EFT framework (with DB & RR, arxiv: 2007.08768)

• The DM χ is a singlet Majorana fermion.
Vector current χγµχ and dipole moments χσµνχ, χσµνγ5χ.

X Scalar, pseudoscalar and axial vector DM bilinears.

• DM-SM scalar ops. up to dim.8: L = LSM + LDM + Ld>4.

DM Λ−1 Λ−2 Λ−3 Λ−4

bilinear
(dim.3)

XµνXµν , XµνX̃µν∣∣H†H∣∣2
χcχ, H†H |DµH|2

(
`LH̃

)(
`LH̃

)
χciγ5χ iL/DL, iR/DR

LHR,LH̃R

χcγµγ5χ L(R)γµL(R) L(R)γµL(R)
(
H†H

)
iH†DµH iH†DµH

(
H†H

)
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Effective theory of freeze-in DM abundance

Parameter space: {MDM,Λ, TRH}
• 4.7 MeV︸ ︷︷ ︸

BBN (1511.00672)
. TRH . 1016 GeV︸ ︷︷ ︸

model dependent

• Yχ ∼
∫ TRH

TEW
|Mn→m|2︸ ︷︷ ︸

before EWSB

+

∫ TEW

T0

|M1→2,2→2|2︸ ︷︷ ︸
after EWSB

=⇒ ΩPLANCK
X ∼MχYχ(T0)

• TRH > TEW =⇒ yield after EWSB is small.

• dim.5 interactions always dominate.
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Effective theory of freeze-in Detection

Detectability?? (with DB & RR, arxiv: 2007.08768)

• (LH)(LH)
Λν

(∆L = 2)→ mν ∼
v2
h

Λν
=⇒ Λν & 1014 GeV.

• DM-SM ops. of same dim. can produce right relic.

• Observing 3.5 keV X-ray line (needs UV completion) (1907.07973).
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Effective theory of freeze-in Radiative inflaton decay

DM from inflaton decay

φI

H

H

χ

χ

• No direct inflaton-DM
coupling.

• Inflaton decay via 1-loop
can produce DM
(1709.01549, 1901.04449, 2004.08404).

• Ωχh
2 = f (Br,Mχ,Minf, TRH);

Br =
ΓloopφI

ΓφI→hh+ΓφI→ff+ΓloopφI
(with DB & RR, arxiv: 2007.08768).

• Small branching to avoid
over abundance.

• Can account for total DM
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Effective theory of freeze-in Remarks

In the end...
I We provide the simplest possible operators connecting DM
and SM relevant for freeze-in scenario up to and including
dim.8.

I {Λ, TRH} can be simultaneously constrained from DM relic
and neutrino mass generation from operators of the same
dim.

I It is also possible to obtain right DM relic from inflaton decay
even in the absence of DM-inflaton coupling.

I Connection to certain inflationary scenarios could be
interesting to explore.

Thank you!
Questions/comments/critique?
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Backup Slides
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DM production channels
• T > TEW: 2→ 2, 3→ 2(2→ 3), 4→ 2(2→ 4) channels (massless
SM) =⇒ UV.
• T < TEW: 1→ 2 , 2→ 2 channels (massive SM) =⇒ UV+IR.
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Scalar kinetic term
Before EWSB:

|DµH|2 ⊃
(
∂µφ

+∂µφ− + ∂µφ
0∂µφ0

)
+
g2

1

4
BµB

µ
(
φ+φ− + φ0φ0

)
+
g2

2

4

∑
i=1,2,3

WiµW
iµ
(
φ+φ− + φ0φ0

)
.

After EWSB:

|DµH|2 ⊃
1

2
∂µh∂

µh+ (h+ vh)2

{
g2

2

4
W+
µ W

−µ +
g2

2

8c2
w

ZµZ
µ

}
.
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BEQ for 3→ 2 process

ṅχ + 3Hnχ =

∫
dΠ1dΠ2dΠ3dΠ4dΠ5|M|

2

123→45 (2π)4 δ4 (pf − pi)
3∏
i=1

fi

=

∫
dLIPS3dΠ4dΠ5|M|

2

123→45f1f2f3,

dLIPS2 = d3p4d
3p5 = (4π |~p4|) (4π |~p5|)

1

2
d cos θ.

Change variables Nucl.Phys.B 360 (1991) 145-179:
E+ = E4 + E5, E− = E4 − E5, s = 2M2

χ + 2E4E5 − 2 |~p4| |~p5| cos θ:

∫
dΠ4dΠ5 =

∫
1

(2π)4

√
E2

+ − s
4

√
1−

4M2
χ

s
dE+ds,
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Continued...

ṅχ + 3Hnχ =
T

(2π)4

∫ ∞
4M2

χ

ds

√
s

4

√
1−

4M2
χ

s
|M|2123→45K1

(√
s

T

)
dLIPS3

as E1 + E2 + E3 = E4 + E5.
Performing all the integrals for overall rotations:

∫
dLIPS3 =

∫
ds23

2π

1

8π

(
1− s23

s

)
d cos θ23

2

1

8π
,

where

x1 = 1− s23

s

x2 =
1

2
(2− x1 + x1 cos θ23) ,

E1 = x1

√
s

2
, E2 = x2

√
s

2
,

E3 =

√
s

2
(2− x1 − x2) .
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BEQ for 4→ 2 process

ṅχ + 3Hnχ =

∫ 6∏
i=1

dΠi|M|
2

1234→56 (2π)4 δ4 (pf − pi)
4∏
i=1

fi

=

∫
dLIPS4dΠ5dΠ6|M|

2

1234→56f1f2f3f4,

Use energy conservation:

ṅχ + 3Hnχ =
T

(2π)4

∫ ∞
4M2

χ

ds

√
s

4

√
1−

4M2
χ

s
|M|21234→56K1

(√
s

T

)
dLIPS4,
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Continued...
For massless initial states:∫
dLIPS4 =

1

4π2(8π)3

∫ √s
0

ds12∫ (
√
s−√s12)2

0
ds34

√
1 +

s2
12

s2
− 2s12s34

s2
+
s2

34

s2
− 2s12

s
− 2s34

s∫
d cos θ12

2

∫
d cos θ34

2
.

BEQ in terms of yield:

dY 4→2
χ

dT
' −

1

s(T ).H(T )

1

64 (2π)9

∫ ∞
4M2

χ

ds
√
s

√
1−

4M2
χ

s
|M|21234→56K1

(√
s

T

)
∫ √s

0
ds12

∫ (
√
s−√s12)2

0
ds34

√
1 +

s212

s2
−

2s12s34

s2
+
s234

s2
−

2s12

s
−

2s34

s∫
d cos θ12

2

∫
d cos θ34

2
,
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