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Br(h→DMs)  
was 

underestimated  
in WIMP models
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Weakly Interacting Massive Particle

3

WIMP (Weakly Interacting Massive Particle)
• has short range interactions with the standard model particles
• energy density is explained by the freeze-out mechanism 
• correlation btw. various processes
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WIMP vs direct detection experiments

small    is required

•   
• many models can satisfy this constraint （s-channel resonance, 

pseudo-scalar interaction, CP-odd mediator, pseudo Nambu-Goldstone 
model, ...)

• calculation of the thermal relic should be revisited when DM-SM 
scattering is small
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How to calculate  without assuming  Ωh2 Tχ = T

7

Boltzmann equation

these two higher-dimensional operators. This fermionic DM interacts with the SM particles only

through the exchange of the Higgs boson. The di↵erence between the two types of interactions is

important. For elastic scatterings of DM o↵ SM particles, the scattering amplitudes induced by

the CP-violating operator are suppressed by the momentum transfer in addition to the small DM-

Higgs coupling due to the Higgs resonance. The momentum transfer is very small because the DM

is non-relativistic in the scattering processes due to the Boltzmann suppression. Consequently, the

scattering is less e�cient if the CP-violating operator mainly induces the interaction. Therefore,

the e↵ect of the early kinetic decoupling is more important in the fermionic DM model with the

CP-violating coupling.

The rest of this paper is organized as follows. In Sec. 2, we briefly review the early kinetic

decoupling. The zeroth and second moments of the Boltzmann equation are discussed, which have

information on the number density and the temperature of DM, respectively. The coupled equations

to be solved are summarized. In Sec. 3, the fermionic DM model is described. The result with

the early kinetic decoupling is discussed in Sec. 4. We show the CP-violating interaction certainly

requires larger coupling compared to the one in the standard calculation to obtain the measured

value of the DM energy density. We vary the ratio of the CP-conserving and CP-violating couplings

and show that it a↵ects the kinetic decoupling. Using the values of the couplings required for the

right amount of the DM relic abundance, we discuss the Higgs invisible decay and prospects of its

measurements at collider experiments. We find that the branching ratio of the Higgs decaying into

two DM particles can be larger than the value predicted in the standard calculation. Section 5 is

devoted to our conclusion.

2 The early kinetic decoupling

We briefly review how to calculate the DM number density with taking into account the e↵ect

of the early kinetic decoupling based on the discussion in Ref. [7].

The Boltzmann equation for our universe is given by

E

✓
@

@t
�H~p ·

@

@~p

◆
f�(t, ~p) = Cann.[f�] + Cel.[f�], (2.1)

where E is the energy of the DM, H is the Hubble parameter, ~p is the momentum of DM, and f� is

the phase-space density of DM. The collision term is divided into two parts. One is for annihilation

of pairs of DM particles (Cann.), and the other is for elastic scatterings of a DM particle o↵ a SM

3

If  Tχ = T

[Binder, Bringmann, Gustafsson, Hryczuk (’17)]

dn�

dt
+ 3Hn� = �h�viT�n

2
� + h�viTn2

�,eq

<latexit sha1_base64="oAg5/dk62PxH1zV14sqjZXBBpYI="></latexit>

<latexit sha1_base64="vA+4D0W9Olf/mIFNxLOITKO9LJM="></latexit>

dT�

dt
=(complicated equations depending on h�vi, h�vi2, and |Mscattering|2).{

<latexit sha1_base64="HTvvOUvPCh1PKizDCeowUj/Wulk="></latexit>

dn�

dt
+ 3Hn� = �h�viT (n2

� � n
2
�,eq)

If  Tχ ≠ T



Tomohiro Abe (U. Tokyo)

A Fermion DM model
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• two types of DM-Higgs interactions (  and )
• scattering can be suppressed by the momentum transfer

χ̄χH†H χ̄iγ5χH†H

During the QCD phase transition, we cannot treat particles as free particles. Dedicated studies

are required for that regime. In Ref. [21], the table is provided for g⇤ and gs for 0.036 MeV

. T . 8.6 TeV. Since the values of g⇤ and gs do not change for T . 0.036 MeV, we can regard the

values of g⇤ and gs at T = 0.036 MeV as the values at the temperature today.

We solve Eqs. (2.8) and (2.9) numerically with the following initial condition

Y (xini.) =Yeq(xini.), (2.17)

y(xini.) =yeq(xini.), (2.18)

where xini. ' 10. After solving the coupled equations and obtain Y (x0), where x0 is defined by the

temperature of the current universe T0 as x0 = m�/T0, we convert Y (x0) into ⌦h2 that is given by

⌦h2 =
m�s0Y (x0)

⇢cr.h
�2

, (2.19)

where [22]

s0 =
2⇡2

45
gs(x0)T

3
0 , (2.20)

⇢cr.h
�2 =1.05371⇥ 10�5 [GeV cm�3], (2.21)

T0 =2.35⇥ 10�13 [GeV]. (2.22)

The measured value of ⌦h2 by the Planck Collaboration is ⌦h2 = 0.120± 0.001 [23]. We can use

this value to determine a model parameter.

3 Model

We describe a model that we investigate in the following. We consider a gauge singlet Majorana

fermion DM. A discrete symmetry Z2 is assumed to stabilize the DM particle. Under the Z2

symmetry, the DM is odd while all the other particles, namely the SM particles, are even. Then,

renormalizable operators composed of the DM and SM fields are forbidden. The DM particle

interacts with the SM particles through higher-dimensional operators. Therefore, the model is

regarded as an e↵ective theory of fermionic DM models. Up to dimension-five operators, the

Lagrangian is given by

L =LSM +
1

2
�̄ (i�µ@µ �m�)�+

cs

2
�̄�

✓
H

†
H �

v
2

2

◆
+

cp

2
�̄i�5�

✓
H

†
H �

v
2

2

◆
, (3.1)

where � is the DM candidate, H is the SM Higgs field, and v is the vacuum expectation value

of the Higgs field, v ' 246 GeV. The three parameters (m�, cs, and cp) are real. There are two

6

[Kanemura et. al (’10), Lopez-Honorez et.al (’12), 
Djouadi et.al (’13), Greljo et.al (’13), Beniwal et.al (’16), 
GAMBITCollaboration (’18), TA Sato (’19), …]

q

�

�

SM

SM

/ cs + cp
~q·~s
m�
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extra suppression factor

[Kanemura et. al (’10), Lopez-Honorez et.al (’12), 
Djouadi et.al (’13), Greljo et.al (’13), Beniwal et.al (’16), 
GAMBITCollaboration (’18), TA Sato (’19), …]
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BRinv <

8
>>>>>>>><

>>>>>>>>:

0.019 (HL-LHC)

0.0026 (ILC(250))

0.0023 ILC500

0.0022 ILC1000

0.0027 (CEPC)

0.00024 (FCC)

<latexit sha1_base64="1aeWDhnDs8FoOpMRJDEv4N9u9b8="></latexit>

prospect  [1905.03764]

 is not a good assumption Tχ = T

[ATLAS-CONF-2020-008]

current bound on the Higgs invisible decay

One of the model parameters is determined to obtain the measured value of the DM energy density,

⌦h2 = 0.120± 0.001 [23].

We start by investigating the maximal CP-violating case (cs = 0) because the e↵ect of the early

kinetic decoupling is most e�cient in that case. We also discuss how large the e↵ect of the early

kinetic decoupling remains with the CP-conserving coupling. After determining the couplings, we

investigate the Higgs invisible decay and the DM-nucleon scattering cross section to discuss the

impact of the early kinetic decoupling on phenomenology.

4.1 Maximal CP-violating case

We investigate the e↵ect of the early kinetic decoupling in the case for cs = 0, where the CP

is maximally violating. The left panel in Fig. 1 shows the values of cp that explain the measured

value of the DM energy density in three scenarios: the standard calculation (T� = T ), the QCD-A,

and the QCD-B. We find a significant e↵ect of the early kinetic decoupling. The larger value of the

coupling is required to explain the DM energy density compared to the result with the standard

calculation. In particular, the QCD-B scenario requires at most ⇠ 4.5 times larger coupling. Even

in the QCD-A scenario, which is a conservative scenario for the early kinetic decoupling, we can

see the significant enhancement of cp. Since the QCD-A and QCD-B are extreme scenarios, it is

expected that the true value of cp is in between the two curves for the QCD-A and QCD-B in

Fig. 1.

In the mass range of the DM we are investigating, the Higgs boson decays into two DM particles.

Since the DM cannot be directly detected at the collider experiments, this process is known as

the Higgs invisible decay. The larger coupling of the DM to the Higgs boson predicts the larger

branching ratio of the Higgs invisible decay. Since the invisible decay of the Higgs boson is negligible

in the SM, the large invisible branching ratio is a smoking gun of physics beyond the SM and is

being searched by the ATLAS and CMS experiments. Currently, the ATLAS and CMS experiments

obtain the upper bound on it as

BRinv <

8
><

>:

0.13 (ATLAS [27])

0.19 (CMS [28])
(4.1)

9

[CMS 1809.05937]

• :  result in the literatures
• :  with early kinetic decoupling effect 
（blue band is due to the QCD uncertainty)

Tχ = T
Tχ ≠ T

[TA PRD102 (2020) 035018 (arXiv:2004.10041)]

https://doi.org/10.1103/PhysRevD.102.035018
http://www.apple.com
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Another example

pseudo-Nambu-Goldstone DM model [Gross Lebedev Toma (’17)]

• DM-SM scattering is much suppressed
• prediction of Br(h→DMs) was really underestimated

[TA (arXiv:21mm.xxxxx)]
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Summary

 is not a good assumptions in some WIMP models
• if DM-SM scattering is highly suppressed, then we need to calculate 

the evolution of DM temperature as well

Tχ = T

example of phenomenological consequence
• DM-Higgs coupling was underestimated in Higgs resonant regime
• Br(H → inv.) can be much larger than in the previous studies
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real scalar DM model case
L = LSM +

1

2
@
µ
S@µS � m

2

2
S
2 � �sH

2
S
2
H

†
H � �s

4!
S
4

<latexit sha1_base64="1qa/4esHeJJbEVqo9hEO9lZCI2Q="></latexit>

[Silveria et.al. (‘85), McDonald (’94), 
Burgess (’01),  …,
Cline et.al. (’13), TA Kitano Sato (’15), 
…
GAMBIT collaboration (’17, ‘19) ]

• λsH  is determined to obtain the measured value of 
• λsH  should be larger than one in the literature, but enhancement is mild

Ωh2

[Binder, Bringmann, Gustafsson, Hryczuk (’17)]

• :  result in the literatures
• :  with early kinetic decoupling effect 
（blue band is due to the QCD uncertainty)

Tχ = T
Tχ ≠ T
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Public code is available

DRAKE [Binder, Bringmann, Gustafsson, Hryczuk (2103.01944)]    
• calculate  with the evolution of DM temperature
• Mathematica / Wolfram Engine 
• give the code   and  then we obtain result

Ωh2

σv |ℳ |2
Eur. Phys. J. C manuscript No.

(will be inserted by the editor)

Dark matter Relic Abundance beyond Kinetic Equilibrium
Tobias Binder
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Abstract We introduce DRAKE, a numerical precision
tool for predicting the dark matter relic abundance also
in situations where the standard assumption of kinetic
equilibrium during the freeze-out process may not be
satisfied. DRAKE comes with a set of three dedicated
Boltzmann equation solvers that implement, respec-
tively, the traditionally adopted equation for the dark
matter number density, fluid-like equations that couple
the evolution of number density and velocity dispersion,
and a full numerical evolution of the phase-space dis-
tribution. We review the general motivation for these
approaches and, for illustration, highlight three concrete
classes of models where kinetic and chemical decoupling
are intertwined in a way that quantitatively impacts the
relic density: i) dark matter annihilation via a narrow
resonance, ii) Sommerfeld-enhanced annihilation and
iii) ‘forbidden’ annihilation to final states that are kine-
matically inaccessible at threshold. We discuss all these
cases in some detail, demonstrating that the commonly
adopted, traditional treatment can result in an estimate
of the relic density that is wrong by up to an order of
magnitude. The public release of DRAKE, along with
several examples of how to calculate the relic density in
concrete models, is provided at drake.hepforge.org

atobias.binder@ipmu.jp
btorsten.bringmann@fys.uio.no
cmichael.gustafsson@theorie.physik.uni-goettingen.de
dandrzej.hryczuk@ncbj.gov.pl
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