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•DM�was�in�thermal�equilibrium�in�the�early�universe�
• Evolution�is�determined�by�the�Boltzmann�equation
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Measured�value�of�the�DM�energy�density�is�obtained�
if  cm3 s-1   pb c⟨σv⟩ ≃ 2 × 10−26 ≃ 1

•typical�value�of�the�weak�interaction!
•This�implies�DM�is�a�neutral�component�
of�an�SU(2)L�multiplet
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324 Chapter 9. Theories of Dark Matter

Quantum numbers DM could MDM in TeV MDM±→MDM ωSI in
U(1)Y SU(2)L SU(3)c Spin decay into tree non-pert in MeV 10→46 cm2

1/2 2 1 0 EL 0.54 350 (0.4 ± 0.6) 10→3

1/2 2 1 1/2 EH 1.1 341 (0.3 ± 0.6) 10→3

0 3 1 0 HH
↑ 2.0 2.5 166 0.23 ± 0.04

0 3 1 1/2 LH 2.4 2.6 166 0.23 ± 0.04
1 3 1 0 HH, LL 1.6 ? 540 0.001 ± 0.001
1 3 1 1/2 LH 1.9 ? 526 0.001 ± 0.001

1/2 4 1 0 HHH
↑ 2.4 ? 353 0.27 ± 0.08

1/2 4 1 1/2 (LHH
↑) 2.4 ? 347 0.27 ± 0.08

3/2 4 1 0 HHH 2.9 ? 729 0.15 ± 0.07
3/2 4 1 1/2 (LHH) 2.6 ? 712 0.15 ± 0.07
0 5 1 0 (HHH

↑
H

↑) 5.0 14 166 2.0 ± 0.5
0 5 1 1/2 none 4.4 14 166 2.0 ± 0.5

Table 9.2: Minimal Dark Matter. The first columns define the quantum numbers of the possible DM
weak multiplets. The following ones show: the possible decay channels into SM particles that need to be
forbidden (those in parenthesis correspond to dimension-5 operators); the DM mass predicted from thermal
abundance (either at tree level, left column, or including non-perturbative Sommerfeld and bound-state
corrections, right column, the latter not computed in all cases); the predicted splitting between the charged
and the neutral components of the DM weak multiplet; the prediction for the SI DD cross section ωSI.

are listed in table 9.2. In order to be acceptable, DM must have a vanishing color and electric charge11

Q = T3 + Y = 0, (9.16)

where Y is the hypercharge of the electroweak multiplet and T3 the corresponding eigenvalue of the
diagonal generator of SU(2)L. The most prominent examples are discussed in detail:

2S The first possibility is the inert Higgs doublet model, also called the Inert Doublet Model
(IDM), where the SM field content is supplemented by the complex H

↓ = (h↓+
, h

↓0) field: a
scalar weak doublet with Y = 1/2, which contains a complex neutral component h

↓0 in its lower
component, with T3 = →1/2, and a charged component in its upper component, with T3 = →1/2.
An ad-hoc symmetry such as H

↓ ↑ →H
↓ is needed to make it stable. The inert Higgs doublet H

↓

has the same gauge quantum numbers as the SM Higgs, H. In supersymmetry, this field would be
called the left-handed slepton L̃. The phenomenology of inert Higgs doublet model is discussed in
section 9.3.5.

2F The second possibility is a higgsino-like fermionic weak doublet with Y = 1/2. In supersymmetric
models this field arises as a fermionic partner of the Higgs scalar. An ad-hoc symmetry is again
needed in order to forbid the otherwise allowed renormalizable couplings to the SM fields, which,
if present, would make the higgsino unstable.

3F Yet another possibility is a fermionic weak triplet, which can have Y = 0, 1. The Y = 0 case
11More precisely, the charge needs to be negligibly small from observation, see section 3.3.2: in the case of

discrete choices, this leaves Q = 0 as the only option. Special colored multiplets can give allowed DM as QCD
bound states, as discussed in section 9.3.2. The case of singlets of the SM gauge group has been considered in
section 9.2.1 (scalar singlet) and 9.2.2 (fermion singlet), so they are not reported here.

[Cirelli Strumia Zupan (ʼ24) ]

How�about�spin�one?
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spin-1 is not matter field but a gauge field
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• EFT�framework�[Díaz�Sáez+�(ʼ18),�Belyaev+�(ʼ20),�Escalona+�(ʼ24)]�
• Extra-dimension�[Maru+�(ʼ18),�…]��
• …

(c.f.) see also other works but they are non-renormalizable models 

<latexit sha1_base64="PzrXYgj4NenwfkShd5zv7Anl0yM="></latexit>
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[TA�Fujiwara�Hisano�Matsushita�(ʼ20)]�

Q)�how�to�obtain�VVW�interaction?

A)�extend�the�electroweak�gauge�symmetry�
<latexit sha1_base64="DYGBhKP5TGt2a8x8J/iAipE81rM="></latexit>

SU(2)0 ⇥ SU(2)1 ⇥ SU(2)2 ⇥ U(1)Y

•V�and�W�are�the�mixtures�of�SU(2)0,1,2�gauge�fields�
•V�behaves�an�SU(2)L�triplet�
•a�renormalizable�model

•V�is�DM�
•W�is�the�SU(2)L�gauge�field
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v ! 246 GeV

energy scale
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SU(2)L ⇥ U(1)Y
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U(1)QED
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SU(2)0 ⇥ SU(2)1 ⇥ SU(2)2 ⇥ U(1)Y

impose�exchanging�symmetry:�
SU(2)0� �SU(2)2�↔

extend�the�SM�electroweak�symmetry� <latexit sha1_base64="+s6Hdwv9Cam3PP9i2NZGWYdYZn4="></latexit>

fields spin SU(3)c SU(2)0 SU(2)1 SU(2)2 U(1)Y

qL
1
2 3 1 2 1 1

6

uR
1
2 3 1 1 1 2

3

dR
1
2 3 1 1 1 � 1

3

!L
1
2 1 1 2 1 � 1

2

eR
1
2 1 1 1 1 �1

H 0 1 1 2 1 1
2

�1 0 1 2 2 1 0

�2 0 1 1 2 2 0

Matter fields

•left-handed fermions are SU(2)1 doublet 
•  ⟨Φ1⟩ = ⟨Φ2⟩ = vΦ

[TA�Fujiwara�Hisano�Matsushita�(ʼ20)]�
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SU(2)0 ⇥ SU(2)1 ⇥ SU(2)2 ⇥ U(1)Y
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V a
µ =

W a
0µ �W a

2µp
2

vector�DM�is�a�linear�combination�of�
SU(2)0�and�SU(2)2�gauge�fields
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W a
µ !gL

g0
W a

0µ +
gL
g1

W a
1µ +

gL
g2

W a
2µ
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gL =

✓
1

g20
+

1

g21
+

1

g22

◆�1/2

: SU(2)L gauge coupling

SM�SU(2)L�is�linear�combinations�
of�all�the�SU(2)0,1,2�fields

SU(2)0,2�contain�both�vector�DM�and�
electroweak�gauge�bosons
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+
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→�vector�DM�has�electroweak�interaction!

[TA�Fujiwara�Hisano�Matsushita�(ʼ20)]�
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h′
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(other SM particles)

Z2-even Z2-odd
particle contents

Heavy vector triplet

CP even scalar

vector�DM

CP even scalar

SM particles

[TA�Fujiwara�Hisano�Matsushita�(ʼ20)]�
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five parameters

=�1.4�mV�for�benchmark

=�1.2�mV�for�benchmark

[ATLAS�(2207.00092)]�[CMS�(2207.00043)]
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✓h mixing�angle�for� �and�h h′ 

•should�be�small�to�suppress�σSI�

• �from�the�SM�Higgs�coupling�measurement|θh | ≲ 0.23

• �for�benchmarkθh = 0.001

at�LO�due�to�SU(2)L

<latexit sha1_base64="WGzRP1irqC+ga3g2ZzTMRpVcn5A="></latexit>mZ′ heavy�vector�triplet�mass
<latexit sha1_base64="89jgJqTA0c4ngIji99bd3R7ZKCo="></latexit>mW ′ = mZ′

・we�can�choose�mZʼ�to�obtain�Ωh2 = 0.12
・always�mZ′ 

> mV

・
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Same�as�higgsino,�wino,�or�minimal�DM,�there�are�VV�→�WW�processes

<latexit sha1_base64="EMkN0WnFve+9WUFS5sqgP2tDYUU="></latexit>

V

V
b

V
a

W
d

W
c <latexit sha1_base64="4EW6AA7HiG20QoP1xp/3LsyeNMQ="></latexit>

W, W
′

V
b

V
a

⇡W d

⇡W c
<latexit sha1_base64="FuMP1tDFhfdNpAxqVGUbktvDi0s="></latexit>

W

V
b

V
a

W
d

W
c

<latexit sha1_base64="RVGjwFiF074a94d2HLTtYbyyiM4="></latexit>

V
b

V
a

W
d

W
c

Figure 2: The diagrams for V
a
V

b
→ W

c
W

d. The u-channel diagram is implicit. ωW

stands for the longitudinal mode of W .

(εv)JωS . The spin-averaged cross section is given by

εv =
1

3

1

3

∑

J,ω,S

(εv)JωS , (3.1)

where 3 in the denominator is the degree of freedom of spin-1 particles. We also define the

spin-averaged cross section with a partial wave ϑ by

(εv)ω =
1

3

1

3

∑

J,S

(εv)JωS . (3.2)

It satisfies εv =
∑

ω(εv)ω. We calculate the cross section in non-relativistic limit, expand

(εv)ω by velocity, and keep only the leading term except for the case where the cross section

is enhanced by s-channel resonances. We perform all the calculation at the tree level, and

put subscript 0 as (εv0)JωS . The SE will be discussed in section 4. The technical detail of

the partial-wave decomposition is discussed in appendix A.

3.1 V V → WW

The dominant pair annihilation process for mZ→ > 2mV is V
a
V

b
→ W

c
W

c, where W
c

stands for the SM gauge bosons. This process contains both s-wave and p-wave. The

relevant diagrams are shown in figure 2. Note that gWWW → = O( v2

v2!
), and thus there is no

diagram that exchanging W
→a in the s-channel in V

a
V

b
→ W

c
TW

d
T , where WT stands for

the transversely polarized W boson. Thus, there is no s-channel resonance enhancement.

We find the V
a
V

b
→ W

c
TW

d
T cross section for s-wave in the non-relativistic limit is

non-zero only for J = S = 0 and J = S = 2,

(εv0)
J=0
ω=0,S=0 =

1

2εcd
3ωϖ

2
2

m
2
V

(face
f
bde + f

ade
f
bce)2, (3.3)

(εv0)
J=2
ω=0,S=2 =

1

2εcd
16ωϖ

2
2

m
2
V

(face
f
bde + f

ade
f
bce)2, (3.4)

where 2ε
cd

= 2 if the final state is composed of identical particles, otherwise 2ε
cd

= 1. Here,

f
abc stands for the structure constant of the SU(2)L symmetry. The spin-averaged cross

section is given by

(εv0)ω=0 =
1

9

∑

J,S

(εv0)
J
ω=0,S =

19ωϖ
2
2

9m
2
V

(face
f
bde + f

ade
f
bce)2. (3.5)

– 9 –

( ��=�longitudinal�mode�of� �)πW W

There�are�s-channel�resonance�due�to� �and�W′ Z′ 

•annihilation�cross�section�is�resonantly�enhanced�for� ��

•different�features�from�the�spin-0,�spin-1/2�electroweakly�interacting�models

2mV ≃ mZ′ 
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VV → ff̄
<latexit sha1_base64="wwaE83Uugy7i8WqsRqIbe7QQrEw="></latexit>
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c
, W
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V
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Figure 3: The diagrams for V
a
V

b
→ ff̄ .

Figure 4: The relevant diagram for V
a
V

b
→ W

c
h in the v

v!
= ωh = 0 limit. Here, εW

stands for the longitudinal mode of W as in figure 2.

leading contribution in non-relativistic limit is p-wave, and the spin-averaged cross section

is given by

(ϑv0)ω=1 =
εϖ

2
2

1080m
6
V

∣∣∣
↑

2f
abc

T
c
∣∣∣
2
∣∣∣∣
1

s
↓

1

s ↓ m
2
Z→ + imZ→!Z→

∣∣∣∣
2

s(s ↓ 4m
2
V )

↔ (28m
4
V + 64m

3
V s

1/2 + 52m
2
V s + 16mV s

3/2 + 3s
2), (3.7)

where T
a is the SU(2)L generator originating from the W/W

→ couplings to the fermions.

As in the case for V V → WW , the ϱ = 3 contribution is negligibly small comparing to the

ϱ = 1 contribution. After adding up all the possible flavors, we find the cross section of

V V → ff̄ is proportional to that of V V → εWεW ,

∑

f,f̄

(ϑv0)
V ↑V 0↑ff̄
ω=1 =4Ng(Nc + 1)(ϑv0)

V ↑V 0↑εW↑εW0

ω=1 , (3.8)

∑

f,f̄

(ϑv0)
V ↑V +↑ff̄
ω=1 =4Ng(Nc + 1)(ϑv0)

V ↑V +↑εW↑εW+

ω=1 , (3.9)

where Ng and Nc are the number of generation and color, respectively, and Ng = Nc = 3.

The p-wave contribution to the thermally averaged annihilation cross section is sup-

pressed by a factor of 1
x relative to the s-wave contribution. At freeze-out, where x ↗ 25,

this suppression typically renders the p-wave contribution negligible. However, the pro-

cess V
a
V

b
→ ff̄ is enhanced by a factor 4Ng(Nc + 1) = 48, which compensates for the

x
↓1 suppression during the freeze-out. Consequently, this channel must be included in the

evaluation of the annihilation cross section for calculating the relic abundance.

3.3 V V → Wh

For the process V V → Wh, only the diagram exchanging W and W
→ in s-channel, which is

shown in figure 4, is relevant in the v
v!

= ωh = 0 limit. We also find that only V V → εWh

– 11 –

Figure 3: The diagrams for V
a
V

b
→ ff̄ .
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VV → Wh

( ��=�longitudinal�mode�of� �)πW W
<latexit sha1_base64="ElGSM1cQwTDxuFURjaPaqDCPc4w="></latexit>

gV VW ′ ! gLr
m2

Z′
m2

V
− 1
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couplings

larger�for� �limit
mZ′ 

mV
→ 1

VV → WW′ 
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V
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W
d

W
′c

Figure 5: The diagrams for V
a
V

b
→ W

→c
W

d. The u-channel diagram is implicit. All W
d

in the final state is transversely polarized. Longitudinally polarized W
d is decoupled in

the v
vs

= !h = 0 limit. On the other hand, W
→ can be either longitudinally or transversely

polarized. The s-channel diagram exchanges not W but W
→ because the WWW

→ coupling

vanishes in the v
vs

= !h = 0 limit.

is relevant and V V → WTh is suppressed either by ωh or v. We find the result is the same

as the s-channel amplitude for V V → WW because of the SU(2)L symmetry. We find

(εv0)
V →V 0↑W→h
ω=1 =(εv0)

V →V 0↑εW→εW0

ω=1 , (3.10)

(εv0)
V →V +↑Zh
ω=1 =(εv0)

V →V +↑εW→εW+

ω=1 . (3.11)

Similar to the other s-channel processes, the ϑ = 3 contribution is negligible.

3.4 V V → W
→
W

This channel opens for mZ↑ < 2mV . For mZ↑ > 2mV , large momentum of the initial

state is required to open this channel, and thus the thermal averaged cross section is

exponentially suppressed. For mZ↑ ↑ 2mV , the s-channel resonance such as V
a
V

b
→

W
→c
→ ff̄ is significant and this channel is negligible. Therefore, we include this channel

only for mZ↑ < 2mV .

This channel contains diagrams exchanging W
→ in s-channel, as shown in figure 5, while

we find that the propagator is canceled with terms arising from vertices and polarization

vectors. Therefore, we can safely expand the amplitude with the momentum of the initial

particle. Also, di”erently from V V → ff̄ , the p-wave contribution is suppressed by 1
x rela-

tive to the s-wave contribution. Thus, the zero momentum limit is a good approximation.

Similar to the V V → WW process, the channels for J = S = 0 and J = S = 2 exist but

J = S = 1 is absent. We find that the spin-averaged cross section in the non-relativistic

limit as

(εv0)ω=0 ↓
ϖϱ

2
2

144m
2
V

(face
f
bde + f

ade
f
bce)2

304 ↔ 60r
2
Z↑ ↔ r

6
Z↑

r
2
Z↑ ↔ 1

, (3.12)

where rZ↑ = mZ↑/mV .

3.5 V V → Wh
→

This channel opens for mh↑ ↭ 2mV . The relevant diagram in the v
vs

= ωh = 0 limit is

shown in figure 6. We find that the s-wave gives the leading contribution. In contrast

to the other s-wave annihilation processes, this annihilation process is J = S = 1, not

– 12 –

a�heavy�vector�triplet�( �or� �)�can�be�an�

annihilation�product�for� �

W′ ± Z′ 

mZ′ 
≲ 2mV
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DM�particles�exchange�electroweak�gauge�bosons�before�annihilation [Hisano,�Matsumoto,�Nojiri�(ʼ03,�ʼ04)]�
[Hisano,�Matsumoto,�Nojiri,�Saito�(ʼ05)]�
[Arkani-Hamed,�Finkbeiner,�Slatyer�Weiner�(ʼ09)]<latexit sha1_base64="ttk0kbTtx1s6XdKVCCS9U1oPj/g="></latexit>

· · ·

DM

DM

SM

SM

<latexit sha1_base64="5SUGuK8WewlGUQCgf4PbznhLwCE="></latexit>

 (r) <latexit sha1_base64="7a4JuEg21uFH+irvQjqvJbn0mjY="></latexit>�v0

<latexit sha1_base64="HTCTu1lyWWn0w7FLS1C+cNra3d8="></latexit>

�v = �v0

����
 (0)

 0(0)

����
2

wavefunction�is�distorted�from�plain�wave�
<latexit sha1_base64="EQlQE73N6TEzc3F/tt9n6DMyRnY="></latexit>

 0(r) LO�calculation

Sommerfeld�Enhancement�factor
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LHC13
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pp ! W ′ ! !ν
constraints�from� �search�W′ 

[TA�Fujiwara�Hisano�(26mm.xxxxx)]�

s-channel�resonance
<latexit sha1_base64="+E1GlmQfu3OTiXUVfBIenCqg58Y="></latexit>
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W ′d

•relic�abundance�is�
explained�for� �TeV�

•this�is�heavier�than�other�
SU(2)L�triplet�DM��
(e.g.�wino,�2.7�TeV)

mV > 3.6
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Channels�for�indirect�detection

<latexit sha1_base64="nX2WNXuIiOhH20oiuEFQdgqN2dU="></latexit>

E� ! mV

�V0V0 → WW, ZZ

�V0V0 → γγ, Zγ

�V0V0 → Z′ γ
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◆

We�have�two� -ray�line�peaksγ
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◆
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�γγ, Zγ
�Z′ γWe�focus�on�gamma-ray�lines
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Constraints�by�MAGIC�[2111.15009,�2212.10527]�

• �is�fixed�to�obtain� ��(see�page�12)�

•dSphs�excludes�for� /TeV� �

•Large�uncertainty�in�the�J-factor�of�GC�
•Einasto�(cuspy�profile)�excludes�the�model�
•Burkert�(cored�profile)�excludes�for��
�� /TeV� �

•the�model�is�tested�by�CTAO�[2403.04857]�(cored�
Einasto�profile)

mZ′ 
Ωh2 = 0.12

8.3 < mV < 9.7

8.8 < mV < 9.4

Galactic�c
enter�(Bu

rkert�profi
le)

Galactic
�center�(

Einasto�
profile)

CTAO�prospect�for
�5sigma�discovery

model�pre
dicution

dSphs

[TA�Fujiwara�Hisano�(26mm.xxxxx)]�
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dSph�(WW)

GC�( )γγ + Zγ

dSph�( )γγ + Zγ

prelim
inary

•excluded�by� and� �
•Constraints�from�dSphs:�� �TeV� � �TeV�

γγ, Zγ, WW
5.4 ≲ Eγ ≲ 6.5

0 1 2 3 4 5
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prelim
inary

Galactic�center�(Bu
rkert�profile)

CTAO�5sigma�discovery

CTAO�prospect�for�95%
�upper�limit

mod
el�p
redi
ctio
ndSphs

CTAO�covers�large�region�of�the�parameter�space

[TA�Fujiwara�Hisano�(26mm.xxxxx)]�
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electroweakly�interacting�vector�DM�

• SU(2)0�x�SU(2)1�x�SU(2)2�x�U(1)Y�→�SU(2)L�x�U(1)Y�

•spin-1�vector�field�behaves�as�an�SU(2)L�triplet�
•also�heavy�vector�triplet�(Wʼ�and�Zʼ)�arises

relic�abundance�with�Sommerfeld�enhancement��
• relic�abundance�is�explained�for�mV�>�3.6�TeV�
• (mχ�~�2.5�TeV�for�spin-0�triplet,���mχ�~�2.6�TeV�for�spin-1/2�triplet)

indirect�detection�

• excluded�for� �TeV � �TeV��
• -ray�spectral�line�has�two� �
• CTAO�can�test�the�model

8.8 ≲ mV ≲ 9.4
γ Eγ
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✓
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◆
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�γγ, Zγ
�Z′ γ


