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Higgs portal DM

• Minimal models (renormalizable and gauge invariant)
• Scalar DM

• Real scalar with Z2 sym
J. M. Cline, K. Kainulainen, P. Scott and C. Weniger, 1306.4710 (PRD)], …

• Complex scalar (Goldstone DM) with softly broken U(1)
C. Gross, O. Lebedev, T. Toma, 1708.02253 (PRL)], …

• Fermion DM
• Singlet fermion + Real scalar

Y. G. Kim, K. Y. Lee and S. Shin, 0803.2932 (JHEP),
S. Baek, P. Ko and W. I. Park, 1112.1847 (JHEP), …

• Vector DM
• Complex scalar with U(1)X

• [SSB] → Gauge boson: Z2 sym is needed to avoid the kinetic mixing Bµν Fµν

S. Baek, P. Ko, W. I. Park and E. Senaha, 1212.2131 (JHEP),
M. Duch, B. Grzadkowski and M. McGarrie, 1506.08805 (JHEP), …

• We discuss models with U(1) without ad hoc discrete symmetry.
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Kanemura, Matsumoto, Nabeshima, Okada, 1005.5651 (PRD), 
Djouadi, Lebedev, Mambrini, Quevillon, 1112.3299 (PLB), …
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DM with U(1) symmetry

• Particle contents
• Complex scalar field S (dark Higgs) w/ U(1)X charge QS = 1
• U(1)X gauge field Xμ (dark photon)
• Ψ [= scalar, fermion] (“dark matter”) w/ U(1)X charge QΨ = 1/N

• The stability of DM [Ψ] is guaranteed by residual ZN symmetry*,            
after spontaneous symmetry breaking of U(1) by <S> ≠ 0 .

* Local (gauged) U(1) symmetry protects DM stability even with higher dimensional terms.

• N = 2 case (Ψ2S† → Z2 symmetry)
• Ψ = scalar [S. Baek, P. Ko, W.I. Park, 1407.6588 (PLB)]
• Ψ = fermion
• A. Ahmed, M. Duch, B. Grzadkowski, M. Iglicki, 1710.01853 (EPJC): Multi-comp. DM (ε=0)
• L. Darmé, S. Rao, L. Roszkowski, 1710.08430 (JHEP): 
• S. Baek, P. Ko, TM, W.I. Park (this work): ε≠0, secluded regime (                              ) 

• N = 3 case (Ψ3S† → Z3 symmetry) 
• Ψ = scalar [P. Ko, Y. Tang, 1402.6449 (JCAP)]
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mDM < mZ�
<latexit sha1_base64="0OUCJN+7FOvRrH49HdGEWuERTz4="></latexit>

mDM � mZ�
<latexit sha1_base64="aJzuWwEbECqIfk4whQWh7zZV/fE="></latexit>
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Global U(1) vs. Local U(1) in fermion DM

• Scalar sector: 
ΦSM,                                    → (h, H) w/ mixing angle θ

• Fermion sector:
• Global model

The NG boson x plays the role of a dark radiation. [S. Weinberg, 1305.1971 (PRL)]

Tdec ~mμ [ΔNeff =0.39] could satisfy the constraint of Neff .

• Local model
The NG boson x is absorbed by the gauge boson Z’.
SSB gives the origin of the Z’ mass (dark Higgs mechanism).

We compare the local U(1) model and the global U(1) model.

V0(�, S) = �m2
�|�|2 � m2

S |S|2 + ��|�|4 + �S |S|4 + ��S |�|2|S|2
<latexit sha1_base64="P0so+d+nhgCzMR1iV21P8IdhWNk="></latexit><latexit sha1_base64="P0so+d+nhgCzMR1iV21P8IdhWNk="></latexit><latexit sha1_base64="P0so+d+nhgCzMR1iV21P8IdhWNk="></latexit><latexit sha1_base64="P0so+d+nhgCzMR1iV21P8IdhWNk="></latexit>

S =
1�
2

�
vS + s + ix0

�

<latexit sha1_base64="dNg9Di4h7TrDOJ+bWTuQ4hgerEI="></latexit><latexit sha1_base64="dNg9Di4h7TrDOJ+bWTuQ4hgerEI="></latexit><latexit sha1_base64="dNg9Di4h7TrDOJ+bWTuQ4hgerEI="></latexit><latexit sha1_base64="dNg9Di4h7TrDOJ+bWTuQ4hgerEI="></latexit>

L� = �m��� � y��
2
�c�S† + h.c.

<latexit sha1_base64="2iAQjJG5ov+z6ian367SMUe45ik="></latexit><latexit sha1_base64="2iAQjJG5ov+z6ian367SMUe45ik="></latexit><latexit sha1_base64="2iAQjJG5ov+z6ian367SMUe45ik="></latexit><latexit sha1_base64="2iAQjJG5ov+z6ian367SMUe45ik="></latexit>

L = LSM � 1

4
Xµ�Xµ� � 1

2
sin �Xµ�Bµ� + |DµS|2 � V0(�, S) + i�D� + L�

<latexit sha1_base64="lM7cyqXGf1aMqtf6gVBsHTprlPE="></latexit><latexit sha1_base64="lM7cyqXGf1aMqtf6gVBsHTprlPE="></latexit><latexit sha1_base64="lM7cyqXGf1aMqtf6gVBsHTprlPE="></latexit><latexit sha1_base64="lM7cyqXGf1aMqtf6gVBsHTprlPE="></latexit>

L = LSM + |�µS|2 � V0(�, S) + i��� + L�
<latexit sha1_base64="oH633nDpNkMk7GJqTQ+r30H5vgs="></latexit><latexit sha1_base64="oH633nDpNkMk7GJqTQ+r30H5vgs="></latexit><latexit sha1_base64="oH633nDpNkMk7GJqTQ+r30H5vgs="></latexit><latexit sha1_base64="oH633nDpNkMk7GJqTQ+r30H5vgs="></latexit>
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Comparing two models with the DM direct search exclusion
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ΩDMh2[DR]

Excluded by Γ(h → x x) under the hypothesis of 
Goldstone bosons as dark radiation [mH >4GeV]

The global model

�S � 1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Consistent with [C. G. -Cely, A. Ibarra, E. Molinaro, 1310.6256 (JCAP)]

mZ’ or gX → 0: global model limit

m� � 15 GeV
<latexit sha1_base64="peWgJO22oxHSwie4kBL9cakbtB4="></latexit>

Excluded by 
XENON1T (1year)

The local model

Secluded regime [m−  > mZ’]
ψ− ψ − → Z ’Z ’

�S � 1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�S � 1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

H H ( mH < mZ’ ) Coannihilation domination 
for (m+  − m−) / m− << 1

ψ− ψ + → H Z’

m- = O(TeV) is allowed!!

g X = [10-2,10-1)�[10-1,100)�[100,√4π]�
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DM indirect searches for local model

6Feb. 18-24, HPNP2019@Osaka University Toshinori MATSUI [KIAS]

• A unified model which explains PAMELA/Fermi, WMAP, 
INTEGRAL and DAMA simultaneously was proposed.

N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer and N. Weiner, 0810.0713 (PRD)

• Cosmic ray spectra require a WIMP with
• mDM ~ 0.5-1 TeV N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer and N. Weiner, 0810.0713 (PRD)

• <σv> ~ O(10−23) cm3 s−1     A. Lopez, C. Savage, D. Spolyar and D. Q. Adams, arXiv:1501.01618 (JCAP)

• However, 
• CMB bound on s-wave DM annihilation excludes

T. R. Slatyer, 1506.03811 (PRD) [Fig →]

• Dark Higgs mechanism (the origin of mZ’ or                                       
mDM) was not considered in the previous works.

��v� � O(10�24)cm3s�1
<latexit sha1_base64="AxGFSmLTyZ9M3sBUrnkGtQC8ksk="></latexit>

10 100 1000 10000
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DM indirect searches for local model

• In order to avoid the CMB constraint, we consider presence 
of local substructure with Sommerfeld enhancement.

T. R. Slatyer, N. Toro and N. Weiner, 1107.3546 (PRD)

• Sv is the Sommerfeld enhancement factor at velocity v
• is substructure boost factor were r = Galactocentric radius
• In the substructure-dominated case, the CMB bound allows for

7July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS]

1 + �(r) �
�
�2(r)

�

��(r)�2
<latexit sha1_base64="KcUH0VRcgLLjHz4VCG4zU/9Kfo8="></latexit>

� � O(0.1)
<latexit sha1_base64="rpFtTrq17yEPI2B9XlmH0MDx42s="></latexit>
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CMB bound
1

2

y�

�

�
�̄C�S�S� + h.c

�
<latexit sha1_base64="z+JPYBRQfMzl5cTZwJc5wl91q8Y="></latexit>

A case for 1000GeV DM 
with 7�10-4 GeV mass splitting
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Positron excess (PAMELA, Fermi, AMS-02, …)

• Annihilation process:

• Benchmark point in our model:

If mZ’ > 2mμ , the relic density does not change, but the final state may become more complicated.

• We find the contribution of dark Higgs is important!
8July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS]
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PAMELA (inverted triangle)
AMS-02 (triangle)

Our result for DM-500GeV→

PAMELA↑ Constrained 
by dark photon 
searches

DM direct searches
& perturbativity 
give upper bound�DMh2

<latexit sha1_base64="hnVuT+XKZr2/fyEM5yrz9ElFVAo="></latexit>

co-annihilation↑

�DMh2
<latexit sha1_base64="hnVuT+XKZr2/fyEM5yrz9ElFVAo="></latexit>

��
<latexit sha1_base64="H/A4yJxEqJnFnGiT/yaek87bEyo="></latexit>

��
<latexit sha1_base64="H/A4yJxEqJnFnGiT/yaek87bEyo="></latexit>

Z �
<latexit sha1_base64="jglM/nwBKOXgqLZIJp3le+fwRgg="></latexit>

Z �
<latexit sha1_base64="jglM/nwBKOXgqLZIJp3le+fwRgg="></latexit>

�+
<latexit sha1_base64="+yoUNUvyKrJzikhE3sHJVFQqm9A="></latexit>

��
<latexit sha1_base64="H/A4yJxEqJnFnGiT/yaek87bEyo="></latexit>

Z �
<latexit sha1_base64="jglM/nwBKOXgqLZIJp3le+fwRgg="></latexit>

�+
<latexit sha1_base64="+yoUNUvyKrJzikhE3sHJVFQqm9A="></latexit> H

<latexit sha1_base64="ouCYwdivlUIXyptMFYkQV/w3OPo="></latexit>

y�
<latexit sha1_base64="jWKrTma7gwj9NaLN5q3Syzbu6Lg="></latexit>

gX
<latexit sha1_base64="XBEdAYgsNxO84qo7GIsnXPkV3AY="></latexit>

Positron excess→

e+
<latexit sha1_base64="nukLeqPX2ICyN/nvkTBoGgP1G7s="></latexit>

e�
<latexit sha1_base64="DGymahYrKhIf/Mt3iYltyADsDK0="></latexit>

Z �
<latexit sha1_base64="jglM/nwBKOXgqLZIJp3le+fwRgg="></latexit>
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Conclusions
• “SSB of U(1)X” → DM is stabilized by a residual discrete symmetry.

• We have focused on a case for the fermion DM.

• 1. We have compared models with the global U(1)X and the local U(1)X.

• 2. Local model can explain excess of DM indirect searches (PAMELA, Fermi, 
AMS-02) and will be explored by direct searches of DM and dark photon. 

• We have shown that the contribution of the dark Higgs is important.
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10-1

100

101
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103

m- [GeV]

m
H
[G
eV

]

ΩDMh2[DR]

Excluded by Γ(h → x x) 
under the hypothesis of 
NG bosons as dark 
radiation 

Excluded by 
XENON1T (1year)

Global U(1)

July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS] 9

m� � 15 GeV
<latexit sha1_base64="peWgJO22oxHSwie4kBL9cakbtB4="></latexit> 100 101 102 103

10-1

100

101

102

103

m- [GeV]
m
H
[G
eV

]

ΩDMh2

mZ'=10GeV,(m+-m-/m-,sϵ,sθ)=(10-2 ,10-4 ,10-6)

Local U(1)

m- = O(TeV) is allowed!!
→ PAMELA

Secluded regime is 
significant for mZ’ >> m-
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Back Up

July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS] 10
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The global model
Goldstone boson as dark radiation

• Radiation = relativistic particle
• Effective number of neutrino species (Neff)
• SM @T < me (γ, νi=1,2,3): Neff

SM (≡ gν/gγ) = 3.046
• [Mangano, Miele, Pastor, Pinto, Pisanti, Serpico, 0506164 (NPB)]

• Existence of dark radiation: ΔNeff ≡ Neff − Neff
SM

• Goldstone decoupling @Tdec<mμ (γ, νi=1,2,3, e): ΔNeff =0.39

[S. Weinberg, 1305.1971 (PRL)]

�rad = �� + �� =

�
1 +

�
g�

g�

� �
7

8

� �
T�

T�

�4
�

��

<latexit sha1_base64="yJAqvlWHjzZKYclbNKzwph1W/fI="></latexit><latexit sha1_base64="yJAqvlWHjzZKYclbNKzwph1W/fI="></latexit><latexit sha1_base64="yJAqvlWHjzZKYclbNKzwph1W/fI="></latexit><latexit sha1_base64="yJAqvlWHjzZKYclbNKzwph1W/fI="></latexit>

(T�)after
(T�)before

=

�
2

11/2

�1/3

<latexit sha1_base64="EA4SukyUgInhVFJ4TTndv6RgnaU="></latexit><latexit sha1_base64="EA4SukyUgInhVFJ4TTndv6RgnaU="></latexit><latexit sha1_base64="EA4SukyUgInhVFJ4TTndv6RgnaU="></latexit><latexit sha1_base64="EA4SukyUgInhVFJ4TTndv6RgnaU="></latexit>

�x =
1

2

�
Tx

T�

�4

�� =

�
1

2

8

7

�
Tx

T�

�4
� �

7

8

� �
T�

T�

�4

��

<latexit sha1_base64="Hdxo09tDkWCBqeCKUHnwTcrzVSo="></latexit><latexit sha1_base64="Hdxo09tDkWCBqeCKUHnwTcrzVSo="></latexit><latexit sha1_base64="Hdxo09tDkWCBqeCKUHnwTcrzVSo="></latexit><latexit sha1_base64="Hdxo09tDkWCBqeCKUHnwTcrzVSo="></latexit>

(Tx)before

(T�)after
=

�
57/4

43/4

�1/3

<latexit sha1_base64="+WhjTSPmxU69tuwTtt3Ptj/GIMk="></latexit><latexit sha1_base64="+WhjTSPmxU69tuwTtt3Ptj/GIMk="></latexit><latexit sha1_base64="+WhjTSPmxU69tuwTtt3Ptj/GIMk="></latexit><latexit sha1_base64="+WhjTSPmxU69tuwTtt3Ptj/GIMk="></latexit>

Assumption

July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS] 11
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The global model: Constraint of Neff

Planck, 1807.06209

July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS] 12

Planck, 1502.01589

Tension between Neff and H0
→ The global model w/Tdec < mμ is allowed for the joint constraint (1σ).
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• Lower bound of sinθ ← Goldstone boson can play the role of a dark radiation

• Upper bound of sinθ ← Decay rate: Γ(h→xx)

The global model
Constraints

G
old

st
one d

eco
uplin

g 

@
T~m

µ

[C. G. -Cely, A. Ibarra, E. Molinaro, 1310.6256 (JCAP)]

mH
<latexit sha1_base64="fk4ZFXPJxud2VNWQi6NRit0Iv8s="></latexit><latexit sha1_base64="fk4ZFXPJxud2VNWQi6NRit0Iv8s="></latexit><latexit sha1_base64="fk4ZFXPJxud2VNWQi6NRit0Iv8s="></latexit><latexit sha1_base64="fk4ZFXPJxud2VNWQi6NRit0Iv8s="></latexit>

mH < 4 GeV
(Upper bound)

�(h � x0 x0) =
m3

h sin2 �

32 � v2
S

<latexit sha1_base64="K4+H8HTGMcAxfkX6OyNoH3Yd3hU="></latexit><latexit sha1_base64="K4+H8HTGMcAxfkX6OyNoH3Yd3hU="></latexit><latexit sha1_base64="K4+H8HTGMcAxfkX6OyNoH3Yd3hU="></latexit><latexit sha1_base64="K4+H8HTGMcAxfkX6OyNoH3Yd3hU="></latexit>

BR(h � inv) � 20%
<latexit sha1_base64="jRcCuiSaVuvULHffcn/3qupxEMM="></latexit><latexit sha1_base64="jRcCuiSaVuvULHffcn/3qupxEMM="></latexit><latexit sha1_base64="jRcCuiSaVuvULHffcn/3qupxEMM="></latexit><latexit sha1_base64="jRcCuiSaVuvULHffcn/3qupxEMM="></latexit>

July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS] 13
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• Lower bound of sinθ ← Goldstone boson can play the role of a dark radiation

• Upper bound of sinθ ← Decay rate: Γ(h→xx) and DM direct detection

[C. G. -Cely, A. Ibarra, E. Molinaro, 1310.6256 (JCAP)]

mH
<latexit sha1_base64="fk4ZFXPJxud2VNWQi6NRit0Iv8s="></latexit><latexit sha1_base64="fk4ZFXPJxud2VNWQi6NRit0Iv8s="></latexit><latexit sha1_base64="fk4ZFXPJxud2VNWQi6NRit0Iv8s="></latexit><latexit sha1_base64="fk4ZFXPJxud2VNWQi6NRit0Iv8s="></latexit>

Goldsto
ne decoupling 

@T~m
µ

mH < 4 GeV
(Upper bound)

�(h � x0 x0) =
m3

h sin2 �

32 � v2
S

<latexit sha1_base64="K4+H8HTGMcAxfkX6OyNoH3Yd3hU="></latexit><latexit sha1_base64="K4+H8HTGMcAxfkX6OyNoH3Yd3hU="></latexit><latexit sha1_base64="K4+H8HTGMcAxfkX6OyNoH3Yd3hU="></latexit><latexit sha1_base64="K4+H8HTGMcAxfkX6OyNoH3Yd3hU="></latexit>

BR(h � inv) � 20%
<latexit sha1_base64="jRcCuiSaVuvULHffcn/3qupxEMM="></latexit><latexit sha1_base64="jRcCuiSaVuvULHffcn/3qupxEMM="></latexit><latexit sha1_base64="jRcCuiSaVuvULHffcn/3qupxEMM="></latexit><latexit sha1_base64="jRcCuiSaVuvULHffcn/3qupxEMM="></latexit>

DM direct detection (LUX) fo
r m −= 25GeV

The global model
Constraints

July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS] 14
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DM direct search

15July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS]

1606.0700

Benchmark for PAMELA
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DM direct search

16July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS]

�S =
g2

X

2m2
Z�

(m2
h sin2 � + m2

H cos2 �) < 4�
<latexit sha1_base64="k/wS9xWiwcnXiRXfKxHa01CvHrI="></latexit>

mZ’ < O(GeV) → mH should be MeV scale.

perturbativity.
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Parameter dependence

17July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS]

m- = 1000GeV(0.0005%)↓

BMP(0.001%)

ε = 10-1 →

←δ=0.1GeV(0.02%)

10-1 100 101 102 103
10-7

10-5

10-3

10-1

101

103

105

107

mZ'/GeV

Ω
D
M
h2

gX�



/9

Dark photon searches

18July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS]

P. Ilten, J. Thaler, M. Williams and W. Xue, arXiv:1509.06765 (PRD)

10−3 10−2 10−1 100

mA′ [GeV]

10−26

10−24

10−22

10−20

10−18

10−16

10−14

10−12

10−10

10−8

10−6

10−4

ϵ2

LHCb

(g − 2)µ > 5σ

(g −
2)e

NA48/2, A1, APEX, BaBarE774

E141

Orsay, U70

Charm, Nu-Cal

E137, LSND

SN

SN

Our BMP will be explored by APEX/Belle-II/HPS/LHCb/SeaQuest/SHiP. 
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Bound state forma.on

• The wave functions overlap between “scattering” and “bound state”:

• φSC [ψ- ψ+ ⇄ ψ- ψ+] → φBS [ψ- ψ-⇄ ψ+ ψ+] (n2s+1 lJ = 11 S0) + Z ’ <Main process>

• Ward identity (                            ) in the previous work                       
• [Petraki, Postma and Vries, 1611.01394 (JHEP)]

• should be modified with the Goldstone boson contribution:

• We find that a significant re-annihilation process arise to 
reduce the dark matter relic abundance!

19May 11-12, NHWG25@Osaka University Toshinori MATSUI [KIAS]

pµ
Z�Mµ = 0

<latexit sha1_base64="7ZrRfU8GrALO3zBdu3MtZ/8mA1M="></latexit>

pµ
Z�Mµ = �mMGS

<latexit sha1_base64="aU1L5tCvGyTDYJ6+HcqisBlMEx4="></latexit>

��J {±}
d�s+DP =

�
d3�r

�
i���BS

s,nlm(�r)
� �

i�2

�3

�
�SC

d (�r)e�i�pZ� ·�r/2

<latexit sha1_base64="hNoavabTagQR+uBR1bGI5+MntAU="></latexit>

I{±}
d�s+GS =

�
d3�r(�BS

s,nlm(�r))�
�

�1

�0

�
�SC

d (�r)e�i�pZ� ·�r/2

<latexit sha1_base64="u8dnJRU8mDidt68s7yCg29eTZZw="></latexit>

vrel
d�BSF

d�
=

|�pZ� |
64�2M2µr

|M|2
<latexit sha1_base64="mBprDDWSKXw3JY0sGzgN/rP5at4="></latexit>

P. Ko, TM, Y.L Tang

[Solutions from the Schroedinger equations] 
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Numerical results

20July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS]

Tree-level perturbative results + Sommerfeld results + bound state formation

re-annihilation
xf =

m�
T�

<latexit sha1_base64="Zk9UGkxa68iak6VMuAJhE2tuMGc="></latexit>

T� � mZ� , mH
<latexit sha1_base64="ZZJNgl0LOPNlhAHDKKfqjOgAN8I="></latexit>

The kineKc equilibrium 
between mZ’ and m� is broken. 

Tkd = min{mZ� , mH}
<latexit sha1_base64="uI2wNSbbMfJyBiPEp85kLIZ5Fd0="></latexit>

P. Ko, TM, Y.L Tang

mDM = 10TeV, mZ’=1GeV, mH=7GeV
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Numerical results

21July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS]

Tree-level perturbaFve results + Sommerfeld results + bound state formation

mDM = 3TeV, mZ’=0.3GeV, mH=2GeV

P. Ko, TM, Y.L Tang
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Some comments on bound stats

• The effect of the bound stats formation is important at the 
region mDM >> O(1) TeV.

• Unitary bound on the DM K. Griest and M. Kamionkowski, PRL64, 615 (1990) 

is 30 TeV for freeze-out case.

• In order to avoid some troubles in constraints from the 
DM indirect detection as well as the recombination 
epoch, we forbid the dark Higgs (H) emission.

22July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS]
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Benchmark points

• PAMELA

• BS

23July 16, DSU2019@Buenos aires Toshinori MATSUI [KIAS]

BM m− δ≡m−−m− gX mZ’ sinε mH sinθ

DM (BS) 10.0 TeV 1.41 GeV 0.50 1.00 GeV 0 6.67 GeV 0

BM m− δ≡m−−m− gX mZ’ sinε mH sinθ

DM (BS) 3.0 TeV 0.33 GeV 0.50 0.30 GeV 0 2.00 GeV 0


