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Introduction



WIMP    vs.     SIMP
• DM # Changes involves the SM 

sector : e.g.  


•   for 



• 


• , 
we get  

χχ → f f̄

Ωχ ∼
6 × 10−27cm3/s

< σannv >
∼ 0.23

< σannv > ∼ 3 × 10−26cm3/s

< σannv > ∼
α2

w

M2

For αw ∼ 0.1 and M ∼ 1TeV
ΩX ∼ O(0.1)

• DM # changes occur within the 
dark sector : e.g. 


• For WIMP scenarios,  



• For  processes,  



• For  processes,  



[Hochberg et al., 1402.5143]


• sub-GeV DM is well motivated in 
the SIMP scenarios


χχχ(χ) → χχ

mDM ∼ αann(TeqMPl)1/2

3 → 2
mDM ∼ αeff(T2

eqMPl)1/3 ∼ O(100)MeV

4 → 2
mDM ∼ αeff(T3

eqMPl)1/3 ∼ O(100)keV



Dark QCD + WZW
• Dark flavor symmetry G=SU(Nf)L x SU(Nf)R is SSB into 

diagonal H=SU(Nf)V by dark QCD condensation


• Effective Lagrangian for NG bosons (dark pions) contain 
5-point vertex : WZW term for Π5(G/H) = Z (Nf > 2)

�WZW = Eqs.(11) and (13) in my thesis (38)

L1 = TR
⇥
↵̂
3
L↵̂R � ↵̂

3
R↵̂L

⇤
� (⇠L = ⇠R = 1, V = 0, l, r) (39)

L2 = TR [↵̂L↵̂R↵̂L↵̂R]� (⇠L = ⇠R = 1, V = 0, l, r) (40)

L3 = iTr [FV (↵̂L↵̂R � ↵̂R↵̂L]� (⇠L = ⇠R = 1, V = 0, l, r) (41)

L4 = iTr

h
F̂L↵̂L↵̂R � F̂R↵̂R↵̂L

i
� (⇠L = ⇠R = 1, V = 0, l, r) (42)

In the real hadronic world with photon included, one has

�
anom

= �WZ � 15C (L3 + L4 + c1L1 + c2L2)c1�c2=�1 (43)

with

C = �i
Nc

240⇡2

Let us ignore the external gauge fields by setting lµ = rµ = 0 and keep only the pions

and vector mesons Vµ, and discuss pion dynamics including the vector mesons. If we

assume lµ = rµ = 0, then

�WZ = C

Z

M5
d
5
x Tr(↵

5
) with ↵ = dUU

†
. (44)

Also for lµ = rµ = 0, ↵̂L and ↵̂R are simplified as

↵̂L = D⇠L · ⇠†
L
= ↵L � igV (45)

↵̂R = D⇠R · ⇠†
R
= ↵L � igV (46)

1.3 Scalar resonances

It is convenient to define two vector fields from ⇠(x) ⌘ ⇠
†
L
= ⇠R:

⇠(x) ! L⇠(x)U
†
(x) = U(x)⇠(x)R

†
(47)

Aµ(x) ⌘ i

2

h
⇠
†
@µ⇠ � ⇠@µ⇠

†
i

(48)

! U(x)Aµ(x)U
†
(x) (49)

Vµ(x) ⌘ i

2

h
⇠
†
@µ⇠ + ⇠@µ⇠

†
i

(50)

! U(x)Vµ(x)U
†
(x) + U(x)@U

†
(x) (51)

Vµ(x) ! U(x)Vµ(x)U
†
(x) + U(x)@µU

†
(x) (52)

Note that (Vµ�Vµ) transforms homogeneously as U(x)(Vµ�Vµ)U
†
(x), which is a convenient

property for constructing chiral invariant Lagrangians.
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Dark mesons & WZW term
• Dark flavor symmetry G=SU(Nf)x SU(Nf) is SSB into 

diagonal H=SU(Nf) by SU(Nc) QCD-like condensation. 

• Effective action for Goldstone bosons contains a 
5-point self-interaction from Wess-Zumino-
Witten term for π5(G/H)=Z (i.e. Nf ≥3).   

LWZW =
2Nc

15⇡2
✏µ⌫⇢�Tr[⇡@µ⇡@⌫⇡@⇢⇡@�⇡]

Flavor symmetry ensures stability of dark 
mesons,  natural candidates for SIMP.

NC  : topological invariant 
of 5-sphere (Q+Q’) in SU(3)

U = e2i⇡/F , ⇡ ⌘ ⇡aT a

⇡Nf = 3 :

[Wess, Zumino,
1971;Witten, 1983]

Thursday, June 11, 15

in the absence of external gauge fields



SIMP Dark Mesons

• Large color group leads to strong 5-point interactions 
while satifying bounds on self-interactions [Hochberg, 
2014]

SIMP dark mesons
¥ Large color group leads to strong 5-point interactions 

while satisfying bounds on self-interactions (e.g. Bullet 
cluster, halo shape.)

,

÷K +

÷K !

÷! !

÷! +

÷! 0

÷! 0

÷! 0

÷! 0

÷! 0

[Hochberg et al, 2014]

~const~const

Thursday, June 11, 15

[Hochberg, Kuflik, Murayama, Volansky, Wacker, 1411.3727, PRL (2015)]



SIMP Parameter Space

• DM self scattering :                             


• Validity of ChPT : 
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FIG. 2: Solid curves: the solution to the Boltzmann equation of the 3 ! 2 system, yielding the measured dark matter relic
abundance for the pions, m! /f ! as a function of the pion mass (left axis). Dashed curves: the self-scattering cross section
along the solution to the Boltzmann equation, ! scatter /m ! as a function of pion mass (right axis). All curves are for selected
values of Nc and Nf , for an SU(Nc) ( top panel ) or an O( Nc) (bottom panel ) gauge group with a conserved (left panel )
or broken (right panel ) SU(Nf ) or SO(Nf ) ßavor symmetry, respectively. The solid horizontal line depicts the perturbative
limit of m! /f ! "< 2" , providing a rough upper limit on the pion mass; the dashed horizontal line depicts the bullet-cluster and
halo shape constraints on the self-scattering cross section, Eq. (16), placing a lower limit on the pion mass. Each shaded region
depicts the resulting approximate range for m! for the corresponding symmetry structure.

below those depicted exhibit a tension between the per-
turbativity regime m! /f ! !< 2! and the self-interaction
constraint of Eq. (16).
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Bullet cluster, Halo shape ! self /m DM < 1 cm2/ g

SIMP parameter space

Perturbativity m! /f ! < 2!

Self-scatt.

Perturbativity

Bullet cluster

SIMP relic

Nc>3 is required due to bounds on self-scattering.

Similar results for SU(Nf)/SO(Nf) or SU(2Nf)/Sp(2Nf).
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Large Nc > 3

More serious in NNLO ChPT

Sannino et al, 1507.01590



SIMP + VDM
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FIG. 1: Feynman diagrams contributing to 3 ! 2 processes for the dark pions with the vector meson interactions.

FIG. 2: Contours of relic density ( ! h2 ! 0.119) for m! and m! /f ! and self-scattering cross section per DM mass in cm2/ g as
a function of m! . The case without and with vector mesons are shown in black lines and colored lines respectively. We have
imposed the relic density condition for obtaining the contours of self-scattering cross section. Vector meson masses are taken

near the resonances withmV = 2(3) m!
"

1 + "V on left(right) plots. In both plots, c1 # c2 = # 1 and "V = 0 .1 are taken.

our interest, so we didnÕt include it in our analysis.
While the ! 8 primarily decays to three pions because

m! < 2mK in the usual SM QCD, this is not necessar-
ily true in the case of dark QCD since we can vary the
pion/kaon mass. Since we are assuming all the eight pi-
ons/kaons are degenerate in mass, two-body decays such
as! 8 ! KK could be allowed as well as usual three-body
decays such as! 8 ! 3" . Then we Þnd that the widths
of vector mesons with degenerate masses are identical as
follows,

! V =
a2g2mV

256"

!
1 " 4

m2
"

m2
V

" 3/ 2

. (25)

If we chose a QCD-like set of parameters (a # 2, c1" c2 =
" 1 and c3 = 1), the widths of vector mesons would be
sizable for values ofm" /f " that yield the correct relic

density. However, if a $ 1, then the mass relation,m2
V =

ag2f 2
" # 9m2

" or 4m2
" , is maintained with ! V /m V $ 1.

For 3 ! 2 processes, we take the vector meson masses
near the resonances and make the thermal average under
the narrow width approximation with ! V /m V $ 1 in
Eq. (23). Then, the thermal averaged 3! 2 annihilation
cross section becomes [33]

%#v2&R #

#
81"
128 $%4

V x3e! 3
2 #V x , mV # 3m" ,

8
3

'
" $%3/ 2

V x1/ 2 e! #V x , mV # 2m" ,
(26)

where the e" ective 3 ! 2 cross section before ther-
mal average is taken to be (#v2) = $bV %V

(#V ! u 2 )2 + %2
V

, with
$ being the velocity-independent coe# cient, (%V , &V ) =
( m 2

V ! 4m 2
!

4m 2
!

, m V ! V
4m 2

!
) and u2 = 1

2 (v2
1 + v2

2) " 1
4 v2

3 for two-

pion resonances or (%V , &V ) = ( m 2
V ! 9m 2

!
9m 2

!
, m V ! V

9m 2
!

) and

With Soo Min Choi, Hyun Min Lee, Alexander Natale,

arXiv:1801.07726, PRD (2018)



SIMP + VM

3

vector meson masses are given byL B :

L B = m2
V Tr Vµ V µ ! 2igV !! Tr ( Vµ [! µ " , " ]) (21)

m2
V = ag2f 2

! (22)

gV !! =
1
2

ag (23)

In ordinary hadron system a " 2, but this can be con-
sidered a free parameter in general. Before we show the
anomalous WZW Lagrangian, it is convenient to deÞne
the following objects:

ö#L = D$L á$ 
L = #L ! igV + iöl (24)

ö#R = D$R á$ 
R = #R ! igV + i ör (25)

#L = d$L á$ 
L , (26)

#R = d$R á$ 
R (27)

FV = dV ! igV 2 (28)

The anomalous WZW in the presence of light vector
mesons are given by

! anom = ! WZW +
4!

i =1

ci L i (29)

L 1 = Tr
"
ö#3

L ö#R ! ö#3
R ö#L

#
(30)

L 2 = Tr [ö#L ö#R ö#L ö#R ] (31)

L 3 = iTr [ FV (ö#L ö#R ! ö#R ö#L )] (32)

L 4 = iTr
$

öFL ö#L ö#R ! öFR ö#R ö#L

%
. (33)

Let us ignore the external gauge Þelds by settinglµ =
r µ = 0 and keep only the pions and vector mesonsVµ ,
thus L 3,4 are zero. Under these assumptions then

! anom = L W ZW ! 15C (c1L 1 + c2L 2)c1 ! c2 = ! 1 (34)

with

C = ! i
Nc

240" 2 , (35)

and L W ZW is the familiar Wess-Zumino-Witten term for
pions [10Ð12]:

L WZW =
2Nc

15" 2f 5
!

%µ"#$ T r ["! µ "! " "! #"! $ " ] (36)

Expanding #L,R in terms of " up to O(g/f 3
! ) results in

L 1 = !
4c1gC

f 3
!

%µ"#$ T r [! µ "! " "! #" V$ ] (37)

and

L 2 =
4c2gC

f 3
!

%µ"#$ T r [Vµ ! " "! #"! $ "! #" ] (38)

where C is deÞned in Eq. 35. These new vector meson
terms generate additional 3-to-2 interactions between the
pions, as illustrated in Fig. 1.

An important constraint on the model is the 2-to-
2 scattering cross section. The bullet cluster con-
straints place an upper limit of around 1 cm2/g on
&scatter /m DM [6]. In our model this 2-to-2 cross section
can be calculated by the ChPT Lagrangian:

&scatter =
m2

!

192" f 4
! m4

V
#

(81a4g4f 4
! + 216a2f 2

! g2m2
V + 154m4

V )

(39)

where the degenerate pion (vector meson masses) are
given by m! (mV ). In the limit where the vector mesons
decouple,&scatter reduces to the value found in Ref. [8].
The upper bounds on&scatter /m ! places a lower bound
on m! ; in the minimal QCD-like model without vec-
tor mesons, this produces a tension between the require-
ments that m! /f ! < 2" and the lower bound ofm! [8].

Relic Density.ÑIn the SIMP model, where the 3 $ 2
number-changing processes are dominant, the resulting
Boltzmann equation for one species of DM is given by

dnDM

dt
+ 3Hn DM = !%&v2&3" 2(n3

DM ! n2
DM neq

DM ).

In the presence of an exact ßavor symmetry there are
N! = 8 mass degenerate pions, and supposen1 = n2 =
. . . = n8 = n, we can deÞnenDM =

& 8
i =1 ni . Thus the

resulting Boltzmann equation for the total DM density
is

Y #
DM = !

' " %&v2&
N 3

! x5 (Y 3
DM ! Y 2

DM Y eq
DM ). (40)

where" %&v2&is the sum of the relevant sub-processes af-
ter thermal averaging, with Y = nDM /s , ' = s2 (m ! )

H (m ! ) , and
x = m! /T . The SIMP paradigm requires that the dark
sector remains in kinetic equilibrium with the SM [7],
this is accomplished via a dark Higgs [13] or additional
dark gauge bosons such as theZ # [14, 15], which are not
discussed further in this work.

In the case of a resonance (mV ' 3m! ) the thermal av-
erage takes a Breit-Wigner form as discussed in Ref. [16]:

%&ijk " mn v2&R =
3
4

" x3
$!

l =0

bl

l !
Gl (zR ; x), (41)

with zR = %+ i ( , ( = m V !
9m 2

!
, and %= m 2

V ! 9m 2
!

9m 2
!

. In
the case of SIMP mesons with a signiÞcant vector meson

We choose a small epsilon [say, 0.1 (near resonance) ]

and a small gamma (NWA)

New diagrams involving dark vector mesons

! + ! ! ! 0 ! " ! K + K ! (K 0K 0)

(for 3 pi resonance case)



Results

•The allowed parameter space is in a better 
shape now, especially for 2 pi resonance 
case
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near the resonances withmV = 2(3) m!
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1 + "V on left(right) plots. In both plots, c1 # c2 = # 1 and "V = 0 .1 are taken.

our interest, so we didnÕt include it in our analysis.
While the ! 8 primarily decays to three pions because

m! < 2mK in the usual SM QCD, this is not necessar-
ily true in the case of dark QCD since we can vary the
pion/kaon mass. Since we are assuming all the eight pi-
ons/kaons are degenerate in mass, two-body decays such
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decays such as! 8 ! 3" . Then we Þnd that the widths
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follows,
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If we chose a QCD-like set of parameters (a # 2, c1" c2 =
" 1 and c3 = 1), the widths of vector mesons would be
sizable for values ofm" /f " that yield the correct relic

density. However, if a $ 1, then the mass relation,m2
V =

ag2f 2
" # 9m2

" or 4m2
" , is maintained with ! V /m V $ 1.

For 3 ! 2 processes, we take the vector meson masses
near the resonances and make the thermal average under
the narrow width approximation with ! V /m V $ 1 in
Eq. (23). Then, the thermal averaged 3! 2 annihilation
cross section becomes [33]
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, m V ! V
4m 2

!
) and u2 = 1

2 (v2
1 + v2

2) " 1
4 v2

3 for two-

pion resonances or (%V , &V ) = ( m 2
V ! 9m 2

!
9m 2

!
, m V ! V

9m 2
!

) and



Summary for DQCD SIMP
• Hidden (dark) QCD models make an interesting possibility 

to study the origin of EWSB, (C)DM


• WIMP scenario is still viable, and will be tested to some 
extent by precise measurements of the Higgs signal 
strength and by discovery of the singlet scalar, which is 
however a formidable task unless we are very lucky


• SIMP scenario using 3->2 scattering via WZW term is 
interesting, but there are a few issues which ask for 
further study (dark resonance could play an important role 
for thermal relic and kinetic contact with the SM sector)



Motivations for MC SIMP
• The present Universe made of a single component DM may be 

too simplified a picture     Multi component DM models 
interesting and important possibilities 


• In case of SIMP models, dark QCD scenario provides multi 
component SIMP, but it is not really multi component, since 
they are related with flavor symmetry


• In particular they have the same spins, and the mass difference 
can not be large :     ,  


• Let us try to construct multi component SIMP models with 
different spins and larger mass differences

⟶

m2
DM ∼ mqΛconf δm2 < Λ2

confine



Motivations (Cont’d)
• In this talk, I present a DM model based on  




• Before the main topics, let me discuss DM models based 
on  and  , respectively, 
emphasizing the difference between the global and local 
dark symmetries


• Somewhat long digression on local  scalar DM model, 
and local  scalar and spin-1/2 DM models 

U(1)X → Z2 × Z3

U(1)X → Z3 U(1)X → Z2

Z3
Z2



Contents
• Introduction


• Scalar DM with 


• Inelastic DM models with  and XENON1T 
excess


• Multi components SIMP models with 


• Comparison with a simple minded EFT approach


• Summary

U(1)X → Z3

U(1)X → Z2

U(1)X → Z2 × Z3



Scalar DM model with 
U(1)X → Z3

Based on

- P. Ko, Y. Tang, 1402.6449, 1407.5492

- J. Guo, Z. Kang, P. Ko, Y. Orikasa : 1502.00508 

- P. Ko, Y. Tang, 2006.15822



Scalar DM with local Z3 sym
• Consider U(1)X dark gauge symmetry, with scalar DM  and 

dark Higgs  with charges 1 and 3, respectively
X

ϕX

L = L SM !
1
4

÷X µ! ÷X µ! !
1
2

sin ! ÷X µ! ÷B µ! + Dµ "  
X D µ " X + Dµ X   D µ X ! V

V = ! µ2
H H   H + #H

!
H   H

"2
! µ2

" "  
X " X + #"

#
"  

X " X

$2
+ µ2

X X   X + #X
!
X   X

"2

+ #" H "  
X " X H   H + #" X X   X "  

X " X + #HX X   XH   H +
#

#3X 3"  
X + H.c.

$

Global Z3 model by Belanger et al

without  and 

arXiv:1211.1014 (JCAP)
ϕX Z′￼

vx
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Comparison with Global Z3 DM

• However global symmetry can be broken by 
gravity induced nonrenormalizable op’s:

the particlesÕ masses or couplings, only a fraction of these diagrams might be kinematically
allowed or relevant. For example, only Þrst four diagram are relevant for! ! 0, " ! X ! 0
and very heavyZ !. Then the cross section forXX " X " Hi semi-annihilation process is

d#
d!

=
1

64$2s
|pf |
|pi |

|M| 2 ,

with |pf | =
1

2
#

s

! "
s $ (MX + MH i )

2# "
s $ (MX $ MH i )

2#
. For dark matter pi = MX vvel/ 2

and vvel is the relative velocity between two annihilating particles. Matrix elements are given
by

iM d % $i3
#

2" 3,

iM a+ b+ c % $i3
#

2" 3v!

$
i

s $ M 2
X

+
i

t $ M 2
X

+
i

u $ M 2
X

%
($ i " HX vh) ,

respectively. If " HX vhv! /M 2
X & 1 and MH i < M X , then M d dominates and we have

' #v(d =
9" 2

3

16$
|pf |
M 3

X
, and |pf | !

3
4

MX for MX ) MH i .

The relevant contribution r from semi-annihilation is shown with di" erent color in Fig. 2.
It is evident that as " HX gets smaller,r becomes larger and the semi-annihilation becomes
dominant. Meanwhile the cross section forX Õs scattering o" a nucleon gets smaller for direct
searches. Some of these points may even not be probed by XENON1T [26].

B. Global Z3 vs Local Z3

When the U(1)X breaking scalev! is much larger than the EW scalevh and the masses,
MZ ! and MH 2 , are much heavier than those of other particles, we can get the low energy
e" ective theory by integrating out the heavy degrees of freedom,X µ and %. The e" ective
theory then describes the SM+X with the residual globalZ3 symmetry. And in the e" ective
potential the terms involving X always appears asX   X , X 3 and X   3,

Ve! ! $ µ2
H H   H + " H

&
H   H

' 2
+ µ2

X X   X + " X
&
X   X

' 2
+ " HX X   XH   H + µ3X 3

+ higher order terms + H.c, (4.2)

whereµ3 * " 3
v!#

2
. In such a case, the e" ective theory can not tell whether theZ3 symmetry

is a global one or just residual of a gauge symmetry. In fact the renormalizable parts ofVeft

in Eq. (4.2) is exactly the same as the scalar potential in globalZ3 model [11]. Therefore we
can consider the renormalizable scalar DM model with globalZ3 symmetry as an e" ective
theory of local Z3 models in the limit v! >> v h.

However there is an important di" erence in the higher dimensional operators even in this
limit. Within the local Z3 model, the discreteZ3 gauge symmetry is respected by higher
dimenionsional operators, and the scalar DMX shall be absolutely stable. This is not the
case for globalZ3 model, since the higher dimensional operators due to quantum gravity

8

could break globalZ3 symmetry, so that the DM stability is no longer guaranteed. For
example one can consider

1
!

XF µ! F µ! ,

which renders the scalarX with EW scale mass decay immediately, and so the scalarX
cannot make a good DM candidate of the universe.

The di" erence between local and globalZ3 models become even more apparent and
signiÞcant whenv" ! TeV or smaller. There is only one additional new particleX in
the global Z3 model, while in the local Z3 model there are two more particles,Z ! and
H2, compared with the globalZ3 model. The particle spectra are di" erent, and the local
Z3 model enjoys much richer phenomenology. In Fig. 2 we show an example that could
illustrate the di" erences between the global and localZ3 models. For simplicity we use
MH 2 = 20GeV, MZ ! = 1TeV , ! 3 < 0.02, " " 0 and ! " H " 0. The curved blue band shows
the parameter region in which onlyXX " # SM+SM processes contribute to annihilation,
namely, only ! HX X   XH   H in the potential is relevant and it also marks the upper bound
for ! HX for giving the correct relic abundance ofX in both global and local Z3 models.
We can see that the low mass rangeMX < M H 1 is excluded by latest dark matter direct
search limit from LUX [25], except the resonance regionMX " MH 1 / 2 which will be probed
by XENON1T [26]. Colored circles, together with the very curved blue band, describe
the parameter space for the globalZ3 model whereX 3-term comes to play since semi-
annhilation happens here only whenMX > M H 1 . However, unlike the global model, local
Z3 model allows ample parameter space in the low mass range,MX < M H 1 , even if LUX
limit is taken into account. This is shown as colored triangles in Fig. 2.

There could exist other di" erences between local and globalZ3 models. Depending on
the exact value ofMZ ! , MH 2 and other physical parameters, the phenomena could be quite
di" erent. For instance, whenZ ! or H2 is light, H1 can decay to them if" $= 0 or ! " H $= 0 (see
Ref. [27] for extensive survey and Ref. [28] for the comprehensive study of a singlet scalar
(#) mixing with the SM Higgs boson). Also, in localZ3 model isospin-violating interaction
between DM and nucleon can arise fromZ

!
exchange. On the other hand, only isospin-

conserving couplings between DM and nucleon exist in globalZ3 model through the Higgs
mediation, if we neglect small isospin violation frommu $= md. Therefore one can have two
independent channels in the DM-nucleon scattering amplitude, which might be helpful to
understand the recent data on direct detection of DM in the light WIMP region [29]. This
is generic in models with local dark gauge symmetry which is spontaneously broken by dark
Higgs Þeld [30].

Finally, when MZ ! or/and MH 2 is about O(MeV), sizable DM self-interaction could be
realized, which is motivated to solve the astrophysical small scale structure anomalies. We
shall discuss this self-interacting DM scenario in Sec. V in detail.

C. Comparison with the e ! ective Þeld theory (EFT) approach

In this subsection, we make a brief comparison of the renormalizable localZ3 scalar DM
model with the e" ective Þeld theory (EFT) approach. Usual starting point for the EFT
approach is to write down the operators for direct detections of DMs. For a complex scalar
DM X we are considering in this work, one can easily construct the following operators

9

Global Z3 ÒXÓ with EW scale mass will decay immediately and can not be a DM

• Also particle contents different : Z’ and H2

• DM & H phenomenology change a lot

Belanger et al,1211.1014 (JCAP)



• SM + 


• DD & thermal relic >> 
 GeV


• Vacuum stability >> DD 
cross section within 
XENON1T experiment


• No light mediators

X

mX > 120

• SM + 


• Additional annihilation 
channels open 


• DD constraints relaxed


• Light  allowed


• Light mediator  : strong 
self interactions of X’s

X, ϕ, Z′￼

mX

ϕ

Global Z3

(Belanger, Pukhov et al)

Local Z3

(Ko, Yong Tang)

Global vs. Local Z3 DM



Semi-annihilation

(a) (b)

X

X

øX

H1/H 2 H1/H 2

X

X

øX

(c)

H1/H 2

øXX

X

(d)

H1/H 2

øX
X

X

(e) ( f )

X

X

øX

Z !/Z Z !/Z

X

X

øX

(g)

Z !/Z

øXX

X

dnX

dt
= ! v! XX ! ! Y Y !

n2
X ! n2

X eq

"
!

1
2

v! XX ! X ! Y !
n2

X ! nX nX eq
"

! 3Hn X ,

r !
1
2

v! XX ! X ! Y

v! XX ! ! Y Y + 1
2 v! XX ! X ! Y

.
micrOMEGAs
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Relic density and Direct Search

• Blue band marks the 
upper bound,


• All points are allowed 
in our local Z3 
model,1402.6449


• Only circles are 
allowed in global Z3 
model,1211.1014 
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FIG. 2: Illustration of discrimination between global and local Z3 symmetry. We have chosen
M H 2 = 20GeV, M Z ! = 1TeV and ! 3 < 0.02 as an example. From up to down, three nearly straight
lines mark the XENON100 [21], LUX [22] and expected XENON1T limits [23], respectively. Colors
in the scatterred triangles and circles indicate the relative contribution of semi-annihilation, r . The
curved blue band, together with the cirles, gives correct relic density ofX in the global Z3 model.
And the colored triangles appears only in the localZ3 model. See text for detail.

numerical investigation is done withmicrOMEGAs[20]. We may deÞne the fraction of the
contribution from the semi-annihilation in terms of

r !
1
2

v! XX ! X " Y

v! XX " ! Y Y + 1
2v! XX ! X " Y

.

The full Feynman diagrams for semi-annihilation are presented in Fig. 1. Depending on
the particlesÕ masses or couplings, only a fraction of these diagrams might be kinematically

7

This whole region is allowed in 

local Z3 case
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Comparison with EFT

• There is no Z’, H2 in the EFT, and so indirect 
detection or thermal relic density 
calculations can be completely different


• Complementarity breaks down : (4.3) cannot 
capture semi-annihilation 

imposingZ3 symmetry, to list only a few:

U(1)X sym : X   XH   H,
1

! 2

!
X   DµX

" !
H   D µH

"
,

1
! 2

!
X   DµX

" !
f ! µ f

"
, etc. (4.3)

Z3 sym :
1
!

X 3H   H,
1

! 2
X 3f f, etc. (4.4)

(or
1

! 3
X 3f L Hf R, if we imposed the full SM gauge symmetry) (4.5)

wheref is a SM fermion Þeld and! is a combination of new physics scale and couplings of the
DM particle to new physics particle, and can di" er from one operator to another. The usual
story within the EFT is that the direct detection cross section due to the renormalizable
operator X   XH   H is strongly constrained so that the scalar DM can not be thermalized if
it is light.

Note that within the EFT picture there is no room for Z
!

or H2(! " ) to enter and play
important roles in direct and indirect detection or in the calculation of DM thermal relic
density. This is because we do not know which Þelds are relevant (or dynamical) at the
energy scale we are considering. Without constructing a full theory which is mathematically
consistent and physically sensible, it would be di# cult to guess which Þelds would be relevant
beforehand within the EFT approach.

Also note that the usual complementarity does not work in thisZ3 models, since the EFT
approach for direct detection based on Eq. (4.3) does not capture the semi-annihilation
channels for thermal relic density or indirect DM signatures described by Eqs. (4.4) and
(4.5), which is unique in theZ3 models. This simple example shows that the DM EFT can
be useful only if we know the detailed quantum numbers of DM particle, such as its spin and
other (conserved) quantum numbers. Otherwise the complementarity does not work. Since
we do not know anything about the DM quantum numbers as of now, the EFT approach
and complementarity arguments should be taken with a great caution. Otherwise one would
make erroneous conclusions.

More detailed discussions on the subtleties and limitations of EFT approach for DM
physics will be discussed elsewhere [31].

V. SELF-INTERACTING DARK MATTER X

One more di" erence between local and globalZ3 models is that there can exist strong
self-interaction between scalar DMX in the local Z3 model 1. Traditional collisionless
cold dark matter(CDM) can explain the large scale structure of the Universe. However,
astrophysical anomalies in small scale structures motivate collisional CDM, which has self-
interaction around #/M X " 0.1 # 10 cm2/g. This can be achieved in the localZ3 model
with O(MeV) H2 or Z !. A vector Z ! can mediate both attractive and replusive forces, and
has been considered in [33Ð41]. So here we shall only concentrate on theO(MeV) H2 case
in which only attractive force is mediated for explanation of small scale structures. Other
di" erent phenomenologies of a light mediator can be found in [42Ð50].

1 This feature is not unique to local Z3 model, but could appear in many other DM models with dark gauge

symmetries. Another example with localZ2 symmetry will be presented elsewhere [30].

10
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Strong DM self interaction 

from Light Mediators
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We expect light bosons (  and/or ).

Can we find them experimentally ?

H2 Z′￼



Galactic center -ray excessγ
X

øX

H2

H2

X
X

øX H1/H 2

H2

H2

X

øX

H2

H2

(a) (b) (c)

X

øX

X

øX H1/H 2

X

øX

Z !

Z !

Z !

Z !

Z !

Z !

(d) (e) ( f )

FIG. 1: Feynman diagrams for X øX annihilation into H2 and Z !.

(a) (b)

X

X

øX

H2 H2

X

X

øX

(c)

H2

øXX

X

(d)

H2

øX
X

X

(e) ( f )

X

X

øX

Z ! Z !

X

X

øX

(g)

Z !

øXX

X

FIG. 2: Feynman diagrams for XX semi-annihilation into H2 and Z !.

III. ! -RAY FROM DM (SEMI-)ANNIHILATION

In the section, we discuss the! -ray spectrum from dark matter (semi-)annihilation in
scalar DM model with localZ3 symmetry. We shall focus on the channels showed in Figs. 1
and 2, whereH2 and Z ! decay into standard model particles. DM annihilation directly into
SM particle such as

X øX ! Z
! " or H

! "
2 ! øf f,

are suppressed by the small mixing parameters," and #. For the parameter regions we are
interested in, we can take" and # to be smaller than 10# 4, which are deÞnitely allowed
by direct searches so far. For simplicity, we also assume vanishing$! H and $HX . Non-
vanishing $! H and $HX will not change our discussion qualitatively, and both parameters
are constrained by DM direct searches, higgs invisible decay and collider searches which are
beyond the scope of this paper.

The ! -ray ßux from self-conjugate dark matter (semi-)annihilation is determined by par-
ticle physics factors,"%v#ann and dN" /dE " , and dark matter density proÞle& from astro-
physics:

d2!
dE" d"

=
1

8'
"%v#ann

M 2
DM

dN"

dE"

! $

0
dr&2 (r !, ( ) , (3.1)

where r is the distance to the earth from the DM annihilation point, r ! =

5

(arXiv:1407.5492 with Yong Tang)



Galactic center -ray excessγ
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FIG. 4: ! -ray spectra from dark matter (semi-)annihilation with H2(left) and Z !(right) as Þnal
states. In each case, mass ofH2 or Z ! is chosen to be close tomX to avoid large lorentz boost.
Masses are in GeV unit. Data points at" = 5 degree are extracted from [1].

depends on the parameters,! 3, ! ! X , gX . Here for simplicity, we discuss two illustrative cases
at the boundary, either 100% toH2 or Z ! at the Þnal state. Large parameter space exists
between these two cases. Dedicated analysis would require multi-dimension" 2 Þtting, which
is beyond the scope of this paper. We usemicrOMEGAs-3[32] for our numerical calculation
and to generate the#-ray spectra.

We show the#-ray spectra in Þg. 4 fromH2(left panel) and Z !(right panel). Since we
are discussing the boundary cases, we choose the mass ofH2/Z ! to be close tomX . It is
seen thatmX is around 70GeV forH2 case whilemX ! 30 for Z ! case. This is due to the
fact that light H2 mainly decays tobøb which give a softer#-ray spectrum, compared toZ !

decay to all light fermion pairs. For 30GeV! mX ! 70GeV, we can adjust the relative
contributions from H2/Z !-channel, and it is anticipated that this can be easily achieved by
shifting mH 2 , mZ ! , ! 3, ! ! X and gX .

IV. CONCLUSION

In conclusion, we discussed the galactic center#-ray from dark matter with Z3 which is
the remnant of a spontaneously brokenU(1) gauge symmetry. Thanks to the new opened
(semi-)annihilation channels, dark matter as light as several ten GeV can still exist. In this
model, dark matter particle can (semi)-annihilate to the dark higgsH2 and/or dark photon
Z ! which then decay to standard model light fermions. The#-ray from these light fermions
can Þt data well. Depending on the relative contributions of individual (semi-)annihilation
channel, the mass of dark matter can vary from 30GeV to 70GeV, a large parameter space.

6

(arXiv:1407.5492 with Yong Tang)

Possible only in local Z3, not in global Z3 !!



Inelastic DM models with 
 


and XENON1T excess
U(1)X → Z2

Based on

- S.Baek, P. Ko, W.I. Park, 1407.6588

- P. Ko, T. Matsui, Y.-L.Tang, 1910.04311

- S.Baek, J.Kim, P. Ko, 2006.16876



Motivations for XDM
• In the usual real scalar DM with Z2 symmetry, DM stability is not 

guaranteed in the presence of high dim op’s induced by gravity 
effects 


• Better to have local gauge symmetry for absolutely stable DM 
(Baek,Ko,Park,arXiv:1303.4280 )


• Then XDM appears quite naturally  for both scalar 
and fermion DM cases


• XDM : elementary or composite (dark mesons/baryons/atom…)


• NB : complex scalar DM for   [Ko, Tang, hep-
ph:1402.6449, JCAP ; hep-ph:1407.5492, JCAP]

U(1) → Z2

U(1) → Z3



Motivations for XDM
• XDM : phenomenologically interesting possibility, used for 

interpretation of DAMA, 511 keV -ray & PAMELA  excesses, and 
XENON1T excess, muon (g-2), etc


• Constraints from DD and Colliders are different


• Co-annihilation could be important for relic density calculations


• Usually the mass difference btw XDM & DM is put in by hand, by 
dim-2 for scalar and dim-3 for fermions DM cases, and dark photon is 
introduced 


• However such theories are mathematically inconsistent and unitarity 
will be violated in some channels, when (X)DM couples to dark photon

γ e+



XENON1T Excess
• Excess between 1-7 keV


• Expectated : 232  15 , Observed : 285 


• Deviation ~ 3.5 


• Tritium contamination


• Long half lifetime (12.3 years)


• Abundant in atmosphere and cosmogenically produced in 
Xenon


• Solar axion


• Produced in the Sun


• Favored over bkgd @ 3.5 


• Neutrino magnetic dipole moment


• Favored @ 3.2 

±

σ

σ

σ

Electron recoil



DD/CMB Constraints
• To evade stringent bounds from direct detection expt’s : 

sub GeV DM


• CMB bound excludes thermal DM freeze-out determined 
by S-wave annihilation :  DM annihiliation should be 
mainly in P-wave Planck 2018


R.K.Leane 35 al, PRD2018⟨σv⟩ ∼ a + bv2



Exothermic DM scattering
• Inelastic exothermic scattering of XDM 


•   by dark photon exchange + 
kinetic mixing


• Excess is determined by 


• Most works are based on effective/toy models where  is put in 
by hand, or ignored dark Higgs


• dim-2 op for scalar DM and dim-3 op for fermion DM : soft and 
explicit breaking of local gauge symmetry), and include massive 
dark photon as well  theoretically inconsistent !

XDM + eatomic → DM + efree

ER ∼ δ = mXDM − mDM

δ

→



Z2 DM models with dark Higgs

• We solve this inconsistency and unitarity issue with 
Krauss-Wilczek mechanism 


• By introducing a dark Higgs, we have many advantages:  


• Dark photon gets massive


• Mass gap  is generated by dark Higgs mechanism


• We can have DM pair annihilation in P-wave involving 
dark Higgs in the final states, unlike in other works

δ



Usual Approaches

• The model is not mathematically consistent, since there is no 
conserved current a dark photon can couple to in the massless limit


• The second term with  breaks  explicitly (although softly)Δ2 U(1)X

For example, Harigaya, Nagai, Suzuki, arXiv:2006.11938 

Similarly for the fermion 
DM case

This term is 
problematic

  : breaks U(1) explicitlyΔ ψCψ



Without dark Higgs

• Only the first two diagrams if the mass gap is given by hand


• The third diagram if the mass gap is generated by dark Higgs 
mechanism


• Without the last diagram, the amplitude violates unitarity at 
large Eγ′￼

P.Ko, T.Matsui, Yi-Lei Tang, arXiv:1910.04311, Appendix A



Relic Density from 

   

(P-wave annihilation)

XX† → Z′￼ * → ff̄
For example, Harigaya, Nagai, Suzuki, arXiv:2006.11938 



Scalar XDM ( )  XR & XI

role whenmDM < m Z ! , as we shall demonstrate in the following. In order to explain the

XENON1T excess in terms of XDM+eatomic ! DM+ efree with a kinetic mixing, both dark

photon and (X)DM mass should be sub-GeV, more speciÞcally" O(100) MeV, in order to

avoid the stringent bounds on the kinetic mixing parameter. For such a light DM, one has

to consider the DM annihilation should be mainly inp-wave, and not ins-wave, in order to

avoid strong constraints from CMB (see [54, 55] and references therein).

For this purpose it is crucial to have dark Higgs (! ), since they can play a key roles in

the p-wave annihilations of DM at freeze-out epoch:

XX   ! Z
! ! ! Z

!
! ,

" " ! !! ,

whereX and " are complex scalar and Dirac fermion DM, respectively. At freeze-out epoch,

the mass gap is too small (! m # T) and we can consider DM as complex scalar or Dirac

fermion. In the present Universe, we haveT # ! m and so we have to work in the two

component DM picture for XENON1T electron recoil. It can not be emphasized enough

that these channels would not be possible without dark Higgs! , and it would be di" cult to

make the DM pair annihilation be dominated by thep-wave annihilation.

II. MODELS FOR (EXCITED) DM

A. Scalar DM model

The dark sector has a gaugedU(1)X symmetry. There are two scalar particles in the dark

sector X and ! with U(1)X charges 1 and 2, respectively. They are neutral under the SM

gauge group. After! gets VEV, $! %= v! /
&

2, the gauge symmetry is spontaneously broken

down to discreteZ2. The Z2-odd X becomes the DM candidate. The model Lagrangian is

in the form [51]

L = L SM '
1
4

öX µ"
öX µ" '

1
2

sin#öX µ"
öB µ" + D µ!   Dµ! + D µX   DµX ' m2

X X   X + m2
! !   !

' $!
!
!   !

" 2
' $X

!
X   X

"2
' $! X X   X !   ! ' $! H !   ! H   H ' $HX X   XH   H

' µ
!
X 2!   + H.c.

"
, (1)

where öX µ" (Bµ" ) is the Þeld strength tensors ofU(1)X (U(1)Y ) gauge boson in the interaction

basis.

3

Field

U(1) 
charge 2 1 1

ϕ X χ

We decompose theX as

X =
1

!
2

(X R + iX I ), (2)

and H and ! as

H =

!

" 0
1!
2
(vH + hH )

#

$ , ! =
1

!
2

(v! + h! ), (3)

in the unitary gauge.

The dark photon mass is given by

m2
Z ! " (2gX v! )2, (4)

where we neglected the corrections from the kinetic mixing, which is second order in"

parameter. The masses ofX R and X I are obtained to be

m2
R = m2

X +
1
2

#HX v2
H +

1
2

#! X v2
! +

µ
!

2
v! ,

m2
I = m2

X +
1
2

#HX v2
H +

1
2

#! X v2
! #

µ
!

2
v! , (5)

and the mass di! erence,$ $ mR # mI " µv! /
!

2mX . Since the originalU(1)X symmetry

is restored by takingµ = 0, small µ does not give rise to Þne-tuning problem. The mass

spectrum of the scalar Higgs sector can be calculated by diagonalising the mass-squared

matrix
!

" 2#H v2
H #! H vH v!

#! H vH v! 2#! v2
!

#

$ , (6)

which is obtained in the (hH , h! ) basis. We denote the mixing angle to be%H and the mass

eigenstates to be (H1, H2), whereH1 is the SM Higgs-like state andH2($ ! ) is mostly dark

Higgs boson. Since we work in the small%H in this paper, the VEV of ! is approximated

to be, v! " mH 2 /
%

2#! , while %H " #! H v! / 2#H vH .

The mass eigenstatesZµ and Z "
µ of the neutral gauge bosons can be obtained using the

procedure shown in Ref. [56]. In the linear order approximation in " we can write the

covariant derivative as

Dµ " &µ + ieQemAµ + i
&

gZ (T3 # Qems2
W ) + "gX QX sW

'
Zµ + i

&
gX QX # "eQemcW

'
Z "

µ , (7)

4

the kinetic mixing term given in (1) we get the dark-gauge interactions with the DM and

the electron [56]

L ! gX Z !µ(X R! µX I " X I ! µX R) " " ecW Z !
µe#µe, (12)

where cW is the cosine of the Weinberg angle,Z and Z ! are mass eigenstates, and we

assumed that"(# 10" 4) is small. The cross section for the inelastic scatteringX Re $ X I e

for mX % me and small momentum transfer is given by

$e =
16%"2&em&X c2

W m2
e

m4
Z !

, (13)

where &em & 1/ 137 is the Þne structure constant and&X ' g2
X / 4%. This can be used to

predict the di! erential cross section of the dark matter scattering o! the xenon atom for the

DM velocity v, which reads

d$v
dER

=
$e

2mev

! q+

q"

a2
0qdqK(ER, q), (14)

whereER is the recoil energy,q is the momentum transfer,K (ER, q) is the atomic excitation

factor. From energy conservation we obtain the relation [9],

ER = ' + vqcos( "
q2

2mR
, (15)

where ( is the angle between the incomingX R and the momentum transferq = p!
e " pe.

The integration limits are [9],

q± & mRv ±
"

m2
Rv2 " 2mR(ER " ' ), for ER ( ' ,

q± & ± mRv +
"

m2
Rv2 " 2mR(ER " ' ), for ER ) ' . (16)

Then we can obtain the di! erential event rate for the inelastic scattering of DM with electrons

in the xenon atoms given by

dR
dER

= nT nR
d$v
dER

, (17)

wherenT * 4+ 1027/ ton is the number density of xenon atoms andnR * 0.15 GeV/m R/ cm3

is the number density of the heavier DM componentX R, assumingnR = nI . Integrating

over ER, we get the event rate

R * 3.69+ 109 "2 g2
X

#
1GeV
mR

$ #
1GeV
mZ !

$ 4

/ ton/ year. (18)

7

SinceX R is a dark matter component in our model with the same abundance withX I , its

lifetime should be much longer than the age of the universe. It can decay viaX R ! X I !!!

as shown in [9]. Its decay into three-body Þnal state,X R ! X I " " , is also possible in our

model. The relevant interactions are

L " #gX sW Z µ(X R$µX I # X I $µX R) #
gZ

2
Zµ" L ! µ" L . (19)

The decay width is given by

! $
#2%X s2

W

5
%

2&2

GF ' 5

m2
Z

$ 1.9 & 10! 49 GeV
! #

10! 4

" 2 ! %X

0.078

" #
'

2 keV

$ 5

. (20)

Although this channel is much more e" ective than X R ! X I !!! considered in [9], the

lifetime of X R is still much longer than the age of the universe.

In the right panel of Fig. 1 , we show the allowed region in the (mZ ! , #) plane where we can

explain the XENON1T excess with correct thermal relic density of DM within the standard

freeze-out scenario. For illustration, we chose the DM mass to bemR = 0.1 GeV, and varied

the dark Higgs massm! = 20, 40, 60, 80 MeV denoted with di" erent colors. The sharp drops

on the right allowed region is from the kinematic boundary,mZ ! + m! < 2mR. It is nontrivial

that we could explain the XENON1T excess with inelastic DM models with spontaneously

broken U(1)X ! Z2 gauge symmetry. In particular it is important to include light dark

Higgs for this explanation. It would be straightfoward to scan over all the parameters to get

the whole allowed region.

B. Fermion DM model

We start from a dark U(1) model, with a Dirac fermion dark matter (DM) ( appointed

with a nonzero darkU(1) chargeQ" and dark photon. We also introduce a complex dark

Higgs Þeld) , which takes a nonzero vacuum expectation value, generating nonzero mass for

the dark photon. We shall consider a special case where) breaks the darkU(1) symmetry

into a dark Z2 symmetry with a judicious choice of its dark chargeQ! .

Then the gauge invariant and renormalizable Lagrangian for this system is given by

L = #
1
4

öX µ# öX µ# #
1
2

sin#öX µ#B µ# + (
%
i /D # m"

&
( + Dµ)   D µ) (21)

# µ2)   ) # * ! |) |4 #
1

%
2

!
y)   ( C ( + h.c.

"
# * ! H )   ) H   H

8

U(1) → Z2 by vϕ ≠ 0 : X → − X
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FIG. 1: ( left) Feynman diagrams relevant for thermal relic density of DM: XX   ! Z !! and (right)

the region in the (mZ ! , ") plane that is allowed for the XENON1T electron recoil excess and the

correct thermal relic density for scalar DM case for# = 2 keV : (a) mDM = 0 .1 GeV. Di! erent

colors representsm! = 20, 40, 60, 80 MeV. The gray areas are excluded by various experiments,

from BaBar [61], E774 [62], E141 [63], Orasay [64], and E137 [65], assuming Z ! ! X RX I is

kinematically forbidden.

where öX µ" = ! µ
öX " " ! "

öX µ. Dµ = ! µ + igX QX
öX µ is the covariant derivative, wheregX is

the dark coupling constant, andQX denotes the dark charge of" and #: Q! = 2, Q# =

1, respectively. ThenU(1)X dark gauge symmetry is spontaneously broken into itsZ2

subgroup, and the Dirac DM# is split into two Majorana DM #R and #I deÞned as

# =
1

#
2

(#R + i#I ), (22)

#c =
1

#
2

(#R " i#I ), (23)

#c
R = #R, #c

I = #I , (24)

with

mR,I = m# ± yv! = m# ±
1
2

$. (25)

We assumey > 0 so that $ $ mR " mI = 2yv! > 0. Then the above Lagrangian is

written as

L =
1
2

!

i = R,I

#i
"
i /! " mi

#
#i " i

gX

2
(Z !

µ + %sW Zµ) (#R&µ#I " #I &µ#R) (26)

"
1
2

yh! (#R#R " #I #I ) , (27)

whereh! is neutral CP-even component of" as deÞned in (3).
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P-wave annihilation x-sections

Scalar DM : XX† → Z′￼* → Z′￼ϕ



Fermion XDM ( )χR & χI

SinceX R is a dark matter component in our model with the same abundance withX I , its

lifetime should be much longer than the age of the universe. It can decay viaX R ! X I !!!

as shown in [9]. Its decay into three-body Þnal state,X R ! X I " " , is also possible in our

model. The relevant interactions are

L " #gX sW Z µ(X R$µX I # X I $µX R) #
gZ

2
Zµ" L ! µ" L . (19)

The decay width is given by

! $
#2%X s2

W

5
%

2&2

GF ' 5

m2
Z

$ 1.9 & 10! 49 GeV
! #

10! 4

" 2 ! %X

0.078

" #
'

2 keV

$ 5

. (20)

Although this channel is much more e" ective than X R ! X I !!! considered in [9], the

lifetime of X R is still much longer than the age of the universe.

In the right panel of Fig. 1 , we show the allowed region in the (mZ ! , #) plane where we can

explain the XENON1T excess with correct thermal relic density of DM within the standard

freeze-out scenario. For illustration, we chose the DM mass to bemR = 0.1 GeV, and varied

the dark Higgs massm! = 20, 40, 60, 80 MeV denoted with di" erent colors. The sharp drops

on the right allowed region is from the kinematic boundary,mZ ! + m! < 2mR. It is nontrivial

that we could explain the XENON1T excess with inelastic DM models with spontaneously

broken U(1)X ! Z2 gauge symmetry. In particular it is important to include light dark

Higgs for this explanation. It would be straightfoward to scan over all the parameters to get

the whole allowed region.

B. Fermion DM model

We start from a dark U(1) model, with a Dirac fermion dark matter (DM) ( appointed

with a nonzero darkU(1) chargeQ" and dark photon. We also introduce a complex dark

Higgs Þeld) , which takes a nonzero vacuum expectation value, generating nonzero mass for

the dark photon. We shall consider a special case where) breaks the darkU(1) symmetry

into a dark Z2 symmetry with a judicious choice of its dark chargeQ! .

Then the gauge invariant and renormalizable Lagrangian for this system is given by

L = #
1
4

öX µ# öX µ# #
1
2

sin#öX µ#B µ# + (
%
i /D # m"

&
( + Dµ)   D µ) (21)
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FIG. 1: ( left) Feynman diagrams relevant for thermal relic density of DM: XX   ! Z !! and (right)

the region in the (mZ ! , ") plane that is allowed for the XENON1T electron recoil excess and the

correct thermal relic density for scalar DM case for# = 2 keV : (a) mDM = 0 .1 GeV. Di! erent

colors representsm! = 20, 40, 60, 80 MeV. The gray areas are excluded by various experiments,

from BaBar [61], E774 [62], E141 [63], Orasay [64], and E137 [65], assuming Z ! ! X RX I is

kinematically forbidden.

where öX µ" = ! µ
öX " " ! "

öX µ. Dµ = ! µ + igX QX
öX µ is the covariant derivative, wheregX is

the dark coupling constant, andQX denotes the dark charge of" and #: Q! = 2, Q# =

1, respectively. ThenU(1)X dark gauge symmetry is spontaneously broken into itsZ2

subgroup, and the Dirac DM# is split into two Majorana DM #R and #I deÞned as

# =
1

#
2

(#R + i#I ), (22)

#c =
1

#
2

(#R " i#I ), (23)

#c
R = #R, #c

I = #I , (24)

with

mR,I = m# ± yv! = m# ±
1
2

$. (25)

We assumey > 0 so that $ $ mR " mI = 2yv! > 0. Then the above Lagrangian is

written as

L =
1
2

!

i = R,I

#i
"
i /! " mi

#
#i " i

gX

2
(Z !

µ + %sW Zµ) (#R&µ#I " #I &µ#R) (26)

"
1
2

yh! (#R#R " #I #I ) , (27)

whereh! is neutral CP-even component of" as deÞned in (3).

9
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the region in the (mZ ! , ") plane that is allowed for the XENON1T electron recoil excess and the

correct thermal relic density for scalar DM case for# = 2 keV : (a) mDM = 0 .1 GeV. Di! erent

colors representsm! = 20, 40, 60, 80 MeV. The gray areas are excluded by various experiments,

from BaBar [61], E774 [62], E141 [63], Orasay [64], and E137 [65], assuming Z ! ! X RX I is

kinematically forbidden.

where öX µ" = ! µ
öX " " ! "

öX µ. Dµ = ! µ + igX QX
öX µ is the covariant derivative, wheregX is

the dark coupling constant, andQX denotes the dark charge of" and #: Q! = 2, Q# =

1, respectively. ThenU(1)X dark gauge symmetry is spontaneously broken into itsZ2

subgroup, and the Dirac DM# is split into two Majorana DM #R and #I deÞned as

# =
1

#
2

(#R + i#I ), (22)

#c =
1

#
2

(#R " i#I ), (23)

#c
R = #R, #c

I = #I , (24)

with

mR,I = m# ± yv! = m# ±
1
2

$. (25)

We assumey > 0 so that $ $ mR " mI = 2yv! > 0. Then the above Lagrangian is

written as

L =
1
2

!

i = R,I

#i
"
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#
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gX

2
(Z !

µ + %sW Zµ) (#R&µ#I " #I &µ#R) (26)

"
1
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whereh! is neutral CP-even component of" as deÞned in (3).
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U(1) → Z2 by vϕ ≠ 0 : χ → − χ
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FIG. 2: ( top) Feyman diagrams for ! ø! ! "" . (bottom) the region in the (mZ ! , #) plane that is

allowed for the XENON1T electron recoil excess and the correct thermal relic density for fermion

DM case for $ = 2 keV and the fermion DM mass to be mR = 10 MeV. Di ! erent colors represents

m! = 2 , 4, 6, 8 MeV. The gray areas are excluded by various experiments, assumingZ ! ! ! R ! I

is kinematically allowed, and the experimental constraint is weaker in the# we are interested in,

compared with the scalar DM case in Fig. 1 (right). We also show the current experimental bounds

by NA64 [66].

Note that the kinetic mixing ! " 10" 7± 1, which is much smaller than the scalar DM case.

We have checked if the gauge couplinggX and the quartic coupling of dark Higgs (" ! )

remain in the perturbative regime. The solid (dashed) lines denote the region wheregX

satisfy (violate) perturbativity condition, depending #X < 1 or not. Within this allowed

region, " ! remain perturbative. Again it is nontrivial that we could explain the XENON1T

excess with inelastic fermion DM models with spontaneously brokenU(1)X ! Z2 gauge

symmetry. In particular it is important to include light dark Higgs for this explanation as

in the scalar DM case.

11



P-wave annihilation x-sections

Fermion DM : χχ → ϕϕ

Crucial to include Òdark HiggsÓ to have 
DM pair annihilation in P-wave !!

Scalar DM : XX† → Z′￼* → Z′￼ϕ



Determination of 

( , spin) @ Belle IIm, Δm

arXiv:2101.02503, JHEP 

with D.W. Kang, C.-T. Lu



Summary
• Local Z2 scalar/fermion DM : theoretically well defined & 

mathematically consistent models for XDM


• Can explain a number of phenomena including the recent XENON1T 
data


• One can discriminate the spin of (X)DM at Belle II from the polar 
angle distributions of the decaying points


• DM mass and the  can be determined with the focus point 
method


• Similar studies at ILC, CEPC, HL-LHC and FCC-hh in progress (The 
current version of FCC CDR does not include this interesting case.)

Δm



Multi component SIMP 
models based on 
U(1)X → Z2 × Z3

Based on 2103.05956 (to appear in JHEP)

By Jinsu Kim, P. Ko, J. Li, 



Model I : Z2(X) × Z3(Y)
TABLE I:

Fields X Y ! X

Charges 1/ 2 1/ 3 1

I. INTRODUCTION

A.

II. MODEL I

We consider darkU(1)X gauge symmetry with three di! erent types of scalars in the dark

sector:

With this charge assignment, the gauge invariant renormalizable Lagrangian of this model

is given by

L = !
1
4

X µ! X µ! !
!
2

X µ! B µ! + DµXD µX + DµY DµY + Dµ" D µ"

! m2
X |X |2 ! m2

Y |Y |2 !
#"

4
(|" |2 ! v2

" / 2)2 !
#X "

2
|X |2(|" |2 ! v2

" / 2) !
#X

4
|X |4

! #Y " |Y |2(|" |2 ! v" / 2) !
#XH

2
|X |2(|H |2 ! v2/ 2) !

#X

4
|X |4 ! #Y H |Y |2(|H |2 ! v2/ 2)

!
#" H

2
(|" |2 ! v2

" / 2)(|H |2 ! v2/ 2) (1)

!
!
µ2

X " "   X 2 + #!
Y " "   Y 3 + H.c.

"
(2)

After U(1)X symmetry breaking by nonzero VEV"" #= v" /
$

2, the last line of the equations

still have Z X
2 %Z Y

3 gauge symmetries:

X & ei #X = ! X,

Y & e± i 2#/ 3Y.

The real and the imaginary parts ofX get di! erent masses fromU(1)X symmetry breaking,

and becomes the mass eigenstates. We assumeX I is lighter than X R, and becomes one of

the DM components. The other DM isY, which is also DM candidate because of unbroken

Z Y
3 symmetry. Then for example

Y Y Y & X I X I , etc.

2
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FIG. 1: Feynman diagrams for the processY Y! Y ! ! Y Y in the case ofmX I " mY in both

Model I and Model II.

The DM relic density is given by [? ? ? ? ]

! DM h2 #
1.05$ 10" 10 GeV" 2

g3/ 4
! mDM

!
1

MP

" #

xF

dx x" 5%! v2&3$ 2

#" 1/ 2

, (18)

where MP # 2.435$ 1018 GeV is the reduced Planck mass,g! is the e! ective degrees of

freedom at the time of freeze-out,xF ' mDM /T F , TF is the freeze-out temperature,mDM =

mY is the DM mass, and%! v2&3$ 2 is the cross section, which is related to the squared

scattering amplitude |M| 2 as follows:

%! v2&3$ 2 =

(
5

384" m3
DM

|M| 2 . (19)
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FIG. 2: Feynman diagrams for the processY Y Y ! Y Y! in the case ofmX I " mY in both Model

I and Model II.

In this work we assume thes-wave domination. Assuming that the dark matter particles are

non-relativistic at freeze-out, which is typicallyxF # 20, the cross section is independent of

the temperature, and thus one may approximate as4

! "

xF

dx x# 5$! v2%3$ 2 #
$! v2%3$ 2

(2x2
F )2

. (20)

For the processes of Eq. (??) and Eq. (??) the squared scattering amplitudes are given

by

|M| 2
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We note that our results agree with those in Ref. [? ].

In Fig. ?? we show the DM relic density in term of the DM mass for other parameters

Þxed, including the dark Higgs mass asmh1 = 50 GeV. The correct DM relic density,

4 For a detailed study one may refer to Ref. [? ].
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General Consideration
• Stability of X and Y : guaranteed by  (dark charge 

assignments) even in the presence of nonrenor. op’s


• X : scalar (or spin 1/2 fermion), Y : scalar


•  is determined by the number-changing 
processes in the dark sector  SIMP model


• Need to keep  negligible. Otherwise  will be 
diluted away into  , and not a multi component DM


• Solve Boltzmann Eq’s for 

Z2 × Z3

ΩDM ≡ ΩXI
+ ΩXR

+ ΩY
⟶

XX → YY* ΩX
ΩY

XR , XI , Y , Z′￼

Not in this talk



• 3 DM candidates:  ;  4 different cases


• 2 component scenarios: 


(i)    ,   (ii) 


• 3 component scenarios:


(iii)   ,   (iv) 


• Inverted mass hierarchy ( ) is not considered

Y, XI, XR

mXR
≫ mXI

≫ mY mXR
≫ mXI

∼ mY

mXR
∼ mXI

≫ mY mXR
∼ mXI

∼ mY

mXR
∼ mXI

≪ mY

4 Interesting Scenarios



4 Benchmark Points
• Fix : 


• Take  small enough to suppress dilution of  from 

mZ′￼= 200 MeV, mh′￼= 30 GeV, λX = 0.025, ϵ = 2 × 10−4

λXY ΩX XiXi → YY* (i = R, I)

Figure 1 . Kinetic decoupling and Z !-search constraints for the casei) (left) and casesii) , iii) , and
iv) (right) in the ( mZ ! , ! ) plane. See the main text in Section3.2 for details of the used constraints.
We have the same plot forii) , iii) , and iv) since the samemY , mZ ! , and ! are used. Furthermore,
we do not see a clearly visible di! erence between the left and right plots since the di! erence inmY

is small. The blue points represent our benchmark cases shown in Table1.

Case mX R [MeV] mX I [MeV] mY [MeV] gX " Y " Y ! " X ! " !
Y !

i) 800 200 50 0.85 6.41 0.9 0.9 0.255
ii) 400 40 37.5 1.3 6.27 1.3 0.5 0.295
iii) 150.01 150 37.5 1.3 5.54 0.05 0.05 0.271
iv) 40.001 40 37.5 1.3 6.27 2.65 2.2 0.295

Table 1 . Input parameter values for the four benchmark cases. Casesi) and ii) correspond to
the two-component scenarios and casesiii) and iv) correspond to the three-component scenarios.
We chosemZ ! = 200 MeV, mh! = 30 GeV, " X = 0 .025, # = 10" 2, and ! = 2 ! 10" 4. Our four
benchmark cases are marked as blue points in Figs.1 and 2.

cases:i) mX R " mX I " mY and ii) mX R " mX I # mY . The input parameter values are
shown in Table 1.

We solve the Boltzmann equations given in AppendixB for the given parameters, and
the solutions are shown in Fig.3. We see that, in the case ofmX I " mY , X I freezes out
Þrst at x # 5, followed by the Y freeze-out atx # 20. When mX I # mY , both X I and Y
freeze out at almost the same timex # 20. In the casei) , we Þnd that X I (Y ) constitutes
about 23.7% (76.3%) of the total relic density, while in the caseii) , the fractions of X I

and Y relics are respectively 19.7% and 80.3%. Thus we identify these scenarios as two-
component DM scenarios. The self-scattering cross sections are given by1.49 cm2/ g and
3.83 cm2/ g for casesi ) and ii ), respectively. We summarise the results in Table2.
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Constraints
• Perturbativity : 


• Unitarity :  


• Kinetic Equilibrium : 


• DM relic density : 


• Invisible Higgs decay : 


•  searches 


• DM self scattering : 

! λi ! < 4π , λ′￼

ϕY < 4π , gX < 4π

! ℳij→kl ! < 8π

ΩDMh2 = 0.1200 ± 0.0012

Br(H)inv < 0.19 ⟶ α = 10−2

Z′￼

0.1 cm2/gm <
σself

mDM
< 10 cm2/gm
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Þrst at x # 5, followed by the Y freeze-out atx # 20. When mX I # mY , both X I and Y
freeze out at almost the same timex # 20. In the casei) , we Þnd that X I (Y ) constitutes
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component DM scenarios. The self-scattering cross sections are given by1.49 cm2/ g and
3.83 cm2/ g for casesi ) and ii ), respectively. We summarise the results in Table2.
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Figure 2 . For each case, the unitarity bound (grey), direct detection bound (orange), and large
self-scattering cross section bound! self /m DM > 10 cm2/ g (red) are shown for di! erent values of the
dark gauge couplinggX and the fraction of the Y relic density ! y h2/ 0.12. The black lines represent
DMÐelectron scattering cross section values,10! 40 cm2 (dashed), 10! 41 cm2 (dot-dashed), and
10! 42 cm2 (dotted) from top to bottom, respectively. The red lines correspond to two di! erent
values of the self-scattering cross section,0.1 cm2/ g (dotted) and 1 cm2/ g (dashed). For details of
the used constraints, see the main text in Section3.2. The blue points represent our benchmark
cases shown in Table1. Here we vary only gX and the fraction of the Y relic density, with the
condition (! y + ! X I + ! X R )h2 = 0 .12. For the two-component DM casesi) and ii) , ! X R = 0 is
chosen, while for the three-component DM casesiii) and iv) , ! X R = ! X I is assumed, except for the
self-scattering cross section for which we follow the method outlined in Section3.2. The other input
parameters are Þxed (see Table1). We note that the correct present-day DM relic density constraint
is not strictly imposed, except at the benchmark points. Thus, it is important to note that not
all the white region is allowed. On the other hand, this approach allows one to comprehensively
understand the various constraints and where our benchmark cases lie. The full picture requires an
intensive parameter scan by numerically solving the coupled Boltzmann equations which is beyond
the scope of the current work.
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Figure 3 . The solutions of the Boltzmann equations summarised in AppendixB are shown for
casesi) Ðiv) . The red, blue, black, and brown solid lines are the yields ofY , X I , X R , and Z !,
respectively; hereYy ! 2YY = 2YY ! . The dashed lines correspond to the equilibrium states. In
the casesi) and ii) Y and X I relics become frozen out, indicating two-component DM scenarios.
On the other hand, in the casesiii) and iv) all the DM candidates freeze out, and thus we have
three-component scenarios. We note that there is no visible di! erence between theX I relic and
X R relic in the casesiii) and iv) due to the small mass gap. A large gauge couplinggX " O(1) is
chosen for our benchmark points. In this case, once the mass gap becomes larger than" 10 keV, a
signiÞcant amount of the relic ofX R is converted into the X I relic, mainly through X R , Y # X I , Y ,
becoming a two-component scenario. In all cases we see thatZ ! follows its equilibrium state.

of ! DM h2 = 0 .12. The rest of the input parameters are kept to be the same as in Table1.
As such, the value of! XY needs to be small to realise multi-component DM scenarios. This
is not a general statement, however, since the dark Higgs Þeld is assumed to be massive
compared to the other dark Þelds. If the dark Higgs is chosen to be somewhat lighter and/or
the couplings! X ! and ! Y ! are somewhat larger, the value of! XY may become larger, due
to di ! erent signs in terms between the contact interaction and the dark Higgs mediated
processes, causing cancellation, i.e. destructive interferences. In Table3 we present such
cases; we choosemY = 37.5 MeV, mZ ! = 200 MeV, mh! = 10 GeV, gX = 1 , ! X = 1 ,
! X ! = ! Y ! = 10, and ! Y = 5 for all the four cases.
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Case ! X R / ! DM ! X I / ! DM ! y/ ! DM ! self/m DM (cm2/ g) DM scenario
i) 0 0.237 0.763 1.49 Two-component
ii) 0 0.197 0.803 3.83 Two-component
iii) 0.186 0.207 0.607 1.66 Three-component
iv) 0.087 0.088 0.825 4.04 Three-component

Table 2 . The fractions of relic density for each DM candidate Þeld and the self-scattering cross
sections are shown for the four benchmark cases. The input parameters are summarised in Table
1. The total DM relic density is ! DM h2 = 0 .12. As expected from the mass gap betweenX I and
X R , casesi) and ii) give rise to two-component DM scenarios, while three-component DM scenarios
are realised in the casesiii) and iv) . The self-scattering cross sections are somewhat larger than 1
cm2/ g imposed by the Bullet Cluster constraint [84Ð86] (see also Refs. [87, 88] where the similar
bound is obtained from cosmological simulations with self-interacting DM), but well within the
bound, 10 cm2/ g.

Case
mX R
mX I

mX I
mY

" !
Y ! " XY

! X R
! DM

! X I
! DM

! y
! DM

" self
mDM

(cm2/ g)

i !) 4 4 0.2 0.02 0 0.30 0.70 1.79
ii !) 10 1.07 0.29 0.03 0 0.21 0.79 5.46
iii !) 1.0001 4 0.29 0.04 0.24 0.28 0.48 2.07
iv!) 1.0001 1.07 0.29 0.04 0.09 0.10 0.81 5.74

Table 3 . Input parameters with non-zero " XY and outcomes of DM relics and the self-scattering
cross sections. The rest of the input parameters are chosen as follows:mY = 37.5 MeV, mZ ! = 200
MeV, mh! = 10 GeV, gX = 1 , " X = 0 .1, " X ! = " Y ! = 10, and " Y = 5 . All the cases are free
from the constraints listed in Section 3.2. We see that the multi-component DM scenarios are still
realised with sizeable" XY values. This is due to the destructive interference between theX ÐY
contact interaction and the dark Higgs mediated processes.

4 Conclusions

In this paper, we constructed multi-component dark matter scenarios withU(1)X dark
gauge symmetry broken intoZ2 ! Z3. Two independent types of dark matter Þelds, namely
X and Y , distinguished by their di! erent charges underZ2! Z3, emerge as separately stable
dark matter candidates. The relic densities of di! erent dark matter Þelds are governed by
interactions between the dark Þelds within the dark sector through number-changing2 " 2
and 3 " 2 processes. Unlike many other SIMP models in the literature,X and Y are
completely independent of each other, with di! erent masses and spins in principle. Due to
this reason we call our model a genuine multi-component SIMP dark matter scenario.

A nonzero vacuum expectation value of the dark Higgs Þeld gives mass splitting to the
real and imaginary parts of theX Þeld. When the mass gap between the real partX R and
imaginary part X I is large, only the lighter ÞeldX I becomes a stable dark matter candidate
which, together with Y , gives rise to a two-component dark matter scenario. On the other
hand, once the mass gap is small enough, bothX R and X I may contribute to the dark

Ð 17 Ð



Summary



Summary
• Local Z2 and Z3 DM models are interesting and theoretically 

consistent when dark photon is introduce : They have 
completely different particle contents and phenomenology 


• Local Z2 model : (i) Consistent model for XDM coupled to dark 
photon. (ii) Having dark Higgs opens a new window for light 
DM models without conflict with CMB bounds on the S-wave 
annihilation, since one can have P-wave annihilation


• Local Z3 model : Richer phenomenology because of dark 
photon and dark Higgs (e.g. GC -ray excess, SIDM, etc.) 


• Dark Higgs : important for unitarity (even for Higgs inflation,  
with Jinsu Kim, Wan-Il Park, hep-ph/1405.1635, JCAP(2017)) 

γ



•  DM models are natural setups for multi 
component DM where DM are stable because of 
unbroken dark gauge symmetry (WIMP, SIMP, etc..)


• We showed that 2 or 3 components SIMP scenarios can 
be realized in this setup : different DM species can have 
vastly different masses (and also different spins)


• The situation is completely different from dark QCD SIMP 
case, where one can not have vastly different DM masses


• Downside of this type of model : Difficult to verify/falsify 
by (in)direct DM detections  Any Good Idea ??

U(1)X → Z2 × Z3

→
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WIMP with ad hoc Z2 sym
• Global sym. is not enough since

• SM is guided by gauge principle

�Ã WIMP is unlikely to be stable

It looks natural and may need to consider 
a gauge symmetry in dark sector, too.

Observation requires[M. Ackermann et al. (LAT Collaboration), PRD 86, 022002 (2012)]

! DM ! 1026! 30sec!
!

m! " O(10)keV
m" " O(1)GeV

! L int =

!
! !

M P
Fµ" F µ" for boson

! 1
M P

ø#$µ Dµ %Li H   for fermion
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Why Dark Symmetry ?
• Is DM absolutely stable or very long lived ?


• If DM is absolutely stable, one can assume 
it carries a new conserved dark charge, 
associated with unbroken dark gauge sym


• DM can be long lived (lower bound on DM 
lifetime is much weaker than that on 
proton lifetime) if dark sym is 
spontaneously broken

Higgs is harmful to weak scale DM stability



• Very popular alternative to SUSY LSP


• Simplest in terms of the # of new dof’s


• But, where does this Z2 symmetry come 
from ?


• Is it Global or Local ?

Z2 sym scalar DM

3

not consider dim-3 operators,X R H   H or X I H   H , as-
suming the global dark symmetry GX is broken only by

nonrenormalizable operators.
Then the lifetime of X R or X I decaying into a pair or

photons would be

! (X R (or X I ) ! !! ) "
1

4"

!
e2

M Pl

" 2

m3
X " 10! 38

!
mX (GeV)

100

" 3

GeV (3)

This decay rate should be smaller than 10! 52GeV, which
is possible only if mX ! O(10) keV. If these nonrenor-
malizable operators are induced at lower energy scale
" < M Pl , then the DM mass should be lighter than the
above estimate, scaled by (" /M Pl )2/ 3. Axion or light di-
lation DM is a good example of this. If these operators
were allowed with O(M Planck ), it would be disastrous for
dark matter physics.

The above argument also applies to globalZ2 symme-
try which is invoked very often to stabilize the scalar dark
matter S with the following renormalizable lagrangian :

L =
1
2

#µ S#µ S #
1
2

m2
SS2 #

$S

4!
S4 #

$SH

2
S2H   H.

The Planck scale suppressed dim-5 operators will make
the weak scale dark matter S decay very fast in this
model too. Namely global Z2 discrete symmetry is not
strong enough to guarantee the stability or longevity of
the scalar dark matter. This is also true for the case of
fermion dark matter, as described in the following sec-
tion.

Local dark gauge symmetry

If dark symmetry U(1)X is unbroken, then the scalar
dark mater will be absolutely stable and there will be a
long range dark force between dark matters. The mass-
less dark photon can contribute to the extra dark radia-
tion at the level of " 0.06, making slight increase of the

SM prediction for # Ne! towards the WMAP9 data. This
issue has been addressed in detail in our recent paper [2],
and we donÕt describe it here in any more detail.

If dark symmetry U(1)X is a local symmetry that is
broken spontaneously by$%X %= v! &= 0, then the e$ect
would be similar to the global symmetry breaking with
suitable changes of couplings. The dim-5 operators which
were dangerous in case of global dark symmetry are now
replaced by dim-6 operators since the global dark sym-
metry is implemented to local dark symmetry :

L =
1

M 2
Pl

% 
X XO (4)

SM . (4)

After %X develops nonzero VEV, this operator predicts
that the CDM lifetime is long enough to be safe from
cosmological constraints: However there appears a dim-4
operator which is a disaster for the DM longevity:

L = $XH 2 % 
X XH   H + H.c. (5)

After the U(1)X and EWSB, this operator induces a
nonzero VEV for X as well asX ! hh so that X can no
longer be a good CDM candidate.

In order to forbid the above dangerous dim-4 operator,
one has to assign di$erent U(1)X charges toX and %X :
QX (X ) = 1 , QX (%X ) = 2, for example. Then the model
would possess discrete localZ2 symmetry after U(1)X

breaking, and the lightest U(1)X -charged particle would
be absolutely stable due to the localZ2 symmetry.

L = L SM #
1
4

X µ" X µ" #
1
2

&X µ" B µ" + Dµ % 
X D µ %X #

$X

4

#
% 

X %X # v2
!

$2
+ Dµ X   D µ X # m2

X X   X

#
$X

4

%
X   X

&2
#

%
µX 2%  + H.c.

&
#

$XH

4
X   XH   H #

$! X H

4
% 

X %X H   H #
$XH

4
X   X % 

X %X (6)

Due to the µ term, the mass degeneracy betweenX R and
X I is lifted, and also there could be CP violation from
the µ phase. The model is not so simple compared with
the usual Z2 scalar CDM model:

L =
1
2

#µ S#µ S #
1
2

m2
SS2 #

$S

4!
S4 #

$SH

2
S2H   H.

Dark matter phenomenology in the model (6) is very rich
and beyond the scope of this letter [1]. On the other
hand, Higgs phenomenology is very simple. There will be
two neutral Higgs-like scalar bosons, the signal strengths
of which are less than 1 independent of decay channels.



Fate of CDM with Z2 sym

• Global Z2 cannot save EW scale DM from 
decay with long enough lifetime

Consider Z2 breaking operators such as

1
M Planck

SOSM

The lifetime of the Z2 symmetric scalar CDM S is roughly given by

! (S) !
mS

M 2
Planck

! (
mS

100GeV
)10! 37GeV

The lifetime is too short for ~100 GeV DM

keeping dim-4 SM 

operators only
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Fate of CDM with Z2 sym
Spontaneously broken local U(1)X can do the 
job to some extent, but there is still a problem

Let us assume a localU(1)X is spontaneously broken by! ! X " #= 0 with

QX (! X ) = QX (X ) = 1

Then, there are two types of dangerous operators:

!  
X XH   H, and !  

X XO (dim ! 4)
SM

Problematic ! Perfectly fine !



• These arguments will apply to DM models 
based on ad hoc symmetries (Z2,Z3 etc.)


• One way out is to implement Z2 symmetry 
as local U(1) symmetry (arXiv:1407.6588 
with Seungwon Baek and Wan-Il Park);


• See a paper by Ko and Tang on local Z3 
scalar DM, and another by Ko, Omura and 
Yu on inert 2HDM with local U(1)H


• DM phenomenology richer and DM stability/
longevity on much solider ground



Scalar dark matter stabilized by local Z2 symmetry
and the INTEGRAL 511 keV ! ray

P. Ko! and Wan-Il Park  

School of Physics, KIAS, Seoul 130-722, Korea
(Dated: February 13, 2013)

We construct a scalar dark matter model where local Z2 symmetry guarantees the stability of
scalar dark matter. When we include the local U(1)X symmetry as the origin of the local Z2

symmetry, the dark matter appears from a complex scalar which has two real Þelds. After the
U(1)X ! Z2 symmetry breaking, the mass degeneracy between ..................

INTRODUCTION

If Z2 symmetry were global symmetry, it would be bro-
ken by quantum gravity e! ects which can be described
by M Planck scale suppressed nonrenormalizable operators
such as

1
M Planck

!
SFµ! F µ ! , S(H   H )2, ..

"
(1)

MODEL

Let us assume the dark sector has a localU(1)X gauge
which is spontaneously broken into localZ2 symmetry.
This can be achieved with two complex scalar Þelds! X

and X ! X R + iX I in the dark sector with the U(1)X

charges equal to 2 and 1, respectively, in the following
lagrangian:

QX (! ) = 2 , QX (X ) = 1

L = L SM + "
1
4

X µ! X µ ! "
1
2

"X µ! B µ ! + Dµ !  
X D µ ! X "

#X

4

#
!  

X ! X " v2
"

$2
+ Dµ X   D µ X " m2

X X   X

"
#X

4

!
X   X

"2
"

!
µX 2!   + H.c.

"
"

#XH

4
X   XH   H "

#" X H

4
!  

X ! X H   H "
#XH

4
X   X !  

X ! X (2)

After the U(1)X symmetry breaking by nonzero#! X $=
v" %= 0, the µ" term generates

(X 2 + H.c.) = 2( X 2
R " X 2

I )

which lifts the mass degeneracy betweenX R and X I .
The lagrangian is invariant under X & " X even after

U(1)X symmetry breaking.

The covariant derivative on X is deÞned as

Dµ X = $µ X " igX X µ X.

In terms of X I and X R , one has

Dµ X   D µ X = $µ X R $µ X R + $µ X I $µ X I + 2 igX X µ (X R $µ X I " X I $µ X R ) + g2
X X µ X µ (X 2

R + X 2
I ) (3)

If the mass di! erence ofX R and X I is of ' O(1) MeV
and the lifetime of the heavier state is ' 1026" 29 sec,
then

X R & X I %!
h followed by %!

h & %& e+ e"

could generates the positrons which would be a source of
511 keV %ray lines observed by INTEGRAL.

Note that the local Z2 symmetry guarantees the sta-
bility of the dark matter even if we consider 1/M Planck -

suppressed nonrenormalizable operators. This is in sharp
contrast with the case of global Z2. However the local
Z2 symmetry requires extra Þelds compared with a sin-
glet scalar dark matter model with unbroken global Z2

symmetry.
From the model lagrangian Eq. (2), we can work out

the particle spectra at the tree level:

m2
X = g2

X v2
" , (4)
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the particle spectra at the tree level:

m2
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X v2
" , (4)

etc.

Unbroken Local Z2 symmetry

Gauge models for excited DM

The heavier state decays into the lighter state

The local Z2 model is not that simple as the usual 

Z2 scalar DM model (also for the fermion CDM)

arXiv:1407.6588 w/ WIPark and SBaek
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Model Lagrangian

• X : scalar DM (XI and XR, excited DM)


• phi : Dark Higgs


• X_mu : Dark photon 


• 3 more fields than Z2 scalar DM model


• Z2 Fermion DM can be worked out too

Global vs. Local Z2 Symmetries for Real Scalar Dark Matter

Seungwon Baek,! P. Ko,  and Wan-Il Park à

School of Physics, KIAS, Seoul 130-722, Korea

(Dated: July 25, 2014)

We present a scalar dark matter (DM) model where DM ( X I ) is stabilized by local Z2 symmetry
originating from a spontaneously broken local dark U(1)X . Compared with the usual scalar DM
with global Z2 symmetry, the local Z2 model possesses three new extra Þelds, dark photonZ

!
,

dark Higgs ! and the excited partner of scalar DM ( X R ), with kinetic and Higgs portal interactions
dictated by local dark gauge invariance. The resulting model can accommodate thermal relic density
of scalar DM without conßict with the invisible Higgs branching ratio and the bounds from DM
direct detections due to the newly opened channels, X I X I ! Z

!
Z

!
, !! . In particular, due to the

new particles, the GeV scale " -ray excess from the Galactic Center (GC) can be originated from the
decay of non-SM Higgs which is produced in DM annihilations. Also the muon ( g " 2) anomaly can
be explained if the mass of dark photon is around # 20 MeV with the kinetic mixing of O(10! 3).

INTRODUCTION

One of the great mysteries of particle physics and cos-
mology is the so called nonbaryonic dark matter (DM)
which occupies about 27 % of the energy density of the
present universe [1, 2]. DM particle should be very long-
lived or absolutely stable, and interact with photon or
gluon very weakly (no renormalizable interaction), but
otherwise its properties are largely unknown.

The simplest DM model is the real scalar DM model
described by the Lagrangian [3Ð6]:

L DM =
1
2

! µ S! µ S !
m2

S

2
S2 !

" HS

2
S2H   H !

" S

4!
S4, (1)

with Z2 symmetry (S " ! S). This model has been
studied extensively in literature, and could be considered
as a canonical model for non-supersymmetric DM.

However Z2 symmetry in Eq. (1) is not usually spec-
iÞed whether it is global or local. If it were global, it
may be broken by gravity e! ects, described by higher
dimensional nonrenormalizable operators such as

L Z 2 breaking =
c5

M Planck
SO(4)

SM

where O(4)
SM is any dim-4 operator in the SM such as

Gµ! Gµ! or Yukawa interactions, etc.. Such a dim-5 op-
erator makes the scalar DMS decay immediately unless
its mass is vey light ! O(1) keV if c5 # O(1) [7]. There-
fore global Z2 would not be enough to stabilize or make
long-lived the weak scale DMS, and it would be better
to use localZ2 symmetry to stabilize weak scale DM [7].

This new local gauge symmetry has another nice fea-
ture that DM also has its own gauge interaction just as
all the SM particles do feel some gauge interaction, with
a possibility of strong self interaction for light dark gauge
bosons and/or dark Higgs [8]. Dark gauge symmetry can
be realized naturally in superstring theory, for example,
where the original gauge group with a huge rank is bro-
ken into GSM $ GDark .

In this letter, we propose a simple scalar dark matter
model based on a localZ2 discrete symmetry originated
from a spontaneously broken localU(1)X , and investi-
gate its phenomenology including relic density, possibil-
ities of direct/indirect detections and addressing GeV
scale #-ray excess in Fermi-LAT #-ray data in the di-
rection of the Galactic Center (GC). In local Z2 model,
there are 3 new extra Þelds (dark Higgs, dark photon, an
unstable excited dark scalarX R ) dictated by local dark
gauge symmetry. Due to the additional Þelds and pre-
sumed local dark gauge symmetry, the phenomenology
of dark matter is expected to be distinctly di! erent from
the usual Z2 scalar DM model described by Eq (1).

MODEL

Let us assume the dark sector has localU(1)X gauge
symmetry with scalar dark matter X and dark Higgs
$ with U(1)X charges equal toqX (X, $) = (1 , 2) [9].
The local U(1)X is spontaneously broken into localZ2

subgroup by nonzero VEV of $, v" . Then the model
Lagrangian invariant under local dark gauge symmetry
is given by

L = L SM !
1
4

öX µ! öX µ! !
1
2

sin%öX µ! öB µ! + Dµ $D µ $ + Dµ X   D µ X ! m2
X X   X + m2

" $  $

! " "
!
$  $

"2
! " X

!
X   X

"2
! " " X X   X $  $ ! " " H $  $H   H ! " HX X   XH   H ! µ

!
X 2$  + H.c.

"
. (2)
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[1407.6588, Seungwon Baek, P. Ko & WIP]



¥Some DM models with Higgs portal

DM

DM

𝜙

𝜙

Vector DM with Z2

Scalar DM with local Z2

[1404.5257, P. Ko, WIP & Y. Tang]

[1407.6588, Seungwon Baek, P. Ko & WIP]

- muon (g-2) as well as GeV scale gamma-ray excess explained

- natural realization of excited state of DM

- free from direct detection constraint even for a light ZÕ
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B The Full Boltzmann Equations

In this appendix, we present the full Boltzmann equations forY , X R, X I , and Z !. The
Boltzmann equation for Y is, using YY = YY ! = Yy/ 2, given by
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The Boltzmann equations forX I and X R are

dYX I

dx
=

x

H

!

! ! "X R ! Z ! ,X I

"

YX R #
Y eq

X R

Y eq
Z ! Y eq

X I

YZ ! YX I

#

+ ! ! "Z ! ! X I ,X R

"

YZ ! #
Y eq

Z !

Y eq
X I

Y eq
X R

YX I YX R

#

+ ! ! "X R ! X I ,Y,Y "

"

YX R #
Y eq

X R

Y eq
X I

(Y eq
y )2

YX I Y 2
y

# $

+
s

Hx 2

!

2! ! v"Z ! ,Z ! ! X I ,X I

"

Y 2
Z ! #

(Y eq
Z ! )2

(Y eq
X I

)2
Y 2

X I

#

+ 2 ! ! v"X R ,X R ! X I ,X I

"

Y 2
X R

#
(Y eq

X R
)2

(Y eq
X I

)2
Y 2

X I

#

+ ! ! v"X R ,Y ! X I ,Y

"

YX R Yy #
Y eq

X R

Y eq
X I

YX I Yy

#

# 2! ! v"X I ,X I ! Z ! ,Z !

"

Y 2
X I

#
(Y eq

X I
)2

(Y eq
Z ! )2

Y 2
Z !

#

# 2! ! v"X I ,X I ! Y,Y "

"

Y 2
X I

#
(Y eq

X I
)2

(Y eq
y )2

Y 2
y

#

# ! ! v"X I ,X R ! Y,Y "

"

YX I YX R #
Y eq

X I
Y eq

X R

(Y eq
y )2

Y 2
y

# $

+
s2

Hx 5

!

# ! ! v2"Z ! ,X I ,X R ! Z ! ,Z !

"

YZ ! YX I YX R #
Y eq

X I
Y eq

X R

Y eq
Z !

Y 2
Z !

#

# ! ! v2"X I ,X R ,Y ! Z ! ,Y

"

YX I YX R Yy #
Y eq

X I
Y eq

X R

Y eq
Z !

YZ ! Yy

#

+
1

4
! ! v2"Z ! ,Y,Y " ! X I ,X R

"

YZ ! Y 2
y #

Y eq
Z ! (Y eq

y )2

Y eq
X I

Y eq
X R

YX I YX R

#

+
1

4
! ! v2"Y,Y,Y ! X I ,X R

"

Y 3
y #

(Y eq
y )3

Y eq
X I

Y eq
X R

YX I YX R

#

#
1

2
! ! v2"X I ,Y,Y ! X R ,Y "

"

YX I Y 2
y #

Y eq
X I

Y eq
y

Y eq
X R

YX R Yy

#

# 2! ! v2"X I ,X I ,Y ! Y " ,Y "

"

Y 2
X I

Yy #
(Y eq

X I
)2

Y eq
y

Y 2
y

#

+ ! ! v2"Z ! ,Z ! ,X R ! Z ! ,X I

"

Y 2
Z ! YX R #

Y eq
Z ! Y eq

X R

Y eq
X I

YZ ! YX I

#

# ! ! v2"X I ,X I ,X R ! Z ! ,X I

"

Y 2
X I

YX R #
Y eq

X I
Y eq

X R

Y eq
Z !

YZ ! YX I

#

+ ! ! v2"X R ,X R ,X R ! Z ! ,X I

"

Y 3
X R

#
(Y eq

X R
)3

Y eq
Z ! Y eq

X I

YZ ! YX I

#

+
1

4
! ! v2"X R ,Y,Y " ! Z ! ,X I

"

YX R Y 2
y #

Y eq
X R

(Y eq
y )2

Y eq
Z ! Y eq

X I

YZ ! YX I

#

+ ! ! v2"Z ! ,X I ,X R ! X I ,X I

"

YZ ! YX I YX R #
Y eq

Z ! Y eq
X R

Y eq
X I

Y 2
X I

#

+
1

2
! ! v2"X R ,Y,Y ! X I ,Y "

"

YX R Y 2
y #

Y eq
X R

Y eq
y

Y eq
X I

YX I Yy

#

# ! ! v2"X I ,X R ,Y ! Y " ,Y "

"

YX I YX R Yy #
Y eq

X I
Y eq

X R

Y eq
y

Y 2
y

#

# ! ! v2"Z ! ,Z ! ,X I ! Z ! ,X R

"

Y 2
Z ! YX I #

Y eq
Z ! Y eq

X I

Y eq
X R

YZ ! YX R

#

# 3! ! v2"X I ,X I ,X I ! Z ! ,X R

"

Y 3
X I

#
(Y eq

X I
)3

Y eq
Z ! Y eq

X R

YZ ! YX R

#

# ! ! v2"X I ,X R ,X R ! Z ! ,X R

"

YX I Y 2
X R

#
Y eq

X I
Y eq

X R

Y eq
Z !

YZ ! YX R

#

+
1

2
! ! v2"Z ! ,Y,Y " ! X I ,X I

"

YZ ! Y 2
y #

Y eq
Z ! (Y eq

y )2

(Y eq
X I

)2
Y 2

X I

#

+
1

2
! ! v2"Y,Y,Y ! X I ,X I

"

Y 3
y #

(Y eq
y )3

(Y eq
X I

)2
Y 2

X I

#

# ! ! v2"Z ! ,X I ,X R ! X R ,X R

"

YZ ! YX I YX R #
Y eq

Z ! Y eq
X I

Y eq
X R

Y 2
X R

#

# ! ! v2"Z ! ,X I ,Y ! X R ,Y

"

YZ ! YX I Yy #
Y eq

Z ! Y eq
X I

Y eq
X R

YX R Yy

#

# 2! ! v2"X I ,X I ,Y ! Z ! ,Y

"

Y 2
X I

Yy #
(Y eq

X I
)2

Y eq
Z !

YZ ! Yy

#

+ ! ! v2"Z ! ,Z ! ,Z ! ! X I ,X R

"

Y 3
Z ! #

(Y eq
Z ! )3

Y eq
X I

Y eq
X R

YX I YX R

#

# ! ! v2"Z ! ,X I ,X I ! X I ,X R

"

YZ ! Y 2
X I

#
Y eq

Z ! Y eq
X I

Y eq
X R

YX I YX R

#

+ ! ! v2"Z ! ,X R ,X R ! X I ,X R

"

YZ ! Y 2
X R

#
Y eq

Z ! Y eq
X R

Y eq
X I

YX I YX R

#

+ ! ! v2"Z ! ,X R ,Y ! X I ,Y

"

YZ ! YX R Yy #
Y eq

Z ! Y eq
X R

Y eq
X I

YX I Yy

#

# ! ! v2"Z ! ,X I ,X R ! Y,Y "

"

YZ ! YX I YX R #
Y eq

Z ! Y eq
X I

Y eq
X R

(Y eq
y )2

Y 2
y

#

# 2! ! v2"Z ! ,X I ,X I ! Y,Y "

"

YZ ! (YX I )2 #
Y eq

Z ! (Y eq
X I

)2

(Y eq
y )2

Y 2
y

# $

, (B.2)

Ð 22 Ð



and

dYX R

dx
=

x

H

!

! ! "Z ! ! X I ,X R

"

YZ ! #
Y eq

Z !

Y eq
X I

Y eq
X R

YX I YX R

#

# ! ! "X R ! Z ! ,X I

"

YX R #
Y eq

X R

Y eq
Z ! Y eq

X I

YZ ! YX I

#

# ! ! "X R ! X I ,Y,Y "

"

YX R #
Y eq

X R

Y eq
X I

(Y eq
y )2

YX I Y 2
y

# $

+
s

Hx 2

!

2! ! v"Z ! ,Z ! ! X R ,X R

"

Y 2
Z ! #

(Y eq
Z ! )2

(Y eq
X R

)2
Y 2

X R

#

# 2! ! v"X R ,X R ! Z ! ,Z !

"

Y 2
X R

#
(Y eq

X R
)2

(Y eq
Z ! )2

Y 2
Z !

#

# 2! ! v"X R ,X R ! X I ,X I

"

Y 2
X R

#
(Y eq

X R
)2

(Y eq
X I

)2
Y 2

X I

#

# 2! ! v"X R ,X R ! Y,Y "

"

Y 2
X R

#
(Y eq

X R
)2

(Y eq
y )2

Y 2
y

#

# ! ! v"X R ,Y ! X I ,Y

"

YX R Yy #
Y eq

X R

Y eq
X I

YX I Yy

#

# ! ! v"X I ,X R ! Y,Y "

"

YX I YX R #
Y eq

X I
Y eq

X R

(Y eq
y )2

Y 2
y

# $

+
s2

Hx 5

!

# ! ! v2"Z ! ,X I ,X R ! Z ! ,Z !

"

YZ ! YX I YX R #
Y eq

X I
Y eq

X R

Y eq
Z !

Y 2
Z !

#

# ! ! v2"X I ,X R ,Y ! Z ! ,Y

"

YX I YX R Yy #
Y eq

X I
Y eq

X R

Y eq
Z !

YZ ! Yy

#

# 2! ! v2"X R ,X R ,Y ! Z ! ,Y

"

Y 2
X R

Yy #
(Y eq

X R
)2

Y eq
Z !

YZ ! Yy

#

+
1

4
! ! v2"Z ! ,Y,Y " ! X I ,X R

"

YZ ! Y 2
y #

Y eq
Z ! (Y eq

y )2

Y eq
X I

Y eq
X R

YX I YX R

#

+
1

4
! ! v2"Y,Y,Y ! X I ,X R

"

Y 3
y #

(Y eq
y )3

Y eq
X I

Y eq
X R

YX I YX R

#

+
1

2
! ! v2"X I ,Y " ,Y " ! X R ,Y

"

YX I Y 2
y #

Y eq
X I

Y eq
y

Y eq
X R

YX R Yy

#

# ! ! v2"Z ! ,Z ! ,X R ! Z ! ,X I

"

Y 2
Z ! YX R #

Y eq
Z ! Y eq

X R

Y eq
X I

YZ ! YX I

#

# ! ! v2"X I ,X I ,X R ! Z ! ,X I

"

Y 2
X I

YX R #
Y eq

X I
Y eq

X R

Y eq
Z !

YZ ! YX I

#

# 3! ! v2"X R ,X R ,X R ! Z ! ,X I

"

Y 3
X R

#
(Y eq

X R
)3

Y eq
Z ! Y eq

X I

YZ ! YX I

#

#
1

4
! ! v2"X R ,Y,Y " ! Z ! ,X I

"

YX R Y 2
y #

Y eq
X R

(Y eq
y )2

Y eq
Z ! Y eq

X I

YZ ! YX I

#

# ! ! v2"Z ! ,X I ,X R ! X I ,X I

"

YZ ! YX I YX R #
Y eq

Z ! Y eq
X R

Y eq
X I

Y 2
X I

#

#
1

2
! ! v2"X R ,Y,Y ! X I ,Y "

"

YX R Y 2
y #

Y eq
X R

Y eq
y

Y eq
X I

YX I Yy

#

+
1

2
! ! v2"Y,Y,Y ! X R ,X R

"

Y 3
y #

(Y eq
y )3

(Y eq
X R

)2
Y 2

X R

#

# ! ! v2"X I ,X R ,Y " ! Y,Y

"

YX I YX R Yy #
Y eq

X I
Y eq

X R

Y eq
y

Y 2
y

#

+ ! ! v2"Z ! ,Z ! ,X I ! Z ! ,X R

"

Y 2
Z ! YX I #

Y eq
Z ! Y eq

X I

Y eq
X R

YZ ! YX R

#

+ ! ! v2"X I ,X I ,X I ! Z ! ,X R

"

Y 3
X I

#
(Y eq

X I
)3

Y eq
Z ! Y eq

X R

YZ ! YX R

#

# ! ! v2"X I ,X R ,X R ! Z ! ,X R

"

YX I Y 2
X R

#
Y eq

X I
Y eq

X R

Y eq
Z !

YZ ! YX R

#

+ ! ! v2"Z ! ,X I ,X R ! X R ,X R

"

YZ ! YX I YX R #
Y eq

Z ! Y eq
X I

Y eq
X R

Y 2
X R

#

+ ! ! v2"Z ! ,X I ,Y ! X R ,Y

"

YZ ! YX I Yy #
Y eq

Z ! Y eq
X I

Y eq
X R

YX R Yy

#

# 2! ! v2"X R ,X R ,Y " ! Y,Y

"

Y 2
X R

Yy #
(Y eq

X R
)2

Y eq
y

Y 2
y

#

+ ! ! v2"Z ! ,Z ! ,Z ! ! X I ,X R

"

Y 3
Z ! #

(Y eq
Z ! )3

Y eq
X I

Y eq
X R

YX I YX R

#

+ ! ! v2"Z ! ,X I ,X I ! X I ,X R

"

YZ ! Y 2
X I

#
Y eq

Z ! Y eq
X I

Y eq
X R

YX I YX R

#

# ! ! v2"Z ! ,X R ,X R ! X I ,X R

"

YZ ! Y 2
X R

#
Y eq

Z ! Y eq
X R

Y eq
X I

YX I YX R

#

# ! ! v2"Z ! ,X R ,Y ! X I ,Y

"

YZ ! YX R Yy #
Y eq

Z ! Y eq
X R

Y eq
X I

YX I Yy

#

+
1

2
! ! v2"Z ! ,Y,Y " ! X R ,X R

"

YZ ! Y 2
y #

Y eq
Z ! (Y eq

y )2

(Y eq
X R

)2
Y 2

X R

#

# ! ! v2"Z ! ,X I ,X R ! Y,Y "

"

YZ ! YX I YX R #
Y eq

Z ! Y eq
X I

Y eq
X R

(Y eq
y )2

Y 2
y

#

# 2! ! v2"Z ! ,X R ,X R ! Y,Y "

"

YZ ! Y 2
X R

#
Y eq

Z ! (Y eq
X R

)2

(Y eq
y )2

Y 2
y

# $

. (B.3)

Ð 23 Ð



Finally, the Boltzmann equation for Z ! is given by
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