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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 )


• XDM : phenomenologically interesting possibility, used for interpretation of DAMA, 
511 keV -ray & PAMELA  excesses, and XENON1T excess, muon (g-2), etc


• 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+



Z2 real scalar DM

• Simplest DM model with Z2 symmetry : 


• Global Z2 could be broken by gravity effects (higher dim operators)


• e.g. consider Z2 breaking dim-5 op :  


• Lifetime of EW scale mass “S” is too short to be a DM


• Similarly for singlet fermion DM 

S → − S

1
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3

not consider dim-3 operators, XRH†H or XIH†H, as-
suming the global dark symmetry GX is broken only by

nonrenormalizable operators.
Then the lifetime of XR or XI decaying into a pair or

photons would be
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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
⇤ < MPl, then the DM mass should be lighter than the
above estimate, scaled by (⇤/MPl)2/3. Axion or light di-
lation DM is a good example of this. If these operators
were allowed with O(MPlanck), it would be disastrous for
dark matter physics.

The above argument also applies to global Z2 symme-
try which is invoked very often to stabilize the scalar dark
matter S with the following renormalizable lagrangian :

L =
1

2
@µS@

µS � 1

2
m2

S
S2 � �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 don’t describe it here in any more detail.

If dark symmetry U(1)X is a local symmetry that is
broken spontaneously by h�Xi = v� 6= 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

M2
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 = �XH2�†
X
XH†H +H.c. (5)

After the U(1)X and EWSB, this operator induces a
nonzero VEV for X as well as X ! 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 to X and �X :
QX(X) = 1, QX(�X) = 2, for example. Then the model
would possess discrete local Z2 symmetry after U(1)X
breaking, and the lightest U(1)X -charged particle would
be absolutely stable due to the local Z2 symmetry.
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Due to the µ term, the mass degeneracy between XR and
XI 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
@µS@

µS � 1

2
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S
S2 � �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.



Local dark gauge symmetry
• Better to use local gauge symmetry for DM stability (Baek,Ko,Park,arXiv:1303.4280 )

• Success of the Standard Model of 
Particle Physics lies in “local gauge 
symmetry” without imposing any 
internal global symmetries 


• Electron stability : U(1)em gauge 
invariance, electric charge 
conservation, massless photon


• Proton longevity : baryon # is an 
accidental sym of the SM


• No gauge singlets in the SM ; all the 
SM fermions chiral

• Dark sector with (excited) dark 
matter, dark radiation and force 
mediators might have the same 
structure as the SM


• “Chiral dark gauge theories without 
any global sym”


•Origin of DM stability/longevity from 
dark gauge sym, and not from dark 
global symmetries, as in the SM


• Just like the SM (conservative)



In QFT
• DM could be absolutely stable due to  unbroken 

local gauge symmetry (DM with local Z2, Z3 etc.) 
or topology (hidden sector monopole + vector 
DM + dark radiation)


• Longevity of DM could be due to some 
accidental symmetries (hidden sector pions and 
baryons)


• Or DM is long lived for kinematic reaons, namely 
very light (axion,  , etc)νs



XENON1T Excess 
In inelastic DM models

(Talk by Jongkuk Kim)



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 
• Inelastic exothermic scattering of XDM 


•   by dark photon exchange + kinetic mixing


• Excess is determined by 


• Most works about XENON1T excess are based on effective/toy models 
where  is put in by hand 


• 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

→

[ Kannike et al; Harigaya et al; HM Lee; Bramante et al, etc. ]



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, 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



Relic Density from    

(P-wave annihilation)

XX† → Z′ * → ff̄

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



Muon g-2, Dark photon, XDM 
Mohlabeng, arXiv:1902.05075 

Relic abundance calculations will change if we include dark Higgs



Muon g-2, Dark photon, XDM 
Mohlabeng, arXiv:1902.05075 



What if we don’t have 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 


• Also true in amplitude methods, independent of Lagrangian models (work in progress)

Eγ′ 

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



Inelastic DM models with  
dark gauge symmetry



Scalar XDM ( )  XR & XI

role when mDM < mZ0 , 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 specifically ⇠ 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 in p-wave, and not in s-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

0⇤
! Z

0
�,

�� ! ��,

where X 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 have T ⌧ �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 the p-wave annihilation.

II. MODELS FOR (EXCITED) DM

A. Scalar DM model

The dark sector has a gauged U(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, h�i = v�/
p
2, the gauge symmetry is spontaneously broken

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

in the form [51]

L = LSM �
1

4
X̂µ⌫X̂

µ⌫
�

1

2
sin ✏X̂µ⌫B̂

µ⌫ +Dµ�†Dµ�+DµX†DµX �m2
X
X†X +m2

�
�†�

���

�
�†�

�2
� �X

�
X†X

�2
� ��XX

†X�†�� ��H�
†�H†H � �HXX

†XH†H

�µ
�
X2�† +H.c.

�
, (1)

where X̂µ⌫ (Bµ⌫) is the field strength tensors of U(1)X (U(1)Y ) gauge boson in the interaction

basis.

3

Field

U(1) 
charge 2 1 1

ϕ X χ

We decompose the X as

X =
1
p
2
(XR + iXI), (2)

and H and � as

H =

0

@ 0

1p
2
(vH + hH)

1

A , � =
1
p
2
(v� + h�), (3)

in the unitary gauge.

The dark photon mass is given by

m2
Z0 ' (2gXv�)

2, (4)

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

parameter. The masses of XR and XI are obtained to be

m2
R
= m2

X
+

1

2
�HXv

2
H
+

1

2
��Xv

2
�
+

µ
p
2
v�,

m2
I
= m2

X
+

1

2
�HXv

2
H
+

1

2
��Xv

2
�
�

µ
p
2
v�, (5)

and the mass di↵erence, � ⌘ mR �mI ' µv�/
p
2mX . Since the original U(1)X symmetry

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

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

matrix
0

@ 2�Hv2H ��HvHv�

��HvHv� 2��v2�

1

A , (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), where H1 is the SM Higgs-like state and H2(⌘ �) is mostly dark

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

to be, v� ' mH2/
p
2��, while ↵H ' ��Hv�/2�HvH .

The mass eigenstates Zµ and Z 0
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(T

3
�Qems

2
W
) + ✏gXQXsW

⌘
Zµ + i

⇣
gXQX � ✏eQemcW

⌘
Z 0

µ
, (7)

4

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

the electron [56]

L � gXZ
0µ(XR@µXI �XI@µXR)� ✏ ecWZ 0

µ
e�µe, (12)

where cW is the cosine of the Weinberg angle, Z and Z 0 are mass eigenstates, and we

assumed that ✏(⇠ 10�4) is small. The cross section for the inelastic scattering XRe ! XIe

for mX � me and small momentum transfer is given by

�e =
16⇡✏2↵em↵Xc2Wm2

e

m4
Z0

, (13)

where ↵em ' 1/137 is the fine 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

Z
q+

q�

a20qdqK(ER, q), (14)

where ER 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 = � + vq cos ✓ �
q2

2mR

, (15)

where ✓ is the angle between the incoming XR and the momentum transfer q = p0
e
� p

e
.

The integration limits are [9],

q± ' mRv ±
q
m2

R
v2 � 2mR(ER � �), for ER � �,

q± ' ±mRv +
q
m2

R
v2 � 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

= nTnR

d�v

dER

, (17)

where nT ⇡ 4⇥1027/ton is the number density of xenon atoms and nR ⇡ 0.15GeV/mR/cm3

is the number density of the heavier DM component XR, assuming nR = nI . Integrating

over ER, we get the event rate

R ⇡ 3.69⇥ 109 ✏2 g2
X

✓
1GeV

mR

◆✓
1GeV

mZ0

◆4

/ton/year. (18)
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Since XR is a dark matter component in our model with the same abundance with XI , its

lifetime should be much longer than the age of the universe. It can decay via XR ! XI���

as shown in [9]. Its decay into three-body final state, XR ! XI⌫⌫, is also possible in our

model. The relevant interactions are

L � ✏gXsWZµ(XR@µXI �XI@µXR)�
gZ
2
Zµ⌫L�

µ⌫L. (19)

The decay width is given by

� '
✏2↵Xs2W
5
p
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 XR ! XI��� considered in [9], the

lifetime of XR is still much longer than the age of the universe.

In the right panel of Fig. 1 , we show the allowed region in the (mZ0 , ✏) 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 be mR = 0.1 GeV, and varied

the dark Higgs mass m� = 20, 40, 60, 80 MeV denoted with di↵erent colors. The sharp drops

on the right allowed region is from the kinematic boundary, mZ0+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 dark U(1) charge Q� and dark photon. We also introduce a complex dark

Higgs field �, which takes a nonzero vacuum expectation value, generating nonzero mass for

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

into a dark Z2 symmetry with a judicious choice of its dark charge Q�.

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

L = �
1

4
X̂µ⌫X̂µ⌫ �

1

2
sin ✏X̂µ⌫B

µ⌫ + �
�
i /D �m�

�
�+Dµ�

†Dµ� (21)

� µ2�†�� ��|�|
4
�

1
p
2

⇣
y�†�C�+ h.c.

⌘
� ��H�

†�H†H
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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 0� and (right)

the region in the (mZ0 , ✏) 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 represents m� = 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 0
! XRXI is

kinematically forbidden.

where X̂µ⌫ = @µX̂⌫ � @⌫X̂µ. Dµ = @µ + igXQXX̂µ is the covariant derivative, where gX is

the dark coupling constant, and QX denotes the dark charge of � and �: Q� = 2, Q� =

1, respectively. Then U(1)X dark gauge symmetry is spontaneously broken into its Z2

subgroup, and the Dirac DM � is split into two Majorana DM �R and �I defined as

� =
1
p
2
(�R + i�I), (22)

�c =
1
p
2
(�R � i�I), (23)

�c

R
= �R, �c

I
= �I , (24)

with

mR,I = m� ± yv� = m� ±
1

2
�. (25)

We assume y > 0 so that � ⌘ mR � mI = 2yv� > 0. Then the above Lagrangian is

written as

L =
1

2

X

i=R,I

�i

�
i/@ �mi

�
�i � i

gX
2
(Z 0

µ
+ ✏sWZµ) (�R�

µ�I � �I�
µ�R) (26)

�
1

2
yh� (�R�R � �I�I) , (27)

where h� is neutral CP-even component of � as defined in (3).

9



P-wave annihilation cross sections
Scalar DM : XX† → Z′ * → Z′ ϕ



Fermion XDM ( )χR & χI

Since XR is a dark matter component in our model with the same abundance with XI , its

lifetime should be much longer than the age of the universe. It can decay via XR ! XI���

as shown in [9]. Its decay into three-body final state, XR ! XI⌫⌫, is also possible in our

model. The relevant interactions are

L � ✏gXsWZµ(XR@µXI �XI@µXR)�
gZ
2
Zµ⌫L�

µ⌫L. (19)

The decay width is given by

� '
✏2↵Xs2W
5
p
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 XR ! XI��� considered in [9], the

lifetime of XR is still much longer than the age of the universe.

In the right panel of Fig. 1 , we show the allowed region in the (mZ0 , ✏) 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 be mR = 0.1 GeV, and varied

the dark Higgs mass m� = 20, 40, 60, 80 MeV denoted with di↵erent colors. The sharp drops

on the right allowed region is from the kinematic boundary, mZ0+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 dark U(1) charge Q� and dark photon. We also introduce a complex dark

Higgs field �, which takes a nonzero vacuum expectation value, generating nonzero mass for

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

into a dark Z2 symmetry with a judicious choice of its dark charge Q�.

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

L = �
1

4
X̂µ⌫X̂µ⌫ �

1

2
sin ✏X̂µ⌫B

µ⌫ + �
�
i /D �m�

�
�+Dµ�

†Dµ� (21)

� µ2�†�� ��|�|
4
�

1
p
2

⇣
y�†�C�+ h.c.

⌘
� ��H�

†�H†H
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FIG. 1: (left) Feynman diagrams relevant for thermal relic density of DM: XX†
! Z 0� and (right)

the region in the (mZ0 , ✏) 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 represents m� = 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 0
! XRXI is

kinematically forbidden.

where X̂µ⌫ = @µX̂⌫ � @⌫X̂µ. Dµ = @µ + igXQXX̂µ is the covariant derivative, where gX is

the dark coupling constant, and QX denotes the dark charge of � and �: Q� = 2, Q� =

1, respectively. Then U(1)X dark gauge symmetry is spontaneously broken into its Z2

subgroup, and the Dirac DM � is split into two Majorana DM �R and �I defined as

� =
1
p
2
(�R + i�I), (22)

�c =
1
p
2
(�R � i�I), (23)

�c

R
= �R, �c

I
= �I , (24)

with

mR,I = m� ± yv� = m� ±
1

2
�. (25)

We assume y > 0 so that � ⌘ mR � mI = 2yv� > 0. Then the above Lagrangian is

written as

L =
1

2

X

i=R,I

�i

�
i/@ �mi

�
�i � i

gX
2
(Z 0

µ
+ ✏sWZµ) (�R�

µ�I � �I�
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the region in the (mZ0 , ✏) 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 represents m� = 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 0
! XRXI is

kinematically forbidden.
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FIG. 2: (top) Feyman diagrams for ��̄ ! ��. (bottom) the region in the (mZ0 , ✏) 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, assuming Z 0
! �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 coupling gX and the quartic coupling of dark Higgs (��)

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

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 broken U(1)X ! Z2 gauge

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

in the scalar DM case.
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P-wave annihilation cross sections
Scalar DM : XX† → Z′ * → Z′ ϕ

Fermion DM : χχ → ϕϕ



Determination of (M,spin) @ 
Belle2

(Talk by Chih-Ting Lu)



Displaced signature examples in  
Belle II detector (xy-plane) 

Vertex detector

Drift chamber

Calorimeter



Can we tell the difference for fermion and  
scalar boson pair productions at colliders ?

1. The cross sections for fermion and scalar boson pair productions are scaled by    and        
respectively, where  is the velocity of the final state particle in the center-of-mass frame.


2. Hence, one can expect the production of the scalar pair is suppressed by an extra factor of  compared 
with the fermionic case.

β1/2 β3/2

β
β



If          are long-lived, can we determine their spin at colliders ?

In the center of mass (CM) frame, the normalized differential cross section can be written as


for the scalar case  

for the fermion case  

where 

Note     is the direction of    relative to the beam direction. 

 

(e+e− → ϕ2ϕ1)

(e+e− → χ2 χ1)

ϕ2 , χ2

We need to know the direction 
of the displaced vertex

ϕ2 , χ2



In the center of mass (CM) frame 

In the laboratory (LAB) frame

The differences are still obvious 
in the LAB frame !

If          are long-lived, can we determine their spin at colliders ?



If           are long-lived, can we determine their spin at colliders ?

In the center of mass (CM) frame with initial state radiation (ISR) 

In the laboratory (LAB) frame with initial state radiation (ISR)

It’s difficult to determine the 
excited DM spin in this case 
except for the soft ISR ! 
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! �1�2(�1�2)� processes

for event selections in Table I with the integrated luminosity of 50 ab�1. Here parameters

↵D = 0.1, mZ0 = 3M�1,�1 and ��,� = 0.1M�1,�1 are fixed and 90% C.L. contours which

correspond to an upper limit of 2.3 events with the assumption of background-free are

applied. The model-independent LEP bound [79], BaBar mono-� bound [23] and correct

relic abundance lines are also shown.

FIG. 7: The same as Fig. 6 but for mZ0 = 3M�1,�1 and ��,� = 0.1M�1,�1 . The green

shaded region bounded by the green dashed lines is the 2� allowed region for the (g � 2)µ

excess and the lighter gray region excluded by the (g � 2)µ at 5� C.L.

the BaBar mono-� bound is slightly weakened when the displaced channel is open. Since

the recasting in Ref [24] does not include the requirement on the angle ✓DV

LAB
in Table I, the

results are weaker than the ones in Ref. [21]. That is the reason why this parameter space is

still allowed in Ref [24]. In order to make a more precise recasting, we follow Ref. [21] for the
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See the paper for more details



If the excited DM is long-lived,  
can we determine its mass at colliders ?

In the center of mass (CM) frame for the process 


There are 8 unknown values from four-momentum of two dark matters in the final states.


However, we have 7 constraints for this process :


1. four-momentum conservation (4) 

2. two dark matters with the same mass (1) 

3. because of the charge neutrality of the excited DM, a three-momentum vector is proportional 

to the displaced vertex (2) 


Therefore, we cannot get the unique solution for 8 unknown values. We need to find other ways to 
determine the mass of DM and mass splitting !



In the center of mass (CM) frame for the process 


We can first write down the following equation with the help of four-momentum conservation,





where    is the direction of displaced vertex, E is half of the center of mass energy,


   are the visible energy and three-momentum in the final states, and 





For each event, we can receive a relation between the mass of DM and mass splitting.


 

e+e− → χ1χ2 → χ1χ1e+e−

m2
χ2

− m2
χ1

− 2E(1 + α)EV′ 
+ E2

V′ 
− | ⃗pV′ 

|2 + 2 (E(1 + α))2 − m2
χ2

( ̂rDV ⋅ ⃗pV′ 
) = 0

̂rDV

EV′ 
, ⃗pV′ 

α =
m2

χ2
− m2

χ1

4E2

If the excited DM is long-lived,  
can we determine its mass at colliders ?



If the excited DM is long-lived, can we determine its mass at colliders ?

The crossing point from these events and kinematic endpoint measurement           can help us 
to determine the mass of DM and mass splitting. This method is based on “Kinematic focus 
point” from arXiv:1906.0282 (Kim,Matchev,Shyamsundar). 

 

event-1
event-2

event-3



If the excited DM is long-lived, can we determine its mass at colliders ?

In the LAB frame for the process  

We can still write down the following equation with the help of four-momentum conservation, 

where        is the direction of displaced vertex, E is half of the center of mass energy, 

       ,        are the visible energy and three-momentum in the final states, and  

 



If the excited DM is long-lived, can we determine its mass at colliders ?

where  

Again, the crossing point from these events and kinematic endpoint measurement           can 
help us to determine the mass of DM and mass splitting. 

 

event-1

event-2 event-3

How about the impact of the 
detector resolution ?



If the excited DM is long-lived, can we determine its mass at colliders ?

Assume we can have 100 signal events at the Belle II, then we will get 4950 solutions from 
each two events !   

 



If the excited DM is long-lived, can we determine its mass at colliders ?

Similarly, 

 

event-1

In the LAB frame

event-3

event-1

event-2



If the excited DM is long-lived, can we determine its mass at colliders ?

  

 



Conclusion
1. The inelastic DM with extra   gauge symmetry is an interesting dark 

sector models with light DM.  
2. If  are long-lived, the size of cross sections for                    

productions and their angular distributions can give us some hints for the spin 
of DM. 

3. If  are long-lived, we can apply the “Kinematic focus point” method, the 
mass of DM and its mass splitting can be determined within a few percent for 
some parameter space.

U(1)D

ϕ2, χ2 ϕ1ϕ2(χ1χ2)

ϕ2, χ2



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 Belle2 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



X(17MeV)  
ATOMKI Boson?

Sumit Ghosh, P.Ko, arXiv:2311.14099 [hep-ph]

Work in progress with Jinheung Kim, (Y.J.Kwon + ??)

Some slides taken from the CERN seminar by Luigi Delle Rose



ATOMKI X(17 MeV) Boson

Luigi	Delle Rose,	RAL	and	UoS

Observation of Anomalous Internal Pair Creation in 8Be: A Possible Indication of a Light,
Neutral Boson

A. J. Krasznahorkay,* M. Csatlós, L. Csige, Z. Gácsi, J. Gulyás, M. Hunyadi, I. Kuti, B. M. Nyakó, L. Stuhl, J. Timár,
T. G. Tornyi, and Zs. Vajta
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Electron-positron angular correlations were measured for the isovector magnetic dipole 17.6 MeV
(Jπ ¼ 1þ, T ¼ 1) state → ground state (Jπ ¼ 0þ, T ¼ 0) and the isoscalar magnetic dipole 18.15 MeV
(Jπ ¼ 1þ, T ¼ 0) state → ground state transitions in 8Be. Significant enhancement relative to the internal
pair creation was observed at large angles in the angular correlation for the isoscalar transition with a
confidence level of > 5σ. This observation could possibly be due to nuclear reaction interference effects or
might indicate that, in an intermediate step, a neutral isoscalar particle with a mass of
16.70# 0.35ðstatÞ # 0.5ðsystÞ MeV=c2 and Jπ ¼ 1þ was created.

DOI: 10.1103/PhysRevLett.116.042501

Recently, several experimental anomalies were discussed
as possible signatures for a new light particle [1–3]. Some
predictions suggest light neutral bosons in the 10 MeV–
10 GeV mass range as dark matter candidates, which
couple to electrons and positrons [4–7], to explain the
anomalies. A number of attempts were made to find such
particles [1,8–17]. Since no evidence was found, limits
were set on their mass and their coupling strength to
ordinary matter. In the near future, ongoing experiments are
expected to extend those limits to regions in mass and
coupling strength which are so far unexplored. All of them
are designed to exploit the radiative production of the so-
called dark photons (γ0) by a very intense electron or
positron beam on a high-Z target [18–23].
In the present work, we reinvestigated the anomalies

observed previously in the internal pair creation of iso-
vector (17.6 MeV) and isoscalar (18.15 MeV) M1 tran-
sitions in 8Be [24–29]. The expected signature of the
anticipated particle is a very characteristic angular corre-
lation of the eþe− pairs from its decay [30,31]. The angular
correlation between the eþ and e− emitted in the internal
pair creation (IPC) drops rapidly with the separation angle
θ [32,33]. In striking contrast, when the transition takes
place by emission of a short-lived (τ < 10−13 s) neutral

particle decaying into an eþe− pair, the angular correlation
becomes sharply peaked at larger angles, the correlation
angle of a two-particle decay is 180° in the center-of-mass
system.
To populate the 17.6, and 18.15 MeV 1þ states in 8Be

selectively, we used the 7Liðp; γÞ8Be reaction at the
Ep ¼ 0.441, and 1.03 MeV resonances [29]. Proton beams
from a 5 MV Van de Graaff accelerator with typical current
of 1.0 μA impinged on 15 μg=cm2 thick LiF2 and
700 μg=cm2 thick LiO2 targets evaporated on 10 μm Al
backings.
The eþe− pairs were detected by five plastic ΔE − E

detector telescopes similar to those built by Stiebing and
co-workers [34], but we used larger telescope detectors in
combination with position sensitive detectors to signifi-
cantly increase the coincidence efficiency by about 3 orders
of magnitude. ΔE detectors of 38 × 45 × 1 mm3 and the E
detectors of 78 × 60 × 70 mm3 were placed perpendicu-
larly to the beam direction at azimuthal angles of 0°, 60°,
120°, 180°, and 270°. These angles ensured homogeneous
acceptance of the eþe− pairs as a function of the correlation
angle. The positions of the hits were determined by
multiwire proportional counters (MWPC) [35] placed in
front of the ΔE and E detectors.
The target strip foil was perpendicular to the beam

direction. The telescope detectors were placed around the
vacuum chamber made of a carbon-fiber tube. A detailed
description of the experimental setup is published else-
where [36].
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The	Atomki experiment

Luigi	Delle Rose,	RAL	and	UoS

The Atomki pair spectrometer experiment was set up for searching e+e− internal pair
creation in the decay of excited 8Be nuclei, the latter being produced with help of a beam
of protons directed on a 7Li target. The proton beam was tuned in such a way that the
different 8Be excitations could be separated with high accuracy.

arXiv:1608.03591	

Warsaw,	4	December	20174th	RISE	Meeting:	NonMinimalHiggs



 Decay Modes8Be8Be	decay	modes

Luigi	Delle Rose,	RAL	and	UoS

• Hadronic	decay		(BR	~ 1)

• Electromagnetic	decay	 (BR	~ 1.5	x	10-5)

• Internal	pair	creation	 (BR	~ 5.5	x	10-8)

8Be⇤ decay modes

Hadronic decay:
8Be⇤ ! 7Li+ p

Electromagnetic decay:
8Be⇤ ! 8Be+ �

Internal pair creation:
8Be⇤ ! 8Be+ �⇤ ! 8Be+ e+e�
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 Anomaly8Be
8Be	anomaly

Luigi	Delle Rose,	RAL	and	UoS

shape of the resonance [40], but it is definitely different
from the shape of the forward or backward asymmetry [40].
Therefore, the above experimental data make the interpre-
tation of the observed anomaly less probable as being the
consequence of some kind of interference effects.
The deviation cannot be explained by any γ-ray related

background either, since we cannot see any effect at off
resonance, where the γ-ray background is almost the same.
To the best of our knowledge, the observed anomaly can
not have a nuclear physics related origin.
The deviation observed at the bombarding energy of

Ep ¼ 1.10 MeV and at Θ ≈ 140° has a significance of 6.8
standard deviations, corresponding to a background fluc-
tuation probability of 5.6 × 10−12. On resonance, the M1
contribution should be even larger, so the background
should decrease faster than in other cases, which would
make the deviation even larger and more significant.
The eþe− decay of a hypothetical boson emitted iso-

tropically from the target has been simulated together with
the normal IPC emission of eþe− pairs. The sensitivity of
the angular correlation measurements to the mass of the
assumed boson is illustrated in Fig. 4.
Taking into account an IPC coefficient of 3.9 × 10−3 for

the 18.15 MeV M1 transition [32], a boson to γ branching
ratio of 5.8 × 10−6 was found for the best fit and was then
used for the other boson masses in Fig. 4.
According to the simulations, the contribution of the

assumed boson should be negligible for asymmetric pairs
with 0.5 ≤ jyj ≤ 1.0. The open circles with error bars in
Fig. 4 show the experimental data obtained for asymmetric

pairs (rescaled for better separation) compared with the
simulations (full curve) including only M1 and E1 con-
tributions. The experimental data do not deviate from the
normal IPC. This fact supports also the assumption of the
boson decay.
The χ2 analysis mentioned above to judge the signifi-

cance of the observed anomaly was extended to extract the
mass of the hypothetical boson. The simulated angular
correlations included contributions from bosons with
masses between m0c2 ¼ 15 and 17.5 MeV. As a result
of the χ2 analysis, we determined the boson mass to be
m0c2 ¼ 16.70# 0.35ðstatÞ MeV. The minimum value for
the χ2=f was 1.07, while the values at 15 and 17.5 MeV
were 7.5 and 6.0, respectively. A systematic error caused by
the instability of the beam position on the target, as well as
the uncertainties in the calibration and positioning of the
detectors is estimated to be ΔΘ ¼ 6°, which corresponds to
0.5 MeV uncertainty in the boson mass.
Since, in contrast to the case of 17.6 MeV isovector

transition, the observed anomalous enhancement of the
18.15 MeV isoscalar transition could only be explained by
also assessing a particle, then it must be of isoscalar nature.
The invariant mass distribution calculated from the

measured energies and angles was also derived. It is shown
in Fig. 5.
The dashed line shows the result of the simulation

performed for M1þ 23%E1 mixed IPC transition (the
mixing ratio was determined from fitting the experimental
angular correlations), the dotted line shows the simulation
for the decay of a particle with mass of 16.6 MeV=c2 while
the dash-dotted line is their sum, which describes the
experimental data reasonably well.
In conclusion, we have measured the eþe− angular

correlation in internal pair creation for the M1 transition
depopulating the 18.15 MeV state in 8Be, and observed a
peaklike deviation from the predicted IPC. To the best of
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shape of the resonance [40], but it is definitely different
from the shape of the forward or backward asymmetry [40].
Therefore, the above experimental data make the interpre-
tation of the observed anomaly less probable as being the
consequence of some kind of interference effects.
The deviation cannot be explained by any γ-ray related

background either, since we cannot see any effect at off
resonance, where the γ-ray background is almost the same.
To the best of our knowledge, the observed anomaly can
not have a nuclear physics related origin.
The deviation observed at the bombarding energy of

Ep ¼ 1.10 MeV and at Θ ≈ 140° has a significance of 6.8
standard deviations, corresponding to a background fluc-
tuation probability of 5.6 × 10−12. On resonance, the M1
contribution should be even larger, so the background
should decrease faster than in other cases, which would
make the deviation even larger and more significant.
The eþe− decay of a hypothetical boson emitted iso-

tropically from the target has been simulated together with
the normal IPC emission of eþe− pairs. The sensitivity of
the angular correlation measurements to the mass of the
assumed boson is illustrated in Fig. 4.
Taking into account an IPC coefficient of 3.9 × 10−3 for

the 18.15 MeV M1 transition [32], a boson to γ branching
ratio of 5.8 × 10−6 was found for the best fit and was then
used for the other boson masses in Fig. 4.
According to the simulations, the contribution of the

assumed boson should be negligible for asymmetric pairs
with 0.5 ≤ jyj ≤ 1.0. The open circles with error bars in
Fig. 4 show the experimental data obtained for asymmetric

pairs (rescaled for better separation) compared with the
simulations (full curve) including only M1 and E1 con-
tributions. The experimental data do not deviate from the
normal IPC. This fact supports also the assumption of the
boson decay.
The χ2 analysis mentioned above to judge the signifi-

cance of the observed anomaly was extended to extract the
mass of the hypothetical boson. The simulated angular
correlations included contributions from bosons with
masses between m0c2 ¼ 15 and 17.5 MeV. As a result
of the χ2 analysis, we determined the boson mass to be
m0c2 ¼ 16.70# 0.35ðstatÞ MeV. The minimum value for
the χ2=f was 1.07, while the values at 15 and 17.5 MeV
were 7.5 and 6.0, respectively. A systematic error caused by
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Motivated by an anomaly observed in the decay of an excited state of Beryllium (8Be) by the
Atomki collaboration, we study an extension for the Standard Model with a gauged U(1)0 symmetry
in presence of a 2-Higgs Doublet Model structure of the Higgs sector. We show that this scenario
complies with a variety of experimental results and is able to explain the potential presence of a
resonant spin-1 gauge boson, Z0, with a mass of 17 MeV in the Atomki experimental data, for
appropriate choices of U(1)0 charges and Yukawa interactions. We also emphasise that such low
scale U(1)0 can naturally account for the inverse seesaw mechanism for generating light neutrino
masses. Finally, we show that our Z0 can account for the time-honoured muon magnetic moment
discrepancy.

The Atomki pair spectrometer experiment [1] was set
up for searching e+e� internal pair creation in the decay
of excited 8Be nuclei (henceforth, 8Be⇤), the latter being
produced with help of a beam of protons directed on a
7Li target. The proton beam was tuned in such a way
that the di↵erent 8Be excitations could be separated with
high accuracy.

In the data collection stage, a clear anomaly was ob-
served in the decay of 8Be⇤ with spin-parity JP = 1+

into the ground state 8Be with spin-parity 0+ (both with
isospin T = 0), where 8Be⇤ had an excitation energy
of 18.15 MeV. Upon analysis of the electron-positron
properties, the spectra of both their opening angle ✓
and invariant mass M presented the characteristics of
an excess consistent with an intermediate boson X be-
ing produced on-shell in the decay of the 8Be⇤ state,
with theX object subsequently decaying into e+e� pairs.
The best fit to the mass MX of X was given as [1]
MX = 16.7± 0.35 (stat) ± 0.5 (sys) MeV, in correspon-
dence of a ratio of Branching Ratios (BRs) obtained as

BR(8Be⇤ ! X + 8Be)

BR(8Be⇤ ! � + 8Be)
⇥ BR(X ! e+e�) = 5.8⇥ 10�6.

This combination yields a statistical significance of the
excess of about 6.8� [1].

An explanation of the X nature was attempted by [2,
3], in the form of models featuring a new vector boson
Z 0 with a mass MZ0 of about 17 MeV, with vector-like
couplings to quarks and leptons. Constraints on such a
new state, notably from searches for ⇡0

! Z 0 + � by the
NA48/2 experiment [4], require the couplings of the Z 0

to up and down quarks to be ‘protophobic’, i.e., that the
charges e✏u and e✏d of up and down quarks – written as
multiples of the positron charge e – satisfy the relation
2✏u + ✏d <

⇠ 10�3 [2, 3]. Subsequently, further studies of

such models have been performed in [5–12] 1.
In the footsteps of this literature, we consider here an

extension of the Standard Model (SM) described by a
generic U(1)0 group. Due to the presence of two such
Abelian symmetries, U(1)Y ⇥ U(1)0, the most general
kinetic Lagrangian of the corresponding fields, B̂µ and

B̂0
µ
, allows for a gauge invariant mixing of the two field-

strengths

Lkin = �
1

4
F̂µ⌫ F̂

µ⌫
�

1

4
F̂ 0
µ⌫
F̂

0
µ⌫

�


2
F̂ 0
µ⌫
F̂µ⌫ , (1)

where  is the kinetic mixing parameter between U(1)Y
and U(1)0. A diagonal form for this Lagrangian can be
obtained by transformation of the Abelian fields such
that the gauge covariant derivative becomes

Dµ = @µ + ....+ ig1Y Bµ + i(g̃Y + g0z)B0
µ
, (2)

where Y and z are the hypercharge and U(1)0 charge,
respectively, and g̃ the gauge coupling mixing between
the two Abelian groups.
We also consider the presence of two SU(2)

(pseudo)scalar doublets, embedded in a 2-Higgs Doublet
Model (2HDM) scalar potential, �1 and �2, with the
same hypercharge Y = 1/2 and two di↵erent charges
z�1 and z�2 under the extra U(1)0. The new abelian
symmetry replaces the discrete Z2 usually imposed in
2HDMs to avoid tree-level flavour changing neutral cur-
rents [14, 15]. Alongside spontaneous Electro-Weak Sym-
metry Breaking (EWSB) of the SM gauge symmetry

1
An alternative explanation was given in [13], wherein the X was

identified with a light pseudoscalar state with couplings to up

and down type quarks about 0.3 times those of the SM Higgs

boson.
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excess	of	about	6.8	σ
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Possible ExplanationsPossible	explanations	of	the	8Be	anomaly

Luigi	Delle Rose,	RAL	and	UoS

1. The ! → #$#% decay implies that X is a boson

2. Candidates:

a) Scalars (	()= 0$)
not	allowed	since	1$ → 0$0$ would	imply	L	=	1	and	(-1)L

b) Pseudoscalars (	()= 0%)
decay width ~	|0|1/34

1 implies	new	Yukawa	couplings	5~	0.3	589

c) Vectors (	()= 1%)
decay width ~	|0|1/34

1 	implies	g’	~ 10-3

d) Axial-vectors (	()= 1$)
nuclear matrix	elements	have	been	computed	only	recently	(arXiv:1612.01525)
decay width ~|0|/34	implies	g’	~ 10-4

e) Vector	+	Axial-vector	spin-1	bosons
strongly	constrained	by	atomic	parity	violation
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X(17MeV) @ Belle II ?
•  , followed by 


• 


• 


• However this excess has not been seen by MEG@PSI (still consistent w/ ATOMKI @ 1.5  level) !


• 2HDM w/ U(1) Higgs gauge symmetry: Sumit Ghosh, P.Ko, arXiv:2311.14099 [hep-ph]


• Can we search for it @ Belle II, BEPC, Phi factory, etc.?

e+e− → γX(17MeV) X → e+e−, qq̄

By expanding the terms in Eq. (2.53), we obtain the currents that couple to charged and neutral
gauge bosons. It is important to note that the charged boson gauge current and the A current remain
the same as in the SM, while the Z gauge current will be modified due to the neutral gauge boson
mixing. In the limit of a small mixing angle, the SM Z current can be recovered from the modified
current. The most crucial interaction current for our analysis is the Z

→ current, which is given by:

L
NC

Z→ = →

∑

f

f̄ω
ω
(
Cf,V + Cf,Aω

5
)
fZ

→
ω

(2.54)
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Cf,V = gZ sin ε

(
→
1

2
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cos ε)T 3
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(2.55)

In the limit, gX , g
→
X

↑ 1 we can simplify the above expressions and get,

Cf,V = →gX sin2 ϖ

(
→
1

2
T

3
f
+ sin2 ϑWQf

)
+ g

→
X
cos2 ϑWQf

Cf,A = →
1

2
gX sin2 ϖT 3

f
(2.56)

Note that the gauge interaction currents of Z → depend solely on the couplings gX and g
→
X

. Addi-
tionally, the interactions of Z → with the physical mass states of neutrinos will be further suppressed
by the mixing angles in the neutrino sector in comparison to the electron interactions. Therefore, we
can neglect the neutrino interactions by appropriately choosing small mixing angles in the neutrino
sector.

3 Beryllium Anomaly at ATOMKI Experiment

In 2015, the ATOMKI spectrometer detected an anomalous peak at an opening angle of 140↑, accom-
panied by a corresponding bump in the (mee) distribution during the IPC decays of 8Be↓(18.15) [5,
6]. This behavior starkly contrasts with the expected SM behavior, where both the (ϑee) and (mee)
distributions are anticipated to be monotonically falling curves. The bump observed in the data
exhibited a remarkable statistical significance of 6.8ϱ and could not be attributed to experimental or
nuclear physics e!ects. Subsequently, in 2018, the experiment was repeated with an improved setup,
rea"rming the presence of the anomaly and its consistency with the earlier measurements [6]. Ad-
ditionally, it was discovered that the anomaly disappeared when the resonance peak was no longer
present, leading to the conclusion that it originated from the decay of the resonant excited states.

The observed bump in the data can be explained by the production of a massive, short-lived
neutral particle with low velocity during the decay of 8Be↓(18.15). This particle subsequently decays
into an e

+
e
↔ pair, leading to the emergence of a peak at a large opening angle in the experimental

results.
8Be↓(18.15) ↓ 8Be +X(X ↓ e

+
e
↔) (3.1)

The best-fit mass and decay branching ratio for this hypothetical neutral boson have been estimated
with a goodness-of-fit statistic of ς2

/dof = 1.07 [6].

mX = 16.70± 0.35(stat)± 0.5(sys) MeV (3.2)
!
(
8Be↓(18.15) ↓ 8Be X

)

!
(
8Be↓(18.15) ↓ 8Be ω

) Br(X ↓ e
+
e
↔) = 5.8↔ 10↔6 (3.3)
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σ(e+e− → γX)
• If we consider  for the 

vector case, there could be 
interference with photon 
exchange, which has not been 
included in this plot


• Huge background from QED


• Can we reduce bkgd and see the 
signal? 


• Will ML, DL help?


• Any suggestions/collaborations 
are welcome!

X → e+e−



Polar angle distributions


