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Abstract: The long-standing Galactic center gamma-ray excess could be explained by GeV dark matter (DM) anni-

hilation, but the DM interpretation seems to conflict with recent joint limits from different astronomical scale obser-

vations such as dwarf spheroidal galaxies, the Milky Way halo, and galaxy groups/clusters. Motivated by *Be and

He anomalous transitions with possible new interactions mediated by a vector boson X, we consider a small frac-

tion of DM mainly annihilating into a pair of on-shell vector bosons XX followed by X — e*e™ in this paper. The

Galactic center gamma-ray excess is explained by this DM cascade annihilation. The gamma rays are mainly from

inverse Compton scattering emission, and the DM cascade annihilation could be compatible with joint astrophysical

limits and meanwhile be allowed by AMS-02 positron observation. The direct detection of this model is also dis-

cussed.
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I. INTRODUCTION

The existence of dark matter (DM) has been estab-
lished by substantial cosmological and astronomical ob-
servations, but the particle nature of DM is still unknown.
An appealing candidate for DM is the weakly interacting
massive particles (WIMPs) arising from various exten-
sions of the standard model (SM). The experimental
searches for DM consist of categories such as direct de-
tection (DD) of possible scattering between DM and SM
target materials, indirect detection (ID) looking for sig-
nals of DM annihilation/decay products, and collider
search hunting for signals from DM production in high
energy accelerators.

Although confident WIMP signals are still absent
from today's DDs of DM and the present DD experi-
ments set strong constraints on WIMPs with masses > 10
GeV [1-7], anomalous signals from IDs may shed light
on some characteristics of DM. The long-standing
Galactic center GeV gamma-ray excess may be a signa-
ture of WIMP annihilations [8-14], and millisecond
pulsar is another alternative candidate suggested by point
sources [11, 12, 15-21]. Recent analysis results indicate

that WIMP annihilations could significantly contribute to
the gamma-ray excess after considering possible point
sources [22-25]. However, this excess, regarded as
WIMP annihilation, seems to conflict with recent joint
constraints from observations of dwarf spheroidal galax-
ies [26], the Milky Way halo [27], the Galactic center
[28], and galaxy groups/clusters [29-31]. Can WIMP an-
nihilations still be available to explain the Galactic center
gamma-ray excess after considering these joint limits? To
relax these conflicts, some exotic mechanism may be pre-
sumable; e.g., annihilation of a pair of DM particles into a
pair of on-shell light mediators, followed by decay of the
light mediators into e*e™ or pu*u~ [14, 32, 33], with the
spectrum of photons arising from radiative processes. For
the slightly better fit provided by the scenario of light me-
diator decay into e*e™, the required effective annihilation
cross section is ~ 0.4x 10726 cm’/s [14], which is smaller
than the canonical value (3x 1072 ¢cm’/s) of the DM an-
nihilation cross section.

To interpret the Galactic gamma-ray excess with DM
cascade annihilations, what the light mediator is and
which new interaction it carries become crucial questions.
The new particle and interaction may leave some traces in
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anomalous processes. A new med1ator X with mass my ~
16.8 MeV is indicated by the recent *Be [34] and ‘He [35]
anomalous transitions (X predominantly decays into
e*e”). We consider the case wherein X is a vector boson
with primary axial couplings to light quarks as discussed
in Ref. [36] and interpret the Galactic center gamma-ray
excess with the X boson being the light mediator. The
light X boson could induce the Sommerfeld effect [37] in
DM annihilation at low velocities and suffers from the
constraints from dwarf galaxies and the cosmic mi-
crowave background. In the following discussion, we
thus require a vanishing coupling between X and the GeV
scale DM indicated by the Galactic gamma-ray excess.
To account for the Galactic gamma-ray excess via DM
cascade annihilation, we consider another new scalar ¢ ,
which connects DM and the X boson. In this paper, the s-
wave process of scalar DM S cascade annihilation is SS*
— ¢ — XX followed by X — e*e™. The ¢ couplings to
SM particles could be very small, and thus, the DM of
concern can evade present stringent DD bounds. Note
that the DM candidate here may account for only a frac-
tion (fpm) of the total DM of the universe, referred to as
the multi-component DM scenario [38, 39]. In this case,
the small effective annihilation cross section required by
the Galactic gamma-ray excess can be obtained if SS*
contributes a small fraction of the total DM.

The paper is outlined as follows. In Sec. II, we give a
brief description of the X boson with Be and He anom-
alies. We also describe the DM model in terms of mediat-
ors X and ¢ and derive the DM annihilation cross section.
In Sec. III, we explain the Galactic center gamma-ray ex-
cess and discuss the astrophysical constraints on this
model. Section IV shows our numerical results for the
DD of the DM in this model. Our conclusions are presen-
ted in Sec. V.

II. NEW X BOSON WITH ANOMALIES AND DM
HYPOTHESIS FRAMEWORK

Recently, anomalies were observed in the electromag-
netic trans1t10ns of both “Be (the 18.15 MeV 17 state)
[34] and ‘He (the 21.01 MeV 0~ state) [35]. These two
anomalies may be caused by the same origin; i.e., a new
mediator X predominantly decaying into e+e wrth mass
myx ~ 16.8 MeV. The nuclear transitions of *Be were ana-
lyzed in Ref. [40] with an improved nuclear physics mod-
el, although this cannot explain the anomaly. To account
for the ‘Be anomaly, the spin-parity of the X boson could
be J£ =17, 1*, or 0~. The corresponding X couplings to
SM particles of the vector/axial-vector [36, 41-45] and
pseudoscalar [46] forms were analyzed in the literature
(see Refs. [47-52] for more studies). In add1t10n the spin-
parity of the X boson required by the *He anomaly is
JP =1%, 0. Thus, if parity 1s conserved in the two anom-
alous nuclear transitions of ‘Be and ‘He, X's couplings to

light quarks could be of axial-vector (17) or pseudoscalar
(07) forms. Further estimates of the decay widths indic-
ate that a pseudoscalar X for the two anomalies is dis-
favored [44].

The ‘He anomaly was analyzed by the experimental
group [35] with the 0~ state in the electro-magnetically
forbidden transition 0~ — 0* + X. Note that, if the He an-
omaly is produced by the excited state 0 in 0% — 0% + X
transition, the spin-parity of the X boson could be J* =
1~ (a vector X) for both Be and He anomalies [44]. Here,
we follow the experimental group and focus on the ex-
cited state 0~, and thus, the spin-parity of the X boson is
taken as J¥ = 1* for both Be and He anomalies. To ac-
count for anomalous “Be and *“He transitions, the forms of
X couplings to quarks and charged leptons are taken as
those in Ref. [36]

Lx D =X, ) 8@V’ a+ X, ) L&/ v + &Y, (1)
q i

where we assume that the X particle predominantly de-
cays into e*e”. The X couplings to u, d quarks are in the
range of 107> < |g,.4l < 107 [36] and the typical value of
the coupling parameter (g2 +(g2)2/e~1073  (or
~5x107) is allowed by experiments [53-55]. The mean
decay length L of the X boson should be L < 1 cm [41].
The current and near future experiments can probe the
parameter space of interest for the X boson [36]. It can be
tested in other large-energy nuclear transitions, such as
the transitions of '°B and !°Be to their ground state [56,
57]. The search for dark photon A’ through
D*(2007)° — D° + A’ with A’ — e*e~ at LHCb can probe
the region of the X gauge boson explaining the anomalies.
The Mu3e experiment will be sensitive to dark photon
masses above 10 MeV. The possible dark photon can be
produced via electron scattering off a gas hydrogen tar-
get in the DarkLight experiment [58]. The Heavy Photon
Search experiment searches for X — e*e™ through a high-
luminosity electron beam incident on a tungsten target
[59]. The X boson can be produced in the bremsstrahlung
reaction of e"Z — ¢~ ZX at NA64 [55], and the TREK ex-
periment at J-PARC is expected to look for
K- uv(X —e*e”). The e*e” colliders can search for
e"e” — Xy. The new X boson may couple to the dark sec-
tor and bridge the transition between the SM and the dark
sector. The possible X portal DM was investigated in
Refs. [60-65]. The masses of the X portal DM in these
models are generally in the MeV scale [60, 65]. In this
paper, we focus on interpreting the Galactic gamma-ray
excess with new interactions mediated by X bosons in
DM cascade annihilations.

Next, we consider the framework in which a fraction
(fom) of DM particles consist of a gauge singlet complex
scalar S and the main transitions between S and the SM
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particles occur via another scalar field ¢ and a spin-1 me-
diator X. The X boson causes the anomalous transitions of
*Be and 'He, but it does not directly couple to S to avoid
the possible Sommerfeld effect. The real dark field ¢
couples to both S and X, which mediates the transition
between SS* and the SM particles. Besides the kinetic
energy terms, the general Lagrangian is given by”

1
= Lscalar 2 ﬂ2|H|2 + /1|H|4 +/J¢|H|2¢ - §ﬂ¢v2¢ + /l¢|H|2¢2
+myp” + g’ + sSSP+ A5 S S G +pux X' X, p

+ Ax XM X, 8%
)

where H is the SU(2); Higgs doublet as H = (0,/ V2)".
We assume that S is invariant under a global U(1) sym-
metry in the dark sector, which eliminates all the terms
with complex coefficients. We follow Refs. [32, 66] to
neglect the Higgs portal terms SS*|H|> and XX|H|* as the
new sector could be sequestered. If the bosonic particles
are written as superfields in a SUSY theory at a higher
scale, the superpotential does not lead to these Higgs
portal terms [32]. Also, the sectors can be sequestered if
the theory arises from an extra dimension [32]. As a res-
ult, the Higgs field H does not directly couple to S or X,
with the absent SS*|H> and XX|H|* terms. After the SM
Higgs doublet develops a vacuum expectation value (vev,
v), the electroweak symmetry is broken. The trilinear
term pglH?¢ is introduced to mix ¢ and H. We also

. 1
choose the linear term of ¢ as —=pusv?¢ to ensure that ¢

does not obtain a vev [66, 67]. The u, term is very small
to introduce a tiny amount of mixing between H and ¢.
The introduction of the trilinear term is equivalent to the
case in which the singlet develops a vev spontaneously.
The latter case, however, would suffer from a domain
wall problem. The phenomenological results of the two
cases are the same. By minimizing the above potential,
one arrives at the condition u?> = —Av?. The mass spec-
trum is obtained as follows:

202 UV
2 _ (4
M= ( HeV 2m3) + 407 ) ) 3)

The mass eigenstates after diagonalizing the CP-even

scalars are
hi \ _( cosf sinf h
( hy )_( —sinf cos6 )( ¢ )’ @)

with the masses of #; and &, being M| and M, respect-
ively. The mixing angle, 6 , is very tiny with sinf < 1.
We should keep in mind that there may be more particles
in the new sector, and the particles playing key roles in
transitions between the SM and the dark sector are con-
sidered here.

In terms of the mass eigenstates, our parameter in-
puts can be traded into the scalar masses and the mixing
angle as

1
A= 2—‘)2(0052 OM? + sin” 0M§) , %)
pg = sinfcos (M7 — M3) /v, (6)
1
mé = E(sin2 OM3 + cos” OM; —/1¢v2) . (7

Besides M| =125 GeV and v~ 246 GeV, the free para-
meters in the physical basis are

M2’95/1¢9/l49,uS5/lS’l~1X7AX . (8)

The relevant cubic Higgs and quartic self-couplings in the
physical basis are

cM?
i =3( 1 +2s§c9/1¢v), 9)
14

6172 4 A 212
c9M1+c0s9M2

A =3
1111 ( 2

+ 4c§s§/l¢ + 8sg/l4) s (10)

S
A1 = ——0(2C§Mf +CIM3 — 4407 + 2/l¢szv2) ,
14

(11)
Ass1 = Seis sAss2 = cots »Ass11 = 25545
Assan = 2¢2As , Ass 12 = 2¢o80ds (12)
Axx1 = 2sitx , Axx2 = 2¢qpix  Axx11 = 455y
Axxon = 4cjAx , Axxin = degsedy (13)

with sy = sin@ and ¢y = cos 6.

To give an explanation of the Galactic gamma-ray ex-
cess via the scenario of DM cascade annihilations, here,
we assume that M,/2 > M,/4,ms > my for simplicity.
For scalar DM S, the annihilation process is

1) Suppose X is charged under an extra dark Abelian gauge symmetry, one can introduce the covariant derivative operator (D#(D)T(D“(D). After the scalar field gets
the vacuum expectation value (@) — vp, the Abelian symmetry is broken and one gets the mass of neutral gauge boson X. The real scalar field ¢ in ® = ¢+ vp and the

last two terms of X-¢ couplings in the Lagrangian can be also induced.
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SS* - hy,h, — XX, followed by X decaying into e*e”.
The annihilation cross section is

O__sgyg,ui s—4m§( s2/(4m§()—s/m§(+3
8ns s—4m?9 (s—M12)2+M121"%I
. cg,ué,ui s—4m§( sz/(4m§)—s/m§(+3
8rs  \ s—4mi: (s—M3)?+MT2

4.2 2 4 2 2 —m?
LGt (4 gms o) NTS TR gy
Ca6mmd \md md ) (M2 —dml 2

where v, is the relative velocity, and s is the squared total
invariant mass. Our concern is the case in which the anni-
hilation of DM is away from the resonance. In addition,
the decay of &, includes hy — SS*, XX for My > M,/2 or
hy —» SS*, XX, hh, for M>/2 > M, and their partial de-
cay widths are

22 2
) Cols 4m
T'(h S§*y= 078 1-—, 15
(h2 =88 = 16, M2 (15)
C2 2 4m2 M4 M2
F(hzﬁXX)zﬂ - X =2 _ 2,3, (16)
8nM; M% 4m§( mi

T(hy — hihy) = et 1—4M12. (17)
321M, M?

Besides the scalar DM S of our concern, a very simil-
ar scenario is the case of vector DM V. The correspond-
ing Lagrangian is

1
= Ly 2 (P HP + AHI + g HEG = S pugv + A\ HI¢?
+myd” + gt +py VI + Ay VV* G + ux XX,
+ AxXF X, 4% . (18)

The s-wave annihilation process VV* — hy,h; —» XX
followed by X decaying into e*e~ could also account for
the Galactic center gamma-ray excess as that of scalar
DM SS*. The phenomenology is the same for our pur-
pose.

III. GALACTIC CENTER GAMMA-RAY
EXCESS AND OTHER CONSTRAINTS
The particles SS* acquire their relic abundance

through cascade annihilation processes. For single-com-
ponent thermal freeze-out DM with DM annihilations in

the s-wave, the annihilation cross section of DM is ap-
proximately 2.2x 10726 ¢cm’/s for DM mass > 10 GeV
[68]. In fact, one possible DM candidate may account for
only a fraction fpy of the total DM in the universe. For
non-self-conjugate DM S, the annihilation cross section
must be 4.4x 10726/ o em’/s. The present cascade anni-
hilation of SS* may account for the long-standing
Galactic center gamma-ray excess, and next, we will
present an analysis of it.

A. Galactic center gamma-ray excess

In the cascade annihilation SS* — hy,hy — XX fol-
lowed by X decaying into e*e™, the electron and positron
are boosted in the final state. In this paper, we have the
mass relation mg > my > m,, and thus, the correspond-
ing energy of e* and e~ can be as high as mg. A possible
gamma-ray signal could be produced via inverse
Compton scattering (ICS) and bremsstrahlung in DM cas-
cade annihilation. To account for the Galactic center
gamma-ray excess peak at around 1-3 GeV, the contribu-
tion from ICS emission is crucial, and the contribution
from bremsstrahlung emission is subdominant.

For the annihilation of §S* with a small fraction fpy,
we assume that the DM spatial distribution follows that of
the main DM component. The first case is that the main
DM component is the WIMP type particle with a general-
ized Navarro-Frenk-White density profile. In this case,
the S component with the mass ms =45.7*3% GeV and
the revised annihilation Cross section
Frulov) /2 =0.384100325 10726 cm’/s (the factor 1/2 is
for the SS* pair required in annihilation) can fit the GeV
excess [14]. In the second case, the main DM component
is self-interacting DM (SIDM), motivated by the small-
scale problem. The density of SIDM at the Galactic cen-
ter could be comparable to or larger than the cold DM
predictions when SIDM tracks the baryonic potential
[69]. In this case, the S component with the mass mg ~ 50
GeV and the revised annihilation cross section
fElove) ~63x107% cm’/s could fit the GeV excess
[33]. Thus, to explain the Galactic gamma-ray excess, we
adopt two benchmark points for DM mass and the re-
vised annihilation cross section with [mg =45.7 GeV,
fa(ov)/2 =0.384x 10726 cm’/s] for the WIMP domin-
ant case and [ms =50 GeV, f2 (ov,)/2=0.315x107%
cms/s] for the SIDM dominant case. The corresponding
fraction fpy can then be derived as

0.175,

N { for WIMP dominant
fom =1\ 0 143,

for SIDM dominant (19)

We consider the case in which the DM annihilation is
away from the resonance with M,/2mgs > 1.3 (see e.g.

Ref. [70]). Thus, today's annihilation cross section of SS*
is equal to that at the freeze-out epoch. We can obtain the
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Fig. 1. (color online) Coupling parameters as a function of
the mediator's mass M,. Here, M, varies in a range of 130-600
GeV. The solid and dashed curves are for the WIMP domin-

ant and SIDM dominant cases, respectively.

coupling parameter saturating the annihilation cross sec-
tion as a function of the mediator's mass M,, as shown in
Fig. 1.

B. Other astrophysical constraints

As stated in the Introduction, the explanation of the
Galactic center gamma-ray excess with DM annihilations
needs to be compatible with the constraints from differ-
ent scales of astrophysical observations, such as dwarf
spheroidal galaxies, the Milky Way halo, and galaxy
groups/clusters. Here, we will give a brief discussion
about whether the cascade annihilation of concern is
compatible with joint astrophysical limits.

To account for the 1-3 GeV gamma-ray excess at the
Galactic center via DM cascade annihilation, the contri-
bution from ICS emission is dominant and that from
bremsstrahlung emission is subdominant. The ICS emis-
sion is closely related to the distribution of the ambient
photon background, and the bremsstrahlung emission is
related to the ambient gas densities. Hence, the con-
straints from dwarf spheroidal galaxies [26] and the
Milky Way halo (regions away from the Galactic plane)
[27] are relaxed owing to low starlight and gas densities.
New likelihood analyses of the Galactic center region
[28] set strong constraints on hadronic components pro-
duced by DM annihilations, whereas the constraints for
light lepton components of u*u~, e*e™ are relaxed. As the
DM of concern here predominantly annihilates in the s-
wave, the constraints from galaxy groups/clusters [29-31]
with large relative velocity are alleviated.

For DM cascade annihilations accounting for the
gamma-ray excess with the contribution mainly from ICS
emission, the most severe restriction is from the positron
fraction observed by AMS-02. In the case of DM mass in
tens of GeV, the effective cross section of DM cascade
annihilations today indicated by AMS-02 [71] should be
< 1x1072 ¢m?3/s, and it can be achieved by a small frac-
tion fpm of DM participating in the cascade process (the

effective annihilation cross section today is proportional
to f2,,). For the WIMP dominant case, the upper limit of
the revised annihilation cross section set by AMS-02 is
approximately 0.8x10726 cm’/s with mg ~45.7 GeV
[71], and thus, the benchmark point [45.7 GeV,
0.384x 10726 c¢m’/s] is allowed by the AMS-02. For the
SIDM dominant case, the fact that the SIDM tracks the
baryonic potential can raise the density of SIDM at the
Galactic center [69]. In this case, the benchmark point [50
GeV, 0.315x 10726 cm’/s] could fit the GeV excess and is
allowed by the AMS-02 constraint [33]. Thus, the DM
cascade annihilation of concern can give an interpreta-
tion on the Galactic gamma-ray excess and meanwhile is
compatible with the joint astrophysical constraints men-
tioned above.

IV. DIRECT DETECTION OF DM

Now, we turn to the DD via DM-target nucleus scat-
tering. The quark-level effective Lagrangian for the eval-
uation of the DM-nucleon spin-independent (SI) scatter-
ing cross section is given by

Legr = CqquS*Elq s (20)

with

2 2
SeCoMs  SeCols loop _ CoHSHX84

Ctree_
q ~ 2 2 q 2002,2
vM; vM; 8> Myny,

2

Besides contributions from ¢-Higgs couplings, here, the
contribution from X-quark coupling is considered. The
diagrams for DM-quark scattering are given in Fig. 2.
The DM-nucleon SI scattering cross section is given by

1 my
os1="—\|\"7T——
dr \mg + my

2
) ICwI*, (22)

with the nucleon level coefficients being

Cy =my Z CofY. (23)
g=u,d.s,c.b,t
S S S S
hy. hy 5
q a q q
Fig. 2. Left (right): tree (loop) diagram for DM-quark scat-
tering.
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Note that the heavy quark contribution for the loop
diagram is through the two-loop diagram connecting to
the scalar-type DM-gluon operator [72-74] and thus can
be neglected.

If the tree-level contribution is dominant in DM-nuc-
leon scattering, the following parameter values are adop-
ted,

2
D Gy =Cfhv. fv= ) A ghe. 9

q=u,d,s,c,b,t q=u.d,s

where f;{’ and fN. are light quark/gluon-nucleon form
factors, with fv =0.308 [75-77]. In the case of the loop
contribution from X-quark couplings being dominant in
DM-nucleon scattering, the SI cross section induced by
the loop level is

s Al
g1 24.3x107% sz( &s ) ( oFsHx )

1073/ {10712 GeV*
100 GeV\* (17 MeV \* (45.7 GeV \?
x . (25)
M, mx mg

For the cross section to be as large as possible, here, the s
quark coupling parameter g, is considered to be ~ 1073,
The typical value of this loop contribution is far below
the neutrino floor. For the case in which the tree-level
contribution dominates over the loop-level contribution in
DM-nucleon scattering, the scattering cross section is
shown in Fig. 3.

The possible contribution from kinetic mixing
between X and Z or X and y generated at one-loop level
by virtual SM fermions is minor compared with the X
couplings to light quarks and electron. Thus, the possible
minor contributions from kinetic mixing are neglected for
simplicity.

V. CONCLUSION

We have investigated a small fraction of DM that
mainly annihilates into a pair of on-shell vector boson X
followed by X — e*e™. The X boson is indicated by *Be
and 'He anomalous transitions. The long-standing
Galactic center gamma-ray excess can be explained by a

10-44
E 1046 | XENON1T i
LS ey
—48 [ ]
B 10
Neutrino floor
10730 L . q
40 45 50 55 60
mg (GeV)
Fig. 3. (color online) Rescaled DM-nucleon scattering cross

section in the case of the tree-level contribution being domin-
ant. Here, we adopt M, = 200 GeV and sgcous =1 GeV. The
dot (star) marker is for the WIMP (SIDM) dominant bench-
mark point. The upper and lower dashed curves correspond to
the upper limits set by XENONIT [3] and the projection by
XENONNT (20 t-y) [78], respectively. The solid curve is the
neutrino floor [79].

small fraction of scalar DM annihilation in the cascade
process of SS* — hj,hy —» XX followed by X — ete™,
with contributions from ICS emission being dominant.
This DM cascade annihilation could be compatible with
joint astrophysical limits from different scales of astro-
nomical observations, such as dwarf spheroidal galaxies,
the Milky Way halo, and galaxy groups/clusters, and
meanwhile be allowed by the positron fraction observed
by AMS-02. Hence, the scenario of DM annihilation is
still available to explain the Galactic center gamma-ray
excess after considering these joint astrophysical limits.
The loop effect from X-quark couplings in DM-nucleon
scattering is too small to be directly detected, and the
tree-level contribution is analyzed. Moreover, we sup-
pose that the coupling between SS* and X is negligible. If
there is a tiny amount of coupling between SS* and X,
the picture of DM-nucleus scattering with contact interac-
tions fails in direct detection. A method to deal with this
case is discussed in Ref. [80]. We look forward to the fur-
ther investigation of DM in future joint detections.
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