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Recently XENONT1T Collaboration announced that they observed some excess in the electron recoil energy
around a 2-3 keV. We show that this excess can be interpreted as exothermic scattering of excited
dark matter on atomic electron through dark photon exchange. We consider DM models with local dark
U(1) gauge symmetry that is spontaneously broken into its Z, subgroup by Krauss-Wilczek mechanism.
In order to explain the XENON1T excess with the correct DM thermal relic density within freeze-out
scenario, all the particles in the dark sector should be light enough, namely ~ 0(100) MeV for scalar DM
and ~ O (1—10) MeV for fermion DM cases. And even lighter dark Higgs ¢ plays an important role in the
DM relic density calculation: XXT — Z'¢ for scalar DM (X) and x § — ¢¢ for fermion DM () assuming
mz > my. Both of them are in the p-wave annihilation, and one can easily evade stringent bounds from
Planck data on CMB on the s-wave annihilations, assuming other dangerous s-wave annihilations are
kinematically forbidden.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Recently XENON1T Collaboration reported that they found elec-
tron recoil excess around 2-3 keV with 3.5 o significance analyz-
ing data for an exposure of 0.65 ton-year [1]. There is an issue
on the tritium contamination to be resolved. This energy region
is sensitive to solar axion search, but the interpretation of this ex-
cess in terms of solar axion is in conflict with astrophysical bounds
on the axion coupling to electron. XENON1T Collaboration also in-
terprets the excess in the context of magnetic moment of solar
neutrino and absorption of light bosonic dark matter [1]. After the
announcement of XENON1T Collaboration, there appeared a num-
ber of papers that address various issues related with this excess
[2-50].

In this paper, we interpret this electron recoil excess in terms of
exothermic DM scattering on atomic electron bound to Xe in the
inelastic DM models. We shall consider both complex scalar [51]
and Dirac fermion DM models [52] with local U(1) dark gauge
symmetry which is spontaneously broken into its Z, subgroup
by Krauss-Wilczek mechanism [53]. In this framework, the mass
difference (§) between the DM and the excited DM (XDM) is gen-
erated by dark Higgs mechanism, and there is no explicit violation
of local gauge symmetry related with the presence of dark pho-
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ton. On the other hand, in much literature, the mass difference §
is often introduced by hand in terms of dim-2 (3) operators for
scalar (fermion) DM. Then local gauge symmetry is broken explic-
itly and softly. Introducing dark gauge boson (or dark photon) in
such a case would be theoretically inconsistent, since the current
dark gauge fields couple is not a conserved current. There will ap-
pear some channels where high energy behavior of the scattering
amplitudes violates perturbative unitarity, in a similar way with
the W W — W W/ scattering violates unitarity if W boson mass
is put in by hand. One of the present authors pointed out this issue
in fermionic DM model (see Appendix A of Ref. [52]).

Local Z, scalar [51] and fermion DM models [52] have been
studied by authors for the O0(100) GeV - O(1) TeV WIMP sce-
narios. In this paper we explore the same models for light DM
mass < 0(1) GeV in order to evade the strong bounds from direct
detections experiments searching for signals of DM scattering on
various nuclei. In particular we will emphasize that the DM ther-
mal relic density and the XENONIT electron recoil excess with a
few keV could be simultaneously accommodated if dark Higgs bo-
son is light enough that DM + XDM — Z’* — Z'¢ is kinematically
open. This channel will play an important role when mpy < my,
as we shall demonstrate in the following. In order to explain the
XENONIT excess in terms of XDM + eatomic — DM + efee With
a kinetic mixing, both dark photon and (X)DM mass should be
sub-GeV, more specifically ~ 0(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
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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 key roles in the p-wave annihilations of DM at freeze-out
epoch:

XXt — 7% > 7'¢,

XX = 90,

where X and y are complex scalar and Dirac fermion DM, respec-
tively. At freeze-out epoch, the mass gap is too small (Am < T)
and we can consider DM as complex scalar or Dirac fermion. In
the present Universe, we have T << Am 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 pos-

sible without dark Higgs ¢, and it would be difficult to make the
DM pair annihilation be dominated by the p-wave annihilation.

2. Models for (excited) DM
2.1. 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, (¢) = vy /+/2, the gauge symmetry is sponta-
neously broken down to discrete Z;. The Z;-odd X becomes the
DM candidate. The model Lagrangian is in the form [51]

1. « 1 .
£=Low— 5 X X = S sine X, B + D*¢'D ¢
+DEXTD,X —mi XTX +mioTe
A 2
—p <¢ ¢> —Ax (XTX) —ex X Xolop
—Apn¢ dHTH — apx X' XHTH
—p (X2t +Hc), (1)

where )A(,w (Buv) is the field strength tensors of U(1)x (U(1)y)
gauge boson in the interaction basis.
We decompose the X as

1
X=—(X iXp), 2
ﬁ( R +iX)) (2)
and H and ¢ as
H= 0 _ 1 h 3
N\ Lonrnn ) o= et ©)

in the unitary gauge.
The dark photon mass is given by

m2, ~ (2gxVe)?, (4)

where we neglected the corrections from the kinetic mixing, which
is second order in € parameter. The masses of Xg and X; are ob-
tained to be

1 1 w
mlzz :m%( + 5)\.1-])(\/%_1 + E)\qu\/é + ﬁvlp,

1 1 w
m%:mi-’-i}\.[-}xv%{-’-z)\.qﬁx\/é— ﬁvtp, (5)

and the mass difference, § = mg — m; ~ Mvd,/ﬁmx. Since the
original U(1)x symmetry is restored by taking u =0, small u does
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not give rise to fine-tuning problem. The mass spectrum of the
scalar Higgs sector can be calculated by diagonalising the mass-
squared matrix

ZA.HV%_I ApHVHV¢
2 2 ), (6)
¢HVHV¢ 2)»¢V¢

which is obtained in the (hy, hy) basis. We denote the mixing an-
gle to be oy and the mass eigenstates to be (Hq, Hy), where Hq
is the SM Higgs-like state and Hy(= ¢) is mostly dark Higgs bo-
son. Since we work in the small oy in this paper, the VEV of ¢ is
approximated to be, vy ~mp,/,/2Ay, While oy >~ AgpVe/2hyVH.

The mass eigenstates Z, and Z;L of the neutral gauge bosons
can be obtained using the procedure shown in Ref. [56]. In the lin-
ear order approximation in € we can write the covariant derivative
as

Dy ~9, +ieQemAy + i(gz(73 - QemS%/v) + €8x QXSW)Z;/,

+i(ngx - eeQemCW)Z;u (7)

where Qem (Qx) is the electric (U(1)x) charge and A, is the pho-
ton field. We note that Z’ couples to the electric charge but not to
the weak isospin component T3. For example, Z’ does not couple
to neutrinos at this order of €.

To evade the bound from the DM scattering off the nuclei we
are considering sub GeV scale DM. To calculate the relic abun-
dance of the DM we take the X as the physical state with mass
my instead of X; and Xg, i.e. mx >~ mg ~ m;, because the mass
difference § is much smaller than the freezeout temperature T ~
my /10 [9]. For this light DM the CMB constraint rules out the s-
wave annihilation of the DM pair. So the contribution to the DM
annihilation should start from p-wave. We suppress the XX —
Z'Z’ by choosing my > my. We also make XX — H,H, subdom-
inant. To achieve this we suppress the direct coupling of the DM
to ¢ and H by taking small 14x and Apx. We also take small Agy
to evade the bound from the Higgs invisible decay. However, the
coupling A4y should not be too small to make the DM in ther-
mal contact with the SM plasma. Too small Agp also makes the
H, lifetime too long, causing cosmological problems. For example,
H, with mass ~ 1 GeV decays dominantly into a muon (or strange
quark) pair through mixing A¢p, whose decay with is given by

2 2 4m2 \>"?
o m
T(Hy —> ptp™) >~ —SHmH2 <—“> (1 - 2“)

T VH mH2
m
m(l.l x 1016 sec_1>aﬁ( He ) (8)
1 GeV

We require that H, lives shorter than 1 sec to evade the con-
straints from Big Bang nucleosynthesis (BBN) and the mixing angle
is small. For my, =1 GeV it is translated into ap > 9.5 x 1079.
When the muon channel is kinematically forbidden but mp, >
2m,, it decays into electron-positron pair. The decay rate is ob-
tained by replacing m,, by m in (8). For example, for my, =10
MeV, we need oy > 2.0 x 107°. When mpy, < 2me, the scalar parti-
cle decays into two photons. In this paper we consider mp, 2 2me..
The small mixing parameters are also technically natural by ex-
tending the Poincaré symmetry [57,58].

The Z’ can also decay into charged SM particles through mixing
parameter €. The decay width for Z’ — ete™ is given by

2,2,2.2 1/2
Qfeecwm/ 1+2m§ 1_4m§
12 z 2 2
7 ms, my,

~1.87 x 10711 GeV(lgj)z (1néZv)2' 9)

I'(Z —ete)=
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Its lifetime is much shorter than 1 sec in the parameter space of
our interest.

The light ¢ and/or Z’ may contribute to the effective neutrino
number Negg, which is another possible constraint in the model.
Since the mediators Z’ and ¢ decay before 1 sec, there is no rel-
ativistic extra degree freedom which mimics the neutrino at the
recombination era (Tcyp ~ 4 eV). Another potential source for
ANegs is light mediator with mass below 1 MeV. It mainly de-
cays into e* or y not into v, making the difference between the
temperatures T, and T, larger than the one given by the stan-
dard cosmology by imparting its entropy only to y [59]. This also
causes ANegr # 0. We evade this problem by taking their masses
greater than 1 MeV.

In this restricted region of parameter space the main channel
for the relic density is XX — Z* — Z'¢ (see the top panel in
Fig. 1).! The leading contribution to the cross section is from p-
wave with the result

. g
3847 m% (4m% —m?,)?

4 4 4 2.2 2.2 2 2
(16mx+mz/+m¢+40mxmz,—8mxm¢—2mz,m¢>

X “4m§( — (my +m¢)2} {4m§( — (my — m¢,)2}]1/2
+0wh, (10)

where my = /214 vy ~ my,. The resulting dark matter density is
obtained by [60]

2 x 8.77 x 10711 GeV 2 xf
Qxh? = 12
g/ “(a+3b/xg)

(11)

where a and b are defined by o v =a+bv2, and the additional fac-
tor 2 comes from the fact that X is a complex scalar instead of real
scalar. For example, with mx =1 GeV, mz =1.2 GeV, my =0.2
GeV, Ay =4.5 x 1073, g+~ 10, and xy ~ 10, we can explain the
current DM relic abundance: Q)ghz 2 0.12. Other p-wave contri-
butions include XX" — Z* — ff where f is an SM fermion. But
these contributions are suppressed by €2 compared to the above
annihilation, and we neglect them. The SM Z boson contributions
are further suppressed by both small mixing angle €2 and small
mass ratio m%, /m#%.

To calculate the inelastic down-scattering cross section for the
XENON1T anomaly, instead of X and X' we now consider two
real scalars Xg, X; with mass difference §. With the kinetic mixing
term given in (1) we get the dark-gauge interactions with the DM
and the electron [56]

LDng/“(XRaMX,—X,BMXR)—eecWZLEy“e, (12)

where cy is the cosine of the Weinberg angle, Z and Z’ are mass
eigenstates, and we assumed that €(~ 10~%) is small. The cross
section for the inelastic scattering Xge — Xie for my > m, and
small momentum transfer is given by

167 €2atema x c2,m?2

W'

Op = 2 , (13)
m3,

where oem >~ 1/137 is the fine structure constant and ax =
gf(/4n. This can be used to predict the differential cross section
of the dark matter scattering off the xenon atom for the DM ve-
locity v, which reads

1 From now on we call Hy simply also as ¢.
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ar
/ @2qdqK (Ex. q), (14)
q-

dov _ Oe
dEg ~ 2mev

where Eg is the recoil energy, q is the momentum transfer,
K(Eg, q) is the atomic excitation factor. From energy conservation
we obtain the relation [9],

2
ER=6+vqc050—q—, (15)
2mpg
where 6 is the angle between the incoming Xz and the momen-
tum transfer q = p, — p,. The integration limits are [9],

g+ MRV j:\/mlzev2 —2mg(Eg —8), forEg >34,

qi:j:mRv+\/m§v2—2mR(ER—5), for Eg <. (16)

Then we can obtain the differential event rate for the inelastic
scattering of DM with electrons in the xenon atoms given by

dR dov

E =nrng E» (17)
where ny & 4 x 10%7 /ton is the number density of xenon atoms
and ng ~ 0.15 GeV/mp/cm? is the number density of the heavier
DM component Xg, assuming ng = nj. Integrating over Eg, we get
the event rate

N o 2 5 (1GeV\ (1Gev\*
R~3.69 x 10” €¢“ g% /ton/year. (18)
mg my:

Since Xg is a dark matter component in our model with the
same abundance with Xj, its lifetime should be much longer than
the age of the universe. It can decay via Xg — X;yyy as shown
in [9]. Its decay into three-body final state, Xg — X vV, is also
possible in our model. The relevant interactions are

EDengWZ“(XRBMXI—X,8MXR)—‘%ZZ,JLJ/MVL. (19)

The decay width is given by

€2axsl, Gpé®

54272 m?

5
x (1(;4)2 (oil));s) (2 lfeV> ' (20)

Although this channel is much more effective than Xz — X;yyy
considered in [9], the lifetime of Xy is still much longer than the
age of the universe.

In the bottom panel of Fig. 1, we show the allowed region in
the (my, €) 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 mg = 0.1
GeV, and varied the dark Higgs mass my = 20, 40, 60, 80 MeV de-
noted with different colors. The sharp drops on the right allowed
region are from the kinematic boundary, mz + my < 2mg. It is
nontrivial that we could explain the XENON1T excess with inelastic
DM models with spontaneously broken U(1)x — Z; gauge sym-
metry. In particular it is important to include light dark Higgs for
this explanation. It would be straightforward to scan over all the
parameters to get the whole allowed region.

~1.9 x 1074 GeV
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Fig. 1. (top) Feynman diagrams relevant for thermal relic density of DM: XXT — Z'¢
and (bottom) the region in the (my, €) plane that is allowed for the XENON1T elec-
tron recoil excess and the correct thermal relic density for scalar DM case for § =2
keV: (a) mpm = 0.1 GeV. Different colors represent my = 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’ — Xg X is kinematically forbidden.

2.2. Fermion DM model

We start from a dark U(1) model, with a Dirac fermion dark
matter (DM) x 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 Z, symmetry
with a judicious choice of its dark charge Q.

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

1ouve | Y — .
E:—ZX/“XW—ismeXWB’“—H((ll)—mX)X

+D,¢"D ¢ — T — aglol*

1 -
5 (0% ) —rus Tt (21)
where X;w = 3/15(11 - vi(ﬂ. D, =0, + ingx)A(M is the covariant
derivative, where gx is the dark coupling constant, and Qyx de-
notes the dark charge of ¢ and x: Qg =2, Qy =1, respectively.
Then U(1)x dark gauge symmetry is spontaneously broken into its
Z, subgroup, and the Dirac DM y is split into two Majorana DM
xr and y; defined as

1 .
X= E(XR +ixn, (22)
1 .
XCZE(XR—IXI), (23)
XR=XR: X[ =X (24)
with

1
mRJ:ij:yv(p:ij:ES. (25)
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We assume y > 0 so that § =mg —m; =2yvy > 0. Then the
above Lagrangian is written as

1
L= Eiglﬁ(ia—mi) Xi

.8X — —
—iS(Zy + eswZy) (Xry" x1 = X1v" xr)

1 _ _
- Eyhd) (XRXR — X1XD) (26)

where hy is neutral CP-even component of ¢ as defined in (3).
When we calculate the DM relic density, we can assume the

mass difference is small compared to the DM mass as in the case

of the scalar DM, i.e. my ~mg >~ m. For the fermionic DM the an-

nihilation processes into the scalar pair, (X)(X)—> ¢¢, are p-wave.
To evade the CMB constraint we suppress the s-wave annihilation
by assuming 2m, < 2myz,mz +my. The calculation of the annihi-
lation process (the top panel of Fig. 2) yields

y2v2
oV =

2 _ 2 2.2

mi —mg [ 2732v2
967rm,, (4m2 —mj3)?
4y*mZ (9m?} — 8m2 mi + ng)

2 _m2)4
(2mx m¢)

} +0owh, (27)

where mg = /2h4v4 ~ my,. The current DM relic abundance
is obtained by (11). Since the annihilation cross section for the
fermion DM case if proportional to y? oc (8/v4)? and 8§ ~ 2 keV,
the vy should be not too large. If we ignore my in the above
equation, we find that m, ~ O(1 — 10) MeV will be required to
get the correct thermal relic density, and dark Higgs ¢ should be
even lighter. Therefore dark sector particles in this case should be
lighter than the scalar DM case. Later for illustration, we will con-
sider my, ~ 0(10) MeV and my ~ O (1) MeV to get the correct DM
relic density and explain the XENON1T excess.

Now let’s consider the inelastic scattering of DM with the elec-
tron in the xenon atom to explain the XENONIT anomaly. The
scattering occurs through the interactions

LD —ig%ZL (Xry" x1 — X1v* xr) —eecwz;ﬁy“e. (28)
It turns out that in the limit m, > m,, o, has exactly the same
form with (13) of the scalar DM case.

We require the yr to be long-lived so that it is also a main
component of the dark matter. It decays mainly via the SM Z-
mediating xg — x;vV, using the interactions

i — - i 1 7,y
ﬁD_EGSWgXZpL(XRy Xi—X1v XR)_EgZZuVLV VL.
(29)

The expression for the decay with, I'(xg — x;vV), also agrees ex-
actly with (20). As shown in (20), the lifetime of xr is much longer
than the age of the universe, which guarantees the xr is as good
a dark matter as xj.

In the bottom panel of Fig. 2, we show the allowed region
in the (my,€) plane where we can explain the XENONIT ex-
cess with correct DM thermal relic density within the standard
freeze-out scenario. For illustration, we choose the fermion DM
mass to be my =mpg =10 MeV, and varied the dark Higgs mass
my = 2,4,6,8 MeV denoted with different colors. 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 quar-
tic coupling of dark Higgs (A4) remain in the perturbative regime.
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Fig. 2. (top) Feyman diagrams for y x — ¢¢. (bottom) The region in the (my,e€)
plane that is allowed for the XENONIT electron recoil excess and the correct ther-
mal relic density for fermion DM case for § = 2 keV and the fermion DM mass to be
mg =10 MeV. Different colors represent my = 2, 4,6, 8 MeV. The gray areas are ex-
cluded by various experiments, assuming Z’ — xg x; 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].

The solid (dashed) lines denote the region where gx satisfy (vi-
olate) perturbativity condition, depending oy < 1 or not. Within
this allowed region, A4 remain perturbative. Again it is nontrivial
that we could explain the XENON1T excess with inelastic fermion
DM models with spontaneously broken U(1)x — Z» gauge sym-
metry. In particular it is important to include light dark Higgs for
this explanation as in the scalar DM case.

3. Conclusion

In this paper, we showed that the electron recoil excess re-
ported by XENONI1T Collaboration could be accounted for by
exothermic DM scattering on atomic electron in Xe, with sub-GeV
light DM: mx ~ 0(100) MeV for the scalar and m, ~ 0(10) MeV
for the fermion DM, and dark Higgs ¢ being even lighter that DM
particle for both cases. Dark photon should be heavier than DM in
order that we can forbid the DM pair annihilation into the Z’'Z’
channels. This scenario could be described by DM models with
dark U(1) gauge symmetry broken into its Z, subgroup by Krauss-
Wilczek mechanism. And dark photon Z’ and dark Higgs ¢ in such
dark gauge models play important roles in DM phenomenology. In
particular in the calculation of thermal relic density, new chan-
nels involving a dark Higgs can open XX" — ¢Z’ and x % — ¢¢,
which are p-wave annihilations. Then one could evade the strin-
gent constraints from CMB for such light DM. Other dangerous
s-channel annihilations can be kinematically forbidden by suitable
choice of parameters. Thus the exothermic scattering in inelastic
Z> DM models within standard freeze-out scenario can explain the
XENONIT excess without modifying early universe cosmology. We
emphasize again that the existence of dark Higgs ¢ is crucial for
us to get the desired DM phenomenology to explain the XENON1T
excess with the correct thermal relic density in case of both scalar
and fermion DM models within the standard freeze-out scenario.
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Note added

While we were preparing this manuscript, there appeared a few
papers which explain the XENON1T excess in terms of scalar or
fermion exothermic DM [9,11,21,29,30,42]. Our paper is different
from these previous works in that we consider dark U(1) gauge
symmetry broken to its Z, subgroup by dark Higgs mechanism,
and include the light dark Higgs in the calculations of thermal
relic density for the two component DM in the standard freeze-out
scenario: XX — Z'¢ for scalar DM and x — ¢¢. Other s-wave
channels are kinematically forbidden by suitable choice of mass
parameters. This possibility of dark Higgs in the final state in the
(co)annihilation channels is not included in other works. By includ-
ing these new channels, we could achieve the correct thermal relic
density and the desired heavier DM fluxes on the Xe targets si-
multaneously, without conflict with strong constraints on light DM
annihilations from CMB. And the models considered in this paper
are renormalizable and DM stability is guaranteed by underlying
U (1) dark gauge symmetry and its unbroken Z, subgroup.
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