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An excess of low-energy electronic recoil events over known backgrounds was recently observed in the
XENONIT detector, where 285 events are observed compared to an expected 232 4 15 events from
the background-only fit to the data in the energy range 1-7 keV. This could be due to the beta decay of an
unexpected tritium component, or possibly to new physics. One plausible new physics explanation for the
excess is absorption of hidden photon dark matter relics with mass around 2.8 keV and kinetic mixing of

about 10713, which can also explain cooling excesses in horizontal-branch (HB) stars. Such small gauge
boson masses and couplings can naturally arise from type-IIB low scale string theory. We provide a fit of
the XENONIT excess in terms of a minimal low scale type-IIB string theory parameter space and present
some benchmark points which provide a good fit to the data. It is also demonstrated how the required
transformation properties of the massless spectrum are obtained in intersecting D-brane models.
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I. INTRODUCTION

The XENON Collaboration has reported an excess of
low-energy electronic recoil events over known back-
grounds in the XENONIT detector, where 285 events
are observed compared to an expected 232 + 15 events
from the background-only fit to the data in the energy range
1-7 keV [1]. This could be due to the beta decay of an
unexpected tritium component, or possibly to new physics.
The latter possibility has led to a plethora of theory papers
[2-27] which attempt to explain the XENONIT excess as
due to a new particle. Most of the explanations involve the
absorption of a new light weakly interacting bosonic dark
matter (DM) relic, for example axionlike particles (ALPs)
with spin zero, new gauge bosons Z’, which couple directly
(but weakly) to fermions, or hidden photons (also known
as dark photons or paraphotons) which interact only via
gauge kinetic mixing. However there is a general issue
among all the DM models which have been proposed to
explain the XENONI1T excess, namely how to achieve the
observed DM relic density of Qpyh% = 0.12, which can be
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addressed in various ways. We shall not discuss that issue
further here, but just assume that a suitable (possibly
multicomponent) relic density can be achieved by one of
the proposed mechanisms discussed in the literature [2-27].

Turning to the different scenarios, there are reasons why
the hidden photon explanation may be favored over either
the ALP or the Z' models. To begin with, ALPs with a
sufficient electron coupling, g, = (5—7) x 10714, to
explain the XENONIT signal, need to have extremely
suppressed couplings to photons to accommodate con-
straints from x-ray searches [28]. Even for ALPs with a
negligible coupling to photons, the electron coupling that
fits the XENONIT result is outside of the 2¢ region
preferred by the stellar cooling anomalies. In the case of
Z', it may require a zero coupling to lepton doublets in
order to suppress the coupling to neutrinos and so allow a
sufficiently long-lived dark matter candidate [21]. By
contrast, the hidden photon, whose gauge kinetic term
mixes with the hypercharge generator will automatically
have couplings to neutrinos suppressed by powers of the
ratio of the dark photon mass to the Z mass, making the
hidden photon practically stable. In addition, a hidden
photon dark matter relic with the mass around 2.8 keV and
a kinetic mixing of about 10713 can not only explain the
XENONIT excess but can also explain cooling excesses in
HB stars [9,29], while satisfying the astrophysical con-
straints. By contrast, ALPs are less well suited for simulta-
neously explaining the XENONIT excess and the stellar
cooling anomaly for the best fit region [4], although the
agreement is improved if the ALPs only constitute only a
subdominant component of dark matter [20]. For all these
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reasons the hidden photon interpretation of the XENONI1T
excess seems to be very plausible.

It is well known that small gauge boson masses and
kinetic mixings can naturally arise from low scale string
theory [30-35], and a survey of possible string origins of
such parameters consistent with the XENONIT excess has
recently been made [36]. As mentioned above, an explan-
ation of the XENONIT excess through a hidden photon
requires a mass in the scale of order a keV with corre-
sponding gauge coupling gy ~ 10715 — 107!, In intersect-
ing D-brane constructions the hidden photon mass and its
corresponding gauge coupling are controlled by the
dynamics of the background theory. However, the authors
in [36], starting from a type-I string theory background
have shown that obtaining such small values of masses and
couplings for a directly coupling Z’ is challenging. Yet,
they stressed that small kinetic mixing (also discussed in
[37]) may be possible in string theory, which provides
further theoretical motivation for the hidden photon explan-
ation of the XENONIT excess.

In this paper we shall focus primarily on the well
motivated hidden photon explanation of the XENONIT
excess, and show how it may originate from low scale
type-IIB string theory. We then provide a fit of the
XENONIT excess in terms of a minimal low scale type-
IIB string theory parameter space and present some bench-
mark points which provide a good fit to the data. The
remainder of the note is organized as follows. In section II
we review the idea of hidden photons. In Sec. III we discuss
how type-IIB string theory can describe hidden photon with
parameters in the desired range. In Sec. IV we present
specific models from intersecting D-branes backgrounds
that can accommodate weakly coupled gauge boson
and hidden photons. In Sec. V we provide a fit of the
XENONIT excess in terms of the parameters of minimal
low scale type-1IB string theory and present some bench-
mark points which provide a good fit to the data. Finally
section VI concludes the paper. Appendix provides addi-
tional details for model building in the context of intersect-
ing D-branes.

II. HIDDEN PHOTONS

Hidden photons (also known as dark photons or para-
photons) [38—41] are defined to be the vector boson of an
extra gauged U(1)y under which no Standard Model (SM)
particle carries charge. The only coupling to the SM is via
gauge kinetic mixing with hypercharge U(1), [39]. Below
the electroweak symmetry breaking scale, the mixing is
with the QED U(1), gauge kinetic term,

1 1 1 1 .
EZ_;(F” )z—z(X” )Z—ESF” qu—img((X”)Z—J”A,,,

(2.1)

where the photon field A* has field strength F*¥, the hidden
photon field X* has field strength X**, the explicit mass
term my for the hidden photon can emerge from a Higgs or
Stiickelberg mechanism, and j* represents interactions
between the SM particles and the ordinary photon.

After expressing the photon and dark photon fields in a
canonically normalized kinetic basis, the two canonically
normalized fields are no longer mass diagonal, and the
mass matrix needs to be diagonalized. After diagonalizing
the mass matrix one arrives at two mass eigenstates, the
massless photon y; and the massive dark photon y,, which
are different from the original fields A# and X*, the main
difference being that the redefined dark photon has now
very small couplings to charged particles. The effect of all
this can be thought of as a field redefinition A# — A* — eX#
[42], in which the kinetic mixing term has been traded for a
direct interaction of the hidden photon with the electrically
charged SM particles j*A, — j*(A* — eX*), so the inter-
action with electrons has a strength ee, where e is the
electromagnetic charge. Since the hidden photon originates
from a hypercharge mixing, it will also mix with the Z
boson of the SM. However such mixing effects are in
practice negligible, being suppressed by powers of the ratio
of masses my/M,. Thus for example, the decay of the
hidden photon into neutrinos, via Z boson mixing, will be
highly suppressed.

In order to explain the XENONIT excess we need keV
mass hidden photons with very small kinetic mixings of
the order of & ~ 10715, There is a large literature of string
theory explanations for such small masses and kinetic
mixings [33,34,43-59]. In the next section we shall develop
the discussion recently provided in [36,37], where we will
see that, starting from the general considerations of a
weakly coupled (dark) gauge boson which couples directly,
we are led to consider hidden photons which couple only
through the small gauge kinetic mixing in order to account
for the XENONIT excess.

III. LOW SCALE TYPE-IIB STRING THEORY

Consider a ten-dimensional type-IIB theory compacti-
fied on a six-dimensional space of volume V. The reduced
Planck mass M p, the string scale M, the string coupling g,
and the internal volume V{ are connected through the
relation [37]

VoM

M3 = .
P

(3.1)

If the extra (dark) gauge boson resides on a D(3 + &)
brane that wraps a d-cycle with volume Vg, then the
corresponding gauge coupling is given by [36]

(2n)*1g,

3.2
R (3:2)

gy =
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FIG. 1. Contours of my and gy in the (M
Assume that d of the six extra dimensions are large, with
a common radius R and the remaining (6-d) dimensions
have a radius ~(1/M,). If also the 5-cycle dimensions are a
subspace of the d large dimensions, then we have that:
Ve = (2zR)(2aM; "), Vs=(2zR)’.  (3.3)
Replacing the volumes V¢ and V5 above in Egs. (3.1) and
(3.2) respectively and combining them in order to eliminate
the radius R we find that:

5 1 \7/M\?%
X_ ﬂgSZQY MP )

Note that, a very small gauge coupling (gy < 1) can be
achieved either for a low string scale M or for a small
string coupling g,. In the first case, minimal values for gy
require maximum &. Then, for 6 = d Eq. (3.4) simplifies to

R=t (Ms)z
X Gs MP

and for g, = 0.01-0.2 with M, varying' from 10 TeV to
10° TeV we obtain 1074 < gy <4.2 x 10712, Although
weakly coupled, such a gauge coupling is not yet small
enough in order to explain the observed excess in XENONIT,
which would require a gauge coupling gy ~ 1075 — 10716,

Concerning the mass my of the dark photon, this can be
generated through a Higgs mechanism.” Its mass will be
my = gyvy where vy is the vacuum expectation value of
the Higgs field responsible for the breaking of the extra
U(1)y symmetry. Assuming vy ~ M, and § = d we obtain

(3.4)

(3.5)

!Collider searches put the bound M, = 8 TeV [60].
An alternative scenario is that the extra U(l) gauge field
becomes massive through a Stuckelberg mechanism.

s> Js) plane. For a dark gauge boson mass in the range of 1-5 keV one has gy ~ O(10712).

(3.6)

1 (M%)
my = 4| —
X Ys MP

which varies from 0.13 eV to 0.42 eV for g, = 0.2 to g, =
0.01 and M = 10 TeV. Higher values for the dark photon
mass can be achieved by increasing the value of M, which
at the same time increases the value of gy. This is shown in
Fig. 1 where we contour plot the dark photon mass my and
the gauge coupling g, in the (M, g,) plane. As we observe,
for my in the range of few keV’s the corresponding gauge
coupling receives values, gy ~O(107!2). We see that,
while my has the appropriate keV value, gy is not small
enough in order to accommodate the XENONIT results.
Further suppression, however, might be possible through
mixing effects in intersecting D-brane configurations with
additional hidden U(1)’s, to be discussed in the next
sections.

Another well motivated possibility of interest to explain-
ing the XENONIT results, is the hidden photon scenario.
This corresponds to the case where the extra U(1), gauge
bosons do not couple directly to the SM states but are only
allowed to couple through the kinetic mixing with hyper-
charge U(1)y, as discussed in the previous section. Here we
shall assume that the kinetic mixing parameter € in Eq. (2.1)
is generated by loops of states with masses m; carrying
charges g;, ¢¥ under the two U(1)’s, as follows:

(3.7)

_ €9x i €gx
~l6r 2Zq’ ;ﬂl 1622 L

where y is the renormalization scale. The effective coupling
to electrons discussed in the previous section is then
identified as:
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FIG. 2. Two possible configurations of open strings with their two endpoints attached on the intersecting D-branes. Higgs fields -not
shown- are represented with strings with one endpoint attached to U(2) stack and the other one to any of the three U(1) D-branes. The
U(1)" brane is associated with the very weak gauge coupling gy in Eq. (3.5). The left panel describes the model in [21] where only e¢
couples to U(1)y. The right panel corresponds to the case of the hidden photon, where none of the SM particles couples to U(1)y.

a
Ixeff = €€ = (3-8)

with a,,, = e?/4rx being the fine structure constant. Note
that, the parameter Cp,, is model dependent, however,
partial cancellations can occur leading to large suppressions
in the effective coupling gx,eff.3

In the next section, we provide additional string theory
motivation for weakly coupled gauge boson and hidden
photons. Then, using the effective gauge coupling given
above and the dark photon mass given by Eq. (3.6) we
interpret the XENONIT excess in the parameter space of
My, gy and Cy .

IV. D-BRANE CONFIGURATIONS

String model building offers a variety of solutions.
Among the most popular constructions are SM extensions
from intersecting D-branes [61,62] and F-theory [63]
motivated models [64,65], which is the 12-dimensional
geometric manifestation of type-IIB string theory.

Here is a brief description how the gauge symmetry and
the spectrum arise in intersecting D-brane models in type-I
string theory.* The fundamental object is the brane stack,
consisting of a certain number of parallel, almost coincident
D-branes. A single D-brane carries a U (1) gauge symmetry
whereas a stack of n parallel branes gives rise to a U(n) ~
SU(n) x U(1) gauge group. When stacks intersect each
other chiral fermions are represented by strings jostling in
the intersections sitting in singular points of the transverse
space. For definiteness, the compact space is supposed to
be a six-dimensional torus 7% = T2 x T2 x T?. Chirality
arises when the brane-stacks are wrapped on a torus [66]
and the multiplicity of fermion generations is topological

3For a detailed analysis in connection with the weak gravity
conjecture we refer to [37].

“The analysis in Sec. III can be converted from type-II to type-I
by multiplying the right-hand side of Eq. (3.1) with a factor of 2.

invariant depending on the homology classes and is
given by a formula involving the two distinct numbers
of brane wrappings around the two circles of the torus.
Thus, for two stacks n, m, the gauge group is U(n) x U(m)
while the fermions are in the bifundamental representations
(n,m), , ,or (i,m), ., where the indices refer to the
corresponding U(1) charges. Obviously, if an open string is
attached on an SU(n) stack with the other end on a U(1)y
brane, then the corresponding state is (n, 1)(%%), where

the indices refer to the “charges” of the state under the
Abelian symmetries U,(1) € U(n) and U(1)y. The mini-
mum number of brane stacks required to accommodate
the SM are a stack of three parallel branes implying
U(3) - SU(3) x U(1), another one of two parallel branes
U(2) - SU(2) x U(1), and a U(1). The hypercharge is a
linear combination of these three abelian symmetries.
However, this minimal structure cannot accommodate a
dark photon with a light mass and tiny couplings to
ordinary matter. Evidently, a configuration of more than
one U(1) brane should be considered [36].

In [67] a viable intersecting D-brane set up has been
considered which is capable of interpreting the XENONT1
effects. It consists of U(3) and U(2) stacks giving rise to
the non-Abelian factors of SM, and three U(1) branes. In
this case, the symmetry of the emerging model is

SUB3), xU(1),xSUQ2), xU(1), xU(1)3.  (4.1)

Two possible configurations of open strings with their
two endpoints attached on the intersecting D-branes and
emerging symmetry given by (4.1) graphically illustrated
in Fig. 2. Higgs fields—not shown—are represented with
strings with one endpoint attached to U(2) stack and the
other one to any of the three U(1) D-branes.

Next, the salient features are described: depending on the
specific spectrum of the model, several U(1)’s could be
anomalous and a generalized Green-Schwarz mechanism is
implemented to cancel the anomalies of the corresponding
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Abelian factors. The hypercharge generator of the model is
a linear combination of U(1) factors contained in the gauge
symmetry (4.1). In principle all U(1)’s could take part in
this combination, hence the hypercharge is written as a
linear combination

3
Y:k3Q3+k2Q2+ZCjQI,j (42)
j=1

where k3, k, and c; are real constants.

Each state is represented by an open string with its two
ends attached to two brane stacks and as a result, they carry
two U(1l) charges. Assigning the appropriate charges
should take into account the orientation of the strings,
i.e., where the open strings begin and end.

All possible hypercharge embeddings of the spectrum
can be found as follows. In the example shown in Table I,
the SM states are characterized by the charges under the
abelian factors related to the symmetries of each stack.
Thus, the quark doublet is represented by a string with its
endpoints on U(3),. and U(2), stacks, hence the charges
are shown in the corresponding entries of the table. The
coefficients €, take the values 1 depending on whether the
string ends on the brane or its mirror (under orientifold
action). According to the previous discussion, in order to
accommodate a light neutral boson Z’, its associated left-
handed neutral currents involving quark and lepton doublet
fields should non exist. This is possible if the light boson is
associated with the U(1)"” brane of the left panel in Fig. 2,
where only e couples. Using (4.2), the following equations
determine the hypercharges of the various SM states

1
Q: k3 +€1k2 :6

2
uc: —k3 +€2C2: —g

1
dc: —k3 +€3C1 :g

1
L: €4k2+€5C2 = —5
e‘: €6C1 +€7C3 =1

d: €3CH + €9C3 — 0. (43)

TABLE I. The “charge” assignments of the spectrum originat-
ing from the D-brane configuration of Fig. 2 (left panel).

Charges under the Abelian symmetries

Spectrum  U(1), ul), Uy vy u@)”
0 +1 €1 0 0 0
u¢ -1 0 0 € 0
de -1 0 € 0 0
L 0 €4 0 €5 0
e 0 0 €6 0 €7
(O] 0 0 0 €3 €9

TABLE II. The ‘“charge” assignments of the Higgs states
originating from the D-brane configuration of Fig. 2 (left panel).

Charges under the Abelian symmetries

Spectrum  U(1)c ul), Uy Uy’ u)”
Hu 0 1 0 —€) 0
H, 0 1 -1 0 0
(0] 0 0 0 —€5 —€7

The last entry corresponds to a SM neutral singlet, ®.
This equation can be solved trivially by assuming that
Cy = C3 = 0 (or Cy) = C3 and €y = —69).
Among the various solutions of the above system, a
promising one is
2
ks =3
€1 = —1,

k2: Clzl, C2:0, C3:0,

1
2’

€4:—1, €3:+1, 66:+1 (44)

where the €; (not shown) can receive any of the values +1.
Note that ¢, = ¢3 = 0 which means that U(1)” and U(1)"”
decoupled from the definition of the hypercharge. All the
possible solutions with ¢, = ¢3 = 0 are listed in Appendix.

We turn now into the Higgs fields and the Yukawa
sector of the model. The requirement for tree-level up and
down quark terms fixes the U(1) charges of the MSSM
Higgs doublets H, and H, respectively. Their charges
are presented in Table II. Notice that a charged lepton
renormalizable operator of the form Le€H ;, is not invariant
under the various U(1) symmetries of the model. For

€g = —€¢5 and €9 = —e;, the charged lepton masses
appear through nonrenormalizable operators of the form
~LeH @.

With the charge assignments shown in Table II we have
the following superpotential terms for the quark and
charged lepton sectors of the model:

1
WD 3, QueH, + 34Qd Hy + - Le"Hy®.  (4.5)

Right-handed neutrino singlets can be represented by
string starting and ending on the same (U(1)”) brane. In
this case, a coupling Lv°H,, is possible, whereas a seesaw
mechanism can take place either with higher order non-
renormalizable terms involving ‘v and/or their KK
excitations.

V. FIT TO THE XENONIT SIGNAL

Hidden photons couple with electrons in the same way
as photons up to a suppression factor gy .. Then, the
dark photon rate at the XENONIT detector can be
expressed as [68]

DM
N = EN;g> , 5.1
TIX eff P Ope (5.1)
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Left: expected number of events in the presence of dark photon DM scattering at XENON1T assuming the effective parameters

my = 2.9keV and gy = 9.3 x 107!%, Right: same as left but assuming the string parameters g, = 0.02 and M, = 1000 TeV and
Crog = 5.5x107'%. A comparison with the observed signal is also given.

where £ = 0.65 ton. yr and N, represent the exposure
and the number of atomic targets per ton at the detector,
while the dark photon mass my and the gauge coupling
Jrefr are given in terms of the string parameters according
to Egs. (3.6) and (3.8), respectively. Here, ppy =
0.3 GeVcm™! is the DM density, m,, denotes the nuclear
mass, while o, represents the SM photoelectric cross
section evaluated at E, = my. The latter accounts for the
absorption of an ordinary photon by the target atoms. Due
to the finite energy resolution of the XENONIT detector,
the observed signal will be recorded as a function of the
reconstructed recoil energy 7. through a convolution
of the monochromatic rate given in Eq. (5.1) with the
smearing function G(T.., my) and the detector efficiency

A(Trec) 4 as

dN
dTI'CC

= A(T 1) G(T e, my )N, (5.2)

where, G(T,,myx) is approximated by a normalized
Gaussian function with [69]:

6/Tre = 0.3171//Trec[keV] + 0.0015.

The presence of a dark photon leads to a signal enhance-
ment at 1-4 keV recoil energy that may explain the low
energy excess events observed at XENONIT. The left
panel of Fig. 3 illustrates the expected event spectrum
evaluated under the assumption of effective parameters for
describing the dark photon mass and kinetic mixing
coupling, while the obtained results are compared to recent
the XENONIT data and the background B, In agreement

’A discussion on possible background sources in addition to
By is given in [70].

with previous estimates [11], our best fit (see below)
implies that a very tiny coupling gx.r = 9.3 X 10716
and a dark photon mass of my = 2.9 keV fit nicely the
data. Then, we are interested to explore the prospect of
interpeting the XENONIT anomaly in terms of the Low
String Scale model described above. The right panel of
Fig. 3 shows the corresponding expected recoil spectrum
by assuming the benchmark values g, = 0.02 and M =
1000 TeV and Cpoe = 5.5 X 1019, Evidently, the absorp-
tion of dark photons by the atomic nuclei of the XENONI1T
detector is sufficient to produce a low-energy bump even
for tiny couplings and hence being free of any tension with
other known constraints [9].

We are therefore motivated to perform a spectral fit based
on the »? function [2]

29 i '
1 [/dN! dN! \?
o M obs _ “'th ) 53
X (gs s [Log) ;(;12 (dTrec dT . ( )

where the index i runs over the ith bin of the
observed XENONIT signal denoted by dN', /dT.. with
statistical uncertainty o;, taken from Ref. [1]. Here,
dN},/dT (g5, M, Cy,,) represents the expected signal
due to hidden photon absorption as described in
Eq. (5.2) including also the background Bi,.

Assuming effective dark photon parameters we perform
a sensitivity analysis by varying simultaneously the mass
and gauge coupling. The sensitivity contours in the
parameter space (my, gy.f), are shown in Fig. 4 at lo
and 95% C.L. Also shown are the individual Ay?(my) and
Ay*(gx.fr) functions, marginalized in each case over the
undisplayed parameter. The best fit value in this case
corresponds to y2. =352 for gy = 9.3 x 1071¢ and
my = 2.9 keV. The XENONIT collaboration has also
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FIG. 4. Sensitivity contours in the (my, gy.s) parameter space
at 1o and 95% C.L. from the analysis of XENONIT data. The
best fit point is also shown (astrophysical constraints are taken
from [29,71]). Ay? profiles as a function of the effective dark
photon mass and the effective coupling are also shown.

examined the possibility of an additional source of back-
ground coming from *H decay. We are thus motivated to
explore the impact of this new background by taking into
account a total By + °H background in the definition of
Eq. (5.3). As expected, the results imply a reduction of the
significance with the best fit value being 2. = 38.14 for
Gxeff = 5.4 x 1071% and my = 2.6 keV (the corresponding
1 o allowed region is presented in Fig. 4). To compare the
present results with existing astrophysical constraints,
superimposed are limits coming from the cooling of
horizontal branch stars (HB) and red giants (RGB) sum-
marized in Ref. [9] (see [29,71] for details).

Prompted by the stringent constraints derived in the
context of the simplified effective scenario, i.e., mainly due
to the narrow range of allowed masses my, we are now
intended to probe the low scale string model parameters in
the light of the recent XENONIT data. For simplicity, we
reduce one degree of freedom by fixing g, to 0.02 or 0.2.
We note that the latter choices ensure that M, > 10 TeV
[36] and Eq. (3.6). For the two benchmark scenarios, in
Fig. 5 we present the corresponding allowed regions at 1o
and 95% C.L. in the plane (Mg, Cr,,) as well as the
Ay*(M) and Ay*(Cy,,) functions. Given the above
considerations, we find two distinct regions with best fit
values (M =991 TeV, Cp, = 5.5 % 10719 for the case
for g, = 0.02 and (M, = 1770 TeV, Cy,, = 9.8 x 10719)
for the case for g, = 0.2, both sharing a )(Iznin = 35.2. For
completeness, in the same figure also shown is the lo
contour when the tritum background is taken into
account. Before closing our discussion, since our adopted
scenario depends on three parameters (g, M, Cp,,), We

10 LT I\T T T T \I | T 17T | T J_ -]
S | =
~ 6 ' P 7
5 4 Y //95% C.L.
............................... NI oA vtpr il
2 - \*.\ "’ lo -
T 17T | T 17T | T 17T | 1T I | I| T | T | T
| [ 10 (Bo only) 1 = 1
F |EEE95% C.L. (Bo only) -
[ 1o (Bo + 3H) :
1079 —
é" o 3
€) C ]
- gs = 0.2 -
g =0.02 1
10710 111 1 | 111 1 | 111 1 | 11 1
500 1,000 1,500 2,000
M, [TeV]
FIG. 5. Same as Fig. 4, but for the string parameters M, and

CLog evaluated for two benchmark values g; = 0.02 (solid lines)
and g, = 0.2 (dashed lines).

find it useful to perform a more generic sensitivity analysis,
leaving free the full set of relevant parameters. Performing a
scan in the region g, = (107, 107"), maintaining this way
the perturbativity of the theory, we marginalize over g, by
evaluating y*(M;, Cy,,) = ming_y*(gs, M, Crog). The lat-
ter analysis led to the same best fit as in the previous cases,
i.e., o, = 35.2 which occurred at (M, = 153 TeV, Cpo, =
8.5 x 10~!"). We finally conclude that at 95% C.L. the
preferred values of M, lie in the range 70-2000 TeV
while Cy,, falls in the 107" — 10~ range, for the various
values of g;.

VI. CONCLUSIONS

In this brief note we have focused on the hidden
photon interpretation of the XENONIT excess, which
seems to be very plausible for a number of reasons,
not least of which is that a hidden photon dark matter
relic with the mass around 2.8 keV and a kinetic mixing
of about 107! can not only explain the XENONIT
excess but can also explain cooling excesses in HB stars.
Also the coupling of such a hidden photon to neutrinos
is naturally highly suppressed by the Z boson mass,
making the hidden photon cosmologically stable. We
have discussed how the very small masses and couplings
can arise from type-IIB low scale string theory. We have
also provided additional string theory motivation for
weakly coupled gauge boson and hidden photons in
D-brane models.

We have interpreted the XENONIT excess in terms
of a minimal low scale type-1IB string theory parameter
space and presented some benchmark points which
describe well the data. We then provided a fit to the
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XENONIT signal, providing sensitivity contours in the
plane of my and gy, including the possibility of an
additional source of background coming from *H decay. To
compare the present results with existing astrophysical
constraints, we also included the limits coming from the
cooling of horizontal branch stars (HB) and red giants
(RGB). Finally we expressed the sensitivity plot of the
XENONIT excess in the parameter space of My, g,, and
CLog- The results show that the string scale must lie below
about 2 x 103 TeV, providing some indication that string
theory could be discovered at colliders in the not too distant
future, if the XENONIT excess is due to a hidden photon
resulting from string theory.
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APPENDIX: LIST OF SOLUTIONS

Table III displays all the solutions with ¢, = ¢3 = 0 for
the brane configuration described by the left panel in Fig. 2.
There are 32 solutions in this class.

TABLE III.  Analytic solutions with ¢, = c3 = 0.

€1 €y €3 €4 €5 €6 €7 k3 k2 Cq Cy C3
-1 -1 -1 -1 -1 -1 -1 2/3 1/2 -1 0 O
-1 -1 -1 -1 -1 -1 1 2/3 1/2 -1 0 0
-1 -1 -1 -1 1 -1 -1 2/3 1/2 -1 0 0
-1 -1 -1 -1 1 -1 1 2/3 1/2 -1 0 0
-1 -1 1 -1 -1 1 -1 2/3 1/2 1 0 0
-1 -1 1 -1 -1 1 1 2/3 1)2 1 0 O
-1 -1 1 -1 1 1 -1 2/3 1/2 1 0 O
-1 -1 1 -1 1 1 1 2/3 1/2 1 0 0
-1 1 -1 -1 -1 -1 -1 2/3 1/2 -1 0 0
-1 1 -1 -1 -1 =1 1 2/3 1/2 -1 0 0
-1 1 -1 -1 1 -1 -1 2/3 1/2 -1 0 0
-1 1 -1 -1 1 -1 1 2/3 1/2 -1 0 0
-1 1 1 -1 -1 1 -1 2/3 1/2 1 0 O
-1 1 1 -1 -1 1 1 2/3 1/2 1 0 0
-1 1 1 -1 1 1 -12/3 1/2 1 0 0
1 1 1 -1 1 1 1 2/3 1/2 1 0 0
1 -1 -1 1 -1 -1 -1 2/3 -1/2 -1 0 O
1 -1 -1 1 -1 -1 1 2/3 -1/2 -1 0 O
1 -1 -1 1 1 -1 -1 2/3 —=1/2 =1 0 0
I -1 -1 1 1 -1 1 2/3 =1/2 =1 0 0
I -1 1 1 -1 1 -12/3 -1)2 1 0 0
I -1 1 1 -1 1 1 2/3 =1/2 1 0 0
I -1 1 1 1 1 -12/3-1/2 1 0 0
1 -1 1 1 1 1 1 2/3 -1/2 1 0 O
1 1 -1 1 -1 -1 -1 2/3 -1/2 -1 0 O
1 !l -1 1 -1 -1 1 2/3 -1/2 -1 0 O
I 1 -1 1 1 -1 -1 2/3 =1/2 =1 0 0
I 1 -1 1 1 -1 1 2/3 -1)2 =1 0 0
1 1 1 1 -1 1 =123 -1/2 1 0 0
1 1 1 1 -1 1 1 2/3 -1/2 1 0 O
1 1 1 1 1 1 -1 2/3 -1/2 1 0 O
1 1 1 1 1 1 1 2/3 -1/2 1 0 0
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