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We investigate the enhancement of dark sector particle production within the scattering dominant
regime. These particles typically exhibit a slight mixing with Standard Model particles through various
portals, allowing for their generation through in-medium oscillation from Standard Model particle sources.

Our analysis reveals that in the scattering dominance regime, with a significantly smaller scattering mean
free path Ay, compared to the absorption mean free path 4., the nonresonant production of sterile states
can experience an enhancement by a factor of A,,,/As,. This phenomenon is demonstrated within the

context of kinetic mixing dark photon production at a reactor, precisely satisfying this condition. By
incorporating this collisional enhancement, we find that the current sensitivity to the mixing parameter € for
dark photons in the TEXONO experiment can be significantly improved across a range spanning from tens

of eV to MeV. This advancement establishes the most stringent laboratory constraint within this mass
spectrum for the dark photon. Sterile neutrino production, however, does not exhibit such enhancement,
either due to the failure to meet the scattering dominance criterion or the neutrino damping in resonant

production.

DOI: 10.1103/PhysRevD.109.055041

I. INTRODUCTION

The dark photon A’ is a well-motivated new physics
particle, which is the gauge boson corresponding to an extra
U(1)" gauge symmetry and can couple to the Standard
Model (SM) through a kinetic mixing term [1-7]. After
normalization of kinetic terms, it couples to the electric
charge of the SM particle with a mixing strength €, serving as
abridge between the SM and the dark sector [8—12] or a dark
matter candidate as well [13—16]. Its mass can be originated
from the Stueckelberg or the Higgs mechanisms [17-24],
thus there are only two phenomenology parameters,
mass my and interaction strength ¢ in the model. Recent
experiments have extensively studied the parameter space
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from particle physics, astrophysics, and cosmology, see
Refs. [25,26] for a recent review on the dark photon and the
various constraints.

Among various terrestrial laboratories [27-29], nuclear
reactor experiments such as TEXONO [30] and JUNO-
TAO [31] can provide the competitive limits on the dark
photon in the mass range of (10 eV ~ MeV). At the core of
a nuclear reactor, numerous photons with MeV energy are
produced, which can potentially transform into dark pho-
tons with masses up to MeV if allowed by the kinematics. If
the dark photon mass is well below the effective photon
mass m, (which is around 10 eV in the reactor [30]), then
the conversion probability will suffer the suppression
~my,/m; [32,33]. Consequently, the nuclear reactor
experiments are the suitable place to explore the high mass
range 10 eV ~ MeV.

Estimating dark photon production in nuclear reactor
cores is performed in the interaction basis, where the dark
photon is sterile to the SM electromagnetic current.
Consequently, the dark photon can be generated only
through the oscillation between the SM photon and the
dark photon when photons are produced in the reactor. This
scenario requires considering the interaction between the
SM photon and reactor cores, which directly affects the
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https://orcid.org/0000-0002-1938-5794
https://orcid.org/0000-0001-7386-0253
https://orcid.org/0000-0002-2258-7741
https://orcid.org/0000-0002-7889-5604
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.055041&domain=pdf&date_stamp=2024-03-25
https://doi.org/10.1103/PhysRevD.109.055041
https://doi.org/10.1103/PhysRevD.109.055041
https://doi.org/10.1103/PhysRevD.109.055041
https://doi.org/10.1103/PhysRevD.109.055041
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

DU, LIU, WANG, and WU

PHYS. REV. D 109, 055041 (2024)

oscillation process. For photons in reactor cores, two
important effects are addressed: absorption, which termi-
nates the oscillation, and scattering with the medium, which
destroys the old photon and generate a new one with a
softer energy. We emphasize that the scattering rate is
significantly larger than the absorption rate for MeV reactor
photons [34], resulting in multiple scatterings before
absorption occurs. Previous studies only considered
absorption when calculating the conversion of photons
to dark photons in the reactor [30,35]. However, this study
will also include the scattering effects and examine how
they modify the results.

II. THE DARK PHOTON AND PHOTON
OSCILLATION SCHEME

In the kinetic-mixing dark photon model [5], the
Hamiltonian for the transverse modes of the photon and
dark photon in the medium in the interaction basis is given

by [36]
b 1 [em} +mi —em? 0
2E, —em?, mi )

where the dark photon A’ has mass m,, E, is the (dark)

photon energy, and m, = \/4zan,/m, is the effective mass
of photon induced by the medium, which is about
m, = 20 eV [30] in the reactor core. Our analysis focuses
only on the non-resonance region, specifically when
my > m, [30], as exploring the resonance region requires
a detailed understanding of the reactor core structure and
materials.

We do not include the longitudinal photon in our
calculation because its energy, equal to the plasma fre-
quency (approximately 20 eV), is below the threshold of
the neutrino detector used in this study. Additionally, the
longitudinal plasmon is not a propagation mode, so the
physical picture of Compton scattering during propagation
is not valid. Therefore, we only consider the transverse
mode of the photon in our study.

III. THE ABSORPTION AND
SCATTERING IN THE MEDIUM

We will examine matter effects of photon oscillations to
dark photons in a medium, including absorption and
scattering. When dealing with MeV photons in the reactor,
we will consider the photoelectric process for absorption
and Compton scattering for scattering as they are the
dominant processes [34].

The damping processes (absorption and scattering)
terminate photon propagation and oscillation to the dark
photon. The conversion probability with damping effect is
given by [37]

, - 1+e‘rf—2005A2LEzfe‘rTf
P,_.(¢ T E,) = , ! , 2
-~y y) = €emy (Am2)2+(E7F)2 (2)

where the damping rate is I' = 'y, + I'sca- Here Iy =
n,0,, represents the absorption rate for the photoelectric
process, and I'y, = nqoc is the Compton scattering rate.
Assuming a pure thorium (Z = 90) reactor core [38], n, is
the corresponding number density of thorium atoms, and ¢,
and o denote the cross section for photoelectric process and
Compton scattering in pure thorium [39]. By neglecting the
scattering rate and consider a constant absorption rate I, =~
1/(10 cm) for MeV photons in reactor cores [30], for
¢ — oo, Eq. (2) recovers to [36,37,40,41]

4
P, =é oy
r—A (Am2)2 4 E212

7~ abs

(3)

which is the conversion probability of a photon oscillating to
a dark photon at infinity solely under the influence of
absorption.

In the oscillation calculation, we adopt a hard cutoff at
the kinetic threshold in line with Ref. [30]. This approach
adheres to the forward scattering of the Compton-like
conversion process, y +e¢ — A’ + e, where the energy
and momentum direction of the incoming photons and
outgoing dark photons are assumed to be identical.
Consequently, the kinetic threshold for the conversion
process is defined as E, > m,, ensuring that the oscillation
probability only considers cases where the incoming
photon has sufficient energy to convert into a dark photon.

Note that I'y, > I'y,, for MeV photons in reactor
cores [34,39]. Therefore, the scattering process y + e —
y + e will significantly impact the oscillation by absorbing
and emitting photons, altering their energy and direction. It
is essential to incorporate these newly released photons into
the simulation and recalculate the oscillation probability.
The reactor core produces isotropic photons [42], and we
assume a homogeneous core [38] that is much larger
[O(m)] than the absorption length [O(10 cm)] of MeV
photons [30]. These assumptions lead us to expect isotropic
distribution of resulting reactor dark photons. Thus, our
analysis focuses solely on the resulting dark photon
spectrum. Notably, a photon becoming a dark photon
retains its original energy during oscillation. Therefore,
our study considers only energy changes in Compton
scattering as the direction change does not affect the dark
photon energy spectrum.

IV. SIMULATION PROCESS

In our simulation, the absorption and scattering effects in
the reactor cores are explored by tracking the individual
photon. We consider a photon generated from the reactor
core with initial energy E;. This photon first travels through
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a mean free path of a Compton scattering process, A¢, in
pure thorium medium [39]

Ac(Ey) =1/ (nyoc(Ey)). (4)

For a propagation distance smaller than A-, no Compton
scattering is assumed to take place. Then the probability of
the photon oscillating to a dark photon with absorption
effect in this distance is given by P, 4 ;(Ac(E}),
Tas(E1), E1) as Eq. (2), where the subscript 1 records
the step of the propagation. Considering loss of photon due
to the medium absorption and the oscillation to dark
photon, the resulting survival probability for photon is

Py =[1= P,y el (5)

After traveling the mean free path distance A, the photon
is assumed to undergo next Compton scattering immedi-
ately, where the old photon with energy E is absorbed by the
medium and a new photon with lower energy E, < E; is
generated. The energy E, of the new photon is randomly
chosen based on the final state photon energy distribution in
the laboratory frame for Compton scattering.

In the next step, the new photon travels through the
medium over another mean free path distance A.(E,) and
undergoes the processes of propagation, absorption, oscil-
lation, and scattering, see Fig. 1 for our simulation flow
chart. We loop these processes until the survival probability
of the final photon falls below 0.1, denoted as IT}_, P} (with
initial value P = 1), where i is the step index and n is the
number of loops when the survival probability falls below
0.1. Here we choose 0.1 as the threshold to reduce the
computing power requirement, since a smaller number will
not significantly change the production of dark photons.

Finally, after considering absorption and scattering
effects, we simulated the total conversion probability from
a photon to a dark photon in the medium, which can be
expressed as

n

Proy = Z (Py_ i X TLZHP5). (6)
p

E 1
Reactor
Core

absorption
+ oscillation

p=1

Compton
scattering

FIG. 1. The flow chart of our simulations for reactor photons
oscillating to dark photons with Compton scattering included.
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FIG. 2. The rescaled conversion probability for a photon with
energy 1 MeV to dark photon in reactor cores under different
scenario. The solid curve considers both the absorption and
Compton scattering effects. The dashed curve only considers the
absorption effect.

It sums up the probabilities of generating dark photons in
each step along the photon propagation path. Furthermore,
to suppress the fluctuations in our results, we simulated
1000 photons for each initial energy. In Fig. 2, when
counting the scattering effect, the conversion probability is
significantly enhanced for m, > 20 eV.

V. ANALYTIC ESTIMATION

To comprehend the simulation results, we aim to derive
an analytical explanation for the observed enhancement in
the total conversion probability. Equation (2) contains
two lengths for the MeV photon: interaction length A =
1/T~2cm and oscillation length o = 47E,/Am? ~
1071%(my /MeV) =2 cm. Therefore, £, leads to a highly
oscillating pattern with propagation length #. To simplify,
we disregard the highly oscillating linear term cos (/1)
in Eq. (2), and obtain an average estimation of the single
conversion probability. Then the average probability of a
photon not undergoing any scattering and converting to a
nonresonant dark photon is

e*my (1 -+ e‘rf)
(Am?)* + (E,T)?

€2m4/ e—l‘f
~ A(ilm j)z ) )

Py() =

We drop the E,I" term in the denominator since Am? ~
m3, > E,I'~ (3 eV)? for nonresonant dark photon pro-
duction at the reactor, resulting in an energy-independent
conversion probability.

For a rough estimate, assuming no energy loss during
medium scattering, the probability of a photon undergoing
n times of scatterings at locations 0 <?¢; <?¢5,...<?, <t
and converting to a nonresonant dark photon is (see a
detailed derivation in the Appendix A)
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/ d¢, / dt, .. / dt, e TOT Po(£ = £,),
fl nl

o (e )@

where x = I'Z, while I'(n, x) and I'(n) are the incomplete
and complete Gamma functions, respectively. The damping
effect on the active state at the nth scattering is described by
e T7n T, represents the n times of scatterings, and the last
term Py (£ — £,,) gives the conversion probability from the
new photon generated by the nth scattering.

The total conversion probability, summing up the multi-
scattering between photons and medium, leads to

- mt, [T
Pr=%"p, = (e mA) < +B(f)>,
n=0 abs
2.1, r n Ff
B(£)=eTwl =) 0 9)

n=1

For £ — 0, P (0) = Py(0) thus the short propagation
distance suppresses the multiple scattering effect. When

the active state propagates long distance in the medium,
£(O(m)) Z 1/Tps(O(10 cm)), one has

D po(£ = ). (10)

abs

PO(£) ~

In the scattering dominant region where I' ~ I, > Ty,
the nonresonant dark photon production is enhanced by the
factor ['yy/Taps ~ Aabs/Asca cOmpared to the case without
considering scattering. For MeV photons in reactor, this
enhancement factor is about 10 cm/2 c¢m ~ 5, which in the
ballpark agrees with the factor of 10 in our full numeric
simulation for the nonresonant region my > 50 eV
in Fig. 2.

In Fig. 2, the solid line representing the conversion
probability exhibits a slight decrease near the Kkinetic
threshold, primarily attributed to the energy loss of photons
during elastic Compton scattering. In contrast, the dashed
line, which excludes scattering effects, maintains a constant
value. Moreover, the asymptotic value of the dashed line
approaches unity, indicating that the converted dark photon
flux in the absence of scattering scales directly with the
initial photon flux, ®, ~ eszy. When incorporating scat-
tering effects, the dark photon flux is enhanced by a factor
of I'/T s ~ 5, highlighting the significance of scattering in
determining the overall dark photon flux in a reactor core
environment.

Comparing y — A’ mixing with sterile neutrino mixing is
intriguing. Unlike nonresonant dark photons in reactors, the
production of sterile neutrinos in supernovae lacks a similar
enhancement. Two mechanisms drive sterile neutrino
production in supernovae: adiabatic MSW resonance and

collisional production [43—-45]. The dominant mechanism,
adiabatic MSW resonance, loses efficacy due to a high
scattering rate, significantly reducing neutrino mean free
path [45]. Conversely, collisional production is less influ-
enced by scattering rate, as the damping factor of I'? in
conversion probability is counterbalanced by scattering rate
in the numerator and enhanced resonant length [40]. Thus,
elevated scattering rates generally suppress sterile neutrino
production in supernovae. In contrast, for reactor dark
photons in the nonresonant regime, the mass term (Am?)?
outweighs the significance of the scattering damping term
E’I? in the conversion probability. Therefore, increased
scattering rates linearly amplify dark photon production at
the reactor.

VI. THE REACTOR EXPERIMENT
SEARCH OF DARK PHOTONS

Nuclear reactor cores produce numerous MeV photons,
making them ideal for dark photon production. Assuming
isotropic generation of prompt photons, the approximate
spectrum for photon flux at E, > 0.2 MeV is [42]

dF}, 0.58 x 10?! 1.1E,
_ exp |— , (11)
dEy sMeV GW MeV

where P represents the reactor thermal power. The dark
photon production rate from photon oscillation can be

expressed as
dF 4
4= / dE,—~
dE

where dP,_,,/dE, represents the differential conversion
probability in our simulation. Figure 3 illustrates the energy
spectrum for dark photons produced by a 2.9 GW nuclear
reactor with m, = 0.1 MeV. The solid line accounts for
absorption and scattering effects, while the dashed line
only considers absorption. Since the scattering softens the
photon energy and E, = E4 in the oscillation, more low-
energy A’ are produced with inclusion of scatterings,
resulting in a larger enhancement for the lower energy
dark photon in the solid line compared to the dashed line.

The dark photons, with negligible attenuation due to
oscillation back into photons (¢ < 1), can be detected
through Compton scattering of electrons once they reach
the detector by measuring the electron recoil energy. We
analyzed experimental data [46-48] from high-energy
threshold (3-8 MeV) CsI(TI) scintillating detectors [46]
and low-energy threshold (0.3-12.3 keV) Germanium (Ge)
ionization detectors [47] at TEXONO [49]. Then in Fig. 4,
we set 95% CL (confidential level) constraints on dark
photons with a mass lighter than 1 MeV obtained from the
Csl (red) and PCGe (blue) detectors in the TEXONO
experiment, see the Appendix B for more details. For dark

dF,dP,_y
"dE, dE,

(Ey), (12)
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FIG. 3. The spectra of dark photon with my = 0.1 MeV

produced in the reactor with 2.9 GW thermal power under
different scenarios. The solid curve considers both the absorption
and Compton scattering. The dashed curve only considers the
absorption effect.
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FIG. 4. TEXONO 95% CL constraints on dark photons lighter
than 1 MeV from Csl (red) and PCGe (blue) detectors. The solid
curves are the constraints incorporating both absorption and
scattering effects on photons by the medium, and the dashed
curves incorporate only the absorption. Existing constraints from
terrestrial experiments are shown as dark gray regions [50,51].
Astrophysical and cosmological constraints are shown as light
gray regions [36,40,52-54].

photon heavier than 1 MeV, it can quickly decay to
a pair of electrons thus does not apply to the scenario
described here. The solid curves represent the constraints
considering both absorption and scattering effects of the
medium on photons, while the dashed curves only consider
the absorption effect.

VII. RESULTS AND DISCUSSION

The inclusion of scatterings increases the conversion
probability of oscillation into the dark photon by a factor

of 10 in Fig. 2. The number of signals N, in the detector is
proportional to €*, so the €* limit will be enhanced about
V10 ~ 3 times. Additionally, scattering softens the energy of
the photons, reducing N g, for high-energy threshold detectors
(e.g., Csl detector with threshold of 3-8 MeV) and increasing
Ny, for low-energy threshold detectors (e.g., PCGe detector
with threshold of 0.3-12.3 keV). Consequently, the € limit is
enhanced by approximately two times for Csl detectors limits,
and six times for PCGe detectors limits. This highlights the
significance of considering the scattering effect in dark photon
constraints. Consequently, TEXONO provides the most
stringent constraints on dark photons among terrestrial experi-
ments [25,50,55] Within the range of dark photon masses
spanning from 10 eV to MeV.

The photon energy spectrum in Eq. (11) only includes
photons with energies E, > 0.2 MeV. Thus, when
my > 0.2 MeV, low-energy photons cannot pass through
the reactor to reach the detector by oscillating to heavy dark
photons, resulting in a decrease in the signal rate of low
electron recoil energy. Consequently, the PCGe detector
with a low-energy threshold of 0.3-12.3 keV has a
weakened sensitivity in the mass range of 0.2-1 MeV.
In contrast, the CsI detector with a high-energy threshold
of 3-8 MeV, remains constant in the 0.2-1 MeV
mass range.

VIII. CONCLUSION

In this study, we have calculated the detection flux for
the conversion probability of y — A’ in neutrino experi-
ments, such as TEXONO. Unlike conventional methods
that solely consider the absorption process, we also take
into account the multiple scattering effect resulting from
Compton scattering in the medium. Our findings indicate
that this multiple Compton scattering effect significantly
enhances the sensitivity to dark photons across all probed
mass region. This kind of enhancement does not exhibit in
the sterile neutrino production, either due to the failure to
meet the scattering dominance criterion or the neutrino
damping in resonant production. In the future, the new
reactor experiment, such as JUNO [56] and NEOS [57] can
provide better sensitivity for dark photon with the inclusion
of the multiple scattering effect.
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APPENDIX A: DERIVATION OF CONVERSION
PROBABILITY WITH MULTIPLE SCATTERING

In this section, we provide the derivation of Eq. (8) in the
main text, for the probability of a photon undergo » times of
scatterings and converting to a non-resonant dark photon.

Taking into account the damping effect of the medium
(absorption and scattering), the scattering probability of a
photon at differential location of £ ~ ¢ + d¢ is

dPy, = e (1 — e Twad?)

e T, dt. (A1)
Thus, assuming no energy loss during medium scattering
for a rough estimate, the probability of a photon being
scattered once by the medium at 0 <[/ < and then
converting into a dark photon is

14
P(£) = / e TG Py(f— 1), (A2)

Similarly, the conversion probability with n scatterings can
be obtained using the following iterative relationship

3
Pn(£> = A dlne_rlnrscapn—l<f - ln) (AB)

Here, the photon firstly scatters once with the medium at /,,,
then scatters n — 1 times along the remaining propagation
path £ — [, and converts into a dark photon. By explicitly
expressing this iterative relationship, we have

4 -1, n
Pae) = [“die i [ [ Ezdu*wm%<—2))
0 i=1

‘-1, . ’
/dl/ dl,_,.. 2! dlye T2l P0<f

K_Zn I

£ ~ f—fl -
0 0 0

In the last two steps, we employ the following variable
transformations

Ci=ly =Y 7 (A5)

The last line of Eq. (A4) corresponds to the probability of a
photon undergoing n times of scatterings at locations 0 <
£y <C5,...<?¢,<¢ and converting to a non-resonant
dark photon. Thus, we arrive at Eq. (8) in the main text.

APPENDIX B: THE REACTOR EXPERIMENT
SEARCH OF THE DARK PHOTON

In this section, we briefly describe the two TEXONO
detectors used in our analysis: CsI(TI) scintillating detec-
tors and Germanium (Ge) ionization detectors. We provide
a detailed description on how to utilize their data to
establish the dark photon limit.

The TEXONO neutrino experiment is located 28 m from
the reactor core of the Kuo-Sheng Nuclear Power station
with thermal power of 2.9 GW [49]. It uses CsI(TI)
scintillating detectors [49] and Germanium (Ge) ionization
detectors [47] to search for neutrinos through o, — e elastic
scattering.

i=1 df

5)

i=1

n
Tl lfrrgcap()( —Zf,)
i=1

¢ 4 ¢
= / dt, / dt,... / d,e T Po(£ = £,).
0 fl fn—l

(A4)

The CsI(Tl) scintillating crystal array measures
40 x 31.2 x 37 cm?®. For CsI(Tl) detectors, the energy
thresholds for the electron recoil energy are E™" =
3 MeV and EP*™ =8 MeV [46], respectively. We use
TEXONO II-V data with a duration of 160 days. In the
typical energy range of CsI(TI), the Compton scattering is
the dominant process, so the probability of generating a
Compton scattering signal for each dark photon is approxi-
mated by the conversion probability of the dark photon [30]:
m,

— 2
Psig—e W (Bl)

Thus, the number of signal events is obtained via

1 dF,
=ST [ dEy —— AP
Nsig / Y 4zD? dE,

where S represents the cross-sectional area of the detector
facing the reactor core, T is the data collection time, and D is
the detector-to-reactor core distance. The differential flux
forA’is 1/(4zD?)dF 4 /dE ,, and after multiplying with the
conversion probability Pg,, A’ converts back into y without
an energy change (E, = E,) [30]. The detector acceptance
factor €,,.. reads

sigeacc(EA’)1 (B2)
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1 Eg™ dGC(Ey)

—, B3
e (B3)

E)=———
€aCC( }’) O-C(Ey) E'g“i"

where E, is the initial photon energy in Compton scattering.
The 95% C.L. upper limit on the signal events from the dark
photon is 1174.1 from TEXONO data [46]. Therefore, we
require N, < 1174.1 to set limits in our scenario.
TEXONO also includes an n-type PCGe detector with a
of mass is 500 g and a low electron recoil energy threshold
of 0.3-12.3 keV. The expected events rate N, /T at PCGe
detector is derived from Eq. (B2) with the cross-sectional

area S replaced by N,oc(E,), where N, is the electron
number in the detector. This is because the size of PCGe
detector is comparable to the Compton scattering inter-
action length (a few cm), and then we can no longer assume
that every converted photon is scattered in the PCGe
detector. We use the reactor ON/OFF data with exposure
of 124.2/70.3 kg-days [47,48]. Our expected event rates
take the same bins as the TEXONO PCGe data: 60 bins
with bin width 0.2 keV for each in the electron recoil
energy from 0.3 to 12.3 keV [48]. At last, we use the
minimal-y? fit method to determine the 95% C.L. upper
limit in our scenario.
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