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Solar neutrinos upscattering inside the Earth can source unstable particles that subsequently decay inside
large volume detectors (e.g., neutrino experiments). Contrary to naive expectations, when the decay length
is much shorter than the radius of the Earth (rather than the length of the detector), the event rate is
independent of the decay length. In this paper, we study a neutrino-dipole portal (transition dipole operator)
and show that existing data from Borexino and Super-Kamiokande probes previously untouched parameter
space in the 0.5-20 MeV regime, complementing recent cosmological and supernova bounds. We discuss
similarities and differences with luminous dark matter and comment on future prospects for analogous
signals stemming from atmospheric neutrinos. A companion paper explores an analogous mass-mixing

portal.
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I. INTRODUCTION

The Earth is continuously bombarded by both neutrinos
from the Sun (among other sources) and dark matter from
our local Galaxy; both can serve as a resource with which to
search for new physics. The canonical strategy, as it
pertains to dark matter, is to detect particles directly via
elastic or inelastic scattering within a detector; however,
this strategy applies equally well to new physics coupled
via some neutrino portal. For example, electron recoil data
can be used to constrain both elastic and transition
neutrino-dipole moments, both of which have attracted
recent interest as potential explanations of the XENONIT
excess [1-5] (see also [6] for a review).

Interactions of dark matter with our local solar system
may also provide interesting secondary ‘“‘subcomponent”
signals of new physics. For example solar capture and
annihilation, or solar reflection, can yield boosted dark
matter [7,8] as can elastic scattering with solar neutrinos
[9]. In addition to the Sun, the Earth itself can serve as a
resource with which to produce observable signals.
For example, it has recently been pointed out that exotic
decays of hydrogen are phenomenologically viable explan-
ations of, e.g., the XENONIT excess [10]. Finally, certain
models of inelastic dark matter are best observed via their
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upscattering within the Earth, yA — y*A, followed by a
decay to a photon inside a detector y* — yy [11,12].

This paper focuses on a similar process where neutrinos
upscatter within the Earth, VA — NA, and produce unstable
new particles, N, that decay inside large volume detectors,
N — vy. A minimal model that illustrates this phenom-
enology is the so-called neutrino “dipole portal” to a dark
sector [13—15], which is described by the interaction
Lagrangian'

(a)
L D daNRGWIJ(La)FW - MDZ

NRO'WVLFW’ (1)

where v; is the Standard Model left-handed neutrino, and
F,, is the electromagnetic field strength. The index a = e,
U, = denotes the neutrino flavor, and Ny, is a (possibly Dirac
or Majorana) sterile neutrino. The dipole operator, d,, can
generically be flavor dependent; however, since the solar-
neutrino flux contains all three flavors, the sensitivity
derived here is only mildly flavor dependent. This model
was proposed as a phenomenological explanation of the
MiniBooNE and liquid scintillator neutrino detector
anomalies [16] and subsequently studied in the context
of radiative muon capture [17], supernovae cooling [14],
collider searches [14], double bangs at ICECUBE [18],
fixed-target facilities [14,19-21], low-recoil dark matter
detectors [22], and cosmology of the early Universe [15].
This paper is the first in a series of two that investigates the

'We use the variable d rather than y, throughout this work. A
quick conversion factor that is convenient for comparing results
across conventions is d X 6.75 MeV = p,/up with up the Bohr
magneton.
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physics potential for detecting upscattered unstable par-
ticles sourced by solar neutrinos inside the Earth with a
neutrino-dipole portal serving as a useful benchmark
example. In [23], we consider a mass-mixing portal whose
upscattering and decay phenomenology is sufficiently
different to warrant isolated treatment.

The parametric sensitivity to the dipole operator, d, of a
search strategy that uses a flux of incident neutrinos directly
is straightforward. The rate of scattering events inside a
detector is proportional to the flux times the cross section
® x ¢ multiplied by the number of targets inside the
detector’s fiducial volume. The flux of incident neutrinos
is independent of d, while the detection cross section scales
quadratically with the dipole operator, ¢ ~ d*>. The signal
rate, R, therefore scales as R ~ d>.

Another possibility is to make use of astrophysical fluxes
indirectly by leveraging their ability to produce a flux of new
physics particles. For instance, cosmic rays interacting in the
upper atmosphere can produce long-lived particles [24] in
much the same way that dedicated fixed target facilities (e.g.,
NAG62 [25], SHiP [26], etc.) can. In both cases p p and/or pA
collisions source mesons, which promptly decay, ultimately
producing a flux of light, long-lived, new physics particles,
e.g., heavy neutral leptons [24], light dark matter [27], or
millicharged particles [28]. Such an indirect production
mechanism costs an extra two powers of the coupling
constant, such that for a neutrino-dipole portal the flux itself
scales as ® ~ d? leading to an event rate that scales as R ~ d*.
These indirect fluxes are therefore expected to provide
meaningful sensitivity to new physics only at moderately
small couplings.

A seemingly innocuous twist on this latter scenario is to
consider an indirect flux of new particles that decay within
a detector rather than scattering against its constituents.
Consider a detector with a characteristic length scale £, and
a particle with a decay length, 4, that satisfies 1> ¢. A
long-lived particle is unlikely to decay inside a finite sized
detector, since the probability of decay within a distance ¢
is Pgo. = 1 —exp[—£/1], and for 1> ¢, this scales as
Pyec = /A ~ d*. Naively, therefore, the signal rate in this
scenario scales as R ~ d*.

The parameteric dependence of the signal on the dipole
coupling, d, changes dramatically when two conditions are
satisfied: (1) the indirect flux is sourced by upscattering
inside the Earth, and (2) the decay length satisfied 1 < Rg,
with Rg the radius of the Earth. In this case, the upscattered
flux that arrives at the detector is proportional to 4 such that
@ X Py is independent of 1 at the leading order in £/A.
This can be understood as the effective column density of
targets growing with 4 in such a way as to precisely cancel
the 1/A penalty arising from the rarity of decays within the
detector. This effect persists until it is saturated by the
boundaries of the Earth after which, rather than being
suppressed by a factor that is O(£/4), the rate is instead
suppressed by a factor that is O(Rg/A).

U FN ,J"’\‘

Mantle Detector

FIG. 1. Upscattering of a solar neutrino inside the Earth’s
mantle (or core or crust) leads to a “heavy” O(MeV) sterile
neutrino, N. In the weak coupling limit, N is long lived and can
propagate long distances eventually decaying inside a large-scale
detector. For a neutrino-dipole portal, this leads to a deposited
photon with an energy of order ~100 keV-10 MeV.

We can make our discussion more concrete by consid-
ering a flux of incident particles on a thick slab of material
of length L, which terminates in a detector as depicted in
Fig. 1. If we consider an infinitesimally thin slice of the slab
(thickness dz), then the flux of long-lived particles, N,
arriving at the front detector is d®y = @, 7,0, ye 7/*dz,
where z is the distance from the slice to the detector, 71, is
the number density of upscattering targets, and o,_, y is the
upscattering cross section for vA — NA. Integrating over z,
we find the flux at the detector is given by

_ Ls]ab
Dy = (I)bOnAGuaN/ e_z/idZa
0
= (DyO [ﬁAﬂ]Gu—»N(l - e_LSIHbM)’ (2)

where the quantity in the square braces can be interpreted as
the effective column density of scatterers along the line of
sight. The rate of decays within the detector will be
proportional to the product of this flux, the area of the
detector, and the probability of decaying within it,

Ryee = q)NAdet(l - e_bpM)’

~ q)uo VdetﬁA OyA—NA> (3)

where we have assumed Ly, > 4> ¢. This can
be compared to the rate of the quasielastic scattering
vX — Xv signal events from the direct flux of
neutrinos,

Ry = @0 Vet X0, x-nNx- (4)

We have included the label X, because for scattering events
to be visible inside the detector, their energy deposition
must be observable as X-recoil energy. Low-energy nuclear
recoils are difficult to observe as compared to electron
recoils, which means that ve — Ne scattering often
provides better sensitivity. Upscattering off of electrons,
however, has a much smaller cross section than vA — NA.
In upscatter-decay scenarios, the nuclear recoil of a target
inside the Earth does not need to be detected, and so
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FIG. 2. Constraints on a muon-only dipole coupling d,,, from
cosmology (big bang nucleosynthesis and cosmic background
radiation) [15], SN-1987A [14], Borexino ev scattering data
[15,30,31], CHARM-II ev scattering data [18,32], MiniBooNE
[14,33], and NOMAD [19,34]; the last viable parameter space
[15] to explain the XENONI1T excess is indicated with a star. This
work (vg = N — vy) is shown in green with a solid (dashed) line
for a = —1 (a@ = 0) corresponding to a maximally CP-violating
Dirac (Majorana) N. Constraints were obtained by multiplying
the solar-neutrino flux by P,,(E,) [35-37].

VA — NA scattering is an ever-present production mecha-
nism which dominates over ve — Ne.

Therefore, despite the upscattered flux being indirect
(i.e., sourced by scattering), the event rate is parametrically
identical to direct detection (scaling as R ~ d* rather
than R ~ d4). Furthermore, one can clearly see a number
of avenues via which event rates from upscattered long-
lived particles can supersede those of direct elastic
recoil:

(1) While both event rates are proportional to the
volume of the detector, Ry scales with the density
of upscattering targets inside the Earth. The interior
of the Earth tends to be 3—12 times more dense than
detector material.

(2) The cross sections entering the two expressions are
different, and the upscattering cross section may be
much larger. For example ve — Ne (detection)
has a much smaller cross section than vA — NA
(upscattering).

(3) Direct detection may be kinematically disfavored as
emphasized in the literature surrounding luminous
dark matter [11,12,29].

Even when vX — NX scattering is kinematically allowed,
points 1 and 2 can make the decay event rate much larger
than the elastic-scattering event rate.

The rest of this paper is dedicated to investigating the
sensitivity of large-scale detectors to a dipole portal for
my < 18.8 MeV, the cutoff of the solar-neutrino flux. Our
results are summarized and shown in context with other
constraints for a muon-only dipole portal in Fig. 2;
constraints derived in this paper for d, and d, are broadly

similar, while constraints based on fixed-target
facilities either weaken or disappear entirely for d, and
d; because the flux considered is predominantly com-
posed of muon neutrinos. Solar neutrinos offer a robust
probe of low-mass sterile neutrinos independent of neu-
trino flavor.

The rest of the article is organized as follows. In Sec. II,
we discuss the upscattering of solar neutrinos into unstable
right-handed neutrinos via the dipole portal. Next, in
Sec. III, we discuss decay properties including the differ-
ence between Majorana and Dirac decays [38—40]. Then, in
Sec. IV, we discuss how these two pieces of phenomenol-
ogy conspire to produce photon spectra at large-scale
detectors on Earth, the details of which are determined
by the geometry of the Earth relative to the Sun and the
latitude of the detector. In Sec. V, we use the photon spectra
derived in Sec. IV to set limits on dipole portal couplings
using Borexino [30,31] and Super-Kamiokande (SK) data
[41]. We conclude with Sec. VI where we summarize our
main results, emphasize the overlap between luminous dark
matter searches and luminous solar neutrino searches, and
comment on qualitative effects that are important for future
dedicated analysis.

II. DIPOLE-PORTAL UPSCATTERING

Solar neutrinos never exceed 20 MeV in energy, and this
means that their (hypothetical) electromagnetic interactions
with nuclei fall firmly in the coherent regime F(Q?) ~ 1.
Moreover, the four-momentum transfer is limited by E,,
and so the recoil energy of a nucleus, A, never exceeds
TH ~ (20 MeV)?/my <10 keV.  Therefore, neutrino
upscattering on nuclei can be reliably approximated by
considering the nucleus as a static pointlike charge sourcing
a Coulomb field. Within this approximation Ey = E, by
energy conservation and the matrix element for upscatter-
ing is given by

4d*(Ze)?

(IMP) = =R g = i, (5)
where flavor indices have been suppressed for brevity.
Using do = # (]M|?)dQ (appropriate for potential scat-
tering), noting that dr = 2E2dcos @, and integrating over
the azimuthal angle, we have

d 4d*7* (4 1
do _ 4d°Z"(4na) 1 [4E2 — m% + my /1]

dt 16z  Et
_ 4d*7*a 1 m_,2V m$, ()
t 4E?  4AEZt]|

This is logarithmically enhanced to prefer forward scatter-
ing such that it is a good approximation to treat the resultant
“beam” of steriles produced via solar-neutrino upscattering
to be parallel with the solar-neutrino flux. We restrict
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upscattering to “forward” angles satisfying cos & > 0 such

that (for Q> = —1)

lenin_(Pv_PN)z_<Ev_ E

-m )

2

4
ax 1 my

oy = 4Z%ad? {log< o

)+
min

4E2Q2

min

2
max —

P} + Py = 2E — my;,

(8)

and clearly in the £, > my limit, this gives the result Q;, =
tm3/E, and QO ~ 2E,. We can then calculate the rate of
“forward” scattering (denoted by the superscript ~) as

1 mj < zmax) 1omy }
———-log - O(E, — my),
4E \Qh/) 4B

2E,)*
~47%ad? {log [( :) } +1—1log2 + O(e? log e)} O(E, — my). 9)
my
The terms in the top line have been organized based on their d®y (Ey) = (g x dz2)o77 y®,o(E, ). (11)

scaling with respect to € = my/E,. At logarithmic accu-
racy in e, we therefore have o ~ 16Z%ad? log(2E,/my)
with corrections being of the order of ~few% for ¢ < 1/2.
The Z? enhancement means that scattering from nuclei
will always dominate over scattering from electrons.
Keeping only the leading logarithm and taking d = 1.97 x
10~ MeV~! [a convenient choice for decay-length pur-
poses, cf. Eq. (20)],

o7,y ~[1.76 x 1074 cm?|Z% log(2E,/my). (10)

For E, Z my (near threshold), one must use the full
expression in the first line of Eq. (9), and the resultant
flux is shown for a few benchmark masses in Fig. 3. We
note that the related downscattering cross section N — v is
similarly small such that essentially no heavy neutral
leptons (HNLs) will downscatter while transiting through
the Earth.

The flux of steriles @, emerging from an infinitesimal
slab of thickness dz with target density 71,4 are then given by

0
=
3
o
[
8 my=50 keV .
e my=200 keV :
X 107
S5 o e my=1 MeV
[T

109 ===+ my= MeV

0.05 0.10 050 1 5 10
En=E, [MeV]
FIG. 3. Shape of the sterile neutrino flux, ®y «x @, X 6,7, ,

for various choices of my, cf. Fig. 11. For a flavor-dependent
dipole portal d,, the flux should be multiplied by the survival/
transition probability, P,,(E,).

This flux, unsculpted by the energy-dependent decay
length, is plotted in Fig. 3.

For flavor-dependent couplings, oscillation effects
should be included in the solar-neutrino spectrum, and
the result should be summed over flavors appropriately
weighted by d2. This leads to, at most, an O(1) modifi-
cation of the constraints, and we neglect it in the discussion
hereafter, but include it in our flavor-dependent results
in Fig. 2.

III. RADIATIVE STERILE DECAY

Once the flux of N has been determined, the resultant
spectral shape of the photons from N — vy can be
calculated. The shape is somewhat model dependent, being
determined by the Majorana vs Dirac nature of N and the
level of CP-violation which is present [40,42], which
determines the angular dependence of the differential decay
rate in the rest frame of N,

dr
dcos®

x (1 +acosf) ael[-1,1]. (12)

A Majorana N has a = 0, whereas a Dirac N (naively
favored to suppress dipole contributions to neutrino tex-
tures [14]) can have a # 0 for a combination of magnetic
and electric dipole moments [38—40,42]. For illustration,
we include a = 0 and a = —1. In the lab frame, for an N
with energy Ey, this leads to

or/dE, = box(E,,Ey) a=0 (13)
T\ bi(E, Ey)  a=-1'
where
(=) (+)
O(E,—-E, ')O(E,"” —E
bOX(E},) — ( 14 4 ) ( 4 }’) (14)

Cams
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(+)
, EX_E
tri(E,) =2 (i) (i) box(E,), (15)
14 EY
g B (g [y (16)
! 2 E2 )"

The photon energy spectrum is then obtained by integrating
over Ey weighted by the flux of N. For example, for the
a = —1 case, we have

dR(E,)
dz

= (1—e?1)(1 —e~/%)

ddy(Ey) .
x/dENTtn(Ey,EN). (17)

Taking the density to be constant, 7i4(z) = 71,4, integrating
over z, treating £ < 4, and multiplying by the size of the
detector, we arrive at

18.8 MeV
dEN(l - e_leab/l)

R(E,) = VdetﬁA/

my
box(E,, Ey)

tri(E,, Ey) (18)

oo (Ey — )y (Ex) {

This form is applicable to a spatially varying density
profile if we make the replacement 7i,(1 — e Fuw/4) —
L[ dzig(z)(1 = e7/%).

We have implicitly assumed that @, (E, ) is independent
of z. This assumption can be violated if d is flavor
nonuniversal (d, # d, # d;) whereupon neutrino oscilla-
tions spoil this picture, in principle. For solar neutrinos,
however, the incident flux is a statistical mixture of
O(1):0(1):0(1) for v,ww,ww,. Constraints from solar-
neutrino fluxes are therefore insensitive to the flavor
dependence of the coupling constants aside from O(1)
effects due to, e.g., only 1/3 of the solar flux contributing to
upscattering.

Omnipresent in our current discussion is the decay
length A whose relative size determines whether our signal
scales as R ~ d* or R ~ d* The lifetime of N is given by

Dirac

dgmy {1
F:Z 4’:N><{ (19)

2 Majorana’

and its decay length, A = ypr, is therefore

Lo 4 Ey [ my
Zad%lm?\/ my E12V

_R 1.97 x 107° MeV~112[1 MeV1*4
e df my

x Lo MeV} V™" 099 (20)

where d = >, d>.

It turns out that the values of d and my that lead to a
roughly Earth-scale decay length are right at the boundary
of currently unexplored parameter space.

IV. SIGNALS AT LARGE-SCALE DETECTORS

Unlike the simple picture presented in the Introduction,
the “slab” of Earth that is traversed by solar neutrinos in
transit to a terrestrial detector is time dependent. This is
obvious in that during the day the solar neutrinos pass
through the Earth’s crust, whereas at night the majority of
the line-of-sight density they encounter is the Earth’s
mantle. This can be visualized by working in a coordinate
system where the solar flux is incident from the X
direction. In this frame, the Earth rotates about its axis
daily and precesses about the Z axis yearly as depicted
in Fig. 4.

Let us highlight a number of qualitative effects:

(1) There is a stark day-night asymmetry with almost no
signal during the day and all of the signal coming at
night. The seasonal variation is less extreme being
an O(1) effect.

Solar v

Night €«——» Day

FIG. 4. Time-dependent motion of a detector relative to the
solar-neutrino flux. A detector at a fixed latitude traces out
a path depicted by the solid line [Q— @ =2x/(1day) and
o =2x/(1 yr)].
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(ii) The neutrinos only pass through the core of the
Earth,” which is composed of high-density and
high-Z material, during winter for detectors in the
northern hemisphere. Since ®y « Z?%ii,, and the
core is a high-density, high-Z material, this also
introduces an important seasonal modulation.

(iii) The direction of the photons will be highly corre-
lated with the zenith angle for highly boosted N’s
(most of the spectrum).

Many of these issues are discussed in detail in [12] for
inelastic dark matter, which also has mostly forward upscat-
tering. For our present purposes, we focus on the time-
averaged rate of photon deposition in a given experiment, and
we therefore ignore details of seasonal and daily signal
modulation. Furthermore, we consider a simplified model
of the Earth that is designed to give a conservative estimate of
the photon yield, while remaining analytically tractable.

We take the Earth to be a uniform sphere composed of

one atomic species with Z = Z 4 and number density 714,
designed to mimic the average density of the Earth’s mantle
as shown in Appendix B. We assume that 4 > few km, such
that the detector is effectively on the surface. Each day
the detector traces out the path labeled by the frequency Q
in Fig. 4. The length of the slab through which the neutrinos
pass (shown as a dashed circle in Fig. 4) changes in
time such that the factor of (1 —e~Ls/4) in Eq. (18) is
replaced by

Z;(¢) = (1 —e t0/4), (21)

where (-); labels an average over the ith day of the year, and
we have introduced the dimensionless variable { = Rg/A.
The function Z;({) can be evaluated numerically but also
has simple analytic limits. For 4 < Rg, we have the
intuitive result that

£
T,(8) ~ e

~ R 2
2an <Ko (22)

such that the rate of photons is independent of the decay
length. Averaging over a full year’s exposure would then
yield a factor of 1/2 because of the absence of signal during
the day. In the opposite limit, where 1 > Rg,, the function
is simply related to the average column density seen by the
neutrinos

(L(1)); 2> Rg. (23)

=)=

Z,(0) ~

Making use of the seasonal modulation in the signal
could serve as a powerful tool for characterizing back-
grounds and substantially improve the sensitivity of large

>This is important for 12 Rg. If 1 < Rg; then, particles
upscattered in the core will decay before reaching the detector.

terrestrial detectors as discussed in [12] for the case of
inelastic dark matter.

For simplicity, we ignore seasonal variations and focus
here on the total integrated rate or equivalently the time
averaged rate taken over a full year of run-time. This has the
advantage of being directly comparable to publicly released
data from Borexino and SK. For this purpose, we can define
the average rate for the full live time of an experiment as

365

R(E) = %ZR,-(EQ, (24)

where R;(E, ) is defined the same way as in Eq. (18) but with
the replacement (1 — e~Ls/4) — 7,(¢). This leads immedi-
ately to the function

T(0) =565 D70, (25)

where we have introduced ({(Ey,my,d) = Rg/A. The
quantity Z(¢) has a mild latitude dependence as illustrated
in Fig. 5. With this function defined, we can express the year-
averaged differential rate of photon deposition, R(E,) (per
unit time per unit energy), as

18.8 MeV

R(Ey) :VdetﬁA/ dENI(Z:)q)DO (Ev:EN>617—>N(EN)

my
5 {b(?x(Ey,EN) 26)
tri(E,, Ey)

In the limit where 1 < Rg, but 4> h (with h the over-
burden), we can replace Z({) — % (half of the exposure is
daytime where there is no Signal3). If instead 4 > Rg (i.e.,
¢ — 0), then we can replace Z () — (L(¢))/4 such that for
the two limits we have

dR Vaedia | [Zest ]2
—=(104H
dEy ( Z)[ 1030 12
dy 2 1dR.
[1497><10‘f9fMeV‘]} 'édgy /1<<R€B
d, 4 my |4 [(L@)] dRs ’
[1.97x10-f9f1v1ev-1} '[1M[;Vj| 'FR;»} aE, A>Rg
(27)
dr 18.8 MeV 0 box(E,,E
<<=/ dEy % X< (Ey N)’ (28)
dE, My 10" Hz tri(E,.Ey)

3f 2 < h, then production in the Earth’s crust (rather than the
mantle) can also contribute appreciably such that there will be a
signal both day and night roughly doubling the expected event
rate.
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FIG. 5. Z({) (averaged over a year) for different latitudes.

Generally, the closer a detector is to the equator the more
advantageous its sensitivity will be; however, this effect is
relatively small provided we restrict possible detector sites to
lie between the Arctic Circle and the Antarctic Circle.

dR., 18.8 MeV 10 MeV 0.99 D0
= dEy ) =30
dE, my Ey 1 —my/Ey | 107" Hz

box(E,, Ey)
X
{ tI‘i(E},, EN)

, (29)

where @, = ®,o(E, = Ey), and we have introduced a
reference cross section,

. [197x107° MeVT12T 1
o = 61/—>N d ? s
~0(1) x 1074 cm?, (30)

that is independent of d and Z but depends on my and E, as
described in Eq. (9).

The function dR/dE, is proportional to the differential
rate of photons produced per target nucleus A and is left
unsculpted by the dependence of A on Ey. In contrast, the
function dR., /dE, is sculpted by A(Ey) « 1/Py, because
the rate depends on the ratio (L(r))/4; up-scattered N’s
with more energy are less likely to decay inside the
detector.

The most important feature of Eq. (27) is the transition
between R~d’> and R~d* scaling. The interpolation
between these two limits is given by Eq. (26), which
can be safely used over the entire my —d plane of
parameter space. It is, however, instructive to consider
experimental sensitivity in the two limits shown in Eq. (27).

Future dedicated analyses at large-scale detectors should
include the core of the Earth, the radial dependence of the
mantle density, and photon spectral information and make
use of time-modulation to discriminate backgrounds from
the signal. At this level of detail, it becomes mandatory to
use Eq. (26) rather than Eq. (27) (especially in the

cross-over region between the two limits). All results in
this paper make use of Eq. (26).

V. NEW CONSTRAINTS ON DIPOLE PORTALS

We consider data from Borexino and Super-Kamiokande
to set constraints on a neutrino-dipole portal. Our results for
a flavor-dependent dipole coupling (e.g., d, # 0 with
d, = d, =0) are shown in Figs. 7 and 8 for a triangular
photon spectrum and a box photon spectrum, respectively.
The parameters used in our rate-only constraint analysis are
summarized in Table I

We perform a conservative analysis on the Borexino low-
energy region (LER) dataset from [30] (available online at
[31]), binning their data into a region with E;; < 0.8 keV
(LER-I) and a region with E;; > 0.8 keV (LER-II). Since
the efficiency of Borexino is so high and photons are
reconstructed nearly identically to electrons, we neglect
efficiencies in our estimates (setting them equal to one).
Our signal’s photon spectrum is very broad, and so we do
not include the effects of the O(50 keV) broadening from
the detector resolution as this will be a negligible effect.

Our analysis is (up to a coarse rebinning) a rate-only
analysis and so is insensitive to spectral shape details. In
LER-I, the Borexino residuals are small relative to the event
rate, with eight different radioactive backgrounds contrib-
uting to the expected event rate. We use an event rate of 0.1
events per 1007-day per keV in LER-I. This corresponds
roughly to the full measured event rate in LER-I after
subtracting off the 2!%Po background and is larger than the
"Be solar-neutrino signal (which Borexino was able to
measure with percent level precision). This is important,
because the spectrum tends to be rather flat as can be seen
in Fig. 6, which qualitatively resembles the 'Be signal. A
quoted statistical significance would therefore require some
prior on the "Be flux normalization uncertainty, while
simultaneously accounting for the tight correlation between
the "Be signal from ve scattering and the v — N — vy
signal from the solar neutrinos. We do not attempt this here
and instead set limits whenever the rate from N — vy
would be roughly three times as large as the expected
Standard Model ve scattering signal with nominal expect-
ations for the solar-neutrino flux. For LER-II, we do not
have to contend with large radioactive backgrounds and
choose to set constraints by demanding that the N decays
do yield more than 0.01 events per 100 t-day. As can be
seen in Fig. 6, this would completely overwhelm the signal
observed in the detector and is clearly incompatible with
the measured data. A more sophisticated analysis would
include a full spectral shape fit and an accounting for the
daily and seasonal modulation of the signal. For Super-
Kamiokande, we use recent results from SK-IV, taking
Fig. 14 of [41] after cuts were applied. Photon events are
difficult to distinguish from electron or positron events
since the radiation length of an MeV photon is tens of
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FIG. 6. Data from Borexino’s low-energy region as presented in
[30,31]. The collaboration’s best fit to the data (in orange) is
shown overtop the raw data (in blue), with the black circles
representing the residuals (i.e., data fit). The vertical band shows
our binning into low-energy region I and low-energy region II,
and the horizontal black lines correspond to the average rate used
in each region to set our exclusions. The rate chosen in LER-I lies
beneath well understood radioactive backgrounds but above the
data’s residuals and the "Be neutrino event rate; this is highly
conservative. The collaboration was able to measure the "Be flux
with ~2% accuracy and the pep flux with ~10% accuracy. In
LER-II, the rate is (again, conservatively) chosen to lie above the
full observed signal. Photon spectral shapes (Dirac N with

a = —1) are shown for three different masses.
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FIG. 7. Exclusions from the three experimental datasets con-
sidered in this work for a Majorana-N (box distributed photons).
The regions above the lines are excluded. Sensitivity to dipole
couplings are largely independent of flavor as can be clearly seen.
The diagonal line shows where the cross-over region between
A> Rg and 1 < Rg is expected to take place. We assume a
simplified model of the Earth with a uniform density,
iy = 1.03 cm™, and a Z = 11.8. For comparisons to other
probes of neutrino-dipole portals, see Fig. 2.

centimeters, and so pair produces rapidly in medium. The
cuts applied on the SK-IV data involved external event
vetoes and a tight fiducial volume cut [41]. Since the decay
length of N is four to five orders of magnitude larger than

1011 E
0.05

0.10 0.50 1 5 10

my [MeV]
FIG. 8. Comparison of the sensitivity for a Majorana (o = 0) vs

Dirac particle with & = —1 in the d — my plane for an electro-
and tau-phobic dipole coupling (d, = d, = 0). We see that the
sensitivity is relatively insensitive to the shape of the photon
spectrum in a rate-only analysis. Constraints are obtained by
taking the most stringent of the constraints from Borexino and/or
Super-Kamiokande.

the Super-Kamiokande detector, we would expect the
photons to be uniformly distributed throughout the detector
volume, and so these cuts do not modify the expected rate
normalized to fiducial volume. To set limits on d., we
require that the N — vy does not produce a signal in excess
of the observed rate above 4 MeV, which we calculate to be
4.62 events per kton-day. We do not make use of any
spectral shape information, day-night asymmetry, or zenith
angle dependence, all of which could be leveraged for
improved sensitivity in a dedicated analysis.

Finally, we emphasize that the limits set here are
conservative and systematically underestimate the reach
of both experiments. It is not entirely fair to compare the
sensitivities of Borexino and Super-Kamiokande based on
the current analysis since each experiment’s own detailed
spectral shape and day-night asymmetry may significantly
impact their ultimate sensitivity; this comparison warrants
further study.

VI. CONCLUSIONS

The presence of solar neutrinos and coherent upscatter-
ing with the high-density and moderate-Z material of the
Earth’s mantle can lead to a dramatic flux of sterile
neutrinos passing through terrestrial detectors. Theses
fluxes are so large that they compensate for the relatively
low probability of decay within the detector volume
resulting in rates that dominate over elastic scattering by
orders of magnitude.

As we explore in [23], similar phenomenology can be
used to study other upscattering processes such as v - N
via a mass-mixing portal, followed by N — vete™. The
phenomenology differs qualitatively from the dipole-
scattering example, however, because the upscattering

075027-8



LUMINOUS SOLAR NEUTRINOS. I. DIPOLE PORTALS

PHYS. REV. D 104, 075027 (2021)

TABLE I. Summary of experimental data used in setting
constraints in this paper. Taken from Fig. 2 of [30] (available
online at [31]) and Fig. 14 of [41]. The excluded rate is a highly
conservative choice, cf. Fig. 6. A proper statistical analysis,
spectral shape information, and day-night asymmetry could
easily improve sensitivity.

Excluded rate
(events per

Experiment Epin MeV) E . (MeV) 100 t-day)
Borexino LER-I 0.2 0.8 60
Borexino LER-II 0.8 2.5 17
Super-Kamiokande IV 4.49 15.5 0.46

process is quasi-isotropic in the lab frame. This eliminates
day-night asymmetry to a first approximation and requires
a slightly reworked treatment. We refer the interested reader
to [23] where these details are discussed and similar bounds
are worked out from the nonobservation of energetic e e~
pairs in Borexino.

Unsurprisingly, luminous neutrino signals share many of
the same qualitative features with luminous dark matter. The
signal rate is independent of detector composition depending
only on the volume of the detector. Scattering is preferentially
forward, and the signal modulates in time. While similarities
exist, there are also important differences. Luminous dark
matter is expected to be heavy m, ~ 1 TeV, with a mass
splitting of O(100 keV) and a nonrelativisitic velocity [12].
This means that the resultant photons are monochromatic
with an energy set by the mass splitting and that threshold
effects are important.4 In contrast, the model considered in
this paper leads to moderately relativistic sterile neutrinos,
whose lab-frame photon distribution is therefore broadened.
The solar-neutrino flux is broad, and since neutrinos are
much lighter than nuclei, the only threshold effect that
manifests itself in this work is the requirement that
E, > my. Looking forward, it is important to emphasize
that any astrophysical source of neutrinos (e.g., atmospher-
ics) could produce similar phenomenology, albeit with the
potential mandatory inclusion of neutrino oscillation effects.
Luminous signals of inelastic transitions within the Earth
have many common ingredients, but their signatures inside
detectors can be somewhat model dependent. Our study
further motivates a dedicated program at future large-scale
detectors to search for upscattered new physics within the
Earth. This includes inelastic dark matter but also any
neutrinophilic inelastic transition.

Our study has demonstrated the discovery potential
using solar neutrinos, but heavier sterile neutrinos, N,
can be produced from atmospheric neutrinos. It would
be interesting to study their impact on dipole portals and

*For some parameter space in [12], upscattering into the
excited state is only possible if the target nucleus is very heavy,
e.g., 29%Pb.

other inelastic upscattering operators. Atmospheric neutri-
nos have a much smaller flux but could probe heavier m,,
where constraints are lacking as shown in Fig. 2.

Future experiments such as JUNO, DUNE, and Hyper-
Kamiokande can serve as sensitive probes of upscattered
particles, as can any other large-volume detector capable of
detecting MeV-scale photons (this statement is independent
of detector density). Searches could leverage time modu-
lation, which needs to be studied in more detail as has been
done for luminous dark matter [12], zenith dependence, and
spectral shape characteristics to distinguish new physics
from backgrounds.
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APPENDIX A: CALCULATION OF Z(¢)

To calculate the decay-weighted average path length
Z(¢), we take our detector to be described by a point

p(t) = (1/Ré—Z%COSQI,\/R%e_Z%SinQLZO)’ (Al)

defined in the reference frame of the Earth (Z parallel to the
magnetic pole). We then rotate the Earth’s pole via a the
rotation matrix

cosBy; 0 sinOyy
R = 0 1 0 > (AZ)
—sinfg, 0 cos Oy

where 6, = 23.5 degrees. This gives us an Earth that is
titled and spinning about its own axis but is static relative to
the Sun. In reality, the Earth precesses relative to the Sun.
We therefore apply a final rotation Ry, (wt) for rotation
about the %' axis (perpendicular to the Sun) ultimately
arriving at the depiction shown in Fig. 4,

p/(t) = Rprec(a)t)Rtiltp(Qt)' (A3)
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TABLE II. Mantle composition calculated using Table 3
of [43] and a density of p =4 g/cm’. Elements with n; <7 x
10" cm™ are omitted.

Molecule 7 (10?* cm™) 72 nx XZ% (10 cm™3)
SiO, 1.81 324 5.85
MgO 233 208 4.85
FeO 0.28 740 2.04
CaO 0.14 464 0.64
Cr,0; 0.01 1344 0.12
NiO 0.01 848 0.07

Next, we draw a straight line (ray) from p’ to the Sun,
which in the solar-beam frame is equivalent to adding —LX*
to p’. We then solve for the value of L for which
/(1) - Li[2 = R, (A4)
which is the distance to the point of intersection of the ray
with the surface of the Earth closest to the Sun. The value of
L is then the time-dependent slab length
Ly (wt,Qt) = L(¢) if L(¢) > 0. (A5)
For a given day of the year, the day-averaged rate one
should make the replacement Qt — wt + Q¢ (accounting
for the slow drift in position from the Earth’s precession
relative to the Sun) given by

10 =5, | @i - et (a6)

T Jo

with wt = 27 x (day,/365). For the year-averaged quantity
used for limit setting in this paper, we have

() :4%2 A ” A 7 dlQddlon[l —etwl]. (A7)

Finally, in a crude two-region model of the Earth’s
interior, where there is a sharp boundary between the core
and mantle at some radius r < Rg, the same basic
machinery can be used to estimate the time-averaged value
of nn4 and Z.; (which, as discussed above, will generally be
time dependent for a heterogeneous model of the Earth).
Let us take p’(¢) — L% again, but now search for solutions
of the form

|p'(1) = Li* = 2, (A8)
for which there will generically be two solutions L. (¢)
corresponding to when the ray goes enters and exits the
core. Taking the difference of these two quantities then
yields the path length that resides within the core, which we
denote L. The mantle length can then be found from the
full slab length as L .nqe = Lgtab — Leore- As We discuss in
Appendix B, for the 1> Rg limit, this information is

sufficient to roughly estimate the added flux due to the
high-density, high-Z material of the Earth’s core.

APPENDIX B: EFFECTIVE COMPOSITION
OF THE EARTH

Our choice of parameters for the uniform-density model
of the Earth was driven by conservative considerations. First,
the core of the Earth will always yield a higher rate of v — N
production than an equivalent volume filled with mantle,
and so treating the core as if it were made of mantle will
always underestimate the rate of N production. The average
density of Earth is roughly 5.5 g/cm?; we conservatively
use p =4 g/cm? in setting our limits because for decay
lengths less of 4 < 0.3Rg only the outer mantle contributes
significantly to upscattering (HNLs produced in the core will
decay prior to reaching the detector).

For shorter decay lengths probed by SK (namely,
A2 <1km), one may worry that p =4 g/cm?® is not a
conservative choice since the crust has a slightly lower
density of roughly 2.7 g/cm?. This concern turns out to be
unwarranted, however, because in this limit both the crust
beneath and above the experiment (i.e., the overburden)
would contribute to scattering roughly doubling the signal
over the “night only” estimates presented here. We there-
fore conclude that p = 4 g/cm? is indeed conservative over
the full range of parameter space we consider.

The elemental composition of the Earth is given in
Table 3 of [43], and we use the column labeled “DMM”,
which gives the mass percentage by molecular compound.
The composition model used herein is summarized in
Table II. We are ultimately interested in

ﬁAZéf = Zni |:Z sz| 7

where the bracketed sum is adding up Z? within the atoms
of each molecular compound. This can be re-expressed in
terms of the mantle density via

(B1)

)
=L B2
m= (B2)

where f,, is the mass fraction given in Table 3 of [43] (Bulk
DMM). We can define Z%; via
(z%)
(z)°
which is a density-independent definition. The effective
number density is then defined as

Zeff = (B3)

il Zz]i

(B4)
ngf

As we have shown above, for my < 5-10 MeV, the
combined sensitivity of Borexino and Super-Kamiokande
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FIG. 9. Dirac with @ = —1 vs Majorana (¢ = 0) spectral shape
in the energy corresponding to the SK-IV solar-neutrino dataset
for a relevant benchmark mass. The condition 4 < Rg is assumed
corresponding to a value of d. above the dashed line in Figs. 7
and 8.
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FIG. 10. Dirac (with @ = —1) vs Majorana spectral shape in the
energy corresponding to the Borexino LER for two benchmark
masses that can be probed using that dataset. The condition 4 >
Rg is assumed so as not to be excluded, cf. Figs. 7 and 8.

probes parameter space where 4 > Rg. For internal con-
sistency, we do not make use of the high-density, high-Z
nature of the Earth’s core in the main text, because for the
higher mass regions my > 1-10 MeV (depending on the
experiment) the parameter space being probed satisfies
A < Rg. In this limit, any upscattered particles from the
Earth’s core would decay prior to reaching the detector, and
so, for limit setting purposes, including the Earth’s core in
the definition of the average column density is unrealisti-
cally aggressive.

For the low-mass region my <2 MeV, however, it is
easy to include the effect of the Earth’s core, since in this
region A >> Rg, most all of the upscattered particles will
survive to the detector, and the core just serves to enhance
the effective column density. The tricky part to include is
the geometry of the core, which only appears along the line
of sight to the Sun in the winter months, the details of which
are detector latitude dependent (see, e.g., Fig. 3 of [12]).
Using the procedure outlined at the end of Appendix A, we
estimate than for a two-component core-mantel model with
r =0.5Rg that the (L.qe/Lgap ~0.2), ie., that in a full
year, of the distance traversed by solar neutrinos enroute to

the detector roughly 20% lies inside the Earth’s core. The
added flux from the core of the Earth can then be found by
taking a weighted average of n,Z%; in the core and mantle.
Using a density for the core of 13 g/cm? and 4 g/cm? for
the mantle (yielding an average density of 5.125 g/cm? for
the Earth) and treating the core as 90% iron and 10%
oxygen by mass (Zo; = 24.1 and 71, = 1.54 x 10 cm™),
we find that the signal is enhanced by a factor of

0.8 [ﬁAZZ,ff]mantle +0.2 [’_lAngf]
finZ oy

2.1,

(BS)

The effect of the core would serve to roughly double the
year-averaged rate. This estimate suggests that a roughly
3:1 seasonal variation in the signal (for winter:summer)
could be used in future analyses to search for signals of a
dipole portal.

APPENDIX C: DIRAC vs MAJORANA

In [40,42,44,45], the authors discuss the implications of
a new physics discovery whose progenitor is a decaying
sterile neutrino. As discussed in this paper for N — vy, the
kinematic distribution of daughter particles is different
depending on whether N is Dirac or Majorana and relative
sizes and phases of the magnetic and electric dipole
moments [40,42,45]. Thus, if an anomalous photon yield
were to be discovered in a large volume detector, the energy
spectrum of the photons could be used to infer whether or
not N is Dirac as opposed to Majorana.

In this appendix, we provide a plot comparing the Dirac
(with @ = —1) vs Majorana (box vs tri) spectral shapes
Figs 9 and 10. These shapes arise from a combination of the
solar-neutrino spectrum and the rest-frame decay properties
of N. One also must understand the hierarchy of 4 and Rg,
which introduces additional energy dependence in the
spectrum.
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FIG. 11. Solar-neutrino flux. Shapes are taken from [46] and

normalizations from Tab. 2 of [47] (AGSS09 [48]).
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APPENDIX D: SOLAR-NEUTRINO FLUX

For completeness, we describe our input solar-neutrino
flux. This is most easily summarized in visual form in

Fig. 11. The "Be line at 384 keV has been included but is
subdominant to the pp and hence not visible. We treat the
pep and 'Be lines as Gaussians with widths of 10 keV.
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