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Neutrinos with energy of order 10 MeV, such as from pion decay-at-rest sources, are an invaluable tool
for studying low-energy neutrino interactions with nuclei—previously enabling the first measurement of
coherent elastic neutrino-nucleus scattering. Beyond elastic scattering, neutrinos and dark matter in this
energy range also excite nuclei to its low-lying nuclear states, providing an additional physics channel.
Here, we consider neutral-current inelastic neutrino-nucleus and dark matter (DM)-nucleus scattering off
40Ar, 13Cs, and '?7I nuclei that are relevant to a number of low-threshold neutrino experiments at pion
decay-at-rest facilities. We carry out large scale nuclear shell model calculations of the inelastic cross
sections considering the full set of electroweak multipole operators. Our results demonstrate that Gamow-
Teller transitions provide the dominant contribution to the cross section and that the long-wavelength limit
provides a reasonable approximation to the total cross section for neutrino sources. We show that future
experiments will be sensitive to this channel, and thus these results provide additional neutrino and DM

scattering channels to explore at pion decay-at-rest facilities.
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I. INTRODUCTION

The large flux of neutrinos produced as a by-product at
spallation neutron sources has enabled new tests of the
Standard Model of particle physics. Most notably, the
first measurement of coherent elastic neutrino nucleus
scattering (CEvNS) by the COHERENT Collaboration at
the Spallation Neutron Source (SNS) in 2017 [1]. Several
other CEUNS experiments have been completed or are in
operation, such as Coherent CAPTAIN-Mills (CCM) at Los
Alamos National Laboratory (LANL) [2]. Additional
measurements have improved in precision, and thus far
they are in agreement with the Standard Model (SM)
predictions [3]. Further improvements in precision will
allow these experiments to probe physics beyond the SM,
e.g., nonstandard neutrino interactions [4—16] and dark
matter [17-24].
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Other SM signals that could be observable at these
experiments include inelastic neutrino-nucleus scattering,
where the nucleus is left in an excited state. Neutrinos with
energies of tens of MeV can excite many states in the
various target nuclei used for these experiments. While the
cross section for inelastic scattering is much smaller than
the coherently enhanced elastic scattering, these processes
could provide unique tests of new physics and/or important
backgrounds to new physics searches. Additionally, under-
standing inelastic neutrino-nucleus scattering is also vital
for the detection of core-collapse supernova signals by the
next generation neutrino experiments, such as DUNE [25]
and Hyper-K [26]. At present there are very few existing
measurements of inelastic neutrino-nucleus cross sections
in this energy regime, leaving them poorly understood. The
measurements that exist are primarily for carbon and iron
targets performed by the KARMEN [27] and LSND [28]
Collaborations, none at better than the 10% uncertainty
level. Presently no measurement has been made for
scattering on the argon nucleus. Theoretical understanding
of these processes is also relatively poor, due to strong
dependence of the interaction rates on the specific initial-
and final-state nuclear wave functions and require cum-
bersome computation to account for underlying complex
nuclear structure. It is therefore important to have good
theoretical estimates of their rates employing fast and
efficient computational methods.

Published by the American Physical Society
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A number of theoretical approaches have been used in
the past to calculate inelastic neutrino-nucleus scattering
[29-39] although with more attention paid to the charged
current processes. Additionally, not much attention has
been paid to nuclei that are relevant to the current low-
energy neutrino experiments, e.g., argon and cesium. More
recent studies of neutral current inelastic processes have
been presented, e.g., within the continuum random phase
approximation (CRPA) method [40,41], the deformed shell
model mixed with the free nucleon approximation [42], and
merely free nucleon approximation [43]. The CRPA model
employs long-range correlations among nucleons on top of
a Hartree-Fock picture of the nucleus and predicts cross
sections above the nucleon emission threshold utilizing a
multipole expansion [44,45]. This method to date provides
predictions of inclusive cross sections, not cross sections
for specific final states which are required for predicting
detailed experimental signatures. The free nucleon approxi-
mation is particularly inaccurate in the calculation of
inelastic scattering in this energy range since it ignores
nuclear structure. While Ref. [42] does employ the
deformed shell model to include nuclear structure effects,
their results only consider the first excited state. In this
work we provide the first comprehensive calculation of
neutral current (NC) inelastic neutrino-nucleus scattering
using electroweak theory and the nuclear shell model, and
extend it to describe inelastic DM-nucleus scattering in a
consistent manner.

Low-energy beam based neutrino experiments (CCM,
COHERENT, etc.) provide a great opportunity to probe
well-motivated light dark matter via light mediators, where
the timing information is utilized to control the SM
neutrino background. The high-intensity proton beam
impacts a target producing a high-intensity flux of photons
from cascades, meson decays, and pion absorption [46].
These photons can then produce light vector mediators via
kinetic mixing, while scalar mediators can be produced
from three-body decays of charged pions [47]. The light
mediators decay promptly into a pair of DM particles which
can then produce signals via nuclear recoils in the detector.
For proton beams with E,, ~ 1 GeV the resulting energy of
light DM particles is ~O (50-100) MeV. Like the neutrinos,
the DM particles will also initiate inelastic DM-nucleus
scattering. Here, the inelastic scatters involve relativistic
DM unlike the nonrelativistic DM-nucleus scattering in
direct detection experiments, previously explored in
[48,49]. In this paper we evaluate these cross sections
fully relativistically using electroweak multipole operators,
with special attention to the long-wavelength limit Gamow
Teller operator.

The DM-nucleus inelastic scattering process is mediated
by a neutral dark photon only, and thus the NC neutrino-
nucleus scattering process will be an important and
irreducible background for any accelerator based DM
searches using this channel.

The paper is organized as follows, in Sec. II we describe
neutrino-nucleus scattering within the electroweak multi-
pole framework, in Sec. III we extend this to the case of
DM-nucleus scattering, in Sec. IV we present the shell-
model calculation results for the cross sections, in Sec. V,
we discuss scattering rates and experimental signatures and
lastly, in Sec. VI we conclude.

II. NEUTRINO-NUCLEUS SCATTERING

A. Electroweak multipole operators

At sufficiently small momentum transfer (where
g < 100 MeV), neutrinos coherently scatter from nuclei
which, in the case of elastic scattering, greatly enhances the
cross section. As shown in Fig. 1, the scattering process
involves the exchange of a Z boson, where the outgoing
nucleus N* could be in the ground state (for elastic
scattering) or an excited state (for inelastic scattering).
Inelastic scattering can also proceed via a charged current
interaction, in which case the outgoing nucleus will have a
different atomic number. In this work we will only consider
neutral current scattering.

The differential cross section for the CEvNS process is
conventionally calculated assuming that the protons and
neutrons are distributed equally within the nucleus; it then
takes the form,

dagl_G%m | _Er_myE,
dE, 4z " E, 2E

x [(1 = 4sin®0y)Z — N> F3,(4%), (1)

where my; is the target nucleus mass, E, is the incoming
neutrino energy, E, is the nuclear recoil energy, Z (N) is the
target’s atomic (neutron) number, Fy, (¢?) is the weak form
factor of the nucleus, and 0y, is the Weinberg angle. A
common parametrization for the form factor is the Helm
form [50]. Given the value of sin? @y, ~ 0.23, the CELNS
cross section scales approximately as the number of
neutrons squared in the target nucleus, and (not including
small radiative corrections) is independent of the neutrino
flavor. Efforts to improve the CEvNS cross section calcu-
lation through a more detailed treatment of the hadronic

FIG. 1. The inelastic neutral current neutrino-nucleus scattering
process where a Z° boson is exchanged between neutrino (v;) and
the target nucleus (N).
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current which allows for subleading nuclear structure
effects was included in Ref. [51] while radiative corrections
were added in Ref. [52].

In the context of low-energy CEUVNS experiments, the
inelastic scattering of neutrinos has not received much
attention—potentially owing to its smaller cross section
which is not coherently enhanced. Previous attempts to
estimate the inelastic neutrino-nucleus scattering rates have
not used detailed nuclear calculations [43] or only explored
the lowest lying states [42]. In this work we apply the
formalism of semileptonic electroweak theory as developed

|

do 2G2 )
- —— "7F F20082=
<d§2) o 72+ 1) N {Z

J=0

<JfHM,+q°£J

in [53-55] to the calculation of inelastic neutrino-
nucleus scattering. In this formalism the relevant hadronic
current is spherically decomposed and expanded in multi-
poles to obtain irreducible tensor operators which act on
single particle states, which can generically be expressed as
an expansion of harmonic oscillator states [55]. This is a
convenient basis to work in, since it results in single-
particle matrix elements that are polynomials of the
momentum transfer. Following [56], in the extreme rela-
tivistic limit the total cross section can be written as

)

2

2 0
q 0 e Z-ma,
|- gt ) SOIGATTIR + 10T

J=1

7] q2 7] 1/2
¥ 2tan§ [—q—’; —|—tan2§]

where J;/; is the initial/final nuclear spin, £, = E, — w is
the outgoing neutrino energy, 6 is the scattering angle,
w=AE+E,~AEFE (excitation energy), ¢* = (qy,q) is the
4-momentum transfer with ¢o = E, — E; and ¢ = |q| =

v2myE, (for a nuclear recoil energy of E,). The electro-
weak multipole operators are projections of the weak

hadronic current, j , such that they can act on nuclear
states with good angular momentum and parity; they are
defined by

My = My + My,
_ / Blj1 (@)Y 130 (@) T o (x)
Ly =L+ L3y
_ 5 / &x[V [ (qx) Y (Q)]] - T (x)
T, =T, + 155,
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where j;(gx) are Bessel functions, Y ,,(Q,) are spherical
harmonics and Y}, (Q,) are vector spherical harmonics.

The weak hadronic current has V-A structure J u= J ut J ;

0

ZRe<<ff||f;“ag||1i><ff||:?sf|J,»>*>}, @

J=1

|

allowing the operators to be split into components of
normal and abnormal parity. The normal parity operators:
My, Ly, TS, and T F 25 can only contribute to transitions
with Az = (—1)”. Similarly only M3,,, L3,,, T%%, and T'j,f
can contribute to abnormal parity transitions Az = (— l)J M
At the one-body level, the vector and axial multipole
operators can be expressed in terms of the 7 single-particle
operators and nucleon form factors (see [57] for further
details),

My = Fllv(‘]ﬁ)My
q
Ly =My
q
q 1
e (Fav (A + 3
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mag
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where m, is the nucleon mass, u"(q;) = FY(q%)+

2m,F¥(q;) is the magnetic moment, and Fy(q2), F»(q3).
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G4(q2) and Gp(q3) are the Dirac, Pauli, axial and pseudo-
scalar neutral current nucleon form factors. In the low recoil-
energy limit, these become [51]

Fi(0) =0 F{(0)=1

F’2’(O) =-1.91 Fg(O) =1.79
GX(O) = —ga/2 GZ(O) =ga/2

" 2m,G%(0) ZmnG”(O)
Gp(0) = IR Gp(0) =

The energy dependence of the axial form factor G4 is
conventionally taken to have a dipole form [58],

n g
GA(Q)_UT?//\E;V’ (5)

where g, = 1.27 and the axial mass is A4 &~ 1040 MeV. In
this work the scattering processes we consider have low
momentum transfer, g> < A2, and thus the ¢> dependence
of F, can be neglected.

The results of the single particle operators acting
on harmonic oscillator basis states have been tabulated
in [59]. In this work we use the SevenOperators code to
evaluate and simplify the relevant matrix elements [57].
Sometimes it is desirable to have the differential cross

section in Eq. (2) written in terms of recoil energy,

do __ do dQ __ —2rdo do My

1.8 Gk, = dQdE, dQEE;

In this analysis we consider only one-body currents,
however, there are likely significant contributions from
two-body currents [51].

B. Gamow-Teller transitions

For small momentum transfers, when a Gamow-Teller
(GT) transition is kinematically accessible, the inelastic
cross section will be dominated by such allowed GT
transitions. We can see this by looking at Eq. (3) in the
long-wavelength limit. The only surviving multipoles are
Moo, T¢4, and L,,,. With £ further suppressed by ¢ in the
cross section [see Eq. (2)], we need only consider the first
two operators. The Moo and ’f’ffw operators are associ-
ated with Fermi operator, 7, and GT operator, %6} 7o»
respectively,

MOOZ%FIZFT (6)

A
i A
1M = \/—Ew = 67r GA E GT. (7)
i=1

In the long-wavelength limit the GT operator allows
transitions with |AJ| = 1, while the Fermi operator allows
AJ = 0 transitions. For inelastic scattering, AJ = 0 tran-
sitions are possible only if a nucleon can be excited to a
state of the same [/ but higher n (since conserving J but
changing [ by 1 is disallowed by parity conservation). For
the model spaces we consider such a transition does not
exist. So while such a possibility is allowed by our
multipole calculation, it does not contribute here.

Therefore, considering the GT operator alone in the long
wavelength limit can provide an efficient way to approxi-
mate the scattering cross section. In the multipole operator
analysis the GT operator is contained within 7¢°. The
relevant part of the cross section in Eq. (2) is

AT 26
dQ  z(2J+1)777 2
2 )
X<Jﬂﬂm>§]1wﬂu| (8)

J=1

Taking the long—wavelength limit (¢ — 0, or equivalently
E, — 0) gives G4 =~ g, and ignores the momentum depend-
ence of the nuclear form factor, the amplitude can then be

simplified to

A
‘<J, Z 6:%
1

Substituting this into Eq. (8) allows us to write the cross
section as

TelS (9)

doST G295

1
~ E, - AE?(1—~cosf
dcos0 ™ 2n(2 + 1) B TAE) < 3°%° )

(7 3 ol (10)

RPN
2%
i=1
where we have written the final neutrino energy in terms of
the incoming neutrino energy, E,, and the final state
excitation energy, AE, which is assumed to be small in
this approximation. We can then make connection with the
common form of the cross section for neutral current GT
transitions by integrating Eq. (10) to find the total cross

section,
(Lol

This form of the cross section is in agreement with others
found in the literature [60,61]. We will see in a later
section that using Eq. (11) to calculate the cross section will

A

> 36t

i=1

G292 2
GT SIA 2
~————(E,—AE
o~ 1) BT AE)

(11)
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allow for an important simplification of the numerical
many-body problem while providing an adequate estima-
tion of the transition matrix elements in the long wave-
length limit.

III. DARK MATTER-NUCLEUS SCATTERING

In this section we apply the formalism discussed in the
preceding section to the inelastic scattering of dark matter
(DM) on nuclei. Previous analyses considered the scatter-
ing of nonrelativistic dark matter [42,62,63], which greatly
restricts the excited states that are accessible. Astro-
physically, dark matter can be boosted via several mech-
anisms; however the flux will be subdominant compared to
the nonrelativistic component. Larger fluxes of boosted
dark matter could be produced in the decay of particles
produced in collider experiments such as [1,2].

Low-energy beam dump experiments can investigate
light dark matter where the light dark matter interacts with
the SM particle via light mediators. In these experiments
neutrinos are produced as a product of stopped-pion decay,
but they are also high-intensity sources of photons emerg-
ing from meson decays and cascades which could produce
exotic light vector mediators via kinetic mixing. The light
vector mediators can then promptly decay into a pair of
dark matter particles (y, ¥) which are semirelativistic. There
exist many well motivated models where this scenario is
possible [18,64-72]. As a benchmark example we will
consider a dark photon A-prime (A”) model where the A’
undergoes kinetic mixing with the SM photon. The model
is described by the Lagrangian,

LD gpAgr'y + eeQ,A,qr"q, (12)
where gp is the dark coupling constant, € is the mixing
parameter, Q, is quark’s electric charge. The dark photon
will be produced in the processes of pion capture, pion
decay and the photons emerging from the cascades,

T +p-o>nt+A (13)

FIG. 2. Scattering of a DM patrticle, y, from a nucleus, N,
mediated via a dark photon, A’.

t+n->p+A (14)

-y + A (15)
Via these processes the SNS, for example, produces dark
photons at a rate of €? x 0.23 x 10% per day, mostly from
7Y decay. The dark photons then decay to DM: A’ — yj.
Previous analyses looked at the elastic scattering of such
DM from nuclei in the COHERENT detectors [46], here we
extend upon this to include inelastic scattering.

The scattering of DM from nuclei proceeds via the
exchange of a dark photon, as depicted in Fig. 2. The
cross section of elastic DM-nucleus scattering is given
by [73]

detM e2ergh7?

— F2 2
dE,  An(E;—m2)(2myE, + m3, ) (@)
E. myE
2 r N&=r 2

where E,/p, is the energy/momentum of the incoming
DM, and F(q?) denotes the nuclear form factor.! We
assume the A’ decays promptly into a pair of DM particles
in this work.

Following the multipole formalism discussed in the
previous section, the inelastic cross section is found to be

doPM 2%’ g E"? my 4 { {1 o A ma ~ol
o= - ST = BE)T AT + [ ||Te||‘]i>|2)]
dE,  p,p',2myE, +m3})* 2x 2J + 1 leZ%m 2 AN F=g
+ Z Loty | (T I M) P + BT AL 1) P - 2131(*)Re(<']f||z1||Ji><Jf||-AA/lJ||Ji>*)]}? (17)
J>0,spin

where E, and p;, are the outgoing DM energy and momentum. While the neutrino current contained an
axial component, the DM current is purely vector: [, = yy*y. The dark matter current terms wa 1,0y of Eq. (17)

evaluate to

'The form factor F refers to the elastic charge form factor of the nucleus; for simplicity we take it to be of the Helm form.
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3
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iSf

S (IxT),=0. (18)

SisSp

Further details of the current calculation is given in
Appendix A.

As in the case of neutrino-nucleus scattering, the elastic
cross section receives a coherent enhancement, in this case
by a factor of Z? because the dark photon couples to the
electromagnetic current. Therefore, the ratio of elastic to
inelastic events will be larger in light nuclei (e.g., Ar) and
smaller in heavy nuclei (e.g., Cs and I). This is the reverse
of the neutrino case (which dominantly couple to neutrons);
a feature that could aid in differentiating a dark matter
signal from the neutrino background.

Similar to neutrino scattering, we can write down the
differential cross section for inelastic DM scattering via the
GT operator,

doSt, 2ERE?  my 4n

dE, ~ p,p,(2myE, +m3)? 27 2J + 1

17— .
LB e
+REIUAEAF] (19)

Combining Egs. (7) and (19) then gives

doBly 2% g E"; my  4x
dE,  p,p,(2myE, + mf‘,)2 2z 2J + 1

(el

In principle one can integrate the differential cross
section over E, to get the total cross section; however,
in this case a closed form expression of Eq. (17) could not
be obtained.

-

T
xl QA

2 6r (20)

GTO

IV. SHELL MODEL CALCULATIONS

A. Computational details

We compute the cross sections of inelastic neutrino/
DM-nucleus scattering for “°Ar, '33Cs, and '*’I nuclei since

these nuclear targets are utilized at the ongoing
COHERENT and CCM experiments. Two approaches to
the calculation are taken: the full multipole operator analysis
and the GT transition in the long wavelength limit. For both
approaches we use the nuclear shell model code BIGSTICK
[74,75] to solve the many-body problem. In general
BIGSTICK supports computing not only low-lying states
and their density matrices, but also the strength of arbitrary
operators with a well-defined basis, e.g., the GT operator. To
evaluate the cross sections using the multipole analysis the
full nuclear one-body density matrix is required, which
BIGSTICK can generate for converged eigenstates. We use
one-body density matrices as defined in BIGSTICK,

1
2K +1

pi(a'b) = Jrll(a"b)kll:). (21)

where, following Edmonds and Sakurai, the reduced matrix
elements are defined as

My KM|TiM;)™!
20, +1

<Jf||0KHJi> = <Jfo|0KM|JiMi>'

(22)

The multipole operator matrix elements can then be
computed with the aid of the Mathematica package
SevenOperators [57]. Because this approach requires con-
verged eigenstates, it is time and memory consuming if one
is interested in many final states. For the restricted case of
the GT transition one can use the simpler and more efficient
Lanczos strength function [76—78], which is directly incor-
porated into BIGSTICK. After n iterations this method can
accurately estimate the 7" moment of the distribution. Since
we do not require the full convergence of the Lanczos
algorithm, only convergence of the integrals over the
strengths [ie., [ S(E)dE =3, [(J£]|0]J;) 1 this method
is highly efficient.

While computing the full density matrix will give more
accurate results (including contributions for all operators), we
find that the GT strength is sufficiently precise for our
purposes. Importantly, when dealing with a large number
of final states, it makes the calculation a tractable computa-
tional task. While one can perform the strength function
calculation for any well-defined operator, we limit ourselves
to considering the GT operator which is dominant in the long-
wavelength limit. Moreover, it is challenging to explicitly find
the basis (a|O|b) for the other multipole operators.

When computing density matrices we are able to
calculate the transition from the ground state to the, for
example, N = 2 — 16 excited states of “°Ar, which should
align well with the lowest lying experimental nuclear
energy levels. In comparison, when computing the GT
transition with the strength function method, we are able to
calculate the strengths of up to N = 500 states (including
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states with zero strength). However, since this method does
not have fully converged states, these states are drawn from
a wider range of energies.

For '*3Cs and '?'I, the nucleons are in the orbits 0g; /5,
1ds;y, Ohy1/2, 1d3)2, 25,5, and we use jj55pna interaction
[79]. “°Ar has a more challenging nucleon configuration; the
protons (10) are in sd orbits (0ds, 1515, 0d3/,), while the
neutrons (14) arein pf orbits (072, 1 p3/2,0f5/2, 1 p12)- In
that case we consider the nucleons are in sdpf orbits, then
perform a truncation to reduce the computational workload.
For this model space we apply the SDPF-NR interaction
[80—82]. The truncation applied gives higher levels more
weight for protons across the sdpf orbits and limits the
maximum number of excited protons which jump to the pf
orbits to 4. Neutrons are restricted to the pf orbits.

B. Neutrino-nucleus cross sections

In Fig. 3, we compare the inelastic cross section result of
our two calculations, multipole and GT, with the CEvNS
cross section and with two other inelastic results from the
literature. While different calculations show some agree-
ment at lower energies but diverge at higher energy. Our
calculation of the total inelastic cross section (given as the
sum over all GT transitions) is around an order of
magnitude lower than that of Ref. [43] and more closely
follows that of [41] until around E, = 40 MeV. The former
used the free nucleon approximation to calculate just one
excited state, and so agreement is only expected for very
small neutrino energies when few states are kinematically
accessible. The latter calculates the inclusive inelastic cross
section, above nucleon emission threshold, for low-lying
states through the continuum random phase approximation
(CRPA). Working with a limited spectrum of excited states,
our multipole results can only include transitions to the first
15 excited states, and thus it is unable to capture all
accessible transitions and therefore is not an accurate
estimate of the total cross section above E, Z 10 MeV.
However, we can use it to assess the contribution of
non-GT transitions since the limited spectrum contains
one J =1 state (N =9) that is accessible via a GT
transition. For comparison we have plotted the GT cross
section, Eq. (11), for the lowest lying J = 1 state (gray
curve in Fig. 3 top). This confirms that the GT transitions
provide the dominant contribution to the inelastic cross
section. Additionally we show the differential cross section
as a function of angle and the recoil energy in Appendix B.

Additional terms in the multipole expansion do contri-
bute and are required for a precise calculation of the
cross section for any specific transition. However, when
estimating the total cross section, based on the limitations
of our calculation, it is much more accurate to ensure that
all accessible GT transitions are included. For the same
number of states, the GT analysis generally consumes much
less computational resources than the multipole analysis.
For this reason and the aforementioned improvement in

accuracy we use the GT analysis for our results in the
following sections.

The total elastic and inelastic cross sections for the *3Cs
and 2" targets are shown in Fig. 3, where we have included
GT transitions to 300 and 100 states (including the states
with zero strength) for '33Cs and '?’I, respectively. The
elastic cross sections of both nuclei are virtually the same as
they have a similar number of neutrons. In contrast, 1271 has
slight higher inelastic cross section since it has a higher
total GT strength than '3°Cs, as shown in Fig. 4.

Experimentally the signature of an inelastic collision will
be dominated by the deexcitation energy of the nucleus.

r 3
103k
10'F
r
a1
g 107 F
N
5 r
=}
= 1073k
S
3 — CEVNS“Ar
— Multipole
-5
10 — CRPA
r — Freenucleon
107k — Total GT
— IstGT
r
0 20 40 60 80 100
Neutrino Energy E, [MeV]
10°F ' ' ' ' ]
10°F
& 10'F
£
Q
g‘ L
(=}
=
5 107
i ——— CEvNS*Ar
——— CEvYNS'Cs
1073k CEvNS'#1
Inelastic *°Ar
F Inelastic **Cs
Inelastic "1
107°F, ) ) ) - )
0 20 40 60 80 100
Neutrino energy E, [MeV]
FIG. 3. Top: elastic and NC inelastic v-*°Ar cross sections as a

function of the incoming neutrino energy. For comparison our
calculations (multipole, total GT and first GT) are compared with
the CRPA [41] and free nucleon [43] predictions. Bottom: total
elastic and NC inelastic neutrino-nucleus scattering cross sections
for 4%Ar, 133Cs, and '?'T nuclei.
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FIG. 4. The GT transition cross section for each state vs the excitation energy in “°Ar (left), '3*Cs (center) and '*’I (right), for incident
neutrinos with £, = 30 MeV. The top row shows the cross sections for each discrete energy level, while the bottom row shows these
levels convolved with a Gaussian of width 150 keV.

The excited nucleus falls back to the ground state very
quickly through the emission of photons and (if energeti-
cally allowed) neutrons. Previous studies focused on the

nuclear recoil energy, which is small in comparison, but Y ]
could in principle be measured (recoil spectra are provided
in Appendix B). While a full calculation of the observa- 1051 i

tional signatures is beyond the scope of this work, we can
use the cross section to each excited state to visualize the wmmmem T o

relative strength of the energy depositions for each of the 107 e 4

allowed transitions. In Fig. 4 we plot the cross section for g
each transition vs the excitation energy for “°Ar, 13*Cs and B
1271 for a incoming neutrino energy of 30 MeV. 107
C. DM-nucleus cross sections ok f/ BlasticAr

! Elastic'**Cs

Following the method of the previous section we / Hlastic'1

computed the total cross section for dark matter inelastic / Inelastic™ Ar
. . . 10-%7 Inelastic'® Cs

scattering using the GT operator in the long wavelength
limit. Similar to the neutrino case, we find that GT
transitions also dominate the total cross section, as shown
in Fig. 9.

In Fig. 5, we show the elastic and inelastic cross section  FIG. 5. Total elastic and inelastic DM-nucleus scattering cross
for dark matter scattering on the target nuclei *°Ar, '*Cs  section for ’Ar, '33Cs, and '2’I nuclei with m, = 30 MeV.

Inelastic'*T

30 40 50 60 70 80 90 100
Dark Matter energy E, [MeV]
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FIG. 6. Energy spectra of 7-DAR neutrinos and a sample DM
spectrum (in CCM) assuming m, = 3m, = 90 MeV.

and "I assuming m, = 30 MeV, my =90 MeV, € =
10~* and g, = V2 (this parameter space is allowed by
the current experimental data [21]). Since the dark matter
is not massless, E, has a threshold of 30 MeV, as shown in
Figs. 6 and 5. The cross section ¢ is proportional to the
couplings constant €?, so one can scale this plot by
changing e. As expected we find that '33Cs and '?’I have
a higher elastic cross section than *°Ar since o, has
explicit Z? (atomic number) dependence, but have a lower
inelastic cross section where oy, is determined by the GT
strength, as shown in Fig. 4. The GT transition cross
section is the largest for “°Ar and is the lowest for '33Cs.
There is a plateau for y-*°Ar in Fig. 5, but not in '¥Cs or
1271, This is because there are fewer low lying states in “°Ar
than '33Cs or '?I. We also observe a small plateau in
v-*°Ar in Fig. 3, but this is not as noticeable as with DM
scattering since the neutrino is massless. We also calculate
the recoil energy spectrum for dark matter scattering in
Appendix B.

V. SCATTERING RATES AND EXPERIMENTAL
SIGNATURES

Using the results of the previous section we compute
the rates for neutrino and DM scattering off *°Ar, 133Cs,
and '"?I nuclei. For a source of neutrinos or DM with
flux @ [cm™2 s7'], the number of events expected, N, is
given by

1 dP
N = exposure X — x (1>/o-(E) —dE,
my dE

where the exposure has dimensions of mass x time, my is
the target mass, E is the energy of incident particle (v or
DM) and Z—g is the corresponding normalized energy
distribution (i.e., f g—l’;dE = 1). For neutrinos, we consider
pion decay at rest sources, and for DM we simulate the
energy spectra in both COHERENT and CCM. For the dark
matter spectrum we need to determine the production rates
of relevant mesons. We use the results from Ref. [46] which
uses GEANT4 to determine these production rates at CCM
and COHERENT. In addition to z° decays and 7z~
absorption, e* induced cascades photons are important
to produce dark photons for the DM production. We show
the DM energy spectrum for CCM (which uses an
800 MeV proton beam), along with the neutrino energy
spectra at COHERENT (which uses a 1 GeV proton beam)
in Fig. 6 with m, = 30 MeV.

Table I summarizes the key specifications of the experi-
ments we consider, we additionally assume a detection
efficiency of 100% and that all energy depositions are
above threshold. As an example we take the DM mass to be
m, = 30 MeV, dark photon mass my = 90 MeV with

coupling constants € = 10~ and g, = /27. We assume
that CCM will operate continuously for 3 years with 3 x
10> POT, while COHERENT has already ran for
~1.61 years with their CsI detector (my = 14.6 kg) with
3.20 x 10?* POT and approximately 0.6 years with their
LAr detector (my; =24.4 kg) with 1.34 x 102 POT.
Table II shows the estimated number of events for the
two experiments under these assumptions. The DM energy
spectrum has a broader energy range extending up to
hundreds of MeV, much higher than the neutrino spectrum.
The high energy tail causes DM to induce a higher rate of

TABLE I. Specifications of the experiments and detectors. Both experiments use a proton beam, and the POT values are expected
spills for 5000 hours of operation per year.

Detector:
Experiment Epeam [GeV] POT [yr] Target Target Mass Distance Angle Eh
COHERENT 1 1.5 x 10% Hg CsI[Na] 14.6 kg 19.3 m 90° 6.5 keV
[1,22,83] Ar 244 kg 284 m 137° 20 keV
CCM [2,24] 0.8 1.0 x 10?2 \ Ar 7t 20 m 90° 25 keV
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TABLE II. Number of elastic and NC inelastic neutrino-
nucleus, and elastic and inelastic DM-nucleus scattering events
(m, = 30 MeV) for different experimental configurations given
in Table I.

Scattering  Experiment Elastic Inelastic Ratio

v-“OAr COHERENT 227 x 10> 3.15 7.21 x 10
v-OAr CCM 1.91 x 10* 2.65x 102 7.21x10
v-'3¥3Cs  COHERENT 1.16 x 10° 1.52x 1072 7.65 x 10°
v-127 COHERENT 1.06 x 10° 3.75x 107! 2.81 x 10°
- Ar COHERENT 1.18 1.13x 107! 1.04 x 10
7 Ar CCM 9.92x 10 9.52 1.04 x 10
7-'¥Cs  COHERENT 4.11 491 x 1073 8.38 x 107

7 COHERENT 3.87 1.16 x 1072 3.33 x 10?

inelastic events compared to neutrinos. Therefore, the
elastic to inelastic event ratios for DM are lower in all
detectors.

VI. CONCLUSION

We have applied the nuclear shell model to calculate
cross sections of neutrino-nucleus and DM-nucleus scat-
tering. The DM particles are produced from the light
vector mediator and this mediator is produced from the
kinetic mixing with photons in the stopped-pion experi-
ments (with ~1 GeV proton beam) we are considering.
The number of states we calculated is large enough to
include all nontrivial contributions such that the outcome
is reliable. In particular we focus on argon, caesium, and
iodine nuclei. We computed the cross section in two
formalisms: a multipole analysis and the Gamow-Teller
operator alone in the long-wavelength limit. We found that
Gamow-Teller transitions dominate all other transitions
for both neutrino and DM inelastic scattering. Using the
Gamow-Teller operator, our calculations show that the
inelastic cross section is a few orders of magnitude smaller
than the elastic cross section for both neutrino and dark
matter scattering. We also computed rates for two exper-
imental setups based on the computed cross section. The
inelastic scattering rate is much smaller than the elastic
rate, but it will produce a much larger energy deposition
that is potentially easier to observe. In the setup we
consider, since dark matter spectrum has a higher energy
tail than neutrinos, the inelastic contribution is higher and
the ratio of the inelastic to the elastic rate can be as large as
0.1 for argon targets. The inelastic neutrino and DM
scattering results presented here can be measured in
currently running stopped-pion experiments, such as at
CCM and COHERENT, and provide additional channels
to explore beyond the elastic scattering channel for which
they were initially conceived.
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APPENDIX A: DM CURRENT DERIVATION

Some useful kinematics identities,

=y | =0
24 5,2 — 2ME,
cos0 =2 Py (A1)
2pipf
- - 1 ) )
Pi‘Pf:E(Pi + py° —2ME,), (A2)

where p;/ p is the incoming/outgoing DM momentum, M
is the nucleus mass and E, is the nuclear recoil energy. In
the follows we derive the DM currents of Eq. (17) in more
detail; the DM mass is taken to be m,

{7f +m 17,' +m
l l* P v
;4: ( 2, " 2 7 )
= L T e i)
AE,E,

where Tr means trace of the matrix. Insert numbers to
u and v,

1
loly =——[Tr(pSy*y° plyPy" + m>°y)]
Z; iEE

[4p2p! (909 — g g0 + g0 ) + m*¢*]
L
—Pi pf 4
m2
( +pl pj+ 4>

:4EE

pl pf m
=1+ +
EE;, 4EE,
:1+p_;2+p?2—2ME, m?
2EE, AEE;
1
=1+ (2pi*+2p;* —4ME,+m?)

AEE,
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I
> hls= IE E, = (T Py + )]

m?
<—2P}P? +pipr— T)

L
|:_2plpf cos 6 + (ElEf - 5 (pl_Z

]

—2ME ))

3 - 2
5 (P + Py?) + 3ME, - nﬂ

1
+ E.E; {_

[Tr(PfJ/ 7 PirP° + mryO)]

g(z?s g/}() ga/} g3() + gaO g3[)’)

3.0 0,3
TEE, (pypi + pypi)

3
N
E; E
_ _(ﬁi2 +ﬁf2 - 2'AlE‘r

Pi
+ E)
Summing over k =1, 2, 3,

1
* __ T a Sk 2,k k
;/lkl iE; E[ r(pr PPy 4 mPyyh)]

3
<3E Ef pl f—1m2>

akgﬁk a/fgkk + g(xkgﬁk)

2
m- ik
+4g]

3
ZQakgﬂk—l—3g"‘ﬂ) —Zm }

3m
= 2 —2ME,
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1
~IEE, [Tr(psr ' plyPy?)

= Tr(pSr ? plyPy")]
pfp, 2 p 12 2 1p
~EE, (g = 979" + g"9'F)

— (929" = ¢79" + 9" g7)]
=0.

APPENDIX B: SHELL MODEL RESULTS

For a more detailed comparison in Fig. 7 we show the
differential neutrino-nucleus cross section as a function of
cos@ for the multipole analysis (including the first 15
transitions) and the GT analysis involving the first tran-
sition for a given incoming neutrino energy £, = 30 MeV.

2.0p
&' 1.5¢
g
o
g
i
o
=
5|8 1.0
387
o
0.5}¢
—— Multipole(all 16 states)
Multipole(only n=9 state)
—— 1stnon-zero GT
0.0F, . : -
-1.0 -0.5 0.0 0.5 1.0
cos

FIG. 7. The differential cross section as a function of scattering
angle, for NC inelastic v-*°Ar scattering with E, = 30 MeV. The
blue and orange curves are calculated using the full cross section
formula Eq. (2), while the green curve is calculated in the long
wavelength limit using Eq. (10).

0.10f
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&
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v
"= 0.06f
[3)
3
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=
T 0.04f
% = 0.0
0.02
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Multipole(only n=9 state)
—— lstnon-zero GT
0.00f, . . T n
0 10 20 30 40
E, [keV]
FIG. 8. Similar to Fig. 7, but differential cross section jg

plotted as a function of recoil energy E,.

113006-11



DUTTA, HUANG, NEWSTEAD, and PANDEY

PHYS. REV. D 106, 113006 (2022)

TABLE III. Nuclear magnetic moments g (nm), energy level
E, [keV] and J” spin parity for the nuclear states of “°Ar, 1?71, and
1F — 133Cs. Here we label the excited states with i, where i = 1 is the
ground state.
0.50f
Nucleus i J* Expt. u Expt. E, Expt.
= 1277 1 5/2+ 5/2% 3851 2813 0 0
= 2 7/2% 7/2% 3.007 2.54  37.44 57.61
ug 3 3/2% 3/2% 09155 097 2859  202.86
2 0-10¢ 1B¥cg 1 7/2¢ 7/2% 3007 2582 0 0
§ 2 5/2% 5/2% 3.851 3.45 36.37  80.9979
© 0.05¢ 3 5/2+ 5/2+ 25849 2.0 23536 160.6101
40AY 1 0f 0t 0 0 0
— 1st GT / Multipole(all) 2 2+ 2+ 0 —-0.04 1118.33 1460.85
Multipole(1->9) / Multipole(all) 3 2F (U 2054.05 2120.83
—— Multipole(1 —>2) / Multipole(all) 4 4F 2+ 2346.64 2524.12
0.01f — Multipole(1->2,9) / Multipole(all) 5 0F 4+ 2485.19  2892.61
3l5 4IO 4IS 5l0 5l5 6lO 6lS
DM Energy E, [MeV] low E,/ Ex’ while they become less consistent with the

FIG. 9. Multipole and GT cross section ratios of y-**Ar
scattering with m,, = 30 MeV.

Again we see that the N = 9 transition, the lowest lying GT
transition, dominates the inelastic cross section. Figure 8
shows Gamow-Teller cross section in recoil energy E,.
Figure 9 shows multipoles and GT ratios of y-*’Ar
scattering cross section. In which multipole (all) is the sum
of all the transitions 1 — 2...16, dominated by 1 — 2 and
1 — 9 transitions. Similar to neutrino case, sum of all the
multipole is roughly equivalent to the first GT transition
(1 —- 9). Nevertheless, both © and DM match better in

1 F
MPD (via bigstick)
Helm
0.100f
0.010f
)
<~ 0.001f
=
107
107°F
1075 L L L L H
0 200 400 600 800 1000
Er [keV]

long-wave length limit in the relatively higher E,./ E, due to
the kinematics.

In Fig. 10 we plot the shell model ground state to
ground state transition compared to the Helm form factor to
benchmark the shell-model accuracy and consistency. The
difference between our multipole decomposition (MPD)
and the Helm form factors is greater than that obtained
for the Xe nucleus in [49] where the GCN5082 inter-
action was used (note their form factors are plotted as
functions of dimensionless u = ¢*>b*>/2 instead of E,
in Fig. 10). The harmonic oscillator parameter is taken
to be b= /41.467/(45A7'3 —254-2/3) fm, which is
~2.3 fm for Cs and 1. We note that the agreement is good
at low momentum transfer, which is most relevant to this

MPD '#71
MPD '#Cs
Helm 1

0.100f

Helm'*Cs

0.010f
<)
2
0.001f
1074}k
1075 N a N N
0 50 100 150 200
Er [keV]

FIG. 10. Elastic scattering form factors: the Helm parametrization compared with the ground state to ground state transition found via
our shell model calculation for “°Ar (left) and '*3Cs and '*I (right).
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FIG. 12. Energy levels and spins of '33Cs and '?I.

work. That said, investigating this discrepancy is a potential
line for future work.

Table III gives the nuclear magnetic moments x (nm)
and excitation energies E, (keV) of the first few states from
our shell model calculation, which compare reasonably
well with the experimental values [42,84]. Our shell model

predicts that the first excited state of “°Ar has two protons
moved from 0d3/, (ground state) to Of;,, so every nucleon
is paired, which implies ¢ = 0. Lastly, in Figs. 11 and 12
we show the calculated excited state energies and compare
them to experimental values for argon and cesium and
iodine, respectively.
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