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ABSTRACT: The observation of coherent elastic neutrino nucleus scattering has opened the
window to many physics opportunities. This process has been measured by the COHER-
ENT Collaboration using two different targets, first Csl and then argon. Recently, the
COHERENT Collaboration has updated the CsI data analysis with a higher statistics and
an improved understanding of systematics. Here we perform a detailed statistical analysis
of the full CsI data and combine it with the previous argon result. We discuss a vast array
of implications, from tests of the Standard Model to new physics probes. In our analyses
we take into account experimental uncertainties associated to the efficiency as well as the
timing distribution of neutrino fluxes, making our results rather robust. In particular, we
update previous measurements of the weak mixing angle and the neutron root mean square
charge radius for Csl and argon. We also update the constraints on new physics scenarios
including neutrino nonstandard interactions and the most general case of neutrino gen-
eralized interactions, as well as the possibility of light mediators. Finally, constraints on
neutrino electromagnetic properties are also examined, including the conversion to sterile
neutrino states. In many cases, the inclusion of the recent Csl data leads to a dramatic
improvement of bounds.

KEYwORDS: Neutrino Interactions, Non-Standard Neutrino Properties

ARX1v EPRINT: 2211.11905

OPEN AccCESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP04(2023)035


mailto:deromeri@ific.uv.es
mailto:omar.miranda@cinvestav.mx
mailto:dkpapoulias@phys.uoa.gr
mailto:gsanchez@fis.cinvestav.mx
mailto:mariam@ific.uv.es
mailto:valle@ific.uv.es
https://arxiv.org/abs/2211.11905
https://doi.org/10.1007/JHEP04(2023)035

Contents

1 Introduction

2 Cross sections for CErNS and electron scattering

2.1
2.2
2.3
24
2.5

2.6

Standard physics

Neutrino NSI

Neutrino NGI

Light mediators

Neutrino electromagnetic properties

2.5.1 Effective neutrino magnetic moment
2.5.2  Neutrino charge radius

2.5.3 Neutrino millicharge

Conversion to sterile neutrinos

2.6.1 Active-to-sterile neutrino oscillations
2.6.2  Active-to-sterile EM interactions

3 Data analysis details

3.1 Csl number of events
3.2 LAr number of events
3.3 Statistical analysis

4 Results
4.1 Standard physics

4.2
4.3
4.4
4.5

4.6

Neutrino NSI

Neutrino NGI

Light mediators

Neutrino EM properties

4.5.1 Effective neutrino magnetic moment
4.5.2 Neutrino charge radius

4.5.3 Neutrino millicharge

Conversion to sterile neutrinos

4.6.1 Active-to-sterile neutrino oscillations
4.6.2 Active-to-sterile EM interactions

5 Summary and conclusions

A Details of the Csl signal simulation

0 00 00 J I O O U i W NN

—_ =
=)

13
13
15
18
20
22
22
23
24
26
26
26

28

30




1 Introduction

The discovery of oscillations has brought neutrino physics to the precision era [1, 2]. The
field is currently thriving, experiments are growing in size and number, and new detection
concepts are being proposed. Novel ways to probe fundamental parameters of the Standard
Model (SM) as well as new neutrino interactions beyond the SM are now under scrutiny.
In particular, the structure of the neutral current may reveal novel aspects of the physics
associated to neutrino mass generation [3, 4]. This suggests that studies using neutral cur-
rent neutrino interactions can play an important complementary role in neutrino physics.
An example is provided by the new generation of neutrino experiments using coherent
elastic neutrino-nucleus scattering (CEvNS) [5]. Originally proposed by Freedman in the
1970’s [6], CEvNS was finally detected using Spallation Neutron Source (SNS) neutrinos
emerging from pion decay at rest (m-DAR) [7].

So far the COHERENT Collaboration has observed this process at the SNS using
detectors made of Csl [7, 8] and liquid argon (LAr) [9]. More recently, a suggestive evidence
for CEvNS from reactor antineutrinos was reported by the Dresden-II Collaboration [10].
Moreover, several reactor-based CEvNS experiments aim at measuring this process, such
as: CONNIE [11], CONUS [12], »GEN [13], MINER [14], RICOCHET [15], v-cleus [16],
TEXONO [17], vIOLETA [18] and Scintillating Bubble Chamber (SBC) [19]. There are also
further experimental efforts underway, aiming to use m-DAR at the European Spallation
Source [20] and at the LANSCE Lujan Center [21]. Finally, the newly formed vBDX-
DRIFT Collaboration using a directional time projection chamber aims to measure CEvNS
using decay-in-flight neutrinos produced in the Long Baseline Neutrino Facility (LBNF)
beamline [22].

Here we analyze the updated data release from the CsI COHERENT experiment [8]
and combine this result with the LAr COHERENT data [23]. In so doing, we perform
a detailed analysis that includes all the relevant uncertainties for these experiments such
as, for instance, the timing information as well as the neutrino-electron scattering (ES)
signal for the CsI detector. This combined study of the recent Csl data with the LAr
results provides a solid and updated analysis of COHERENT data, from which we can
extract valuable information both on SM parameters, such as the weak mixing angle at
low momentum transfer [24-26] as well as nuclear physics features [27, 28]. Moreover,
these data can also be used to constrain new physics scenarios. These include neutrino
nonstandard interactions (NSI) [29-33] and neutrino generalized interactions (NGI) [34-37],
light mediators [38-43], CP-violating effects [44], neutrino electromagnetic (EM) properties,
e.g. transition magnetic moments [45-53], charge radius [54, 55], or millicharge [56]. We
also examine CEvNS sensitivities on conversions to sterile neutrinos, induced either by
oscillations [57-59] or by active-to-sterile transition magnetic moments [60-62].

Some of the physics scenarios we discuss have been already constrained using CO-
HERENT data, see for example [24, 37, 43, 63] and [64-66]. However, in some of these
references the new Csl dataset was not included or it was not combined with the liquid
argon data. Note that we improve upon previous analyses by paying special attention
to the experimental details of the COHERENT data. For example, in the Csl analysis



we include the efficiency and timing information together with their uncertainties, all sys-
tematic uncertainties and the ES background which could mimic a CEvNS signal. In the
LAr case, we also account for all systematic errors. By means of such a careful statistical
analysis, in this paper we have made an effort to address both SM precision tests as well
as new physics scenarios in a comprehensive manner, presenting updated constraints. We
show that the new Csl data dramatically improves the sensitivity, in some cases leading to
stringent constraints, competitive to existing bounds from other observables.

This paper is organized as follows. In section 2 we present all physics scenarios under
scrutiny together with the relevant cross sections. In section 3 we discuss the statistical
analysis procedure, highlighting all details, uncertainties and backgrounds. We discuss our
results in section 4 for each scenario previously introduced in section 2. Finally, in section 5
we conclude and present a table summarizing all the derived bounds.

2 Cross sections for CEvNS and electron scattering

In this section, we provide the necessary cross sections for the case of CEvNS and neutrino-
electron scattering, for various physics scenarios within and beyond the SM.

2.1 Standard physics

The differential CEvNS cross section with respect to the nuclear recoil energy Fy, is given
by [6]

doyn SM G%m]\[ 9 9 sM 2 myFEur
= F 1-— 2.1
dE,, |CEVNS - twlld )(QV ) ( 2E2 > ’ 21)

where G is the Fermi’s constant, F, denotes the incident neutrino energy, while my is
the nuclear mass. Notice that eq. (2.1) applies for both neutrinos and antineutrinos. In
addition, within the SM, the CEvNS cross section is flavor independent at tree level, with
small loop corrections that are flavor dependent but have no significant impact for current
experimental sensitivities [67]. The SM weak charge, Q3M, takes the form

M =gl Z+gpN, (2.2)

where the proton and neutron couplings are given by g}, = 1/2(1 — 4sin? fy) and gf =
—1/2, respectively. Notice that, although the proton contribution is small, it contains the
dependence on the fundamental electroweak mixing angle. Using RGE extrapolation in the
minimal subtraction (MS) renormalization scheme, one finds that the weak mixing angle
in the low-energy regime takes the value sin? fy, = 0.23857(5) [68]. Nuclear physics effects
in CEvNS are incorporated through the weak nuclear form factors for protons, F,, and
neutrons, F,,. Here we assume the latter to be equal® i.e. F, ~ F,, = Fy, and we rely on
the Klein-Nystrand [69] parametrization:

_ o J1(|dRA) !
FW(WP)_B \{1RA <1+]ﬂ2a%> ’ (2.3)

IThis is a valid approximation since the proton coupling in eq. (2.2) is tiny compared to the one of the

neutron.



where ji(z) = sin(x)/x? — cos(x)/z is a spherical Bessel function of order one, |¢] =
7%?5‘“ fm~! is the magnitude of the three-momentum transfer, a; = 0.7fm and Ry =

1.23 AY/3 represents the nuclear root mean square (RMS) radius (in units of fm), A being
the mass number. The value of the nuclear RMS radius R4 can be obtained in the spirit of
a nuclear structure model, see e.g. [70, 71]. Experimentally, however, it is known only for
the case of protons, while CErNS measurements are valuable probes of the yet unknown
neutron RMS radius. Our determination of R 4 using CEvNS will be discussed in section 4.

It is well known that, for incoming neutrino energies in the range of a few tens of
MeV, the CEvNS cross section is dominant when compared to other neutrino interactions.
However, in some new physics scenarios, the ES process may be important and we will
need to include the corresponding contribution to the total number of events. Within
the SM, the ES cross section on an atomic nucleus A containing Z protons is given by

doy, A do do . . .
WA _ 7 A vp Ve
B = Zi(FBer) g B~ Here gz represents the cross section of a neutrino scattering off a

single electron and Zeg(FEe;) is the effective number of protons seen by the neutrino for an
energy deposition .. The effective charges for Cs and I isotopes are given in table 1. In
the SM, the flavor-dependent differential ES cross section is given by

doy,A SM_ " G%me Ve 2 Ve un2 Eo\?2 ver2 vin2\ MeFer
“dE.. IEs =2 (Ber) =5 — | (9v +94)"+(9v —94) (1— Ey) —((gv) —(g4) ) 2 |
(2.4)

where ¢ = {e, u, 7} stands for the incoming neutrino flavor. Here g; = 2sin® 6y +1/2 and
gt = 1/2 for the case of v, —e™ scattering, which acquires contributions from both charged-
and neutral-currents, while for the case of v, » —e™ scattering, where only neutral-currents
are relevant, one has gi¥ = 2sin?fy — 1/2 and ¢'{ = —1/2. Note that, for antineutrino-
electron scattering, the substitution g’y — —g'y is required.

2.2 Neutrino NSI

Neutral current neutrino nonstandard interactions [3, 4] have attracted considerable atten-
tion in recent years [29-31, 33], mainly because they constitute the “side-show” of neutrino
mass generation schemes. Indeed, they arise in a wide class of motivated scenarios beyond
the SM [73]. Some would involve an extra U(1) symmetry, that could lead to the existence
of a new vector mediator. Others might be associated to different types of interactions and
mediators, both at a high [34-36] as well as at a low-mass scale [74-76]. If they exist, these
mediators would contribute to CEvNS and ES processes leading to detectable distortions
of the event rates, especially at low-energy recoils. For completeness, here we will consider
both light and heavy mediators.

In the presence of neutrino NSI associated to a heavy intermediate vector boson,? the
neutral current Lagrangian contains [29-31]

LN = —2v2Gr Y €l (v Prve ) (frPx f) (2.5)
q,l.0

where ¢ corresponds to quarks of the first family, ¢ = {u,d}. The ¢ and ¢ indices run
over neutrino flavors (specifically for COHERENT: e and p), Px (X = L, R) are the left

2For a concrete example on neutral gauge bosons from strings-inspired models see [77].



A% Ee Zey Eor

55 Eer > 35.99keV 53 Ee > 33.17keV

53 | 35.99keV > FEo > 5.T1keV || 51 | 33.17keV > FEq > 5.19keV
51 | 5.71keV > FE¢ > 5.36keV 49 | 5.19keV > FEg > 4.86keV
49 | 5.36keV > FEgo > 5.01keV 47 | 4.86keV > FEgo > 4.56keV
45 | 5.01keV > Eg > 1.21keV 43 | 4.56keV > Eg > 1.07keV
43 1.21keV > FEgo > 1.07keV 41 1.07keV > FEg > 0.93keV
41 1.07keV > E¢ > 1keV 39 | 0.93keV > FEe > 0.88keV
37 1keV > Fo > 0.74keV 35 0.88keV > FEo > 0.63keV
33 0.74keV > FEg >0.73keV 31 0.63keV > FEq >0.62keV

27 0.73keV > Eg >0.23keV 25 0.62keV > FEo >0.19keV

25 0.23keV > FEg >0.17keV 23 | 0.19keV > FEq >0.124keV
23 0.17keV > FEq >0.16keV 21 | 0.124keV > Eq >0.123keV
19 Eeo < 0.16 keV 17 FEor < 0.123keV

Table 1. Effective electron charge for Cs and I as a function of the energy deposition Ee, [72].

qV
174
of the NSI in terms of Gp. These couplings can be either flavor preserving (also called

and right chirality projectors, and ¢, are the couplings that describe the relative strength

nonuniversal, £ = ¢') or flavor changing (¢ # ¢'). Once NSI are introduced, the SM weak
charge of eq. (2.2) becomes flavor dependent and is modified® as Q%M — QNS with [78]

QY = [(oh +2e8 + ) Z+ (g + e + 28 ) N]
+> {(25%/ + 5%7) Z+ (e?g‘f + 25%{) N} . (2.6)
0
2.3 Neutrino NGI

Beyond the typical NSI interactions that could arise in gauge extensions of the SM, a more
general framework can be considered to accommodate all Lorentz invariant interactions
that might lead to new physics, i.e. NGI with heavy mediators [34-36]. The relevant
Lagrangian reads [36]

A~ S iTxwNCxTxN+ Y oTxuNiDxTy N,  (27)
X:S’V’T (va):(va)v
(AV)

with 'Y = {I,iy%, y#, y#4°, o}, o* = i[y*,4"]/2. The Cx, Dx denote the corresponding
neutrino-nucleus couplings. Note that, for X=V, S, T, the couplings C'x correspond to the
weak charges given in egs. (2.9), (2.10) and (2.11).

3 As noted in ref. [71], in new physics scenarios the nuclear form factor can be modified. However, the
effect is subdominant in COHERENT, and it is effectively accounted for by the CEvNS normalization
uncertainty in our fitting procedure (see section 3).



The corresponding differential cross section associated to the Lagrangian density in
eq. (2.7) takes the form [36]

do NGI

G%’mN 2 2 2 my By sM 2 mpy Eyy By
= F & C 2 1-— —
o e I T +(Cvr209) ( 2E7 E)

Enr Enr Enr
+8c%(1—m392 - >iRE }
(2.8)

Notice the interference between the SM and vector NGI, as well as the interference

between the scalar and tensor terms given by R = 2CsCp, where the plus (minus) sign
accounts for coherent elastic antineutrino (neutrino) scattering off nuclei (see also ref. [37]).
The weak charge associated to the new vector boson reads

Cv = guv [29uv + 9av) Z + (9uv + 294v) N1 , (2.9)

with g,y and gqv denoting the new mediator couplings with neutrinos and quarks ¢ =
{u,d}. The scalar and tensor weak charges are given by

m m
Cs = gus (Zquspfé’ + NquS”f;> (2.10)
q Mq q Myq

and
Cr = gur (ZquTég + NquTcSZ;) ; (2.11)
q q

respectively. The hadronic structure parameters for the case of scalar interactions: fP =
0.0208, f = 0.0189, f¥ = 0.0411, f} = 0.0451 and tensor interactions: 62 = §7 = 0.54,
68 = &' = —0.23 are taken from ref. [79]. See also ref. [80].

2.4 Light mediators

It has been noticed that low-energy neutrino experiments are very sensitive to interactions
involving light mediators [74-76, 81]. In the simplest scenario with light vector-type (LV)
interactions, the relevant CEvNS cross section can be written as [74]

1+ Cy ? dO—wN
CEvNS \/EGFQ%M (2mNEm + m%/) dEy,

For the case of ES, the corresponding cross section is given by eq. (2.4) with the following

LV SM

doy,n

2.12
pTom (2.12)

CEUNS

substitution
guvv - gev

2v2Gr(2meEer + m%/)

where g,y denotes the new mediator coupling with the electrons. Let us note that, for the

: (2.13)

W =g+ K

case of CEVNS, k = 1 for universal couplings (see e.g. [82, 83] for reviews) and x = —1/3
in the B — L model [82, 84] while, for ES, x = 1 for both the universal and B — L models.*

4Similar to the case of universal couplings, one may consider theoretically consistent anomaly-free U(1)
extensions of the SM, such as those discussed in [43]. A specially interesting example is the model proposed
in [85, 86] as it is motivated by the explanation of the anomalies observed in B meson systems.



As a simple phenomenological reference, we will show results for the universal-coupling
scenario, as any other case can be obtained by adequate coupling rescaling.

Going one step further, one may also consider more general scalar and tensor in-
teractions allowed by Lorentz invariance, and involving light mediators. Such neutrino
generalized interactions have been previously searched for using CEvNS in refs. [26, 87]
and ES in ref. [88]. For the case of a new light scalar (LS) mediator, the CEvNS cross
section reads
LS B m?\,Enr Cg
CEWNS 47 E2 (2my Eyr + m2)

doy,n
dEy,

By (171°). (2.14)

while the corresponding cross section for the case of a new light tensor (LT) mediator takes

the form
doy, n LT my(4E2 — myEyy) C2
doyu | _mn(4E, LT R, (). (2.15)
dEn \CEVNS 27 B2 (2my Eyy + m2.)
Finally, the cross sections for the case of scalar- and tensor-mediated ES processes read [89]
doy,4 |15 A 925 : 925 m2Eer
- 7A(E 12 e ¢ 2.16
dFEe: 'Es éir (Fler) 4w (2meEe + m%)? | EZ 7 (2.16)
and
dJVZA LT: gi}f( er) me'.gz%T'ggTQ . 1+2<1_Eer>+<1_Eer>2_meEer '
dE. |ES 21 (2meEer + m7.)? E, E, E?

2.5 Neutrino electromagnetic properties

% our aim is to explore the

Turning our attention to neutrino electromagnetic properties,
associated phenomenological parameters using CEvNS experiments. These include the
neutrino effective magnetic moment (MM), the neutrino electric charge (EC) and the neu-
trino charge radius (CR). It should be noted that the former is given in terms of the
fundamental transition magnetic moments (TMMs) [45] and the corresponding effective

parameter combinations relevant to each experimental setup are given in refs. [52, 62, 91].

2.5.1 Effective neutrino magnetic moment

Neutrino magnetic moment interactions flip chirality and do not interfere with the SM
terms. Therefore, in the presence of a nonzero effective neutrino MM, the differential cross
section is incoherently added to the SM one and can be cast in the form [92]

MM 7TO[]2,3M ( 1 1 o,

doy,n ) 22 2
= — — | Z*F;
dE,, |CEvNS mZ \Fn. E, w(ld%) 1B

with agy being the fine structure constant and pp the Bohr magneton. For the case of

i : (2.18)

ES, the corresponding cross section is given in a similar form to eq. (2.18), as

i _moy (11 o

= — =) ZzA(E,) |
ES mg Eer Eu) eff( e) H“B

doy,n 2

dEer

(2.19)

®For a review see ref. [90].



At this point, we should stress that, while the neutrino magnetic moment is given as an
effective parameter in eqs. (2.18) and (2.19), it should actually be expressed in terms of
the fundamental TMM matrix,® Aij, as

2
My =D |22 UikAin| (2.20)
F

where U denotes the lepton mixing matrix. Relevant expressions for SNS-produced neu-
trinos are given in refs. [52, 62].

2.5.2 Neutrino charge radius

The neutrino charge radius is the only EM neutrino parameter that is different from zero
within the SM framework. Indeed, flavor-diagonal CR are generated via radiative correc-
tions from the v — Z boson mixing and box diagrams involving W and Z bosons, leading
to [55]

G m?
2 _ F ]
(ryy)sm = W [3 —21In ] , (2.21)

where my denotes the mass of the corresponding charged lepton and My is the mass of W
boson. Numerically, the SM values are ((7"25 >,<r2 >,<r2 >) = (—0.83,—0.48, —0.30) x

Vee Vpp Vrr
10732 e¢m?, close to the sensitivity reach of CEvNS experiments. The contribution to the
CEvNS cross section due to flavor-diagonal charge radii is obtained through the substitution
g — g — Q5F in eq. (2.2) with

B V2magm

QO = S, (2.22)

Ve

For the case of ES, the corresponding cross section is obtained via the substitution g"j} —
Wt + Q?ZR. Before closing this discussion, let us finally note that transition charge radii
with ¢ # ¢' can be generated via neutrino mixing [93] and/or physics beyond the SM, as
explained in ref. [94].

2.5.3 Neutrino millicharge

Another interesting EM neutrino property that can be probed at low-energy neutrino
scattering experiments is the existence of a tiny neutrino EC (also referred to as the neutrino
millicharge). Such neutrino millicharges could arise in gauge models that include right-
handed neutrinos [56]. According to ref. [63], the contribution of a nonvanishing EC to the
differential CEvNS cross section is given by eq. (2.1) with the substitution ¢}, — ¢}, — QEEKC,
where the quantity QEZC is given as

221

EC EM

Qﬁﬁ = GFq2 Qugy » (223)
with ¢> = —2myFur denoting the four-momentum transfer and ¢,,, being the neutrino

millicharge. Similarly, the EC contribution to ES is taken by substituting g;¢ — gy¢ + Q5°

®For Majorana (Dirac) neutrinos \;; is an antisymmetric (general complex) matrix [51].



in eq. (2.4) where in this case the four-momentum transfer is ¢> = —2m.Fe (see also
ref. [93]). Interactions with flavor-nondiagonal EC are also possible and have been explored
in ref. [63].

2.6 Conversion to sterile neutrinos

Given the distances between source and detector used in current CEvNS experiments,
active-to-sterile oscillations can develop. Moreover, active-sterile neutrino TMMs may
also lead to conversions to light sterile neutrinos. We now examine conversion to sterile
neutrinos, induced either by oscillations or transition magnetic moments.

2.6.1 Active-to-sterile neutrino oscillations

Because of its sensitivity to the total active neutrino flux, the COHERENT experiment can
be exploited in order to search for sterile neutrinos. Here, we assume the simplest (3+1)
scheme with three active neutrinos and one light sterile neutrino. The survival probabilities

read )
Amg, L
Po(B,) ~ 1 — sin? 20, sin? | ~417 ) | (2.24)
4F,
for electron neutrinos, and
Am3,L
Puu(Ey) ~ 1 — sin® 20 sin <?§2> : (2.25)

for muon (anti-)neutrinos. In the previous expressions, 014 and 24 are the active-sterile
mixing angles, Am?, ~ Am3, are the active-sterile mass splittings, where we have assumed
Am3, > |Am%,|, Am3,. The presence of a light sterile neutral fermion is taken into account
when computing the CEvNS number of events by changing QM — QM x Pao(E,) in

eq. (2.1).
2.6.2 Active-to-sterile EM interactions

The presence of active-sterile neutrino TMMs leads to up-scattering processes of the form
vy + N — vg+ N with production of a neutral massive outgoing fermion (sterile neutrino)
with mass my. This process will contribute to the CEvNS cross section [95] through

2

doyn PP TOEM 2 2 2y | Hv
= Z“F, —t
dE,, |CEvNS m2 w(ld1%) 1B
X L_i_ mﬁzl <1_Enr+mN)+mﬁ(Enr—ﬂ;N) ’
En E, 2E,FEymy 2F, 2F, 8E2E2.m%,

(2.26)
where the mass of the produced sterile neutrino final state is subject to the kinematic
constraint

2
1< 2myE E,—1] . 2.27
m4 ~ my Lny < mNEnr 14 ( )

For ES scattering, the corresponding cross section is given by eqgs. (2.26) and (2.27) and the
following substitutions: FEn, — Eer, my — me, Z2F§V(]§]2) — Zé‘;f. Finally, the effective



magnetic moment for active-sterile transitions is expressed in terms of the fundamental
TMMs as given in ref. [60].

3 Data analysis details

In this section we provide the necessary details of our analysis. Regarding the COHERENT-
LAr data, we update the results of refs. [60, 96] by including all systematic errors on
COHERENT-LAr data, following the method used in ref. [43] and the guidance provided
in [23]. For the analysis of the recent COHERENT-Csl data, we update previous results [36,
52, 97, 98] in two ways. First, in addition to CEvNS, we also include possible contributions
from ES events, as in [63, 64]. This contribution can get significantly enhanced in some
new physics scenarios, e.g. light mediators or millicharges, and dangerously mimic the
CEvNS signal. Note also that we add the ES contribution only in the Csl analysis since in
the LAr case the measurement of the ratio of the integrated photomultiplier amplitude and
the total amplitude in the first 90 ns (called Fyg) allows a clear separation between CEvNS-
induced nuclear recoils and ES-induced electron recoils. Moreover, following closely the
analysis method of the COHERENT Collaboration [8], we perform a new comprehensive
analysis including further nuisance parameters which account for signal shape uncertainties.
Finally, we also perform a combined analysis of the full CsI+LAr data. Whenever available,
we will compare our results to existing constraints in the literature [24, 37, 43, 63-66].

3.1 CsI number of events

For the case of the COHERENT-CsI detector, the predicted number of CEvNS events per
neutrino flavor, n, in each nuclear recoil energy bin ¢, is

Ei+1 [E/max
CEvNS,N nr
N = Ntarget i dEy, 6E(Einr) /0 dE;Ir P(Enra Eélr) X

nr

B dN, d
[ e o
Emin(E!,) E, dE], |CEvNS

nr

(EWErllr)? (31)

where ' = Cs or I, and Niarget = NaMdet/Mrarget 1S the number of target atoms in the
detector. Here, mge; = 14.6 kg denotes the Csl detector mass, while N is the Avogadro
number and Miarget is the molar mass. Moreover, K, is the reconstructed nuclear recoil
energy, E!_ is the true nuclear recoil energy, P(FEy,, E,,) is the energy resolution function,

pmax o AEZNP Cpmex gy s9 0 52.8MeV and EMn(EL) ~ (/™27 The SNS

my
neutrino flux consists of a prompt and a delayed beam. The three components to the total

"Note that, for the case of TMM-induced conversion to a sterile neutrino the integration limits depend
also on my, according to eq. (2.27).



differential neutrino flux, n, produced by pions decaying at rest are

ANy, m2 — mi
i, (Ey)=nd (E,, — 7277% (prompt) ,
dN 64E2% (3 E,
“(E,)) = vz =¥ 1 , 2
dN,, 192E2 (1 E,
“(E,) = vii- % delayed) ,
dE,,( )=mn m3 (2 mu> (delayed)

which are normalized to n = rNpor /47 L%, where L = 19.3 m is the detector distance from
the SNS source, and r = 0.0848 denotes the number of neutrinos per flavor produced for
each proton on target (POT), where Npor = 3.198 x 1023. The energy-dependent detector

efficiency is given by
a

- 1+ e—b(z—c)
where © = PE + a7 and a = 1.32045, b = 0.285979, ¢ = 10.8646, d = —0.333322 [8]. We
account for the 1o uncertainty on the efficiency curve through the parameter a7, which

er(r) +d, (3.3)

can vary between [—1,+1]xPE (PE being the number of photoelectrons), see appendix A.
Quenched recoils are given through the light yield LY = 13.35 PE/keVe, with PE= LY x
E.;, where the electron-equivalent energy is given in terms of Fy,; as Eor = 21 FE), + xQEfr +
3B + x4 B (21 = 0.0554628, 19 = 4.30681, 3 = —111.707, x4, = 840.384) [8]. Finally,
smearing is applied through the Gamma function

1+ b))1+b B
P(Ba, El) = CUEOD T o —atioye 4
( ) 1’11') 1’1(1 + b) z € ) (3 )
where z is the reconstructed recoil energy in PE, PE(E,,), while a and b instead depend
on the true quenched energy deposition: a = 0.0749/Eq(E),), b = 9.56 x Ee(EL,) [8].

Moreover, we include the timing information in our analysis, by distributing the predicted
NCEVNS,N

p in each time bin j. We take the time distributions f7(trec) of n = ve, vy, vy

from [8, 99] and we normalize them to 6 us. Finally, the predicted CEvNS event number,
per observed nuclear recoil energy and time bins i, j is
Tl
NGNS =S e [ (frees a6)er (tree) No . (3.5)

N=Ve,Vy ’DH trec

We also include an additional nuisance parameter on beam timing, ag, thus allowing the
CEvNS timing distribution to vary in a 4250 ns range.® Finally,

1, if tree <t/
er(trec) = ,
rec {e_k(trec_t )7 if trec > t

is a time-dependent efficiency with ¢ = 0.52 us and k& = 0.0494/us. The total number of

predicted CEvNS events is in the end given by NgE”NS = NSEVNS’CS + NSEVNS’I, where
the indices ¢ and j run over the 9 PE-bins and 11 time-bins, as reported in [8].

(3.6)

8Private communication with D. Pershey and [8].

~10 -



The predicted ES event number, NiES’, per neutrino flavor, n, in each observed electron
recoil energy bin ¢ is

ES,A Eéjl B ! !
Ni,n7 = Ntarget i dEe 6E(-Eer) /0 dEer P(Eer7 Eer) X
BR AN doya
dE,—~(E,) ==X E, E! 3.7
/E{/nin(Eér) dEV ( ) dEér ‘ES( ’ er)? ( )

where A refers to the atom (Cs or I), EM(EL ) = (Bl 4+ 1/ E2 4+ 2m.E.,)/2, and E/MaX =
2(ERax)2 /(2Emax 4 4y ). We also include the timing information in our analysis, by dis-
tributing the predicted NiE SA in J time bins. Similarly to the CEvNS case, the predicted

ES event number per observed nuclear recoil energy and time bins 1, j, is

tj+1
S rec q
NE 7’A — Z ; dtrecf%@rem a6)€T(treC)NZE7:n’A. (3_8)
n:[jeﬂjuﬂju rec

The total number of predicted ES events is finally given by Ngs = Ngs’cs + N{?S’I.

3.2 LAr number of events

For the analysis of COHERENT-LAr data, the detector mass is mget = 24 kg and it is
located at a distance L = 27.5 m from the SNS source. In this case, the CEvNS event
rate is given by eq. (3.1), with » = 0.09 and Npor = 1.38 x 10?3. The corresponding
efficiency function is taken from the data release [23], while the conversion between nuclear
and electron recoil energy is given through the quenching factor QF(E],.) = 0.246 + 7.8 x
1074E/ (keVy;) [9]. The reconstructed event rate is obtained by smearing the true event
spectrum with a normalized Gaussian function P(Ee, E..), whose energy resolution is

given by ZZe = 058 3] For the COHERENT-LAr detector there is no reported
Fex Ber (keVee)
9

time efficiency, hence in eq. (3.5) we consider er(tec) = 1, while the time distributions

JF(trec) are taken from [23]. In our analysis, the index ¢ runs over the 12 E-bins while
the index j runs over the 10 time-bins [9]. Finally, as noted in ref. [63], we do not include
ES events in the analysis of COHERENT-LAr data, since the Fyy data provided by the
COHERENT Collaboration already ensure a successful discrimination of CEvNS- versus
ES-induced signals in the detector.

3.3 Statistical analysis

In order to perform the analysis of the COHERENT-Csl data we use the following Poisso-
nian least-squares function

9 11 exp 4(5) g\ 2
2 Csl exp exp 17
=2 E E N5 — N NP1 E — ) . 3.9
XCsl CEvNS(+ES) P th iy TN I <N£SI>] + — ( ) (3:9)

9We do not introduce any nuisance parameter in this case.
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In the analyses where ES events are relevant, the predicted number of events is defined as

NCsI CEvNS+ES (1 +ag + a5)N5EVNS(Oé4,Oé(5,Oé7) + (1 + OéO)NES(aﬁ, a7)

+ (1+ an) NS (ag) + (1 + a2) NN (ag) + (1 + ag) NP . (3.10)

In the previous expressions, o9 = 11% encodes efficiency and flux uncertainties, o; = 25% is
associated to Beam Related Neutrons (BRN), o2 = 35% corresponds to Neutrino Induced
Neutrons (NIN), o3 = 2.1% to Steady State Background (SSB) and o5 = 3.8% is the
systematic uncertainty associated to the quenching factor (QF). Moreover, N5 CEVNS and
Ny ES include three further nuisance parameters: a4, which enters the nuclear form factor
and thus affects only the CEvNS number of events. Note that the expression of R4 that
appears in eq. (2.3) should be modified to R4 = 1.23 AY3(1 + ay), with o4 = 5%; ag
accommodates the uncertainty in beam timing with no prior assigned, see eq. (3.5), while
ay allows for deviations of the uncertainty in the CEvNS efficiency, see eq. (3.3). We also
note that, according to ref. [8], the efficiency function is already applied in the BRN and
NIN backgrounds provided in the data release, hence in our calculations the latter are not
weighted by the nuisance parameter as.

In scenarios where ES is not playing a relevant role, we instead rely on a simplified
least-squares function, where the predicted number of events is defined as

NGBS = (14 ag) NGNS (o, a6, 07) + (1 + 1) NN () + (1 + ag) Ny ™ (ae)
+ (14 ag) NP (3.11)

In this case, the relevant systematic uncertainties are oy = 11.45% (which encodes effi-
ciency, flux and QF uncertainties), o1 = 25% (BRN), o2 = 35% (NIN), 03 = 2.1% (SSB),
o4 =5% (Ra).

In contrast, for the analysis of the COHERENT-LAr dataset we consider the following
x? function [43]

12 10

F F - t Tl
X%Ar Z Z [ + Bo + ﬁlAC?EO;NS + 51 A CECJJVNS + B A éEgVNS)NCEVNS
i=1j= 1

(1+ ﬁg)NESB
E E— Ti; ri Tl
+ Ba+ /35Ap§RN + 65ApBRN + 56A . BRN T 56A . gRN + ﬁ7AptBigaN)NpBRN

2
1+ Bs) NIBRN _ N??‘P]

+
_l’_
+ i

(1

(
Br\? 2

+ — + /8 9

k§4,8 (Uk) k1,22,5,6,7( g

(3.12)

where a =N Py N7 SS5B /5. The nuisance parameters 5y, (3, 54 and fg are introduced to
account for the normahza‘clon of CEvNS,'0 SS, prompt BRN and delayed BRN, respectively,

10This component includes the uncertainties on the flux (10%), efficiency (3.6%), energy calibration
(0.8%), the calibration of the pulse-shape discrimination parameter Fyo (7.8%), QF (1%), and nuclear form
factor (2%) [9].
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with the corresponding uncertainties being {09, o3, 04, 0g}={0.13, 0.0079, 0.32, 1.0} [9].
The shape uncertainties are taken into account by introducing the nuisance parameters
b1, B2, Bs, B and B7. The first two parameters modify the shape of the CEvNS prediction,
while the last three affect the shape of the prompt BRN background. In particular, for
the case of CEvNS, the relevant sources of systematic uncertainty are the +1o energy
distributions of the Fg(% parameter, given by Agglngs and Ag?g;NS, and the mean time to
trigger distribution, AdpSNg- Similarly, for the shape of the prompt BRN background,
the relevant distributions are the £1o energy distributions (AngN and Af]-;RN), the £1o0

. tos
mean time to trigger distributions (Aggfm and AI;];%N) and the trigger width distribution

e
(A BRx)- These distributions, introduced in eq. (3.12), are defined as

NS — NV
e _
ij

where A = {CEvNS, pBRN, &, is any of the sources relevant to the given \ as described
above, while CV denotes the central values of the CEvNS or prompt BRN distributions,
all taken from the COHERENT-LAr data release [23].

4 Results

In this section, we discuss the results that we have obtained from the combined analysis of
the COHERENT Csl [8] and LAr [9] data. We will start with standard electroweak and
nuclear physics, presenting the determination of the weak mixing angle and neutron RMS
radius, then proceed to scenarios beyond the SM, including neutrino NSI as well as NGI
with both heavy and light mediators. Next, we discuss neutrino EM properties, including
the effective neutrino magnetic moments, charge radius and neutrino millicharge. Finally,
we discuss conversions to sterile neutrinos, both active-to-sterile neutrino oscillations as
well as active-to-sterile EM interactions.

In what follows, we include the contribution from ES events whenever it becomes
relevant, i.e. for the neutrino millicharge, neutrino magnetic moment, TMM to sterile
neutrinos, and the light mediator analyses. We will see that the most important effect of
the presence of ES events is found for the neutrino millicharge and the light vector and
tensor mediator analyses. This is due to the fact that their corresponding cross sections
are proportional to ~ 1/E2, which enhances the event rates significantly. For the neutrino
magnetic moment conversions and the light scalar mediator analyses, the cross sections are
proportional to ~ 1/FE;, yielding to a moderate enhancement of the event rates. Notice
that for the cases of the weak mixing angle, neutrino charge radius and heavy NSI and
NGI analyses, the ES event rate is too small and hence neglected.

4.1 Standard physics

In the left panel of figure 1 we show the Ax? profile obtained from the analysis of CsI
(magenta), LAr (orange) and CsI + LAr (blue) data as a function of sin? fy. The combined
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Figure 1. Left panel: Ax? profile for sin® fy obtained from the analysis of CsI (magenta), LAr
(orange) and CsI + LAr (blue) data. Right panel: sin?fw RGE running in the SM for the MS
renormalization scheme (light red line), compared with our CsI 4+ LAr determination (blue) and
other measurements at different scales.
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Figure 2. Sensitivity on the neutron RMS radii of argon and Csl.

fit of Csl + LAr data leads to the following best fit value for this parameter at 1o
sin’ Oy = 0.237 £ 0.029. (4.1)

As can be seen from the plot, clearly the result is mainly driven by the recent Csl data. We
note that for this analysis the ES events on Csl can be safely neglected. The right panel
of figure 1 shows the sin? fyy RGE evolution in the SM (light red line), calculated in the
MS renormalization scheme as obtained in ref. [100], together with our combined CsI +
LAr determination (blue) and other measurements at different scales [25, 26, 101-106]. It
is interesting to note that the full COHERENT data provide a determination of the weak
mixing angle at low-energies, in a region where other data-driven constraints are absent.
Moreover, one may notice the complementarity with the results obtained in refs. [25, 26]
using the Dresden-II CEvNS reactor data.
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At this point, we will explore the implications of COHERENT data on nuclear physics,
with the goal of probing the neutron density distributions in Csl and Ar. The relevant
phenomenological parameter is the RMS value of the neutron radius R,, inside the nucleus.
Let us note that, for this particular analysis, different RMS radii have been considered for
protons and neutrons, i.e. we take Fj(|q]) # Fy(|q]). Specifically, we fix the proton RMS
radius to R,(Ar) = 3.448 fm, R,(I) = 4.766 fm, R,(Cs) = 4.824 fm [107], while R, is left
to vary freely. We furthermore deactivate the a4 nuisance parameter for the case of Csl,
while for the case of LAr the effect of neglecting the nuclear physics uncertainty in g is
tiny, see footnote 10.

In figure 2 we display the sensitivity on the neutron RMS radius, R,, of argon and
Csl obtained from the analysis of COHERENT data. For the case of LAr, here we have
updated the result on R, (Ar) obtained in ref. [96] using not only the energy data but also
the timing information and the shape uncertainties described in eq. (3.12). As for the Csl
detector, ours is the first result obtained using the actual COHERENT-CsI (2021) data [8]
and the comprehensive x? function given in eq. (3.10), including timing and efficiency shape
uncertainties as well as the small NIN background.!! The 1o regions on the neutron RMS
radii of argon and Csl from our analysis are

R, (Ar) €]0.00,3.72] fm,

(4.2)
R, (Cs]) €[5.22,6.03] fm .

Before closing this discussion, we would like to comment on the level of improvement
of the current determination of R, in comparison with the results obtained with the first
COHERENT-Csl data. To this end we compare our results with those extracted in ref. [28]
which analyzed the energy and timing data of the 2017 COHERENT-CsI release [7]. Our
analysis gives R, = 5.6270-4) fm (at 1o) compared to R,, = 5.807053 fm reported in [28].
While comparing the best fit points may not be straightforward because they belong to
different data sets, it is however interesting to notice that in our case the lo uncertainty
is reduced by a factor of 2.

4.2 Neutrino NSI

Here we explore NSI involving both the flavor-preserving and flavor-changing terms in
eq. (2.6). In our analysis we consider two NSI parameters at a time, with the rest set
to zero, and our results are presented as 90% C.L. (2 d.o.f.) preferred regions. First, in

figure 3 we consider nonuniversal NSI involving electron or muon neutrinos. In the upper-

left panel we explore the (eZV,€%Y) plane, noting that a single allowed band is present

when analysing CsI or LAr data separately. The reason is that, even when the ve-induced
CEvNS rate is suppressed, the v, + v, contributions can still fit the data reasonably well.
Nevertheless, the combination of Csl and LAr data can break the degeneracy between

different NSI parameter combinations, resulting in two bands (see upper-right panel). One

uV __

band contains the SM solution (¢%/ = ¢4V = (), while the other corresponds to the region

where Q‘I\}SI ~ —Q§M7 thus mimicking the SM signal. The width of the two bands is

"Note that ref. [24] analyzed the preliminary CsI data reported in [108] neglecting the shape uncertainties.
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Figure 3. 90% C.L. (2 d.o.f.) allowed regions on flavor-preserving neutrino NSI from the Csl
(magenta), LAr (orange) and CsI + LAr (blue) analyses, allowing two NSI parameters at a time.
The analysis of CsI data includes only CEvNS interactions.

reduced by ~ 20% when compared to the result presented in [109], where a combined Csl
(2017) + LAr analysis was performed. In contrast, having the NSI confined to the muon
neutrino sector leads to a different situation (see lower-left panel). Here, we find two bands
in the (5,5%,53}1) plane even before combining Csl and LAr data. This happens because
the contribution to the CEvNS event rate from v, + 7, is larger compared to v,. Of course,
the combined CsI4+LAr analysis leads to significantly narrower allowed bands, as seen in
the lower-right panel.

In figure 4 we consider nonuniversal NSI for both electron and muon neutrinos. We

uv eﬁ){) plane (upper panel) and in the (¢4, ei‘;) plane

(lower panel). One sees that, due to the significantly reduced uncertainty of the recent

present the allowed regions in the (e

COHERENT-CslI measurement, there are two separated allowed regions for Csl, but just

a single region is obtained from the LAr data analysis (left panel). By comparing the NSI

constraints for u or d quarks, one sees that the latter case is slightly more constrained.

Moreover, the combined CsI+LAr analysis is mostly driven by the Csl data, leading to a

mild improvement compared to the CsI alone analysis (see right panels). At this point, we
uV  _uV

stress that our results in the (eg. , €}, ) plane regarding the Csl data alone are in excellent
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Figure 4. Same as figure 3 but in the (€2, eZ‘;) planes.

agreement with the original result reported by COHERENT Collaboration [5, 8], a result
which is further strengthened by our simulation of event spectra shown in appendix A. This
serves also as a calibration'? for the robustness and accuracy of our calculational procedure.
In addition, our result is consistent with the analysis of CsI (2017) data presented in [64].

Finally, in figures 5 and 6 we display the allowed regions for one flavor-preserving NSI

versus one flavor-changing NSI parameter for various combinations, (edV edV), (edV ey,

ee » “er s ST
and (e4V GZX) (eﬁ‘/f, eg)f), respectively. As previously, the results show the constraiﬁl‘és fgom
the CsI or LAr measurements (left panels), as well as those resulting from the combined
CsI+LAr analysis (right panels), leading to the same general conclusions as discussed
above. The implications of the enlarged Csl (2021) dataset can be seen, for instance, in
the (eV, €dV) plane, for which the allowed region is reduced by ~ 40% in comparison with

the results obtained using the former CsI (2017) data [96]. To summarise, the 1o limits
obtained from the combined CsI+LAr analysis on the single nonuniversal NSI parameters

12 Although not shown here, our result in the (e2V, %) is consistent with refs. [8, 9] when assuming 1

d.o.f. as taken by the COHERENT Collaboration. In contrast, here we have considered 2 d.o.f., which
leads to a single band.
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Figure 5. 90% C.L. (2 d.o.f.) allowed regions assuming one nonuniversal and one flavor-changing
neutrino NSI, extracted from the analysis of CsI (magenta), LAr (orange) and the combined CsI
+ LAr (blue) data. The upper panel shows the result in the (¢ZVe2V) plane while the lower

panel shows the corresponding result in (eﬁ‘lf, ez‘T/). The analysis of és’I 33‘5& includes only CEvNS
interactions.
(setting all the others to zero) read
eV =[-0.027,0.048] U [0.30,0.39] ,
eV =[-0.024,0.045] U [0.34,0.43] , (43)
et =[-0.012,0.016] U [0.33,0.37], '
ey =[-0.002,0.001] U [0.37,0.41] .
Similarly, the 1o limits on flavor-changing NSI parameters are
e =[-0.071,0.071], et/ =[-0.081,0.081],
eV =[-0.12,0.12], €2 =[-0.13,0.13], (4.4)

el =[—0.087,0.087], €/ =[—0.098,0.098].

4.3 Neutrino NGI

We now turn our attention on a more general description of exotic new physics, namely
NGI that go beyond the typical vector NSI that arise in gauge extensions of the SM. In
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Figure 6. Same as figure 5 for the planes (eg, , €, L €epn

respectively.

this context, we aim to explore additional types of Lorentz-invariant interactions involving
also scalar and tensor terms. In full generality, all types of NGI could in principle exist
at the same time. However, for simplicity, in our analysis we only allow up to two new
interactions to be present at the same time (while setting the third one to zero), assuming
universal couplings (i.e. C% = C% = C%) and neglecting the ES data in the analysis.
Figure 7 shows the Ax? profiles for a single NGI (upper row) given in terms of the C%,
and the 90% C.L. (2 d.o.f.) allowed regions for neutrino NGI in the (C%, C{) plane (lower
row), with C% = gux - gox and X = S,V T, see egs. (2.9), (2.10) and (2.11). The results
show that, although a new scalar or tensor interaction actually improves the fit of LAr
data alone, such a new NGI does not fit the Csl data set, so that the combined analysis
prefers a SM explanation. For the scenario with a new vector interaction instead, both LAr
and CsI lead to two x? minima, one of them at C{, = 0 and a second one at CY, ~ 0.18.
In the region between the two minima, the extra vector contribution cancels the SM one,
worsening the fit. If two interactions are simultaneously present, see lower panels, one can
also expect interferences between the NGI and the SM interactions, as well as between
different NGI. For the scalar versus tensor (S-T) case, the allowed region, indicated in
the left panel, is centered around the SM solution, with C = C% = 0, with no other
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solutions allowed at the same confidence level. In the other two cases, however, degenerate
solutions with similar goodness of fit as the SM solution appear. In particular, in the scalar
versus vector (S-V) case, shown in the middle panel, the combination of the two data sets
reduces the ring-shaped contour obtained with LAr data to two smaller disjoint regions,
one centered around the SM and a second one around CY, ~ 0.18, as already seen for the
one-dimensional profiles. Similarly, for the vector versus tensor (V-T) case, the combined
analysis of LAr and Csl data results in a ring-shaped allowed region including the SM
solution Cf, = C%. = 0. In all cases, the addition of the CsI data substantially improves the
sensitivity to these new interactions and is competitive to existing results [25], extracted
recently from the analysis of Dresden-II data [10]. Furthermore, one sees a tiny part of the
parameter space where the combined contour extends outside the Csl allowed region. This
can be understood from the LAr and CsI x? profiles in the upper panels of figure 7, which
show how in some cases the best fit values for the couplings in the LAr analysis lie outside
the region preferred by the CsI data.

The 1o limits obtained from the combined CsI+LAr analysis on vector, scalar and
tensor NGI parameters (setting all the others to zero) read

CY =[—0.003,0.003] U [0.18,0.19] ,
C% =[—0.009,0.009] , (4.5)
CY =[-0.19,0.19] .

4.4 Light mediators

The NGI discussed above may appear mediated by a light particle. In such a case, the
relevant parameters entering the scattering cross sections given in section 2.2 are the mass
of the mediator, myx, and a coupling gx, which, for the sake of simplicity, we define as
9x = \/Iuxdysx, with f = {u,d} for CEVNS and f = e for ES. Notice that we are assuming
universal couplings to quarks, i.e. gux = gax = gqx-

We first focus on light vector mediators and we present in figure 8 the 90% C.L. (2
d.o.f.) exclusion regions for the universal light vector model (left) and the B-L scenario
(right). In the universal model, a cancellation with the SM is possible thus leading to a tiny
unconstrained band at my ~ 0.05—1 GeV and gy > 10~%. In the B-L scenario, by contrast,
the charge assignment does not allow for this destructive interference. We can also notice
that the addition of CsI ES events significantly improves the bounds by a factor ~ 8, at
my < 30MeV. The corresponding results for the light scalar and tensor interactions are
given in figure 9. The conclusions are similar to the vector case, although without the ES-
driven improvement in the scalar scenario. This behavior is understood since, in the scalar
case, the cross section is proportional to ~ 1/FE;, unlike the vector and tensor cases where
the ES enhancement is more significant as the cross section of this process is proportional
to ~ 1/E2. Let us finally comment that, keeping in mind the differences in the data sets
considered and in the statistical analyses performed, our current bounds are in general
agreement with those given previously, e.g. in refs. [41, 43, 64].

In order to make a comparison with the available constraints from other experimental
probes, we reproduce in figure 10 the exclusion curves from our combined analysis (dark
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Figure 7. Upper panels: Ax? profiles for single NGI from the CsI (magenta), LAr (orange) and
CsI + LAr (blue) analyses. The analysis of CsI data includes only CEvNS interactions. Lower
panels: 90% C.L. (2 d.o.f.) allowed regions on neutrino NGI allowing two NGI couplings at a time.
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Figure 8. 90% C.L. (2 d.o.f.) exclusion regions from the analysis of CsI (magenta), LAr (orange)
and CsI + LAr (blue) data, for the universal light vector model (left) and the B-L scenario (right).
The analysis of Csl data includes CEvNS + ES interactions.
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and CsI + LAr (blue) data, for the universal light scalar model (left) and the universal light tensor
model (right). The analysis of Csl data includes CEvNS + ES interactions.

blue line) for the cases of the universal vector mediator (see left panel of figure 8) and the
universal scalar mediator (see left panel of figure 9). We choose the latter as benchmark
scenarios since they can be easily recast into more dedicated theoretical models, where
neutrinos and quarks couple differently to the new light mediator. We compare our re-
sults with the existing limits from other CEvNS experiments, in particular CONNIE [110],
CONUS [12] and Dresden-II [26], from the analysis given in ref. [88] of two multi-ton DM
experiments (namely XENONnT [111] and LZ [112]), from the analysis of solar neutrino
data collected by Borexino [113], from collider experiments [43], including BaBar [114] and
LHCD [115], and from rare meson decays at NA48 [116]. In the ~ 1 GeV mass region, we also
show bounds from beam-dump experiments [41, 117], including E141 [118, 119], E137 [120],
E774 [121], KEK [122], Orsay [123], U70/v-CAL I [124, 125], CHARM [126, 127], NO-
MAD [128], NA64 [129, 130] and the fixed target experiments Al [131] and APEX [132].
In the low mass regime, we show the bound from Big Bang Nucleosynthesis [133, 134]
(BBN) obtained by requiring that the nonstandard mediator couples to neutrinos only. Fi-
nally, we also indicate the 20 preferred region to account for the muon anomalous magnetic
moment (g — 2), [43]. While the COHERENT constraints obtained here slightly improve
the existing bounds only in a small mass region around mx ~ 0.1 GeV, they nonetheless
constitute a complementary test of these new physics scenarios.

4.5 Neutrino EM properties

4.5.1 Effective neutrino magnetic moment

The constraints on neutrino effective MM p,, and p,, are summarised in figure 11. In
the left (middle) panel, we present the Ax? profiles as a function of the effective electron
neutrino (muon neutrino) MM. We assume that only one MM is nonzero at a time, and
we include ES events in the Csl analysis. One finds an improvement of a factor ~ 2 with
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Figure 10. 90% C.L. exclusion regions from our combined CsI4+LAr analysis of vector (left) and
scalar (right) light mediators coupled universally to neutrinos and quarks, compared with other
available experimental constraints. See text for more details.

the recent Csl data in comparison to the LAr data set. From the combined analysis of
CsI+LAr data, at 90% C.L. we find the upper limits

o, < 3.6 (3.8) x 1072 g,

i (4.6)
o, < 2.4 (2.6) x 1077 up,

where the limits in parenthesis indicate the results from the CEvNS-only analysis. We note
that the inclusion of ES events improves the constraints only slightly, in agreement with
ref. [63] where a similar analysis was presented. Likewise, only a small improvement is found
with respect to the results obtained in previous analyses of COHERENT-CsI (2017) data
in refs. [97, 107]. This comes from the fact that, even though the 2021 dataset increased the
statistics considerably, the threshold of the COHERENT-CsI detector remained unchanged
for the two measurements. Indeed, due to their larger threshold, CEvNS experiments
cannot compete with the very low-threshold dark matter direct detection experiments, for
which the sensitivity reach on the neutrino magnetic moment is in the few x107'2 pp
ballpark [88]. We have also performed a combined analysis, allowing both effective MM to
vary simultaneously. The corresponding result is presented in the right panel of figure 11.
Similarly to the NGI case discussed previously, there is a tiny part of the region allowed
in the combined analysis which falls outside the Csl-driven contour. Again, this is due to
the fact that the analysis of LAr data leads to a nonzero best fit coupling, in contrast to
the Csl data (see upper panel).

4.5.2 Neutrino charge radius

Bounds on flavor-diagonal neutrino CR are shown in figure 12. The left and middle panels
show the Ax? profile for (r2 ) and (r? ) from the analysis of Csl (magenta), LAr (orange)

np
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Figure 11. Left and middle panels: Ax? profile for the effective neutrino magnetic moments p,,
and 1, obtained from the analysis of Csl (magenta), LAr (orange) and CsI + LAr (blue) data.
Right panel: 90% C.L. allowed regions (2 d.o.f.) when two effective MM are taken simultaneously.
The analysis of CsI data includes CEvNS + ES interactions.

and CsI + LAr (blue) data, in units of 10732 cm?. We find the following 1o allowed regions:

(r2 ) € [—61.2,—48.2) U [-4.7,2.2] x 10732 cm?,

Vee

(r2 y €[-58.2,-52.1] x 10732 cm?.

Vup

(4.7)

While our results are less stringent, they are still in reasonable agreement with those
reported in ref. [63]. The agreement is not perfect due to our different analysis strategy,
in which the efficiency and time uncertainties are taken into account in a more systematic
manner. The right panel of figure 12 summarizes the 90% C.L. (2 d.o,f.) allowed contours in
the (7‘12,66>—(1“12,W> plane. Note that the analysis of CsI data includes only CEvNS interactions,
since the ES event contribution on Csl is negligible. From a closer inspection of this figure,
one sees a substantial improvement due to the Csl data: the LAr data alone lead to a single
region, while the Csl data result in a more constrained allowed area, with two separate
regions. We should also stress the fact that our Csl result differs from the one obtained
in ref. [63], where the authors obtained four distinct contour islands at 90% C.L. Let us
finally note that the current CEvNS limits on the neutrino charge radius are weaker than
the existing limits on (ry, ) from TEXONO [135] and (r} ) from BNL-E734 [136] by about
one order of magnitude.

4.5.3 Neutrino millicharge

The Ax? profile for the neutrino EC parameters ¢,,, and v, 1s given in the upper-left and
upper-middle plots of figure 13. The upper-right plot shows the 90% C.L. (2 d.o.f.) allowed
regions in the plane (q,,., qv,,), when both parameters are allowed to vary simultaneously.
From the combined analysis of CsI+LAr data, we find the following 1o allowed intervals

Q.. €[-6.9, 5.6] x 1078 ¢,

g (4.8)
Qu,, €[—3.3, 2.5] x 107" e.

Note that this result is obtained considering only CEvNS interactions in Csl data, neglect-
ing the ES contribution. We find appreciable differences when comparing our results with
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those obtained in ref. [65], mainly due to the fact that the latter did not take into account
the timing information in COHERENT data. Indeed, in our analysis we obtain two minima
in the Ax? profile of g,.,. In general, our present results are in good agreement with those
of ref. [43], the slight differences being due to the different analysis methods, as discussed
above.

Note that, since in ES the momentum transferred is much smaller than in CEvNS
interactions, the inclusion of ES events in the analysis strongly enhances the sensitivity of
COHERENT data to neutrino EC. This is shown in the lower panels of figure 13, where
a dramatic improvement of two orders or magnitude is gained when including ES events.
In the latter case, the constraints are completely dominated by ES-induced events in Csl
and as a consequence, the combined analysis is totally driven by Csl data. We find the
following 1o allowed ranges:

Q.. €[-2.6, 2.6] x 10710 ¢,

4.9
v, €[-1.4, 1.4] x 107" e, (49)

As in the case of the effective neutrino magnetic moment, the present limits are less severe
compared to the currently most stringent constraints derived from the analysis of LZ and
XENONnT data in ref. [88] by two orders of magnitude (for reactor-based experiments see
ref. [137]).

4.6 Conversion to sterile neutrinos
4.6.1 Active-to-sterile neutrino oscillations

Neutrino oscillations involving a sterile state may be studied with neutrinos produced at a
Spallation Neutron Source. Given the small electron neutrino component in the SNS flux,
one does not expect any meaningful sensitivity in the (Am?2,, sin?2014) plane. However,
muon neutrino oscillations to a sterile state can be constrained with COHERENT data.
In figure 14 we show the 90% C.L. (2 d.o.f.) exclusion regions from the analysis of Csl
(magenta), LAr (orange) and CsI 4+ LAr (blue) data. Our analysis of CsI data includes
only CEvNS interactions. Concerning the sterile neutrino hypothesis we find a slightly
improved fit for the Csl data when compared to the SM, while for the case of LAr it leads
to a poorer result, very far from the promising prospects for this scenario expected from
the SBN program or the upcoming reactor SBL experiments [138].

4.6.2 Active-to-sterile EM interactions

We now consider active-sterile transitions in the presence of a nonzero neutrino transition
magnetic moment. The corresponding results are shown in figure 15. Given the nuclear
recoil and neutrino energies typical of the COHERENT experiment, the maximum sensi-
tivity to the sterile state mass is about 50 MeV due to kinematics. Similarly to the case of
active-active MM, ES events contribute sizeably to the CEvNS event rate, and their inclu-
sion in the analysis leads to a slight improvement in the resulting constraints, reflected in
a small kink around ~ 2 MeV. From the combined analysis of the full COHERENT data,
the 90% C.L. contours shown in figure 15 exclude values of i, as low as 4(3) x 10~ 8up
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Figure 15. 90% C.L. (2 d.o.f.) exclusion regions for the neutrino magnetic moments concerning
active-to-sterile transitions, from the analysis of CsI (magenta), LAr (orange) and CsI 4+ LAr (blue)
data. The analysis of Csl data includes CEvNS + ES interactions.

for my < 10 MeV. At this point, we would like to highlight the complementarity of the CO-
HERENT measurements with existing CEvNS reactor experiments. Although the present
results for the case of electron neutrinos are slightly less stringent than those obtained from
the analysis of Dresden-II data [26], the COHERENT data analyzed here can probe larger
values of my4. One should also stress that COHERENT data can be used to probe TMMs
to sterile neutrinos in the muon sector, unlike reactor-based experiments.
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5 Summary and conclusions

In this paper we have analyzed the updated Csl data release from the COHERENT exper-
iment and combined this result with the previous LAr dataset. By performing a thorough
statistical analysis including all systematic errors plus the relevant nuisance parameters
associated to signal shape uncertainties, we have probed Standard Model parameters such
as the weak mixing angle, nuclear physics as well as several new physics scenarios. We have
shown that the inclusion of the recent CsI data significantly improves the CEvNS sensitiv-
ity in most of these physics cases.

In order to compare the various scenarios examined above with respect to SM expec-
tations we now give a summary of our results. In this paper we have analyzed the impact
of recent CsI+LAr COHERENT data on:

o Standard Model physics (weak mixing angle in figure 1 and neutron RMS radii in fig-
ure 2)

o flavor-preserving neutrino NSI (figure 3 and figure 4)

o co-existence of nonuniversal and flavor-changing neutrino NSI (figure 5 and figure 6)

 neutrino generalized interactions (figure 7)

o light mediators (figures 8 to 10 )

o effective neutrino magnetic moments (figure 11)

o neutrino charge radii (figure 12)

 neutrino millicharges (figure 13)

o oscillations into sterile states (figure 14)

o TMNMs to sterile neutrinos (figure 15).

In table 2 we present the x2, values obtained in each physics case, normalized to the
total number of degrees of freedom.!? At this point, we would like to remark that both CsI
and LAr datasets are in good agreement with the SM expectation, with x?2/ #gj% = 0.849
and x?/ #Igffr = 0.887, which implies a preference for the presence of CEvNS as given by the
SM over the background hypothesis of 11.50 and 3.40, respectively (for the background-
only hypothesis one finds y2/#$5 = 2.19 and XQ/#ICTC‘?{ = 0.984). We also find that
the combined CsI+LAr analysis leads to x2/ #SgﬁLAr = 0.870, favoring the SM over the
background explanation at almost 12c.

Regarding the new physics scenarios considered in this work, for the case of Csl, as
well as for the combined CsI+LAr analysis, only the addition of a light vector mediator
tends to improve the fit, while this is not the case for the LAr data alone. In contrast,
the presence of a NGI with nonzero C¢ couplings leads to the best fit for the LAr dataset.
NGI with nonzero C{, as well as a light vector mediator with universal couplings also fit
well the combined datasets CsI+LAr, slightly improving the quality of the fit (by ~ 1lo)
in comparison with the SM. On the other hand, active-active TMM, sterile conversion
through TMM, NSI, as well as the NGI analysis with nonzero C and Cf. couplings, all
lead to poorer fits than the SM. Finally, a scenario in which muon neutrinos oscillate into

BThese are calculated as #§§§+LAr = #cs1 + #LAr — Ffree pars, Where the number of degrees of freedom

for CsI data is #ces = 99 (data bins) —1 (time) = 98, while #ra, = 120.
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. weak mixing anglenuclear neutron MM ctive
Scenario SM . .
(sin® Ow) radius (R,) (T
Csl 83.2 (0.849) 82.8 (0.854) 81.9 (0.845) 83.2 (0.867)
106.5 (0.887) 105.5 (0.887) 105.5 (0.887) 105.4 (0.893)
CsI+LAr | 189.7 (0.870) 189.7 (0.874) — 189.6 (0.877)
S . NSI NU NSI NU NSI NU NSI NU
cenario
(el sed) (G (edeln) (et )
Csl 82.9 (0.863) 82.9 (0.863) 82.8 (0.863) 82.8 (0.863)
105.7 (0.896) 105.6 (0.895) 105.5 (0.894) 105.5 (0.894)
CsI4+LAr | 188.9 (0.874) 188.5 (0.873) 188.9 (0.875) 188.5 (0.872)
S . NSI FC NSI FC NSI FC NSI FC
cenario
(el edy) (s €ty (el edy) (CHAS
Csl 82.9 (0.863) 82.9 (0.863) 82.9 (0.863) 82.9 (0.863)
105.5 (0.894) 105.5 (0.894) 105.7 (0.896) 105.6 (0.895)
CsI+LAr | 189.4 (0.877) 189.1 (0.876) 189.4 (0.877) 189.1 (0.876)
. NGI (V) NGI (S) NGI (T)
Scenario . ‘ .
(Cy) (Cs) (C7)
Csl 82.8 (0.854) 83.2 (0.858) 83.2 (0.858) —
105.5 (0.887) 103.2 (0.867) 104.6 (0.879) —
CsI4+LAr | 188.6 (0.869) 189.7 (0.874) 189.7 (0.874) —
. NGI (V-T) NGI (V-S) NGI (S-T)
Scenario ¢ ¢ 0
(CV’CT) (CV7CS) (CS’CT)
Csl 82.8 (0.863) 82.9 (0.863) 83.2 (0.867) —
103.3 (0.875) 102.6 (0.870) 103.2 (0.874) —
CsI+LAr | 188.6 (0.873) 188.6 (0.873) 189.7 (0.878) —
. |LV universal LV B-L LS LT
Scenario
(mv, gv) (mv,9v) (ms, gs) (mr,gr)
Csl 81.4 (0.848) 83.2 (0.867) 83.2 (0.867) 83.2 (0.867)
105.6 (0.895) 105.5 (0.894) 102.9 (0.872) 104.6 (0.887)
CsI+LAr | 187.8 (0.869) 189.6 (0.878) 189.4 (0.877) 189.5 (0.877)
. millicharge charge radius TMMgierile Sterile Osc.
Scenario ) ) ” - )
(q’/ee’ q”uu) ((ruee>a <Tuuﬂ>) (m4a :ul/u) (Sln 29243 A777“42)
Csl 83.2 (0.867) 82.8 (0.863) 83.2 (0.867) 82.1 (0.855)
106.4 (0.902) 105.5 (0.894) 105.1 (0.891) 106.5 (0.902)
CsI4+LAr | 189.7 (0.878) 188.4 (0.872) 189.5 (0.877) 188.6 (0.881)

Table 2. X2, values for the various physics scenarios analyzed in the present work, in parenthesis
normalized to #4of in each case.
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Figure 16. COHERENT-CsI efficiency as a function of PE along with its 1o uncertainty.

a light sterile state leads to the worst fit, both analyzing the two datasets separately and
combined. Indeed, the addition of the new Csl data disfavor the sterile neutrino oscillations
scenario. All in all, in this paper we have provided a survey of the main physics implications
of a combined analysis of COHERENT Csl and LAr data.
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A Details of the CsI signal simulation

In this appendix we provide some further details regarding the analysis of COHERENT-
Csl data. First, in figure 16 we present the efficiency as a function of the reconstructed
PE, where the width of the curve illustrates the £10 uncertainty given in ref. [8]. We also
show that +1PE variations of the reconstructed photoelectron have an effect equivalent
with varying the parameters a, b, ¢, d entering eq. (3.3) within +1o.
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Figure 17. COHERENT-CsI scintillation curve as function of the true nuclear recoil energy for
the two QF models reported by COHERENT [8].
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Figure 18. Simulation of the event spectra at COHERENT-Csl along with the experimental data
of COHERENT-CsI measurement [8] (in agreement with [108]).

In figure 17 we present the scintillation response curve FEg as a function of the true
nuclear recoil energy E]. (see section 3.1) using the best fit coefficients z; provided in
the supplemental material of ref. [8] for the two QF models reported by COHERENT
Collaboration. The width of the curve indicates the +=1¢ uncertainty which is obtained by
varying the coefficients x; within their £1¢ uncertainties. As can be seen, the variation
of the individual z; coefficients is expected to have a rather small effect on the shape
uncertainty of the CEvNS event rate. Thus, in order to reduce computational time in
our analysis we assigned a flat 3.8% uncertainty to the CEvNS normalization (through
the nuisance as) [8]. We finally compare our theoretical calculation of the event spectra
with the experimental data from the COHERENT-Csl measurement in figure 18. Also
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superimposed is the best fit of the predicted event spectra from where one can notice the

effect of timing and threshold uncertainties taken into account in the present work (compare

cyan and orange histograms).
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