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Abstract. We reconsider the discovery limit of multi-ton direct detection dark matter exper-
iments in the light of recent measurements of the coherent elastic neutrino-nucleus scattering
process. Assuming the cross section to be a parameter entirely determined by data, rather
than using its Standard Model prediction, we use the COHERENT CsI and LAr data sets
to determine WIMP discovery limits. Being based on a data-driven approach, the results
are thus free from theoretical assumptions and fall within the WIMP mass regions where
XENONnT and DARWIN have best expected sensitivities. We further determine the im-
pact of subleading nuclear form factor and weak mixing angle uncertainties effects on WIMP
discovery limits. We point out that these effects, albeit small, should be taken into account.
Moreover, to quantify the impact of new physics effects in the neutrino background, we revisit
WIMP discovery limits assuming light vector and scalar mediators as well as neutrino mag-
netic moments/transitions. We stress that the presence of new interactions in the neutrino
sector, in general, tend to worsen the WIMP discovery limit.
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1 Introduction

Cosmological and astrophysical data support the idea that dark matter (DM) is the dominant
form of matter in the Universe. One of the most considered hypothesis is that of DM being a
thermal species weakly coupled to the thermal bath and whose abundance is determined by
thermal freeze-out (a species usually referred to as WIMP). The main motivation for such a
scenario is — arguably — the fact that its abundance is entirely determined by the Universe
expansion rate and by the interactions of the DM particle with the early Universe thermal
bath. This means that once a cosmological and a particle physics model are specified, the
determination of the DM abundance is to a large extent reduced to a parameter space-related
question. A rather large list of such models exist and have been the subject of a great deal of
phenomenological and experimental activity, which includes — among others — the direct
detection of DM in laboratory experiments.

The DM direct detection program dates back to the early nineties, with the first ger-
manium ionization detectors using few kilogram target material [1]. The most up-to-date
data, which lead to the most stringent limits on the DM-nucleon cross section, follow from
measurements of order ton-size liquid xenon (LXe) time projection chambers (TPCs) and
include the LUX, PandaX-II and XENONIT experiments [2-4]. Measurements on liquid
argon (LAr) TPCs, which include DarkSide-50 and DEAP-3600, have as well placed limits,
albeit less stringent due to their lower exposures and higher recoil energy thresholds [5, 6].
In the next few years searches will continue, with LXe TPC experiments paving the way. Fu-
ture experiments include LZ, XENONnT and ultimately DARWIN, detectors which involve
multi-ton fiducial volumes [7-10]. The advent of the multi-ton era implies that DM searches
will be subject to irreducible neutrino backgrounds, in particular those emitted in the B
process of the solar pp chain [11, 12].

Neutrino backgrounds induce coherent elastic-neutrino nucleus scattering (CEvNS) and
so produce nuclear recoil spectra, which, depending on the WIMP parameter space, can



have a strong degeneracy with those expected from spin-independent WIMP interactions.!

Actually, a full degeneracy is found between 8B solar (atmospheric) neutrinos and a WIMP
model defined by a WIMP mass m, ~ 6 GeV and a WIMP-nucleon cross section o,,_, ~
5x107% em? (m, ~ 100 GeV and 7,y ~ 107 cm?) [12]. This level of degeneracy thus leads
to a saturation of the WIMP-nucleon cross section to which a particular experiment can have
access. S0, in contrast to the background-free paradigm, increasing exposure does not imply a
linear improvement of sensitivities but rather a saturation of its discovery limit [11], typically
referred to as neutrino floor. Various experimental techniques that enable overcoming the
neutrino floor have been discussed in the literature. They include measurements of the
WIMP and neutrino recoil spectra tails [14], directionality (see e.g. [15]), measurements with
different material targets [14] and annual modulation [16]. However, although feasible in
principle, some of them require large exposures and/or further technological improvements.

The experimental reach of multi-ton DM direct detection experiments (with no direc-
tional capabilities) thus depends crucially on the precision with which WIMP and CEvNS
induced events can be predicted. WIMP event rates are subject to astrophysical uncertain-
ties, which depend e.g. on the DM halo model assumed for their calculation. Their impact
have been studied in detail in ref. [17]. CEvNS event rate uncertainties instead can be
thought as being of two types, those associated with neutrino flux normalizations and those
associated with the CEvNS cross section. The Standard Model (SM) CEvNS cross section
uncertainties are mainly driven by nuclear physics effects, encoded in the weak-charge form
factor [18-20]. For solar neutrinos these effects barely exceed ~ 1%, while for atmospheric
neutrinos they can be larger but never exceeding ~ 10%. For this reason, the neutrino flux
normalization uncertainties dominate the determination of the experimental reach a given
experiment can have.

The advent of the multi-ton era requires an understanding of the discovery reach beyond
that implied by the neutrino flux normalization factors uncertainties. Since the effects of
astrophysical uncertainties have been already quantified, and have been proved to have a small
effect [17], for this task one should rather focus on the uncertainties in the neutrino sector.
In order to do so one can adopt a data-driven approach or instead consider all possible effects
that might have an impact on the discovery potential. This paper aims at exploring both cases
for LXe and LAr detectors. With data-driven analysis we mean using COHERENT data [21-
23] to extract the CEvNS cross section along with its uncertainty. The advantage of this
approach is that in such a way the cross section uncertainty encapsulates all possible effects,
including possible new physics contributions, without the need of any further assumption.
We present as well a more assumption-dependent analysis in which we consider what could
be regarded as sub-leading uncertainties. These include effects related with possible low-
energy variations of the weak mixing angle and the unknown value of the xenon point-
neutron distribution mean-square radius. Finally, given the precision with which CEvNS
has been currently measured, possible new physics effects can have a big impact too (see for
instance [24-30]). Here, we present an analysis of such effects by considering new vector and
scalar interactions in the light regime as well as neutrino magnetic moments/transitions.

The remainder of this paper is organized as follows. In section 2 we discuss WIMP and
event rate spectra along with the likelihood method that we use for the determination of
discovery limits. In section 3 we present the results of our analyses obtained following the
data-driven approach and considering sub-leading uncertainty effects and new interactions.

!Certain spin dependent or spin and velocity dependent WIMP interactions can also induce recoil spectra
that degenerate with the neutrino recoil spectra [13].



In section 4 we present our conclusions. Finally, in appendix A we provide details of the
procedure used for the extraction of the CEvNS cross section from COHERENT data.

2 WIMP and neutrino event rates

In this section we present a brief discussion of the event rates induced by the interactions of
the DM particles (in the local DM halo) and neutrinos with the nuclear target material of a
generic detector. On dimensional grounds, event rates can be estimated to be given by the
number of scatterers Ny, the incident particle flux ® and the interaction probability of the
incident particles with the scatterers o. In terms of these variables, the number of expected
events per unit of amount of target material and per time is given by R ~ Ny x ® x ¢. For
DM, astrophysical assumptions on the DM halo model are required to predict the WIMP
flux at the detector. As for neutrinos, fluxes fall in three categories: solar, diffuse supernova
neutrino background (DSNB) and sub-GeV atmospheric neutrinos. Whether a certain type
or component matters or not for a certain detector depends on the energy threshold. In
particular, for LXe detectors it is known that only the ®B component of the solar neutrino
spectrum matters [12, 14]. Here however we consider all components, which allows to extend
our analysis to a wider DM mass range.

Discussion of solar, DSNB and sub-GeV atmospheric neutrino fluxes have been presented
in a wide spectrum of references. As backgrounds for DM direct detection searches they have
been discussed in detail in refs. [11, 12, 17, 26, 31-34]. Some of their main properties can
be found also in standard textbooks (see e.g. [35]). Briefly, solar neutrinos are generated in
certain sub-processes of the pp chain cycle which accounts for the hydrogen-helium fusion
process responsible for most of the solar energy. They are produced as well in the carbon-
nitrogen-oxygen (CNO) cycle, which for a main sequence star accounts for less then ~ 2%
of its energy. The neutrino spectrum from the pp chain involves three monochromatic lines
at B, = 0.33MeV ("Be + e~ — v, +7 Li*), B, = 0.86MeV ("Be + ¢~ — v, 47 Li) and
E, = 1.4MeV (pep), along with three continuous spectra (pp, °B and hep) which extend up
to energies of order 16 MeV (hep). The CNO cycle involves instead three continuous spectra
(13N, 150, "F) whose kinematic tails are located at ~ 1.2 MeV.

The DSNB stems from the cumulative flux of neutrinos from supernova (SN) explosions
all over the history of the Universe. Compared to solar neutrino fluxes it is less abundant
but it matters once the hep neutrino flux reaches its kinematic tail. Since DSNB neutrino
energies are determined by SN dynamics, the flux extends only up to E, ~ 50MeV. At
E, ~ 30MeV however, the sub-GeV atmospheric neutrino flux kicks in and dominates the
neutrino spectrum up to the energies that matter for CEvNS, ~ 200—300 MeV. Atmospheric
neutrinos arise from cosmic rays interactions with the Earth atmosphere and the subsequent
decays of pions and muons.

For solar neutrinos, predictions from the B16-GS98 high-metallicity standard solar
model (SSM) [36] are used. For DSNB neutrino fluxes we instead use values that follow
from theoretical predictions relying on the assumption that the SN neutrino spectrum is well
approximated by a Fermi distribution with temperatures in the 3-8 MeV range [11, 37]. For
sub-GeV atmospheric neutrinos we use the predictions obtained in ref. [38] from Monte Carlo
simulations of cosmic-ray cascades. Note that in contrast to WIMP fluxes as well as DSNB
and sub-GeV atmospheric neutrino fluxes, almost all solar neutrino flux components have
been measured, with neutrinos from the 0 CNO cycle subprocess being the most recent
measurement [39-42]. Since DM direct detection experiments rely on nuclear recoil mea-



Neutrino flux components normalizations and uncertainties
Comp. Norm. [em~2-s7!] | Unc. Comp. Norm. [em~2-s71]| Unc.
"Be (0.38 MeV) 4.84 x 108 3% || "Be (0.86 MeV) 4.35 x 10° 3%

pep 1.44 x 108 1% pp 5.98 x 1010 0.6%
8B 5.25 x 109 4% hep 7.98 x 103 30%
13N 2.78 x 108 15% 150 2.05 x 108 17%
7R 5.29 x 108 20% DSNB 86 50%
Atm 10.5 20% — — —

Table 1. Neutrino flux normalization factors along with their uncertainties as predicted by the B16-
GS98 high metallicity SSM [36]. Values follow the recommendations pointed out in ref. [47]. These
values along with those in table 2 are used in the determination of WIMP discovery limits.

surements, solar neutrino events are dominated by the ®B neutrino flux. Measurements of
this flux have been performed at Super-Kamiokande (SK) and BOREXINO using neutrino-
electron elastic scattering events and at SNO using neutrino scattering on deuteron [43-45].
Exposures at BOREXINO are of the order of 300 tonne-year, while at SK and SNO above
1000 tonne-year. These numbers imply that DM detectors could provide complementary
information on the ®B neutrino flux (nuclear channel instead of electron channel), but will
not have the capability to improve upon the uncertainties these experiments have placed. In
contrast, in the atmospheric sector they can provide the first ever measurement of sub-GeV
neutrino fluxes. This will require exposures of the order of 700 tonne-year, but provided
they can be achieved this will lead to a 50 observation [46]. Direct measurement of the
atmospheric component will certainly reduce current uncertainties, entirely determined by
Monte Carlo simulations. Neutrino flux normalization factors along with their uncertainties
are displayed in table 1.

The CEvNS differential recoil spectrum follows from a convolution of neutrino fluxes
and the CEvNS differential cross section. For the a-th flux component it reads

dR,
dE,

(2.1)

o J R do
dE, dE, "

Mtarget

min
Eu

Here ¢ refers to the exposure in ton-year units, N4 to the Avogadro number in mol~! units,
Miarget 1O the nuclear target molar mass and d®,/dE, to the neutrino flux (including its
normalization). The integration lower limit is determined by the recoil energy according to
Emin —  /mnE, /2, with my the scatterers’ nuclear mass. Since xenon has 9 stable isotopes,
of which few of them have substantially large natural abundances, in our analyses we work
with averaged nuclear mass and mass number: my = >, m;X; and A = >, A; X;, with the
sum running over all stable isotopes. The integration upper limit is determined by the flux
kinematic tail. The total number of CEvNS events induced by the a-th flux is thus given by

BR R,
Nu(q)a) = Lmin JdE dE,

where E™" refers to recoil energy threshold and E™* ~ 2F2| .. /my.

(2.2)



Relevant WIMP related parameters
vo [km/s] Vlab [km/s] Vesc [km/s] po [GeV /cm?]
220 232 544 0.3

Table 2. Values for the average, laboratory and escape velocities along with the local halo DM
density po = p(Ro = 8 kpc) used in the determination of WIMP discovery limits.

The CEvNS differential scattering cross section, determined by a neutral current pro-
cess, is given by [48, 49]

d E,
o myGp my ) 7 (2.3)

— 2 12

where Qy is the coherent weak charge that quantifies the coupling of the Z gauge boson to
the nucleus. It is therefore entirely determined by electroweak Z — g couplings, namely

Qw = (A— Z)(g¥ +29%) + Z(2g} + gfF) , (2.4)

with the couplings given by g% = 1/2—4/3sin? 0y and g> = —1/242/3sin? fyy. For the weak
mixing angle, in our analyses, we use its low-energy value obtained by the RGE extrapolation
from the Z scale to ¢% = 0, sin? fyy = 0.2387 [50]. The cross section in eq. (2.3) comes along
with the weak-charge nuclear form factor which, combined with the coherent weak charge,
determines the ¢-dependent strength of the Z-nucleus coupling. Throughout the paper we
use the Helm parametrization [51]. For the impact of uncertainties due to the variations
of the point-neutron distribution mean-square-radius (R,,), however, we express the weak-
charge form factor in terms of the spin-independent proton and neutron form factors (for
which, again, we use the Helm parametrization), neglecting nucleon form factor ¢g-dependent
terms (more details are given in section 3.1.2). Note that choosing a particular form factor
parametrization implies that our results involve, depending on the momentum transfer, up
to a ~ 10% theoretical uncertainty for both the WIMP and CEvNS event rates [52, 53].

On the other hand, the WIMP differential recoil spectrum can be written according to

dRw  poosi(q) / s [(v)
= d’v 22 2.5
dE; : 2mxﬂ2 || >Vmin Y v ( )

where py = p(Ro) (Rop = 8kpc) is the local halo DM density, og1(g) is the spin-independent
momentum-transfer-dependent WIMP-nucleus scattering cross section, m, is the WIMP
mass and g is the WIMP-nucleus reduced mass: p = mympy/(my + my). The integral
corresponds to the mean inverse speed and its value is determined by the assumed velocity
distribution. The minimum WIMP velocity, vmin, that can induce a nuclear recoil with energy
E, depends on whether the scattering is elastic (xy+N — x+N) or inelastic (y+N — x'+N).
For elastic scattering, for which our results apply,2 one finds vyin = \/myE,/2/u. As for
illustration, we show in figure 1 the neutrino and WIMP differential recoil spectra expected in
the SM (left panel) and in a new physics scenario with a light vector mediator (right panel),
which we will discuss in more detail in section 3.2. The WIMP mass has been fixed to 6 GeV
and the WIMP-nucleon momentum-transfer-independent cross section has been taken along

?Inelastic contributions to the event rate are suppressed [54].



Xenon: SM, m, =6 GeV,0,_, =5 x 10=%0¢m? Xenon: SM + vector, m, =6 GeV, 0,_,, = 3 x 10~ *cm?
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Figure 1. Left graph: neutrino and WIMP differential recoil spectra expected in the SM. Right graph:
neutrino and WIMP differential recoil spectra in the presence of a long-range vector interaction.

the corresponding WIMP discovery limit shown in figure 5 (left), obtained assuming a xenon
detector with an exposure of 1 ton-yr. This choice of WIMP mass and cross section leads
to a WIMP differential rate which mimics almost exactly the differential rate of ®B solar
neutrinos.

The total number of WIMP events is obtained by integrating eq. (2.5)

Elnax dRW

Ny = =W
w E;nin dE?”

dE, , (2.6)

where Einax = 2% (Vese + V1ab)?/mp (see discussion below) [55].

In scenarios where the WIMP-proton and WIMP-neutron scattering cross sections are
equal (spin-conserving scenarios, f,,/f, = 1), and nucleon form factor g-dependent terms are
neglected, ogr(g) can be written as

2
osi(g) = % [ZFy(q) + (A= Z)Fu(q)2 0, (2.7)

where o _,, is the WIMP-nucleon momentum-transfer-independent cross section and p,, refers
to the WIMP-nucleon reduced mass, p, = mymy,/(my + my) with m, = 931.5MeV. This
expression is particularly useful in the treatment of uncertainties related with the point-
neutron distribution mean-square-radius. Here F, ,(¢q) are spin-independent neutron and
proton nuclear form factors which, as in the neutrino sector, we parametrize a la Helm. Of
course if one assumes the point-nucleon distribution mean-square-radii to be equal a much
more simple (and familiar) relation follows

2
osia) = L5 Ao F2(q?) (2.8)
Hi
In all our analyses, apart from that related with form factor uncertainties, we make this
simplifying assumption (see section 3.1.2 for further details).
The results presented in the following sections are obtained assuming the standard
halo model (SHM) [56, 57], which assumes that the local DM halo is dominated by a



smooth and virialized component (non-virialized components, such as streams or debris flows,
are regarded as subleading), well described by an isothermal sphere with an isotropic and
Maxwellian velocity distribution according to

1 ( 3 2>3/2 o—3v%/203
f(U) e Ncsc 271'0'1,
0 for v > Vs,

for v < Vesc, (2.9)

where o, refers to the root-mean-square velocity dispersion which determines the average
(most likely) speed vg = \/2/30,. The normalization factor is in turn given by

v, 2 v 2 2
New = erf( UO) o (2.10)

The Maxwellian distribution is truncated at the escape velocity, vesc, to account for the fact
that for larger values the DM is not any more gravitationally bounded and thus can escape
the Galaxy gravitational pull. With f(v) defined as in eq. (2.9), and after a Galilean boost to
the laboratory (Earth) frame (with velocity vp,p), the mean inverse speed can be analytically
calculated. Being a standard well-known result it can be found in many references. We point
the reader to e.g. ref. [58]. Values for the relevant parameters used in our calculation are
shown in table 2.

2.1 WIMP discovery limits: statistical approach

In this section we describe the statistical procedure adopted for the determination of WIMP
discovery limits, which follows a frequentist significance test using a likelihood ratio as a test
statistic [59]. As a tool for the determination of WIMP discovery limits, this technique was
first used in ref. [12] and subsequently in refs. [14, 17, 34, 60, 61]. In general, both the calcu-
lation of signal (WIMP) and background (CEvNS) events may involve nuisance parameters.
We consider them only in the latter, assuming that they originate from uncertainties on the
normalization of neutrino fluxes alone (section 3.2) or combined with: (i) measured CEvNS
cross section uncertainties (section 3.1.1), (ii) point-neutron distribution mean-square-radius
uncertainties (section 3.1.2), (iii) weak mixing angle uncertainties (section 3.1.2).

The general likelihood function we adopt depends on WIMP parameters (m,, and oy,—y)
as well as on the nuisance parameters associated with neutrino fluxes normalization factors
(denoted ¢, with @ = 1,--- ,n, = 11) and nuisance P, with P = {n,, R, O} (R and ©
refer to the R,, and sin’ @y nuisance parameters, while n, stands for the ratio between the
experimentally measured CEvNS cross section and its SM theoretical value)

Mbins
‘C(mX’ Ox—n; (I)? P) = H P(N]ZE)xpv N(Z)bs)G(,Pi? Hp;, 07’2')
i=1
Ny

X H G(¢avﬂa;0a)7 (2'11)

a=1

with ® = (¢1,- -+ , ¢, ). For the data-driven analysis np;, is dictated by COHERENT data, so
npin = 12 for CsI and ny,;, = 3 for LAr [21, 23]. For the remaining analyses we consider npps =
100. P(z,n) and G(z,pu,0) are Poisson and Gaussian probability distribution functions,
respectively. This means that Nopg is assumed to be a Poissonian random variable and
that the nuisance parameters follow instead Gaussian distributions that parametrize their



Parameter (P) | Mean (u) | Unc. (standard deviation)
R 4.78 fm 10%
(C] 0.2387 10%

Table 3. Mean and standard deviation for the nuisance parameters associated with the point-neutron
mean-square-radius R,, and weak mixing angle sin? Ay, analyses.
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Figure 2. Experimentally measured CEvNS cross section normalized to the SM prediction (n,),
extracted from COHERENT CsI and LAr data [21, 23]. Results in each recoil energy bin indicate the
central value (mean) alone with its uncertainty (1o CL). They are used in the data-driven analysis
profile likelihood ratio test in section 3.1.1.

uncertainties. The means p, and standard deviations o, are given by the normalization
factors and uncertainties shown in table 1, while those for the nuisance parameters in the
set P are given in table 3 and figure 2. Note that in the likelihood function in eq. (2.11) the
Gaussian factors associated with the nuisance variables in the set P are bin-dependent. This
is relevant for the data-driven analysis since in that case the means and standard deviations
are energy dependent. In the case of uncertainties related with R, and sin? 6y, there is
a single Gaussian bin-independent distribution which factors out. The resulting likelihood
function in those cases thus resembles that used in ref. [17].

To set discovery limits one defines a null hypothesis Hy (CEvNS background only) and
an alternative hypothesis H; which involves the WIMP signal plus the CEvNS background.
The likelihood function in eq. (2.11) is then specialized for the two cases, Ly for Hy and £; for
Hy. In both, N§ =3, Ni(®a, Ps) + Niyy (P;)? (see egs. (2.2) and (2.6)), where N§, . refers
to the total number of “observed” events in the i-th bin in a toy experiment defined by a
parameter space point {m,,oy_,} and neutrino flux normalization factors as well as P fixed
to their means (see tables 1, 3 and figure 2). For the generation of these toy experiments we
scan over a 200 x 200 grid with m,, C [1072,10%] GeV and oy_, C [107°0,107%°] cm?. Note
that the range over which the sum in the first term in Né)bs runs depends on the energy bin.
In the first bins all neutrino fluxes contribute, but as the energy bin increases they start to
reach their kinematic tail and switch off, leaving at E, = 102 keV only the atmospheric flux
contribution.

3 Nw involves nuisances only in the case of varying Ry,.
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Figure 3. WIMP discovery limits obtained using the CEvNS cross section measurements at COHER-
ENT with the CsI (left graph) and LAr (right graph) detectors [21, 23] (dashed curves). In addition to
the nuisance parameters due to uncertainties on the neutrino flux normalizations, the results include
bin-dependent nuisance parameters associated with the CEvNS cross section uncertainty as shown
in figure 2. The current constraint set by XENONIT is shown in both panels. Moreover, we show
as for comparison future sensitivities expected at LXe experiments XENONnT and DARWIN (left
panel) [9, 10] and at LAr experiments DarkSide-20k and ARGO (right panel) [62, 63].

For £y and in the i-th bin the “expected” number of events is given by Néxp =
Ni(®q,P;), with Ni(®,,P;) again dictated by eq. (2.2) but with the neutrino flux nor-
malizations as well as P parametrized in terms of their nuisance variables. For £ we make
use of a useful element of the statistical method pointed out by Cowan et al. in ref. [59],
namely the Asimov data set. According to the latter, it holds that Nﬁ;xp = N§,,, while in
the Gaussian factors the nuisance variables are fixed to their central values. One then calcu-
lates Ly and £ for each parameter space point and then minimizes —£Ly (or maximizes L)
for each nuisance variable. For each parameter space point (toy experiment) one evaluates
the likelihood ratio (test statistics)

A0) =22 (2.12)

This ratio quantifies the disagreement between the null and alternative hypotheses (or in other
words it quantifies the significance of the WIMP signal), through the equivalent significance
defined according to Z = /=2 InA(0). The discovery limit then follows by finding the
smallest WIMP cross section for which 90% of experiments have a WIMP signal above 3c.
In terms of the equivalent significance this translates into Z > 3.

With these ingredients we are now in a position to proceed with the discussion of the
effects on discovery limits due to uncertainties on the measured CEvNS cross section, R,
sin? @y and new interactions.



3 WIMP searches

3.1 WIMP searches in the presence of standard neutrino background
3.1.1 Data-driven analysis

In the “standard” calculation of WIMP discovery limits the CEvNS cross section is assumed
to be known with 100% accuracy [12]. Uncertainties due to nuclear form factors or other
quantities such as the weak mixing angle are not considered. Where the uncertainty on
the cross section resides or whether there is new physics contributing to it — the subject
of section 3.2 — is to a certain extent an assumption-dependent question. To avoid this a
data-driven approach can be rather adopted, in which one uses the measured CEvNS cross
section along with its uncertainty. This approach encapsulates all possible uncertainties the
cross section can involve, regardless of assumptions.

To proceed, we first extract from the COHERENT Csl and LAr data the CEvNS cross
section central values along with their standard deviations (the Csl data are directly appli-
cable to xenon since both nuclides have about the same average mass and atomic numbers).
To do so, we weigh the theoretical SM value of the CEvNS differential cross section with a
multiplicative factor n, and use a spectral y? test to fit n, in each recoil energy bin (see
appendix A for details). Assuming that the CEvNS differential cross section uncertainty is
fully encoded in a multiplicative factor is the most simple approach one can adopt. Given the
quality of the data sets, the uncertainty could be assumed to be energy dependent. However,
modeling such an energy-dependent uncertainty seems to us more arbitrary (there is a few
number of functions one could use) than assuming a flat uncertainty.

For the data-driven analysis with COHERENT Csl data we use 12 bins starting at 7
photoelectrons (PE) and extending up to 29 PE (PE = 1.17 E, /keVy,,) [21], while for the
LAr dataset we use three bins starting at 5keVee and up to 25 keVee (keVy ~ keVee/4) [23].
Indeed, for energies above 25 keVe, the CEYNS event rate is small enough and the remaining
bins are of little relevance. Note that in the definition of the y? test, to extract the n, factors,
systematic errors associated to neutrino flux and form factor uncertainties have been included
as nuisance parameters. The results presented in figure 2 thus encode only uncertainties due
to the cross section (indirect) measurement.

Exploiting this determination of the uncertainties on the CEvNS cross section from
COHERENT data we then compute the WIMP discovery limits. We use the general definition
of the likelihood function in eq. (2.11) along with the results depicted in figure 2. This
implies that the regions that can be covered correspond to those affected by DSNB and sub-
GeV atmospheric neutrino backgrounds (heavy WIMP masses). The results are displayed in
figure 3, using Csl (LAr) data in the left (right) panel. In the analysis with CsI data one
can see that in general, compared with the SM expectation (solid curves), WIMP discovery
limits improve. A closer inspection to the left graph in figure 2 allows to understand this
behavior. Except for bin number 12, the measured CEvNS cross section (central values) is
smaller than the SM expectation, thus resulting in a background depletion which becomes
more visible with increasing exposure. However, for low WIMP masses, m, < 20GeV, our
likelihood analysis tends to favor the maximum cross section values, hence leading to a poorer
sensitivity compared to the pure SM case.

Results derived using the LAr data behave instead the other way around. The data
trend is that of a measured CEvNS cross section exceeding its SM expectation, as can be
seen in the right graph of figure 2. Departures, however, are not substantial and thus the
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Figure 4. Left graph: WIMP discovery limit calculated by considering neutrino flux uncertainties
as well as uncertainties on the xenon neutron distribution mean-square-radius. Results are presented
for four different exposures and are compared with results obtained solely by considering neutrino
flux uncertainties (solid curves). XENONIT, XENONnT and DARWIN sensitivities are shown for
comparison [8-10]. Right graph: WIMP discovery limits calculated by considering uncertainties on
the weak mixing angle at low energies.

enhancement of the background is not that large. As a result, discovery limits are only
slightly worsen as shown in the left graph in figure 3.

Further data from CEvNS experiments will allow an improvement of the discovery limit
we have presented here. Larger statistics combined with a better understanding of systematic
and statistical uncertainties (as expected in future reactor and COHERENT experiments),
will allow for a less spread CEvNS cross section measurement. However, even if statistics
becomes abundant and uncertainties are shrinked to values below the percent level, neu-
trino flux uncertainties will still affect the exact position and shape of the neutrino floor.
Improvements of the discovery limit will require therefore not only better measurements of
the CEvNS cross section but of relevant neutrino fluxes, in particular those from the B
component.

3.1.2 Impact of nuclear form factor and weak mixing angle uncertainties

In contrast to proton distributions, neutron distributions are poorly known. With the excep-
tion of neutron distributions for 2°°Pb — measured with high accuracy using parity violating
electron scattering by the PREX experiment [64, 65] — and more recently for '33Cs and
1277 using COHERENT data [66, 67], little is known about neutron distributions for other
nuclei. Given the typical incoming neutrino energies for which CEvNS can be observed,
nuclear effects are not as sizable as they are for other neutrino scattering processes such as
e.g. quasi-elastic scattering or resonant pion production (see e.g. [68]). This, however, does
not mean that they can be fully ignored.

Differences between proton and neutron distributions are expected to be substantial for
neutron-rich nuclei. These departures have in turn an impact on the values the nuclear form
factor can have at a particular momentum transfer [18]. At very low ¢ — typical of reactor or
solar neutrino fluxes — deviations are small and so have little impact on the neutrino event
spectrum. As ¢ increases to larger values — typical of stopped-pion or sub-GeV atmospheric
neutrino fluxes — uncertainties on the point-neutron distribution mean-square radius become
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relevant and can have an impact. Note that this effect applies as well to the WIMP event
rate, so not only the CEvNS event spectrum comes along with an uncertainty but also the
WIMP event spectrum. However, in contrast to the WIMP rate, which involves as well
uncertainties due to astrophysical parameter inputs, nuclear physics uncertainties entirely
determine the precision with which CEvNS can be precisely predicted.

The weak-charge form factor in eq. (2.3) can be written according to [69]

1 p 9V a2 GV 29 2
Fy ~—|Z gy — = Tpqd — o Tnd Fp(‘])

Qw 6 6
9V 2 9 gp 2 2 2
+N <g$ — gv 20 - g"rnq ) Fo(q )] , (3.1)

where the spin-independent proton and neutron nuclear form factors are normalized, F/p(q2 =
0) = 1 and F,(¢?> = 0) = 1. The quantities in front of the nuclear form factors are the leading-
order nucleon form factor terms. Given the momentum transfer values we are dealing with, in
our analysis we keep only the g?-independent terms. Including order ¢? terms will correct our
results at the percent level in the atmospheric neutrino region (heavy WIMP mass region),
which, given the expected neutrino event rate (statistics), is too small to yield a sizable
effect [53]. Note that in eq. (2.7) the same assumption has been adopted, in addition to the
assumption of a WIMP isospin-conserving interaction.

As we have pointed out, we adopt the Helm parametrization for the spin-independent
proton and neutron nuclear form factors. It relies on the assumption that nucleon distribu-
tions follow from a convolution of an uniform distribution of radius Ry (diffraction radius)
and a Gaussian profile, characterized by the folding width s that accounts for the surface
thickness. The Helm form factor is then given by

2\ jl(qRO) 7%((15)2
F(q¢°) 37qR0 e , (3.2)
where ji(x) is a spherical Bessel function of the first type and s = 0.9 fm [70]. The diffraction
radius is determined by the mean-square radius of the corresponding distribution according to

Ry = \/g (R% — 3s2) (X =p,n) . (3.3)

Compared with the form factor parametrization based on the symmetrized Fermi distribu-
tion and the Klein-Nystrand parametrization [71, 72], the Helm parametrization tends to
underestimate event rates [52]. For momentum transfer values as those implied by sub-GeV
atmospheric neutrino fluxes (heavy WIMP masses), event rates interpolate between values
determined by the Helm and the Klein-Nystrand form factors with variations of order 10%.
So, for definiteness we choose to work with the Helm parametrization understanding that
event rates for both WIMP and neutrinos fluctuate by about 10%.

In the statistical analysis, we calculate Nébs by fixing R, to its averaged value calculated
according to R, = Z?:l XZ-R;, where X, refers to the relative abundance of the i-th xenon
stable isotope and R; to its proton distribution root-mean-square radius extracted from
ref. [73]. We obtain the averaged value reported in table 3. For the averaged neutron
distribution root-mean-square radius we use R, = R, = R. We then allow 10% variations
above this value in the Poisson and Gaussian factors in £y. We then calculate the equivalent
significance for each parameter space point and after imposing Z > 3 we get the discovery
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limit determined not only by neutrino flux uncertainties but also by uncertainties on the
xenon neutron distribution mean-square radius (nuclear form factor uncertainty).

The result is shown in the left graph of figure 4. One can see that for low WIMP masses
there is no difference between the result obtained by considering neutrino flux uncertainties
alone (solid curves) and the result including additional neutron distribution mean-square
radius uncertainties (dashed curves). This is expected since for those WIMP masses and
incoming neutrino energies, the zero momentum transfer limit is a rather good approximation.
Form factor effects are thus negligible. As the WIMP mass increases and so the incoming
neutrino energy, the effect starts to show up and becomes more pronounced as exposure
increases. The region in WIMP mass where sizable deviations are observed corresponds to
regions where the dominant background is determined by ®B and hep neutrino fluxes. In that
region the typical momentum transfer is of the order of 30-40 MeV, for which the form factor
spread is of the order of 2-3% [18]. At low exposure, the size of the uncertainty combined
with a mild statistics leads to an effect which can be barely noted. However, as exposure
increases (and so statistics) the effect becomes more prominent.

The variation of the WIMP discovery limit due to the form factor uncertainty is also
expected. With increasing neutron mean-square radius, nuclear size increases. A larger
nuclear radius in turn means that the loss of coherence happens for smaller ¢q. As R,, increases,
up to the 10% above R, the number of neutrino events decreases and so the WIMP event
rate. The overall effect is that of a diminished discovery limit at high exposures, though
rather feeble. For increasing WIMP masses and neutrino energies (entering the atmospheric
neutrino region), form factor uncertainties increase up to the order of 5%, but statistics
becomes scarce even for the maximum exposure that we have chosen. As a result, the
discovery limit at high WIMP masses becomes insensitive to this effect. One can fairly
conclude that uncertainties on the WIMP and neutrino event rates originating from the
xenon neutron distribution mean-square radius have little impact on the WIMP discovery
limit. The reason behind this behavior is first of all related with the fact that nuclear form
factor uncertainties in xenon are per se small [18]. It is secondly related with another fact:
once R, increases, both the neutrino background and the WIMP event rate are (slightly)
suppressed.

We now turn to the discussion of uncertainties on the low-energy value of the weak
mixing angle. The best measurement of sin? f has been done at the Z scale at Tevatron,
LEP and more recently at the LHC (see e.g. [74]). The precision of those measurements is
of the order of ~ 0.1%. At other (lower) scales — that span about five orders of magnitude
— measurements include NuTeV, parity violation in electron scattering, electron and proton
weak charge and atomic parity violation [75-79]. In contrast to measurements at the Z scale,
these measurements involve order ~ 10% uncertainties.

Lacking the precision of accelerator experiments, these measurements still allow varia-
tions of the weak mixing angle that can have an impact on WIMP discovery limits. However,
for this to be the case a large CEVNS statistics is required given that g}, < g{. This means
that effects of weak mixing angle uncertainties are expected to be relevant at low WIMP
masses, where solar neutrino fluxes are more abundant.

As in the nuclear form factor case, this effect is also — in principle — energy dependent.
At each WIMP mass there is a neutrino flux that matters, and therefore a gmax = \/2my E0ax
that fixes the renormalization scale at which sin? fy should be evaluated. In other words,
as m, increases the mean value for sin? @y changes since the renormalization scale does so.
There is however an interesting observation that allows for the following simplification: for
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Figure 5. Left graph: WIMP discovery limit in the presence of a long-range vector interaction cal-
culated for four different exposures and for values of the coupling and vector boson mass fixed to
maximize its effect. Along with the result (dashed curves), the SM discovery limits (solid curves) are
shown for comparison. Right graph: same as for left graph but for a long-range scalar interaction.
Couplings and masses have been fixed as required by COHERENT CsI data [30], they correspond
to the 90% CL upper bounds. In both panels we also show for comparison the upper limits set by
XENONIT and DarkSide-50 [5, 8, 81], together with future sensitivities for XENONnT and DAR-
WIN [9, 10].

the renormalization scales (gmax) that matter in the calculation of WIMP discovery limits
(gmax < 200 MeV), the weak mixing angle RGE evolution (in the SM) is rather flat [80]. One
can then fix its mean value to its zero momentum transfer value obtained by extrapolation [50]

sin? Oy (¢ = 0) = k(g = O)NTSsin2 Ow (mz)ys » (3.4)

where the parameter at ¢ = 0 is given by r(q = 0)3g = 1.03232 £ 0.00029 and the weak
mixing angle at the Z scale by sin? 0y (mz)yg = 0.23122 £ 0.00003 [74]. Taking the central
values and allowing for a 10% uncertainty one can then calculate the WIMP discovery limits
obtained by combining neutrino flux normalization and weak mixing angle uncertainties. The
result is displayed in the right graph of figure 4. As expected, the effect of the weak mixing
angle uncertainty becomes visible at low WIMP masses. The region where sizable deviations
from the “standard” result are more pronounced corresponds to those where the pp, "Be (two
lines) and 3N dominate the background. Note that once less abundant neutrino fluxes kick
in (from ®B on) the discovery limit converges to the “standard” result. The reason is the
combination of a small effect and low statistics.

Overall, the behavior of the discovery limit in the presence of this uncertainty can be
readily understood. As the weak mixing angle increases, the coherent weak charge becomes
more negative. Quadratically, the coupling increases (decreases) about ~ 12% when allowing
the weak mixing angle to increase (decrease) by 10%. Although the enhancement is not
dramatically large, it is sufficient to increase the number of neutrino events.

3.2 WIMP searches in the presence of non-standard neutrino background

As far as we know, new physics in neutrino backgrounds at multi-ton DM detectors have been
discussed using the so-called one neutrino event contour line in refs. [24-28, 30]. Analyses
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aiming at determining the impact of the new interactions on WIMP discovery limits have
been instead presented in refs. [25, 34, 82, 83], using neutrino nonstandard interactions (NSI)
as the new physics contribution. Here we first revisit results for interactions including light
vector and scalar mediators, and then we present new results considering neutrino magnetic
moments/transitions.

In the light of COHERENT data and of other forthcoming CEvNS experiments [21,
23, 84-87], light vector mediators have been the subject of recent analyses (see e.g. [88, 89]).
In the presence of a new vector lepton flavor-conserving interaction the CEvNS differential
cross follows from eq. (2.3) by shifting the coherent weak charge Qw according to

CY Fy
= Q + v )
VY AGE(@mNE, +m?)

Q (3.5)

where my is the mass of the vector mediator while the coupling Fy, determines the strength
at which the vector couples to neutrinos through vector and axial couplings. The coupling
C‘]/V , instead, determines the coupling of the new vector boson to the nucleus

O = (A= Z)(h¥% + 2h$) + Z(2h% + h), (3.6)

with h{, the vector current couplings of the vector boson to up and down quarks (compared
with the vector current, the axial current is suppressed and so no axial couplings are included).
From the structure of the new weak charge, it is clear that the new interaction can either
constructively or destructively interfere with the SM contribution. The presence of a new
vector interaction can therefore enhance or deplete the SM contribution and depending on
the momentum transfer, ¢> = 2myE,., can lead to spectral distortions as well [89, 90].

In order to maximize the effects implied by the new interaction we fix the product of
couplings C{/V Fy to their maximum allowed value according to COHERENT Csl data at
my = 1MeV [30]: CYFy < 7.4 x 1077 at the 90% CL.* Note that this value applies to
Csl, but can be used for xenon as well given the similarity of these nuclides. Light vector
mediators are subject to constraints that follow from stellar cooling arguments and neutrino
diffusion time disruption in supernova environments [91-93]. The combination of coupling
and mass that we have chosen is reconcilable with these bounds.

We then calculate the WIMP discovery limit. In this case the only nuisance parameters
are those associated with neutrino flux normalization factors. However, depending on the
transfer momentum, the new contribution can enhance (deplete) the neutrino background
thus worsening (improving) the discovery limit. This is confirmed by the result shown in the
left graph of figure 5.

At low WIMP masses the discovery limit is diminished by several orders of magnitude.
This can be readily understood by the ¢? dependence of the new contribution. At low
momentum transfer this term is enhanced and overcomes the SM contribution, as the CEvNS
cross section is enhanced towards low momentum transfer regions. As a result, the neutrino
background increases, thus leading to a dramatic diminishing of the discovery limit. For
regions above 10 GeV, after the 8B and hep neutrino fluxes reach their kinematic tail, the
discovery limit improves. This crossover can be understood as follows. The SM coherent
weak charge is negative, while the new contribution is positive. So, as ¢? increases the new

4Statistically the observation of CEvNS with the CsI detector is more robust than with the LAr detector.
In the former, data favors the observation of the signal over background at the 6.7¢ CL, while in the latter at
the 30 CL [21, 23]. That is why we use constraints derived using CsI data [30].
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Figure 6. WIMP discovery limits in the presence of neutrino magnetic/transition interactions along
with discovery limits in the SM alone. The neutrino magnetic moment has been fixed to 2.9x 10~ up,
the 90% CL upper limit reported by the GEMMA reactor experiment [94].

contribution becomes less prominent and destructively interferes with the SM term, leading
to a suppression of Q. The background then becomes less severe, thus resulting in an
improvement of the discovery limit.

Scalar interactions in both the effective and light regimes have been as well recently
considered in the context of CEvNS related experiments [95-97]. Since the scalar coupling
involves a chirality flip it cannot (sizably) interfere with the SM contribution, in contrast
to the vector interaction. Thus, in the presence of the scalar coupling, the CEvNS cross
section consists of two terms, the SM term in eq. (2.3) and a second term given by (assuming
universal lepton flavor couplings) [30, 95, 98]

dET or

E,
v @5 P, (3.7)

where the scalar charge Qg reads

CYNFg
Gr(2myE, + m%) ’

Qs = (3.8)
Here, Fg measures the strength at which the scalar couples to neutrinos through scalar
and pseudoscalar couplings, and Cév determines the coupling of the scalar to the nucleus
according to

q q P
ci=(A-2) Zdh —fT +Z Zdh qu (3.9)
q=u q=u

with A% being the couplings of the scalar to up and down quarks. The hadronic form factors
f;q’p follow from chiral perturbation theory calculations using measurements of the m-nucleon
sigma term. Their values can be found in e.g. [99, 100].

Results for the impact of this interaction on WIMP discovery limits are shown in the
right graph of figure 5. As in the vector case, the product C’év Fs has been fixed to its
maximum allowed value at mg = 1MeV according to COHERENT Csl data: C’év Fg <
5.1x 1077 at the 90% CL. This value is consistent with astrophysical and cosmological bounds
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as well as with bounds derived from neutrino masses, which are generated by the scalar
coupling below Aqcp [30]. The results follow expectations. The scalar contribution peaks
towards the low momentum transfer region (low WIMP mass region), thus enhancing the
background and so worsening the discovery limit. One can see that the degree at which the
discovery limit is affected is less severe than in the vector case. This is also expected, since
the leading vector term is linear in the coupling while the scalar contributes quadratically.
At high momentum transfer (high WIMP mass) the scalar keeps enhancing the background,
hence there is no crossover as in the vector case. Since destructive interference is not possible
in the scalar case, the discovery limit is still diminished at m, 2 10GeV, though less than
in the low WIMP mass region due to the larger momentum transfer involved.

We finally move to the case of neutrino magnetic moments/transitions, which have been
a subject of recent interest in the context of COHERENT data and multi-ton DM exper-
iments [101-105]. The neutrino electromagnetic current can be parametrized in terms of
four form factors which in the zero momentum transfer limit define the neutrino: electric
charge, electric dipole moments (or transitions), magnetic dipole moments (or transitions)
and anapole moments. These parameters enable the coupling of neutrinos to photons and so
through ¢-channel processes they contribute to CEvNS and neutrino-electron elastic scatter-
ing (see [106] for a review). The new processes do not interfere with the SM contribution,
so the total CEvNS cross section in the presence of a neutrino magnetic moment interaction
consists of the SM term in eq. (2.3) and a new term given by [107]

doy 2 2 Mg ( 1 1 ) 22
= 77\ = ——= | F 3.10
dET Traem m2 Er EV (q ) Y ( )

e

where ey, is the fine structure constant and ugﬂ is an effective parameter (in Bohr magneton
units pp) that encodes the neutrino magnetic and electric dipole moments (and transitions)
along with neutrino oscillation probabilities [105, 108]. The main feature of the new cou-
pling is spectral distortions, resulting from the fact that the cross section is forward peaked
because of the Coulomb divergence (infinite range interaction). This means that one expects
the WIMP discovery limit to be diminished at low WIMP masses (low momentum trans-
fer region). Moreover, given the tight constraints on the coupling implied by searches at
GEMMA, BOREXINO and TEXONO [94, 108, 109], the discovery limit is also expected to
converge to the “standard” case as soon as the momentum transfer reaches larger values.

For the calculation of the impact of such interaction on WIMP discovery limits we have
fixed pregg = 2.9 x 10~ 4, which corresponds to the 90%CL reported by GEMMA [94] and
XENONIT [110]. The result is displayed in figure 6, which shows along with the discovery
limits implied by the new interaction the “standard” limits for comparison. One can see
that up to WIMP masses of order ~ 0.2 GeV the discovery limit worsens, because of the
background enhancement induced by the neutrino magnetic moment contribution. As soon
as one enters the region of large transfer momentum, the Coulomb divergence fades away
and the discovery limit matches that of the SM alone.

4 Conclusions

With the advent of the DM multi-ton detectors era in mind and with well-established mea-
surements of the CEvNS process by the COHERENT collaboration, we have reconsidered
the case of WIMP discovery limits. We have adopted, for the first time, a data-driven anal-
ysis in which we have treated the CEvNS cross section as a parameter entirely determined
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by experimental data. Using this approach, while taking into account neutrino flux uncer-
tainties, we have derived WIMP discovery limits using the Csl and LAr COHERENT data
sets [21, 23]. Our results are free from theoretical and phenomenological assumptions. They
are also of particular interest for future experiments XENONnT, DARWIN, DarkSide-20k
and ARGO, as they fall in the region where these experiments will have maximum sensitivi-
ties [8-10, 62, 63].

We have as well presented a more assumption-dependent analysis in which we have
evaluated WIMP discovery limits by taken into account: (i) Nuclear form factor uncertainties,
(ii) possible fluctuations of the weak mixing angle at low energies. Case (i) is driven by
uncertainties on the xenon point-neutron distribution mean-square-radius. This quantity, in
contrast to its proton counterpart, has not been measured and so implies a sizable uncertainty
on both the WIMP and CEvNS event rates. We have shown that its effect on WIMP discovery
limits, however, is mild and relevant only in the 1-10 GeV WIMP mass region, where mainly
8B and hep neutrino backgrounds matter. In case (ii), the effect is only relevant for the
CEvNS event rate and in regions of small WIMP masses, where statistics is large enough to
allow the proton contribution to leave its imprint.

Additionally, we have presented a full model-dependent analysis aiming at illustrating
the impact that new physics at the neutrino background level — lurking at low-scales —
might have on WIMP discovery limits. We considered light vector and scalar mediators
as well as neutrino magnetic moments/transitions. For a light vector mediator, we have
found that its presence can worsen WIMP discovery limits by several orders of magnitude for
WIMP masses up to ~ 10 GeV. From that point on, our results indicate a crossover where the
new vector interaction actually leads to an improvement of the discovery limit, albeit mild.
WIMP discovery limits in the presence of scalar and neutrino magnetic moment/transition
interactions are always worsen, in particular in regions of light WIMPs.

Finally, we point out that searches for WIMPs using forthcoming multi-ton detector
technologies require a precise understanding of WIMP discovery limits. In our view, this
calls — ideally — for the most assumption-free determination of the effects of the neutrino
background, for the inclusion of known sub-leading effects and the consideration of possible
new physics effects. This has been the main goal of the analyses presented here.
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A Extraction of CEvNS cross section from COHERENT data

The datasets available for the Csl and LAr COHERENT detectors provide spectral infor-
mation on the measured number of CEvNS events and their uncertainties [111, 112]. Under
the assumption that the experimental cross section is proportional to its theoretical predic-
tion, the COHERENT collaboration has already provided a determination of the measured
CEvNS cross section on argon as opmeas = Nﬁfs o (for details see ref. [113]), where Nyeas
and Ny, are the total number of measured and theoretical events, respectively. Motivated
by the latter, here we perform a similar analysis which in our case is applied independently
for each energy bin by considering o? .. = n’ of},. Following this approach, we extract the
measured cross section along with its uncertainty for both Csl and LAr datasets.
For the case of CsI we adopt the x? function

2 [Néxp - (1+Q)Nrineas<nf7) - (1+5)Bén]2

Xi = i
Ostat

G- (3)

where a and 3 are nuisance parameters which account for the uncertainty on the rate with
0o = 28% and on the prompt neutron background By, with o3 = 25%, respectively. Finally,

the statistical uncertainty is defined as ol = \/ Nl + Bi, + 2B

exp ss?

where Bl denotes the
steady state background (for details see ref. [111]). For the case of LAr, we focus on the
analysis-A of COHERENT [23] and we follow the x? function [114]

. . . . . 2
2 (Néxp - OCNIZneaS (nla) - BBIZ:’BRN - ’YBﬁBRN)

Xi = N2 , ) 9
(Uéxp) + [oBrNEs (Bppry + Bipry)]
2 2
a—1)\? —1 -1
(=5 - (5
Oa 0B oy
Here, BRNES corresponds to the Beam Related Neutron Energy Shape, while PBRN (LBRN)
represents the Prompt (Late) Beam-Related Neutron Background data with og = 32% (0, =
100%) [112]. The remaining parameters: Beam Related Neutron Energy Shape (BRNES)

uncertainty ogrngs = 1.7% and the systematic uncertainty of the signal rate o, = 13.4%
are taken from the estimations of ref. [114].
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