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The PANDAX-4T and XENONnT experiments present indications of Coherent Elastic Neutrino
Nucleus Scattering (CEvNS) from ®B solar neutrinos at 2.6¢ and 2.7c, respectively. This consti-
tutes the first observation of the neutrino “floor” or “fog”, an irreducible background that future
dark matter searches in terrestrial detectors will have to contend with. Here, we first discuss the
contributions from neutrino—electron scattering and from the Migdal effect in the region of interest
of these experiments, and we argue that they are non-negligible. Second, we make use of the recent
PANDAX-4T and XENONnT data to derive novel constraints on light scalar and vector media-
tors coupling to neutrinos and quarks. We demonstrate that these experiments already provide
world-leading laboratory constraints on new light mediators in some regions of parameter space.

1. INTRODUCTION

Recently, the PANDAX-4T collaboration has reported
the first measurement of the neutrino fog from coherent
elastic neutrino-nucleus scattering (CEvNS) of solar B
neutrinos [I] at 2.60. This was soon followed by an an-
nouncement of the XENONnT collaboration, which re-
ported the measurement of CEVNS at 2.70 [2]. Both
experiments observed the signal using the combined ion-
ization and scintillation (S14S2) signal. PANDAX-4T
also reported a signal in the S2 (ionization) channel sep-
arately. Interestingly, while for the combined analysis
both experiments report background expectations con-
sistent with the observed event rates, this is not the case
for the S2-only analysis at PANDAX-4T, where an excess
with respect the background expectation of a few tens of
events is observed. Using a Poissonian likelihood of the
number of signal and background events, the excess has a
low significance of 1.3¢ for science Run0, but a somewhat
larger significance of 3.60 for Runl.

The fact that dark matter direct detection experiments
could provide sensitivity to Beyond the Standard Model
(BSM) interactions of solar neutrinos was pointed out
about a decade ago, and a series of works have followed
through the years discussing various BSM scenarios, dif-
ferent interaction channels of neutrinos with the detec-
tor, and the complementarity of different experiments
and detector technologies [BHI3]. In light of the recent
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datasets from XENONnT and PANDAX-4T, some works
have constrained non-standard interactions of neutrinos
with quarks [14] 15]E| corresponding to new mediators
with masses much larger than the momentum transfer of
the scattering process, of order ¢ = v/2ma Fyy < 10 MeV
at direct detection experiments. (Here, m,4 is the mass
of the target nucleis and FE,, is the nuclear recoil en-
ergy.) Here we will study instead the current sensitivity
of PANDAX-4T and XENONNT to light mediators via
CEvNS of 8B solar neutrinos at the detector, making use
of the combined (S1+S2) signal as well as the PANDAX-
4T S2-only dataset. We will consider in particular light
vector mediators with universal couplings to all quarks
and neutrinos, as well as light scalar mediators with ei-
ther universal couplings, or couplings proportional to the
quark masses (as in the case of coupling through mix-
ing with the SM Higgs field). We will demonstrate that
in some regions of parameter space, these experiments
provide complementary and even stronger constraints to
other experiments sensitive to CEvNS such as COHER-
ENT [I7], whose sensitivity to light new mediators has
been widely studied in a series of works, e.g [I8-24] ]
The paper is organized as follows: In Section [2] we dis-
cuss the different scattering processes that neutrinos can
undergo in a liquid xenon detector, showing that CEvNS
yields the dominant event rate in the Region of Interest
(ROI) of the PANDAX-4T and XENONnT experiments,
although the Migdal effect and elastic neutrino—electron

1 The XENONnT and PANDAX-4T datasets have also been used
to constrain the uncertainty in the weak mixing angle at low
momentum transfer in Ref. [16].

2 We will restrict ourselves to derive upper limits on the coupling
of the mediator to quarks and neutrinos, even though the excess
events in the S2-channel of PANDAX-4T could in principle be
interpreted as a hint for a positive signal.
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scattering can yield sizable contributions (Section
We then discuss how extensions of the SM with light
scalar or vector mediators can modify these rates (Sec-
tions and We present and discuss our results in
Section 3] showing in particular parameter space exclu-
sions for the different BSM scenarios. We conclude in
Section [

2. NEUTRINO INTERACTIONS IN LIQUID
XENON DETECTORS

Solar neutrinos reaching direct detection experiments
on Earth can leave ionization signatures in liquid noble
gas detector through three distinct processes: CEvNS
[25] 26], the Migdal effect following CEvNS [9] 27], and
elastic neutrino—electron scattering [28430]. In this sec-
tion, we will discuss the event rates for all these pro-
cesses. We will argue that in the Regions of Interest
(ROIs) of the recent PANDAX-4T and XENONnT anal-
yses, CEvNS indeed is the dominant process, but the
Migdal effect and neutrino—electron scattering can also
yield sizable contributions.
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FIG. 1. Comparison of ionization rates induced by ®B solar
neutrinos in a liquid xenon detector via different SM pro-
cesses: CEVNS (grey), the Migdal effect (orange), and elastic
neutrino—electron scattering (blue). For CEvNS, a constant
quenching factor g, = 0.15 is assumed to translate nuclear
recoil energies into electron-equivalent recoil energies. For
comparison, we show in shaded pink the approximate ROI
of the recent PANDAX-4T and XENONnT analyses of solar
neutrinos [I, 2]. The color gradient highlights the fact that
the efficiency function is not constant at the ROI of these
experiments, but rather increases with energy. The signal
induced by CEvNS clearly dominates in the ROI of these ex-
periments, but the Migdal and neutrino—electron scattering
contributions are non-negligible. Note that here we have not
applied any efficiency factors to the expected ionization rates.

2.1. Standard Model

2.1.1. CEvNS

In the SM, the differential cross section for CEvNS, as
a function of the nuclear recoil energy E.,, reads [31]

dO'l, —v G2 ma mAEnr
poen GG (1-T2m). )

dEo, ™ 22

where m 4 is the mass of the target nucleus and Qv is its
vector charge,

QV = (ngZ + gnVN) FA(Enr) 3 (2)

with Fy denoting the nuclear form factor. Here we adopt
the prescription from [4,82]. Here, Z and N stand for the
numbers of protons and neutrons in the nucleus, respec-
tively, and the SM neutral current vector couplings are
gpv = % — 2sin? Oy and gny = —%, with 6y the Wein-
berg angle. The differential scattering rate is obtained
from the convolution of the differential cross section with
the solar neutrino flux

dRCEuNS
dEy,

Emax

Y d® dO'VN—WN
— ¢(Euw) Nr / QouNouN
gpin dE,  dBy

where Np the number of xenon (Xe) target nuclei in the
detector, €¢(E,;) is the detection efficiency of the experi-
ment, and d‘%by is the differential neutrino flux as a func-
tion of the neutrino energy.

In the limit where the nuclear mass largely exceeds the
nuclear recoil energy, ma > FE,, (applicable here since
we only consider recoil energies as large as 3keV), the
minimum neutrino energy needed to induce a recoil Ey,

is given by
BN = \/maBy /2, (4)

while E#* is the kinetic endpoint for the ®B spectrum.
We take the expected ®B flux from [33-35], consistent
with measurements from Borexino [36]. For CEvNS, we
have checked that in nuclear recoil energy windows of the
PANDAX-4T and XENONNT analyses, the contribution
from 8B largely exceeds the contribution from the other
solar neutrino fluxes. For neutrino—electron scattering,
on the other hand, it is the contribution from pp solar
neutrinos [35] that dominates.

2.1.2. Migdal Effect

Part of the ionization (S2) signal in a nuclear re-
coil event is due to the Migdal effect [37], which de-
scribes the response of atomic electrons to the nucleus
receiving a kick. The corresponding differential cross
section is obtained by multiplying the cross section for
neutrino—nucleus scattering with an ionization form fac-
tor | Zion(Eer)|?, which accounts for the ionization prob-
abilities of the xenon atom orbitals, see Ref. [9]. This
form factor depends on the electron recoiling energy E,



and is given by
1
2 _ E
|Zion(Eer)| - o l Pni—E,.. > (5)
n,

where the differential transition probability of an electron
in the orbital (n,l) to an unbound state with recoil en-
ergy Fe, is denoted by pni—g,,. We take the ionization
probabilities for Xe from Ref. [38], taking into account
the orbitals 5p, bs, 4d, 4p, 4s, 3d, 3p, and 3s. The elec-
tron equivalent energy spectrum due to the Migdal effect
can then be calculated as

dRmig
dEdet

- NT / dEnr dEcr 5(Edct - anEnr - Ecr + |Enl|)

Emax
Y dd dauNﬁuN
% €(Eny) / dE, 22 4OvNouN
E,l;nin dEV dEnr

(6)

where Fye¢ is the measured electron equivalent energy
in a liquid Xe detector. Here, F,, is the nuclear recoil
energy, F,, is the recoil energy of the ionized electron,
E™ is its orbital binding energy before the interaction,
and ¢, is the quenching factor that relates nuclear recoil
energies to electron—equivalent recoil energies. The inte-
gration over nuclear recoils lies in the kinematical range

(Eex +|E™])? (2B, — (Eer + |E™))) )
2mA 2(mA+2El,)

As previously discussed, we take g, = 0.15 [38]. It
should be noted that the quenching factor (or scintil-
lation efficiency) in liquid xenon is uncertain for low-
energy nuclear recoils, with measurements ranging from
gnr = 0.05 to 0.2, see, e.g., [39-42].

< Ey <

2.1.8. Neutrino—Electron Scattering

Neutrinos can also scatter off electrons in the atom
elastically. In this case, the cross section can be calcu-
lated using the free-electron approximation, which ac-
counts for the binding energy of electrons in the atom
via a Heaviside function [43—45]E| In this approximation,
the differential scattering cross section for neutrinos of
flavor a = e, pu, 7 on electrons is

dog,

dEex

do?
=Y (B — |E™]) -, 8
>0 ~ 1B (5
with the cross section for neutrino scattering on free elec-
trons (v, + e — v, + €) given by [47]

do? _ 2G3-me.
dEer

2 + 2 1_Eer 2_ MeEey
9La T YR« Eu 9dra9dRa 2

v

3 A calculation including the atomic wave functions of xenon yields
an event rate smaller by 20-25% [46].

|Zion(Eer)|2 .

Here, gre = (9v +94)/2+ 1, grp = gr- = (9v + 9a)/2,
and gra = (9v —ga)/2, with gy = —1/24 2sin? Oy and
ga = —1/2. The differential recoil rate is then
dR 2 de® dog,
— (N dE, 10
o Z(,:/ win " dE, B (10)

v

where the minimum neutrino energy required to induce
a given recoil energy is now given by

Eer 2 eEer E2
+ Ve Ber 1+ Per (11)
2

(Note that, in contrast to Eq. (4)), we have here kept
terms suppressed by Eg./m., given that this ratio, while
still small, is larger than the corresponding one for nu-
clear recoils, Ey/ma.)

The ionization rates due to CEvNS, the Migdal effect,
and neutrino—electron scattering are shown in Fig. [I} We
see that CEvNS is the dominant contribution in the low
recoil energy ROI from Refs. [I], 2], while the contribu-
tions from the Migdal effect and from elastic neutrino—
electron scattering are smaller, but not entirely negligi-
ble. In particular, they are comparable to CEvNS at
the upper end of the ROI, and at higher energies they
dominate. This raises the question to what extent the
Migdal effect and neutrino—electron scattering may af-
fect the PANDAX-4T and XENONNT results, which do
not explicitly include these contributions in their signal
predictions [T} [2]. For the combined S14S2 analyses, ne-
glecting neutrino—electron scattering is certainly justified
as these events yield a larger S2/S1 ratio than CEvNS,
allowing for efficient discrimination. This is also true
for the Migdal effect involving K-shell and L-shell elec-
trons [48] [49]. M- and N-shell electrons, however, which
are ejected from their host atoms more frequently thank
inner-shell electrons due to their lower binding energies,
lead to signals very similar to the main nuclear recoil
signal. They may therefore not be negligible.

In an analysis using only the S2 signal, both neutrino—
electron scattering and the Migdal effect contribute.
Still, for the PANDAX-4T S2-only analysis discussed
here, the corresponding contributions are still small. Us-
ing the efficiency function from Ref. [1], the total number
of neutrino—electron scattering events in the ROI is pre-
dicted to be of O(0.1), while the Migdal effect contributes
O(1) event. This should be compared to the total num-
ber of 43 expected solar neutrino CEvNS events in the
ROL.

The relative importance of the Migdal effect and
neutrino—electron scattering compared to CEvNS de-
pends crucially on the quenching factor (or scintillation
efficiency) of liquid xenon at such small energies, which
is uncertain. The qualitative discussion presented previ-
ously should therefore be taken with a grain of salt. The
value that we use, g,y = 0.15, is in overall good agreement
with the majority of measurements of the quenching fac-
tor [39-42] and with the Lindhard model prediction [50].

In our search for physics beyond the SM, we will
only include CEvNS, neglecting the Migdal effect and

min __
E7 =



neutrino—electron scattering. This approach can be re-
garded conservative since including additional contribu-
tions to the SM background would reduce the room there
is for new physicsﬁ

2.2. A New Scalar Mediator

In extensions of the SM, neutrinos may experience new
interactions with nuclei. We will in the following consider
the possibility that neutrinos couple to a new scalar me-
diator ¢ which also couples to quarks. Below, we will
then extend the discussion also to new vector mediators.
For the scalar case, the relevant terms in the Lagrangian
read

1
LD ¢(gVrvL + 9439 + hoc.) — §m(2b¢2, (12)

where my is the mass of the scalar and g4, g, are dimen-
sionless coupling constants. We will consider both the
case that g, is the same for all quark flavors and the case
that g4 scales with the quark masses. The latter scenario
is motivated by models in which the new scalar couples
to quarks through mixing with the SM Higgs boson. It
corresponds to the replacement
9qMq
VH
in Eq. , where vy = 246 GeV is the SM Higgs vev.
The contribution due to a new scalar interaction would
not interfere with the SM one because of the different
Lorentz structures. The scalar-induced CEvNS cross sec-
tion reads 5] [51]

dOVN—VN _ g12/ Qimi Enr
dEnr @ - 47 EE(QmAEnr + mi)Z ’

9q — (13)

(14)
where the scalar “charge” is defined as [52]

m My, .,
Qp = {Z Z gqipf"f“q +N Z gqnqu} Fn(Eur).
L mq

q=u,d,s q=u,d,s

(15)

We take values of the hadronic form factors fgiq and fﬁ

from Ref. [53]. We have compared our definition of the
scalar charge for Xenon with that from [54], which is
computed using a nuclear shell model, finding that at the
low recoil energies of interest to us, the two expressions
differ by at most 10%.

The scalar-mediated scattering rate is then obtained
in full analogy to Eq. , but with the SM cross-section
replaced by Eq. (14).

4 In general, physics beyond the SM will also contribute to
the Migdal effect and to neutrino—electron scattering. How-
ever, as long as the new physics-induced event rates are much
smaller than the SM ones, and the Migdal/CEvNS and v—e
scattering/ CEvNS ratios are similar for new physics processes
and SM processes, it remains true that neglecting the Migdal
effect and neutrino—electron scattering is conservative.

2.3. A Leptophilic Scalar

While we are primarily interested in neutrino scatter-
ing on nuclei in this paper, we will also investigate a
scenario where the scattering is predominantly on elec-
trons. In particular, let us consider a leptophilic light
scalar mediator, whose Lagrangian reads

1
Lye D ¢(guPrVL + geCe +h.c.) — Emi(/bQ. (16)

The corresponding elastic neutrino—electron scattering
cross section reads (for a neutrino with flavor «)

dof 929eme Eer
dEer 47TE3 (QmeEer + mi)Q .

(17)

2.4. A New Vector Mediator

We now consider a new light vector mediator Z’ cou-
pling universally to all quarks and neutrinos, thus inter-
acting at the detector predominantly via CEvNS. The
vector mediator may also induce scattering off electrons
via kinetic mixing with the SM photon [55]. Constraints
on such new mediators can therefore be derived also from
electron scattering experiments, see e.g. Refs. [IT] [56],
leading to the conclusion that kinetic mixing needs to be
very small, given current theoretical and experimental
bounds [57H59]. We will therefore work with the simpli-
fied Lagrangian (neglecting kinetic mixing)

LD g9,qv"Z0a+ 9" Zov . (18)
Note that, unlike for the scalar mediator, the Z’-
mediated CEvNS amplitude can interfere with the SM
one. The total scattering cross section taking both con-

tributions into account is obtained from Eq. by re-
placing the vector charge according to

3949y (Z + N)Fn(Eny)

V2Gp 2maEy +m%,
Again the differential event rate then follows from
Eq. . In the following, we assume positive couplings

9q9v, which leads to constructive interference in the scat-
tering cross section.

Qv — Qv + (19)

3. PANDAX-4T AND XENONNT
CONSTRAINTS ON LIGHT MEDIATORS

3.1. Main Results

We are now ready to calculate the expected neutrino
scattering event rates in PANDAX-4T and XENONnT,
and to set limits on possible new physics contributions to
the observed CEvNS rate. We begin in Fig. [2|by showing
the differential scattering rate for the SM and for exten-
sions featuring a scalar or vector mediator, both with
flavor-universal couplings to quarks. In both BSM sce-
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FIG. 2. Scattering rates for CEvNS in the SM (gray), com-
pared to scenarios with a new flavor-universal light scalar
(dark red) or vector (light red) mediator. In both cases, we
have assumed flavor-universal couplings. We also show the
total efficiencies of the PandaX-4T and XENONnT analyses
from Refs. [1, 2] (blue curves / right vertical axis). The plot
clearly reveals the enhancement o< 1/ E\; of the scalar-induced
scattering processes compared to the SM at low energies, as

expected from Eq. .

narios, we observe an increased scattering rate compared
to the SM at low energies. This can be easily under-
stood from Eqgs. and (19): as long as m, is negli-
gible compared to the typical momentum transfer in the
scattering process, the differential cross section scales as
1/Ey,. Considering the detection efficiencies shown in
blue in Fig. 2] we see that liquid xenon detectors are be-
ginning to be sensitive to recoil energies low enough to
benefit from this enhancement. Nevertheless, detection
of nuclear recoil energies below 1keV remains challeng-
ing. We note the appreciable difference between the ef-
ficiency curve for the S2-only analysis in PANDAX-4T
compared to XENONnT: PANDAX-4T is sensitive down
to lower recoil energies, while XENONnT’s maximum ef-
ficiency is higher, though only at nuclear recoil energies
above 1keV.

Based on the differential scattering rates and efficien-
cies, together with the exposure times, background pre-
dictions, and observed number of events summarized in
Table [, we can constrain the coupling of new light me-
diators. We compute the ratio of the Poisson likelihoods
of the observed event number in both a background-only
scenario and in the scenario including new physics. By
Wilks’ theorem [66], this likelihood ratio follows a x? dis-
tribution if the number of events is sufficiently large, so
we can set limits based on the quantiles of the y? prob-
ability distribution. We find the following upper limits
at 90% confidence level on the extra contribution to the

PandaX-4T XENONnT
S1+S2 S2 only S1+S2

exposure [tonne yrs] 1.20 1.04  3.51
observed events Nops 1 158 37

background events Npcx 2.16 144 38.3
signal events scalar benchmark 1.04  30.52 6.55
signal events vector benchmark 1.11  44.32  8.05

TABLE 1. Experimental parameters used in our analy-
sis, based on Ref. [I] for PandaX-4T and on Ref. [2] for
XENONNT. The last two rows show numbers of expected
signal events for two benchmark scenarios, corresponding, re-
spectively, to a new flavor-universal scalar or vector with for
Mg,z = 1MeV, gy = 5.2 x 107%, gz = 1.5 x 107°.

CEvNS rate due to new physics:
NESSITS2 <901 (PANDAXAT, S1482)  (20)
Ny%% <355  (PANDAX-AT, S2 only)  (21)
NI <9m (XENONT, S14+S2)  (22)
By imposing that the event rate for a given parameter
point shall not exceed these limits, we find the upper
limits on the new mediator mass mg or mz/, and on the
product of couplings g, g, shown in Fig.[3] The four pan-
els of this figure correspond to a scalar mediator with
universal couplings to quarks according to Eq. (top
left), a scalar mediator with quark mass-dependent cou-
plings (top right), a vector mediator according to Eq.
(bottom left), and a leptophilic scalar (bottom right).
We have verified our procedure by checking that our up-
per limit on a new heavy vector mediator is comparable
to the limit on new four-fermion interactions derived in
Ref. [I5]. For this comparison, we relate the couplings
gu, gq to the dimensionless parameters ¢, from Ref. [I5]
via €, = 9,94/ (2V2G rm%,).

The qualitative shape of the PANDAX-4T and
XENONDT bounds is the same in all panels of Fig. [3}
they scale as m;l down to mediator masses mg =~
2maFEe ~ 30MeV (or mg =~ 2m.Ee, ~ 10keV in
the case of neutrino—electron scattering for the lep-
tophilic mediator). At lower mediator masses, the
curves flatten out, as can be easily understood from
Egs. , and . The PANDAX-4T S2-only
limits present a slightly different my dependence com-
pared to XENONnT and PANDAX-4T S1+S2 because
the PANDAX-4T S2-only analysis is sensitive down to
lower recoil energies (see in Fig. . Overall, PANDAX-
4T’s S2-only data nevertheless provides the least strin-
gent of the limits derived here due to the smaller expo-
sure.

Comparing the top left and bottom left panels of Fig.
we note that the limits on vector mediators are less tight
than those for flavor-universal scalar mediators by a fac-
tor of ~ 2. This may at first seem surprising, given that
new vector interactions interfere constructively with the
SM contributions, while for new scalar interactions, there
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FIG. 3. Top left: limits on the mass and couplings of a new scalar mediator (see Eq. ), from the requirement that coherent
elastic neutrino-nucleus scattering (CEvNS) mediated by this new particle shall not violate the 90% C.L. constraints from
PANDAX-4T (light blue) and XENONnT (blue). We show results for both the S1+S2 analysis (solid) and for the S2-only
analysis, but find no significant differences in sensitivity. We also show the expected sensitivity of a hypothetical detector with
an exposure of 200 tonne yrs (dark blue dotted). The green region is ruled out by measurements of CEvNS in the cesium iodide
(Csl) detectors of COHERENT. We further show upper limits from the CONUS [60] and Dresden-II [44] experiments. The
parameter region shaded in purple is excluded by Big Bang Nucleosynthesis (BBN) [61]. Top right: analogous imits on the
mass and couplings of a new scalar mediator with couplings to quarks proportional to the quark masses, see Eq. . Bottom
left: constraints on CEvNS mediated by a light vector with interactions given by Eq. . Compared to scalar mediators, we
further show bounds in shaded orange on a leptophobic vector from NA62 [62] and MiniBoone [63]. Furthermore, the region
to the left of the dotted black line is excluded by a combination of collider and beam dump experiments when the Z’' can
decay into electron-positron pairs [64]. These constraints are significantly relaxed for vector mediators which do not couple to
electrons at tree-level. Bottom right: constraints on neutrino—electron scattering through a new leptophilic scalar mediator
(see Eq. ) from the PANDAX-4T S2-only analysis. We compare to limits from BBN, Borexino, CONUS, COHERENT
(Csl), and Dresden-II [65].

is no interference. However, the scalar charge of the nu- 3.2.
cleus is larger than the vector charge, which overcompen-
sates for the absence of interference.

Comparison with Other Limits

Let us now compare the limits we have derived from
PANDAX-4T and XENONnT data to those from other
CEvNS experiments, notably COHERENT [I7, [69],

We have also derived projected upper limits for the CONUS [60] and Dresden-II [44} [70]. Further details on

planned XENON-LUX-ZEPLIN-DARWIN (XLZD) ex-
periment [67], which is expected to achieve an expo-
sure of 200 tonneyrs. We assume an energy threshold
of EXLZD = 0.1keV, an efficiency equal to 1 in the ROI,
and an upper limit on the number of signal events of

zg%’XLZD < 2.71. As expected, we find a significant
enhancement of the sensitivity by about one order of
magnitude with respect to to current limits. Such an en-
hancement can become important to probe neutrinophilic

dark matter models at the MeV scale [68].

how we obtain the COHERENT limits are given in the
Appendix. For CONUS, we use a low-energy quenching
factor derived from a Lindhard model with parameter
k = 0.16. For Dresden-II, we use a quenching factor
determined using iron-filtered monochromatic neutrons
(Fef) [44]; see Ref. [71] for an analysis of Dresden-II data
using the Lindhard model instead). The plots show that
the dependence of the CEvNS limits from PANDAX-
4T and XENONnT on the mediator mass is different
from the one in COHERENT [69]. Direct detection ex-



periments have a lower recoil energy threshold Eg ¢hy
than COHERENT, so according to the scaling arguments
given above the new physics-mediated scattering cross
section scales linearly with the mediator mass down to
lower mg, mz/. Consequently, while at mediator masses
me, mz 2 50MeV, our bounds are comparable to those
from COHERENT, they are stronger by a factor of ~ 2—
4 at lower masses. Compared to Dresden-II, PANDAX-
4T and XENONnT CEvNS bounds are weaker at mg,
mz < 1MeV, but stronger at larger mediator masses.
(If Dresden-1II data is analyzed using a quenching factor
based on the Lindhard model, the crossing points shifts
from ~ 1MeV to ~ 3MeV.)

At masses below my < 1MeV, new light mediators
are also strongly constrained by the Big Bang Nucleosyn-
thesis (BBN) bound on new relativistic particle species
[72]ﬂ Finally, for the vector mediator, strong comple-
mentary constraints exist from collider and beam-dump
experiments [24], which already exclude a significant por-
tion of parameter space accessible to CEvNS (see upper
gray region in Fig. [3| right). However, these bounds are
based on decays of the new mediator to electrons. There-
fore, they only apply if the corresponding coupling exists.
In other words, for a leptophobic vector which couples to
neutrinos and quarks, but not significantly to charged
leptons, these bounds would not apply. Such a scenario
can be realized, for instance, if neutrinos mix with sterile
states charged under gauged baryon number [3], 4].

3.3. Limits on Leptophilic Scalar Mediators

We finally discuss the constraints on leptophilic scalar
mediators shown in the bottom right panel of Fig. [3| In
deriving these limits, we have included the 8B, CNO, 7
Be and pp solar neutrino fluxes, where the latter is by far
the dominant contribution to neutrino—electron scatter-
ing in the ROI of PANDAX-4T and XENONnT. We find
that solar neutrinos from 8B, CNO and 7 Be contribute
less than 1% to the total electron scattering rate in the
ROI of PANDAX-4T. We focus here on the PANDAX-4T
S2-only analysis, since in the combined S14-S2 data sets,
electron recoil events are efficiently subtracted. To con-
vert the efficiency curves shown in Fig. [2|] from nuclear
recoil to electron recoil equivalent energies, we use the
Lindhard model with k = 0.1332%/3A~1/2 [74]. Further-
more, neglecting BSM physics arising from CEvNS, we
can use an upper limit on the number of signal events
of Nsi(E’SHsz < 9.71. We have also derived projected
limits from the future XLZD experiment, using the same
experimental parameters as above.

We find that the limits from PANDAX-4T (S2) im-
prove upon those obtained from complementary labora-

5 Weaker but complementary constraints to the ones derived in
Ref. [72] could be obtained with the observation of a future Su-
pernovae [73].

tory experiments like BOREXINO, CONUS, Dresden-I1
and COHERENT at sufficiently small mediator masses
me S 0.1MeV thanks to the smaller energy threshold
compared to BOREXINO and the larger exposure com-
pared to CONUS. However, the existence of such light
scalars would be in tension with BBN. PANDAX-4T is
not competitive with BOREXINO and COHERENT at
larger mediator masses, and only a future XLZD-type
detector could achieve a (marginal) improvement.

4. CONCLUSIONS

The recent observation of a “fog” or “floor” of solar
neutrino interactions in the dark matter direct detection
experiments PANDAX-4T and XENONnT marks a mile-
stone in astroparticle physics, opeing a new window to
possible physics beyond the SM in the neutrino sector.
In the first part of the present paper, we have discussed
the event rates due to CEvNS, the Migdal effect, and
neutrino—electron scattering in the energy window of in-
terest to dark matter experiments. The fact that the
Migdal effect and neutrino—electron scattering are non-
negligible impacts in particular the analyses based solely
on the ionization signal (S2-only anlyses). (In nuclear re-
coil analyses, the Migdal effect is included in the quench-
ing factor calibration, and neutrino—electron scattering
events are efficiently rejected.)

We have then derived novel constraints on light scalar
and vector mediators using both the S14+S2 and the S2-
only datasets of PANDAX-4T and XENONnT. We have
found that both experiments provide leading constraints
at mediator masses < 50 MeV thanks to their extremely
low energy thresholds and low background rates. At
larger mediator masses, their constraints are similar to
those from COHERENT.

Large-scale dark matter direct detection experiments
have become exquisite neutrino detectors, and a precise
understanding of the event rate at these experiments is
not only crucial to claim a future potential dark matter
signal, but also to elucidate if neutrinos have interactions
beyond the Standard Model.
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NOTE ADDED

During the completion of this work, Ref. [75] ap-
peared discussing the impact of light mediators on elastic
neutrino—electron scattering and CEvNS at PANDAX-
4T and XENONNT. Our results are qualitatively compa-
rable to these, but we also derive prospects for the future
XLZD experiment. We further discuss the impact of the
Migdal effect in these experiments.

A. DERIVING LIMITS FROM THE CSI
DETECTORS IN COHERENT

COHERENT is an experiment designed to measure co-
herent elastic neutrino—nucleus scattering (CEvNS) using
neutrinos from a stopped-pion source. In 2017, the exper-
iment achieved the first observation of CEvNS [17], and
it has since released a substantial amount of additional
data [76]. Here, we explain our procedure for fitting this
data.

COHERENT present their data as a list of events, each
characterized by its reconstructed energy, Fi.., and time
relative to the arrival of the primary proton beam spill,
trec. The expected number of events in the i-th energy
bin and j-th time bin is

Nij = NT/dt dErec dEnr dEl/ EE (Erec) Et (trec)

do®A(Ey, E,)

X R(EremEnr) dE

e
A

fH(EY) g% (trec),

&I

H,
C

,e
I

o

(A1)
where F, is the neutrino energy, Fy, is the nuclear recoil

energy, ‘Z‘E—QA is the CEvNS cross-section for neutrinos
of flavor v on target nuclei of species A (see Eq. ),

COHERENT (CsI) bound on neutrino non-standard interactions
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FIG. 4. 90% C.L. bounds on neutrino non-standard inter-

actions (via the parameters €%, and €%, ) from CEvNS at CO-
HERENT (CsI). Our bounds (green) are compared to those
from Ref. [76](orange).

and the detector response function R(Frec, Enr) maps
nuclear recoil energies onto reconstructed energies. The
functions eg(Frec) and e¢(trec) are efficiency factors. Fi-
nally, f(E,) g(trec) is the neutrino flux, factorized into
an energy spectrum and a time profile. The function
f(E,) is taken from Ref. [77], while the others inputs are
taken from the COHERENT data release accompanying
Ref. [76] as ancillary files. The sum in the second line of
Eq. runs over the three neutrino flavors produced in
7w+ decay and over the two target isotopes. The integrals
over tye. and Eie. run over the width of bin (¢j), while the
E. integral runs over the interval (0, m,/2), where m,, is
the muon mass. For the neutrino energy, the integration
is performed over the range (E™in, E™8%) where E™" is
the minimum neutrino energy for a given recoil energy
(see Eq. ) and E'** corresponds to the endpoint for
each flavor in 7 decay.

We consider three sources of background: a steady-
state background, and two beam related backgrounds,
namely beam-related neutrons and neutrino-induced
backgrounds. These are described and parametrized in
the supplementary materials of the data release accom-
panying Ref. [76].

To incorporate the effect of a new light mediator we
add to the cross section in Eq. the new physics
contribution according to Eqgs. (14]) and for the scalar
mediator, or according to Eq. (1) with the replacement
Eq. , which yields comparable results to [54].

Finally we perform a maximum-likelihood fit using
a Poissonian x2 to comparing the predicted event rate
to the observed one from Ref. [76]. We introduce six
nuisance parameters that parameterize variations in the
neutrino-to proton-yield (essentially, the normalization
for the number of events), the normalization of the three
backgrounds, the energy efficiency parameters (assumed
to be fully correlated), and the time at which the neu-
trino burst sets on. The latter nuisance parameter is left
unconstrained, while the rest are assumed to be small.

This yields the bounds shown in Fig. which are



comparable (up to a factor ~ 1.5) to those obtained in
Ref. [69] for CsI in both the scalar and vector cases. We
further compare our results with those from the COHER-
ENT data release in Ref. [76] in Fig. In this plot,

we show in particular bounds on neutrino—quark non-

standard interaction parameters (corresponding to the
limit where the mediator mass squared is much larger
than the momentum transfer of the scattering). It can
be appreciated that our bounds agree very well with those
from the experimental data release.
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