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ABSTRACT: Direct detection dark matter experiments have proven to be compelling probes
for studying low-energy neutrino interactions with both nuclei and atomic electrons, offering
complementary information to accelerator and reactor-based neutrino experiments. Recently,
the XENONnT and PandaX-4T collaborations reported the first evidence of coherent elastic
neutrino-miclens scattering from *B solar neutrinos. Thanks to their excellent background
rejection capabilities and distinctive signal signatures, dual-phase time projection chambers
are also sensitive to pp solar nentrinos via their elastic scattering off atomie electrons in the
target material. Although this signal is subdominant within the Standard Model, it becomes
significantly enhanced in many beyond the Standard Model scenarios, offering a unique
opportunity to probe new physics in the low-energy regime. In this work, we analyze the
latest electron recoil and nuclear recoil data from XENONnT, PandaX-4T, and LUX-ZEPLIN
to probe Standard Model and Beyond the Standard Model physics. While the precision of
current neutrino measurements from such detectors remains lower than that achieved by
dedicated neutrino experiments, their sensitivity to the tau neutrino component of solar
neutrinos helps complete the overall picture, especially when investigating flavor-dependent
new physics effects.
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CEvNS: Coherent Elastic Neutrino-Nucleus Scattering
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 Neutral current process mediated by a Z° boson

* Coherent scattering: the nucleus recoils as a whole
|

Very tiny nuclear recoil @
T <10 KkeV
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CEvNS: Coherent Elastic Neutrino-Nucleus Scattering

N

Very tiny nuclear recoil @
T <10 KkeV

The neutron contribution is much
larger than the proton contribution!

 Neutral current process mediated by a Z° boson

* Coherent scattering: the nucleus recoils as a whole

 Larger cross section compared to those of other
v-nucleus interactions (at the same energy)
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Cross section scales as Ciirl—;w x N2 @



VES: Neutrino-Electron Scattering

Elastic scattering of neutrinos off atomic electrons:

Electron mass
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electrons that can be ionized
for a given energy deposit T

Adv. High Energy Phys. 2014 (2014) 569409
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VES: Neutrino-Electron Scattering

Elastic scattering of neutrinos off atomic electrons:

Electron mass

N
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Electron recoil energy \

Accounts for the nhumber of
electrons that can be ionized
for a given energy deposit T

Adv. High Energy Phys. 2014 (2014) 569409
Atomic Data and Nuclear Data Tables 54.2 (1993), p. 181
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Vector coupling
A

Axial coupling
A

IEI M. Atzori Corona et al., Phys.Rev.D 107 (2023) 5, 053001
M. Atzori Corona et al., Phys. Rev. Lett. 135, 231803 (2025)
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The Sun as a neutrino source

Ve,u,r

E, S 20 MeV

Solar neutrinos are produced through two thermonuclear
reactions: the pp chain and the CNO cycle
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P—
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From backgrounds...

* Direct detection dark matter experiments search for nuclear recoil |E| J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001

signals from WIMPs Dual-phase time projection chamber (TPC)
* lrreducible backgrounds: e, Top Photosensor
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S2: ionization signal



From backgrounds... to signals

* Direct detection dark matter experiments search for nuclear recoil |E| J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001
signals from WIMPs Dual-phase time projection chamber (TPC)
* Irreducible backgrounds: P W -~
Array

nuclear recoils (NR) from CEVNS + electron recoils (ER) from VES =
Anode D—=

LATEST AVAILABLE DATA p—cKenen 6o
-« Gate
XENONRNT PandaX-4T Lux-Zeplin
- Seelle <— Liquid Xenon
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o000 @ ([ 1] ouT
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g Cathode O
S5 Bottom Phot
VES (2022) VES (2025) VES (2025) R
Phys. Rev. Lett. 129, 161805 Phys. Rev. Lett. 134, 041001 Phys. Rev. Lett. 135, 011802 S1 ) i tillat
: primary scintillation
CEVNS (2024) CEVNS (2024) CEVNS (2025) S2: ionization signal
Phys. Rev. Lett. 133, 191002 Phys. Rev. Lett. 133, 191001 arXiv:2512.08065v2
QSee also G. Volta’s, X. Zhou’s and A. Uson’s talks!

First evidence of CEVNS from solar neutrinos! Not considered in our analysis 7



Data analysis

We compare the theoretical number of predicted events to the

CEVNS data from PandaX-4T experimental data:

= Cathode bkg — Prediction |

80|
' MD bkg ¥ Data - CEVNS: Gaussian least-squares function
m 8

o 60F B CEVNS VES: Poissonian least-squares function
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g |
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Q
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The y?comparison shows which values best describe the data
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IEI Phys. Rev. Lett. 133, 191001
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Normalization of neutrino fluxes
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Main contribution from 8B neutrinos, hep flux subdominant
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|IE| Phys. Rev. D 102, 062006 (2020)

q See also V. De Romeri et al., JCAP 05 (2025) 012
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Weak mixing angle

—
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It describes the electroweak coupling
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Well predicted by theory
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sin“fp(Q)

Weak mixing angle

It describes the electroweak coupling

—

— sin?9y

0.245 - . . .
' i Fundamental test of Standard Model
d240 E1p8 N . -
2407 » Well predicted by theory ~ 0.23873 _
_ Qweak\ N [=] Prs. Rev. D 110, 030001 (2024)
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Weak mixing angle

—

0.5 It describes the electroweak coupling
IvGeN
TEXONOI Fundamental test of Standard Model T Sinzﬂw
: PAT (ER)
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1 PAT (NR)
|E| Phys. Rev. D 110, 030001 (2024)
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Q [MGV] T.N. Maity and C. Boehm, Phys. Rev. D 112 (2025) 053001

M. Atzori Corona et al., arXiv:2605.07975v2
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Weak mixing angle
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|E| Phys. Rev. D 110, 030001 (2024)
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See also V. De Romeri et al., JCAP 05 (2025) 012,
T.N. Maity and C. Boehm, Phys. Rev. D 112 (2025) 053001
M. Atzori Corona et al., arXiv:2605.07975v2

» Electron recoil data (lowest energy measurement!)
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Weak mixing angle
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0.5~ ————————_Nuclearrecoil data It describes the electroweak coupling
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» Electron recoil data (lLowest energy measurement!) 1
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Neutrino charge radius

In the SM neutrinos are neutral, but tiny charge radii are generated
by radiative corrections to the vector couplings:

CEVNS:

vES:

s N
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" F J
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5 2Tt
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\ F J

12



Neutrino charge radius

10- R S T In the SM neutrinos are neutral, but tiny charge radii are generated
'l‘" — XnT (ER) T 3 by radiative corrections to the vector couplings:
iyl — P4T (ER) i
:\\1 LZ (ER) : / - ~
8 :[ -— XnT (NR) : ! | p ~D V2na 2
Al - - PAT (NR) i CEVNS: 9 =9v ~— 3¢ (r3,)
6 4 \/_ N
21T
3 VES: gl =dgv+ (r2 )
< . . 3G ' y,
, (r2 )(Global fit) = 7.5*772, x 10732cm? 1oCL
(r2 )(Predicted) =~ —0.30 x 1073?cm?
0_

Most stringent constraints on (r,z,r)
from neutrino scattering experiments

Global fit

Q See also M. Demirci et al., Phys. Rev. D 112 (2025) 095035
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Neutrino electromagnetic properties

Magnetic moment

* Inthe simplest extension of Standard Model.:

my
eV

difference between
theory and experiments!

7 orders of magnitude
w, < 3.2 % 10—19( )yB <

* Bestupperlimit on solar neutrinos: u,, . < 6.4 X 102 g

|]E| XENON Collaboration, Phys. Rev. Lett. 129, 161805
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Neutrino electromagnetic properties

Magnetic moment

* Inthe simplest extension of Standard Model.:

my
eV

_ difference between

<

7 orders of magnitude
w, < 3.2 % 10—19( )yB

theory and experiments!

* Bestupperlimit on solar neutrinos: u,, . < 6.4 X 102 g

|]E| XENON Collaboration, Phys. Rev. Lett. 129, 161805

do™: 72 ( 1 1 ) , th, |
CEVNS: £ = — - Z2F2(|q%) | =
dT mﬁ ,Tlnr L, Z(|_1 ) H“B
Strongly depends on recoil energy!
MM
JES: do,, "4 _ ZA~(T )my2 1 B i Pov,
dT. eff\=e m2 \T. F ) |ug
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Neutrino electromagnetic properties

Magnetic moment Millicharge
* Inthe simplest extension of Standard Model.: * |nsome BSM scenarios neutrinos can acquire a small
m 7 orders of magnitude electric charge q,, (millicharge)
w, S 3.2 X 10~19 (_k) Ug < difference between
v eV ) theory and experiments!

* Strongest constraint from neutrality of matter :
* Bestupperlimit on solar neutrinos: u,, . < 6.4 X 102 g

—21 JHEP 05 (2000) 003
|]E| XENON Collaboration, Phys. Rev. Lett. 129, 161805 qV < 10 eO E
do™:  7a? [ 1 1 f T 2 2V2na
CEVNS: " = - A A CEVNS: P _ gP _
|
Strongly depends on recoil energy!
. 2\/2na
VES: Ve _ Vyp +
MM 9v = 9y Gr 02 qv,
- 2
VES: dgf/f-«‘l _ Z'A(T )ﬂn{ 1 . i Fv,
dT. eff\=e m2 \T. F ) |ug
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Neutrino electromagnetic properties

Magnetic moment

* Inthe simplest extension of Standard Model.:

7 orders of magnitude
difference between
theory and experiments!

my
<32 x10° 19 (—) <
Uv eV .uB

* Bestupperlimit on solar neutrinos: u,, . < 6.4 X 102 g

|]E| XENON Collaboration, Phys. Rev. Lett. 129, 161805

2

do)'™; 72 ( 1 1 ) , T
CEVNS: £ = — - Z2F2(|q%) | =
dT mﬁ ,Tlnr L, Z(|_1 ) H“B
Strongly depends on recoil energy!
MM
JES: do,, "4 _ ZA~(T )my2 1 B i Pov,
dT, 2 \T., E)|pus

Millicharge

In some BSM scenarios neutrinos can acquire a small
electric charge q,, (millicharge)

Strongest constraint from neutrality of matter :

g, < 10721 ¢, [=) s+eP 05 (2000) 003
p_ D Zﬁﬂa
CEVNS: gy =gy — o v,
VES: V{) — V{, + Zﬁﬂa q
gV gV GF qz Vp
|g| =~ V2MT  Strongly depends on recoil energy!
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Neutrino Magnetic Moment p,[up]

Neutrino electromagnetic properties

Magnetic moment Electric charge
| I 1 L | | |
x COHERENT - i LSNDx
1079- BNL-E734 _ e 107°¢ E
i ¥ LAMPF N
Super-K ] O 3
TEXQNO B - o 10 10.. E
q — :
" CQNUS+ WAMASST - [

10777 munuse kamland = -2 107+ .
E CONUSTEXONO Csl i — : CONUS mXMASS:
[ - [ eTEXONO Cs| ]
PAT (ER) 7 .8 f P4T (ER):
10—11_ ) B . -
- 3 10-13- ; -
‘ XnT (ER)I : D : :
- Z F XnT (ER)
| I I ] 10—14-_ I I | ]

Ve Vyu Vs Ve vV Vs

Neutrino Type Neutrino Type

Q See also M. Demirci et al., Phys. Rev. D 112 (2025) 095035

Magnetic moment

. (XnT — ER) < 7.8 x 10",
fiy.(PAT — ER) < 14 x 10~ 2,
po. (LZ —ER) < 11 x 10~ pup.

Electric charge

—1.4 < q,,(XnT — ER) [10 *¢g] < 1.7,
—2.5 < q,, (PAT — ER) [10™*¢g] < 2.5,
2.3 < q,,(LZ — ER) [10™"3¢g] < 2.2,

Strongest laboratory constraints!

15



Light mediators

* New vector mediator Z’, similar to
the Z boson but lighter

4 ﬁf * The new boson couples directly
only with u and 7 flavours

(Z,N) (Z,N)

I]EI N. Cargioli, PhD Thesis
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——XnT (ER) |
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Q See also M. Demirci et al., Phys. Rev. D 111 (2025) 055032 16



Light mediators
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the Z boson but lighter

4 ﬁf * The new boson couples directly
only with u and 7 flavours
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I]EI N. Cargioli, PhD Thesis
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Q See also M. Demirci et al., Phys. Rev. D 111 (2025) 055032 16



Conclusions and outlooks

* Direct detection dark matter experiments provide a powerful tool to probe low-energy neutrino
interactions with nuclei and atomic electrons

 CEvVNS and vES data enable tests of SM and the exploration of BSM scenarios

* Mainresults: upper limit on hep flux, lowest energy determination of weak mixing angle,
strongest laboratory constraints on electromagnetic properties

What’s next?

The current analysis could be revisited with upcoming dark matter data

\ CEVNS data from Lux-Zeplin and from XENONNT’s SR2 data (see G. Volta’s talk)

Including inelastic channels for a more comprehensive picture
\ First evidence of neutrino absorption on argon with solar neutrinos by DEAP-3600 Collaboration (see G. Vera Diaz’s talk)
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Neutrino interactions with nuclei at low energies

The spatial scale that can be probed is determined by the de Broglie wavelength of the mediator 1,0 = %

Inelastic incoherent Elastic incoherent Elastic coherent (CEvNS)
Azo K 2R Azo S 2R Azo 2 2R

I]EI EPL 143 34001
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The proton and neutron form factors account for the spatial distribution of protons and neutrons inside the nucleus

| 3
F3¥(q%) =

Tqa wqa sin(qc)

qc |(qe)? + (wqa)?|

sinh(7qa)

tanh(mwqa)

— qccos(qe)

Symmetrized Fermi
parameterization

c: half density radius, a: diffuseness parameter, t: thickness [t = 4ain(3))]

t defines the distance between points where the proton
density drops from 90% to 10% of the plateau value

q R

€

FHelm (‘(ﬂ2) _ 3jl(qRD) —

q1%s% /2

J1: first-order spherical Bessel functions

s: surface thickness
R: box (or diffraction) radius

Helm parameterization

Cross Section (107*° cm?)

—— SM prediction without form factors
SM prediction with form factors
= COHERENT measurements

1

0 10 20 30 40 50 80 70 80 90
Neutron Number

IEI EPL 143 34001
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Effective electron charge Z .¢¢

Zoff is obtained by using the binding energies of the atomic shells, extracted from photo-absorption data

I]EI Atomic Data and Nuclear Data Tables 54.2 (1993), p. 181

Xe
Z o

T
3 E,=30 MeV = et Z - W Ar
Ve—€ B Ge F Xe
101 05 1 5 10 50

T,keV]

Stronger effect for heavier atoms!

Xe _
Z('['E' -

54, T. > 34.561 keV

52,  34.561keV > T, >5.4528 keV
50, 5.4528 keV > T, >5.1037 keV
48, 5.1037 keV > T, >4.7822 keV
44, 47822 keV > T, >1.1487 keV
42,  1.1487 keV > T, >1.0021 keV
40, 1.0021 keV > T, >0.9406 keV
36, 0.9406 keV > T, >0.689 keV
32, 0.689 keV > T, >0.6764 keV
26,  0.6764 keV > T, >0.2132 keV
24,  0.2132keV > T, >0.1467 keV
22, 0.1467 keV > T, >0.1455 keV
18,  0.1455keV > T, >0.0695 keV
14, 0.0695 keV > T, >0.0675 keV
10, 0.0675 keV > T, >0.0233 keV

4, 0.0233 keV > T, >0.0134 keV
2, 0.0134 keV > T, >0.0121 keV
0, T, <0.0121 keV

I]EI Nicola Cargioli, PhD Thesis
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Neutrino charge radius

* Inthe SM neutrinos are neutral and there are no electromagnetic interactions at tree-level

* Aneutral particle can be seen as a superposition of two charge distributions of opposite signs:
Neutrino charge radius

(—) (—) (—)
Vy Vy Vy

(r°) ~ —8.3 x 107%% cm?
(r? ) ~ —4.8 x 107 cm?
(rz ) ~ —3.0 x 107* cm?.
22



T neutrino charge radius

Marginal Ay? for the T neutrino charge radius from each solar neutrino dataset:

—83 < (r7_ ) (XnT —ER) <88, —95<(r2 )(XnT —NR) < 35,
—94 < (r; ) (PAT —ER) <99, —105< (r; )(P4T —NR) < 46,

T

—96 < (r2 ) (LZ — ER) < 100. 90% CL

Vr
We consider constraints on the muon and electron neutrino charge radii from a
global fit of neutrino data to strenghthen the precision on the t flavor:

(ry, ) (Global Fit) =2.2755 x 107%% cm?, (frf,”) (Global Fit) = —0.197022 x 107°% cm”

E M. Atzori Corona et al., Phys. Rev. Lett. 135,231803

r2 ) (Global Fit) = 7.579°. x 107**cm? | 1oCL
v, 11.7
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Light vector mediators

Extended SM gauge group: SU(3)C><SU(2)L.><. U(l)y

Diagrams contributing to CEVNS

(=1 —) (—1

(
Vepr Vepr Vapg

Z!

(Z,N) (Z,N) (Z,N)

Tree-level One-loop level

I]EI Nicola Cargioli, PhD Thesis

SUB)exSU2),xU(1)y

Tree-level

One-loop level

Model | Q, Q| Q Q Q
universal 1 1 1 1 1
B—L /3 1/3| -1 -1 -1

B - 3L, /3 1/31 -3 0 O
B -3L, /3 1/3] 0 =3 O
B-2L.—-L,|1/3 1/3] -2 -1 O
B-L.—2L,|1/3 1/3|-1 =2 0
B,+L,+L.|1/3 1/3] 0 1 1
L.—1L, 0 0 1 -1 0
Le— L, 0 1 0 -1
L,—L; 0 0o 1 -1
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data/SM (v,)
(F'S]

(N

Other results: Standard Model tests

Consistency between the available CEVNS data and theoretical predictions

data/SM (v,)

Data/SM (v,)

Data/SM (v;) < 2.5 at 1o CL

' 4]

: E ! g |
ol - - XnT (NR) ;

B SNS Comb g i

N - P4T (NR) '

e Reactor Comb 2

E — CEvYNS Comb : 99% |

B - = XnT (NR) ’ |

Ry 6/ :

3 : N /

» ~-- P4T (NR) S '

S 3 ;

~ . —— CEvNS Comb 4 /, %

N 2 9%

10 CL e AT el

1 2 3 -4 5 4 6 10
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Other results: non-standard neutrino interactions (NSI)

A heavy mediator modifies the neutrino-quark
90% CL coupling by an energy independent contribution:

!

0.5
Modified weak charge of the nucleus
enst = (v (ve) H 228 + ) ZFz([d%) + (9% H et +2¢7 ) NFn([dl?)
Zz238 0.0
8 :
+ SM
osl .- l%é;?tgr“é*(‘)ﬁ:b RN = Simplified scenario with only two nonzero NSI
' & x=XnT (NR') SN parameters, only involving the electronic neutrino
..... P4T (NR) flavor
—— CEvNS Comb
10 = VES cross section is not affected
-1.0 -0.5 0.0 0.5 1.0
EdV

cc
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Inelastic interactions with nuclei

Inelastic interactions are subdominant with
respect to CEVNS, but...

= Can constitute a background for neutrinos
AN and dark matter experiments

Neutral Current (NC)

ve A]\f—>ve AN

= Are useful to detect solar and supernovae

neutrinos
Charged Current (CC)
=  Can provide a better understanding of the

A — A *
—
+ 7N e” + 75N nuclear structure

Z+1
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Data analysis

Poissonian least-squares function:

. chp
=25 |(1+ )N 8 + (1 + B)NVES — NP 4 N™P1p d 1
X = Z (1+5) (14 a)NPX8 4 (1 + B)NVES
B2
() (5;) (2:8)

Gaussian least-squares function:

2
f NP — (14 7)NOPNS 5 (14 p) N*® 7\ i\
=¥ LEeNT) (1) oy (2

Oexp

7

Gaussian least-squares function used for US2+paired data from P4T(NR):

3\ 2 exp CEVNS \ 2 2
2 _ N{}I}"{i% T (1 + ?))NSCI::QVN&‘ Npaircd o (1 T ?})N alr!éd n
XUS2+paired — 7 US2 =+ paired + O'—
exp exp 1

28
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