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ABSTRACT: Coherent elastic neutrino-nucleus scattering (CEvNS) represents a powerful
tool to investigate key electroweak physics parameters and neutrino properties since its
first observation in 2017 by the COHERENT experiment exploiting the spallation neu-
tron source at Qak Ridge National Laboratory. In light of the recent detection of such a
process with antineutrinos produced by the Dresden-II reactor scattering off a germanium
detector, we revisit the limits so far set on the neutrino magnetic moments, charge radii
and millicharges as well as on the weak mixing angle. In order to do so, we also include
the contribution of elastic neutrino-electron scattering, whose effect becomes non negligi-
ble in some beyond the Standard Model theories. By using different hypotheses for the
germanium quenching factor and the reactor antineutrino flux, we rovide a measurement
of the weak mixing angle at the low-energy scale of the Dresden-1I reactor experiment and,
thanks to a combined analysis with the latest cesium iodide and argon data set released by
the COHERENT Collaboration, we deliver updated limits for the neutrino electromagnetic
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Leading actor I ji

o Full CEvNS dataset with 14.6 kg CsI scintillating crystal and neutrinos
from tDAR

o 306 £ 20 CEVNS events: 11.60 significance
-
o Tobe compared with prediction: 383+11(th)+42(ex) events

Result is consistent with SM prediction at 1o

Double exposure wrt 2017 and updated quenching factor model
Flux uncertainty now dominates the systematic uncertainty.
Overall systematic uncertainty reduced: 28% —13%
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Leadingactorll |
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o 2020 first results using Ar, aka CENNS-10.

o Active mass of 24 kg of atmospheric argon

o Single phase only (scintillation), thr. ~20 keV,,,

v Two independent analyses observed a more than 3o excess over

background

v 8till collecting data, more precise results expected soon.
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Leading actor III |

96.4 day (Rx-ON) exposure of a 3 kg ultra-low noise
germanium detector (NCC-1701)

=
o

10.39 m away from the Dresden-II boiling water reactor
(P=2.96Gw,)
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Low energy threshold: 0.2 keVee

25 days of reactor off (Rx-OFF) 1Ge M-shell EC

contribution
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The background comes from the elastic scattering of

epithermal neutrons and the electron capture in "Ge
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Strong preference (p<1.2x10-3) for the presence of CEVNS : 2 0.-6 . 0.8
is found, when compared to a background-only model. 1onization energy (keVee)

E Colaresietal, PRL. 129, 211802 (2022)




Germanium quenching factor

The electron-equivalent recoil energy T,, observed in the detector, is transformed into the nuclear recoil energy T,,-in the CEVNS

rate by inverting the relation
Te = an Quenching factor

prrrrrT o pr | ARARARAAN T T o LARARARARE g
3 ---- Lindhard (k=0.157) ]
— iron filter (Fef) E
—— photo-neutron (YBe) 1

For germanium, for consistency with the Dresden-data we consider two
models based on experimental measurements taken from PRI 129, 211802 (2022)

» from photo-neutron source measurements (YBe)

> from iron-filtered monochromatic neutrons, (Fef), that consistsina
simple linear fit of the four data points for T,,, <1.35KkeV and is extended
above this range with the standard Lindhard model with k = 0.157.

E Collar etal, PRD 103,122003 (2021)

Very debated within the community: see W. Maneshg talk on “Recent
results from the CONUS experiment”. CONUS data are compatible with
the Lindhard theory with a parameter k of 0.162 + 0.004 (stat+sys).

Tension with Dresden-II results.
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E Lindhard et al, Notes on atomic collisions (1963)




CONS

Antineutrinos @nuclear power
reactors: larger background
without pulsed source, less
significant CEVNS signal.

Lower neutrino energy in
combination with low en.
thresholds: no information
available on Rn.

Results very sensitive to the
Germanium quenching factor
parametrization used.

Needs to clarify

measurements at low
energies.

Absence of muon neutrinos:
some BSM theories/parameters
can not be studied.

Why
including
Dresden-11
(reactor)
data?

PROS

Antineutrinos @nuclear power
reactors: continous and well-
localized source, intense fluxes,
low energy.

Lower neutrino energy in
combination with low en.
thresholds: negligible
dependence on Rn (robust limits)

Provide a weak mixing angle
measurement at lower energies
independent from Rn.

Dependence on 1/T,of some new
physics scenarios allows us to
put more stringent limits (e.g.
neutrino magnetic moment)
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LLASTIC Y —ELECTRON SCATTERING _____&;

o v-electron elastic scattering (ES) is a concurrent process to CEVNS
o Inthe SM, its contribution to the total event rate is small and can be neglected

o Incertain BSM scenarios the ES contribution increases significantly » Allows us to achieve stronger constraints !

i SM neutrino = 2sin’ Oy + 1/2, 1/2, . )
Neutrino energy Mass of the electron ng sin” b + 1/ iﬁ /2, radiative corrections
\ l electron coupling gy = 2sin 6y — 1/2, 947 = —1/2

dO-ES(EV’T) Gy F Me L 1\ 2 / Vi ViN2 Te 1\ 2
a7 eff(T) (9v'+94)” + (9y'=9,)* (1 = -)* = ((9)” ~ (9,
e %

"

Electron recoil energ The interaction is not with free electrons but atomic electrons!
Y Quantifies the number of electrons that can be ionized by a

certain energy depositT,.

The Z4 erf(T.) term is needed to correct the cross section derived under the Free Electron Approximation (FEA) hypothesis,

where electrons are considered to be free and at rest (would just scale as 7).
Alternative ab-initio approach: multi-configuration relativistic random phase approximation (MCRRPA) able to improve

the description of the atomic many-body effects |EI PRA 25 (1982) 634
We do not include such contribution for Ar, where the fy, parameter removes electron recoils due to ES







Neutrino charge radius - theory

o Inthe SM, the neutrino charge radii (CR) are the only electromagnetic properties of neutrinos that are different from zero.

o The contribution of the SM neutrino CR is taken into account as one of the radiative corrections to g"j’ (vp)

oy 2 32 2
(ry.)sm = —0.83 x 107*“cm
P ) z

miy (ry Ysm = —0.48 x 10~%% cm

(ng)SM 2 \/— 5

o Inthe SM CR are diagonal in the flavour basis, but in BSM also off-diagonal (transition) CR can be generated.

v-proton coupling without the contribution of the SM CR

do CR 2 N _ ~
cEvNs: (B, Tw) = M (1= ) (@ - Q) 2P17) + N EW(TD)] + Z2FH1T) 3 [Que
e,

A W27 N g
with Qg = 3G Effective shift of the weak mixing angle
F

2 T 2
+ZZ;‘}f(T)m Me [1+(1—Ee) _

ES,CR
_ (daw_ A
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Current best limits: accelerator v, ,, — e scattering. TEXONO —4.2 < (2 ) < 6.6 [10732cm?], BNL-E734 —5.7 < < > < 1.1 [10732cm?] @90% CL




Neutrino charge radius - results

Assuming the presence of transition CR, DRESDEN-II can measure (rz, ), |<r,2,e”>

LA L L O L O

)

10

90% CL

U T T | LLLALLL [T [T |

Csl+Ar : Csl+Ar
Csl+Ar+DI(HMVE-Fef) El g::::::g::ém\éi:;f)
Csl+Ars+DII(HMK-Fef)

Csl+Ar+DII(EFK-Fef)
Csl+Ar+DII(EFK-Fef) Csl+Ar+DII(HMVE-YBe)
Csl+Ar+DII(HMVE-YBe)

S]] Csl+Ar+DII(HMK-YBe)
CEVNS | Csl+Ar+DII(HMK-YBe) Csl+Ar+DII(EFK-YBe)
: Csl+Ar+DII(EFK-YBe)

TEXONO (90% CL)
SM

.\\

ALLOWED TEXONO

REGION o] BNL-E734
: SM

CsI+Ar+DII (Fef)

_Csl+Ar+DII (Ybe)

Yy [1032cm?]

2
<r"uu

2 3 4 5 6 7 8 9

1

il

-30 -10 0 10 20 -20 0 10
(r?2 y [10"%cm?] (re ) [10™%%cm?]
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o Dresden-II and CsI datasets contribute with roughly same precision.

o HMVE, HMK, EFK different flux parametrization: practically independent, highly sensistive to the QF used.




Neutrino charge radius - results

Assuming the absence of transition CR: (r2 ) = (rZ ) and ('rﬁp) = (r2
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o When using the Fef QF we set a better upper bound with respect to that set by TEXONO (6.6x10732¢cm?)

o No effect is found due to ES on the neutrino CR, thus the results are independent of its inclusion
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Neutrino magnetic moment- theory

o Predicted to be null for massless neutrinos.

o Inmininal SM extensions in which neutrinos acquires Dirac masses through right-handed neutrinos the MM is given by

e m
fy = 3eGr m, ~ 3.2 X 10719 (—V) LB C. Giuntiand A. Studenikin
8v/2 72 eV Rev.Mod.Phys. 87 (2015) 531

o Many BSM theories predict a MM larger than this. It adds incoherently to the cross-section:

doM™, ma? [ 1 1
. N (BT..)= — | — — — Z2 FZ 2
CEVNS. dan ( ’ nr) mg (an E) Z ( |q-1

Dependence on 1/T makes Dresden-II
ES, MM 2 ( 1 1 ) data really sensitive to it.

dO‘ A A T
ES: ZT(E, T.) = Zeff(Te)m—g

. FE

COHERENT allows to measure |u,, |, and |u, |.Dresden-IIallows to measure only |u,,|-

Best limits @time of the paper: |y, | <0.29 x 1071°4; GEMMA @ 90% CL (reactor v-e scattering) - also TEXONO and CONUS (CEvNS).
Hy,| < 68X 1071%; LSND @ 909% CL (accelerator v,-e scattering).

End of 2022: new best limits using solar vES in LZ and XENONNT, see N. Cargioli talk on “The role of the elastic neutrino-
electron scattering in constraining the neutrino magnetic moment and millicharge using the LUX-ZEPLIN data’.

-12
|yl <64 % 107 “pup [XENONNT] E PRI, 129, 161805 (2022)
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Not shown in the plot, LZ and XENONNT limits.

Dresden-II data allow us to reduce the bound on | Wy, | with respectto COHERENT by more than one order of magnitude.

QF makes a factor of two difference, Fef being more precise than YBe

The inclusion of ES results in a marginal improvement of the Dresden-II limits of about 10%.







Neutrino electric charge - theory

Even if neutrinos are considered as neutral particles, in some BSM theories they can acquire small electric charges (EC),
sometimes called millicharges

CR 2
CEWS: LuN(p 1) GrM (1_ MTM)

S ) § (6% - Que) ZP2(2) + Sy NFN ()] + Z2F3(4) Y 1Que

nr i U#L

with Qg = 2v2ma Helps to set more stringent limits

Grq? with reactor experiments (low g?2
s p (low g

= —2MTy: andlow en.threshold) and with Ar

vs CsI (smaller Ar mass).
d ES,EC d ES,EC

o o, a2 T.\2 m.T.
ES: vp—A _ vp—A ) (84 [1-{- (]__ _e) e e]
dT, dT, - e e 2 2
SM+Q SM e#L meTe\ E E

Dependence on 1/T? makes ES data really sensitive to it.
COHERENT allows to measure q,, , ¢y, | 9v..r |ve,|» |v.. |- Dresden-II allows to measure the last 3.

Best limits @time of the paper: q,, by GEMMA (reactor v-e scattering) and TEXONO (accelerator v, -e scattering)+CONUS.
qv,, Oy XMASS-I (solar v-e scattering) and LSND (accelerator v,-e scattering).

‘ End of 2022: new best limits using solar vES in L.Z, see N. Cargioli talk on “The role of the elastic neutrino-electron scattering in
constraining the neutrino magnetic moment and millicharge using the LUX-ZEPLIN data” E PRD 107 053001 (2023)
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The latter has been obtained using Equivalent Photon Approximation (EPA) approach
(similar to RRPA for EC) that provides a larger cross-section expecially atsub-keV
energies wrt FEA; 1
Our result can be considered as conservative.




Neutrino electric charge - results
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Alsoin this case the contribution of Dresden-II + ES dominates.




Neutrino electric charge - results
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Conclusions

COHERENT and Dresden-II (reactor) data shows
in constraining neutrino

[e]

properties

o Concerning Dresden-II the impact of the various
v fluxes is negligible, while the QF results in large
differences (not even considering the Lindhard
model): necessity to further discuss the QF at
low energy for germanium.

allows us to tighten significantly the bounds on v
magnetic moment and millicharge.

o Competitive limits on the v millicharge and
charge radii.

o CEVNS process prove to be once again a
to test many and diverse
sector with very competitive precision.
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WHAT CAN WE LEARN FROM CEVNS?

SM vector gb(ve) =0.0382  SMvector

proton p _ tron
| , gP(v,) = 0.0300  neu

\ } 1 |

doEVNS(E,, T,.,-) ~ Gz my my Ty N . »
dT,,, = (1 — 2E?2 ) [gy (Sln (ﬁw)) ZFZ(|q| ) + g}}NFN(lq| )] 2

! | | |

Nuclear recoil energy Weinberg angle  Proton Form Neutron Form
Factor Factor

*when taking into account radiative corrections, see JHEP09(2022)164




WHAT CAN WE LEARN FROM CE

See M. Atzori-Corona, V. De
Romeriand A. Majumdar talks

SM vector SM vector

N _ proton ; : neutron
OULrino eNergy  \Magsofthe nucleus  COupling coupling

\4 l l l See also N. Cargioli and

D. Papoulias’ talks

CEVNS 2
do (Ev,Tnr) ~ GF my (1 _ mNan) [gv (Slll2 (ﬁw)) ZFZ("”Z) + g'I}NFN(lC”Z)]

dan T 2E2

! | | |

Nuclear recoil energy Weinberg angle  Proton Form Neutron Form
Factor Factor

EW
precision

See M. Cadeddu and D. Papoulias’ talks




The Z.term

55, T. > 35.99keV 53, T, > 33.17keV
53; 35.99keV > T. >5.71keV 51; 33.17keV > T. >5.19keV 32, Te > 11.103 keV

51, 5.71keV > T. >5.36 keV 49, 5.19keV > T. >4.86keV 30, 11.103keV > T. >1.4146 keV
49, 5.36keV > T, >5.01keV 47, 4.86keV > T, >4.56 keV 28, 1.4146 keV > T, >1.2481keV
45, 5.01keV > T, >1.21keV 43, 4.56keV > T, >1.07keV 26, 1.2481keV > T, >1.217keV
43, 1.21keV > T, >1.07keV 41, 1.07keV > T, >0.93keV
41, 1.07keV > T, >1keV 39, 0.93keV > T. >0.88keV
37, 1keV > T, >0.74keV 35, 0.88keV > T, >0.63keV
33, 0.74keV > T, >0.73keV 31; 0.63keV > T, >0.62keV
27, 0.73keV > T, >0.23keV 25, 0.62keV > T, >0.19keV
25, 0.23keV > T. >0.17keV 23, 0.19keV > T. >0.124keV
23,  0.17keV > T. >0.16keV 21,  0.124keV > T, >0.123keV 4, T, < 0.0292keV
19, T, < 0.16 keV g T, < 0.123keV

22,  1.217keV > T, >0.1801 keV

20,  0.1801keV > T, >0.1249keV
18,  0.1249keV > T, >0.1208keV
14,  0.1208keV > T, >0.0298 keV
10,  0.0298keV > T, >0.0292keV

Table 2. The effective electron charge of the target atom, Zg%(Te), for Ge.
Table 1. The effective electron charge of the target atom, ZZ4(T), for Cs and L

Specific for each atom, obtained using edge energies from photo-absorption data.

E A. Thompson et al., X-ray data booklet, https://xdb.lbl.gdov/, Lawrence Berkeley National Laboratory, U.S.A. (2009)




The antineutrino flux

In order to derive the antineutrino spectra d Ni;/dE from the Dresden-II reactor we have
considered three different parametrizations, obtained by combining four different predic-
tions for specific energy ranges. In particular, the neutrino spectra are built by combining
the expected spectra for antineutrino energies above 2 MeV from either ref. [72] or ref. [73],
that we indicate as HM and EF, respectively, with the low energy part determined by
ref. [74] and refs. [75, 76], that we indicate as VE and K, respectively. In this way, three
different combinations are obtained, to which we will refer to as HMVE, EFK, and HMK.
These spectra are obtained from the weighted average of the antineutrino fluxes from four
main fission isotopes, namely 235U, 239Pu, 238U and ?4'Pu. In the K prediction [75, 76],
the contribution at low energies from radiative neutron capture on 238U is also taken into
account. The latter has the effect to enhance the spectrum for neutrino energies below
~ 1MeV. In all cases, we set the spectra to zero above 10 MeV. The neutrino spectra for
reactor antineutrinos have been normalized to the antineutrino flux estimate reported in
ref. [36] and corresponding to ®es; = 4.8 x 103 cm 257!, that has been determined consid-
ering a reactor power P = 2.96 GWy;, and a reactor-detector distance of L = 10.39 m [36].




The chargeradii summary

Process Collaboration Limit [10732 cm?]

C.L. Ref.

Krasnoyarsk [(r2.)] < 7.3

Reactor v,-e TEXONO —4.2<(r2 ) <6.6

90%
90%

[94]
[91]°

LAMPF —712< (r) < 10.88

Accelerator v.-e LSND —5.94 < (r2 ) < 8.28

90%
90%

[95]
[96]

BNL-E734 —5.7<(rp ) <11

Accelerator v,-e and v,-e CHARM-II |<7'3u)| <12

90%
90%

[92]%°
[97]*

w/o transition CR —71<(r2)<5

COHERENT + Dresden-II w transition CR —56 < (r2 ) <5

90%
90%

This work®
This work®

w/o trapsition CR ~ —5.9 < (r} )[ <4.3

HERENT + Dresden-II
COHERENT + Dresden w transition CR —58.2 < (7'3“) <4.0

90%
90%

This work®
This work®

“Corrected by a factor of two due to a different convention, see ref. [21].

"Corrected in ref. [93].
“Using the Fef quenching factor.

Table 7. Experimental limits for the neutrino charge radii.




EPA FEA, and RPPA comparison for MM

RRPA: Relativistic Random-Phase Approximation, ab-initio approach able to improve the description of
the atomic many-body effects

EPA: Equivalent Photon Approximation, relates the ionization cross section to the photo-absorption one
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The FEA approach gives similar results to RRPA

for the MM, while EPA doesn’t work well
Taken from N. Cargioli




L PAF

LA and RPPA comparison for EC

RRPA: Relativistic Random-Phase Approximation, ab-initio approach able to improve the description of
the atomic many-body effects
EPA: Equivalent Photon Approximation, relates the ionization cross section to the photo-absorption one
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The EPA approach gives similar results to RRPA

for the EC, while FEA doesn’t work well

Taken from N. Cargioli
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FIG. 9. Present QF results, labeled by calibration technique. A

red band shows the 95% C.L. region for the model-independent

fit of Fig. 2. A dotted line is the Lindhard model with a default

germanium value of k = 0.157 [22]. Previous measurements are

shown in gray: circles [57], squares [9,25], diamonds [65],
! triangles [66], and inverted triangle [51].




