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Coherent elastic ne
scattering (aka CEVNS)

Y A pure weak neutral current process
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In general, in a weak neutral current process which involves
nuclei, one deals with nuclear form factors that are different
for protons and neutrons and cannot be disentangled from the
neutrino-nucleon couplings!

utrino nucleus
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+ Neuiirlno-nucleon tree-level couplings
gy = 5 2 sin?(9y,) = 0.02274

1
-91[} = —E = —0.5

+ Radiative corrections are expressed in
terms of WW, ZZ boxes and the neutrino
charge radius diagram — Flavour dependence
\ )
Y

P (ve) ~ 0.0381, g (v,) = 0.0299 gy ~ —0.5117

Nuclear physics, but since do
g ~—0.51>» gl (v,) ~ 0.03
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I: M. Atzori Corona et al. Refined determination of the weak
mixing angle at low energy, arXiv:2405.09416 (2024)
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Neutron form factor dependence in CEvNS cross section
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The Csl neutron skin fixing sin®(9yy)

If we fix the value of sin?9y, at |
L M. Atzori Corona et al., EPJC 83 (2023) 7, 683 e
the SM prediction (0.23863(5)) arXiv:2303.09360 Neutron skin: Ry, (CsD)- Ry, (CsI)

fhen we obtain (1B AL [Rn (CsD) = 5.47 + 0.38 fm } ARy, (Csl) = 0.69 + 0.38 fm
~7% precision

Theoretical values of the neutron skin of Cs and | obtained

2 _ : : : :
0 Ry (CsD=5.47+0.38 fm )"y = 85.2 with nuclear mean field models. The value is compatible
8 : — ‘ - 127:[ - ‘ hlSBCS k

‘ | Model REO™ R, RP™ R, ARES™AR,,|RE®™ R, RE®™ R, ARVS™AR,,
—— SHF SkI3 [81] 168 4.75 4.85 4.92 0.17 0.7 | 4.74 481 4.91 498 0.18 0.18
: ° SHF SkI4 [81] 467 474 4.81 4.88 0.14 0.14 | 4.73 4.80 4.88 4.95 0.15 0.14
6 SHF Sly4 [82] 471 478 4.84 4.91 0.13 0.3 | .78 4.85 4.90 4.98 0.13 0.13
SHF Sly5 [82] 470 4.77 4.83 4.90 0.13 0.13 | .77 4.84 4.90 4.97 0.13 0.13
oy SHF Sly6 [82] 470 4.77 4.83 4.90 0.13  0.13 | 4.77 4.84 4.80 4.97 0.13 0.13
< SHF Slyad [83] | 4.71 4.79 484 491 0.13 0.12 | 478 4.85 4.90 4.97 0.12 0.12
4l 20 SHF SV-bas [84] | 4.68 4.76 4.80 4.88 0.12 0.12 | 4.74 4.82 4.87 494 0.13 0.12
SHF UNEDFO [85] | 4.69 4.76 4.83 4.91 0.14 0.14 | 4.76 4.83 4.92 499 0.16 0.15
. SHF UNEDF1 [86] | 4.68 4.76 4.83 491 0.15 0.15 | 4.76 4.83 4.90 4.98 0.15 0.15
90% CL SHF SkM* [§7] | 4.71 4.78 4.84 4.91 0.13 0.13 | 4.76 4.84 4.90 4.97 0.13 0.13
) SHF SkP [8S] 472 480 4.84 491 0.12  0.12 | 479 4.86 4.91 498 0.12 0.12
RMF DD-ME2 [89]| 4.67 4.75 4.82 4.89 0.15 0.15 | 474 4.81 489 4.96 0.15 0.15
16 RMF DD-PC1 [00] | 4.68 4.75 4.83 4.90 0.15 0.15 | 4.74 4.82 4.90 497 0.16 0.15
RMF NL1 [91] 470 478 4.94 501 023 023 | 476 4.84 501 508 025 0.24
RMF NL3 [92] 4.69 4.77 4.89 4.96 020 0.19 | 4.75 4.82 4.95 5.03 021 0.20
=20 15 50 55 6.0 65 70 RMF NL-Z2 [33] | 4.73 4.80 4.94 501 0.21 0.2 | 479 486 5.01 5.08 0.22 0.2
RMF NL-SH [94] | 4.68 4.75 4.86 4.94 0.19 0.18 | 4.74 4.81 4.93 5.00 0.19 0.19

R, (CsI)[fm] 7



Weak mixing angle from CEvNS only
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If we fix the value of the neutron
radius of Cs and | and we fit for
the weak mixing angle only we
obtain:

sin®9y,, = 0.23119:957

The precision on the weak mixing
angle using CEvNS is poor because
of the neutrino-proton coupling
suppression!

M. Atzori Corona et al., EPJC 83 (2023) 7, 683.
ArXiv:2303.09360



Electroweak probes available

+ We can combine many electroweak processes to extract R (Cs) and sin?9y,.

» Atomic Parity Violation (APV): atomic electrons interacting with nuclei-
Cesium (Cs) and lead (Pb) available.

M. Cadeddu and F. Dordei, PRD 99, 033010 (2019),
arXiv:1808.10202

i+ Atomic Parity Violation APV(Cs) and

CEvNS depends both on the weak charge
and thus on R, (Cs) and sin?d9,,

+ We can combine APV(Cs) and 0242
COHERENT(Csl) to obtain a fully g 20
z

Mediated by photons. Mediate(':I\ES/"t-I;le Z. Mostly data driven measurement of the S, 023

Sensitive to the charge  sensitive to the weak WMA in the low energy regime! % 26
(proton) distribution (neutron) distribution. % 02
e
f&] o
SM _ . 2 nSMY _ 2
W ~Z(1 4 sin GW) N % o

» Parity Violation Electron Scattering (PVES): polarized electron
scattering on nuclei- PREX(Pb) & CREX(Ca)

» Coherent elastic neutrino-nucleus scattering (CEvNS)- Cesium-iodide
(Csl), argon (Ar) and germanium (Ge) available.

PVES

used for R,

APV

used for sin?(Oy)



. E M. Atzor/ Corona et al S
Electroweak only fit 026 "ot o &
~ PRD 110, 033005 (2024) ég .
+ We perform a fit using Electroweak (EW) only : \3 /
information removing the R,(Cs) input from CSRe 0.25 QR 7
I A\..,,"' _.'.
+ < | Qq/ /;
_ T :
+ COHERENT Csl 2 0.24/ -
M. Atzori Corona et al. PRC 105, 055503 (2022), C ] : i
+ APV(Pb)+PREX-II Arxiv: 2112.09717, ‘D | EW comblned
« APV has been measured also using lead. _ «Goodé feement between
- Moreover PREX-Il has measured the Pb neutron skin with 0.23! d'ffere[j,t probes»
Parity Violation Electron Scattering (PVES). ‘
I\ \ 0.30; ' - ; \
________ \' el i ; .
| o | 7 0.22) =" N _COH_ 7
| We can profit from a\, - o025 R N ee — — _
very nice correlation \ = | R\mm};;;z”; " To CL
between Ry(Cs)and 1\ &, ol 4. /4.8 5.0 5.2 5.4
| Ry(PD) withinmany =~ - 133
| theoretical nuclear  / 52 SHH&EEEFED, i rns Rn("°°Cs) [fm]
| models to translate / 5 °'15i —— :’iadm it /
| R,(Pb) to R.(Cs) / A SH”“T/ SUGarme v" Pros: only electroweak probes used
I / 0.10] i non—EW on Pb . :
_________ / B |« Cons: we should trust the theoretical
| O 10 0.15 0.20 0.25 0.30 0.35 0.40 .
M. Cadedduetal. nuclear models for the translation of

ARRY™ (°°Pb) [fm]
PRD 104, 011701 (2021), arXiv:2104.03280

R,(Pb) to R,(Cs)
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Conclusions for sin“9y,

A very nice agreement between the EW fit and that R,(Cs) from proton scattering is achieved!

lo —_—
90% - —
20 - -
99% | -
30- ........
0.26
0.25}
C 0.24. IO
7 ﬁ N
Z T EW combined
0.23!
0.22
4.6 48 50 52

Rn('%Cs) [fm]

0.2396 4+ 0.0017 (EW combined) f
sin?dyy =
0.0020
0.2306+%.0920 (APV/(Cs) + COH + CSRe)
/ v" same central values different uncertainties.
! E158 M. Atzori Corona et al. / -
0.240! * arXiv:2405.09416 ]
i This Work PRD 110, 033005 (2024) ;
0.238! 1 ’
~ S0.236
o C\JE I
@ - APV(Cs)
O'234'(Fixed
‘neutron
0.232}skin)
i Tevatron
- PVDIS ¢ -
0.230¢ - SLC ﬁ
0.001 0010  0.100 1 40 100 1000
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Conclusions for

sin? Yy

RL(CS)

Ra (133Cs) [fm]

APV(Cs)+COH+CSRe| 0.239670-2920

5.04 =0.19

0.2396 £ 0.0017

]EW combined

5.04£0.06 |1.2%

The neutron radius (or skin) of **3Cs tends to be «large» but we

cannot conclude more than this.

v We need precise CEvNS measurements on thls'
— ;;,/ % _:_‘.\'/UVUVOVUVOVO o St Vi O‘UUWO\T/O\VUWU\VOV,‘ = o

=W AN ~

I CEvNS WE TR1®T

v' With COH-CryoCsl-l we can reach same R (Csl)
precison of the current EW combined fit (3.7%) and
with COH-CryoCsl-Il a better precision of the EW

combined fit (0.5%)

Conclusions for R (Cs) and sin?9y,:

«STANDARD MODEL RULEZ»

The COHERENT program for
R, (Cs) for is exciting!

See D. Akimov et al., arXiv:2204.04575 (2022)

M. Atzori Corona et al., EPJC 83 (2023) 7, 683.

ArXiv:2303.09360
6.0
APV(21)+COH
5 5 COH onIy R,(CsD)= 5.06£0.19 fm COH
(e ’ (3.7% precision)
CCS E | EW | CryoCsl-II
=~ 3.5.0 T [ : —
5 COH R,(CsI)=5.06+£0.023 fm ]
0 L
45 APV(Cs)+ CryoCsl-| (0.5% precision) ]
| COH+CSRe 10 kg(~40K) 700 kg. E;,~1.4 keVnr |
2020 2025 2030
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Li ht mediators from
U(1) extensions:
vector boson case

« Search for anomaly free extensions of the SM
(connection with Dark Sectors, Hidden Sectors..)
« Light mediators ~ MeV - few GeVs

The universal model
is not anomaly free

These models
are anomaly
free if the SM

[=] Rev.Mod.Phys. 81 (2009) 11991228
[SU@)L ® Uy ® SUB) — SUR), ® ULy ® SURB) ® U(1) |

. . - is extended

« The effect of the new mediator is quantified by with right-
additional terms in the weak charge of the nucleus handed
neutrinos

G

[(RH@D ZF- (1) + @)+ 22%) NFn(141?)]

Vv Vv
Qasm+v - szsm

Anomaly-free
The coupling of the new vector boson with
the quarks is generated by kinetic mixing of Z’
with the photon at the one-loop level

See also:
Miranda et al. Phys. Rev. D 101, 073005 (2020)
Coloma et al. JHEP 01 (2021) 114

v==2 Y d%

b=e,u,1

M. Atzori Corona et al. JHEP 05 (2022)109,

arXiv:2202.11002
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Constraints on light mediators
from COHERENT data ) P 05 (2032106, andzzopa 100z

Universal vector boso

B — L vector boson
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Constraints on light mediators
from COHERENT data

4‘,
-

10~%

Universal model
- Same coupling to all SM |
« Improved constraints for§

and 2 x 107°<g,, < 10~*
* (g -2),excluded

Universal vector|r====

E For more constraints: M. Atzori Corona et al.

JHEP 05 (2022)109, arXiv:2202.11002

104

107k
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- Phase space still — Csl+Ar -
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i BaBar |
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Limits on v magnetic moment and millicharge

In the SM the channel due to neutrino-electron scattering is negligible with respect to
that of CEVNS, however the contribution due to the magnetic moment and the

millicharge grows as 1/T. Dark matter-searching experiments such a
observe solar neutrinos are sensitive to these quantities

E M. Atzori Corona et al.
PRD 107, 053001 (2023),

s |L.Z XENONNT that arXiv:2207.05036

[For the «neutrino

_ EC :
LM,M Cxe jmz 1 1 My, 2 do'yf . 20 Oy (Te o & ) charge.,rad|us» See
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e m, ¢ HB e |EPA T e m, saturday
Q
= | [ | | : | [ | | ]
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£ Ve Vu Vr Veff Ve Vu Vr Veff

Neutrino Type Neutrino Type
_ 3eoGr ~32 % 10-19 my, > CEVNS limits from COHERENT and Dresden-II detectors competitive. Dresden-Il profits 17
Hy = 8/ 272 m, =23.2X oy | HB from the very low threshold, however the CEVNS signal in Dresden-Il is debated...



I: Atzori Corona et al. PLB _SuperCDMS Coll. Arxiv:2202.07043

Migdal contribution in (> szemmissen ™ © e

arXiv:2307.12911 T & Texono (77 K)

Messous (77 K)
Baudis (77 K)
CoGeNT (77 K) |
- o Jones (77 K) CDMS-II (50 mK)

reactor CEVNS experiments o1 R g )

e < o D

o
T
+

o
2
» The first observation of CEVNS at reactors by Dresden-II [PRL129 211802 (2022)] %'
relies on an [PRD 103, 122003] of the =
measured quenching factor (QF) with respect to the Lindhard prediction (k=0.157). %
> The QF quantifies the reduction of the ionization yield produced by a nuclear Q f = |
recoil with respect to an electron recoil of the same energy. = o
—— EDELWEISS 17
» Since the Dresden-Il result implies an extra observable ionization signal - | ‘ vieldmodel
produced after the nuclear recoil, some authors [PRD 104, 015005, PRD T e I
106, L031702 ] have cleverly interpreted this enhancement as due to the so Nuclear Recoil Energy (keV)
i 100 —————
called Migdal effect M. Atzori Corona et .
% CEYNS al. arXiv:2307.12911 (ﬂfL:m m
° Lindhard P=3 GW,

v" The Migdal contribution to the standard CEvNS signal calculated with the
Lindhard quenching factor is completely negligible for observed energies
below ~ 0.3 keV where the signal is detectable, and thus unable to

provide any contribution to CEVNS searches in this energy 7 ’
regime. : L : SR NI Bi. SN N
s v' A different explanation is thus required! é\/ o 510
det | K€V e

Migdal (Ibe et al.)

10—2_

ifferential Rate / [kg day keVe]

D
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Conclusions

+ CEvNS is a powerful tool for measuring both SM and BSM physics.
+ Combination with other electroweak probes is fundamental in order to break some degeneracies!

+ Many CEvNS experiments are expected to produce results soon!
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| The future is bright!
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Cs neutron skin from
E ?105\—-\'\“‘
: : N i %104— - ex
proton-elastic scattering | § s | fof e
LA = 107 S 10%F . inelastic (E"= 0.161 MeV)
) C
New measurement from proton-cesium elastic scattering = S I A T ———
at low momentum transfer using an in-ring reaction Y g U R N
technique at the Cooler Storage Ring (CSRe) at the Heavy 00 %
lon Research Facility in Lanzhou, which can be included in S E B 10E . exp
the derivation of sin?9,,. The authors employed this value to Tws ° F .
re-extract the COHERENT sin?d,, value by fitting the CEVNS ! I ~ Glauber-Fit
Csl dataset, finding sin?dy, = 0.227 + 0.028. @‘ | | | |
1033 4 ISIIIIBIIII?II
. . 6 (deg)
New direct measurement of the cesium-133 —
neutron skin, AR,,(Cs) = 0.12 £ 0.21 fm available! : !

“Cesium neutron radius determination with hadronic
probes has been historically experimentally
challenging due to the low melting point and
spontaneous ignition in air.”

+ Experiments with hadronic probes are more precise BUT
result interpretation of hadronic probe experiments is
difficult due to the complexity of strong-force interactions.

Hovewer, this is the first DIRECT
determination of R (Cs)!




First results: fit using R (C

+ We combine APV(Cs) and COHERENT Csl adding a
prior on R, (Cs)=4.94 + 0.21 fm coming from the
Cooler Storage Ring (CSRe)

Ry, (*°Cs)[fm]
5.04 4 0.19

Sin2 19W
0.2396 70 5019

Big improvement with respect to our previous result
(arXiv:2303:09360):

sin? Oy = 0.2423700052 R, (CsI) = 5.510 fm

v" Pros: For the first time a direct measurement

on R,(Cs) is used
YES
weE

% Cons: CSRe R,(Cs) still comes from
hadronic probes...

Can we use electroweak only inputs?

0.25

4

s) from CSRe

lo

1190%
1| 20
11 99%
] 30

E M. Atzori Corona et al. Refined
determination of the weak mixing

angle at low energy, arXiv:2405.09416 | |
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https://arxiv.org/abs/2405.09416

Dresden-I| result

+ 3 kg ultra-low noise germanium detector 10 m away from a

reactor

+ the background comes from the elastic scattering of epithermal
neutrons and the electron capture in 7'Ge.

+ The Quenching Factor describes the suppression of the ionization
yield produced by a nuclear recoil compared to an electron recoil.

Electron-equivalent energy:

Te — fQ(an) an

Dresden-Il Ge quenching factor
models

fO(an)
010 0.15 020 0.25 0.30 0.35 0.40 045

 Fef:iron filtered neutron beam
« YBe: photo-neutron source

+ Ultra-low energy threshold

f\o.z <T,<1.5keV,, ]

oo o T T | ARAARARM T |AAARARAAN T ]
E Dresden-Il Ge Quenching Factor| ]

3 ---- Lindhard (k=0.157)

— iron filter (Fef)
—— photo-neutron (YBe)

05 10 15 20 25 30 35 40
Thr [keV]

counts / 10 eV 3 kg day

100

100f

[=| Colaresi et al. arXiv:2202.09672v1

i.%

Rx-OFF (25 d) )
'0
(]

0.6 0.8 1

1.2

lonization energy (keV )

» This feature makes reactor neutrinos very sensitive to possible v
electromagnetic properties (millicharge, magnetic moment) since the
related cross section goes like 1/T

1.4

24



[} [} [}
Migdal contribution LT
CEVNS """"""""""""""""""""""""
Tbe et al. — ,
dop, N e G%ﬂj M, 2 2 ) 10 ref CEWNS
= 1 — ——- ) QuX [Zion(ge)|” S P Rx_ON
AT, Migdal Q 2E °h ' e
Tligda v -~ 1t Z Des';e‘r‘l‘_‘; =================================
. . . . . . . . on - 10f
Where Z,,.is the ionization rate of an |nd|V|duaI electron in the target 3
2 1o-1l  cEs s 1
‘ZIOII qc Z dT dT pq ﬂg _> T ) 2 Lindhard 3 0; 1]11111;EE[EEIItIIIIIII]IIiIIIEEIHII
= CONUS (CTRun-1
p¢ are the jonization probab|l|t|es for an atomic electron with quantum % 1072 N H
numbers n and ¢ that is ionized with a final energy T.. 3

-3
» The formalism developed in PRD 102, 121303 relates the 0 A) s
photoabsorption cross section o, to the Migdal dipole matrix 104 h ] —
element without requiring any many-body calculation. = |
» Photoabsorption cross section is experimentally known, such that = 25, — Lot — Migdal (MPA)
the Migdal rate suffers from very small uncertainties %” 2011 — CEyNSYBe 4 Dresdenil
8 155 — CEyNS Lindhard Residuals
os " GEM My 0? L miTu oCe(E,) 3 1011[11 [F] M. Atzori Corona et al.
d1y,dE, Migdal oo 2F?2 w X 2m2apm M E, T/ E 5:1LL11 H arXiv:2307.12911
) ) ) ) ) g 0 5 MTI{H{LH} t 11,.}}.} gy ﬁ HTENTTRHT
v' The Migdal contribution to the standard CEVNS signal calculated with 3 [T T e e URAE T

the Lindhard quenching factor is completely negligible for observed
energies below ~ 0.3 keV where the signal is detectable, and thus

unable to provide any contribution to CEVNS searches in this energy . A different ex

regime.

Edet [kevee]

0.8

1.0

planation is thus required!


https://arxiv.org/abs/2307.12911

e and the CEVNS background

WIMPS: the futur

A solar/atmospheric

neutrino can mimic a WIMP
signal almost perfectly

0—39

Event Rate dR/dE, [ton™' year'keV™"]

Event Rate dR/dE, [ton™' year 'keV™]

108
=== Total CEnNS background
10%F =~ ~ —=—— WIMP Signal M,=6.6 GeV/c’,
= o=4.8x10"*cm?
10* A\
Y argon
100F— _— e
"‘"'-..\
1
0.01
[AY
10-4 | Y=~
0.001 0.01 0.1 1 10
Recoil Energy E.[keV]
108
=== Total CENNS background
6 H""—-
10 - ——— WIMP Signal M,=5.8 GeV,
LN =4.8x10"* cm?
10% N
100 \
! \
0.01 '\
. |\....___
I ~<
-4 | “~
10 ] a
0.001 0.01 0.1 1 10

Recoil Energy E.[keV]

E .
= } APPEC committee
—40
107 = report
41 — EDELWEISS
" = R \\\ - NF\:EXG DAMIC-M
& 10_42 E?SLI])CI"CDMS(SU \\-«\—--—"i\\_’.
g 10_42 — SuperCDMS (Ge) \‘\
5 10—44%_ ’-—__p’\- \
8 = )
C?;)j 10_45 = v-floor
s i Argon - = Germanium
o é Xenon CaWoO, \
.
\ - WiN .
>>—=" Y Atmospheric
neutrinos
L1l Ll L1l L1l L1 1 1itl L1
0.1 0305 1 3 5 10 30 50 100 300

Neutrino floor/fog

CEvNS produces recoils very similar to those
produced by dark matter, thus limiting sensitivity

1000 3000 10
WIMP mass [GeV/c?] |
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Similarities between neutrino and WIMP spectra

Event Rate dR/dE, [ton™" year 'keV™']

Event Rate dR/dE, [ton™' year 'keV]

A WIMP signal could almost perfectly be mimicked by solar

neutrino backgrounds

108
SOla r === Tptal CEnNS background
106""'--...\ ——— WIMP Signal M, =6.6 GeV/c?,
=~ o=4.8x10~%5 cm?
10* A\
~
100 ———————————— = e——
"'"-.\
1 SB
0.01
Argon \ Atm
10~ | ==
0.001 0.01 0.1 1 10 100
Recoil Energy E.[keV]
108
_§O|a I === Total CEnNS background
~—
10° ~~ ——— WIMP Signal M,=5.8 GeV,
o o=4.8x10"*° cm?
104 N
___________ N
100 \\
1 8B \
oot X N__Atm
-4 l >N
10 1 A
0.001 0.01 0.1 1 10 100

Recoil Energy E.[keV]

/

\

A likelihood analysis which makes use of
the shape information would help in
disentangling WIMP from atmospheric
neutrinos!

% 0.06; Argon === Total CENNS background
pol ——— WIMP Signal M, =200 GeV,
g 0.05 “~_ 48 2
> ~ o=1x10"""cm

Same number of £ oat W

WIMP and 2 \\
o

background T 003, RN

. @ S~ N
neutrino events but § 0, v s . 1~~~ S
. & %% Mainly S~

different shape! = . S=a
w01/ Atmospheric S
5 0.01 N
% neutrinos T S ~—

0.005, 30 50 70 100

Recoil Energy E[keV]
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Neutrino floor/fog

%

Directional
detectors

10-1 100 10!

Can we overcome the neutrino floor at high masses?

Ixcluded

=<

o =

ino fluxes &
CEVNS cross
section

102 10° 104

WIMP mass, my [GeV] _~7 >

WIMPs and solar v's
come from different
directions:
possibility of
distinguishing them
with directional
detectors

Background caused
by atmosphericv's
(mainly isotropic) -
directionality helps
only little. Better to
reduce the
systematics on the
neutrino flux and
CEvNS cross-section.

* Neutrino floor: Theoretical lower limit on detectability of WIMPs.

* Neutrino fog: surpassable nature of the neutrino floor with sufficient
statistical data.

* Old methods: Rely on arbitrary experimental exposure and energy
threshold choices.

Define neutrino floor as boundary of neutrino fog (calculation free from
assumptions)

» New definition: Derivative of experimental discovery limit with
respect to exposure, minimizing influence of syst. uncertainties

Exposure [ton-year] Exposure [ton-year]

100 102 104 108 100 102 104 106
3 Y T T T E 105 T T T E
h Xenon | : Argon
ny =100 GeV - [N my = 5000 GeV 1 &9
& 108 4 N
E -6
g ] g 10 E ><
) n & ] i o
) Nao? | ]
g1 e - | =
- 10~4 3 E _47 [\)
g g {E R T e s . s - -
3 f 13 { <
g [[6® At/ Pt 1 & 1
2 1070 32% DN ¥ 10l | O
S : 16 % 8 s i
2 8% 12 i 1
4% \‘\\ ) Q j @
sl |—— 2% -
O — 1o ] W0 R
‘.5 0‘0 I-::‘l L - sl g il 11l 5:5 U_O-I
> 05°‘N’% - — < 05 o N1 —
o - = g T |
L]
é —10F 5 éﬂ*w N1
mx Lﬁ 15

Loipol sl [T TSR
I T T [ T U
Number of atmospheric neutrino events

_ ETTIEETTIT N (R
L T STV N T 100 10t 1
Number of atmospheric neutrino events

Sl discovery limits at m,, = 100 GeV for Xe and m,, = 5000 GeV for Ar target
as a function of CEVNS events N, and the fractional uncertainty on the
atmospheric flux
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The strategy COHERENT (Csl)

APV (Cs) + CEVNS is sensitive to the neutron skin
+5ensitive to the weak mixing angle + But less sensitive to the weak mixing

sin29W

+ Similarly sensitive to the neutron skin angle 37
02301 el sin? dw (COH — CsI) = 0. 231+8 832(1a)+8;8§g(90%cm+8 0% (20)
22'332’;3 i O 26_. T—t—TrrrT———1r e n
0245 i 99:739‘: CL i
_ _0.25}
0240l L APV(CS) -] 2 - “(fixed skin) | (E1S8
i_Free-neutron skiny 3 0.24¢ ce)
APV(C?L’/,/I ——— i § AP*V o Oweak LEP1 LHCE
0.235 '/igcgsr /_ 0.13 fm. - 0.23 [ PDG2020 (<p) PVDIS Tevatron—“"‘“SL!-.
= 2 APV(Cs) PDG = ; (e’H) ]
corresponds to 0.22¢
0.230f | ARSS(Extr.) = 0.13 fm :
ot o oo ... | Extrapolated from 0.001 0.010 0.100 1 10 100 1000
02 0.0 0.2 0.4 0.6 antiprotonic atoms...

p [GeV]

AR, [fm] \Q
O
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Neutrino charge radius

> Inthe SM the effective vertex reduces to y,F(q?) since

the contribution q,y* q,/q* vanishes in the coupling with a
conserved current

w

A,(q) = (Vu — quy* qu/qZ)F(qz) —y

“A charge radius that is gauge-independent, zx 'I
finite is achieved by including additional
diagrams in the calculation of F(q?)"

E Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450

> Inthe Standard Model
2 Y Y
(r2). =-— i 3 —2log —mze
SM 2\/57'[2 my,
1 ¢ W W
(r2). =-82x10733 cm?
e'sSM w 7
<rv2> = —4.8 x 10733 cm? v v v
“lsm
(r2). =-3.0% 10733 cm?
TI'SM
B R. L. Workman et al. (Particle Data Group),
“Review of Particle Physics,” PTEP 2022, 083C01 (2022).
VALUE (10 32 cm?) al% DOCUMENT ID TECN COMMENT
—2.1t03.3 90 1 DENIZ 2010 TEXO Reacior 7,e
* & We do not use the following data for averages, fits, limits, etc. » »
—27.5t03 20 2CADEDDU 2018 v, coherent scat. on CsI
—0.53 t0 0.68 90 3 HIRSCH 2003 uy.€ scat.

90% CL

Csl+Ar
Csl+Ar+DII{HMVE-Fef)
Csl+Ar+DII(HMK—-Fef)

- Csl+Ar+DII(EFK-Fef)

- Csl+Ar+DII{HMK-YBe)
- Csl+Ar+DII(EFK-YBe)

(

(

(
Csl+Ar+DII(HMVE-YBe)

(

(

TEXONO
BNL-E734
SM

IIII'I['IF'IIIIIIIII‘I'II'IF'IIIIIIIII‘ IIIIIIII |II'I[
Py o
O !.’ ..‘ j‘y LN 'L‘ 'i' \.. \._
A8V 4 XU
N N
2L > \ %y— :
| —
Nﬁ -
E o CEVNS ]
o N ~
o ' ALLOWED )
| ]
O o | REGIONS ;
T (op] L —
e | | | +
Al
=
o
N I F .
O :
Ltlj —
O -5
t? i w I u
-30 -10 0 10 20

(rey [10™%cm?]

7.1 <(r2)[10732 cm?] <5 @ 90% CL
E M. Atzori Corona et al. JHEP 09 (2022) 164, arXiv:2205.09484

Current best limits;
accelerator Ve,u — € Scattering

—4.2 <(r2) < 6.6 [10732cm?]

_57< <rv2#> < 1.1 [10732cm?] @90% CL
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Constraints on light mediators from
COHERENT data

New light scalar boson mediator
that is assumed, for simplicity, to

E M. Atzori Corona et al. JHEP 05
have universal coupling with

(2022)109, arXiv:2202.11002

B L6 = L, vector boson

T r
I i /
,/
V.
3
!
"
e
4 ’
/
A\ /
B | ‘
E /
/

1071E

Zaé

107>
== Csl
- 3
’ — Csl+Ar |
10—(’) L L e sl ol TR
1071 100 10! 102

M zZ [GeV]

B—2L,— L,
* Q=1/3,Qe=-2Q0,=-1
« Improved constraints for
10<M,,<100 MeV and
5% 1075<g,, <2 x107*
* (g —2),excluded

& 10_25 ERREL

B—-L

. — 2L, vector boson

10-3E

20-;

10+
‘ -=- Csl
...... A
— Csl+Ar |
10~6 ng.:m:u::: "’m‘;.... TRV RN (T e R Y | L gl ST
1072 107! 109 10! 102
My [GeV]

B-L,—2L,

« Improved constraints for
20<M,,<200 MeV and
3x107°<g,, <3 x107*

- (g —2), excluded

G

quarks and leptons

. scalar boson
10 e AT

10-2
104
10~
=========oo=ZIslom=ns = — Csl+Ar -
10~k (o2
E n-Pb E
lab decay ]
D33
1076 L "'””I-j ' '”'“'I-J * '“””Ic] ' .......|] B
10 10 10 1y 10 10

M, [GeV]

Scalar mediator
« Very strong limits with CEvNS
for My > 2 MeV

* (g -—2),excluded
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https://arxiv.org/abs/2202.11002v3

The L, — L, scenario

L,-L- vector boson

UL

> As for all the L, — Lg models
the constraints that we can
obtain from CEVNS data are
weaker than those in the

- previous models, because

; the interaction with

quarks occurs only at loop

level, and hence it is weaker

102

1073
20 | -+ Couplingonlytouand zflavorQ, =1;Q, = -1

(9 =2 limit -~ sl

- Ar
— Gsl+Ar -f  »  One of the most popular model because (g — 2),

CMS 44 band is not excluded.
CCFR

Borexino
BaBar

104

|r|||1||

« At the moment CEvNS limits are not competitive!

1

10—5 IIIIII| 1 |||||||| Il Ll 1 1 1] ] |||||||| 1 |
1072 107! 10° 10! 102 32
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The L, — L, scenario

L,-L- vector boson

107!
o
1072 —
107? =
> 20
_/ limit ——= Csl
. — e Ar
10-tCOH—-CryoCsI-II — Csl+Ar
. R . CMS 4u :
- Preliminary CCrR
i BaBar |
i T T/ A T/ ST

See also COHERENT sensitivity Arxiv:2311.13032 My |GeV]

The situation will change in the future thanks to the
COH-Cryo-Csl-I and COH-Cryo-Csl-Il detectors (See
“The COHERENT Experimental

arxiv:2204.04575)

Program”

~10 kg (COH-CryoCsl-1) and a ~700 kg (COH-CryoCsl-

2) cryogenic Csl detector with two target stations.

The (g — 2), band needs to be updated after the

recent result by the g-2 Collaboration @Fermilab and
the new results on the hadronic vacuum polarzation

contribution from lattice. See Arxiv:2308.06230

5.00
4 2
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
€= 510 .
—_— +——+
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
!
New results in tension @
With White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
—._

SM: e+e- HVP
using only CMD-3
data below 1 GeV

17.5 18.0 18.5

190 195 200 205 210
a,x10° - 1165900
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Combined 2D fit with COHERENT and APV(Cs)

M. Cadeddu and F. Dordei, PRD 99, 033010 (2019),

\/ E arXiv:1808.10202

@ + Atomic Parity Violation APV(Cs) and CEvNS depends ~ Z(l — 45sin? 6;) ) N
' | both on the weak charge and thus on R (Cs) and sin?49,,
% + We can combine APV(Cs) and COHERENT(Csl) to obtain a fully data driven
Mediated by Mediated by the z.  measurement of the WMA in the low energy regime!
photons. Sensitive to  Mostly sensitive to the
the charge (proton) weak (neutron) o . T
distributi I M. Cadeddu, N. Cargioli, F. Dordei, C. Giunti, E Picciau
srrberen distribution. | > =] "Pko 104, 011701 (2021), Ancivi2104.03280
0.245} M. Cadeddu, F. Dordei and . . 0.245F
. - B C. Giunti, EPL 143 34001 (2023), | Measuring the
arXiv:2307.08842 WMA  at  low APV 13Cs SLAC E158
i ARPO™=022(5) fm
| energies could 2 02400 2
SLAC NuTeV reveal the presence ) r _1
0249 A of light dark z < Lo k ______ RN
= — bosons that would <5 /" Owek
o APV(Cs) L L’
l?lE 2020 IQ‘N\ appear as a Ng 0235 - PVDIS
- [ PVDIS 4 deViation Of the SM 5 MOLLER t
0.235} prediction of the 0.230} P
| No assumptions on AR}, running depending '

| on the value of the
LhC } new mediator mass
1 and kinetic mixing.

rare made. The neutron skin
ris taken directly from CEvNS
0.230p experimental data | | .

103 1072 107! 1 10 102 103
Energy scale [GeV]

Tevatron
SLC

\
A
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Neutron nuclear radius in argon

gﬂ

Hg TARGET C @‘(\@%\ =SS

T Combined fit in (time, energy, PSP) space suggest >30 CEvNS detection significance

.. PRD 102, 015030 (2020)
sz

E Cadeddu et al

Recoll Enel’g; (ke
SHIELDING MONOLITH % n r:ln |||, : a,n 300 .
L%m « Data ZII':I: E'ﬂE'_— s 1 -
CONCRETE AND GRAVEL B oo Toml : i : -4 + - Dominant backgrounds:
| igaf- 1504
“ ’ 5 100 o : ' 39
= || @ B Syst. Envor ok soof- ¢ 1. *“Ar beta decay
: B oo E T : —
~_ou— NIN Cubes 2 | &5 : sof ] 2. Beam related neutrons
Ge ARRAY - MARS CS Floe | Ty . + 1 +
‘3 0 e e T ] u: +_+_ + -—L of L
o { U P 'L . P - S I T
o 0 05 1 15 2 25 3 35 4 45 Q 20 120 05 055 068 O0B5 07 OYs 08 0aE5 09
by 1S} Reconstrucled Energ-.- -:I:e'-"em Fag

B Akimov et al, COHERENT Coll. PRL 126, 01002 (2021)

2 T ————— e > COHERENT Argon
o L |CENNS-10LAr o
F e o SFermi 99.73%
o £| 77 Hem R, (*°Ar) < 4.2 fm
M tatisti ded COHERENT future argon: “COH-Ar-750"
" E — ore statistics needed. LAr based detector for precision CEvNS
©F 7 Theoretical values | _
w e — Interaction REO™ RPont . ‘ i * S|ng|e phase,
= 9545°/§ SkI3 l%yg];?ﬁ 3.43 ‘ SCIntIIIatlon Only’
Vi - Swm amosm « 750 kg total (610
@ E E Sly4 [38] 3.38 3.46 ee also. 1 = ) )
0% Sly5 [38] 3.37 3.45 Payne et al,, ) kg fiducial)
~F E Sly6 [38] 3.36 3.44 PRC 100, 061304 (2019) -
Slydd [39] 3.35 3.44 A
TOF 68.27% 3 SV-bas [40] 3.33 3.42 = .
o et id  UNEDFO [41] 337 3.47 See also: k 3000 CEVNS/yey
UNEDF1 [42] 3.33 3.43 , :
4 5 6 7 8 9 10 11 12 SKM* E&l 3.37  3.45 Miranda et al.,

R, [fm] SkP [44] 3.40 3.48 JHEP 05 (2020) 130 35



counts/ 1.71 keV

First average Csl neutron radius measurement (2018)

+ Using the first Csl dataset from [=] b. Akimov et al. Science 357.6356 (2017)

5 | R ' R
E : - — SF =

Q f— !‘_.' : = = Helm

ol el

o _% JI I_ O\"\(P\"NT - 3
1 | first € | [ | ’ ;

T Cs\ datd ;
0 5 10 15 20 25 30 35 40

E: [keV]

» We first compared the data with the predictions in the case of full
coherence, i.e. all nuclear form factors equal to unity: the corresponding
histogram does not fit the data.

» We fitted the COHERENT data in order to get information on the value of the
neutron rms radius R,, which is determined by the minimization of the y?
using the symmetrized Fermi (t=2.3 fm) and Helm form factors (s=0.9 fm).

E M. Cadeddu, C. Giunti, Y.F. Li, Y.Y. Zhang, PRL 120

sz

072501, (2018), arXiv:1710.02730

e A L L A L L A R
H — SF
o H - - Helm

H 99.73%
© £ E
~ F =

2.5 3.5 4.5 5.5 6.5 7.5 8.5
R, [fm]

R&SH = 55799 fm

v Only energy information used

x No energy resolution

x No time information

x Small dataset and big syst. uncer.
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Improvements with the latest Csl dataset

+ New quenching factor

» Theoretical number of CEVNS events
E..= f(E,.) =aE,, +bE? +cE> +dE* .

T Trme Ermax
a=0.05546, b=4.307, c=-111.7, d=840.4 NEENS — N(Csl) / ATy A(Tr) f dTy R(Twr, T,y / dE
E Akimov et al. (COHERENT Coll), arXiv:2111.02477, JINST 17 P10034 (2022) T 0 Erin(Tax)

v Z d.-'.r\'ry (E) dJII—CSI (E _Tf )
+ 2D fit, arrival time information included L« JE dry v

CEvNS __ CEvNS (V) CEvNS (Ve )
N’!._j - (NZ )Vp‘l__)j + (NI )Ve:l_’;..nPj

» With the inclusion of energy resolution

F -V, é 25/ Prompt (v,)

& 1o} v § A [GRU"'bRHHbR br —ar(14+br)N

. u of Delayed (v, + v,) R N ,N; — N R e GR( + R) PE

. \V/Z i | Example POT trace [ ( PE PE) I‘(l _|_ bR) PE

o v Analysis with a Gaussian least-square function
F k;’;lﬂf‘ T 1 ex 3 7 3
L. TR A e NP — 30 (1+ m2)NE

250 300 0

Energy (MeV) Creation Time (ns since pulse onset)

+ Doubled the statistics and reduced

syst. uncertainties

ocewNs = 13%, ogrn = 0.9%,
and 0gs = 3%

9 11
x&=2.2.

i=2 j=1

Uij

3

z=1

1
o-'Z

:

E Cadeddu et al., PRC 104, 065502 (2021), arXiv:2102.06153

~ s

é arXiv:2303.09360
N\ s
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Atomic Parity V|olat|on in cesium APV(Cs)

E M. Cadeddu and F. Dordei, PRD 99, 033010 (2019), arXiv:1808.10202

+ Parity violation in an atomic system can be observed as an
electric dipole transition amplitude between two
atomic states with the same parity, such as the 6S and
/S states in cesium.

» Indeed, a transition between two atomic states
with same parity is forbidden by the parity
selection rule and cannot happen with the
exchange of a photon.

Interaction mediated |nteraction mediated bythez v However, an electric dipole transition amplitude

by the photon and so boson and so mostly sensitive can be induced by a Z boson exchange between
mOStr']y sensitive to the to the weak (neutron) atomic electrons and nucleons = Atomic Parity
charge (proton) distribution. Violation (APV) or Parity Non Conserving (PNC).
distribution
+ The quantity that is measured is the usual weak charge Z(l — 4sin? 9 ) N
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Extracting the weak charge from APV

Qw

+ Experimental value
of electric dipole
transition amplitude
between 6S and 7S
states in Cs

C. S. Wood et al., Science
275, 1759 (1997)

J. Guena, et al., PRA 71,
042108 (2005)

PDG2020 average
Epnc) _
Im( 3 )—
— 1.5924(55)
mV/cm

==
Qw
N Im EPNC

Im EPNC

’8 exp

v Theoretical amplitude of the electric dipole transition

/Bexp .+th.
th.
B:tensor transition

polarizability
It characterizes the size of

n Lo — Enpl/z 2 the Stark mixing induced
6sld H 7 - electric dipole amplitude
< sldlnpy2){npy /2l Henel S>] @ (external electric field)
Eqs — Enpl/z Bennet & Wieman, PRL 82, 2484 (1999)

Dzuba & Flambaum, PRA 62 052101 (2000)
PDG2020 average
B =27.064 (33) a3

» where dis the electric dipole operator, and

Value of ImEpy used by
PDG (V. Dzuba et al., PRL
109, 203003 (2012))

(0.8977 £ 0.0040) x 10~ |e|ag Qw /N see also N

Hpne = 2\/—QW75}9( r)

NEW result on ImEpy !

> | will refer with APV2021
when usign Im Epy from
B. K. Sahoo et al. PRD 103,
L111303 (2021)

Illl EFN(_" =

nuclear Hamiltonian describing the electron-nucleus weak interaction

p(r) = p,(r) = py(r) - neutron skin correction needed 39



Weak mixing angle from APV(Cs)

Historically APV(Cs) has been used to estract the lowest energy determination of the weak mixing angle.

&
(o]
8
g «7 [
@ 024 p—— ' ' ' ' However R, (Cs) (or the 0.250 apvomy ) |
E :‘ s+ Particle Threshold K/} neutron skin) has been 90.00% CL
ou VEERTEGENE 3 . . 95.45% CL | 1
S ] Cac Eiss i takenfrom |nd|re;t 02451 w00t cL | |
& b 0-24F 7 measurements using : 99.73% CL ) |
o - I I o ‘\ { antiprotonic atoms, which
e 2 F---7- A N i are known to be affected
LE g oassp . 4 by considerable model _ 0.240} T
- - dependencies T Ll
% E 3 Tevatron Iéiil { LHC E ; ﬁEgCS),,/” i ‘I'
€ o« - Cs _ ‘ i | PDG-—
£ 0.23f ARy, = 0.13 fm _ w 0.235 ARSS = 0.13 fmi
=2 External - |
- QO .
“ & assumption ..
@ 0'221504 107 1072 107" 1 10 102 10° 10* 0.230 ]
W [GevV] gkin
+In order to measure R,, one has to subtract to the so-called “neutron |
skin” correction in order to obtain 02— 0 02 o4  o0¢
n.s. _ . W.I.S.
OEpNc () = [(N/Qw) (1 — (¢n(Rn)/ap)) EPRE] ARy [fm]

densities in the nucleus.
0 But, we also

v The theoretical PNC amplitude of the electric dipole use >
transition is calculated from atomic theory to be vajue of ImE,,. used by PDG (V. é
Im Epyc = (0.8977 £ 0.0040) x 10~ |e|ap Qu /N P22 et ar PRL 109, 203008 (2012) o

o0
Gpn = 4m / Pp.n (T)f(?‘)?‘zd-r Where p(r) are the proton and neutron

| will refer to it with “APV PDG".

NEW result on ImEpy !

| will refer with APV 2021 when
usign Im Epyc from B. K. Sahoo
etal. PRD 103, L111303(2021)



Atomic Parity Violation for weak mixing angle measurements

v" Weak charge in the SM including radiative corrections

L. Workman et al. (Particle Data Group),
Review of Particle Physics,” PTEP 2022, 083C01 (2022).

[P

$HTe = _2[Z( g5 + 0.00008) + N(gS% + 0.00006)]

L J Theoretically

QyM ™ (133cs) = —73.23(1)

0.245

0.24

0.23

0225 [ MY | P | 2 3 4 2agaal PR T | PEErN T | PEEFErE T | PEErErR T | PR .....:
107 10~ 1072

RGE Running
s Particle Threshold

W EEHNEINERS

a
1—%) Z(1—451n0 ) N a

10 difference

Using SM prediction at low energy
sin?8y,(0) = 0.23857(5)

Experimentally a
Q,, " (133Cs) = —72.82(42)

N

eDIS \

/ sin28,,(2.4 MeV)=0.2367+0.001 8/

SLC I LHC

[
LEP1
Tevatron

e —

107"

L [GeV]

10

102

10°

10*

But which Cs neutron
skin correction is used?
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The dilemma

sin29W

COHERENT (Csl)
APV (Cs) +CEVNS is sensitive to the neutron skin
+5ensitive to the weak mixing angle +But less sensitive to the weak mixing
+ Similarly sensitive to the neutron skin angle 37
PO | sin dhy (COH = Csl) = 02315 51(10) "3 55 (00%CL) "33 (20)
zz::gia‘ ; O 26_. —r—rrrr—r—rr —rrTT—T—Tr T —— T rrr— n
0245 i 99:73% CL i
_ _0.25}
; —APV(CS) ] = COHERENT Csl 158
0240 H R !/Eree—ﬁséufr’o‘ﬁ skiny 3, 024 (fixed skin) ee)
/A?(CS) B I = E - = APV e Qs e
0.235 »—igg:’(; 13 :]3 0.23F ppG2020 P pypIs Tevatron—"SL! .
np = 013 T, APV(Cs) PDG £ | (@) '
corresponds to 0.22¢
0.230f | ARSS(Extr.) = 0.13 fm :
odn | 0.21E.. e
ot o oo ... | Extrapolated from 0.001 0.010 0.100 1 10 100 1000
02 0.0 0.2 0.4 0.6 antiprotonic atoms... GeV
ARy, [fim] u [GeV]
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Extrapolated value of ARSS

0.5

0.4

(e — N (O8]

<
—

EA. Trzcinska et al. s, PRL. 87, 082501 (2001) ARy, [fm]

-+ Neutron-skin of a variety of
nuclei as extracted from

@ Extrapolated value for Cs

_antiprotonic data as a function
- of the asymmetry parameter, 1.

v From this linear fit one
obtains the relation for
the neutron skin for
every nuclei

I 1 I 1 1 I 1 1 1 1

m  experiment

linear average
1 106,
of experiment Cd

N-—Z
ARyp[fm] = —(0.04 % 0.03) + (1.01 4 0.15) ——

For cesium it gives

0.13 + 0.04 fm

(extrap)

Extrapolated (not measured)
value for cesium!

Antiprotonic data: radiochemical and the other based
on x-ray data constraining the neutron distribution at

e NL3 =
N O FSUGold
| A SLy4 A
o DIS s,
L. ‘10 A
B ;giZF s
B 54 T -
26Fe ) % 1
- // = |
- 112
- - 50Sn
- - 60, ..
= N 1
= 28! 64
B 28
| 40 56
I 20C2 j:Ni 26 € §3Co
1 1 1 l7¥ l 1
0 0.1
[=(N-2)/A

the nuclear periphery
E M. Thiel et al., Journal of Physics G, 46, 9 (2019), arXiv:1904.12269v1 43



Extrapolated

E A.Trzcinska et al. s, PRL. 87, 082501 (2001 ARy, [fm]

e
W

@ Mecausered value for Pb

O Extrapolated value for Cs

m  experiment

value of ARSS

po-208

np%

°
linear average 1%
~~ ofexperiment 106 1(
02~ e NL3 T . |:||:| LT o®
O FSUGold =
A SLy4 A :i/
9 50 =
O DIS %er 0 I
0.1 5 Pb |
54 = 209 238U
i O 538
”’ I 126T 12&T g
-~ 112 12 |
o, = e -
) ol 1 48 §
64, . 20ca .
2N 1200
40 50
-0.1 20C2 ;ZNi Co
1 1 1 l~p l 1 1 1 1
0 0.1 0.2
[=(N-2)/A

PREX-| & PREX-II
ARy) = 0.283 £ 0.071 fm

[7] o. Adhlkari et al. PRL 126, 172502 (2021)

--------------------------

AR,%S, =~ (.22 + 0.04 fm
(using PREX as input) _

o

(N

(9
————————-——-1

[ e s e e

ARDS™ (133Cs) [fim]
-
b
-

0. 10 0.15 0.20 0.25 030 0.35 040
Rpomt (208Pb) [fm]

08¢e0v0L:NIXIE

(1202) LOLLLOT ‘POl A¥d ‘|e 32 nppaped "IN

)
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The past, present and future of R,, measurements with

CEvNS and PVES

COH-CryoCsl-I: 10 kg, cryogenic temperature (~40K), twice the light

yield of present Csl crystal at 300K

COH-CryoCsl-II: 700 kg undoped Csl detector. Both lower energy

threshold of 1.4 keVnr while keeping the shape of the energy

efficiency of the present COHERENT Csl.

COHERENT
6.0r Csl
R,(CsD)=
~ COH 2022 5.06+0.023 fm
& = t . COH
o E (This work)
—~ = CryoCsl-lI
= 5o 5 | -
. Co|-|T 0.5%
CEvNS CryoCsl-I precision
4.5t
6.0}
. +F’REX—| MREX
© | N
) 3.5 Dominik Becker et al.
L = Eur. Phys. J. A 54, 208 (2018),
> 5.0l arXiv:1802.04759
4.5; PVES
2015 2020 2025 2030

year

See details in D. Akimov et al., arXiv:2204.04575 (2022)

COHERENT future argon: “COH-LAr-750'
LAr based detector for precision CEvVNS

Z

) Single phase, scintillation
only, 750 kg total (610 kg

4.0 fiducial) ]
= _ v" 3000 CEvNS/year |
?:J: E 38 COH '
& a4l LAr-750 kg l

34} CEVNS T

4.2 | \)I Gerv@ | |

\sO A9
4.0 See.a .’)_3013-"&31
. a(*\\" <
< |
=~ £ 38
L= | CREX
X a4 +
D. Adhikari et al. PRL 129, 042501 (2022)
i ARy, (*8Ca)= 0.121+0.026+0.024 fm
347 PVES p

2020 2025

year



The past, present and future of sin“9,, with
CEvNS and APV

0.28Ff : , . R —
0.244F COVNUS, TEXONO; CONNIE and MINER sensitivities |
i | ] from B. C. Cafas, E. A. Garcés, O. G. Miranda, and A.
02421 [0} : Parada, PLB 784, 159-162 (2018), arXiv:1806.01310. 1
= R
= 0.240} o 11
1: II \ [y
- —_—
0.26] = 013s-+ + + L
1 : i
el I i i COH 2022
0.236 " +APV 2021 ,
0234 . ] (This work) < E Qf;.'?" '
:E 2010 2015 2020 2025 2030 (# e O&‘" | %@%‘ MIVER :
_,-\_ P L i H ]
o 024 [ + = o g i—i -
’E + - + + PA + : : I : T
vl R AP Al CCH 2022+ TEXONO 1 COMNMIE :
008 e o (}AF.“:hF-)D.? EEED E COH'
- LIS wer) COH CryoCsl-Ii
CryoCsl-| (This Work)
0.22} COH-Csl (This work) 3%
2022 .. |
(This work) precision
2010 2015 2020 2025 2030

year



R,(Cs)=5.3"7 fm R,1)=5.6"% fm x?;,= 852

1| cor-cs

. 68.27% CL
1| 90.00% CL

1| 05.45% CL

1| 99.00% CL

4| 99.73% CL

/

T




Leptophilic models

Inthe L, — Lg (where a and 8 are two leptons flavors) models there is no
direct coupling between a L, — Lg gauge boson and quarks

do \" N G2 M MT.,

i (B, Thy) = —E— (1 - ==&

dTne ), _, - 2E?2
e B

q

p V2aemgy (8eagpa(|ql) + deseas(1q1))
gy (ve) + Gr (|Cﬂ2+M2,)

EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII LILLILI LI
= Standard Model

Vector, g =2x107, M,=10 MeV

ZF7(|q1?) +g3NFN(ﬂ2)}

events /keV/kg
533 5

The event rate
increases at low
energy!

L I L1l I L1 I I I L1

0 5 10 15 20 25

I'Iﬂl |||||M| |||I1TI1 ||||I'ITI] TTT

TTT
O
=

£
]
E
E
E
E
E
]
E

M ETENI FEENE SRR N, WA
30 35 40 45 50
T, keV

The coupling between neutrinos and
quark is due to 1-loop effects

Phys. Rev. D 104, 015015
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The scalar mediator case

+ The interaction can be mediated by a scalar field ¢

+We assume a scalar boson with gg =Jg¢ = gg and
e v .
9 =94 =94

+The contribution of the scalar boson to CEvNS is
incoherent JHEP 05 (2018) 066

doy,. N [ doy,.N N doy, N
dan B dan SM dﬂﬂ' scalar

(daw_ N») - M?T,
o 2
dT’HI‘ scalar dm ( ‘
Phys. Rev. Lett. 115, 092301

C><:> Reference value of ~ 17,3 particle pata Group, PTep 2022, 083c01 (2022)

2
(”) ZF (%) + NEx (1))

m?},— (j I-ef




Radiative corrections

Fy (|cﬂ‘3) Thus, in this paper, we calculated the couplings taking into account the radiative corrections in

the MS scheme following Refs. [511 62]

1 u
gy’ =p (5 — 2 ‘5111‘3191&) +2Xww + Oww — 28u,w + p(2R%; + K75 —2R57 —R57 @)

gyt = —C + 20ww +Xww + p(2 KL + KL —2 RIZ Ul

The quantities in Eq. @, Oww. Zww and Egﬁ;, with f € {u,d} and X € {L, R}, are the radiative
corrections associated with the WW box diagram, the WW crossed-box and the ZZ bhox respectively, while
p = 1.00063 is a parameter of electroweak interactions. Moreover, &, describes the neutrino charge radius
contribution and introduces a dependence on the neutrino flavour £ (see Ref. [62] or the appendix B of
Ref. [63] for further information on such quantities). Numerically, the values of these couplings correspond
to gi,(ve) = 0.0382, g¢f, (v,) = 0.0300, and gf} = —0.5117.

M. Atzori Corona et al., EPJC 83 (2023) 7, 683, arXiv:2303:09360



COHERENT Csl

+Poissonian least-square function:

+ Since in some energy-time bins the number of events is zero, we used the Poissonian least-squares function

9 11 4 exp 4 2
2 AT Z rexp exp ﬁ'rt'j F
XCs1 = 2 S y 5 y 5 (1 +7:)Nj = Nii" + Ni;- In T NZ + § : P (10)
i=1 j=1 Lz=1 ZE:I( +nz) ij z=1 =
where the indices 2, 7 represent the nuclear-recoil energy and arrival time bin. respectively, while the indices
z=1,2,3,4 for N stand, respectively, for CEvNS, (N}, = NJFN5), beam-related neutron (N7 = NJRN),
neutrino-induced neutron {I\; = N;,{}IN) and steady-state (N it = '3?’} backgrounds obtained from the

anti-coincidence data. In our notation, NE;F 1s the {:}{pcrimcntdl event number obtained from coincidence
data and NSE“KS is the predicted number of CEHNS events that depends on the physics model under
consideration, according to the cross-section in Eq. : as well as on the neutrino flux, energy resolution,
detector efficiency, number of target atoms and the CHI quenching factor [16]. We take into account the sys-
tematic uncertainties with the nuisance parameters 7. and the corresponding uncertainties ocg,ng = 0.12,

orN = 0.25, oniny = 0.35 and ogg = 0.021 as explained in Refs. [Gl [16].




Neutrino charge radius 2 .

the contribution q,y* q,/q* vanishes in the coupling with a conserved
current

A = (v, — 9.7* 9,/3?)F (@) = v,F(q?)

> In the Standard Model (SM) the effective vertex reduces to qu(qZ) sincqi&/{“‘}
»

dF(q*) , (%)
F(g?) = F(0) + ¢? +o =g —+-
q*=0
G 2
2 My
> In the Standard Model (r%) = 3 —2log|— g
SM 2\/_7-[2 mg,
(r)g,, = —82 %1073 cm? ' A
2 _ —-33 2 “A charge radius that is gauge-independent,
<TVH>SM = —48x 107 om finite is achieved by including additional i
<7"VZT >5 — 30 % 10733 cm? diagrams in the calculation of F(gq?)" ”

[Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450]
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Dresden-Il weak mixing angle results

sz

+Insensitive to R, (Ge)

+Insensitive to the
antineutrino flux

para metrization
"""'F}"""" |
|
.:. 3 =
DI(HMVE-YBe) —— DII(HMVE-Fef) / ]
DIHMK=YBg) ---- DII(HMK-Fef) : E
DI(EFK-YBe) DI{EFK—Fef)

0.05 0.15 0.25 0.35 0.45
singﬂw

E M. Atzori Corona et al., JHEP 09, 164 (2022), arXiv:2205.09484

+Very sensitive to the Ge quenching
factor parametrization

0.35¢ -
- a»&e\\l \e9
W (@
| AT o
i (24 WN
| 0 P4 \O
A° " e
wn | —— eas
E r -~ Dresden—II (YBe) ('(\
3 L
§ 0 25-_ APV(Cs) ELS PVDIS
~ . PDG2020 (ef} (e*H)
= [ T : i
wnn [ Qweak
r W (ep)
rDresden—II (Fef)
0.20¢
sin?(9y) = 0.219130¢

0.00l  0.010 _ 0.100 1

i [GeV] See also D. Aristizabal Sierra, V. De Romeri, and
D. K. Papoulias, JHEP 09, 076 (2022) 53



THE NUCLEAR FORM FACTOR

* The nuclear form factor, F(q), is taken to be the Fourier transform of a spherically

symmetric ground state mass distribution (both proton and neutrons) normalized so that
F(0) = 1:

. . . . Helm R. Phys. Rev. 104, 1466 (1956)
For a weak interaction like for CEvINS you deal with the _ , [ T _ ,
It is convenient to have an analytic expression like the

weak form factor: the Fourier transform of the weak charge Helm form factor

distribution (neutron + proton distribution weighted by pHelm g2y — Sjl (gRo) o—a5%/2
the weak mixing angle) g
1 _________
2 ____________
do _ Ggmy myE, 02 x |F (5|2 o 0.1
— o w weak \tr W
dE, 41 2EZ L 001
Weak charge X weak form factor & : _
& 0.001} J1 @ spherical Besse
£ function of the first
) “2 1074 — Xenon kind Ry: box radius, s:
p ( ) n ] © ——- Argon surface thickness
[gVZFZ ET" Rp + gVNFN (ET" Rn) — 10_5 - — Germanium q: momentum tranSfCI'.

g e e (P;roton + Neutron from factor 6 s~ 0.9 fm, a ~ 0.52 fm
xtensively studie g 10 - I - i
1 Poorly known. .. 0 50 100 150 200

Huge bibliography Y Er [keV] Recoil energy




FITTING THE COHERENT
CsI DATA FOR THE NEUTRON
RADIUS

E G. Fricke et al., Atom. Data Nucl. Data Tabl. 60, 177 (1995)

R CCg = 4.804 tm (Cesium charge rms radius )
Réh = 4.749 tm (Iodine charge rms radius )

data we have

v From muonic X-rays
(For fixed t = 2.3 tm) [

N 3
‘ Rp™ = \/Rgh - (} (ne) + oz T (7’2>50>

Rgs = 4.821 £+ 0.005 fm (Cesium rms proton radius)
\_ R{, = 4.766 + 0.008 fm (Iodine rms-proton radius) )

do o GEmy (1 M) [0, (5, RE) + GENF (B, RS

RSS & Rl very well known so we fitted

COHERENT Csl data looking for RS ...
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FROM THE CHARGE TO THE
PROTON RADIUS

One need to take into account finite size of both protons and neutrons
plus other corrections

‘.,..,.\P‘
% -

R?h :ig'"R[Z)oint T (Tp2> + E<rnz> T 4M?2 T (7”2)50

Charge [ Ppoint-
radius \ p
roton -
p . Mean squared Chéil"g€ G. Hagen et al. Nature Physics 12,186—190 (2016),
.. radius Arxiv: 1509.07169

radius of*d"single
el M. Cadeddu et al. PRD 102, 015030 (2020),
Mean squared charge Arxiv: 2005.01645

radius of a single

proton
(r?) = 0.7071 fm?

neutron
(r2) = —0.1161 fm?2 o _ Spin-orbit correction
R elativistic Darwin- ~0.09 fin? for 48Ca

Foldy correction > 208
~0.033 fin2 ~ 0.028 fm? for “~"Pb
56

distribution radius

— \/Rgh — <— (T‘nz) + — + (r2)50> RMS proton




COHERENT+APV compared to PREX

0 7 i i B Relativistic anean field nuclealk ]
I ! : model| predllctlons ! )
ARy, (133Cs) = 0451333 fm i : | u 3
: [ ; : | ® Nonrelativistic Skyrme- Hartree ] S8
. . A gy = : | | < - Q
@fixed sin?6,, \ £ 0'6: o i s prEdlc”tlons S
— - | ! oo
o= : :: Qo
= 0.9 S | | ii | i
O 1zl | i ii | A
@ 0.4f & i | ii | R
T_/ [ < i : I i ~o
+— [ i i ‘_;;z-'ﬁi'*“q:;:‘ ! 8
.g o 0-3; i - :} i %
& ool | 7 |
g 0.2t | i L ii |
[ i | A el ii i
0.1} —1>385MeV | PREX-1 | ] @r
[ , : . TPREX-—2 | 1~ 7ixg
0 [ : : ¢ " PREX-comb | O'Sj]] >
. . —---—————— &“
+ Strong linear correlation 8.0 0.1 0.2 0.3 0.4 0.5 23
between the neutron skin of /_\Rggim (298Pp) [fm]PREX: parity-violating asymmetry in the
Cs and Pb among different elastic scattering of longitudinally
nuclear model predictions polarized electrons on 298pp

2 2
|=] PREX, PRL 126, 172502 (2021) Apy — TR=L GrQ*|Qw| Fw(Q?)

or+oL  A2naZ Fau(Q?) -



The proton form factor

do,_ GEM MT
veest _ F (1 - 2E2> [N Fy(T,R,) — ¢Z Fz(T,R,)] 2

’ 4 L
The proton structures of 133Cs (N = 78) and 1221 (N = 74) have been

studied with muonic spectroscopy and the data were fitted with two-
parameter Fermi density distributions of the form

dT 41T

Electron scattering and
Inuonic spectroscopy can
probes only the proton
pdistribution

pp(r) = —2
F - r—c)/a
1 + e( )/ p)/po
Where, the half-density radius c is related to the rms Surface{ Bieiness
radius and the a parameter quantifies the 01- e
t=4aln3 ol
(in the analysis fixed to 2.30 fm).
- Fitting the data they obtained 0s- 5.6710(1) fm
(Cs)
RS = 4.804 fm (Caesium proton rms radius ) o= _ _
RL, = 4.749 fm (lodine proton rms radius ) o Dalf-density radius

0.

[G. Fricke et al., Atom. Data Nucl. Data Tabl. 60, 177 (1995)] 0 1

4 5 6 7 8 9 10058



Weak mixing angle (WMA) b“°

q Gauge Bosons
o @ . Higgs Boson
gl an

€ \ou e = gsin@y,
e =g cosBy

FERMIONS

MATTER
. Quarks
. Leptons

BOSONS
FORCE CARRIERS

+ The Weinberg angle, 8, is a fundamental parameter of the electroweak (EW)
theory of the Standard Model (SM), usually expressed as sin? 6,
+ WMA determines the relative strength of the weak neutral /g7 + g’
current (NC) vs. electromagnetic interaction

_ M2 g'?
> Tree-level Sin* QW = 1— —Vg == 1
+ The on-shell scheme promotes the tree-level formula to a definition of the renormalized sin? 6, to

all orders in perturbation theory (quite sensitive to the top mass)

O

2
> sin? By — s, = 1 ——% = 0.22343 + 0.00007 (on-shell)

Z

— A A,2 . . .
+ Minimal subtraction scheme (MS) sin?8,,(u) = gz(i)Jr(g”,)z(ﬂ) where the couplings are defined in the

MS and the energy scale u is conveniently chosen to be M, for many EW processes (less sensitive to
the top mass)

> sin?6y,(Mz) = 87 = 0.23122 + 0.00003 (MS) Scale dependent-> running of WMA




. 2
sin“By,

The value of sin?8,, varies as a function of the momentum
transfer or energy scale («running»).

Working in the MS, the main idea is to relate the case of the WMA
to that of the electromagnetic coupling @

The vacuum polarization contributions are crucial

Allows precision tests of the Standard Model!

1< —
Anti-screening effects of the full
non Abelian EW theory !\"5’\_
0.245 |- A A . S -
T sin® Oy (0) = &#(0) sin® Oy (Mz) =85
, . o ARSI SRG
[ sin“0y,(0) = 55 = 0.23857(5) 3 : /8 <$
0.240 F\ M Yok [ & 1 <
: P s = /@ &
L 3 ?%.d 5
) a
L § 8 i
0.235 |- 1 59
3 Ll <
3
. w
- Fermionic screening effects of the g )
S | effective Abelian gauge theory i 1 3 ;
'l I IIIIJ.II I 1 IIIIIII i 'l IIIIJII A A IIIIIII A 1 IIIIlII IIIII IIJ.II AL ' IIIIII- E 2
10 107 1072 10 10° 10° 102 10° 10*

1 (GeV)
The «running» function changes sign at u= My, where the fermionic__
screening effects are overcompensated by the anti-screening effects



Neutrino electromagnetic properties

For v the electric charge is zero and there are no electromagnetic interactions at tree level. However, such interactions
can arise at the quantum level from loop diagrams at higher order of the perturbative expansion of the interaction.

/> In the SM the v charge radiusb

3 210g ™
|3~ 2log(

(r)g, = —82x 1073 cm?

= —4.8 X 10733 cm?
= —3.0x 10733 cm?
M
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» The charge radius contributes
as a correction to the

éln the minimally extended SM the v magnetic moment\
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» Neutrino-electron scattering in the SM is negligible
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» Significant neutrino magnetic moment contribution for small T.:

kneutrino-proton coupling
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Neutrino charge radius limits N,

+ We fitted the Dresden-Il data looking for
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N | i onmve—ren E:jhg::f:ﬂzigg’ : neutrino EM properties and we combine
== ColeArsDINHMKC-Fol csacoierkvee | with COHERENT Csl and Ar data, finding
TR el | very interesting results |
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E Q\%.ﬁ{' I )] Method Experiment Limit [10732 cm?] C.L. Year
& ] Reactor . e Krasnoyarsk (rZ)| <73 90% 1992
° g NEGATIVE 1 ¢ 4.2 < (r2) <6.6°  90% 2009
— INTERFERENCE ] _ LAMPF —7.12 < (r2) <10.88% 90% 1992
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Y i LSND —594 < (r2) <828 90% 2001
¥ SM CEvNS 1 Accelerator o o —5.7 < (r2) <11%F  00% 1990
=) ] a CHARM-I| [(r2 )] < 1.22 90% 1994
2 A 2
o " 2,..{;/’ 1 CEWNS COHERENT —71< (r2) < 11.2 i
< s SR — [arXiv:2205.00484] + Dresden-I| _8.1 < (rE ) < 4.3 90% 2022
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E M. Atzori Corona et al, arXiv:2205.09484

a Corrected by a factor of two due to a different convention.

b Corrected in Hirsch, Nardi, Restrepo, hep-ph/0210137.

Most stringent upper limit on the electron neutrino charge radius

when using the Fef quenching factor for germanium data



Neutrino magnetlc moment limits

10° Bhem,,, — 1 » SMES are practically negligible
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experiments, but the strategy looks promising.

[Atzori Corona et al, arXiv:2205.09484]
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New constraint on neutrino magnetic moment from LZ dark matter search

results

M. Atzori Corona,!>2:2 W. Bonivento,?'® M. Cadeddu,? ¢ N. Cargioli,’»2:4 and F. Dordei?:©

J. Aalbers et al., First Dark Matter Search
Results from the LUX-ZEPLIN (LZ)
Experiment (2022), arXiv:2207.03764

» LZ @the Sanford Underground
Research Facility in South Dakota.

» Dual-phase TPC filled with about
10 t of LXe, of which 7 (5.5) t of

» The new LZ data allows us to set the most stringent limit on the v
magnetic moment
> It supersedes the previous best limit set by Borexino by almost a factor of 5

> It rejects by more than 5o the hint of a possible v magnetic moment found
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New constraint on neutrino magnetic moment from LZ dark matter search
results

M. Atzori Corona,’»? 2 W. Bonivento.?® M. Cadeddu,? ¢ N. Cargioli,"?4 and F. Dordei?: ®
! Dipartimento di Fisica, Universita degli Studi di Cagliari,
Complesso Universitario di Monserrato - S.P. per Sestu Km 0.700, 09042 Monserrato (Cagliari), Italy

Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Cagliari,
Complesso Universitario di Monserrato - S.P. per Sestu Km 0.700, 09042 Monserrato (Cagliari), Italy

Elastic neutrino-electron scattering represents a powerful tool to investigate key neutrino prop-
erties. In view of the recent results released by the LUX-ZEPLIN Collaboration, we provide a first .
determination of the limits achievable on the neutrino magnetic moment, whose effect becomes non- a erV: 2207 . 05036V2
negligible in some beyond the Standard Model theories. Interestingly, we are able to show that the
new LUX-ZEPLIN data allows us to set the most stringent limit on the neutrino magnetic moment i i .
when compared to the other laboratory bounds, namely p&T < 6.2 x 107'2 up at 90% C.L.. This
limit supersedes the previous best one set by the Borexino Collaboration by almost a factor of 5 and - 1
it rejects by more than 5o the hint of a possible neutrino magnetic moment found by the XENON1T ¢ Data Bkg (VES Sub')

Collaboration.
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