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Coherent elastic neutrino nucleus

scattering (aka CEVNS)

+A pure weak neutral current process

¢,SM
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+Weak charge of the nucleus
Qrsm = |90 (ve) ZFz (141%) + 9v- N Fy (|q1°)]
\ J W J
Y protons neutrons

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!
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+ Neutrino-nucleon tree-level couplings
1
gy =5~ 2sin*(Py) = 0.02274

J. Erler and S. Su. Prog. Part. Nucl.
gn = —— = —().5 Phys. 71 (2013). arXiv:1303.5522 & PDG2022

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

Y

gb-(ve) = 0.0382, gt (v,) = 0.0300 and g% = —0.5117

Nuclear physics, but since
g% ~—0.51>» gh(v,) ~ 0.03
neutrons contribute the most
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Interplay between nuclear
and electroweak physics

+This feature is always present when
dealing with electroweak processes.

» Atomic Parity Violation (APV): atomic electrons interacting
with nuclei. Cesium available.

> Parity Violation Electron Scattering (PVES): polarized %oﬁ:
electron scattering on nuclei. PREX(Pb), CREX(Ca) %0-‘”‘”

> 0 934

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

used for R, used for sin®(Oy)
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Nuclear physics with
COHERENT(CsI) data... a
short chronological
summary

Other works related to this topic | will
not touch during this presentation

X. R. Huang and L. W. Chen, PRD 100 (2019) 7, 071301, arXiv:1902.07625

] |

D. Papoulias et al., PLB 800 (2020) 135133, arXiv:1903.03722

|

Coloma et al., JHEP 08 (2020) 08, 030, arXiv:2006.08624

i |

D. A. Sierra et al., JHEP 1906:141 (2019) arXiv: 1902.07398

B. Canas et al., PRD 101, 035012 (2020), arXiv:1911.09831
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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)
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» 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
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R&SH = 55792 fm

v Only energy information used

x No energy resolution

x No time information

x Small dataset and big syst. uncer.



The Csl neutron skin (in 2018)

Proton rms radius for Cs and | The neutron Skin
R;® = 4.821(5) fm and
Cs] __ +0.9 Ry, = 4.766(8) fm Csl — _ ~ +0.9
[Rn — 5'5—1.1 fm ] are around 4.78 fm, with a ARnP — Rn Rp — 0'7—1-1 fm
difference of about 0.05 fm

E G. Fricke et al., At. Data Nucl. Data Tables 60, 177 (1995).

Theoretical values of the proton and neutron rms radii of Cs and | obtained with
nuclear mean field models. The value was compatible with all the models...

127:[ 13305 | .
Model Rgoint Rp Rgoint Rﬂ, ARg;int ARnpRgoint Rp Rgoint Rn ARg;intARnp /
SHF SkI3 [81] 4.68 4.75 4.85 4.92 0.17 0.17 | 4.74 4.81 4.91 498 0.18 0.18 . A
SHF SkI4 [R1] 467 474 481 4.88 0.14 0.14 | 473 480 488 495 0.15 0.14 Theo ret|ca||y \ -
SHF Sly4 [82] 4.71 4.78 4.84 491 0.13 0.13 | 4.78 4.85 4.90 498 0.13 0.13

SHF Sly5 [82] 470 4.77 4.83 4.90 0.13 0.13 | 4.77 4.84 4.90 497 0.13 0.13 N

SHF Sly6 [82] 470 477 4.83 4.90 0.13 0.13 | 4.77 4.84 4.89 497 0.13 0.13 [0_12 < AR%SI < 0.24 fm 4) \\
SHF Slydd [R3] | 4.71 479 4.84 491 0.13 0.12 | 478 4.85 4.90 497 0.12  0.12 p

SHF SV-bas [84] | 4.68 4.76 4.80 4.8% 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 4.91 0.15 0.15 | 4.76 4.83 4.90 498 0.15 0.15
SHF SkM* [R7] | 4.71 4.78 4.84 491 0.13 0.13 | 476 4.84 4.90 497 0.13 0.13
SHF SkP [S8] 472 480 4.84 491 0.12 012 | 4.79 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 | 4.74 4.81 4.89 4.96 0.15 0.15 But this is not the end of the story...
RMF DD-PC1 [90] | 4.68 4.75 4.83 4.90 0.15 0.15 | 4.74 4.82 4.90 497 0.16 0.15 In 2020 the COHERENT

RMF NL1 [0I] | 4.70 4.78 4.94 5.01 0.23 0.23 | 4.76 4.84 5.01 508 0.25 0.24 )

RMF NL3 [02] | 4.60 4.77 4.89 4.96 0.20 0.19 | 4.75 4.82 4.95 503 0.21 0.20 Collaboration released the full Csl

RMF NL-Z2 [93] | 4.73 4.80 4.94 5.01 0.21 0.21 | 4.79 4.86 5.01 5.08 0.22 0.22
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

dataset




Improvements with the latest Csl dataset

+ New quenching factor

» Theoretical number of CEVNS events

2 3 1
Fee = f(Eny) = aF,, +bE; +cE. +dE,.
a=0.05546, b=4.307, c=-111.7, d=840.4
E Akimov et al. (COHERENT Coll), arXiv:2111.02477, JINST 17 P10034 (2022)
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+ 2D fit, arrival time information included
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» With the inclusion of energy resolution
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v Analysis with a Gaussian least-square function
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+ Doubled the statistics and reduced
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OCEyNS = 13%, OBRN = 0.9%,
and 0ss = 3%

syst. uncertainties

E Cadeddu et al., PRC 104, 065502 (2021), arXiv:2102.06153
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The Csl neutron skin (2023 update)

E M. Atzori Corona et al., arXiv:2303.09360

[Rn (CsI) = 5.47 + 0.38 fm } [>

~7% precision

Average proton rms radius for Csl

R,(Csh)=547+038 fm  x?.. =85.2

R, (CsI) ~ 4.78 fm E> AR,,,,(CsI) = 0.69 + 0.38 fm
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Only an averaged
information 1s obtained,
could we do more?

\ /

~

Use another electroweak

-

-

4.0 4.5 5.0 5.5 6.0 6.5
R,(CsD[fm]

R,(COH — CsI) = 5.471938(15) £9-53(90%CL) 1075 (20) fm,

7.0

e

process that measures the

weak charge of Cs .



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

10



Weak mixing angle from APV(Cs)

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

0.245

RGE Running
s Particle Threshold

Measurements

«@ 0.235F

sin’0,, (L)

0.23F

“Review of Particle Physics,” PTEP 2022, 083C01 (2022)

R. L. Workman et al. (Particle Data Group),

ARSS = 0.13 fin

SLAC E158
0.24F
T ‘
- APV Qe \

N\

N

eDIS

—_—

External assumption

0.225
10

)

107

1072

10~ 1 10 10? 10°

L [GeV]

10*

However R,,(Cs) (or the
neutron skin) has been
taken from indirect
measurements using

{ antiprotonic atoms, which
i are known to be affected

by considerable model

dependencies S

d

v The theoretical PNC amplitude of the electric dipole
transition is calculated from atomic theory to be

Im Epne = (0.8977 & 0.0040) x 10~ |e|ag Qw /N
Value of ImEpy used by PDG (V. Dzuba et al., PRL 109, 203003

(2012))

| will refer to it with “APV PDG".

&

0.250¢

APV only

68.27% CL | !
90.00% CL | |
95.45% CL | 1
99.00% CL | !
99.73% CL | |

0.245¢

5 0.240¢

in“@

APV(Cs)

PG
0.2351"ARCs = 0.13 fin!

0.230f
Jkin
02202 00 02 04 06
AR, [fm]

But, we also use NEW result on ImEpy !

B. K. Sahoo et al. PRD 103, L111303 (2021)

| will refer to APV 2021 when using

Im Epyc from Sahoo et al.

11



1D fits

. o
sin® Yy R, (CsI)[fm] . 2 .
\ " best-fit+17+90%CL+20 2 D estofitH1o+H90%CL420 | 2 sin“dy, fixed to theOl’y
R, fixed to theory —Lo—90%CL—20__ | Xmin Lo 90%CL 20 | Xmin in%6,,(0) = 0.23863(5
NSM COH-Csl 0,931 10-02710.01610.058 | g5 ()| 5.4710-3510-6310.76 | g5 9 Sin W( ) — U. ( )
R (CSI) ~ 506 Tm -Us 291 _0.024-0.039—0.047 : 20 _0.38-0.72—0.89 - f
n 9 APV PDG 0.9375+0-0019+0.003140.0038 5 9 +0.33+0.55+0.66 B Rn ree to va ry
sin“y, free to va ry - ~0.0019—0.0031—0.0038 | ~ 29 _0.34-0.56—0.68
APV 2021 0.239970 6016 0'0026-0.0032| - | 48670329 048 0.8 | -
APV PDG + Csl|0.23747 0 001870 0ot - 0o0a | 86.0 | 5.35T0:52+0-002% 1 85.3
* Nuclear shell model APV 2021 + CsI [0.239870 001270 0020 0r00a7 | 86.0 | 5.04%0 337055048 186.6
10 [ [‘l;:\:.j 10 ' . ' :
|iI fum____]i 30 /.: - '—}]'.: / / 30
\ IR SN E
6 - Ai i e - ™~ :_‘1- ‘f-: %)
gl sl \.\ A / f‘—lll : : ch gl RYSM(C) f‘? s 8; Q? (',')
\ | sind / / Z1 Il n>_ o N QJ-;' = g"
" - Al " '
N A <igEi /=)0
537 Y ) L] 99% CL [i < <! 99% CL
o 2 2 /) ) Hh [ :
6f . \.\ \_\ //' L C_)% 6f / h /
NI NR LE ) o ‘ /
%< 0.234 0.236 0.238 0.240 0.242 } { “ O«b <>l< /
\ Siﬂzaw 1 1 l O 20 .: :: 20
4 - 4 f :
LT / ,
|l |l | 90% CL L N / 90% CL
- = l : ’l
I LU / / 3
2 i 2 i /
‘” 1o W : 1o
1§ X,
0 1 L 1 1 1 L O N ) SN 4 < ) " )
0.16 0.18 020 022 024 026 028 0.30 4.0 4.5 5.0 5.5 6.0 6.5 7.0
sin’dy R, (CsD)[fm]




1D fits

R,, fixed to theory*
sin?9,, free tc vairy

R,(CsD[fm]



1st advantage: R,,(Cs) & R, (I) separation

R,(Cs)=5.29"03) fm R,(1)=5.6") fm y?_. =852

Even if theoretical nuclear models predict a similar neutron

radius for Cs and |, i.e. R,,(Cs) = 5.09 fm ~ R,,(I) = 5.03 fm, l
meaning that the use of R,,(CsI) is OK for current precision, .
it is interesting to try to separate the cesium and iodine -
contributions.
Assuming to know the value of the weak mixing angle at
low energy sin?8,,(0) = 0.23863(5)
COHERENT x* APV y2
L ) 2 E
2 _X2+( 5™ (R,) — Olf (sin ﬂw)) E
— AC . 2 =
aapy (Ry, sin” vy ) =
_ _ +1.0 4l
3
133 — _ — +0.31
2

Contribution of Cs and | disentangled!!

1| APV PDG

1| 68.27% CL

1| 99.00% CL

oSN OO

COH-CsI +

90.00% CL
95.45% CL

99.73% CL

T Icl T

~

™~

/

...................................

Ry(Cs) [fm]

09E€60°E0EZ:AIXJE “|E 13 BUOJOD LIOZIY “IA Q]
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1st advantage: R,,(Cs) & R, (I) separation

R,(Cs)=4.85"032 fm R,(1)=6.0")7 fm y?_. = 85.3

Even if theoretical nuclear models predict a similar neutron

|

radius for Csand |, i.e. R,,(Cs) = 5.09 fm =~ R,,(I) = 5.03 fm,

1| APV 2021

meaning that the use of R,,(CsI) is OK for current precision,

1| 68.27% CL

it is interesting to try to separate the cesium and iodine 4

X
ON B OO

contributions.

1| 99.00% CL

COH-Csl +

90.00% CL
95.45% CL

99.73% CL

T lcw T

Using ImEpy. form B. K. Sahoo et al. :
PRD 103, L111303(2021) (APV 2021) 7i

S

/

AR,,(**)= R, — R, = 0.97133 fm

ARy, (13Cs)= R, — R, = —0.241332 fm

R,(I) [fm]
() N co .
> > |

)

Contribution of Cs and | disentangled!!

R,(Cs) [fm]

09E€60°E0EZ:AIXJE “|E 13 BUOJOD LIOZIY “IA Q]
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2D fit: leaving both the

weak mixing angle and the
nuclear neutron radius™®
free to vary

*average Csl neutron radius

______



2nd advantage: extract both R,,(Csl) and

R, (CsD)=5.4777 fm sin?dy=0.2397"000 x°pie= 852

RH(CSI)=66H? fm s1n2(9W=031i88§ szin= 83.9 Papo\)\\hk 10 \\ ' ' // r COH-CsI +
8 3| con
10 e ————— L6l N Vi Hoamar | —
SN oo R 5 4 e | —
N g \ 1| so00scr | —— +APV(CS) 2 \ / HELZE —
4 95.45% CL —_— 99.73% CL E—
bl AN 3 99.00?&(1 —_— PDG 0 .\: o
0 99.73% CL 0255 (/6 <l
0.45[ Q >
3 \'¢
0.40} p P
0.35 4
= (.30 / O
% L
C.QS A //
“ (.25} (é /
0.20 \\
0.15 N
R T NI S £ $ 9 ST SRR B
" Ry(CsD) [fm].+* R, (CsI) [fm] Ay?



2nd advantage: extract both R,,(Csl) & sin“9y,
from data

R,(CsD)=5.5"07 fm sin®¢p=0.242370003 x%...= 85.1

R,(CsD=6.6"| fm sin®dp=0.31"005 x> = 83.9

0 N\ /- COH-CsI +
8 \ / 1| apv2021
X p— v 8 N\ AR
o 6 N [ama | =|[ +APV(Cs) 2 / [P
g 4 AN | 9sasecL | —— 0 99.73% CL
2 o | — | 2021 N —————
0 | 0.255" «(f; }\
04 S y
? 02500 & (2
0.40} - ,O\?\ K\ d
| o8
0.35] ¥
g 0.245
£030)
S [ /’
% 0.25} ’ 0.240 //
: ey
0.20; & - (9/
? AN 0.235" AN
0.15} N\ - Y
0.10, i 6 w8 9 semsms 0230 ==~ B =] Sy NP
 Ry(CsD) [fim}o % Ry(CsD) [fm] A



Weak mixing angle determination from APV

without any assumption on R, (Cs)

No assumptions on ARg;,
are made. The skin is taken
directly from CEvNS

103

R,(CsD=6.6"| fm sin®dp=0.31"005 x> = 83.9
AR experimental data
Big impact due to the
0.245| S theoretical value of
pov el IMEpyc Used! needs to
be clarified by the
- community!
» 0.240:
=
S/
“i’;‘: ‘ COH 2022+
‘Th APV PDG 2020
0.235 This Work
APV PDG2020 (4RF; extrap.
0.230F from antiprotonic atoms)
103 102 101 1 10 102
Q [GeV]

19



Summary of nuclear neutron
8|

radius measurements

» APVPDG: Using ImEpy. from V. Dzuba et
al., PRL 109, 203003 (2012)

Despite the different fit configurations used
to extract the values of R,,(Csl), R,(Cs) and
R, (), a coherent picture emerges with an
overall agreement between COHERENT and
APV results and the theoretical predictions.

Using APV PDG we obtain on average larger values
on the radii, still compatible within uncertainties

» APV2021: using ImEpy. from
B. K. Sahoo et al. PRD 103, L111303 (2021)

On the contrary, APV 2021 shifts
downwards the measured radii towards the
predictions, but in the simultaneous 2D fit
with sin?9,, where the correlation with the
latter increases the extracted central

value of R,,(Csl).

@ 2D fit COHERENT(Csl)+APV(Cs) is stable

=
=,

=
=

against ImEpy . choice. Precision of ~7% is

reached even if letting sin?9,, free to vary! 3

6f
5

4

Fit 1D sinsyy fixed

i COH : i
| - cor a
: F A %‘k : COH+
| | COH APV PDG | COH
i | COH+ 1 ;
' COH Apv  COH+ | o opg COH+ | coy COH+
PDG APVPDG ;. |~ o APV PDG , APV PDG
| o vl v v |
N 0 T 0 A
'ZZ:ZZZZZZZZZZZZ_ZZZZZZZZZZ:ZZZZZ}ZZZZ%;ZZZZZZ-ZZZ:Z:?ZZ&:ZZ ZZZZ:ZZZZZZZ_Z:ZZIZZZZZ*ZZZZZZZZ ZZZZZZ:ZZZ_Z;_Z_ZZ ====3
Rq(Csl) Ra(CS) Ra(Csl) : Ry(Csl) : Ra(Cs) Full !R Cs Rn(Cs) ol
i et | Rall) _. i I
: Fit 2D : Fit 2D : " Fit 2D
: ) i Ra(Cs) .2 . : .9 .
: 2 | sin“gy free : sin“@yy fixed : sin“gy fixed
Fit 1D sin“gy fixed | I |
| R,(Csl) free | Rn(Cs) & R,(l) free | R,(N<R,(Cs)
| COH ' Precision on R, as |
: | : A4 5O
j i con COHs+ | low a;\s d|4.5/o
: i, | APV 2021 €aCNeC:
: 2 N :
; 2 % | COH ' COH
i COH+ & i
COH ! | |
coHs | | APYV202T CoH+ Y | | COH  CcoH+
APV |2 ;! |
APV 2021 | |: & Y APV 2021 : APV 2021
2021 | Ro(C8l) I v I
EEECEREEErEErrE SRR EEEe T :IZZZZtIZZZE'IIZZZZIIZZZZLfZZ;;ZZIZ ZZZI:ZZZZII%Z:IZZZZZIZ"ZZZIIZZZ IIZZZZ:IZ%ZZIZ?:ZIZ
Ra(Csl) ey | % Ra(Csl) l Ra(l) 1 RalCs R.(Cs)
Ra(CS) S N Ry Rl Raft)
. Fit2D i " Fit 2D Rl Fit 2D
L ! Ru(Cs) 5
| sin“ow free | sin“oy fixed

R, (Csl) free

siney fixed 5

R,(Cs) & R,(1) free !

Rn(1)<Rn(Cs)




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),
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COHERENT future argon: “COH-LAr-750'
LAr based detector for precision CEvVNS
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The past, present and future of sin“9,, with
CEvNS and APV
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Conclusions

+ The weak-mixing angle-neutron radius degeneracy is always present in weak processes on nuclei

+ To break this degeneracy one can combine different EW measurements:

/"42
-

9

+ In this game, CEvNS, even if not explicitly designed for this purpose, is a powerful tool for = LY
measuring the neutron form factor (6o suppression of full cohrence reached) that in turn is 7 N
sensitive to R, with a precision of 7%. g

+ In combination with APV(Cs) a precision as low as 4.5% in R,, is obtained and a consistent picture
emerges.

+ On the other hand CEvNS is not so sensitive to the sin?9,,, but, in combination with APV(Cs)
provides a complete data-driven value of sin?9, (historically APV uses a R,,(Cs) which is
extrapolated)

+ The value of sin?¥9,, is very dependent on the theoretical Im Epy. used: needs to be clarified.

+ We provide a complete sensitivity study for future COHERENT experiments in terms of sin%9,,
and R,, and we compared it with those coming from parity violation electron scattering showing
that a similar precision (0.5%) can be achieved.
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Excess Counts / PE
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CONCRETE AND GRAVEL
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CEvNS players so far

D. Akimov et al. Science
357.6356 (2017)

COHERENT Csl COHERENT Ar

+ Updated in arXiv:2110.07730v1 [=] Akimov et al., COHERENT Coll. PRL 126, 01002 (2021)
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Fy (|cﬂz) Thus, in this paper, we calculated the couplings taking into account the radiative corrections in

the MS scheme following Refs. [BI1 62]

y 1 _ u u
g =p (5 — 2 smzﬂw) +2Zww + Oww — 28w + p(2K%% + K5, —2RYS —K37), 2)

gy " = —g +20ww +Xww + p(2 R%7 + K35 —2 RS —KY7).

The quantities in Eq. @, Oww. Xww and Eg‘;, 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, &,y 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, gf,(v,) = 0.0300, and gf> = —0.5117.



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 _ 2 1 ATZ h;re}f.p VE}E[}I ]_ J'P\r'!lj rr;'..EZ 1
Xcsl = L2 (1 +m:)N; — ij T4V n T NZ + P (10)
i=1 j=1 Lz=1 > =11+ 1) ij z=1 N Z
where the indices 7, 7 represent the nuclear-recoil energy and arrival time bin. respectively, while the indices
z=1,2,3,4 for Nj; stand, respectively, for CEvNS, [:TIIJ = N_SE“’ES) beam-related neutron (ﬂfj 'ERN ,
neutrino-induced neutron {ﬁ»; = Nﬂm) and steady-state [N% = 'Ef’) backgrounds obtained from the

anti-coincidence data. In our notation, NEEP is the experimental event number obtained from coincidence
data and NSE”}‘FE 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 t:lli'gtt atoms and the CHI quenching factor [16]. We take into account the sys-
tematic uncertainties with the nuisance parameters 77. and the corresponding uncertainties ocg,ng = 0.12,

orN = 0.25, oniny = 0.35 and ogs = 0.021 as explained in Refs. [6] [I6].
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FIG. 10.  Constraints on the plane of R,('**Cs) and Rn("*"I) together with their marginalizations, at different
CLs obtained fitting the COHERENT Csl data alone (a) and in combination with APV data (b) and (c), using
the value for the neutron skin corrections of Ref. [73] (b) and Ref. [74] (c). In all cases, we impose the constraint
R, (Cs) > Ry(I). The green lines indicate the corresponding NSM prediction for the average rms neutron radius of
Cs and L



Dresden-Il weak mixing angle results

sz

+Insensitive to R, (Ge)

+Insensitive to the
antineutrino flux
parametrization
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E M. Atzori Corona et al., JHEP 09, 164 (2022), arXiv:2205.09484

+Very sensitive to the Ge quenching
factor parametrization
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*also known as PNC

Atomic parity violation®* on Cs iy monconsenaton

- In the absence of electric fields and weak neutral currents, an electric dipole (E1) transition between
two atomic states with same parity (6S and 7S in Cs) is forbidden by the parity selection rule.
« However an electric dipole transition amplitude can be induced by a Z boson exchange between atomic

electrons and nucleons - Atomic Parity Violation (APV)
NO DIPOLE

TRANSITION > The weak NC interaction violates parity and mixes a small amount of the P
Cs \/ state into the 6S and 7S states (~107'1), characterized by the quantity
7S, Im(E1pyc), giving rise to a 7S - 6S transition.
* Y s » To obtain an observable that is at first order in this
6S.. 5—d 3 amplitude, an electric field E (that also mixes S & P) is
\ applied. E gives rise to a “Stark induced” E1 transition
Weak 5;:]\» g,’g“ amplitude, Ag that is typically 10° times larger than Apyc
Interactior nm “ and can interfere with it.
N\
DIPOLE
850,890 nm _ 2 _
\ TRANSITION( R7S—>6S — |AE iAPNCl —
_ 2
\// 2 =E15° + 2E1, +
Z —
7 et Eene

@ hyperfine levels
' 33



The experimental technique

For there to be a nonzero interference term, the experiment must have a “handedness”, and if the
handedness is reversed, the interference term will change sign, and can thereby be distinguished as a
modulation in the transition rate

Rysoes = |Ap + Apncl? = E1p° + 2E13E1pyc

> Stark-interference technique: cesium atoms pass through a region of
perpendicular electric, magnetic, and laser fields. The “handedness" of
the experiment is changed by reversing the direction of all fields.

?5—«@—:‘3‘
\ SP
v 23"
540 nm 6R,,
TN
850,890 nm
L " F=4
65— =°

Cs Beam

Interaction
Region

The transition rate is obtained by measuring the B
amount of 850- and 890-nm light emitted in the
6P-6S step of the 75-6S decay sequence.

v' The measurements culminated in 1997 when the Boulder group performed a
measurement of Apyc/Ar With an uncertainty of just 0.35%.

Im (EPENC) — —1.5935(56) T—;’

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

The PV amplitude is in units of the equivalent electric field required to give the
same mixing of § and Pstates as the PV interaction

Detection
Region

34
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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

B exXp

v Theoretical amplitude of the electric dipole transition

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

polarizability
It characterizes the size of

n Egs — Enp]/2 2 the Stark mixing induced
= electric dipole amplitude
<6S|d|npl/2><np1/2|HPNC|7S>] % (externaFeIectricﬁ‘ield)
k7, — Enm/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\/—QW7’5}9( r)

NEW result on ImEpy !

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

Im Ep:q('_* —

nuclear Hamiltonian describing the electron-nucleus weak interaction

p(r) = pp(r) = p,(r) - neutron skin correction needed 35



Weak mixing angle from APV(Cs)

~
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However R,,(Cs) (or the
neutron skin) has been
taken from indirect
measurements using

{ antiprotonic atoms, which
i are known to be affected

by considerable model
dependencies

0

(o

m

4

+ In order to measure R,, one has to subtract to the so-called “neutron
skin” correction in order to obtain

OEBRRc(Ry) = [(N/Qw) (1 — (gn(Rp)/ap))

Gp,n = 471-/ Pp,n (T‘)f(?’)

0

densities in the nucleus.

W.I11.85.

PNC

|

?‘er Where p(r) are the proton and neutron

v" The theoretical PNC amplitude of the electric dipole
transition is calculated from atomic theory to be vajue of ImE,,. used by PDG (v.

Im Epne = (0.8977 4+ 0.0040) x 10~ el ap Qw /N

=

0.250¢

0.245¢

0.240¢

0.235

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

APV only

68.27% CL | !
90.00% CL | |
95.45% CL | 1
99.00% CL | !
99.73% CL i

APV(Cs)
PDG -
ARSS = 0.13 fm!

0.230F :
skin
0 ™00 02 03 0%
AR, [fm]
But, wealso NEW result on ImEpy. !
use > | will refer with APV 2021 when

Y

Dzuba et al., PRL 109, 203003 (2012))

| will refer to it with “APV PDG".

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(gS% + 0.00005) + N(gS% + 0.00006)]

[_ J Theoretically

QyM ™ (133cs) = —73.23(1)

0.245

RGE Running
s Particle Threshold

Measurements

a
1—%) Z(1—451n0 ) N a

10 difference

Using SM prediction at low energy
sin8,,(0) = 0.23857(5)

Experimentally 0
Q,, " (133Cs) = —72.82(42)

0.24 -
_ AN A _
& ors N sin“6y, (2.4 MeV)=0.2367+0.0018
«B 0.235 N
2 NLC I LHC .
023 | - But which Cs neutron
_ ] skin correction is used?
o228l ]

LL [GeV]

37



The dilemma

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
020 e | sin? dw (COH — Csl) = 0. 231+8 831(1a)+8;8§8(90%CL)+8 0% (20)
i;ggigi i 0 26_. —r—r T ———1 — T ——T—T—T T ——T—T—TTTTrT—— n
0245 i 99:73% CL i
_ _0.25}
_ APV(Cs) //: E COHERENT CsI E158
55 0'240/ ! . ;/Eree—ﬁirufr’o’ﬁ skiny 3 0.24F (fixed skin) ce)
3 APV(Cs) I =1 § APV o ek 7 g
0.235 »—ig CG;‘_ 0.13 fro. - 0.23F ppG2020 P pypIS Tevatron—JL!'.
iy APV(Cs) PDG $= 5 (’H) '
corresponds to 0.22¢
0-230f | ARSS (Extr.) = 0.13 fm :
 san | 0.21F ;
ot o oo ... 1 Extrapolated from 0.001 0.010 0.100 1 10 100 1000
702 00 0.2 0.4 0.6 antiprotonic atoms... GeV
ARy, [fim] u [GeV]

38



Extrapolated value of ARy}

**[' + Neutron-skin of a variety of v" From this linear fit one
- nuclei as extracted from obtains the relation for
0.4 antiprotonic data as a function the neutron skin for

of the asymmetry parameter, /. every nuclei

@ Extrapolated value for Cs

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

0.3 I I I I I I I —

e oprmen ARpp[fm] = —(0.04 +0.03) + (1.01 4+ 0.15) ——

Inear average

- " of experime%lt 1064 . . .
02F o NL3 “ For cesium it gives

A Shyd

o Dl}é 9(’Zrm' ARCS = O 13 + O 04‘ f

— & »y(extrap) = 0.13 + 0. m
0.1 4. Fe 8 % p

5 ;ZFC o T i

o- & % . losn Extrapolated (not measured)

: M| value for cesium!

A1[- e *Ni izFe;?Co Antiprotonic data: radiochemical and the other based
A I R R on x-ray data constraining the neutron distribution at
0 0.1 1‘ the nuclear periphery
I'= (N B Z)/A Irs =0.17 E M. Thiel et al., Journal of Physics G, 46, 9 (2019), arXiv:1904.12269v1 39
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Neutron nuclear radius in argon

ﬂ
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TRTEREEE C@Y\ T S\NS Combined fit in (time, energy, PSP) space suggest >30 CEvNS detection significance
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Physics results from the first COHERENT observation of coherent elastic
neutrino-nucleus scattering in argon and their combination
with cesium-iodide data
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FITTING THE COHERENT
CsI DATA FOR THE NEUTRON
RADIUS

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

Rccﬁ = 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 - (f (ne) + oz T (T2>so>

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 RSS! ...
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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 <7"p2> + 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
ol 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? o _ Spin-orbit correction
R elativistic Darwin- ~0.09 fm? for *8Ca

Foldy correction
~0.033 fm?

~ 0.028 fm? for 2°8pPb
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distribution radius

— \/Rgh — <— (rnz) 4+ — 4+ (7‘2)50> RMS proton




COHERENT+APV compared to PREX

i i B Relativistic tnean field nuclealk 1]
- I [ del 1 | )
ARnp (133CS) _ 045t8§§ fm 07 | | mode predlctlons | %g
: —_ [ | | ® Nonrelativistic Skyrme- Hartree S8
@fixed sinzéw é 06 é . Fock predlctlons | é %
= 051 S | | ii | 3
O 3] | | ii | B
5 04 Z a i ii i 2
= [ < | | i o
E 0.3} i i ——t 3
8 | : g : ©
ad ; | BV 4 ii |
' | * ii |
01F v . I PREX-1 | .
[ , 1 . | PREX-2 @77,\/@
0 [ : | * " PREX-comb | OISjO >
| | o . .. . IS 0T 2
+ Strong linear correlation 8.0 0.1 0.2 0.3 0.4 0.5 s
between the neutron skin of ARSI (298Pb) [fm] PREX: parity-violating asymmetry in the
Cs and Pb among different elastic scattering of longitudinally
nuclear model predictions polarized electrons on 298ph

2 2
[=] PREX, PRL 126, 172502 (2021) Apy = TRZIL GrQ?|Qw| Fw(Q?)

or+oL  4/27maZ Fau(Q?) 45



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

pr(r) = —°
F - r—c)/a
1 + e( )/ pn)/po
Where, the half-density radius c is related to the rms Surface{ Bilsiness
radius and the a parameter quantifies the 01- ]
t=4aln3 °l
(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 ) il
R{, = 4.749 fm (lodine proton rms radius ) o1 pra ECENSIOIECIE

0.

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