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Coherent elastic neutrino nucleus

scattering (aka CE' NS)

+ A pure weak neutral current process
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+Weak charge of the nucleus
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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!
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+ Neutrino -nucleon tree -level couplings
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+ Radiative corrections are expressed in
terms of WW, ZZ boxes and the neutrino
charge radius diagram © Flavour dependence
J
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gb-(ve) = 0.0382, gt (v,) = 0.0300 and g% = —0.5117
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neutrons contribute the most
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Excess Counts / PE
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Suppression of the full coherence In CsICOHERENT data

Events / PE
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. First result Cadeddu et al. Phys. Rev. Lett. 120, 072501
e Cslineutron SsKin (2018), anKwi710.02730

M. Atzori Corona et al., EPJ@3 (2023) 7, 683 . . . 2
ATy 2303 09360 Average proton rms radius for Csl from Neutron skin: 'Y (# Q)Y # O)

muonic X -rays data
Y (#0) v X @ ym | Y #0) 4. T8 VY #0) @ w 1@ gm

X 700 precision G. Fricke et al., Atom. Data Nucl.
Data Tabl. 60, 177 (1995)

o R, (CsD=5.47+0.38 fm  x,;, = 85.2 Theoretical values of the neutron skin of Cs and | obtained with
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i 20 SHF Sly6 [82] 470 477 4.83 490 0.13 0.13 [ 477 484 489 497 0.13 0.13
SHF Sly4d [83] | 4.71 4.79 4.84 491 0.13 0.12 | 4.78 4.85 4.90 4.97 0.12  0.12
i SHF SV-bas [§4] | 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 | 476 4.83 4.92 499 0.16 0.15
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Weak mixing angle

The Weinberg angle, — is a fundamental parameter of the EW theory
of the SM. It determines the relative strength of the weak NC vs. the
electromagnetic interaction. There are many ways to define it, one of
tﬁose is the minimal subtraction scheme (0
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Comblned 2D fit with COHERENT and APV (Cs)

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

+ Atomic Parity Violation APV(Cs) and CE’ NS depends 0 (I)(p T1O0EL ) 0
both on the weak charge and thus on R ,(Cs) and O E7l

+ 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 k
distr?buﬁi%n : ngztri(guetlijct)rnon) M. Cadeddu, N. Cargioli, F. Dordei, C. Giunti, E Picciau
' | PRD 104, 011701 (2021), Arxiv:2104.03280
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Light mediators from SM |
U(1)A extens'i”

=—Z, | Y gV mvve+ Y 9 atq

boson case : :

The universal model
Is not anomaly free

A Search for anomaly free extensions of the SM
(connection with Dark Sectors, Hidden Sectors..)
A Light mediators DMeV 1 f ew GeVs

|=] Rev.Mod.Phys. 81 (2009) 1199-1228 These models

— — I . — — — are anomaly
Y 5 o) 3 YW © Y 5 Yp) 5 YW 5 Y free if the SM
. . - IS extended

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

lgzﬁ l
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[(dR)HQ) ZF2(17%) + (@) + 420) NFn (17)]

1% 1%
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Anomaly -free

The coupling of the new vector boson with
the quarks i s generatep

See also:
Miranda et al. Phys. Rev. D 101, 073005 (2020)
Coloma et al. JHEP 01 (2021) 114
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with the photon at the one -loop level


https://arxiv.org/abs/2202.11002v3

Constraints on light mediators from

COHERENT data

Universal vector boson
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A Same coupling to all SM fermions
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arXiv:2202.11002
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Constraints on light mediators from

COHERENT data

= B — 2L, — L, vector boson
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E M. Atzori Corona et al. JHEP 05
(2022)109, arXiv:2202.11002

- B — L, — 2L, vector boson
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1071E =
i E141
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New light scalar boson mediator
that is assumed, for simplicity, to
have universal coupling with
guarks and leptons

scalar boson
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https://arxiv.org/abs/2202.11002v3

The 0 U scenario

L ,-L. vector boson

- -1 UL .
ggm 1 U0 AsforalltheLst . odels
the constraints that we can
obtain from CE
weaker than those in the
10-2 = previous models, because
. the interaction with
qguarks occurs only at loop
level , and hence it is weaker
1073 =
d 1 A Coupling onlyto * and tflavor 0  pIp D
l9=2) limit Gl
== Ar
10-1F — Csl+Ar - A One of the most popular model because (| )
- CMS 4y ] band is not excluded.
i CCFR
i :"”Be"i"“ | A Atthe moment CE ' NS limits are not competitive!
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The 0
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% 10
=

10—5 L1

U scenario

L, -L- vector boson
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> Csl+Ar d
g _})“ limit ---= sl
. — - Ar
-COH—-CryoCsI-II — Csl+Ar -
. . CMS 4u
- Preliminary CCRR
Borexino
| BaBar |
1072 107! 10° 10° 10
See also COHERENT sensitivity Arxiv:2311.13032 My [GeV]

A The situation will change in the future thanks to the

COH-Cryo-Csl-I and COH-Cryo-Csl-Il detectors (See
3 fe COHERENT Experimental Progr a
arXiv:2204.04575)

A D10 kg (COH-CryoCsl-1) and a D700 kg (COH-CryoCsl-
2) cryogenic Csldetector with two target stations.

U The (| ) 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
& o
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 el
with White Paper (2020) SM: Lattice HVP

BMW Collab.
(2020)
—._
SM: e+e- HVP
using only CMD-3
data below 1 GeV

175 180 185 190 195 200 205 210
a,x10° - 1165900
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Neutrino charge radius = R
B 7 _' I \[{ + \\\\\\ 1|— Csl+Ar
i Inthe SMthe effective vertex reducesto r &N ) since _ | \ﬁ\w ) ‘J\ (DS
the contribution N r N j N vanishesin the coupling with a \ / \<d_ A oiErK o
conserved current 1|—— Csl+Ar+DII(HMVE-YBe)
CEVNS 1|- - - Csl+Ar+DII(HMK-YBe)
, , , r ot N\ Ve w gy 1l Csl+Ar+DII(EFK-YBe)
Q (r]) (F I’] F I’] J I’] )Qn ) ‘M. ALLOWED . TEXONO
\ l REGIONS ] BNL-E734
JA charge r adi 4ndepender,tz ™8 gauge E+SM
finite is achieved by including additional L N
diagrams in the calculation of &N )j :
E Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450 .
I‘/t ._; |
U Inthe Standard Model ; h ‘ \ ]
(i) °© o ql '|'< -30 -10 0 10 20
e (r2) 110"%em?
(i) w@ pm A ‘ o
<‘| > @ pn A 71<(i Mpm Al] v 2 wm R,
(i ) o8t pmt A E M. Atzori Corona et al. JHEPQ9 (2022) 164, arXiv:2205.09484
E R. L. Workman et al. (Particle Data Group), § Current best limits
GwS@ASE 2F t I NEORXDBEOLU(HNRA A OaZé t ¢Ot accelerator . Qscattering
VALUE (10*2 cm?) Cl% DOCUMENT ID TECN COMMENT . ~ s
—2.1t03.3 90 T DENIZ 2010 TEXO Reactor v, e T& (l ) 8 [p T[ A I ]
* » We do not use the following data for averages, fits, limits, efc. » »
—27.5t03 90 2CADEDDU 2018 v, coherent scat. on CsI

—0.53 to 0.68 90 SHRSCH 2003 Ve scat. U& <‘l > pfﬁ) [p n A |’ ] @90% CL 14



Limits on ' 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 M. Atzori Corona et al. PRD107, 053001
millicharge grows as 1/T. Dark matter -searching experiments such as LZ, XENONNT (2023), arXiv:2207.05036
that observe solar neutrinos are sensitive to these quantities See also:

Giunti, Ternes, PRD 108 9, 095044

MM ) _ (2023)
doy, E T — 7%Xe(1 \*% L1\ |, |? do, |EC  2a0,(T,) E,| , Miandaetal. JHEP 12 (2021) 191
AT ( ~ e) - eff( e) P T_ - E = Og |—| {4y, Mirandaetal. PLB 808 (2020) 135685
¢ me \Le HB AT |lgpp = T, y Miranda et al. JHEP07(2019)103
=
- [ | | | [ | | ]
E X COHERENT = LSNDx ]
—9_ . 21077
E 10 : BNL-E734y § S E
g mSuper-K o 1010 xCOHERENT B
S ® Dresden-I| BXMASS § E
o 10~ 10 MUNUg KamLandm _ S
= F CONUS®TEXONO ] = 101! i
g S MASS
en This Work  This Work ®TEXONO
S : (L2) : S 1n-12
= 2} . 210 | -
1L T This Work_| - This Work  This Work
o 107" 3 = :
= F This Work (LZ) q:)»‘ TThiS Work T(LZ) T(LZ) This Work 1
E (L2) XENONNT ] Z 1013 (L2) T
o | | | | ] | | | | ]
= Ve Yu Vr Veff Ve Vu Vr Veff
Neutrino Type Neutrino Type

o 3eoGr ~32 % 10-19 m, U CEVNS limits from COHERENTand Dresden -1| detectors competitive. Dresden -l profits 15
Hy = 8\/2}7:2 my, = 3.2 X W KB from the very low threshold, however the CEVNS signal in Dresden -l is debated...




Migdal contribution In

I/
Q New paper

arXiv:2307.12911

reactor CEVNS experiments

U The first observation of CEVNS at reactors by Dresden

relies on an

measured quenching factor (QF) with respect to the Lindhard prediction (k=0.157).

U The QF quantifies the reduction of the ionization yield produced by a nuclear
recoil with respect to an electron recoil of the same energy.

-l [PRL129 211802 (2022)]

[PRD 103, 122003] of the

U Since the Dresden -ll result implies an extra observable ionization signal

produced after the nuclear recoil, some authors [

PRD 104, 015005, PRD

106, L0O31702 ] have cleverly interpreted this enhancement as due to the so

called Migdal effect

L
DM - ,O
ar - [ N ‘l‘\_
,

perfect agreement, making our findings robust.

"' \@\\

V In our last work we study in detail the impact of the Migdal contribution to
the standard CE LNS signal calculated with the Lindhard quenching factor.
To this purpose, we compare different formalisms, that of
03, 194) and Migdal photo -absorption (PRD 102, 121303) that nicely show a

ifferential Rate / [kg day keV.]

Ibe et al. (JHEP
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Migdal contribution

G2 M
m

(dffpe__;\-’ ) Ibe et al.
dan Migdal

(1_

MT,,
2F2

) Q%‘DX |ZiUH(QE)‘21

Where Z,,,,is the ionization rate of an individual electron in the target

|ZIOII Qe — Z]dT dT pq ﬂg — T)

pc are the ionization probabilities for an atomic electron with quantum
numbers nand 3 that is ionized with a final energy T..

A The formalism developed in PRD102, 121303 relates the

photoabsorpti on
element without requiring any many

U Photoabsorption cross section is experimentally known

c to thesMigdad dBpole matix &
-body calculation.

. such that

the Migdal rate suffers from very small uncertainties
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V The Migdal contribution to the standard CE LNS signal calculated with
Is completely negligible for observed

the Lindhard quenching factor
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energies below D0.3 keV where the signal is detectable, and thus

unable to provide any contribution to CE LINS searches in this energy V A different ex

regime.
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Conclusions

+ CE NS isa powerful tool for measuring the neutron form factor (Y meausered with a 7% precsion). Very important
to know when fitting for BSM physics.

+ On the other hand CE NS is not so sensitive to the O EfT hbut, in combination with APV(Cs) provides a complete
data-driven value of O Efl (historically APV uses a Y (Cs) which is extrapolated)

i BSM physics, expecially light new physics, can show up in the runningof OE/l 8

+ CE NS data (COHERENT Csl+Ar) is able to putstrong constraints for different light Z boson models like the universal,
B-L and other anomaly free models excluding the possibile interpretation of the muon g -2 results

+ Good prospects are expected for the popular 0 0 model in the upgrade phase of COHERENT Csl experiment.
Waiting for a clarification of the (l )n theoretical prediction.

+ CE NSis also powerful in constraing BSM neutrino properties, e.g.  neutrino charge radius (best limit on the electron
neutrino), neutrino magnetic moment and millicharge

+ In combination with neutrino -electron scattering data in COHERENT, DRESDEN and direct dark matter
experiments like LZ we achieve very competitive limits on neutrino magnetic moment and millicharge.

+ Thanks to the lower energy threshold achieved, Dresden -Il Ge detector is very powerful in constraing BSM physics,

+ The extra ionization could be due to the Migdal effect , however in arXiv:2307.12911 we show that the standard
Migdal effect is negligible with respect to CEVNS, thus a different explanation is required
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Accessing new physics with an
undoped, cryogenic

The COHERENTCsI detector that first observed CEVNS
achieved a light yield of 13.35 PE/keVee, but it was only
able to achieve a threshold of | 700 eVee due to a 9 PE
coincidence cut to remove both Cherenkov light in the
photomultiplier tube (PMT)and the prominent afterglow
observed in doped CslI[Na] crystals [45] at room
temperature . There are three strategies to improve
threshold relative to the original Csl detector : switch
from PMT to silicon photomultiplier (SiPM) light
detectors, reduce the afterglow scintillation rate, or
increase the light yield. By switching to a SiPM readout
for COH-CryoCsl-1, all three of these will be
simultaneously met for undoped Csl crystals operating
near 40 K where light yield is optimized .

[...] Though data analysis is underway, preliminary
estimates point to a roughly energy independent
qguenching factor of | 15%. We further assume a 10%
relative uncertainty on that central value, achievable in
past measurements of quenching in inorganic
scintillators . With this, COH-CryoCsl1 would have a |
500 eVnr threshold for nuclear recoils .

COHERENT Caoll.
arXiv:2311.13032v1 (2023)
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Figure 7. Sensitivity of COH-CryoCsl-1 to a L, — L+
mediator compared to current constraints from CEvNS
(solid lines) and other experiments (dashed lines). Such
a model would resolve the reported g — 2 anomaly in the
parameter space given by the blue shaded region.



Neutron nuclear radius in argon
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Interplay between nuclear
and electroweak physics

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

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

1 Parity Violation Electron Scattering (PVES): polarized
electron scattering on nuclei . PREX(Pb), CREK@)

0 Coherent elastic neutrino -nucleus scattering (CE’ NS).
Cesium-iodide ( Csl), argon (Ar) and germanium (Ge)
available.

used for 2 used for OEM )



counts/ 1.71 keV

First average Csl neutron radius measurement (2018)

' ' D. Aki t al. Sci 357.6356 (2017
+ Using the first Csldataset from E oV € 8l Seienee (2017) M. Cadeddu, C. Giunti, Y.F. Li, Y.Y. Zhang, PRL 120

072501, (2018), arXiv:1710.02730

o z l_' l - - Helm E o i ﬁ;m 9973"/E
8 ] : r—~| _% Nx © é— —;
.- : S 3
__ l E = :\\ / 95.45%2
TN RN AN AN
E l F\rstdc ta | [ ‘ ’ _E - 53.27%;
e E \ a 3 o s bl it s dvng
! JCSiIh\\II 2.5 3.5 4.5 55 6.5 7.5 8.5
0 5 10 15 20 25 30 35 40 Rn [fm]
Er[keV]

U We first compared the data with the predictions in the case of full 2 UEB) 8 fm
coherence, i.e. all nuclear form factors equal to unity:  the corresponding 8
histogram does not fit the data

_ _ V' Only energy information used

U  We fitted the COHERENT data in order to get information on the value of the x No energy resolution

neutron rms radius Y , which is determined by the minimization of  the ...

. . : X No time information
using the symmetrized Fermi (t=2.3 fm) and Helm form factors (s=0.9 fm).

x Small dataset and big syst. uncer. 24



Improvements with the latest

+ New quenching factor
E.. = f(En) = aE,, +bE? +cE> +dE} .

Csl dataset

U Theoretical number of CEvVNSevents

TEF Tl:jlli'nux Elllﬂ-x
a=0.05546, b=4.307, c= -111.7, d=840.4 NEENS = N (Csl) / AT A(Ty) f dT.. R(Tw, T.) / dE
E Akimov et al. (COHERENTColl), arXiv:2111.02477, JINST 17 P10034 (2022) Tar . ; 0 Ermin(Thr)

v Ou-Csl -
+ 2D fit, arrival time information included ) _Z _dE (E) T, (B Tr)
NCEWNS _ ( A\TCEVNS ) P_(vp) NCEvNS - (ue,ﬁp) ) _ _ _ _
* (N; Ju B3+ (N; e B U With the inclusion of energy resolution
g : i V"l é 25\ i Prompt (v,) b
H; : : - ' lar(1+bR)]"™% b (bR
- u s yed (v, + v,) R N JN — N R e apR R PE
. ;: L Example POT trace [( PE PE) F(l _|_ bR) PE
b i 4 V Analysis with a Gaussian least -square function
T e, | 5 9 11 exp 3 2 3 ) |
[ — 1(‘)0x :fl!:‘ﬂz%]éﬁllmlgo“‘éw % ““~1000"~2060 30004000 50006060 7000 2 NIJF T ZZ:I (1 -|— nZ )Nf] T}z
Energy (MeV) Creation Time (ns since pulse onset) XC o Z Z _|_ Z —_— ,
+ Doubled the statistics and reduced
SySt UnCertaintieS E Cadeddu et al., PRC 104 065502 (2021), arXiv:2102.06153

OCEyNS = 13%, OBRN = 0.9%,
and 0ss = 3%

©

~ |,

é arXiv:2303.09360
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Atomic Parity Vlolatlon 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 6"Yand
7"Ystates in cesium .

U 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 Interaction mediated by the Z V However, an electric dipole transition amplitude
by the photon and so boson and so mostly sensitive can be induced by a & boson exchange between
mostly sensitive to the to the weak (neutron) atomic electrons and nucleons A Atomic Parity
charge (proton) distribution. Violation (APV)or Parity Non Conserving (PNC)
distribution
+ The quantity that is measured is the usual weak charge V) (l')(p TOE+ ) 0

26



Extracting the weak charge from APV £5
\//

Q Im EPNC QW
W /Bexp.—l—th.
NImE
[j) exp. PNC th.
+ Experimental value \/ Theoretical amplitude of the electric dipole transition Td endoransi ti
of electric dipole . ¢ ol ari zabi |
- . 6s|Hpne |1 n d|7s P
transition amplitude Epne = Z[< |Hpncl p1/2)< p1/2| [7s) \\/ It characterizes the size of
between 6S and 7S n Eos — Eyp, 2 the Stark mixing induced
states in Cs = electric dipole amplitude
6s|d|n n Hpnel7s ,
< 4] p'/2>< p1/2| prc| >] % (external electric field)
C. S. Wood et al., Science E o Enpl/z Bennet & Wieman, PRL 82, 2484 (1999)
275, 1759 (1997) B ) ) ) Dzuba & Flambaum , PRA 62 052101 (2000)
B u where dis the electric dipole operator, and PDG2020 average
o, eran PRATL, Value of ImO  used by 5 27 . 06 4
042108 (2005) H — = :
PNC — 2\/‘ 5 Qwysp(r) PDG (V. Dzuba et al., PRL
PDG2020 average 109, 203003 (2012)) é NEW resulton ImO !
) I'(_) Im EF:\](‘_‘ = {HSI}TT + U[]Ul[]) X ].U_]l |IF’| g C-Jn'/i“"v'r see a|SO A\ u | will refer with APV2021
ear Hamiltonian describing th - | S when usignim O from
pEB) m '(UU) nuciear Ramiitonian descrioing tne  electron -nuclieus weak Interaction B. K. Sahooet al. PRD 103,

mv/cm " " (®» 7 (®»O neutron skin correction needed 1111303 (2021) 27
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+ In order to measure Y one has to subtract to the so

skinty correct

Weak mixin

g angle from APV(Cs)

Historically APV(Cs) has been used to estract the lowest energy determination of the weak mixing angle.
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Atomic Parity Violation for weak mixing angle measurements

V Weak charge in the SM including radiative corrections
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But which Cs neutron
skin correction is used?
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The dilemma
APV (Cs)
+ Sensitive to the weak mixing angle

COHERENT (Csl)

+ CE NS Is sensitive to the neutron skin
+ But less sensitive to the weak mixing

+ Similarly sensitive to the neutron skin angle 37
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Extrapolated value of 3Y
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Extrapolated value of 3Y
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1D fits

'Y fixed to theory*
OE/l freeto vary

RSt
Y fre?\ﬂary

Y #O) u8t@m

* Nuclear shell model
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