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THE MAIN IDEA :O;

N

COHERENT ELASTIC
ATOMIC PARITY NEUTRINO NUCLEUS
VIOLATION (APV) SCATTERING (CEVNS)

Forbidden by _,
selection rules _ ’ ’
~s - =\ In both cases the process is mediated
\\/ \/ by a Z boson which couples mostly
' P ~ with neutrons. Both APV and CEVNS

are sensitive to the neutron
distribution!

Luckily both the experimental results
involve cesium nudei so that A =
combining information on both

processes can shed light on a quantity
called neutron skin.




COHERENT ELASTIC
NEUTRINO-NUCLEUS z
SCATTERING (CE NS):

(4,2) (4.2)
A Predicted long time ago: A
neutrino scatters off a nucleus via PHYSICAL REVIEW D VOLUME 9, NUMBER 5 1 MARCH 1974
exchange of a Z, and the nucleus Coherent effects of a weak neutral current
recoils as a whole Daniel Z. Freedmant

National Accelerator Labovratory, Batavia, Illinois 60510
and Institute for Theoreticak Physics, State University of New Yovk, Stony Brook, New York 11790
(Received 15 October 1973; revised manuscript received 19 November 1973)

+ ( y ) b + ( y ) If there is a weak neutral current, then the elastic scattering process v + A —v + A should
have a sharp coherent forward peak just as ¢ + 4 —e¢ + A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10738 em? on

A A carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
A Pre dlcted 1n 1 974 by Freedman energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v + A —v + A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the

nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

A It took more than 40 years to Our suggestion may be an|act of hubris| because

finally measure nuclear recoils the[inevitable constraints of interaction rate, resk-
originating from this neutrino plution, and background pose grave experimental]

. . difficulties for elastic neutrino-nucleus scattering|
interaction!

We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiments.



COHERENCE MEANS...

Nucleon wavefunctions in the target nucleus are in phase with each other at low momentum transfer.

The interaction is coherent up to neutrino energies ~50 MeV for medium size nuclei.

Incoming neutrino Recoiling nucleus
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where

as S 2

section scales with the number of neutrons squared A

N 1s about 1/4, the second term 1s close to zero and the cross
2
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THE COHERENT EXPERIMENT

The Spallation Neutron Source @Oak Ridge
A Pulsed 1 GeV protons hit liquid-Hg target
A Recently reached 1.4MW

A Pion-decay-at-rest neutrino source

A Multi-target program to measure 2 dependence
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COHERENT FIRST RESULT: Csl

A First Csl result 2017!
A First CE NS detection with 14.6 kg Csl scintillating crystal

A 19.3 m from the source

A 134 £ 22 CE NS events: 6.7A significance

A To be compared with prediction: 173 £ 48 events
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COHERENT CsI 2020

A Increased statistics. More than 2x!

A 2D Likelihood fit in numbers of
photoelectrons and reconstructed time.

No-CE NS rejection 11.6A

SM CE NS prediction
Fit CE NS events

A Overall systematic uncertainty reduced: 28% Y 13%

A Neutrino flux uncertainty now dominates the

systematic uncertainty.

A Result is consistent with SM prediction at 1A

E COHERENT Collaboration, talks @Magnificent CE NS 20
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WHAT CAN WE LEARN FROM CE NS?

gy (ve) = 0.0401,

p
1%
. SM vector proton gv(vu) =0.0318,|  SM vector neutron
Neutrino energy Mass of the nucleus coupling gy = —0.5094. coupling

N\ l | |

(. ) } P
1-——])| () (1) (17D
r ( )/ T T

Nuclear recoil energy Weinberg or weak mixing  Proton Form Neutron Form
angle Factor Factor
With CEVNS we can measure () What are these form factors?

and (|_>| )



THE NUCLEAR FORM FACTOR

A 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 , , [ A , (19°6)
, [t 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 pielm g2y 3]1(QR0) o—a5%/2
the weak mixing angle) g
ISSS==msocoCio L
2 2 : N T LT
— ——(1- x| C )l

4 2 2

Weak charge X weak form factor

Besse

spherical
function of the first
kind  : box radius, s:
surface thickness

q: momentum transfer.
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FITTING THE COHERENT 2
CsI DATA FOR THE NEUTRON

RADIUS

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

= 48 0 #n  (Cesium charge rms radius )
= 4.7 4 ©n (lodine charge rms radius )

data we have

V' From muonic X-rays
(For fixed = 2.3 fm) {

|

2 2
wot— >

=48 2400 0 bn (Cesium rms proton radius)
- 4.7 6 600 B tm (lodine rms-proton radius) )

— el ) b

&  very well known so we fitted
COHERENT Cisl data looking for




counts/ 1.71 keV

FIRST AVERAGE CsI NEUTRON DENSITY

DISTRIBUTION MEASUREMENT |=] M. Cadeddu, C. Giunti,Y.E Li,Y.Y. Zhang,

_, ] PRL 120 072501, (2018), arXiv:1710.02730
0 - =+ full coherence |3 e A L Ul L L W L UL Ll T
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U 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.

U We fitted the COHERENT data in order to get information on
the value of the neutron rms radius  , which is determined by the
minimization of the  using the symmetrized Fermi and Helm
form factors.

This was the first model independent
measurement of the Csl neutron radius

[ = 55799 fm }
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WITH NEW QUENCHING AND MORE DATA...

Uodated vane Proton rms radius for Cs and | The neutron skin
= 482 Xm and

[ = 55 5 04 4fm } = 476 6 _
are around 4.78 fm, with a A =0.76 04 4m
E Cadeddu et al., arXiv:2102.06153 difference Of abOth 005 fm

E Cadeddu et al., PRD 101, 033004 (2020), arXiv:1908.06045

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

127:[ IBSCS
Model Rgoint Rp Rgoint R, Aﬁggint ARnpRgoint Rp Rgoint R, ARﬂgintARnp
SHF SkI3 [81] 4.68 4.75 4.85 4.92 0.17 0.17 | 4.74 481 4.91 498 0.18 0.18
SHF SkI4 [81] 4.67 4.74 4.81 4.88 0.14 0.14 | 4.73 4.80 4.88 4.95 0.15 0.14
SHF Sly4 [82] 4.71 478 4.84 491 0.13 0.13 | 4.78 4.85 4.90 4.98 0.13 0.13
SHF Sly5 [82] 4.70 4.77 4.83 490 0.13 0.13 | 4.77 4.84 4.90 497 0.13 0.13
SHF Sly6 [82] 4.70 477 483 490 0.13 0.13 | 4.77 484 4.89 497 0.13 0.13

SHF Sly4d [83] 4.71 479 4.84 491 0.13 0.12 | 4.78 4.85 4.90 497 0.12 0.12
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 4.83 491 0.14 0.14 | 4.76 4.83 4.92 4.99 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 4.98 0.15 0.15
SHF SkM* [87] 4.71 4.78 4.84 491 0.13 0.13 | 4.76 4.84 4.90 4.97 0.13 0.13
SHF SkP [88] 4.72 4.80 4.84 491 0.12 0.12]|4.79 486 491 498 0.12 0.12

MF 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\

RMF DD-PC1 [0] | 4.68 4.75 4.83 4.90 0.15 0.15 | 4.74 4.82 4.90 4.97 0.16 0.15
RMF NL1 [0I] | 4.70 478 4.94 501 023 0.23 | 476 4.84 5.01 5.08 025 0.24 ... the central value tends to favour models

RMF NL3 [92] 4.69 4.77 4.89 496 020 0.19 [ 4.75 4.82 4.95 5.03 0.21 0.20 that predict a larger value of
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 12




ATOMIC PARITY VIOLATION

Interaction mediated by the

photon and so mostly sensitive Interaction mediated by the Z

to the charge (proton) boson and so mostly sensitive to

distribution

the weak (neutron) distribution.

IN CESIUM

M. Cadeddu and E Dordei, Renterpreting the weak mixing angle from atomic
parity violation in view of the Cs neutron rms radius measurement from
COHERENT,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.

A Indeed, a transition between two atomic states
with same parity (6.5 and 75 1n Cs) 1s forbidden
by the parity selection rule and cannot happen
with the exchange of a photon.

dipole

amplitude can be induced by a @ boson
exchange between atomic electrons and
nucleons A Atomic Parity Violation (APV) or

Parity Non Conserving (PNC).

13

A However, an electric transition

U The quantity that is measured is the weak charge

= (1- 4si?n )-



APV (Cs) FOR WEINBERG ANGLE MEASUREMENTS

V' Weak charge in the SM including radiative corrections

re=-2[ ( +0000)D5 ( +000®(1- 2—) Experimentally

(1 — 4s i’n ) - |:> Using SM prediction at low energy
s i’n (0)=02 3 8®)7

(15 )= -7 2 81) <1 differenc> fl 33 )=-7 B 242
0-245 RGE Running ' ; % 14
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EXTRACTING THE Cs WEAK CHARGE

Qw = N

Experimental value of
electric dipole
transition amplitude

between 6S and 7S

states 1in Cs

—)-
15 9 I5HH
mV/cm

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

Im EPNC

Qw

,8 exp N Im EPNC

Theoretical APV (or PNC) amplitude of the 6S-7S electric dipole
transition

B (6s|HpnelnpyoXnp pld|7s) \\/
Epne = D

ke, — E

n npi,

(6S|d|71p1/2><’1p1/2|HPNC|7S>:|

k7 — E npi/2
where dis the electric dipole operator, and
O 0y ysp(r)
W7rs
22

HPNC o

is the nuclear spin independent Hamiltonian
describing the electron-nudeus weak interaction

()= ()= ) needed

( ) — neutron skin correction A

o)

(o

/Bexp ~+th.

th.

" tensor transition

polarizability

It characterizes the size of the
Stark mixing induced electric

dipole amplitude (external
electric field) ;

[Bennet and Wieman,PRL 82, 2484
(1999)]

[A. Dzuba and V. Flambaum., PR A 62,
052101 (2000)]

[ = 27.064(33)
PDG2020 average
15



[f in

A

[A.Trzcinska et al. s, PRL. 87, 082501 (2001)]

ESTRAPOLATED VALUE FOR A

O Neutron-skin of a variety of nuclei as extracted from
- antiprotonic data as a function of the asymmetry
0.4} parameter,
il PREX-I & PREX-II
Sl PRL 126, 172502 (2021)
0.3 [ @ Extrapolated value for Cs = 028383007 fin
I A L
B ] 1 t - T . . .
- ;’;I;:?:if;age U From this linear fit one obtain this relation
. — = f - t —
ook e RG-S --= 4 A [f = -(0.0 4 00 3+ (10 * 01 53— —
| O FSUGold X |
| A SLy4 n
O DIS .
] & - —_Extrapol. value Cesium 0.1 3 0.0 4m
0.1 °
L. 541:e 2o
: g _ Extrapolated (not measured) value for Cesium!
0 " Antiprotonic data: radiochemical and the other based
177 “Ni on x-ray data constraining the neutron distribution at
I the nuclear periphery
56
01 e Jong  faFe [Thiel M. et al., Journal of Physics G, 46,9 (2019), arXiv:1904.12269v1]
' “[...] Thus, we must conclude that processes involving
0 hadronic probes tend to grossly underestimate the many
= ( sources of theoretical uncertainties.”




NEUTRON SKIN CORRECTION APV

|=] Cadeddu et al., arXiv:2102.06153

Assuming to kngw the SM prediction at low energy RACS)=5.278 m  A)=5912fm o. 101,88
. _ o
S I n (O) - 02 3 8 (5)7 o - CO_HEREBI\.I;?;GA(I;CF
g ° e
The weak charge for APV with the neutron skin contribution o — Rrma
reads - ) . /
Qw = Zq,(1 —4sin”“Jyw ) — Ng, _ COHERENT {CsI) /
. +APV(Cs) |
This coupling depends on the integrals T /
00 = l //
N gl = : 17
Qpn = 4?1'/ pp.n(r)f(r)r<dr = ° __<
”j matrix element of the electron BN
proton and axial current between the ¥ i \\\\
neutron densities atomic s, and p,,, wave N | ! i
in the nucleus functions in nucleus. | | L

U We performed the calculations considering charge, proton i
and neutron distribution densities that correspond to the A (1 2 B = = 11759 f m

form factors in the CEHNS cross section using both Helm ( _ _ + .
and 2pF parametrization. T

Contribution of Cs and I disentangled!!



COHERENT+APV AND PREX

R E i! o .. R.elat'lws.tlm.me'an ;"16121 nilcle.:ar T g
[ : : model pre(ﬂlctlons } 2
13 - 03 3 0.7¢ : | ; =
( @ $ - 04 503 3f m - : : L Nonrelat1v1st1c Skyrme-Hartree (%
[ & i i Fock pred1¢t10ns | =
g 06/ | | .. %
S - | as -
fc—n\ 0.5 ' (@) | i ii | E
O o : : I I .
© 13 | | ; | 3
= 0.4f & | | i i S
- | | b, ' N
- L i Y i
E 0.3 [ i . ii “i_f i
o o _ o | 18
Eﬂ " | | ;F;? ,z"‘i‘"l :
% 02 NS a
S I It 0.1F--2 1 >38.5 McV N ! PREX-1 .
trong linear correlation [ : = . I PREX-2 |
. r I I @ —
between the neutron skin 08 A S T S S A PREX -colm't;‘) i
.0 0.1 0.2 0.3 0.4 0.5

of Cs and Pb among
AR_Eomt (208Pb) [fm] PREX: parity-violating asymmetry in the
elastic scattering of longitudinally polarized

different nuclear model

redictions
p electrons on 2Y3Pb

OR — 0L _ GrQ?%Qw| Fw(Q?)
OrR+ oL IW2raZ Fa(Q?)

E PREX, PRL 126, 172502 (2021)



WEINBERG ANGLE AND R _(Cs) TOGETHER

Both CEvVNS data on CsI and APV on Cs depends on and S (0 ): strong interplay between

nuclear physics and weak interactions. Try to exploit correlations in both measurements!

SRR A N BRGINGY |

V The dependence of the weak charge on the Weinberg angle allows CE NS to measure it

S 5 _
% E — COHERENT Data E
@ af- --- Sensitivity _: S |2 (n ) —_ O 2 2 t@ 8 % g
g @ :
9§D 3[— -
£ 3L ¥ 4 N1
® 21— g @
= : ; CO\/XE S NOT
g F. : NE
A C W S T
i) &5 02 » 0.25 0.3 Y
sin“e,,

Measurement not currently competitive due to the suppression of the proton contribution!
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WEINBERG ANGLE AND R (Cs) TOGETHER

CE NS is helpful in combination with APV measurement on
133Cs in order to provide experimental constrain on and CE NS +APV 1d marginalization on S i’ )

S i“(n ) simultaneously. _
s i’(h ) = 0.2406999 3 2

R,=5.60"02 fm  sin®0y=0.2406"000° 2, =101.89
S 0.245F
~— \ / COHERENT + APV . | APV+COHERENT
ol ] \ / — 6827%CL I (133Cs)
g ] AN /1] = sea | SLAC E158
o s " | ) NuTeV
I O~ 5 s 'S 0.240¢ (v—nucleus)
0 3,
l-‘C\.I-) ] S~ I QweakI \
S » O:% [ (ep)
-+ g ~  0.235} PVDIS |
_ // K= - APV (1)
2 3 11/ 2 PDG2020
2 3 | [ 1
~N_ © ] ' SLC $LHC
3 N 3 102 10-1 1 T 102 103
A - \\ 1072 107 10 | 10" 10 10
T N u [GeV]
m .
Q8 T e Here the value of (! 3€ ¥ was extrapolated from
S) . . : . .
3 4 S 6 7 2 6 10 hadronic experiments using antiprotonic atoms, known

R,(Csl) [fm] sz to be aftected by considerable model dependencies.

E Cadeddu et al, arXiv:2102.06153



Thanks for your attention
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AM T AN UNCLEAR
COMMUNICATOR?
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E C.adeddu et.al'arXW.Zl'OZ 06153' - '. C O H E R E N T A N D P R E X

ARggint (133 CS) [ﬁn]

1 ? il E | Relat1v1s.t1<; mean ﬁeld nuclear?
[ : ‘o model pre(ﬂlctlons }
0-7f | ¥ . R Strong linear correlation between the neutron skin of
061 = Fock prediftions Cs and Pb among different nuclear model predictions
¥ | : sa |
0.5t 5 | | ;; | COHERENT and APV result L >38.5 MeV
e ii i
0.4} & o ii |
< : ! o '
0.3} | o | - s A A is the result of the competition between the
T | L r;s'*’é ﬁ | Coulomb repulsion, the surface tension, that decreases
0.2f i i iéf’é o H i when the excess neutrons are pushed to the surface, 23
I | - g | and the symmetryenergy
01F ~ - I PREX-1 o Reed at al., PRL 126, 172503 (2021)
Tl | ; . T PREX-2 I Horowitz et al., PRL 86, 5647 (2001)
| s ¢ " PREX—comb | |
08 0 0.1 0 ) 0.3 0.4 0.5 A The slope parameter, L, is the derivative
) ' 208 ) ) ' of the symmetry energy wrt density at
ARﬁmm ( Pb) [frn] saturation.
E PREX, PRL 126, 172502 (2021)
PREX: parity-violating asymmetry APV in the elastic A Theoretical calculations show a strong
scattering of longitudinally polarized electrons on 2"*Pb linear correlation between A and L,

namely larger neutron skins translate

2 2
_ IR OL GrQ7|Qw| Fw(Q”) into larger values of L . . -
O-R —|— O-L 4\/§ 7TO£Z FCh(Q2) skln( m)




NEUTRON SKIN CORRECTION APV

Assuming to know the SM prediction at low energy

si?n (0)= 02 3 8®)7

|=] Cadeddu et al., arXiv:2102.06153

Ry(Cs)=5.27"351m R.()=59"3fm x5,=101.88

COHERENT + APV

B el \ ] =
The weak charge for APV with the neutron skin contribution reads < o \—/ ey
Qw = Zqy(1 — 4sin® ) — Ny COHERENT] (CsI)
This coupling depends on the integrals gp.n = 47 / Pp.n(r) f(r)ridr a3 - [ +APV(Cs)
0 '
E o 1/
where M(r) are the proton and neutron densities in the nucleus and £(r) is = [ [
the matrix element of the electron axial current between the atomic s, , e [ \F A
and p,,, wave functions inside the nucleus normalized to £(0) = 1. - I 1N
Vi) [ e : N
firy= 1- 2/ = f V(r" )" dr" dr’ + (;/ V(T")T"Qdf”) : Y v R B BN ii-i\i\
r '

’ v _ _ ’ 2 4 6 8 10 122 6 10
where V(r) represents the radial electric potential determined uniquely R,(Cs) [fm] Ay
by the charge distribution () of the nucleus. @

1 T o0
V(r)=4rZa« _‘/ pe(r)r*dr’ +/ pc(r’)r’dr’] A (f2h= - =12f38f m

" Jo r
We performed the calculations considering charge, proton and
neutron distribution densities that correspond to the form factors in

()= - -

the CEHINS cross section using both Helm and 2pF parametrization.

Contribution of Cs and I disentangled!!
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TWO DIFFERENT NEUTRON FORM FACTOR
PARAMETRIZATIONS

Since it is expected that also the neutron structures of Cs and I are similar and the current uncertainties of the
COHERENT data do not allow to distinguish between them, we consider 2 2 2
& v Fnes(q”) = Fni(q”) ~ Fn(q”)

In order to get information on the neutron distribution of the 1>  and 1&23 system, we considered the following
parameterizations of the neutron form factor

1. Two-parameters Fermi form factor

. 7 — — Cs Neutron Form factor
' 2 _ Y .2, ° 2 1 R,=5.5f 11
Neutron rms radius > R-n, — . c” + : (ﬂ'ﬂ,) . m
= Cs Proton Form factor
: W iy _ 10.1
We consider the same value of ¢ = 2.30 fm as for the proton L 0 Rp=4.8 fm 0
form factor. S
G 0.01; 0.01
2. Helm form factor UE' COHERENT —
) 3 ) o E 0.001: Energy range 10.001
Neutron rms radius Rn = = RU + 35
O 1074 /10—4
s 1s similar to the surface thickness. We consider the value . - o L ‘ .
0 20 40 60 80 100

s = 0.9 fm which was determined for the proton form '
factor of similar nuclei. Recoil energy E, (KeV) .



TWO PARAMETER FERMI DENSITY

The charge radii of nuclei have been studied with muonic spectroscopy and the data were fitted with two-parameters
Fermi (2pF) density distributions of the form
A The half-density radius C is related to the root-mean
square (rms) radius

2 (”):1+ (O—)/ =/ 7= 2(r>3_\/2(r)3
B G I *

pD)/po 3 7
Surface thickness > = v %= 5 2+ g( )?
1. -1—!—1-
0.9 A The a parameter, called diffuseness, is related to the
surface thickness t:
=4 | B 440
031 Three-parameters Fermi density distributions
2
C
half-density radius 3 (L, )= (1 + _2> 2
0.1F
O 1 2 3 4 5 6 1 s 9 1o A The w parameter allows for a dip or a bump

r [fm)] in the central region.



FROM THE CHARGE TO THE
PROTON RADIUS

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

2 _ 2 . 2 3
h—poin'lfp+_n+42

Charge Point-
: Mean squared charge
radius

radius of a single

proton

Mean squared charge
& = 0.7071 fm? °

radius of a single
neutron Spin-orbit correction

2 — _ 2 - 4
n 0.1161 fm Relativistic Darwin- 0.09 fm? for %: a

Foldy correction ~ 0.028 fin2 for 2 9B b
~0.033 fm?

E G. Hagen et al. Nature Physics 12,
186—190 (2016), Arxiv: 1509.07169

M. Cadeddu et al. PRD 102, 015030 (2020),
Arxiv: 2005.01645
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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

»’:

2 2

h PO I nT P n
Charge Point-
radius proton e
Mean squared__chzirge

" radius

radius of*d"single

proton

Mean squared charge
& = 0.7071 fm?

radius of a single

neutron
2 —
rms \/ 5 . S = —0.1161 fm?
poi nt
3
2h — <— 2+ — + - ) RMS proton
4 distribution radius

G. Hagen et al. Nature Physics 12,186—190 (2016),
Arxiv: 1509.07169

M. Cadeddu et al. PRD 102, 015030 (2020),
Arxiv: 2005.01645

Spin-orbit correction
~0.09 fm? for * € a
~ 0.028 fm? for © °B b
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R elativistic Darwin-
Foldy correction
~0.033 fm?
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To o Do I

Accurate Determination of the Neutron Skin Thickness of 2°*Ph
through Parity-Violation in Electron Scattering

Thomas Jefterson National Accelerator Facility (JLab)

953 MeV electron beam on a diamond lead-
diamond sandwich target

laboratory scattering angle of a5°
four-momentum transfer squared of

2 0.00616% 0.00005 GeV2.

Our final results for Apy™ and Fy with the acceptance
described by €(#) and (Q?) = 0.00616 GeV? are

We report a precision measurement of the parnty-violating asymmetry Apy; in the elastic scattering of
longitudinally polarized electrons from 2Pb. We measure Ap, = 550 £ 16(stat) + 8(syst) parts per
billion, leading to an extraction of the neutral weak form factor !*'W{Qz = 0.00616 GeV?) =
0.368 = 0.013. Combined with our previous measurement, the extracted neutron skin thickness is
R,—R,=0283x0071 fm. The result also yields the first significant direct measurement of the
interior weak density of ***Pb: pl}, = —0.0796 £ 0.0036(exp) %+ 0.0013(theo) fm~* leading to the interior
baryon density p; = (.1480 = 0.0036(exp) = 0.0013(theo) fm=*. The measurement accurately constrains
the density dependence of the symmetry energy of nuclear matter near saturation density, with implications
for the size and composition of neutron stars.

DOIL: 10.1103/PhysRevLett. 126.172502

0.16
Aless — 55() £ 16 (stat) = 8 (syst) ppb o1d 2%%pp
F 2)) = 0.368 & 0.013 4 0.001 (theo), ?\
W(<Q >) (exp) ( eo) A - OR —Op, - GFQ2|QW| FW(Qz) 012 Interior Baryon Density
where the experimental uncertainty in Fy, includes both PV — ~ 2 - N
statistical and systematic contributions. OR + 0L 4\/57[ aZ FCh (Q ) g -
— - Extracted from PREX
6.1 - < 0.08
o 208 3 e [
- Pb o = -
6 505 TABLE III. PREX-1 and -2 combined experimental results for £ 0.06 s 5
T sob Joa g 298Pb. Uncertainties include both experimental and theoretical S | —p,daa
= F 1 ;n contributions. 0.04[~ -...-. 2-parameter Fermi fit . 'R X
r —03 B PRt
gisz 1 < N 0.02— hx W
g . F T2 ¥ 208ph Parameter Value - Weak skln/;/
5.0 Jor & Weak radius (Ry) 5.800 + 0.075 fm U J A S
A TR . 71 &  Interior weak density (p%) —0.0796 + 0.0038 fm=3 radius r [ fm ]
B s —S:do Interior baryon density (p) 0.1480 + 0.0038 fm3
B f Neutron :;i}; R, — Ry)(pb) 0283 + 0.071 fm FIG. 4. 29%Pb weak and baryon densities from the combined
4 s s s a0 e —r PREX datasets, with uncertainties shaded. The charge density

PV asymmetry Aw [ppb]

[46] is also shown.
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WEINBERG ANGLE G-2 AND
Z DARK BOSONS

Here the value of

from hadronic experiments using antiprotonic

0

Ln

o 0.245F Apv+COHERENT

. 133

g (7es) SLAC E158

Q " (ce) NuTeV

2 = 0.240¢ . (v—nucleus)

>< P

i‘é 3 l Qw:a.kI

= CE (ep)

T o~ 0.235} L PVDIS

=] = APV

R (2H)

. PDG2020 |
E SLC ¢$LHC
S 0.230t f
] 103 10210 1 10" 10* 10°

u [GeV]

(1 3C ¥ was extrapolated

atoms, known to be aftected by considerable
model dependencies.

|=] Cadeddu et al. Arxiv:2104.03280
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Aay, = a5 — a)' = 251(59) x 10~
Brookhaven
experiment ——@———
I Fermilab +——@&—+
experiment
{ 4.2 sigma S
I 0.00116591810 0.00116592061
Standard Experiment . 9
model average Z4 _ (8] mz, - 1 —4sin Bw- 2F mgz,
I Muon magnetic anomaly A1, vector — o0 (6 + my  4sin Oy cos GW) V( my )
. , 61
I Performing a global fit to muon and mz, = 4717 MeV,
_ o+1.1 —
electron g-2, APV(Cs) and Qweak e=23"17 %1073,
0.4
(weak charge of the proton) we found

o
%)
(=]

I
)
[

o
RMEXpESH |
% ,¢'i H
! /:,«(urxkn i
C: CHUSSER SHF_UNEDESSE 11022

T (O
SHE UNEDT1 S A F DD-PCI
27 RMF DD-ME2

.:
p—
N

ARRSM (133Cs) [fm]
o
o
S

SHF SkI4/55 8 :

o e iome |
0.10 0.15 020 0.25 030 035 0.40
ARGE™ (Pb) [fm]

@
PREX-1 & PREX-2

b <2x1073.

0.245
APV BECs SLACE158
The running of 20240 ARZ™=022(5) fm 1[
the weak mixing | < }
angle is also :-‘5 0.235 .
modified by the k& MOLLER 1
presence of a light 0.230 P
Z boson 103 1072 100 1 10 102 103
Q [GeV]



ATOMIC PARITY VIOLATION IN CESIUM

A In the absence of electric fields and weak neutral currents, an electric dipole (E1) transition between two atomic states with
same parity (65 and 7.5 in Cs) is forbidden by the parity selection rule.
However, an electric dipole transition amplitude can be induced by a @ boson exchange between atomic electrons and

nucleons A Atomic Parity Violation (APV)
NO DIPOLE

TRANSITION U The weak NC interaction violates parity and mixes a small amount of the P state into the
Cs \'\\/‘ 65 and 7S states (~1 O 3, characterized by the quantity  ( ), giving rise to a
7S 7S A 6S transition.
* ¥ _ fea U To obtain an observable that is at first order in this amplitude, an
6S,, 15— F=3 electric field E (that also mixes S & P) is applied. E gives rise to a
Y _\ “Stark induced” E1 transition amplitude, that 1s typically
Weak N\ EEE 1 O times larger than and can interfere with it.
Interactior 40 nm -
NS
TR[,Z\INPS.I[_I'IIEON’ 850,890 nm 7 .6 = + |2 =
= %2 + 2
55—‘\’—E;§ Because the interference term is linear in it can be large
hyperfine levels enough to be measured, but it must be distinguished from the large

background contribution ( 1 ? ). @



THE EXPERIMENTAL TECNIQUE

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

7 .6 = = |2 1%+ 2

Cs Beam

m|

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

reversing the direction of all fields. Detection

Region

[(STOT) €9 ‘G9 129G "MEJ "[ONN A "NUUY “TE 39 $319qOY]|

7S—F__ 1
_\ The transition rate is obtained by measuring the amount B
6P of 850- and 890-nm light emitted in the 6/-6S step of
I‘-‘\ﬁ - 3R
540 nm 6P, the 7.5-65 decay sequence.
TN
850,890 nm

V The measurements culminated in 1997 when the Boulder group performed a measurement of
[ with an uncertainty of just 0.35%.

GS—C?“ | rﬁ—) =-159 356 r:_\r/n

[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 :@
"Yand Ustates as the PV interaction



WMA USING COHEI

CEVNScross s

Wt

ection depends on

ENT DATA

Neutron & proton form
factors and radii

ino
ﬂe\m .

S Catte’f e

The Z boson couples
preferentially with
neutrons!

Quite big
uncertainty due to
the suppression of

the proton

contribution !

€

s in 5
= - = (, )= (. ) (@-4si®n)]?
4 2 2 { ’ | ’ |
NOT suppressed Very suppressed
10 LA A R LR LR LR R R LA
0.28 -99.734
! of *"
With fixed neutron skin
I 8 ( = - =02fm)and
0.26! stV 72_99% QF of PRD 100, 033003 (2019)
g ' COHERENT o
S |
~ E128 < 5f
§ 0.24% ] j_  #NuTeV LEP1 < l95.45%
o~ r i Qweak LC LHC 4
c 8 :
= _ :AEX Me V pyDIS Tevatron 3;_90% \ / E
0.227 ok E
' £68.27%
1F
0.20t | , | | 05 616" 615620025 630" 035 D40
sin’@
0.001 0.100 10 1000 Seealsoo COHER thlsﬂ?avivnts after the Chicago-3
Q [GeV] guenching factor me a s u r e Paponlias®.,ArXiv:1907.11644



BUT IT COULD HELP IN ENOTHER WAY

CEVNS cross section depends also on

2
(st ompessEn (o

! Y
NOT suppressed Very suppressed
0.28¢ : "
, COHERENT is sensitive to the neutron O
radius, , of 133Cs, and simultaneously e
025: APV measurement depends crucially on |t <~

(or on the neutron skin)
COHERENT

' _ =c+09 ‘L
0.24l - L E158 ENUTeV [ = 5567577 f n}

[ i Qweak LEP1 . . . _:i':

I APV Tevat LC #LHC [ C.M., Giunti C.,Y.F. Li,Y.Y. Zhang, |

| PVDIS 'evatron Average Csl neutron density -
I t/

sin® ow (Qus

distribution  from COHERENT \3
data, PRL 120 (2018) 072501, \
A

arXiv:1710.02730 ]

- of 133Cs . v
0.20¢ | . | . | ‘ | [ P.S.Amanik and G. C. McLaughlin J.Phys.G
0.001 0.100 10 1000 Nucl. Part. Phys36 015105 (2009), K. Patton et ,@
Q[GeV] al., PRC 86 024612 (2012) ]
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New Csl CEVNS result: experimental spectra

Excess Counts / PE

L e B L B BRI L B 300 l G TR R R R R LN
D, Po) -+4-Data Residual gl L -+4-Data Residual a
- Y o - s A
20 @//,')7 , [Jv. CEVNS = [ ), [lv. CEVNS |
E 73, W, CEWNS 2 2 ool @//,'7) . [V, CEWNS "
15 > v, CEWS = > I 7, Bv. CEWS ]
= BBRN + NIN 5 c [ 7 PBRN + NIN i
10— iy 8 |
B 3 o 100— =
= - g :
51— — £ 1
- " w J
E i 0 '
: :
E | | " 1 I it _ L PR A | MR T S W A
0 10 20 30 40 50 60 0 1 2 3 4 5 6
PE tre (15)
Prior Prediction Best Fit Total
After 2D likelihood fit with Steady-state background 1286 + 27 1273 + 24
systematic pulls incorporated BRN 18.4+ 4.6 17.3+£4.5
NIN 56+ 2.0 S551+20
CEvNS — 306 + 20




COHERENT FIT

(i
NEEUNS = NCSI dan A(an)

Ti

Trﬂ;};‘uax Elna.x
X f AT R(Toy, T1..) f dE
0 Emin(Tr;r)

dN.u dgu-CsI 7
X Z dE (E) dTl;r (E'le'll")ﬂ

V=UVe, V),V

CEvNS _ CEvNS (Vi) CEvNSy  plve,vy)
Nij = (IV; Ju, P+ (NV; Jv.7, P,

The analysis of COHERENT data is performed with
the least-squares function

ex : P 2 :
2 = ii (Niij:—l(lJrnz)Nij) +i (&)21

O’ij

where z = 1,2, 3 stands for CEvNS, Beam-Related Neu-
tron (BRN) and Steady-State (SS) backgrounds. N is
the experimental event number, NﬁRN and N,S.S are the
estimated number of BRN and SS background events,

cause of the very low efliciency. The uncertainties of the
7, nuisance parameters, which quantify the systematic
uncertainty of the signal rate, of the BRN and of the SS
background rates, are ocg,ns = 13%, opry = 0.9% and

ogs = 3% [ﬂ]

We performed the combined APV and COHERENT
analysis with the least-squares function

2

JAPV(RH,Siﬂz ﬁw) j

x2=x%+(

where the first term is defined in Eq. and the sec-
ond term represents the contribution of the APV mea-
surement for 33Cs, where oapy is the total uncertainty.
Considering that COHERENT depends separately on
R,('3Cs) and R, (1?7I), while APV depends only on
R, (133Cs), we disentangle for the first time the two nu-
clear contributions. Assuming sin?Jy = sin® ﬂf’é"lj we
obtained

R,(}33Cs) = 5.27703% fm , R, (*?"1) =5.97,0 fm. (12)



NEUTRON RADIUS AND

NEUTRON SKIN PREDICTIONS

CESIUM, TODINE AND LEAD

Model

Rj]:;oint Rp Rgoint Rn &Rg;intARnp

127:[

Rgoint Rp Rgoint Rn AR-rp;?}intARnp

13308

Rgoint Rp Rgoint Rn ARg;int ARnp

208 Pb

SHF SkI3 [81]
SHF SkI4 [8]]
SHF Sly4 [§2]
SHF Sly5 |82
SHF Sly6
SHF Sly4d [83]
SHF SV-bas [84]
SHF UNEDFO [85]
SHF UNEDF1 [S6]
SHF SkM* [87]
SHF SkP [88]
RMF DD-ME2 [39)
RMF DD-PC1 [I0]
RMF NL1 [91]
RMF NL3 [92]
RMF NL-Z2 [93]
RMF NL-SH [94]

4.68
4.67
4.71
4.70
4.70
4.71
4.68
4.69
4.68
4.71
4.72
4.67
4.68
4.70
4.69
4.73
4.68

4.75
4.74
4.78
4.77
4.77
4.79
4.76
4.76
4.76
4.78
4.80
4.75

4.85
4.81
4.84
4.83
4.83
4.84
4.80
4.83
4.83
4.84
4.84
4.82
4.75 4.83
4.78 4.94
4.77 4.89
4.80 4.94
4.75 4.86

4.92
4.88
491
4.90
4.90
4.91
4.88
4.91
4.91
491
4.91
4.89
4.90
5.01
4.96
5.01
4.94

0.17
0.14
0.13
0.13
0.13
0.13
0.12
0.14
0.15
0.13
0.12
0.15
0.15
0.23
0.20
0.21
0.19

0.17
0.14
0.13
0.13
0.13
0.12
0.12
0.14
0.15
0.13
0.12
0.15
0.15
0.23
0.19
0.21
0.18

4.74
4.73
4.78
4.77
4.77
4.78
4.74
4.76
4.76
4.76
4.79
4.74
4.74
4.76
4.75
4.79
4.74

4.81
4.80
4.85
4.84
4.84
4.85
4.82
4.83
4.83
4.84
4.86
4.81
4.82
4.84
4.82
4.86
4.81

4.91
4.88
4.90
4.90

4.98
4.95
4.98
4.97
4.89 4.97
4.90 4.97
4.87 4.94
4.92 4.99
4.90 4.98
4.90 4.97
4.91 4.98
4.89 4.96
4.90 4.97
5.01 5.08
4.95 5.03
5.01 5.08
4.93 5.00

0.18
0.15
0.13
0.13
0.13
0.12
0.13
0.16
0.15
0.13
0.12
0.15
0.16
0.25
0.21
0.22
0.19

0.18
0.14
0.13
0.13
0.13
0.12
0.12
0.15
0.15
0.13
0.12
0.15
0.15
0.24
0.20
0.22
0.19

5.43
5.43
5.46
5.45
5.46
5.48
5.44
5.46
5.46
5.46
5.48
5.46
5.45
5.48
5.47
5.52
5.45

5.49
5.49
5.53
5.52
5.52
5.54
5.51
5.52
5.52
5.52
5.54
5.52
5.52
5.55
5.53
5.58
5.52

5.66
5.61
5.62
5.62
5.62
5.65
5.60
5.65
5.64
5.63
3.62
2.65
2.65
5.80
5.74
5.81
5.72

5.72
5.67
5.69
5.68
5.68
5.71
5.66
5.71
5.70
5.69
5.68
5.71
5.71
5.86
5.80
5.87
5.78

0.23
0.18
0.16
0.16
0.16
0.17
0.15
0.19
0.18
0.17
0.15
0.19
0.20
0.32
0.28
0.29
0.26

0.23
0.18
0.16
0.16
0.16
0.17
0.15
0.19
0.17
0.17
0.14
0.19
0.20
0.31
0.27
0.29
0.26

TABLE 1.

models.

Cadeddu et al. arXiv:2102.06153v1

Theoretical values in units of fermi of the rms proton and neutron point and physical radii and the neutron skin
of *71, 133Cs, and *°*Pb obtained with nonrelativistic Skyrme-Hartree-Fock (SHF) and relativistic mean field (RMF) nuclear

M. Hoferichter, J. Menendez, and A. Schwenk,
PRD 102, 074018
(2020) Coherent elastic neutrino-nucleus
scattering: EFT analysis and nuclear responses
16l 22). A plausible theoretically expectedhvé.hie of R,
for 133Cs and '27I can be obtained using the recent ef-
fective field theory (EFT) estimate in Ref. [44] of the
corresponding neutron skins, the differences between the

neutron and the proton rms radii, 0.27 fm and 0.26 fm,
leading to

REFT(99C5) = 5.09fm,  REFT(T]) ~ 5.03fm. (2

These values are slightly larger than those predicted

by nonrelativistic Skyrme-Hartree-Fock and relativistic

mean-field nuclear models (see Table min Appendix @
EFT here actually stands for a
“phenomenological nuclear shell

model” prediction.



Projection for =~ measurement

Future data of the COHERENT experiment may lead to a The current sensitivity gives a relative uncertainty
better determination of the neutron rms radius and of the A/ 17%, which is in approximate agreement
neutron skin A . Figure shows the estimation of the with the uncertainty of our determination of
sensitivity to of the COHERENT experiment as a S — — —
function of the number of protons on target with the current — Ga=028, gﬁzgfg
systematic uncertainties, with half the current systematic 3 C. 04=0.07, 6y=0.06 §
uncertainties, and with one-quarter of the current systematic S _
uncertainties, including the effect of the beam-oft background. G
A With the current systematic uncertainties and 10 times the . E
current number of Np 47, the data of the COHERENT ~
experiment will allow us to determine ___within about %: . 5
0.5 fm. 2 g '
3 e ST 0.4 fm
A If the systematic uncertainties are reduced by half or one- - One\qtzar.f-er. Of ............... 0.3 fm
quarter,  can be determined within about 0.4 or 0.3 fm, S f Ystemgy. the Clrrep, E '
respectively. 1 “Crtaingjeg 3
8 b Liiiiinuag Losssiiiig [FNREREEET! Lossnsinis Liiiiiiing Lisssinnis biiviniing [FRERTTET =
o

1 2 3 4 5 6 7 8 9 10

Neor/ 1.76 x10%°
POT 40



