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Outline

* Neutron skin and Nuclear Equation of State (EoS)

* Parity-violating electron scattering (PVeS) and the MREX experiment

« Beam-normal single spin asymmetry and the latest Al experiment results




Connecting different scales through EoS

Lo
Il +expl(r —C)/al

Ar,, = Rgin = R, — R, — NS thickness "m
et Co
\Rn = <7’%> ) R'p = <’r‘§> A j;“’ /

Neutron skin in nuclei

p(r) = — 2pF density distribution

J. Phys. G, 46 (2019), 093003

N>>Za,=a,C,>C,

n

___\

density

Neutron Skin

R

Fig. Schematic representation of
neutron and proton density
distributions in nuclei



Connecting different scales through EoS

R

J. Phys. G, 46 (2019), 093003

p(r) =

Ar

\Rn = 1/<r_%>' R, = /<2

np —

Lo
Il +expl(r —C)/al

Rgkin = R, — R, — NS thickness {Qﬁ
- ~

— 2pF density distribution\

Neutron skin in nuclei

‘ Nuclear EoS

Neutron Skin

2| NEEEat>G E(p,a) = Esnlp) + a*S(p) + Ola")  a = (pn—pp)/(pn+pp)
"D n 1

% —— 3(0)=J+L$+§Ksym:r?+..., = (p— py)/3p

o

ap

dS
= 3po ( )‘ — symmetry energy slope parameter
Po

R

Fig. Schematic representation of
neutron and proton density
distributions in nuclei

v % % v 1
[ = Linear Fit, r=0.979
- O Skyrme, Gogny

Eur. Phys. J. A 50, 27 (2014):

D) 100 150
L (MeV)

Fig. Correlation between R, in 2°8Pb
and L produced by different models




Connecting different scales through EoS

Lo
Il +expl(r —C)/al

p Ar,, = Rgin = R, — R, — NS thickness &%
L AW
!'?‘

o = VD, By = VD -

p(r) = — 2pF density distribution\

Neutron skin in nuclei

L}

E(p.a) = Eswulp) +a*S(p) + O(a"), @ = (pu—p)/(pa-+py)
S(p) =+ L+ 5 Kugma® + .., = (p = po)/3p,

R

J. Phys. G, 46 (2019), 093003 Nuclear EoS

N>>Za,=a,C,>C,

n

___h

density

Neutron Skin ap

R L |

Neutron star

A(LIGO-Virgo) , _ 2 (CQR)5

95
= 3p0 ( )‘ — symmetry energy slope parameter
Po

Fig. Schematic representation of
neutron and proton density
distributions in nuclei

3k GM

R(NICER) 3

03f

E 0251

0.15F

[ = Linear Fit, r=0.979
O Skyrme, Gogny

Eur. Phys. J. A 50, 27 (2014):

100
L (MeV)

Fig. Correlation between R, in 2°8Pb
and L produced by different models

150

>

155 EELEEEE I g

| FSUGold2 -

p=0.995 ©

15 4 =

IS

”ET 2l

%]

< 14.5- 4 2
<

7 S

=

14 4 =

— 95% ellipse | =

— 39% ellipse ha

1357 @ | LS

1 ] 1 1 1 o

80 100 120 140 N

L(MeV) S

Fig. Dependence between L and

R, amo in FSUGold2




Parity-violating electron scattering
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Parity-violating electron scattering

 Weak force violates parity

* Interference of virtual y and Z% exchange
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Weak (neutron) radius extraction

PREX-II (2%8Pb): Ar,,, = 0.28 + 0.07 fm
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Outline for MREX experiment

Mainz Energy-recovering Superconducting Accelerator (MESA):

150 pA polarized electron beam with E,;, = 155 MeV

Polarization measurement with <1% uncertainty
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Outline for MREX experiment

Mainz Energy-recovering Superconducting Accelerator (MESA):

« 150 pA polarized electron beam with E;, = 155 MeV

* Polarization measurement with <1% uncertainty

P2 experiment: Fig. MESA layout

« High-precision measurement of sin?6,,

« Exchange hydrogen with 298Pb for MREX p
MREX vs PREX: T A
¢ Same momentum transfer Q2= 0.0062 (GeV/c)? to , 0 |
o]
match kinematics and maximize sensitivity to NS 0
* Solenoid instead of spectrometer geometry
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Fig. P2/MREX experiment set-up




Monte-Carlo simulation framework

* Initially created for P2  Multiple scattering

 Geant4 framework » Secondary particles
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Monte-Carlo simulation framework

* Initially created for P2 * Multiple scattering * Inelastic scattering generator

 Geant4 framework * Secondary particles « Additional shielding

* Energy deposition * Detector response
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Monte-Carlo simulation framework

* Initially created for P2 * Multiple scattering * Inelastic scattering generator
 Geant4 framework * Secondary particles « Additional shielding
* Energy deposition * Detector response * Systematic and statistical uncertainty
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Beam-normal single spin asymmetry
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intermediate inelastic states and multi-photon effects




Beam-normal single spin asymmetry

n
n § ot — ot S
A, = —
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= 0+ and 0 correspond to spins parallel D e
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* |In leading order arises from interference between one-
and two-photon exchange (TPE) amplitudes

* Hard to calculate theoretically because of
intermediate inelastic states and multi-photon effects

* Much larger than Ap,, so can be a source of significant false asymmetry in PVeS

* Significant contribution to radiative corrections in PVeS

* Gives access to TPE - important for proton form factor puzzle and muonic atom spectroscopy ;
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Previous A results

Phys. Rev. Lett. 128, 142501 (2022)
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Beam-normal single spin asymmetry (ppm)
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Experiments show
vanishing A for 298Pb,
contradicting theory

Systematic A, study at the Al experiment @ MAMI:

« Q2 dependence of A_for 12C




Beam-Normal Single Spin Asymmetry (ppm)
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Fig. A, measurements from HAPPEX,
PREX, PREX-2 and CREX for different
nuclei with corresponding theoretical
predictions

Experiments show
vanishing A for 298Pb,
contradicting theory

Systematic A, study at the Al experiment @ MAMI:

« Q2 dependence of A_for 12C
« Zdependance (*2C, 28Sj, 99Zr) of A, at the same Q?

Consistent with theory within uncertainty



A in electron-28Pb scattering at Mainz

« 570 MeV 20pA polarized beam on 0.5 mm cooled 298Pb target
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A in electron-28Pb scattering at Mainz

« 570 MeV 20pA polarized beam on 0.5 mm cooled 298Pb target

* A and B spectrometers at Al positioned at Q2 = 0.04 (GeV/c)?

* Fused-silica Cherenkov detectors with multiple PMTs at focal plane
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Fig. Fused-silica Cherenkov detectors




A in electron-28Pb scattering at Mainz

« 570 MeV 20pA polarized beam on 0.5 mm cooled 298Pb target

* A and B spectrometers at Al positioned at Q2 = 0.04 (GeV/c)?
* Fused-silica Cherenkov detectors with multiple PMTs at focal plane

« Custom DAQ for asymmetry measurement at low rates!
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Data analysis

« 232.7 hours of data
 Two separate analysis chains with consistent results

 Manual exclusion of unstabilized beam periods

* Automated quality cuts for individual events
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Data analysis

232.7 hours of data
Two separate analysis chains with consistent results
Manual exclusion of unstabilized beam periods

Automated quality cuts for individual events
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Data analysis

e 232.7 hours of data

 Two separate analysis chains with consistent results

 Manual exclusion of unstabilized beam periods
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04 - Concurrent analyses 4
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* Automated quality cuts for individual events oal
03
[An = PLJ_ . (Ae:zrp —cjAr —ex AX —cyAY — CXfAX’ — CYIAY’ — (,EAE>] 04 r
-%._500001 | ‘0.00010 | | | O.(I)0100 T | Ol.(‘)1000
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Ao /o) —0.001| 0.006 Gain - PMT gain variations
A(da/0y') 0.012 | 0.003 ATails - shift in asymmetry from exclusion of 0.1% outliers
A(Oo /OE) 0.031 | 0.018
AAr 0.008 | 0.008 Alnversion - from different number of events with GVZ in and out
AGain 0.034 | 0.016 , , , , ,
ATails 0145 | 0.034 AAnalysis - difference between two independent analysis chains
Alnversion 0.026 | 0.074 . . .
AAnalysis 0.020 | 0611 AP - uncertainty from polarization measurement
AP 0.109 | 0.117
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ReSU ltS » Different kinematics compared to PREX/CREX,
but clear A #0
Final value for 2°%Pb: « Latest theory fails to reproduce both

An = —91 Zl: 2'1stat Zl: O.7Syst ppim
arXiv:2508.18851

* Systematic study needed

 Crucial for MREX

» SpekA PMTs —&—
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Fig. Measured A, for different PMTs, spectrometers and GVZ positions Fig. A, measured at MAMI for different nuclei at the same Q2 10


https://arxiv.org/abs/2508.18851

Summary

e Neutron skin in 298Pb allows to constrain EoS and neutron stars
* PREX measurement should be improved and cross-checked

* Simulations show that 0.5% uncertainty in R, is reachable for MREX

* Precise knowledge of A is important, but theory contradicts A, = O from
the PREX experiment for 298Pb

 Our latest result of A, = —9.1 £ 2.1, = 0.75yst ppm for 298Pb at
Q2= 0.04 (GeV/c)? does not confirm vanishing asymmetry

e Further studies are necessary from both theory and experiment side




Thank you for your attention!
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Why PREX is not enough?

* Slight tension with astrophysics

» Statistical uncertainty must be
decreased

Perform another PVES determination and
decrease total uncertainty by a factor of 2
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Fig. Connection between neutron skin in 2°8Pb and
astrophysical observables




Outline for MREX

Average momentum transfer of Q2= 0.0062 (GeV/c)? to match
PREX kinematics and maximize sensitivity to neutron skin
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Spectrometer vs solenoid

B =0.70 T, target center @ z = -360 mm

Elastic scattering in [25%,46°]

Elastic scattering, other:angles

Shielding

E bt T — — . Cherenkov-detector
-~ = ' ’ crystals |
—500 =l NN Dy
O e e NN s N
L 1 N

_200_|||i||||

| | |
-2000 -1000 0 1000 2000 3000
z/mm
Fig. P2/MREX solenoid set-up Fig. Tracks of elastically scattered electrons in P2 solenoid

Need to match momentum transfer while maximizing signal from elastic line T




Acceptance and measuring time

Assuming additional 1% systematic uncertainty in

APV from beam monitors:

Adgys = 1.15%

AAsyst — 112%

No extra shielding

With extra shielding

Uncertainty in R,

Time, h AAgiar/A

Time, h

AAstat/A

0.5%

2300 0.36%

1500

0.48%

PREX-2 uncertainty: AAg /A =2.9%, AAga/A=1.5%

Further work:

* |nelastic uncertainty constraint
 Multiple EoS input to get the A(R

 Radiation simulation

skin

 Target and shielding development

* Radiative corrections to Apy,

) dependence

I\Idet/ Nscat

0.6
— No extra shield

------ With extra shield
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0.3

0.2

0.1

P

'T||\\||||||||\\|||||||;"T">--..'.
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Fig. Fraction of elastically scattered electrons reaching the
detector with and without additional shielding

o
B
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Systematics from theory

J

)

Coulomb corrections

known charge

form factor F ,(Q?)

4

weak form factor F,(Q?)
weak density p,,(Q?)

s

good

assume surface thickness

to 25%

weak radius Ry,

GG

corrections for

5 MEC

neutron radius R,

Non-elastic systematic

play huge part:

37 and 27 - low-lying excited states

MR - Multipole resonances

Other Inel. - other excited states and GDR
QE - quasiclastic scattering

TGB - target background

Secondary - secondary produced particles

known
charge radius R,

Contribution 4 | 3~ and 27 MR Other Inel. QE TBG Secondary
AA; 0.625- A, | 0.625- Ay 1.5 Ay 2| ApEr| 0 | At — ASecondaryl
Afi/fi 20% 50% 100% 100% 10% 10%
Contribution i No additional shielding With additional shielding
o AA;", ppb | AAZ ppb | AA;, ppb AA;;? ppb | AAZX, ppb | AA;, ppb
Secondary electrons 0.06 0.51 0.51 0.01 0.05 0.05
Secondary photons 0.07 0.62 0.63 0.04 0.34 0.34
Secondary positrons 0.01 0.04 0.04 0.01 0.05 0.05
Target background 0.08 0.18 0.20 0.06 0.15 0.16
37 2.615 MeV 0.10 0.46 0.47 0.07 0.43 0.44
27 4.085 MeV 0.05 0.35 0.36 0.04 0.34 0.34
MR below GDR. 0.18 0.52 0.55 0.14 0.49 0.51
Other Inelastic 0.52 0.72 0.88 0.42 0.59 0.73
Quasielastic electrons 1.20 1.34 1.8 0.73 0.80 1.08
Total AA,., ppb 2.31 1.55




Rates and asymmetries

Contribution i No additional shielding With additional shielding o=
’ o R;,MHz | R GHz | A, ppb | R;, MHz | R GHz | A;, ppb F
3.61-10° 2.22-10°
Hie aloe 2 61100 Y
Elastic electrons 3.64-10 (92.18%) 607.61 2.59-10 (89.61%) 608.18 100k
. 1.74-10° . 1.45-10
. . a 104 - < 103 : -
Secondary electrons 6.17-10 (4.45%) 613.07 5.44-10 (5.84%) 618.88 I
10T 108 0~
Secondary photons 7.03-101 ?1836192) 599.09 6.54-101 ?26;8192) 622.29
5 | 3.06-10° o | 3.48-10°
‘ o 102 : 102 s -
Secondary positrons 5.16-10 (0.78%) 613.28 6.34-10 (1.40%) 627.88 10-2
Secondary neutrons 1.20-10% 0 0 1.26-10° 0 0
(0%) (0%) - 10-3
. 3.15-10Y r 2.73-10Y I-
ret oMK .96-10° . 5.04-107 ' o
Target photons 4.96-10 (0.08%) 0 5.04-10 (0.11%) 0 bE
4.41-10" 1.03-10* ~~
: 104 J 3. 4 J J -4
Other TBG 1.74-10 (0.13%) 0 1.83-10 (0.42%) 0 b 10
4.49-10° 2.42-10°
37 2.615 Me 5.24-10! 943.80 3.30-10! 879.61
37 2.615 MeV H 0 (0.15%) 943.8( 3.30-10 (0.10%) 379.6 .
3.72-10" 2.06-10Y
¢ _|_ i l . ’ . l ’ ’
27 4.085 MeV 4.12-10 (0.09%) 861.60 2.67-10 (0.08%) 806.96 ‘
5.33-10° 1.82-10° -6
> x . . - 1 DE N = N 1 .t IO E
MR below GDR 6.21-10 (0.14%) 854.77 2.43-10 (0.07%) 772.56 3
2.42-10Y 1.02-10Y
ok ) 1 y . 1 y y
Other Inelastic 2.88-10 (0.06%) 0 1.37-10 (0.04%) 0 o7l
5 | 9.00-10 1.04-10" i
R . 102 10l )
Quasielastic electrons | 1.11-10 (0.23%) 608.18 1.32-10 (0.04%) 51.86
_ 3.92.10° _ 2 48.10° Bleoo Vv v b b Lol
Total 6.28-10° -9 o7 608.71 6.21-10° oy 608.35 10 0.5 I.0 1.5 20 2.5
(100%) (100%) -i
Qerr [fm 19



Additional shielding to reduce inelastic

B=0.70 T, target center @ z = -550 mm

* Need a way to reduce 2000
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Fig. Tracks of elastically scattered electrons in P2 solenoid with

additional shielding




Quasielastic scattering

C-12, E = 400 MeV, 0 = 36 deg
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Optimal target position and shielding
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Timing

./ .:nﬁji

Funding Period 1 Funding Period 2

Epmax = 55MeV Emax = 155MeV + ERL

Funding Period 3

Emax = 155MeV + ERL

H H Forward H Forward H Forward
Backward Data Taking | Data Taking Il Data Taking IlI

-

October
2023:
Cooling
system
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2024 2028 2032

=TGR MESARCR iR Home
l%'!wl".ii‘lb'c‘xozr\ V
vUscanpi 25 ")
14:55.1
- VI |

April 2024:
Beam at

the end of
the LINAC

Neutron-Skin #8Ca

June 2024.

Most of the high-frequency
power amplifiers put into
operation



Al systematics

Spectrometer A B

Scattering angle 20.14 ° | 20.56°

Q* (GeV?/c?) 0.040 | 0.041 TABLE 1. Measured beam-normal single-spin asymmetries
Ay (ppm) 8.954 | 9.568 for each spectrometer. The difference in scattering angle
A(Oo [0x) < 0.001[< 0.001 at similar Q? arises from the broader angular acceptance of
A(o /0y) 0.012 | 0.009 spectrometer A. Uncertainties are in parts per million (ppm),
INGLIRS < 0.001| 0.006 with statistical and systematic contributions listed separately.
A(9a /0y 0.012 | 0.003 The first five entries correspond to asymmetry correction
INGLIG) D) 0.031 | 0018 errors. Further contributions: AA; estimates the residual
AA 0.008 | 0.008 beam-current asymmetry, AGain assesses PMT gain varia-
AQGain 0.034 | 0.016 tions, ATails estimates for nonlinearities from large correc-
ATails 0.145 | 0.034 tions, Alnversion accounts for the different number of events
Alnversion 0.026 | 0.074 in both states of the half-wave plate, A Analysis quantifies the
AAnalysis 0029 | 0611 spreadhbetwclser} thg two indep‘endent analysis chains and AP
AP 0.109 | 0.117 gives the polarization uncertainty.

Total systematic error| 0.192 | 0.628

Statistical error 2.416 | 4.331




TA - Autocalibration 2024-06-27-07-58-22

A1l calibrations
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Manual cuts (clean-up)

June before manual clean-up June after manual clean-up
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