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Electron scattering powerful tool for probing nuclear
structure and interactions

e~ e Convenient to...
...produce electron beams
€ ...detect scattered electrons

y ® Nuclear structure measurements frequently

interpreted in Born approximation

e Study fundamental interactions with processes
beyond one-photon exchange
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Tagged P

, Photons

Parity
Violation

Mainz Microtron (MAMI)

® Beam energy up to 1.5 GeV

e Currents up to 20 uA (polarized),
100 A (unpolarized)

e Complementary experimental halls:

® High-resolution spectrometers
(A1)

RTM1
Injector Therm. Source .
® Tagged real photon beams Linac +Pol.Source T W
(A2)
Spectrometer [ 4F |\
Hall

® Parity violation
(A4)



Mainz Energy-recovery

Superconducting Accelerator

(MESA)

DarkMESA



What is energy recovery?’
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What is energy recovery?’

 Energy Monitor Electron accelerated
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What is energy recovery?’

 Energy Monitor Electron accelerated

ENGINE in Iinac
/ n
Linac

injection

e P

ELECTRIC

\_ Consumption
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MESA

s DarkMESA

recovery mode:

® |[n energy-
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® In energy-recovery mode:

® Energy up to 105 MeV
e Currents over 1000 uA
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MESA

e MAGIX: DarkMESA

® Proton form factors

e Astrophysical S-factor
o P2:

e Proton weak charge/sin* 6y,

® Neutron skin thickness

® Both: two-photon exchange




MAIinz Gas Injection Target EXperiment (MAGIX)

® High-intensity ERL beam allows
(and requires) diffuse targets!

® Primary target: hypersonic gas jet
e Competitive luminosity (1035 cm-2s-1)

e Negligible energy loss, multiple
scattering, target window background
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MAIinz Gas Injection Target EXperiment (MAGIX)

® High-intensity ERL beam allows
(and requires) diffuse targets!

® Primary target: hypersonic gas jet
e Competitive luminosity (1035 cm-2s-1)

e Negligible energy loss, multiple
scattering, target window background




MAGIX spectrometers
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MAGIX spectrometers
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Proton form factors

do B 0~

do\ _(do 1 202 4 2 (2
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Proton form factors

do do 1 0~
—_ 202 2 2 —
= ' (EGE(Q ) + 7G (O ))9 T = 5
dS dS e(l + 1) 4M
Mott
i P L L "o | b
World data uncertainty Projection "3 ’
1000% = e on Gg ——— MAMI-AL1l Gg ’ NE
. - o on Gy —— MAMI-Al Gy . ¢ -
® Reduced uncertainty from - —— MESA-MAGIX G ° °e® -
| . ——— MESA-MAGIX Gy »
internal gas target - 100% = " o o’} E
e Significant improvement at 3 : °-
5 5 10% E *°
low E : e :
e Particular impact on Gy, g _ _
magnetic radius ' :
: | ] IIIIIIl ] | IIIIlIl ] | IIIIIII ] | IIIIII| ] ] Illllll ] I:
0.0001 0.001 0.01 0.1 1 10

Q? [GeV?]

10



Astrophysical S-factor

o(Ery) = , N2/
(Ecy) e=271S(Epny) dl 142

o S(Ery,) factor due to nuclear structure

e 12C(a, 7)1%0 of high astrophysical relevance

® Measure time-reversed process in electro-
disintegration of of 160
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Astrophysical S-factor

E =
7 S B

, N x 24,

o S(Ery,) factor due to nuclear structure

e 12C(a, 7)1%0 of high astrophysical relevance
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MESA

® P2:
e Proton weak charge/sin* 6y,

® Neutron skin thickness

® Both: two-photon exchange

DarkMESA

12



Parity-violating electron scattering (PVES)
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Parity-violating electron scattering (PVES)
L eft-handed

o—/
Violates <« g
< >

y + S 7 parity
Conserves Right-handed
parity ®—’
—_— §

e Interference between ¥y and Z exchange leads to parity-violating asymmetry

A o, —or MMz GpQ?
— X X
i o1 +on ./\/l% Ao

® Typically order parts per million or less

® Sensitive to variety of physics depending on target, kinematics



e History of PVES: continuous
improvement in accelerator

and detector technology

e State of the art: sub-ppb
statistical reach and control

of systematics
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Standard model tests with P2



Standard model tests with P2
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Standard model tests with P2
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Standard model tests with P2

. . 0.245 RGE Running
@ IS the Weak mlxmg angle e Particle Threshold
Measurements
consistent with SM calculations?
0.240 SLAC E158
e Elastic ep scattering: -
G 3
F . =
Apy X (1 — 4 sin” HW) D 0.235
(-
2o m
® | arger impact of BSM physics at 0 230
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® Constrain BSM physics through -
effective models — sensitive to mass 107
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Standard model tests with P2

. . 0.245 RGE Running
@ IS the Weak mlxmg angle e Particle Threshold
Measurements
consistent with SM calculations?
0.240 SLAC E158
e Elastic ep scattering: S
3
(-
2o m
® | arger impact of BSM physics at 0 230 - TevatronN\f g, ¢
2 - €
low ¢ POOMESA ** MOLLER
® Constrain BSM physics through -
effective models — sensitive to mass 107

scales up to A ~ 50 TeV! u [GeV]

P2: O,.,, at MOLLER precision!
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® Where do neutrons go in neutron-rich

nuclei?



Neutron skin measurements with MREX

® Where do neutrons go in neutron-rich

nuclei?
® Parity violation in elastic eA scattering
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e Sensitive to RMS neutron radius R,
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Neutron skin measurements

® Where do neutrons go in neutron-rich

nuclei?
® Parity violation in elastic eA scattering

GrO”| Qwl Fy(O°)
/2ol Fch(Qz)

Apy &

e Sensitive to RMS neutron radius R,

neutron skin thickness R, — R,

® Two measurements at JLab by PREX/
CREX:

® 208Ph: constrain nuclear EOS

® 48(Ca: bridge between calculations of
light and heavy nuclei

with MREX

P

-R (48Ca, fm)

1

1

R

0.3

-
b

C.

Adhikari et al. (PREX collab.), PRL 126, 172502 (2021)
Adhikari et al. (CREX collab.), PRL 129, 042501 (2022)
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Neutron skin measurements with MREX

® Where do neutrons go in neutron-rich Adhikari et al. (PREX collab.), PRL 126, 172502 (2021)
. Adhikari et al. (CREX collab.), PRL 129, 042501 (2022)
nUC,e'l 0.3 -I L I 1 17 17 1T 1 I 1 1 I 1 17 17 1T 1 I I l—
® Parity violation in elastic eA scattering E :
GO | Oyl Fy(07) 2 02 :
Ay 2F wil & w £ 02r g
PV ™~ o . i :
I/ 2ral Fch(Q ) 005 = :
e Sensitive to RMS neutron radius R, Z"" 01 -
neutron skin thickness R, — R, f :
® Two measurements at JLab by PREX/ E :
O+1 T T T T T N W T O A A O O B B 1|'|_|_|_|_|_|-.'l_|_|_|_l_|_|'|1 I T I O I O
CREX: 0 0.1 0.2 0.3 0.4
208
. R -R ( Pb, fm)
® 208Ph: constrain nuclear EOS o
. . ‘milar 208
e 48Ca: bridge between calculations of MREX to carry out similar 295Pb
light and heavy nuclei measurement with half the uncertainty!
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Emergence of saturation density?

0.16 -
P
0.14}\ b
0.12— Interior Baryon Density
e PREX claims extraction of "-’E 01:_
. . = H * —
interior baryon density of —. [ Extracted from PREX -0
lead...from one data point < 0.08 W
sensitive to RMS radius 2 ¢
N e ———
| | S 0.06 0o
o P0255|b|e to measure multiple 2 - — p_data ch
Q“ point(s) at MESA 0.04[— -...-. 2-parameter Fermi fit 2\
a W
- Weakskin/z:/ E
O_IIII|IIII|IIII|IIII|IIII|II:I:|IIII|IIII
0 1 2 3 4 S 6 7 3

radiusr | fm |
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P2 spectrometer

Electrons from elastic e-p scattering

Superconducting
solenoid

Line of sight

v

Scattering
chamber

Solenoid

/

Electrons from elastic e-e scattering
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PVES has unique demands for detectors

e |[nsensitive to low-energy background

— Pure Cherenkov detector

e Accommodate 100+ GHz event rates to achieve required statistics
— Radiation-hard material

— Integrate signal from many simultaneous events (no “counting’)



PVES has unique demands for detectors

e |[nsensitive to low-energy background

— Pure Cherenkov detector

e Accommodate 100+ GHz event rates to achieve required statistics

— Radiation-hard material

— Integrate signal from many simultaneous events (no “counting’)

electron flux ‘
|
Integrating quartz |
Cherenkov detectors _ |
NANANUNUNUNUNLN,. ADC

| tused silic

integrator



P2 detector ring

PMT

ctrosil 2000

Highly UV-reflective
aluminium

Light tight vinyl foll

82 detectors
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MESA

DarkMESA
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Two-photon exchange

Standard QED radiative corrections



Two-photon exchange

Standard QED radiative corrections
Hard TPE

Excited hadronic
states, GPDs...?



Two-photon exchange

e TPE is a background to PVES

Standard QED radiative corrections | |
(single-spin asymmetry)
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Two-photon exchange

Standard QED radiative corrections

0
P

I ERES
<

Excited hadronic
states, GPDs...?

e TPE is a background to PVES
(single-spin asymmetry)

e TPE is favored hypothesis for proton
form factor ratio discrepancy

1% ‘ Unpolarized measurements :
1.0 F T—égdccéﬁgﬁ%g 2] iy oyl U :0 _ ]

. t %iﬁ% i g
b 0.8 [ II I | _

o~ : L
5 0.6 F q :
~ 04 ‘ Polarized I} :
0.2 measurements { -
O.O:"""'_1 ' ' "----lo ! - -----.Il:
10 10 10

Q® [GeV¥Z]

figure from Arrington et al. PRC 76, 035205 (2007)



Adhlkarl et al. PRL 128, 142501 (2022)

Single-spin asymmetries S T R S
sensitive to TPE I . - | -
= : 1 :
@ i 40.95 GeV T 2.18 GeV> i
= -5 N ]
® Beam- or target-normal SSA: < 0 T —
_10__ }12C 0y I \{t}x
Al = (o7 —o%) /(o7 + 0¥) o Im[ My, ™ - [1Ca #7P
005 010 05 020
Q (GeV)
e Multiple measurements of beam-normal SSA .
_ . . . E
in ep and eA scattering disagree with theory & | Gou, et al. PRL 124, 122003 (2020)
S 0 S
5:_ \ -/- ----- B. Pasquini et al., proton, Ref. [55]
- / | ¢ l = II\BII. I;ortheintR:af:??t] e
-10: —i— 2005 data, Ref. [63]
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Adhlkarl et al. PRL 128, 142501 (2022)

Single-spin asymmetries S T R S
sensitive to TPE I . - | -
\% E 40.95 GeV 1 2.18 GG:V> E
= -5 N T
® Beam- or target-normal SSA: < 0 T —
_10__ }12(: 0, T \%
Al = (ol —oY)/(c" +0%) x [m| Moy M7, | ?48(?& {I'ZOSII)b o S
0.05 0.10 0.15 0.20
Q (GeV)
e Multiple measurements of beam-normal SSA .
" " " " E B
in ep and eA scattering disagree with theory & | Gou, et al. PRL 124, 122003 (2020)
S et
B ‘\ ¢ L. Diacon.efcu et al., Ref. [76]
® Possible SSA measurements at MESA: -5/ \ | 7777 bt e e st
e Background measurements for P2 +oF e s
® Gas jet target? (Avoid matter effects for I
outgoing electron) "
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Summary

e MESA is a cutting-edge electron accelerator
being built at JGU Mainz

DarkMESA
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Summary

e MESA is a cutting-edge electron accelerator
being built at JGU Mainz

e MAGIX: proton structure, astrophysical
processes, few-body systems

® P2: high-precision weak mixing angle,
neutron skin thicknesses

® Currently under construction...
set to begin 2025!

&, DarkMESA
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