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Proton charge radius puzzle
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Determination of the proton charge
radius with electron scattering
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Electric form factor and proton charge radius
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Ultra-relativistic I = 1 4+ 2(1 + 7)tan? >
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Momentum transfer: approximation 4M;%
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G. Miller, Phys. Rev. C 99 (2019), 035202
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d i) [QZ as small as possibleD

Feynman diagram of the leading-order
of the electron-proton scattering.
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Specifications of the
Ultra Low Q?

Characteristics of the experiment:

Measurement of GE(QZ) for extremely small values of Q*:

0.0003 (GeV/c)2 < 0? < 0.008 (GeV/c)2

Gr(Q%

~

=
L
%

Lowest beam energy for electron scattering in the | ¢9¢ |

world:
10 MeV < E < 60 MeV
Polyethylene (CH,) target.

= Absolute cross-section measurement with 107> accuracy.
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0.005 0.01 0.015 0.02

Momentum transfer range reached
during the ULQ? experiment.



Absolute cross-section measurement

e-12C scattering

Simultaneous detection of e-p and e-'*C scatterings}

= Use of a CH, target.
= Momentum of a scattered electron on a X nucleus:

URL E
/
PXN

2F sin /2>
RN

» F=50.2MeV,0=_84°

C P, ~ 50.0 MeV/c, Py ~ 47.9 MeV/c j

47 48 49 50 51

Simultaneous detection of e-p and e-'?C scattering
with a CH, target (Experimental data).
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Absolute cross-section measurement

K Absolute cross-section of e+p scattering: \

Event number
(&) w2
e/, ~ W)W, BQ

Beam dose Target number
Precisely

alculable
< do > _i2¢
( N /N12C ) o—12C

Ratlo of H and

\ C nuclei J

e-12C scattering

. . 47 | 4 4 I | ! ! 1 ! ] | | |
[ Required for precise ) 8 9 50 5

measurement! Simultaneous detection of e-p and e-'?C scattering
with a CH, target (Experimental data).
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Previous experiments (e-p)

4 A1 experiment (2010): d PRad experiment (2019):
= Medium energy (180-855 MeV) = High energy (1.1 & 2.2 GeV)
& many angles (15-130°) & small angles (0.7 - 7.0°)
— 0.004 < Q%[(GeV/e)’] < 1 — 0.0002 < Q?[(GeV/c)*] < 0.06
= Liquid H cell & metal walls — large BG = FElastic/inelastic e-H scattering ...
= Relative cross-section measurement = Absolute normalization to e-e scattering

Vacuum chamber

J. Bernauer, PhD thesis.
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Form factor discrepancy

A Electron scattering: Proton electric form factor
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Q? [(GeV/c)?]

J. C. Bernauer, EPJ Web of Conf. 234, 01001 (2020)

2024/04/26 GPPU seminar

Gstd(Qz) —

02 \?
(1+7>

with A = 0.71 (GeV/c)?

Different Q°-dependencies of the electric form factor
= Mainz (2010): 1, = (0.879 = 0.008) fm

= PRad (2019) : r, = (0.831 £0.014) fm
30 discrepancy!

At least 1 experiment is wrong!

= Need data at low Q%: ULQ?!

= Most reliable measurement!
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The ULQ? experiment
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Beam line
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SpeCtrometerS Spectrometer 1 — Data taking

Spectrometer 2 —— Target monitor

! Focal plane f Measurement in the focal plane: \
Very precise design 5 .
N e of the polar pieces A ULQ“ experiment uses very low energy electrons.
1
m) Strong multiple scattering: <6?MS> X =
= [mpossible to determine the path of the electrons.

A Single measurement of the electron position in the
focal plane.

1145 mm

A Connected to the target chamber and under vacuum

k(< 1 mPa). J

950 mm
2024/10/29 LEES 2024 14




Spectrometers

x—> P
) \A ( Measurement in the focal plane: \
\
4 ml— Focal plane A Electrons focused in the focal plane depending on

their momentum p and horizontal scattering angle 6.

S 4 (P’, 0) determined from the (x, y) position of the
5 electrons on the detectors placed in the focal plane.
q
o
- A To resolve e+p and e+C scattering peaks with
0%= 0.0003 (GeV/c)?,
, AP 5
Momentum resolution: ¢, = — < 10

Initial conditions: (P, 0)

950 mm
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Vacuum
window

4 Single Sided Silicon Strip Detectors (SSDs): )

Developed with the J-PARC muon g-2/EDM collaboration.

2 detectors each made of 2 x 512 channels on each spectrometer.
Located in the focal plane of the spectrometers.

Channel width: 0.19 mm, thickness: 0.32 mm.

o J
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Detection system

6000 ’
5000; e+c "
v, CH,(ee) B
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3000 )

 9=90° - window
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Data taking and
analysis
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Current status

d Commissioning of the twin spectrometers:
= COMPLETED!

d Determination of the detector efficiency:
= Data taking completed!
= Analysis underway

J Actual cross-section measurement:
= 18 points with 3 X 10™* < 0? < 8 x 107> (GeV/c)? 23/05: 50 MeV

23/09: 42 MeV
23/10: 50 MeV  24/04: 60 MeV

= Data taking completed!
23/10: 21 MeV  24/10: 60 MeV
2 2
o) 0.0006 0.0012 0.0018 0.0025 Q [(GGV/C) ]
[ | || || || || || [ | ] || [} [} [} [} ] ] [ | >
| | | | | | | | | | | | | | | |
0.0003 0.0009 0.0016 0.0021 0.0028 0.0037 0.0043 0.005 0.006 0.007 0.008
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10°

?Normalized yield

E =50 MeV
Measurement o, Brsea
10° - CH,, B=300A (BG1)
- Empty, B=188A (BG2)
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10°

Normalized yield

E = 50 MeV

Measurement o BrseA ()

10*

- CH,, B=300A (BG1)
- Empty, B=188A (BG2)
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10°

Normalized yield

E = 50 MeV

Measurement o BrseA ()
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10°

Normalized yield

E = 50 MeV

Measurement o BrseA ()
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10°

Normalized yield

Measurement

CH,, B=188A (FG)

10* —
: BG from target = - CH,, B=300A (BG1)
Outside BG holder & ~ - Empty, B=188A (BG2)
. - Empty, B=300A (BG3)
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|- 50.26 MeV, 80° C peak
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50.26 MeV, 50°

Aia ol N
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1 = 47.70 MeV/c < 49.31 MeV/c) i | Il |
- ' h il
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-—->

Analysis r P |

Bl -

Analysis requirements:
« At least 2-channel clusters on x
« Time coincidence between x & y

A
|

SSD x

2-3 channels cluster
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y [mm]

Analysis

10°
- No cut

- Clustering & time cut conditions

10*

X projection

10°

10?

X [mm]
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Analysis

( dG) 3
dQ -

Evolution of H/C in the target with SP2:

NC 2.0 pro

S 1.
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N IR S . SO
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N,

e

N,

e

—H/Ne—C

....................... _ Ny/Ng

Beam charge [mC]
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E =50 MeV
0 = 64.6°

0.0325

0.0320 |
0.0315 [

0.0310 [

0.0305

0.0300

0? ~ 0.0028 (GeV/c)?

LEES 2024

—H/Ne—C < d0'>
Na/Ne \d@) .

Cross-section ratio:

Run number
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Simulation

P. Banerjee et al., SciPost Phys. 9, 027 (2020).
d McMule for e-H & e-C simulation of LO, NLO (NNLO if necessary)

= Marco’s talk on Thursday Geant4 simulation

e o0
— )

100 o

101'; e-C
] E = 50.35 MeV
0 € [93,93.1]°

(ub)

1072 5

(la;/dei,,

1073

1074 E T T T T T T
15 46 47 18 19 50

Pfin (MeV/c)
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Simulation

P. Banerjee et al., SciPost Phys. 9, 027 (2020).

d McMule for e-H & e-C simulation of LO, NLO (NNLO if necessary)
= Marco’s talk on Thursday

()}
100 - —_— _
] 10° =
1071 4
] e-C
ER E = 50.35 MeV Add beam - H
g ] 0 € [93, 93.1]° momentum spread ¢ ﬂ”"
~ 1 — A
= ﬁ - Wm“n,”,db ()
| . . 10 “
109 Geant4 simulation
. 1
10_l T T T T T J:Jl‘lJl_lAJ_JAJAJl‘lJJJl,JAJAJAJ
45 46 47 48 49 50 —40 -30 -20 -10 0 10
Pﬂn(MeV/c)
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Simulatio_n

jot e-CH, after BG subtraction e-CH,
- Simulation E=50.35 })\/IeV
- 0 =93
1035—
10? =

10

—

= T TTTTI

X [mm]

—40 -30 —20 -10 0 10 20 30 40

First e-CH, simulations:
= Many improvements are necessary
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Conclusion

23/05: 50 MeV
23/09: 42 MeV
23/10: 50 MeV  24/04: 60 MeV

4 Data taking COMPLETED e s G i
2 GeV 2
o) 0.0006 0.0012 0.0018 0.0025 Q [( € /C) ]
L [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | || >
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0.0003 0.0009 0.0016 0.0021 0.0028 0.0037 0.0043 0.005 0.006 0.007 0.008

J Analysis going-on:
= Experimental data analysis well-advanced

= Simulation to be improved

= Results in 2025
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Current experiments (u*-p)

d MUSE experiment (PSI): d AMBER experiment (CERN):
= ¢* u* —patiis, 153, 210 MeV/c = ;= — p at very high energy (100 GeV)
& wide angle range (20-1200°) & very small angles (less than 0.1°)
— 0.002 < 0%[(GeV/c)*] < 0.08 — 0.001 < 0%[(GeV/c)?*] < 0.04
= Liquid H, target = Recoiled proton detection with a high pressure
TPC

3.0m 25m 3.0m

eam
itor .
Incident muon

Straw-Tube
\ | Tracker (STT)

P

@

Q

S,

°
(72
=%
3

PRM-FI01
PRM-SI01
PRM-F102
PRM-SI102
PRM-TPC
PRM-F103
PRM-SI03
PRM-S104
PRM-FI04

3

o
3
o
©

[ scintillating-fiber tracker I Silicon tracker [ High-pressure hydrogen time-projection chamber [ Helium/vacuum beam pipe

J. Friedrich, PREN 2023.

Absolute cross-section measurement:
= Proton charge radius

= TPE measurement
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I2C cross section

1 Several measurements of the electric form factor of '>C with electron scattering

r
 Precise measurement of the carbon charge radius with —£ <1073 with u'’C
e

=P - = 2.4829(19) fm

W. Ruckstuhl ef al., Nucl. Phys. A430 (1984) 685-712

' Determination of the electric form factor
of 12C at low Q2 with 1073 accuracy

2024/10/29 LEES 2024
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2Cvs natural C  ™tc=8.9%Cria%"c

1 Very small effect of 1°C ~ order of 10~ in the context of the ULQ2 experiment
M1 — larger effect of 1°C

1.001 1.001

—_— 20 MeV —_— 20 MeV

- —— 30 MeV [ —— 30 MeV

[ 40 MeV - 40 MeV

| — 50 MeV | = 50 MeV
_ 60 MeV 60 MeV
0005 1.0005
X o ~1.0002
o T
k m
O o :
X, N -C'0 —» ~ no difference
L 1

P L L2 A CR Fean e e ST A ‘llllllllllllllllllllllllllllilll‘l
0.9995 ="207"20 60 80 100 120 140 160 180 09995 ""20 20 60 80 100 120 140 160 180

0 [deg] 6 [deg]

2024/10/29 LEES 2024 36




Detector efficiency

d Spectrometer momentum acceptance: ~10%

4 Use of a 2-mm-thick C target - AE, ,, = 2.2 MeV

AE
g With E=10 MeV, bfoss ~ 20% — completely covers the detector surface

EZ()SS s 22 MGV
$ \ SP2
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Detector efficiency

Spectrometer
central angle

A

y;[mm] - A =6-0,

2024/10/29

LEES 2024
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Momentum dispersion Angular dispersion

SpeCtrometer Optics " Bdasonbamee (x,.v.,) and (P, 0): R

Spectrometer Yd = T
cen’gaj}ﬁang}e ~ Data takgn with a sieve glit | - | ) V= g+ ...
10 . c
with 6 = —=—Spectrometer central
@ \_ x B momentum )
I
N
I ) 5x5 sieve slit| . m
& omm , mm
< O O
T O O
é O O
k=) 0.1 e
s
>\ :t = 5 mm 44 mm :
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Momentum dispersion Angular dispersion

SpeCtrometeI' Optics [ Relation between (X v,) and (P, 0): R

Spectrometer Xd =
centralangle ~  Datatakenwithasievestit v, =((v,;] AOAO +
=T
(oc . 10 .
¢ - with § = —=—Spectrometer central
; - L x Bc momentum
20 & i |
? I
o & - ( A
2 ] Commissioning results:
] (xz]6) = 864.8(3) mm
20 - (y;| Af) = 1.000(4) mm/mrad
| 0.1
e _ A
: 6, = — =56x107
| P
-40 -
4o X, lmm] g y
Sh S S S R R e e R A IR s i e S L o . .
-40 -20 0 20 40 > - High resolution spectrometers!
5 ~—0.05 X; [mm] — o & ~0.05
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Q2 determination e E

. X | 4 2Esin0/2’
d  From x,, we get 6 but not directly P’ ... ‘ + My
@ Y
[ The beam energy derived from the current of P 1 1
upstream magnets is not precise enough ... =—~1+ @in 0/12%( — )
Py My  Mc
d Toget Eand P/, use of C and H peaks: L )
1*" order P, — P l
X c
Xy ~ (x;|0)——
x ~ (x4 6) P
| .
( i e Determination of the beam energy
p. Y1+5 directly from the experimental data!
R = C (x4 6)
— / ~ > [ [ ] [
Py 1+ (xxf 5 » Precise determination of O?!
d
- y
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