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* Nucleons (protons and neutrons) make up
over 99% of the mass of visible universe

* Proton charge radius (r,):
1. Related to spacial distribution of proton’s
charge
2. Important for understanding how QCD works

3. Ceritical in determining Rydberg constant (R,)

4. Input to the bound state QED calculation for
atomic hydrogen energy levels
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« Two different methods for
measuring r,

1. Hydrogen spectroscopy (atomic physics)
» Ordinary hydrogen
» Muonic hydrogen
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How to Measure

« Two different methods for
measuring r,

1. Hydrogen spectroscopy (atomic physics)
» Ordinary hydrogen
» Muonic hydrogen

2. Lepton-proton elastic scattering (nuclear
physics)
» ep elastic scattering (like PRad)
» up elastic scattering (like MUSE)
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Hydrogen Spectroscopy
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Hydrogen Spectroscopy
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Hydrogen Spectroscopy
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Hydrogen Spectroscopy
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Hydrogen Spectroscopy
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Lamb shift measured
in 1947

Transition frequency
about 1 GHz

Largely dominated by
electron self-energy
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Hydrogen Spectroscopy
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Lamb shift contains
(in decreasing order)

1. Radiative correction
(RC)

2. Recoil term

3. RC-recoil mixing
term
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Hydrogen Spectroscopy

A
-
 Lamb shift contains
(in decreasing order)
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Hydrogen Spectroscopy

* Physics origin of the

A
- proton finite size
effect:
n=3 » S-state wavefunction
_ 2P has overlap with the
n= — 0.15MHz roton
2S5 F=1 P
S 2P F=0
2 1/2, 2P1/2 172 G. Miller PRC 99 035202 (2019)
1 TAY D= —47T&G/%(O)|¢n0(0)|2510
F=
S 2
n=1 \ 1S B = 4m%p|¢n0(0)|25m.
Bohr Dirac Lamb —
Darwin Term F_O Pr(?ton T
Spin-Orbit QED HFS Size
Relativity
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Ordinary Hydrogen v.s. Muonic Hydrogen

* One can do this with ordinary hydrogen

or muonic hydrogen 4‘
. . : - Electron
* Muon is ~200 times heavier than B7d A\ /

electron

 Orbit much closer to proton, more
sensitive to proton size
. h |
<,rorb1t> o nQ Muonic
Zom,c Hydrogen Hydrogen

Proton finite size effect in 25-2P: 2% in uH, 0.015% in H
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« Elastic ep scattering, in the limit of Born
approximation (one photon exchange):

do do E' | 9 A z
2 _ (2 Gr2(0? c;f’“ ?))
dQ (dQ)Mou(E> 147 ( (@) + 5 O (&) T p

] —1 Lepton scattering plane p

Y

Q2
e

CD

0% = 4EF' sin® — T =

0
. 2
€= {l +2(1+7)tan”

o

* Gg (Gy) is the electric (magnetic) form factor

 Structure-less and spin-less proton:

(dG) (X“[l—ﬁ sin? 9]
dQ ) viow 4k2 sin* g
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Unpolarized ep Elastic Scattering

« Elastic ep scattering, in the limit of Born
approximation (one photon exchange):

Y

(./0- (IO- E, | ) o) T 2 o) z
46 _ (4o Gy (M) + -Gy (M)

dQ (dQ)Mou<E> l—{-T( e (0 )+£ u (27) T p

2 Fain2 © 0* , 01"

0* = 4EE'sin > T:4M,% €= [l+2(l+r)tan 5]

* Gg (Gy) is the electric (magnetic) form factor

 Structure-less and spin-less proton:

Derivative at low Q2 limit

d 21— B2
<_G) _ e [1-p ;‘(‘; 3] ) dGh(0%)
dQ ) vo 4k2 sin (r) =—6—27
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« Classical interpretation: in Breit frame and non-relativistic static system

>/ 1 -
Pp = (EBrpB = 5613)

Cra(Q?) = / o(7) T .

VVVVVVVVVV VN
B . O PR bl dA A
— /p(r)d = E/p(r)r d°r+ ... —— 45 = (v =0,p)

P = (EB'ﬁB = _EC_I)B)
* Not rigorous, lots of research activities to refine the interpretation:

» Y. Chen (%) and C. Lorcé, PRD 106 (2022) 11, 116024  * C. Lorce PAL 125 (2020) 23, 232002
« E. Epelbaum et al. PRL 129 (2022) 1, 012001 * G. A. Miller, PRC 99 (2019) 3, 035202
« R. L. Jaffe PRD 103 (2021) 1, 016017 Y. Li(%ZFH)et al. PLB 838 (2013) 137676

« Charge radius is defined for FF slope
« For both scattering and hydrogen spectroscopy, we are going after Gg(0)

Weizhi Xiong More info: H. Gao and M. Vanderhaeghen, RMP 94, no.1, 015002 (2022)



Unpolarized ep Elastic Scattering

Three spectrometer facility of the A1l collaboration:
= <= PN ‘

SN <

Large amount of overlapping data sets

Statistical error <0.2%
Luminosity monitoring with spectrometer

Q2 = 0.004 — 1.0 (GeV/c)?

* result: r,=0.8791(79) fm
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J.C. Bernauer et al. PRL. 105 (2010) 242001

Measurements @ Mainz

Q [Gevig

£
s Spectrometer A limit e MAMI-B max. E= 855 MeV
s Spectrometer B limit ® Spectrometer A
—= | min. E= 180 MeV A  Spectrometer B
MAMI-C max. E=1.53 GaV v  Spectrometer C

dﬁ&w&l
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Proton Charge Radius

= : Bernauer 2010 (ep scatt.)

Zhan 2011 (ep scatt.)

® I CODATA-2010 (H spect.)

CODATA-2010
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Proton Charge Radius Puzzle

Pohl 2010 (uH spect.) bl

Antognini 2013 (uH spect.)
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Proton Charge Radius Puzzle
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Jefferson Lab

Thomas Jefferson National Accelerator Facility (JLab), Newport News, VA
Completed 6 GeV to 12 GeV upgrade in 2015
4 experimental Halls

PRad data taking May/June 2016, with 1.1 GeV and 2.2 GeV electron beams

Upgrade arc magnets

and supplies
Add 5 PP

>
~-

7 upgrade

' A 20 cryomodules
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PRad Experimental Apparatus

Large acceptance, small angle and non-spectrometer apparatus

Thin Al. window i,
Cryo-cooler, |.
Beam halo Harp - g \ iy
P ‘l

blocker 7 S
. it :
| i !
i - ] | -
S, — N o Vacuum chamber
3 - - .""
i
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PRad Experimental Apparatus

Large acceptance, small angle and non-spectrometer apparatus

Cryo-cooler, g
-

Beam halo Harp @* |
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., _" » V « "1 | ':. b .
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3 apmRste emasn
e———
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PRad Experimental Apparatus
Large acceptance, small angle and non-spectrometer apparatus
i

 Two large area
GEM detectors

« Small overlap
region in the
middle

« Excellent position
resolution (72 pum)

26
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PRad Experimental Apparatus
Large acceptance, small angle and non-spectrometer apparatus
=

* Hybrid EM calorimeter
Be , (HyCal)
blo ; * Inner 1156 PbWO,
" modules
« Quter 576 lead glass
modules

« Scattering angle
coverage: ~0.7" 10 7.0°

* Full azimuthal angle
coverage

| « High resolution and
E efficiency

27

Weizhi Xiong



PRad Experiment Overview

Large acceptance, small angle and non-spectrometer apparatus

« At each beam energy, different Q°data
collected at the same time

« Covers two orders of magnitude in low Q?

with the same detector setting
> ~2x104-6x102 GeV?

cwwozl-a g J L ab H II I B * Thin Al. window \%

\ \
Beam halo Harp \

blocker ﬂ oL

‘.'l - . 4 |

= - Vacuum chamber

e Beam dir. i
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PRad Experiment Overview

Large acceptance, small angle and non-spectrometer apparatus

« At each beam energy, different Q°data
collected at the same time

« Covers two orders of magnitude in low Q?
with the same detector setting
> ~2x104-6x102 GeV?

« Unprecedented low % (~2x10* GeV?)

Weizhi Xiong
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0.95F

0.941 K. Griffioen et al.
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PRad Experiment Overview

Large acceptance, small angle and non-spectrometer apparatus

« At each beam energy, different ?data do do E 1 ( P2 (0?) T P2 (0?)
- o =( 20%)+ £G4 ()
collected at the same time e dQ ) vy \E ) 1T+71 E e M
« Covers two orders of magnitude in low @? 0.3
: : i . Bernauer 2010
with the Sa:ne dejtzectorzsettlng B a Higinbotham unbound fit 2019
>  ~2x10% - 6x10< GeV 0.2 +  Higinbotham bound fit 2019
B v Standard dipole
- Arrington 2004
* Unprecedented low ¥ (~2X1 04 GeVZ) —_ 0.1 Arrington 2007
2 N Venkat 2011 .
i EXtreme forward angleS (070 tO 70 ), gw 05muucuuuuuu ®ee 8 8 § § " § i oa8 ".
minimize Gy, contribution & [ b i1,
< 0| S
0.2[- )
-0.3: - bt
10° 10
Q’ [(GeV/c)]
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PRad Experiment Overview

Large acceptance, small angle and non-spectrometer apparatus

« At each beam energy, different Q°data Cluster energy E' vs. scattering angle 6 (1.1GeV)
collected at the same time

% e
» Covers two orders of magnitude in low @2 & I :
with the same detector setting B a
>  ~2x10**- 6x102 GeV? 1000|—
« Unprecedented low Q?(~2x10* GeV?) o
600|—
« Extreme forward angles (0.7° to 7°), B
minimize Gy, contribution el
_ _ 200
* Normalize to the simultaneously measured - — :
Moller scattering process O e R T
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* Runs with different target condition taken for background subtraction and
studies for the systematic uncertainty

« Developed simulation program for target density (COMSOL finite element
analysis)

— = e

HZ 4 H N HZ 4 H N
Beamline — | | — Beamline — — - Pressure:
] I - — I — ~470 mTorr
. o \ J ~3 mTorr
—= = < 0.1mTorr
HZ 4 ™ HZ - H H ~
Beamline — ] - Beamline — I |
—_ | — —_ _
\. J \




« ep background rate ~ 10% at forward angle (<1.1 deg, dominated by upstream beam

halo blocker), less than 2% otherwise
« ee background rate ~ 0.8% at all angles

0.1
ey £
0.08|— “%;. - (c)
s [ e + (d)
g I # » (b) - (c)
< 0.06 IR
T J
o i
£ 0.04- #°
3 - i
2 | °
. B %, 2.2 GeV ep data
0.02— -;;4f .
B (] ' i ‘e LA P
| s A v [ ] .,
I Wﬁ*ﬁﬁfhhwn! EEEEREES: ”Ii :
0 | | | m | | ]
6x107" 1 2 3 4 5 6 7 8910

Reconstructed scattering angle [deg]

Residual hydrogen gas: hydrogen gas filled during background runs

Beamline

(b)

pu—

i

1

[

i T

) =
HZ

Beamline

(c)

L

1

T

Beamllne—|: [ ]—

r
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« ep background rate ~ 10% at forward angle (<1.1 deg, dominated by upstream beam
halo blocker), less than 2% otherwise

« ee background rate ~ 0.8% at all angles
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« Using Christy 2018 empirical fit to study inelastic ep contribution
« Good agreement between data and simulation

* Negligible for the PbWO, region (<3.5°), less than 0.2%(2.0%) for 1.1GeV(2.2GeV) in the
Lead glass region

spectrum for 3.0° < 8 < 3.3° ( Q% ~ 0.014 GeV?) spectrum for 6.0° < 08 < 7.0° ( Q* ~ 0.059 GeV?)

% 300 data I|rr|1 """" "["1‘ ] % data T | T T 1 | T T 1 | T T T 1 | T T T
= simulation : : ] = 3o simulation I T £ T A DA
@ Inelastlc ep (Chrlsty 2018) . I Inelastic ep (Christy 2018) .
§ 250 o N S ................... — = _ . . ]
8 f . g O B
200 ........................ ...................... ................... — 60 ......................................................................... ......... ..... ................. ................ _:

] 50 ................ ................. ______________ T T =

150 ....................... ........................ ........................ ...................... ................... —_ :

5 40 ................. ............... ............................... ................. _:

i E— E— R — A — R— SUNCE R TS WO £ N W 'S S E
] BONCE T N N L _________________ B L I E

50 ....................... LT ........................ ........................................... — O E
elastlclty cut - Y NS NPT > S N S U, S -
O_rllll ----- | ----- | IIIII ----- L L | llllll | | | | I | | | | - O| | | L1 | L L1 | L1 1 | L L1 t el | | [ | | [ - :

1600 1700 1800 1900 2000 2100 2200 1600 1700 1800 1900 2000 2100 2200 2300 2400
E' (MeV) E' (MeV)

M. E. Christy and P. E. Bosted, PRC 81, 055213 (2010) 35



Proton Electric Form Factor G,
r, = 0.831 +/- 0.007 (stat.) +/- 0.012 (syst.) fm

W. Xiong et al. Nature 575 (2019) 7781

1.000

0.975-

0.950 -

o w0.925-
O)

0.900 -

0.875-

0.850 -

0.01

0.02 . 0.03 20.04
Q [(GeVic) ]
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1-000 ‘n_n"A_' .‘. “t.‘..‘
0.975-
0.950 -
o w0.925-
o
0.900 -
0.8751 ___ Alarcon 2019, r, = 0.844(7) fm
0.850 1 t 1.1 GeV data
t 2.2GeV data
005  0.06 R
10
Rational (1,1): GZ(Q?) = 1+ P10

1+ p,Q2

X. Yan et al. PRC 98, 025204 (2018))

Q’ [(GeVic)]

—— PRad fit, r, = 0.831(7)ga (12)ys fm
Bernauer 2014, r, = 0.883(8) fm
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0.78
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Current Status on Proton Charge Radius

Pohl 2010 (uH spect.)
Antognini 2013 (uH spect.)
Beyer 2017 (H spect.)

CODATA-2018

Bezginov 2019 (H spect.)

Xiong 2019 (ep scatt.) F———————|—

= 4 Bernauer 2010 (ep scatt.)

= { Zhan 2011 (ep scatt.)
® { CODATA-2010 (H spect.)
—— CODATA-2010

| 1+ Fleurbaey 2018 (H spect.)

—0—

Mihovilovic 2019

Grinin 2020 (H spect.) (ep scatt.)
Brandt 2021 (H spect.) —e—
] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ]
0.8 0.82 0.84 0.86 0.88 0.9 0.92

Proton charge radius r [fm]

+ CODATA world avg.
 H spectroscopy

ep scattering
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Other Results from Global Analysis and Lattice QCD

Global Anlysis Lattice QCD
T m
wH  CODATA-2010 LHPC18 — o | §
»
[o}
Gramolin 2022 —— e 5
: q
Lin 2022 ik PNDME 20 =
Cui 2021 —a— ————i <
. o)
Lin 2021 —— PACS 20 O
Atac 2021 —a— e
Mihovilovic 2021 = ® ETMC 20
Paz 2020 ——— : ¢
Borah 2020 T PACS 21
Hayward 2020 Ij ——
Alarcon 2020
) CLS 21
Xiong 2019 : ° | H—@—H
Bernauer 2014 —— NME 22 A
cooo v b b o b b by NME 22 B : ¢ !
0.76 0.78 0.8 082 084 0.86 0.88 0.9 0.92 ol i o T
Proton charge radius r:; [fm] 0.65 0.7 0.75 0.8 0.85 0.9 095 1
rg [fm]

Weizhi Xiong WX and Chao Peng (%) arXiv:2302.13818
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Remaining Issues for Lepton Scattering

* Need other experiments to confirm/reject PRad result

* Is r, the same in lepton scattering and spectroscopy?
» C. Peset et al. Prog. Part. Nucl. Phys. 121 (2021) 103901

Weizhi Xiong
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Remaining Issues for Lepton Scattering

* Need other experiments to confirm/reject PRad result

* Is r, the same in lepton scattering and spectroscopy?

» C. Peset et al. Prog. Part. Nucl. Phys. 121 (2021) 103901

 Why G data are different?
1. Problem with RC?
2. Unknown systematics?
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Remaining Issues for Lepton Scattering

* Need other experiments to confirm/reject PRad result

* Is r, the same in lepton scattering and spectroscopy?
» C. Peset et al. Prog. Part. Nucl. Phys. 121 (2021) 103901
 Why G data are different?
1. Problem with RC?
2. Unknown systematics?
3. Problem with fitting procedure?

1.01 1.01-
1.00 AR AR el § 108 § : 1.00 SR,
« J. Zhou (FE15) etal. PRC  , o.90- L ' 0 0.99
106 (2022) 6, 065505 2 oiog) ¥ ERMEEsu = 1100GeY 2 o.0g, & PRad: Eaeam = 1.100 Gev
n:_ ¢ RR:’:ld. Egea—m = 2.143 GeV Q.:_ ¢ PRad: Egeam = 2.143 GeV
« Use rational (1, 1) to fit =, e LAt e - 0315 Gov G087 § airis o oo
Mainz data up to 096 § 1 ke eid.688 G2V D 0961 I Ak b = 0o e
Q>~0.5GeV? G195 [ R Eeiii0.095 Gov OBSH T M = oessy
0.94{ — Mainz Al 10" order polynomial fit 0.94 1 — This Work
10-3 10-2 10-1 10-3 10-2 10-1

Weizhi Xiong Q? [(GeV/c)?] Q2 [(GeV/c)?]



Remaining Issues for Lepton Scattering

* Need other experiments to confirm/reject PRad result

* Is r, the same in lepton scattering and spectroscopy?

» C. Peset et al. Prog. Part. Nucl. Phys. 121 (2021) 103901

 Why G data are different?

1.

o B~ D

Problem with RC?

Unknown systematics?
Problem with fitting procedure?
Problem with G,, and r,?

» G. Lee etal. PRD 92 013013:
= 0.776(38) fm for Mainz data
= 0.914(35) fm for world data excluding Mainz
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GM/(,Up Gstd.dipole)

J. Bernauer et al. PRC 90 (2014) 1, 015206
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e Bartel [89]
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Remaining Issues for Lepton Scattering

* Need other experiments to confirm/reject PRad result

* Is r, the same in lepton scattering and spectroscopy?
» C. Peset et al. Prog. Part. Nucl. Phys. 121 (2021) 103901

 Why G data are different?

1.
2.
3.
4.
5.

* Maybe new physics is still there...
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Problem with RC?

Unknown systematics?
Problem with fitting procedure?
Problem with G,, and r,?

Pohl 2010 (uH spect.) et

Antognini 2013 (uH spect.)
Beyer 2017 (H spect.)

CODATA-2018 HH

Bezginov 2019 (H spect.) ——eo——

—e———i

Xiong 2019 (ep scatt.) a

—0-—

—a— Bernauer 2010 (ep scatt.)

— Zhan 2011 (ep scatt.)
CODATA-2010 (H spect.)
—— CODATA-2010

——e——— Fleurbaey 2018 (H spect.)

Mihovilovic 2019

Grinin 2020 (H spect.) (ep scatt.)
Brandt 2021 (H spect.) —e—
L L L I L L L I L L L I L L L I L L L I L L L I L L L I L L
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
Proton charge radius r [fm]
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Remaining Issues for Lepton Scattering

* Need other experiments to confirm/reject PRad result

* Is r, the same in lepton scattering and spectroscopy?
» C. Peset et al. Prog. Part. Nucl. Phys. 121 (2021) 103901

 Why G data are different?
1.
2.
3.
4.
5.

* Maybe new physics is still there...

Weizhi Xiong

Problem with RC?

Unknown systematics?
Problem with fitting procedure?
Problem with G,, and r,?

Pohl 2010 (uH spect.) et

Antognini 2013 (uH spect.)

Beyer 2017 (H spect.) —e——

CODATA-2018 HH

Bezginov 2019 (H spect.) ——eo——

Xiong 2019 (ep scatt.) a

—a— Bernauer 2010 (ep scatt.)

— Zhan 2011 (ep scatt.)
—— CODATA-2010 (H spect.)
—— CODATA-2010

——e——— Fleurbaey 2018 (H spect.)

Mihovilovic 2019

Need future lepton scattering experiments with higher precision!

Grinin 2020 (H spect.) (ep scatt.)
Brandt 2021 (H spect.) —e—i
L L L I L L L I L L L I L L L I L L L I L L L I L L L I L L
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
Proton charge radius r [fm]
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Outline

»Intro to Proton Charge Radius Puzzle

»Recent Progress from ep Scattering Experiments / / /
»Remaining Issues for Lepton Scattering / R e
> Future Lepton Scattering Experiments (\ 7°
»Summar

v Z
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Highlights of Future Lepton Scattering Experiments
MUSE experiment at PSI

> First r, measurement using muon

> 4 types of incident leptons: et and u* Projected Q2 coverage
: 1.021
« AMBER experiment at CERN - —— PRad I
» 100 GeV muon beam, detecting scattered muon and 1.01:— —— Mainz 2010 . |
recoiled proton C .+ Mainz ISR s ‘w i
> Ultra-small scattering angle, minimize Gy, 1:— —+— Mainz Jet, fit 1 ﬁ* > ;ﬂﬁg-;
» Smaller RC for muon 099:_ —+— Mainz Jet, fit 2
_ , o F
 PRES experiment at Mainz Q .98 <« ULG2ELPH
> detecting both scattered electron and recoiled proton © . - MUSE PSI
» Q2 reconstructed using proton, suppress RC 0.97 2 MAGIX MESA .
: : 96— PRES MAMI
« MAGIX experiment at Mainz > h
> Using jet target 0.95 - AMBER CERN
> Strong sensitivity on both Gg and Gy, - - PRad-Il JLab >
094_ 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 Ll 1
« ULQ2 experiment at Tohoku University, Japan 10° 107 o EG:VQ] 10°
> Normalize to the well-known e-"2C cross section _
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PRad-ll Experiment

- JLab PAC 48 approved PRad-Il (PR12-20-004) with the highest scientific rating “A”
« (Goal: reach ultra-high precision (~4 times smaller total uncertainty), resolve tension
between modern e-p scattering results

Hydrogen GEM-uRWELL GEM-pRWELL
gas plane 1 plane 2

Halo blockers

_ /\E JI]J bellows

PRad cylindrical £
vacuum box :

1.2m

Tagger'

1.7m

48
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« Adding tracking capacity (second GEM

plane)

» Improve GEM efficiency measurement

» Vertex-z reconstruction for ep to reject
upstream background

2 L
c
5 5
U25_—
20— —}— simulation Efficiency GEM over GEM
B —+}— simulation Efficiency GEM over HyCal
15|
10|
5._
0‘..1.... T T i S T
-0.02 -0.01 0 0.01 0.02

Weizhi Xiong

Efficiency Uncertainty

%

80
70
60

50
40

30
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PRad-Il Experiment — Cont.

« Upgraded HyCal with all high resolution PbWO, modules
> Better energy resolution: 2.4% v.s. 6.0% from LG
» Better position resolution
» Better non-linearity response

Normalized Proton Electric Form Factor G¢

2R

2R

b -

1.03 -
~ PRad 1.1 GeV data 4 Mainz data :
1.02= PRad 2.2 GeVdata |---- Alarcon 2019 !
. N |
|- PRad fit —— Bernauer 2014 i
— |
1.01— = HyCal transition region
— |
[0} — .
E - §
S = : R y; oseals . { i @ _._}_ _{.]l.,-/
e — £y
~u 0.99—
0] —
- |
0.98— !
- |
E J. C. Bernauer EPJ Web of conferences 234, 01001 (2020) :
0.96 _ 1 1 1 1 1 1 | | |_3 1 3 1 1 1 1 1 11 | | 1 1 .;ﬂ
2x107 10 2x10" 102 2x1072

Q? (GeV?)
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PRad-

Il Experiment — Cont.

« Upgraded HyCal with all high resolution PbWO, modules
> Better energy resolution: 2.4% v.s. 6.0% from LG

» Better position resolution
» Better non-linearity response

spectrum for 3.0° < 6 < 3.3° ( Q% ~ 0.014 GeV?) spectrum for 6.0° < 6 < 7.0° ( Q® ~ 0.059 GeV?)

simulation

Inelastice Christ 2018
2500 b (Christy 2018) | ...

counts/MeV

200

RY,
%
€>
.[;:
-
D
“5_3
@)
e

150

100

50

0 ;

300 data [T | ......... :

........ FromPRaddata

........................................

____________________________ 20 f_ _f
| elasticity cut ] S R N E s S VN N B R
e 100 s 5 elasticity cut a = |

:I r T

data U | LI | LI | LI | LI | 4
80 simulation : 5 5 : P
Inelastic ep (Chrlsty 2018)

o Ldglass ______________ _________________ ________________

60; ....... r eglon ................ I ................. ............... ................. ................ ]
50 :_ ________________________________________________ |_f _________________ - T T =

counts/MeV

40

30‘—§

Illlllllllllllllllllll]l]

O ' ' '|||

1600 1700 | 1800 1900 2000

Weizhi Xiong

[ |
21 00 2200 1600 1700 1800 1900 2000 2100 2200 2300 2400
E' (MeV) E' (MeV)
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PRad-Il Experiment — Cont.
« Upgraded HyCal with all high resolution PbWO, modules

> Better energy resolution: 2.4% v.s. 6.0% from LG

» Better position resolution
» Better non-linearity response

« Currently seeking funding or used modules for the upgrade
spectrum for 3.0°< 6 < 3.3° ( Q% ~ 0.014 GeV?)

200

RY,
%
€>
.[;:
-
D
CQ
@)
e

150

100

50

% 300 data [T | ......... ; I F=T

S simulation :

D Inelastice Christ 2018

"E 250 : p( y ) ....................... .........................................
> :

3 :

(&]

........ FromPRaddata

........................................

| elasticity cut J

Illlllllllllllllllllll]l]

0 ;

1900

1 800

16001700 5000
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[
21 00 2200
E' (MeV)

counts/MeV

80
70—
60
50
40

305
20f-

0

10F-

spectrum for 6.0° < 6 < 7.0° ( Q% ~ 0.059 GeV?)

data T T T T

T:;:I;szp (orrisy 2013 o R T I _;
....... Leadglass _;
....... r eglonl . _;

e = S SO AR .............. ................

elastlmty cut

L |
1600 1700 1800 1900 2000 2100 2200 2300 2400
E' (MeV)
52




PRad-Il Experiment — Cont.

« Convert to FADC based readout for HyCal

* Four times smaller stat. uncertainty

« Better RC calculating including NNLO diagrams

« New scintillating detectors, help reaching Q2 ~ 10> GeV?

[ HyCal Acceptance mmm 1st Open Crystals Front view

% Scintillator Acceptance W 2nd Open Crystals Al [ Fiberto
ng frame Multi-anode PMT/SIPM

1500 : e R e e e e e e e

1000

500

y (mm)
o

¢+
—500¢
7x5%0.5 cm 2
scintillator
tile
-1000
~1509550 ~1000 ~500 0 500 1000 1500 : X

Weizhi Xiong X (mm)
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Projected Results

0.78

Pohl 2010 (uH spect.) foi
D= Bernauer 2010 (ep scatt.)
1 Zhan 2011 (ep scatt.)
Antognini 2013 (uH spect.) {
—— CODATA-2014
Beyer 2017 (H spect.) °
® Fleurbaey 2018 (H spect.)
CODATA-2018 HH
Bezginov 2019 (H spect.) ® 1
Xiong 2019 (ep scatt.) » 1
Grinin 2020 (H spect.) —0— Mihovilovic 2021
; u (ep scatt.)
Brandt 2022 (H spect.) —0—
MUSE proj. (ep and up scatt.) ——
PRad-ll proj. (ep scatt.) —
AMBER proj. (up scatt.) u
ULQ2 proj. (ep scatt.) C |
| | | | | | | | | | | | | | | | | | | | | | | | | | |
0.8 0.82 0.84 0.86 0.88 0.9 0.92

Proton charge radius r'; [fm]
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Deuteron Charge Radius Puzzle and DRad Experiment

« Similar 7o discrepancy exists between uD and D spectroscopy (“deuteron charge radius
puzzle”)

* Previous ed scattering precision not good enough, need better data
« Use mostly PRad setup with additional recoil detector for deuteron detection
« Plan to submit proposal this year to JLab

CODATA-2018 CODATA-2014

e . .
D spectr.
uD 2019 +—e— : B

uD 2018 +—e—
uD 2016 +—e—

e-d scattering (Sick et al. 1998)
e

i + DRad proj.

2115

Weizhi Xiong

L PR S S SR S T T
2.12 2.125

L l 1 L 1 1 l 1 Il Il I l 1 L L
2.13 2.135 2.14
Deuteron charge radius r y [fm]

1 I L L 1 1
2.145 2.15

Feedthrough
for hybrid

Feedthrough ¢ <
for hybrid
board
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Mediator mass (MeV)

Weizhi Xiong

Search for new 3-60 MeV dark hidden sector

X17 Particle Search Experiment

particle using PRad setup
Currently approved with highest scientific rating “A”

1.

Motivated by multiple recent anomalies:
8Be anomaly and the X17 particle

2. Astronomical small structure
3. muon g-2

Clombined fit
100 ¢ 95% CL 7
---99% CL
AN
%
e. g
_ o\ 3
.| Dwarfs Z - 08 \
LSBs 2% \
0.1f Clusters 7‘:\ %\
1 1 1 .l | 1
0.01 0.1 1 10 100 1000

Dark matter mass (GeV)

IPCC (relative unit)

1

d): E = 0.80 MeV

Li(p,e*e)’Be
a): Ep: 1.20 MeV
b): Ep: 1.10 MeV
c): Ep= 1.04 MeV

_._

Standard Model

Prediction

Brookhaven __

result

Fermilab

result

+——

Experiment
Average

175

18.0

185

190 195 200 205 21.0

a,x10° - 1165900

215
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X17 Particle Search Experiment

¢ ¢ Projected Search Range
X . X . 104
10-°
10-°
AzZ AZ
107
100.0 nA x 30.0 days @ 3.3 GeV N
14000¢ ‘ [0 Ostar. of Background g
12000 BB My =5.0MeV, £2=2.6 x 10~° 10
> s M, = 17.0 MeV, e2=1.1 x 10~8
< 10000y BN My = 30.0 MeV, €2=1.9 x 10~8 T03
<t — 2 -8
2 8000l B M, = 40.0 MeV, €2 =2.7 x 10
g B M, = 50.0 MeV, £2=2.9 x 10~8
9]
£ 6000 B My =60.0MeV, e2=4.1x10"8 10-10
>
S 4000/}
2000} M, (MeV)
0 10 20 30 40 50 60 70
Invariant Mass (MeV) 57
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Summary

- PRad measured r, using novel scattering technique:
> 1, = 0.831 +/- 0.007 (stat.) +/- 0.012 (syst.) fm (Nature 575 (2019) 7781)

» Puzzle considered partially resolved, but many problems remain, particularly in
lepton scattering

> r, definition between scattering and spectroscopy
» Form factor difference between PRad and Mainz data

« Many future lepton scattering experiments will help address these issues, and
push precision frontier

« PRad-Il experiment with §,,~0.0036 fm, will be most precise scattering result, new search for
lepton-universality violation

58
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Summary

- PRad measured r, using novel scattering technique:
» 1, = 0.831 +/- 0.007 (stat.) +/- 0.012 (syst.) fm (Nature 575 (2019) 7781)

» Puzzle considered partially resolved, but many problems remain, particularly in
lepton scattering

> r, definition between scattering and spectroscopy
» Form factor difference between PRad and Mainz data

« Many future lepton scattering experiments will help address these issues, and
push precision frontier

« PRad-Il experiment with §,,~0.0036 fm, will be most precise scattering result, new search for
lepton-universality violation

Thank you for your attention and we welcome all physics ideas
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PRad-1l Uncertainty Budget

[tem PRad drp [fm]|PRad-II 67, [fm] Reason
Stat. uncertainty 0.0075 0.0017 more beam time
GEM efficiency 0.0042 0.0008 2nd GEM detector
Acceptance 0.0026 0.0002 2nd GEM detector
Beam energy related 0.0022 0.0002 2nd GEM detector
Event selection 0.0070 0.0027 2nd GEM + HyCal upgrade
HyCal response 0.0029 negligible HyCal upgrade
better vacuum
Beam background 0.0039 0.0016 2nd halo blocker
vertex res. (2nd GEM)
Radiative correction 0.0069 0.0004 improved calc.
Inelastic ep 0.0009 negligible -
G', parameterization 0.0006 0.0005 HyCal upgrade
Total syst. uncertainty 0.0115 0.0032
Total uncertainty 0.0137 0.0036

17



Extracting Form Factors

* One of the methods for form factor extraction is the
well know Rosenbluth separation:

do do E' [ 5 r 5
=7 - G2 () +- G’ (0Y))
dQ (‘IQ)Mott(E) l+7 ( £ (Q )+8 v (@)

l

do . €
(d_Q)l'CdllCOd - G5\12<Q2) + ;GIEQ(Q2)
2 —1
T:-g/lg 8:[l+2(l—|—r)tanzg]
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Extracting Form Factors

1

Gp = >
* One of the methods for form factor extraction is the U+ 57ice?”
well know Rosenbluth separation: (00 Fr——r—r—r—r——
do (do £ l 2, 9 T 52,1 ~ —
16~ (18) o (F) 157 (F@)+ {007 (@) S
N
l §9.0 |- g
do p 2 2 € p 2 2 Ae
(d_gi)roduccd - Gl” (Q ) g ;GE (Q ) %
, 3 I
)‘7 9 —1 % 8.0 —
e LH = - —~ 2_ p—
T_4M]§ 8_[l+2(1—|-r)tzm 2]
« Measure o,.4,c0q at Same Q2 but different values of € fl o
. . . 7.0 . . . L L
» Gy and G;, determined as slope and intersection 00 02 04 06 08 10
from fits €

C. F. Perdrisat, V. Punjabi and M. Vanderhaeghen, Prog.
Part. Nucl. Phys. 59, 694 (2007) 63
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Ordinary Hydrogen Measurement

* Ordinary hydrogen 2S-4P transition
measurement (A. Beyer et al. Science 358,

79-86 (2017)) 30MHz |

1.3 GHz

486 nm

Weizhi Xiong

74MHz |

616 THz =

HR mirror 178 MHz |

2466 THz <

1.4 GHz

{381/2 3D(3/2 3D5/2}

{2P1/2 2I:>3/2 }

Ly-a
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Ordinary Hydrogen v.s. Muonic Hydrogen

2S1/2 B 2P1/2

2S1/2 B 21)1/2

2Sl/2 B 2P3/2
1S-2S +28- 4S,,
1S-2S +28- 4D,
1S-2S +28- 4P,
1S-2S +2S- 4P,
1S-2S +28- 6S,,
1S-2S +2S- 6D.,
1S-2S +2S- 8S,,
1S-2S +2S- 8D,
1S-2S +2S- 8D, ,
1S-2S +28-12D,,
1S-2S +28-12D, ,
1S-2S + 1S-3S,,

H,,, = 0.8779 +- 0.0094 fm
up : 0.84184 +- 0.00067 fm

| | |

019 O.|95 1
proton charge radius (fm)
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Hydrogen Spectroscopy

AE=a-R. +b- 1?2 1. Small splitting
—_— = p measurements:
; \ »  States with the same
QED term  Proton radius term n
— » Precise knowledge of
n=3 2P3 R, not required
n=2 _ 0.15MHz » Independent
2S5 F=1 - measurement on r,
F=0 L litt
2812, 2P 2P1r 2. Large splitting
measurements:
»  States with different n
F=1 » Precision on R, not
— \ ~ good enough
n=1 \ 1512 p \ y > At least need two
: different transition
Bohr Da[n)NliIr:aTgrm Lamb F=0 Proton > Solve for 7, and R,
Spin-Orbit QED HFES Size at the same time
Relativity
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Polarized ep Elastic Scattering

(longitudinally polarized electron beam and recoil proton polarization measurement)

« Extract form factor ratio by measuring
polarization of recoil proton:

Gg
G]\[
« Couple with cross section measurement to

separate form factors
* Reduce many typical systematics for RS

P,E+ FE 0.
= —— tan —.
P, 2m 2

Rear straw chambers

Front straw chambers

"'
B
-
- - S

analyzer

1.05

0.90

0.85

o

Earlier measurements
Punjabi et al.
Crawford et al.
Paolone et al.

Ron et al. {update)
This work

o> 1 O O X

— Miller LFCBEM

Boffl et al. PECCQ
Faessler et al. LCQQ

de Melo et al.

I
|
L H
T
1
, 2
AV N
a2 TN

11
M

Belushkin, Hammer & Melssner

Updated global fit
il I il il

I

.o I I I I I I I I I I I 1 I I I I I

" ] )
0.2

L | L
0.6 0.8
Q? [GeV/c]

X. Zhan et al. Phys. Lett. B 705 (2011) 59-64
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Polarized ep Elastic Scattering
(Polarized electron — polarized proton measurement)

 Elastic scattering asymmetry (longitudinally polarized beam,
polarized target):

y 2 . , ) )
v, cos 0" G{U + v, sin 6* cos ¢* G&,G’E

Al)h.‘/” - P 2 P 2 )
(TG~ +€GE) /[ [e(1 + 7))

Aea:p — Pbpt Aphys

« Form factor ratio can be obtained from two experimental
asymmetries (A,and A,), at same Q2 but with different target
spin orientations

BLAST pioneered the technique, later also used in Jlab Hall A experiment



Timelike Form Factor

arXiv.2211.05419

« EM form factor can also be
measured in e+e- annihilation:

p et P

BESIII2021
BESIII2020
BESIII2019
BESIII2015
= BABAR
e EB835
FENICE
PS170
E760
DM1
DM2
v BES
CLEO
ADONE73
CMD-3

e"e” (b) p

2m?
G (1)) + TplGE(lN2

Gel?> +£|Gml?
|G(I:ff(t)|2~ |Ges| = \/l el” +£|Gum|
1+¢&

Ao’

t [GeV?]

0'e+e‘—>p15(t) i C(1)

3t

2

4ra’p i “Hp
4

3t

C(q%)
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Unpolarized ep Elastic Scattering
(First measurement of proton charge radius)

o started with Robert Hofstadter
» Nobel prize in physics (1961): ... for his

pioneering studies of electron scattering in . Measurements @ Stanford
| i - |
atomic nuclei and for his consequent ELEGTRON 'SCATTERING FROM HYDROGEN
discoveries concerning the structure of " l ,236 MEV <LAB>| l I
] t
nucleons ... Z 20 ~ | :
5 l | \i/-pomr CHARGE
-14 \ AND POINT
S || RMs 6.2x10'* cM (AN ARCaAL DU
= e \ N\ MOMENT
T | RMS 78 x 10" CM—1
< \ N
z S RMS 93x10™CM e .
g - N \\
g N “~
= \
(&) \
a2 \L\
B
O
S 1
30 50 70 90 10 130 150  I7C

LABORATORY ANGLE OF SCATTERING IN DEGREES
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Unpolarized ep Elastic Scattering
(First measurement of proton charge radius)

o started with Robert Hofstadter
» Nobel prize in physics (1961): ... for his

pioneering studies of electron scattering in . Measurements @ Stanford
atomic nuclei and for his consequent ELECTRON ‘SCATTERING FROM HYDROGEN
discoveries concerning the structure of l 236 MEV (LAB)

nucleons ...”

20 | ' | l :
l ] POINT CHARGE
ia AND POINT
o RMS 6.2x10 " CM \ ANOMALOUS __ |

\
o
PR \ D\ MOMENT
RMS 7.8 x 10 CM—A/‘(\‘\
\,
PN

* The Proton rms charge radius in 1956

2
P
>
&
<
=
m
was measured to be: < NN
14 z2 STRMS e3x 10 eM—I N N 7
» 7.810"cm (0.78 fm) z ' N
Hofstadter, McAllister, Phys. Rev. 102, 851 (1956). - N
(&)
a2 ‘L\
» Over 60 years of experimentation e
© 30 80 70 0 0 130 B0 irc

LABORATORY ANGLE OF SCATTERING IN DEGREES
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Mainz Initial State Radiation (ISR) Experiment

« Using ISR technique to reach lower Q2: 0.001 to 0.016 GeV?
* Final result: rp = 0.878 +/- 0.011 45 +/- 0.031; +/- 0.002,,,4 fm

1e+06 l
100000

10000

Counts / (0.1mC - 5MeV)

1000

100

. Eo

E, 0. Eo E', 0/

- Data MAMI (2013)
— Simulation

- HH

460
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465 475 480

470
Electron energy E’ [MeV]

M. Mihovilovic et al. arXiv.1905.11182

485

490

1.02

M. Mihovilovic et al. EPJA (2021) 57:107

1.01

1F

0.99

0.98

0.97 }

0.96

0.95 F

0.94

0.93

0.92

+ ISR G% fit
Best ISR G%, model -
+ + Bernauer —o—
o )
+ Simon —e—

This experiment —e—

Borkowski —e—
ety | Murphy —e—

Systematic uncertainty

0.001

0.016

0.010

0.004
Q% [GeV?/cH

0.002

72



Mainz Jet Target Experiment

» Using novel gas-jet target, but limited by statistics
e Fit to PRad: x2,4yceq = 0.97, fit to Mainz x2,4,ceq = 1.75

Y. Wang et al. PRC 106 (2022) 4, 044610
1.005

1.000 et i+

0.995+

0.990+

std. dipole

0.985

¥ PRad 2019 data
0.9807 % Mainz 2010 data
® This work fitted to PRad x24,ceq=0.97
$® This work fitted to Mainz 2010 xZ,,ceq=1.75
0.975 - - ' - , ,
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Q?(GeV?/c?)
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Searching the Robust Fitters

 Various fitters tested with a wide range of G parameterizations, using PRad kinematic range and
uncertainties (X. Yan et al. PRC 98, 025204 (2018))

« Rational (1,1), 2" order z transformation and 2"9 order continuous fraction are identified as robust
fitters with also reasonable uncertainties

« Typically a floating parameter n is included to take care normalization uncertainties

f(Q?) =nGg(Q?)

Rational (1,1)
2
Rational (1,1) Polynomial Z (2) CF (2) 1+p,0Q
B XS .- Ye-2018 1+p,0?
E ' E nd i
+- sl - Alarcén-2017 2"¢ order z transforTatlon
' . . 1+ [%%4 + p2z-,
: : 2 _ _
b 3 & &= Arrington-2004 7 = ‘/TC +0 \/TC To
; - : VTe + Q> + T — Ty
‘o : . v
*:_ g bk Gaussian 2"d order continuous fraction
: 3-8 i Monopole 1
il e ¥ Dipole 02
: l Selett I Sttt l : 1 l L1 1 1 l bk l 1 L l L1 i L l L 1 + TQZ
-0.05 0 0.05 005 0 005 005 O 0.05 P2 .
Weizhi Xiong OR (fm) SR (fm) SR (fm)




Other Results from Global Analysis and Lattice QCD

Global Anlysis Lattice QCD
T m
wH  CODATA-2010 LHPC18 — o | §
»
[o}
Gramolin 2022 —— e 5
: q
Lin 2022 ik PNDME 20 =
Cui 2021 —a— ————i <
. o)
Lin 2021 —— PACS 20 O
Atac 2021 —a— e
Mihovilovic 2021 = ® ETMC 20
Paz 2020 ——— : ¢
Borah 2020 T PACS 21
Hayward 2020 Ij ——
Alarcon 2020
) CLS 21
Xiong 2019 : ° | H—@—H
Bernauer 2014 —— NME 22 A
cooo v b b o b b by NME 22 B : ¢ !
0.76 0.78 0.8 082 084 0.86 0.88 0.9 0.92 ol i o T
Proton charge radius r:; [fm] 0.65 0.7 0.75 0.8 0.85 0.9 095 1
rg [fm]

Weizhi Xiong WX and Chao Peng (%) arXiv:2302.13818



MUSE Experiment

First r, measurement using muon
- 4 types of incident leptons: e* and u*

Direct test for lepton-universality
violation

Different beam polarity can constrain
two-photon exchange

Currently taking data at PSI

[Scattered Partlcleﬂ | Calorimeter I

Scintillator (SPS) B
am

Monitor (BM)

Straw-Tube
Tracker (STT)

Hodosoope (BH)

Scintillator

nM1

Beam Line
B
/ ~ 100 cm
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AMBER and PRES Experiments

« AMBER@CERN uses high energy (~100 GeV) muon beam

« PRES@Mainz uses 720 MeV electron beam

« Both use time-projection chamber as active target, detecting both scattered electron
and recoil proton

« Q? can be reconstructed by recoil proton, largely suppress radiative effect

AMBER@CERN PRES @Mainz
e
/
o / Y
. E I
S | [ oot B H _______________
I |
poan o 10 Beam
detector !.\ : S noon / detector

Anode Grid Cathode
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ULQ2 Experiment

ULQ2 experiment at Tohoku University, Japan

20-60 MeV electron beam

Normalize to the well-established e-2C cross section
Rosenbluth separation to measure both Gg and G,

Projected uncertainty for Gg ~0.1%
Q% 3x 104 ~8x 103 GeV?

—e— 60

Q% [(GeV/c)?]

Beam Energy

eV

10—4 11 1 1

https://indico.mitp.uni-mainz.de/event/132/contributions/552/attachments/420/451/24_1_Suda_PRP_2018.pdf

-40 20 0 20 40
X’ position [mm]
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MAGIX Experiment

Will use the new MESA accelerator at Mainz (under construction), 20-105 MeV electron

beam up to 1 mA

Will use the fully tested jet target and two new multi-purpose spectrometers
Strong sensitivity on both G and G,,, can achieve an order of magnitude better precision for

low Q2 Gy,

Jet Target

Scattering Chamber

Scintillation
Detectors

\\g

[ ||||||| T |||||| T T ||||||| T T T TTTTT T T ||||.||| l_
World data uncertainty Projection LY ¢
Quadrupole 1000% &0 o, gE S— mkﬂ'{’?& gE E
i - e on  — - o ]
Dipo'es : M —— MESAMAGIX Gp ¢ 3. e
—— MESA-MAGIX Gz K -
100% = ... =
S = oy. ° ..’! ]
-3 o® 'q. ]
8 I / .. \o .:
S 10% ]
o = 4 00 7
e £ - Tt o
E— © L o °
b o] E) r v B o ....
E 1% E— ... e ® -
< : .
2 . { R
0.1% L . 4
: 1 1 |||l|l| ll||| 1 1 Illllll 1 | l|l|l|| 1 1 |ll|l||
0.0001 0.001 0.01 0.1 1 10

Q? [Gev?]
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« Steps in muonic hydrogen 2S-2P Lamb shift
measurement (R. Pohl, et al. Nature 466 213-
216 (2010))

1.

Slow muon (~keV) captured and replace a electron

2. 99% muons decay to ground state right away, 1%

Weizhi Xiong

decay to meta-stable 2S state (t~1us)

A N=214 =—--r-cmioaann S

99%

17

2S ——

2P

2 keV X-ray
(Ko Kgs K))

1S —
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« Steps in muonic hydrogen 2S-2P Lamb shift
measurement (R. Pohl, et al. Nature 466 213-
216 (2010))

1.

2.

Weizhi Xiong

Slow muon (~keV) captured and replace a electron

99% muons decay to ground state right away, 1%
decay to meta-stable 2S state (t~1us)

Use tunable laser to drives muons from 2S to 2P

2P muons decay right away (~ps) to 1S, emitting a
2keV X-ray

Events selected by the 2keV X-ray signal and a
delayed electron signal from muon decay

A N=214 =—--r-cmioaann S

99%

17

25 ——

2P

2 keV X-ray
(Ko Kgs K))

1S =——

2S

2 keV X-ray

2P

1S ——
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1. DAQ and laser system triggered by muon signal from PM1 and PM2
2. Anti-trigger provided by muons hitting D3
3. Laser activated to drive muon from 2S to 2P
4. 2keV photon and delayed signal from muon decay detected
PM 7 JODATA-O [ ‘ ur vaiue
| 6
L 55 TeSl; Collimator 5 H,O calibration
H, Target

J

Delayed / prompt events (10-4)

Weizhi Xiong

TTTTTTTTTTTTT]TTTTT]TTTTTTTIOTTTT
| I I I I I

4

1 1 1 1 I 1 1 1 1 I 1 1
9.75 49.8 49.85 49.9

Laser frequency (THz)




Proton Charge Radius Puzzle

» Possible solution to the puzzle:

1. The ep scattering results are wrong
» Fit procedure not good enough
» Q2 not low enough, structures in the form factors
» Proton magnetic radius

NewYork Times
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Proton Charge Radius Puzzle

* Possible solution to the puzzle:

1. The ep scattering results are wrong / i
» Fit procedure not good enough i

> Q2 not low enough, structures in the form factors
» Proton magnetic radius

2. Ordinary H spectroscopy results are wrong
» Accuracy of individual measurements
» Rydberg constant could be off by ~5¢

G e "Ne‘W.YdrkTimes- |
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Proton Charge Radius Puzzle

* Possible solution to the puzzle:

1. The ep scattering results are wrong / V4
» Fit procedure not good enough /
> Q2 not low enough, structures in the form factors /
> Proton magnetic radius ('\

» Accuracy of individual measurements

N
o
. ! —
2. Ordinary H spectroscopy results are wrong L ‘
=
» Rydberg constant could be off by ~50

3. uH spectroscopy results are wrong
» Laser calibration, two photon exchange...?

" New York Times-
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Proton Charge Radius Puzzle

* Possible solution to the puzzle:

1. The ep scattering results are wrong 4
> Fit procedure not good enough B g
> Q2 not low enough, structures in the form factors /
> Proton magnetic radius ('\

» Accuracy of individual measurements

N
o
. ! —
2. Ordinary H spectroscopy results are wrong L ‘
7
» Rydberg constant could be off by ~50

3. uH spectroscopy results are wrong
» Laser calibration, two photon exchange...?

. New York Times

4. New physics beyond the standard model
» Lepton universality violation

86
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Analysis and results

Extraction of ep Elastic Scattering Cross Section

To reduce the systematic uncertainty, the ep cross section is normalized to the
Mgaller cross section:

do ~ | Nexp(ep > epin 6; £ Af) €geom €55 do
i), )

ep ep
Nexp(ee — ee) Egeom  Eget

Method 1: bin-by-bin method — taking ep/ee counts from the same angular bin
» Cancellation of energy independent part of the efficiency and acceptance
» Limited converge due to double arm Mgller acceptance

Method 2: integrated Mgaller method — integrate Mgaller in a fixed angular range
and use it as common normalization for all angular bins
Luminosity cancelled from both methods

Bin-by-bin range: 0.7° to 1.6° for 2.2 GeV, 0.75° to 3.0° for 1.1 GeV. Larger
angles use integrated Mgller method
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Analysis and results

Radiative Correction

Leading order

« From experiment, we look for ep — ep
process and want to measure the Born level
ep elastic scattering cross section

7

e e

» Described by the Rosenbluth formula:

do do E | 2, A T 1,2, .1
o _ (4o l Gy () + -G (0Y))
s (dQ)Mmt(E) l+r( £ (@) + 2 G ()
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Analysis and results

Radiative Correction

Leading order Next-to-Leading order
* From experiment, we look for ep — ep

process and want to measure the Born level
ep elastic scattering cross section
e e’

- Described by the Rosenbluth formula: \);i :Ez
/ l E/ l - )2 2 ~D 2 7
do (m) <_> (GF () +-Gi(0Y)
Mott ]

a0~ \dQ E)l+1
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Analysis and results

Radiative Correction

« Radiative effects corrected by Monte-Carlo
method:

1. Geant4 simulation package with full
geometry setup

2. event generators with complete calculations
of radiative corrections’-2 beyond ulira
relativistic approximation

3. Include emission of radiative photons
beyond peaking approximation

4. Include Two Photon Exchange effects, less
than 0.2% for ep in PRad kinematic range

5. lterative procedure applied for radiative

correction
ex sim Born(model
O_Born(exp) _ (Gep> P (Uep) (Uep) ( ) ) O_Born(model)
ep _ ee
Uee Gee 0-66
1. I. Akushevich et al., Eur. Phys. J. A 51(2015)1 (fully beyond ultra relativistic approximation)

2. A. V. Gramolin et al., J. Phys. G Nucl. Part. Phys. 41(2014)115001
3. O. Tomalak, Few Body Syst. 59, no. 5, 87 (2018)

Diagrams for ep elastic scattering

RIS
LG
X
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Analysis and results

Radiative Correction

« Radiative effects corrected by Monte-Carlo Diagrams for ee elastic scattering
method:

1. Geant4 simulation package with full
geometry setup

(b) (c)
2. event generators with complete calculations
of radiative corrections’-2 beyond ulira
relativistic approximation (@ (e
3. Include emission of radiative photons e B e
beyond peaking approximation R N #
(o | X (@)
) ] / N\
4. Include Two Photon Exchange effect3, less N i Y ™
than 0.2% for ep in PRad kinematic range K
5. lterative procedure applied for radiative
correction ” e
o exp o sim /g Born(model)
O_Born(exp) _ ( ep) ( ep) ( ep) . O_Born(model)
e - ee
P Jee Gee Gee
1. I. Akushevich et al., Eur. Phys. J. A 51(2015)1 (fully beyond ultra relativistic approximation) )} (k)

2. A. V. Gramolin et al., J. Phys. G Nucl. Part. Phys. 41(2014)115001
3. O.Tomalak, Few Body Syst. 59, no. 5, 87 (2018) 91



Analysis and results

Systematic Uncertainties
(Example of Event Selection)

Data vs. simulation

é S~ gg ‘|.003E
+ Changing elasticity cut at 5
the radiative tail and T e S ramp .
obtain different sets of T o000 evy I
cross section results i i oot 1.1 GeV

° SenSItIVIty OoNn Cross 900 950 1000 _ 1050 _ 1100 1150E‘(M:\2/§)0 ‘500520540560 '880 Er:;(ii(iity il?tz(o;\/l:a\ll)
SeCtlon: typlca”y Wlthln Data vs. simulation

> £1.003
/- 0.15% " o
- 3 , , C

+ . o € —— simulation 8 1.002F
23000 $ -
S l‘_:C! -
- C -
- 3 B

2500 2.2 GeV 3 1.001-

* Mostly due to non- onk- G - 0014 G
UnifOrmity Of HyCaI 15002_ 3.0°<0<3.4°

0.999

modules i :
500 :_ 0.998:— 2 . 2 G eV
Oll....[....l'T ........ | T AN N W 1 0997 PN [N N TN W [N T TN TR SN [N SN TN TN S N TN S TN SN N ST SR
1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 ’ 1800 1850 1900 1950 2000

E' (MeV) Elasticity cut (MeV)



Analysis and results

Checking Systematics — Azimuthal Symmetry

1.1 GeV data

1.05
- | e Quadrant 1
1.04F| = Quadrant?2
- | 4 Quadrant 3
£ 1.03 —| v Quadrant 4
< 1.02[-
d, - [ ]
3 1.01F
Q Y
S0k 1] |
8 0-99 :_ \ 4
S 0.98F
Q -
0.97 —
0.96
0-95 : 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

1 2 3 4 5 6 7
Reconstructed scattering angle [deg]




Analysis and results

Checking Systematics — Different methods of Forming ep/ee ratio

« Method 1: bin-by-bin method — taking ep/ee counts from the same angular bin

« Method 2: integrated Mgller method — integrate Mgaller in a fixed angular range and use it as
common normalization for all angle bins

« Luminosity cancelled in both methods

1.021 1.02
u e Inte Moller method -
1.015 o Bin by bin method 1.015
£ - -
& 1.01— % 1.01—
o - © -
Q9 1.005— QD 1005
o = ) n % ;
(M 1: i i % i % S 1__
R % : t g b i :
3 0.995 ' 0.995—
- o -
S - S C
2 099 @ 0.99F
0.985 ;— 1.1 GeV data 0.985— 2.2 GeV data
0.98:IIlIIIlIIIllIllllllllllllllllllllll :II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
14 16 18 2 22 24 26 28 3 098793 14 15 16 17 18 19 2 21 22

Reconstructed scattering angle [deg] Reconstructed scattering angle [deg]
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Analysis and results

Systematic Uncertainties

Item

rp, uncertainty |fm)]

n1 uncertainty

no uncertainty

Event selection 0.0070 0.0002 0.0006
Radiative correction 0.0069 0.0010 0.0011
Detector efficiency 0.0042 0.0000 0.0001
Beam background 0.0039 0.0017 0.0003
HyCal response 0.0029 0.0000 0.0000
Acceptance 0.0026 0.0001 0.0001
Beam energy 0.0022 0.0001 0.0002
Inelastic ep 0.0009 0.0000 0.0000

G', parameterization 0.0006 0.0000 0.0000
Total 0.0115 0.0020 0.0013




Analysis and results

Checking Systematics — Stability vs. Runs

Normalized ep/ee ratio (6.2 x 10* < 0? < 4.5 x 10° GeV?) Normalized ep/ee ratio (1.1x 10° < 0? <5.6 x 10° GeV?)
01.05¢ _ o1.05¢ _ _
§ o4 E_ ‘ 1.1 GeV data '}3 m | 2.2 GTV data
=1.04F =1.04
Q - ' Q9 ~ '
%1.03_— 10 nA | 15 nA 0 1.03 | |
= | ©  E£25nA 55 nA '40 nA

1.02 | | 1.02F

ot ] | - } } } 1.01F- ’L H{;

E H #} ﬁ¥ Hﬁ # o hd} - H}H i g %ﬂ ﬁlﬁ ﬂ“ﬁ M
0.991- } 4 | }H 0.99F | }
0.98 | 0.98 | _ |

- _ - weighted average
0.97F weighted average ' 0.97 ' 25 nA: 1.0001 +/- 0.0012 (stat.)
= 10 nA: 1.0021 +- 0.0012 (stat.) | - | 55 nA: 1.0001 +/- 0.0003 (stat.) |
096~  15nA: 0.9995 +/- 0.0006 (stat) . 0.96 40 nA: 0.9993 +/- 0.0011 (stat.)
0 95 : | | | | | | | | | 1 1 | | | | | | | | | | | | | | | | | | | O 95 : | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
' 0 20 40 60 80 100 120 140 ' 0 20 40 60 80 100 120 140 160
Run number Run number
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Analysis and results

Detector Calibration

HyCal energy calibration:
Tagged photon beam calibration

1.
2.

Calibration using elastic ep and ee events

Detector position calibration

1.
2.

Detector position surveyed by JLab survey group

Using double arm Mgller events

Counts
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at a scattering angle
for ep elastic events
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Co-planarity

Vertex-z

counts/deg

counts/mm

Analysis and results

>A<106

Detector Calibration

6~ — data
—— simulation

Using GEM
coordinate

counts/deg

I
-10 -5

x10°

5 10

80~ — data
B —— simulation
60

401

20

i

Using GEM
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counts/mm

0
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i
500
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(=)

Using HyCal
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40
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201
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Using HyCal
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Analysis and results

Quality of the Fit

« x2/ndf ~ 1.3 (statistical uncertainty only, 33 data points from 1.1 GeV, 38 data
points from 2.2 GeV)

* Furthermost outlier about 2.5 from the fit

* 67% and 58% data points within 16 for 1.1 and 2.2 GeV data respectively
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B o)
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i Error bars include stat. uncertainty only
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