SpinPhysics@Matsue
Feb. 23-24, 2021

Proton Radius

Toshimi Suda

Research Center for Electron-Photon Science,
Tohoku University
Sendai, Japan



SpinPhysics@Matsue
Feb. 23-24, 2021

1) Proton radius puzzle ??
2) Proton radius by electron scattering
3) ULQ2 project
low-energy electron scattering off proton

4) Conclusions



SpinPhysics@Matsue
Feb. 23-24, 2021

1) Proton radius puzzle ??
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the puzzle started in 2010
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Proton Radius Puzzle
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1) the radius is one of the basic properties of the nucleon

2) the radius is strongly correlated to the Rydberg constant

1 1
@ AE = o - Rpydberg + 8- < r? >

R_ = 10973 731.568 539 +0.000 055 m™!

e uncertainty

3) possible new physics beyond Standard Model (??)

Lepton Universality (e <-> u) ??

4) nuclear structure : (e-scatt. for exotic nuclei at RIKEN/SCRIT)
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F(Q)) = mee@-?d;:

Q, Lab. value of
momentum transfer

“applies in the non-relativistic limit in which

o(r) is the static density distribution”
R. Hofstadter (1951)

Relativistically proper definition
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J. J. Kelly, Phys. Rev. C70 (2004) 068202

G. A. Miller Phys. Rev. C99 (2019) 035202
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Hydrogen spectroscopy
1) Garching : 25->4P (Science 358 (2017) 79.)
2) Paris : 1S->3S (PRL 120 (2018) 183001.)
3) Tronto : 2S->2P (Science 365 (2019) 1007.)

Electron scattering

1) Mainz : PRC90 (2014) 15206.
2) PRad@JLAB : Nature 575 (2019) 147.

ULQ2 at Tohoku (2021 -)  <(fum

e-p scattering at MESA

Muon scattering

MUSE@PSI (2020-~)
LowQ2- up@COMPASS (proposal)



Proton radius as of today
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Proton Charge Radius (fm)
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1) the radius is one of the basic properties of the nucleon

2) the radius is strongly correlated to the Rydberg constant

1 1
@ AE = o - Rpydberg + 8- < r? >

R_ = 10973 731.568 539 +0.000 055 m™!

e uncertainty
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4) nuclear structure : (e-scatt. for exotic nuclei at RIKEN/SCRIT)

N

<r:>=<r? >+<r§>+E<r,f>+rel.corr.
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momentum transfer J=¢—¢
? energy transfer w=e—e¢e

4 momentum transfer Q? = ¢* — w?
— 4 e €'sin(0/2)

Charge FF Magnetic FF
do do. |GH(Q)H T1G3,(Q%)

i = g et 17
(d_a) _ 2 cos?(0/2) N e?
dQ M T 4e? sin*(0/2) ¢
_ 1 Q7
" 1+ 2(1 + n)tan?? = am2
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Proton radius by electron scattering Feb. 23-24, 2021

elastic cross section for e-p
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Mainz data (2014) ~
Ee = 180 - 855 MeV

dGp(Q?)
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no “ultra-“ low Q2 data min. Ee = 180 MeV
no Rosenbluth separation no frequent change of Ee

no absolute cross section lig. H2 target + spectrometer
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1) no absolute Ge(Q?2) (“floating”)
2) x2is quite similar
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ULQ2 @ Sendai
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ULQ2 collaboration
(Ultra-Low Q?2)

| ol
60 MeV e-linac

Tohoku Univ.
Sendai
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New setup for proton-radius measurement ™, "5, >0

Low energy electron beam : Ee =20 - 60 MeV

the lowest-Ee ever employed for electron scattering off proton

as i e Racr e g
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1) Ge(Q2) measurements at 0.0003 < Q2 < 0.008 (GeV/c)?
2) Absolute cross section measurement with 10-3 precision
3) Rosenbluth separated Ge(Q2), Gm(Q2)

Exp. @ Tohoku Low-Energy Electron Linac (Ee = 20 - 60 MeV)

1 . e ————————————————————
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Ee = 180 MeV
0.98 SR - PRC 90 (2014) 015206

096 | w**iv‘ ?%% _
094 | q‘iﬁﬁq‘ g

ULQ?

GL(Q%

0.92

0 0.005 0.01 0.015 0.02
0?% (GeV/e)?



e-scattering off proton at ultra-low Q2 regiofynPhysicseMatsue

Feb. 23-24, 2021
Goal of our experiment

Ge(Q2) measurements in 0.0003 < Q2 = 0.008 (GeV/c)2

Our experiments

Low=-energy electron scattering
Absolute cross section measurement
Rosenbluth separation (Ge(Q2), Gm(Q2))

accelerator, instruments

Tohoku low-energy electron linac + experimental hall

20 = Ee =60 MeV
30<0 =150°
Ap/p ~ 10-3

new beam line + double-arm spectrometer

Challenges

Absolute cross section (Ge(Q?2)) with 10-3 accuracy

experimental challenges for measurement
theoretical challenges for interpretation
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For low-energy exp.
a new type of scattering chamber

— Scattered
Electron spectrometer electrons

- l“i?‘
i
gl
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150% Spec. B

‘ ¥ .
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30°

Detector

CHztarget

30°
Spec. A

For absolute cross section
/ 1) e+p/C separation due to mass difference
CH: Target / 2) 12C : standard target for electron facility

(D
107- Ee = 60 MeV //

/ / 3) change of CH2 ratio due to e-beam irradiation
2C
1064
3 e+p Spec. A 1) Rosenbluth separation
f—_’ 2) elative measurement to 12C
absolute e+p xsection
5377754775556 575859606l SpeC. B

Scattered electron energy (MeV) monitoring C/H ratio ....b
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ULQ2 beam line




First Beam at the new beam line
Sep. 11, 2020




Nov. 17, 2020

First observation

Ee =50 MeV, 0Oe =90°
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Proton Charge Radius Puzzle ??

N. Livanage (Hawaii2018) Electron
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® disagreements : not yet understood.
® the “correct” proton radius is important.

® further experimental and theoretical efforts.

e-scattering : PRad (JLAB), ULQ2 (Tohoku), MESA (Mainz)
u-scattering : MUSE (PSI), COMPASS (CERN)



