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Structure of visible matter
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Credit: DLeinweber

Images courtesy of James LaPlante, Sputnik Animation in collaboration
with the MIT Center for Art, Science & Technology and Jefferson Lab.

T> T T T I To T

Charge and magnetism (current) distribution
Spin and mass decomposition

Quark momentum and flavor distribution
Polarizabilities

Strangeness, charm content
Three-dimensional tomography

more

Duke



Proton Charge Radius and the Puzzle

* Proton charge radius:
1. Afundamental quantity for proton
2. Important for understanding how QCD works
3. An important physics input to the bound state
QED calculation, affects muonic H Lamb shift (2S,/,
— 2P;,) by as much as 2%, and critical in determining
the Rydberg constant

e Methods to measure the proton charge radius:
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,
COMPASS++/AMBER)

» Important point: the proton radius measured in lepton
scattering is defined in the same way as in atomic
spectroscopy (G.A. Miller, 2019)
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RP, Gilman, Miller, Pachucki, Annu. Rev. Nucl. Part. Sci. 63, 175 (2013).
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Electrorproton elastic scattering
w Unpolarizecelastic ep cross sectio(Rosenbluthseparation)
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Hydrogen Spectroscopy
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Relativity

The absolute frequency of H energy levels has been measured with an accutagyait in 16*via
comparison with aratomic cesium fountain clocks a primary frequency standard.
Yields Rydberg constant Rone of the most precisely known constants)

Comparing measurements to QED calculations that include corrections for the finite size of the proton can
provide very precise value of thiens proton charge radius
Proton charge radius effect on tmeuonichydrogen Lamb shift is 2%
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Muonichydrogen Lamb shift at PSI (2010, 2013)

2010 value is, = 0.84184(67jm
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Electronproton Scatteringg Mainz A1 experiment

Three spectrometer facility of the Al collaboration:
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¢ Luminosity monitoring with spectrometer
A ?=0.004c 1.0 GeVc)?
result:r, =0.879(5).(4)yd 2)mod(4yroup

5-7" higher thanmuonichydrogen result !
J.Bernauer PRL 105, 242001 (2010)
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The situation on the Proton Charge Radius in 2013

|

X. Zhan et al. Phys. Lett. B
705 (2011) 59-64

(Recoil proton polarization
Measurement together with
global analysis)

% Sick
—— Zhan et al
A CODATA
—A—] CODATA
(Spectroscopy data, 2012)
Pohl et al A
Antognini efal A
. | I | ]
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Proton Charge radius (fm)
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This proton charge radius puzzle triggered intensive experimental and theoretical efforts worldwide in the

last decade or so
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How to resolve the puzzlefhcomplete list

Revisit of the statef-the-art QED calculation&.Borie(2005),Jentschurg2011), Hagelstein andascalutsa
(215N

Contributions to themuonicH Lamb shiftCarlson an&/anderhaeghepn JentschuraBorie, Carroll et al, Hill
and PazBirseand McGovern, G.A. Miller, J.M. AlarcdnPesetr Y R t AY SRI X ®

Higher moments of the charge distribution and Zemach r&xstler, Bernauer anwalcher(2011), deRujula
(2010, 2011)Cloetr YR aAf € SNJ O HAMMU X X

Extrapolation in electron scatteringtiginbothamet al. (2016)Griffioen Carlson and Maddox (2016)

Reanalysis adp elastic data:Distler Walcher andBernauern(2015), Arrington (2015Horbatschand Hessels
(2015), T. Hayward, Kiriffioen(2018)X..

Discrepancy explained/somewhat explained by some authors, but not all dgresnz et al.Ronson
Donnelly et al.

Consistency re radius defined in ep and atomic experiments: Miller

New physics: new particleBarger et al., Carlson aRuslow Liu and MillerAlvarado, Aranda and
BonillaX Bew PV muonic forgdatellet al.; Carlson anBreid Extra dimensionDahiaand Lemos Quantum
gravity atthe Fermiscal@e® hy 2 T NAZ2Z X OO

Exps Mainz, JLabRRad, MUSE at PSI, ULQZ2 in Japamber@CERMNH spectroscopy (Germany, France,

Canada, U.S.X DU.](C
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Ordinary hydrogen spectroscopy o T
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The Proton Charge Radius Puzzle in 2018

CODATA-2014
—_——
up 2013
&
up 2010
B H spectroscopy
(CODATA-2014)
—_—
. H spectroscopy 2018
D
H spectroslcopy 2017 | | |
0.8 0.82 0.84 0.86 0.88 0.9 0.92
Proton charge radius Rp (fm)
Electron scattering: 0.879 +£0.011 fm (CODATA 2014)

Muon spectroscopy: 0.8409 +0.0004 fm (CREMA 2010, 2013)
H spectroscopy (2017): 0.8335 +0.0095 fm (A. Beyer et al. Science 358(2017) 6359)
H spectroscopy (2018): 0.877 +£0.013 fm (H. Fleurbaey et al. PRL.120(2018) 183001)

Not shown: ep scattering (ISR, 2017): 0.810 £ 0.035;,; £0.074,; +0.003 (delta_a, delta_b)
(Mihovilovic PLB 771 (2017); 0.878 +0.011;,, £0.031,, +0.002,,4. (Mihovilovic 2021)) 11
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Proton Charge Radius HtaPRad& PRadl/)

https:// www.innovationnewsnetwork.cohow-largeis-the-proton-how-do-we-measureit/61615/ Duke
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HyCal + GEM

Moller . »
Hydrogen :

A High resolution, large acceptance, hybHgCalkalorimeter /': Elastic
(PbWQ andPb-Glas} Zsﬂ/

A Windowless Hgas flow target

A Simultaneous detection of elastiepeand Moller electrons
A @ range 0f2x10% ¢ 0.06 Ge¥/
A XY¢ veto counters replaced by GEM detector

A Vacuum chamber

Spokespersons: A&aspariar{contact),

H. Gao, DDutta, M. Khandaker 0.94F Mainz low Q2 data set
Phys. Rev. C 93, 065207, 2016

PRadresultr,: 0.831 +/ 0.0127fm, Xionget al., Nature575,147 T B E Y Duke
150 (2019) 13 Q? (GeV?)
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ThePRadExperimental setup

3
Cryo-cooler; L. I
b
< )

Thin Al. window

Beam halo Harp
blocker

| Larin, Y Y. Zhanget al.,
Science 6490, 506

GasIN, 25K

Gas OUT

— J. Pierceet al.,NIMA1003 165300 (2021)



Cluster energy E' vs. scattering angle 6 (2.2GeV)

Analysig Event Selection

400
10

200

22500 :_ ‘ep scattering
Event selection method “oE i
2000 —
1. For all events, require hit matching i
between GEMs and HyCal 3
1000
2. Forepandeeevents, apply angle B
dependent energy cut based on soopee
kinematics 002.,.1,. L —— W,
1. Cut size depend on local detector 0 (deg)
resolution Cluster energy E'vs. scattering angle 6 (1.1GeV)
Sial
3. Foree, if requiring doublearm events, =" .
apply additional cuts , - = 3
1. Elasticity " ‘ 1000
2. Coplanarity -t 800}~ N
3. Vertex z | 6001~

L]
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Elastic ep Cross Sections

A Differential cross section v.s?2Quith 2.2and 1.1 GeV data
A Statistical uncertainties:0.15% for 22 GeV ~0.2% for 11 GeVper point
A Systematic uncertaintie€.3%-1.1% for 22 GeV 0.3%-0.5% for 11 GeV(shown as shadow area)

E a b
103 ...'.-
E ..... ; \‘“...
% ICF 3
s k X
g 105_- E
2 E
g 1E E
_%} g
©10™"
o : : : I
E —f Stat. Uncertainty (right axis) 41 =
102 = 2
= - Syst. Uncertainty (right axis) — 1
=1 L ] , P o L s T P
10 107 , , 1072 107 . 10‘22 107
Q° [(GeV/c)] Q“ [(GeV/c)]

Systematic uncertainties shown as bandsionget al., Nature575,147¢150 (2019)
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n.f(Q?), for 1GeV data
n,f(Q?), for 2GeV data

Using rational (1,1)

2 _1+p1Q2

A n, andn, obtained by fitting PRad (o {

A D £as normalized electric Form factor: {GE/nl» for 1GeV data

Gg/n,, for 2GeV data Yanet al. PRC98,025204 (2018)

A PRadit shown ad (Q)

r,= 0.831 +/0.007 (stat.) +/0.012 (syst.jm

1.000 { 1.1 GeV data 1.000
{ 2.2 GeV data S
0.975 0.975 1 )
0.950 0.950 1 N
o w0925 a w0.925
o o
0.900 - 0.900 -
0.875- 0.8751 — PRad flt, rp = 0831(?)5131{12)5};51 fm
——~ Alarcon 2019, r, = 0.844(7) fm
0.8501 0.8501 ... Bernauer 2014, r, = 0.883(8) fm

0.622 0.03 20.64
Q [(GeVic) ]

0.01

0.05

107 1072

Q’ [(GeVic)]

n, = 1.0002 +/0.0002(stat.) +/0.0020 (syst.), n, = 0.9983 +/0.0002(stat.) +/0.0013 (syst.)
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Proton radius at the time &Radublication

A PRadesultr,: 0.831 +# 0.0127fm, Xionget al., Nature575,147¢150 (2019)
A H Lamb Shift: 0.833 -H0.010fm Bezgino\et al., Scienc865, 100741012 (2019)
A CODATA 2018 valuergf 0.8414 +/0.0019fm, E.Tiesingeet al., RMP 93,

025010(2021)
Pohl 2010 (uH spect.) kel — Bernauer 2010 {(ep scatt.)
Antognini 2013 (uH spect.) L] ; @ | Zhan et al. (ep exp.)
Beyer 2017 (H spect.) [ o | I o] i CODATA-2014 (ep scatt.)
CODATA-2018 HH [ 1 CODATA-2014 (H spec
Bezginov 2019 (H spect.) F -
» : Fleurbaey 2018 (H spect.)
PRad exp. (ep scatt.) C ]
] i Mihovilovie 2021
(ep scatt.)
1 1 1 | 1 1 1 | 1 | 1 l 1 l 1 : 1 1 1 I 1 1 1 I 1 1
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
—
\a{rép} [fm]

CODATA has also shifted the value of the Rydberg constant.

18
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a

normalized signal [a.u.]

More from ordinary hydrogen spectroscopy
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Gao andvanderhaeghenRev. Mod. Phys. 94, 015002 (2022)
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& e ¢ R
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Bezginovet al, Science 365, 1007 (2019) ', = 0.833(10fm

Rydberg constant Ry, -10 973 731.568 508 lrmrlr

-0.0004 -0.0003 -0.0002 -0.0001  0.0000 0.0001
1 l 1 I 1 I 1 l 1 I 1 I 1 l 1

1.90 2.90
1S-3S (this wotk) H—' : @ . :
954P H-world (2014)
25-2P
IS-3SV(PaIis)
muonic 25-2P : S :
2.1o0
| ! | ' | : | ! | ! | & | ! |
0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89

proton charge radius 7, [fm]

Grininet al., Science 370, 1061 (2020y, = 0.8482(38fm

Duke
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Proton radius from ordinary and muonic H spectroscopy

Pohl 2010 (uH 2S - 2P)

Antognini 2013 (uH 2S - 2P)

Beyer 2017 (H 2S - 4P) | &

- CODATA-2014 (H spect.)

& | Fleurbaey 2018 (H 1S - 3S)
Bezginov 2019 (H2S - 2P) i @

Grinin 2020 (H 1S - 3S) | —e

Brandt 2022 (H 2S - 8D) —o—

i o n ' o a0 non s S, . IR N N
0.78 0.8 0.82 0.84 086 0.88 0.9 0.92

<r2 [fm]
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(Re)analyses of scattering data

Pohl 2010 (uH) b ——— Mainz 2010 (ep exp.)
Antognini 2013 (uH) s = Hill and Paz 2010
° i Zhan et al. (ep exp.)

Lorenz et al. 2012 ' -
Graczyk and Juszczak 2014

—a—

. 1 CODATA-2014 (ep scatt.)
| N Lee et al. 2015
Higinbotham ef al. 2016 o " + Arrington and Sick 2015

Griffioen et al. 2016 : -
Horbatsch et al. 2017 . g " Sick 2018

PRad (ep exp.) | - i
Alarcon et al. 2019 ———i Mihu'-.ril?vic 202;
f - i ep Exp.
Atac ef al. 2021 L
Cui et al. 2021 H——
Lin et al. 2021 T Gramolin and Russell 2021
| | | | | | | | | ] | | ] l | | L |_ ] ] | | | ] | |
2
r fm
(2 ) [fm]

Gao andvanderhaeghen
Rev. Mod. Phys. 94, 015002 (2022)

Some more recent work:
Cuiet al2022
Chinese Phy€£46122001

Qattan (PRC 2025)
Goharipouret al. (PLB 2025)
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e-p scattering: magnetic spectrometer and calorimetric method

'

Cryo-cooler; ﬁ
—

Beam halo Harp
blocker

0.85

0.8

]lll1[l1lf|lfll[Tlll

PRad 1.101 GeV data

2 Mainz data

PRad 2.143 GeV data ---- Alarcon 2019
SEEE PRad fit — Bernauer 2014
1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 L I 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06
Q? (GeV?)

Thin Al. window
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PRadl: goals and approaches

A Reduce the uncertainty of the measurement by a factor os!
A Precise measurement of-@ investigate the difference between the Mainz data d@ad
A Reach an unprecedented low values 8f @ 10°5(GeV/c}

A How?

A Improving tracking capability by adding a second plane of tracking detector

A Adding new rectangular cross shaped scintillator detectors to separate Moller from ep electrons in
scattering angular range of 0:3.8°

A UpgradingHyCaklectronics for readout
A Converting toFADC based readout

A Suppressing beamline background
A Improving vacuum
A Adding second beam halo blocker upstream of the tagger

A Reducing statistical uncertainties by a factor of 4 compared RRad

A Three beam energies: 0.7, 2.1, 3.5 G&/7 GeV is critical to reach the lowest @ 10°(GeV/c¥)
A Improve radiative correction calculations by going to NNL order

A Potential target improvemengnot used in projectioh

Duke



Experimental Setup (Side View)
GEM  GEM

plane 1 plane 2
Hydrogen
gas

cross-shaped

Superhar
P P scintillator (not-shown)

Cryocooler

bellolvs

Halo blockers

—

Front view
GEM-uRWELL GEM-uRWELL o o oo PUTISPM
plane 1 plane 2 : : 8535

Duke
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Simulated®?Radl Uncertainties on /G
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Projected®PRadl onr,,

Pohl 2010 (pH spect.) (]
Antognini 2013 (pH spect.) ()
9 CODATA-2014 (ep scatt.)
Bezginov 2019 (H spect.) &
—e— CODATA-2014 (H spect.)
PRad exp. (ep scatt.) @
PRad-ll proj. ——
@ Fleurbaey 2018 (H spect.)
® Mihovilovic 2019 (ep scatt.)
Grinin 2020 (H spect.) ——
Brandt 2022 (H spect.) ——
CODATA 2022 (H spect.) @
AN TN N NN N (NN (NN NN NN NN AN [N NN (RN N N NN N (N NN N NN S N N N N R
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94

Proton charge radius r [fm]
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Worldwide effort in Nuclear and Atomic Physics on Proton Charge Radius

253 3 ig g8 5 S8 g8
// T T

CEM2 CEMI

from 243 um

Yaser system, 186 nm
-

Pohl 2010 (uH spect.) Iet Teigd
. Bernauer 2010 (ep scatt.) e
e Zhan 2011 (ep scatt.)
Antognini 2013 (uH spect.) g it J
e CODATA-2014 - g o .
Beyer 2017 (H spect.) —e— Mirroy

——e——— Fleurbaey 2018 (H spect.)

Bezginov 2019 (H spect.) ——eo—+—

PRad 2019 (ep scatt.) it
Grinin 2020 (H spect. —e—i : o Jet Target

e : . i sctainn Gt \J L
Brandt 2022 (H spect.) —e—i 2 \
CODATA-2022
PRad-Il proj. (ep scatt.) —— N
MUSE proj. (ep and pp scatt.) —a— 5
ULQ2 proj. (ep scatt.) — SR JANN ;
AMBER proj. (up scatt.) —a— Detectors

! ! | ol E Ll L
0.82 0.84 0.86 0.88 0.9 0.92
Proton charge radius r° [fm]

: Duke
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https://link.aps.org/doi/10.1103/RevModPhys.94.015002

Summary

A The proton charge radius puzzle not resolved yet, but
major progress made

A ThePRad a first ep scattering experiment using a
non-magnetic spectrometeg obtained a result
consistent with muonic hydrogen measurements

A Most of the recent ordinary hydrogen spectroscopy
measurements are consistent with muonic results

A New results expected from lepton scattering including
PRadll

Acknowledgment: TheRadCollaboration (some collaborators
are not shown in the picture)
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U.S. Department of Energy under contract numbesHOID203ER41231
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