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Structure of visible matter

ELEMENTARY
PARTICLES

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

« Charge and magnetism (current)
distribution

« Spin and mass decomposition
« Quark momentum and

flavor distribution
* Polarizabilities
« Strangeness, charm content
 Three-dimensional tomography
* more
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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
(2542 — 2P4)2) by as much as 2%, and critical in . e-p scatt

determining the Rydberg constant 085 084 08 0%  Os 0% o0& 09

Proton charge radius R . [fm]
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RP, Gilman, Miller, Pachucki, Annu. Rev. Nucl. Part. Sci. 63, 175 (2013).

* 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, AMBER)

» Important point: the proton radius measured in
lepton scattering is defined in the same way as in

2
atomic spectroscopy (G.A. Miller, 2019) /< s = [-6 dG(q") |
qu q2=0
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Electron-proton elastic scattering
 Unpolarized elastic e-p cross section (Rosenbluth separation)

do a?cos?s E/ G%Q —|—TG]]9\/[2 R Qtan2g
dQ  4E2sin*¢ E 1+7 M 2
0
= omfrok (A—|—Btan2—) L= e’
2 4M2

One-photon-exchange

« Recoil proton polarization measurement (pol beam only)
G_% _ P, E+ FE ; 0
G, P, 2M 2

« Asymmetry (super-ratio) measurement
(pol beam and pol target)

RA:é: a1 — by - G/ Gy
AQ ag — bQ . G%/GZJDW Right sector

— 27TV COS H*Gﬁf + 2\/27'(1 + 7)vpr sin 0 cos (b*G]]DWG%
(1 -+ T)ULG%Q + 27'UTG]])\42

Aexp — Pth
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Hydrogen Spectroscopy
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- : ydrogen Hydrogen
435GHz g5 Gz F=1  1.2MHz
,—/—
B ' =
L
Spin-Orbit QED HFS Size

Relativity

The absolute frequency of H energy levels has been measured with an accuracy of 1.4
part in 10'* via comparison with an atomic cesium fountain clock as a primary frequency
standard.

Yields Rydberg constant R., (one 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 the rms proton charge radius
Proton charge radius effect on the muonic hydrogen Lamb shift is 2%
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Muonic hydrogen Lamb shift at PSI (2010, 2013)

NALULE Nature 466, 213-216 (8 July 2010)
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2010 value is r, = 0.84184(67) fm
(¢) Brookhaver - .84087(39) fm, A. Antognini et al., Science 339, 417 (2013)
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The situation on the Proton Charge Radius in 2013 and 2018

I | I |

siek This proton charge radius puzzle

triggered intensive experimental and
theoretical efforts worldwide in the
last decade or so

Bernauer et al

Arrington & Sick

—e—
—o—
—eo— Zhan et al
=
A
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CODATA
CODAT"
(Spectroscopy d
Pohl et al A
Antogninietal A CODATA-2014
—_——
) | ) 1 L | L 1 pp 2013
0.78 0.82 0.86 0.90 0.9
Proton Charge radius | 1
pup 2010
™ H spectroscopy
(CODATA-2014)
[
= . H spectroscopy 2018
IH sIpecltroslcoply 2I017I I 1 1 1 I 1 1 I 1 1 1 I 1 1 1
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)

ep scattering (ISR): 0.870 x 0.014,, £0.024,, +0.003,,,4. (Mihovilovic 2019)
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The PRad Experiment in Hall B at JLab

I Thin Al. window

{

3
Cryo-cooler,; H
——

Beam halo Harp
blocker

HyCal + GEM

. : Moller 3
= High resolution, large acceptance, hybrid Hydmge“/
HyCal calorimeter (PbWO, and Pb-Glass)

e-beam
" Windowless H, gas flow target /'}"/, Elastic
= Simultaneous detection of elastic and /

Moller electrons
" Q2 range of 2x10*“ — 0.06 GeV?

= XY — veto counters replaced by GEM
detector

= Vacuum chamber

Spokespersons: A. Gasparian (contact) 095}

H. Gao, D. Dutta, M. Khandaker 0.94f Mainz low Q? data set
Phys. Rev. C 93, 065207, 2016
0.93E

u’ Brookhaven 0.000 0.005 0.010 0.015 0.020
National Laboratory Q2 (Gevz)

Molle =™




The PRad Experimental setup

! Thin Al window
Cryo-cooler; ﬂ =N
‘ N
T N
Beam halo Harp s _
blocker ﬁ 5‘» ﬂ
W; P GEM
! » 2 ‘ o T | !
S . — Vacuum chamber

)

I Larin, Y Y. Zhang, et al.,
Science 6490, 506

GasIN, 25K

Gas OUT €= Gas OUT

40 mm

L:»‘ Brookhaven  J, Pierce et al., NIMA 1003, 165300 (2021
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Analysis — Event Selection

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

% N
Event selection method %0 1o°
1. For all events, require hit = -
matching between GEMs _—
and HyCal E 10°
1000_—
2. For ep and ee events, . o
apply angle-dependent e T
energy cut based on o —— _
kinematics ) Cl;ster enoergy E'st sca:tering :ngle 9’(:1 1Ge;)
1. Cut size depend on local ' '
detector resolution 2 1400 . 258
E E ep‘ sgatterlng :
. . . 1200 el
3. For ee, if requiring double- E
arm events, apply R
additional cuts ¥ -} | 800
1. Elasticity &l ok
2. Co-planarity "l B
3. Vertex z y 400}~
i 200
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Extraction of ep Elastic Scattering Cross Section

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

section: , ce
do | Nexp(ep = epin 0; = AB) Egeom €55 do
/., Nexp(ee — ee) Egoom Egor | \dR/ .

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 coverage due to double-arm Mgller acceptance
« Method 2: integrated Mgller method — integrate Mgller in a fixed angular range and use it as
common normalization for all angular bins
> Needs to know the GEM efficiency well
« Luminosity cancelled from both methods
« PRad: 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 Mgaller method (3.0° to 7.0°for 1.1 GeV; 1.6° to 7.0°for 2.2 GeV)
« PRad-Il: two planes of GEM/uRwell allow for integrated Moller method for the entire
experiment
» Event generators for unpolarized elastic ep and Mgaller scatterings have been developed based
on complete calculations of radiative corrections — PRad-Il with NNL for RC
1. A. V. Gramolin et al., J. Phys. G Nucl. Part. Phys. 41(2014)115001
2. |. Akushevich et al., Eur. Phys. J. A51(2015)1 (beyond ultra relativistic approximation)
A Geant4 simulation package is used to study the radiative effects, and an iterative procedure

applied ;
PP O_Born(exp) _ (@)exp (Gep)sml (Uep)Born(mOdel) . O_Born(model)

ep ee
Oce Oce Oce

k‘,‘ Brookhaven
National Lahoratory 11




Elastic ep Cross Sections

Differential cross section v.s. Q% with 2.2 and 1.1 GeV data
Statistical uncertainties: ~0.15% for 2.2 GeV, ~0.2% for 1.1 GeV per point

Systematic uncertainties: 0.3%71.1% for 2.2 GeV, 0.3%70.5% for 1.1 GeV
(shown as shadow area)

a| b
103E b E ~..
% OF 3
2 :
E 10 3
Y - -
LAk E
G F
'E =
10"
T - 12 &
F — Stat. Uncertainty (right axis) —11 &
102 -——|g
= Syst. Uncertainty (right axis) 1
10°2 el . ] | . | . . ..0
10° ) ) 102 10° ) 10—22 10
Q° [(GeV/c)7] Q° [(GeV/c)]

Systematic uncertainties shown as bands

(¢) Erookhavery Xiong et al., Nature 575, 147-150 (2019) 12
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Proton Electric Form Factor G’ (Normalized)

* n; and n, obtained by fitting PRad Gg | n1f(Q?), for 1GeV data Using rational (1,1)
n,f(Q?), for 2GeV data £(0?) = 1+ p,Q?

1+ p,Q*

. G'g as normalized electric Form factor} Ge/M1, for 1GeV data
Gg/n,, for 2GeV data vyan et al. PRC98,025204 (2018)

- PRad fit shown as f(Q?) r, = 0.831 +/- 0.007 (stat.) +/- 0.012 (syst.) fm

1.000 { 1.1 GeV data 1.000
{ 2.2 GeV data
0.975- 0.975-
0.950 - 0.950 -
o w0.925 - o w0.925
o o
0.900- 0.900-
0.875- 0.875{ — PRad fit, rp = 0-831(7)stat.(12)syst. fm
——--Alarcon 2019, M= 0.844(7) fm
0.850 1 0.8501 Bernauer 2014, r, = 0.883(8) fm
001 002 003 004 005 0.0 T g g2
2 2 2 2
Q’ [(GeVic)’] Q’ [(GeVic)’]

n, = 1.0002 +/- 0.0002(stat.) +/- 0.0020 (syst.), n, = 0.9983 +/- 0.0002(stat.) +/- 0.0013 (syst.)

L:.\ Brookhaven
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Proton radius at the time of PRad publication

PRad result r,: 0.831 +/- 0.0127 fm, Xiong et al., Nature 575, 147-150 (2019)
H Lamb Shift: 0.833 +/- 0.010 fm Bezginov et al., Science 365, 1007-1012 (2019)
CODATA 2018 value of r,: 0.8414 +/- 0.0019 fm, E. Tiesinga et al., RMP 93, 025010(2021)

Pohl 2010 (uH spect.) b« ——— | Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) . b I Zhan et al. (ep exp.)
Beyer 2017 (H spect.) b e | IS CODATA-2014 (ep scatt.)
CODATA-2018 i—’ﬁ —— CODATA-2014 (H spect.)
Bezginov 2019 (H spect.) b ® { ~ o— CODATA-2014

| ® i Fleurbaey 2018 (H spect.)
PRad exp. (ep scatt.) ' = —

| 3 i Mihovilovic 2021

| (ep scatt.)

1 1 1 | 1 1 1 | 1 1 ] ] L 1 1 | 1 L | A1 L 1 | 1 1 L | L 1
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

fi2)

CODATA has also shifted the value of the Rydberg constant.
L:> Brookhaven
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More from ordinary hydrogen spectroscopy

Ho gas
Lyman-o detector
F=1 70-cm deflector = I‘
plates —— )
251 2 55-keV protons ,}1 . " ‘
/ A > ___1‘,:! r| . = ul |
" ‘Hiafoms S / > \
N N R ]
@t N T T F == 0 to FOSOF regions -
= ¥ Anode
— f+éf J=3F
L I LL N E E Acetone
(/7] E o o = ; 8 . AN Bﬁcz electron molecule
Q| @ 2 = - o directional M " "Ml Power . .
g 8 8 o ™ — coupler 40d8@01 sensor yman-a. photon 00
™ (] [ ] [ ] [ ] [ ]
=1 T v o v dB £ $ MgF, window
F=1 = " o o o o
2P Y = rf dual
1/2 10-dB uni- generator
directional ]
F=0 coupler  Lusi! LPp-sel3an Metastable OV +2kV
30-W amplifiers hydrogen beam
mrp=—1 mp=0 mp=1

Bezginov et al., Science 365, 1007 (2019)
e e S I r, = 0.833(10) fm

5 D,  F=3 11S(F=)-38(F=1) ] !
=) 0.8 =2 Rydberg constant Re, -10 973 731.568 508 [m |
S, YT 8Dsp < . ] 17 -0.0005 -0.0004 -0.0003 -0.0002 -0.0001  0.0000  0.0001
— ] 1 1 1 | 1 1 1 | 1 | 1 | 1 | 1 | 1
< 33 F=1 1 1
go 0.64 F=0 . 1] 1.90 290
= ] 1S-3S (this work) H—l : : @— :
S I 25-2P
= 18-3S (Paris)
g i muonic 2S-2P : O :
g 1 1 T 1T 1T 1 > T "7 1T =1 7T ]
0.0 0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89
. _1I00 -5;0 ([) 510 160 150 proton charge radius 7, [fm]
detuning at atomic frequency [MHz| Grinin et al., Science 370, 1061 (2020)
¢ Brookhaven r, = 0.8482(38) fm
National Laboratory 15
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Proton radius from ordinary and muonic H spectroscopy

Brandt PRL128, 023001 (2022):
measured 2S,, -8D;,, transition

R.=10973731.568332(52) m".

Pohl 2010 (uH 2S - 2P) b
Antognini 2013 (uH 2S - 2P)
Beyer 2017 (H 2S - 4P) —_——
—e— CODATA-2014 (H spect.)
-0 Fleurbaey 2018 (H 1S - 3S)
Bezginov 2019 (H2S -2P) r——0—1
Grinin 2020 (H 1S - 3S) —g=—i
1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1 1 1 | 1 1
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
V2, tfm1
| Experiment |[Type| Transition(s e fm 11 B .
!‘ xperimen vpe ransition(s) \/< rg, > (fm) Foc (M7 7) Not included
| Pohl 2010 | uH |2S{35' —2P;5%| 0.84184(67) Newest result:
| Antognini 2013| pH |2875" — 2PF352|  0.84087(39)
o= =
‘ 2‘51;20 ~ 2})‘,”2'
Beyer 2017 H 28 — 4P 0.8335(95) 10 973 731.568 076 (96) & used 1S-2S
with (15 — 25)
'Fleurbaey 2018| H 1S5 - 38 0.877(13) 10 973 731.568 53(14)
| with (15 — 25) r,=0.8584(51) fm
| Bezginov 2019 | H 25172 — 2P, 0.833(10)
' Grinin 2020 H 15 - 35 0.8482(38) 10 973 T31.568 226(38)

with (15 — 2S5)

‘ Nduuridl Lagurduwiry

Gao and Vanderhaeghen, Rev. Mod. Phys. 94, 015002 (2022) 0



(Re)analyses of e-p scattering data

Pohl 2010 (uH) ‘;..- —— Mainz 2010 (ep exp.)

Antognini 2013 (uH) K o + Hill and Paz 2010
fo— Zhan et al. (ep exp.)
Lorenz et al. 2012 I —
Adamuscin et al. 2012 : Graczyk and Juszczak 2014
° 1 CODATA-2014 (ep scatt.)
: ' s Lee et al. 2015
Higinbotham et al. 2016 .-—H : ° 1 Arrington and Sick 2015
Griffioen ef al. 2016 : ® '
i | : >
Horbatsch et al. 2017 ie—= SeEeon
PRad (ep exp.) | "
Alarcon et al. 2019 —e—

Mihovilczvic 202}
| i ep exp.
Atac etal. 2021 |+——e——

Cui et al. 2021 H——

Lin ef al. 2021 =t Gramolin and Russell 2021

L | | | | | | l | 1

| l | 1 | 1

1 l | 1 l | ] L |
0.84_ 086 0.88 0.9 0.92
/<2, [fm]

Gao and Vanderhaeghen, Rev. Mod. Phys. 94, 015002 (2022)

- _ Cui et al., arxiv:2204.05418, Chinese Phys. C 46 122001 (2022)
(e Brooknaven  atoui et al., aniv:2310.00412 (2023)

| 1 | | 1
078 08 0.82




PRad-Il: goals and approaches

Proposed to reduce the uncertainty of the r, measurement by a
factor of 3.8!

Reach an unprecedented low values of Q?: 4x10-° (GeV/c)?

* How?
 Improving tracking capability by adding a second plane of tracking
detector

» Adding new rectangular cross shaped scintillator detectors to separate
Moller from ep electrons in scattering angular range of 0.5% 0.8°
. Upgradlng HyCal and electronics for readout

F\’heplaclzing lead glass blocks by PbWO4 modules (uniformity, resolutions, inelastic
channe

» Converting to FADC based readout
» Suppressing beamline background

« Improving vacuum
» Adding second beam halo blocker upstream of the tagger

Reducing statistical uncertainties by a factor of 4 compared with PRad

Three beam ener |es 0.7, 1.4 and 2. 1 GeV - 0.7 GeV is critical to
reach the lowest Q? (4x 10 (GeV/c)?)

Improve radiative correction calculations by going to NNL order
Potential target improvement (nof used in projection)

Approved with the highest rating by the
('\ Brookhavenr JLab Program Advisory Committee in summer 2020

National Lahoratory 18




. Upgrade HyCal PRad-Il Experimental Setup (Side View)

* Adding 2" tracker (GEM or yRWELL)

* ... Hydrogen GEM-uRWELL GEM-pRWELL
gas Scintillator detectors inside plane 1 plane 2

9H00 Cryocooler

Harp
Halo blockers bellows

/ \|= |]_Il| buows

1.7m 50m 20m

Front view

GEM-uRWELL GEM-uRWELL
plane 1 plane 2 B

AL [ ____Fiberto
holding frame Multi-anode PMT/SIPM

RLLLEERRREEEEERREEEL

7x5x05 cm * :
scintillator
tile

Brookhaven
National Laboratory R 19



do/dQ [mb/sr]

Projections for PRad-II

Differential Cross section

Electric form factor

®c ese %

oo g o

e e mr wk e R F P Fr o ¥ EERPrB A EEE] |
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®e o  0.7GeV 1.00 oo
10* el . o 14Gev
-.,... .. . e 21GeV 0.98
3 ‘o. o ° .
10 e, e, . 0.96
102 T Trelte, 0.94
° ‘ . ... ° K
L e e, © 092
10! Ce, e,
e, el e 0.90
10° e 0.88
10-! . 0.86
0.5 15t (%) 0.003 | AG
0.0 s emmesssms s e e g sr e R § F Prbr o x BEEBRPrE EEEE] | 0.000 _—
=05 ~0.003
Lolsyst (%) 0.006 AGY
0.5 0.003
0.0 o = 0.000
Q? [(GeV/c)’]
Pohl 2010 (uH spect.) 2]
Antognini 2013 (uH spect.) ——0— Bernauer 2010 (ep scatt.)
Beyer 2017 (H spect.) —e———
—— Zhan 2011 (ep scatt.)
CODATA-2018 -
Bezginov 2019 (H spect.) +——e—— a CODATA-2014
PRad 2019 (ep scatt.) ®
———0——— Fleurbaey 2018 (H spect.)
PRad-Il projection —e—t
Grinin 2020 (H spect.) —e—i
L L L I L L L I L L L I L L L I 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 rp [fm]

T Broakriaverni
National Laboratory

102

1073
Q% [(GeV/c)?]

* Nuclear deformation effects,
Lin and Zou, arxiv:1910.13916

* New physics?

Most precise ordinary hydrogen result:

r, = 0.848240.0038 fm

Grinin et al., Science 370, 1061 (2020)
« PRad-Il: total uncertainty 0.0036 fm

(proposed)
Gasparian et al. arXiv:2009.10510
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Updated Suggestions to Run the PRad-Il Experiment:

Since the planned HyCal upgrade to

all PbWQ, crystals are still uncertain ~ 10* O

we suggest the following new

conditions to run the PRad-I 10°.
experiment: )
E 10
v Use the central PbWO, %

crystal part only

v Replace E.=1.4 GeV run with 10"

a new E,=3.5 GeV

0.5

v Keep the total run time the 03]
same: 40 days i
0.51

0.0

Original proposal:
E (GeV) Beam (nA)Time (days)

0.7 20 4
1.4 70 5
2.1 70 15

Beam current was limited by DAQ
L:.\ Brookhaven

National Laboratory

—
<

. 0.7 GeV

“ 2.1 GeV
e o .« 35GeV
. ° 000..\.'..
{stat. (%) |
R T T emiemssassasssse-am-m - m—_— uri[- !I[
| syst. (%) |
1 0'_ 1 RRRRK = '»!o!otototo!ofototototototofototootototototc 1 0 —
Q? [(GeV/e)]
Suggested Run:
E (GeV) Beam (nA) Time (days)
0.7 4
2.1 5
3.5 15



Simulated Uncertainties on G, for the Suggested New
PRad-Il Run Conditions

1000- ) eeeeeeeeeeeeiseeee e e e emeﬂbeoe % 07 GCV
%eoee
o b 2.1Gev

| ® & % 3.5 GeV
0.950° i - |

0.975

o) 0.925
0.900

0.8751

0.850- —

0.003{ AG3a
0.000{ - = -
~0.003

0.006+ AGSE)’SI‘
0.003
0.000

T aamaEEEEEzaEzEEEEE R R W B X :!xfl szxmray x ¥ 3F § P L B B ] I

104 1073 102 10-!
Q? [(GeV/c)?]

k? DIUURIIAVEll
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Simulated Uncertainties on R, for the Suggested

New PRad-Il Run Conditions
[ PRacI(proposalandPACH) | PRac(curen) |

Stat. uncertainty 0.0017 0.0014 * Both cases assume regular
GEM efficiency 0.0027 0.0023 GEMs with dead-area
Acceptance 0.0002 0.0002
Beam energy related 0.0002 0.0002 * PRad'” (proposal)
Event selection 0.0027 0.0027 assumes HyCal upgrade to
HyCal response 0.0001 0.0001 fU” I:)bVVO4
Beam background 0.0016 0.0014
Radiative correction 0.0004 0.0004 * Current PRad-Il uses Only
Inelastic ep 0.0001 0.0002 PbWO, part of current
Magnetic form factor model 0.0005 0.0006 HyCal
Total syst. uncertainty 0.0042 0.0041
Total uncertainty 0.0045 0.0043
A factor of 3.2
« Compared to PRad-Il proposal: Improvement over
) - : , PRad on R
1. slightly better statistical uncertainty due to higher beam currents P

2. slightly better GEM efficiency due to more statistics and new GEM structure
3. slightly better beam background due to higher beam energy used

« Total uncertainty comparable to the proposal and PAC48 version (with GEM detectors in both cases)

(r\ Brookhaven

National Laboratory




World-wide effort in Nuclear and Atomic Physics
on Proton Charge Radius

Lyman-a detector

70-cm deflector ) i
s-keV protons gk plels \ Hydrogen GEM-yRWELL ~ GEM-uRWELL  ormatng oo rockr ——
N - S— grs plane 1 plane 2 Eirégzgsgmmmmr o seTUP
H atoms / N . Cryacooler, HyCal B Concrete AMBER spoctrometer
Harp h =
31 Anode Halo blockers bellows Mk belows 4 i W S | W | I Dl
f+3f J 't ||
Acetone \ '
Vo electron molecule E & g P%:Cduc‘i;m:;‘(ca] E ,f:- 5‘
directional — ] I N
SoplaF Lyman-a photon by ' .
PPNV b : 5e m
2008 £ Ll Tagger % i ; : :
10-dB uni-
directional
30-W amplifiers hydrogen beam
'uh 11 LIS Je
——a Bernauer 20 cinkt,)
—— Zhan 2011 (ep scatt.)
\ i 20 i H spect .
—— ODATA-2014
Beyer 2017 (H spect.) ——
| Fleurbaey 2018 (H spect.)
CODATA-2018 -
Bezginoy 2019 (H spect.) —e———
PRad 2019 (ep scatl.) te—j—
Grinin 2020 (H spect.) i o T
i “.Xlll‘-"l “« ‘.'l IVVIJ statt, )
b Jet Target
Brandt 2022 (H spect.) —e— Scattering Chamber [l
MUSE proj. (ep & pup scatt,) L !
PRad-II proj. (ep scatt.) —a—
AMBER proj. {pp scatt.) eoooo|
ULQ2 proj. (ep scatt.) —.—
| | | | | ] |
0.50 0.82 0.84 (.36 0.88 0.90 0.92 Scintillation
Detectors
proton charge radius, r%. / fm

PRad-Il Experimental Setup (Side View)

Gao & Vanderhaeghen Rev. Mod. Phys. 94, 015002 (2022)

Brookhaven

National Laboratory
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https://link.aps.org/doi/10.1103/RevModPhys.94.015002

Virtual Compton Scattering and Proton Polarizability Radii

REACTION PLANE _6 d

-6 d 2= . 2

(rag) = m'd—QZGE(QZ)

02=0 02=0
oo —
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Elastic FFs Generalized polarizabilities
Real Compton Scattering experiments at Mainz
R. Li et al., Nature 611, 265 (2022) and HlyS and nucleon EM and spin polarizabilities

Nikos Sparveris, Spin 2023 Symposium and EINN 2023
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FIRST EXTRACTION OF GLUONIC SCALAR/MASS RADIUS OF THE

NUCLEON

Definition of gluogl?)uran e lq\lrg%rgg‘%lakra&ws

<’I“2> —6 1 dA ( )l 1 Cg(O)
™ Ag(0) Y40 M
1 dA (t) 1 C,(0)
2 — g a—1 g
Volo =04 @) ar =0T A 0) M3
Theoretical approach x?/n.df m4 (GeV)  mg (GeV) Cy(0) Vv (r?n)g (fm) +/ (r?)g (fm)

GFF functional form
Holographic QCD 0.925 1.5754+0.059 1.12+0.21 -0.454+0.132 0.755+0.067 1.06940.12¢€

Tripole-tripole

GPD 0.924 2.71£0.19 1.284+ 0.50 -0.20 £ 0.11 0.4724+0.085  0.695+0.162
Tripole-tripole
Lattice 1.641+ 0.043 1.074+ 0.12 -0.483+ 0.133 0.7464+0.055 1.073+0.114

Tripole-tripole

Zein-Eddine Meziani, Spin 2023 Symposium; S. Joosten, D. Pefkou, EINN2023
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The Electron-lon Collider

2023 LRP Recommendation: Polarized electrons colliding with polarized protons,

\y: polarized light ions, and heavy ions will allow us to
We recommend the expedltlou:s study sea-quarks and gluons to understand:
completion of the EIC as the highest :
* mass and spin of the proton.

priority for facility construction. . o
» spatial and momentum distribution of low-x partons

» Possible gluon saturation

* modifications of parton distribution functions when
a nucleon is embedded in a nucleus

 hadron formation

'll_'hg EIC is a partnership between BNL and Jefferson
ab.

CD-1 June 2021, successful CD-3A review November
2023

Project is aiming for CD2/3 in 2025

ePIC detector design is advanced. Significant
international support and participation (160+
institutions, 24 countries)

EIC Resource Review Board (RRB) formed and RRB
met April, December 2023, next one May 2024, Rome

Argonne National Lab, Fermilab, Lawrence Berkeley

National Lab, Oak Ridge National Lab and SLAC all

contribute to its construction, together with US universities

and numerous international partners. 9

Major discovery potential!

A NEW ERA NE DICCOVERY TUE 9072 INNC RANCE PI AN ENR NIICTEAR CCIENCE
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