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The proton charge and current radii are fundamental quantities in physics. Precise determination of the proton charge radius is extremely important to the understanding of the proton structure in
terms of quark and gluon degrees of freedom of Quantum Chromodynamics. It is also essential for high-precision tests of Quantum Electrodynamics using the hydrogen Lamb shift
measurements. We propose a new precision measurement of the proton charge radius using a laser-driven polarized hydrogen internal gas target and the BLAST detector in the South Hall Ring
at the MIT-Bates Laboratory. This measurement will fully utilize the unique features of the polarized internal target, polarized electron beam in the storage ring, and the BLAST large acceptance
spectrometer. This measurement is expected to provide the most precise information on the proton charge radius from electron scattering, which will have significant impact on tests of QCD and
QED.

The Proton Radius Experiment has been conditionally approved to run at the BATES Linear Accelerator. See the full proposal (also in Postscript).

intainer: Chris Crawford 617-253-6734
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Proton Charge Radius and the puzzle

* Proton charge radius:
1. An important quantity for proton
2. Important for understanding how QCD works
3. An important physics input to the bound state Hp 2010
QED calculation, affects muonic H Lamb shift . -
(2S;, — 2P;),) by as much as 2%, and critical in T T e
determining the Rydberg constant A Giman, Ml Pachuckl Ao, R e part s 6 175 o, TS Ry, T

* Methods to measure the proton charge radius: o
1. Lepton-proton elastic scattering (nuclear physics)
» ep elastic scattering (Mainz-A1, PRad,..) @
» up clastic scattering (MUSE, AMBER)

2. Hydrogen spectroscopy (atomic physics)

2
» Ordinary hydrogen J<ris= \/—6 dG(q’) B
» Muonic hydrogen dg* 7

up 2013 ¢ —e—— CODATA-2014

|

e H spectroscopy

> Important point: the proton radius measured in lepton AE = —47aG"(0)]¢no(0)[*d10

scattering defined the same as in atomic spectroscopy 2 )
(G.A. Miller, 2019) = 47Ta€p|¢n0(0)| do.



Electron-proton elastic scattering

* Unpolarized elastic e-p cross section (Rosenbluth separation)

2 2
do _ a’cos?t B (Gh°+1Gh e QtaDZQ
A0~ 4E?sin?? E L+ M
9 2
= oM froe (A—I—Btan2—) T = QZ
2 4M One-photon-exchange

* Recoil proton polarization measurement (pol beam only)
G_?E _ hE+ E’t 0
GY, P 2M 2

e Asymmetry (super-ratio) measurement polarizatiol

Proton

(pol beam and pol target)

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

— 27TV COS H*GZJQWQ + 2\/27'(1 + 7)vpr sin 0 cos (b*G?WG%
(1 -+ T)ULG%Q + QTUTGZ])WZ
C. Crawford et al, PRL9S, 052301 (2007)
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Hydrogen Spectros /E,ectron

e G @ Muon
e Proton Proton
:—2 X i 0.15MHz |
2S5 Nk : = . Muonic
=0 ydrogen Hydrogen
2S12, 2Pz 2Pip =0
1.4 GHz AE = —471aG"%(0)|1n0(0)|*610
-43.5 GHz 8.2 Ghz E=1 1.2 MHz ,
n=1 \ 1Sz — 47T016p|¢n0(0)|2510-
B i =
o D Lab  TFeD  protn )
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%



Muonic hydrogen Lamb shift at PSI (2010, 2013)

NALULE Nature 466, 213-216 (8 July 2010)

PM; H, target
o S
2 Multipass cavity
S1 4_ — PMS
e —F
ExB ’f ——————— 7
10 cm |
Laser pulse
7 :— CODATA-0¢ { " Our value
2P fine splitting - —_—
= . 8F ’
-------------- F=1 1 -
P2 5 - H,O calibration
o °F
& [
® 4 +
8
E [E
9 -
a 33—
8 F
g 2k %
o [
o [ 19 ® ; .
10 T
2S hyperfine splitting C * T +
C I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1
= 0 %675 49.8 49.85 49.9 49.95
Laser frequency (THz)
s —
2013: r, = 0.84087(39) fm, 2010 value is r, = 0.84184(67) fm

A. Antognini et al., Science 339,417 (2013)  R. Pohl ef al., Nature 466, 213 (2010)



Electron-proton Scattering — Mainz Al experiment

Th trometer facility of the Al collaboration: i
— Specme\ﬁer\f"Q? e Measurements @ Mainz

:
G}
o
. 0 -
— Large amount of overlapping data sets 0 02 04 06 08 :
— Cross section measurement N €
— Statistical error < 0.2% m— Shoctrometor B i F o

. . . . . === I . E= 180 MaV S ter B
— Luminosity monitoring with spectrometer MAMLCmax E-153G6V v Specrometar C

= Q2=0.004-1.0 (GeVic)?
result: 1, =0.879(5)stat(4)sys(2)mod(4)group

J.B , PRL 105, 242001 (2010 : :
ernater (2010 5-70 higher than muonic hydrogen result !

(J. Bernauer)



JLab Recoil Proton Polarization Experiment

FPP Rear Chamber
FPP Analyzer

FPP Front Chamber

" Q2=0.3-0.7 (GeV/c)
= r,=0.875+0.010 fm

(global analysis not including
Mainz Al) . )
BigBite

. * Non-focusing Dipole
E.: 1.192GeV *Big acceptance.
Pb ~83% ° .
Ap: 200-900MeV
* AQ: 96msr
* PS + Scint. + SH

LHRS

* Ap/p0: +£4.5% ,
* out-of-plane: + 60 mrad

) . in-plane: + 30 mrad

* AQ: 6.7msr
* QQDQ

o * Dipole bending angle 45°

» VDC+FPP
*P,:0.55~0.93 GeV/e

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

Ron et al. {update)
This work

1.051

e > m O O X

Miller LFCBEM
Boffi et al. PFCC

Faessler et al. Lcjll\:[
0.85 —_ Belushkin, Hammer & Melssner -----. Friedrich & walcheﬂ;/'ﬁf»»ﬁﬁm N

deMeloetal. 0 ... Updated global fit [
! . . . I . l . . .

L L L L L L | L
0.0 0.2 04 0.6 0.8
Q? [GeV/icP

X. Zhan et al. Phys. Lett. B 705 (2011) 59-64 .
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The situation on the Proton Charge Radius in 2013

1 l L] l L} l L) l ]

& i Sick
—o— Bernauer et al
—e—i Zhan et al
—o— Arrington & Sick
' CODATA
—a— CODATA

(Spectroscopy data, 2012)

Pohl et al A

Antognini efal A

| 1 | 1 1 1 |

0.78 0.82 0.86 0.90 0.94 0.98
Proton Charge radius (fm)

This proton charge radius puzzle triggered intensive experimental and
theoretical efforts worldwide in the last decade or so



Ordinary hydrogen spectroscopy

2S - 4P
30MHz | o Fj 4P, (& 1S = 2S) | cem2
1.3 GHz from 243 nm
74MHz | & F::) 4Py,
616 THz
T 381/2 3D3/2 3D52
178 MHz | E { ol ’;:4%
2466 THz § {2P1/2 2Pa/z }
x4
F=1—— o
14GHz | 1S, ) H
F=0——
Reo = 10 973 731.568 076(96) m™',r, = 0.8335(95) fm
Beyer et al., Science 358, 79 (2017) 1S = 3S
| frequency measurement [ Verdilaser |—y—>—{SHG|zr—tac——— (& 1S — 25)
: : 532 : :
: | Nd:YAG I : » s%,’ 205 am \
1| laser M Y |
[ Tisalaser |—y—tRem L PM
1064 om g ce L6 [ s |
—l fluorescein_ a
Frequency . frequency : B il ,._l_l d/ SITER
comb | L1110 : stabilization : )‘B }{E B Rt |él} £

Roo =10 973 731.568 53(14) m™,r, = 0.877(13) fm

Fleurbaey ef al. PRL 120, 183001 (2018)

Parthey et al., PRL 107, 203001 (2011)
Matveev et al. PRL 110, 230801 (2013)

CEMI

486 nm
HR mirroy
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The Proton Charge Radius Puzzle in 2018

CODATA-2014
—_—

up 2013

up 2010

H spectroscopy
(CODATA-2014)
—_—

H spectroscopy 2018

@
H spectrosfcopy 2017

0.8 0.82 08 o086 . o088 09 oo
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 + 0.0354,; +0.074,,, +0.003 (delta_a, delta_b)
(Mihovilovic PLB 771 (2017); 0.878 £ 0.011,, +0.031,,5 £0.002,,,4. (Mihovilovic 2021))
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The PRad Experiment in Hall B at JLab
cryo<oster i I T

Beam halo Harp o
blocker

Molle =¥

High resolution, large acceptance, hybrid e-beam
HyCal calorimeter (PbWO, and Pb-Glass) /’} — Elastic
Windowless H, gas flow target /

Simultaneous detection of elastic and Moller
electrons

Q? range of 2x10* - 0.06 GeV?
XY - veto counters replaced by GEM detector

Vacuum chamber

Spokespersons: A. Gasparian (contact),
b Mainz low Q? data set

H. GaO, D. Dutta, M. Khandaker ) Phys. Rev. C 93, 065207, 2016

. 0.93k ; . : k.
L. Larin, Y. Zhang et al., 0.000 0.005 0.010 0.015 0.020

Science 6490, 506 (2020) Q? (GeV?)




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%~1.1% for 2.2 GeV, 0.3%~0.5% for 1.1 GeV
(shown as shadow area)

al b
10° '!-.__ \.
E
E E
i3 E
— Stat. Uncertainty (right axis) —‘f E
. —
Syst. Uncertainty (right axis) ! —: %
0
-3 -2 -3 -2 -1
10 2 2 10 10 2 10 2 10
Q° [(GeV/c)7] Q° [(GeV/c)]

Systematic uncertainties shown as bands

Xiong et al., Nature 575, 147—-150 (2019)



Proton Electric Form Factor G’y (Normalized)

* ny and n, obtained by fitting PRad G to n,f(Q%), for 1GeV data | Using rational (1,1)
n,f(Q?), for 2GeV data £(0%) = 1+p,Q?
1+ p,Q?

« G’; as normalized electric Form factor: Gg/n,4, for 1GeV data
Gg/n,, for 2GeV data  vaneral, PRC 98, 025204 (2018)

[ ] i 2
PRad fit shown as f(Q*) r,= 0.831+/- 0.007 (stat.) +/- 0.012 (syst.) fm

Xiong et al., Nature 575, 147-150 (2019)

1.000 + 1.1 GeV data 1.000 X
{ 2.2 GeVdata

0.975 0.975 1

0.950 - 0.950
T el o w0.9251

o
0.900 - 0.900 1
0.875 08751 — PRad fit, F5:= 0.831(7)Stat'(12)syst' fm
——=- Alarcon 2019, r, = 0.844(7) fm
0.850 1 0.850 -
O - Bernauer 2014, Mp = 0.883(8) fm

001 002 003 004 005 0.0 PP
2 2 10 10
Q [(GeVic) ]

Q’ [(GeVic)]
ny = 1.0002 +/- 0.0002(stat.) +/- 0.0020 (syst.),

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



Proton radius at the time of PRad publication

« PRadresultr,: 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.) }« ——— | Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) “ ' ® : Zhan et al. (ep exp.)
Beyer 2017 (H spect.) ; [ ; i ® | CODATA-2014 (ep scatt.)
CODATA-2018 HH — CODATA-2014 (H spect.)
Bezginov 2019 (H spect.) } ® ! o— CODATA-2014
® i Fleurbaey 2018 (H spect.)

PRad exp. (ep scatt.) b -
3 i Mihovilovic 2021
(ep scatt.)

1 L 1 l 1 1 1 l | 1 | l 1 1 L I 1 L I - | L | l 1 1 L 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.



More from ordinary hydrogen spectroscopy

Ho gas

regions

i rf components

Lyman-a detector

Anode

Acetone

electron molecule

Lyman-a. photon

() (] L] [ ] °
MgF, window
° ° (]

Metastable oV +2kV
hydrogen beam

Bezginov et al., Science 365, 1007 (2019)

normalized signal [a.u.]

= 1 70-cm deflector
251/2 g SS—EeV prot:ons # platbe
H atoms
= N E E F — O to FOSOF regions
ai— s e 5t
c| w N = = f+of f—6f
I (@) - '; 8 . & 40d8ﬁc2
Q| nl|= ociond o
~— (=) directional e e Power
E o o o - - - 40dB 1 e
c| © L G
- o t t |
_I o’ 1 20dB 1 . r |
— i rf dual I
2P1/2 X 1048 un- genll:aarélztor , I
irectional :
— coupler . -‘-‘ L}— ~13dB
30-W amplifiers
mep = —1m F = 0 m F = 1
1.0 .
T T T T T T 1
3D, /2 ——— 1S(F=1)-3S(F=1) N
0.8 @3/2-< 17 -0.0005 -0.0004 -0.0003
1 1 ! | 1 1 | L
0.6 - 1 1.90
0.4 i
muonic 25-2P
0.2
1 | ! | ! | ! |
0.0 0.82 0.83 0.84 0.85

r, = 0.833(10) fn

Rydberg constant Rq, -10 973 731.568 508 [m’l]
-0.0001

2.10

I
-100

T
-50

100
detuning at atomic frequency [MHz|

0.86
150 proton charge radius 7, [fm]
Grinin ef al., Science 370, 1061 (2020)
r, = 0.8482(38) fm

0.0000  0.0001
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Proton radius from ordinary and muonic H spectroscopy

Pohl 2010 (uH 2S - 2P) b

Antognini 2013 (uH 2S - 2P)

Beyer 2017 (H 2S - 4P) —_——
—— CODATA-2014 (H spect.)
-@ | Fleurbaey 2018 (H 1S - 3S)
Bezginov 2019 (H2S - 2P) ———m—e@—
Grinin 2020 (H 1S - 3S) —=—t
1 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

(ry,) [fm]

Experiment |Type| Transition(s) \/< ‘I"-};P > (fm) roo (m~1)

Pohl 2010 | pH [2S{5' — 2P§;5%| 0.84184(67)
Antognini 2013| pH 25175 — 2P57|  0.84087(39)
281" = 2Py

Beyer 2017 H 28 — 4P 0.8335(95) 10 973 731.568 076 (96)
with (15 — 25)
Fleurbaey 2018 H 1S5 - 38 0.877(13) 10 973 731.568 53(14)

with (15 — 25)
Bezginov 2019 | H 25172 — 2Py 0.833(10)

Grinin 2020 H 15 - 38 0.8482(38) 10 973 731.568 226(38)
with (15 — 25) 18




(Re)analyses of e-p scattering data

Pohl 2010 (uH) 2 N Mainz 2010 (ep exp.)
Antognini 2013 (uH) . o Hill and Paz 2010
b @t Zhan et al. (ep exp.)
Lorenz et al. 2012 ——
Adamuscin et al. 2012 *— Graczyk and Juszczak 2014
e
. 1 CODATA-2014 (ep scatt.)
rrrrrrr S Leé et al. 2015
Higinbotham et al. 2016 e ° i Arrington and Sick 2015
Griffioen et al. 2016 IS
Horbatsch et al. 2017 o S Sick 2018
PRad (ep exp.) b = i
Alarcon et al. 2019 ——— Mihovil?vic 202;
C » i ep exp.
Atac et al. 2021 ———
Cui et al. 2021 e
Lin et al. 2021 B Gramolin and Russell 2021
—————|
| 1 | I 1 1 | | 1 | 1 l | 1 1 I | | | l | | | | | | 1 l | 1

/<2 [fm]

Gao and Vanderhaeghen, arXiv:2105.00571
(to appear in RMP)
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e-p scattering: magnetic spectrometer and calorimetric method

~

: e e Y e 1§
0.95—
0.9
B Y SN
0.85 [~ = PRad1.101 GeVdata + Mainz data 3 J?
B  PRad?2.143 GeV data --- Alarcon 2019
- - PRad fit — Bernauer 2014
0.8 _I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06
Q? (GeV?)

Thin Al. window

Beam halo
blocker

2 4
- } l, { s
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PRad-Il Experimental Setup (Side View)
* Upgrade HyCal

+  Adding 2" GEM

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

‘ |
i
Z .
= )
D~ ot !
] ¥ o
5 ; .

SA X

1.7m 50m 20m

2H00 Cryocooler
Harp

Halo blockers bellows

]

Front view

GEM-uRWELL GEM-uRWELL
plane 1 plane 2

Al Fiber to
holding frame “7 Multi-anode PMT/SIPM

RULLEERRREEEEERREEEL
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Projections for PRad-I1

Differential Cross section
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« °,
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it s ereemiifabrof r BEsBErEEEREEI] |

syst. (%)

1074 1073 1072
N2 [(CaV 21

Electric form factor

1.00
0.98
0.96
0.94

153

© 0.92
0.90
0.88

0.86

e s = I 07Gev
eeen., } 14Gev
“®

0.003
0.000
—0.003
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— cren s mtm e e m sz p o 2§ RxFr o x BEEBPrB EEEE] |

0.006
0.003

0.000-

AGY

1074 1073 1072
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Pohl 2010 (uH spect.)

Antognini 2013 (uH spect.)

CODATA-2018

Beyer 2017 (H spect.) ——

Grinin et al. 2020 (H Spect.)

lllllllllllllllllllllll

Bezginov 2019 (H spect.) L
PRad exp. (ep scatt.) L
PRad-ll proj. ——

——

|

PRad-II goal:
0.0036 fm

Gasparian ef al.
arXiv:2009.10510

llllllllllllll

078 0.79 0.8 0.81 0.82 083 08
r)

[fm]

ll
085 0.86 0.87 0.88
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Ongoing and Future Experiments

Jet Target & quadrupole
Scattering Chamber \! Dipoles

Scintillation
Detectors

— - <
Veto
- Scintillator

2
s

588 3 988 5833
—— Scintillating-fiber tracker g3 @ E z2 &5 %E
—— GEMs/ Pixel-GEMs 2022 - 2024 i L
[ Electromagnetic calorimeter PCRM SETUP kY iy
[ Hodoscope i i i
I Magnet
B Conorate AMBER spectrometer
(only relevant parts showr

MUSE

MAGIX@MESA ULQ?

Fo1
Sm1
FI05
FI55
S —
sMm2
HO03
Flo7
FI08

\ \ — // —
| Experiment I Beam ] Laboratory | Q?* (GeV/c)® l orp (fm) | Status ’
MUSE er, pu* PSI 0.0015 - 0.08 0.01 Ongoing
AMBER Ji CERN 0.001 - 0.04 0.01 Future
PRad-11 e Jefferson Lab |4 x 107° - 6 x 1072|  0.0036 Future
PRES e Mainz 0.001 - 0.04 0.6% (rel.) | Future
A1T@QMAMI (jet target)| e~ Mainz 0.004 - 0.085 Ongoing
MAGIX@MESA e Mainz > 1071 - 0.085 Future »”
ULQ? e~ |Tohoku University|3 x 107* - 8 x 107*|~ 1% (rel.)| Future




Where does the proton’s spin come from?

p is made of 2 u and 1d quark
(Constituent Quark Model)

SUELLEN The nucleon spin puzzle

Epl smg netic moment

;

QCD dynamics: Sea quarks and gluons

A - —AZ - AG + (Ly + Ly)

Y2 = /\2+\G L+L

@ @ S

Quark heI|C|ty Gluon helicity Orbital Angular
Best known Start to know Momentum of quarks
1/d (A AT+ Ad + Ad + As + A3) and gluons
= + AU+ Ad+ Ad + As + As :
g | PR T AG — /dxAg(a:) Little known
~ 30%
_ ~40% -- RHIC Spin data Net effect of par_ton:
With larger __—" at Q2= 10 GeV? transverse motion
uncertainty
. Lu-l—d-l—s = 0'207(64)515&15(45)53/515 JN — 0'54(6>8tat(5)syst
Lattice QCD T Juars = 0.408(61)ar (48) e (MS=2 GeV)

Jg = 0.133(11>stat(14)395t



Orbital motion - Nucleon Structure from 1D to 3D

— Nucleon Spin
— Quark Spin

Quark polarization

Un-Polarized Longitudinally Polarized Transversely Polarized
- hi= - (D
U fl = @ 1 T/ \\}/)
Boer-Mulder
_ / \ 7N —
L N hyt=- /» v
Hehcnty
4
P
by = l ) - (V)
2 7N\ N\ i -
dk, T firt =(e) = () g t= N (/j.\) Transversnty \
) ] T =7 _/ hol=s — (/)
Parton Distribution Functions Form Factors Sivers IT L 2
Pretzelosity

Corresponding fragmentation functions

VPR A o = )
) = s a\/: V («EEIC )  BESIII @ tBABAR

VVV

Generalized parton distribution

(GPD) ‘%@ on,

Transverse momentum dependent - electron 7 pion
e lepton lepton
parton distributions (TMD-PDFs) — —

Connected via 5-D Wigner distributioi / — O
/‘ -

e positron pion

pion N L
e~e” to pions

Transverse momentum dependent proton
Fragmentation functions (TMD-FFs)




Separation of Collins, Sivers and Pretzelosity through angular dependence

(2 azimuthal coverage)

SIDIS SSAs depend on 4-D variables (x, Q?, z, Pr) and
small asymmetries demand large acceptance + high
luminosity allowing for measuring symmetries in 4-D

binning with precision!

1 N'—N! Leading twist formulism
Pt ot NT+ NY (higher-twist terms can be included)

Ayr (Pn, ¢s) =

= ACOHW Sm(gb + g )+ ?nTetzelomy (3¢, — ¢S)+ASW6T? sin(¢p, — ¢g)

Collr : 1
[A T ] > <Sm(¢h T ¢S>>UT X hl X Hl \ Collins fragmentation

function from e*e- collisions

( ' - 1 1
A}U?;etzeloszty ] x (sin(3¢y, — dg))yr < hiz @ Hi L

ASZ’UEZ?“S ]O( <gm(¢h — ¢S)>UT X flT ® )1 «—— Unpolarized fragmentation
function

Haiyan Gao



SolLID@12-GeV JLab: QCD at the intensity frontier

SoLID will maximize the science return of the 12-GeV CEBAF upgrade by combining...

High Luminosity
1037-39 /cm?/s
[ >100x CLAS12 ][ >1000x EIC ]

Large Acceptance
Full azimuthal ¢ coverage

Research at SoLID will have the unique capability to
explore the QCD landscape while complementing the
research of other key facilities

Pushing the phase space in the search of new physics and of
hadronic physics

3D momentum imaging of a relativistic strongly interacting confined
system (nucleon spin)

cryomodules [-—F—

Superior sensitivity to the differential electro- and photo-production
cross section of J/i near threshold (proton mass)

g Synergizing with the pillars of EIC science b . B
(proton spin and mass) through * \\Jﬁ/ .
high-luminosity valence quark tomography :t%b’ —
\_and precision J/y production near threshold ) . {)

in existing Halls I/

Haiyan Gao

ﬂ new Hall

J Upgrade magnets
Adds Z_ Y J and power

supplies



SIDIS with polarized “neutron” and proton @ SolLID

SolLID (SIDIS He3) SoLID (SIDIS NH3)

[

AR

) A
| L_*’.{

2 T
e |
‘Hi
H
S =l

CGalorimeter;

(largejangle)) I=(largelangle))
arge a

Beamling]

E12-10-006: Single Spin Asymmetries on Transversely Polarized 3He @ 90 days
Rating A Spokespersons: J.P. Chen, H. Gao (contact), J.C. Peng, X. Qian

E12-11-007: Single and Double Spin Asymmetries on Longitudinally Polarized *He @ 35 days
Rating A Spokespersons: J.P. Chen (contact), J. Huang, W.B. Yan

E12-11-108: Single Spin Asymmetries on Transversely Polarized Proton @ 120 days
Rating A Spokespersons: J.P. Chen, H. Gao (contact), X.M. Li, Z.-E. Meziani

Run group experiments approved for TMDs, GPDs, and spin

Haiyan Gao



QCD intensity frontier with SoLID: large-acceptance & high luminosity

Quantum leap: 4-D binning for the first time!

SoLID-SIDIS program: Large acceptance, Full
azimuthal coverage + High luminosity

* 4-D mapping of asymmetries with precision
Az = 0.05, AP;= 0.2 GeV, AQ? = 1 GeV?, x bin sizes vary with median bin size
0.02 (statistical uncertainty for each bin: 64 < 0.02)

» Constrain models and forms of TMDs, Tensor
charge, ...
« Lattice QCD, QCD dynamics, models

:\ E06010, PRL 107 072003 (2011)
; B Vogelsang and Yuan (Collins)
}/* E B <p_[>= 1.1 (GeV) F Anselmino et al.(Collins)
I BlgBlt e 8 S 0.2— Pasquini (Collins)
| < I~ Pasquini (Pretzelosity)
HRSL — <P, >=09(GeV) » = & p 3§ ' ® 90 days SoLID
0.0 —sparar T 1,
AN - = =
L/, i
Polarized € - FRONL R & e E .
3He Target -0.2—
- P3GV
e o
e | L ] L] . . 2 < Q2 < 3
4 | <P,>=0.1(GeV) .. ) !
’ - — L] [ ]
sl s, D A L m 0.40 <z<0.45
@ z @ @ @ » @ B 1 1 1L I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1
0.1 0.2 0.3 0.4 0.5
~90% ~1.5% ~8% X

* More than 1400 bins in x, Q?, P and z for 11/8.8 GeV beam.

Haiyan Gao



Transversity and Tensor Charge

Transversity distribution

h, @ - @ (Collinear & TMD)

Chiral-odd, unique for the quarks

No mixing with gluons, simpler evolution effect
A transverse counterpart to longitudinal spin g,
difference shows the relativistic effect

Zeroth moment gives tensor charge:

(P,S|v ic* y|P,S) = giu(P,S)ic* u(P,S)

b= [ [1@) - )] do

« Afundamental QCD quantity, valence
quarks dominate

» Precisely calculated on the lattice

» Difference from nucleon axial charge is due
to relativity

« High luminosity-large acceptance allows for
high-precision test of LQCD predictions

FLAG review 2019: 1902.08191
Relative uncertainty 4% (u), 7% (d)

0.4} World vs. SoLID baseline !

(systematiemuneertainty included)i

—04f |

od

% Alexandrou et al (2019) 4 SoLID-SIDIS
# Radici, Bacchetta (2018)
i 4 Pitschmann et al (2015

0.2

JAM20 Global

04 0.6 0.8 1.0 Su

JAM20: arxiv:2002.08384



Constraint on Quark EDMs
dy = g5 dy + g dy + g5 dy

Constraint on quark EDMs with combined proton and neutron EDMs

d, upper limit dgy upper limit

Current g + current EDMs 1.27%x10%% cm 1.17%10%% cm
SoLID g + current EDMs 6.72%x10%¢ cm 1.07x10%*¢ cm
SoLID g; + future EDMs 1.20%10%7¢ cm 7.18%10728¢ cm

~Include 10% isospin symmetry breaking uncertainty
Sensitivity to new physics i
2
dy ~ emg/(4mA%)

Three orders of magnitude . :> Probe to 30 ~ 40 times higher scale
improvement on quark EDM limit

Current quark EDM limit: 10%%e cm g ~1TeV

Future quark EDM limit: 10%7¢ cm = sl 30 ~ 40 TeV

Image credit: D. Pitonyak H. Gao, T. Liu, Z. Zhao, PRD 97, 074018 (2018)



TENSOR CHARGE AT THE EIC AND JLAB

=== JAMZ20
—-= JAM?20 + EIC(ep) 0.50 +
=— JAMZ20 + EIC(ep+e’He) —_
0.50 R 0.25 ~
S S
—~~ R
8 0.25 \\ u —E-.
= \ ~
< 0.00 jé= e T
8 | == S~ T
~0.25 1 d
T T T
0.00 0.25 0.50  0.75 1.00

xr

L. Gamberg, Z. Kang, D. Pitonyak, A. Prokudin, N. Sato Phys.Lett.B 816 (2021)

JAM20: Cammarota, Gamberg, Kang, Miller,
Pitonyak, Prokudin, Rogers, Sato, Phys.Rev.D 102 (2020)

od

—0.10

—0.15

—-0.20 F

JAM20 +EIC
+SoLID +EIC+SoLID

Alexandrou et al (2019)

e

o EIC data will allow to have gr
extraction at the precision at
the level of lattice QCD

_ calculations
0.2 014 016 0.8
o JlLab 12 data will allow to
gr Al
— have complementary
- information on tensor charge

0.750.850.951.05

e

Gupta et al (2018)
1 1

0.65

0.70

0.75

0.80 5’(1,

to test the consistency of the
extraction and expand the
Kinematical region

A. Prokudin@PANIC 2021
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Thank you for your attention!
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