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Introduction: QCD in the Standard Model of Particle Physics and Mass
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* The Higgs mechanism is responsible for
the mass of elementary particles but not
of nucleons and nuclei thus the visible
universe.

* Quantum Chromodynamics (QCD) is
responsible for most of the visible
matter in the universe providing mass
to nucleons and nuclei through the
“trace anomaly” a consequence of
broken scale invariance and accessible
in threshold J/iy production.

« Gravitational form factors (GFFs) with
info, on energy/mass distribution in the
nucleon and nuclei can be accessed
through the second Mellin moments of
leading-twist GPDs.
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Hadron Masses from Lattice QCD
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How does QCD generate this? The role of quarks and of gluons?
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EIC Smence Assessment by NAS

CONSENSUS STUDY REPORT

PAN ASSESSMENT OF
U'S..BASED ELECTRON-ION
COLLIDER SCIENCE

SoLID Director’s Review, February 9-10, 2021

Finding 1:

An EIC can uniquely address three profound
guestions about nucleons—neutrons and protons—

and how they are assembled to form the nuclei of
atoms:

« How does the mass of the nucleon arise?
* How does the spin of the nucleon arise?

* What are the emergent properties of dense
systems of gluons?

SoLID will address in an important but
complementary way to the EIC the first
two questions S@lID JefferSonLab s



Science Questions Enabled by J/i at Threshold with SoLID
« What is the origin of hadron masses? “...QCD takes us a long stride towards
- A case study: the proton. the Einstein-Wheeler ideal of mass without mass

) Frank Wilczek (1999, Physics Today)
The 2015 Long Range Plan for Nuclear Science

“... The vast majority of the nucleon’s mass is due to quantum

fluctuations of quark-antiquark pairs, the gluons, and the energy

associated with quarks moving around at close to the speed of light. ...”

(-‘-‘»‘

Q00

Quarks

+ What is the size of the interaction between a quarkonium
and a proton, dubbed Color Van der Waals force?

« Do heavy quarkonia enable pentaquarks to exist?

.+ Are bound states of quarkonia in nuclei possible?

Threshold electro-photoproduction of quarkonium can probe  ©ham pentaquark? Molecule”

the energy distribution of gluonic fields inside the proton and
nuclei

: c 2
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2016
The Proton Mass

At the heart of most visible matter.
% Temple University, March 28-29,2016

T
Rapid acquieition of mass s
Hoct of gluon cloud

2
p(GeV)

Hqcp = Hg+Hp + Hg+ Hg

Quark kinetic and

M, = 2m +md
H, :/(l“.’tu‘;'(fiD'u\,w

Speakers potential cnergy ‘
ark masses H,, = /d D
Stan Brodsky (SLAC) Qi zYmy
Xiandong Ji (Maryland) Gluon ki.nedc and Hi /d:‘xl(Ei’ +BY)
potential energy 2

Dima Kharzeev (Stony Brook & BNL)
Keh-Fei Liu (University of Kentucky)
David Richards (JLab)

Craig Roberts (ANL)

Martin Savage (University of Washington)
Stepan Stepanyan (JLab)

George Sterman (Stony Brook)

Moderator
Alfred Mueller (Columbia)

E§ TEMPLE
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o |attice QCD
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Workshop Topics

* Hadron Mass Calculation:
Lattice QCD and Other Methods
* Hadron Mass Decomposition
Local Organizers

Zein-Eddine Meziani (Temple U.)
Jianwei Qiu (Brookhaven National Lab)

ElraE

The proton mass

a hot to

2017
# ECT*

EUROPEAN CENTRE FOR THEORETICAL STUDIES

IN NUCLEAR PHYSICS AND RELATED AREAS

TRENTO, ITALY
Institutional Member of the European Expert Committee NUPECC

[TEMPLE
=8 UNIVERSITY IN"
(&

Castello di Trento (“Trint”), watercolor 19.8 x 27.7, painted by A. Dilrer on his way back from Venice (1495). British Museum, London

The Proton Mass: At the Heart of Most Visible Matter
Trento, April 3 - 7, 2017

Main Topics
Hadron mass decomposition in terms of constituents:
Uniqueness of the decomposition, Quark mass, and quark and gluon energy contribution, Anomaly contribution, ...
Hadron mass calculations:
Lattice QCD (total & individual mass components), Approximated analytical methods, Phenomenological model approaches, .
Experimental access to hadron mass components:
Exclusive heavy quarkonium production at threshold, nuclear gluonometry through polarized nuclear structure function, ...

Confirmed speakers and participants

Alexandrou Constantia (Cyprus University), Brodsky Stan (SLAC), Burkardt Mathias (New Mexico State University), Chen Jian-Ping (Jefferson Lab),
Chudakov Lab), Clog Ian (Argonne Nat ul ) de Teramond Guy (University Costa Rica), Deshpande Abhay (Stony Brook [
Eichmann Gemot ty), Hafdi Kawtar (Argonne Hoclbling C of Wuppert e Uni

Liu Keh-F Cédric (Ecole P»LH'.‘ chnique, Palaiseau), Mulders Pict (Vrije Universiy of Amsterdam), Papavassi mou o

), Pascalutsa Vladimir (Johannes Gutenbe sity of Mainz), Richards David (Jefferson Lab), Roberts Craig (Argonne National Lab),

of New Hampshire), Mauro Ansclmino (i of Torino & INFN), Bob Jaffe (Massachusetts Institute of Technology), Dima Kharzecv
(Stony Brook University), Xiangdong Ji (University of Maryland).

versity),

(Valencia U
Slifer Karl (i

Organizers
Zein-Eddine Meziani (Temple University)
Barbara Pasquini (University of Pavia)
Jianwei Qiu (Jefferson Lab)

Marc Vanderhacghen (Universitat Mainz)

Director of the ECT*: Professor Jochen Wambach (ECT*)

The ECT* is sponsored by the “Fondazione Bruno Kessler” in collaboration with the “Assessorato alla Cultura” (Provincia Autonoma di Trento),
funding agencies of EU Member and Associated States and has the support of the Department of Physics of the University of Trento.
For local organization please contact: Gianmaria Ziglio - ECT* Secretariat - Villa Tambosi - Strada delle Tabarelle 286 - 38123 Villazzano (Trento) - Italy
Tel:(+39-0461) 314721 Fax:(+39-0461) 314750, E-mail: ect@ectstar.cu or visit http://www.ectstar.cu

* mass decomposition — roles of the constituents
« approximated analytical or model approaches

SoLID Director’s Review, February 9-10, 2021

Ic since 2012}

Jan. 2021

3rd Proton Mass Workshop; Origin and Perspective

14-16 January 2021
Argonne National Laboratory

America/New_York timezone

https://indico.phy.anl.gov/event/2/

Due to COVID-19 a 2020 INT proton mass workshop
has been postponed to Dec. 2021to become the 4

workshop in the series

Access the trace anomaly through elastic
J/psi and Upsilon production near threshold

SelLID JeffersonLab 7



Ji's Nucleon Mass Decomposition: A Hamiltonian Approach

Quarks, anti-Quarks , Gluons and Trace Anomaly in the nucleon rest frame X. Ji PRL 74, 1071 ( 1995) & PRD 52, 271 (1995)

B P|Hocp|P)
Hoop = / d*zT™(0, %) My = FPlHaco
(P|P)
Hq - /d3g; ¢T (—z'D . a) WY Quarks & anti-quarks M. = § a — b M
kinetic and potential energy T4 14+ vm
Hp, = /dBfU @Dme Quarks masses M, = A+ m bM
1 4(1 4 vm)
H = d°r = (E? + B2 Gluons kinetic and potential energy 3
g / C62( T ) Mg:—(l—a)MN

s
H, = /d3a: 1(0; (E2 — Bz) Trace anomaly 1
T
+ a(y) related to PDFs, well Mg = A (1 — b) Mn

constrained

My = Mq + M,, + M g T M, * b(u) related to quarkonium-

proton scattering amplitude .
SoLID Director’s Review, February 9-10, 2021 - Typ near-threshold Sal D JeffersonLab s




Impact of SoLID on the trace anomaly determination

« To determine b we need the t distribution of SoLID at a given energy.

do j/y N—J/pN _ Qem M 7 /4) kon \° doyN_s TN
dt t=0 SF(J/??D — 6+6_) ]CJ/¢N dt t=0

Photoproduction cross section at t=0 linked to the forward elastic scattering amplitude of J/psi-N through VMD

d 1/2
Frran| = [64w[m3/¢(A2 —m2)] 2 ‘“;:J/ eN ] X = (pNP/y/ M)
t=0 Nucleon energy in the charmonium rest frame
272 1672
FJ/\I!N ~ ng22—72M]2V(1 — b) = ngg o7 MNMa

2
(o 1 409 _ (g) I'(n+5/2)
’ (3045(N2)) me(p?) ? N v I'(n +5)

_ .2
Bohr radius of charmonium Wilson coefficient Rydberg energy squared = (4

— 2
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Trace Anomaly Inferences from Data

«In Ji's original work u =1 GeV
X. Ji PRL 74, 1071 ( 1995) & PRD 52, 271 (1995)

Trace
Gluon Anomaly

Energy

Quark

Ener
Quark 9y

Mass

« An updated data analysis due to an update on
the pion-nucleon sigma term and the strange
quark contribution_at u=2GeV

QUark /Q -
\ Trace Gluon
' Anomaly | Energy

34%

H. Gao, T. Liu, C. Peng, Z. Ye and Z. Zhao,
The Universe Vol. 3, No. 2, 18 (2015)

SoLID Director’s Review, February 9-10, 2021

«Arecent update using threshold J/psi data from

GlueX at Jefferson Lab
R. Wang, J. Evslin and X. Chen, Eur. Phys. J. C 80, no.6, 507 (2020)

u2=4.0 GeV?

Wang et al.: Ma = 23.3% £+ 4.25%

SoLID Jfpsi. My = 23.3% + 0.08%

SallD ,Le,ffe’-gon Lab 10



Proton mass on the lattice

Direct calculations of the trace anomaly were still missing

120
100}
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(<o) O~ o (@] o
0 T T T T T T T T H ﬁ N N H
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Y.-B.Yang et al., (xQCD), PRL 121, 212001 (2018) C. Alexandrou et al., (ETMC), PRL 119, 142002 (2017)

C. Alexandrou et al., (ETMC), PRL 116, 252001 (2016)

There is change with a recent eprint posted on Jan 13, 2021:

He, Fangcheng and Sun, Peng and Yang, Yi-Bo, [yQCD Collaboration] “A Demonstration of Hadron Mass
Origin from QCD Trace Anomaly", eprint = "2101.04942[hep-lat],

SoLID Director’s Review, February 9-10, 2021 SallD .gg_f.e;gon Lab
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Holographic approaches: AdS/CFT

Y. Hatta et al., PRD 98 no. 7, 074003 (2018)

l do ) o Y. Hatta et al., 1906.00894 (2019)
7™ Data from 1905.10811 3¢ p/GeVD) 2+
i’/ 0.12¢ A
1 2FT Red b=0 %19\ Trace anomaly large s}

oso] 1 1 11 Blue b=1  "®\ Trace anomaly zero

/ P 0.06} N
0.16 / * Cornell(1975) 0.04} >
0.05 GlueX(2019) 0.02} 1
_—t(GeV?) . , _ | —t(GeV?)
9 10 11 12 13 SR 1.0 1.5 2.0 25 3.0 45 9 5.5 6.0
- | | | | | | - 1000 f‘
o 100¢ / o 500F
c E ] c i
g S oo 2 —E g 100 - ]
? = 1K. Mamo & I. Zahed Phys. Rev. D 101, 086003 (2020)
o T 10 3
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8] 1Y I
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E,, GeV '
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Extracting the scattering length of the J/Psi-Nucleon interaction

Oleksii Gryniuk, M. Vanderhaeghen, PRD 94, 074001 (2016)

. Spin averaged J/¥ —p scattering amplitude related
to scattering length  Gqp

J /9 J/P

P
Typ(v = ver) = 8m(M + My)ayyp

. Binding is related to the scattering length for a nucleus

o _ b 8m(M + My)a
« Unitarity lead to: y I8 B2 w Pnm
\/_ tot 4MM¢
Im7y, (V) = 2/ SQup0,,.. (V
¥p ( ) d4p0 4p ( ) Cross section is parametrized
« Causality and crossing lead to the dispersion relation: . tot __ nel

el 7
0p_0p+0p

b l Qel
el Vel € V@l

O_inel x C' (1 _ Vin>bm ( ) )ai
Yp mn 1

N /7
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Forward -p scattering in relation to @i -p scattering

Vector Dominance Model (VDM) Assumption

) (Zp> 2 2 d—a|t:0 (v¥p — ¥p)

2 2
) (@) o (yp — ccX dt
dyp

1 Typ0) =45
Typ(0) = 22.45
Typ(0) =0
_ & 100
= = > 1
= 10 2 O 1 T®
= ] -~ 1 5 o)
= >~ 3 E
< (3
S o S
: . . _
L o, 3 Differential at t=0
& c <BT) |
° = HERA (2002) o 5 {1,
] + Fermilab/E401 (1981) 0.1 = HERA/ZEUS (1995) 1¢
o Fermilab/E516 (1983) ] « EMC (1982) 1 = : SER’.}(EO?S;I
o Fermilab/E687 (1993) + Fermilab (1980) I srrab L6l
e SLAC(1975) o CERN/WASS (1987) 1 . E&CC('])S;)%
% Cornell (1975) o SLAC (1984) : ()
(),] T T 1 11 | T T T T T TI ().()l T L T T T | r] T ] T T 1 11 T T T T T 1
10 100 10 100 10 100
W (GeV) W (GeV) W (GeV)

Simultaneous fitting ., p ~ 0.00fm =R 5., ~ 3MeV

= . 2
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Charm pentaquark search

« It was suggested in many early papers, that if the LHCb L0

9x more data than 2015 paper

. . : po») >tD*°
pentaquark is a true resonance it should be observedina 5 ¢ : : Previous results are consistent
direct s-channel photoproduction of J/psi on the nucleon. 212001 ; ,
B | — data [ LHCb ¢ New state discovered: Pc+(4312)
. . . 5| - —total fit : l relimina
« As a consequence the differential cross section at £1000E - ckground | prefiminary | \M: 4311.90.7+6.8/-0.6 MeV
intermediate f might be very different from the typical S ook : | |, | r9.8527437/4.5Mev
exponential drop of the t-channel production. 5 I ‘L T
= -  \u oA WL
600 ! i1 R
« At Jefferson Lab experiments have been performed in 3 LA M+ Pci(4450) is resolved into 2 narrow peaks
. . el F o :
dlffer.e_nt Halls in search of the _I_H_Cb pentaquark. 400 Aoy [passy s *Pe(4440)
Precision & accuracy in the t distributions is important for Paa312) g M: 4440.3+1.3+4.1/-4.7 MeV
high sensitivity to the Charm pentaquark if it is produced. N [=20624.9+8.7/10.1 VeV

/

L+ - i = P = 1
4300 4250 4300 4350 4400 4450 4500 4550 4600 Pc+(4457)
Myyp [MeV]

t h | d . t t I t M: 4457.3£0.6+4.1/-1.7 MeV
2 I C anne Omlna eS a OW R. Aaij et al. (LHCb) (2019) = 64:|:20+57/'19 MeV

/ PRL 22, 222001

lo d_a
5\ at

s-channel dominates
at some middle t

tmz’n tmaa;

P4
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Active field of research

Y. Hatta, A. Rajan and K. Tanaka, ""Quark and gluon contributions to the QCD trace
anomaly,"” JHEP 1812, 008 (2018)

. Y. Hatta and D. L. Yang, "Holographic J/psi production near threshold and the proton mass
problem," Phys. Rev. D 98, no. 7, 074003 (2018)

. C. Lorcé, H. Moutarde and A. P. Trawinski, ""Revisiting the mechanical properties of the
nucleon,” Eur. Phys. J. C 79, no.1, 89 (2019), doi:10.1140/epjc/s10052-019-6572-3

. W. Cosyn, S. Cotogno, A. Freese and C. Lorcé, ""The energy-momentum tensor of spin-1 hadrons:
formalism," Eur. Phys. J. C 79, no. 6, 476 (2019) doi:10.1140/epjc/s10052-019-6981-3

. T.F. Caramés, C. E. Fontoura, G. Krein, J. Vijande and A. Valcarce, ~"Charmed baryons in
nuclear matter," Phys. Rev. D 98, no. 11, 114019 (2018)

K. Mamo & |. Zahed Phys. Rev. D 101, 086003 (2020)

— 2
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Active field of research

. Wang, R., Chen, X. and Evslin, J. The origin of proton mass from J/¥ photo-production data. Eur. Phys. J. C
80, no. 507 (2020), doi:10.1140/epjc/s10052-020-8057-9

. F.Zeng, X.Y. Wang, L. Zhang, Y.P. Xie, R. Wang and X. Chen, "Near-threshold photoproduction of J/psi in
two-gluon exchange model,” Eur. Phys. J. C 80, no.11, 1027 (2020) doi:10.1140/epjc/s10052-020-08584-6,
arXiv:2008.13439 [hep-ph]

. A. Metz, B. Pasquini and S. Rodini, "'Revisiting the proton mass decomposition,"” Phys. Rev. D 102 (2021)
no.11,114042 doi:10.1103/PhysRevD.102.114042 arXiv:2006.11171 [hep-ph]

« L.Du, V. Baru, F. K. Guo, C. Hanhart, U. G. Meissner, ""Deciphering the mechanism of near-threshold J/psi
photoproduction,” Eur. Phys. J. C 80, no.11, 1063 (2020) doi:10.1140/epjc/s10052-020-08620-5,

arXiv:2009.08345 [hep-ph]

- R. Boussarie and Y. Hatta, "QCD analysis of near-threshold quarkonium leptoproduction at large photon
virtualities,"” Phys. Rev. D 101 (2020) no.11, 114004 doi:10.1103/PhysRevD.101.114004, arXiv:2004.12715

[hep-ph].

. X.Ji, Y. Liuand |l. Zahed, "Mass structure of hadrons and light-front sum rules in t' Hooft model,"
arXiv:2010.06665 [hep-ph]

X. Jiand Y. Liu, " Quantum Anomalous Energy Effects on the Nucleon Mass," arXiv:2101.04483 [hep-ph]
. D. E. Kharzeev, 'The mass radius of the proton," arXiv:2102.00110 [hep-ph]

2
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doi:10.1140/epjc/s10052-020-8057-9

12 GeV J/Y¥Y experiments at JLab Overview

Hall D — GlueX has observed the first J/ys at

JLab A. Ali et al., [GlueX Collaboration],
'arXiv:1905.10811 [nucl-ex].PRL

| Hall B - Has approved proposals to measure TCS 1§§‘§
+Jpsi in phot-production E12-12-001 and E12-12- -
001A and for deuterium in E12-11-003B

A

Hall C —took data to search for the LHCb
pentaquark E12-16-007 —experiment completed
and analysis underway

Hall A-has an approved experiment requiring a large accance,
high luminosity detector, namely -SoLID - E12-12-006 and 1 LOI on
double polarization measurement using SBS

: < 2
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J/ \/_photoproduction cross-section near threshold-GlueX results

%10 = ‘ A. Ali et al., Phys. Rev. Lett. 123, 072001(2019)
; A i SLAC results calculated from do/dt(t=ty,,) using
. | +GIU€X -------- e t-slope of 2.9+0.3 GeV-2 (measured at 19 GeV)
= == SLAC
= L EE%%&%X 23 Cornell data:
| e s . bslope 1.2520.2 GeV”
s 39 exch. Brodsky et al * horizontal errors represent acceptance
E,, GeV 20

SoLID is critical to provide

‘\‘> I OSSOSO AU 2/ ....... i 0843/5 ................... = ) . . . . . .
S SZOPZ,_f] 67 £035Gev » Aprecise t distribution is required for each bin
O .

< 1 | in photon energy for any pentaquark search

Q . .

g or trace anomaly determination.

« The electroproduction Q? is important very
; close to threshold to test the production
00z 04 06 08 1 mechanism. 19

2
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In search of the LHCb Pentaquark at JLab

Hall C-E12-16-007 (online results) gSgBB('geLﬁfern’)y 2-12-001A & E12-11-

| » J/y-007 phase2
|| o MC Prediction

------- Background e n*

20| — o+ Background i Data taken, analysis in progress?

yield (1/C)

10

TS B R LR

i (Ge)  Hall A- SoLID (prolected)
Hall D- GLUE-X results o[ SoLID SMULATION """""""""" T s ooy i< oy |

Jhp Productnor} e SoLID 50 days 3-fold ]

—— 2-gluon (b: 1.13GeV?) |

b
T I||IIII| T IIIlIIIl T

S 10 T P ndf=0843/5 1
E e Z slope = -1.67 +0.35 GeV? i
t b | | - 1 510 -
= ;”J" e } 1 2107 electroproduction e(p)+ee 2
© 1 T Th %/ T e i A ) ‘b’ . e photoproduction (e)p+ee - ;
74 o SILT():( 102 o  exclusive ep+ee - ;
ST —— Eﬁg:ilev s E 2+3-gluon fit (includes GIueX) 1073k |
r — JPAC P(4440) Al A Il phot i i
4 T PACTad0) ™| 10%L Cornell photoproduction |
10 4{ PR VRS W O N e 2g exch. Brodsky et al L L L L L E A SLAC photoproduction E -
:H e e e e 3g exch. Brodsky et al 0 0.2 0.4 0.6 0.8 1 , . L I I | I - GlueX photoproductlon I_ \6\ L ] L \2\ L \3\ L \4\ i \5\ |
8 9 10 20 (1t , GeV A4 v Py b P b b b Py e
E, GeV () 10755 "9 85 10 105 11 115 12 125 1 [GeV?
min

(GeV) L
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J/Ww experiments at JLab in a nutshell. Why SoLID?

GlueX HMS+SHMS CLAS 12 SolLID
HALLD HALL C HALL B HALL A

~400

J/p counts

2100 electrons

(photo-prod.) f:pb;IShed' 4k on 2100 MUORS 45-180/day 6974/day
J/@ Rate
(electro-prod.) SPECEY)
E12-12-001
E12-16-007 E12-11-003B E12-12-006
PAC days 9+2 130 50
When? Finished Finished Ongoing ~8 years?

+ letter-of-intent to measure J/ double polarization
with SBS in Hall A

. < 2
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Experimental Overview

. 50 days of 3uA beamona 15 cm long LH,targetat 1 x 107 cm ™ %s™"

- 10 more days include calibration/background run T sorbsmularon T o

- e(p),e+e- (J/y electroproduction)
- Q° versus W

« SoLID configuration overall compatible with SIDIS

. Main Trigger: 3-fold coincidence of eee*

 Additional trigger 4-fold coincidence (ee*e p)
« And a 2-fold coincidence (e*e")

Q2 (GeV?)

e B LA

SoLID SIMULATIONg

I e(p).e+e- (J/y eleco

| |t| versus W L
| |

¥

10

Itt | (GeV?)

107

e +p—e +p+J/Y(eT +e7) T e T

. re 2
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J/psi - detector configuration similar to SIDIS

« Main trigger is 3-fold coincidence (LGC+LAEC+FAEC)
- Gas C + Calorimeter at forward angle (scattered e-)
- Calorimeter only for large angle decay e+e- pair (slow J/ v )

- Gas C + Calorimeter at forward angle (decay pair) (fast J/ y )

Target

Full exclusivity - 4-fold coincidence (includes proton) with —-
MRPC or FASPD

ninenNnoy

T/ : 4xGEMs LASPD LAEC 2xGEMs L6C ~ HGC FASPD (MRPC) FAEC
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Light Gas Cherenkov for J/psi-SIDIS includes snout

Operates at slightly above atmospheric pressure

A snout is added to increase the radiator length compared to PVDIS.
2 sets of mirrors with one set inclined for SIDIS-J/psi configurations
> 98% efficient for electrons.

Reject pions at 500:1 level below 4.2 GeV.

Shielded photosensors must operate in moderate magnetic field
normal to the face of the sensors.

« Segmentation imposed by PVDIS

SoLID Director’s Review, February 9-10, 2021



PID and Acceptanc

10°

AU U R 10°
°® Scatte red eIeCtron: E E((C;));)-t,lté:fg\(ﬁ\ejl?]\bg{el%)t'r\joproduction) : 8_— %@Egé_—l%lf\b/_\e-{ég’;‘oproduction) :
- Gas C + Calorimeter @ o 10° 10°
forward angle s | s )
« Decay electron/positron: s S
- Calorimeter only at large ‘
angle

- Gas C + Calorimeter at
forward angle

107

T
L SoLID SIMULATION .
e(p),e+e- (J/v electroproduction)
8/~ Decay e+

« Recoil proton:
- 50-150 ps TOF MRPC/SPD:

10?

2 ns separation between p/K 8 : 9 0 £
@ 2 GeV/c o ) S
- ~ 8m flight path 1
10 15 20 r. 30 10

Main trigger rate ~60kHz with 50 ns coincidence window. Comparing to ~100 kHz
design trigger rate for SIDIS.
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Event Counts @ 1x10°7 in 50 days

« 164-234 events/day LH, at 11 GeV 1200 50
« 3-fold no proton: e-e+e- Dedicated Al dummy run 72 3
* 370-529 events/day Optics and detector check out 72 3
« 3-fold coincidence pe+te-
- 4882-6974 events/day Special low luminosity 96 4
. 2-fold coincidence e+e- Total e 60
« 21517-30739 events/day |<)ev°' ® |(w 10
| |t] versus i | |t| versus
- " 107 - 107
4 c 4-fold
3-fold & | o & 0 §
oy 2' z 2‘
- 1 - 1
W41 42 43 44 45 46 107 W41 42 43 44 45 46 107
W (GeV) W (GeV)
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J/Psi Experiment E12-12-006 @ SolLID

10 = J/y Production e photoproduction (e)p+ee

SoLID SIMULATION e electroproduction e(p)+ee -

' o  exclusive ep+ee
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SoLID SIMULATION
J/y Production

~*.9.88 GeV <E, <10.07 GeV

Cornell photoproduction
s GlueX photoproduction
— 2+3-gluon fit
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Sens

85 9 95 10 105 11 115 12 125
E, (GeV)
itivity at threshold at about 10-3 nb!

SoLID Director’s Review, February 9-10, 2021

104 e electroproduction e(p)+ee
\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\
1 2 3 4
It-tminl (GeV?)
7\\\\‘\\\\‘I\II‘I\II'IIIIIIII
1L SoLID SIMULATION
£ J/p Production
- 8.39 GeV <E, <8.58 GeV
~107" 1'_+
E -

do/dt (nb/GeV?
o
r

—

Q
W
\

1074 =

Rins

+

e electroproduction e(p)+ee

\l\llllllllllllllllllllIIII

0

1 2 3 4
It-tminl (GeV?)

SelLID Jefferdon Lab

27




Impact on the trace Anomaly Extraction

4.0 |
£&== SoLID JPsi Projection 0.25.
3.51 —— R. Wang et al. ' 4+ R. Wang et al.
0.204 ¢ SoLID J/Psi Projection
o 0.151
>
€ 0.10-
@)
c L 2
< 0.05-
S jtttttttetttd
O
©
— 0.001
—0.05-
~0.10-
-04 -03 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 8.5 9.0 9.5 10.0 10.5 11.0 11.5
trace anomaly b E, (GeV)
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Impact on the mass radius 2 5marser, ; ihe mass radius of the proton.

Dipole Form A(k) = A0

(1-%)°
Des | ¢+ Fit for GlueX Data - Rm, SoLID Projection
' ¢ SoLID Projection v+ Ry, Kharzeev 2021
S o060 | | == Rc, CODATA
I ' 1 ' e+ Rc, PRad
0.55 A
IRRREREXXE .
0.50 A 1 —e—H
1.20 -+ CH
1.15 4
. 4
4"“?1.10-
1.05 +
SR EEREREL, I |
1.00 1 , : : : : : : 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90
8.5 9.0 9.5 10.0 10.5 11.0 11.5

fm
E, (GeV)
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From JLab charm (J/y) to the EIC beauty (Y)

« SoLID and EIC are truly complementary in this science | | |
Present data on Elastic Upsilon photoproduction
endeavor. o | |

 ltis essential to use the mass of the heavy quarks and the Q3 100]

range as nobs for our theoretical understanding of the z
reaction mechanism at threshold and the extraction of the 5
anomaly, or the mass radius of the proton. S
S ¢ ZEUS (1998, 2009)
#  HI (2000)
I CMs (2019)
Result of simulations for a measurement at 100 fb- 1 LHGh 015
10? 103
10! 7 107, : W [GeV]
10 on 100 [GeV] - 10.0n 100 [GeV] |
& 0 P e T~.. (0 in f .
R oy i ) | Br(in MoV
S P ; S I ,
= L ] — 102} — ] 0 =0 ~0
ﬁ 10 I _______ To=0 ﬁ f 1 ....... Th=0 f
\:,1073-' —— T)=20.5 ] O — ?:;S'S f 25+ 0.9 0.016% 0.001 0.78+0.03
3 i — Ty =287 3 = 73." — Ip=
S [oEcm-0 || 107 {BIC =0 ] 87+2 0.066£0.001  3.23+0.06
104} T EIC; (Ty=120.5) |- f t  EIC (To=20.5)|]
I EIC (Th=87) |] J {  EIC, (Th=87)
107 0 702 14 16 18 20 22 24
W [GeV] W [GeV]
O. Grynyuk, S. Joosten, Z.-E. M., Vanderhaeghen —
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Summary

« SoLID is crucial to acquire precision data in electroproduction and photoproduction to answer
the questions

v'"What is the origin of hadron masses”?

v"What is the strength of the interaction between charmonium and
a proton, dubbed color Van der Waals force?

v'Does charmonium enable pentaquarks to exist?

v Are bound states of charmonium-nuclei possible?

» Direct lattice calculation of the trace anomaly is an important step toward understanding the proton mass
different decompositions. Precision data will be able to benchmark these ab initio calculations.

. Statistical precision will help to understand the systematic uncertainties in the extractions of the anomaly,
the mass radius and the scattering length.

« The origin of hadron masses is an active field of QCD. A 3" Workshop was held in 14-16
January 2021 (see: hitps://indico.phy.anl.gov/event/2/)

. A4 workshop on the proton mass will be held at the INT in Winter 2022 to continue explore the different
important observables SoLID can and should cover.

. The case for bound states in nuclei is under investigation, tagging will need to be implemented.

. SoLID and the EIC using heavy quarkonia are truly complementary to address these questions.
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