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The emergence of nucleon mass

QCD IN THE STANDARD MODEL

mass budget

Other
90%

= Since the formation of protons and neutrons, most
of the mass of the visible universe encapsulated In
protons, neutrons, and nucleil.

= Surprising: nucleon mass much larger than sum of
gquark masses.

» How does QCD give rise to the 1GeV proton?

= How Is the proton mass distributed in its
confinement size?
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NUCLEON MASS IS AN EMERGENT PHENOMENON

QCD responsible for the proton mass

0.4 Rapid acquisition of mass is ]
N =7 et ol gluon cloud = In the proton rest frame, low momentum gluons
attach to the current quarks (DCSB, demonstrated
;°-3— — m=0Chirallimi)] by many calculations and on the lattice)
- m = 30 MeV
s [ —LILL 1 = Each constituent quark accumulates ~300 MeV by
=02~ — “eating” these low momentum gluons.
" 1 = Even in when we assume quarks to be massless!
o1 a » Mass from nothing? - No, mass from energy!
- +¥ b
0 1 I ]
0 1 2 3 : : :
p [GeV] Bottom line: The Higgs mechanism is largely
M. S. Bhagwat et al., Phys. Rev. C 68, 015203 (2003) irrelevant for most of “normal” visible matter!

|. C. Cloet et al., Prog. Part. Nucl. Phys. 77, 1-69 (2014)




WHERE IS THE ENERGY INSIDE THE PROTON?

How does the mass radius compare to the charge radius?

Vs

Energy halo beyond

Dense energetic core? Same as charge radius? . o
charge radius”
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GRAVITATIONAL FORM FACTORS (GFFS)

Towards observables of the matter structure of the proton

GFFs are the form factors of the QCD energy-momentum tensor (EMT) for quarks and gluons

iP{ﬂGU}pA AHAY — g,uvAZ

(N"| T, | N) = ﬂ(N’)(Ag,q(t)y{”P”} + B, (1) 3, . C, (D) v

| C_'g,q(t)Mg”” ) u(N)

EMT physics encoded in these GFFs:
. A, ,(1): Related to quark and gluon momenta, A, (0) = (x, )

o Jo () =172 (Ag,q(t) + Bg,q(t)): Related to angular momentum, Jio(0) = 1/2
. D, (1) = 4C, (7): Related to pressure and shear forces
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PROBING THE GLUONS

Exclusive quarkonium production near the threshold

» Electromagnetic charge and spin of the proton well-
studied through electron scattering

Electromagnetic neutral gluons harder to access directly

= Quarkonium uniquely sensitive to gluons: they do not

couple to light quarks

» Differential cross section of quarkonium near threshold /\/\7\/\/\/ g

promising channel to directly probe gluons

= Sufficient data at different photon energies can
constrain the GFF slopes and magnitudes in the
forward limit (t=0)

s Access the matter distribution, mass radius, and
potentially the trace anomaly of the EMT.
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CURRENT AND UPCOMING NEAR-THRESHOLD
QUARKONIUM EXPERIMENTAL PROGRAM



EXCLUSIVE QUARKONIUM PRODUCTION
Before Jefferson Lab 12 GeV 10

Beam 102%— =
electron - ]
_ 10 =
r* / e e Cornell '75 0
q . — . = A SLAC'75 —=
., Y Decay S [ E 5 CERN NA-14 =
imm=pmmnsl  electrons NoE v FNAL E401 -
electron 1G°E | ZEUS Combined (y*) | =
g\l, % LHCB 14 (UPC) -
Beam Recoil \ " —HH ———+—+H :
proton proton - ]
1025_ _E
s 5
- £ . * T
= No near-threshold data available . ¢ P
. _1;_ _;
= In case of Y(1S): not much available overall i S
107 ZEUS 2009 (v*) =
» Almost no data near threshold before JLab 12 ; . LHCb15(UPC) |
-3 L ! Lol
GeV 10 e .
W (GeV)
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QUARKONIUM AT JEFFERSON LAB AND EIC

Jefferson Lab

CEBAF: very high luminosity
(1035-103° cm-2s-1) continuous
electron beam on fixed target

4 experimental halls:
 11GeV in Hall A, B &C
 12GeV in Hall D

Jefferson Lab is the ideal
laboratory to measure J/y
near threshold,

due to luminosity, resolution
and energy reach

Electron-ion Collider

EIC: high luminosity (1033-1034
cm-2s-1) polarized electron
polarized ion collider

Variable CM energies: 29-140
GeV with 2 possible
interactions regions

Reach to J/p threshold more
difficult, sufficient energy and
luminosity to study Y near
threshold.

Complementary programs: Jefferson Lab is the ideal
laboratory to measure J/p near threshold, and EIC has
sufficient luminosity to measure Y near threshold




12 GEV J/¥Y EXPERIMENTS AT JEFFERSON LAB

‘.'_ »J :

[ 4
- Kol |

ESNQ

E12-16-007) to search for the

Hall C has the J/@-007 experiment (
A. Ali et al., PRL 123, 072001 (2019) | - LHCb hidden-charm pentaquark

] | | ﬁ' ,
£ Sy ’ | 4 1

EM Calorimeter
Scint.forward angle)

EM,Calorimeter;

(large angle)

—_— Beamline

| g ' \1/ 1" came / ' ot ] o S
Hall B - CLAS12 has experiments to measure TCS + J/y in photoproduction as part of Hall A has experiment E12-12-006 at SoLID to measure J/y in electro- and
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X-H Lui et al., PLB 757, 231 (2016) and references therein
Q. Wang et al., PRD 92-3 034022-7 (2015) and references therein

PENTAQUARKS IN PHOTOPRODUCTION?

Looking for pentaquarks at Jefferson Lab

What is the nature of the LHCb pentaquarks?
1. “True” pentaquark state: tightly bound 5-quark state
2. “Molecular” meson-baryon bound state

3. Kinematic enhancement through, eg., anomalous triangle
singularities (ATS)

Photoproduction ideal channel to distinguish:
1. “True” pentaquark: strong s-channel resonance

2. “Molecular”: small s-channel resonance (less overlap with
vp and J/wpp states)

3. ATS not a factor in photoproduction

Jefferson Lab the perfect place to
search for P¢in photoproduction

RTMENT OF  Argonne National Laboratory is a
U.S. Department of Energy laboratory 1 1
managed by UCh icago Argonne, LLC .



GLUEX
J/Y NEAR THRESHOLD IN HALL D
First J/@ results from JLab, published in PRL 123 072001 (2019)
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1D cross section (~469 counts)
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MAXIMIZING THE SENSITIVITY

Maximum sensitivity for s-channel resonance at high ¢

- chunaol (- chanaef

£
N
b
s
It -l )€ - Cin |
t-channel production mostly forward s-channel production more isotropic
(exponential-like t-dependence) (flatter t-dependence)
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Z.-E. Meziani, S. Joosten et al., arXiv:1609.00676 [hep-eX]
K. Hafidi, S. Joosten et al., Few Body Syst. 58 (2017) no.4, 141

JLAB EXPERIMENT E12-16-007
J/p-007: Search for the LHCb Pentaquark

ev\““%
. I:anh Eetbrug:y 201|9 :]ort ~8bPAC days - ) \ Electron in
 High intensity real photon beam ()
(50uA electron beam on a 9% copper 9% Cu Radiator \(\6 \ SHMS
radiator) l To beamdump
- 10cm liquid hydrogen target —> | -
- Detect J/y decay leptons in coincidence Incident >
. beam
- Bremsstrahlung photon energy fully constrained
R N S LN 97 B E S B Hydrogen
"~ | soting2 : target
~ Setting 3 ..~
4- = Settinqﬁ'" —

lt-twl (GeV?)

Positron In
HMS
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http://arxiv.org/abs/arXiv:1609.00676

THE J/¥-007 COLLABORATION

...and many others!

B. Duran®!, Z.-E. Meziani'>*"", S. Joosten!, M. K. Jones?, S. Prasad’, C. Peng',

W. Armstrong', H. Atac?, E. Chudakov?, H. Bhatt’, D. Bhetuwal’, M. Boer'!, A. Camsonne?,
J.-P. Chen?, M. Dalton?, N. Deokar?, M. Diefenthaler?, J. Dunne’, L. El Fassi’, E. Fuchey’,
H. Gao*, D. Gaskell?, O. Hansen?, F. Hauenstein®, D. Higinbotham?, S. Jia’, A. Karki’,

C. Keppel?, P. King®, H.S. Ko!?, X. Li*4, R. Li3, D. Mack?, S. Malace2, M. McCaughan?,

R. E. McClellan®, R. Michaels?, D. Meekins?, L. Pentchev?, E. Pooser?, A. Puckett’,

R. Radloff>, M. Rehfuss’, P. E. Reimer!, S. Riordan!, B. Sawatzky?, A. Smith?,

N. Sparveris’, H. Szumila-Vance?, S. Wood?, J. Xie!, Z. Ye!, C. Yero®, and Z. Zhao*

e National Laboratory is
artment of Energy laboratory
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4% scale uncertainty on cross section O_25><1O‘b 0_15x10‘°

L L L L R R B L L L L B R B
S C ANNING THE C JAp-007 PRELIMINARY === tchannelonly - J/p-007 PRELIMINARY - tohannelonly -
B I S ettlng1 """ 1 Pc at GlueX 90°/oo||rrT|t | i - R sett|n92 """ ] § § """"""" Pc at GlueX 90°/oo|llTTlt | —
0.2 <1 Pc at J/y-007 90% limit— - L P Pc at J/y-007 90% limit -
SPECTRUM < [ ¢ | < |8 _
. : % - E %i - % 0.1~ E i+ N
Fit 1: bare Gaussian Q05 " ] Ly -1 € ¢ L_dillp -
: Q B E,(Gev) + i Q - E, (GeV) * .
shape describes the cross = " : 1 5 D | |
section well 2 01 f ‘ 4 2 i § % ]
T : 4 1 Ro.05- i -
3 - % i 3 i S ]
Fit 2: Signal + background  0.05F i — - '}4 * -
at 2019 GlueX upper limit B 5 - I % _
0 ' ' I R R C ] | | b *le |
(90% contidence interval). 085 9 9.5 10 105 11 0—85 9 9.5 10 105 11
The resonances lead to E (GeV) E (GeV)
major tension with the <10 <10
i _ 8 ' L L L 30 ! L L L
data at high-t. L Jhp-007 PRELIMINARY ------ t-channel only - L Jhp-007 PRELIMINARY ------ tchannel only -
e _ " J— o ot GlioX 80% it e _ * o o ot GlueX 90% it
Fit 3: Same as 2. but with - setting 3 _ j Pc at JAp-007 90% limit - O setting 4 _. Pc at JA4p-007 90% limit —
: ) P 6 &I I — P - @: j i
Pc at upper limit (90% > [ # l][[ﬂ[[[ﬂﬂﬂm] ] 1 3 20— 3 [[[ﬂ]m[[ﬂll L —
: : O] - = | o 7 O] T | 9 | _
conﬂder_mg interval) from s beewwee 15 [ e 8 ]
the preliminary J/p-007 5 4 1O F I H -
O © | 3 _
results themselves 5 o e 1 3 4L -
S ol NE o SR R H + 1 s - ﬂ#} -
The data suggest a : o { L %M ) I il e ]
stringent upper limit on i T {,H? {’{» - : {‘” -
T N TOUE NUOS U 1111 Lol i g (e | I N T T SR T N N
the resonant cross 085 9 9.5 10 10.5 11 0~ %85 9 9.5 10 10.5 11
section (see next slide). E, (GeV) E, (GeV)
(WENERGY 23 s iy 16 S. Joosten  Argonne &
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B. Duran, S. Joosten, Z.-E. Meziani, final results | —

| | | | | | | | | | | | | | | | | | | | | |
4% scale uncertainty on cross section limit - J/yY-007 PRELIMINARY | — J/y-007 -

RESULTS ON THE PENTAQUARK © )l cuexaoan -

= b 9IRGB exdusion _
RESONANCES S :
S 4
Cross-section at the resonance peak s j
for model-independent upper limits 5 —
»n B — 90% exclusion
Upper limit for Pc cross section almost order of magnitude N
below GlueX limit. o§ IIIIIIIIIIIIIIIIIIII -
0 1 2 3 4 5
Results seem inconsistent with reasonable olyp — Pc(4312) — J/p p) (nb)
assumptions for true 5-quark states. L L M B, L B -
Jip-007 PRELIMINARY | I Jrv-007 90%
B Jp-007 99.99997% (50) | |
2 S GlueX 2019 90%

Door is still open for molecular states, but will be very
hard to measure in photoproduction due to small overlap
with both yp initial state and J/ypp final state.

To learn more we need a large-acceptance high-intensity
photoproduction experiment, and potentially access to
polarization observables. This can be achieved with the
future SoLID-J/py experiment at Jefferson Lab

o(yp — Pc(4440) — J/ip p) (nb)

o(yp — Pc(4457) — J/p p) (nb)



/74
DIFFERENTIAL CROSS SECTION NEAR THRESHOLD

Unprecendented access to

large-t region e Setingd | o T
i ~ Setting2 .7 )
— Setting 3 .. I
47 = Setting 4 L -
= Truly 2D measurement < i T §
« ~2000 counts in electron s | L )
channel = Ll B _
« Additional 2000 counts in L ™ I T e
muon channel still under i _::___— _
analysis i e _
0] e = _
l i l l | l l l l | l l l I | l l l l I l l l | i l l l
8 8.5 9 9.5 10 10.5 11
E, (GeV)
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Preprint: https://arxiv.org/abs/2207.05212

Results currently under peer-review

PRELIMINARY 2D J/¥ CROSS SECTION RESULTS

100
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10 :
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| NS | * e,
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- Qs "
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107 ‘\'+\ .‘ Nk
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DK: D, Kharzeev, Phys. Rev. D 104, 054015 (2021).
M-Z: Mamo & Zahed, 2204.08857 (2022)
G-J-L: Guo, Ji & Liu, Phys. Rev. D 103, 096010 (2021)

S-T-Y: Sun, Tong & Yuan, Phys. Lett. B 822, 136655 (2021)
H-R-Y: Hatta, Rajan & Yang, Phys. Rev. D 100, 014032 (2019)

19

///4

[ I I | I I I I | I I I ’I'r
: == Setting 1 _
B ~ Setting2 | |
~ Setting3 -~
4- = Setting 4’ ]
) !
ok | =E= I
1 1 | 1 1 | 1 1 1 1 | 1 1 | I 1 1 1 | i 1 1
8 8.5 9 9.5 10 10.5 11
E, (GeV)

= Unfolded 2D cross section
results compared to various
model predictions informed
by the 2019 1D GlueX results

= All models work reasonably
well at higher energies but
deviate at lower energies
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Preprint: https://arxiv.org/abs/2207.05212

///4
EXTRACTING GFFS FROM THE 2D PROFILES

First ever extraction of gluonic GFFs from purely experimental data!

T:;m\ Py . = Model dependent extractions using the available approaches in the
. d literature

N Bl « Holographic QCD approach: K. Mamo & |. Zahed, PRD 103, 094010 (2021) and
. q“ f\w 2204.08857 (2022)

] « GPD approach: Y. Guo, X. Ji, Y. Liu, PRD 103, 096010 (2021)

é 1 **‘k *H & = In both cases assume B,(7) contributes little (supported by lattice)

T . Use tripole form for A (¢) and C,(7) (differences with dipole negligible)

i“ ' aUse A,(0) = (x,) from the CT18 global fit, fit remaining 3 parameters

e e i (my, C,(0), m) to 2D cross section results.

11111

o (Gev?) ] (GeV?) 20 S. Joosten Argonneb
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Preprint: https://arxiv.org/abs/2207.05212

/7748
GLUONIC GFF RESULTS

Good agreement between Holographic QCD and Lattice results!

~—~ J/¥—=007 using M-Z approach
~—— J/¥ =007 using G-J-L approach
» Results from the 2D gluonic GFF fits
. « Gluonic A () and D, (1) = 4C(7) form factors
| « y*/n.d.f. in both cases very close to 1
= M-Z (holographic QCD) approach fit to only experimental data
1072 gives results very close to the latest lattice results!
= GPD approach gives very different values, may indicate
(expected) issues with the factorization assumption
3
~1071 /
M-Z: K. Mamo & |. Zahed, PRD 103, 094010 (2021) and
2204.08857 (2022)
G-J-L: Y. Guo, X. Ji, Y. Liu, PRD 103, 096010 (2021)
- 109 Lattice: D. Pefkou, D, Hackett, P. Shanahan, Phys. Rev.
' D 105, 054509 (2022).

05 1.0 15 20 25 3.0 35 40 45 21 S. Joosten Argonneﬁ
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/v
M-Z: K. Mamo & |. Zahed, PRD 103, 094010 (2021) and 2204.08857 (2022) 00 ]

G-J-L: Y. Guo, X. Ji, Y. Liu, PRD 103, 096010 (2021)
Lattice: D. Pefkou, D, Hackett, P. Shanahan, Phys. Rev. D 105, 054509 (2022).

WHAT ABOUT THE MASS AND SCALAR RADII?
Extracted from gluonic GFF results following M-Z and G-J-L

Theoretical approach  y2/n.df  my (GeV) mc (GeV) C,(0) Va2, Qi (r%)g (fm) ’ 6 dA g(t ) 6 Cg(O)
GFF functional form < o > — —
g 2
Holographic QCD 0.925 B751L0.¢0 . 128).2W W0.45580.82 0.7554+0.035 1.069+0.056 A (O) dt 0 Ag (O) MN
Tripole-tripole dA
t C,0
GPD 0.924 29130 19 1.2840.50 -0.20 £0.11 0.47240.042 0.6954+0.071 < 2> _ 6 ( ) _ 1 8 g( )
Tripole-tripole g A (O) dt Ag(O) M]%]
Lattice 1.641+0.043 1.0740.12 -0.4834+0.133 0.7464+0.025 1.0734+0.066 =,

Tripole-tripole

In all cases the extracted r,,

substantially smaller than the proton
charge radius

Both the holographic QCD fit to our
data, and the latest Lattice
calculations find a gluonic confining
scalar potential radius of about 1 fermi

22
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VARIOUS MODEL-DEPENDENT EXTRACTIONS
Radius (following DK), and Ma/M (following Ji), for each energy slice

12.0 . . _ _ ]
. o T ey » Find flat region at higher
D-K formalism for radius 11.5- e S energies, which seems to
N2 | g break below 9.7 GeV
do B 1 1 2 67 G 0 11.0 R. Wang et. al ]
dt ~ 64xs ‘ ‘2 (Qcca) b ) e E’_— 0 _ 1 |= Good agreement with
Frem 3 g a8 o Iattice in flat region
- ) 05 o Sag
TModr|_om - N \/( ) = 0.52 % 0.03 fm
9.0
. - M /M =0.175+0.013
532 04 06 0800 0.1 0.2 0.3
radius (fm) Ma/M

GlueX point: R. Wang, J. Evslin, X. Chen, Eur. Phys. J. C, 80, 507 (2020).
Approach: X. Ji, Phys. Rev. Lett. 74, 1071-1074 (1995), same procedure as
the GlueX point

Lattice Ma: F. He, P. Sun,Y.-B. Yang, Phys. Rev. D 104, 074507 (2021)

DK: D, Kharzeev, Phys. Rev. D 104, 054015 (2021)
Charge radius: CODATA
Lattice radius: D. Pefkou, D, Hackett, P. Shanahan, Phys. Rev. D 105, (2022)
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oo’
HALL C J/¥-007 RESULTS IN A NUTSHELL

= The Hall C J/p-007 experiment has the first near-
threshold 2D J/y cross section results in this area,
currently under peer review.

= Stringent exclusion limit for the LHCb charmed
pentaquarks in photoproduction

= New window on the gluonic GFFs in the proton
» Does the proton have a dense energetic core?

4/% U.S. DEPARTMENT OF  Argonne National Laboratory is a
g @ 3 ENERGY U.S. Department of Energy laboratory 24
\cmjﬁ managed by UChicago Argonne, LLC.




The proton mass: An important topic in contemporary hadronic physics!

RAPIDLY EVOLVING

o - G AR
- The Proton Mass s

et B | = g
At the heart of most visible matter. “i( & L. EUROPEAN CENTRE FOR THEORETICALSTUDIES

‘ . T ‘)' ‘ o, Institutional Mem c p
ol ik | EIRMELE 0 INAN ASSESSMENT OF

AT N e IS -BASED ELECTRON-ION . g Workshop Overview

S0 s i R COLLIDER SCIENCE . _

INT WORKSHOP INT-20R-77
Origin of the Visible Universe: Unraveling the Proton Mass
ne 13, 2022 - June 17, 2022

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

The Siteof the Wright Brothers' First Akplane Filght

The Proton Mass: At the Heart of Most Visible Matter
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\ ~ ? L " . A 7 N Quark kinetic and = Brdt(—i Uniqueness of the deenmpoli:o:, Quark m,mdqnnkm;:; energy contribution, Anomaly contribution, » w?::;unipv it
N Sk 3= S otential encrgy 19 = | 42! (=iD-a)y Hadron mass calculations:
" Wl we : Speakers P 8y s QCD (total & ndivid i el methods model spproc
Qabintes Hiy = / i N mﬁmmmmmm bdonmascomponents: - A .. T e R— . oromaToR
SSSSSSS (SLAC) b i rnil :
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PROMINENT RECENT DEVELOPMENTS

Trace decomposition Energy decomposition Ji’s decomposition

— yp-Jlyp
—— yp-vyp

n=2GeV

/

o]
1072
11111

— yp-Jlyp
—— yp-y'p

D(K)

do/dt (nb/GeV?)

~23%

~92%

Relies on Independent of Motivated by
virial theorem virial theorem virial theorem

5.2 5.4 5.6
W (GeV)

Proton gravitational form factors Near-threshold heavy quarkonium
holographic QCD compared with production at large momentum transfer,
Lattice, K. Mamo & |. Zahed (2022) P. Sun, X-B. Tong, F. Yuan (PRD 2022)

Proton mass budget decompositions,
C. Lorce (from 2022 INT workshop)

|||||||||||||||||||

r?P(r)(Gev ") 20—
[ [ Data : GlueX Collaboration |

A hot topic: many theoretical developments, n. = 1244007 GOV
and pace of publications only speeding up! . o R0
d(—t)’ Gev? |
= Many extractions depend on extrapolating to |
the forward limit (t=0), which introduces |
theoretlcal systematic uncertainties. PF§CISG Gluon contribution to pressure |  Gluonic radius of the proton
high-t as a function photon energy crucial. in GPD formalism, Y. Guo, X. Ji, | based on 1D GlueX results, D.

Y. Liu, (PRD 2021) Kharzeev (PRD 2021)
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THE SOLID-J/W EXPERIMENT
Ultimate factory for near-threshold J/yp

= General purpose large-acceptance spectrometer

= 50+10 days of 3uA beam on a 15cm long LH2
target (1037/cmZ2/s)

= Ultra-high luminosity: 43.2ab"
= Open 2-particle trigger, covering J/y

production in four channels:
Electroproduction (e,e-e*), photoproduction (p,e-

e+) SoLID J/y event
inclusive (e-e*), exclusive (ep,ee*)

= The electoproduction channel provides for a
modest lever-arm in Q2 near threshold =

side view

27




PHOTOPRODUCTION

Ultra-high statistics and best reach to high energies

= Production through quasi-real

photons, and bremsstrahlung In T samemuanon ' "° 8-"§;u'déMQLAT’.b}i”"""'”""' o
the extended target. - Hcongh | Foeproducton - 1> Versus ' (804K ovents)
.. a- 4 -
= Measure J/y decay pair in : AR |
forward and/or wide-angle s <
Y) =
detectors S 3 = 4
. . L o [ o
= |dentify recoil proton (which is 2
slow) through time-of-flight with : 1 T
the SPDs and MRPC:s. 'y
[T S S S N T T T WO SN SN SR ST N N T S S S S R S S 1 o ——— | B ]
= Can make measurement up to L oA
0, ... (deg) W (GeV)

very large values of .

28 S. Joosten  Argonne &
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= Production through virtual
photons

= Measure J/yp decay pair in

forward and/or wide-angle
detectors

= |dentify scattered electron in the
forward spectrometer.

= Coverage up to larger values of
t very close to threshold.

(GeV?)

min

t |

It

ELECTROPRODUCTION

Unrivaled reach towards the threshold and modest lever-arm in Q2

LI I

L L l LA B A I L B | ] L L l' LI ' L

- SoLID SIMULATION

| e(p),e+e- (J/ electroproduction)
It-tminl versus W (21k events)

W (GeV)

29

104 2 LN S B S B S S e e B B B e B BB 104
- SolLID SIMULATION
- e(p),e+e- (J/y electroproduction)
] Of versus W 1

10° 10°
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PROJECTED IMPACT FOR SOLID-J/W¥

Radius fO"OWing the DK apprOaCh D, Kharzeev, Phys. Rev. D 104, 054015 (2021)

Dipole Form A(k) = %

0.64 - . I
4 Fit for GlueX Data 4 Ry, SoLID J/w Photo-production Projection
062{ ¢ SoLID J/y Electro-production -+ Rpm, SOLID J/y Electro-production Projection
. ¢ SoLID J/w Photo-production - R, Lattic QCD (Shanahan-Detmold 2019)
= _ . 4 R,,, Holographic QCD with GlueX (Mamo-Zahed 2021)
< 0.58 4 R,,, Dipole Fit with GlueX (Kharzeev 2021)
} { } } { } { } { * -+ Rc, Latest e — p scatt. (PRad 2019)
0.56 A
=— Rc¢, CODATA-2018
$33¢333¢¢¢d%333¢3d3sssapes c
0.54 -
1.200 -
—e—
1.175
1.150 + [ ® | —o—H
39°1.125 : ® :
SRERRRRERERE :
1.075 } }
EEEEEEEEXEXXEXEEEEEEREREL B —e—
1.050 -
8.5 2.0 9.5 10.0 105 11.0 115 0.45 050 055 060 0.65 070 075 0.80 0.85 0.90
E, (GeV) fm

High sensitivity over the full photon energy range

rgonne National Laboratory is a
.S. Department of Energy laboratory 30 S J t A O e
anaged by UChicago Argonne, LLC. . OOS e n rg n n
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PROJECTED IMPACT FOR SOLID-J/W¥

Ma/M fO"OWing Ji,s approach X. Ji, Phys. Rev. Lett. 74, 1071-1074 (1995)

4.0 )
&= SoLID JPsi Projection
3.51 —— R. Wang et al. 0.30

H+  GlueX Fit (R. Wang et al.)

Lg3.0- 0281 t SoLID Jiy electro-production
') {  SoLID Jiy photo-production
N
& 2D 0.26 - SoLID Jiy Systematic Estimate
S
I 20' a,
< 0.24
Q. e
315 IIIIIIIIII}
= 0:29:- '
N>< 10 ............................................................................................................. e S i e el
0.20 -
0.54
0.18
-04 -03 -02 -01 00 01 02 03 04 05 8.0 8.5 9.0 9.5 10.0  10.5 11.0 115 12.0
trace anomaly b E, (GeV)

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

High sensitivity over the full photon energy range

rgonne National Laboratory is a

anaged by UChicago Argonne, LLC. 31 S. Joosten Argon ne °
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SeLiD

SOLENOIDAL LARGE INTENSITY DEVICE

SOLID-J/¥Y PROJECTIONS

Precision at high t crucial for extrapolations to the forward limit
(exponentlal dlpole triple, ...)

,,,,,,,,,,,,,,,,,,,,,,,, BEERRAREEE R
§ Sotpsmusmon
'_."09 520 GeV <E, <10.00 GeV ; UL L L L B B B - _ajiiiGeV<E <1007 GeV i
SO e, - - SoLID SIMULATION e electroproduction e(p)+ee - o - :
8 | . E 10 = J/y Production e photoproduction (e)p+ee _ 2 i Cee -
By T e, - i o exclusive ep+ee 1 = 4
I $ - — : n T 1
ool i —— T o
104k ® photoproduction (e)p+ee + o 107 = ... e'le?tlr‘iprﬁd‘lﬂ‘:til"“ ‘I*(IIC’)I""Iee IIIIIIII E
R B T B s S~~R I b = S A
t-tminl (GEV?) £ - / 7 n il (GeVY)
O L S L B B b B ] IO T B L B B
. ?/oLIIDD %IM?LATION a — — . jcsz:DI)rO%II\/(I#CI)_?TION |
= roduction - ucti
- 8.:3p1 GeV <E, <8.91GeV - 8.39GeV< E,6 <8.58 GeV
%, - — — o
cOE o, E CF aet-photanroduction = o E
§102_ e g - n GIueX photoproduction S 4 :
g + i 2+3-gluon fit 1 = t
0 i — — 19
3 E 10—2 rovc v b v e b v e v e v P Py | 10 E
g 85 9 95 10 105 11 115 12 125
10 4—_. | ... IpIhclatcl>|olrtladlulctlloln|(¢=:)pl>-|-letleI o ._— 10 4_— ° Ielectropll'oductlorlr e(p)+eeI | E

()E 1 2 3 4 5 E6 E'Y (GeV) OE 1 2 3 4 5 E6

It-tminl (GeV?) |t-tminl (GeV?)

ational Laboratory is
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J/IW EXPERIMENTS AT JLAB COMPARED

CLAS 12
with upgrade?
HALL B

HMS+SHMS
HALL C

J/P counts 469 published 2k electron channel

(photo-prod.) ~10k phase | + I 2k muon channel el 804k
J/W Rate (electro- /A /A . .
prod.)
Finished/Ongoing Finished Ongoing/Proposed Future

The CLAS12 projected count rates assume the proposed CLAS12 luminosity upgrade to 2x1035/cm?/s

4.2 % U.S. DEPARTMENT OF _ Argonne National Laboratory is a
&@ 3 EN ERGY U.S. Department of Energy laboratory 33
R managed by UChicago Argonne, LLC.
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THE COLOR VAN DER WAALS FORCE BEYOND SOLID-J/W¥

Increasing sensitivity with J/@ and g’ production off nuclel

Expect enhanced color Van der Waals force in nuclei due to the
larger color field: measure e.g. coherent J/yp production off 4He

Nuclei also enable @’ production at lower energies: threshold for
coherent Y’ production off 4He at 7.4GeV

W’ a larger color dipole, expect stronger binding (larger
enhancements in the near-threshold cross section)

A coherent J/p and g’ program off 4He at SoLID would open
many avenues to study the nature of the color Van der Waals

force.

With higher beam energies. coherent production off 4He to
higher energies (imaging!)

34 S. Joosten Argggggmg ‘ 75




COMPLEMENTARITY WITH EIC

J/y at SoLID and Y at EPIC

* Y(1S) at EIC trades statistical
precision of J/y at SoLID for lower
theoretical uncertainties, and extra
channel to study universality.

» Large Q2 reach at EIC an additional
knob to study production, near-
threshold J/p production at large
Q2 may be experimentally feasible!

101

o(yp— Yp) [nDb]
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I I o
™ - @

-
-
W
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TN

35

¢ EIC 10 fb™!

EIC

} CMS (2019) Y LHCb (2015)
¢ EIC 100 fb~' & H1(2000) ¢ ZEUS (1998, 2009)
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SOLENOIDAL LARGE INTENSITY DEVICE

T : 650 MeV i
B w18

JLAB BEYOND: OPPORTUNITIES WITH A LARGER
CEBAF BEAM ENERGY (~22 GeV)



JLAB BEYOND: WHY HIGHER ENERGIES AT JLAB

What can we learn?
How do we compare to EIC?

] ] § e Cornell 75
= Potential benefits: + SLACTS
= Larger reach in Q2 near threshold with high . v NALE]
precision 07 ! ZEUS Combined (1)
= Precision measurement to supersede old i o Lx S TARY)
SLAC and Cornell measurement 10 10 10°
. . . W (GeV)
= High-precision for EIC at lower energies (but | P hrye— 10
with much higher W resolution) | e o oo .
= Extend high-t reach unique to Jlab to higher ) .
energies - cannot be done with EIC. e | g
= Can extend program from J/yp to @’ (larger = 1? - o
color dipole, independent knob to constrain :
physics) i N
0 | 1

| | | I N
10 10°
W (GeV)
"7, U.S. DEPARTMENT OF Grgolgne National If_?sboratoTybiS a °
2 5 .S. t t t
@ 4 EN ERGY ma nageepda rb)r/nLeJréihci)cagnoerAgr)gl;oan nc:er,aLEg 3 7 S J OOSte n A rgo n n e
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SeLiD

SOLENOIDAL LARGE INTENSITY DEVICE

ELECTROPRODUCTION@SOLID LOOKS PROMISING

Good kinematic coverage with standard setup without changes

8 T 1T 1 | T 1T 1 | T 1T 1 | T 1T 1 | T 1T 1 | T 1T 1 T 1T 1 104 10 o | b | o | L | P | L | P | o | o 104 10 T T 1 | T T 1 | T T 1 | I T 1 | T T 1 | 1T 1 | 1T 1 | T 1 | T 1 104
. SoLID SIMULATION ] -~ SoLID SIMULATION (17 GeV beam) ] - SoLID SIMULATION (20 GeV beam) :
| e(p),e+e- (J/y electroproduction) | - Ie(p),?+e- (J/p electroproduction) i - e(p),e+e- (J/y electroproduction) -
Itt | versus W (21k events) 8_ t-t | versus W (32k events) ] - Itt | versus W (39 events) -
! ] B | ol -
T 11 GeV "’ | 17 GeV K | 20 GeV "
EO ‘ 3 o - e :
= 4 - 10 = | 1. 10 = . 10
£ | _E - - £ B
= : = 40 B o4
2 — 10 i l B - 10
0 SRV am—— % 42 44 46 4 2 54 56 1 0 1
4 41 42 43 44 45 46 2 44 46 48 S5 52 54 56 58 4 42 44 46 48 5 52 54 56 5.8
W (GeV) W (GeV) W (GeV)

rgane National If-?fboratOTYbiS a °
'aﬁageepda l’bt;’/nﬁrC12thci>cagnoerAgr)gl;oan nc:er,alfﬁg 3 8 S . J OOSte n A rgo n n e
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SeLiD

SOLENOIDAL LARGE INTENSITY DEVICE

ELECTROPRODUCTION@SOLID LOOKS PROMISING

Larger near-threshold lever-arm in Q2

201

2 I I I I | I I I I | I I I I | I I I I | I I I I I I I I 1 04 | | IslolLllb |SI|IMIU|LIAI_I_II|OINI (|1 |7| Glé\ll Iblela.:fr]l) a | Y n 1 04 20 L | L | L | L | T T 1 | T T 1 | T T 1 | T T 1 | I T 1 1 04
: g(OLlD SIMULATION _ : - e(p),e+e- (Jly electroproduction) A : SoLID SIMULATION (20 Ge\_/ beam) :
p),e+e- (J/p electroproduction) Q2 W | e(p),e+e- (J/y electroproduction)
- Q°versus W . i Versus | - Q°versus W .
i | - - ; i |
| L 17 GeV " 20 GeV |
% ] ] E - - , % ] ]
S 1 - 10° ~ 1o i S 101 - 10°
QY B 7 Al B 7]
S | : 7 : s :
0.5 1 10 o —1 1 51 1 10
O_| ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] |_ 1 04I II4-|2| II4-|4-I II4-|6I II4-| — |5|| II5| | II5|4-I ! |56| ! |58 1 O_| [ | I | L 1 | | L 1 | | L 1 | | L 1 | | L 1 | | L 1 | | I 1
4 4.1 4.2 4.3 4.4 4.5 4.6 ' ' ' ' ' ' ' ' 4 42 44 46 4. 5 52 54 56 5.8
W (GeV) W (GeV) W (GeV)

Some room for re-optimization towards larger Q2 by
moving the target position

ENT OF rgo nal Laboratory is a
. Department of Energy laboratory 39 S J t A O e
anaged by UChicago Argonne, LLC. . OOS e n rg n n
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SeLiD

SOLENOIDAL LARGE INTENSITY DEVICE

PHOTOPRODUCTION A BIT MORE DIFFICULT

Standard setup misses a large fraction of events at higher energies

8IIII|IIII|IIII|IIII|IIII| IIIIIIII 104 10III|III|III|III|III|III|III|III|III 104 10III|III|III|III|III|III|III|III|III
- SoLID SIMULATION . - SoLID SIMULATION (17 GeV beam) 7 - SoLID SIMULATION (20 GeV beam)
. (e)p,e+e- (J/y photoproduction) | - (e)p,e+e- (J/y photoproduction) . - (e)p,e+e- (JIp photoproduction)
It-t | versus W (804k events) - It-t | versus W (333k events) . - It-t | versus W (376k events)
L min | 8— min ) 8— min
6/ - - . - 1
- 11 GeV _ 17 Ge _ - 20 GeY
> | ] S 6 — S 6
o - s %) o B i %) 0 B
2 € O € 0
~ 4_ | S ~ L _ S ~ L
- c o — c o — c
s | | S s L i S s L
= . _ i+ 4 — T 4-
2_ ] - ] L
- . 21— — 2
O ||||||||| | I I | L 111 O_ 1 | L1 L1 | 1 | 1 O_ L1 | 1 .H 1
4 41 42 43 44 45 46 4 42 44 46 48 5 52 54 56 5.8 4 42 44 46 48 5 2 54 56 5.8
W (GeV) W (GeV) W (Ge

Let's look at the missing events
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Precoil (GeV)

THE MISSING EVENTS... AT LARGE ANGLE???
W > 5.2 GeV, |t-tmin| between 0.5 and 2 GeV?

rrrryrrrrp ottty T T |IIII|IIII|IIII|IIII
SoLID SIMULATION (17 GeV beam)

(e)p,e+e- (J/p photoproduction)
The missing protons ]

10

15 20 25 30 35 40 45 50
deg)

recon (

abo
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

10*

1OIIIIIIIIIIIIIIIIIIIIIIIIIII 104 n
| SoLID SIMULATION (20 GeV beam) SOL' D-J pSI aCCeptanCe
- (e)p,e+e- (J/y photoproduction)
- I+t | versus W (376k events) 0 _ |
8_
10° - 20 Gevpl®
T 6
() L
? o [
2 c T c L
10 § EE 4__
oL
10 -
O_ Ll |m | I__ 1
4 42 44 46 48 5 52 54 56 5.8
1 W (GeV)

Counterintuitive..., why recoil proton at /larger angle?

41 S. Joosten  Argonne &
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SOLENOIDAL LARGE INTENSITY DEVICE

LET’S LOOK AT ALL RECOILS FOR ADETECTED J/PSI

Recoill movmg to larger and larger angles for increasing energy

5 [ [ | [ [ [ [ | [ [ | [ | [ [ [ 10 IIIIIIIIIIIIIIIIIIII |IIII| IIIIIIII |IIII|IIII 104 IIIIIIIIIIIIIIIIIIII | IIIIIIIIIIII |IIII|IIII 104

- SoLID SIMULATION T ] SoLID SIMULATION (17 GeV beam) | i SoLID SIMULATION (20 GeV beam) 1

- (ep), e+e- (J/p inclusive) ] (ep),e+e- (J/i inclusive) (ep),e+e- (J/i inclusive)

i | ~  Recoail p ] ~  Recoil p ]

- ] 6_ |

i 4 10° 10° 10°
% 3 | (7)) 2 2
0] 1 a = = =
Nl — 2 2 2
= . |8 107 3 10° 3 10° 3
3 . N o (&) o
o " ]

2 _ |

| 10 10 10
1 B
5 10 15 20 25 30 | 0 5 10 15 20 25 30 35 40 45 80 0 5 10 15 20 25 30 35 40 45 50 |
erecoiI (deg) erecoil (deg) 6recoil (deg)

Reason: J/psi are boosted forward at higher energies, so we are selecting at relatively speaking events at increasingly
large angles. Momentum conservation then also starts selecting events with a larger recoil angle, leading to an overall drop
In acceptance.

Solution: combination of a re-optimized target position, larger-angle recoil detector, instrumenting SoLID to
smaller angles should recover these events!

Question: is there a tradeoff with an optimization for high-Q? or can we do both?

(WENERGY 23 s iy 42 S. Joosten Argonneb
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WHY ¥’ PRODUCTION?

Independent, more sensitive probe (larger color dipole!)

W’ a larger color dipole: expect stronger gluonic interactions

Complementary probe: provides an extra handle (color dipole
size) to probe the gluonic field in the proton

Better constrain on model dependencies and factorization
assumptions from Jefferson Lab alone (do not need to wait for Y

at EIC)

Only really possible at Solid as ultra-high luminosity is required.

43 S. Joosten  Argonne &
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Y’ PHYSICS AT JLAB?

Designing a ¢’ experiment

w(2s) mass is 3686.097 £+ 0.025 MeV, with photoproduction threshold at about 11
GeV

Experimentally:

- Easiest decay channel is ete- (BR: 0.793 £0.017 %)
* Plenty resolution (<50 MeV) at SoLID to distinguish J/p and y(2s)
» Contamination of higher g states strongly suppressed in this channel

« Other promising channel (J/y,mrmr, BR: 34.67 £ 0.30 % ) requires more study
(4- particle final state after J/@ decay)

Conclusion: @’ physics possible at JLab with even modest beam energy increase,
assuming sufficient cross section

44
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Y’ CROSS SECTION?

Extrapolating down to threshold

Experimentally, at higher energies w(2s)/y(1s) is about 0.16 (from HERA and LHC)

Ansatz (as we really don't know): use n-gluon formalism, assume same ratio
between 2- and 3-gluon amplitudes as for J/y production

In practice: fix ratio of 2- and 3-gluon amplitudes to n-gluon fit to GlueX data, then fit
to higher energy J/y data scaled down by 0.16

End result: factor of about 47 reduction in rate for (yp = w(2s)p — pe*te™).

Hence, measurement requires very high luminosity. Could also be approached by
exploring other decay channels

45
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SOLENOIDAL LARGE INTENSITY DEVICE

EXPERIMENTAL CONSIDERATIONS WITH SOLID
17 GeV optimum with current SoLID-J/p setup

Triple-coincidence phase space for g’ production at SoLID assuming 50 days at 1037/cm<s

8||||||||||||||||||||||||||| 104 :IIScI)I_Ill:l)SIII\I/ILIJILIA'll'IbII\II(1I7|G_|(Ia\/lble<':llrrll)lIII: -IISIOLIIDISIII\|/ILIJII_IAITI|OINI(-:I7|(Iae.l_\/lblelarln)llII'_ 8|||||||||||||||||||||||||||
. SoLID SIMULATION (17 GeV beam) | [ (S (W photoproduction) : [ Spheser {4 electropraduction) : . SoLID SIMULATION (17 GeV beam) |

e(p),e+e- (y' electroproduction)
It-tminl versus W (2k events)

Q? versus W

(e)p,e+e- (' photoproduction)
It-tminl versus W (53k events)

10
T T T T T T T T T T T T T T T T T T T T T T 1T T T T T 1T T T T T 104
- SoLllD SIMUL,IATION (17|GeV bearr|1) B ISoLI[I) SIMUILATIOIN (17IG|eV bclaam) | .
(e)p,e+e- (' photoproduction) - e(p),e+e- (y' electroproduction)
i e- - Scattered e
T Séattered
ecay - Séattere : 1
i I 4 46 4.8 5 52 54 56 5.8

scat (GeV)
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SOLENOIDAL LARGE INTENSITY DEVICE

EXPERIMENTAL CONSIDERATIONS WITH SOLID

20 GeV (and higher) would require modifications to target location
Triple-coincidence phase space for g’ production at SoLID assuming 50 days at 1037/cm<s

SoLID SIMULATION (20 GeV beam)
(e)p,e+e- (' photoproduction)
It-tminl versus W (69k events)

nne National Laboratory is a

7R U.S. DEPARTMENT OF  Argo
g @ é ENERGY U.S. Department of Energy laboratory
R managed by UChicago Argonne, LLC.

-~ SoLID SIMULATION (20 GeV beam)
- (e)p,e+e- (Y' photoproduction)
. Recoil p

. =

e- (' photoproduction)

B ISIOLIIDISIII\|/ILIJII_IAITI|OINI(I26(IEe_IVIlbl.e;r:r.lé'1::_-;;:':5.; 8 I N L Y B I B B
[ Slphere (v electioproduction).; . - SoLID SIMULATION (20 GeV beam) |
ol "'.ﬁ_'-_g ¥ | e(p),e+e- (y" electroproduction) |
T Q2 ran g : It-t | versus W (4k events)
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Q.4 46 4.8 5 52 54 56 . 1

T un T L I.I Tw | T T | 1T | T T T T
VIULATION (20 GeV beam)
glectroproduction)
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PHYSICS REACH WITH DIFFERENT BEAM ENERGIES

10
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T ]
SoLID SIMULATION (17 GeV beam)
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2D CROSS SECTION POTENTIAL
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ST e, : SoLID SIMULATION (17 GeV beam) ﬁ1 ‘%‘u 3
R Tote, ] 10 & y' Production S [ K i
Q | . = e |
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1'_ SoIF:IDdSIMULATION (17 GeV beam) I O Jhy 2+3 gluon i = \?;?IF;:gd?ch:'\t/ilcl)Jrll_ATION (17 GeV beam) ;
- "Pr tion n _ - ]
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B —— T —2 | I | | | I | | | I | | | o i ]
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3 | . 1 E i + ]
s | + | E, (GeV) S | + -
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o - . K, - .
3 | | 3 -
107 < 2D measurement of ¢)(2s) cross section feasible 107 3
| | for both photoproduction and electroproduction : | :
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GLUE A

THOUGHTS ON “JLAB BEYOND”
What can be done with a JLab energy upgrade at GlueX?

o 17+GeV at GlueX will allow for measurements of J/wat 17 GeV - naturality
polarization observables that can help separate v p - Jhp p |
different contributions to J/y production : F e el

* Energy upgrade would enable looking at C-even 3

charmonium states

=
o
< =
5- ~0.8— —o— GlueX present data errors
? E —e— GlueX 17 GeV - 2g exchange
o, 1 o =S A R e 39 exchange - C-parity violation |
X -150 -100 -50 0 50 100 150
O q)hel-(I),deg
1 Y (0) = Y, (90)
See Keigo Mizutani’s slide: naturality
o R )
» z | o " W<¢hel—¢’>=21—,,(1 - p A= cos[2<¢he,—<1>'>1) s
10 , 5 : : 1 o GlueX Jip 17 GeV |
_ i § § § | —e— GlueX x_ 22 GeV | _ _
#0 I o SLAC Ry | Figures by Lubomir Pentchev
-1 1 1 l L1 1 1 I L1 1 1 l L1 1 1 | L1 1 1 | L1 1 1 I L1 1 1 l L1 1 1 I L1 1 1 I
9 10 11 12 13 14 _15_ 1617 (J/y Beyond workshop)

E,,GeV 16
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CONCLUSION

= The JLab 12-GeV program has delivered important first results on near-threshold J/y
production from GlueX and Hall C (J/w-007)

= New window on the gluonic GFFs in the proton
= Does the proton have a dense energetic core?

= The planned near-threshold J/yp production program at Jefferson Lab crucial to
further our understanding of the origin of mass.

= This includes the approved program at GlueX, CLAS12 with luminosity upgrade, and importantly
SoLID-J/p in Hall A.

= SoLID can reach J/p observables that cannot be achieved anywhere else, including precision
measurements at high t, and precision electroproduction near threshold.

= [he matter structure of the proton and threshold quarkonium production are rapidly
evolving topics that reach from Jefferson Lab to the EIC

= EIC is complimentary: enables measurement of high-mass vector mesons and production at high
Q2, important to understand factorization. High-luminosity crucial for these measurements.

= A possible JLab energy upgrade could expand its scientific reach for near-threshold quarkonium
production without too much overlap with the EIC.
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ELECTRON AND MUON CHANNELS 00 ¥

150
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150
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50

J/xp 007 PRELIMINARY Settlng 1
ee Signal
er and nt;w Background

B
i I I _HqR '—:r.:r"J-- I"L' |h'u:-.-".r..: L I | I
6 2.8 3 3.2 3.4
M (GeV)
| | | | | | | | | | | | | | | |
- J/p-007 PRELIMINARY Setting 1 7
B uu Signal B
0 nrt Background |
.6

Electron and muon channels independent
measurements, same statistics but different systematics

Electrons:
Low background with Cherenkov and ECAL for PID

Undergo multiple scattering and more sensitive to radiative
losses

Slightly worse resolution (10MeV)
Muons
More background using only ECAL (require coincidence

MIP in 4 layers in HMS and 2 layers in SHMS), but still
reasonable

Background dominated by 2-pion events, can get shape
from dataset

Less sensitive to multiple scattering and radiative losses

Better resolution (8MeV)

Invariant mass positition stable between phases, well
described by Monte Carlo!




WHAT DOES A
PURE T-CHANNEL
BACKGROUND
LOOK LIKE?

Need model-independent
fit shape to fit the t-channel
background inside the
spectrometer acceptance

A gaussian shape, mostly
driven by the spectrometer
acceptance, does a good
job describing both (very
different!) Monte-Carlo
models

For now used as
independent shapes
between the settings, could
In principle gain more by
levering the 2D t-profiles of
the cross section

gonne National Laboratory is a
.S. Department of Energy laboratory
anaged by UChicago Argonne, LLC.
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/7748
PENTAQUARK MODEL

Need to know pentaquark signatures in our experimental sample
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HIGH-T SETTINGS CRUCIAL FOR SENSITIVITY

Improved sensitivity at high t for a given coupling

| 1 | | | | | | | | | | | I | | | | |
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i — Setting 2 |
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®) U-S. DEPARTMENT OF  Argonne National Laboratory is a

EN ERGY U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.
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4% scale uncertainty on cross section 25><1O‘b 0 15X1O—b
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: Q B E,Gev) + i Q - E, (GeV) I : * -
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4% scale uncertainty on cross section O,25X1O._b..|....|....|....|....|.... 0_15X1.O._b..|....|....l....l....l....
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COMPLEMENTARITY WITH EIC (LONG)
J/py at SoLID and Y at EIC

* In principle, EIC creates J/y at threshold, lot| FECIOm §cs(olg) fLuco@ols)
but events hard to reconstruct due to | |
limited experimental resolution. 100{ Upsilon at

* Threshold production of higher-mass ) EIC",
quarkonia (e.g. Y(1S)) can be measured =~ <107 - L
much more precisely. T T 100 By

» Y(1S) at EIC trades statistical precision of 510 S N \*\:\?51;;5%\

J/w at SoLID for lower theoretical S | $Well016)Gev Pl
. . -3 S o Well6, 22) GeV i

uncertainties, and extra channel to study 107+ 13 welz2, 28) Gev

universality. _4i "0 Sleem

» Large Q2 reach at EIC an additional knob ~ *° T 10t 108
to study production W lGeVl
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R. Aaij et al. (LHCb), Phys.Rev.Lett. 122 (2019) no.22, 222001

LHCDb sees strong evidence for 3 resonant states

THE LHC-B CHARMED PENTAQUARKS

L HC /> Moriond QCD, Tomasz Skwarnicki, Mar 26, 2019
Plausible theoretical interpretation :-=
D3 /M b D - The only thresholds below which LHCb-PAPER-2019-014
L T g—i molecular bound states in preparation
1200 e dao are expected in this mass range
: ?Oat;? it - LHc_b _ The near-threshold masses and the narrow widths of
1000 preliminary P.(4312)*, P.(4440)* and P_(4457)*

favor “molecular” pentaquarks with meson-baryon
substructure!

Loosely — bound pentaquark Tighly — bound pentaquark

800

DY or D*©

Weighted candidates/(2 MeV)

- J/Y (cC)p(uud) suppressed (P;F narrow) = J /Y (cC)p(uud) easier (P; wider)
Can diquark substructure separated

300 4250 4300, 4350 4400 2450 4500 4550 2600 However, we need to by a potential barrier [Maiani,
7 m,.,, [MeV]  measure JPs to confirm Polosa, Riquer, PL,B778, 247

molecular hypothesns, (2018)] produce width

fid i _ 4 suppression?
INd 1SOSPIn partners, ... Are masses near thresholds just by

coincidence?
This hypothesis is not ruled out

Existence of £} D° molecule would
imply importance of p-exchange
P.(4312)*, P.(4440)" not near triangle diagram thresholds, P.(4457)" is (see backup slides).
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