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QUARKONIUM PRODUCTION NEAR THRESHOLD

Probing the energy distribution of gluonic fields inside the proton and nuclei

LHCB '14 (UPC)

Do quarkonia enable pentaquarks to

108 g — — -
; ' ' Bl Near-threshold electro- and
10 E photoproduction of
10k - quarkonium
2 h f ° ol T - Origin of proton mass, trace
03, % ¢ o0  CERN NA-14 § anomaly of the QCD EMT
10k AL el - Gluonic Van der Waals force,
- ¢ H1 Combined (y*) - possible quarkonium-nucleon/nucleus
10° \L ZEUS Combined (y*) |—= bound states
— * -

exist?

= Almost no data near threshold .
before the 12 GeV era of JLab 0
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. . _ 102;— = Mechanism for quarkonium
= J/ well constrained for high energies - ; oroduction itself
. 10 .
= Y(1S): not much available = L
= 1 v * : =
= No electro-production data available = ¢ ! | ;
10'15— =

* LHCb '15 (UPC)




QUARKONIUM PHOTO-PRODUCTION

The kinematics

10: -
y 9 fmax do f
- Otot — )
J/y threshold: 8 £ B
W ~ 4.04GeV 7f_ g
ER° ~ 8.2GeV -
5 6
t ~ —1.5GeV -
= 5
4
= Phase space limits defined by quarkonium direction 20
« Forward (with photon): ¢ = tmir e
. 0_ | | | | | | | | | | | | | | | | | | | | | | | | |
N [ = 8 8.5 9 9.5 10 10.5
Backward (with proton): t = fmax e o

= Forward direction preferred: t-dependence ~exponential
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R. Aaij et al. (LHCb), PRL 115-7 (2015)

DISCOVERY OF THE LHCB CHARMED PENTAQUARK

Ay = ATV — (K p)J/¥
Ap - K P.— K (pJ/¥)

- LHCb collaboration findings:

two P. states needed:
» Spin/parity not fully
constrained:

« 5/2+ and 3/2- (most likely)
« 5/2- and 3/2+
« 3/2- and 5/2+
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R. Aaij et al. (LHCb), Phys.Rev.Lett. 122 (2019) no.22, 222001

The plot thickens...
NEW LHC-B RESULTS WITH 10X STATISTICS

L HC /> Moriond QCD, Tomasz Skwarnicki, Mar 26, 2019 14 }
Plau3|ble theoretical interpretation ‘
D D b D N *0 < The only thresholds below which LHCb-PAPER-2019-014
Predicted JP: L ¢ T §—5 molecular bound states in preparation
1200k e dao are expected in this mass range
: ?ci;? it : e The near-threshold masses and the narrow widths of

1000 P iy P.(4312)*, P (4440)* and P(4457)*
favor “molecular” pentaquarks with meson-baryon

substructure!

Loosely — bound pentaquark Tighly — bound pentaquark

— backgrou'nd

800

D° or D*O

Weighted candidates/(2 MeV)

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

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

molecular hypotheS|S, (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).

eNt ILb ratory is
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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

IS THIS A REAL EXOTIC BARYON?

We can confirm this at JLab!

» LHCDb definitely saw something, but was it a pentaquark?
1. “True” pentaquark state: tightly bound 5-quark state
2. “Molecular” meson-baryon bound state
3. Kinematic enhancement through anomalous triangle

singularity (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
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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

lt-twdl (GeV?)

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

Electron In
v ISHMS

To beamdump

N
- Ran February 2019 for ~8 PAC days Q G
- High intensity real photon beam Q B
(50uA electron beam on a 9% copper 9% Cu Radiator WO 4
radiator) |
» 10cm liquid hydrogen target —> | | -
. Detect J/y decay leptons in coincidence  Incident
. beam
- Bremsstrahlung photon energy fully constrained
T Hydrogen
o Soting 2 : target
~ Setting 3 .~
Al _
A o
8 85 9 95 10 105 11

>

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

dummy with radiator 0.6 target wall

WI T H M I N I M AL LH2, no radiator 0.1 electroproduction
19.97 at +4.6GeV 20.17 at -4.3GeV LH2 with radiator [8.2

setting 2 low-t and low energy
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x107° x10°°
WHAT DOES A 0.3 I | | I I I | | I I I | | ‘I I ‘I I j I I | I I | | I I I | | I | | | | I I | | | 'I ,| ,.I ,I 'I I I | ]N
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: 1| TS 92393 1 - :‘:*-’?‘;---e [ T T R _l oo ooy e o b e by by L1 1_
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E, (GeV) E, (GeV)
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PENTAQUARK MODEL

Need to know pentaquark signatures in our experimental sample
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Pc resonances calculated at GlueX 90% uppe Difficult to separate higher-mass states due to radiative and

limit from MC (JPacPhoto + Detector Simulation) 11 detector smearing, and limited statistics (coarse binning)




HIGH-T SETTINGS CRUCIAL FOR SENSITIVITY

Improved sensitivity at high t for a given coupling

| 1 | | | | | | | | | | | I | | | | |
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] ] ] | ] ] ] ] | ] ] ] I | ] ] ] ] | ] | i

8 8.5 9 9.5 10 10.5

®) 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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BACKGROUND SUBTRACTION

Counting J/y

Scale down measured background
within each experimental bin

Fit background with POL2 curve
around J/y invariant mass window
to remove statistical fluctuations

Subtract fit curve within J/y
integration window from measure
spectrum

Use both narrow and wide window
to constrain systematic uncertainties
due to background subtraction and
model description of the J/y
radiative tall

rgonne National Laboratory is a
.S. Department of Energy laboratory
anaged by UChicago Argonne, LLC.
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Narrow count: 147.0 +- 12.5
Background: 6.1%

|
phasei

BG

Setting 1

SIGNAL _

60

40

20

[— ! ! | ! ! ! I T L | —
9.60<E <9.70 : 1 : phase?
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4% scale uncertainty on cross section 25><1O‘b 0 15X1O—b

L L L L R R B L L L L B R B
_ J/p-007 PRELIMINARY === t-channel only - - Jp-007 PRELIMINARY ------ t-channel only -
S I G N I F I CA N C E B T ’[’[ """" 1 """ [ Y Pc at GlueX 90% limit 7 — T ’[’[ """" 2 """ ] S I Pc at GlueX 90% limit
0.2 <t SEHing Pc at J/y-007 90% limit—| - Seting = Pc at J/p-007 90% limit |
FIT T 2 : R -
. . o [ 4 f 1 o 01— 4 }ii‘ -
Fit 1: bare Gaussian Q015 | i el -4 € ¢ Ll S -
: Q B E,Gev) + i Q - E, (GeV) I : * -
shape describes the cross = L : 1 5 | L -
section well 2 0.1 ‘} : 1 2 7 ks i -
B - q' - B 0.05— —
g : © : .'% - © i é (] |
Fit 2: Signal + background  0.05F — - o -
at GlueX upper limit (90% : 5 : : iy :
: ' IR R RSN R . | | L *le |
contidence interval). The 085 9 9.5 10 105 11 0—85 9 9.5 10 105 11
resonances lead to major E, (GeV) E, (GeV)
tension with the data at <10 <10
f - 8 ' L L 30 ' L L L
high-t. L JAp-007 PRELIMINARY ------ t-channel only - L Jp-007 PRELIMINARY ------ t-channel only -
— T settlng3 """ ] B 02020 Pc at GlueX 90% limit — T settlng 4 """ ] B 2000 Pc at GlueX 90% limit
e . : - _ : Pc at J/p-007 90% limit - a _. : Pc at J/p-007 90% limit
Fit 3: Same _as.2, but with —~ 6 g 5 4 o~ 3 5 ]
Pc at upper limit (90% > [ 3 -. j 1 = 20— 3f [[m]ﬂ]]ﬂ]ll-. -
. . Q) B —| | - N (@) | | ' —
Confldepcg interval) from s P a N 1 3 b s + ]
the preliminary J/y-007 o 4r I | H -
results themselves 3 F ! o 1 3 4o _
21 —
The data suggest a I o { L % ++ B - I it Sy ]
stringent upper limit on i e {,‘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 11 085 9 9.5 10 10.5 11
section (see next slide). E, (GeV) E, (GeV)

N
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| | | | | | | | | | | | | | | | | | | | | | | |
- J/p-007 PRELIMINARY — J/-007 —
6 N GlueX 2019 90%
— 99.99997% (50) exclusion

4% scale uncertainty on cross section limit

RESULTS AND IMPLICATIONS ¢ [/ :
S 4
Cross-section at the resonance peak s ;
for model-independent upper limits 5 :
wn 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 are inconsistent with reasonable assumptions olyp — Pc(4312) — JAp p) (nb)
for true 5-quark states. L A . . L LI ]
Jhp-007 PRELIMINARY | I Jrv-007 90%
B Jp-007 99.99997% (50) | |
2~ N 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
SoLID-J/y experiment

o(yp — Pc(4440) — J/ p) (nb)

15

o(yp — Pc(4457) — J/p p) (nb)



2D J/¥Y MEASUREMENT 7/ /4
IN HALL C

2D cross SeCtions WiII I I I I | I I I I | I I I /I'? I I I I I I I I I I I I

- B == Setting 1 -
provide access to the ~ Setiing2 | .

matter radius of the proton " - Setting3 . My -
Independent muon and electron 4 -Settingﬂ"' (|
channels (only electron results
shown)

Largest dataset (>4000 counts) of
J/y produced with a real photon -
beam B

s
s g
e tee——
——
_
]

First 2D J/y cross section results 0 S | — ..... _
near threShOId l y l l | l l l l | l l l I | l l l l I: l l l | y l l
8 8.5 9 9.5 10 105 11

t-dependence between E, (GeV)
9 1 10. 6GeV N blns of 150 MeV
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2D J/¥Y CROSS SECTION RESULTS IN A.U.

t-dependence consistent with a dipole slope

‘2 E,=(9.1, 9.25)GeV E,=(9.25, 9.4) GeV E,=(9.4, 9.55) GeV E,=(9.55, 9.7) GeV E,=(9.7, 9.85) GeV

; —Dipole fit ' —— Dipole fit ' —— Dipole fit ' —— Dipole fit ' —— Dipole fit
£ # j/V-007 J + # j/V-007 # j/V-007 & j/V-007 # j/V-007
<

P
W8

N\\
I Q?\?}V\ : iy ' 1 Gev?

£ [, =(9.85, 10.0) GeV E,=(10.0, 10.15 )GeV E,=(10.15, 10.3)GeV E,=(10.3, 10.45)GeV [E,=(10.45, 10.6)GeV
5 ——Dipole fit —— Dipole fit ' —— Dipole fit ' — Dipole fit {n" —— Dipole fit
>
g # j/V-007 # j/V-007 #* j/V-007 #* j/V-007 ¥ * j/V-007
=
[
| N
.\ ~
[ |
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
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/74
AN ENERGY SCAN OF THE GLUON RADIUS ¥ZD

First ever access of the energy dependence of the gluon radius in two models

0.9 » Mass radii can be extracted for each of the 10 energy
Mamo-Zahed holographic approach bins by means of 3 dlpole fit
0.8 q(dipole fit)
0.7 = Figure shows results following the approach from
| Jf Mamo-Zahed (Phys. Rev. D 101, 086003, 2020).
0.6

approach (Phys. Rev. D 104, 054015, 2021)

: ’
Jf +¢ %+¢++ = Similar results can be obtained following D. Kharzeev's
0.5 -

0.4 - (:> » Data can also be used to constrain the gravitational

0.3 a6 O 1007 | form factors falling the approach from Guo-Ji-Liu (Phys.

0.2 R Gluex | T e Qb Rev. D 103, 096010, 2021)

0.1 - ?‘e = The results can also be used to study the energy-

00 | | | | | | momentum tensor of QCD following the approach from
20 95 100 100 G0 e 120 12 130 Hatta-Rajan-Yang (Phys. Rev. D 100, 014032, 2019)
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- J/yp-007 PRELIMINARY — J/p-007
SUMMARY .

— 99.99997% (50) exclusion

Near-threshold electro- and photoproduction of

quarkonium
Origin of proton mass, trace anomaly of the QCD EMT

significance (no)

Gluonic Van der Waals force, possible quarkonium-nucleon/nucleus
bound states

Do quarkonia enable pentaquarks to exist? 0 1 2 3 4
Mechanism for quarkonium production itself o(rp — Pc(4312) — Jiy p) (nb)

-
/
/

ol

L B I B B B I B L N I
J/y-007 PRELIMINARY

| [ I | L I | [ |
B Up-007 90%

Jhp-007 99.99997% (50)
2 GlueX 2019 90% -

Hall C J/p-007 experiment sees no evidence for hidden-charm
pentaquarks in photoproduction

First paper on the pentaquark, and second paper on 2D J/yp cross-
sections) almost ready for collaboration review!

o(yp — Pc(4440) — J/p p) (nb)

15 2 25 3 B35 4
o(yp — Pc(4457) — JAp p) (nb)

Nati
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THE END
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12 GEV J/¥Y EXPERIMENTS AT JEFFERSON LAB

Hall D Gleszhbserver th first /L|J a;t JLab ‘ | Hall C has the J/t|.l-007 experlment (E12-16- 007) to search for the
A. AI| et a/ PRL 123 072001 (2019) | | - LHCDb hidden-charm pentaquark

EM Calorimeter
Scint.forward angle)

[EM.Calorimeter;

(large angle)

—_—— Beamline

T

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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J/¥Y EXPERIMENTS AT JLAB COMPARED

CLAS 12
with upgrade?

HMS+SHMS

HALL C HALL B

J/P counts 469 published Ak S o
(photo-prod.) ~10k phase | + I
J/yp Rate (electro- N/A N/A n ok
prod.)
Acceptance 4m <4x104 <2 21
Finished/Ongoing Finished Ongoing/Proposed ~8 years?

The CLAS12 projected count rates assume the proposed CLAS12 luminosity upgrade to 2x1035/cm?/s
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GLUEX
J/IWYW NEAR THRESHOLD IN HALL D
First J/y results from JLab, published in PRL 123, 072001 (2019)

measurements S
Also released a single 1D t-profile YP—P J/ Y — pe e 1“‘ f

;' o[ Niamber of J/I y =469 + 22 : Z;ﬁii]ﬁ]ﬁﬁﬁiff;:-.-Z'Z‘fﬁfﬁﬁii;ﬁZ,'{'ﬁ'.ﬁiiiZﬁﬁ?ijﬁﬁﬁiﬁfi{ﬁﬁﬁﬁﬁﬁﬁﬁiﬁfﬁﬁﬁﬁﬁ —A— Cornell
mean = 3.096 + 0.00] GeV . N A S S .| ==== Kharzeev etal.x 2.3
80—SD = 0013 +0.00] GeV ] q ’ é : | —— JPAC p;(4440)
| —— — incoherent sum of:

4L S AN IELTTEEY 2g exch. Brodsky et al
10 :.._:"l IIIIZIIIIiiII,"IIIIIIIIZZI;IIIIIIZIIIIII?IIIIIIIIIIII?IIIIIIIIIII%IIII ,,,,,,,,,,,,,, 39 eXCh. BrOdSky et al

8 9 10 £, Gev 20

(=200 (N v VT My s e
1D cross section (~469 counts) 5 §5zz3333z3533zzzzzzzzzzzzzzz5353zzzzzzz3zzzzzzzzés3zzzzzzzizzzzzzzzzzzz.zzzzzzzzzz;zz3zzzzzzzézzzzzzzzéﬁﬁﬁzéieaﬁ?z.?éf’:’ """"" ;
2. j::: ....................................................... /_,, :
Trends Significantly higher than Old ? _. .......................................................... , ...................... .. O LR T TE- EE LT EPD- PP PPET PP EPEPEPRRD
R S S i e
§ pr 2 o

..................
......................
................
...........
......

Published upper limits for s-channel
pentaquark resonances at 90%
confidence level

events/5 MeV

= 1D limits on
o(yp = Pc) x I'(Pc=J/yp p):
resp. <4.6nb, <1.8nb, and <3.9nb at
90%

= Still consistent with pentaquark and

molecular models 1 15 2 25 35
M(e'e), GeV

x/ndf 0843/5 |
slope:= -1.67 = 035 GeV?
10.00 < E, <1180GeV ‘

A

do/dt, nb/GeV?

= 4x more statistics being analyzed
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4% scale uncertainty on cross section O,25X1O._b..|....|....|....|....|.... 0_15X1.O._b..|....|....l....l....l....
COM PARISON _ J/y-007 PRELIMINARY ® JAp-007 Setting1 ] - J/p-007 PRELIMINARY o  JA-007 Setting2 -
- Midaassaeses Aaaanaace e . O JPac pomeron — B AMiMaacianas e . ® JPac pomeron N
0 2—_ g setting 1 B o setting 2 ]
WITH T-CHANNEL _ °% § g - 3 | _
MODEL s 3 8o 1 3013 | -
QO015— "} ili] % -1 9 - Ll My | - -
CALCULATION & | ™ o1 g ™ 38 |
LL B i} T - _
S 0.1 : - s ° -
Measured 1D results 3 F ¢ 1 $0.05- : -
show decent agreement  © , ,sF ¥ 1 ° ﬁ : ]
with predictions from the ! ¢ : - 6 -
JPac Pomeron model o) I R R RS 0 N S B LY VA R
: 3 8.5 9 9.5 10 10.5 11 3 8.5 9 9.5 10 10.5 11
(constrained by old world E (GoV GoV
data + GlueX 2019 . Y . R
reSUItS) x' L L L I_I o 30x' L L L I.I o
- J/y-007 PRELIMINARY e J/hp-007 Setting 3 7 - J/p-007 PRELIMINARY e J/y-007 Setting 4 -
8 — AMAdaasasa e Aaaa . O JPac pomeron — N AMiAtanaasnes e e . O JPac pomeron N
- ] setting 3 - | setting 4 |
Largest deviations at — [ & 1 ~ L & '; _
. > —=[ > —=[ i
lower energies R 1 & O g [[[ﬂ]ﬂ[[m]]: ! B
% : ....... .EY (IGe\I/) ....... : % | B IIEY (IGe\I/) ....... | % _
To get more sensitivity to 5 4 105 | ° H@ i
details in the near- § - 5 i - E 101 H + -
threshold cross section, 2 +%+ ii - i +O + % i
we need the 2D cross - % Jp?ii + - i ooéH )
i i ] | SR oK N W ST R R SRR RS 4 b SR
sgctlon results (see next % 8.5 9 9.5 10 10.5 11 % 8.5 9 9.5 10 10.5 11
slides) E, (GeV) E, (GeV)
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