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Quarkonium in electro- and photo-production

Strong gluonic interaction
between color neutral
objects

Minimal quark exchange
Quarkonium as a probe to
study the gluonic
structure of the nucleon
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Quarkonium photo-production: what do we know?
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Quarkonium photo-production: what do we know?
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Why the threshold region?
Near Threshold:
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Why the threshold region?
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Why electro-production at high energies?
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Why electro-production at high energies?

High Energies

« Access Gluon GPD: Full 3D
tomography of the gluonic
structure of the nucleon

« |L-T separation and the Q2
dependence of R for
quarkonium production

* J/p production at an EIC

* Y(1s) production at an EIC
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Quarkonium production near threshold
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Production mechanism near threshold unknown

S.J. Brodsky, et al., Phys.Lett. B498, 23-28 (2001)

« Same as high energies (2-gluon)?
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Production mechanism near threshold unknown

S.J. Brodsky, et al., Phys.Lett. B498, 23-28 (2001)

« Same as high energies (2-gluon)?
~ Maybe 3-gluon exchange dominant?
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Production mechanism near threshold unknown

Vel

partonic soft

S.J. Brodsky, et al., Phys.Lett. B498, 23-28 (2001) Frankfurt and Strikman., PRD66 (2002), 031502
« Same as high energies (2-gluon)? % Or a partonic soft mechanism
~« Maybe 3-gluon exchange dominant? (power law 2-gluon form-factor)?
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Production mechanism near threshold unknown

partonic soft

Frankfurt and Strikman., PRD66 (2002), 031502

S.J. Brodsky, et al., Phys.Lett. B498, 23-28 (2001)

% Or a partonic soft mechanism

« Same as high energies (2-gluon)?
(power law 2-gluon form-factor)?

~ Maybe 3-gluon exchange dominant?

N

* Orders of magnitude difference SIS P
* 2-gluon fastest drop-off % v
* Drives required luminosity for b
threshold measurement |
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2-gluon fit near threshold

« Smallest cross section drives required precision and luminosity
%« Use 2-gluon estimate for experimental projections near
threshold
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Quarkonium-nucleon scattering amplitude

»« VMD relates photo-production cross
section to quarkonium-nucleon
scattering amplitude Typ.
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Quarkonium-nucleon scattering amplitude
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Real part Ty, dominates near threshold

Mostly constrained through dispersive
relations, not data.
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D. Kharzeev, Proc.Int.Sch.Phys.Fermi 130 (1996) 105-131

D. Kharzeev et al., EPJ-C9 (1999) 459-462
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The proton mass is an emergent phenomenon

M. S. Bhagwat et al., Phys. Rev. C 68, 015203 (2003)
I. C. Cloet et al., Prog. Part. Nucl. Phys. 77, 1-69 (2014)

L Constituent quark mass

Rapid acquisition of mass is

oot of gluon cloud | from DSE and Lattice

04

0s v | = Low momentum gluons attach
] — m = 0 (Chiral limit)
3 — m=30MeV . to the current quark (DCSB)
So2 %« Gluon field accumulates

~300MeV/constituent quark
« Even in the chiral limit (mass
from nothing)!

0.1
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The proton mass is an emergent phenomenon

M. S. Bhagwat et al., Phys. Rev. C 68, 015203 (2003)
I. C. Cloet et al., Prog. Part. Nucl. Phys. 77, 1-69 (2014)

L Constituent quark mass

Rapid acquisition of mass is

- zrect ofgluon cloud | from DSE and Lattice

04

0s . | = Low momentum gluons attach
] — m = 0 (Chiral limit)
3 — m=30Mev ) to the current quark (DCSB)
So2 %« Gluon field accumulates

~300MeV/constituent quark
« Even in the chiral limit (mass
from nothing)!

0.1

* The Higgs mechanism is largely

irrelevant in “normal” matter!
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The proton mass: covariant decomposition

D. Kharzeev, Proc.Int.Sch.Phys.Fermi 130 (1996) 105-131
%« Access nucleon mass through trace of energy-
momentum tensor (EMT) at zero momentum transfer

(P|T¥|P) =2P"P, =2M,
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The proton mass: covariant decomposition

D. Kharzeev, Proc.Int.Sch.Phys.Fermi 130 (1996) 105-131
%« Access nucleon mass through trace of energy-
momentum tensor (EMT) at zero momentum transfer

2
<P\T[L‘|P> = 2P“PM = 2Mp
« At low momentum transfer: heavy quarks decouple

B(9)

Trace Anomaly Light uk Mass
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The proton mass: covariant decomposition

D. Kharzeev, Proc.Int.Sch.Phys.Fermi 130 (1996) 105-131
%« Access nucleon mass through trace of energy-
momentum tensor (EMT) at zero momentum transfer

2
<P\T[L‘|P> = 2P“PM = 2Mp
« At low momentum transfer: heavy quarks decouple

B(9)

Trace Anomaly Light uk Mass

*» Trace anomaly term dominant:
“Proton mass result of the vacuum polarization

induced by the presence of the proton.”
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The proton mass: covariant decomposition

D. Kharzeev, Proc.Int.Sch.Phys.Fermi 130 (1996) 105-131
%« Access nucleon mass through trace of energy-
momentum tensor (EMT) at zero momentum transfer

2
<P\T[L‘|P> = 2P“PM = 2Mp
« At low momentum transfer: heavy quarks decouple

B(9)

Trace Anomaly Light uk Mass

s Experlmental access. . M. Lu!(eetal.,PLB288(1992)355-359
* Trace of EMT proportional to quarkonium-proton
scattering amplitude Ty,

» Lattice QCD:
*» Possible to evaluate <G2> directly
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The proton mass: rest-frame decomposition

X. Ji, PRL 74, 1071 (1995) & PRD 52, 271 (1995)

v Matrix element of the QCD Hamiltonian in the rest
frame gives the proton mass

Hocp = / d>xT°(0, Z)

=H,+H,+H,+ H,

W g o
frace Anomaly
22% « In leading order:
Quark Enerdy 3 b
Mq = Z (CL — 1 ) M
S i m
M, — Tm_p g
; ~ A+ m)
Gluon Energy M= 21— a)M
34% (0 ark | Mass g, = 7(1—0a)
’ 1
My = 5(1-b)M
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The proton mass: rest-frame decomposition

X. Ji, PRL 74, 1071 (1995) & PRD 52, 271 (1995)

« Matrix element of the QCD Hamiltonian in the rest
frame gives the proton mass

Hocp = / d>xT°(0, T)

- H,+H,, + H, + H,

W o W o S
i race Anomaly

22%

« In leading order:

Quark Energdy 3 b

Quark Mass
11%

» a(u) related to PDFs, well

constrained

» b(u) related to quarkonium-
proton scattering amplitude
Typ near-threshold
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The proton mass ... a hot topic!

“... The vast majority of the
nucleons 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.

(The 2015 Long Range
Plan for Nuclear Science )
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The Proton Mass

At the heart of most visible matter. o

~ Rapid acquisition of mass is
__ Attect of gluon cloud
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Quark kinetic and - B it 5T o
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Speakers

Stan Brodsky (SLAC)

Xiandong Ji (Maryland)

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

Craig Roberts (ANL)

Martin Savage (University of Washington)

Quark masses H,, = /daz&mo

Gluon kinetic and 3 1.5 2
= [ d*z=(E*+B
potential energy Hy _/ T2 5 )
B 9a,
16w

Workshop Topics

Trace anomaly H, = /d: (E*-B?

Sepan Sapauyen (JLab) * Hadron Mass Calculation:
Goorge Heowmn Shany Broak) Lattice QCD and Other Methods
MOderator * Hadron Mass Decomposition
Alfred Mucller (Columbia)  Local Organizers

Zein-Eddine Meziani (Temple U.)
Jianwei Qiu (Brookhaven National Lab)
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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 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 & indivi mass i ical methods, P ical model
Experimental access to hadron mass components:
ion at threshold, nuclear gluonometry through polarized nuclear structure function, ...

ive heavy

Confirmed speakers and participants
Alexandrou Constantia (Cyprus University), Brodsky Stan (SLAC), Burkardt Matthias (New Mexico State University), Chen Jian-Ping (Jefferson Lab),
Chudakov Eugene (Jefferson Lab), Cloét Ian (Argonne National Lab), de Teramond Guy (University Costa Rica), Deshpande Abhay (Stony Brook University),
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The proton mass ... a hot topic!

“... 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.

(The 2015 Long Range
Plan for Nuclear Science )

The Proton Mass

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

Rapid acquisition of mass is
__ Attect of gluon cloud

Mip) [GeV]

p(Gev]
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Quark kinetic and
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potential energy H, /d i
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Trace anomaly H, = /d:’: 51)? (EZ -B?
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Workshop Topics

* Hadron Mass Calculation:
Lattice QCD and Other Methods

Speakers

Stan Brodsky (SLAC)

Xiandong Ji (Maryland)

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)
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Gluon kinetic and
potential energy

* Hadron Mass Decomposition

Local Organizers

Zein-Eddine Meziani (Temple U.)
Jianwei Qiu (Brookhaven National Lab)
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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 & indivi mass i analytical methods, Phenomenological model approaches, ...
Experimental access to hadron mass components:
heavy ion at threshold, nuclear gluonometry through polarized nuclear structure function, ...
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JLab will play a leading role:
Access trace anomaly through elastic
J/y production near threshold
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Binding energy of the J/y - nucleon potential

« Color neutral objects:
gluonic Van der Waals force

« At threshold, spin-averaged
scattering amplitude related to s-
wave scattering length ay,

Typ = 8T(M + My)ayy

« Binding Byp can be derived from ay,
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Binding energy of the J/p - nucleon potential

« Color neutral objects:
gluonic Van der Waals force

« At threshold, spin-averaged
scattering amplitude related to s-
wave scattering length ay,

Typ = 8T(M + My)ayy

Tyyp(0) =45
« Binding Byp can be derived from ay, | =
« Estimates between 0.05-0.30 fm,  _
. >
corresponding to Byp < 20 MeV S
Na)
% LQCD: By < 40 MeV -
S. R. Beane et al., Phys. Rev. D 91, 114503 (2015) ‘;:I/ 4
T 10#
| . . g 107
« Recent fit to existing data in a 1t . HERA (2002)
. . . i | + Fermilab (1981)
dispersive framework: 1 + EMC (1980)
“ ayp~ 0.05fm (Byp ~ 3 MeV) ,' * SLAC (1975
0. Gryniuk and M. Vanderhaeghen, Phys. Rev. D 94, 074001 (2016) 1 AL ' L L
10 100
W (GeV)
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Binding energy of the J/y - nucleon potential

« Color neutral objects:

gluonic Van der Waals force

« At threshold, spin-averaged
scattering amplitude related to s-
wave scattering length ay,

Typ = 8m(M + My )ay,
» Binding Byp can be derived from ay,

« Estimates between 0.05-0.30 fm,
corresponding to Byp < 20 MeV

~« LQCD: Byp < 40 MeV

S. R. Beane et al., Phys. Rev. D 91, 114503 (2015)

« Recent fit to existing data in a

dispersive framework:
w a(pp ~ 005 fm (Bq)p ~ 3 MeV)

* Photo-production near threshold
constrained through dispersion

relations, not data
*» Threshold experiments needed!

do/dt (t=0) (nb/GeV?)

0. Gryniuk and M. Vanderhaeghen, Phys. Rev. D 94, 074001 (2016)
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B-H asymmetry: access scattering length ay,

« Interference between elastic J/p production near threshold and Bethe-Heitler
« Forward-backward asymmetry near the J/p invariant mass peak
« Sensitive to real part of the scattering amplitude, hence ayp and By

e
Y
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charmed “pentaquark” in photo-production
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charmed “pentaquark” in photo-production

¢ Possible explanations for LHCb observations:
« LHCb: 2 new charmed “pentaquark” (P.) states
% alternative: kinematic enhancements through
. . . Lui X-H, et al., PLB 757 (201 6), p231
anomalous triangle singularity (ATS) (and references therein)
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charmed “pentaquark” in photo-production

¢ Possible explanations for LHCb observations:
« LHCb: 2 new charmed “pentaquark” (P.) states
« alternative: kinematic enhancements through

Lui X-H, et al., PLB 757 (2016), p231

anomalous triangle singularity (ATS) (and references thereln)
¢ Photo-production ideal tool to distinguish between
both explanations
« if Pc real states, also created in photo-production

« kinematic enhancement through ATS not possible"™™ G reterenes heseiny
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charmed “pentaquark” in photo-production

¢ Possible explanations for LHCb observations:
« LHCb: 2 new charmed “pentaquark” (P.) states
% alternative: kinematic enhancements through
. ‘ . Lui X-H, et al., PLB 757 (201 6), p231
anomalous triangle singularity (ATS) (and references therein)

¢ Photo-production ideal tool to distinguish between

both explanations
« if Pc real states, also created in photo-production

Wang Q., et al., PRD 92-3 (2015) 034022

« kinematic enhancement through ATS not possible (and references therein)
¢ Pc(4450) translates to narrow peak around E, = 10 GeV

JLab perfect place for this measurement!

-
T TEMPLE 17 S. Joosten
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J/y at JLab in the 12GeV era

« CEBAF: High-luminosity ,:3!*’
| continuous electron beam ,

« 4 Experimental Halls
« 11GeV at Hall A,Band C
« 12GeV at Hall D '

due to luminosity, resolution and energy reach!
e v
TEMPLE 18 S. Joosten
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J/P In HaH D/GIueX

First J/p at JLab! e
Expected dally yleld ~5-10 J/tp

S. Joosten



J/p experiment E12-

—

12-007 in Hall B/CLAS12

( ' \ > & " il ‘N '
g \ : B N Ve
g . - ', _h g .’ P/‘/

-+ w . y . 2 ’ — ,,”A,.,A_'~ :

o vl AR
JHETEN
.'

‘.‘-f..‘»
S IS - i

' - - X . i i - - i I
B Z A ‘ |
o & ] . :
" i R\ B ‘
. = — iy 3 N
' ' % 3
R o \ o~ ‘ ; !
/ 3 g ' .
: " ‘ v v i : 'y r) .
| ; . s
‘ # i ‘ . & \ - =
‘ ! \ i A ¢ / + - S R
\ } . _ ' . b d
. ! o \\ e ¢ ~ 2 Dy 7, A < P v
, 1 1 '., O - : // '

First data takn with run-g}oup A th'i\s Spring! ‘(\:\’
Expected daily yield: ~45 J/p for 130 days |

il f
R

S. Joosten



Pentaquark search E12-16-007 in Hall C

~ 50puA electron beam at 10.6 GeV for 11 days
« 9% copper radiator

»« 15cm liquid hydrogen target
« total 10% RL

« Detect J/p decay leptons in coincidence

»«  Bremsstrahlung photon

energy fully constrained
A
e

—~
—

G
9% Cu Radiator \(\% -

Incident —>

beam

Hydrogen
target

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

TEMPLE

UNIVERSITY

electron in HMS
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http://arxiv.org/abs/arXiv:1609.00676

Pentaquark search E12-16-007 in Hall C
V=007

« S50yuA electron beam at 10.6 GeV for 11 days

= 9% copper radiator High-impact experiment
= 15cm liquid hydrogen target ...Will run February 2019!
« total 10% RL B i

« Detect J/p decay leptons in coincidence

»«  Bremsstrahlung photon
energy fully constrained

S
oWy
G @ \
9% Cu Radiator \(\% % d v
To beamdump
—) ‘
Incident >
beam
Hydrogen

target

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
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electron in HMS
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http://arxiv.org/abs/arXiv:1609.00676

Resonant J/p production through P. decay
Y ) Y J///l.|) J/¢_007F ‘

Pc

s — channel

MJ‘ 1 TEMPLE 29 S. Joosten
2 UNIVERSITY



Resonant J/p production through P. decay
Y I v g J/¢_007F ‘

Pc

s — channel u — channel

« Cross section depends on coupling of
P. to (J/y, p) channel

INEMPLE 29 S. Joosten
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Resonant J/p production through P. decay
JIV-0077

J/ Y Y J/y
do
T (W= P = J/¢p)
cos 0/
s — channel u — channel L i B B I B R RS R R R
s-channel IMEMN .-channe MBI 08
% o[ | Pedr2
z F |7 P, 5/2-
|- Po 372+
« Cross section depends on coupling of 2
P. to (J/yp, p) channel -
1 —~"‘::’.',';';:' ....................
« J/p angular distribution differs between T
t-channel and s(u)-channel O =55
cos(0)
TEMPLE 22 S. Joosten
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Resonant J/p production through P. decay
JIV-0077

(yp = P. — J/vp)

s — channel u — channel

« Cross section depends on coupling of
P. to (J/y, p) channel

« J/p angular distribution differs between
t-channel and s(u)-channel

Leverage angular dependence to

maximize sensitivity at low coupling!
R ———— e

¢ 2 settings:
= “SIGNAL" (#1) to maximize S/B

« “BACKGROUND" (#2) to precisely
determine t-channel J/y cross section

TEMPLE 2D

UNIVERSITY

do

ﬂ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
S - |— t-channel J/¥
P IR IO P, 5/2+
o
= 3— --------- P. 3/2
5 -
= I R P, 5/2-
C |- P32+
2_
| R
O v..'..".I-L:l‘:l"..ll .I. -I' .l' -l. -II -II -'I il RS .u - ‘u 1 | ' "l“T”"I- .*I‘I..".T.":I"I'-II“:'IT':JT";'I:":IT':'IT':IT':IT':IT':I-"-T
-1 08 -06 04 02 0 02 04 06 08 1

cos(0)

crl O T T T ] T T T T ] T T T T l T T T T ] T T T T I T T T T
> :
[ N
S,
— - = - 103
LBl 107
| B t-channel setting #1 ;—::.f— = 10
" | I Pc (5/2+) setting #1 *"
" | I t-channel setting #2 :
L 1o | S 1oooogersegereegeregens: [ [T [ [ 1
8.5 9 9.5 10 10.5
E, [GeV]
S. Joosten



Projected results for P; search in Hall C

¢ 249 days of beam time at S0uA
¢ 5/2+ peak dominates the spectrum

« 26X reduction in t-channel background rate
¢ Background measurement will provide
first-hand information about t-channel

production near threshold

TEMPLE

UNIVERSITY

I/V-0077

t-channel J/W

P 3/2- (5.0% coupling)
P 5/2+ (5.0% coupling)
sum

—e— 2 day estimate

BACKGROUND
(2 days)

t-channel: 682 events

; 5/2+: 204 events
3/2-: 26 events

100

50

% 105 11 115 12
E, [GeV]
-'(2 | | | T T T
(%D : | — t-channel J/¥ :
O i — P, 3/2- (5.0% coupling) |
B _t — P, 5/2+ (5.0% coupling) | |
200+ || — SuUm |
- —e— 9 day estimate =
i + SIGNAL (9 days) |
100 t-channel: 120 events -
: 5/2+: 881 events
- 3/2-: 266 events
0 y 1 1 1 1 | ] | '_ 1 1 1 | 1 1 1 1 |
9 9.5 10 10.5 11 11.5 12

E, [GeV]
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Q@

Q@

Q@

Sensitivity [no]

[T

Projected results for P. search in Hall C

2+9 days of beam time at S0uA

5/2+ peak dominates the spectrum
« 26X reduction in t-channel background rate

Background measurement will provide
first-hand information about t-channel

production near threshold

—
o

Projected Sensitivity

50 limit

- According to formalism from
- Wanp Q. etal, IPRD 92-3 (201 5) 034|022-7 |

1

2

2.5 3

coupling [%)]

Significance > 200!

(in case of 5% coupling)

UNIVERSITY

V=007

t-channel J/W
P 3/2- (5.0% coupling)
P. 5/2+ (5.0% coupling)

100 — Zudn;y estimate
BACKGROUND
0 (2 days)

t-channel: 682 events

5/2+: 204 events
3/2-: 26 events

% 105 11 115 12
E, [GeV]
-'(2 | | | T T T
c%) : | ——— t-channel J/¥ :
O i — P, 3/2- (5.0% coupling) |
B i — P, 5/2+ (5.0% coupling) | |
200+ || — SuUMm |
- —e— 9 day estimate =
i + SIGNAL (9 days) |
100 t-channel: 120 events -
: 5/2+: 881 events
B 3/2-: 266 events
0 y 1 1 1 1 | ] | '_ 1 1 1 | 1 1 1 1 |
9 9.5 10 10.5 11 11.5 12

E, [GeV]

23 S. Joosten




J/p experiment £712-12-006 at SoLID

ATHENNA Collaboration

B e

¢ 3pA electron beam at 11 GeV for

50 days
¢ 11 GeV beam 15cm liquid
hydrogen target

¢ Ultra-high luminosity (43.2 ab1)

©

General purpose large-
acceptance spectrometer
Symmetric acceptance for

electrons and positrons

K. Hafidi, S. Joosten et al., Few Body Syst. 58 (2017) no.4, 141
and references therein

il TEMPLE

= UNIVERSITY

EM.Calorimeter
Scint\forward angle)

EM,Calorimeter,

(large angle)

Beamline

Coil.and,Yoke

24

Light GasillHeavy, Gas]
(cherenkovlCherenkov)

Im
P

v/v* 4+ N — N+ J/v

Electro-production
Real photo-production through
bremsstrahlung in the target cell

S. Joosten



J/p experiment £712-12-006 at SoLID

ATH EN NA Co”aboration Total Ellastic Electro-and Photo- production of J/y

¢ Photo-production

¢ 2-fold coincidence + recoil proton 1
¢ t-channel J/p rate: 1627 per day —10-1L 1 v Somell7s
= A
¢ Advantage over electro-productionc - & SACTS (Unpublished)

t-channel (2-gluon)

¢ Energy reach in charmed 107

§_ --------- t-channel + P(4450)
1 B ° SoLID 50 days 3-fold
pentaq Uark reg|0n 10_3 - @) SoLID 50 daz;s 3-fold with PC(445O)
. = | SoLID 50 days 2-fold
< H |gh rate - O SoLID 50 dazs 2-fold with P _(4450)
10—4 I I | I I I
¢ Electro-production 10 Gev
e
¢ 3-fold coincidence (3 leptons) S E—
1l 4.15 GeV <W <4.25 GeV _| | 4.25 GeV <W <4.35 GeV _|
¢ t-channel J/l[) rate: 86 per day 10 e SoLID 50 days 3-fold - 10 e SoLID 50 days 3-fold -
. - 2-gluon (b: 1.13GeV?) ] i 2-gluon (b: 1.13GeV?) ]
¢ Advantage over photo-production: ¢ ity
¢ Less background g0 3§10 :
¢ Closer to threshold £ S
10°F - 107°F =
1tivi -3 I N 1 T A IR T DR I A D
Sensitivity below 103 nb ! bl T TR | )
Itt | [GeV?] Itt | [GeV?]
TEMPLE o5 S. Joosten
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J/ experiments at JLab in a nutshell

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

J/p Rate
(photo-prod.)

#1:13/day
#2:341/day

J/p Rate
(electro-prod.) ey

5-10/day 45/day 1627/day

E12-16-007/ E12-12-001 E12-12-006

PAC days 0+2 130 50
Ongoing Early 2019 Ongoing ~10 years?

Exciting times for near-threshold J/p production!

e

TEMPLE 26 S. Joosten
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Y photo-production at an EIC

10 . —— =
Quasi-real production at an EIC - EIC Simulation (10GeV on 100GeV) =
Usi inal EIC d " 100 fb ' (116 days @ 10**cm2s™) i
sing nomina etector (L i<t cev? . _
(consistent with white paper) - | T
¢ Both electron and muon 5 L . o A
channel T
Fully exclusive reaction 102 B « EIC |
i : = =  ZEUS (2009) s
Can go to near-threshold region - H1 (2000) -
103 B ——— 2-gluon fit _
— | | E
10 10°
W [GeV]
< Y(1s) production possible at threshold!
< Provides measure for universality, complimentary to threshold
J/w program at JLab12
< s there a “beautiful” pentaquark?
< Sensitivity down to ~10-3 nb!
TEM | 27 S. 'Joosten

UNIVERSITY



quarkonium production at high energies

TEMPLE



Deeply-virtual quarkonium production and the gluon GPD

Hard scale: Q2 -+ M‘Q/
Q* + My
2p - q

Modified Bjorken-x: zy =

« average unpolarized gluon GPD related
to t-dependent cross section (LO)

10) o /22022 1 = 0

« [Fourier transform:
transverse gluonic profile

7 d*Ar iArbr A 2
10(|bT|7:UV) — (27T)2 € |<HQ>’(t — _AT)

TEMPLE 29 S. Joosten
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Deeply-virtual quarkonium production and the gluon GPD

Hard scale: Q% + M7
Q° + My

Modified Bjorken-x: zy = 5
b-q

« average unpolarized gluon GPD related * Remarks:
to t-dependent cross section (LO) * Simplest possible GPD
extraction
[(Hy)|(t) \/z—j(t)/z—(;(t =0) * [ntrinsic systematic uncertainty
due to extrapolation outside of
« Fourier transform: measured t-range
transverse gluonic profile *» NLO effects could be significant
) PR ) * Corrections expected to be
o([br], zv) = / AN smaller for Y(1s) than for J/p

T TEMPLE 29 S. Joosten

= UNIVERSITY



Gluon tomography with J/y

10°F 10%F 10°
- fLdt=10fb" - fLdt=101b"
L 5GeVon 100 GeV ~ 10 - 20 GeV on 250 GeV
—~ T = —~ T 10*
S Ima S Gluon GPD in fine bins of xy and
|7 " Q2(from EIC whi
R 3 Q2 (fro white paper
O - e, i
. - 107
T R 1 e e
10° 10* 10° 102 107 1 10° 10* 10° 10° 10" 1
Xy Xy
—~ 103 T T T T T T T NA 104 ! ' ! ! ' ! !
> -1 = { Ldt=10 fb?
[ | Ldt =10 fb 8 =
a 10° f a 10 i
5 5
° ©
©
FERTN" x 10
o ‘o
+® +®
T 1% o016<x,<025 T 107 0.0016<x,<00025
> 15.8 GeV2 < Q% + M3, <25.1 GeV? > 15.8 GeV2 < Q2 + M3, <25.1 GeV?
@ v o v
m 10'1 1 1 1 1 1 1 1 m 1 1 1 1 1 1 1 1
0O 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16
-t (GeV?) -t (GeV?)
7 ; .
0.03
6 -
— — 0.02
— — 4k
& Y
< < 3f
g g
< < 27
1 =
P 0
0 02 04 06 08 1 12 14 16 0

T TEMPLE 30 S. Joosten
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Gluon tomography with J/y

10°F 10%F 10°
- JLdt=10fb" - {Ldt=101b"
- 5 GeV on 100 GeV ~ 10 i 20 GeV on 250 GeV
—~ T : —~ 10*
3 Ho & Gluon GPD in fine bins of xy and
s 10F = as 10 10° 2 .
¥ I Q? (from EIC white paper)
@] N 2 O
i i10 10°?
| IR AT 1 I 10 1 IR, A1) 1 11 1
10°  10*  10° _ 10? 10" 1 10°  10* 10°  10% 10" 1
Xy Xy
— 103 . . . —_ 104 T : T T T
3 [ Ldt =10 fb'! Nfg [ Ldt =10 fb!
g ) 5 GeV on 100 GeV g 10 20 GeV on 250 GeV ]
2 10 3 =
L [ ]
< £ Only possible at an EIC:
+cD +®
I 1F 016<x <025 T 10} 0.0016<x,<0.0025 f -th I I
§ 15.8Ge\\//2<Q2+M3/w<25.1GeV2 § 15.8GeV2V<02+M%/W<25.1 GeV? rom e Va ence reg|0n
a1] 10-1 L ) ) \ ) L ) m 1 ' N L ' N ' L .
0 02 04 06 08 2 1 12 14 16 0 02 04 06 08 1 12 14 16 deep |n't0 'the Seal
-t (GeV?) -t (GeV?) :
‘w
7 : : Z
0.08
6
< N 0.02
£ ‘e 5F
3 5
< X 3Ff
('R L
< < 27
1F
0
0 1.6
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Gluon tomography with Y(7s)

I~ EIC Simulation (10GeV on 100GeV)
100 fb™' (116 days @ 10**cm2s™)

v« Nominal EIC detector
% 10x more luminosity
v« Electron and muon channels

Q° + M [GeV?|

T T T T T T T T T T T T T T T T T ‘ T T T ‘ T T T ‘ T T ‘ T T T
10 = EIC Simulation
B 100 fb™' (10GeV on 100 GeV)
o 0
2 10 T T T ‘ T T T ‘ T T T T T T T T T T T ‘ T T T ‘ T T T ‘ T T T ‘ T \7 2
— 1= 89.4973 GeV": s EIC Simulation 3 10°— -
% o - 100 fb™' (10GeV on 100 GeV) - .
0] i - 0.15849 <x <0.25119 B T
2 .n 1 — 1= 89.4973 GeV? < Q® + MZ <91 GeV? — C v v v d™We vl 10
S107 ¢ a = E -5 —4 -3 -2 -1
5 E > o 3 10 10 10 10 10 1
= C L i
3 f & | f X
10 T T T T T T T T T T T T T T T T T ‘ T T ‘ T T T ‘ T T T ‘ T T T E
N EIC Simulation m
B 100 fb™ (10GeV on 100 GeV) ) B
B 0.1 <x <0.15849 3 (projected) —
1 89.4973 GeV2 < Q% + M2 < 91 GeV? inel (exponential) =
q'> E inel (variations) i
8 L
.g10_1j D P A I A R B I B S IR
= E E EIC Simulation 3
3 - = 100 b (10GeV on 100 GeV)
© B = 0.0631 <x<0.1 o
—e— Y data (projected
102 (proj ) _ 1 89.4973 GeV? < Q% + M2 <91 GeV? —
F —— t-channel (exponential) N.> E 3
B t-channel (variations) 8 - n
—3 Il Il Il ‘ Il Il Il ‘ Ll Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Ll -Q _17 _
10° 02 04 06 08 1 12 <L107'¢ -
J.rf'\‘\lz'l : - =
o T T ]
- EIC Simulation 1 (projected) N
C 100 fb™ (10GeV on 100 GeV) inel (exponential) 3
o 0.03981 < x < 0.0631 nel (variations) =
— 1= 89.4973 GeV* < Q@ + MZ <91 GeV? ]
Q E
> o D L A I I B B S
() = 2 EIC Simulation 3
2 101 E 100 fb™' (10GeV on 100 GeV) 7
5 E - 0.02512 <x < 0.03981
= C 2 2 2 2
3 - 1 89.4973 GeV? < Q2 + M2 <91 GeV?
- o E =
102 —e— Y data (projected) % o 3
F ——— t-channel (exponential) G = .
B o
C t-channel (variations) 10 -
sl el e 1, B c 3
10" "02 04 06 08 1 12 & [ ]
-t [GeVZ] 102 —e— Y data (projected) H
= —— t-channel (exponential) =
O t-channel (variations) 7

10—3\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

1 TEMPLE 0 02 04 06 0.8_t[G1eV2]1.2 14 16 18 2 31 : S JOOSten
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L-T separation and the Q2 dependence of R

¢ s-channel helicity conservation (SCHC):
¢ J/yp takes on (virtual) photon polarization
¢ Angular distribution of the decay pair

3
W(cos Ocnt) = 3 (1 + 7“83 + (1 — 37“83) cos? HCM)

¢ Canextract Rin 3D (Q? xv, t)

[ | | | | | | | | ]
B 0.16 <xV<O.25 |
20— 5 GeV on 100 GeV —
04 — - EIC 10fb™ (nominal) =
R L O-L ]. TOO E B N
— - 04 o ]
o el —r 2 1o -
T 00 s 10

S B i
4 - —— .
Q i B 2 s e |

o v B v—“_v—"“‘“'"'—"hvw__,
= I e A s ]
© 0 e Q*+M [GeV:9.6-100 B
O Q%+ Mjw[eevz]: 15.6 - 19.6 |
v Q%+ M), [GeV]: 24.6 - 29.6 i

| | | | | | | | | | | | | | | | | | | | |
-1 -0.5 0 0.5 1
cos(GgM’ J q))
TEMPLE 32 S. Joosten
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Conclusion

Quarkonium production an important tool to study
the gluonic fields in the nucleon

Threshold production of quarkonium can shed light
on the trace anomaly, quarkonium-nucleon binding
and proton mass

Possible to study “charming” (and “beautiful”?)
pentaquarks

At : possible to access

Can test universality by comparing Y to J/yp results

JLab12 and the EIC are (will be) perfectly positioned
to significantly contribute to these topics

This work is supported by DOE grant DE-FG02-94ER4084
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Accelerator and detector parameters

¢ Nominal parameters relevant to

quarkonium production:

¢ (Consistent with accelerator/detector
specs from white-paper for J/y
production)

e ¢ 10 GeV electron beam on 100 GeV
.. proton beam in range of both
-y designs
¢ Luminosity: 100 fb-1
¢ Acceptance (conservative!):
e ¢ Leptons: pseudo-rapidity [n| < 5
L ¢ Recoil proton: scattering angle
6 > 2 mrad
¢ Resolution:
¢ Angular < 0.5 mrad
° Momentum < 1%

eeeeeeeee

FFFFFFF

Pre-booster

S. Joosten
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— T (1
W Q2 dydt al

AME +Q*\ ™
— —1
AM?Z
M2 "2
D = 2 - 2
M2 +Q
de
dt
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Angular dependence of the decay
lepton pair in the J/psi Helicity frame

(1+ roo + (1 — 3rgg) cos? Ocm)

o W

W(cosbonm) =

- FORMULA FOR TWO FERMION DECAY

e J. Breitweg et al. (ZEUS), Exclusive electro-production of rho0
and J/psi mesons at HERA, EPJ-C 6-4 (1999)

e Chekanov et al. (ZEUS), Exclusive photo production of J/psi
mesons at HERA (2002)

e K. Schilling et. Al, Nucl.Phys. B 61, 381 (1973)

04
R — 1 TOO - Extract r04 from the measured angular distribution
o 4 - Directly related to R!




Photon Energy Reconstruction

©

Can unambiguously reconstruct the initial photon energy
from the reconstructed J/p momentum and energy

¢ Assumptions:

¢ photon beam along the z-axis

¢ proton target at rest

¢ 2 final state particles: a proton and a J/y

M2 — 2E;Mp
2(Ey — M, — Pjcosf)

b, =

TEMPLE 38 S. Joosten
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Background: inelastic t-channel (yp -> J/ppm)

¢ Threshold at 9 GeV

Q

Q

Q

Reconstructed photon energy Er: is ~1 GeV too low
less than 30% of the elastic t-channel background
Contaminates the 8 GeV < E,c < 9.7 GeV range for a
photon end-point energy of 10.7 GeV

¢ not an issue for the P.(4450) (Eic > 9.7GeV)!

or the P.!

—twctmmmstERTT

nptanissuef

e r—

S. Joosten



Background: Bethe-Heitler pair production
_|_

VP —etep ﬁ L
Not an issue! ! S

Estimated using P p P P’
calculations from Pauk and

Vanderhaeghen
Constant background
< 10% of the t-channel J/y
Can be exactly calculated
and controlled for
Interference negligible at N e
the P-(4450) peak R . N — -

©

©

©

e Cornell 75
SLAC 76 (Unpublished)
t-channel (2-gluon)

©

Pauk V and Vanderhaeghen M, PRL 115(22) (2015) 221804 8 8.5 9 95 10 10.5 11 115 12

E, [GeV]
TEMPLE 40 S. Joosten

UNIVERSITY



Alternate P. Assumption (Setting “SIGNAL)

¢ Alternate (5/2-, 3/2+) P. assumption

¢ assuming 5% coupling for the (5/2-, 3/2+) P
assumption

¢ 9 days of beam time at 50pA

¢ 5/2- peak dominates the spectrum (even larger than

the 5/2+ peak!)
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Alternate P. Assumption ('BACKGROUND" Setting)
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Alternate (5/2-, 3/2+) P. assumption

2 days of beam time at 50pA

able to separate 5/2- from t-channel at low E,

will provide first-hand information about t-channel

production near threshold
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assuming 5% coupling for the (5/2-, 3/2+) P
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Sensitivity [no]
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Sensitivity for Discovery

J/V-007

sensitivity calculated using a A-log-likelihood formalism
5 standard deviation level of sensitivity starting from 1.3%
coupling!
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