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Jpsi Photoproduction at
high energies
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Near-threshold Jpsi Photoproduction
- Before New Results from Jlab

J/ photoproduction (near threshold)

[ yN—IypN

do/dt (1=0) [nb/GeV?]

No other obviously contributing process:
O CAMERINI 75 (SLAC) - Small J/»—NN (no baryon exhanges)

o GITTELMAN 75 (CORNELL)
# AUBERT 79

v AID 96 (HERA H1) - OZl suppression (no light meson exchanges)
- Heavy quark masses (no heavy meson exchanges)

A BREITWEG 97 (HERA ZEUS)
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"J/Y probes nonperturbative gluonic distributions”



J/psi-N Resonance Pc(4440

J/ photoproduction (near threshold)

Measurements at energies near threshold have attracted a lot of attention as potentitally sensitive to key
quantities relevant to exotic hadrons
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malization, we determine upper limits at 90% confidence
level of 4.6%, 2.3%, and 3.8% for P} (4312), P:(4440),

and P (4457), respectively. These upper limits become a
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FIG. 3: Differential cross section for .J/y» photoproduction as a function of —(t — t,,,;,,) for 10.00 < E, < 11.80 GeV.
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Mass Radius of Protons
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Mass radius of the proton

Dmitri E. Kharzeev
Center for Nuclear Theory, Department of Physics and Astronomy, Stony Brook University,
New York 11794-3800, USA
and Department of Physics and RIKEN-BNL Research Center, Brookhaven National Laboratory,
Upton, New York 11973-5000, USA

® (Received 4 February 2021; accepted 20 August 2021; published 15 September 2021)

The mass radius is a fundamental property of the proton that so far has not been determined from
experiment. Here, we show that the mass radius of the proton can be rigorously defined through the form
factor of the trace of the energy-momentum tensor (EMT) of QCD in the weak gravitational field
approximation, as appropriate for this problem. We then demonstrate that the scale anomaly of QCD
enables the extraction of the form factor of the trace of the EMT from the data on threshold
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Energy Momentum Tensor 7,

PuPv
M

MZ )1/2 1
+

Po1Po2 4M

() (4° G — q,qu)} u(py. 5,).

(B1|T,0lp2) = ( i(p1.51) [G. (@) (Dt + Pot) + G (@)

+G3q M

In the limit of vanishing momentum transfer g, — 0, the
forward matrix element of the energy-momentum tensor
takes the form,

2\ 1/
<p|mp>=(“1f—%) i(p.5)u(p.) ZEBL[G, (0)+ G 0)],
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Trace of the EMT: T=TH”

M?2 1/2
(P1|T[p2) = ( ) i(p1,si)u(p2, 52)G(q*). (19)
Po1Po2
Lorentz-invariant scalar gravitational formzfactor 3
q q°
G(g*) =G(¢*>)+G (1——)+G
(@) =Gi(a) + ol (1-p ) + G g
6 dG
(R&) =

In the rest frame of the particle, M dt =0

(p=0[Tlp=0)=(p=0Tpp=0) =M (21)
therefore,

G(0) =M, (22)
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Scale (Trace) Anomaly of QCD

In QCD, quantum effects lead to a nonvanishing trace of
the EMT even for massless quarks.

ﬁ(g) GG, + Z my(1+v,,)3:4 (28)

T = Tﬂ = 2
[=u.d,s

In the chiral limit, the information about the mass radius
of the proton is contained in the matrix element of the scalar
gluon operator in (28) at a nonzero momentum transfer.
The zero-momentum transfer, forward matrix element of
this operator, yields the proton’s mass, and this can be used
for evaluating the scattering length in quarkonium-nucleon
interaction [7,24,25].
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Measurements of G(t):

Photoproduction of vector heavy quarkonium states, J/{ and Y close
to the threshold

(1) Because J/y and T are made of a heavy quark and
an antiquark, and the proton at small momentum
transfer contains only light quarks, the correspond-
ing amplitude is dominated by the exchange of
gluons.

(2) Close to the threshold, the characteristic size of the
heavy quark-antiquark pair is ~1/(2m;,); for charm
quarks, this 1s about 0.08 fm. Because this size is
much smaller than 1/Aqcp, the coupling of gluons
to the heavy quark is perturbative, 1s characterized
by a small coupling constant, and can be described
by a local color-neutral gluon operator of the lowest
possible dimension [26-28].



Measurements of G(t):

Photoproduction of vector heavy quarkonium states, J/{ and Y close
to the threshold

(3) Because of the vector quantum numbers J/¢ = 1=
of J/y and T, the threshold photoproduction is due
to the +—channel exchange of gluons in scalar 0*
and tensor 27T states; the scalar exchange is
described by the operator that 1s proportional to
the first term in (28). Because of the scale anomaly,
its matrix element does not depend on the QCD
coupling constant g, whereas the matrix element of

the tensor operator appears proportional to ¢* and is
subleading at weak coupling [7,8,24,25,29].
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Mass Radius of Protons
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Left: the Feynman diagram of J/y photoproduction off a proton. Right: the differential cross section of J/y photo-

production at the center-of-mass energy E,,, = 4.58 GeV (laboratory energy of the photon E, = 10.72 GeV, minimum momentum

transfer 7., ~ —0.44 GeV?); the data is from the GlueX Collaboration [9]. The theory curve corresponds to the dipole form of the
scalar gravitational form factor with the parameter m, = 1.24 £ 0.07 GeV, corresponding to the mass radius of the proton
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Photoproduction of Jpsi in GPDs
Diagrams
(PRD 103, 096010 (2021))

—H(GeV?)
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FIG. 2. ¢& on the (W, —t) plane in the kinematically allowed
region with M;,, = 3.097 GeV.

do e*e | 5
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e (0) |G (2, €) [, (17)
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Differential cross section da/dt is related to gluon GPDs!
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A, B and C Form Factors

| ' i
G(1,8) = 5—4{ (1 —4M%)E§

= 2E;(Hy + Ep) + (1= &) (H, + Ez)z},

1
A dng(x, E 1) = Ag‘[}(r) 1 (25)203 = H, (1, &),

é dxE,(x. & 1) =[B,(1] - (2£YCY|= Ex(1.8).

The cross section of heavy vector-meson photoproduction can be expressed in
terms of the (gravitational) form factors, A,, B, and C,.
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A, B and C Form Factors and

Ty
o _ Plrighan,
(P2, P) = () [A, (0} #PY + B, (0
oM,
AFAY — " A*
o T+ By (DM ()
N
(25)

where A = A, o, B = B, and C = (C,  are the same form
factors as in Eq. (23). It leads to the following form of

/ dxH,(x, £ 1) = (A8, (0]+ 2)%cd = Ha (1. ),

JO

1
[ axe, (x.6.0) =[B3,(0) - 2eYicd = Ex(r.0)




Extraction of A and C
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FIG. 6. Fit total cross section for J/y production compared
with the total cross section measured at GlueX [36]. The
95% confidence band is shown as the shaded region hereafter.
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FIG. 7. Fit differential cross section for J/w production
compared with the differential cross section at W = 4.58 GeV
measured at GlueX [36].
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Scalar and Mass Radius

The scalar and mass radii of the proton are defined
as [34]

(). =6 d‘zgf) 18 i;? ,
(?), =6 d‘zgr) _6 i;%) . (43)
(), = 66%?) ~ (0.42 fm)?, (46)
(Me=-6T@mO0S4m,  @)
and then we have
(), ~ (1.03 fm)?, (48)

(r?),, ~ (0.68 fm)>. (49)




Scalar Radius of the Proton

The scalar radius of the proton refers to the spatial distribution of|the scalar quark density

inside the proton, usually defined via the slope of the scalar form factor at zero
momentum transfer. It is different from the more familiar charge radius (from the

electromagnetic form factor) or the axial radius (from the axial form factor).

Formally, the scalar radius is defined through the scalar form factor ES"(QZ)I

(¥'|aqlp) = u(p')u(p) Fs(Q*),

and the scalar radius is extracted as

6 dFs(Q?)

2 — .
(7'5') FS(U) sz 0’—0
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The protonis one of the main building blocks of all visible matter in the Universel.
Among itsintrinsic properties areits electric charge, mass and spin®. These properties
emerge from the complex dynamics of its fundamental constituents—quarks and
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1 dA,(0) 1 C,(0)

(ridg=6 =0 =6
e TAL0) de T A, (0) M3
1 dA, (o) 1 C,0)
N g 3 g
V=% 0 de 0T A ) m2

Table 1. Gluonic GFF parameters and corresponding proton mass and scalar radii, determined from our data through a
two-dimensional fit following the holographic QCD and the GPD+VMD approach, compared to the latest lattice results”. In all
cases we used the tripole-tripole functional form approximation for the GFFs.Note the similar y2/ndf in both cases.

Theoretical approach ~ }’/n.d.f  ms (GeV?)  mc (GeV?) C,(0) V (r2) (fm) V (r?) (fm)
GFF functional form

Holographic QCD 0.925 1.575+£0.059  1.12+0.21 -0.45£0.132 0.755£0.035  1.069+0.056
Tripole-tripole

GPD + VMD 0.924 2.71£0.19 1.2840.50  -0.20 £0.11 0.472+0.042  0.695+0.071
Tripole-tripole
Lattice 1.641+0.043 1.07£0.12 -0483£0.133 0.7464+0.025 1.073£0.066

Tripole-tripole
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Coupled-channel Mechanism &
Hadronic Interactions

[ ) Fig. 2 Mechanism for the near-threshold J/iyr photoproduction
4 through A. D™ which then rescatter into J /yrp

v

J /0

I
p ] P i ;
M A D(”)(An)_j
\/ _ '\ / T
I
Fig. 1 Vector-meson dominance model mechanism for the near- D&)(AL) i D™)(A,)
threshold J /v photoproduction Or®n-charm exchande
1
1
.
]
I
I

Fig. 3 Feynman diagram for the proposed CC mechanism. The dashed
blue line pinpoints the open-charm intermediate state
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Threshold cusps
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Fig. 4 Comparison of the J/ir photoproduction through the open-
charm loops as shown in Figs. 2 and 3 with the GlueX data [19]. E,
is the photon energy in the rest frame of the initial proton. Since we
consider only the A.D® channels, the comparison with the data is
only shown up to E, = 10.2 GeV though a qualitative agreement up
to the highest GlueX data point 11.6 GeV is also achieved. The vertical
dotted lines indicate the A, D™ thresholds
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Fig. 5 Estimates of the cross sections forthe yp — A, D (blue curves)
and yp — A.D* (orange curves) reactions

The cross sections of the yp — A.D® reactions were
calculated in Ref. [30] considering exchanges of s-channel
hidden-charm pentaquarks and 7-channel D* mesons using
the VMD model. The corresponding predictions appear an
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Differential Cross Sections
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Differential Cross Sections
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We can use the mass scale mg from the fits in Fig. 15
(Table II) to estimate the proton mass radius as prescribed in

Ref. [11],
\/rT ‘/6d6(r) _ /1_:; -
m'i'

where the scalar gravitational form factor, G(t), is related to
the measured ¢ distributions through the VMD model. Equa-

tion (7) gives /(r2) = 0.619 £ 0.094 fm, 0.464 £ 0.024 fm,
and 0.521 £ 0.020 fm for E,, = 8.93,9.86, and 10.82 GeV, re-

spectively. More sophisticated estimations of the proton mass
radius require knowledge of the A(f) and C(¢) gravitational
form factors separately [10,41].
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The authors of Ref. [19] propose an alternative mechanism
of J/y photoproduction with a dominant exchange of open-

charm channels A.D and A.D* in box diagrams. We show
the total cross section results of this model in Fig. 18, and find
good qualitative agreement with our measurements. In partic-

ular, in the data we see structures peaking at both the A.D
and A.D* thresholds that can be interpreted as the cusps ex-
pected with this reaction mechanism. However, the exchange
of heavy hadrons in this model implies a very shallow ¢ depen-
dence in the differential cross sections. This is not supported
by the steeply falling cross sections we observe, as shown
in Fig. 15. Therefore, our differential cross section measure-
ments do not support a dominant contribution from these
open charm exchanges, although the enhancement at high 7
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proton gluonic form factors. Based on the z-slopes of the
differential cross sections (Fig. 15) and also the results of
Ref. [41], the differential cross section at low 7 values is
consistent with being dominantly due to gluonic exchange.
However, the possible structures in the total cross section en-
ergy dependence and the flattening of the differential cross
section near threshold are consistent with contributions from

open-charm intermediate states. So far, from the analyses
of Ref. [52] it is not possible to distinguish between the
gluon and open-charm exchange mechanisms. Certainly, fur-
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Model of Pomeron Exchange

do=dt )nb=BeV?/

do=dt )nb=BeV¥/

1 L
0.500}
0.100F 1
| 1]
0.050F === herein o  GlueX 2023 1
we GPD o jap_go7 2023
v Peam L Gluex 2019
0.010F wu P( ven
0.005—5'5 1.0 1.5 2.0 25 3.0
-t)GeV?/

= herein e GlueX 2023

w GPD o jap007 2023
v P-am oL GeX 2019
== P( vy

E

1074

Table 3

x> /dof for each curve drawn in the panels of Fig. 4 — herein, Ref. [19, GPD],
Ref. [21, P + v, y], and P-am., computed in comparison with various combi-
nations of available near-threshold data [22,23, GlueX], [24, J /y-007]. N.B.
The GPD model parameters were fitted to obtain a best fit to the differential
cross-section data from these experiments; so, we have placed the results within
quotation marks.

herein P+u.y P-am. GPD
GlueX 5.6 52 10.9 “6.0”
J fy-007 7.8 9.7 5.1 “2.6”
All 7.0 8.1 7.2 “3.6”
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Model of Pomeron Exchange

P + quark loop ]
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Table 4

y?/dof associated with selected reaction models when compared with data on
different W (in GeV) ranges. Row 1: W <5 - [22,23, GlueX]. Row 2: W > 20
- [31,32, H1, ZEUS]. Row 3: All W - [22,23, GlueX] and [31,32, H1, ZEUS].
Row 4 — W > 20 - [31, H1] only. Row 5: All W - [22,23, GlueX] and [31, H1]
only. The entry “undefined” highlights that the model cannot be applied beyond
the near-threshold region. Ref. [32, ZEUS] reports a large uncertainty in W, but
a small uncertainty in . This distorts the y?; so, the list also contains entries
that exclude ZEUS from the y? evaluation.

(GeV) herein P+uv. [21] [P -am. GPD [19]
W <35 1.4 1.7 3.0 2.5

W >20 5.7 2.8 53 undefined
All W 35 2.1 4.1 undefined
W >20y, 042 2.1 0.40 undefined
All Wy, 1.0 1.6 2.1 undefined
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Abstract The J/¥ photo-production reactions on the nu- energies very near the J/%¥ production threshold. Possible
cleon can provide information on the roles of gluons in de- improvements of the considered models are discussed.
termining the J/¥-nucleon (J/¥-N) interactions and the

structure of the nucleon. The information on the J/%¥-N in-
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Summary

* No signal of Pc(4440) in the energy dependence of total
cross sections.

* Gluon exchange is speculated to dominate in the
reaction of near-threshold Jpsi photoproduction.
Within this picture, the differential cross sections
do /dt could be used for the extraction of gravitational
form factors, A and C, of the proton. The mass and
scalar radius of protons are determined accordingly.

* Models of open-charm or Pomeron exchange are not
ruled out by the data. Future EIC measurements of
do/dt at large |t| could differentiate the correct
modeling.



