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2 Why measure J/ψ SDMEs?

• Threshold J/ψ photoproduction → properties of proton mass?

• High Eγ region is well explained by Pomeron model.

• Understanding of production mechanism near threshold is desired.
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Fig. 1 Vector-meson dominance model mechanism for the near-
threshold J/ψ photoproduction

phenomenological models, effective field theories and lattice
QCD. In the last two decades, tens of states beyond the con-
ventional quark model were found, many of them by different
experiments in different reactions. However, their structure
still needs to be resolved. For recent reviews on both the-
oretical and experimental aspects of exotics in the heavy
quark sector see, for example, Refs. [8–16]. An intriguing
recent discovery was a set of hidden-charm pentaquark can-
didates, observed in the Λb decays by the LHCb Collabora-
tion [17,18] and called Pc states, which triggered a flood of
theoretical investigations. However, a subsequent search of
the Pc states in the GlueX experiment using the photoproduc-
tion process γ p → J/ψp did not reveal any signal [19]. The
analyses in Refs. [20,21] which conclude that the branching
fraction of the Pc → J/ψp should be at most a few per cent
are also based on the VMD model: The photon is assumed
to convert to a J/ψ which rescatters then with the proton
target to form Pc states. In fact, VMD is generally assumed
in estimating the cross sections for the photoproduction of
hidden-charm and hidden-bottom pentaquark states [22–33].

The rich physical implications related to the photoproduc-
tion of the J/ψ off the proton provide a strong motivation
to revise the assumptions underlying the VMD approach,
and identify its possible caveats. Specifically, (i) the J/ψ
attached to the photon is highly off-shell while the J/ψp scat-
tering length is defined for the on-shell scattering amplitude;
(ii) the Λ+

c D̄
0 threshold is only 116 MeV above the J/ψp

threshold, rendering the contribution from the Λc D̄ channel
potentially sizeable and thus making the relation between the
photoproduction cross section and the trace anomaly contri-
bution to the nucleon mass even more obscure. In this paper,
we investigate the implications of the latter observation.

We propose a new coupled-channel (CC) mechanism
for the near-threshold J/ψ photoproduction which is not
directly related to the nucleon matrix element of the gluonic
operator since the J/ψp final state is produced through the
nearby open-charm channels Λc D̄ and Λc D̄∗, see Fig. 2. In
particular, we demonstrate that the data recently measured
at GlueX can be quantitatively understood using this mecha-
nism with reasonable parameters. With this mechanism, the

Fig. 2 Mechanism for the near-threshold J/ψ photoproduction
through Λc D̄(∗) which then rescatter into J/ψp

Fig. 3 Feynman diagram for the proposed CC mechanism. The dashed
blue line pinpoints the open-charm intermediate state

direct relation between the trace anomaly contribution to the
nucleon mass and the J/ψ near-threshold photoproduction,
that is present in the VMD model, is obscured. We discuss
the implications of this mechanism, and suggest experimen-
tal observables which should allow one to test the picture
outlined here.

2 Coupled-channel mechanism

The cross section for the inclusive production of a charm and
anti-charm quark pair, γ p → cc̄X with X denoting every-
thing that is not detected, is about two orders of magnitude
higher than that for the exclusive production of the J/ψ ,
γ p → J/ψp (for a compilation of the data and a VMD
model fit see Ref. [34]). This might indicate that the cross
sections for the pairs of open-charm mesons and baryons are
sizeable, which was also expected in Ref. [35]. Then, open-
charm channels close to the J/ψp threshold could potentially
contribute significantly to the J/ψp production. While there
are no data for the photoproduction of open-charm chan-
nels in the pertinent energy region yet, it should be noted
that the cross sections for the analogous reactions in the
strangeness sector, γ p → K+Λ/K+Σ0 [36–40], are indeed
much larger than that for the near-threshold φ meson produc-
tion, γ p → φp [41–43].

For the J/ψp photoproduction off the proton, the clos-
est open-charm channels are Λ+

c D̄
0 and Λ+

c D̄
∗0 with the

thresholds just 116 and 258 MeV above the J/ψp threshold,
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that they are due to attractive interactions between the two
hadrons. For example, in the region of the Pcð4450Þ there
could be weakly bound D̄#Σc and D̄#Σ#

c states [10–16], and
even in the absence of resonance or bound states it is possible
to generate peaks from nearby cross-channel exchanges
[17–20]. Such ambiguities in the interpretation highlight the
need for additional measurements, especially with different
beam-on-target configurations. The use of photoproduction
[21–25] is especially appealing since it reduces the role of
kinematic effects and minimizes the model dependence of
the partial-wave analysis. Furthermore, photoproduction at
high energies is an efficient process for charm production
[26,27], while production near threshold has long been
advertised as a tool for studies of the residual QCD
interactions between charmonium and the nucleon [28,29].
The search for the Pcð4450Þ—the narrower of the first

two LHCb candidates—through a scan of the photopro-
duction cross sections has been proposed by the Hall C,
CLAS12, and GlueX experiments at JLab [30–32]. The first
results from GlueX are already available, and there is no
evidence of narrow peaks [32]. Recently, an update on
photoproduction studies based on the most recent LHCb
results has been performed [25,33,34], albeit using the spin-
parity assignment of the older LHCb amplitude analysis.
Furthermore, the use of polarization observables has been
recently proposed for an experiment at the Super BigBite
Spectrometer (SBS) in Hall A at JLab [35]. It has been
argued that these may reach higher signal-to-background
ratios than the usual study of differential cross sections, at
least in certain parts of the parameter space, and the
discovery of a double-peak structure in the Pcð4450Þ region
makes these experiments even more relevant.
In this paper we detail the study of polarization observ-

ables to access the pentaquark signals. The polarization
observables are sensitive to the interference between reso-
nant and nonresonant contributions as well as between
different resonance states. Polarization observables are
determined by the photoproduction amplitudes of different
helicities for the initial photons, while the unpolarized cross
sections are determined by the squared absolute values of the
photoproduction amplitudes. Therefore, the polarization
data offers new information that is relevant in the evaluation
of the resonance photo- and hadronic couplings and it is
helpful in accessing the contributions from overlapping
resonances. The polarization observables extend our capa-
bilities to validate the mechanisms of the reaction models
used in the data analyses through a combined fit of
unpolarized cross sections and polarization measurements.
Here we specifically focus on accessing the sensitivity
needed to investigate the properties of the pentaquarks,
by studying the helicity correlations between the polarized
photon beam and the polarized target (ALL) or recoil (KLL)
proton. The latter can be assessed by measuring the
polarization transfer with the one-arm polarimeter in Hall
A at JLab [35]. Given that there is no spin-parity assignment

for the newPcð4440Þ andPcð4457Þ states,which is essential
for making photoproduction predictions, and that the reso-
lution might prevent the distinction between the two, we use
the previous Pcð4450Þ information in this feasibility study.
In the following, by Pcð4450Þ we refer to the collective
effect of bothPcð4440Þ andPcð4457Þ peaks.We also use the
information on the broadPcð4380Þ state, while disregarding
the newPcð4312Þ, since its spin-parity is unknown, although
a similar study can be applied in this lower mass region. If
photoproduction experiments prove to be successful in
identifying the Pc signals, an amplitude analysis of spin-
dependent observables will be mandatory, for which this
paper lays the groundwork.
The paper is organized as follows. In Sec. II we describe

the reaction model for J=ψ photoproduction off the proton.
In Sec. III we show the fits to the data and the predictions
for the KLL and ALL asymmetries for different Pc spin-
parity assignments and values of the photocouplings.
Section IV focuses on sensitivity studies for measuring
these asymmetries at Hall A of JLab. Finally, Sec. V
summarizes our conclusions.

II. REACTION MODEL

Starting from the reaction model of Ref. [24] we
incorporate spin-dependent interactions at energies near
the threshold for J=ψp production. Furthermore, we
incorporate both a narrow peak, compatible with the
original Pcð4450Þ state, and the broader Pcð4380Þ.

A. Background contribution

The dominant nonresonant contribution, as shown in
Fig. 1, is assumed to be that of diffractive photoproduction
of the J=ψ off the proton target. This is taken as the main
background to the Pc signals and it is realized by an
effective t-channel Pomeron exchange model [36]. The
kinematic factors and spin dependence in the model
correspond to a vector exchange, to enforce that the
Pomeron has an intercept which is close to unity [37].
The resulting covariant amplitude is given by

hλψλp0 jTPjλγλpi ¼ Fðs; tÞūðpf; λp0Þγμuðpi; λpÞ
× ½εμðpγ; λγÞqν − ενðpγ; λγÞqμ&
× ε#νðpψ ; λψ Þ: ð1Þ

FIG. 1. Relevant processes considered for near-threshold J=ψ
photoproduction off proton targets. The t-channel process on the
left describes the background, while the s-channel diagram to the
right describes the resonant contributions from pentaquarks.
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Gluon exchange? Open-charm? Pentaquark?

In addition to σtotal and dσ/dt measurements,

Spin observables (SDME) place stringent constraints on models!



3 Polarization measurements: Naturality
� photoproduction on the proton at E� = 1.5� 2.9 GeV

photon beam
K+

Natural parity exchange

photon beam

pol. vector

pol. vector

K-

K+

K-
Unnatural parity exchange

Fig. 1.9: Decay patterns for t-channel natural- and unnatural-parity exchanges. Note that these
schematics represent the case when the � meson is emitted at zero degrees. The blue plane is
determined by the photon beam axis and the polarization vector of the incoming photon. If the
natural-parity exchange process is dominant, the probability of the decay plane (green) being
parallel to the blue plane becomes highest. On the other hand, if the unnatural-parity exchange
process is dominant, the probability of the decay plane (orange) being perpendicular to the blue
plane becomes highest.

1.3 Experimental Status of � Photoproduction

Here, we review the previous measurements. To pin down the amplitudes near threshold,
deuteron and 4He data provide valuable information in addition to the proton data.

1.3.1 Photoproduction on the proton

At forward angles, the following processes have been considered to be dominant (Fig. 1.10).

Fig. 1.10: Possible t-channel processes with different exchanged particles.

To first order, the Pomeron exchange process, which is the natural-parity exchange process, is
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4 Angular distributions of

Naturality

Helicity 
conservation
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Fig. 5. Sketch of the kinematical variables and coordinate axes
in the γp and "+"− c.m. frames. Notice that the coordinate
systems differ from the one we used in the Compton amplitude
(4), where p and p′ have positive 3-components

=
Q′2(s − M2 − Q′2) + t(s − M2 + Q′2)

r
. (16)

The form of the second equation in (15) is useful in our
kinematics, where ∆T is small and σ = 1.

As polarization vectors ε(λ) for the incoming photon
we take ε(±) = (∓e(1)−ie(2))/21/2, where e(1) and e(2) are
unit vectors along the 1- and 2-directions in the γp c.m. as
shown in Fig. 5. Our polarizations ε′(λ′) of the outgoing
photon are ε′(±) = (∓e′(1) − ie′(2))/21/2 and ε′(0) = e′(3)

with unit vectors along the coordinate axes in the &+&−

c.m. described above.

4.2 The Bethe–Heitler contribution

The Bethe–Heitler amplitude is readily calculated from
the two Feynman diagrams in Fig. 6. We parameterize
the photon–proton vertex in terms of the usual Dirac and
Pauli form factors F1(t) and F2(t), normalizing F2(0) to
be the anomalous magnetic moment of the target. We find
for the BH contribution to the unpolarized γp cross sec-
tion

dσBH

dQ′2dtd(cos θ)dϕ
=

α3
em

4π(s − M2)2
β

−tL

×
[(

F 2
1 − t

4M2 F 2
2
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B

2
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, (17)

where we have used the abbreviations

A = (s − M2)2∆2
T − ta(a + b)

− M2b2 − t(4M2 − t)Q′2

+
m2

!

L

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
!Q

′2 − 4m2
!(t + 2m2

!)
L

(Q′2 − t)2. (18)

The cross section depends on the angles θ and ϕ through
the scalar products

a = 2(k − k′) · p′, b = 2(k − k′) · (p − p′) (19)

l+

l−

p p

γ

Fig. 6. The Feynman diagrams for the Bethe–Heitler ampli-
tude

given in (15) above, and through the product of the lepton
propagators in the two BH diagrams,

L = [(q−k)2−m2
! ][(q−k′)2−m2

! ] =
(Q′2 − t)2 − b2

4
. (20)

These expressions are rather lengthy, but simplify con-
siderably in kinematics where t, M2 and m2

! can be ne-
glected compared to terms going with s or Q′2. We then
have

L ≈ L0 =
Q′4 sin2 θ

4
. (21)

and

dσBH

dQ′2dtd(cos θ)dϕ
≈ α3

em
2πs2

1
−t

1 + cos2 θ

sin2 θ

×
[(

F 2
1 − t

4M2 F 2
2

)

2
τ2
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T

−t
+ (F1 + F2)2

]

. (22)

We see that the product L of lepton propagators goes to
zero at sin θ = 0 in this approximation. Closer inspection
reveals that when sin θ becomes of order ∆T/Q′ or m!/Q′

the approximations (21) and (22) break down and one
must use the full expressions.

Let us see how small the product L can become. At
fixed s, Q′2, t, ϕ we find with (15) and (20) that L assumes
a minimum value,

Lmin ≈ Q′2m2
! + Q′2∆2

T
sin2 ϕ

(1 − τ)2
, (23)

for

tan θmin ≈ −2∆T

Q′
cos ϕ

1 − τ
, (24)

up to corrections of order t/Q′2, M2/Q′2, m2
!/Q′2. For

θ ∼ θmin the leptons &− and &+ are nearly collinear with
the initial photon in the γp c.m. They have transverse
momenta of order ∆T with respect to -p and -q and share
their total longitudinal momentum in a highly asymmetric
way. In our numerical studies we will impose a cut on θ
which ensures that L remains of order Q′4, thus staying
away from the region where the BH cross section becomes
extremely large.

We finally remark that as long as L is of order Q′4 the
terms going with 1/L in (18) are suppressed at least like
m2

!Q
′2/L compared with the leading behavior of A and

B. For a large range in θ the BH cross section (17) will
thus approximately behave like 1/L instead of 1/L2.
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Decay angles            in helicity frame is sensitive to 
helicity conservation.
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5 What we expect about J/ψ SDMEs?

• No SDME measurements for threshold J/ψ photoproduction so far.

• Helicity conservation is known to be broken for light vector mesons. 

The same for J/ψ or not?

• In high Eγ region, naturality close to +0.5 is observed for light vector 

mesons, corresponding to t-channel Pomeron exchange.

• How about threshold J/ψ production?

• Close to +0.5 because of 2 gluon exchange?

• Or close to -0.5 because of 3 gluon exchange?


• Beam asymmetry ∑ ~ 0 is observed for light vector mesons. ∑ ~ 0 for 
J/ψ as well?

Basically, we have no knowledge about J/ψ SDMEs near thr. 
That’s why we measure them. 
GlueX can do unique measurements of naturality.



6                                        analysis

GlueX-I + 30% GlueX-II data are used for this analysis.

J/ψ is identified using                      distribution (10-20% background).

Calorimeter response (p/E) is used to subtract π misidentification background.

6 e+ e- data analysis
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The same selection as those of Lubomir’s J/ψ analysis.


J/ψ yield is obtained from M(e+e-) distribution.

• gaus (signal) + pol1 (bkgd) fitting

• width of gaus .. fixed at the MC value
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(a) BCAL
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(b) FCAL

FIG. 2: p/E distributions for BCAL/FCAL obtained by applying 0� cut on the other
lepton. First parameter is a normalization for the pion background shape, while the other
three are for the Gaussian. The background (bottom) and the total (top) are shown with

separate curves.

create a pion sample by applying 3� anti-electron cut (p/E > hp/Ei + 3�) for one of the

lepton candidates (keeping all the other cuts the same) and look at the p/E distribution of

the other one. We parametrize the shape of this background distribution with a 5th order

polynomial. In order to obtain a cleaner electron sample we apply a tight (0�) cut on one

of the leptons and analyze the p/E distribution of the other one. We fit this distribution

with the background shape (multiplied by a normalization parameter) summed a Gaussian.

This procedure is illustrated separately for the BCAL and FCAL in Fig.2. For these

studies we use an invariant mass range of 1.2 � 2.5 GeV. Based on the widths of the J/ 

and � peaks in Fig.1, we conclude that the resolution of the lepton momenta, as coming from

the kinematic fit, is better than 1%, therefore the main contribution to the widths of the

p/E distributions in Fig.2 comes from the calorimeter resolution. However, additional con-

tribution may come from electron radiation. The kinematic fit tries to correct the measured

electron momentum to its initial value before the radiation, while the calorimeters measure

the final energy. Thus, BCAL/FCAL have e↵ective (i.e. including radiation e↵ects) reso-

lutions of about 7%/4% respestectively, both being o↵ from unity. Thus, in the following

analysis, to separate the electrons/positrons we apply 2� cuts on both leptons with mean

and R.M.S. values as obtained from the above fits, separately for BCAL and FCAL. In MC

we smear and shift the BCAL and FCAL energies to match the results of the measured data.

Therefore, we apply the same cuts to both data and MC. Table I summarizes these results.
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Clean J/ψ peak is observed in e+ e- mass distribution.
p/E for lepton events is close to 1 on top of broad π events.

Realistic MC samples are generated and analyzed 
to correct detector efficiency effects.

94.8±11.2 J/ψ events

                                    



7 Polarized measurements
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Naturality Helicity 
conservation Beam Asym.

Large uncertainty for naturality, but enough to distinguish

“fully unnatural-parity exchange (-0.5)” and “fully natural-party exchange(+0.5)”.
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Flux ratio for 0/90     .. 1.0614

Flux raito for 45/135 .. 1.0052

+0.5 .. natural exchange 
-0.5 .. unnatural exchange
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Consistent results with Method 1 (next page).

Detector efficiencies are canceled in the 1st order 
by constructing following Yield Asymmetry.

Naturality

Naturality
Helicity 
conservation Beam Asym.

Both analyses (efficiency-corrected yield & yield asymmetry) return 
consistent results.

Very Preliminary
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 Naturality at 17 GeV
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Polarization FOM increases ~30 times in the coherent peak region.

Precise measurement of naturality is possible with 17 GeV data.

The same assumption as Lubomir’s talk.
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Also, other SDMEs provide strong constraints 
on the production mechanism.
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11 Unpolarized SDME (cosθhel)
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Non-zero ρ000 means photon helicity is not fully transferred to J/ψ.

The curves are suggesting helicity is not conserved near threshold.

Stat. error: 0.09 Stat. error: 0.06 Stat. error: 0.04
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12 Unpolarized SDME (φhel)
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Low Eγ High Eγ

Non-zero Re ρ11-1 means photon helicity is not fully transferred to J/ψ.

The curves are suggesting helicity is not conserved near threshold.

Stat. error: 0.07 Stat. error: 0.06 Stat. error: 0.04

Very Preliminary
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W (�) = flat (Re⇢01�1 = 0)



Non-zero values mean the helicity is not conserved.
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vector Pomeron model (E� = 10 GeV)
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vector Pomeron model (E� = 10 GeV)
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13 Helicity conservation at 17 GeV

Luminosity near threshold region (Eγ < 12.5 GeV) is 5.5 times larger 
with 17 GeV beam.

Precise check of helicity conservation is possible with 17 GeV beam.
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14 Eγ dep. of Unpolarized SDMEs

Measurements of Eγ dep. of helicity conservation will be 
improved with 17 GeV beam as seen above.
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15 Summary

• J/ψ SDMEs are measured to help determine the production 
mechanism near threshold.


• We have no SDME data so far. No reliable predictions either.

• GlueX can provide unique polarized SDME measurements.


• 17 GeV energy upgrade gives 30 times larger polarization FOM, and 
significantly increase the precision of polarized measurements.

• Precise measurements of naturality.


• For unpolarized measurements, 17 GeV upgrade gives 5.5 times 
larger yields near threshold region. Helicity conservation can be 
checked precisely.



Backup



17 GJ frame to check helicity conservation
J/ψ rest frame
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J/ 

Decay asymmetry measurements in the helicity frame are used to 
check “helicity conservation” where incoming photon helicity is fully 
transferred to J/ψ.


GJ frame allows us to check “helicity conservation in                       ”.


For light vector mesons (ρ, ω, φ), it is known that helicity conservation 
in                    is badly broken.
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18 Unpolarized SDME in GJ frame
Low Eγ High Eγ
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Very Preliminary

The curves are suggesting helicity conservation in                       , at low Eγ. 
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19 Eγ dep. of Unpolarized SDMEs (GJ)
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Eγ dep. of helicity conservation in                       will be more precisely 
measured with 17 GeV beam, which place strict constraints on models.
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Non-zero values mean helicity conservation in                        is broken.
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vector Pomeron model (E� = 10 GeV)
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vector Pomeron model (E� = 10 GeV)
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by Daniel Winney

20 GJ frame analysis at 17 GeV

5.5 times larger luminosity (17 GeV beam) allows us more precise 
study about helicity conservation in                       .
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21 JPAC Pomeron model by Daniel Winney

0.6 0.7 0.8 0.9 1

]2  [GeVt−

0.5−

0

0.5

CAPJ
 = 10 GeVγE

00
0ρ

1-1
1ρ

1-1
2ρIm 

Helicity frame 
Solid: vector Pomeron 

Dashed: Pomeron with Helicity conserved

GJ frame 
Solid: vector Pomeron 

Dashed: Pomeron with Helicity conserved

0.6 0.7 0.8 0.9 1

]2  [GeVt−

0.5−

0

0.5

CAPJ
 = 10 GeVγE

00
0ρ

1-1
1ρ

1-1
2ρIm 



22 Unpolarized distributions

Ref.) A. I. Titov et al., PRC60,035205 (1999)



23 Linearly polarized distributions



24 Averaged one-dimensional distributions

Naturality

SCHC
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