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where x, ξ, and t are defined in Fig. 1. Similar equations
apply to the other GPDs E, Ẽ, and H̃. With a beam of
circularly polarized photons, TCS can access both the real
and imaginary parts of the CFFs [16].
As in DVCS, the Bethe-Heitler (BH) process, which can

be computed in a quasi-model-independent way, contrib-
utes to the same final state (see Fig. 1, right). The cross
section for exclusive lepton pair photoproduction on the
proton can be expressed as

σðγp → p0eþe−Þ ¼ σBH þ σTCS þ σINT; ð2Þ

where INT stands for the TCS-BH interference term. As
presented in Refs. [15,16], the BH contribution dominates
over the TCS in the total cross section by 2 orders of
magnitude in the kinematic range accessible at Jefferson
Lab (JLab). Therefore, the best practical way to access
GPDs with the TCS reaction is to measure observables
giving access to the TCS-BH interference. At leading order
and leading twist in QCD, σINT can be expressed as a linear
combination of GPD-related quantities [15],

d4σINT
dQ02 dtdΩ

¼A
1þ cos2θ

sin θ

× ½cos ϕReM̃−− − ν sin ϕ Im M̃−−&; ð3Þ

where

M̃−− ¼
!
F1H − ξðF1 þ F2ÞH̃ −

t
4m2

p
F2E

"
; ð4Þ

A is a kinematic factor given in Ref. [15], ϕ and θ are
defined in Fig. 2, Ω is the solid angle defined by θ and ϕ, ν
is the circular polarization of the photon beam (equal toþ1
for right-handed and −1 for left-handed polarization),mp is
the proton mass, F1 and F2 are the electromagnetic form

factors, andH, H̃, and E are the TCS CFFs of theH, H̃, and
E GPDs, respectively, which are given in Eq. (1). As the
coefficients of H̃ and E in Eq. (4) are suppressed, especially
in the kinematics covered at JLab, measuring unpolarized
and polarized observables linked to the TCS-BH interfer-
ence cross section accesses mainly, respectively, the real
and the imaginary parts of the H CFF.
In this Letter, two TCS observables were measured for

the first time: the photon polarization asymmetry A⊙U and
the forward-backward (FB) asymmetry AFB. A⊙U is propor-
tional to the sin ϕ moment of the polarized interference
cross section and allows access to the imaginary part of H.
AFB, defined as

AFBðθ;ϕÞ ¼
dσðθ;ϕÞ − dσð180° − θ; 180°þ ϕÞ
dσðθ;ϕÞ þ dσð180° − θ; 180°þ ϕÞ

; ð5Þ

projects out the cosϕ moment of the unpolarized cross
section, proportional to the real part of the CFF H [20].
Both A⊙U and AFB are zero if only BH contributes to the
γp → p0γ' cross section. Furthermore, it was shown in
Ref. [21] that the QED radiative corrections are negligible
for both of these observables.
The experiment was carried out in Hall B at JLab, using a

10.6-GeVelectron beam, impinging on a 5-cm-long liquid-
hydrogen target placed at the center of the solenoid magnet
of CLAS12 [22]. Potential quasireal photoproduction
events (ep → p0eþe−X) were selected requiring one elec-
tron, one positron, and one proton. The trajectories of
charged particles, bent by the CLAS12 torus and solenoid
magnetic fields, were measured by the drift chambers and
in the central vertex tracker, providing their charge and
momentum. The leptons were identified combining the
information from the high-threshold Cherenkov counters
and the forward electromagnetic calorimeter (ECAL) [23].
Leptons with momenta below 1 GeV were removed to
eliminate poorly reconstructed tracks in the forward

FIG. 1. Left: handbag diagram of the TCS process. Right:
diagram of the BH process. t ¼ ðp − p0Þ2 is the squared four-
momentum transfer between the initial and final protons, Q02 ¼
ðkþ k0Þ2 is the invariant mass of the lepton pair, andQ2 ¼ −q2 is
the virtuality of the real photon. ξ ¼ Q02=(2ðs −m2

pÞ −Q02) is
the momentum imbalance of the struck quark, s is the squared
center-of-mass energy, andmp is the proton mass. x is the average
momentum fraction of the struck quark.

FIG. 2. Relevant angles for TCS. ϕ and θ are, respectively, the
angle between the leptonic plane (defined by the outgoing leptons
momenta k and k0) and the hadronic plane (defined by the
incoming and outgoing proton momenta p and p0, defined in
Fig. 1), and the angle between the electron and the recoiling
proton in the leptons center-of-mass frame.
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 Timelike Compton Scattering (TCS)
          

•                      with a high timelike virtuality

• Time-reversal symmetric process to DVCS (                    )

• Gives access to the real part of Compton amplitude, and provides constraints 

for modeling the GPDs
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TCS process BH process

BH-TCS interference is projected out by measuring the asymmetry arising from the exchange of e-e+.
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Fig. 5. Sketch of the kinematical variables and coordinate axes
in the γp and ℓ+ℓ− 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 ℓ+ℓ−

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

)

A

−t
+ (F1 + F2)2

B

2

]

, (17)

where we have used the abbreviations

A = (s − M2)2∆2
T − ta(a + b)

− M2b2 − t(4M2 − t)Q′2

+
m2

ℓ

L

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
ℓQ

′2 − 4m2
ℓ(t + 2m2

ℓ)
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
ℓ ][(q−k′)2−m2

ℓ ] =
(Q′2 − t)2 − b2

4
. (20)

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

ℓ 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

∆2
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 mℓ/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
ℓ + 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
ℓ/Q′2. For

θ ∼ θmin the leptons ℓ− and ℓ+ are nearly collinear with
the initial photon in the γp c.m. They have transverse
momenta of order ∆T with respect to p⃗ and q⃗ 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

ℓQ
′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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 Forward-Backward Asymmetry (AFB) 4

Non-zero asymmetries are expected due to the interference b/w BH and TCS.

→ confirmed by CLAS measurements in 2021.

asymmetry, it was extracted separately for the invariant
mass region between 2 and 3 GeV as shown in Fig. 7. The
asymmetries in both mass regions are not comparable with
the zero asymmetry predicted if only the BH process was
contributing to the total cross section. This confirms that
the TCS diagram contributes to the γp → p0eþe− cross
section. These results were compared with model predic-
tions and seem to be better described by the VGG model
when the D-term (taken from Ref. [39]) is included,
although the error bars are still too large to completely
rule out the case without the D-term. The D-term, a poorly
known element of GPD parametrizations that appears as a
subtraction term in dispersion relations of DVCS ampli-
tudes, has recently gained relevance for its links to the
mechanical properties of the nucleon [40–43]. The GK
model predictions largely underestimate the asymmetry in
both mass regions. This could be explained by the absence
of the D-term in this prediction, although the GK model
differs also from the VGG model without the D-term.
The comparison was also done in the high-mass region in
Fig. 7. In this region, where factorization-breaking terms
are more strongly suppressed, the previous conclusion
stands, supporting the interpretation in terms of GPDs
and the importance of the D-term in their parametrization.
In summary, we reported in this Letter the first ever

measurement of TCS on the proton. The photon circular
polarization and forward-backward asymmetries were
measured. The nonzero asymmetries provide strong evi-
dence for the contribution of the quark-level mechanisms
parametrized by GPDs to the cross section of this reaction.
The comparison of the measured polarization asymmetry
with model predictions points toward the interpretation of
GPDs as universal functions. The reported results on the FB
asymmetry open a new promising path toward the extrac-
tion of the real part of H and ultimately to a better
understanding of the internal pressure of the proton via
the extraction of the D-term. Future measurements of TCS
at JLab will provide a wealth of data to be included in the

ongoing fitting efforts to extract CFFs [44–47]. In particu-
lar, TCS measurements should have a strong impact in
constraining the real part of CFFs [48] and in the deter-
mination of theD-term that relates to the gravitational form
factor of the nucleon. A comparison of these results with
possible measurements of TCS at the Electron Ion Collider
[49] and in ultraperipheral collisions at the LHC [50] could
provide a better understanding of the behaviour of the CFFs
of TCS at low x [36,37].
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GlueX can access wider (θ, φ) region.

CLAS in JLab/Hall B

• e- beam (Q2 < 0.15 GeV2 for this analysis)

• fixed LH2 target

• leptons are detected at forward region

• limited (θ, φ) acceptance
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Hall D Apparatus at Jefferson Lab

• Photon beam from coherent 
Bremsstrahlung off thin diamond 

• Photon energy tagged by 
scattered electron: 0.2% 
resolution 

• Beam collimated at 75m, <35 µrad 
• Intensity: ~ 5 107 - 108 γ/sec 

above J/ψ threshold (8.2 GeV) – 
total ~320 pb-1 in GlueX phase-I 
runs 
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Fig. 6. (color online) (a) Collimated photon beam intensity versus energy as measured
by the Pair Spectrometer. (b) Collimated photon beam polarization as a function
of beam energy, as measured by the Triplet Polarimeter, with data points offset
horizontally by ±0.015 GeV for clarity. The labels PARA and PERP refer to orientations
of the diamond radiator that result in polarization planes that are parallel and
perpendicular to the horizontal, respectively.

Table 2
Typical parameters for the GlueX photon beam, consistent with the electron beam
properties listed in Table 1, a diamond radiator of thickness 50 �m, and the standard
primary collimator of diameter 5.0 mm located at the nominal position. The electron
beam current incident on the radiator is taken to be 150 nA. The hadronic rates are
calculated for the GlueX 30 cm liquid hydrogen target.
E upper edge of the coherent peak 9 GeV
Coherent peak effective range 8.4–9.0 GeV
Net tagger rate in the coherent peak range 45 MHz
N� in the peak range after collimator 24 MHz
Maximum polarization in the peak, after collimator 40%
Mean polarization in the peak range, after collimator 35%
Power absorbed on collimator 0.60 W
Power incident on target 0.23 W
Total hadronic rate 70 kHz
Hadronic rate in the peak range 3.7 kHz

by the triplet polarimeter (Section 2.9) located just upstream of the
pair spectrometer. The stability of the beam polarization is indepen-
dently monitored via the observed azimuthal asymmetry in various
photoproduction reactions, particularly that for ⇢ photoproduction [9].

Typical values for parameters and properties of the photon beam
are given in Table 2. In the sections that follow, we describe in more
detail how the linearly-polarized photon beam is produced, how the
photon energy is determined using the tagging spectrometer, how the
photon beam polarization spectrum and flux are measured with the
Pair Spectrometer and Triplet Polarimeter, and how the photon flux
is calibrated using the Total Absorption Counter.

2.3. Goniometer and radiators

For the linearly-polarized photon beam normally used in GlueX
production running, diamond radiators are used to produce a coherent
bremsstrahlung beam. This requires precise alignment of the diamond
radiator, in order to produce a single dominant coherent peak4 with

4 Defined as 0.6 GeV below the coherent edge (nominally 9 GeV). The
position of the edge scales approximately with the primary incident electron
beam energy.

the desired energy and polarization by scattering the beam electrons
from the crystal planes associated with a particular reciprocal lattice
vector. A multi-axis goniometer, manufactured by Newport Corpora-
tion, precisely adjusts the relative orientation of the diamond radiator
with respect to the incident electron beam horizontally, vertically and
rotationally about the X, Y and Z axes, respectively. The Hall-D
goniometer holds several radiators, any of which may be moved into
the beam for use at any time according to the requirements of the
experiment.

In addition to the diamond radiators, several aluminum radiators
of thicknesses ranging from 1.5 to 40 �m are used to normalize the
rate spectra measured in the Pair Spectrometer, correcting for its ac-
ceptance. A separate rail for these amorphous radiators is positioned
615 mm downstream of the goniometer.

2.3.1. Diamond selection and quality control
The properties of diamond are uniquely suited for coherent brems-

strahlung radiators. The small lattice constant and high Debye tem-
perature of diamond result in an exceptionally high probability for
coherent scattering in the bremsstrahlung process [10]. Also, the high
coherent scattering probability is a consequence of the small atomic
number of carbon (Z = 6). At the dominant crystal momentum (9.8 keV)
corresponding to the leading (2,2,0) reciprocal lattice vector, the small
atomic number results in minimal screening of the nuclear charge by
inner shell electrons. Diamond is the best known material in terms of its
coherent radiation fraction, and its unparalleled thermal conductivity
and radiation hardness make it well-suited for use in a high-intensity
electron beam environment.

The position of the coherent edge in the photon beam intensity spec-
trum is a simple monotonic function of the angle between the incident
electron beam direction and the normal to the (2,2,0) crystal plane.
The 12-GeV-electron beam entering the radiator has a divergence less
than 10 �rad, corresponding to a broadening of the coherent edge in
Fig. 6 by just 7 MeV. However, if the incident electron beam had
to travel through 100 �m of diamond material prior to radiating, the
resulting electron beam emittance would increase by a factor of 10 due
to multiple Coulomb scattering, resulting in a proportional increase in
the width of the coherent edge. Such broadening of the coherent peak
diminishes both the degree of polarization in the coherent peak as well
as the collimation efficiency in the forward direction. Hence, diamond
radiators for GlueX must be significantly thinner than 100 �m.

The cross-sectional area of a diamond target must also be large
enough to completely contain the electron beam so that the beam
does not overlap with the material of the target holder. Translated
to the beam spot dimensions from Table 1, GlueX requires a target
with transverse size 5 mm or greater. Uniform single-crystal diamonds
of this size are now available as slices cut from natural gems, HPHT
(high-pressure, high-temperature) synthetics, and CVD (chemical vapor
deposition) single crystals. Natural gems are ruled out due to cost.
HPHT crystals had been thought to be far superior to CVD single
crystals in terms of their diffraction widths, but our experience did not
bear this out. GlueX measurements of the x-ray rocking curves of CVD
crystals obtained from the commercial vendor Element Six5 routinely
showed widths that were within a factor 2 of the theoretical Darwin
width, similar to the results we found for the best HPHT diamonds that
were available to us [11,12].

Fig. 7 shows a rocking curve topograph of a diamond radiator
taken with 15 keV x-rays at the Cornell High Energy Synchrotron
Source (CHESS). The instrumental resolution of this measurement is
of the same order as the Darwin width for this diffraction peak, ap-
proximately 5 �rad. During operation, the electron beam spot would
be confined to the relatively uniform central region. Any region in
this figure with a rocking curve root-mean-square width of 20 �rad
or less is indistinguishable from a perfect crystal for the purposes of

5 Element Six, https://www.e6.com/en.
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• Photon beam from coherent bremsstrahlung off thin diamond

• Photon energy tagged by scattered electron: 0.2% resolution

• Beam collimated at 75 m, <35μrad

• Intensity: ~5x107 γ/sec (8.4<Eγ<9.0 GeV)

• Data sets: GlueX-I + 2020 (part of GlueX-II)

• FB asymmetry: Unpolarized asymmetry

• Photon polarization is not required

• Other polarized observables are useful to extract GPD info.


      (cf. M. Boër et al., PoS(DIS2015)028, Future work)



• Hermetic detector:   polar and full azimuthal acceptance 
• Tracking:   

• Calorimetry: 

1 − 120∘

σp /p ∼ 1 − 5 %
σE /E ∼ 6 % / E + 2 %

2T-solenoid, LH target 
Tracking (FDC,CDC) , Calorimetry (BCAL,FCAL) , Timing (TOF,SC)

FDC

CDC

FCAL

TOF
BCAL

SC

4

GlueX detector

 GlueX spectrometer 6

• 2T-Solenoid, LH2 target

• Hermetic Detector: 1°<θlab<120°, all φlab

• Tracking by FDC (θlab<11°) and CDC (θlab>11°): σp/p ~ 1-5%

• Calorimetry by FCAL (θlab<11°) and BCAL (θlab>11°): σE/E ~ 6%/√E + 2%



p

e+

e-

 Exclusive reaction   γp → J/ψp → e+e−p

5

• Electrons separated from pions by  – energy deposition in the calorimeters over 
measured momentum (pions >103 times more than electrons)

E/p

• GlueX detector has full acceptance for this reaction - direct measurement of the total 
cross section - no need to extrapolate to low/high t 

 Exclusive reaction γp→e-e+p 7

• Large acceptance .. we can access (θ, φ) dependence of the FB asymmetry

• e/π separation by p/E (Momentum over energy deposition in the calorimeters)
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FIG. 2. Acceptance of CLAS12 in the ✓/� plane. The region around � = 0� and low polar angle, as well as � = ±180� and
high polar angle are well covered by CLAS12.

TABLE I. Photon polarization asymmetry A�U as a function of �t at the averaged kinematic point E� = 7.29± 1.55 GeV and
M = 1.80± 0.26 GeV.

�t (GeV2) BSA Stat. error Syst. uncert.

0.206 0.166 0.0838 +0.0213
�0.0311

0.295 0.31 0.0725 +0.0253
�0.0439

0.404 0.306 0.0656 +0.0224
�0.0406

0.607 0.177 0.0647 +0.0167
�0.0251

NUMERICAL RESULTS FOR FB-ASYMMETRY

The forward-backward asymmetry, AFB , was measured for two ranges of the outgoing time-like photon virtualities.

AFB is defined as:

AFB =
NF �NB

NF +NB

(8)

where NF/B are the number of events in the forward (backward) angular bins, corrected by the acceptance and the

bin volume. In Table II, the measured AFB are shown at four values of transferred momentum squared �t. Data are

for 2.37 < Q02 < 4.24 GeV
2
, averaged over photon energy range E� = 7.23± 1.61 GeV. The AFB for 4.2 < Q02 < 6.0

GeV
2
is presented in Table III. Here the range of photon energies is E� = 8.13± 1.23.

[1] E. Berger, M. Diehl, and B. Pire, Eur. Phys. J. C 23, 675 (2002).
[2] V. D. Burkert et al., Nucl. Instr. Meth. A 959, 163419 (2020).

GlueX Bethe-Heitler

MC simulation

CLAS acceptance

CLAS measured AFB at 50°<θ<80°,-40°<φ<40°.

GlueX can access (θ, φ)-dependence.
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At these BH singularity regions (dσBH=∞), TCS information cannot be extracted. Instead, 
AFB at these regions can be used for a cross-check of the acceptance calculations.

Thanks to hermeticity, GlueX has the large acceptance, 
and (θ, φ)-dependence of AFB is accessible.
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FIG. 11: p/E distribution of the two leptons if the first one is in the BCAL/FCAL
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FIG. 12: Left plots in each figure (a,b): slices from Fig.11 projected on the x-axis for
2� < p/E < 4� cut on the y-axis (blue points) fitted with a polynomial representing the
pion background shape and slices from Fig.11 projected on the x-axis for p/E < 2� cut on
the y-axis (black points) fitted with the background shape (p0 normalization coe�cient)

and a Gaussian (p1� p3 parameters). Right plots in each figure: the di↵erence of the black
and blue points from the left plots (total minus pion background) representing the

electron/positron signal fitted with a Gaussian. The shaded histograms represent the
events within �3�/+ 2�.

of the other one: black points in Fig.12. Note that earlier, in Fig.2, we have used 0� cuts

to create a cleaner electron sample. The distribution is fitted with the pion sample shape

times a normalization parameter plus a Gaussian. The signal can be extracted at this

stage by integrating the Gaussian (method (I)). To be more accurate, however, we take

the di↵erence between the two distributions – the total minus the pion background (right

plots in each subfigure in Fig.12) – and either count the number of events (method (II)) or

fit and integrate a Gaussian (method (III))within �3� < p/E < 2�. We found that the
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π BG sample is created by “anti-electron” cut (<p/E>+3.5σ < p/E < <p/E>+4.5σ).

Its scale is a fitting parameter.

π background region

π subtracted

π subtractedBCAL, 40°<θ<60°

FCAL, 40°<θ<60°

                                                        1 1.50.5 0.75 1.25                                                         

                                                                                                                

p/E in FCAL p/E in FCAL

p/E in BCAL

1 1.50.5 0.75 1.25

1 1.50.5 0.75 1.25 1 1.50.5 0.75 1.25
p/E in BCAL

 0

1000

2000

 0

1000

2000

 

1000

0

 

0

1000



3

resonant gluon exchange [22–25]. If there would be sig-
nificant contributions from other processes such as the
open-charm exchange mentioned above, both of these as-
sumptions break down. Therefore, a better understand-
ing of all the processes that contribute to J/ photopro-
duction is required before updated searches for the P+

c
can be performed.

In this work we report on the measurement of J/ 
exclusive photoproduction,

�p ! J/ p ! e+e�p , (1)

based on the data collected by Phase-I of the GlueX ex-
periment [26] during the period 2016 � 2018. This data
sample is more than four times larger than the one used
in the first GlueX publication [1]. We present results
for the total cross section for photon beam energies from
threshold, E� = 8.2, up to 11.4 GeV. We also present
the di↵erential cross sections, d�/dt, in three regions of
photon beam energy over the full kinematic space in mo-
mentum transfer t, from |t|min(E�) to |t|max(E�), thanks
to the full acceptance of the GlueX detector for this re-
action. We identify the J/ particle through its decay
into an electron-positron pair. Due to the wide accep-
tance for the exclusive reaction �p ! e+e�p, we observe
events in a broad range of e+e� invariant masses, in-
cluding peaks corresponding to the � and J/ mesons
and the continuum between the two peaks that is dom-
inated by the non-resonant Bethe-Heitler (BH) process
(see Fig. 1). As an electromagnetic process that is cal-
culable to a high accuracy, we will use the measurement
of this BH process for the absolute normalization of the
J/ photoproduction cross sections.
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FIG. 1. The e+e� invariant mass spectrum for the GlueX
Phase-I data set after applying the selections described in
Section III. The J/ peak is fitted with a linear function and
two Gaussians with common mean, which yields a total of
2270± 58 J/ ’s.

II. THE GLUEX DETECTOR

The experimental setup is described in detail in
Ref. [26]. The GlueX experiment uses a tagged photon
beam, produced on a diamond radiator from coherent
Bremsstrahlung of the initial electron beam from the CE-
BAF accelerator. The scattered electrons are deflected
by a 9 T·m dipole magnet and detected in a tagging ar-
ray which consists of scintillator paddles and fibers, that
allows determination of the photon energy with 0.2% res-
olution. The photons are collimated by a 5 mm diameter
hole placed at 75 m downstream of the radiator. The
flux of the photon beam is measured with a pair spec-
trometer (PS) [27] downstream of the collimator, which
detects electron-positron pairs produced in a thin con-
verter. For most of Phase-I, the electron beam energy
was 11.7 GeV, corresponding to about 11.4 GeV maxi-
mum tagged photon energy. The coherent peak was kept
in the region of 8.2 � 9.0 GeV, which is just above the
J/ threshold, see Fig. 2. The produced photon beam
is substantially linearly polarized in this peak region and
the orientation of the polarization was changed period-
ically, although the beam polarization was not used in
this analysis. The bunches (⇡ 1 ps long) in the electron
and secondary photon beams are 4 ns apart for almost
all of the data.

The GlueX detector is built around a 2 T solenoid,
which is 4 m long and has an inner diameter of the bore
of 1.85 m. A liquid Hydrogen target that is 30 cm long,
is placed inside the magnet. It is surrounded by a Start
Counter [28], a segmented scintillating detector with a
timing resolution of 250 to 300 ps, that helps us to choose
the correct beam bunch. The tracks of the final state
charged particles are reconstructed using two drift cham-
ber systems. The Central Drift Chamber (CDC) [29]
surrounds the target and consists of 28 layers of straw
tubes (about 3500 in total) with axial and stereo orien-
tations. The low amount of material in the CDC allows
tracking of the recoil protons down to momenta pp as low
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FIG. 2. The measured tagged photon spectrum for GlueX
Phase-I in units of luminosity. The non-statistical fluctuations
are due to the segmentation of the tagger.
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• Kinematic fitting (constrained mostly by the recoil proton)

• BH region (1.2-2.5 GeV) is used to obtain FB asymmetry

• J/ψ region can be used for a cross-check (J/ψ FB asym. = 0)
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Acceptance correction is carried out by using MC samples.

To check the validity of this correction, following items are checked:

1. FB asymmetry for J/ψ should be zero consistent for any (θ, φ).

2. Acceptance is corrected by π sample (assuming AFB for γp→π+π-p is zero).

3. FB asymmetry for BH singularity regions should be zero consistent.
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AFB(θ, φ) = 0 for J/ψ since J/ψ doesn’t care about 
the charge exchange of daughter particles (e+e-).

Obtained Zero-consistent AFB(θ, φ) for J/ψ at any angle (θ, φ).
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Assuming pion AFB=0, efficiencies can be corrected using pion events.

40°<θ<60° 60°<θ<80° 80°<θ<90°

Overall, the results are consistent with MC-based efficiency calculations.
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 Cross-check 3.  AFB at BH singularity regions 14

At BH singularity regions, AFB is reasonably zero-consistent.
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 Comparison with CLAS results 15

GlueX shows consistent results with CLAS at their (50°<θ<80°, -40°<φ<40°) region.
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 (θ, φ)-dependence of the FB asymmetry 16

At small θ, φ-dependence of AFB(θ,φ) cannot be explained by the simple cosφ shape w/o constant term.
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FIG. 16. The forward (t = 0) differential cross section as a func-
tion of final particle center-of-mass momentum from this work (filled
red points) and SLAC [45] measurements (open black points).

The fits in Fig. 15 also directly give an extrapolation of
the cross sections to t = 0, dσ/dt (0), Table II. These results
are plotted in Fig. 16 as a function of the final proton (or
J/ψ) c.m. momentum, q, together with the SLAC measure-
ments of dσ/dt at t = tmin also extrapolated to t = 0 using
their measured exponential slope of 2.9 GeV−2 [45]. Such
a plot allows extrapolation of dσ/dt (0) to the threshold,
dσ/dt (0)|thr., that corresponds to q = 0. Reference [42] uses
the VMD model and dispersion relations to parametrize the
forward J/ψ-p scattering amplitude, T ψ p, and to fit all ex-
isting J/ψ photoproduction data including those data taken
at large center-of-mass energies. The parametrization is then
used to fit the forward differential cross sections and estimate
dσ/dt (0)|thr.—see Fig. 3 in Ref. [42], which is an analog
to our Fig. 16. Alternatively, the extrapolation to threshold
can be done by expanding T ψ p in partial waves, with the
S wave being dominant near threshold. Initial extrapolations
were previously reported along with the preliminary GlueX
results [46], but will not be discussed further in this paper. It is
of importance that the GlueX measurements are much closer
to the threshold than the SLAC measurements [45] (the latter
used in Ref. [42]), at the same time constraining dσ/dt (0)|thr.
to lower values than the SLAC results and Ref. [42]. For the
purpose of providing a quantitative estimate, let us assume
dσ/dt (0)|thr. is close in value and uncertainty to the lowest-q
data point in Fig. 16, 2.86 ± 2.03 nb/GeV2, where we have
included the overall scale uncertainty. This value corresponds
to a very small J/ψ-p scattering length, αJ/ψ p, which is given
by [7]

|αJ/ψ p| =

√
dσ

dt
(0)

∣∣
thr.

γ 2
ψ

απ

k2
γ p

π
, (6)

where kγ p is the c.m. momenta of the initial particles and γψ is
the photon-J/ψ coupling constant obtained from the J/ψ →
e+e− decay width. We find |αJ/ψ p| = (21.3 ± 8.2) × 10−3

fm, which, compared to the size of the proton of ∼1 fm scale,
indicates a very weak J/ψ-p interaction. However, note that
the VMD model is used in Eq. (6) to extract this value.
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GPD (Ivanov, Sznajder, Szymanowski, and Wagner)
GPD and LQCD (Guo, Ji, and Liu) 

FIG. 17. Comparison of the J/ψ total cross sections from this
work (GlueX) to the SLAC [45] and Cornell [47] data and two QCD
theoretical calculations in the two-gluon exchange factorization
model (in LO) from Ref. [48] and from Ref. [10]. The latter calcu-
lation uses gravitational form factors from lattice calculations [44].
The SLAC total cross sections are estimated from their dσ/dt |t=tmin

measurements [45] assuming a dipole t dependence from the fit of
our differential cross section at the highest energy, Fig. 15. The error
bars shown for the GlueX data are the statistical and systematic errors
summed in quadrature.

We can use the mass scale ms from the fits in Fig. 15
(Table II) to estimate the proton mass radius as prescribed in
Ref. [11],

√〈
r2

m

〉
=

√
6

mp

dG(t )
dt

∣∣∣∣
t=0

=
√

12
m2

s
, (7)

where the scalar gravitational form factor, G(t ), is related to
the measured t distributions through the VMD model. Equa-
tion (7) gives

√
⟨r2

m⟩ = 0.619 ± 0.094 fm, 0.464 ± 0.024 fm,
and 0.521 ± 0.020 fm for Eγ = 8.93, 9.86, and 10.82 GeV, re-
spectively. More sophisticated estimations of the proton mass
radius require knowledge of the A(t ) and C(t ) gravitational
form factors separately [10,41].

In Fig. 17 we compare our total cross section results to
models that assume factorization of the J/ψ photoproduction
into a hard quark-gluon interaction and the GPDs describing
the partonic distributions of the proton. This factorization in
exclusive heavy-meson photoproduction in terms of GPDs
was studied in the kinematic region of low |t | and high beam
energies [8]. The factorization was explicitly demonstrated by
direct leading order (LO) and next-to-leading order (NLO)
calculations. In Ref. [10], it was shown that in the limit of high
meson masses and at LO, the factorization in terms of gluon
GPDs is still valid down to the threshold. Calculations in
this framework were performed for the J/ψ photoproduction
cross section using parametrizations of the gravitational form
factors obtained from the lattice results of Ref. [44]. These
calculations for the total cross section are compared to our
measurements in Fig. 17. While they agree better with the
SLAC data at higher energies, they underestimate our near-
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FIG. 13. The measured differential cross sections with both sta-
tistical (inner bars) and total (outer bars) uncertainties shown for the
three energy regions, from Eq. (5). The points are fitted with a sum
of two exponential functions. The second exponential contribution is
most significant in the lowest energy bin, where the slope changes
sign.

We then fit the weighted M(e+e−) distribution to obtain a
luminosity-weighted number of J/ψ events in each bin of Eγ

and t , which we denote NJ/ψ
wt (Eγ , t ). The energy resolution as

measured by the experimental setup is better than the 45 MeV
bin size used in this procedure.

The cross sections are reported at the mean t and Eγ

values within each bin (red points in Fig. 12). Note that for
a given energy region, the mean Eγ values depend on the t
bin. Still, we attribute a common mean energy within each
energy region and treat the corresponding deviations of the
cross section due to the energy correction as a systematic
error. In addition, generally, the cross section averaged over
the bin deviates from the cross section at the mean Eγ and t
where it is reported, especially for the bins that are wide and
have nonrectangular shapes. This deviation will also be treated
as a systematic error.

To calculate the differential cross section, we divide the
luminosity-weighted number of J/ψ events in each bin by the
area of the bin, a(Eγ , t ), and correct for the reconstruction
efficiency ε(Eγ , t ):

dσ

dt
(Eγ , t ) = NJ/ψ

wt (Eγ , t ) [GeV · nb]
a(Eγ , t ) [GeV · GeV2]

1
ε(Eγ , t )

. (5)

Thus, the differential cross section will be in units of
[nb/GeV2]. The area of each bin is calculated with MC by
generating a uniform distribution over the whole rectangular
(Eγ , t) plane in Fig. 12.

We apply the same procedure for the extraction of the
J/ψ yields as explained in Sec. III for the total cross sec-
tion. The efficiencies calculated from MC, εMC(Eγ , t ), are
corrected by the overall normalization correction as obtained
in Sec. III, using the BH process. Thus, in Eq. (5) we use
ε(Eγ , t ) = εMC(Eγ , t ) × (0.847 ± 0.019). Now we have all
the ingredients in Eq. (5) to calculate the differential cross
sections, and the results are given in Fig. 13. To parametrize

them, they are fitted with a sum of two exponential functions.
To check the consistency of the differential cross sections,
we integrate the fitted function over the corresponding range
tmin(Eγ i ) − tmax(Eγ i ), where Eγ i is the mean energy for the
corresponding energy region, and compare these integrals
with the total cross section results. We find a good agreement,
shown in Fig. 11.

We consider three sources in the systematic uncertainties of
the individual differential data points: (i) the uncertainty in the
fitting procedure, (ii) the correction due to the alignment of the
results to a common mean energy, and (iii) the bin-averaging
effect. To estimate the last two effects, we create a two-
dimensional cross section model based on our measurements.
For that we use the fits of the differential cross sections in
Fig. 13. The total cross section is also fitted with a polynomial.
We note that these cross section parametrizations were used
in the J/ψ generator for all the MC results presented in this
paper. The main contribution to the systematic uncertainties
for the individual data points comes from the J/ψ fitting pro-
cedure where we compare the yields extracted from a fit with
either fixed widths (based on MC) or as a free parameter, in
the same way as was done for the estimation of the systematic
uncertainties in the total cross section.

The overall normalization uncertainty of the differential
cross sections is the same as for the total cross section; see
Table I.

The numerical results for the differential cross section,
along with statistical and systematic errors, are given in Ta-
bles IV, V, and VI of the Appendix. Note that in all the plots
in the next section, the error bars of the GlueX data points
include both the statistical and systematic errors added in
quadrature.

VI. DISCUSSION

In our cross section measurements, we observe two appar-
ent deviations from the expectations: (i) of a smooth variation
of the total cross section as a function of beam energy, and (ii)
of an exponentially decreasing t dependence in the differential
cross sections. We previously mentioned the structure in the
8.8–9.4 GeV region (Fig. 11) in Sec. IV. If we treat the
two points there as a potential dip, then the probability that
they are not a statistical fluctuation from a smooth fit to the
observed cross sections corresponds to a significance of 2.6σ .
However, if we consider the probability for any two adjacent
points in the whole energy interval (8.2–11.44 GeV) to have
a deviation of at least this size, then the significance reduces
to 1.4σ . Another feature that we observe is the enhancement
of the differential cross section for the lowest energy region
towards |t |max (Fig. 13), which can be interpreted as an s-
or u-channel contribution. We estimate a 2.3σ significance
of such a deviation when compared to a dipole fit of the
differential cross section. All the above significance estimates
include both statistical and systematic errors. The relevance
of these features to the reaction mechanism will be discussed
below.

Recently the J/ψ-007 experiment located in Hall C at
Jefferson Lab published results on J/ψ photoproduction [41].
They reported dσ/dt in 10 fine energy bins with similar total
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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,

123

Possible structure (2.6σ)

contribution beyond gluon exchange

J/ψ production as a probe of the gluon distribution of the proton

→ mass radius of the proton & D-term can be accessible


“If” the gluon exchange process is dominant
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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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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,

123

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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1 Spin observables
Besides the cross section, spin observables give important information to pin down the produc-
tion mechanism of the J/ meson. Experimentally, it is difficult to directly measure the spin
orientation of the J/ meson event by event. However, the spin information is inherited by
decay products, and we can obtain the spin information, or spin-density matrix of the produced
J/ meson, by measuring its decay angular distributions.

1.1 Gottfried-Jackson, helicity and Adair frames
To define angles of the decay products, a coordinate system should be prepared. Essentially,
this is equivalent to specify the spin-quantization z-axis of the J/ meson. Here, we introduce
three commonly used choices, Gottfried-Jackson (GJ) frame, helicity frame and Adair frame
(Fig. 1).

γ

J/ψ
xc.m.

γ

p'

overall c.m. frame rest frameJ/ψ

zc.m.

p

zHel

zHel

zAd

zGJ

zGJ

Fig. 1: Left: The spin-quantization axes for the helicity (Hel, in green), Adair (Ad, in red), and
Gottfried-Jackson (GJ, in blue) frames, in relation to the overall c.m. frame. Right: The spin-
quantization axes for the helicity (Hel, in green), and Gottfried-Jackson (GJ, in blue) frames,
in relation to the J/ -meson rest frame. p (p0) represents the incident (outgoing) proton.

GJ frame z-axis is the direction of the incoming photon in the J/ -meson rest frame.

Helicity frame z-axis is the direction of the J/ meson in the overall c.m. frame. This is
equivalent to the opposite direction of the outgoing proton in the J/ -meson rest frame.

Adair frame z-axis is the direction of the incoming photon in the overall c.m. frame.

x- and y-axes are defined in the following manner. y-axis is defined as the direction of ~p�⇥~pJ/ ,
where ~p� and ~pJ/ are 3-momenta of the incident photon and outgoing J/ meson, respectively.
x-axis is defined to complete an orthogonal right-handed system. Note that the xz-plane is the
production plane, and that when J/ meson is scattered at zero degrees, the directions of the
z-axes of these three frames are the same. In this thesis, we basically use the GJ frame if the
frame is not explicitly specified.

3

 .. angle between the photon polarization plane and production plane

 .. degree of the linear polarization


 .. polar and azimuthal angles of e- in the J/ψ rest frame

    depends on the choice of z-axis (Helicity frame and Gottfried-Jackson frame)

9 SDMEs (ραλλ’) describes the decay angular distribution with the linear polarization.
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In high energy fields, a different parametrization is used to describe the angular distribution
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 Polarization measurements: Naturality 20
� 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

1.3. Experimental Status of � Photoproduction 15
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Naturality                      is +0.5 when Pomeron exchange is dominant.

Deviation from +0.5 implies unnatural parity exchanges.

(2 gluons, Pomeron, f0, …)

(3 gluons, π, η, …)

Decay angle wrt polarization plane is sensitive to naturality

of the t-channel exchanged particle.
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Fig. 5. Sketch of the kinematical variables and coordinate axes
in the γp and ℓ+ℓ− 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 ℓ+ℓ−

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

)

A

−t
+ (F1 + F2)2

B

2

]

, (17)

where we have used the abbreviations

A = (s − M2)2∆2
T − ta(a + b)

− M2b2 − t(4M2 − t)Q′2

+
m2

ℓ

L

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
ℓQ

′2 − 4m2
ℓ(t + 2m2

ℓ)
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
ℓ ][(q−k′)2−m2

ℓ ] =
(Q′2 − t)2 − b2

4
. (20)

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

ℓ 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

∆2
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 mℓ/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
ℓ + 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
ℓ/Q′2. For

θ ∼ θmin the leptons ℓ− and ℓ+ are nearly collinear with
the initial photon in the γp c.m. They have transverse
momenta of order ∆T with respect to p⃗ and q⃗ 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

ℓQ
′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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FIG. 6. Spin-density matrix elements for the photoproduction of ρ(770) in the helicity system. Our results are shown in red; the error
bars display the statistical and systematic uncertainties added in quadrature. The systematic uncertainties for the polarized SDMEs ρ1

i j and ρ2
i j

contain an overall relative polarization uncertainty of 2.1% which is fully correlated for all values of t . The earlier results from SLAC [14] are
shown in green. The horizontal black lines show the values for s-channel helicity conservation with natural parity exchange (SCHC + NPE),
while the blue dashed curves show Regge theory predictions from JPAC with shaded, one-standard-deviation uncertainty bands [17].

In the limit of −t → 0, our results are consistent with the
SCHC + NPE model (see Appendix A). Deviations from this
description are predicted by Regge theory [17] and originate
from the interplay of leading natural parity exchanges (P ,
f2, and a2) and unnatural exchanges (e.g., π ) and their dif-
ferent dependencies on the squared four-momentum transfer
t . Our measurements follow the prediction qualitatively up
to the point where the prediction loses its validity at around
−t ≈ 0.5 GeV2/c2. We are able to extract the SDMEs with
high precision up to −t = 1 GeV2/c2, and we will discuss
the observed deviation from the SCHC + NPE model and
the Regge theory prediction in more detail in the following
sections.

B. Parity-exchange components

The spin-density matrix can be separated into the com-
ponents ρN,U

ik arising from natural [P = (−1)J ] or unnatural
[P = −(−1)J ] parity exchanges in the t channel, respectively.
The interference term between both production mechanisms
vanishes in the limit of high energy [6]. We use the results
from Fig. 6 to calculate the linear combinations

ρN,U
ik = 1

2

[
ρ0

ik ∓ (−1)iρ1
−ik

]
. (22)

Figure 7 illustrates the clean separation. All unnatural compo-
nents are significantly smaller than their natural counterparts.
This means that the deviation from the pure SCHC + NPE

055204-8

 What we expect about J/ψ SDMEs? 22
• 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?

Very limited knowledge about J/ψ SDMEs near threshold. 
GlueX can do unique measurements of naturality. Naturality ~ +0.5


for ρ0 meson production

PRC108, 055204 (2023)
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Naturality Helicity conservation Beam Asym.

Uncertainty for naturality is not small, but enough to distinguish

“fully unnatural-parity exchange (-0.5)” and “fully natural-party exchange(+0.5)”.
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9 Method 2 (Yield Asymmetry)
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Flux raito for 45/135 .. 1.0052
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No MC data is used.

Efficiency is canceled.


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) give consistent results.
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Stat. error: 0.21 Stat. error: 0.22
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Red: JPAC Pomeron model
Red: JPAC Pomeron model

Helicity frame (z-axis: opposite of out-going proton)


The photon helicity is not fully transferred to J/ψ at low Eγ.

Gottfried-Jackson frame (z-axis: photon direction)


The photon helicity for the t-channel cross reaction:


is almost conserved.

(photon helicity) = -(J/ψ helicity), otherwise amplitudes = 0


For light vector mesons (ρ, ω, φ), this “t-channel helicity

conservation” is known to be badly broken.
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 Summary and prospects 26
• Timelike Compton scattering can be accessible with GlueX detector

• Thanks to the large acceptance, (θ, φ)-dependence of FB asymmetry can be 

accessed.

•Consistent results with CLAS at 50°<θ<80°, -40°<φ<40°

• To understand (θ, φ)-dependence, theoretical supports are essential.


• Exclusive J/ψ photophotoproduction near threshold might give us the gluonic 
properties of the proton, but first we have to understand the production mechanism.

•GlueX cross section data is indicating the contribution beyond the gluon exchange.

• To help determine the production mechanism, GlueX can provide unique (especially 

polarized) SDME measurements.

•We’re planning to collect additional data, and expect a few times more J/ψ events.
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Fig. 5. Sketch of the kinematical variables and coordinate axes
in the γp and ℓ+ℓ− 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 ℓ+ℓ−

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

)

A

−t
+ (F1 + F2)2

B

2

]

, (17)

where we have used the abbreviations

A = (s − M2)2∆2
T − ta(a + b)

− M2b2 − t(4M2 − t)Q′2

+
m2

ℓ

L

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
ℓQ

′2 − 4m2
ℓ(t + 2m2

ℓ)
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
ℓ ][(q−k′)2−m2

ℓ ] =
(Q′2 − t)2 − b2

4
. (20)

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

ℓ 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

∆2
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 mℓ/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
ℓ + 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
ℓ/Q′2. For

θ ∼ θmin the leptons ℓ− and ℓ+ are nearly collinear with
the initial photon in the γp c.m. They have transverse
momenta of order ∆T with respect to p⃗ and q⃗ 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

ℓQ
′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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Let us take a closer look at the interference part of the
cross section for γp → ℓ+ℓ−p with unpolarized protons
and photons. It is given by

dσINT

dQ′2dtd(cos θ)dϕ
= − α3

em
4πs2
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−t

M
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1

τ
√

1 − τ

L0

L

×
[
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sin θ
ReM̃−− − cos 2ϕ

√
2 cos θReM̃0−

+ cos 3ϕ sin θReM̃+− + O

(

1
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)]

, (30)

with L and L0 from (20) and (21). Here

M̃µ′µ =
∆T

M

[

(1 − τ)F1 − τ

2
F2

]

M−µ′,−µ

+
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M

[

F1 +
τ

2
F2

]

M+µ′,+µ

+
[

τ2(F1 + F2) +
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T
2M2 F2

]

M−µ′,+µ

− ∆2
T

2M2 F2M
+µ′,−µ (31)

is the same combination of Compton helicity amplitudes
as defined in [9]3. The close analogy between TCS and
DVCS is manifest, and we see that a γ∗ with negative
helicity in TCS corresponds to a γ∗ with positive helicity
in DVCS as we already found in the relations (10).

The terms indicated by O(1/Q′) in (30) have kinemat-
ical coefficients suppressed by at least one power of 1/Q′

relative to the other terms in brackets. Notice that we
have not approximated the product L of lepton propaga-
tors from the BH process. In the limit of large Q′2 the fac-
tor L0/L tends to 1, but we have seen in Sect. 4.2 that this
approximation becomes increasingly bad as θ approaches
0 or π, so that it is useful to keep L0/L in an analysis. The
same is true for the lepton propagators in the interference
of DVCS and BH, as has been emphasized in [6].

We see that without polarization one probes the real
parts of the Compton helicity amplitudes. Access to the
imaginary parts can be obtained with polarized photon
beams. If the photons have a circular polarization ν, as is
the case for a bremsstrahlung beam emitted from longitu-
dinally polarized leptons, one has

dσINT

dQ′2dtd(cos θ)dϕ
=

dσINT

dQ′2dtd(cos θ)dϕ

∣
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∣

Eq.(30)

− ν
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em
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×
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sinϕ
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sin θ
ImM̃−− − sin 2ϕ

√
2 cos θImM̃0−

+ sin 3ϕ sin θImM̃+− + O

(

1
Q′

)]

. (32)

3 In contrast to [9] our notation here is to list the helici-
ties of outgoing particles first. With our phase convention the
transverse polarization vectors of the two photons coincide for
∆T = 0, cf. Sect. 4.1. In [9] we made a different choice, and
the Compton helicity amplitudes here and there differ by an
overall sign

The photon polarization dependent and independent
terms are simply related by exchanging sin ↔ cos and
Im ↔ Re. This is not quite the same as for lepton beam
polarization in the interference between DVCS and BH,
where different kinematical factors occur in the polariza-
tion dependent and independent parts, and where notably
the term with sin 3ϕImM̃+− is absent.

The various terms in the ϕ dependence of the interfer-
ence term can for instance be projected out by weighting
the differential cross section with appropriate functions.
The weights (L/L0) cos(nϕ) and (L/L0) sin(nϕ) for in-
stance give the terms with cos(nϕ) and sin(nϕ) in (30)
and (32), respectively. Notice that these weights are odd
under the exchange of k and k′ and hence do not pick
up the BH and TCS contributions to the cross section, as
discussed above.

In this way we can project out the various helicity
combinations M̃µ′µ of Compton amplitudes, up to relative
corrections in 1/Q′. Along the lines of [9] this can be used
to test whether the power behavior in Q′ at fixed τ and
t follows the predictions discussed in Sect. 2, i.e., whether
arguments based on the large Q′2 limit apply at the fi-
nite Q′2 of a measurement. If one is in the scaling regime,
one can then analyze the photon helicity conserving am-
plitudes in terms of generalized parton distributions. The
quark handbag diagrams of Fig. 2 give

M̃−− =
2
√

t0 − t

M

1 − η

1 + η

×
[

F1H1 − η(F1 + F2)H̃1 − t

4M2 F2E1

]

, (33)

where −t0 = 4η2M2/(1 − η2) is the minimal value of −t
at given η, up to corrections in 1/Q′2.

The above extraction of the Compton amplitudes re-
quires measurement of the angle ϕ. If one integrates the in-
terference term over ϕ, the photon polarization dependent
part in (32) vanishes because of parity invariance. The in-
tegral of the unpolarized contribution (30) is nonzero, due
to the ϕ dependence of L0/L and to the ϕ independent
part of the terms denoted by O(1/Q′). This integral can
in principle be projected out from the cross section be-
cause it is odd under θ → π − θ, whereas the BH and
TCS contributions are even when integrated over ϕ. The
interference signal so obtained is however an order 1/Q′

smaller than what can be seen in the ϕ dependence of the
cross section, and will thus be harder to extract.

5 Numerical estimates

In this section we model the generalized parton distribu-
tions (GPDs) and give estimates for various observables.
We restrict ourselves to moderate values of τ and use
the leading-order handbag approximation (4), (5) of the
Compton amplitude. We omit all terms proportional to Eq

and Ẽq. In the region 0.1 ≤ τ ≤ 0.36 and |t| ≤ 0.4 GeV2

we will consider in our estimates, E1 is multiplied by kine-
matical coefficients at most 0.15 times those of H1 in (26)
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Abstract. We investigate the exclusive photoproduction of a heavy timelike photon which decays into a
lepton pair, γp → ℓ+ℓ−p. This can be seen as the analog of deeply virtual Compton scattering, and we argue
that the two processes are complementary for studying generalized parton distributions in the nucleon. In
an unpolarized experiment the angular distribution of the leptons readily provides access to the real part
of the Compton amplitude. We estimate the possible size of this effect in kinematics where the Compton
process should be dominated by quark exchange.

1 Introduction

A considerable amount of theoretical and experimental
work is currently being devoted to the study of generalized
parton distributions, whose measurement could make im-
portant contributions to our understanding of how quarks
and gluons assemble themselves to hadrons [1–3]. The the-
oretically simplest and cleanest of the exclusive processes
where these distributions occur is deeply virtual Compton
scattering (DVCS), i.e., γ∗p → γp in kinematics where the
γ∗ has large spacelike virtuality while the invariant mo-
mentum transfer t to the proton is small. In the present
paper, we investigate the “inverse” process, γp → γ∗p at
small t and large timelike virtuality of the final state pho-
ton. We shall refer to this as timelike Compton scatter-
ing (TCS). This reaction shares many features of DVCS,
although the timelike character of the virtual photon en-
tails some specific differences. The combination of data on
DVCS and TCS would offer a powerful tool to make sure
we understand the reaction mechanism, and eventually to
obtain stronger constraints on the generalized parton dis-
tributions than DVCS alone would provide.

The physical process where to observe TCS is pho-
toproduction of a heavy lepton pair, γp → µ+µ−p or
γp → e+e−p, shown in Fig. 1. Despite the close anal-
ogy to real photon production ep → eγp or µp → µγp,
where DVCS can be accessed, the phenomenology of these
reactions shows important differences. In both cases, a
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p’p

k’

pp

γ

Fig. 1. Real photon–proton scattering into a lepton pair and
a proton. ℓ stands for an electron or a muon

Bethe–Heitler (BH) mechanism contributes at the ampli-
tude level. Contrary to the case of DVCS, this contribution
always dominates over the one from TCS in the kinemati-
cal regime where we want to study it. On the other hand,
the interference between the TCS and BH processes can
readily be accessed through the angular distribution of
the lepton pair, whereas the corresponding observable for
DVCS is the lepton charge asymmetry and requires beams
of both positive and negative charge.

This paper is organized as follows. In Sect. 2 we re-
view the kinematics, factorization properties, and helicity
structure of the Compton amplitude in the general case
where the two photon virtualities are different, but at least
one of them is sufficiently large to provide a hard scale. In
Sect. 3 we discuss specific features related to the timelike
nature of the outgoing photon in TCS. We develop the
phenomenology of exclusive photoproduction of a lepton
pair in Sect. 4, taking into account the Bethe–Heitler and
the Compton processes and their interference. In Sect. 5
we present estimates of cross sections and of asymmetries
suitable to extract information on the Compton signal.
Section 6 contains our conclusions. In an appendix we dis-
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=
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 ℓ+ℓ−

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

)

A

−t
+ (F1 + F2)2

B

2

]

, (17)

where we have used the abbreviations

A = (s − M2)2∆2
T − ta(a + b)

− M2b2 − t(4M2 − t)Q′2

+
m2

ℓ

L

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
ℓQ

′2 − 4m2
ℓ(t + 2m2

ℓ)
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
ℓ ][(q−k′)2−m2

ℓ ] =
(Q′2 − t)2 − b2

4
. (20)

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

ℓ 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

∆2
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 mℓ/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
ℓ + 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
ℓ/Q′2. For

θ ∼ θmin the leptons ℓ− and ℓ+ are nearly collinear with
the initial photon in the γp c.m. They have transverse
momenta of order ∆T with respect to p⃗ and q⃗ 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

ℓQ
′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.

Kinematic factor “L” strongly depends on φ, but canceled out by taking the ratio.

→ AFB ~ cosφ at the leading order

“L
” t

er
m

φ (deg)
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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 ℓ+ℓ−

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
=
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×
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where we have used the abbreviations

A = (s − M2)2∆2
T − ta(a + b)

− M2b2 − t(4M2 − t)Q′2

+
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ℓ

L

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
ℓQ

′2 − 4m2
ℓ(t + 2m2
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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)
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given in (15) above, and through the product of the lepton
propagators in the two BH diagrams,

L = [(q−k)2−m2
ℓ ][(q−k′)2−m2

ℓ ] =
(Q′2 − t)2 − b2

4
. (20)

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

ℓ 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
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1
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×
[(
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. (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 mℓ/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
ℓ + 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
ℓ/Q′2. For

θ ∼ θmin the leptons ℓ− and ℓ+ are nearly collinear with
the initial photon in the γp c.m. They have transverse
momenta of order ∆T with respect to p⃗ and q⃗ 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

ℓQ
′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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• L comes from the interference b/w 2 BH diagrams.

• L in dσBH is reasonable

• L in dσINT is not straightforward
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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 ℓ+ℓ−

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
=
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β

−tL

×
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where we have used the abbreviations
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+
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L

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

L = [(q−k)2−m2
ℓ ][(q−k′)2−m2

ℓ ] =
(Q′2 − t)2 − b2

4
. (20)

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

ℓ 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
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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 mℓ/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
ℓ + 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
ℓ/Q′2. For

θ ∼ θmin the leptons ℓ− and ℓ+ are nearly collinear with
the initial photon in the γp c.m. They have transverse
momenta of order ∆T with respect to p⃗ and q⃗ 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

ℓQ
′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.

E.R. Berger et al.: Timelike Compton scattering: exclusive photoproduction of lepton pairs 681

Let us take a closer look at the interference part of the
cross section for γp → ℓ+ℓ−p with unpolarized protons
and photons. It is given by

dσINT

dQ′2dtd(cos θ)dϕ
= − α3

em
4πs2

1
−t

M

Q′
1

τ
√

1 − τ

L0

L

×
[

cos ϕ
1 + cos2 θ

sin θ
ReM̃−− − cos 2ϕ

√
2 cos θReM̃0−

+ cos 3ϕ sin θReM̃+− + O

(

1
Q′

)]

, (30)

with L and L0 from (20) and (21). Here

M̃µ′µ =
∆T

M

[

(1 − τ)F1 − τ

2
F2

]

M−µ′,−µ

+
∆T

M

[

F1 +
τ

2
F2

]

M+µ′,+µ

+
[

τ2(F1 + F2) +
∆2

T
2M2 F2

]

M−µ′,+µ

− ∆2
T

2M2 F2M
+µ′,−µ (31)

is the same combination of Compton helicity amplitudes
as defined in [9]3. The close analogy between TCS and
DVCS is manifest, and we see that a γ∗ with negative
helicity in TCS corresponds to a γ∗ with positive helicity
in DVCS as we already found in the relations (10).

The terms indicated by O(1/Q′) in (30) have kinemat-
ical coefficients suppressed by at least one power of 1/Q′

relative to the other terms in brackets. Notice that we
have not approximated the product L of lepton propaga-
tors from the BH process. In the limit of large Q′2 the fac-
tor L0/L tends to 1, but we have seen in Sect. 4.2 that this
approximation becomes increasingly bad as θ approaches
0 or π, so that it is useful to keep L0/L in an analysis. The
same is true for the lepton propagators in the interference
of DVCS and BH, as has been emphasized in [6].

We see that without polarization one probes the real
parts of the Compton helicity amplitudes. Access to the
imaginary parts can be obtained with polarized photon
beams. If the photons have a circular polarization ν, as is
the case for a bremsstrahlung beam emitted from longitu-
dinally polarized leptons, one has

dσINT

dQ′2dtd(cos θ)dϕ
=

dσINT

dQ′2dtd(cos θ)dϕ

∣

∣

∣

∣

Eq.(30)

− ν
α3

em
4πs2

1
−t

M

Q′
1

τ
√

1 − τ

L0

L

×
[

sinϕ
1 + cos2 θ

sin θ
ImM̃−− − sin 2ϕ

√
2 cos θImM̃0−

+ sin 3ϕ sin θImM̃+− + O

(

1
Q′

)]

. (32)

3 In contrast to [9] our notation here is to list the helici-
ties of outgoing particles first. With our phase convention the
transverse polarization vectors of the two photons coincide for
∆T = 0, cf. Sect. 4.1. In [9] we made a different choice, and
the Compton helicity amplitudes here and there differ by an
overall sign

The photon polarization dependent and independent
terms are simply related by exchanging sin ↔ cos and
Im ↔ Re. This is not quite the same as for lepton beam
polarization in the interference between DVCS and BH,
where different kinematical factors occur in the polariza-
tion dependent and independent parts, and where notably
the term with sin 3ϕImM̃+− is absent.

The various terms in the ϕ dependence of the interfer-
ence term can for instance be projected out by weighting
the differential cross section with appropriate functions.
The weights (L/L0) cos(nϕ) and (L/L0) sin(nϕ) for in-
stance give the terms with cos(nϕ) and sin(nϕ) in (30)
and (32), respectively. Notice that these weights are odd
under the exchange of k and k′ and hence do not pick
up the BH and TCS contributions to the cross section, as
discussed above.

In this way we can project out the various helicity
combinations M̃µ′µ of Compton amplitudes, up to relative
corrections in 1/Q′. Along the lines of [9] this can be used
to test whether the power behavior in Q′ at fixed τ and
t follows the predictions discussed in Sect. 2, i.e., whether
arguments based on the large Q′2 limit apply at the fi-
nite Q′2 of a measurement. If one is in the scaling regime,
one can then analyze the photon helicity conserving am-
plitudes in terms of generalized parton distributions. The
quark handbag diagrams of Fig. 2 give

M̃−− =
2
√

t0 − t

M

1 − η

1 + η

×
[

F1H1 − η(F1 + F2)H̃1 − t

4M2 F2E1

]

, (33)

where −t0 = 4η2M2/(1 − η2) is the minimal value of −t
at given η, up to corrections in 1/Q′2.

The above extraction of the Compton amplitudes re-
quires measurement of the angle ϕ. If one integrates the in-
terference term over ϕ, the photon polarization dependent
part in (32) vanishes because of parity invariance. The in-
tegral of the unpolarized contribution (30) is nonzero, due
to the ϕ dependence of L0/L and to the ϕ independent
part of the terms denoted by O(1/Q′). This integral can
in principle be projected out from the cross section be-
cause it is odd under θ → π − θ, whereas the BH and
TCS contributions are even when integrated over ϕ. The
interference signal so obtained is however an order 1/Q′

smaller than what can be seen in the ϕ dependence of the
cross section, and will thus be harder to extract.

5 Numerical estimates

In this section we model the generalized parton distribu-
tions (GPDs) and give estimates for various observables.
We restrict ourselves to moderate values of τ and use
the leading-order handbag approximation (4), (5) of the
Compton amplitude. We omit all terms proportional to Eq

and Ẽq. In the region 0.1 ≤ τ ≤ 0.36 and |t| ≤ 0.4 GeV2

we will consider in our estimates, E1 is multiplied by kine-
matical coefficients at most 0.15 times those of H1 in (26)
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Fig. 5. Sketch of the kinematical variables and coordinate axes
in the γp and ℓ+ℓ− 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 ℓ+ℓ−

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

)

A

−t
+ (F1 + F2)2

B

2

]

, (17)

where we have used the abbreviations

A = (s − M2)2∆2
T − ta(a + b)

− M2b2 − t(4M2 − t)Q′2

+
m2

ℓ

L

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
ℓQ

′2 − 4m2
ℓ(t + 2m2

ℓ)
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
ℓ ][(q−k′)2−m2

ℓ ] =
(Q′2 − t)2 − b2

4
. (20)

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

ℓ 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

∆2
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 mℓ/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
ℓ + 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
ℓ/Q′2. For

θ ∼ θmin the leptons ℓ− and ℓ+ are nearly collinear with
the initial photon in the γp c.m. They have transverse
momenta of order ∆T with respect to p⃗ and q⃗ 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

ℓQ
′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.

Simonetta Liuti reported a problem in the calculations of DVCS (directly related to TCS).
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�p ! J/ (! e+e�p)

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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M(e+e�)

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
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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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W (cos ✓) ⇠ 1 + cos2 ✓ (⇢000 = 0)
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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
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W (�) = flat (Re⇢01�1 = 0)
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GlueX shows consistent results with CLAS at their (50°<θ<80°, -40°<φ<40°) region.

<latexit sha1_base64="npyw9SOAqM+23YwRKKFK+PZKKTg="></latexit>

AFB(✓,�) =
d�(✓,�)� d�(⇡ � ✓,�+ ⇡)

d�(✓,�) + d�(⇡ � ✓,�+ ⇡)
⇠ d�INT(✓,�)

d�BH(✓,�)
at 50°<θ<80°, -40°<φ<40° (CLAS region)
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BH
<latexit sha1_base64="G4sUPTdk6MW/FXVrcmkGLj+5cHQ=">AAACEXicbVA9SwNBEN3zM8avU0ubxSCkMdxJiBYWooWWEUwMJDHsbTbJ4u7esTsnhPP+go1/xcZCEVs7O/+NezGCJj4YeLw3w8y8IBLcgOd9OjOzc/MLi7ml/PLK6tq6u7FZN2GsKavRUIS6ERDDBFesBhwEa0SaERkIdhXcnGb+1S3ThofqEoYRa0vSV7zHKQErddziHexBJ2lJAgMtE8lVmt4deaVKC/9oZ6yeXu933IJX8kbA08QfkwIao9pxP1rdkMaSKaCCGNP0vQjaCdHAqWBpvhUbFhF6Q/qsaakikpl2MvooxbtW6eJeqG0pwCP190RCpDFDGdjO7Eoz6WXif14zht5hO+EqioEp+r2oFwsMIc7iwV2uGQUxtIRQze2tmA6IJhRsiHkbgj/58jSp75f8Sql8US4cn4zjyKFttIOKyEcH6BidoyqqIYru0SN6Ri/Og/PkvDpv360zznhmC/2B8/4Fo/CdhA==</latexit>

|t� tmin| < 0.6 GeV2

<latexit sha1_base64="YR3GEV1TsCzi64+47jfF4jr70eA=">AAACC3icbVC7SgNBFJ2NrxhfUUubIUGwWnZD0BQpgiJaRjAPyIYwO5lNhszMLjOzQli2t/FXbCwUsfUH7PwbJ8kWmnjgwuGce7n3Hj9iVGnH+bZya+sbm1v57cLO7t7+QfHwqK3CWGLSwiELZddHijAqSEtTzUg3kgRxn5GOP7ma+Z0HIhUNxb2eRqTP0UjQgGKkjTQolmp2pX49SLwR4hyldde1q1UPehzpseTJDWmng2LZsZ054CpxM1IGGZqD4pc3DHHMidCYIaV6rhPpfoKkppiRtODFikQIT9CI9AwViBPVT+a/pPDUKEMYhNKU0HCu/p5IEFdqyn3TObtRLXsz8T+vF+ug1k+oiGJNBF4sCmIGdQhnwcAhlQRrNjUEYUnNrRCPkURYm/gKJgR3+eVV0q7Y7rldvauWG5dZHHlwAkrgDLjgAjTALWiCFsDgETyDV/BmPVkv1rv1sWjNWdnMMfgD6/MHXheZZg==</latexit>

8.2 < E� < 11.44 GeV

<latexit sha1_base64="0XwrZGnRbNLmirMYqvDxLGEdkLw=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4MQEYeZEJdDDkEPehEimAWy0dOpSZr0LHT3CGHI0Yu/4sWDIl79BG/+jZ3loIkPCh7vVVFVzwk5k8qyvo3EwuLS8kpyNbW2vrG5ld7eqcggEhTKNOCBqDlEAmc+lBVTHGqhAOI5HKpO/2rkVx9ASBb492oQQtMjXZ+5jBKlpXZ63zZzhdsstI6hdXJUyJmnDdzwiOoJL76GyrCdzlimNQaeJ/aUZNAUpXb6q9EJaOSBrygnUtZtK1TNmAjFKIdhqhFJCAntky7UNfWJB7IZjx8Z4kOtdLAbCF2+wmP190RMPCkHnqM7RzfKWW8k/ufVI+VeNGPmh5ECn04WuRHHKsCjVHCHCaCKDzQhVDB9K6Y9IghVOruUDsGefXmeVHKmfWbm7/KZ4uU0jiTaQwcoi2x0joroBpVQGVH0iJ7RK3oznowX4934mLQmjOnMLvoD4/MH1RCXXw==</latexit>

1.2 < M(e+e�) < 2.5 GeV
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Acceptance correction is carried out by using MC samples.

To check the validity of this correction, following items are checked:

1. FB asymmetry for J/ψ should be zero consistent for any (θ, φ).

2. Acceptance is corrected by π sample (assuming AFB for γp→π+π-p is zero).

3. FB asymmetry for BH singularity regions should be zero consistent.

40°<θ<60° 60°<θ<80° 80°<θ<90°

φ φ φ


