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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 "+"− c.m. frames. Notice that the coordinate
systems differ from the one we used in the Compton amplitude
(4), where p and p′ have positive 3-components

=
Q′2(s − M2 − Q′2) + t(s − M2 + Q′2)

r
. (16)

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

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

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

c.m. described above.

4.2 The Bethe–Heitler contribution

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

dσBH

dQ′2dtd(cos θ)dϕ
=

α3
em

4π(s − M2)2
β

−tL

×
[(

F 2
1 − t

4M2 F 2
2

)

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

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
!Q

′2 − 4m2
!(t + 2m2

!)
L

(Q′2 − t)2. (18)

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

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

l+

l−

p p

γ

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

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

L = [(q−k)2−m2
! ][(q−k′)2−m2

! ] =
(Q′2 − t)2 − b2

4
. (20)

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

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

L ≈ L0 =
Q′4 sin2 θ

4
. (21)

and

dσBH

dQ′2dtd(cos θ)dϕ
≈ α3

em
2πs2

1
−t

1 + cos2 θ

sin2 θ

×
[(

F 2
1 − t

4M2 F 2
2

)

2
τ2

∆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 m!/Q′

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

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

Lmin ≈ Q′2m2
! + Q′2∆2

T
sin2 ϕ

(1 − τ)2
, (23)

for

tan θmin ≈ −2∆T

Q′
cos ϕ

1 − τ
, (24)

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

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

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

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

B. For a large range in θ the BH cross section (17) will
thus approximately behave like 1/L instead of 1/L2.
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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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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 
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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: ~5x107-108 γ/sec

• 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
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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.

1.0 1.5 2.0 2.5 3.0 3.5
M(e+e-) [GeV]

10

210

310
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en
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 / 

5 
M

eV

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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Integrated Luminosity:  320.3 pb-1

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 by MC simulation 11
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1.2 < M(e+e�) < 2.5 GeV

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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 Cross-check 1.  FB-asymmetry for J/ψ 12
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No t cut

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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 Cross-check 2.  Correction with π events (w/o MC) 13
<latexit sha1_base64="E7n037vDsgkKmY2Mjev8MMZo7TE="></latexit>

yielde+e� (✓,�)
yield⇡+⇡� (✓,�) �

yielde+e� (180��✓,180�+�)
yield⇡+⇡� (180��✓,180�+�)

yielde+e� (✓,�)
yield⇡+⇡� (✓,�) +

yielde+e� (180��✓,180�+�)
yield⇡+⇡� (180��✓,180�+�)

150− 100− 50− 0 50 100 150
 (deg)φ

0.6−

0.4−

0.2−

0

0.2

0.4

0.6FBA

<60θ40<

150− 100− 50− 0 50 100 150
 (deg)φ

0.6−

0.4−

0.2−

0

0.2

0.4

0.6FBA

eff. calculated using MC

+π−πeff. corrected by 

) < 2.5 GeV−e+1.2 < M(e

<80θ60<

150− 100− 50− 0 50 100 150
 (deg)φ

0.6−

0.4−

0.2−

0

0.2

0.4

0.6FBA

<90θ80< <90θ80<

<latexit sha1_base64="+XpfpThBLrgbbfHqddVu2aTMA/s=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtftapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5ZQj78=</latexit>⇡

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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=
Q′2(s − M2 − Q′2) + t(s − M2 + Q′2)

r
. (16)

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

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

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

c.m. described above.

4.2 The Bethe–Heitler contribution

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

dσBH

dQ′2dtd(cos θ)dϕ
=

α3
em

4π(s − M2)2
β

−tL

×
[(

F 2
1 − t

4M2 F 2
2

)

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

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
!Q

′2 − 4m2
!(t + 2m2

!)
L

(Q′2 − t)2. (18)

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

a = 2(k − k′) · p′, b = 2(k − k′) · (p − p′) (19)
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Fig. 6. The Feynman diagrams for the Bethe–Heitler ampli-
tude

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

L = [(q−k)2−m2
! ][(q−k′)2−m2

! ] =
(Q′2 − t)2 − b2

4
. (20)

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

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

L ≈ L0 =
Q′4 sin2 θ

4
. (21)

and

dσBH

dQ′2dtd(cos θ)dϕ
≈ α3

em
2πs2

1
−t

1 + cos2 θ

sin2 θ

×
[(

F 2
1 − t

4M2 F 2
2

)

2
τ2

∆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 m!/Q′

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

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

Lmin ≈ Q′2m2
! + Q′2∆2

T
sin2 ϕ

(1 − τ)2
, (23)

for

tan θmin ≈ −2∆T

Q′
cos ϕ

1 − τ
, (24)

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

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

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

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

B. For a large range in θ the BH cross section (17) will
thus approximately behave like 1/L instead of 1/L2.
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Let us take a closer look at the interference part of the
cross section for γp → "+"−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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Abstract. We investigate the exclusive photoproduction of a heavy timelike photon which decays into a
lepton pair, γp → "+"−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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Fig. 1. Real photon–proton scattering into a lepton pair and
a proton. " 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 &+&−

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

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
!Q

′2 − 4m2
!(t + 2m2

!)
L

(Q′2 − t)2. (18)

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

a = 2(k − k′) · p′, b = 2(k − k′) · (p − p′) (19)
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Fig. 6. The Feynman diagrams for the Bethe–Heitler ampli-
tude

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

L = [(q−k)2−m2
! ][(q−k′)2−m2

! ] =
(Q′2 − t)2 − b2

4
. (20)

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

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

L ≈ L0 =
Q′4 sin2 θ

4
. (21)

and

dσBH

dQ′2dtd(cos θ)dϕ
≈ α3

em
2πs2

1
−t

1 + cos2 θ

sin2 θ

×
[(

F 2
1 − t

4M2 F 2
2

)

2
τ2

∆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 m!/Q′

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

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

Lmin ≈ Q′2m2
! + Q′2∆2

T
sin2 ϕ

(1 − τ)2
, (23)

for

tan θmin ≈ −2∆T

Q′
cos ϕ

1 − τ
, (24)

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

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

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

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

B. For a large range in θ the BH cross section (17) will
thus approximately behave like 1/L instead of 1/L2.

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

→ AFB ~ cosφ at the leading order
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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 &+&−

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

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
!Q

′2 − 4m2
!(t + 2m2

!)
L

(Q′2 − t)2. (18)

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

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

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

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

L = [(q−k)2−m2
! ][(q−k′)2−m2

! ] =
(Q′2 − t)2 − b2

4
. (20)

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

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

L ≈ L0 =
Q′4 sin2 θ

4
. (21)

and

dσBH

dQ′2dtd(cos θ)dϕ
≈ α3

em
2πs2

1
−t

1 + cos2 θ

sin2 θ

×
[(

F 2
1 − t

4M2 F 2
2

)

2
τ2

∆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 m!/Q′

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

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

Lmin ≈ Q′2m2
! + Q′2∆2

T
sin2 ϕ

(1 − τ)2
, (23)

for

tan θmin ≈ −2∆T

Q′
cos ϕ

1 − τ
, (24)

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

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

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

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

B. For a large range in θ the BH cross section (17) will
thus approximately behave like 1/L instead of 1/L2.
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• 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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Fig. 5. Sketch of the kinematical variables and coordinate axes
in the γp and "+"− c.m. frames. Notice that the coordinate
systems differ from the one we used in the Compton amplitude
(4), where p and p′ have positive 3-components

=
Q′2(s − M2 − Q′2) + t(s − M2 + Q′2)

r
. (16)

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

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

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

c.m. described above.

4.2 The Bethe–Heitler contribution

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

dσBH

dQ′2dtd(cos θ)dϕ
=

α3
em

4π(s − M2)2
β

−tL

×
[(

F 2
1 − t

4M2 F 2
2

)

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

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
!Q

′2 − 4m2
!(t + 2m2

!)
L

(Q′2 − t)2. (18)

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

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

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

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

L = [(q−k)2−m2
! ][(q−k′)2−m2

! ] =
(Q′2 − t)2 − b2

4
. (20)

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

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

L ≈ L0 =
Q′4 sin2 θ

4
. (21)

and

dσBH

dQ′2dtd(cos θ)dϕ
≈ α3

em
2πs2

1
−t

1 + cos2 θ

sin2 θ

×
[(

F 2
1 − t

4M2 F 2
2

)

2
τ2

∆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 m!/Q′

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

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

Lmin ≈ Q′2m2
! + Q′2∆2

T
sin2 ϕ

(1 − τ)2
, (23)

for

tan θmin ≈ −2∆T

Q′
cos ϕ

1 − τ
, (24)

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

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

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

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

B. For a large range in θ the BH cross section (17) will
thus approximately behave like 1/L instead of 1/L2.
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Let us take a closer look at the interference part of the
cross section for γp → "+"−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 "+"− c.m. frames. Notice that the coordinate
systems differ from the one we used in the Compton amplitude
(4), where p and p′ have positive 3-components

=
Q′2(s − M2 − Q′2) + t(s − M2 + Q′2)

r
. (16)

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

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

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

c.m. described above.

4.2 The Bethe–Heitler contribution

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

dσBH

dQ′2dtd(cos θ)dϕ
=

α3
em

4π(s − M2)2
β

−tL

×
[(

F 2
1 − t

4M2 F 2
2

)

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

[

{(Q′2 − t)(a + b) − (s − M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
!Q

′2 − 4m2
!(t + 2m2

!)
L

(Q′2 − t)2. (18)

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

a = 2(k − k′) · p′, b = 2(k − k′) · (p − p′) (19)
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Fig. 6. The Feynman diagrams for the Bethe–Heitler ampli-
tude

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

L = [(q−k)2−m2
! ][(q−k′)2−m2

! ] =
(Q′2 − t)2 − b2

4
. (20)

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

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

L ≈ L0 =
Q′4 sin2 θ

4
. (21)

and

dσBH

dQ′2dtd(cos θ)dϕ
≈ α3

em
2πs2

1
−t

1 + cos2 θ

sin2 θ

×
[(

F 2
1 − t

4M2 F 2
2

)

2
τ2

∆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 m!/Q′

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

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

Lmin ≈ Q′2m2
! + Q′2∆2

T
sin2 ϕ

(1 − τ)2
, (23)

for

tan θmin ≈ −2∆T

Q′
cos ϕ

1 − τ
, (24)

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

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

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

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

B. For a large range in θ the BH cross section (17) will
thus approximately behave like 1/L instead of 1/L2.



 Summary and prospects 19
• Timelike Compton scattering can be accessible with GlueX detector

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

accessed.

• Following items were checked:

• Zero-consistent asymmetries for J/ψ

• Acceptance correction by π gives consistent results

• Zero-consistent asymmetries at BH singularity regions

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

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


•Marie Boër suggested linearly polarized observables are also useful to extract GPD 
information. (cf. M. Boër et al., PoS(DIS2015)028, Future work)
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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>
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d�(✓,�) + d�(⇡ � ✓,�+ ⇡)
⇠ d�INT(✓,�)

d�BH(✓,�)
at 50°<θ<80°, -40°<φ<40° (CLAS region)
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|t� tmin| < 0.6 GeV2
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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


