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•Incoherent photoproduction: γd→J/ψpn

•Quasi-free photoproduction off proton: γ(p)→J/ψp

•Quasi-free photoproduction off neutron: γ(n)→J/ψn

•Final-State Interactions (J/ψN rescattering)

• Coherent photoproduction: γd→J/ψd

The Program

Near Threshold J/ψ Production off Deuteron
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Plan: To develop LOI into a run-group proposal for RG B and submit to 
PAC in Summer 2018. Standard CLAS12 configuration.
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Why J/ψ?

Near Threshold J/ψ Production off Deuteron

24 S.J. Brodsky et al. / Physics Letters B 498 (2001) 23–28

Fig. 1. The characteristic scales in elastic J/ψ production on
protons near threshold, Elabγ = 8.20 GeV. The longitudinal co-
herence length of the cc fluctuation of the photon is short,
lc ∼= 2Elabγ /4m2c = 0.36 fm. The large mass of the charmed
quark also imposes a small transverse size r⊥ ∼ 1/mc = 0.13 fm
on this fluctuation. The minimum momentum transfer is large,
tmin ∼ −1.7 GeV2. All of the partons of the target wavefunction
have to transfer their energy to the charm quarks within their proper
creation time 1/mc , and must be within this transverse distance
from the cc and from each other, so that charm production near
threshold occurs at small impact distances b ∼ 1/mc ∼ 0.13 fm.

the heavy quark can contribute to charm production
at threshold. Although the higher-twist subprocess
cross sections are suppressed by powers of 1/m2

c , they
have much less phase-space suppression at threshold.
Thus charm production at threshold is sensitive to
short-range correlations between the valence quarks
of the target, and higher-twist multi-gluon exchange
reactions can dominate over the contributions of the
leading-twist single-gluon subprocesses.
One can determine the power-law dependence of

multi-parton heavy quark production subprocesses us-
ing an operator product analysis of the effective heavy
quark theory. The heavy quark photoproduction cross
section can be computed through the optical theorem
from the corresponding cut diagrams of the forward
Compton amplitude. Such diagrams factorize into the
convolution of two factors: a heavy quark loop dia-
gram connecting the photons to the exchanged gluons,
times the gauge invariant matrix element of a prod-
uct of gluon field strengths 〈p|Gn

µν |p〉. Because of the
non-Abelian coupling, a single field strength can cor-
respond to one or two exchanged gluons. For heavy
quark masses, m2

Q & Λ2QCD the heavy quark loop
contracts to an effective local operator, so that the
field strengths in the matrix element are all evalu-
ated at the same local point. The minimal gluon ex-
change contribution (n = 2) gives the leading twist
photon–gluon fusion contribution. Since 〈p|Gn|p〉

Fig. 2. Two mechanisms for transferring most of the proton
momentum to the charm quark pair in γp → ccp near threshold.
The leading twist contribution (a) dominates at high energies, but
becomes comparable to the higher-twist contribution (b) close to
threshold.

scales as (Λ2QCD)
n−1, each extra gluon field strength

connecting to the heavy quark loop must give a factor
of (1/m2

Q). (Higher derivatives in the matrix element
are further suppressed.) Thus one pays a penalty of
a factor (Λ2/m2

Q) as the number of exchanged gluon
fields is increased. However, as we shall see, the sup-
pression from the multiple gluon exchange contribu-
tions are systematically compensated by fewer powers
of energy threshold factors, so that at threshold multi-
gluon contributions will dominate. A similar effective
field theory operator analysis has been used [4] to esti-
mate the momentum fraction carried by intrinsic heavy
quarks in the proton [5,6].
In this paper, we will use reasonable conjectures for

the short distance behavior of hadronic matter inferred
from properties of perturbative QCD and effective
heavy quark field theory to estimate the behavior of
the reaction cross section.
The effective proton radius in charm photoproduc-

tion near threshold can be determined from the fol-
lowing argument [7,8]. As indicated in Fig. 2(a), most
of the proton momentum may first be transferred to
one (valence) quark, followed by a hard subprocess
γ q → ccq . If the photon energy is Eγ = ζEth

γ , where
Eth
γ is the energy at kinematic threshold (ζ ! 1), the

valence quark must carry a fraction x = 1/ζ of the
proton (light-cone) momentum. The lifetime of such
a Fock state (in the light-cone or infinite momentum
frame) is τ = 1/'E, where

(1)'E = 1
2p

[
m2

p −
∑

i

p2i⊥ + m2
i

xi

]
(

Λ2QCD
2p(1− x)

.

For x = 1/ζ close to unity such a short lived fluctua-
tion can be created (as indicated in Fig. 2(a)) through
momentum transfers from valence states (where the

J/ψ
•Small transverse size: r! " 1/mc=0.13 fm

•Ethr=8.2 GeV, lc#2Eγlab/4mc2=0.36 fm

•At threshold, |tmin|=1.7 (GeV/c)2

•b" 1/|t|1/2 =0.2 fm

•The      couples to gluon field in the 
target. Process dominated by multi-
gluon exchange. 

•Probes the short-range structure of 
the target.

cc
S.J. Brodsky, E. Chudakov, P. Hoyer, J.M. Laget, Phys. Lett. B 498, 
23 (2001).
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•Direct access to J/ψN→J/ψN and the elementary J/ψN total cross 
section (lF~1fm).
σJ/ψN < 1mb (from J/ψ on N)
σJ/ψN ~ 3.5 mb (from A dependence of nuclear absorption). 
σJ/ψN ≥ 17 mb (multiple expansion and low-energy theorems in QCD).

• At Ee=11 GeV, pJ/ψ,lab=5—10 GeV, WJ/ψN=4.6—5.7 GeV.

Incoherent Photoproduction: J/ψN FSI

Near-Threshold J/ψ Production off Deuteron

 

γ

N J/ψ

J/ψN

N

N

5



=
∑

mJ/Ψ

< m′
J/Ψ, m

′
jN
|tJ/Ψp,J/Ψp(!k

′

,!k;W )|mJ/Ψ, mjN >
e

fJ/Ψ
δmJ/Ψ,λγ

+
∑

mρ

< m′
J/Ψ, m

′
jN
|tJ/Ψp,ρ0p(!k

′

,!k;W )|mρ0, mjN >
e

fρ
δmρ0 ,λγ

, (38)

where fJ/Ψ = 11.2 and fρ = 5.33.

Obviously we can get the γ(!q) + p(−!q) → ρ0(!k
′

) + p(−!k ′

) amplitude from Eq.(38) by
interchanging J/Ψ and ρ0. This will allow us to calculate the total cross section σγp,ρ0p of
γp → ρ0p. Clearly, within this model based on the vector meson dominance hypothesis,
σγp,ρ0p is closely related to the total cross section of ρ0p → ρ0p which can not be obtained
experimentally, but can be essential in determining the parameters associated with our
phenomenological potential VρN,ρN(E).

FIG. 2: Graphical representation of J/ψ photo-production on the deuteron. Graphs(a), (b), and
(c) correspond, respectively, to the impulse contribution, Eq.(43); NN re-scattering, Eq.(50); and

J/ψN re-scattering, Eq.(49).

D. Cross sections for γ + d → J/Ψ + n+ p

In Fig.2, we illustrate the mechanisms included in our calculations of the cross sections
of J/Ψ production on the deuteron target. Since we are mainly interested in the J/Ψ-N
interaction (Fig.2.(c)), we will examine how the predicted cross sections depend on the J/Ψ-
N relative momentum in the final J/Ψ+ n + p state. This can be done most effectively by
considering the following differential cross section in the CM frame of the γ(!q) + d(−!q) →
J/Ψ(!k) + n(!pn) + p(!pp) reaction

d2σ

dΩpd|!κJ/ψ|
= (2π)4

Eγ(!q)Ed(!q)

|!q|W

∫

dΩ%̂κJ/ψ!κ
2
J/ψ

En(!pn)EJ/ψ(!k)Ep(!pp)

En(−!κJ/ψ)EJ/ψ(!κJ/ψ)

M0|!pp|
W

1

2(2Jd + 1)

∑

λγ , md

∑

mJ/ψ , mn, mp
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FIG. 9: The differential cross section dσ/(dΩpdκJ/Ψ) of γ+d → J/Ψ+p+n vs the momentum κJ/Ψ
of J/Ψ in the center of mass frame of the J/Ψ+n sub-system. The results are from coupled-channel

calculations using the J/Ψ-N potential, Eq.(11), with µ = 0.6 GeV and α = 0.20. θp in (a) and (b)
are the angle between the incoming photon and the outgoing proton. The red dashed, blue dotted
and pink dashed-dotted lines are the contributions from the amplitudes of the Impulse term, J/ΨN

re-scattering, and NN re-scattering, respectively. The black solid lines are the coherent sum of
these three amplitudes.

FIG. 10: The differential cross section dσ/(dΩpdκJ/Ψ) of γ + d → J/Ψ+ p+ n vs the momentum
κJ/Ψ of J/Ψ in the center of mass frame of the J/Ψ + n sub-system. θp is the angle between the
incoming photon and the outgoing proton. The black solid, blue dotted, and red dashed-dotted

lines are from the coupled-channel calculations using the J/ΨN → J/ΨN potential, Eq.(11), with
µ = 0.6 GeV and α = 0.20, 0.09, 0.06, respectively.

C. π+ + d → J/Ψ+ p+ p

For the calculated dσ
dΩpd|"κJ/Ψ| of the π

+d → J/Ψ+ p+ p reaction, we find that the impulse

term dominates at all angles. Furthermore, the contributions from the J/Ψ-N re-scattering
(Fig.2(c)) are weaker than those of the NN re-scattering (Fig.2(b)). Nevertheless, the data
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J.-J. Wu, T.-S. H. Lee, Phys. Rev. C 88, 015205 (2013) 

Incoherent Photoproduction: J/ψN FSI
Near-Threshold J/ψ Production off Deuteron
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A. Freese, M. Sargsian, Phys. Rev. C 88, 044604 (2013) 

Here, Γdpn and Γµν
γN→V N are the covariant vertices for the transitions d → pn and γN → V N .

The spin wave-functions of the deuteron, nucleons, photon and vector meson are denoted
χd, u, εµ, and φν , respectively. The spin degree of freedom of each particle is identified by
a superscript in parentheses.

v

FIG. 3. (Color online) Feynman diagram for PWIA scattering.

As was discussed above, we evaluate Eq. (5) by considering only the positive-energy pole
in the bound nucleon propagator. Then, in accordance with VNA we use the approximate
completeness relation /p′p+mN ≈

∑

λ′
p
u(λ′

p)(p′
p)ū

(λ′

p)(p′
p) in which the four-momentum of the

struck nucleon is defined through the off-shell kinematic condition p′p = pd − pn, meaning
that p′2p $= m2

N (see e.g. [11]). This allows us to introduce the deuteron-wave-function within
VNA[11] as

Ψ(λd;λ1λ2)
d (p) = − ū(λ1)(p1)ū(λ2)(p2)

p21 −m2
N

Γdpnχ
(λd)
d (pd)

√

2(2π)32E2

(6)

where p = 1
2(p1 − p2) and pd = p1 + p2. Further calculations we perform in the lab frame

(i.e. the deuteron rest frame), for which p = p1 = −p2.
Using Eq. (6) and introducing the invariant Feynman amplitude for vector meson photo-

production from the struck nucleon, i.e.

M(λV λp;λγλ′

p)
γN→V N (sγN∗ , tγN∗) = ū(λp)(pp)φ

†(λV )
ν (pV )Γ

µν
γN→V N εµ(q)u

(λ′

p)(p′
p) (7)

into Eq. (5), we find the PWIA amplitude to be

M(λV λpλn;λγλd)
0 =

√

2(2π)32Ep

∑

λ′
p

M(λV λp;λγλ′

p)
γN→V N (sγN∗ , tγN∗)Ψ

(λd;λ′

pλn)
d (pn) (8)

where sγN∗ and tγN∗ are the Mandelstam variables at the γN → V N vertex. Note that the
vector meson photoproduction amplitude that enters above is half-off-shell since the struck
nucleon is initially in a virtual state. In these calculations, however, we use on-shell spinors
for the bound nucleon and account for off-shell effects only kinematically by identifying the
four-momentum of the bound nucleon as p′p = pd − pn. Earlier estimates[11] demonstrated

this approximation to be reasonable when
|p′

p|√
−t
,
|p′

p|√
s % 1, both of which are satisfied here.

B. Single Rescattering Contribution

Within GEA, there are four single rescattering processes to consider (Fig. 4). The pro-
cesses can be separated into two groups. In the first group (Fig. 4(a,b)), the proton receives
its large momentum due to a hard photoproduction vertex, while in the second (Fig. 4(c,d))
its large momentum comes from a hard rescattering vertex.

6

vv

vv

v

v

FIG. 4. (Color online) Feynman diagrams for single rescattering contribution.

While the first three diagrams in Fig. 4 can be identified as having one hard and one
soft rescattering vertex, the fourth one requires two hard vertices in order to provide a large
momentum to both the vector meson and proton. In principle, a possible “one-hard”and
“one-soft” scenario can be realized for the fourth diagram if the high momentum of the
intermediate neutron is transferred to the final proton by means of a small angle charge
interchange reaction. However, this contribution is negligible due to the pion exchange
nature of charge interchange scattering at the considered energies, which results in an overall
contribution that decreases with spn and contributes at most a few percent in the forward
direction1.

It is worth noting that due to antisymmetry of the nuclear wave function, the amplitude
of Fig. 4(c) enters with the opposite sign relative to the amplitude of Fig. 4(a). However its
contribution will be suppressed for near-threshold production of heavy vector mesons (such
as J/Ψ), since the high −tthr. of the photoproduction reaction will make the first vertex hard.
Thus we expect appreciable contribution from Fig. 4(c) only for higher photon energies, or
when the produced vector meson is light.

We will calculate only the contributions of diagrams Fig. 4(a,b,c), for which we use
effective Feynman rules (see Ref. [9]). Denoting the invariant amplitudes of the processes as

1 A detailed discussion of charge interchange FSI for d(e, e′N)N is given in Ref.[11].

7

exchange model[36], according to which the function A(s) entering into Eq. (41) can be
parameterized as

A2g(s) =
N2g√
1 + α2

(

s− sthr.,N
s−m2

N

)

, (45)

with the constant N2g = 1.38 GeV−2 found from a fit to photoproduction data[29]. The
slope factor B is estimated from the two-gluon form factor of the nucleon as[37]

Beff. =
4

1 GeV2 − t
. (46)

It is worth noting that at t = −2.23 GeV2, Beff. ≈ 1.24 GeV−2, which is close to the
low-energy B value of 1.25 GeV−2 measured at a Cornell experiment[28].

The observation that the very limited phase space near threshold may favor a coherent
interaction of all three quarks in the nucleon suggests the possible dominance of a three-gluon
exchange mechanism, which predicts much weaker energy dependence at the threshold[36]:

A3g(s) =
N3g√
1 + α2

, (47)

with the constant N3g = 0.36 GeV−2 fit to the results of Ref. [28]. For this model, we
adopted a constant slope factor B = 1.25 GeV −2, consistent with experimental data[28]. In
both cases, we use α = −0.2.

FIG. 10. (Color online) Angular dependence of the ratio defined in Eq. (44) with different
J/Ψ-N cross-sections, using the two-gluon parameterization of [36]. Estimated at pn = 400 MeV,

q0 = 10 GeV and −t = 2.23 GeV2. Includes all diagrams.

In Fig. 9 we present the prediction of above models, where the diffractive part of the
JΨ-N amplitude is parameterized with σΨN = 5 mb and B = 1.25 GeV−2. This figure
indicates the presence of two rescattering peaks, with the peak at θnl = 30◦ corresponding
to J/Ψ-N rescattering. This pattern of two rescattering peaks, each corresponding to one
of the rescattering diagrams, has also been observed in Ref. [30].

18

R = σ (pn = 600 MeV)
σ (pn = 200 MeV)

Incoherent Photoproduction: J/ψN FSI
Near-Threshold J/ψ Production off Deuteron
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• Sensitivity to hidden-color component of the deuteron wave function.

Incoherent Photoproduction: J/ψN FSI
Near-Threshold J/ψ Production off Deuteron

0.1. CHARM PRODUCTION NEAR THRESHOLD 3

that the two-gluon exchange mechanism remains dominating down to lower energies. It is
pointed out that a better data at low energies are needed to verify this approach and stressed
that the knowledge of the transverse gluon distribution is important as a key ingredient for
the understanding of relative importance of soft and hard processes for high energy nucleon-
nucleon collisions at different impact parameters and is needed for description of data from
hadron colliders.

On few body targets, each exchanged gluon may couple to a colored quark cluster and
reveal the hidden color part of the nuclear wave function, a domain of short range nuclear
physics where nucleons lose their identity (Fig. 3). It is striking that in ! d → J/" pn the
|8c8c > hidden color state of the deuteron couples so naturally by two gluons to the J/" pn
final state [8]. Such exotic configurations are more likely to appear below the threshold for
charm creation on a nucleon at rest, where quasi free production is suppressed. On deuterium
the threshold for J/" production is ∼ 5.65 GeV, while on heavy nuclei the threshold is simply
the J/" mass 3.1 GeV.

�a �s

Figure 3: The simplest diagram to reveal hidden color state in deuterium [8].

The formation length, lF , over which the cc pair evolves into a J/" after its interaction
with a nucleon, is given by:

lF ∼=
2

mψ! − mJ/ ψ

[
EJ/ ψ

2mc

]
∼= 0.22Eγ (3)

Near threshold lF is about 1 fm, closer to the size of the nucleon than to the size of the
nucleus.

This is the ideal situation for determining the scattering cross section of a full sized
charmed meson on a nucleon, in contrast to the situation at high energies where the cross
section is sensitive to the interaction of a compact cc pair with the entire nucleus. There is
an interest in knowing the cross section #ψN due to several reasons. Since there is no Pauli
blocking for charm quarks in nuclei, a large attractive Van der Waals potential binding the
pair to the nucleus may occur [9]. This potential may yield a relatively large value of the " -
nucleon cross section of #ψN ≈ 7 mb at low energies [10]. Such a gluonic potential between
color-neutral states would open up a possibility to trace part of the short-range nucleon-

J.-M. Laget, Nucl. Phys. A 581, 397 (1995); M. Sargsian, private communication; S.J. Brodsky, E. Chudakov, P. Hoyer, J.M. Laget, Phys. Lett. B 498, 23 (2001). 

S.J. Brodsky et al. / Physics Letters B 498 (2001) 23–28 27

Fig. 5. The variation of the cross-section of the reaction
γ D ! pnJ/ψ against the neutron momentum |"n|, at fixed t .
Solid line: quasi-free contribution. Dashed line: contribution of a
hidden-color component when its probability is 0.1%. Dash-dotted
curve: the same for a probability of 1%.

tion can be roughly estimated as:

dσ

dt d| "n|
=

dσ

dt

∣∣∣∣
γ p! J/ψ p

4π "n2
[
ϕcc

(
"n
2

)]2F 4
1 (t/4)
F 2
1 (t)

,

(7)

where the fourth power of the nucleon form factor
comes from the fact that two nucleons have to recom-
bine, each at the momentum transfer t/4 [18,21]. We
assume that the form factor of the transition between
a colored cluster and the nucleon does not differ too
much from the nucleon form factor 1 and that the re-
coil momentum is equally shared between the two col-
ored clusters whose relative wave function is ϕcc("n/2).
This component of the deuterium wave function has
not been measured and few predictions are available.
As an example and to set the order of magnitude,
the hidden-color contribution in Fig. 5 has been ob-
tained using the Fourier transform of the wave func-

1 This is a conservative estimate, since a color 3-quark cluster
is probably more compact than a singlet nucleon; hence the form
factor should be larger.

tion depicted in Fig. 11 of Ref. [22]. Since it exhibits a
node around 500 MeV/c, a node appears in the cross-
section around n # 1 GeV/c. In a more elaborate cal-
culation the sum over the nucleon internal momentum
would wash out this node. Anyway, this rough esti-
mate shows that the hidden-color component contri-
bution dominates the cross-section above 0.5 GeV/c.
The calculation reported in [22] predicts a probability
of finding a hidden-color component in the deuterium
wave function of the order of 0.1%. Fig. 5 also shows
what one may expect for a probability around 1%.
Scattering on colored clusters may dominate sub-

threshold production, since the high momentum of the
struck nucleon suppresses the quasi free mechanism.
On deuterium the threshold for J/ψ production is
$ 5.65 GeV, while on heavy nuclei the threshold is
simply the J/ψ mass 3.1 GeV.
Let us close this note with two remarks. At thresh-

old, the formation length [24,25] (during which the cc
pair evolves into a J/ψ , after its interaction with a nu-
cleon)

(8)lF $=
2

mψ%& mJ/ψ

[
EJ/ψ

2mc

]
$= [0.22 fm]Eγ /GeV

is around 1 fm, considerably smaller than the size of a
large nucleus. It is thus possible to determine the scat-
tering cross section of a full sized charmonium on a
nucleon using nuclear targets, in contrast to the situ-
ation at higher energies where the nuclear interaction
of a compact cc pair is measured. The study of the
A dependence of the J/ψ photoproduction cross sec-
tion at SLAC at 20 GeV [23] gave σJ/ψ N = 3.5 ±
0.8± 0.5 mb. However, a large calculated background
was subtracted and the lack of information on the J/ψ

kinematics prevented a separate measurement of co-
herent and incoherent photoproduction. A new mea-
surement of J/ψ photoproduction on several nuclei
aroundEγ ' 10 GeV, with good particle identification
and a determination of the J/ψ momentum is clearly
called for.
Although the cc pair is created with rather high

momentum at threshold, it may be possible to observe
reactions where the pair is captured by the target
nucleus, forming “nuclear-bound quarkonium” [15].
This process should be enhanced in subthreshold
reactions. There is no Pauli blocking for charm quarks
in nuclei, and it has been estimated that there is
a large attractive Van der Waals potential binding

Hidden-color component contribution 
dominates the cross section above neutron 
momenta of 500 MeV/c.

May dominate subthreshold photoproduction 
(on deuteron: Ethr=5.66 GeV).
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Near-Threshold J/ψ Production off Deuteron

• Coherent photoproduction off Deuteron: access to the deuteron 
two-gluon form factor (Ethr=5.66 GeV, |tmin|=3.63 (GeV/c)2).

• Quasi-free photoproduction off neutron.

• Probe the two gluon-exchange mechanism, which is “flavor-blind”, 

via the ratio          .  

• Search for neutral hidden-charm pentaquark signal, Pc0, (isospin 
partner of Pc+).

More Physics

! " n# J/$ n

! " p# J/$ p

9



Near-Threshold J/ψ Deuteron Photoproduction
Previous Measurements

Vor.UMz 35, NUMazR 8 PHYSICAL RKVIKW LKTTKRS 25 AUGUs I 1975
was better than 3%. Typical beam intensities
were 2 x10"equivalent quanta. per 1.6-psec SLAC
beam pulse.
The detection system was essentially identical

in each spectrometer. Electrons were identified
by a threshold gas Cherenkov counter, a lead-
glass preradiator, and a lead-Lucite shower
counter. The measured single-arm electron
yields were principally due to electrons produced
directly in the target, and from electrons pro-
duced by r'-yy decays with subsequent conver-
sion of one of the photons in the target material.
Muons were identified with an iron-scintillation-
counter range telescope. The single-arm muon
yields, primarily due to muons from pion decay,
were typically 3-4% of the pion flux and a factor
of 20-30 higher than the single-arm electron
yields.
The trigger pulses were used to strobe momen-

tum- and angle-defining hodoscopes. These hodo-
scopes consisted of proportional wire chambers
in the 20-GeV spectrometer, and scintillation-
counter hodoscopes in the 8-GeV spectrometer.
The hodoscope information was used to determine
the invariant mass of the electron or muon pair
and this information, as well as relative coinci-
dence times between the spectrometers and vari-
ous pulse-height information, was logged on mag-
netic tape and displayed on-line by an SOS 9300
computer. The resolution of the hodoscopes was
approximately 0.15% in momentum and 0.3 mrad
in production angle, giving an invariant-mass
resolution of -20 MeV full width at half-maxi-
mum at an invariant mass of 3 GeV. The mass
acceptance of the system, determined by a Monte
Carlo calculation using the known acceptances of
the individual spectrometers, was -150 MeV full
width at half-maximum. The photon-energy ac-
ceptance for elastic production was + 2%.
Data were taken for a variety of settings of the

spectrometers. Most of the data were taken with
use of the deuterium target in order to maximize
the number of nucleons per radiation length. The
conditions indicating the detected mass I, the
photon energy k assuming elastic production, the
bremsstrahlung end-point energy Eo, and the in-
variant momentum transfer t are given in Table I.
In each case the spectrometers were set for g de-
cays near 90 in the g rest frame. Most data
points were taken with a deuterium target and a
bremsstrahlung end-point energy set 0.50 or 1.0
GeV above the g energy. Measurements with a
bremsstrahlung end-point energy 0.50 GeV above
the detected g energy have about 50"/c acceptance

TABLE I. Differential cross sections and kinematic
conditions for the data points of this experiment. t'=—t
tmin

k
(GeV)

Eo t Ir)ill t dO(t)/dt
(GeV) (GeV/c)' (GeV/c)' [nb/(GeV/c)'j

21.0
19.0
19.0
17.0
16.0
15.0
15.0
13.0
19.0
19.0

|t)(3100) from
21.5 0.069
20.0 0.088
19.5 0.088
17.5 0.116
16.5 0.135
20.0 0.160
16.0 0.160
13.5 0.236
20.0 0.088
20.0 0.088

deuterium target
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.20
0.40

14.6 + 1.2
15.0+ 1.0
12.0 + 1.1
10.8+1.0
8.2 + 1.1
7.7 ~ 1.5
5.9*1.0
3.8 + 0.8
8.2 + 1.1
4.9+0.7

19.0
$|,'3100) from hydrogen target

19.5 0.088 0.0 10.8 + 1.1

21.0
g(3700) from deuterium target

21.5 0.164 0.0 2.1+0.8

for a recoil mass of 1340 MeV and 0 acceptance
for recoil masses greater than 1450 MeV. This
condition therefore constrains the inelasticity of
the production process. The large minimum mo-
mentum transfer for g production at these ener-
gies ensures that j production from the deuteron
will be incoherent. Finally, the kinematic condi-
tions are such that j(3100) detection from the cas-
cade decay of the (II(3700) is heavily suppressed.
Figures 1(a) and 1(b) show time-of-flight distri-

butions between the two spectrometers for both
electron- and muon-pair triggers for a large
sample of the $(3100) data. The random back-
ground was typically 1% for electron pairs and
20-30% for muon pairs. The hodoscopes were
used to sample the invariant-mass distribution
of the electron and muon pairs. Figures 1(c) and
1(d) show the ee and p. p, invariant-mass distribu-
tions for a sample of events which satisfy the
time-of-flight criteria. Figure 1(e) shows the
combined muon- and electron-pair data for the
g(3700) events which gave a reconstructible mass.
The mass plot contains eight events and a negligi-
ble random background.
The mass of the $(3100) based on the muon-pair

events was determined to be 3098 MeV with a
systematic uncertainty of 6 MeV. The mass plot
for the g(3700) data points is centered at a mass
of 3684 MeV with an estimated uncertainty of 9
MeV. In all cases the calculated background due
to Bethe-Heitler pairs was negligible. The hodo-
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FIG. 1. Time of flight (a) for electrons and (b) for
muons. Invariant mass for $(8100) events for (c) elec-
trons and (d) muons. (e) Invariant mass for g(3700)
for both electron and muon events.

scope information was used only to determine
that the observed coincidence signal was in fact
g production and to measure the masses. Cross
sections were determined by using the full-aper-
ture trigger-counter event rate together with the
time-of-flight distributions for random-back-
ground subtraction. The following assumptions
were made for cross-section determinations:
(a) The yields are due to elastic y production,
i.e., yN-gN. (b) The branching ratios for decay
into e or p, pairs are 6.9% and 1%for the y(3100)
and g(3700), respectively. ' (c) The p particles
decay with a (1+cos28*) distribution in their own
rest frame. (The data points correspond to t)*
~90& )
The cross-section results are based on approx-

imately 1200 $(3100) events and thirteen y(3700)
events. At high energies where kinematic factors
are favorable, yields of 70-90 $(3100) events per
day were obtained. The measured muon-pair
yield was approximately a factor 1.7 greater than
the electron-pair yield. When the data are cor-
rected for the trigger-counter acceptances and
for radiative corrections, the muon and electron
yields are equal within the estimated systematic
and statistical errors. Yields from the g(3700)
were much smaller, primarily because of the

2 Tl

0 0.1 0.2 0.5 0.4 0.5 0.6

Itl [(GeV/c) ]

FIG. 2. {a) Cross section extrapolated tot =0 for
$(3100) as function of energy. Thresholds for $(3100)
and $(3700) are indicated. (b) Differential cross sec-
tion for $(3100) for 0= 19 GeV and Eo——20 GeV as a func-
tion of t b=2.9 .(GeV/c) 2.

smaller branching ratio into lepton pairs.
The results are presented in Table I and Figs.

2(a) and 2(b). Table I lists the conditions for
which data were taken and the corresponding val-
ues of do/dt. Radiative corrections have been
made to both the electron and the muon yields.
The errors indicated in Table I are statistical on-
ly. The systematic error for the electron yields
is dominated by the correction for radiative loss-
es, and for the muons it is primarily from the
uncertainty in solid angle. The overall systema-
tic error for the cross sections is estimated to
be 15%. In order to compare cross sections as
a function of energy, the t„;„data have been ex-
trapolated to t= 0 by the correction factor exp( —b
xt q, ), with b= 2.9 (GeV/c) '. The resultant
P(3100) t=0 cross sections are shown as a func-
tion of photon energy in Fig. 2(a). Figure 2(b)
shows the k = j.9-GeV, EO= 20-GeV data points as
a function of t. The main features of the results
are as follows:
(1) The k = 19-GeV, E, = 19.5-GeV point was run

with both a deuterium and a hydrogen target. The
ratio of the cross sections (per nucleon) for deu-
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dσ
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10



 Near-Threshold J/ψ Deuteron Photoproduction
with CLAS12

Fully Exclusive Measurements of Incoherent Photoproduction
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• Will run together with RunGroup B: 11 GeV, unpolarized d target, 
forward tagger, central neutron detector.

• Standard CLAS12 electron trigger

• Acceptance, expected yields, and optimal CLAS settings to be 
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Figure 3: Top Left: Momentum versus polar scattering angle in lab system of the scattered
neutron in the reaction �n

bound

! J/ n for photon energies from threshold up to 11 GeV. Top
Right: Momentum versus polar scattering angle in lab system of the spectator proton in the
reaction �d ! J/ n(p). Bottom Left: Momentum versus polar scattering angle in lab system
of the scattered J/ in the reaction �n

bound

! J/ n from threshold up to 11 GeV. Bottom
Right: The kinematic correlation p

e

� vs. p
e

+ . All distributions are produced by taking into
account that the e+e� will be detected in the limited polar angular range of (5�, 35�).
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• quasi-real, tagged 
photons

• n detection in 
Forward EC, possible 
CND

• J/ψ: from e+e- decay This topology yields primarily qf events off 
neutron.

FEC CND

Phase-Space Generated Events
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 Near-Threshold J/ψ Deuteron Photoproduction
with CLAS12

Fully Exclusive Measurements of Incoherent Photoproduction

• untagged photons: all 
final-state particles 
detected; primarily J/ψp 
rescattering

• tagged photons: e’ in FT

Several event topologies to obtain FSI-dominated 
yields.
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Figure 4: Top Left: Momentum versus polar angle in lab system of the nucleon N
1

produced
in the first step of the FSI of interest. Top Right: Momentum versus polar angle in lab system
of the nucleon N

2

produced in the second step of the FSI of interest. Bottom Left: Momentum
versus polar angle in lab system of the J/ produced in the FSI of interest. Bottom Right:
The kinematic correlation p

e

! vs. p
e

+ . All distributions are produced by taking into account
that the e+e� will be detected in the limited polar angular range of (5�, 35�) and that the
final state proton will be detected at polar angles above 5�. The distributions are produced
with beam-photon energies from threshold up to 11 GeV.
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N from QF N from 
J/ψN rescattering

Phase-Space Generated Events

γ d→ pJ /ψ X(X ≡ n)
γ d→ nJ /ψ X(X ≡ p)
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Fully Exclusive Measurements of Coherent Photoproduction

• Deuteron must be detected.

• Smaller counting rates expected, compared to incoherent production.

• We will look for possible signal in various topologies (tagged and 
untagged) in data.

J /ψ

d
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e−

γ d

detected

Near-Threshold J/ψ Deuteron Photoproduction
with CLAS12
3.3 Coherent J/ photoproduction o↵ deuteron

Figure 5 shows the kinematics of the scattered deuteron, J/ , and the electron (positron)
from the meson decay for photon energies from threshold up to 11 GeV. One can see that
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Figure 5: Top Left: Momentum versus polar scattering angle in lab system of the scattered
deuteron in the reaction �d ! J/ d for photon energies from threshold up to 11 GeV. Top
Right: Momentum versus polar scattering angle in lab system of the scattered J/ in the
reaction �d ! J/ d for photon energies from threshold up to 11 GeV. Bottom Left: Momen-
tum versus polar scattering angle in lab system of the electron from the decay J/ ! e+ e! .
The kinematic correlation p vs. ✓ of the decay positron is exactly the same as the one of the
electron. Bottom Right: The kinematic correlation pe� vs. pe+ within the geometrical accep-
tance of the forward High-Threshold Cherenkov Counter and the Forward Electromagnetic
Calorimeter.

the vector meson produced in this process covers a wider polar angular range than the range
covered in photoproduction o↵ the nucleon. However, J/ produced in FSI also covers similar
wider range. Given that, it is clear that the yield extraction for this process must be based on
the detection of the scattered deuteron. The top left panel of Fig. 5 shows that the scattered
deuterons span a momentum range from 0.5 GeV/c up to 9. GeV/c and polar angles up to
45" . Although, the CLAS capabilities, deuteron form factor, and reaction dynamics will limit
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Phase-Space Generated Events
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Summary and Outlook

• Window of opportunity to measure the cross section for photoproduction of J/
ψ off the deuteron with CLAS12 and to study:

• gluonic structure of deuteron

• J/ψ-N interaction through rescattering

• J/ψ-n photoproduction

• Will explore extracting polarization observables, such as beam-spin asymmetry.

• In preparation for a Run-Group Proposal to next PAC.
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The End
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