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The photoproduction of the J/W->He bound state ([*He];,y) on a *He target has been investigated using
the impulse approximation. The calculations have been performed using several y + N — J/W¥ + N models
based on the Pomeron-exchange and accounting for the pion-exchange mechanism at low energies. The J /W
wave functions in [*He];,y are generated from various J/W-nucleus potentials which are constructed by either
using a procedure based on the Pomeron-quark coupling mechanism or folding a J/ W-N potential (v;,y, ) into
the nuclear densities. We consider v;,y y derived from the effective field theory approach, lattice QCD, and
Pomeron-quark coupling mechanism. The upper bound of the predicted total cross sections is about 0.1-0.3 pb.
We also consider the possibility of photoproduction of a six quark-J/ W bound state ([¢®];,¢) on the *He target.
The compound bag model of NN scattering and the quark cluster model of nuclei are used to estimate the
[¢°]-N wave function in *He by imposing the condition that the calculated *He charge form factor must be
consistent with what is predicted by the conventional nuclear model. The upper bound of the predicted total cross
sections of ¥ +*He — [¢®],/v + N is about 2-4 pb, depending on the model of y + N — J/W + N used
in the calculations. Our results call for the need of precise measurements of y + p — J/W¥ + p and also the
y +2H — J/WV + n + p reactions near the threshold.
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I. INTRODUCTION

The role of the gluon field in determining the interactions
between nucleons and quark-antiquark (Q Q) systems, which
do not share the same up and down quarks with the nucleon,
is one of the interesting subjects in understanding quantum
chromodynamics (QCD). An important step toward this direc-
tion was taken by Peskin [1] who applied the methodology
of the operator product expansion to evaluate the strength
of the color field emitted by heavy Q0 systems. His results
suggested [2] that the van der Waals force induced by the color
field of J /W on nucleons can generate an attractive short-range
J/\W-N interaction. By using the effective field theory method,
Luke, Manohar, and Savage [3] used the results from Peskin
to predict the J/W-nucleon forward scattering amplitude
which was used to get an estimation that J/W can have a
few MeV/nucleon attraction in nuclear matter. Brodsky and
Miller [4] further investigated the J/W-N forward scattering
amplitude of Ref. [3] to derive a J/W-N potential (v;) v n)
which gives an J/W-N scattering length of —0.24 fm. The
result of Peskin was also used by Kaidalov and Volkovitsky [6],
who differed from Ref. [4] in evaluating the gluon content
in the nucleon, to give a much smaller scattering length of
—0.05 fm. In a lattice QCD calculation, Kawanai and Saski [5]
obtained an attractive J/W-N potential vy, gy y = —ae ™" /r
witha = 0.1 and = 0.6 GeV, which gives a scattering length
—0.09 fm. In Ref. [7], Brodsky, Schmidt, and de Teramond
proposed an approach to calculate the potential between a cc
meson and a nucleus by using the Pomeon-exchange model of
Dannachie and Lanshoff [8]. The J/W-N potential obtained
in this approachis v,y y = —ae ™" /r witha = 0.6 and u =
0.6 GeV which gives arather large scattering length —8.83 fm.

Our first objective in this paper is to explore whether these
J/W-N potentials, with rather different attractive strengths,
can form J/W-nucleus bound states. Following the well
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developed method in nuclear reaction theory [9], this is done by
searching for bound states by solving the Schrodinger equation
with a folding potential constructed by integrating the J/W-N
potential over the nuclear density. We will also consider
the approach of Ref. [7] in predicting J/W-nucleus bound
states by the coherent sum of Pomeon-exchange between
quarks in J/W and all quarks in the nucleus. For each of
the predicted bound [*He], /w systems, we then estimate the
photoproduction cross section of the y + “He — [*He]; Jv +
N reaction to facilitate future experimental investigations [10].
As discussed by Brodsky [11], the production of such bound
states with hidden charms is feasible at JLab with 12 GeV
upgrade because of the close proximity in rapidity of the heavy
quark with the target spectators.

The second part of this work is motivated by the investiga-
tions by Brodsky and de Teramond [12] who found that the spin
correlation of pp elastic scattering near the J/ W production
threshold can be explained if one postulates the excitation
of a hidden charm (c) state |gqqgqqcc). Based on the
similar consideration on the role of multiquark configurations,
Brodsky, Chudakov, Hoyer, and Laget [ 13] suggested in a study
of y +2H — J/W + n + p reaction that J/W can interact
strongly with the six-quark [¢®] component of the deuteron
wave function because the octet three-quark [¢>]g in the [¢°]
can directly interact with each quark in J/W. These two works
suggest the possibility that if J/ W overlap with a [¢®] cluster
in nuclei, a bound [qﬁ] J/w system could be formed. It is of
course very difficult, if not impossible, to estimate [¢®]-J/ W
interaction. Instead, we will simply assume the existence of
such states and use the previous works [14-21] on quark
clusters in nuclei to explore how the cross sections of y +
3He — [¢°], sw + N depend on the parameters characterizing
the [¢®]-J/ W interaction within a potential model.

Our first task is to construct a model of y + N — J/ WV +
N reaction. At high energies, it is well recognized that this
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FIG. 1. Reaction mechanisms of yN — J/W + N: (a)
Pomeron-exchange, (b) pion-exchange.

reaction can be described by the Pomeron-exchange model
with an interpretation [8,22—-24] that Pomeron-exchange is due
to the exchange of gluons within QCD. This is illustrated in
Fig. 1(a). At low energies, one expects that mechanisms other
than Pomeron-exchange could also contribute as can be seen
in the exclusive ¢ photoproduction reaction on the nucleon
[24-26]. However, very little investigation has been done for
J /W photoproduction in the near threshold region. As a first
step, we will only consider the meson-exchange mechanism
which can be calculated from using the partial decay width
of J/ W — mp listed by the Particle Data Group [27] (PDG).
With the vector meson dominance (VDM) assumption, this
observed decay process indicates that J/W photoproduction
can also be due to the exchanges of a m meson with the nucleon,
as illustrated Fig. 1(b).

‘We next consider the photonuclear reaction mechanism that
a J/W is produced from a nucleon in a nucleus with mass
number A and then forms a bound state with the spectator
B system which can be a (A — 1) nuclear system or a quark
cluster [¢*“A~D] in the target nucleus A. With this commonly
used impulse approximation, the reaction cross sections
can be calculated from the y + N — J/W¥ 4+ N amplitude,
which will be generated from the Pomeron-exchange and
pion-exchange mechanisms described above, and the initial
nucleon and final J/W wave functions. The nucleon wave
functions can be taken from the available nuclear models.
The J/W wave functions will be generated from various
J/W¥-B potentials mentioned above. For simplicity, we only
present the predictions of the cross sections of y + [*He] —
N + [3He]1/\p and y + [*He] — N + [qé]j/\p reactions.

In Sec. II, we present formula for calculating the y + N —
J/W¥ + N amplitudes from the Pomeron-exchange and pion-
exchange mechanisms. The impulse approximation formula
for calculating the cross sections of y + [A] — [Bl;/w + N
are given in Sec. III. Our results are presented in Sec. IV. In
Sec. V, we give a summary and discuss the necessary future
work.

II. FORMULA FOR y + N — J/¥ + N REACTION

In the center-of-mass system, the differential cross section
of y(g) + N(—g) — J/¥(k) + N(—k) with invariant mass
W can be written

do [(271)4EN(61)} I:kEJ/\P(k)EN(k):|
e w w

1 . _
X7 D D Mk e (W)Igh,mg) P, (1)

Ay hgjw mg,nm
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where A,y and A, are the helicities of the J/W and photon,
respectively, m; is the z component of the nucleon spin, and
E.(p) = [m2 + p*]'/? is the energy of a particle with mass
m,. The reaction amplitude is written as

(kA jum |t (W)|G A, my)

1 1 mpy my 1
~ 2P 2E; w0V Ex)V Ex(g) v2q
x [t (P (ks 2y po)M™ (P, I 2t (D], (2)

where u,, (p) is the nucleon spinor [with the normalization
ﬁmv(p)umi(p) = 8m;,m;]a e,u(kv )"J/\IJ) and GV(CL )‘)/) are the
polarization vectors of J/W and photon, respectively. Here
we also have introduced the four-momenta for the initial and
final nucleons:

p = (Ex(@),—3); p = (Exk), k).

In the following subsections, we give formula for calculating
the invariant amplitude M*” due to the Pomeron-exchange and
meson-exchange mechanisms, as illustrated in Fig. 1.

A. Pomeron-exchange amplitude

Within the Pomeron-exchange model of Donnachie and
Landshoff [8], the vector-meson photoproduction at high
energies is due to the mechanism that the incoming photon
couples with a ¢g pair which interacts with the nucleon by the
Pomeron exchange before forming the outgoing vector meson.
The quark-Pomeron vertex is obtained by the Pomeron-photon
analogy [8], which treats the Pomeron as a C = +1 isoscalar
photon, as suggested by a study of nonperturbative two-gluon
exchanges [22]. Following the formula given explicitly in
Ref. [28], we then have

My (p', p) = Gp(s, T" (P, p) 3)
with
M2 , 1
T p) = 12 Amagm oV PePy 1
fv My, —1t
M5
— | Fi(¢ Hv i,V i
X<2M6+M‘2,_t> 104 g q"*y")
“4)

wheret = (p — p')% s = (q + p)* = W2, aem = €2/47, B, is
the Pomeron-quark coupling constant, M, is the vector-meson
mass, and F(¢) is the isoscalar electromagnetic form factor of
the nucleon,

4M? — 2.8t

F) = (4M2 —1)(1 — 1/0.71)"

(&)

Here ¢ is in unit of GeVZ, and My is the proton mass.
The Regge propagator for the Pomeron in Eq. (3) is

s\ 20—l in
6r=(3) " eol-Fwo-n) o

0

where o (1) = og + apt. It is common [28] to use ap = 1.08
and o, = 1/s, = 0.25 GeV~2. In Eq. (4), fv is the vector-
meson decay constant: f, = 5.33, f, =15.2, fy =13.4, and
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fryw = 11.2. The other parameters in Eq. (4) have been
determined by fitting [28] the total cross section data of the
photoproduction of p and w: B8, = B4 =2.07 GeV~! and
wd =1.1GeV2.

With the parameters specified above, our task is to examine
the extent to which the total cross section of photoproduction
of J/W can be fitted by only adjusting the Pomeron-charmed
quark coupling constant 8. This will be discussed in Sec. IV.

B. Pion-exchange amplitude

We observe from the Particle Data Group [27] that the width
of the J/ W — %00 is significant,

T jpomop = 0.92 MeV x (0.56 + 0.07)%. )

With the vector-meson dominance (VDM) assumption, this
experimental information allows us to calculate the one-pion-
exchange amplitude of y + N — J/W + N, as illustrated in
Fig. 1(b), by using the following Lagrangian:

L=1Ljypz + Lzyy + Lybm (8)
with
8J/W. 070 he
Lyjw oz = SR o $9,0°,8001 v gm0,  (9)
mj,w
anN D > " e
LnNN = - wNy/AVSTwNa '¢rrv (10)
My
2
en, 0
Lvpm = ——A"p,, (11
fo

where pg, Qs qzn, A", and vy are the field operators for
0%, J/W, 7, photon (y), and nucleon (N), respectively. The
mass for particle a is denoted as m,. The well-determined
coupling constants are fnZNN/471 =0.079, e?/4m = 1/137,
and f, = 5.33. Todetermine g /g, 00, We use L ;g ,0,0 given
in Eq. (9) to calculate the decay width

1 - -
Copumap = @3 Y [ dQuIERIHIS = 0. 2570

Mouhsw
y kE(k)E (k)
my/w
where k is defined by m ;¢ = E;(k) + E,(k), and

12)

Ko H P\ % yw)
_ 1 1 1 1 —gj/wpono
Q@m0 J2E ;;4(p) J2E, (k) N 2E-(K) m /¥

2
A2
2J—”§} . 13)
(F + A7)

Here we have included a dipole cutoff function with a range
parameter A ;,y. The four-momenta are defined in the rest
frame of J/W:

x P, (k") pa€pi, (D) [

p = (ml/\lls 6)7
kP = (E,(k), k),
K" = (E,(k), —k).
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FIG. 2. The impulse approximation mechanism of y + A —
N + [B],,v reaction. A is a nucleus with mass number A and B could
be a nucleus with mass number (A — 1) or a [¢>“~"] multiquark
cluster.

By using Eqgs. (12)—(13) and the experimental value given
in Eq. (7), we find g;/y 00 = 0.032 for a cutoff Ay =
2000 MeV.

With the Lagrangian Eq. (8), the one-pion-exchange in-
variant amplitude for y(q) + N(p) — J/ ¥ (k) + N(p’) can
be written as

Ly = i (pe; (kA gpw)ME" (D', p)en(q, Ay)itm, (p)  (14)
with

1 ,
M p) = G x PO 5 e hagply - (0 = Iy
T
(15)
where t = (p — p')?, and
G = € 8J/w,p0x0 fanN (16)

fo myw mg
F@t) = Fann@®)Fj/w poro(t). (17

Here we have introduced a cutoff form factor F'(¢) to regularize
the interaction vertices. For simplicity, we use the following

form:
A2 n
F(t):<A2—t> . (18)

Wesetn =4,and A = Aj/p = 2000 MeV.

III. PHOTOPRODUCTION OF [B];;v BOUND STATE

A. Reaction mechanism

With the impulse approximation, we assume that a J/W
is produced on a nucleon in the target nucleus A and then is
attracted by a spectator system B to form a bound state [B];/y.
For simplicity, [ B, is denoted as d in the following formula.

With the mechanism illustrated in Fig. 2, the cross section
of y(q)+ A(—g) — N(p)+d(—p) in the center-of-mass
system can be written as

do _ [Qn)“EA(q)} [pEN(mEd(p)] 1o

dQ w w 22/, +1
x Yy (s, Wjom, [TV G2, @5, )

)».MJA mg,my

2

)

19)
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where

<ﬁms’ lIjded|T(‘/V)|Zj)" CDI}XA,MJA Z Z de|asz Joo M o CD?AvMJA>

Jomj o,

X Z /dl_gx;imj(édsm.l/W)(ﬁis]sz/\I—'lt(W”a)‘ﬂﬁamsa)d)ju,mm(éAsmsa)

my /g ,Mg,

(20)

t
Herea;,

; is the creation operator for a J/ W with wave function x (Qd, myw), bj, m, an annihilation operator for a nucleon
with wave function ¢ jmma(é A,myg,),and the y + N — J/W + N amplitude is

(s s 0O ) = e [IN [N
5y J/v > BT Sa (27‘[)3 \/m En(pa) \/ﬂ En(p)
X [ﬁmx(p)ez(k’ mj/ll,){M#U(p, po,) + M%U(p’ pa)}EV(CIv )‘)umm (Pa)]’ (21)

where M is the pion-exchange amplitude given in Eq. (15), and Mp" is the Pomeron-exchange amplitude in Eq. (3).

For simplicity, we will only perform calculations for the reactions on *He and “He. For estimations of cross sections
on these target nuclei, it is sufficient to use the s-wave harmonic oscillator wave functions for both the target A
and B in the [B];;¢ bound state. We also only consider the case that the J/W in the produced bound Bj,y is on
an s-wave orbital. For the case B = A — 1 nuclear system, we thus write the initial (|®“)) and final (|¥)) nuclear
states as

|&4) = [IN) ® [@*1)] 10, (22)
W) = [|J/¥) @ |[®*7")] 1o, (23)

where L is the relative angular momentum between N or J/W and the (A — 1) nucleus. Explicitly, we have

) )= 2 D (aMu i dacmy My, b, |®

My, Jastjo

A-1 )
Ja1 .My, I°

(24)
. A-1
|\Ilfd,MJ,/> = Z Z (Jde|] ‘IAflijJA—l>a_Jlr‘m/ |CDJA—1vMJA,] >
My, | jmj
Then the momentum variables in Egs. (20) and (21) are
Pa=b+k—4q. (25)
pp=—P—k=—q4— Pa, (26)
4 _.ozE — pg) — D E doz
O, = PaEa 1(11/3) Dg IX(P ) @7
Ea—1(pg) + En(po)
- kE — pgE k
A 1(P,9) PpE; w(k) 28)
EJ/\D(k) + Ea_1(pp)
where Qd (é 4) s the relativistic relative momentum between J/W (N) and the (A — 1) nuclear system.
For the target 4He, we have J, = 0 and assume that |Cl>j‘ 1 M, ) is the 3He ground state with J4_; = 1/2. We then have the
A= -1
following simplicities:
1 A . . .
(i@, By, |95, 0, ) = (JaMo | Jadaim, My, W JaMaljTa—im My, )
1 .
— E(JdMJ[I Jaj —mj,m;), (29)
and
- 1
Xjm;(Qa,myjw) = 51,15m,,m,,\p\/T—nF(Qd), (30)
> 1
Gjvm,, (Qasmy,) = 8j,120m;,, my,——R(Qn), (31)

Vix
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Eq. (20) then becomes

PHYSICAL REVIEW C 86, 065203 (2012)

(B, Wipm, [TOW|Ga, @5 v, V= D" D (JaMy,jada—im My, WJaMaljIa-1m;M,, )

M‘[A7] my Mgy

- 1 - I - = 1
X [/ dk—ﬂF(Qd)(pmkaJ/w|t(W)|qk, pamsa)—R(QA)} : (32)

N

We have applied the formula Egs. (19) and (32) to estimate
the production cross section on “He. We use the usual s-wave
harmonic oscillator wave function with b = 1.32 fm for the
target *He

R(p) = [Ne™5] (3

with the normalization | R*(p)p?dp = 1. For the J/W¥
wave function in d = [°He] 77w, we will generate an s-wave
Yy w(r) from a potential Vj,y p(r) with the normalization
f rzdrllﬁj/\p(r)lz = 1. The wave function in Eq. (30) and also
in Eq. (32) can then be calculated from

F(p) = /0 r2drjo(pr)vy w(r), (34)

where jo(z) is the spherical Bessel function. The form of
Vjw,8(r) will be discussed in Sec. IV.

The above formula can be easily extended to investigate
other possible impulse approximation mechanisms as far as
all wave functions in the bound A and [B];/y are all in s
waves. This is what we will need in Sec. IV when we consider
the production of [¢°®];/¢ from the g°-N component of *He.

IV. RESULTS
A. Models of y + N — J/W¥ + N reaction

We first develop a model consisting of Pomeron-exchange
and pion-exchange mechanisms, as described in Sec. II. With

10° ; ; ; ; ;
y+p->Jy+p
10°F
= 10k
£
ks
© 10°¢
107" ¢ .
10'2 1 1 1 1 1 1 1
- 4 6 8 1012141618 20
10 1 1 1 1 1 1
50 0 50 100 150 200 250 300
W(GeV)

N

the parameters specified there, we try to fit the available total
cross section data of y + p — J/W + p up to invariant mass
W = 300 GeV by only adjusting the charmed quark-Pomeron
coupling constant B.. With 8. = 1.21 we only able to fit the
data up to 20 GeV. Clearly, the result at high energy is not
satisfactory as shown in the red dashed curve in the left-hand
side of Fig. 3. We then find that by changing o of the Regge
trajectory in the Pomeron propagator Eq. (6) from «y = 1.08,
as determined in the previous fits [28] to the total cross sections
of p and w photoproduction, to ¢y = 1.25, we are able to get a
very good fit to the data by choosing B, = 0.84 GeV~!. Our fit
is the solid black curve in the left-hand side of Fig. 3. We thus
will use the model with ey = 1.25 and 8. = 0.84 GeV~! (PM
model) in our investigations. As also seen in the insert in the
left-hand side of Fig. 3, the contribution (magenta dotted curve)
from the pion-exchange amplitude, as defined by Eqs. (14)—
(18), is very weak except in the very near threshold region.

We next consider the model of Ref. [13] based on the two-
gluon (2g) and three-gluon (3g) exchange mechanisms. In
terms of the normalization defined by Eq. (2), the amplitude
of this model can be written as

(kns pym |t (W) Gy m)

1 1 my my 1
~ @n) 2E;;4(R)V Ex(K)Y En(9) /29
4/ qw
X Wm_N

[M2g + M3g] (35)

y+p->Jy+p

c'!(nb)

0 5 10 15 20
W(GeV)

FIG. 3. (Color online) The total cross section of the y + p — J /¥ + p reaction as function of the y p invariant mass W. Left: The black
solid and red dashed are the results from using (cg = 1.25, 8. = 0.84 GeV~'; called the PM model) and (atg = 1.08, B, = 1.21 GeV~!) within
the model which include both the 7 -exchange and Pomeron-exchange mechanisms. The magenta dotted curve in the insert is the contribution
from the 7w exchange. Right: The black solid, blue dotted, and green dot-dashed lines are from the PM model, the 2g model of Ref. [13], and
the 2g + 3g model based on Eq. (35). The experimental data are from [30-38].
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with
A2 1—x
M — 8 —ebt/Z’ 36
% 47 Rmyy 30

Asg 1 bt/2

= —_— e . 37
3 4.7 Rzmaw 37)
2mym + m>
x= NI T T (38)
w2 — m%

where R = 1fm, b = 1.13GeV 2 are taken from Ref. [13]. We
follow Ref. [13] to determine the parameters A, and A3z, by
fitting the data up to only 20 GeV. In the two-gluon-exchange
model (2g), we set A3, = 0 and obtain A, = 0.028 MeV—2
from the fit. In the 2g + 3g model, the fit is obtained by
choosing A, = 0.023 MeV~2 and Azg = 2000 MeV~—2. The
fits for the 2g and 2g + 3g models are the dotted and dot-
dashed curves in the right-hand side of Fig. 3, respectively.
Clearly, they have differences with that (black solid) of the
PM model, as can be seen more clearly in the insert in the
right-hand side of Fig. 3. Here we also see that the data
in the region near the J/W production threshold are very
limited and uncertain. We will therefore perform calculations
using the PM, 2g, and 2g + 3g models to examine the model
dependence of our predictions. Clearly, precise data in the near
threshold region are needed to make progress.

B. Photoproduction of J/W¥-nucleus bound states

Following the previous investigations [7,29], we assume
that the interaction between a J/W and a nucleus with mass
number A can be parametrized as a nonrelativistic potential of
the following Yukawa form:

e—MAf

Vijpwa(r) = —au (39
There exists two different approaches to determine the param-
eters a4 and w4 for the nucleon with A = 1. We will explain
these in the following two subsections.

1. Pomeron-quark coupling model

Motivated by the previous studies in quantum electrody-
namics, it is assumed in the approach of Ref. [7] that the
J /W-A forward angle scattering amplitude at very high energy
can be related to the matrix element of the potential Eq. (39)
which is understood to be valid only in the region where J /W
moves nonrelativistically. They further assume that the J/ W-A
amplitudes can be calculated by using the Pomeron-exchange
model of Dannachie and Landshoff [8]. In the very high energy
approximation, the differential cross section of J/W-A elastic
scattering can be related to the parameters o4 and @4 of the
potential Eq. (39) by the following relation:

[2B:F1/9(O[3ABusa Fa(t)]?
4

do
U/ VA— T]WA) =
(40)

4 2
L @1)

(=t +u3)"
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TABLEI. Parameters for determining the potential Eq. (39) using
the Pomeron-quark coupling model defined by Eqs. (41)—(43). The
predicted binding energies (B.E.) for proton (A = 1), *He (A = 3),
and '2C (A = 12) are also listed.

A (R,ZOI/Z Ma .Bu/d Be Qs B.E.
(GeV™H)  (GeV) (GeV™)) (GeVhH (MeV)
1 3.9 0.63 1.85 1.85 0.64 -
2.05 1.21 0.47 -
2.05 0.84 0.33 -
3 9.5 0.26 1.85 1.85 0.33 19.86
2.05 1.21 0.23 3.27
2.05 0.84 0.16 0.04
12 12.69 0.19 1.85 1.85 0.73  280.0
2.05 1.21 0.53 165.0
2.05 0.84 0.37 67.0

where ¢ is the momentum-transfer squared, B,/ (B.) is
the Pomeron coupling with the up/down(charmed) quarks,
F;,w(t)and F4(t) are the form factors for J/ W and the nucleus
with mass number A, respectively. They further assume that in
the ¢+ — O limit, the slope of do /dt is mainly determined by
dF4(t)/dt and that F4(t) can be identified with the nuclear
electromagnetic form factor. One then gets the following
relations:

L |dFa@|  (RE)

Ha _‘ dt t:O_ 6’ @
2B8:1[3A8.

aAz[ﬁ]anﬁ/dJMi_ )

The radius (Rf1 Y172 can be taken from Ref. [39]. The Pomeron-
quark coupling constants can be taken from fits to the data
of meson-nucleon scattering or photoproduction of vector
mesons. Once o4 and u, of the potential Eq. (39) are
determined, we can predict the possible J/W-nucleus bound
states. In Table I, we list our results for proton (A = 1), He
(A = 3) and '2C (A = 12) for various sets of Pomeron-quark
coupling constants. The first rows in the results for each A are
based on the flavor independent 8,/ = B, = 1.85 GeV~! of
Ref. [7]. The other two results use the Pomeron-quark coupling
constants f8,/; = 2.05 GeV~! determined [28] in the fits to the
data of photoproduction of p and w, and S, determined from
the fits described in Sec. IV A.

With the determined potential parameters o4 and w4, the
predicted binding energies (B.E.) for each considered nuclear
system are listed in the last column of Table I. For the A = 1
case, we see that there is no J/W-N bound state. But all three
models predict bound [*He];,y and ['*C],,y states. In the
left-hand side of Fig. 4, we show the predicted cross sections
of y +*He — [*Hel, sw +n. Clearly, the predicted cross
sections depend on the Pomeron-quark coupling constants.
Furthermore, their magnitudes depend sensitively on the
binding energy (B.E.) of the predicted [*He], /w system. As the
binding energy decreases from 19.86 MeV to 0.04 MeV, the
predicted cross sections drop by two orders in magnitude. This
can be understood from the right-hand side of Fig. 4 where we
compare the J/W-*He relative wave functions which are used
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FIG. 4. (Color online) The total cross section of ¥ + [*He] — *Hey; sy1 +n as function of y-*He invariant mass W (left) and the wave
function (right) for J /v — 3He system. The black solid, red dashed, and blue dotted-dashed lines are calculated by using the potential Eq. (39)

with A = 3, us = 0.257 GeV, and o4 = 0.33, 0.23, 0.16, respectively.

in predicting the cross sections in the left-hand side. We see
that the wave function (solid black) for B.E. = 19.86 MeV is
much shorter range than the other two cases and hence gives
more cross sections in this large momentum-transfer reaction.
This is explicitly illustrated in Fig. 5 where we show that the
cross section (red dashed curve) calculated from keeping only
the high momentum part (p,,y > 1400 MeV) of the J/W
wave function in the integration in Eq. (32) is very close to the
full calculation (solid black curve).

In Fig. 6, we see that the predicted differential cross sections
are forward peaked, as expected from the Pomeron-exchange
mechanism. In Fig. 7, we show that the predicted cross sections
depend on the y + N — J/W¥ + N model. Their maximum
values are, however, comparable ~ 0.1-0.3 pb. Clearly, it is
important to get accurate dataof y + N — J/W¥ + N at low
energies to refine the employed model for making more precise
predictions.

The ['*C],y canbe produced by y + *C — ['*C],/y +n.
However, making predictions for the cross sections of this
process is beyond the scope of this paper since the simple

0.4 T T T
v+ [*He] > PHe],+n

0.3

0.2+

G(pb)

0.1+

0.0 L L
6.5 7.0 7.5 8.0 8.5

W(GeV)

FIG. 5. (Color online) The cross section of y + [“He] —
[*Hel;, 7y + n as function of y-*He invariant mass W. The red dashed
curve is obtained from keeping only the contribution from the J/W¥
wave function with k > 1400 MeV in the integration of Eq. (32).

s-wave description of the nuclei in Sec. III is no longer a
reasonable approximation for nuclei heavier than “He.

2. Folding model

While all three J/W-N models listed in Table I do not
have bound states, there exist a possibility that adding the
J/W-N interactions from the nucleons in a nucleus could lead
to bound states. To explore this possibility, we follow the usual
nuclear physics approach to construct a folding potential for
the interaction between a J/ W and a nuclear system:

V) o a(r) = / v jen@ —FpaG R, (4d)

where v,y () = Vj/w,1(r) as defined by Eq. (39) with A =
1, and the nuclear density is normalized by

/,oA(? Ndr' = A. (45)
For 3He we use pu(¥) = poe~"/?" with b = 1.32 fm which
is obtained by fitting the *He charge form factor at

low momentum-transfer. For heavy nuclei, we use the

0.07 ————

0061 v+ [*He] -> [PHe] ;,, +n |

r W=6.9GeV
0.05 |

0.04 |

0.03

do/dQ (pb/sr)

0.02 -

0.01 | B

000 I " 1 " 1 " 1 " 1 " 1 "
0 30 60 90 120 150 180

0 (deg)

FIG. 6. The differential cross section of y + [*He] —
[*Hel;s 41 +n vs the angle of out going N with the center mass
6.9 GeV.
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FIG. 7. (Color online) The total cross section of y + [“He] —
[*He] J/v1 +n vs the certain mass of system. The black solid,
red dashed, and blue dot-dashed lines are for the Pomeron and w
exchange, Brodsky’s 2g model, and 2g + 3g model, respectively.

Woods-Saxon form [40]

1

e (46)

pa(r) = p

with R = 1.1A7'/3 fm and ¢ = 0.53 fm.

Our results using the parameters of Ref. [7] to calculate
UJ/\p_N(ﬁ) in Eq. (44) are listed in the first row of Table II.
We see that the folding model gives 1.62 MeV (7.0 MeV)
for [*He],w(['*C],/w) which are much less than 19.86 MeV
(280 MeV) listed in Table I. The predicted cross sections for
y + ‘“He — [*He], sw + n are also found to be much weaker,
close to the blue dot-dashed curve (a3 = 0.16) in Fig. 4.
Clearly, it is difficult to measure such aloosely bound [*He], /v
state.

To examine the model dependence, we also consider folding
potentials by using three other J/W-N models. Two [4,6]
of them are constructed by using the results from the heavy
quark effective field theory calculation by Peskin [1]. The third
one [5] is from lattice QCD calculation. Their results can also
be written in the Yukawa form of Eq. (39) with A = 1. We find
that these three models do not generate a [*Hel, /v bound state
as indicated in Table II. For '2C, the binding energies from
folding model are much weaker than those listed in Table I
from the Pomeron-quark coupling model.

TABLE II. The binding energy of J/y-nucleus calculated with
the folding potential defined by Eq. (44) with parameters of v,y y =
—a g taken from different references. The parameters of Ref. [4]
are obtained from reproducing the scattering length a = —0.24 fm

giveninRef. [4]. (A Gaussian form of the v,y y was used in Ref. [4].)

Model Parameter (MeV) Binding energy (MeV)

o w1 (GeV)  [H]yw PHeljjw  [Clyjw
Ref. [7] 0.64 0.63 - 1.62 7.0
Ref. [4] 0.20 0.63 - - 0.91
Ref. [5] 0.10 0.63 - - 0.003

Ref. [6]  0.06 0.63 - - _
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C. Photoproduction J/¥-(¢%) bound states

In Ref. [13], it was suggested that a c¢ system could interact
strongly with the color octet three-quark [§3]s component
of the six-quark cluster ([¢°] = [¢>]3[g°]s) which could
dominant the short-range part of the deuteron wave function.
The possible attractive force between a J/ W and a six-quark
cluster was suggested in the study of Ref. [12] where the
excitation of a hidden charm |ggggqqcc) state is introduced
to explain the spin correlation of pp elastic scattering near the
J /W production threshold. Here we examine the condition
under which a bound [q6] 7w color singlet state can be
produced in the y 4 *He — [¢°], /w + N reaction. Unlike the
predictions for the photoproduction of [*He];,y described
in the previous subsection, very little information on [¢°]
and the [¢®] — J/W interaction is available. We thus need
to make various assumptions which can only be considered to
be plausible for estimating the production cross sections.

In the impulse approximation, as described in Sec. II, we
need the initial N -[qﬁ] wave function in *He and the final
J/W-[¢°] wave function to calculate the cross section of
y +3He — [q6]]/q, + N. In the following subsections, we
explain our procedure for modeling these two ingredients of
our predictions.

1. Wave function of N-q°®in3He

We start with a formulation of Refs. [18,42] within which
the Hamiltonian for a two-nucleon system is written as

H = Hy +vyn + Z hig61e NN 47)

where o denotes collectively the total angular momentum
J, the total isospin 7, and the parity P, and vyy is
a meson-exchange nucleon-nucleon (NN) interaction. The
vertex interaction Ao, vy defines the formation of a six-
quark state [¢®]% in NN collisions. The six-quark states [¢®]*
are identified with the states predicted by the Bag model
calculations of Mulder [15]. By appropriately choosing the
form of the vertex interaction iy yy, the NN scattering
amplitudes derived from the Hamiltonian Eq. (47) are identical
to those given by using the P-matrix approach of Jaffe and
Low [14] and the compound bag model formulation developed
in Refs. [16,17].

We will make use of the results of Fasano and Lee
[18,19]. They determined the mass M, of [q6]"‘ cluster and
the interaction o yn for a =15, and 35, by fitting the
NN scattering phase shifts up to 1 GeV. Within the simple
s-wave harmonic oscillator model for *He, the probabilities
Piys1« of finding the [qG]“-N in *He are estimated [19] to
be P[q(,]l s, = 0.7% and P[qﬁ],aSl = 0.06%. For simplicity, we
neglect the small 3S; component. The bare mass of [¢°]
determined in Ref. [18] is M5, = 2150 MeV. Here we will
use this information to model the relative wave function of
[q6]“—N which is needed to calculate the cross sections of
y +*He — [¢°],/v + N.

We assume that the charge distribution in the region with
the distance r < r.. from the center of *He is completely due to
[¢®]*-N components of the wave function. This is illustrated in
Fig. 8. Each r. clearly corresponds to a choice of Pjs. Within
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FIG. 8. The solid curve is the normalized density distribution
calculated from using Egs. (50)and (51) with b = 1.35 fm and
I, = 0.5 fm. The dashed line defines r. = 0.29 fm for obtaining the
probability P[qﬁ]l_go = 0.7% for finding the [¢°] — N component in

3He by using Eq. (53).

such a model, the charge form factor of 3He is written as

F.(0%) = FN'(Q%) + F V(0. (48)

We next observe that within the conventional nuclear model
[41], the impulse approximation (IA) calculation, which
includes only the one-body nucleon current, of F.(Q?) is very
close to the datain Q2 < about 10 fm~2 and can be reproduced
very well by the Gaussian distribution of the s-wave harmonic
oscillator wave function. The IA results from Ref. [41] in this
Q? region are the solid squares in Fig. 9. We next demand
that the s-wave three-nucleon wave function reproduce these
IA results. In addition, the resulting F.(Q?) in the higher Q2
region must have the similar structure of IA up Q% ~ 20 fm~—>
although we do not have higher partial wave components of
the three-nucleon wave function. We achieve this by using
the s-wave harmonic oscillator wave function with Jastrow
two-body correlation used in Refs. [43,44]. We write

F.(Q%) = / 107 p(F)dF (49)

10°

Charge Form Factor
=

a Q?(fm™2)

PHYSICAL REVIEW C 86, 065203 (2012)
with
p(r)) = /d7202(71, ), (50

where the two-body density is defined by

24r2 _ =R

:02(?1,72)21\767]72(1_6 22 )’
N = 1 [lcz +b2]3/2
= (ﬁb)é [lcz + b2]3/2 _ l3 .

¢

(51

As seen in Fig. 9, the solid black curve calculated with
b=1.35 fm and /. = 0.5 fm can reproduce the impulse
approximation calculation results (solid squares) given in
Ref. [41] up to Q% ~ 10 fm~2. At higher Q?, the solid curves
have the similar structure of the IA results. For our present
s-wave calculations, we consider the solid curves in Fig. 9 as
the F.(Q?) in Eq. (48). Accordingly, the NN N contribution
in Eq. (48) is calculated from

o0 -
Q= [rar [ a6 s
and the probability Py, is defined by

Py = / F2dr / A2, p(). (53)
0

For P;s = 0.7% determined in Ref. [18] within the com-
pound bag model of NN scattering, we choose r. = 0.292
fm to calculate Eq. (52) and get the blue dotted curve in the
left-hand side of Fig. 9. In the right-hand side, the blue dotted
curve is from the calculation using Eq. (52) with r. = 0.630
fm which gives Pjs = 6.3%. Clearly, both results agrees well
with the TA (solid squares) and the solid curve only in the low
Q? region. Our next task is to model F q°=N (0Q?) such that for
each r., F.(Q?) (solid black curve) in Fig. 9 up to Q% ~ 15 fm?
can be reproduced, as required by Eq. (48).

10°

Charge Form Factor
S

10° P=6.38%

0 5 10 15 20
b Q3(fm2)

FIG. 9. (Color online) The charge form factor F.(Q?) for *He. The solid squares are from the impulse approximation (IA) calculation of
Ref. [41]. The dotted blue curves are FZVE(QZ) calculated from using Eq. (52) with . = 0.292 fm and P,s = 0.7% (left) and r. = 0.630 fm
and P, = 6.3% (right). The red dashed curves are from adding the q® — N contributions calculated from using Eq. (54) with b* = 0.185 fm

(left) and b* = 0.414 fm (right).
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TABLE III. The parameters for °g-N and °g-J /v systems. See
text for the explanations of the notations.

Model q°%-N q%-J /¥
Pys Te b* (r)1/2 gt a6 B.E.

(fm)  (fm) (fm)  (GeV) (MeV)
A 0.7% 0292 0.185 0.226 0.6 1.33  498.42
A 1.0 1.50 389.63
B 4.0% 0533 0.346 0424 0.6 0.83 104.08
B, 1.0 1.05  79.77
C 6.38% 0.630 0.414 0.507 0.6 0.75 65.84
C, 1.0 097 5133

6_
For simplicity, we assume that F/ N(Qz) can be calculated
from a normalized Gaussian distribution

L 1 e
6_N _ —iQr - =
FCq (Q)—Pqﬁfe [Webz}dr. (54)
Accordingly, the mean radius of ¢®-N can be defined by
2 1 2| 22
(r ) = Web redr. (55)

We adjust b* for each Pys to fit the solid curves in Fig. 9.
We find that if P is larger than 6.5%, no b* can fit the form
factor defined by Eq. (48) in the Q2 < 20 fm~2 region. In
the cluster model of Ref. [21], P;s = 4.0% is obtained from
fitting the *He form factor. The P,s = 15% determined in Ref.
[20] by fitting the structure function of 3He(e, ¢’) is beyond
what our formulation can accommodate. For comparison, we
thus choose three different models with Py = 0.7%, 4%, and
6.38% for our calculations. In Table III, we list r., b*, and also
(r?)1/2 calculated from using Eq. (55) for these three cases.
Our fits are the red dashed curves in Fig. 9 for P = 0.7%
(left) and 6.38% (right).

Once b* is determined, we then assume that the relative
wave function of [¢®]-N can be described by the harmonic
wave function with the same b*. This should be reasonable
for making order of magnitude estimates in this work. A more
sophisticated approach should account for the quark charge
distribution in [¢®] which is beyond the scope of this work.
Also, the sharp cutoff at » = r, to define FCN3 in Eq. (52)
should perhaps be better modeled. For our present qualitative
estimations, this simple procedure should be sufficient.

2. Wave function of °q-J | ¥ bound state

We follow the procedure of Sec. IV B to assume that the
q%-J /¥ bound states ([q6] 7/w) are also defined by a potential
of Yukawa form

e*llq(\r

V]/\p’qﬁ(}’) = —aqs (56)

r
We expect that if a [¢%]; sw bound state can be produced, its
size must be small for color field to give strong attractive force.
Thus it is reasonable to assume that the mean radius of [¢°]; /v
is close to the value (r2)!/? of the initial g®-N system listed in
Table III. We find that such a small size can be generated from

PHYSICAL REVIEW C 86, 065203 (2012)

choosing w46 > 0.6 GeV in defining the potential Eq. (56).
Once a value of s is chosen, we then determine the potential
strength a6 by requiring

) = / (g0 (PIPF2dF, 57)

where ¢,6 ;4 () is the J/ W-4° relative wave function gener-
ated from the potential Eq. (56), and the values of (r?)!/? for
various considered cases are listed in Table III. The resulting
a0 and the binding energies (B.E.) are also listed there. Here
we note that the binding energy increases as the mean radius
(r?)!/? and the corresponding probability P, decrease.

3. Theresultsof y +°He — [q%1;,4y + N

With the wave functions for g®-N and ¢°-J/ W specified in
the previous subsections, we can use the formula in Sec. III,
with trivial changes in notations and spin quantum numbers, to
calculate the total cross section of y +*He — [¢%];/y + N.
However, we need to multiply the results by the probability
Py of the N -[¢®] component in *He; namely the results from
using Eq. (19) is changed to

do do

90 P [EL (58)
where [j—g]o is calculated from using Eq. (19) and all
subsequent equations in Sec. IIT A.

We first consider the case that P;s; = 0.7% as determined
in Refs. [18,19] from fitting the N N phase shifts up to 1 GeV.
By using the parameters for models A; and A, listed in
Table I1I, we obtain the results shown in Fig. 10. We observe
that with the same small radius (r?)!/? = 0.226 fm for the
produced [¢°]; /v system, the predicted cross sections are very
close despite their potential range, measured by 1/u,¢, and
coupling constant o, can be very different. The same finding
is also from comparing the predicted cross sections from the
models B; and B,, and also the models C; and C,.

In the left-hand side of Fig. 11, we show the dependence
of the predicted cross sections on Pys by comparing the cross
sections from three models A, B;, and C listed in Table III.

5 . T . T r T
v+ PHel -> Q% + N 1

G(pb)

W(GeV)

FIG. 10. (Color online) The total cross section of y + 3He —
[¢°1, /v + N as function of the y-3He invariant mass W. The black
solid and red dashed curves are for the case A; and A, in the
Table 11, respectively.

065203-10



PHOTOPRODUCTION OF BOUND STATES WITH HIDDEN CHARM

5 . . . . . . .
v+ [PHe] > [q%], + N

o (pb)

W(GeV)

PHYSICAL REVIEW C 86, 065203 (2012)

"we———mr——r————1—
F v+ [PHel -> [Q°], + N
W=6.6GeV

30 60 90 120 150 180
0 (deg)

FIG. 11. (Color online) The black solid, red dashed, and blue dotted-dashed lines are from models A;, B}, and C; of Table III, respectively.
Left: The total cross section of y + *He — [¢°], /v + N as function of the y-3He invariant mass W. Right: The differential cross section of
¥ +*He — g/, + N of the outgoing N at y-*He invariant mass W = 6.6 GeV.

We observe that as P, decreases, the peak is shifted to higher
energies. Each case has different threshold energy due to
their differences in binding energies, as seen in Table III.
Their magnitudes are comparable despite their Py are very
different. We find that this is due to the fact that the cross
section [5—;’2]0 in Eq. (58) for the model with smaller Py =
0.7% is a factor of about 10 larger than that for the model
with larger P;s = 6.38%, since this large momentum transfer
reaction favors the production of [q6] 7w with smaller size
characterized by (r2)!/? in Table III. The situation is similar to
what we discussed in explaining the results shown in Fig. 4.
Thus the magnitudes of the cross sections from three models at
peak positions are comparable because the factor of about 10
difference in [Z—g]o in Eq. (58) is compensated by the similar
factor of about 10in P,s. However, the three models have rather
different energy dependence, as also seen in the left-hand side
of Fig. 11. On the other hand, they are all forward peaked,
as shown in the right-hand side of Fig. 11 for the differential
cross sections at W = 6.6 GeV.

The results shown in Fig. 11 suggest that the upper bound of
the predicted total cross sections of y + 3He — [¢°1, Ju+ N
is about 2—4 pb.

V. SUMMARY AND DISCUSSIONS

We have presented predictions of the cross sections of
y +*He — N + [*Hel, /w Teaction at energies near the J /W
production threshold. In the impulse approximation, the
calculations have been performed by using several y + N —
J/W¥ 4+ N models based on the Pomeron-exchange and pion-
exchange mechanisms. The J/ W wave functions in [*He], I
are generated from various J/W-nucleus potentials which
are constructed by either using a procedure based on the
Pomeron-quark coupling mechanism [7], or folding a J/W-N
potential vy, y into the nuclear densities. We consider vy, g,y
derived from the effective field theory approach, lattice QCD,
and Pomeron-quark coupling model. The upper bound of the
predicted total cross sections is about 0.1-0.3 pb.

Clearly, our investigations are only for estimating the
cross sections to facilitate the experimental considerations of

possible measurements of [*Hel, ,w bound states at Jefferson
Laboratory. Several improvements are needed for more quan-
titative predictions. First we need precise data of y + p —
J /W + p near threshold to distinguish several models we have
considered and also to develop a more sophisticated model.
We also need the data to pin down the J/W-N interaction
for a more realistic calculation of J/W-nucleus potential
such as the folding model considered in this work. One
possibility is to use the 7 +*H — p + J/ W + n reaction to
extract the J/W-N scattering length, as suggested in Ref. [4].
Alternatively, we can apply the model presented in this paper
to determine the J/W-N interactions by investigating the
y +2H — p+ J/WV + n reaction. Possible experiments on
these two processes will be very useful. We of course also
need to use more realistic wave functions for 3He and “He
while the s-wave oscillator wave functions employed in this
investigation are reasonably consistent with the charge form
factors calculated from the conventional nuclear models.

Motivated by the previous investigations [12,13] on the
effects due to multiquark clusters in pp and y +2H —
J/W¥ +n 4+ p, we have also considered the possibility of the
production of a [¢®] — J/ W bound state due to a six-quark [¢°]
cluster in *He. The compound bag model of NN scattering
and the quark cluster model of nuclei are used to estimate
the [¢®]-N wave function in *He by imposing the condition
that the sum of the contributions from [qG]-N and NNN
components to the *He charge form factor must be consistent
with what are predicted by the conventional nuclear models
[41] which explain the data very well. The upper bound of the
predicted total cross sections of y + *He — [(,]6]_]/\11 + N is
about 2—4 pb, depending on the modelof y + N — J/W + N
used in the calculations. If such bound states can be identified,
it will open up a new window for investigating the role of the
gluon field in determining the hadron structure.
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