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Pentaquark-like structure

Discovery in 2015 of exotic res-
onances in J/ψ p channel:
LHCb collaboration, PRL 115 (2015) 072001

Narrow 39 MeV, at 4.45 GeV
Broad 205 MeV, at 4.38 GeV
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Pentaquark-like structure

Discovery in 2015 of exotic res-
onances in J/ψ p channel:
LHCb collaboration, PRL 115 (2015) 072001

Narrow 39 MeV, at 4.45 GeV
Broad 205 MeV, at 4.38 GeV

I Favored spin-parity assignment for Pc(4450): 3/2− or 5/2+

I Excellent candidate for J/ψ photoproduction off protons
Wang et al., PRD 92 (2015), 034022; Karliner and Rosner, PLB 752 (2016), 329

I Probing this approved for JLab Hall C with A rating
Meziani et al., arXiv:1609.00676
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Advantages of study in
J/ψ photoproduction

I The structure appears close to threshold: low background
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Advantages of study in
J/ψ photoproduction

I The structure appears close to threshold: low background

I Sneak preview:
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I Photoproduction constrains the nature of the structure
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Nature of the structures

I Triangle singularities (rescattering effects): not a resonance
Mikhasenko, arXiv:1507.06552
Liu et al., PLB 757 (2016) 231
Guo et al., EPJA 52 (2016) 318

Guo et al., PRD 92 (2015) 071502

. . .

I Quark degrees of freedom
Anisovich et al., arXiv:1507.07652

Lebed, PLB 749 (2015) 454
Maiani et al., PLB 749 (2015) 289

. . .

I Meson-baryon molecules or bound states
He, PLB 753 (2016) 547

Eides et al., PRD 93 (2016) 054039
Meißner and Oller, PLB 751 (2015) 59

Roca et al., PRD 92 (2015) 094003
Chen et al., PRL 115 (2015) 172001

. . .

Pc(4450) in J/ψ photoproduction would
exclude scenarios of kinematical effects!
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Reaction model

J /ψ

p p

γ
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Reaction model

J /ψ

p p

γ

dσ

d cos θ
∼

∑
λγ ,λp ,λψ ,λp′

| 〈λψλp′ |Tr |λγλp〉 |2

p p′

γ J/ψ

Pc(4450)
p p′

γ J/ψ

IP

I Resonant amplitude — Breit-Wigner ansatz
I Non-resonant contribution — Pomeron exchange
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Breit-Wigner s-channel contribution:
hadronic couplings

J /ψ

p p

γ

Pc(4450)

〈λψλp′ |Tr |λγλp〉 =
〈λr |T †em |λγλp〉 〈λψλp′ |Tdec |λr 〉

M2
r −W 2 − iΓrMr

I Three independent (parity) helicity amplitudes ∼ gλp′ ,λψ :
I λψ = ±1, 0, λp = ± 1

2 −→ in total 6 helicity amplitudes
I Assumption: gλp′ ,λψ = g
I g extracted from hadronic decay width

Γψp = BψpΓr = Bψp 39 MeV
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Breit-Wigner s-channel contribution:
photocouplings

J /ψ

p p

γ

Pc(4450)

〈λψλp′ |Tr |λγλp〉 =
〈λr |T †em |λγλp〉 〈λψλp′ |Tdec |λr 〉

M2
r −W 2 − iΓrMr

I Photocouplings A1/2,A3/2 estimated with VMD:
Karliner and Rosner, PLB 752 (2016) 329

I J/ψ exchange dominates radiative decays
I Electromagnetic width Γγ related to hadronic width:

Γγ = Γψp

(
e fψ
Mψ

)2(
pi
pf

)2`+1

× 4

6
=⇒ A1/2, A3/2 fixed by Bψp

NStar 2017 A. N. Hiller Blin, JGU Mainz Tuesday 22nd August, 2017 6



Pomeron t-channel exchange

p p′

γ J/ψ

IP

I Background described by Pomeron exchange

iA

(
s − st
GeV2

)α0+α′t

eb0(t−tmin)δλpλp′ δλψλγ

I A, b0, st , α0, α′ fitted to world J/ψ photoproduction data
from threshold up to 300 GeV

I Simultaneous fit with branching ratio Bψp
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Background fit to high-energy data. . .
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. . . simultaneously to low-energy data

Spin-3/2 vs. spin-5/2
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Camerini et al., PRL 35 (1975) 483

Two points closest to threshold: unpublished SLAC data
(only forward direction!) Ritson, AIPCP 30 (1976) 75; Anderson, SLAC-PUB-1741 (1976)

Relevant to constrain pentaquark peak and branching ratio!
First results: no smearing due to experimental resolution
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Different smearing scenarios
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Branching ratio and photocouplings

I Branching ratio Pc(4450)→ J/ψp not yet known
We gave a first prediction for its upper limit!

σs (MeV) 0 60 120

Spin-3/2 case ≤ 29 % ≤ 30 % ≤ 23 %

Spin-5/2 case ≤ 17 % ≤ 12 % ≤ 8 %

I Status: data at peak scarce and only for forward direction

I At JLab the angular distributions at the Pc(4450) energy
are to be studied

I Excellent opportunity to fix the photocouplings!
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Angular dependence of the differential XS
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Relax VMD condition on A1/2 and A3/2:
Angular behavior and choice of photocouplings strongly related!
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Total cross section

8.5 9 9.5 10 10.5 11 11.5 12 12.5
Eγ GeV

σ(
γp

 →
 J

/ψ
p)

 A
R

B
IT

R
A

R
Y

 U
N

IT
S

GlueX preliminary

Our work: mean value
Our work: 1σ band
Two-gluon exchange
S. J. Brodsky et al., PLB 498 (2001) 23
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Summary

I The narrow resonance might have escaped detection:
we estimate the upper limit of the branching ratio

I Pc(4450) in J/ψ photoproduction to confirm resonance:
JLab Hall C experiment

I Strong correlation angular distributions ↔ photocouplings:
helps fixing them experimentally!

I Code and interactive website (own parameter choices)
available at www.indiana.edu/∼jpac/

Outlook
I Extension to J/ψ electroproduction (approved: JLab Hall A)

I To obtain SDMs: upgrade CLAS12 to muon detection
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Additional material



Comparing with previous work
330 M. Karliner, J.L. Rosner / Physics Letters B 752 (2016) 329–332

where q, ε , and MV are the four-momentum, polarization vector, 
and mass of the vector meson. Then dominance of the photopro-
duction cross section by the J/ψ pole implies1

B in/Bout = (ef J/ψ/M J/ψ)2 f L(kin/kout)
2L+1 , (3)

where f L is the fraction of decays Pc → J/ψ p in a relative partial 
wave L that give rise to a transversely polarized J/ψ . With our 
J P assignments, L = 1, 3 for X A = Pc(4380) and L = 0, 2 for XB =
Pc(4450).

The leptonic width of the J/ψ (neglecting lepton masses) is

�( J/ψ → �+�−) = 4πα2

3

f 2
J/ψ

M J/ψ
, (4)

from which, using the experimental central value [5], we find

f J/ψ = 278 MeV , B in/Bout = 7.37 × 10−4 f L(kin/kout)
2L+1 .

(5)

For subsequent purposes we shall consider only the photopro-
duction of the state XB decaying to J/ψ p with relative orbital 
angular momentum L = 0, so henceforth f L ≡ f0. It may be eas-
ily seen that the cases L = 2 for XB and L = 1, 3 for X A pro-
duction lead to higher predicted cross sections, so our estimate 
may be regarded as a lower bound. The quantity f0 is given by 
f0 = 2/(2 +γ 2) = 0.651, where γ 2 = 1 + (kB

out/M J/ψ )2 = 1.070 ac-
counts for the relativistic enhancement of the longitudinally polar-
ized J/ψ degree of freedom. This leads to B in/Bout = 1.24 × 10−3. 
Then the cross section for XB production is

σBW(E) = C B(Bout)
2(kB

in/kin)2(�2
tot/4)

(E − E R)2 + (�2
tot/4)

, (6)

where kin = (E2 − m2
p)/(2E) is the magnitude of the incom-

ing 3-momentum in the CM. For a photon on a proton target 
(S2 = 1/2), with J B = 3/2, one has

C B ≡ 4π

(kB
in)2

B in

Bout
, (7)

yielding C B = 1.35 μb. This is a substantial cross section, consid-
ering that the diffractive cross section for γ p → J/ψ p is below 
1 nb at E = 4.4 GeV [6–10]. We will return to this subject at the 
end of the current Section.

The size of the resonant cross sections is illustrated by Fig. 1
which shows the cross section for case (B), i.e., resonant photopro-
duction γ p → J/ψ p → Pc(4450) → J/ψ p, as a function of the 
incident photon laboratory energy Eγ .

The CM energies of 4.38 and 4.45 GeV correspond to laboratory 
photon energies of 9.75 and 10.08 GeV, respectively, well within 
the capabilities of the GlueX and CLAS12 detectors at Thomas Jef-
ferson National Accelerator Facility (JLAB) [11,12].

For example, CLAS12 will produce a tagged photon spectrum 
via bremsstrahlung from an electron beam, yielding a total of 
5 × 107 photons per second with 6.5 < Eγ < 10.5 GeV and hav-
ing a spectrum dN/dEγ = A/Eγ [13]. Demanding that the integral 
of dNγ /dEγ from 6.5 to 10.5 GeV be 5 × 107 photons per second, 
we find

dNγ /dEγ = 1.0 × 108 photons/s/Eγ . (8)

This spectrum may be used to estimate the signal [using Eq. (6)] 
and background for the resonances X A and XB with arbitrary spin.

1 We thank M. Voloshin for a correction to a preliminary version of this Letter.

Fig. 1. Cross section for resonant photoproduction γ p → J/ψ p → Pc(4450) →
J/ψ p, assuming Bout = 0.1, plotted as function of the incident photon energy Eγ . 
The vertical dotted lines indicate the width of the Pc(4450) resonance.

As a sample calculation of the expected number of events we 
consider here resonant production of Pc(4450) ≡ XB . The CM en-
ergy range mB −�B/2 < E < mB+�B/2 corresponds to 9.99 GeV <

Eγ < 10.18 GeV, i.e., �Eγ = 0.19 GeV. From Eq. (8) we then obtain 
the number of photons corresponding to E under the resonance 
peak:

Nγ =
10.18 GeV∫

9.99 GeV

dNγ

dEγ
dEγ ≈ 2 × 106 photons/s . (9)

Since the photon beam intensity is given in terms of number 
of photons per second, rather than in the usual units of lumi-
nosity, we shall use here the GlueX rule of thumb that an in-
tensity of 105 γ /s will produce about 104 events per 1 μb of 
cross section per day of running [11]. So with a peak cross sec-
tion of 1.35 (Bout)

2 μb, a branching fraction B( J/ψ → e+e−) =
(5.971 ± 0.032)% [5] and the photon flux (9) we should expect 
1.6 × 104 (Bout)

2 events per day of running. While this looks large, 
we do not know the magnitude of Bout.

In the region of interest the Eγ resolution is 20–30 MeV, cor-
responding to 4–6 MeV resolution in E . This is much less than the 
39 MeV width (in E) of the Pc(4450) resonance, so it should be 
possible to resolve the peak in Fig. 1. It is likely that in the future 
the Eγ resolution will be even better [13]. For details of a specific 
CLAS12 proposal to study J/ψ production with a tagged polarized 
photon beam of energy 11 GeV, see Ref. [14]. Such a beam enables 
useful measurements of resonance spin-parity via angular distribu-
tions of the final e+e− pair in J/ψ decay [15].

In the future the GlueX detector [11,16] will complement 
the reach of CLAS12. A specific proposal to study γ p → J/ψ p
with 8.7 < Eγ < 11.5 GeV [17], optimized for a peak in the 
photon spectrum at 10 GeV [18], leads one to expect about 
6 × 10−4 events/MeV/s/μb (with J/ψ → e+e−). Integration with 
respect to CM energy E over a Breit–Wigner resonance with maxi-
mum σpeak and width � multiplies σpeak by a factor of π�/2 =
61.26 MeV. But we want to integrate with respect to labora-
tory photon energy Eγ , so we have to multiply by dEγ /dE =
E/mp = 4.743, giving a factor of 290.5 MeV. Multiplying by σpeak =
1.35 μb(Bout)

2 one estimates a rate of about 2 × 104(Bout)
2 events 

of the 4450 MeV state per day, roughly consistent with our esti-
mate for CLAS12. As for energy resolution, GlueX expects a RMS 
tagged photon uncertainty around 6 MeV. On a proton target, this 

Karliner and Rosner, PLB 752 (2016) 329
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Integrated cross section in the different
best-fit scenarios
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Couplings and widths for the spin-3/2 case
JPr 3/2−

σs (MeV) 0 60 120
Bψp ≤ 29% ≤ 30% ≤ 23%

g (GeV) ≤ 2.1 ≤ 2.2 ≤ 1.9
Γγ (keV) ≤ 14.4 ≤ 14.9 ≤ 11.0

A1/2,3/2 (GeV−1/2) ≤ 0.007 ≤ 0.007 ≤ 0.006
dσ
dt |Eγ=Er ,t=tmin

(nb GeV−2) ≤ 21.8 ≤ 7.2 ≤ 3.1
σtot|Eγ=Er (nb) ≤ 120 ≤ 38 ≤ 14



Couplings and widths for the spin-5/2 case
JPr 5/2+

σs (MeV) 0 60 120
Bψp ≤ 17% ≤ 12% ≤ 8%

g (GeV) ≤ 2.0 ≤ 1.5 ≤ 1.4
Γγ (keV) ≤ 56.9 ≤ 33.5 ≤ 26.8

A1/2,3/2 (GeV−1/2) ≤ 0.017 ≤ 0.013 ≤ 0.012
dσ
dt |Eγ=Er ,t=tmin

(nb GeV−2) ≤ 95.8 ≤ 11.3 ≤ 3.9
σtot|Eγ=Er (nb) ≤ 396 ≤ 44 ≤ 14



Branching ratio and fit results

Branching ratio Pc(4450)→ J/ψp not yet known
We gave the first prediction for its upper limit!

σs (MeV) 0 60 120

A 0.156+0.029
−0.020 0.157+0.039

−0.021 0.157+0.037
−0.022

α0 1.151+0.018
−0.020 1.150+0.018

−0.026 1.150+0.015
−0.023

α′ (GeV−2) 0.112+0.033
−0.054 0.111+0.037

−0.064 0.111+0.038
−0.054

st (GeV2) 16.8+1.7
−0.9 16.9+2.0

−1.6 16.9+2.0
−1.1

b0 (GeV−2) 1.01+0.47
−0.29 1.02+0.61

−0.32 1.03+0.49
−0.31

Bψp (95% CL) ≤ 29 % ≤ 30 % ≤ 23 %

Spin-3/2 case

NStar 2017 A. N. Hiller Blin, JGU Mainz Tuesday 22nd August, 2017 19



Branching ratio and fit results

Branching ratio Pc(4450)→ J/ψp not yet known
We gave the first prediction for its upper limit!

σs (MeV) 0 60 120

A 0.152+0.032
−0.024 0.150+0.043

−0.034 0.150+0.044
−0.041

α0 1.154+0.020
−0.020 1.156+0.027

−0.028 1.156+0.033
−0.028

α′ (GeV−2) 0.120+0.064
−0.052 0.125+0.076

−0.089 0.126+0.077
−0.105

st (GeV2) 16.6+1.6
−1.1 16.6+2.2

−1.5 16.6+2.1
−2.0

b0 (GeV−2) 0.95+0.51
−0.51 0.90+0.85

−0.65 0.90+1.00
−0.69

Bψp (95% CL) ≤ 17 % ≤ 12 % ≤ 8 %

Spin-5/2 case
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The meson sector: XYZ
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I Many unexpected structures
decaying into cc̄ + light
=⇒ Hardly reconciled with
quarkonium interpretation
See talk by A. Pilloni

I It is not possible to explore
cc̄qq̄ mesons at JLab
But: ss̄qq̄ yes. Y (2175),. . .

I Another bridge: assess cc̄qqq
baryons, pentaquarks



Resonances beyond the 3-constituent
quark models

I After observing a new state: study the Q2 dependence of the
electrocouplings and the hadronic decays

I Complex interplay:
3 constituent quarks ↔ meson-baryon cloud (qq̄)(qqq)

I Strongly dependent on N* quantum numbers

I New direction: (qq̄)(qqq) quark core


