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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,

 [GeV]pKm
1.4 1.6 1.8 2.0 2.2 2.4

E
ve

nt
s/

(2
0 

M
eV

)

500

1000

1500

2000

2500

3000

LHCb(a)

data

phase space

 [GeV]pψ/Jm
4.0 4.2 4.4 4.6 4.8 5.0

E
ve

nt
s/

(1
5 

M
eV

)

200

400

600

800 LHCb(b)

FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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Observations of exotic structures in the J=ψp channel, which we refer to as charmonium-pentaquark
states, in Λ0

b → J=ψK−p decays are presented. The data sample corresponds to an integrated luminosity of
3 fb−1 acquired with the LHCb detector from 7 and 8 TeV pp collisions. An amplitude analysis of the
three-body final state reproduces the two-body mass and angular distributions. To obtain a satisfactory fit of
the structures seen in the J=ψp mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resonant state. The significance of each of these resonances is more than 9 standard
deviations. One has a mass of 4380! 8! 29 MeV and a width of 205! 18! 86 MeV, while the second
is narrower, with a mass of 4449.8! 1.7! 2.5 MeV and a width of 39! 5! 19 MeV. The preferred JP

assignments are of opposite parity, with one state having spin 3=2 and the other 5=2.

DOI: 10.1103/PhysRevLett.115.072001 PACS numbers: 14.40.Pq, 13.25.Gv

Introduction and summary.—The prospect of hadrons
with more than the minimal quark content (qq̄ or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2],
followed by a quantitative model for two quarks plus
two antiquarks developed by Jaffe in 1976 [3]. The idea
was expanded upon [4] to include baryons composed of
four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of penta-
quark states have been shown to be spurious [6], although
there is at least one viable tetraquark candidate, the
Zð4430Þþ observed in B̄0 → ψ 0K−πþ decays [7–9], imply-
ing that the existence of pentaquark baryon states would not
be surprising. States that decay into charmonium may have
particularly distinctive signatures [10].
Large yields of Λ0

b → J=ψK−p decays are available at
LHCb and have been used for the precise measurement of
the Λ0

b lifetime [11]. (In this Letter, mention of a particular
mode implies use of its charge conjugate as well.) This
decay can proceed by the diagram shown in Fig. 1(a), and is
expected to be dominated by Λ% → K−p resonances, as are
evident in our data shown in Fig. 2(a). It could also have
exotic contributions, as indicated by the diagram in
Fig. 1(b), which could result in resonant structures in
the J=ψp mass spectrum shown in Fig. 2(b).
In practice, resonances decaying strongly into J=ψp

must have a minimal quark content of cc̄uud, and thus are
charmonium pentaquarks; we label such states Pþ

c , irre-
spective of the internal binding mechanism. In order to

ascertain if the structures seen in Fig. 2(b) are resonant in
nature and not due to reflections generated by the Λ% states,
it is necessary to perform a full amplitude analysis,
allowing for interference effects between both decay
sequences.
The fit uses five decay angles and the K−p invariant

massmKp as independent variables. First, we tried to fit the
data with an amplitude model that contains 14 Λ% states
listed by the Particle Data Group [12]. As this did not give a
satisfactory description of the data, we added one Pþ

c state,
and when that was not sufficient we included a second
state. The two Pþ

c states are found to have masses of
4380! 8! 29 MeV and 4449.8! 1.7! 2.5 MeV, with
corresponding widths of 205! 18! 86 MeV and
39! 5! 19 MeV. (Natural units are used throughout this
Letter. Whenever two uncertainties are quoted, the first is
statistical and the second systematic.) The fractions of the
total sample due to the lower mass and higher mass states
are ð8.4! 0.7! 4.2Þ% and ð4.1! 0.5! 1.1Þ%, respec-
tively. The best fit solution has spin-parity JP values of
(3=2−, 5=2þ). Acceptable solutions are also found for
additional cases with opposite parity, either (3=2þ, 5=2−) or
(5=2þ, 3=2−). The best fit projections are shown in Fig. 3.
Both mKp and the peaking structure in mJ=ψp are repro-
duced by the fit. The significances of the lower mass and

(a) (b)

FIG. 1 (color online). Feynman diagrams for (a) Λ0
b → J=ψΛ%

and (b) Λ0
b → Pþ

c K− decay.

*Full author list given at end of the article.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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Σþ
c D̄$0 final states are superimposed.
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LHCb pentaquark candidates seen in 𝐽/𝜓	𝑝

PV is the one with the smallest impact parameter χ2IP,
defined as the difference in the vertex fit χ2 of a given PV
reconstructed with and without the track under consider-
ation. The second pair is required to be consistent with
protons originating from the muon-pair vertex. A kinematic
fit [25] to the B0

s candidate is performed, with the dimuon
mass constrained to the known J=ψ mass [26]. The
selection is optimized using multivariate techniques [27]
trained with simulation and data. Simulated events are
weighted such that the distributions of momentum p,
transverse momentum pT , and number of tracks per event
for B0

s candidates match the B0
s → J=ψϕ control-mode

distributions in data. In simulation the particle identifica-
tion (PID) variables for each charged track are resampled as
a function of its p, pT , and the number of tracks in the event
using Λþ

c → pK−πþ and D"þ → D0ð→ K−πþÞπþ calibra-
tion samples from data [28]. The selection consists of two
boosted decision tree (BDT) classifiers. The first classifier,
BDTsel, is a selection trained on B0

s → J=ψϕ simulation
and sideband data with the J=ψpp̄ invariant mass above
5450 MeV using the p, pT , and χ2IP variables of the B0

s
candidate, the χ2 probability from the kinematic fit of the
candidate, and the impact parameter distances of the two
muons. The second classifier, BDTPID, is trained on B0

s →
J=ψpp̄ simulation and sideband data using proton iden-
tification variables: the hadron PID from the ring-imaging
Cherenkov detectors, the p, pT , and χ2IP of the protons. The
BDTPID output selection criterion is chosen by maximizing
the figure of merit S2=ðS þ BÞ3=2, where S and B are the
signal and background yields in a region of %10 MeV
around the B0

s mass peak. These are determined from a fit to
the J=ψpp̄ invariant-mass distribution in data after the
BDTsel selection, multiplied by the efficiency of the
BDTPID output requirement, obtained from simulation
and from sideband data, respectively.
After applying these selection criteria, a maximum-

likelihood fit is performed to the J=ψpp̄ invariant-mass
distribution, shown in Fig. 1, yielding 797% 31 B0

s signal
decays. The B0

s signal shape is modeled as the sum of two
Crystal Ball [29] functions sharing a common peak
position, with asymmetric tails describing radiative and
misreconstruction effects. The signal-model parameters are
determined from simulation and only the B0

s peak position
is allowed to vary in the fit to data. The combinatorial
background is modeled by a first-order polynomial with
parameters determined from the fit to data. The B0 →
J=ψpp̄ component has the same shape as the B0

s signal.
The combinatorial-background fraction in the B0

s signal
window of 3σ around the mass peak (½5357; 5378' MeV) is
estimated to be ð14.9% 0.6Þ%, where σ ≈ 3.5 MeV is the
resolution of the reconstructed invariant mass. The
mðJ=ψpÞ and mðJ=ψp̄Þ invariant mass distributions of
the reconstructed B0

s candidates in the B0
s signal region are

shown in the bottom row of Fig. 2 (black dots), where hints

of structure in the region around (4.3–4.4) GeVare present.
This Letter investigates the nature of these enhancements,
which are not compatible with the pure phase-space
hypothesis.
An amplitude analysis of the B0

s candidates is performed
under the assumption of CP symmetry conservation; i.e.,
the dynamics is the same in B0

s and B̄0
s decays. Three
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text is overlaid.
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TABLE I. Summary of P+
c properties reported by the LHCb Col-

laboration [5,6], where ![Pc → J/ψ + p] is representing the total
width of the resonance.

M ![Pc → J/ψ + p]
State (MeV) (MeV) Significance

Pc(4312)+ 4311.9 ± 0.7+6.8
−0.6 9.8 ± 2.7+3.7

−4.5 7.3 σ

Pc(4337)+ 4337+7
−4

+2
−2 29+26

−12
+13
−14 3.1–3.7 σ

Pc(4440)+ 4440.3 ± 1.3+4.1
−4.7 20.6 ± 4.9+8.7

−10.1 5.4 σ

Pc(4457)+ 4457.3 ± 0.6+4.1
−1.7 6.4 ± 2.0+5.7

−1.9 5.4 σ

A general expression for the total cross section of the
inelastic binary reaction γ + p → J/ψ + p can be written as

σt =
∫ 2π

0

∫ π

0

dσ

d&
sin θ dθ dφ, (1)

where θ and φ are the J/ψ polar and azimuthal production
angles, respectively.

Phenomenologically, the total cross section (σt ), using the
Landau-Lifshitz normalization, [25] is

σt = π

4k2

∞∑

J=0

(2J + 1) | f |2, (2)

where k is the photon momentum in the γ p center-of-mass
(c.m.) system.

For an s-channel resonance in the reaction γ + p →
P+

c → J/ψ + p, in the considered partial wave LJ (Fig. 1),
we separate the nonresonant (b) and resonance (R) parts in
the partial amplitude ( f ) following Refs. [24,26]. Then for the
dominant partial wave, we can write

f = b + R exp(2iα), (3)

where α is the relative phase shift that is responsible for
the interference between resonance (R) and nonresonant (b)
components of the partial amplitude. The interference may
be either positive (constructive) or negative (destructive). We
make α a free parameter in our fit of the cross sections,
not given by any theory. Let us note that the resonance can
interfere differently in different decay channels, at least due
to different properties of the corresponding backgrounds.

For the resonance part of the partial amplitude, f , we use a
canonical relativistic Breit-Wigner parametrization:

R = 2!M
[(M )2 − s] − i!M

X, (4)

FIG. 1. s-channel resonance Pc.

FIG. 2. Best-fit results for new GlueX total cross sections for
the reaction γ + p → J/ψ + p (blue solid circles) [22]. The vertical
error bars represent the total uncertainties (statistical and point-to-
point systematic uncertainties in quadrature). The horizontal error
bars reflect the energy binning (not used in the fit). The best-fit result,
using Eq. (3), shown by the red solid curve. The green dashed curve
corresponds to the nonresonant fit as a function of q [Eq. (7)]. The
blue dash-dotted curve corresponds to the S-wave resonance. The red
vertical arrow indicates the J/ψ production threshold (W = 4.035
GeV).

where s is the square of the total energy in c.m. Then, M, !,
and X are respectively the mass and total and partial widths

X =
√

!(γ + p) !(J/ψ + p)
!

=
√

X (γ + p) X (J/ψ + p) (5)
of a particular resonance. Here, !(γ + p) and !(J/ψ +
p) are the partial decay widths of the resonance Pc into
two-particle channels, Pc → γ + p and Pc → J/ψ + p, re-
spectively. Since the width ! of Pc is rather small, we assume
a width with no energy dependence avoiding the need to
modify the Breit-Wigner parametrization with additional form
factors, leaving just three free resonance parameters M, !, and
X to fit.

Traditionally, the total cross-section behavior vs energy of
the near-threshold binary inelastic reaction ma + mb < mc +
md is described as a series of odd powers in q (even powers
in the case of elastic scattering), as we used for the J/ψ − p
scattering length determination recently [27]:

σt = Aq + Bq3 + Cq5, (6)
where A, B, and C are free parameters and q is the c.m.
momentum of the vector meson in the J/ψ − p system. The
linear term is determined by two independent S waves only
with the total spin 1/2 and/or 3/2. Contribution to the cubic
term comes from both P-wave amplitudes and energy depen-
dence of S-wave amplitudes. Then, the fifth-order term arises
from D waves and energy dependencies of S and P waves. The
phenomenological study of the J/ψ − p scattering length,
using GlueX data [21], has shown that parameters B and C
are consistent with zero (within uncertainties) [27]. For that
reason, for the background (nonresonant) amplitude, we use
just a linear and a cubic term from Eq. (6):

b =
√

Aq + Bq3. (7)
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FIG. 16. The forward (t = 0) differential cross section as a func-
tion of final particle center-of-mass momentum from this work (filled
red points) and SLAC [45] measurements (open black points).

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

|αJ/ψ p| =

√
dσ

dt
(0)

∣∣
thr.

γ 2
ψ

απ

k2
γ p

π
, (6)

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

fm, which, compared to the size of the proton of ∼1 fm scale,
indicates a very weak J/ψ-p interaction. However, note that
the VMD model is used in Eq. (6) to extract this value.

8 9 10 20
210

110

1

10[n
b]

E  [GeV]

SLAC
Cornell
GPD (Ivanov, Sznajder, Szymanowski, and Wagner)
GPD and LQCD (Guo, Ji, and Liu) 

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

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

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

√〈
r2

m

〉
=

√
6

mp

dG(t )
dt

∣∣∣∣
t=0

=
√

12
m2

s
, (7)

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

√
〈r2

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

In Fig. 17 we compare our total cross section results to
models that assume factorization of the J/ψ photoproduction
into a hard quark-gluon interaction and the GPDs describing
the partonic distributions of the proton. This factorization in
exclusive heavy-meson photoproduction in terms of GPDs
was studied in the kinematic region of low |t | and high beam
energies [8]. The factorization was explicitly demonstrated by
direct leading order (LO) and next-to-leading order (NLO)
calculations. In Ref. [10], it was shown that in the limit of high
meson masses and at LO, the factorization in terms of gluon
GPDs is still valid down to the threshold. Calculations in
this framework were performed for the J/ψ photoproduction
cross section using parametrizations of the gravitational form
factors obtained from the lattice results of Ref. [44]. These
calculations for the total cross section are compared to our
measurements in Fig. 17. While they agree better with the
SLAC data at higher energies, they underestimate our near-
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TABLE I. Summary of P+
c properties reported by the LHCb Col-

laboration [5,6], where ![Pc → J/ψ + p] is representing the total
width of the resonance.

M ![Pc → J/ψ + p]
State (MeV) (MeV) Significance

Pc(4312)+ 4311.9 ± 0.7+6.8
−0.6 9.8 ± 2.7+3.7

−4.5 7.3 σ

Pc(4337)+ 4337+7
−4

+2
−2 29+26

−12
+13
−14 3.1–3.7 σ

Pc(4440)+ 4440.3 ± 1.3+4.1
−4.7 20.6 ± 4.9+8.7

−10.1 5.4 σ

Pc(4457)+ 4457.3 ± 0.6+4.1
−1.7 6.4 ± 2.0+5.7

−1.9 5.4 σ

A general expression for the total cross section of the
inelastic binary reaction γ + p → J/ψ + p can be written as

σt =
∫ 2π

0

∫ π

0

dσ

d&
sin θ dθ dφ, (1)

where θ and φ are the J/ψ polar and azimuthal production
angles, respectively.

Phenomenologically, the total cross section (σt ), using the
Landau-Lifshitz normalization, [25] is

σt = π

4k2

∞∑

J=0

(2J + 1) | f |2, (2)

where k is the photon momentum in the γ p center-of-mass
(c.m.) system.

For an s-channel resonance in the reaction γ + p →
P+

c → J/ψ + p, in the considered partial wave LJ (Fig. 1),
we separate the nonresonant (b) and resonance (R) parts in
the partial amplitude ( f ) following Refs. [24,26]. Then for the
dominant partial wave, we can write

f = b + R exp(2iα), (3)

where α is the relative phase shift that is responsible for
the interference between resonance (R) and nonresonant (b)
components of the partial amplitude. The interference may
be either positive (constructive) or negative (destructive). We
make α a free parameter in our fit of the cross sections,
not given by any theory. Let us note that the resonance can
interfere differently in different decay channels, at least due
to different properties of the corresponding backgrounds.

For the resonance part of the partial amplitude, f , we use a
canonical relativistic Breit-Wigner parametrization:

R = 2!M
[(M )2 − s] − i!M

X, (4)

FIG. 1. s-channel resonance Pc.

FIG. 2. Best-fit results for new GlueX total cross sections for
the reaction γ + p → J/ψ + p (blue solid circles) [22]. The vertical
error bars represent the total uncertainties (statistical and point-to-
point systematic uncertainties in quadrature). The horizontal error
bars reflect the energy binning (not used in the fit). The best-fit result,
using Eq. (3), shown by the red solid curve. The green dashed curve
corresponds to the nonresonant fit as a function of q [Eq. (7)]. The
blue dash-dotted curve corresponds to the S-wave resonance. The red
vertical arrow indicates the J/ψ production threshold (W = 4.035
GeV).

where s is the square of the total energy in c.m. Then, M, !,
and X are respectively the mass and total and partial widths

X =
√

!(γ + p) !(J/ψ + p)
!

=
√

X (γ + p) X (J/ψ + p) (5)
of a particular resonance. Here, !(γ + p) and !(J/ψ +
p) are the partial decay widths of the resonance Pc into
two-particle channels, Pc → γ + p and Pc → J/ψ + p, re-
spectively. Since the width ! of Pc is rather small, we assume
a width with no energy dependence avoiding the need to
modify the Breit-Wigner parametrization with additional form
factors, leaving just three free resonance parameters M, !, and
X to fit.

Traditionally, the total cross-section behavior vs energy of
the near-threshold binary inelastic reaction ma + mb < mc +
md is described as a series of odd powers in q (even powers
in the case of elastic scattering), as we used for the J/ψ − p
scattering length determination recently [27]:

σt = Aq + Bq3 + Cq5, (6)
where A, B, and C are free parameters and q is the c.m.
momentum of the vector meson in the J/ψ − p system. The
linear term is determined by two independent S waves only
with the total spin 1/2 and/or 3/2. Contribution to the cubic
term comes from both P-wave amplitudes and energy depen-
dence of S-wave amplitudes. Then, the fifth-order term arises
from D waves and energy dependencies of S and P waves. The
phenomenological study of the J/ψ − p scattering length,
using GlueX data [21], has shown that parameters B and C
are consistent with zero (within uncertainties) [27]. For that
reason, for the background (nonresonant) amplitude, we use
just a linear and a cubic term from Eq. (6):

b =
√

Aq + Bq3. (7)
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Possible interpretation: destructive interference 
between resonance and background
Plausibility of the LHCb Pc(4312)+ in the GlueX γ p → J/ψ p total cross sections
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Simple model assuming dominant s-wave
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Best fit prefers destructive interference
IGOR STRAKOVSKY et al. PHYSICAL REVIEW C 108, 015202 (2023)

TABLE I. Summary of P+
c properties reported by the LHCb Col-

laboration [5,6], where ![Pc → J/ψ + p] is representing the total
width of the resonance.

M ![Pc → J/ψ + p]
State (MeV) (MeV) Significance

Pc(4312)+ 4311.9 ± 0.7+6.8
−0.6 9.8 ± 2.7+3.7

−4.5 7.3 σ

Pc(4337)+ 4337+7
−4

+2
−2 29+26

−12
+13
−14 3.1–3.7 σ

Pc(4440)+ 4440.3 ± 1.3+4.1
−4.7 20.6 ± 4.9+8.7

−10.1 5.4 σ

Pc(4457)+ 4457.3 ± 0.6+4.1
−1.7 6.4 ± 2.0+5.7

−1.9 5.4 σ

A general expression for the total cross section of the
inelastic binary reaction γ + p → J/ψ + p can be written as

σt =
∫ 2π

0

∫ π

0

dσ

d&
sin θ dθ dφ, (1)

where θ and φ are the J/ψ polar and azimuthal production
angles, respectively.

Phenomenologically, the total cross section (σt ), using the
Landau-Lifshitz normalization, [25] is

σt = π

4k2

∞∑

J=0

(2J + 1) | f |2, (2)

where k is the photon momentum in the γ p center-of-mass
(c.m.) system.

For an s-channel resonance in the reaction γ + p →
P+

c → J/ψ + p, in the considered partial wave LJ (Fig. 1),
we separate the nonresonant (b) and resonance (R) parts in
the partial amplitude ( f ) following Refs. [24,26]. Then for the
dominant partial wave, we can write

f = b + R exp(2iα), (3)

where α is the relative phase shift that is responsible for
the interference between resonance (R) and nonresonant (b)
components of the partial amplitude. The interference may
be either positive (constructive) or negative (destructive). We
make α a free parameter in our fit of the cross sections,
not given by any theory. Let us note that the resonance can
interfere differently in different decay channels, at least due
to different properties of the corresponding backgrounds.

For the resonance part of the partial amplitude, f , we use a
canonical relativistic Breit-Wigner parametrization:

R = 2!M
[(M )2 − s] − i!M

X, (4)

FIG. 1. s-channel resonance Pc.

FIG. 2. Best-fit results for new GlueX total cross sections for
the reaction γ + p → J/ψ + p (blue solid circles) [22]. The vertical
error bars represent the total uncertainties (statistical and point-to-
point systematic uncertainties in quadrature). The horizontal error
bars reflect the energy binning (not used in the fit). The best-fit result,
using Eq. (3), shown by the red solid curve. The green dashed curve
corresponds to the nonresonant fit as a function of q [Eq. (7)]. The
blue dash-dotted curve corresponds to the S-wave resonance. The red
vertical arrow indicates the J/ψ production threshold (W = 4.035
GeV).

where s is the square of the total energy in c.m. Then, M, !,
and X are respectively the mass and total and partial widths

X =
√

!(γ + p) !(J/ψ + p)
!

=
√

X (γ + p) X (J/ψ + p) (5)
of a particular resonance. Here, !(γ + p) and !(J/ψ +
p) are the partial decay widths of the resonance Pc into
two-particle channels, Pc → γ + p and Pc → J/ψ + p, re-
spectively. Since the width ! of Pc is rather small, we assume
a width with no energy dependence avoiding the need to
modify the Breit-Wigner parametrization with additional form
factors, leaving just three free resonance parameters M, !, and
X to fit.

Traditionally, the total cross-section behavior vs energy of
the near-threshold binary inelastic reaction ma + mb < mc +
md is described as a series of odd powers in q (even powers
in the case of elastic scattering), as we used for the J/ψ − p
scattering length determination recently [27]:

σt = Aq + Bq3 + Cq5, (6)
where A, B, and C are free parameters and q is the c.m.
momentum of the vector meson in the J/ψ − p system. The
linear term is determined by two independent S waves only
with the total spin 1/2 and/or 3/2. Contribution to the cubic
term comes from both P-wave amplitudes and energy depen-
dence of S-wave amplitudes. Then, the fifth-order term arises
from D waves and energy dependencies of S and P waves. The
phenomenological study of the J/ψ − p scattering length,
using GlueX data [21], has shown that parameters B and C
are consistent with zero (within uncertainties) [27]. For that
reason, for the background (nonresonant) amplitude, we use
just a linear and a cubic term from Eq. (6):

b =
√

Aq + Bq3. (7)
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Best Fit Results
𝜒4/𝑑𝑜𝑓 = 11.99/12 = 1.00

𝑀 = 4235 ± 8 MeV
Γ = 35.4 ± 8.2	 MeV
𝛼 = 40.8 ± 5.7 deg.

Background only
𝜒4/𝑑𝑜𝑓 = 19.74/16 = 1.23



Open charm models also predict
cusp-like behavior.PLAUSIBILITY OF THE LHCb PC (4312)+ IN THE … PHYSICAL REVIEW C 108, 015202 (2023)

TABLE II. Best-fit results for the new GlueX data using Eq. (2).
The second column presents results for statistical and point-to-point
systematic uncertainties, which are combined in quadrature.

Quantity Units Parameter

M MeV 4235 ± 8
! MeV 35.4 ± 8.2
X 0.023± 0.005
α deg 40.8 ± 5.7
A nb GeV/c 0.000 251 ± 0.000 046
B nb/(GeV/c) 0.000 688 ± 0.000 083

III. PHENOMENOLOGICAL FIT

In general, three other (higher mass) Pc’s should re-
veal themselves in the γ + p → J/ψ + p cross section. This
would require better statistics and a finer energy binning. If the
GlueX Collaboration treats the two total cross-section points
in the vicinity of W = 4.2–4.3 GeV as a potential dip
(taking into account statistical and point-to-point systematic
uncertainties), the probability that they are not a statistical
fluctuation from an underlying smooth fit to the observed
cross sections corresponds to a significance of 2.6 σ [22].
However, if one considers the probability for any two adjacent
points in the whole energy interval (W = 4.05–4.71 GeV) to
have a deviation of at least this size, the significance reduces
to 1.4 σ [22].

Because the current statistics of the GlueX measurements
2270 ± 58 data [22] is by a factor of about 5 higher than the
recently published 469 ± 22 [21], let us look for the effect of
the LHCb low-lying Pc through the destructive interference
of the S-wave resonance and the associated nonresonance
background.

IV. RESULTS AND DISCUSSION

The best-fit results for new GlueX total cross sections for
the reaction γ + p → J/ψ + p [22], using Eq. (2), is given in
Table II and is shown in Figs. 2 and 3. Additionally, we found
a sensitivity to the relative phase shift α.

Excluding a resonance contribution from Eq. (3), one can
get the following result for the nonresonant contribution, us-
ing Eq. (7):

A = (0.000 183 ± 0.000 040) nb GeV/c,
B = (0.000 766 ± 0.000 077) nb/(GeV/c).
There is reasonable agreement between nonresonant pa-

rameters of two fits.
There were six free parameters for the Pc(4312)+ res-

onance in the S-wave case and the overall χ2/ndf =
11.99/12 = 1.00. The best-fit for the alternative hypothesis
(just the nonresonant case) gives χ2/ndf = 19.74/16 = 1.23.
The A parameter is very small and in agreement with a very
small J/ψ − p scattering length determined recently [27–29]
(Note that the parametrization of σt in the previous paper [27]
does not include the factor of π/4k2 in Eq. (2), which is equal
to 0.169 GeV−2 at threshold). Overall, our phenomenology
does not allow us to select a particular partial wave for the
Pc(4312)+ resonance (S or P wave). To get a P-wave Pc(4312)

FIG. 3. The GlueX total cross section for the γ + p → J/ψ + p
photoproduction (blue solid circles) [22]. The open charm model
predictions [28] shown by the magenta dashed (green dash-dotted)
curve with qmax = 1 GeV/c (qmax = 1.2 GeV/c). This model does
not fit the GlueX data and has no normalization factor. The phe-
nomenological best-fit result using Eq. (3) is shown by the red
solid curve. Vertical black dotted lines show (cD̄(∗) thresholds. The
red vertical arrow indicates the J/ψ production threshold (W =
4.035 GeV).

resonance partial width, one needs X/
√

3 and A/
√

3 with
B/

√
3.

V. CONCLUSION

Here we have shown that a resonancelike structure is “plau-
sible” in the GlueX data [22], in an energy region close to
the low-mass LHCb pentaquark [5,6]. The shift in masses
between GlueX and LHCb results (77 MeV) may depend on
the reaction mechanism [including cusps (open charm) and
background choices]. One should note that if a “bump” is
imposed on the GlueX data “by hand” (consider the 7th–9th
energy values up from threshold), a qualitative description of
the data up to 4.35 GeV is possible, but with a higher χ2, if
the above fit form is used. The obtained mass in our analysis is
almost 77 MeV below the LHCb determination, but we cannot
exclude that this is Pc(4312)+. The statistics of the present
GlueX data shown in Figs. 2 and 3 is not sufficient to draw a
definite conclusion.

We conclude with an admission that the analytical structure
in the vicinity of the LHCb Pc resonances is not as simple as
a resonance plus background treatment would suggest. There
are additional contributions to the Pc effect associated with
the open charm impact [28]. In particular, the (cD̄(∗)-cusp ef-
fects could be visible. Actually, the interference between open
charm and gluon exchange may (by some accident) produce a
dip (see Fig. 3), but there is room for the resonance. The green
dash-dotted curve (qmax = 1.2 GeV/c) reasonably agrees with
the new GlueX data. While not evident in the GlueX data, one
cannot exclude that we have all four LHCb Pc resonances [5]
together with open charm and gluon exchange (gluon contri-
bution can be strongly suppressed due to the “young” effect
[30]; details about the “young” effect in the vector meson and
nucleon interaction at the threshold are given in Ref. [31]).
Complicated interference between these different components
should motivate new high-statistics experiments.
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𝜋! Scattering at J-PARC

• High-momentum beamline: 30 GeV primary protons
• P95 Proposal
• Production target for secondary beams.

12

we need to place swinger magnets upstream and downstream of the target. Additionally, we

need a kicker magnet especially for the vertical direction to collect the secondary particles

efficiently. Finally, we need additional radiation shield and new regulations.
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FIG. 20. Expected intensity of secondary negatively-charged particles as a function of the momen-

tum for a 400-W loss of the primary proton beam. The left panel shows the intensities for π− (blue),

K− (green), and p̄ (red) at momenta below 20 GeV/c, and the right panel shows the π− intensity

at momenta ranging from 1 to 3 GeVc. The red curve represents the fitted quadratic function to

the data shown in the right panel: I/kHz = 2.72 {P/ (GeV/c)}2 − 0.56P/ (GeV/c)− 1.61.

Even though we do not place a dedicated production target, the collimator for the Lam-

bertson magnet plays a role as a target for producing secondary particles. In this case,

the expected intensity is 3.93, 5.40, 7.05, 8.87, 10.86 kHz at Pπ = 1.6, 1.8, 2.0, 2.2, and

2.4 GeV/c, respectively, after optimizing the intensity with a 400-W loss of the primary

proton beam without swinger magnets. Figure 20 shows the expected intensity of secondary

negatively-charged particles as a function of the momentum. To provide a negative pion

beam, the polarity change is required for power supplies for magnets. To increase the inten-

sity, a kicker magnet for the vertical direction (V20) is also required. We may need to place

additional radiation shield, and modify regulations slightly. We can hopefully use negative

pions with a momentum of ≈ 2 GeV/c and an intensity of ≈ 104 Hz at the 400-W loss,

which is enough for studying φN resonances via the π−p → φn reaction, just after the long

shutdown period (2023–2025).

26

Energy range relevant for
𝜋+𝑝 → 𝜙𝑛
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E16 Experiment

B. Modified E16 spectrometer

We plan to use the FM magnet for the E16 spectrometer as shown in Fig. 21. Each pole

tip takes a cone shape, and the magnetic flux density in the central region is quite high

(≈ 1.8T). Figure 22 shows the magnetic flux density of the FM magnet along z, x, and y

axes. Here, the z axis is taken along the central beam direction, and the y axis is defined as

the vertical direction.

x
z

y

x
z

y

FIG. 21. Schematic view of the FM magnet and the definition of the axes. The z axis is taken

along the central beam direction, and the y axis is defined as the vertical direction.

We use a part of the detector system for the E16 experiment. The E16 experiment

aims at studying the medium modification of φ mesons by detecting e+e− pairs from the

in-medium φ decays. The E16 detector system consists of tracking systems, and Cherenkov

particle identification (PID) systems. The tracking system comprises a single layer of silicon

strip detectors (SSDs), and three layers of gas electron multiplier (GEM) detectors, called

the GEM trackers (GTRs), from the center. The PID system is comprised of hadron-blind

detectors (HBDs) and lead-glass calorimeters (LGCs). The front faces of the LGCs are

located at 1.4–1.6 m from the center. Both the HBDs and LGCs, covering the azimuthal

27

14

FM Magnet FIG. 23. Current E16 detector system. It covers the azimuthal angles from 15◦ to 135◦ (the

tracking detectors cover only from 15◦ to 112◦) with respect to the central beam course on the

horizontal plane, and the elevation and depression angles below 15◦ with respect to the horizontal

plane.

We detect rather slow charged kaons instead of electrons or positrons. Thus we do not

use HBDs, and we use LGCs for measuring a stop timing for the time of light (TOF)

for charged particle. We additionally place a hodoscope consisting of X-shaped acrylic

Cherenkov detectors with a time resolution of approximately 45 ps for measuring a start

timing for TOF, and place hodoscopes consisting of resistive plate chambers (RPCs) with a

time resolution of approximately 65 ps just in front of LGCs to improve the time resolution

for the TOF measurement. To enlarge the acceptance of detecting K+K− pairs from the

φ decay, we additionally place tracking systems, and RPC hodoscopes or ordinary plastic-

scintillator hodoscopes with a time resolution of approximately 60 ps at forward angles so

that they cover the azimuthal angles less than 15◦ (corresponding height of ±0.4 m) and the

elevation and depression angles less than 30.9◦ (corresponding height of ±0.9 m). Of course,

we should cover more solid angles as long as possible. Here, we estimate the acceptance in

the experimental setup described above.
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E16 Spectrometer

𝐽/𝜓 → 𝑒"𝑒% and 𝜇"𝜇%



High-p Experiment at J-PARC

• Experimental Proposal first submitted in 2023
• Resubmission planned to J-PARC PAC 38 in July 24

• Stage 1: 15 days (+5) to study 𝜋%𝑝 → 𝜙𝑛
• Beam energies of 1.8, 2.0, 2.2, 2.4 GeV 

• Stage 2: additional 35 days
• Extra: Add additional beam time at higher momentum
• 𝜋+𝑝 → 𝐽/𝜓	𝑛
• Study production cross section near threshold
• Search for isospin partners of 𝑃>? states
• 𝐽/𝜓	𝑁 scattering length

15



Scaling of VM/proton scattering length
COMPARATIVE ANALYSIS OF ωp, φp, … PHYSICAL REVIEW C 101, 045201 (2020)

FIG. 2. The total γ p → V p cross section σt derived from the
A2 (magenta open circles) [14], CLAS (blue filled circles) [15],
and GlueX (red filled triangles) [13,23] data using Eq. (1) is shown
as a function of the center-of-mass momentum q of the final-state
particles. The vertical error bars represent the total uncertainties of
the data summing statistical and systematic uncertainties in quadra-
ture, while the horizontal error bars reflect the energy binning. Solid
curves are the fit of the data with Eq. (2).

value of the φp scattering length. Figure 2 illustrates the
dramatic differences in the hadronic factors hV p =

√
b1, as the

slopes (b1) of the total cross sections at threshold as a function
of q vary significantly from ω to J/ψ .

The value for |αφp| as determined in this paper from the
CLAS data is smaller than the results given in the literature:
0.15 fm from forward coherent φ-meson photoproduction
from deuterons near threshold by the LEPS Collaboration
[20]; (−0.15 ± 0.02) fm using a QCD sum rule analysis
on the spin-isospin averaged ρ, ω, and φ meson-nucleon
scattering [21]; and $2.37 fm using the QCD van der Waals
attractive φN potential for the analysis of the φ-nucleus bound
states [12,22]. The latter value is more than an order of
magnitude greater than the results using experimental data and
provides a problem for this particular potential model.

Note that our value of |αφp| is much smaller than the
result from the A2 Mainz Microtron (MAMI) Collabora-
tion for the ωp scattering length |αωp| = (0.82 ± 0.03)
fm [14] and much larger than the recent result from the
GlueX data [23] for the J/ψ p scattering length |αJ/ψ p| =
[0.00308 ± 0.00055(stat.) ± 0.00042(syst.)] fm [13]. All re-
sults are shown in Fig. 3 as a function of the inverse vector-

FIG. 3. Comparison of the |αV p| scattering lengths estimated
from vector-meson photoproduction at threshold vs. the inverse mass
of the vector meson. The magenta open circle shows the analysis of
the A2 ω-meson data [14], the blue filled circle shows the current
analysis of the CLAS φ-meson data [15], and the red filled triangle
shows the analysis of the GlueX J/ψ-meson data [13,23].

meson mass. Such a small value of the |αφp| scattering length
compared to the typical hadron size of 1 fm indicates that
the proton is more transparent for φ mesons compared to ω
mesons and is much less transparent than for J/ψ mesons.
Moreover, our analysis shows a nonlinear exponential in-
crease αV p ∝ exp(1/mV ) with increasing 1/mV .

In summary, an experimental study of φ-meson photopro-
duction off the proton was performed by the CLAS Collabora-
tion at JLab [15]. The quality of the CLAS data near-threshold
allows for the determination of the total cross sections of the
reaction γ p → φp and for an estimation of the φp scattering
length within the VMD model. This results in an absolute
value of the φp scattering length that is smaller compared
to the known theoretical prediction. We found |αJ/ψ p| &
|αφp| & |αωp| and a strong exponential increase of αV p with
the inverse mass of the vector meson.
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KLF can search for 5q states in a 2→2 process

where Nbkgd corresponds to statistics during 100 days of the KLF running period
(Nbkgd ¼ 5" 103 events), !m0 is the "þ mass resolution corresponding to !p=p and
!m0 ¼ 1MeV, branching ratios Bi and Bf into the initial and ¯nal channels of "þ

according to the Breit{Wigner form (see Eq. (1) from Ref. 20) and Bi ¼ Bf ¼ 1=2.
The !0 is a geometrical factor calculated as in Eq. (2) from Ref. 20

!0 ¼
2J þ 1

ð2sKL
þ 1Þð2sp þ 1Þ

4"

k2
¼ 68mb; ð2Þ

where k is the center-of-mass momentum of the neutral kaon beam (k ¼ 0:268GeV=c),
sKL

(sKL
¼ 0) and sp (sp ¼ 1=2) are incident spins, and J (J ¼ 1=2) is the spin of the

"þ P01 resonance.
Finally, with all these calculations, we arrive at the number of events of the

resonance of "þ in a 1MeV bin of the square root of the invariant energy W ¼ s1=2,
which is equal to the invariant mass of the two-bodyKþN system. Thus, in 100 days
of running of KLF it is expected to observe 18,000 events with the acceptance and
e±ciency correction, it ends up to 10,000 events of the "þ formation or an impressive
amount of 100 events per day. The corresponding graph is presented in Fig. 5.
It must be mentioned that the statistics at KLF will exceed those obtained by the
DIANA experiment17 by &50 times.

4. Discussion and Outlook

In summary, according to our estimation, about 10,000 exotic events "þ will be
observed in a 100 days of running KLF. It is worth to mention that here we will
measure not the invariant mass of Kþn system, but rather the W of the initial state
for this reaction bene¯ting from the extraordinary momentum resolution below
1MeV of the incoming neutral kaon momenta in the region of interest.

W [GeV]
1.5 1.52 1.54 1.56 1.58

Co
un

ts
 / 

M
eV

410

Fig. 5. (Color online) Expected number of events in reaction KLp ! Kþn as a function of W. The
background for KLp ! KþN (solid green curve) was simulated based on the prediction of the model.19

The number of events in the peak for 100 days of running (purple solid curve) is estimated to be about
10,000 events (see text for details).

M. J. Amaryan et al.
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𝐾&𝑝 → Θ' → 𝐾'𝑛

Amaryan, Hirama, Jido, Strakovsky, Mod. Phys. Lett. A 2450063 (2024)
The KLF experiment aims to uncover \missing" hyperons13 through reactions,

exempli¯ed in Table 1. Additionally, strange-meson spectroscopy will be performed
to determine pole positions in the I ¼ 1=2 and 3/2 channels.

Besides the ordinary hyperons composed of 3-quarks, the KLF experiment may
also observe the exotic !þ pentaquark, located at the apex of the anti-decuplet, "10,
triangle. Furthermore, the experiment is sensitive to the observation of the exotic
#þ, positioned in the lower right corner of the "10 triangle, in the reaction
KLp ! KS#þ, as was noticed in Ref. 14. It is also designed to detect another exotic
state, ###, situated in the lower left corner of the "10 triangle, within the reaction
KLp ! KþKþKþ###. The 4 ! acceptance of the GlueX setup is well suited to serve
a purpose.

Hall D is acquiring a new basic equipment for the KLF project10: the Compact
Photon Source (CPS) situated in the Tagger Hall, the Kaon Production Target
(KPT) located in the Collimator Cave, and the Kaon Flux Monitor (KFM) posi-
tioned in the Experimental Hall just in front of the GlueX spectrometer. A schematic
view of the setup, including the GlueX spectrometer, is presented in Fig. 1.
According to the current schedule, the KLF experiment will build all beamline
components in 2024, install them in 2025, and start data collection in 2026.

Figure 2 shows that the KLF simulations for the KLF kaon and neutron °ux
at 12GeV (left) agree reasonably well with the KL and neutron spectra measured

Table 1. The list of reactions which allow
to study some of hyperon resonances.10

Hyperon Reaction

$$ KLp ! !$$ ! !!%
%$ KLp ! !%$ ! !!$
#$ KLp ! K#$ ! !K#$

&$ KLp ! KþKþ&$

Fig. 1. Schematic view of the KLF beam line in JLab Hall D with the production chain e ! " ! KL. The
main components are the CPS, KPT, sweep magnet, and KFM. The beam goes from the left to the right.10

Search for !þ in KLp ! Kþn reaction in KLF at JLab
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Fig. 7. Top: The limits calculated by the bump-hunting procedure on the full 
mass spectrum are compared with those predicted from the background-only 
hypothesis. The observed limits (solid red line) are shown to be at the scale 
of those predicted by the background-only hypothesis (dashed line and shaded 
regions), but fluctuate more strongly than expected, perhaps due to more com-
plex resolved background structure. The most stringent apparent limit is at 360 
MeV, resulting from a corresponding dip in the mass spectrum. Bottom: Same 
as top, but instead using the background-subtracted mass spectrum. These ob-
served limits agree well with expectations, fluctuating at a level consistent with 
predictions.

We note that, as Primakoff ALP production is suppressed in helium 
relative to carbon but not negligible, the sensitivity of the subtracted 
spectrum to the ALP signal is reduced by a factor

1−
!"
!#$

#$%#$"%"
= 0.59 ± 0.02 , (5)

where & is the integrated luminosity and %& the Primakoff ALP cross 
section for nucleus & that is either #$ or " . Any extracted yields or 
limits for the ALP signal from the subtracted spectrum are divided by 
this factor to account for the loss in sensitivity.

7. Results

The previously described statistical method for performing the 
bump-hunt was used to calculate both the statistical significance of any 
signal excess and to extract the upper limits on the ALP-photon coupling 
from the data. In the case of the unsubtracted mass spectrum, the com-
plex structure of the background diminishes the reliability of a test of 
discovery, resulting in both excesses and deficits which are statistically 
significant. When subtracting this background, we find that no excess 
of signal is found to exceed a 2% threshold.

The upper limits on the ALP-photon coupling are extracted from the 
full dataset using the statistical method and normalization to the ' →
(( previously described. Fig. 7 (top) compares this nominal extracted 
upper limit with that projected from the background-only fit to the full 
carbon data, as well as the predicted level of fluctuation in this limit. 
We observe that the extracted limits using this procedure agree with the 
scale predicted by the background-only hypothesis, but can fluctuate 
beyond the level expected from purely statistical variation.

We see that the most stringent apparent limit is set at an ALP mass of 
∼360 MeV, representing a downward fluctuation as compared with the 
expected limits. This indicates that the full data may resolve features of 
the background which cannot be well-described by a simple polynomial 
fit. In the particular case of the 360 MeV hypothesis, we note that the 
mass spectrum has a significant dip at this location, which results in 
a strict apparent limit. This could otherwise indicate that the model 

Fig. 8. The limits set by this study using the background-subtracted data are 
(black) shown alongside the projections for 1 fb−1⋅nucleon of luminosity us-
ing a lead target for both the cases of using empty-target subtraction (dashed) 
and helium balloon placement downstream (dotted). For the latter a region 
around the )0 mass is excluded as proximity to this resonance would compli-
cate a bump hunt. These are compared with existing limits on ALP coupling 
as a function of mass (gray shaded region) [19,40–46] and predicted limits for 
NA62 (cyan), SHip (dark yellow) [47], FASER (magenta) [48], SeaQuest (or-
ange) [49], Belle-II (green) [46,50], and LUXE (pink) [51,52]). The results of 
this study are surpassed by current world-leading limits, while the projections 
for a lead target and improved acceptance are found to surpass current limits 
and reach untested regions of parameter space.

used for describing the background requires greater complexity to set 
accurate limits.

Fig. 7 (bottom) shows the same comparison between the extracted 
and predicted coupling limits using the background-subtracted mass 
spectrum. We find that both the scale and the level of fluctuation in 
the observed limit agree with the background-only predictions, indicat-
ing that the background-subtraction leaves a smooth and well-behaved 
mass spectrum. We note that the scale of the limits set by the sub-
tracted spectrum is above those for the unsubtracted spectrum, as the 
background-subtraction introduces greater uncertainty on the spectrum 
and also reduces the ALP sensitivity by subtracting any contributions 
from the helium data.

Fig. 8 shows these extracted limits from the background-subtracted 
data (black) compared with current world-leading limits on the pa-
rameter space (shaded gray), as well as the expected limits for other 
experiments. We find that the limits set on the coupling by these data 
are on the order of (1 TeV−1), competitive with recent results. How-
ever, these limits are surpassed by the most recent world-leading limits 
from BESIII [40], which cover a similar range of ALP masses and reach 
to weaker couplings.

A dedicated Primakoff ALP search at GlueX would require a means 
of accounting for the off-vertex background. Given the challenges in ac-
curately modeling this background, it would be ideal to address it using 
experimental solutions. One possible solution is to measure a substantial 
amount of data without a target present, allowing for precise measure-
ment of the non-target-related backgrounds. By measuring these to a 
high precision it would be possible to subtract out the impact of down-
stream material. Such “empty-target” data would require a comparable 
luminosity to the measurement itself to avoid inflating the statistical un-
certainties, but the reduced material could allow for an increased rate 
of incident photon and thus an expedited measurement.

A more complete solution would be the removal of the FDC packages 
from the spectrometer for the duration of the run, and the placement of 
a helium balloon between the target and the FCAL. The helium would 
present fewer radiation lengths than air by a factor of 40, and the re-
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hypothesis. The observed limits (solid red line) are shown to be at the scale 
of those predicted by the background-only hypothesis (dashed line and shaded 
regions), but fluctuate more strongly than expected, perhaps due to more com-
plex resolved background structure. The most stringent apparent limit is at 360 
MeV, resulting from a corresponding dip in the mass spectrum. Bottom: Same 
as top, but instead using the background-subtracted mass spectrum. These ob-
served limits agree well with expectations, fluctuating at a level consistent with 
predictions.

We note that, as Primakoff ALP production is suppressed in helium 
relative to carbon but not negligible, the sensitivity of the subtracted 
spectrum to the ALP signal is reduced by a factor

1−
!"
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#$%#$"%"
= 0.59 ± 0.02 , (5)

where & is the integrated luminosity and %& the Primakoff ALP cross 
section for nucleus & that is either #$ or " . Any extracted yields or 
limits for the ALP signal from the subtracted spectrum are divided by 
this factor to account for the loss in sensitivity.

7. Results

The previously described statistical method for performing the 
bump-hunt was used to calculate both the statistical significance of any 
signal excess and to extract the upper limits on the ALP-photon coupling 
from the data. In the case of the unsubtracted mass spectrum, the com-
plex structure of the background diminishes the reliability of a test of 
discovery, resulting in both excesses and deficits which are statistically 
significant. When subtracting this background, we find that no excess 
of signal is found to exceed a 2% threshold.

The upper limits on the ALP-photon coupling are extracted from the 
full dataset using the statistical method and normalization to the ' →
(( previously described. Fig. 7 (top) compares this nominal extracted 
upper limit with that projected from the background-only fit to the full 
carbon data, as well as the predicted level of fluctuation in this limit. 
We observe that the extracted limits using this procedure agree with the 
scale predicted by the background-only hypothesis, but can fluctuate 
beyond the level expected from purely statistical variation.

We see that the most stringent apparent limit is set at an ALP mass of 
∼360 MeV, representing a downward fluctuation as compared with the 
expected limits. This indicates that the full data may resolve features of 
the background which cannot be well-described by a simple polynomial 
fit. In the particular case of the 360 MeV hypothesis, we note that the 
mass spectrum has a significant dip at this location, which results in 
a strict apparent limit. This could otherwise indicate that the model 

Fig. 8. The limits set by this study using the background-subtracted data are 
(black) shown alongside the projections for 1 fb−1⋅nucleon of luminosity us-
ing a lead target for both the cases of using empty-target subtraction (dashed) 
and helium balloon placement downstream (dotted). For the latter a region 
around the )0 mass is excluded as proximity to this resonance would compli-
cate a bump hunt. These are compared with existing limits on ALP coupling 
as a function of mass (gray shaded region) [19,40–46] and predicted limits for 
NA62 (cyan), SHip (dark yellow) [47], FASER (magenta) [48], SeaQuest (or-
ange) [49], Belle-II (green) [46,50], and LUXE (pink) [51,52]). The results of 
this study are surpassed by current world-leading limits, while the projections 
for a lead target and improved acceptance are found to surpass current limits 
and reach untested regions of parameter space.

used for describing the background requires greater complexity to set 
accurate limits.

Fig. 7 (bottom) shows the same comparison between the extracted 
and predicted coupling limits using the background-subtracted mass 
spectrum. We find that both the scale and the level of fluctuation in 
the observed limit agree with the background-only predictions, indicat-
ing that the background-subtraction leaves a smooth and well-behaved 
mass spectrum. We note that the scale of the limits set by the sub-
tracted spectrum is above those for the unsubtracted spectrum, as the 
background-subtraction introduces greater uncertainty on the spectrum 
and also reduces the ALP sensitivity by subtracting any contributions 
from the helium data.

Fig. 8 shows these extracted limits from the background-subtracted 
data (black) compared with current world-leading limits on the pa-
rameter space (shaded gray), as well as the expected limits for other 
experiments. We find that the limits set on the coupling by these data 
are on the order of (1 TeV−1), competitive with recent results. How-
ever, these limits are surpassed by the most recent world-leading limits 
from BESIII [40], which cover a similar range of ALP masses and reach 
to weaker couplings.

A dedicated Primakoff ALP search at GlueX would require a means 
of accounting for the off-vertex background. Given the challenges in ac-
curately modeling this background, it would be ideal to address it using 
experimental solutions. One possible solution is to measure a substantial 
amount of data without a target present, allowing for precise measure-
ment of the non-target-related backgrounds. By measuring these to a 
high precision it would be possible to subtract out the impact of down-
stream material. Such “empty-target” data would require a comparable 
luminosity to the measurement itself to avoid inflating the statistical un-
certainties, but the reduced material could allow for an increased rate 
of incident photon and thus an expedited measurement.

A more complete solution would be the removal of the FDC packages 
from the spectrometer for the duration of the run, and the placement of 
a helium balloon between the target and the FCAL. The helium would 
present fewer radiation lengths than air by a factor of 40, and the re-
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spectrometer, which we treat by using data on 4He to estimate and subtract it. We comment on how this search 
can be improved in a future higher-statistics dedicated measurement.

Fig. 1. Diagram of the Primakoff production of a pseudoscalar particle, with 
subsequent decay into 2! . The incoming beam photon interacts with nucleus "
coherently and produces two final-state photons through the mediation of an 
intermediate spin-0 particle #.

1. Introduction

Axion-like particles (ALPs) are a compelling extension of the stan-
dard model (SM) of particle physics. They naturally arise as potential 
solutions to the strong CP [1–3] and hierarchy [4] problems, and they 
serve as portal to dark sectors [5–8]. See Refs. [9–13] for comprehensive 
reviews.

Since ALPs are pseudo-Nambu-Goldstone bosons, their mass ($%) can 
be much smaller than the scale Λ that controls their interaction with 
SM particles. ALPs at the MeV-to-GeV mass scales have received recent 
attention [14–18]. Such ALPs could predominantly couple to photons, 
with an effective ALP-photon interaction given by

eff ⊃
1
4Λ%'()'̃() , (1)

where % is the axion pseudoscalar field and '() is the photon field 
strength tensor with '̃ () = 1

2 +
(),-'-, . (This assumes a CP-odd pseu-

doscalar ALP, but the following analysis applies also for a CP-even scalar 
ALP.) This interaction with photons can be used to probe ALPs, which 
could serve as a potential portal between the SM and dark sectors.

It has been proposed [19] to search for sub-GeV ALPs with dominant 
coupling to photons via Primakoff production from nuclei [20] (see Fig. 
1 for a diagram of the Primakoff production of a pseudoscalar particle).
Such a search requires a high-luminosity beam of photons incident on a 
nuclear target, as well as a large-acceptance detector capable of detect-
ing two final-state photons with a wide range of invariant masses.

The axion and neutral meson (.0 and /) Primakoff differential cross 
sections are well-known and are similar up to known kinematic func-
tions [19]. Therefore, the ALP search can be done in a data-driven man-
ner by normalizing the ALP signal yield to the neutral meson production 
rate and decay in the diphoton channel. As a result the dependence on 
the nuclear form factor and the incident photon beam luminosity can-
cels, leading to reduced systematic uncertainties. A previous analysis in 
GlueX [21] has used data on a hydrogen target to search for photopro-
duced ALPs with dominant gluon couplings.

In this work, we report the results of the first exploratory search for 
ALPs with photon coupling and sub-GeV mass using nuclear targets with 
the GlueX detector, which recently performed measurements using nu-
clear targets [22] in the “SRC-CT” experiment. These data, primarily 
dedicated to the study of short-range correlations (SRC) in nuclei [23]
and color-transparency (CT) [24], studied a number of nuclei, the heav-
iest of which is 12C. We use these data to realize the ALP search and 
study the reach of a dedicated future measurement with GlueX.

2. Experiment

The data used in this search were collected during the SRC-CT exper-
iment using the GlueX spectrometer in Hall D of the Thomas Jefferson 
National Accelerator Facility [22]. A 10.8 GeV high-energy electron 
beam from the Continuous Electron Beam Accelerator Facility [25] was 

delivered to the hall in discrete bunches every 4 ns with a known accel-
erator frequency of 499 MHz, at a beam current of 140-150 nA. These 
electrons were used to create a tagged linearly-polarized photon beam 
via coherent bremsstrahlung from a diamond radiator. The energy of 
the bremsstrahlung photons, ranging between 6 < 0! < 10.8 GeV, is 
deduced from the momentum of the scattered electron measured in 
the tagging Microscope and Hodoscope detectors [26]. This enables a 
photon-beam energy measurement to an accuracy of about 0.1%. The 
photon beam is collimated upon exiting the tagger hall, after which it is 
incident on the target within the GlueX spectrometer. In this experiment 
a solid multifoil 12C target (8 equidistant foils with a total thickness of 
1.9 cm, extended over a 30-cm region) was used, with a total integrated 
luminosity of ∼100 pb−1⋅nucleon.

The GlueX spectrometer [27] is a large-acceptance detector and 
includes a number of subdetectors. Immediately surrounding the tar-
get is a scintillator-based start counter (SC) [28], a straw-tube central 
drift chamber (CDC) [29], a lead and scintillating-fiber barrel calorime-
ter (BCAL) [30], and a superconducting solenoid magnet with a field 
strength of 2 T [27]. Further downstream in the direction of the beam-
line are a set of planar wire forward drift chambers (FDC) [31], a 
time-of-flight scintillator detector (TOF) located 5.4 m from the target, 
and a lead-glass forward calorimeter (FCAL) located 5.6 m from the 
target [32]. Events in the detector are recorded if sufficient energy is 
deposited in the calorimeters; a second trigger recorded events with a 
lower energy threshold in the case of a detected hit in the SC, but was not 
used in this analysis. As the measured final-state consisted solely of two 
high-energy photons, the calorimeters, specifically the FCAL, provided 
the majority of the necessary measurements to reconstruct the event, 
reconstructing photon energy with a resolution of roughly 6%, timing 
with a resolution of 0.38 ns, and position with a resolution of roughly 
∼ 1.1 cm [27]. Timing information from the calorimeter was used to 
associate each event with the corresponding electron bunch from the 
accelerator, providing a known “Radio Frequency” (RF) time 12' to be 
used as a reference in event selection. The other subdetectors were used 
in the rejection of background processes.

3. Event selection

This search is based on the Primakoff production of pseudoscalar 
resonances decaying into 2 photons, !" → "# → "!! , where # = /, 
% represents a generic pseudoscalar. In Primakoff production, the 4-
momentum transfer |1| to the nucleus is very small compared to the 
mass of the 12C nucleus, and hence recoiling nuclei cannot be detected. 
As such, the signal events of interest consist of a 2-photon final-state, 
with no other measured charged or neutral particles. The photons were 
measured by observing showers in the FCAL, which reported the energy 
and the location of the showers. Full information of the 4-momentum 
of the photons 3!4 was determined by assuming a reaction vertex in the 
center of the target, neglecting the small target width and allowing the 
angle of the photon momentum to be inferred. For the masses and cou-
plings considered in this analysis, displaced decay is a negligible effect. 
The total 4-momentum of the 2-photon system 3# = 3!1 + 3!2 is fur-
ther inferred by adding the momentum of the two photons, allowing us 
to calculate the invariant mass and the angle of the two-photon system 
with respect to the beam.

The event selection criteria, which are enumerated in Table 1, were 
first tuned in a blinded analysis of the data. Blinding was achieved by an-
alyzing a 10% subset of the data before examining the full data. Monte-
Carlo simulation of ALP signal was performed by generating events 
according to the Primakoff cross section given in Ref. [19] and using 
a GEANT model of the GlueX detector [27] to include experimental and 

Primakoff Production

J. R. Pybus et al., Phys. Lett. B 855, 138790 (2024)
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Figure 18: Dilepton invariant mass spectrum in the full photon energy range 7 < E� < 10.6 GeV.
The production of J/ can be seen by observing peaks near M(e+e�) ⇠ 3.1 GeV, with some
apparent shifting across nuclei.

7 Results535

In Fig. 18 we examine the distribution for the dilepton invariant mass using the previously-536

described lightcone mass variable. For each nucleus we observe statistically significant peaks537

in the vicinity of the expected J/ mass mJ/ = 3.096 GeV. We note that the exact locations538

and widths of these peaks is subject to some distortion which di↵ers across nuclei. This is539

believed to be an e↵ect of final-state interactions on the relatively low-momentum outgoing540

proton. As the proton is used in the reconstruction of the dilepton invariant mass, changes541

in its outgoing momentum result in distortions of the J/ peak. This e↵ect increases with542

the size of the nucleus, causing the observed trend as a function of A. Studies into the543

possible sources of this mass shift e↵ect are detailed in Appendix E, where it is determined544

that target-related or radiation e↵ects are not the cause.545

In Fig. 19 we examine these dilepton invariant mass spectra as a function of the beam546

photon energy E�. We split the spectra into three bins: the low-energy sub-threshold region547

7 < E� < 8.2 GeV, the medium-energy region 8.2 < E� < 9.5 GeV, and the high-energy548

region 9.5 < E� < 10.6 GeV. For deuterium, the statistical accuracy of the data does not549

allow a clear examination of the energy-dependence of the cross section. For helium and550

carbon, however, the dilepton mass spectrum in each energy bin clearly shows a peak from551

J/ ! e+e� decay. Notably, this includes the sub-threshold energy region, with photons552

too low-energy to produce J/ from a standing proton.553

In Fig. 20 we show the dilepton invariant mass spectrum when combining the data from554

helium and carbon targets, both of which showed indications of sub-threshold production555

(unlike deuterium). The combined spectrum shows a more substantial indication of J/ !556

e+e� production, though statistics in the sub-threshold energy region remain highly limited.557

Nonetheless, this measurement marks the first observation of sub-threshold photoproduction558

of J/ in �A collisions.559

From these spectra we extract the yield of J/ ! e+e� decays in the data as a function560

of the photon energy E�. Table 8 shows the extracted yields for each nucleus in di↵erent bins561

of energy. This yield extraction is performed by using an unbinned fit with the assumption562

of Poisson-distributed statistics.563
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Figure 19: Same as Fig. 18, but split into 7 < E� < 8.2 GeV (top), 8.2 < E� < 9.5 GeV (center),
and 9.5 < E� < 10.6 GeV (bottom).

Figure 20: Dilepton invariant mass spectrum in the sub-threshold energy range 7 < E� < 8.2 GeV,
when for the helium and carbon targets individually and combined. The fitting range was extended
for carbon, as the fit would not converge otherwise.

7.1 Total Cross Sections564

Using the measured luminosity and simulated e�ciency as a function of E�, as well correcting565

for nuclear transparency, we calculate the cross section for each nucleus. In Fig. 21 we show566

the energy-dependent cross sections for helium and carbon. The data are compared with the567

plane-wave calculations for the cross section, split into mean-field and SRC contributions.568

Fig. 22 shows the yield-weighted combined cross section for helium and carbon compared569

to the plane-wave calculation. In each case, no substantial deviation from plane-wave pre-570

dictions is observed, though a slight excess of sub-threshold events does seem to be present.571

Bin-centering for each energy bin was done by determining the value of E� at which the cross572

section equals the bin-averaged value, according to plane-wave calculations. This is used to573

determine the central beam energy value for each bin, rather than scaling the value of the574

cross section at a fixed beam energy.575

Fig. 23 shows the energy-averaged cross section for each nucleus for both the full energy576

range and the above-threshold region. Data are again compared with plane-wave predictions,577

and no substantial deviations are observed.578
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Summary

• Search for the LHCb 𝑃!" states in GlueX
• No peak observed in the GlueX data
• Dip-like structure is consistent with destructive interference between 

resonance and background.
• Cusp-effects are expected near open charm thresholds

• High-p Experimental Proposal at J-PARC
• Opportunity for high statistics for 𝜋+𝑝 → 𝐽/𝜓	𝑛 reaction
• Search for other isospin partners of LHCb states
• Probe dynamics of 𝑐 ̅𝑐 production
• Resubmission of 𝜋+𝑝 → 𝜙𝑛 proposal to PAC38 in July, 2024
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