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Outline

1 GlueX experiment in Hall D at Jefferson Lab

Main goal: spectroscopy - search for exotic hybrid mesons
Very large photoproduction data sample allows other studies
Linearly polarized photon beam and a hermetic spectrometer
Data taking and analysis:

Phase 1 (GlueX-I) data taking complete 2016-1018 (200 days)
20% of data processed and analyzed (70% processed)
Phase 2 (GlueX-II) with a DIRC for PID, double the beam rate
scheduled to start in 2019 (400 days)

2 Early Results based on 20% of the GlueX-I sample:

J/ψ photoproduction close to threshold
Probes high-x gluons in proton
Search for the LHCb pentaquark

Polarization effects: beam-driven asymmetries for various reactions

3 Prospects: search for hybrid mesons

4 Prospects: studies of strange particles
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Spectroscopy of Hadrons

Quark Model was a big success!
“Constituent” quarks: flavor SU(3)
Postulated observables: (qq) & (qqq)

QCD: exact color SU(3) symmetry
Asymptotic freedom; Confinement
The masses are generated dynamically.

Further Insights from Spectroscopy?

QCD does not limit the bound states to
(qq) & (qqq). Do others exist?

LQCD predicts states like “hybrids”
Probing our understanding of the mass
scale and the binding energy

Initial ansatz
based on flavor SU(3)

q
q

qq
q

color SU(3) singlets
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Lattice QCD - the Meson Spectra

J.Dudek et al PRD 83 (2011); PRD 84 (2011), PRD 88 (2013)
Hybrids identified: States with non-trivial gluonic fields

C. SUð3ÞF point, m� ¼ 702 MeV, ð16; 20Þ3�128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to

the physical strange quark. Here, because there is an exact

SUð3Þ flavor symmetry, we characterize mesons in terms of

their SUð3ÞF representation, octet (8) or singlet (1), and

compute correlation matrices using the basis in Eq. (5).

The octet correlators feature only connected diagrams

while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ�, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0�þ and 1�� systems

in the next subsections.

E. The low-lying pseudoscalars: �, �, �0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the � and � mesons are exactly stable and
�0 is rendered stable since its isospin conserving ���
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼ 1

�t
log

�ðtÞ
�ðtþ �tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the � and �0 mesons. We have already
commented on the unexplained sensitivity of the �0 mass
to the spatial volume at m� ¼ 391 MeV, and we note that
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FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m� ¼ 391 MeV, 243 � 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.
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Lower-lying exotic hybrids: masses, widths, decays

LQCD: masses
1−+ ∼2.0 – 2.4 GeV/c2

0+− ∼2.3 – 2.5 GeV/c2

2+− ∼2.4 – 2.6 GeV/c2

Models: widths and decays
Γ ∼0.1-0.5 GeV/c2,
Γ(1−+) ∼ Γ(2+−) < Γ(0+−)

easy ⇒ statistics⇒ hard
reach needed

π1 → ρπ, b1π, f1π, ηπ, η′π, a1η
1−+ η1 → f2η, a2π, f1η, η′η, π(1300)π, a1π

η′1→ K ∗K , K (1270)K , K (1410)K , η′η,

b2 → ωπ, a2π, ρη, f1ρ, a1π, h1π, b1η
2+− h2 → ρπ, b1π, ωη, f1ω

h′2→ K1(1270)K , K (1410)K , K2K , φη, f1φ

b◦ → π(1300)π, h1π, f1ρ, b1η
0+− h◦ → b1π, h1η

h′◦→ K1(1270)K , K (1410)K , h1η

Final states:
(p,n)+3π, 4π, 3πη, 4πη...
70% ≥ 1π◦

50% ≥ 2π◦
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Experimental evidence for “Exotic” hadrons

Multi-quark candidates
• Numerous narrow signals

X ,Y ,Z → J/ψ or Υ

• Experimentally well established:
Belle, BaBar, CDF, BES, LHCb etc

• Typically close to thresholds McMc

• Interpretation?
Threshold cusps,
triangular diagrams
“Molecules” of color singlets
Color multiplets P → pJ/ψ
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a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.
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Tetraquark Candidates

e+e� ! ⇡⌥Z±
c

Z±
c ! (D0D⇤)±Z±

c ! ⇡±J/ 
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In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c , irrespective 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 ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�p invariant mass mKp as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P+

c state, and when that was not su�cient we included a second state. The
two P+

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 (8.4 ± 0.7 ± 4.2)% and (4.1 ± 0.5 ± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). 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 Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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Figure 9: Fitted values of the real and imaginary parts of the amplitudes for the baseline (3/2�,
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of equal width between ��0 and +�0 shown in the Argand diagrams as connected points with
error bars (mJ/ p increases counterclockwise). The solid (red) curves are the predictions from
the Breit-Wigner formula for the same mass ranges with M0 (�0) of 4450 (39) MeV and 4380
(205) MeV, respectively, with the phases and magnitudes at the resonance masses set to the
average values between the two points around M0. The phase convention sets B0, 1

2
= (1, 0) for

⇤(1520). Systematic uncertainties are not included.

These structures cannot be accounted for by reflections from J/ ⇤⇤ resonances or other
known sources. Interpreted as resonant states they must have minimal quark content of
ccuud, and would therefore be called charmonium-pentaquark states. The lighter state
Pc(4380)+ has a mass of 4380 ± 8 ± 29 MeV and a width of 205 ± 18 ± 86 MeV, while the
heavier state Pc(4450)+ has a mass of 4449.8 ± 1.7 ± 2.5 MeV and a width of 39 ± 5 ± 19
MeV. A model-independent representation of the Pc(4450)+ contribution in the fit shows
a phase change in amplitude consistent with that of a resonance. The parities of the two
states are opposite with the preferred spins being 3/2 for one state and 5/2 for the other.
The higher mass state has a fit fraction of (4.1 ± 0.5 ± 1.1)%, and the lower mass state of
(8.4 ± 0.7 ± 4.2)%, of the total ⇤0

b ! J/ K�p sample.
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the excellent performance of the LHC. We thank the technical and administrative sta↵
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Pentaquark Candidates

B ! pKJ/ 

Hybrid candidates

• Identifiable by exotic JPC

• Relatively weak evidence
• Experiments: LEAR, E852, VES,

COMPASS etc pp, π−p
COMPASS
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306 COMPASS Collaboration / Physics Letters B 740 (2015) 303–311

Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ±1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψϵ

LM(τ ),

I(τ ) =
!

ϵ

""""
!

L,M

Aϵ
LMψϵ

LM(τ )

""""
2

+ non-η(′) background. (1)

The magnitudes and phases of the complex numbers Aϵ
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
#

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n!

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
$

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ±1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψϵ

LM(τ ),

I(τ ) =
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The magnitudes and phases of the complex numbers Aϵ
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tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
#

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n!

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
$

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π− data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ− results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π− in Fig. 4 are those for ηπ− , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π− with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π−π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]−1, from the η′π− threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π− and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.
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Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ±1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
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in a bin is

N̄ ∝
#

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n!

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
$

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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ward asymmetric interference pattern, indicating coherent D- and 
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erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .
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were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
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where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
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k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
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sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
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and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π− data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ− results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π− in Fig. 4 are those for ηπ− , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π− with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π−π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]−1, from the η′π− threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π− and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.
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Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ±1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψϵ

LM(τ ),

I(τ ) =
!

ϵ

""""
!

L,M

Aϵ
LMψϵ

LM(τ )

""""
2

+ non-η(′) background. (1)

The magnitudes and phases of the complex numbers Aϵ
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
#

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n!

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
$

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 

306 COMPASS Collaboration / Physics Letters B 740 (2015) 303–311

Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.
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frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].
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interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
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P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .
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were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
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where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
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Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π− data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ− results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π− in Fig. 4 are those for ηπ− , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π− with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π−π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]−1, from the η′π− threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π− and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.
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COMPASS: Evidence for Exotic Hybrid Mesons

Many studies, strongest evidence for 1−+ π1 in ηπ and η′π P-waves:

COMPASS PLB 740, 303 (2015)

JPAC PRL 122, 042002 (2019) COMPASS data are described by a model
with a 1− pole at M = 1590± 100 MeV, Γ = 500± 100 MeV

M. R. Shepherd 
Bound States in QCD and Beyond 

February 21, 2017

Light Mesons in Pion Production

14

306 COMPASS Collaboration / Physics Letters B 740 (2015) 303–311

Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ±1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψϵ

LM(τ ),

I(τ ) =
!

ϵ

""""
!

L,M

Aϵ
LMψϵ

LM(τ )

""""
2

+ non-η(′) background. (1)

The magnitudes and phases of the complex numbers Aϵ
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
#

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n!

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
$

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
$

sin MϕGJ for ϵ = +1
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Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π− data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ− results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π− in Fig. 4 are those for ηπ− , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π− with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π−π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]−1, from the η′π− threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π− and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.
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• Many searches, strongest evidence for π1 in ηʹπ and ρπ P-waves
• Coupled channel fit in unitary reaction model describes COMPASS data 

D-wave in ηʹπ
COMPASS
π1 → ηπ / ηʹπ 

COMPASS
PLB 740, 303 (2015)

Rodas et al. (JPAC)  
[PRL 122, 042002 (2019)]
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CEBAF at 12 GeV

• Accelerator: ≤2.2 GeV/pass
• Accelerator: full current <80 µA
• Halls A,B,C: e− 1-5 passes ≤11 GeV
• Hall D: e− 250 MHz 5.5 passes ≤12 GeV
γ-beam

• Beam extraction to 4 halls in parallel

A B C

D

CHL
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Photon beam and Hall D Facility

• 12 GeV e− beam 0.001− 5 µA
• Coherent Bremsstrahlung
• 3.4/5 mm collimator
• In peak P ∼ 40%
• Flux <100 MHz in 7 - 12 GeV
• Energy/polarization measured:
• Tagger spectrometer ∼ 0.2%
• Polarimeter γe− → e−e+e−

σP/P ∼2%
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Hall D
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Hall D/GlueX Spectrometer and DAQ

barrel
calorimeter

time-of
-flight

forward calorimeter 

photon beam

electron
beamelectron

beam

superconducting
magnet 

target

tagger magnet

tagger to detector distance
is not to scale

diamond
wafer

GlueX

central drift
chamber

forward drift
chambers

B = 2.0 T

30 cm LH2

Acceptance 1◦ < θ < 120◦

Resolutions
h±: σp/p ∼ 1− 3%

γ: σE/E ∼ 6%/
√

E ⊕ 2%

start counter
Detectors

I CDC, FDC
I BCAL, FCAL
I TOF, ST

Upgrades

I DIRC
I FCAL insert

Open trigger takes nearly all photoproduction at Eγ > 5GeV
Beam 25 MHz/peak: trigger 40 kHz⇒ DAQ⇒ 0.6 GB/s⇒ tape
5 PB of GlueX-I data
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Early Results: J/ψ photoproduction close to threshold

Measured: σ(Eγ) for γ + p → J/ψ + p at 8.22 < Eγ < 12 GeV
Older data: two experiments from 1975 at E > 11 GeV

1 Photoproduction dynamics

σ(Eγ) is sensitive to high-x gluons in the nucleon

2 Spectroscopy: search for the LHCb pentaquark

s-channel production γ + p → Pc(4450)→ J/ψ + p at 10.1 GeV
The Pc production would manifest itself as a peak in σ(Eγ)

Event selection

• Detected decay J/ψ → e+e−

• EM Calorimeters - PID for e+e−

• dE
dx , TOF - PID for p

• The Bethe-Heitler reaction γ p → (e+e−)p is
used for normalization of the cross section

e+

p

e−
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Mass Spectrum of e+e−

GlueX Collaboration A. Ali et al,arXiv:1905.10811 May 2019 submitted to PRL

All beam energies
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Differential Cross Section

GlueX Collaboration A. Ali et al,arXiv:1905.10811 May 2019 submitted to PRL

0 0.2 0.4 0.6 0.8 1
2), GeV

min
-(t-t

1

2
/d

t, 
nb

/G
eV

σd

-2 0.35 GeV±slope = -1.67 
 / n.d.f. = 0.843 / 52χ

Eγ > 10 GeV

27% normalization uncertainty

Theory
• Ansatz:

dσ
dt ∝ ea·t

• Proton gluonic FF
M.Strikman et al, PRD 66
dσ
dt ∝ (1− t/m2

◦)
−4

m◦ ≈ 1.1 GeV

Measured slope a
• 1.67± 0.35 GeV−2 at 10 < Eγ < 11.8 GeV GlueX
• 1.25± 0.2 GeV−2 at Eγ ≈ 11. GeV Cornell B.Gittelman et al, PRL 35 (1975)

• 2.9 ± 0.3 GeV−2 at Eγ = 19 GeV SLAC U.Camerini et al, PRL 35 (1975)
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Energy Dependence of the Cross Section

GlueX Collaboration A. Ali et al,arXiv:1905.10811 May 2019 submitted to PRL

8 9 10 20, GeV            γE

1−10

1

10

p)
, n

b
ψ

 J
/

→
p γ(σ

GlueX
SLAC
Cornell

Kharzeev et al. x 2.3
incoherent sum of:

  2g exch. Brodsky et al
  3g exch. Brodsky et al

Old experiments

◦ SLAC 13-21 GeV
U.Camerini, PRL 35 (1975)
γD, inclusive

◦ Cornell ∼11 GeV
B.Gittelman, PRL 35 (1975)
γBe, inclusive, large BG

Interpretation of the results
• 3-gluon exchange (no spectator in proton) dominates close to threshold

• Implies a large contribution from gluons to the proton mass
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Energy Dependence of the Cross Section

GlueX Collaboration A. Ali et al,arXiv:1905.10811 May 2019 submitted to PRL

8 9 10 20, GeV            γE
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 J
/

→
p γ(σ

GlueX
SLAC
Cornell

Kharzeev et al. x 2.3
incoherent sum of:

  2g exch. Brodsky et al
  3g exch. Brodsky et al

Theory
production at threshold

Brodsky et at PLB 498 (2002)
# of spectators involved
# of hard gluons exchanged

Scaling rules: σ ∝ f (Eγ)

Interpretation of the results
• 3-gluon exchange (no spectator in proton) dominates close to threshold

• Implies a large contribution from gluons to the proton mass

E.Chudakov IWHSS 19, Aveiro, June 2019 Experiment GlueX 15 / 25



Energy Dependence of the Cross Section

GlueX Collaboration A. Ali et al,arXiv:1905.10811 May 2019 submitted to PRL
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σ(nb) Y.Hatta et al :1906.00894 (2019)

Theory
production at threshold

Kharzeev et at NPA 661 (1999)

Gluon distribution

Re(A) of J/ψp scattering
is related to trace anomaly
TA related to proton mass
Y.Hatta et al :1906.00894 (2019)
included our results

Interpretation of the results

• 3-gluon exchange (no spectator in proton) dominates close to threshold

• Implies a large contribution from gluons to the proton mass

E.Chudakov IWHSS 19, Aveiro, June 2019 Experiment GlueX 15 / 25



LHCb Pentaquark
Λb → K−J/ψp

P2(4450)P1(4380)

M(J/ψp)
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• No reflection Λ∗ → K−p⇒ J/ψp observed
• PWA leads to two states for P+

c → J/ψp:
Mass, MeV Γ,MeV JPC

4380±30 205±90 3/2∓ 5/2∓

4450± 3 39±20 5/2± 5/2±

2019
3 narrow peaks P+

c → J/ψp:
Mass, MeV Γ,MeV R, %

4312±0.7+6.8
−0.6 10±3+4

−5 0.3± 0.1
4440±1.3+4.1

−4.7 20±5+9
−10 1.1± 0.3

4457±0.6+4.1
−1.7 6±2+6

−2 0.5± 0.2
R = (Λb → PcK−) · (Pc → J/ψp)/(Λb → K−J/ψp)
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Photoproduction of the Pentaquark: Predictions

t-channel s-channel

Eγ ∼ 10 GeV

In a Broad-band photon beam
γ + p → J/ψ + p may include
γ + p → Pc → J/ψ + p

Addressed in a number of papers:
V. Kubarovsky et al PRD 92, 031502 (2015)
Q. Wang et al PRD 92, 034022 (2015)
M. Karliner et al PL 752, 329 (2016)
A. Hiller Blin et al PRD 94, 034002 (2016) JPAC
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predictions

BR=0%, σ(10.1)=0.64 nb
3/2- BR=3% Γ=40 MeV
5/2+ BR=1% Γ=40 MeV
3/2- BR=3% Γ=200 MeV
5/2+ BR=1% Γ=200 MeV

• Pc → J/ψ p VMD⇒ γ p → Pc

• Interference of t- and s-channels
• Using the measured Γ(Pc) the full

cross section is calculable with one
free parameter:

σγp→J/ψp(Epeak ) ∝ BR(Pc → J/ψp)2

http://cgl.soic.indiana.edu/jpac/PentaQ_JPsi.php
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Limit on the Pentaquark Production

GlueX Collaboration A. Ali et al,arXiv:1905.10811 May 2019 submitted to PRL
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Limit on the Pentaquark Production

GlueX Collaboration A. Ali et al,arXiv:1905.10811 May 2019 submitted to PRL
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Evaluation of
BR(P+

c → J/ψp)

JPAC model PRD 94, 034002
for J = 3/2, Γ⇐ LHCb
all the uncertainties are included

Limits at 90% CL

Pc Γ,MeV BR
Pc(4312) 10±3 < 4.6%
Pc(4440) 20±5 < 2.3%
Pc(4457) 6±2 < 3.8%
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Lower than expected!
model Ref. BR(J/ψp)

hadrocharm. Eides 1904.11616 25-70%
molecule Guo PLB 793 50-80%
molecule Eides PRD 98 0.1%
diquarks Ali PLB 793 small
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Evaluation of
BR(P+

c → J/ψp)

JPAC model PRD 94, 034002
for J = 3/2, Γ⇐ LHCb
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Limits at 90% CL

Pc Γ,MeV BR
Pc(4312) 10±3 < 4.6%
Pc(4440) 20±5 < 2.3%
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Interpretation

model Ref. BR(J/ψp)

hadrocharm. Eides 1904.11616 25-70%
molecule Guo PLB 793 50-80%
molecule Eides PRD 98 0.1%
diquarks Ali PLB 793 small

• Wang 1906.04044 suppress
photoproduction

• Diquarks?
• Triangular diagrams
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Photoproduction by linearly polarized beam

Asymmetry - filter on naturality

GlueX PAC30 Presentation - Alex Dzierba - 8/21/2006 19

Linear Polarization

X ! a + b

ee

b

a

!"

"

pt pr

X

t

s quantization axis  

m determined by polarization of photon

Y ±1

! (!, ") ! P!(cos !)e±i"

Only linearly polarized photons
provide azimuthal angle dependence.

!

pt pr

X

e
N:   JP =  0+,  1–, 2+, ...

U:   JP =  0–,  1+, 2–, ...

Exotic Production:
    Takes place via unnatural (U) parity exchange
Diffractive Production:
    Through natural parity (N) exchange

Only linearly polarized photons
can distinguish between U and N.

ρ◦, ω, φ

P , π, η, ρ, ω,...
Σ
1
−1

Two data sets with 90◦ between the
polarization planes

A(ϕ) =

dσ
dϕ⊥ −

dσ
dϕ‖

dσ
dϕ⊥ + dσ

dϕ‖
≈ PbeamΣ cos (2ϕ)

A(ϕ) γp → ηp

Fit: Σ ≈ 1
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GlueX: Beam Asymmetries

γp → π0p

γp → ηp

Asymmetry of 𝜋− Production

QNP 2018 --- J. Zarling 13

Charge exchange reaction: 
• production changes with 𝑡
• restricts allowed isospin of exchanges

(my thesis analysis)

B.G Yu (Korea Aerospace U.),  PLB 769 262 (16 GeV)

J. Nys (JPAC), PLB 779, 77 (8.5 GeV)

γp → π−∆++

γp → η′p
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GlueX: Search for Hybrid Mesons - Status

Plans:

Start with looking for the lowest predicted multiplet
1−+ : π1, η1, η

′
1

Try 2-body decays first

Requirements:

Understanding of the acceptance and efficiencies: in progress
Understanding of the beam polarization effects: well advanced
PWA application: in progress

Current status:

20% of the full data used
Well known meson resonances observed in relevant channels
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GlueX: Prospects for Spectroscopy in ηπ Channels

About 20% of the GlueX-I data
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Analysis in progress for ηπ, η′π

Well known states seen

Expect a sample comparable
to COMPASS(2015)



Hall D: Prospects for Studies of Strange Particles

GlueX-I experiment: data already taken

Statistics: O(1 M) of Λ0

Beam asymmetries for reactions with Λ0,Σ0,Λ(1520) etc
Cross sections for reactions with hyperons

GlueX-II experiment: approved experiment, data taking 2019-2022

Statistics: ×4 GlueX-I
New Cherenkov detector (DIRC) - K± identification improved
Search for hybrids decaying to kaons
Spectroscopy for strange mesons and hyperons

KLF (K-Long Factory) proposal to PAC. If approved - running after 2024

Modification of the beam line e− → γ → K 0
L , GlueX spectrometer

Expected 10 kHz of K 0
L on LH2 target

Search/identification of excited hyperons (PWA)
Study of poorly identified strange mesons as 0++κ(800)
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GlueX-I: Strange Particles - Current StatusReminder

Reminder

1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4
)2p inv. mass (GeV/c-K

0

500

1000

1500

2000

2500

Λ(1520)

Λ(1670)?
Λ(1690)?

Λ(1800)?
Λ(1810)?
Λ(1820)?
Λ(1830)?

Λ(1890)?

Λ(2100)?
Λ(2110)?

Peter Pauli Λ(1520) update February 21, 2019 3 / 25

M(K−p)

∼4k

S. Dobbs — MENU 2019 — June 3, 2019 — Searches for Exotic Hadrons at GlueX

Prospects for Hyperon Measurements

 48

• Rich GlueX data enables wide range of 
measurements

• The Cascade (ssd, ssu) spectrum is 
poorly known — exclusive measurements 
allow determination of quantum numbers

• Detailed studies of baryon—antibaryon 
production, first observation of Λ Λ 
production

State Quality

A. Ernst — Friday @ 9:45 AM H. Li — Friday @ 9:15 AM

ɣ p → Λ Λ p

Invariant Mass of ⇡�p�

11

•  Events within 1.107 <           < 1.125  GeV/c2M⇡�p

⌃0(1193)

Before shower quality cut

After shower quality cut

⌃0• Very clean       peak

M(Λ0γ)

Σ0(1193)
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20% of the GlueX-I data

Analysis in progress:
beam asymmetry for Λ(1520), Σ0

cross section for Ξ−



Summary

GlueX has accumulated a huge photoproduction data sample

Early physics results from 20% of the data

First measurement of the reaction γp → J/ψp close to threshold
Limits set on the LHCb pentaquarks BR(Pc → Jψp)
Measurements of beam-driven asymmetries for several reactions

Prospects for further analysis

Full GlueX-I data sample: ready for analysis in the fall 2019:
Cross section measurements and calibration of the MC
Search for hybrids
Other opportunistic studies

Next projects:

GlueX-II with better PID, next 3-4 years:
hybrids, strange particles, other topics
Proposal for a K-Long beam
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