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Masses of Hadrons

Quark Model was a big success!
Flavor SU(3) symmetry for “constituent” quarks
Postulated observables: (qq) & (qqq)

QCD: exact color SU(3) symmetry
Asymptotic freedom; Confinement
The masses are generated dynamically.
Challenges - the topic of the Workshop!

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 anzatz
based on flavor SU(3)

color SU(3) singlets
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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

• Interpretation?
Threshold cusps
“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.

PRL 110, 252001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
21 JUNE 2013

252001-6

BESIII Collaboration, PRL 110, 252001 (2013) BESIII Collaboration, PRL 112, 022001 (2013)

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.

2

Re A  
-0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.1

 

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

LHCb

(4450)cP

(a)

 
15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

(4380)cP

(b)

Pc Re APc

Im
 A

P c

Figure 9: Fitted values of the real and imaginary parts of the amplitudes for the baseline (3/2�,
5/2+) fit for a) the Pc(4450)+ state and b) the Pc(4380)+ state, each divided into six mJ/ p bins
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.
We express our gratitude to our colleagues in the CERN accelerator departments for
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Pentaquark Candidates

B ! pKJ/ 

Hybrid candidates
• 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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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.

exotic 1-+

amplitude
(P wave)
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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
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+ 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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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 ) =
∑
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∑
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LM(τ )
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+ 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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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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Meson spectroscopy

Constituent quark model

No gluonic degrees of freedom

Restrictions on the quantum
numbers: JPC :
P = (−1)L+1, C = (−1)L+S

J −− ++ −+ +−
0 0++ 0−+

1 1−− 1++ 1+−

2 2−− 2++ 2−+

3 3−− 3++ 3+−

qq QN “exotic” QN

Gluonic excitations⇒ hybrid mesons ?

g - color octet

Predicted by models, LQCD

“Constituent gluon”:
LQCD: 1+−, 1-1.5 GeV

Exotic QN: excellent signature
of a new degree of freedom
no mixing with the regular qq
states
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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.

TOWARD THE EXCITED ISOSCALAR MESON SPECTRUM . . . PHYSICAL REVIEW D 88, 094505 (2013)

094505-11

J− regular QN J+ regular QN Exotic QN

Lowest-lying hybrid supermultiplet
1−−,0−+, 1−+. 2−+

exotic

1−+ 0+− 2+−

Nonets: 2 1 2

Calculations for mπ ∼ 400MeV
Orange frames - lightest hybrids
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Hybrids: expected features and ways to detect

LQCD: Masses

1−+ π1, η1... ∼2.0 – 2.4 GeV/c2

0+− b◦,h◦... ∼2.3 – 2.5 GeV/c2

2+− b2,h2... ∼2.4 – 2.6 GeV/c2

Models: Decays

Γtot ∼ 0.1− 0.5 GeV/c2

Final states: multiple π± and γ

No calculations for the decay widths, couplings or cross sections so far.

Photoproduction by linearly polarized photons

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

Linear Polarization

X → a + b

ee

b

a

θγ

γ

pt pr

X

t

s quantization axis  

m determined by polarization of photon

Y ±1

! (θ, φ) ∝ P!(cos θ)e±iφ

Only linearly polarized photons
provide azimuthal angle dependence.

γ

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,...

Exchange Final
particle states
P 0++ 2+−,0+− b◦,h,h′

π◦ 0−+ 2+− b◦2 ,h2,h′2
π± 0−+ 1−+ π±1
ω 1−− 1−+ π1, η1, η

′
1

Can couple to all 3 exotic nonets

How to detect the hybrids?

Detect the final states (exclusive reactions)

Identify the QN using the Partial Wave Analysis (PWA)
Photon linear polarization - a filter on naturality - helps
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GlueX Experiment

GlueX Features

Hermeticity and uniform acceptance
High statistics
Beam: Coherent Bremsstrahlung⇒ linearly polarized photons in
coherent peak

Considerable theoretical support for the PWA (JPAC)

Approved beam time

GlueX-I 120 days at ∼10 MHz γ/peak , Lint ∼ 0.1 fb−1

GlueX-II,III 220 days at ∼50 MHz γ/peak with DIRC Lint ∼ 1 fb−1
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The GlueX Collaboration

Arizona State, Athens, Carnegie Mellon, Catholic University,
Univ. of Connecticut, Florida International, Florida State,
George Washington, Glasgow, GSI, Indiana University, ITEP,
Jefferson Lab, U. Mass. Amherst, MIT, MEPhi, Norfolk State,
North Carolina A&T, Univ. North Carolina Wilmington,
Northwestern, Santa Maria, University of Regina, W&M, Wuhan,
and Yerevan Physics Institute.

Over 120 collaborators from 25 institutions.
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Hall D/GlueX Photon beam line

• 12 GeV e− beam 0.05− 2.2 µA
• Coherent Bremsstrahlung on diamond crystal
• 20− 50 µm diamond: coherent <25 µrad
• Collimation to suppress the incoherent part
• Coherent peak 8.4− 9.0 GeV P ∼ 40%

Photon flux 10-100 MHz in the peak
• Energy/polarization measured:
• Tagger spectrometer σE/E ∼0.1%
• Triplet polarimeter γe− → e−e+e− ⇒
σP/P ∼2%

8.4-9.0 GeV
<100 MHz
P ∼ 40%

EγGeV

collimated

tagged

Diamond 20 µm
Collim. 3.4 mm
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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

Plans to add

I 2018 L3
I 2019 DIRC

Photoproduction γp 15 kHz for a 100 MHz beam
Beam 10 MHz/GeV: inclusive trigger 20 kHz⇒ DAQ⇒ tape
Beam 50 MHz/GeV: inclusive trigger 100 kHz⇒ DAQ⇒ L3 farm⇒ tape
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Hall D

E.Chudakov ECT∗, Trento, April 2017 Early results from GlueX 12 / 24



Hall D/GlueX Data taking Status

Fall 2014 - Spring 2015: commissioning

Spring 2016 12 GeV Engineering run

Commissioning is complete
Data for early physics results
∼ 22 G events recorded, 7 G events fully meet the specs

Spring 2017 11.65 GeV Physics run

50 G events, Lint ∼ 20 pb−1/peak (20% of GlueX-I)
Plans to finish the data processing by mid-July
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Hall D/GlueX Beam: Coherent Bremsstrahlung

• 20-50 µm thick diamond
radiators

• Precision alignment using a
goniometer

Polarization measurements
• Derived from the spectrum
• Triple polarimeter
γe− → e+e−e−

• Processes like γp → ρ◦p

Rotating polarization plane:
Two diamond orientations at 90◦:
Reduces asymmetries of the apparatus!
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Pseudoscalar Beam Asymmetries

Polarization ‖ dσ
dϕ‖ ∝ (1− PΣ cos (2ϕ))

Polarization ⊥ dσ
dϕ⊥ ∝ (1− PΣ cos (2ϕ− π))

Cancel systematic effects by measuring the asymmetry:

A(ϕ) =

dσ
dϕ⊥ −

dσ
dϕ‖

dσ
dϕ⊥ + dσ

dϕ‖
≈ PΣ cos (2ϕ)
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Beam Asymmetries of π0, η

p

π0, η

p

γ

1

1−− :ω, ρ

1+− :b,h

Σ sensitive to exchanged JPC

Σ = |ω+ρ|2−|h+b|2
|ω+ρ|2+|h+b|2 [PRD 92 (2015) 074013]

Σ ≈ +1 for 1−− exchange
Σ ≈ −1 for 1+− exchange
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Beam Asymmetries of π0, η

2)c (GeV/-t 
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ηp → pγ(b)

• The results: Σ ≈ + 1
• Vector exchange dominates
• No observed dip at −t = 0.5 (GeV/c)2

• Comparison with several models
• First measurement for η at this energy
• Accepted in PRC [arXiv:1701.08123]

• Planned:
Measurement for η′ with 2017 data
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Beam Asymmetries of Vectors

ω 2 decays modes: π+π−π0 and
π0γ:

Expectations:
Σ3π/Σπ0γ = −2
Measurement:
Σ3π/Σπ0γ = −1.88± 0.13

High statistics for ρ, ω:
plans to measure the
Spin-Density Matrix elements

Preliminary: ρ Asymmetry
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Photoproduction of J/ψ close to threshold

γ + p → J/ψ + p, J/ψ → e+e−

• All 2016 data: exclusive events p + e+e−

• e+e− PID using the electromagnetic calorimeters BCAL and FCAL
• Kinematic fit with the beam energy from the tagger
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GlueX 2016 data (preliminary)
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Photoproduction of J/ψ close to threshold

Planned measurements, after adding the 2017 Spring data:
• σ(E) - sensitive to gluons at high x
• t-slope
• Limits on the pentaquark yield (the mass resolution ∼6 MeV/c2)
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Event Reconstruction and Signals Observed

From 2016 data: γp → 4γ p
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Event Reconstruction and Signals Observed

From 2016 data: γp → 5γ p
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Outlook

Analysis of the Spring 2017 data:

Measurements of various beam asymmetries
Measurement of the J/ψ cross section
Measurements of the Spin Density Matrix for the lower vectors
PWA of the known lower resonances (1.0 - 1.5 GeV/c2)

Next run is scheduled for the Fall 2017 (some uncertainty)

2019-2022 GlueX at “high” intensity 50 MHz in the peak
focus on hidden strangeness and hyperon resonances

Other approved experiments:

η Radiative Decay Width via Primakoff effect
Charged pion polarizability via Primakoff effect

More Proposals and Letters of Intent are on the way
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APPENDIX
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Hall D Physics Program

Proposal/ Sta- Title Beam PAC
experiment tus days #
E12-06-102 A Mapping the Spectrum of Light Quark

Mesons and Gluonic Excitations with Lin-
early Polarized Photons

120 30

E12-10-011 A- A Precision Measurement of the η Radia-
tive Decay Width via the Primakoff Effect

79 35

E12-13-003 A An initial study of hadron decays to
strange final states with GlueX in Hall D

200 40

E12-13-008 A- Measuring the Charged Pion Polarizabil-
ity in the γγ → π+π− Reaction

25 40

E12-12-002 A A study of meson and baryon decays to
strange final states with GlueX in Hall D

220 42

C12-14-004 C2 Eta Decays with Emphasis on Rare Neu-
tral Modes: The JLab Eta Factory Exper-
iment (JEF)

(130) 42

partly concurrent with GlueX (η → 3π)
LOI12-15-001 Physics with secondary K ◦

L beam 43
LOI12-15-006 ω-production on nuclei 43
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Experimental Evidence for Exotic Hybrids 1−+

mass reaction experiment mass width
1400 π−p → ηπ◦n GAMS, 100 GeV 1988 1406±20 180± 20

π−p → ηπ−p BKEI, 6 GeV 1993 1320± 5 140± 10
π−p → ηπ−p MPS, 18 GeV 1997 1370±60 380±100
π−p → ηπ◦n E-852, 18 GeV 2007 1260±40 350± 60
pp → ηπ◦π◦ CBAR, 0 GeV 1999 1360±25 360± 80
pn→ ηπ◦π− CBAR, 0 GeV 1998 1400±30 220± 90

1600 π−A→ π+π−π−A VES, 37 GeV 2000 1610±20 290± 30
VES, 37 GeV 2005 none

COMPASS, 190 GeV 2009 1660±60 270± 60
π−p → π+π−π−p E-852, 18 GeV 2002 1590±40 170± 60

E-852, 18 GeV 2006 none
COMPASS, 190 GeV 2015 in progress

γp → π+π+π−n CLAS, 5. GeV 2008 none
π−p → π−π◦π◦p E-852, 18 GeV 2006 none

COMPASS, 190 GeV 2015 in progress
π−p → η′π−p E-852, 18 GeV 2001 1600±40 340± 50

COMPASS, 190 GeV 2015 in progress
π−A→ η′π−A VES, 37 GeV 2005 1600 300

GAMS, 100 GeV 2005 1600 300
π−p → ηπ+π−π−p E-852, 18 GeV 2004 1710±60 400± 90
π−p → ωπ−π◦p E-852, 18 GeV 2005 1660±10 190± 30
π−A→ ωπ−π◦A VES, 18 GeV 2005 1600 300

2000 π−p → b1π, f1π E-852, 18 GeV 2005 2010±25 230± 80
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Experimental Evidence for Exotic Hybrids 1−+

mass reaction experiment mass width
1400 π−p → ηπ◦n GAMS, 100 GeV 1988 1406±20 180± 20

π−p → ηπ−p BKEI, 6 GeV 1993 1320± 5 140± 10
π−p → ηπ−p MPS, 18 GeV 1997 1370±60 380±100
π−p → ηπ◦n E-852, 18 GeV 2007 1260±40 350± 60
pp → ηπ◦π◦ CBAR, 0 GeV 1999 1360±25 360± 80
pn→ ηπ◦π− CBAR, 0 GeV 1998 1400±30 220± 90

1600 π−A→ π+π−π−A VES, 37 GeV 2000 1610±20 290± 30
VES, 37 GeV 2005 none

COMPASS, 190 GeV 2009 1660±60 270± 60
π−p → π+π−π−p E-852, 18 GeV 2002 1590±40 170± 60

E-852, 18 GeV 2006 none
COMPASS, 190 GeV 2015 in progress

γp → π+π+π−n CLAS, 5. GeV 2008 none
π−p → π−π◦π◦p E-852, 18 GeV 2006 none

COMPASS, 190 GeV 2015 in progress
π−p → η′π−p E-852, 18 GeV 2001 1600±40 340± 50

COMPASS, 190 GeV 2015 in progress
π−A→ η′π−A VES, 37 GeV 2005 1600 300

GAMS, 100 GeV 2005 1600 300
π−p → ηπ+π−π−p E-852, 18 GeV 2004 1710±60 400± 90
π−p → ωπ−π◦p E-852, 18 GeV 2005 1660±10 190± 30
π−A→ ωπ−π◦A VES, 18 GeV 2005 1600 300

2000 π−p → b1π, f1π E-852, 18 GeV 2005 2010±25 230± 80

Signal: solid, seen by several experiments
Interpretation: unclear, but not a hybrid:
1400 dynamic origin; 4-quark state
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Experimental Evidence for Exotic Hybrids 1−+

mass reaction experiment mass width
1400 π−p → ηπ◦n GAMS, 100 GeV 1988 1406±20 180± 20

π−p → ηπ−p BKEI, 6 GeV 1993 1320± 5 140± 10
π−p → ηπ−p MPS, 18 GeV 1997 1370±60 380±100
π−p → ηπ◦n E-852, 18 GeV 2007 1260±40 350± 60
pp → ηπ◦π◦ CBAR, 0 GeV 1999 1360±25 360± 80
pn→ ηπ◦π− CBAR, 0 GeV 1998 1400±30 220± 90

1600 π−A→ π+π−π−A VES, 37 GeV 2000 1610±20 290± 30
VES, 37 GeV 2005 none

COMPASS, 190 GeV 2009 1660±60 270± 60
π−p → π+π−π−p E-852, 18 GeV 2002 1590±40 170± 60

E-852, 18 GeV 2006 none
COMPASS, 190 GeV 2015 in progress

γp → π+π+π−n CLAS, 5. GeV 2008 none
π−p → π−π◦π◦p E-852, 18 GeV 2006 none

COMPASS, 190 GeV 2015 in progress
π−p → η′π−p E-852, 18 GeV 2001 1600±40 340± 50

COMPASS, 190 GeV 2015 in progress
π−A→ η′π−A VES, 37 GeV 2005 1600 300

GAMS, 100 GeV 2005 1600 300
π−p → ηπ+π−π−p E-852, 18 GeV 2004 1710±60 400± 90
π−p → ωπ−π◦p E-852, 18 GeV 2005 1660±10 190± 30
π−A→ ωπ−π◦A VES, 18 GeV 2005 1600 300

2000 π−p → b1π, f1π E-852, 18 GeV 2005 2010±25 230± 80

Signal: solid, seen by several experiments
Interpretation: unclear, but not a hybrid:
1400 dynamic origin; 4-quark state

Signal: 3π - controversial - leakage from 2−+

COMPASS: confirmation in π−A
COMPASS: in progress π−p
η′π− - promising

Interpretation: may be a hybrid
1600 needs more analysis and data
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Experimental Evidence for Exotic Hybrids 1−+

mass reaction experiment mass width
1400 π−p → ηπ◦n GAMS, 100 GeV 1988 1406±20 180± 20

π−p → ηπ−p BKEI, 6 GeV 1993 1320± 5 140± 10
π−p → ηπ−p MPS, 18 GeV 1997 1370±60 380±100
π−p → ηπ◦n E-852, 18 GeV 2007 1260±40 350± 60
pp → ηπ◦π◦ CBAR, 0 GeV 1999 1360±25 360± 80
pn→ ηπ◦π− CBAR, 0 GeV 1998 1400±30 220± 90

1600 π−A→ π+π−π−A VES, 37 GeV 2000 1610±20 290± 30
VES, 37 GeV 2005 none

COMPASS, 190 GeV 2009 1660±60 270± 60
π−p → π+π−π−p E-852, 18 GeV 2002 1590±40 170± 60

E-852, 18 GeV 2006 none
COMPASS, 190 GeV 2015 in progress

γp → π+π+π−n CLAS, 5. GeV 2008 none
π−p → π−π◦π◦p E-852, 18 GeV 2006 none

COMPASS, 190 GeV 2015 in progress
π−p → η′π−p E-852, 18 GeV 2001 1600±40 340± 50

COMPASS, 190 GeV 2015 in progress
π−A→ η′π−A VES, 37 GeV 2005 1600 300

GAMS, 100 GeV 2005 1600 300
π−p → ηπ+π−π−p E-852, 18 GeV 2004 1710±60 400± 90
π−p → ωπ−π◦p E-852, 18 GeV 2005 1660±10 190± 30
π−A→ ωπ−π◦A VES, 18 GeV 2005 1600 300

2000 π−p → b1π, f1π E-852, 18 GeV 2005 2010±25 230± 80

Signal: solid, seen by several experiments
Interpretation: unclear, but not a hybrid:
1400 dynamic origin; 4-quark state

Signal: 3π - controversial - leakage from 2−+

COMPASS: confirmation in π−A
COMPASS: in progress π−p
η′π− - promising

Interpretation: may be a hybrid
1600 needs more analysis and data

Signal: weak - one experiment only
Interpretation: may be a hybrid

expected decay modes
2000 needs more data
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Hyperon Spectroscopy in Photoproduction

GlueX 2-nd stage: 2019-..

With DIRC

High beam intensity
50 MHz in peak

QN of hyperons/cascades
Like CLAS (Λ(1405): 1

2
−

)
M. R. Shepherd

Jefferson Lab PAC39
June 20, 2012

Introduction and Motivation
Experimental Situation

Cascades at GlueX
Summary and ToDo List

Typical Reactions
Tracking Issues
Particle Identification

Possible Production Mechanisms

a)

b) K / K
+      +*

+      +*
K / K

+
K

+
K

−
Ξ

+
K

+K
0

−−*

*       *

*      *Λ / Σ

Λ / Σ

Ξ

p

p

γ

γ

π
Ξ

K+(Ξ−K+), K+(Ξ0K 0), K 0(Ξ0K+)

Production of excited states via a
1 forward-going K 0 meson

➜ K 0 ( Ξ− π+ )K+, etc.
2 forward-going K+ meson

➜ K+ ( Ξ− π+ )K 0,
K+ ( Ξ0 π− )K+, etc.

V. Credé & N. Sparks Update on Cascade Physics at GlueX

Cascades
• Very little is known about doubly-

strange cascade baryons

• JP is only known for three 
established states

• expected to be narrow

• PDG:  “nothing of 
significance...added since our 1988 
edition”

• Experimentally challenging -- produced 
typically only in decay of hyperon

• many particle final state;  large 
acceptance needed to determine JP 

• small cross sections

• GlueX acceptance and intensity is ideal

• production kinematics present a 
challenge to forward kaon ID
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Use this and previous physics examples to benchmark the detector design

GlueX production mechanism

Baryon 2016: discussed by A.Gillitzer on Tuesday
State Status JP Width

(MeV)
Ξ **** 1/2+ 0
Ξ(1530) **** 3/2+ 9
Ξ(1620) * ?? 22
Ξ(1690) *** ?? <30
Ξ(1820) *** 3/2− 24
Ξ(1950) *** ?? 60±20
Ξ(2030) *** ≥5/2? 20+15

−5
Ξ(2120) * ?? <20
Ξ(2250) ** ?? <30
Ξ(2370) ** ?? 80
Ξ(2500) * ?? 150
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