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Table II represent the sum in quadrature of all the contri-
butions listed in Table III. The signal for the !!1D" is
marginal, and therefore systematic uncertainties on its
related measurements are not listed in the table. The sig-
nificances of the hb!1P" and hb!2P" signals, with system-
atic uncertainties accounted for, are 5:5! and 11:2!,
respectively.

The measured masses of hb!1P" and hb!2P"
are M # !9898:2$1:1$1:0

%1:0%1:1" MeV=c2 and M # !10259:8&
0:6$1:4

%1:0" MeV=c2, respectively. Using the world average
masses of the "bJ!nP" states, we determine the
hyperfine splittings to be "MHF # !$1:7& 1:5" and
!$0:5$1:6

%1:2" MeV=c2, respectively, where statistical and
systematic uncertainties are combined in quadrature.

We also measure the ratio of cross sections for e$e% !
!!5S" ! hb!nP"#$#% to that for e$e% ! !!5S" !
!!2S"#$#%. To determine the reconstruction efficiency,
we use the results of resonant structure studies reported in
Ref. [12] that revealed the existence of two charged

bottomoniumlike states, Zb!10610" and Zb!10650",
through which the #$#% transitions we are studying pri-
marily proceed. These studies indicate that the Zb most
likely have JP # 1$, and therefore in our simulations the
#$#% transitions are generated accordingly. To estimate
the systematic uncertainty in our reconstruction efficien-
cies, we use Monte Carlo samples generated with all
allowed quantum numbers with J ' 2.
We find that the reconstruction efficiency for the !!2S"

is about 57% and that those for the hb!1P" and hb!2P"
relative to that for the !!2S" are 0:913$0:136

%0:010 and
0:824$0:130

%0:013, respectively. The efficiency of the R2 < 0:3
requirement is estimated from data by measuring signal
yields with R2 > 0:3. For !!2S", hb!1P", and hb!2P"
we find 0:863& 0:032, 0:723& 0:068, and 0:796&
0:043, respectively. From the yields and efficiencies

FIG. 3 (color online). The inclusive Mmiss spectrum with the combinatoric background and K0
S contribution subtracted (points with

errors) and signal component of the fit function overlaid (smooth curve). The vertical lines indicate boundaries of the fit regions.

TABLE II. The yield, mass, and statistical significance from
the fits to the Mmiss distributions. The statistical significance is
calculated from the difference in "2 between the best fit and the
fit with the signal yield fixed to zero.

Yield, 103 Mass, MeV=c2 Significance

!!1S" 104:9& 5:8& 3:0 9459:4& 0:5& 1:0 18:1!
hb!1P" 50:0& 7:8$4:5

%9:1 9898:2$1:1$1:0
%1:0%1:1 6:1!

3S ! 1S 55& 19 9973.01 2:9!
!!2S" 143:7& 8:7& 6:8 10 022:2& 0:4& 1:0 17:1!
!!1D" 22:4& 7:8 10 166:1& 2:6 2:4!
hb!2P" 83:9& 6:8$23:

%10: 10 259:8& 0:6$1:4
%1:0 12:3!

2S ! 1S 151:3& 9:7$9:0
%20: 10 304:6& 0:6& 1:0 15:7!

!!3S" 45:5& 5:2& 5:1 10 356:7& 0:9& 1:1 8:5!

TABLE III. Absolute systematic uncertainties in the yields and
masses from various sources.

Polynomial
order

Fit
range

Signal
shape

Selection
requirements

N(!!1S"), 103 &1:4 &1:7 &2:0 * * *
N(hb!1P"), 103 &2:4 &3:6 $1:2

%8:0 * * *
N(!!2S"), 103 &3:4 &3:2 &5:0 * * *
N(hb!2P"), 103 &2:2 &2:6 $23:

%9:0 * * *
N(2 ! 1), 103 &3:0 &8:0 $0

%18 * * *
N(!!3S"), 103 &1:0 &3:0 &4:0 * * *
M(!!1S"), MeV=c2 &0:04 &0:06 &0:03 &0:18
M(hb!1P"), MeV=c2 &0:04 &0:10 $0:04

%0:20
$0:20
%0:30

M(!!2S"), MeV=c2 &0:02 &0:08 &0:06 &0:03
M(hb!2P"), MeV=c2 &0:10 &0:20 $1:0

%0:0 &0:08
M(2 ! 1), MeV=c2 &0:20 &0:10 &0:06 &0:10
M(!!3S"), MeV=c2 &0:15 &0:24 &0:10 &0:20

PRL 108, 032001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

20 JANUARY 2012

032001-5

Belle Collaboration, PRL 108, 032001 (2012)

 at  e+e" # !!(X ) $(5S)
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C. SU!3"F point, m! # 702 MeV, !16; 20"3$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
SU!3" flavor symmetry, we characterize mesons in terms of
their SU!3"F 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 3#$, 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$# 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 %
1

#t
log

$!t"
$!t# #t" ; (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! % 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! % 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

negative parity positive parity exotic

Dudek, Edwards, Guo,  and Thomas, PRD 88, 094505 (2013)

lightest
hybrids
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FIG. 16. Partial widths as a function of the ⇡1 pole mass. The bands reflect the coupling ranges given in Table VIII. The total
width, obtained by summing the partial widths, is shown by the grey band.

factorizes from the spatial matrix element such that ⇢⇡
decays are only allowed to the extent that the spatial
qq̄ wavefunctions of the ⇡ and the ⇢ di↵er. This di↵er-
ence is quite hard to estimate in quark models where the
very light pseudo-Goldstone boson ⇡ is typically not well
described.

If this model picture of the coupling being sensitive to
the di↵erence between the ⇡ and ⇢ radial wavefunction
is correct, our simple extrapolation of the ⇢⇡ coupling
may lead to an under estimate. We can use the charge
radius as a guide to the wavefunction size, and at the
SU(3) flavor symmetric point these radii were computed

in Ref. [75]: hr2i1/2⇡ = 0.47(6) fm, hr2i1/2⇢ = 0.55(5) fm.
These sizes are not that di↵erent, as one might expect
given the heaviness of the quarks, but we expect the
di↵erence to grow as the light-quark mass reduces. Our
simple extrapolation of the ⇢⇡ coupling would not capture
this change, and hence our ⇢⇡ partial width might be an
under-estimate.

The flux-tube breaking models have larger couplings to
axial-vector–pseudoscalar channels like b1⇡ and f1⇡ than
to, for example, ⇢⇡, but these couplings are still much
smaller than the ones we are predicting. Bag models show
similar decay systematics [2, 3].

VIII. SUMMARY

Prior lattice QCD calculations which treated excited
hadrons as stable particles indicated the presence of exotic
hybrid mesons in the spectrum, but until now the only
theoretical information on the decay properties of these
states came from models whose connection to QCD is
not always clear. In this paper we presented the first
determination of the lightest JP (C) = 1�(+) resonance
within lattice QCD. The resonance was observed in a
rigorous way as a pole singularity in a coupled-channel
scattering amplitude obtained using constraints provided
by the discrete spectrum of eigenstates of QCD in six

di↵erent finite volumes. These spectra were extracted
from matrices of correlation functions computed in lattice
QCD using a large basis of operators.

In order to make this first calculation practical we opted
to work with quark masses such that mu = md = ms,
with the quark mass selected to approximately match
the physical strange-quark mass. The resulting SU(3)F
symmetry leads to a simplified set of decay channels, and
the relatively heavy quark mass means that only meson-
meson decays are kinematically accessible in the energy
region of interest.
The computed lattice QCD spectra are described by

an eight-channel flavor-octet 1�(+) scattering system in
which a narrow resonance appears, lying slightly be-
low the opening of axial-vector–pseudoscalar decay chan-
nels, but well above pseudoscalar–pseudoscalar, vector–
pseudoscalar and vector–vector decay thresholds. The
resonance pole shows relatively weak couplings to the
open channels, hence the narrow width, but large cou-
plings to at least one kinematically-closed axial-vector–
pseudoscalar channel.
A simple-minded approach was used to predict decay

properties of a ⇡1 resonance with physical light-quark
mass from these results. We extrapolated the determined
couplings, assuming their only adjustment is in the an-
gular momentum barrier (an approach that has proven
reasonably successful when applied to previous lattice
QCD determinations of vector, axial-vector and tensor
mesons). This suggests a potentially broad ⇡1 resonance,
the bulk of whose decay goes into the b1⇡ mode.
Comparing to the experimental ⇡1(1564) candidate

state found by the JPAC/COMPASS analysis [18], our
predicted range of total width is compatible with their
width taken from the resonance pole position. We note
that the ⌘⇡, ⌘0⇡ modes in which the resonance is observed
experimentally are relatively rare decays in our picture.
Although the b1⇡ decay mode is somewhat challenging
experimentally, ending up in five pions through b1 ! !⇡,
these results suggest that it is a promising channel to
search in.

A. Woss et al. [HadSpec Collaboration], Phys. Rev. D 103, 054502 (2021)

 State of the art:  partial widths of exotic hybrid resonances 
Exotic  couplings from lattice QCD!1
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only J
PC channels in which we

identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in Fig. 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

multi-meson states [24, 37].

7.2 Exotic mesons and hybrid phenomenology

In Fig. 16 we show the charmonium spectrum for the subset of JPC channels in which,

by considering operator-state overlaps, we identify candidate hybrid mesons. A state is

suggested to be dominantly hybrid in character if it has a relatively large overlap onto an

operator proportional to the commutator of two covariant derivatives, the field-strength

tensor. We note that within QCD non-exotic hybrids can mix with conventional charmonia.

We find that the lightest exotic meson has J
PC = 1�+ and is nearly degenerate with the

three states observed in the negative parity sector suggested to be non-exotic hybrids,

(0, 2)�+
, 1��. Higher in mass there is a pair of states, (0, 2)+�, and a second 2+� state

slightly above this. Not shown on the figures, an excited 1�+ appears at around 4.6 GeV,

there is an exotic 3�+ state at around 4.8 GeV and the lightest 0�� exotic does not appear

until above 5 GeV.

The observation that there are four hybrid candidates nearly degenerate with J
PC =

(0, 1, 2)�+
, 1��, coloured red in Fig. 16, is interesting. This is the pattern of states pre-

dicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the P-wave

quasiparticle gluon approach [40], or more generally where a quark-antiquark pair in S-

wave is coupled to a 1+� chromomagnetic gluonic excitation as shown Table 5. This is not

the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In addition,

the observation of two 2+� states, with one only slightly heavier than the other, appears

to rule out the flux-tube model which does not predict two such states so close in mass.

The pattern of JPC of the lightest hybrids is the same as that observed in light meson sec-

tor [11, 31]. They appear at a mass scale of 1.2� 1.3 GeV above the lightest conventional
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only J
PC channels in which we

identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in Fig. 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

multi-meson states [24, 37].

7.2 Exotic mesons and hybrid phenomenology

In Fig. 16 we show the charmonium spectrum for the subset of JPC channels in which,

by considering operator-state overlaps, we identify candidate hybrid mesons. A state is

suggested to be dominantly hybrid in character if it has a relatively large overlap onto an

operator proportional to the commutator of two covariant derivatives, the field-strength

tensor. We note that within QCD non-exotic hybrids can mix with conventional charmonia.

We find that the lightest exotic meson has J
PC = 1�+ and is nearly degenerate with the

three states observed in the negative parity sector suggested to be non-exotic hybrids,

(0, 2)�+
, 1��. Higher in mass there is a pair of states, (0, 2)+�, and a second 2+� state

slightly above this. Not shown on the figures, an excited 1�+ appears at around 4.6 GeV,

there is an exotic 3�+ state at around 4.8 GeV and the lightest 0�� exotic does not appear

until above 5 GeV.

The observation that there are four hybrid candidates nearly degenerate with J
PC =

(0, 1, 2)�+
, 1��, coloured red in Fig. 16, is interesting. This is the pattern of states pre-

dicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the P-wave

quasiparticle gluon approach [40], or more generally where a quark-antiquark pair in S-

wave is coupled to a 1+� chromomagnetic gluonic excitation as shown Table 5. This is not

the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In addition,

the observation of two 2+� states, with one only slightly heavier than the other, appears

to rule out the flux-tube model which does not predict two such states so close in mass.

The pattern of JPC of the lightest hybrids is the same as that observed in light meson sec-

tor [11, 31]. They appear at a mass scale of 1.2� 1.3 GeV above the lightest conventional
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only J
PC channels in which we

identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in Fig. 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

multi-meson states [24, 37].

7.2 Exotic mesons and hybrid phenomenology

In Fig. 16 we show the charmonium spectrum for the subset of JPC channels in which,

by considering operator-state overlaps, we identify candidate hybrid mesons. A state is

suggested to be dominantly hybrid in character if it has a relatively large overlap onto an

operator proportional to the commutator of two covariant derivatives, the field-strength

tensor. We note that within QCD non-exotic hybrids can mix with conventional charmonia.

We find that the lightest exotic meson has J
PC = 1�+ and is nearly degenerate with the

three states observed in the negative parity sector suggested to be non-exotic hybrids,

(0, 2)�+
, 1��. Higher in mass there is a pair of states, (0, 2)+�, and a second 2+� state

slightly above this. Not shown on the figures, an excited 1�+ appears at around 4.6 GeV,

there is an exotic 3�+ state at around 4.8 GeV and the lightest 0�� exotic does not appear

until above 5 GeV.

The observation that there are four hybrid candidates nearly degenerate with J
PC =

(0, 1, 2)�+
, 1��, coloured red in Fig. 16, is interesting. This is the pattern of states pre-

dicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the P-wave

quasiparticle gluon approach [40], or more generally where a quark-antiquark pair in S-

wave is coupled to a 1+� chromomagnetic gluonic excitation as shown Table 5. This is not

the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In addition,

the observation of two 2+� states, with one only slightly heavier than the other, appears

to rule out the flux-tube model which does not predict two such states so close in mass.

The pattern of JPC of the lightest hybrids is the same as that observed in light meson sec-

tor [11, 31]. They appear at a mass scale of 1.2� 1.3 GeV above the lightest conventional
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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 Zc!3900" 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 e$e% ! "$"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be !62:9& 1:9& 3:7" 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
!3899:0& 3:6& 4:9" MeV=c2 and a width of !46& 10&
20" 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 !3686" 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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resolution compared to RM!K"D!
s # [10]. A clear peak is

seen in this distribution at the nominal D$0 mass, which
corresponds to the final state K"D!

s D$0. There is also a
contribution from K"D$!

s D0, which appears as a broader
structure beneath the K"D!

s D$0 signal. Therefore, we
require RM!K"D!

s # "M!D!
s # !m!D!

s # to be in the
interval !1.990; 2.027# GeV=c2 to isolate the signal
candidates of both signal processes.
To estimate the shape of combinatorial background, we

use wrong-sign (WS) combinations of D!
s and K! candi-

dates, rather than the right-sign D!
s and K" candidates. The

WS K!D!
s recoil-mass distribution, scaled by a factor of

1.18, agrees with the data distribution in the sideband
regions, !1.91; 1.95# GeV=c2 and !2.08; 2.11# GeV=c2, as
shown in Fig. 2. The number of background events within
the signal region is estimated to be 282.6% 12.0 by a fit to
the sideband data with a linear function, whose slope is
determined from the WS data. In addition, the WS events
are used to represent the combinatorial-background distri-
bution of the recoil mass of the bachelor K". This technique
has been used previously in the observation of the
Zc!4025#" at BESIII [10]. We validate the use of the WS
data-driven background modeling of both the RM!K"D!

s #
and RM!K"# spectra by comparing the corresponding
distributions between WS combinations and background-
only contributions. Furthermore, the RM!K"# distribution
of the events in the sideband regions in Fig. 2 agrees well
with that of the corresponding WS data.
Figure 3(a) shows the RM!K"# distribution for events at!!!
s

p
& 4.681 GeV; an enhancement is evident in the region

RM!K"# < 4 GeV=c2 compared to the expectation from the
WS events. This is clearly illustrated in the RM!K"# distri-
bution in data with subtraction of the WS component in
Fig. 4. The enhancement cannot be attributed to the NR
signal processes e"e! ! K"!D!

s D$0 "D$!
s D0#. To under-

stand potential contributions from the processes e"e! !
D!$#!

s D$$"
s !! D!$#0K"# or D!$#0D̄$$0!! D!$#!

s K"#, we
examine all known D$$

!s# excited states [29,32] using MC
simulation samples. Dedicated exclusive MC studies show
that none of these processes, including possible interference
effects, exhibit a narrow structure below 4.0 GeV=c2 [28].
The following three processes that contain excited

D$$"
s background have potential contributions to the

RM!K"# spectrum: (1) D!
s D$

s1!2536#"!! D$0K"#,
(2) D$!

s D$
s2!2573#"!! D0K"#, and (3) D!

s D$
s1!2700#"

!! D$0K"#. We estimate their production cross sections
by studying several control samples. The yields for channel
(1) are estimated by analyzing the D$

s1!2536#" peak in the
D$0K" mass spectra using two separate partially recon-
structed samples: K"D!

s (with D$0 missing) and K"D$0

(with D!
s missing). For channel (2), control samples are

selected by reconstructing D0K"! (with missing D!
s ) or

K"D$!
s (with missing D0). The D$

s2!2573#" yield is
obtained from combined fits to the D0K" mass spectra.
From this, the contribution from channel (2) to the signal

candidates in Fig. 3 is evaluated. For channel (3), a control
sample of e"e! ! D!

s D$
s1!2700#"!! D0K"# is selected

by detecting the D!
s K" recoiling against a missing D0.

We then use the BF ratio of B(D$
s1!2700#" ! D$0K")=

B(D$
s1!2700#" ! D0K") & 0.91% 0.18 [33] to estimate

the strength of this background contribution. The shapes in
RM!K"# of these three channels are extracted from MC
samples, whereas the normalization is derived from the
control samples. The estimated background contributions
of the channels (1), (2), and (3) in the RM!K"# spectrum at!!!
s

p
& 4.681 GeV are 54.4% 8.0, 19.1% 7.6, and 15.0%

13.3 events, respectively. For the other energy points, the
estimated yields of the three channels are given in Ref. [28].
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number of degrees of freedom is equal to the reduction in
the number of free parameters multiplied by a factor of 2
(1) when the mass and width of the component are floated
(fixed) in the fit, which accounts for the look-elsewhere
effect [13,31], as validated by pseudoexperiments. Figure 4
shows the mJ=!K! distributions in two slices of mJ=!",
which demonstrate the need for the narrower Zcs"4000#!
state. Including the 1! Z!

cs states improves the #2=nbin
from 84=35 to 43=35 (left slice) and from 79=37 to 32=37
(right slice), where nbin is the number of nonzero bins.
The spin and parity of each exotic state is probed by

testing alternative JP hypotheses and comparing the fit
likelihood values [13]. The JP assignments for the pre-
viously reported four X states are confirmed with high
significance. A 1! assignment is favored for the new
X"4685# state with also high significance, but the quantum
numbers of the X"4150# and X"4630# are less well
determined. The best hypothesis for the X"4630# state is
1! over 2! at a 3$ level. The other hypotheses are ruled out
by more than 5$. The fit prefers 2! for the X"4150# state by
more than 4$. The narrower Zcs"4000#! state is determined
to be 1! with high significance. The broader Zcs"4220#!
state could be 1! or 1!, with a 2$ difference in favor of the
first hypothesis. Other spin-parity assignments are ruled out
at 4.9$ level.
Systematic uncertainties are estimated for the masses,

widths, and fit fractions of all states. To probe the effects
from the neglected B! ! J=!K!K!K! non-" contribu-
tions, the " mass window is changed from $15 to
$7 MeV, and alternatively this background is subtracted
using the sPlot technique[32]. The Blatt-Weisskopf barrier
[13] hadron size is varied between 1.5 and 4.5 GeV!1. The
default NR 0! J=!" representation is changed from a
constant to a linear polynomial. Additional 1! or 2! NR
J=!" contributions are also included. The smallest allowed
orbital angular momentum in the resonance function is
varied. For the X"4140#, which peaks near the J=!"
threshold, the Flatté model[33] is used instead of the
Breit-Wigner amplitude. A simplified one-channel K-
matrix model [14] is used to describe various K%

resonances instead of the sum of Breit-Wigner amplitudes.
Two-channel K-matrix models have also been tried for the
21P1 and 23P1 K% states with the coupled-channel thresh-
olds opening up near 1.75 GeV, with an insignificant
improvement to the description of the m"K distribution.
To cover the full range of K%! resonances predicted in the
allowed "K! mass range, an extended model is tested by
adding five more K%! resonances with mass above 2 GeV
[30]. The presence of an extra X state contribution, with J
from 0 to 2, to the extended model is also checked. The
difference between the results obtained from assigning 1!

or 1! hypotheses to the Zcs"4220#! is taken as a systematic
uncertainty. The mass-dependent width in the denominator
of the Breit-Wigner function for the K%! resonances is
calculated with the lightest allowed channel (%K for natural
spin-parity resonances and &K for others) instead of "K.
The maximum deviation among the modeling uncertain-

ties discussed above is summed in quadrature with the
additional sources, including the uncertainties due to the
fixed masses and widths of the known K%! resonances,
mismodeling of #2IP of the B! candidate, background PDF
model shape and fractions, and the finite size of the
simulation samples. For the Zcs"4000#! state, the largest
systematic contribution is due to the JP hypotheses of the
Zcs"4220#! state. The summary of fit results, including the
systematic uncertainties, is listed in Table I. The smallest
significance found when varying each of sources is taken as
the significance accounting for systematic uncertainty.
Further evidence for the resonant character of

Zcs"4000#! is observed in Fig. 5, showing the evolution
of the complex amplitude on the Argand diagram, obtained
with the same method as previously reported for the
Zc"4430#! state [5]. The magnitude and phase have
approximately circular evolution with mJ=!K! in the
counterclockwise direction, as expected for a resonance.
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resolution compared to RM!K"D!
s # [10]. A clear peak is

seen in this distribution at the nominal D$0 mass, which
corresponds to the final state K"D!

s D$0. There is also a
contribution from K"D$!

s D0, which appears as a broader
structure beneath the K"D!

s D$0 signal. Therefore, we
require RM!K"D!

s # "M!D!
s # !m!D!

s # to be in the
interval !1.990; 2.027# GeV=c2 to isolate the signal
candidates of both signal processes.
To estimate the shape of combinatorial background, we

use wrong-sign (WS) combinations of D!
s and K! candi-

dates, rather than the right-sign D!
s and K" candidates. The

WS K!D!
s recoil-mass distribution, scaled by a factor of

1.18, agrees with the data distribution in the sideband
regions, !1.91; 1.95# GeV=c2 and !2.08; 2.11# GeV=c2, as
shown in Fig. 2. The number of background events within
the signal region is estimated to be 282.6% 12.0 by a fit to
the sideband data with a linear function, whose slope is
determined from the WS data. In addition, the WS events
are used to represent the combinatorial-background distri-
bution of the recoil mass of the bachelor K". This technique
has been used previously in the observation of the
Zc!4025#" at BESIII [10]. We validate the use of the WS
data-driven background modeling of both the RM!K"D!

s #
and RM!K"# spectra by comparing the corresponding
distributions between WS combinations and background-
only contributions. Furthermore, the RM!K"# distribution
of the events in the sideband regions in Fig. 2 agrees well
with that of the corresponding WS data.
Figure 3(a) shows the RM!K"# distribution for events at!!!
s

p
& 4.681 GeV; an enhancement is evident in the region

RM!K"# < 4 GeV=c2 compared to the expectation from the
WS events. This is clearly illustrated in the RM!K"# distri-
bution in data with subtraction of the WS component in
Fig. 4. The enhancement cannot be attributed to the NR
signal processes e"e! ! K"!D!

s D$0 "D$!
s D0#. To under-

stand potential contributions from the processes e"e! !
D!$#!

s D$$"
s !! D!$#0K"# or D!$#0D̄$$0!! D!$#!

s K"#, we
examine all known D$$

!s# excited states [29,32] using MC
simulation samples. Dedicated exclusive MC studies show
that none of these processes, including possible interference
effects, exhibit a narrow structure below 4.0 GeV=c2 [28].
The following three processes that contain excited

D$$"
s background have potential contributions to the

RM!K"# spectrum: (1) D!
s D$

s1!2536#"!! D$0K"#,
(2) D$!

s D$
s2!2573#"!! D0K"#, and (3) D!

s D$
s1!2700#"

!! D$0K"#. We estimate their production cross sections
by studying several control samples. The yields for channel
(1) are estimated by analyzing the D$

s1!2536#" peak in the
D$0K" mass spectra using two separate partially recon-
structed samples: K"D!

s (with D$0 missing) and K"D$0

(with D!
s missing). For channel (2), control samples are

selected by reconstructing D0K"! (with missing D!
s ) or

K"D$!
s (with missing D0). The D$

s2!2573#" yield is
obtained from combined fits to the D0K" mass spectra.
From this, the contribution from channel (2) to the signal

candidates in Fig. 3 is evaluated. For channel (3), a control
sample of e"e! ! D!

s D$
s1!2700#"!! D0K"# is selected

by detecting the D!
s K" recoiling against a missing D0.

We then use the BF ratio of B(D$
s1!2700#" ! D$0K")=

B(D$
s1!2700#" ! D0K") & 0.91% 0.18 [33] to estimate

the strength of this background contribution. The shapes in
RM!K"# of these three channels are extracted from MC
samples, whereas the normalization is derived from the
control samples. The estimated background contributions
of the channels (1), (2), and (3) in the RM!K"# spectrum at!!!
s

p
& 4.681 GeV are 54.4% 8.0, 19.1% 7.6, and 15.0%

13.3 events, respectively. For the other energy points, the
estimated yields of the three channels are given in Ref. [28].
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)2) (GeV/c+RM(K
4 4.05 4.1 4.15

2
Ev

en
ts/

 5.
0 M

eV
/c

-10

0

10

20

30

40
Data

(*)
sD

**
sD

non-Res.

 = 4.681 GeVs

FIG. 4. The K" recoil-mass spectrum in data at
!!!
s

p
&

4.681 GeV after subtraction of the combinatorial backgrounds.

PHYSICAL REVIEW LETTERS 126, 102001 (2021)

102001-5

M. Ablikim et al. [BESIII], PRL 126 (2021) 10, 102001

(see Nils Hüsken's talk this afternoon)



M. R. Shepherd 
CIPANP 2022, Orlando 

September 3, 2022

Heavy Charged Tetraquark Candidates

• Many years after discovery of 
charged  states and analogous  
the picture becomes stranger with 
recent discovery of 

Zc Zb

Zcs = cc̄sq̄

• ,  e+e" # K+Z"
cs Zcs # D"

s + X

• B± # #Z±
cs, Zcs # J/"K

12

number of degrees of freedom is equal to the reduction in
the number of free parameters multiplied by a factor of 2
(1) when the mass and width of the component are floated
(fixed) in the fit, which accounts for the look-elsewhere
effect [13,31], as validated by pseudoexperiments. Figure 4
shows the mJ=!K! distributions in two slices of mJ=!",
which demonstrate the need for the narrower Zcs"4000#!
state. Including the 1! Z!

cs states improves the #2=nbin
from 84=35 to 43=35 (left slice) and from 79=37 to 32=37
(right slice), where nbin is the number of nonzero bins.
The spin and parity of each exotic state is probed by

testing alternative JP hypotheses and comparing the fit
likelihood values [13]. The JP assignments for the pre-
viously reported four X states are confirmed with high
significance. A 1! assignment is favored for the new
X"4685# state with also high significance, but the quantum
numbers of the X"4150# and X"4630# are less well
determined. The best hypothesis for the X"4630# state is
1! over 2! at a 3$ level. The other hypotheses are ruled out
by more than 5$. The fit prefers 2! for the X"4150# state by
more than 4$. The narrower Zcs"4000#! state is determined
to be 1! with high significance. The broader Zcs"4220#!
state could be 1! or 1!, with a 2$ difference in favor of the
first hypothesis. Other spin-parity assignments are ruled out
at 4.9$ level.
Systematic uncertainties are estimated for the masses,

widths, and fit fractions of all states. To probe the effects
from the neglected B! ! J=!K!K!K! non-" contribu-
tions, the " mass window is changed from $15 to
$7 MeV, and alternatively this background is subtracted
using the sPlot technique[32]. The Blatt-Weisskopf barrier
[13] hadron size is varied between 1.5 and 4.5 GeV!1. The
default NR 0! J=!" representation is changed from a
constant to a linear polynomial. Additional 1! or 2! NR
J=!" contributions are also included. The smallest allowed
orbital angular momentum in the resonance function is
varied. For the X"4140#, which peaks near the J=!"
threshold, the Flatté model[33] is used instead of the
Breit-Wigner amplitude. A simplified one-channel K-
matrix model [14] is used to describe various K%

resonances instead of the sum of Breit-Wigner amplitudes.
Two-channel K-matrix models have also been tried for the
21P1 and 23P1 K% states with the coupled-channel thresh-
olds opening up near 1.75 GeV, with an insignificant
improvement to the description of the m"K distribution.
To cover the full range of K%! resonances predicted in the
allowed "K! mass range, an extended model is tested by
adding five more K%! resonances with mass above 2 GeV
[30]. The presence of an extra X state contribution, with J
from 0 to 2, to the extended model is also checked. The
difference between the results obtained from assigning 1!

or 1! hypotheses to the Zcs"4220#! is taken as a systematic
uncertainty. The mass-dependent width in the denominator
of the Breit-Wigner function for the K%! resonances is
calculated with the lightest allowed channel (%K for natural
spin-parity resonances and &K for others) instead of "K.
The maximum deviation among the modeling uncertain-

ties discussed above is summed in quadrature with the
additional sources, including the uncertainties due to the
fixed masses and widths of the known K%! resonances,
mismodeling of #2IP of the B! candidate, background PDF
model shape and fractions, and the finite size of the
simulation samples. For the Zcs"4000#! state, the largest
systematic contribution is due to the JP hypotheses of the
Zcs"4220#! state. The summary of fit results, including the
systematic uncertainties, is listed in Table I. The smallest
significance found when varying each of sources is taken as
the significance accounting for systematic uncertainty.
Further evidence for the resonant character of

Zcs"4000#! is observed in Fig. 5, showing the evolution
of the complex amplitude on the Argand diagram, obtained
with the same method as previously reported for the
Zc"4430#! state [5]. The magnitude and phase have
approximately circular evolution with mJ=!K! in the
counterclockwise direction, as expected for a resonance.
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resolution compared to RM!K"D!
s # [10]. A clear peak is

seen in this distribution at the nominal D$0 mass, which
corresponds to the final state K"D!

s D$0. There is also a
contribution from K"D$!

s D0, which appears as a broader
structure beneath the K"D!

s D$0 signal. Therefore, we
require RM!K"D!

s # "M!D!
s # !m!D!

s # to be in the
interval !1.990; 2.027# GeV=c2 to isolate the signal
candidates of both signal processes.
To estimate the shape of combinatorial background, we

use wrong-sign (WS) combinations of D!
s and K! candi-

dates, rather than the right-sign D!
s and K" candidates. The

WS K!D!
s recoil-mass distribution, scaled by a factor of

1.18, agrees with the data distribution in the sideband
regions, !1.91; 1.95# GeV=c2 and !2.08; 2.11# GeV=c2, as
shown in Fig. 2. The number of background events within
the signal region is estimated to be 282.6% 12.0 by a fit to
the sideband data with a linear function, whose slope is
determined from the WS data. In addition, the WS events
are used to represent the combinatorial-background distri-
bution of the recoil mass of the bachelor K". This technique
has been used previously in the observation of the
Zc!4025#" at BESIII [10]. We validate the use of the WS
data-driven background modeling of both the RM!K"D!

s #
and RM!K"# spectra by comparing the corresponding
distributions between WS combinations and background-
only contributions. Furthermore, the RM!K"# distribution
of the events in the sideband regions in Fig. 2 agrees well
with that of the corresponding WS data.
Figure 3(a) shows the RM!K"# distribution for events at!!!
s

p
& 4.681 GeV; an enhancement is evident in the region

RM!K"# < 4 GeV=c2 compared to the expectation from the
WS events. This is clearly illustrated in the RM!K"# distri-
bution in data with subtraction of the WS component in
Fig. 4. The enhancement cannot be attributed to the NR
signal processes e"e! ! K"!D!

s D$0 "D$!
s D0#. To under-

stand potential contributions from the processes e"e! !
D!$#!

s D$$"
s !! D!$#0K"# or D!$#0D̄$$0!! D!$#!

s K"#, we
examine all known D$$

!s# excited states [29,32] using MC
simulation samples. Dedicated exclusive MC studies show
that none of these processes, including possible interference
effects, exhibit a narrow structure below 4.0 GeV=c2 [28].
The following three processes that contain excited

D$$"
s background have potential contributions to the

RM!K"# spectrum: (1) D!
s D$

s1!2536#"!! D$0K"#,
(2) D$!

s D$
s2!2573#"!! D0K"#, and (3) D!

s D$
s1!2700#"

!! D$0K"#. We estimate their production cross sections
by studying several control samples. The yields for channel
(1) are estimated by analyzing the D$

s1!2536#" peak in the
D$0K" mass spectra using two separate partially recon-
structed samples: K"D!

s (with D$0 missing) and K"D$0

(with D!
s missing). For channel (2), control samples are

selected by reconstructing D0K"! (with missing D!
s ) or

K"D$!
s (with missing D0). The D$

s2!2573#" yield is
obtained from combined fits to the D0K" mass spectra.
From this, the contribution from channel (2) to the signal

candidates in Fig. 3 is evaluated. For channel (3), a control
sample of e"e! ! D!

s D$
s1!2700#"!! D0K"# is selected

by detecting the D!
s K" recoiling against a missing D0.

We then use the BF ratio of B(D$
s1!2700#" ! D$0K")=

B(D$
s1!2700#" ! D0K") & 0.91% 0.18 [33] to estimate

the strength of this background contribution. The shapes in
RM!K"# of these three channels are extracted from MC
samples, whereas the normalization is derived from the
control samples. The estimated background contributions
of the channels (1), (2), and (3) in the RM!K"# spectrum at!!!
s

p
& 4.681 GeV are 54.4% 8.0, 19.1% 7.6, and 15.0%

13.3 events, respectively. For the other energy points, the
estimated yields of the three channels are given in Ref. [28].
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The derivation of the FU pro!le relies on the assumed isospin
symmetry for the T!

cc ! D"D decays and the coupled-channel
interaction of the D*+D0 and D*0D0 system as required by
unitarity and causality following Ref. 91. The resulting energy-
dependent width of the T!

cc state accounts explicitly for the
T!
cc ! D0D0!!, T!

cc ! D0D!!0 and T!
cc ! D0D!" decays. The

modi!cation of the D* meson lineshape92 due to contributions
from triangle diagrams93 to the !nal-state interactions is neglected.
Similarly to the FBW pro!le, the FU function has two parameters:
the peak locationmU, de!ned as the mass value where the real part
of the complex amplitude vanishes, and the absolute value of the
coupling constant g for the T!

cc ! D"D decay.
The detector mass resolution, R, is modelled with the sum of

two Gaussian functions with a common mean, and parameters
taken from simulation, see Methods. The widths of the Gaussian
functions are corrected by a factor of 1.05, which accounts for a
small residual difference between simulation and data94–96. The
root mean square (RMS) of the resolution function is around
400 keV/c2.

A study of the D0!+ mass distribution for selected D0D0!+

combinations in the region above the D*0D+ mass threshold and
below 3.9 GeV/c2 shows that approximately 90% of all D0D0!+

combinations contain a true D*+ meson. Therefore, the back-
ground component is parameterised with a product of the two-
body phase-space function !D"!D0

97 and a positive polynomial
function Pn, convolved with the detector resolution function R

Bn # !D"!D0 ´ Pn

! "
"R; $2%

where n denotes the order of the polynomial function, n= 2 is
used in the default !t.

The D0D0!+ mass spectrum with non-D0 background
subtracted is shown in Fig. 1 with the result of the !t using a
model based on the FU signal pro!le overlaid. The !t gives
a signal yield of 186 ± 24 and a mass parameter relative to the
D*+D0 mass threshold, #mU of !359 ± 40 keV/c2. The statistical
signi!cances of the observed T!

cc ! D0D0!! signal and for the
#mU < 0 hypothesis are determined using Wilks’ theorem to be 22
and 9 standard deviations, respectively.

The width of the resonance is determined by the coupling
constant g for small values of g

## ##. With increasing g
## ##, the width

increases to an asymptotic value determined by the width of the
D*+ meson, see Methods and Supplementary Fig. 7. In this
regime of large g

## ##, the FU signal pro!le exhibits a scaling

property similar to the Flatté function94,98,99. The parameter g
## ##

effectively decouples from the !t model, and the model resembles
the scattering-length approximation81. The likelihood pro!le for
the parameter g

## ## is shown in Fig. 2, where one can see a plateau
at large values. At small values of the g

## ## parameter, g
## ##< 1GeV,

the likelihood function is independent of g
## ## because the

resonance is too narrow for the details of the FU signal pro!le
to be resolved by the detector. The lower limits on the g

## ##
parameter of g

## ##> 7:7 $6:2%GeV at 90% (95%) con!dence level
(CL) are obtained as the values where the difference in the
negative log-likelihood &" logL is equal to 1.35 and 1.92,
respectively. Smaller values for g

## ## are further used for systematic
uncertainty evaluation.

The mode relative to the D*+D0 mass threshold, #m, and the full
width at half maximum (FWHM), w, for the FU pro!le are found
to be #m # &361± 40 keV=c2 and w # 47:8 ± 1:9 keV=c2, to be
compared with those quantities determined for the FBW signal
pro!le of #m # &279± 59 keV=c2 and w # 409 ± 163 keV=c2.
They appear to be rather different. Nonetheless, both functions
properly describe the data given the limited sample size, and
accounting for the detector resolution, and residual background.
To quantify the impact of these experimental effects, two ensembles
of pseudoexperiments are performed. Firstly, pseudodata samples
are generated with a model based on the FU pro!le. The
parameters used here are obtained from the default !t, and the
size of the sample corresponds to the size of data sample. Each
pseudodata sample is then analysed with a model based on theFBW

function. The obtained mean and RMS values for the parameters
#mBW and #BW over the ensemble are shown in Table 2. The mass
parameter #mBW agrees well with the value determined from
data71. The difference for the parameter #BW does not exceed one
standard deviation. Secondly, an ensemble of pseudodata samples
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Fig. 1 Distribution of D0D0!+ mass. Distribution of D0D0!+ mass where
the contribution of the non-D0 background has been statistically
subtracted. The result of the !t described in the text is overlaid.
Uncertainties on the data points are statistical only and represent one
standard deviation, calculated as a sum in quadrature of the assigned
weights from the background-subtraction procedure.
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Fig. 2 Likelihood pro!le for the gj j parameter. Likelihood pro!le for the
absolute value of the coupling constant g from the !t to the background-
subtracted D0D0!+ mass spectrum with a model based on the FU signal
pro!le.

Table 2 Mean and root mean square (RMS) values for the
"mBW, !BW and "mU parameters obtained from
pseudoexperiments produced as a consistency check.

Pseudoexperiments

Parameter Mean RMS Data

"mBW keV=c2
$ %

!301 50 !273 ± 6171

!BW keV' ( 222 121 410 ± 16571

"mU keV=c2
$ %

!378 46 !359 ± 40

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30206-w ARTICLE

NATURE COMMUNICATIONS | ��������(2022)�13:3351� | https://doi.org/10.1038/s41467-022-30206-w |www.nature.com/naturecommunications 3

LHCb Collab., Nat. Comm. 13, 3351 (2022)

• only known meson to be 
composed of two charm 
quarks:  T+

cc

• a few hundred keV below 
open-charm threshold



M. R. Shepherd 
CIPANP 2022, Orlando 

September 3, 2022

Doubly-Charmed Tetraquark ( )  ccūd̄
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The derivation of the FU pro!le relies on the assumed isospin
symmetry for the T!

cc ! D"D decays and the coupled-channel
interaction of the D*+D0 and D*0D0 system as required by
unitarity and causality following Ref. 91. The resulting energy-
dependent width of the T!

cc state accounts explicitly for the
T!
cc ! D0D0!!, T!

cc ! D0D!!0 and T!
cc ! D0D!" decays. The

modi!cation of the D* meson lineshape92 due to contributions
from triangle diagrams93 to the !nal-state interactions is neglected.
Similarly to the FBW pro!le, the FU function has two parameters:
the peak locationmU, de!ned as the mass value where the real part
of the complex amplitude vanishes, and the absolute value of the
coupling constant g for the T!

cc ! D"D decay.
The detector mass resolution, R, is modelled with the sum of

two Gaussian functions with a common mean, and parameters
taken from simulation, see Methods. The widths of the Gaussian
functions are corrected by a factor of 1.05, which accounts for a
small residual difference between simulation and data94–96. The
root mean square (RMS) of the resolution function is around
400 keV/c2.

A study of the D0!+ mass distribution for selected D0D0!+

combinations in the region above the D*0D+ mass threshold and
below 3.9 GeV/c2 shows that approximately 90% of all D0D0!+

combinations contain a true D*+ meson. Therefore, the back-
ground component is parameterised with a product of the two-
body phase-space function !D"!D0

97 and a positive polynomial
function Pn, convolved with the detector resolution function R

Bn # !D"!D0 ´ Pn

! "
"R; $2%

where n denotes the order of the polynomial function, n= 2 is
used in the default !t.

The D0D0!+ mass spectrum with non-D0 background
subtracted is shown in Fig. 1 with the result of the !t using a
model based on the FU signal pro!le overlaid. The !t gives
a signal yield of 186 ± 24 and a mass parameter relative to the
D*+D0 mass threshold, #mU of !359 ± 40 keV/c2. The statistical
signi!cances of the observed T!

cc ! D0D0!! signal and for the
#mU < 0 hypothesis are determined using Wilks’ theorem to be 22
and 9 standard deviations, respectively.

The width of the resonance is determined by the coupling
constant g for small values of g

## ##. With increasing g
## ##, the width

increases to an asymptotic value determined by the width of the
D*+ meson, see Methods and Supplementary Fig. 7. In this
regime of large g

## ##, the FU signal pro!le exhibits a scaling

property similar to the Flatté function94,98,99. The parameter g
## ##

effectively decouples from the !t model, and the model resembles
the scattering-length approximation81. The likelihood pro!le for
the parameter g

## ## is shown in Fig. 2, where one can see a plateau
at large values. At small values of the g

## ## parameter, g
## ##< 1GeV,

the likelihood function is independent of g
## ## because the

resonance is too narrow for the details of the FU signal pro!le
to be resolved by the detector. The lower limits on the g

## ##
parameter of g

## ##> 7:7 $6:2%GeV at 90% (95%) con!dence level
(CL) are obtained as the values where the difference in the
negative log-likelihood &" logL is equal to 1.35 and 1.92,
respectively. Smaller values for g

## ## are further used for systematic
uncertainty evaluation.

The mode relative to the D*+D0 mass threshold, #m, and the full
width at half maximum (FWHM), w, for the FU pro!le are found
to be #m # &361± 40 keV=c2 and w # 47:8 ± 1:9 keV=c2, to be
compared with those quantities determined for the FBW signal
pro!le of #m # &279± 59 keV=c2 and w # 409 ± 163 keV=c2.
They appear to be rather different. Nonetheless, both functions
properly describe the data given the limited sample size, and
accounting for the detector resolution, and residual background.
To quantify the impact of these experimental effects, two ensembles
of pseudoexperiments are performed. Firstly, pseudodata samples
are generated with a model based on the FU pro!le. The
parameters used here are obtained from the default !t, and the
size of the sample corresponds to the size of data sample. Each
pseudodata sample is then analysed with a model based on theFBW

function. The obtained mean and RMS values for the parameters
#mBW and #BW over the ensemble are shown in Table 2. The mass
parameter #mBW agrees well with the value determined from
data71. The difference for the parameter #BW does not exceed one
standard deviation. Secondly, an ensemble of pseudodata samples
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subtracted. The result of the !t described in the text is overlaid.
Uncertainties on the data points are statistical only and represent one
standard deviation, calculated as a sum in quadrature of the assigned
weights from the background-subtraction procedure.
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absolute value of the coupling constant g from the !t to the background-
subtracted D0D0!+ mass spectrum with a model based on the FU signal
pro!le.

Table 2 Mean and root mean square (RMS) values for the
"mBW, !BW and "mU parameters obtained from
pseudoexperiments produced as a consistency check.

Pseudoexperiments

Parameter Mean RMS Data

"mBW keV=c2
$ %

!301 50 !273 ± 6171
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"mU keV=c2
$ %

!378 46 !359 ± 40

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30206-w ARTICLE

NATURE COMMUNICATIONS | ��������(2022)�13:3351� | https://doi.org/10.1038/s41467-022-30206-w |www.nature.com/naturecommunications 3

LHCb Collab., Nat. Comm. 13, 3351 (2022)

• only known meson to be 
composed of two charm 
quarks:  T+

cc

• a few hundred keV below 
open-charm threshold

• interpretation:  compact 
tetraquark that decays 
strongly via an off-shell 

 mesonD*

• -quark analogue (if it 
exists) should be deeply 
bound

b



M. R. Shepherd 
CIPANP 2022, Orlando 

September 3, 2022

More charm :  ccc̄c̄ X(6900) # (J/")(J/")

14

nificance. Considering the sample in the pdi-J=w
T > 5:2 GeV=c region,

the null hypothesis is inconsistent with the data at 3:4 standard
deviations (r). A test performed simultaneously in the aforemen-
tioned six pdi-J=w

T regions yields a discrepancy of 6:0r with the null
hypothesis. A higher value is obtained in the latter case attributed
to the presence of the structure at the same Mdi-J=w location in dif-

ferent pdi-J=w
T intervals. A cross-check is performed by dividing the

data into five or seven pdi-J=w
T regions instead, which results in sig-

nificance values consistent with the nominal 6:0r. The significance
values are summarised in Table 1 (any structure beyond NRSPS
plus DPS).

The structures in the Mdi-J=w distribution can have various inter-
pretations. There may be one or more resonant states decaying
directly into a pair of J/w mesons, or states decaying into a pair
of J/w mesons through feed-down of heavier quarkonia, for exam-
ple Tcc c

!
c
! ! vc ! J=wc" #J=w where the photon escapes detection. In

the latter case, such a state would be expected to peak at a lower
Mdi-J=w position, close to the di-J/wmass threshold, and its structure
would be broader compared to that from a direct decay. This feed-
down is unlikely an explanation for the narrow X 6900" # structure.
Rescattering of two charmonium states produced by SPS close to
their mass threshold may also generate a narrow structure [88–
91]. The two thresholds close to the X 6900" # structure could be
formed by vc0vc0 pairs at 6829:4 MeV=c2 and vc1vc0 pairs at
6925:4 MeV=c2, respectively. Whereas a resonance is often
described by a relativistic Breit-Wigner (BW) function [85], the
lineshape of a structure with rescattering effects taken into
account is more complex. In principle, resonant production can
interfere with NRSPS of the same spin-parity quantum numbers
(JPC), resulting in a coherent sum of the two components and thus
a modification of the total Mdi-J=w distribution.

Two different models of the structure lineshape providing a
reasonable description of the data are investigated. The X 6900" #

lineshape parameters and yields are derived from fits to the
pdi-J=w
T -threshold sample. Simultaneous pdi-J=w

T -binned fits are also
performed as a cross-check and the variation of lineshape param-
eters is considered as a source of systematic uncertainties. Due to
its low significance, the structure around 7:2 GeV=c2 has been
neglected.

In model I, the X 6900" # structure is considered as a resonance,
whereas the threshold enhancement is described through a super-
position of two resonances. The lineshapes of these resonances are
described by S-wave relativistic BW functions multiplied by a two-
body phase-space distribution. The experimental resolution on
Mdi-J=w is below 5 MeV=c2 over the full mass range and negligible
compared to the widths of the structures. The projections of the
pdi-J=w
T -threshold fit using this model are shown in Fig. 3b. The mass,

natural width and yield are determined to be
m X 6900" #$ % & 6905' 11 MeV=c2, C X 6900" #$ % & 80' 19 MeV and
Nsig & 252' 63, where biases on the statistical uncertainties have
been corrected using a bootstrap method [92]. The goodness of
fit is studied using a v2 test statistic and found to be
v2=ndof & 112:7=89, corresponding to a probability of 4:6%. The
fit is also performed assuming the threshold enhancement as due
to a single wide resonance (see the Supplementary materials);
the fit quality is found significantly poorer and thus this model is
not further investigated.

A comparison between the best fit result of model I and the data
reveals a tension around 6:75 GeV=c2, where the data shows a dip.
In an attempt to describe the dip, model II allows for interference
between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined
as
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Fig. 3. Invariant mass spectra of weighted di-J/w candidates with pdi-J=w
T > 5:2 GeV=c and overlaid projections of the pdi-J=w

T -threshold fit using (a) the NRSPS plus DPS model,
(b) model I, and (c) model II.
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BW1 BW2

BW3

BW1 (MeV) BW2 (MeV) BW3 (MeV)

m 6552 ± 10 6927± 9 7287± 19

Γ 124± 29 122± 22 95± 46

N 474± 113 492± 75 156± 56

 Statistical  significance  based on:

                 2 ln(L0/Lmax) 
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Figure 15.4: Excitation spectrum of the nucleon. Compared are the positions of the excited states
identified in experiment, to those predicted by a relativized quark model calculation. Left hand
side: isospin I = 1/2 N -states, right hand side: isospin I = 3/2 ∆-states. Experimental: (columns
labeled ’exp’), three- and four-star states are indicated by full lines (two-star dashed lines, one-star
dotted lines). At the very left and right of the figure, the spectroscopic notation of these states
is given. Quark model [50, 51]: (columns labeled ’QM’), all states for the N=1,2 bands, low-lying
states for the N=3,4,5 bands. Full lines: at least tentative assignment to observed states, dashed
lines: so far no observed counterparts. Many of the assignments between predicted and observed
states are highly tentative.

the states listed in this review (and included in Fig. 15.4). Such analyses are of course biased
against resonances which couple only weakly to the Nfi channel. Quark model predictions for the
couplings to other hadronic channels and to photons are given in Ref. [50]. The large experimental
e�ort ongoing at several electron accelerators to study the baryon resonance spectrum with real and
virtual photon-induced meson production reactions includes the search for as-yet-unobserved states,
as well as detailed studies of the properties of the low lying states (decay patterns, electromagnetic
couplings, magnetic moments, etc.) (see Ref. [53] for reviews). There are two major new aspects of
this program. The investigation of single and double polarization observables allows, via the study
of interference terms, access to small partial waves that do not leave a footprint in unpolarized
cross sections. An example for the impact of such data is given by a comparison of results from
di�erent multipole analyses of pion photoproduction [54]. It shows clearly that with the inclusion
of polarization observables the reaction model results start to converge. This will in the near future
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Figure 15.4: Excitation spectrum of the nucleon. Compared are the positions of the excited states
identified in experiment, to those predicted by a relativized quark model calculation. Left hand
side: isospin I = 1/2 N -states, right hand side: isospin I = 3/2 ∆-states. Experimental: (columns
labeled ’exp’), three- and four-star states are indicated by full lines (two-star dashed lines, one-star
dotted lines). At the very left and right of the figure, the spectroscopic notation of these states
is given. Quark model [50, 51]: (columns labeled ’QM’), all states for the N=1,2 bands, low-lying
states for the N=3,4,5 bands. Full lines: at least tentative assignment to observed states, dashed
lines: so far no observed counterparts. Many of the assignments between predicted and observed
states are highly tentative.

the states listed in this review (and included in Fig. 15.4). Such analyses are of course biased
against resonances which couple only weakly to the Nfi channel. Quark model predictions for the
couplings to other hadronic channels and to photons are given in Ref. [50]. The large experimental
e�ort ongoing at several electron accelerators to study the baryon resonance spectrum with real and
virtual photon-induced meson production reactions includes the search for as-yet-unobserved states,
as well as detailed studies of the properties of the low lying states (decay patterns, electromagnetic
couplings, magnetic moments, etc.) (see Ref. [53] for reviews). There are two major new aspects of
this program. The investigation of single and double polarization observables allows, via the study
of interference terms, access to small partial waves that do not leave a footprint in unpolarized
cross sections. An example for the impact of such data is given by a comparison of results from
di�erent multipole analyses of pion photoproduction [54]. It shows clearly that with the inclusion
of polarization observables the reaction model results start to converge. This will in the near future

11th August, 2022

Nucleon Excitations

R.L. Workman et al. [PDG], Prog. Theor. Exp. Phys. 2022, 083C01 (2022)

Quark ModelExperiment

M
ass [M

eV
/

]
c 2



M. R. Shepherd 
CIPANP 2022, Orlando 

September 3, 2022

Comments on Heavy Quark States

• strong evidence for quark model 
states beyond  and  -- 
underlying structure and origin?

qqq qq̄

• light quark degrees of freedom 
are challenging

• questions/issues:

• thresholds

• production

• three-body dynamics

• no evidence (yet) of gluonic 
degrees of freedom

• e.g., exotic  states with JPC cc̄

16

16 15. Quark Model

1000

1200

1400

1600

1800

2000

2200

2400

N(939)1/2
+

N(1440)1/2
+

N(1520)3/2
-

N(1535)1/2
-

N(1650)1/2
-

N(1675)5/2
-

N(1680)5/2
+

N(1700)5/2
-

N(1710)1/2
+

N(1720)3/2
+

N(1860)5/2
+

N(1875)3/2
-

N(1880)1/2
+

N(1895)1/2
-

N(1900)3/2
+

N(1990)7/2
+

N(2000)5/2
+

N(2040)3/2
+

N(2060)5/2
-

N(2100)1/2
+

N(2120)3/2
-

N(2190)7/2
-

N(2220)9/2
+

N(2250)9/2
+

N(2300)1/2
+

Δ(1232)3/2
+

Δ(1600)3/2
+

Δ(1620)1/2
-

Δ(1700)3/2
-

Δ(1750)1/2
-

Δ(1900)1/2
-

Δ(1905)5/2
+

Δ(1910)1/2
+

Δ(1920)3/2
+

Δ(1930)5/2
+

Δ(1940)3/2
-

Δ(1950)7/2
+

Δ(2000)5/2
+

Δ(2150)1/2
-

Δ(2200)7/2
-

Δ(2300)9/2
+

Δ(2350)5/2
-

Δ(2390)7/2
+

Δ(2400)9/2
-

Δ(2420)11/2
+

Mass/(MeV/c2)N(I=1/2) Δ(I=3/2)

exp expQM QM

Figure 15.4: Excitation spectrum of the nucleon. Compared are the positions of the excited states
identified in experiment, to those predicted by a relativized quark model calculation. Left hand
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the states listed in this review (and included in Fig. 15.4). Such analyses are of course biased
against resonances which couple only weakly to the Nfi channel. Quark model predictions for the
couplings to other hadronic channels and to photons are given in Ref. [50]. The large experimental
e�ort ongoing at several electron accelerators to study the baryon resonance spectrum with real and
virtual photon-induced meson production reactions includes the search for as-yet-unobserved states,
as well as detailed studies of the properties of the low lying states (decay patterns, electromagnetic
couplings, magnetic moments, etc.) (see Ref. [53] for reviews). There are two major new aspects of
this program. The investigation of single and double polarization observables allows, via the study
of interference terms, access to small partial waves that do not leave a footprint in unpolarized
cross sections. An example for the impact of such data is given by a comparison of results from
di�erent multipole analyses of pion photoproduction [54]. It shows clearly that with the inclusion
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C. SU!3"F point, m! # 702 MeV, !16; 20"3$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
SU!3" flavor symmetry, we characterize mesons in terms of
their SU!3"F 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 3#$, 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$# 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 %
1

#t
log

$!t"
$!t# #t" ; (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! % 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! % 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)
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an effective mass,

meff %
1

#t
log

$!t"
$!t# #t" ; (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! % 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! % 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

Dudek, Edwards, Guo, and Thomas, 
PRD 88, 094505 (2013)

exotic   
hybrid mesons

JPC

Results of Combined Fit with COMPASS Data

12

  16

Results for pp Data and Properties for p
1
 and a

2

● Good agreement for all intensities and phase shifts  

● Obtained resonance properties for p
1
, a

2
(1320) and a

2
(1700)  

1056 Page 4 of 6 Eur. Phys. J. C (2021) 81 :1056

Fig. 2 Fits to the !" (upper row) and !"! (lower row) data from COMPASS. The intensities of the P- (left), D-wave (center), and their relative
phases (right) are shown. The data are represented by the red points with error bars. The black curve illustrates our best fit to the data, while the
yellow and gray bands represent the statistical and systematic uncertainty, respectively

Table 1 Obtained masses, total widths and ratios of partial widths for the pole of the spin-exotic !1-wave and for the two poles in the a2-wave, the
a2(1320) and the a2(1700). The first uncertainty is the statistical and the second the systematic one

Name Pole mass (MeV/c2) Pole width (MeV) #!"!/#!" (%) #KK /#!" (%)

a2(1320) 1318.7± 1.9 +1.3
" 1.3 107.5± 4.6 +3.3

" 1.8 4.6± 1.5 +7.0
" 0.6 31± 22 +9

"11

a2(1700) 1686±22 +19
"7 412± 75 +64

"57 3.5± 4.4 +6.9
" 1.2 2.9± 4.0 +1.1

" 1.2

!1 1623 ± 47 +24
"75 455 ± 88 +144

"175 554± 110 +180
"27 –

well. It is worth mentioning that the K-matrix of the !1-
wave consisting of only one pole can reproduce the shapes
of the intensities in !" and !"! even though there is a shift
of roughly 200 MeV/c2 of the peak position between both
channels [Fig. 2 (upper left) and (lower left)]. A significantly
worse fit result based on the information criteria was achieved
for the scenario in which the !1-wave in the channel p̄ p #
!0!0" has been removed from the model. The negative log-
likelihood value increases by more than 125 with only 20
free parameters less. Similar to the results obtained in [21]
also here the !1-wave amplitude is definitely needed for this
p̄ p-annihilation channel. Contrary to the outcome without
the !1 contribution, the fit taking into account two individual
!1-poles does not yield significantly worse results. Based on
the chosen Bayesian and Akaike information criteria [21] the
two-pole scenario cannot be completely excluded.

The pole positions for the individual resonances described
by the K-matrix are extracted in the complex energy plane of
the T-matrix on the Rieman sheet located next to the physical
sheet. To some extent also partial widths have been derived
from the residues calculated from the integral along a closed

contour around the pole. The procedure for the extraction of
these properties are explained in detail in [21]. The extracted
resonance parameters for the !1 and the two a2 states are
summarized in Table 1. The !1-mass is significantly higher
compared to the one published in [21]. This is compatible
with all other findings attributing a lower mass to !1, if only
!" decays are analyzed. One conjecture is that the require-
ment of unitarity cannot be strictly fulfilled for all analy-
ses that take into accout only one decay channel with a
weak coupling to the resonance. Apart from a larger width of
more than 400 MeV/c2 obtained for the a2(1700) resonance,
all other masses and widths are comparable with the ones
obtained in [20]. The absolute coupling strengths have not
been determined because the non-negligible decay channel
$! is not covered by the fitted data samples. Instead, the
ratios #!"!/#!" for all three poles and #KK /#!" for the a2
resonances have been determined which should deliver more
reasonable results. The obtained quantities of the remain-
ing resonances can be found in Table 4 of the supplemental
material. The results are in the ballpark of other individual
measurements [29] and the ones published in [21], except the
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well. It is worth mentioning that the K-matrix of the !1-
wave consisting of only one pole can reproduce the shapes
of the intensities in !" and !"! even though there is a shift
of roughly 200 MeV/c2 of the peak position between both
channels [Fig. 2 (upper left) and (lower left)]. A significantly
worse fit result based on the information criteria was achieved
for the scenario in which the !1-wave in the channel p̄ p #
!0!0" has been removed from the model. The negative log-
likelihood value increases by more than 125 with only 20
free parameters less. Similar to the results obtained in [21]
also here the !1-wave amplitude is definitely needed for this
p̄ p-annihilation channel. Contrary to the outcome without
the !1 contribution, the fit taking into account two individual
!1-poles does not yield significantly worse results. Based on
the chosen Bayesian and Akaike information criteria [21] the
two-pole scenario cannot be completely excluded.

The pole positions for the individual resonances described
by the K-matrix are extracted in the complex energy plane of
the T-matrix on the Rieman sheet located next to the physical
sheet. To some extent also partial widths have been derived
from the residues calculated from the integral along a closed

contour around the pole. The procedure for the extraction of
these properties are explained in detail in [21]. The extracted
resonance parameters for the !1 and the two a2 states are
summarized in Table 1. The !1-mass is significantly higher
compared to the one published in [21]. This is compatible
with all other findings attributing a lower mass to !1, if only
!" decays are analyzed. One conjecture is that the require-
ment of unitarity cannot be strictly fulfilled for all analy-
ses that take into accout only one decay channel with a
weak coupling to the resonance. Apart from a larger width of
more than 400 MeV/c2 obtained for the a2(1700) resonance,
all other masses and widths are comparable with the ones
obtained in [20]. The absolute coupling strengths have not
been determined because the non-negligible decay channel
$! is not covered by the fitted data samples. Instead, the
ratios #!"!/#!" for all three poles and #KK /#!" for the a2
resonances have been determined which should deliver more
reasonable results. The obtained quantities of the remain-
ing resonances can be found in Table 4 of the supplemental
material. The results are in the ballpark of other individual
measurements [29] and the ones published in [21], except the
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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
SU!3" flavor symmetry, we characterize mesons in terms of
their SU!3"F 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 3#$, 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$# 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 %
1

#t
log

$!t"
$!t# #t" ; (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! % 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! % 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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Fig. 2 Fits to the !" (upper row) and !"! (lower row) data from COMPASS. The intensities of the P- (left), D-wave (center), and their relative
phases (right) are shown. The data are represented by the red points with error bars. The black curve illustrates our best fit to the data, while the
yellow and gray bands represent the statistical and systematic uncertainty, respectively

Table 1 Obtained masses, total widths and ratios of partial widths for the pole of the spin-exotic !1-wave and for the two poles in the a2-wave, the
a2(1320) and the a2(1700). The first uncertainty is the statistical and the second the systematic one

Name Pole mass (MeV/c2) Pole width (MeV) #!"!/#!" (%) #KK /#!" (%)

a2(1320) 1318.7± 1.9 +1.3
" 1.3 107.5± 4.6 +3.3

" 1.8 4.6± 1.5 +7.0
" 0.6 31± 22 +9

"11

a2(1700) 1686±22 +19
"7 412± 75 +64

"57 3.5± 4.4 +6.9
" 1.2 2.9± 4.0 +1.1

" 1.2

!1 1623 ± 47 +24
"75 455 ± 88 +144

"175 554± 110 +180
"27 –

well. It is worth mentioning that the K-matrix of the !1-
wave consisting of only one pole can reproduce the shapes
of the intensities in !" and !"! even though there is a shift
of roughly 200 MeV/c2 of the peak position between both
channels [Fig. 2 (upper left) and (lower left)]. A significantly
worse fit result based on the information criteria was achieved
for the scenario in which the !1-wave in the channel p̄ p #
!0!0" has been removed from the model. The negative log-
likelihood value increases by more than 125 with only 20
free parameters less. Similar to the results obtained in [21]
also here the !1-wave amplitude is definitely needed for this
p̄ p-annihilation channel. Contrary to the outcome without
the !1 contribution, the fit taking into account two individual
!1-poles does not yield significantly worse results. Based on
the chosen Bayesian and Akaike information criteria [21] the
two-pole scenario cannot be completely excluded.

The pole positions for the individual resonances described
by the K-matrix are extracted in the complex energy plane of
the T-matrix on the Rieman sheet located next to the physical
sheet. To some extent also partial widths have been derived
from the residues calculated from the integral along a closed

contour around the pole. The procedure for the extraction of
these properties are explained in detail in [21]. The extracted
resonance parameters for the !1 and the two a2 states are
summarized in Table 1. The !1-mass is significantly higher
compared to the one published in [21]. This is compatible
with all other findings attributing a lower mass to !1, if only
!" decays are analyzed. One conjecture is that the require-
ment of unitarity cannot be strictly fulfilled for all analy-
ses that take into accout only one decay channel with a
weak coupling to the resonance. Apart from a larger width of
more than 400 MeV/c2 obtained for the a2(1700) resonance,
all other masses and widths are comparable with the ones
obtained in [20]. The absolute coupling strengths have not
been determined because the non-negligible decay channel
$! is not covered by the fitted data samples. Instead, the
ratios #!"!/#!" for all three poles and #KK /#!" for the a2
resonances have been determined which should deliver more
reasonable results. The obtained quantities of the remain-
ing resonances can be found in Table 4 of the supplemental
material. The results are in the ballpark of other individual
measurements [29] and the ones published in [21], except the
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Table 1 Obtained masses, total widths and ratios of partial widths for the pole of the spin-exotic !1-wave and for the two poles in the a2-wave, the
a2(1320) and the a2(1700). The first uncertainty is the statistical and the second the systematic one

Name Pole mass (MeV/c2) Pole width (MeV) #!"!/#!" (%) #KK /#!" (%)
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well. It is worth mentioning that the K-matrix of the !1-
wave consisting of only one pole can reproduce the shapes
of the intensities in !" and !"! even though there is a shift
of roughly 200 MeV/c2 of the peak position between both
channels [Fig. 2 (upper left) and (lower left)]. A significantly
worse fit result based on the information criteria was achieved
for the scenario in which the !1-wave in the channel p̄ p #
!0!0" has been removed from the model. The negative log-
likelihood value increases by more than 125 with only 20
free parameters less. Similar to the results obtained in [21]
also here the !1-wave amplitude is definitely needed for this
p̄ p-annihilation channel. Contrary to the outcome without
the !1 contribution, the fit taking into account two individual
!1-poles does not yield significantly worse results. Based on
the chosen Bayesian and Akaike information criteria [21] the
two-pole scenario cannot be completely excluded.

The pole positions for the individual resonances described
by the K-matrix are extracted in the complex energy plane of
the T-matrix on the Rieman sheet located next to the physical
sheet. To some extent also partial widths have been derived
from the residues calculated from the integral along a closed

contour around the pole. The procedure for the extraction of
these properties are explained in detail in [21]. The extracted
resonance parameters for the !1 and the two a2 states are
summarized in Table 1. The !1-mass is significantly higher
compared to the one published in [21]. This is compatible
with all other findings attributing a lower mass to !1, if only
!" decays are analyzed. One conjecture is that the require-
ment of unitarity cannot be strictly fulfilled for all analy-
ses that take into accout only one decay channel with a
weak coupling to the resonance. Apart from a larger width of
more than 400 MeV/c2 obtained for the a2(1700) resonance,
all other masses and widths are comparable with the ones
obtained in [20]. The absolute coupling strengths have not
been determined because the non-negligible decay channel
$! is not covered by the fitted data samples. Instead, the
ratios #!"!/#!" for all three poles and #KK /#!" for the a2
resonances have been determined which should deliver more
reasonable results. The obtained quantities of the remain-
ing resonances can be found in Table 4 of the supplemental
material. The results are in the ballpark of other individual
measurements [29] and the ones published in [21], except the
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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
SU!3" flavor symmetry, we characterize mesons in terms of
their SU!3"F 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 3#$, 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$# 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 %
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$!t"
$!t# #t" ; (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! % 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! % 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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Fig. 2 Fits to the !" (upper row) and !"! (lower row) data from COMPASS. The intensities of the P- (left), D-wave (center), and their relative
phases (right) are shown. The data are represented by the red points with error bars. The black curve illustrates our best fit to the data, while the
yellow and gray bands represent the statistical and systematic uncertainty, respectively

Table 1 Obtained masses, total widths and ratios of partial widths for the pole of the spin-exotic !1-wave and for the two poles in the a2-wave, the
a2(1320) and the a2(1700). The first uncertainty is the statistical and the second the systematic one

Name Pole mass (MeV/c2) Pole width (MeV) #!"!/#!" (%) #KK /#!" (%)

a2(1320) 1318.7± 1.9 +1.3
" 1.3 107.5± 4.6 +3.3

" 1.8 4.6± 1.5 +7.0
" 0.6 31± 22 +9

"11

a2(1700) 1686±22 +19
"7 412± 75 +64

"57 3.5± 4.4 +6.9
" 1.2 2.9± 4.0 +1.1

" 1.2

!1 1623 ± 47 +24
"75 455 ± 88 +144

"175 554± 110 +180
"27 –

well. It is worth mentioning that the K-matrix of the !1-
wave consisting of only one pole can reproduce the shapes
of the intensities in !" and !"! even though there is a shift
of roughly 200 MeV/c2 of the peak position between both
channels [Fig. 2 (upper left) and (lower left)]. A significantly
worse fit result based on the information criteria was achieved
for the scenario in which the !1-wave in the channel p̄ p #
!0!0" has been removed from the model. The negative log-
likelihood value increases by more than 125 with only 20
free parameters less. Similar to the results obtained in [21]
also here the !1-wave amplitude is definitely needed for this
p̄ p-annihilation channel. Contrary to the outcome without
the !1 contribution, the fit taking into account two individual
!1-poles does not yield significantly worse results. Based on
the chosen Bayesian and Akaike information criteria [21] the
two-pole scenario cannot be completely excluded.

The pole positions for the individual resonances described
by the K-matrix are extracted in the complex energy plane of
the T-matrix on the Rieman sheet located next to the physical
sheet. To some extent also partial widths have been derived
from the residues calculated from the integral along a closed

contour around the pole. The procedure for the extraction of
these properties are explained in detail in [21]. The extracted
resonance parameters for the !1 and the two a2 states are
summarized in Table 1. The !1-mass is significantly higher
compared to the one published in [21]. This is compatible
with all other findings attributing a lower mass to !1, if only
!" decays are analyzed. One conjecture is that the require-
ment of unitarity cannot be strictly fulfilled for all analy-
ses that take into accout only one decay channel with a
weak coupling to the resonance. Apart from a larger width of
more than 400 MeV/c2 obtained for the a2(1700) resonance,
all other masses and widths are comparable with the ones
obtained in [20]. The absolute coupling strengths have not
been determined because the non-negligible decay channel
$! is not covered by the fitted data samples. Instead, the
ratios #!"!/#!" for all three poles and #KK /#!" for the a2
resonances have been determined which should deliver more
reasonable results. The obtained quantities of the remain-
ing resonances can be found in Table 4 of the supplemental
material. The results are in the ballpark of other individual
measurements [29] and the ones published in [21], except the
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Table 1 Obtained masses, total widths and ratios of partial widths for the pole of the spin-exotic !1-wave and for the two poles in the a2-wave, the
a2(1320) and the a2(1700). The first uncertainty is the statistical and the second the systematic one

Name Pole mass (MeV/c2) Pole width (MeV) #!"!/#!" (%) #KK /#!" (%)
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" 1.3 107.5± 4.6 +3.3
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well. It is worth mentioning that the K-matrix of the !1-
wave consisting of only one pole can reproduce the shapes
of the intensities in !" and !"! even though there is a shift
of roughly 200 MeV/c2 of the peak position between both
channels [Fig. 2 (upper left) and (lower left)]. A significantly
worse fit result based on the information criteria was achieved
for the scenario in which the !1-wave in the channel p̄ p #
!0!0" has been removed from the model. The negative log-
likelihood value increases by more than 125 with only 20
free parameters less. Similar to the results obtained in [21]
also here the !1-wave amplitude is definitely needed for this
p̄ p-annihilation channel. Contrary to the outcome without
the !1 contribution, the fit taking into account two individual
!1-poles does not yield significantly worse results. Based on
the chosen Bayesian and Akaike information criteria [21] the
two-pole scenario cannot be completely excluded.

The pole positions for the individual resonances described
by the K-matrix are extracted in the complex energy plane of
the T-matrix on the Rieman sheet located next to the physical
sheet. To some extent also partial widths have been derived
from the residues calculated from the integral along a closed

contour around the pole. The procedure for the extraction of
these properties are explained in detail in [21]. The extracted
resonance parameters for the !1 and the two a2 states are
summarized in Table 1. The !1-mass is significantly higher
compared to the one published in [21]. This is compatible
with all other findings attributing a lower mass to !1, if only
!" decays are analyzed. One conjecture is that the require-
ment of unitarity cannot be strictly fulfilled for all analy-
ses that take into accout only one decay channel with a
weak coupling to the resonance. Apart from a larger width of
more than 400 MeV/c2 obtained for the a2(1700) resonance,
all other masses and widths are comparable with the ones
obtained in [20]. The absolute coupling strengths have not
been determined because the non-negligible decay channel
$! is not covered by the fitted data samples. Instead, the
ratios #!"!/#!" for all three poles and #KK /#!" for the a2
resonances have been determined which should deliver more
reasonable results. The obtained quantities of the remain-
ing resonances can be found in Table 4 of the supplemental
material. The results are in the ballpark of other individual
measurements [29] and the ones published in [21], except the
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C. SU!3"F point, m! # 702 MeV, !16; 20"3$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
SU!3" flavor symmetry, we characterize mesons in terms of
their SU!3"F 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 3#$, 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$# 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 %
1

#t
log

$!t"
$!t# #t" ; (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! % 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! % 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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FIG. 1. Background-subtracted data (black points) and the PWA fit projections (lines) for (a,b,c) the invariant mass distributions of (a) !!!, (b)
"!, and (c) "!!, and (d,e) the distribution of cos#! , where #! is the angle of the ! momentum in the !!! helicity coordinate system for (d) all
!!! masses and (e) !!! masses between 1.7 and 2.0 GeV/c2. The red lines are the total fit projections from the baseline PWA. The blue lines
are the total fit projections from a fit excluding the !1 component. The dashed lines for the 1"+, 0++, 2++, 4++ and 1+" contributions are
the coherent sums of amplitudes for each JPC .
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FIG. 2. Dalitz plots for (a) the baseline PWA, (b) the selected data, and (c) background estimated from the !! sideband.

spin greater than 2, and ignoring the effects of symmetrization
and the presence of resonance contributions in the !" and !"!

subsystems, the moments are related to the spin-0 (S), spin-1
(P ) and spin-2 (D) amplitudes by [35]:

!
4#"Y 0

0 # = S2 + P 2 +D2, (3)

!
4#"Y 0

1 # = 2SP cos$P + 4PD cos($P $ $D), (4)

!
4#"Y 0

2 # =
2!
5
P 2 +

2
!
5

7
D2 + 2SD cos$D, (5)

!
4#"Y 0

4 # =
6

7
D2, (6)

where $P and $D are the phases of the P-wave and D-wave
relative to the S-wave. Figure 3 shows the moments computed
for the data and the PWA model, using Eq. 2, where good da-
ta/PWA consistency can be seen. The need for the "1(1855)
P-wave component is apparent in the "Y 0

1 # moment (Fig. 3b).

For the branching fraction measurements, systematic uncer-
tainties arising from the number of J/% events, the pion track-
ing, photon detection, kinematic fit, mass resolution of the "!,
and the branching fractions of "! % "#+#", "! % !#+#",
and " % !! have been estimated to be 4.8% [26].

J/" # &%1, %1 # %%% 
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FIG. 3. The distributions of the unnormalized moments !Y 0
L" (L = 0, 1, 2, and 4) for J/! # "##! as functions of the ##! mass. Black

dots with error bars represent the background-subtracted data weighted with angular moments; the red solid lines represent the baseline fit
projections; and the blue dotted lines represent the projections from a fit excluding the #1 component.

Uncertainty associated with the PWA affects both the
branching fraction measurements and the resonance param-
eters. The sources of uncertainty include the background
estimation, the resonance description, the resonance parame-
ters, and additional resonances. The statistical significance of
the !1(1855) is recalculated in each fit variation.

To estimate the uncertainty due to the background estima-
tion, alternative fits are performed using different background
normalization factors and different !! sideband regions. The
statistical significance of the !1(1855) is always above 21.1".
The changes in the branching fractions and resonance param-
eters are assigned as systematic uncertainties.

Uncertainty arising from the BW parametrization is esti-
mated by replacing the constant width !0 of the BW for the
threshold state f0(1500) with a mass-dependent width as de-
scribed in Ref. [26]. The significance of the !1(1855) in this
case is 21.8".

In the baseline fit, the resonance parameters of the
f0(1500), f0(1810), f2(1565), f4(2050), h1(1415)(#!),
and h1(1595)(#!) are fixed to PDG [32] average values.
An alternative fit is performed where resonance parameters
are allowed to vary within one standard deviation of the
PDG values [32], and the changes in the results are taken as
systematic uncertainties. The statistical significance of the
!1(1855) in this case is 20.6".

Uncertainties arising from possible additional resonances
are estimated by adding the f0(1710), f2(2220), f4(2300),
h1(1595)(#!!), and $(1900)(#!!), which are the most signif-
icant additional resonances for each possible JPC , into the
baseline fit individually. The resulting changes in the mea-
surements are assigned as systematic uncertainties. In all cas-
es, the significance of the !1(1855) remains larger than 19.0".

Tables VII and VIII of Ref. [26] summarize the systematic
uncertainties. Assuming all of these sources are independent,
the total systematic uncertainties are +6

"1 MeV/c2 and +3
"8 MeV

for the mass and width of the !1(1855), respectively. For the
branching fraction of the !1(1855), the total relative system-
atic uncertainty is determined to be +5.9

"13.1%.

The ratio B(f0!!!!)/B(f0!%%) can be calculated
with the branching fractions measured in this anal-
ysis and in J/&!#%+%", #%0%0 [36]. The ratio
B(f0(1500)!!!!)/B(f0(1500)!%%) is determined to
be (8.96+2.95

"2.87)"10"2, where the error is the combined
systematic and statistical uncertainties. In comparison, the
upper limit on B(f0(1710)!!!!)/B(f0(1710)!%%) at 90%
C.L. is determined to be 1.61"10"3. The suppressed decay
rate of f0(1710) into !!! is further discussed in Ref. [26]

In summary, a PWA of J/& ! #!!! has been performed
based on (10.09±0.04)"109 J/& events collected with the
BESIII detector. An isoscalar state with exotic quantum num-

C. SU!3"F point, m! # 702 MeV, !16; 20"3$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
SU!3" flavor symmetry, we characterize mesons in terms of
their SU!3"F 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 3#$, 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$# 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 %
1

#t
log

$!t"
$!t# #t" ; (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! % 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! % 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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FIG. 1. Background-subtracted data (black points) and the PWA fit projections (lines) for (a,b,c) the invariant mass distributions of (a) !!!, (b)
"!, and (c) "!!, and (d,e) the distribution of cos#! , where #! is the angle of the ! momentum in the !!! helicity coordinate system for (d) all
!!! masses and (e) !!! masses between 1.7 and 2.0 GeV/c2. The red lines are the total fit projections from the baseline PWA. The blue lines
are the total fit projections from a fit excluding the !1 component. The dashed lines for the 1"+, 0++, 2++, 4++ and 1+" contributions are
the coherent sums of amplitudes for each JPC .
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FIG. 2. Dalitz plots for (a) the baseline PWA, (b) the selected data, and (c) background estimated from the !! sideband.

spin greater than 2, and ignoring the effects of symmetrization
and the presence of resonance contributions in the !" and !"!

subsystems, the moments are related to the spin-0 (S), spin-1
(P ) and spin-2 (D) amplitudes by [35]:

!
4#"Y 0

0 # = S2 + P 2 +D2, (3)

!
4#"Y 0

1 # = 2SP cos$P + 4PD cos($P $ $D), (4)

!
4#"Y 0

2 # =
2!
5
P 2 +

2
!
5

7
D2 + 2SD cos$D, (5)

!
4#"Y 0

4 # =
6

7
D2, (6)

where $P and $D are the phases of the P-wave and D-wave
relative to the S-wave. Figure 3 shows the moments computed
for the data and the PWA model, using Eq. 2, where good da-
ta/PWA consistency can be seen. The need for the "1(1855)
P-wave component is apparent in the "Y 0

1 # moment (Fig. 3b).

For the branching fraction measurements, systematic uncer-
tainties arising from the number of J/% events, the pion track-
ing, photon detection, kinematic fit, mass resolution of the "!,
and the branching fractions of "! % "#+#", "! % !#+#",
and " % !! have been estimated to be 4.8% [26].
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FIG. 3. The distributions of the unnormalized moments !Y 0
L" (L = 0, 1, 2, and 4) for J/! # "##! as functions of the ##! mass. Black

dots with error bars represent the background-subtracted data weighted with angular moments; the red solid lines represent the baseline fit
projections; and the blue dotted lines represent the projections from a fit excluding the #1 component.

Uncertainty associated with the PWA affects both the
branching fraction measurements and the resonance param-
eters. The sources of uncertainty include the background
estimation, the resonance description, the resonance parame-
ters, and additional resonances. The statistical significance of
the !1(1855) is recalculated in each fit variation.

To estimate the uncertainty due to the background estima-
tion, alternative fits are performed using different background
normalization factors and different !! sideband regions. The
statistical significance of the !1(1855) is always above 21.1".
The changes in the branching fractions and resonance param-
eters are assigned as systematic uncertainties.

Uncertainty arising from the BW parametrization is esti-
mated by replacing the constant width !0 of the BW for the
threshold state f0(1500) with a mass-dependent width as de-
scribed in Ref. [26]. The significance of the !1(1855) in this
case is 21.8".

In the baseline fit, the resonance parameters of the
f0(1500), f0(1810), f2(1565), f4(2050), h1(1415)(#!),
and h1(1595)(#!) are fixed to PDG [32] average values.
An alternative fit is performed where resonance parameters
are allowed to vary within one standard deviation of the
PDG values [32], and the changes in the results are taken as
systematic uncertainties. The statistical significance of the
!1(1855) in this case is 20.6".

Uncertainties arising from possible additional resonances
are estimated by adding the f0(1710), f2(2220), f4(2300),
h1(1595)(#!!), and $(1900)(#!!), which are the most signif-
icant additional resonances for each possible JPC , into the
baseline fit individually. The resulting changes in the mea-
surements are assigned as systematic uncertainties. In all cas-
es, the significance of the !1(1855) remains larger than 19.0".

Tables VII and VIII of Ref. [26] summarize the systematic
uncertainties. Assuming all of these sources are independent,
the total systematic uncertainties are +6

"1 MeV/c2 and +3
"8 MeV

for the mass and width of the !1(1855), respectively. For the
branching fraction of the !1(1855), the total relative system-
atic uncertainty is determined to be +5.9

"13.1%.

The ratio B(f0!!!!)/B(f0!%%) can be calculated
with the branching fractions measured in this anal-
ysis and in J/&!#%+%", #%0%0 [36]. The ratio
B(f0(1500)!!!!)/B(f0(1500)!%%) is determined to
be (8.96+2.95

"2.87)"10"2, where the error is the combined
systematic and statistical uncertainties. In comparison, the
upper limit on B(f0(1710)!!!!)/B(f0(1710)!%%) at 90%
C.L. is determined to be 1.61"10"3. The suppressed decay
rate of f0(1710) into !!! is further discussed in Ref. [26]

In summary, a PWA of J/& ! #!!! has been performed
based on (10.09±0.04)"109 J/& events collected with the
BESIII detector. An isoscalar state with exotic quantum num-

C. SU!3"F point, m! # 702 MeV, !16; 20"3$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
SU!3" flavor symmetry, we characterize mesons in terms of
their SU!3"F 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 3#$, 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$# 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 %
1

#t
log

$!t"
$!t# #t" ; (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! % 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! % 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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spin greater than 2, and ignoring the effects of symmetrization
and the presence of resonance contributions in the !" and !"!

subsystems, the moments are related to the spin-0 (S), spin-1
(P ) and spin-2 (D) amplitudes by [35]:

!
4#"Y 0

0 # = S2 + P 2 +D2, (3)

!
4#"Y 0

1 # = 2SP cos$P + 4PD cos($P $ $D), (4)

!
4#"Y 0

2 # =
2!
5
P 2 +

2
!
5

7
D2 + 2SD cos$D, (5)

!
4#"Y 0

4 # =
6

7
D2, (6)

where $P and $D are the phases of the P-wave and D-wave
relative to the S-wave. Figure 3 shows the moments computed
for the data and the PWA model, using Eq. 2, where good da-
ta/PWA consistency can be seen. The need for the "1(1855)
P-wave component is apparent in the "Y 0

1 # moment (Fig. 3b).

For the branching fraction measurements, systematic uncer-
tainties arising from the number of J/% events, the pion track-
ing, photon detection, kinematic fit, mass resolution of the "!,
and the branching fractions of "! % "#+#", "! % !#+#",
and " % !! have been estimated to be 4.8% [26].

J/" # &%1, %1 # %%% 

M. Ablikim et al. [BESIII Collab.], arXiv:2202.00621 (2022)

C. SU!3"F point, m! # 702 MeV, !16; 20"3$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
SU!3" flavor symmetry, we characterize mesons in terms of
their SU!3"F 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 3#$, 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$# 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 %
1

#t
log

$!t"
$!t# #t" ; (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! % 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! % 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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with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13 MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7$ 6:1 MeV=c2 and ! ! 67:7$ 20:3 MeV=c2. The
signal yield from the fit is 264$ 54 events with a con-
fidence level 45.5% ("2=d:o:f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o:f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.

Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $&$%# and #0 ! %& modes,
respectively, we determine a product BF of

B!J= ! %X"1835#" ' B!X"1835#! $&$%#0"
! "2:2$ 0:4# ( 10%4:

The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4$ 8:1 MeV=c2 and ! !
54:2$ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68$ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$&$%#0" ! "1:8$ 0:7# ( 10%4. Similar results are ob-

tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3$ 7:9 MeV=c2 and ! ! 70:3$
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193$ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $&$%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.

The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$&$%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $&$% invariant-mass distri-
bution in #0 ! %$&$% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.

In summary, the decay channel J= ! %$&$%#0 is
analyzed using two #0 decay modes, #0 ! $&$%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $&$%#0

invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7$
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $&$%#0# !
)2:2$ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842$ 8 MeV=c2. The width of this state, ! !
225$ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840$
15 MeV=c2 and a width 170$ 40 MeV=c2).

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.

PRL 95, 262001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2005

262001-4

M. Ablikim et al. [BES Collab.], PRL 95, 262001 (2005)

 decays6 & 107 J/"

More data means more fun:   J/" # &%% !!



M. R. Shepherd 
CIPANP 2022, Orlando 

September 3, 202220

with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13 MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7$ 6:1 MeV=c2 and ! ! 67:7$ 20:3 MeV=c2. The
signal yield from the fit is 264$ 54 events with a con-
fidence level 45.5% ("2=d:o:f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o:f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.

Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $&$%# and #0 ! %& modes,
respectively, we determine a product BF of

B!J= ! %X"1835#" ' B!X"1835#! $&$%#0"
! "2:2$ 0:4# ( 10%4:

The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4$ 8:1 MeV=c2 and ! !
54:2$ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68$ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$&$%#0" ! "1:8$ 0:7# ( 10%4. Similar results are ob-

tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3$ 7:9 MeV=c2 and ! ! 70:3$
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193$ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $&$%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.

The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$&$%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $&$% invariant-mass distri-
bution in #0 ! %$&$% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.

In summary, the decay channel J= ! %$&$%#0 is
analyzed using two #0 decay modes, #0 ! $&$%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $&$%#0

invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7$
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $&$%#0# !
)2:2$ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842$ 8 MeV=c2. The width of this state, ! !
225$ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840$
15 MeV=c2 and a width 170$ 40 MeV=c2).

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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!0"!"! invariant mass distribution. For the J=# !
"0!0"!"! background, we use a one-dimensional data-
driven method that first selects J=# ! "0!0"!"! events
from the data to determine the shape of their contribution to
the selected !0"!"! mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=# !
$!0"!"! and J=# ! "0!0"!"! events; the total weight
after reweighting is the estimated number of J=# !
"0!0"!"! background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the !0"!"! invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1"1510#, X"1835#, and
X"2120# peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
!0"!"! contribution is obtained from Monte Carlo simu-
lation; the non-!0 and J=# ! "0!0"!"! background con-
tributions are obtained as discussed above. For resonances
and the nonresonant !0"!"! contribution, the phase space
for J=# ! $!0"!"! is considered: according to the JP of
f1"1510# and X"1835#, J=# ! $f1"1510# and J=# !
$X"1835# are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=# radiative decays to !0"!"! final states
(including resonances and nonresonant !0"!"!) are con-
strained to be the same for both !0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the X"1835# line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The !0"!"! invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the !0 ! $"!"! channel, and that on the right shows the spectrum for the !0 ! !"! $$#"!"! channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=# ! $!0"!"! (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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global fit between 1.8 and 1.95 GeV=c2.
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with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13 MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7$ 6:1 MeV=c2 and ! ! 67:7$ 20:3 MeV=c2. The
signal yield from the fit is 264$ 54 events with a con-
fidence level 45.5% ("2=d:o:f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o:f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.

Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $&$%# and #0 ! %& modes,
respectively, we determine a product BF of

B!J= ! %X"1835#" ' B!X"1835#! $&$%#0"
! "2:2$ 0:4# ( 10%4:

The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4$ 8:1 MeV=c2 and ! !
54:2$ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68$ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$&$%#0" ! "1:8$ 0:7# ( 10%4. Similar results are ob-

tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3$ 7:9 MeV=c2 and ! ! 70:3$
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193$ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $&$%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.

The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$&$%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $&$% invariant-mass distri-
bution in #0 ! %$&$% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.

In summary, the decay channel J= ! %$&$%#0 is
analyzed using two #0 decay modes, #0 ! $&$%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $&$%#0

invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7$
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $&$%#0# !
)2:2$ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842$ 8 MeV=c2. The width of this state, ! !
225$ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840$
15 MeV=c2 and a width 170$ 40 MeV=c2).

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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!0"!"! invariant mass distribution. For the J=# !
"0!0"!"! background, we use a one-dimensional data-
driven method that first selects J=# ! "0!0"!"! events
from the data to determine the shape of their contribution to
the selected !0"!"! mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=# !
$!0"!"! and J=# ! "0!0"!"! events; the total weight
after reweighting is the estimated number of J=# !
"0!0"!"! background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the !0"!"! invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1"1510#, X"1835#, and
X"2120# peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
!0"!"! contribution is obtained from Monte Carlo simu-
lation; the non-!0 and J=# ! "0!0"!"! background con-
tributions are obtained as discussed above. For resonances
and the nonresonant !0"!"! contribution, the phase space
for J=# ! $!0"!"! is considered: according to the JP of
f1"1510# and X"1835#, J=# ! $f1"1510# and J=# !
$X"1835# are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=# radiative decays to !0"!"! final states
(including resonances and nonresonant !0"!"!) are con-
strained to be the same for both !0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the X"1835# line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The !0"!"! invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the !0 ! $"!"! channel, and that on the right shows the spectrum for the !0 ! !"! $$#"!"! channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=# ! $!0"!"! (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the X"1835#,
the short-dashed curves are the f1"1510#, the dash-dot curves
are the X"2120#, and the long-dashed curves are the
nonresonant !0"!"! fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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all additional photons, and events with any pairing with
jM!! !m"0 j < 15 MeV=c2 are rejected. After application
of the above selection criteria, there are clear signatures of
the X!1835", X!2120", X!2370", as well as a distinct signal
of the #c meson in the "#"!#0 invariant mass spectrum,
shown in Fig. 1(a), and these are all consistent with
previous BESIII results [10]. In addition, there is a structure
around 2.6 GeV=c2, the X!2600", in the "#"!#0 invariant
mass spectrum, which has a connection with a structure
around 1.5 GeV=c2 in the "#"! invariant mass spectrum as
shown in Fig. 1(c).
For the J=$ ! !"#"!#0, #0 ! "#"!#, # ! !! channel,

event candidates are required to have four charged tracks
with at least three charged tracks identified as pions and at
least three photons with energies larger than 100 MeV.
A 4C kinematic fit is performed to the !!!"#"!"#"!

hypothesis, and %24C < 40 is required. If there are more
than three photon candidates, the combination with the
least %24C will be chosen. The # candidates are reconstructed
with the requirement of jM!! !m#j < 30 MeV=c2. For the
three selected photons, the requirement jM!! !m"0 j >
40 MeV=c2 is used for all photon pairs to suppress the
"0 background. Besides the 4C kinematic fit, a five-
constraint (5C) kinematic fit is performed, in which in
addition to the constraint on the total four momentum of the
final-state particles, the invariant mass of two photons
coming from # is constrained to m#, and %25C < 40 is

required. If more than one combination is found in an
event, the combination with the least %25C will be selected.
To select #0 candidates, jM"#"!# !m#0 j < 10 MeV=c2 is
required. If there is more than one "#"!# combination
passing the above criteria, the combination with least
jM"#"!# !m#0 j will be selected as the #0 candidate. In
order to suppress the background from the processes of
J=$ ! "0"#"!#0, the J=$ radiative photon is paired
with all additional photons, and events with any pair with
jM!! !m"0 j < 15 MeV=c2 are rejected. After the above
selection criteria, the "#"!#0 mass spectrum as shown in
Fig. 1(b) is similar to that in the #0 ! !"#"! channel. There
is a structure around 2.6 GeV=c2, the X!2600", in the
"#"!#0 invariant mass spectrum, which has a connection
with the structure around 1.5 GeV=c2 in the "#"! invariant
mass spectrum as shown in Fig. 1(d).
Possible background contributions are studied using an

inclusive MC sample. There are two kinds of background.
One is from non-#0 processes and the other is from the
process J=$ ! "0"#"!#0. The former one can be estimated
with the #0 sideband regions in data, which are chosen
to be 30 < jM!"#"! !m#0 j < 45 MeV=c2 for the channel
of #0 ! !"#"!, and 20 < jM"#"!# !m#0 j < 30 MeV=c2

for the #0 ! "#"!#, # ! !! channel. Background coming
from J=$ ! "0"#"!#0 decays can pass the final selection
criteria for J=$ ! !"#"!#0 decays if one of the photons
from the "0 decay is not reconstructed or is out of the
detector acceptance. To estimate the background contribu-
tion from the J=$ ! "0"#"!#0 decays, we use a control
sample of decays passing the selection criteria for J=$ !
!"#"!#0 decays, but with a reversed "0 veto criterium,
jM!! !m"0 j < 15 MeV=c2. The residual "0"#"!#0 back-
ground contribution in the J=$ ! !"#"!#0 signal region
can be estimated by reweighting the events from the control
sample. The weight factors are dependent on the radiative
photon energy, and equal to the MC efficiency ratio of the
J=$ ! !"#"!#0 signal selection and the J=$ ! "0"#"!#0

background sample selection. Neither of these background
components produces a peaking structure in the "#"!#0 and
"#"! invariant mass spectrum.
In order to determine the signal of the X!2600" reso-

nance with a consequent decay to a resonance at mass
around 1.5 GeV=c2 in the "#"! invariant mass spectrum, a
simultaneous fit to the "#"!#0 and "#"! mass spectra is
performed, including the two decay channels of #0 !
!"#"! and #0 ! "#"!#, # ! !!. In the fit, the number
of events is the same in the two projected mass spectra for a
given channel. Moreover, the mass, width, and branching
fraction of each resonance are common between the two #0

decay channels in the simultaneous fit. The line shape of
the X!2600" resonance in the "#"!#0 mass spectrum is
described with an efficiency-corrected Breit-Wigner func-
tion convolved with a double Gaussian function describing
the detector resolution. The FWHM (full width at half
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FIG. 1. The J=$ ! !"#"!#0 candidates: (top) the invariant
mass spectrum of the final state "#"!#0 after event selection
(a) with the #0 ! !"#"! channel, (b) with the #0 ! "#"!#
channel, where the dots with error bars are data and the shade
histograms are contributions of non-#0 events and J=$ !
"0"#"!#0 background, and (bottom) the two-dimensional dis-
tribution ofM"#"! versusM"#"!#0 withM"#"! > 1.2 GeV=c2 and
2.2 < M"#"!#0 < 2.85 GeV=c2 (c) with the #0 ! !"#"! channel
and (d) with the #0 ! "#"!# channel.
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with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13 MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7$ 6:1 MeV=c2 and ! ! 67:7$ 20:3 MeV=c2. The
signal yield from the fit is 264$ 54 events with a con-
fidence level 45.5% ("2=d:o:f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o:f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.

Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $&$%# and #0 ! %& modes,
respectively, we determine a product BF of

B!J= ! %X"1835#" ' B!X"1835#! $&$%#0"
! "2:2$ 0:4# ( 10%4:

The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4$ 8:1 MeV=c2 and ! !
54:2$ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68$ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$&$%#0" ! "1:8$ 0:7# ( 10%4. Similar results are ob-

tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3$ 7:9 MeV=c2 and ! ! 70:3$
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193$ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $&$%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.

The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$&$%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $&$% invariant-mass distri-
bution in #0 ! %$&$% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.

In summary, the decay channel J= ! %$&$%#0 is
analyzed using two #0 decay modes, #0 ! $&$%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $&$%#0

invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7$
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $&$%#0# !
)2:2$ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842$ 8 MeV=c2. The width of this state, ! !
225$ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840$
15 MeV=c2 and a width 170$ 40 MeV=c2).

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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!0"!"! invariant mass distribution. For the J=# !
"0!0"!"! background, we use a one-dimensional data-
driven method that first selects J=# ! "0!0"!"! events
from the data to determine the shape of their contribution to
the selected !0"!"! mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=# !
$!0"!"! and J=# ! "0!0"!"! events; the total weight
after reweighting is the estimated number of J=# !
"0!0"!"! background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the !0"!"! invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1"1510#, X"1835#, and
X"2120# peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
!0"!"! contribution is obtained from Monte Carlo simu-
lation; the non-!0 and J=# ! "0!0"!"! background con-
tributions are obtained as discussed above. For resonances
and the nonresonant !0"!"! contribution, the phase space
for J=# ! $!0"!"! is considered: according to the JP of
f1"1510# and X"1835#, J=# ! $f1"1510# and J=# !
$X"1835# are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=# radiative decays to !0"!"! final states
(including resonances and nonresonant !0"!"!) are con-
strained to be the same for both !0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the X"1835# line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The !0"!"! invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the !0 ! $"!"! channel, and that on the right shows the spectrum for the !0 ! !"! $$#"!"! channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=# ! $!0"!"! (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the X"1835#,
the short-dashed curves are the f1"1510#, the dash-dot curves
are the X"2120#, and the long-dashed curves are the
nonresonant !0"!"! fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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all additional photons, and events with any pairing with
jM!! !m"0 j < 15 MeV=c2 are rejected. After application
of the above selection criteria, there are clear signatures of
the X!1835", X!2120", X!2370", as well as a distinct signal
of the #c meson in the "#"!#0 invariant mass spectrum,
shown in Fig. 1(a), and these are all consistent with
previous BESIII results [10]. In addition, there is a structure
around 2.6 GeV=c2, the X!2600", in the "#"!#0 invariant
mass spectrum, which has a connection with a structure
around 1.5 GeV=c2 in the "#"! invariant mass spectrum as
shown in Fig. 1(c).
For the J=$ ! !"#"!#0, #0 ! "#"!#, # ! !! channel,

event candidates are required to have four charged tracks
with at least three charged tracks identified as pions and at
least three photons with energies larger than 100 MeV.
A 4C kinematic fit is performed to the !!!"#"!"#"!

hypothesis, and %24C < 40 is required. If there are more
than three photon candidates, the combination with the
least %24C will be chosen. The # candidates are reconstructed
with the requirement of jM!! !m#j < 30 MeV=c2. For the
three selected photons, the requirement jM!! !m"0 j >
40 MeV=c2 is used for all photon pairs to suppress the
"0 background. Besides the 4C kinematic fit, a five-
constraint (5C) kinematic fit is performed, in which in
addition to the constraint on the total four momentum of the
final-state particles, the invariant mass of two photons
coming from # is constrained to m#, and %25C < 40 is

required. If more than one combination is found in an
event, the combination with the least %25C will be selected.
To select #0 candidates, jM"#"!# !m#0 j < 10 MeV=c2 is
required. If there is more than one "#"!# combination
passing the above criteria, the combination with least
jM"#"!# !m#0 j will be selected as the #0 candidate. In
order to suppress the background from the processes of
J=$ ! "0"#"!#0, the J=$ radiative photon is paired
with all additional photons, and events with any pair with
jM!! !m"0 j < 15 MeV=c2 are rejected. After the above
selection criteria, the "#"!#0 mass spectrum as shown in
Fig. 1(b) is similar to that in the #0 ! !"#"! channel. There
is a structure around 2.6 GeV=c2, the X!2600", in the
"#"!#0 invariant mass spectrum, which has a connection
with the structure around 1.5 GeV=c2 in the "#"! invariant
mass spectrum as shown in Fig. 1(d).
Possible background contributions are studied using an

inclusive MC sample. There are two kinds of background.
One is from non-#0 processes and the other is from the
process J=$ ! "0"#"!#0. The former one can be estimated
with the #0 sideband regions in data, which are chosen
to be 30 < jM!"#"! !m#0 j < 45 MeV=c2 for the channel
of #0 ! !"#"!, and 20 < jM"#"!# !m#0 j < 30 MeV=c2

for the #0 ! "#"!#, # ! !! channel. Background coming
from J=$ ! "0"#"!#0 decays can pass the final selection
criteria for J=$ ! !"#"!#0 decays if one of the photons
from the "0 decay is not reconstructed or is out of the
detector acceptance. To estimate the background contribu-
tion from the J=$ ! "0"#"!#0 decays, we use a control
sample of decays passing the selection criteria for J=$ !
!"#"!#0 decays, but with a reversed "0 veto criterium,
jM!! !m"0 j < 15 MeV=c2. The residual "0"#"!#0 back-
ground contribution in the J=$ ! !"#"!#0 signal region
can be estimated by reweighting the events from the control
sample. The weight factors are dependent on the radiative
photon energy, and equal to the MC efficiency ratio of the
J=$ ! !"#"!#0 signal selection and the J=$ ! "0"#"!#0

background sample selection. Neither of these background
components produces a peaking structure in the "#"!#0 and
"#"! invariant mass spectrum.
In order to determine the signal of the X!2600" reso-

nance with a consequent decay to a resonance at mass
around 1.5 GeV=c2 in the "#"! invariant mass spectrum, a
simultaneous fit to the "#"!#0 and "#"! mass spectra is
performed, including the two decay channels of #0 !
!"#"! and #0 ! "#"!#, # ! !!. In the fit, the number
of events is the same in the two projected mass spectra for a
given channel. Moreover, the mass, width, and branching
fraction of each resonance are common between the two #0

decay channels in the simultaneous fit. The line shape of
the X!2600" resonance in the "#"!#0 mass spectrum is
described with an efficiency-corrected Breit-Wigner func-
tion convolved with a double Gaussian function describing
the detector resolution. The FWHM (full width at half
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FIG. 1. The J=$ ! !"#"!#0 candidates: (top) the invariant
mass spectrum of the final state "#"!#0 after event selection
(a) with the #0 ! !"#"! channel, (b) with the #0 ! "#"!#
channel, where the dots with error bars are data and the shade
histograms are contributions of non-#0 events and J=$ !
"0"#"!#0 background, and (bottom) the two-dimensional dis-
tribution ofM"#"! versusM"#"!#0 withM"#"! > 1.2 GeV=c2 and
2.2 < M"#"!#0 < 2.85 GeV=c2 (c) with the #0 ! !"#"! channel
and (d) with the #0 ! "#"!# channel.
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all additional photons, and events with any pairing with
jM!! !m"0 j < 15 MeV=c2 are rejected. After application
of the above selection criteria, there are clear signatures of
the X!1835", X!2120", X!2370", as well as a distinct signal
of the #c meson in the "#"!#0 invariant mass spectrum,
shown in Fig. 1(a), and these are all consistent with
previous BESIII results [10]. In addition, there is a structure
around 2.6 GeV=c2, the X!2600", in the "#"!#0 invariant
mass spectrum, which has a connection with a structure
around 1.5 GeV=c2 in the "#"! invariant mass spectrum as
shown in Fig. 1(c).
For the J=$ ! !"#"!#0, #0 ! "#"!#, # ! !! channel,
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three selected photons, the requirement jM!! !m"0 j >
40 MeV=c2 is used for all photon pairs to suppress the
"0 background. Besides the 4C kinematic fit, a five-
constraint (5C) kinematic fit is performed, in which in
addition to the constraint on the total four momentum of the
final-state particles, the invariant mass of two photons
coming from # is constrained to m#, and %25C < 40 is

required. If more than one combination is found in an
event, the combination with the least %25C will be selected.
To select #0 candidates, jM"#"!# !m#0 j < 10 MeV=c2 is
required. If there is more than one "#"!# combination
passing the above criteria, the combination with least
jM"#"!# !m#0 j will be selected as the #0 candidate. In
order to suppress the background from the processes of
J=$ ! "0"#"!#0, the J=$ radiative photon is paired
with all additional photons, and events with any pair with
jM!! !m"0 j < 15 MeV=c2 are rejected. After the above
selection criteria, the "#"!#0 mass spectrum as shown in
Fig. 1(b) is similar to that in the #0 ! !"#"! channel. There
is a structure around 2.6 GeV=c2, the X!2600", in the
"#"!#0 invariant mass spectrum, which has a connection
with the structure around 1.5 GeV=c2 in the "#"! invariant
mass spectrum as shown in Fig. 1(d).
Possible background contributions are studied using an

inclusive MC sample. There are two kinds of background.
One is from non-#0 processes and the other is from the
process J=$ ! "0"#"!#0. The former one can be estimated
with the #0 sideband regions in data, which are chosen
to be 30 < jM!"#"! !m#0 j < 45 MeV=c2 for the channel
of #0 ! !"#"!, and 20 < jM"#"!# !m#0 j < 30 MeV=c2

for the #0 ! "#"!#, # ! !! channel. Background coming
from J=$ ! "0"#"!#0 decays can pass the final selection
criteria for J=$ ! !"#"!#0 decays if one of the photons
from the "0 decay is not reconstructed or is out of the
detector acceptance. To estimate the background contribu-
tion from the J=$ ! "0"#"!#0 decays, we use a control
sample of decays passing the selection criteria for J=$ !
!"#"!#0 decays, but with a reversed "0 veto criterium,
jM!! !m"0 j < 15 MeV=c2. The residual "0"#"!#0 back-
ground contribution in the J=$ ! !"#"!#0 signal region
can be estimated by reweighting the events from the control
sample. The weight factors are dependent on the radiative
photon energy, and equal to the MC efficiency ratio of the
J=$ ! !"#"!#0 signal selection and the J=$ ! "0"#"!#0

background sample selection. Neither of these background
components produces a peaking structure in the "#"!#0 and
"#"! invariant mass spectrum.
In order to determine the signal of the X!2600" reso-

nance with a consequent decay to a resonance at mass
around 1.5 GeV=c2 in the "#"! invariant mass spectrum, a
simultaneous fit to the "#"!#0 and "#"! mass spectra is
performed, including the two decay channels of #0 !
!"#"! and #0 ! "#"!#, # ! !!. In the fit, the number
of events is the same in the two projected mass spectra for a
given channel. Moreover, the mass, width, and branching
fraction of each resonance are common between the two #0

decay channels in the simultaneous fit. The line shape of
the X!2600" resonance in the "#"!#0 mass spectrum is
described with an efficiency-corrected Breit-Wigner func-
tion convolved with a double Gaussian function describing
the detector resolution. The FWHM (full width at half
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FIG. 1. The J=$ ! !"#"!#0 candidates: (top) the invariant
mass spectrum of the final state "#"!#0 after event selection
(a) with the #0 ! !"#"! channel, (b) with the #0 ! "#"!#
channel, where the dots with error bars are data and the shade
histograms are contributions of non-#0 events and J=$ !
"0"#"!#0 background, and (bottom) the two-dimensional dis-
tribution ofM"#"! versusM"#"!#0 withM"#"! > 1.2 GeV=c2 and
2.2 < M"#"!#0 < 2.85 GeV=c2 (c) with the #0 ! !"#"! channel
and (d) with the #0 ! "#"!# channel.
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entire ⌥(5S) region. Our model is more fine grained and
better constrained by the addition of more experimen-
tal data. These circumstances, and the proximity of the

recently discovered ⌥(10750), drive the large deviations
from the RPP values. The implications of this deviation
will be explored in Section VIC.
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FIG. 3. Bootstrap pole positions for five di↵erent models indicated by di↵erent colors and markers. Gray points with the
same marker indicate ghost poles with sizable residues in that model. The black stars represent the RPP estimate using a
Breit-Wigner parameterization.

Branching ratios for hadronic two- and three-body
channels are also displayed in Figs. 4 to 7 and are sum-
marized and compared to expectations in Tabs. VI to
IX. Once again, the model variants permit moderately
large variation in the extracted branching ratios. This
can be due to a number of e↵ects. For example, we re-
port a nonzero branching fraction of 0.6 (0.4-0.9)% for
⌥(4S) ! B⇤B̄ for the � = 1 GeV quasi two-body model.
This is a result of the pole being found very close to
the B⇤B̄ threshold with a sizable width. In other mod-
els, the ⌥(4S) ! B⇤B̄ branching fraction can grow to
around 30%, depending on the location of the pole with
respect to the threshold and on the width of the state.

A more subtle example of model variation is visible
in Fig. 6, where three branching fractions (circles) for
⌥(1S)⇡⇡ lie above the other six values. These three
points are all models in which � = 1 GeV, which hap-
pen to have a narrower ⌥(10750) than the other mod-
els, hence less overlap with the ⌥(5S), and hence larger

⌥(1S)⇡⇡ branching fractions.
Branching fractions to the “missing” channel show

some dependence on the state, with values of (70-90)%
(⌥(6S)), (31-77)% (⌥(5S)), and anywhere between zero
and 79% (⌥(10750)). It is perhaps expected that these
branching fractions diminish as the mass of the resonance
decreases. Nevertheless it is disconcerting that so much
of the ⌥(5S) and ⌥(6S) states disappear into unseen
channels. Of course, this may be due to increasing phase
space and channels with higher

p
s. It may also be due

to the lack of data above 11 GeV. For example, the pu-
tative ⌥(6S) signal is truncated in the B⇤B̄ channel by
missing data (see panel b of Fig. 1), and therefore that
6S branching fraction may be missing some intensity.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

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

Events are triggered by a J=" ! #!#! decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
$2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=" mass [12]. After applying these
requirements, there is a large J=" signal over a small
background [18]. Only candidates with dimuon invariant
mass between !48 and !43 MeV relative to the observed
J=" mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the !0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K!p and (b) J="p combinations from !0
b ! J="K!p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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Observation of a Narrow Pentaquark State, Pc!4312"+ ,
and of the Two-Peak Structure of the Pc!4450" +

R. Aaij et al.*

(LHCb Collaboration)
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A narrow pentaquark state, Pc!4312"#, decaying to J=!p, is discovered with a statistical significance of
7.3" in a data sample of !0

b ! J=!pK! decays, which is an order of magnitude larger than that previously
analyzed by the LHCb Collaboration. The Pc!4450"# pentaquark structure formerly reported by LHCb is
confirmed and observed to consist of two narrow overlapping peaks, Pc!4440"# and Pc!4457"#, where the
statistical significance of this two-peak interpretation is 5.4". The proximity of the "#

c D̄0 and "#
c D̄$0

thresholds to the observed narrow peaks suggests that they play an important role in the dynamics of these
states.

DOI: 10.1103/PhysRevLett.122.222001

A major turning point in exotic baryon spectroscopy was
achieved at the Large Hadron Collider when, from an
analysis of Run 1 data, the LHCb Collaboration reported
the observation of significant J=!p pentaquark structures
in !0

b ! J=!pK! decays (inclusion of charge-conjugate
processes is implied throughout). A model-dependent six-
dimensional amplitude analysis of invariant masses and
decay angles describing the!0

b decay revealed a Pc!4450"#
structure peaking at 4449.8% 1.7% 2.5 MeV with a
width of 39% 5% 19 MeV and a fit fraction of
(4.1% 0.5% 1.1"% [1]. Even though not apparent from
the mJ=!p distribution alone, the amplitude analysis also
required a second broad J=!p state to obtain a good
description of the data, which peaks at 4380% 8%
29 MeV with a width of 205% 18% 86 MeV and a fit
fraction of !8.4% 0.7% 4.2"%. Furthermore, the exotic
hadron character of the J=!p structure near 4450 MeV was
demonstrated in a model-independent way in Ref. [2],
where it was shown to be too narrow to be accounted for by
!$ ! pK! reflections (!$ denotes ! excitations). Various
interpretations of these structures have been proposed,
including tightly bound duucc̄ pentaquark states [3–9],
loosely bound molecular baryon-meson pentaquark states
[10–15], or peaks due to triangle-diagramprocesses [16–19].
In this Letter, an analysis is presented of !0

b ! J=!pK!

decays based on the combined dataset collected by the
LHCb Collaboration in Run 1, with pp collision energies
of 7 and 8 TeV corresponding to a total integrated

luminosity of 3 fb!1, and in Run 2 at 13 TeV corresponding
to 6 fb!1. The LHCb detector is a single-arm forward
spectrometer covering the pseudorapidity range 2 < # < 5,
described in detail in Refs. [20,21]. The data selection is
similar to that used in Ref. [1]. However, in this updated
analysis, the hadron identification information is included
in the boosted decision tree (BDT) discriminant, which
increases the !0

b signal efficiency by almost a factor of 2
while leaving the background level almost unchanged. The
resulting sample contains 246000 !0

b ! J=!pK! decays
(see the Supplemental Material to this Letter [22]), which is
nine times more than was used in the Run 1 analyses [1,2].
When this combined dataset is fit with the same

amplitude model used in Ref. [1], the Pc!4450"# and
Pc!4380"# parameters are found to be consistent with the
previous results. However, this should be considered only
as a cross check, since analysis of this much larger data
sample reveals additional peaking structures in the J=!p
mass spectrum, which are too small to have been significant
before (see left plot of Fig. 1). A narrow peak is observed
near 4312 MeV with a width comparable to the mass
resolution. The structure at 4450 MeV is now resolved into
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

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

Events are triggered by a J=" ! #!#! decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
$2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=" mass [12]. After applying these
requirements, there is a large J=" signal over a small
background [18]. Only candidates with dimuon invariant
mass between !48 and !43 MeV relative to the observed
J=" mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the !0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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A narrow pentaquark state, Pc!4312"#, decaying to J=!p, is discovered with a statistical significance of
7.3" in a data sample of !0

b ! J=!pK! decays, which is an order of magnitude larger than that previously
analyzed by the LHCb Collaboration. The Pc!4450"# pentaquark structure formerly reported by LHCb is
confirmed and observed to consist of two narrow overlapping peaks, Pc!4440"# and Pc!4457"#, where the
statistical significance of this two-peak interpretation is 5.4". The proximity of the "#

c D̄0 and "#
c D̄$0

thresholds to the observed narrow peaks suggests that they play an important role in the dynamics of these
states.
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A major turning point in exotic baryon spectroscopy was
achieved at the Large Hadron Collider when, from an
analysis of Run 1 data, the LHCb Collaboration reported
the observation of significant J=!p pentaquark structures
in !0

b ! J=!pK! decays (inclusion of charge-conjugate
processes is implied throughout). A model-dependent six-
dimensional amplitude analysis of invariant masses and
decay angles describing the!0

b decay revealed a Pc!4450"#
structure peaking at 4449.8% 1.7% 2.5 MeV with a
width of 39% 5% 19 MeV and a fit fraction of
(4.1% 0.5% 1.1"% [1]. Even though not apparent from
the mJ=!p distribution alone, the amplitude analysis also
required a second broad J=!p state to obtain a good
description of the data, which peaks at 4380% 8%
29 MeV with a width of 205% 18% 86 MeV and a fit
fraction of !8.4% 0.7% 4.2"%. Furthermore, the exotic
hadron character of the J=!p structure near 4450 MeV was
demonstrated in a model-independent way in Ref. [2],
where it was shown to be too narrow to be accounted for by
!$ ! pK! reflections (!$ denotes ! excitations). Various
interpretations of these structures have been proposed,
including tightly bound duucc̄ pentaquark states [3–9],
loosely bound molecular baryon-meson pentaquark states
[10–15], or peaks due to triangle-diagramprocesses [16–19].
In this Letter, an analysis is presented of !0

b ! J=!pK!

decays based on the combined dataset collected by the
LHCb Collaboration in Run 1, with pp collision energies
of 7 and 8 TeV corresponding to a total integrated

luminosity of 3 fb!1, and in Run 2 at 13 TeV corresponding
to 6 fb!1. The LHCb detector is a single-arm forward
spectrometer covering the pseudorapidity range 2 < # < 5,
described in detail in Refs. [20,21]. The data selection is
similar to that used in Ref. [1]. However, in this updated
analysis, the hadron identification information is included
in the boosted decision tree (BDT) discriminant, which
increases the !0

b signal efficiency by almost a factor of 2
while leaving the background level almost unchanged. The
resulting sample contains 246000 !0

b ! J=!pK! decays
(see the Supplemental Material to this Letter [22]), which is
nine times more than was used in the Run 1 analyses [1,2].
When this combined dataset is fit with the same

amplitude model used in Ref. [1], the Pc!4450"# and
Pc!4380"# parameters are found to be consistent with the
previous results. However, this should be considered only
as a cross check, since analysis of this much larger data
sample reveals additional peaking structures in the J=!p
mass spectrum, which are too small to have been significant
before (see left plot of Fig. 1). A narrow peak is observed
near 4312 MeV with a width comparable to the mass
resolution. The structure at 4450 MeV is now resolved into
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

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

Events are triggered by a J=" ! #!#! decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
$2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=" mass [12]. After applying these
requirements, there is a large J=" signal over a small
background [18]. Only candidates with dimuon invariant
mass between !48 and !43 MeV relative to the observed
J=" mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the !0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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A narrow pentaquark state, Pc!4312"#, decaying to J=!p, is discovered with a statistical significance of
7.3" in a data sample of !0

b ! J=!pK! decays, which is an order of magnitude larger than that previously
analyzed by the LHCb Collaboration. The Pc!4450"# pentaquark structure formerly reported by LHCb is
confirmed and observed to consist of two narrow overlapping peaks, Pc!4440"# and Pc!4457"#, where the
statistical significance of this two-peak interpretation is 5.4". The proximity of the "#

c D̄0 and "#
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thresholds to the observed narrow peaks suggests that they play an important role in the dynamics of these
states.
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A major turning point in exotic baryon spectroscopy was
achieved at the Large Hadron Collider when, from an
analysis of Run 1 data, the LHCb Collaboration reported
the observation of significant J=!p pentaquark structures
in !0

b ! J=!pK! decays (inclusion of charge-conjugate
processes is implied throughout). A model-dependent six-
dimensional amplitude analysis of invariant masses and
decay angles describing the!0

b decay revealed a Pc!4450"#
structure peaking at 4449.8% 1.7% 2.5 MeV with a
width of 39% 5% 19 MeV and a fit fraction of
(4.1% 0.5% 1.1"% [1]. Even though not apparent from
the mJ=!p distribution alone, the amplitude analysis also
required a second broad J=!p state to obtain a good
description of the data, which peaks at 4380% 8%
29 MeV with a width of 205% 18% 86 MeV and a fit
fraction of !8.4% 0.7% 4.2"%. Furthermore, the exotic
hadron character of the J=!p structure near 4450 MeV was
demonstrated in a model-independent way in Ref. [2],
where it was shown to be too narrow to be accounted for by
!$ ! pK! reflections (!$ denotes ! excitations). Various
interpretations of these structures have been proposed,
including tightly bound duucc̄ pentaquark states [3–9],
loosely bound molecular baryon-meson pentaquark states
[10–15], or peaks due to triangle-diagramprocesses [16–19].
In this Letter, an analysis is presented of !0

b ! J=!pK!

decays based on the combined dataset collected by the
LHCb Collaboration in Run 1, with pp collision energies
of 7 and 8 TeV corresponding to a total integrated

luminosity of 3 fb!1, and in Run 2 at 13 TeV corresponding
to 6 fb!1. The LHCb detector is a single-arm forward
spectrometer covering the pseudorapidity range 2 < # < 5,
described in detail in Refs. [20,21]. The data selection is
similar to that used in Ref. [1]. However, in this updated
analysis, the hadron identification information is included
in the boosted decision tree (BDT) discriminant, which
increases the !0

b signal efficiency by almost a factor of 2
while leaving the background level almost unchanged. The
resulting sample contains 246000 !0

b ! J=!pK! decays
(see the Supplemental Material to this Letter [22]), which is
nine times more than was used in the Run 1 analyses [1,2].
When this combined dataset is fit with the same

amplitude model used in Ref. [1], the Pc!4450"# and
Pc!4380"# parameters are found to be consistent with the
previous results. However, this should be considered only
as a cross check, since analysis of this much larger data
sample reveals additional peaking structures in the J=!p
mass spectrum, which are too small to have been significant
before (see left plot of Fig. 1). A narrow peak is observed
near 4312 MeV with a width comparable to the mass
resolution. The structure at 4450 MeV is now resolved into
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

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

Events are triggered by a J=" ! #!#! decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
$2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=" mass [12]. After applying these
requirements, there is a large J=" signal over a small
background [18]. Only candidates with dimuon invariant
mass between !48 and !43 MeV relative to the observed
J=" mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the !0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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7.3" in a data sample of !0

b ! J=!pK! decays, which is an order of magnitude larger than that previously
analyzed by the LHCb Collaboration. The Pc!4450"# pentaquark structure formerly reported by LHCb is
confirmed and observed to consist of two narrow overlapping peaks, Pc!4440"# and Pc!4457"#, where the
statistical significance of this two-peak interpretation is 5.4". The proximity of the "#
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A major turning point in exotic baryon spectroscopy was
achieved at the Large Hadron Collider when, from an
analysis of Run 1 data, the LHCb Collaboration reported
the observation of significant J=!p pentaquark structures
in !0

b ! J=!pK! decays (inclusion of charge-conjugate
processes is implied throughout). A model-dependent six-
dimensional amplitude analysis of invariant masses and
decay angles describing the!0

b decay revealed a Pc!4450"#
structure peaking at 4449.8% 1.7% 2.5 MeV with a
width of 39% 5% 19 MeV and a fit fraction of
(4.1% 0.5% 1.1"% [1]. Even though not apparent from
the mJ=!p distribution alone, the amplitude analysis also
required a second broad J=!p state to obtain a good
description of the data, which peaks at 4380% 8%
29 MeV with a width of 205% 18% 86 MeV and a fit
fraction of !8.4% 0.7% 4.2"%. Furthermore, the exotic
hadron character of the J=!p structure near 4450 MeV was
demonstrated in a model-independent way in Ref. [2],
where it was shown to be too narrow to be accounted for by
!$ ! pK! reflections (!$ denotes ! excitations). Various
interpretations of these structures have been proposed,
including tightly bound duucc̄ pentaquark states [3–9],
loosely bound molecular baryon-meson pentaquark states
[10–15], or peaks due to triangle-diagramprocesses [16–19].
In this Letter, an analysis is presented of !0

b ! J=!pK!

decays based on the combined dataset collected by the
LHCb Collaboration in Run 1, with pp collision energies
of 7 and 8 TeV corresponding to a total integrated

luminosity of 3 fb!1, and in Run 2 at 13 TeV corresponding
to 6 fb!1. The LHCb detector is a single-arm forward
spectrometer covering the pseudorapidity range 2 < # < 5,
described in detail in Refs. [20,21]. The data selection is
similar to that used in Ref. [1]. However, in this updated
analysis, the hadron identification information is included
in the boosted decision tree (BDT) discriminant, which
increases the !0

b signal efficiency by almost a factor of 2
while leaving the background level almost unchanged. The
resulting sample contains 246000 !0

b ! J=!pK! decays
(see the Supplemental Material to this Letter [22]), which is
nine times more than was used in the Run 1 analyses [1,2].
When this combined dataset is fit with the same

amplitude model used in Ref. [1], the Pc!4450"# and
Pc!4380"# parameters are found to be consistent with the
previous results. However, this should be considered only
as a cross check, since analysis of this much larger data
sample reveals additional peaking structures in the J=!p
mass spectrum, which are too small to have been significant
before (see left plot of Fig. 1). A narrow peak is observed
near 4312 MeV with a width comparable to the mass
resolution. The structure at 4450 MeV is now resolved into
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

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

Events are triggered by a J=" ! #!#! decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
$2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=" mass [12]. After applying these
requirements, there is a large J=" signal over a small
background [18]. Only candidates with dimuon invariant
mass between !48 and !43 MeV relative to the observed
J=" mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the !0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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Observation of a Narrow Pentaquark State, Pc!4312"+ ,
and of the Two-Peak Structure of the Pc!4450" +
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A narrow pentaquark state, Pc!4312"#, decaying to J=!p, is discovered with a statistical significance of
7.3" in a data sample of !0

b ! J=!pK! decays, which is an order of magnitude larger than that previously
analyzed by the LHCb Collaboration. The Pc!4450"# pentaquark structure formerly reported by LHCb is
confirmed and observed to consist of two narrow overlapping peaks, Pc!4440"# and Pc!4457"#, where the
statistical significance of this two-peak interpretation is 5.4". The proximity of the "#

c D̄0 and "#
c D̄$0

thresholds to the observed narrow peaks suggests that they play an important role in the dynamics of these
states.

DOI: 10.1103/PhysRevLett.122.222001

A major turning point in exotic baryon spectroscopy was
achieved at the Large Hadron Collider when, from an
analysis of Run 1 data, the LHCb Collaboration reported
the observation of significant J=!p pentaquark structures
in !0

b ! J=!pK! decays (inclusion of charge-conjugate
processes is implied throughout). A model-dependent six-
dimensional amplitude analysis of invariant masses and
decay angles describing the!0

b decay revealed a Pc!4450"#
structure peaking at 4449.8% 1.7% 2.5 MeV with a
width of 39% 5% 19 MeV and a fit fraction of
(4.1% 0.5% 1.1"% [1]. Even though not apparent from
the mJ=!p distribution alone, the amplitude analysis also
required a second broad J=!p state to obtain a good
description of the data, which peaks at 4380% 8%
29 MeV with a width of 205% 18% 86 MeV and a fit
fraction of !8.4% 0.7% 4.2"%. Furthermore, the exotic
hadron character of the J=!p structure near 4450 MeV was
demonstrated in a model-independent way in Ref. [2],
where it was shown to be too narrow to be accounted for by
!$ ! pK! reflections (!$ denotes ! excitations). Various
interpretations of these structures have been proposed,
including tightly bound duucc̄ pentaquark states [3–9],
loosely bound molecular baryon-meson pentaquark states
[10–15], or peaks due to triangle-diagramprocesses [16–19].
In this Letter, an analysis is presented of !0

b ! J=!pK!

decays based on the combined dataset collected by the
LHCb Collaboration in Run 1, with pp collision energies
of 7 and 8 TeV corresponding to a total integrated

luminosity of 3 fb!1, and in Run 2 at 13 TeV corresponding
to 6 fb!1. The LHCb detector is a single-arm forward
spectrometer covering the pseudorapidity range 2 < # < 5,
described in detail in Refs. [20,21]. The data selection is
similar to that used in Ref. [1]. However, in this updated
analysis, the hadron identification information is included
in the boosted decision tree (BDT) discriminant, which
increases the !0

b signal efficiency by almost a factor of 2
while leaving the background level almost unchanged. The
resulting sample contains 246000 !0

b ! J=!pK! decays
(see the Supplemental Material to this Letter [22]), which is
nine times more than was used in the Run 1 analyses [1,2].
When this combined dataset is fit with the same

amplitude model used in Ref. [1], the Pc!4450"# and
Pc!4380"# parameters are found to be consistent with the
previous results. However, this should be considered only
as a cross check, since analysis of this much larger data
sample reveals additional peaking structures in the J=!p
mass spectrum, which are too small to have been significant
before (see left plot of Fig. 1). A narrow peak is observed
near 4312 MeV with a width comparable to the mass
resolution. The structure at 4450 MeV is now resolved into
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J=!pK! candidates. The prominent peak in mKp is due to the
!!1520" resonance.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

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

Events are triggered by a J=" ! #!#! decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
$2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=" mass [12]. After applying these
requirements, there is a large J=" signal over a small
background [18]. Only candidates with dimuon invariant
mass between !48 and !43 MeV relative to the observed
J=" mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the !0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K!p and (b) J="p combinations from !0
b ! J="K!p decays. The solid (red) curve is the
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c
(4440) ! J/ p) = 1.6% and JP = 3/2�. All curves are fitted/scaled to the GlueX

data only. For our data the quadratic sums of statistical and systematic errors are shown; the overall normalization
uncertainty is 27%.

Similar curves for the other resonances are shown in the Supplemental Material. Including systematic uncertainties due
to the non-resonant parametrization, Breit-Wigner parameters, and overall cross-section normalization, we determine
upper limits at 90% confidence level of 4.6%, 2.3%, and 3.8% for P+

c
(4312), P+

c
(4440), and P+

c
(4457), respectively.

These upper limits become a factor of 5 smaller if JP = 5/2+ is assumed. Note that these results depend on the
interference between the pentaquarks and the non-resonant continuum that is model dependent and the interference
between the pentaquarks that is not taken into account.

A less model-dependent limit is found for the product of the cross section at the resonance maximum and the
branching fraction, �max(�p ! P+

c
)⇥B(P+

c
! J/ p), using an incoherent sum of a Breit-Wigner and the non-resonant

component of the model described above. Applying the same likelihood procedure that includes the systematic
uncertainties, yields upper limits at 90% confidence level of 4.6, 1.8, and 3.9 nb for P+

c
(4312), P+

c
(4440), and P+

c
(4457),

respectively.
In Refs. [30–32] the partial widths of the P+

c
! J/ p decays were calculated and shown to be orders of magnitude

di↵erent for two pentaquark models, the hadrocharmonium and molecular models. Our upper limits on the branching
fractions do not exclude the molecular model, but are an order of magnitude lower than the predictions in the
hadrocharmonium scenario.

In summary, we have made the first measurement of the J/ exclusive photoproduction cross section from E� =
11.8 GeV down to the threshold, which provides important inputs to models of the gluonic structure of the proton
at high x. The measured cross section is used to set model-dependent upper limits on the branching fraction of the
LHCb P+

c
states, which allow to discriminate between di↵erent pentaquark models.

We would like to acknowledge the outstanding e↵orts of the sta↵ of the Accelerator and the Physics Divisions at
Je↵erson Lab that made the experiment possible. This work was supported in part by the U.S. Department of Energy,
the U.S. National Science Foundation, the German Research Foundation, GSI Helmholtzzentrum für Schwerionen-
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A narrow pentaquark state, Pc!4312"#, decaying to J=!p, is discovered with a statistical significance of
7.3" in a data sample of !0

b ! J=!pK! decays, which is an order of magnitude larger than that previously
analyzed by the LHCb Collaboration. The Pc!4450"# pentaquark structure formerly reported by LHCb is
confirmed and observed to consist of two narrow overlapping peaks, Pc!4440"# and Pc!4457"#, where the
statistical significance of this two-peak interpretation is 5.4". The proximity of the "#

c D̄0 and "#
c D̄$0

thresholds to the observed narrow peaks suggests that they play an important role in the dynamics of these
states.
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A major turning point in exotic baryon spectroscopy was
achieved at the Large Hadron Collider when, from an
analysis of Run 1 data, the LHCb Collaboration reported
the observation of significant J=!p pentaquark structures
in !0

b ! J=!pK! decays (inclusion of charge-conjugate
processes is implied throughout). A model-dependent six-
dimensional amplitude analysis of invariant masses and
decay angles describing the!0

b decay revealed a Pc!4450"#
structure peaking at 4449.8% 1.7% 2.5 MeV with a
width of 39% 5% 19 MeV and a fit fraction of
(4.1% 0.5% 1.1"% [1]. Even though not apparent from
the mJ=!p distribution alone, the amplitude analysis also
required a second broad J=!p state to obtain a good
description of the data, which peaks at 4380% 8%
29 MeV with a width of 205% 18% 86 MeV and a fit
fraction of !8.4% 0.7% 4.2"%. Furthermore, the exotic
hadron character of the J=!p structure near 4450 MeV was
demonstrated in a model-independent way in Ref. [2],
where it was shown to be too narrow to be accounted for by
!$ ! pK! reflections (!$ denotes ! excitations). Various
interpretations of these structures have been proposed,
including tightly bound duucc̄ pentaquark states [3–9],
loosely bound molecular baryon-meson pentaquark states
[10–15], or peaks due to triangle-diagramprocesses [16–19].
In this Letter, an analysis is presented of !0

b ! J=!pK!

decays based on the combined dataset collected by the
LHCb Collaboration in Run 1, with pp collision energies
of 7 and 8 TeV corresponding to a total integrated

luminosity of 3 fb!1, and in Run 2 at 13 TeV corresponding
to 6 fb!1. The LHCb detector is a single-arm forward
spectrometer covering the pseudorapidity range 2 < # < 5,
described in detail in Refs. [20,21]. The data selection is
similar to that used in Ref. [1]. However, in this updated
analysis, the hadron identification information is included
in the boosted decision tree (BDT) discriminant, which
increases the !0

b signal efficiency by almost a factor of 2
while leaving the background level almost unchanged. The
resulting sample contains 246000 !0

b ! J=!pK! decays
(see the Supplemental Material to this Letter [22]), which is
nine times more than was used in the Run 1 analyses [1,2].
When this combined dataset is fit with the same

amplitude model used in Ref. [1], the Pc!4450"# and
Pc!4380"# parameters are found to be consistent with the
previous results. However, this should be considered only
as a cross check, since analysis of this much larger data
sample reveals additional peaking structures in the J=!p
mass spectrum, which are too small to have been significant
before (see left plot of Fig. 1). A narrow peak is observed
near 4312 MeV with a width comparable to the mass
resolution. The structure at 4450 MeV is now resolved into
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FIG. 1. Distribution of (left) mJ=!p and (right) mKp for !0
b !

J=!pK! candidates. The prominent peak in mKp is due to the
!!1520" resonance.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

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

Events are triggered by a J=" ! #!#! decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
$2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=" mass [12]. After applying these
requirements, there is a large J=" signal over a small
background [18]. Only candidates with dimuon invariant
mass between !48 and !43 MeV relative to the observed
J=" mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the !0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K!p and (b) J="p combinations from !0
b ! J="K!p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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Similar curves for the other resonances are shown in the Supplemental Material. Including systematic uncertainties due
to the non-resonant parametrization, Breit-Wigner parameters, and overall cross-section normalization, we determine
upper limits at 90% confidence level of 4.6%, 2.3%, and 3.8% for P+

c
(4312), P+

c
(4440), and P+

c
(4457), respectively.

These upper limits become a factor of 5 smaller if JP = 5/2+ is assumed. Note that these results depend on the
interference between the pentaquarks and the non-resonant continuum that is model dependent and the interference
between the pentaquarks that is not taken into account.

A less model-dependent limit is found for the product of the cross section at the resonance maximum and the
branching fraction, �max(�p ! P+

c
)⇥B(P+

c
! J/ p), using an incoherent sum of a Breit-Wigner and the non-resonant

component of the model described above. Applying the same likelihood procedure that includes the systematic
uncertainties, yields upper limits at 90% confidence level of 4.6, 1.8, and 3.9 nb for P+

c
(4312), P+

c
(4440), and P+

c
(4457),

respectively.
In Refs. [30–32] the partial widths of the P+

c
! J/ p decays were calculated and shown to be orders of magnitude

di↵erent for two pentaquark models, the hadrocharmonium and molecular models. Our upper limits on the branching
fractions do not exclude the molecular model, but are an order of magnitude lower than the predictions in the
hadrocharmonium scenario.

In summary, we have made the first measurement of the J/ exclusive photoproduction cross section from E� =
11.8 GeV down to the threshold, which provides important inputs to models of the gluonic structure of the proton
at high x. The measured cross section is used to set model-dependent upper limits on the branching fraction of the
LHCb P+

c
states, which allow to discriminate between di↵erent pentaquark models.
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the U.S. National Science Foundation, the German Research Foundation, GSI Helmholtzzentrum für Schwerionen-
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