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1. Hadron Spectroscopy:  Why and How


1.1.Unique features of QCD


1.2. Why use spectroscopy as a tool to study QCD?


1.3. How do we classify mesons?


1.4. Introduction to experiment
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2.1. Heavy Quark Spectroscopy
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The charmonium spectrum

• Why do we believe this is a spectrum 
of charm anti-charm mesons?


• How can we study QCD through 
properties of the states?
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Producing Charmonium

• Probes the ratio of quark to lepton couplings in QED: Qq2 / Qµ2
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Producing Charmonium
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Ryan Mitchell — Indiana University

Connecting the XYZ at BESIII
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Magnetic transitions flip the quark spin. Transitions that
do not change the orbital angular momentum are called mag-
netic dipole, or M1, transitions. In the nonrelativistic limit,
the spin-flip transition decay rate between an initial state
i = n 2s+1lJ and a final state f = n′ 2s′+1lJ ′ is:

Γ
(
i

M1−→ γ + f
)

= 16
3

αe2
Q

E3
γ

m2
i

(2J ′ + 1)SM
if |Mif |2, (90)

where eQ is the electrical charge of the heavy quark Q

(eb = −1/3, ec = 2/3), α the fine-structure constant, Eγ =
(m2

i − m2
f )/(2mi) is the photon energy, and mi , mf are the

masses of the initial- and final-state quarkonia, respectively.
The statistical factor SM

if = SM
f i reads

SM
if = 6(2s + 1)(2s′ + 1)

×
{

J 1 J ′

s′ l s

}2 {
1 1

2
1
2

1
2 s′ s

}2

. (91)

For l = 0 transitions, SM
if = 1. For equal quark masses m,

the overlap integral Mif is given by

Mif = (1 + κQ)

×
∫ ∞

0
drunl(r)u

′
n′l(r)j0

(
Eγ r

2

)
, (92)

where jn are spherical Bessel functions and κQ is the anom-
alous magnetic moment of a heavy quarkonium QQ̄. In pN-
RQCD, the quantity 1 + κQ is the Wilson coefficient of the
operator S†σ · eQBem/(2m)S, where Bem is the magnetic
field and S is a QQ̄ color-singlet field.

Electric transitions do not change the quark spin. Transi-
tions that change the orbital angular momentum by one unit
are called electric dipole, or E1, transitions. In the nonrela-
tivistic limit, the spin-averaged electric transition rate be-
tween an initial state i = n 2s+1lJ and a final state f =
n′ 2s′+1l′J ′ (l = l′ ± 1) is

Γ
(
i

E1−→ γ + f
)
= 4

3
αe2

QE3
γ (2J ′ + 1)SE

if |Eif |2, (93)

where the statistical factor SE
if = SE

f i is

SE
if = max (l, l′)

{
J 1 J ′

l′ s l

}2

. (94)

The overlap integral Eif for equal quark masses m is given
by

Eif = 3
Eγ

∫ ∞

0
drunl(r)un′l′(r)

×
[

Eγ r

2
j0

(
Eγ r

2

)
− j1

(
Eγ r

2

)]
. (95)

Since the leading-order operator responsible for the elec-
tric transition does not undergo renormalization, the elec-
tric transition rate does not depend on a Wilson coefficient,
analogous to the case of the quarkonium magnetic moment
appearing in the magnetic transitions.

If the photon energy is smaller than the typical inverse
radius of the quarkonium, we may expand the overlap in-
tegrals in Eγ r , generating electric and magnetic multipole
moments. At leading order in the multipole expansion, the
magnetic overlap integral reduces to Mif = δnn′ . Transi-
tions for which n = n′ are called allowed M1 transitions,
transitions for which n &= n′ are called hindered transitions.
Hindered transitions happen only because of higher-order
corrections and are suppressed by at least v2 with respect to
the allowed ones. At leading order in the multipole expan-
sion the electric overlap integral reduces to

Eif =
∫ ∞

0
drunl(r)run′l′(r). (96)

Note that E1 transitions are more copiously observed than
allowed M1 transitions, because the rates of the electric
transitions are enhanced by 1/v2 with respect to the mag-
netic ones. Clearly, the multipole expansion is always al-
lowed for transitions between states with the same princi-
pal quantum numbers (Eγ ∼ mv4 or mv3 ( mv) or with
contiguous principal quantum numbers (Eγ ∼ mv2 ( mv).
For transitions that involve widely separated states, the hi-
erarchy Eγ ( mv may not be realized. For example, in
Υ (3S) → γ ηb(1S), we have Eγ ≈ 921 MeV, which is
smaller than the typical momentum transfer in the ηb(1S),
about 1.5 GeV [175], but may be comparable to or larger
than the typical momentum transfer in the Υ (3S). On the
other hand, in ψ(2S) → γχc1, we have Eγ ≈ 171 MeV,
which is smaller than the typical momentum transfer in both
the ψ(2S) and the χc1.

Beyond the nonrelativistic limit, (90) and (93) get cor-
rections. These are radiative corrections counted in powers
of αs(m) and relativistic corrections counted in powers of v.
These last ones include proper relativistic corrections of the
type (mv)2/m2, recoil corrections and, for weakly coupled
quarkonia, also corrections of the type ΛQCD/(mv). Finally,
we also have corrections of the type Eγ /(mv) that involve
the photon energy. In the charmonium system, v2 ≈ 0.3, and
corrections may be as large as 30%. Indeed, a negative cor-
rection of about 30% is required to bring the nonrelativistic
prediction of B(J/ψ → γ ηc(1S)), which is about 3%, close
to the experimental value, which is about 2%. We will see
that this is actually the case. In the bottomonium system,
v2 ≈ 0.1 and corrections may be as large as 10%.
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Beyond the nonrelativistic limit, (90) and (93) get cor-
rections. These are radiative corrections counted in powers
of αs(m) and relativistic corrections counted in powers of v.
These last ones include proper relativistic corrections of the
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 Decays to HadronsχcJ

• Study:


•
•

• Quiz:  why does a third 
peak appear in  but not 

?


•  of a pion:  

•  of a proton: 

•  of the : 

ψ′￼→ γπ+π−

ψ′￼→ γpp̄

pp̄
π+π−

JP 0−

JP 1
2

−

JPC χcJ (0,1,2)++

7

!2 of the constraint to the beam four-momentum has been
checked by changing the cut value in the range 12–50 and
noting the change in the yield in these, and other similar
decay modes. Based on this study we place a systematic
uncertainty of 2.5% on the efficiency of this requirement.
The uncertainties due to track reconstruction are 0.3% per
charged track (0.67% for kaons). The limited Monte Carlo
statistics introduces an uncertainty that is in all cases less
than 1.5%. The systematic uncertainty due to the photon
detection and shower-shape criteria is set at 2% per photon
both for the transition photon and for the decay products of
" and #0 decays. In the cases including " decays, this
contribution is incorporated taking into account the frac-
tion of those decays that proceed through each " decay

mode. The final signal plots are all well fit using the
functions described above. By studying the variation of
the yields of the high statistics modes resulting from float-
ing the signal parameters, we assign a 2% uncertainty in
each mode due to the uncertainties in the fitting procedure.
In addition we allow an extra 2% uncertainty in the yield of
the !c0 to account for the possibility of a coherent compo-
nent of the background that might interfere with the signal.
This was evaluated by introducing such a component into
the fits and noting the changes in yields. We have checked
that the yields from the various decay modes of the "ð0Þ

mesons are consistent with their branching fractions and
efficiencies. When calculating the final branching frac-
tions, we add the above systematic uncertainties in quad-
rature. The uncertainty due to the c ð2SÞ ! $!c branching
fractions is kept separate and quoted as a second systematic
uncertainty.
For evaluating the limits in the cases where there is no

significant signal, we take the probability density function
and convolve this with Gaussian systematic uncertainties.
We then find the branching fraction that includes 90% of
the total area.
Our results are summarized in Table II, and compared

with the PDG fits [5] to results from BES [14] and CLEO
[15]. These fits explicitly assume that Bð!c ! #þ#$Þ ¼
2Bð!c ! #0#0Þ. Our results do not include that constraint,
but the data are consistent with this isospin symmetry. Our
results are also consistent with the expected result that
Bð!c ! KþK$Þ ¼ 2Bð!c ! K0

SK
0
SÞ, whereas previous re-

sults had indicated that this might not be so in the J ¼ 2
case. The largest deviation from previous results ( & 3%) is
in the case of !c0 ! #þ#$. In the case of the !c2, our
limit for the branching fraction into ""0 is below the fit
value obtained from previous data by Q. Zhao [4], suggest-
ing that the DOZI decays of the !c2 may contribute less
than indicated by that phenomenological analysis. We note
that there is an overlap of datasets in the results presented
here and those of our previous analysis of "ð0Þ"ð0Þ decays,
and so our new results should replace rather than augment
our previous measurements.
In summary, we measure branching fractions for !c0 and

!c2 decays into #0#0, #þ#$, KþK$, K0
SK

0
S, "", and

"0"0. The decay !c2 ! "" is observed for the first time

FIG. 1 (color online). Invariant mass distributions for #þ#$,
#0#0, KþK$, K0

SK
0
S, "", ""

0, "0"0. The fits are described in
the text. The downward arrows are at the value of the invariant
mass of the !c1.

TABLE I. Yields found in the data sample and detection efficiencies obtained from analyses of Monte Carlo generated events.

Mode !c0 !c2

Yield Efficiency (%) Yield Efficiency (%)

#þ#$ 8934' 111 58:7' 2:4 2543' 56 66:2' 2:7
#0#0 2807' 62 40:0' 4:4 793' 33 48:5' 5:3
KþK$ 8156' 100 53:8' 2:5 1645' 42 60:2' 2:8
K0

SK
0
S 2109' 49 25:3' 1:1 373' 20 29:3' 1:3

"" 930' 35 12:3' 1:1 156' 14 12:6' 1:1
""0 35' 13 9:2' 0:8 3:3' 8:0 10:5' 0:9
"0"0 413' 24 8:2' 0:6 12' 7 8:8' 0:5
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!c2, respectively, in accordance with expectations for an
E1 transition. The efficiencies, shown in Table I, include all
the relevant branching fractions [1].

The final invariant mass distributions are shown in
Fig. 1. These plots are each fit with three signal shapes
comprising Breit-Wigner functions convolved with
Gaussian resolutions, together with a constant background
term. The masses and widths of the Breit-Wigner functions
were fixed according to the current averages [1], and the
widths of the Gaussian resolution functions were fixed at
the values found from Monte Carlo simulation (ranging
from 3:6–5:1 MeV=c2 depending on the spin of the !c and
the decay mode). The yields from these fits are tabulated in
Table I.
To convert the yields to branching fractions, we divide

by the product of the number of  ð2SÞ events in the data
sample, the detector efficiency, and the branching fractions
for  ð2SÞ into !cJ. For the last factor, we use the CLEO
measurements of Bð ð2SÞ ! "!c0Þ ¼ ð9:22$ 0:11$
0:46Þ%, Bð ð2SÞ ! "!c1Þ ¼ ð9:07$ 0:11$ 0:54Þ%,
and Bð ð2SÞ ! "!c2Þ ¼ ð9:33$ 0:14$ 0:61Þ% [13].
The results are tabulated in Table II.
We consider systematic uncertainties from many differ-

ent sources. All modes have a 2% uncertainty from the
total number of  ð2SÞ decays [8]. The requirement on the
!2 of the constraint to the beam four momentum has been
checked by changing the cut and noting the change in the
yield in these, and other similar decay modes. Based on
this study, we place a systematic uncertainty of 2.5% on the
efficiency of this requirement. The uncertainties due to
track reconstruction are 0.3% per charged track. The lim-
ited Monte Carlo statistics introduces an uncertainty that is
always a small fraction of the statistical uncertainty in the
data. Using comparison of data and Monte Carlo simula-
tion of hyperon and antihyperon yields from the  ð2SÞ, we
checked our modeling of the hyperon selection efficiency.
The assigned systematic uncertainty arising from this study
was up to 3% per hyperon. The systematic uncertainty due
to the photon detection and shower-shape criteria is set at
2% per photon. In the case of the !c1 decaying into two
spin one-half particles, the two daughters can have their
spins either parallel or antiparallel, and in the !c2 case
there are even more possibilities of combinations of intrin-
sic spins and relative angular momentum. These helicity
correlations are not well known in the case of decays into
baryons, and this introduces a small uncertainty in the
modeling of the efficiencies. We investigated the effects
of helicity amplitudes on our efficiency by generating
Monte Carlo with a variety of different helicities and found
small variations. From this study, we assign a 1% uncer-
tainty in the efficiency of the !c1 and 2.5% of the !c2. The
plots are all well fit using the fitting functions described
above. By studying the variation of the yields of the high
statistics modes resulting from floating the signal parame-
ters, we assign a 2% uncertainty in each mode due to
uncertainties in the fitting procedure. When calculating
the final branching fractions, we add the above systematic
uncertainties in quadrature. The uncertainty due to the

FIG. 1 (color online). Invariant mass distributions for p !p, " !",

#0#0, #þ#þ, $&$&, $0$0. The fits are described in the text.
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Bottom Quarks

• Similar production


• All state below 2 MB  with L ≤ 1 
experimentally established (recently)


• Probe of QCD at different mass scale
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Discovery of the ηb
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FIG. 2: (a) Inclusive photon spectrum in the region 0.50 <
Eγ < 1.1 GeV. The component PDFs determined from the fit
are overlaid on the data points. A prominent χbJ (2P ) peak is
clearly seen. The dashed line corresponds to the non-peaking
background component. (b) Inclusive photon spectrum af-
ter subtracting the non-peaking background, with PDFs for
χbJ (2P ) peak (solid), ISR Υ (1S) (dot), ηb signal (dash) and
the sum of all three (solid). (c) Inclusive photon spectrum
after subtracting all components except the ηb signal. The
CB function shape describes the data points well.

from the fit is 147/113 = 1.3. Finally Figure 2(c) shows
the data points with all components except the ηb signal
subtracted, overlaid with the ηb signal PDF. The fitted ηb

signal yield is 19200±2000±2100 events, where the first
error is statistical and the second systematic. A total
systematic uncertainty of 11% is estimated by varying
the Breit-Wigner width in the ηb PDF to 5, 15, and 20
MeV, setting the ISR Υ (1S) component to ±1 σ of the
nominal rate, and varying the PDF parameters fixed in
the fit by ±1 σ. The largest contribution (10%) is from
the ηb width variation.

The ηb signal significance is estimated using the ratio
log(Lmax/L0), where Lmax and L0 are the likelihood val-
ues obtained from the nominal fit and from a fit with the
ηb PDF removed, respectively. Fits have been performed
where the parameters entering the systematic uncertain-
ties have been varied within their errors. Data have then
been fitted with all parameters simultaneously moved by
one standard deviation in the direction of lower signifi-
cance. This conservative approach yields a signal signif-
icance greater than 10 standard deviations.

As a cross check, we also perform a fit where the yield
of the ISR Υ (1S) component is left free, and we obtain
24800±2300 events for this component. This is consistent
with the estimate using the below-Υ (4S) data and pro-
vides an important validation of the χbJ (2P ) line shape
parameterization. The yield and peak position of the ηb

signal from this fit are unchanged.
The Eγ signal peak value from the fit is 917.4+2.1

−2.8 MeV.
We apply a photon energy calibration shift of 3.8 ± 2.0
MeV, obtained by comparing the fitted position of the
χbJ(2P ) peak to the known PDG value. After including
an additional systematic uncertainty of 1.3 MeV from
the fit variations described above, we obtain a value of
Eγ = 921.2+2.1

−2.8 ± 2.4 MeV for the ηb signal.
The ηb mass derived from the Eγ signal is M(ηb) =

9388.9+3.1
−2.3 ± 2.7 MeV/c2. Using the PDG value of

9460.3 ± 0.3 MeV/c2 for the Υ (1S) mass, we determine
the Υ (1S)-ηb mass splitting to be 71.4+2.3

−3.1±2.7 MeV/c2.
The value we measure for the splitting is larger than

most predictions based on potential models [2], but rea-
sonably in agreement with predictions from lattice calcu-
lations [13]. The mass splitting between the Υ (1S) and
the ηb(1S) is a key ingredient in many theoretical cal-
culations. The precision of our measurement will allow,
among others, a more precise determination of the lattice
spacing [13] and new precision determinations of αs [14].

We estimate the branching fraction by correcting the
signal yield with the reconstruction efficiency (ε) from
simulated signal MC events, and then dividing it by the
number of Υ (3S) events in the data sample. The branch-
ing fraction of the decay Υ (3S) → γ ηb is found to be
(4.8±0.5±1.2)×10−4, where the first uncertainty is sta-
tistical and the second systematic. The systematic uncer-
tainty of 25% comes from uncertainties in the signal yield
(11%) and ε (22%). The latter is obtained by comparing

BaBar Collaboration, PRL 101, 071801 (2008)

signal
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Things are not as simple as they seem...

• Heavy quarkonia systems provide an opportunity to study the QCD interaction 
between two quarks 


• There is little debate about the quark content and spin configuration of the lowest 
lying heavy quarkonium states -- almost all quark model states below open flavor 
threshold has been identified and they behave as expected

10

from the 2021 edition of the Review of Particle Physics:
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from T. Skwarnicki at Charm 2021:
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A very brief story...

12

...because there is no complete

coherent picture....  yet.
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Almost twenty years ago

• Discovery of  in 
 decays, by 

Belle, an experiment built for 
studying CP-violation in B mesons


• Peculiar properties:


• very narrow


• right at  mass threshold


• not well-matched to potential 
model predictions of 
charmonium mesons


• At the time  was unknown

X(3872)
B+ → K+π+π−J/ψ

DD*

JPC

13

TABLE I: Resolution values from the fits to the ψ′ signal region. The errors are statistical only.

Quantity Fitted value

σMbc
2.6 ± 0.1 MeV

σ∆E(core) 11.6 ± 0.4 MeV

σ∆E(tail) 130 ± 130 MeV

Core fraction 0.965 ± 0.015
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FIG. 2: Signal-band projections of (a) Mbc, (b) Mπ+π−J/ψ and (c) ∆E for the X(3872) →
π+π−J/ψ signal region with the results of the unbinned fit superimposed.

We determine the mass of the signal peak relative to the well measured ψ′ mass:

MX = Mmeas
X − Mmeas

ψ′ + MPDG
ψ′ = 3872.0 ± 0.6 ± 0.5 MeV.

Here the first error is statistical and the second systematic. Since we use the precisely known
value of the ψ′ mass [9] as a reference, the systematic error is small. The Mψ′ measurement,
which is referenced to the J/ψ mass that is 589 MeV away, is −0.5±0.2 MeV from its world-
average value [13]. Variation of the mass scale from Mψ′ to MX requires an extrapolation
of only 186 MeV and, thus, can safely be expected to be less than this amount. We assign
0.5 MeV as the systematic error on the mass.

The measured width of the X(3872) peak is σ = 2.5 ± 0.5 MeV, which is consistent
with the MC-determined resolution and the value obtained from the fit to the ψ′ signal.
To determine an upper limit on the total width, we repeated the fits using a resolution-

TABLE II: Results of the fits to the ψ′ and M = 3872 MeV regions. The errors are statistical only.

Quantity ψ′ region M = 3872 MeV region

Signal events 489 ± 23 35.7 ± 6.8

Mmeas
π+π−J/ψ peak 3685.5 ± 0.2 MeV 3871.5 ± 0.6 MeV

σMπ+π−J/ψ 3.3 ± 0.2 MeV 2.5 ± 0.5 MeV

6

PRL 91, 262001 (2003)

(1950+ citations as of this week,

the most cited Belle result 

by a ~900 citation margin)
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Now:  X(3872) → χc1(3872)

• observed by multiple experiments 
in multiple production modes


• very narrow 
 

compare:  

•
• behaves like  in some ways but 

not in others


• identify with radial excitation of 
the ?


• presence of DD* threshold seems 
more than just coincidence

Γ(χc1(38720)) = 1 MeV
Γ(ψ(3770)) = 27 MeV

JPC = 1++

cc̄

χc1

14

M(D0) + M(D*0) = 3871.69 ± 0.07 MeV
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A very brief story...
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...because there is no complete

coherent picture....  yet.
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Looking for X(3872) uncovered the "Y(4260)"

• 1- - state produced in e+e-

• mass greater than 2M(D) so 
we expect OZI favored 
decay:

16

e+

e-

Y?

γ

c

c

c

c

c
u

u

D

D

c

B(Y (4260) ! DD̄)

B(Y (4260) ! ⇡⇡J/ )
< 4

CLEO Collaboration, PRD 80, 072001 (2009)

compare with ≈500 for ψ(3770)

BaBar Collaboration, PRL 95, 142001 (2005)
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Production of Charmonia in  Collisions1−− e+e−

17

4260 MeV

2

3

4

5

6

7

3 3.5 4 4.5 5

Mark-I
Mark-I + LGW
Mark-II
PLUTO
DASP
Crystal Ball
BES

J/ψ ψ’

ψ 3770

ψ 4040

ψ 4160 ψ 4415

All  quark model states have been identified.

No obvious place in the spectrum for the Y(4260).

1−−

E [GeV]
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Direct production of Y(4260)

• Discovery of Y(4260) came via 
enormous samples of B meson data 
collected at 

• BESIII and BEPC could collide  
beams at 

• higher Y(4260) statistics but


• no easy "scanning" of Y(4260) 
shape


• In 2012, BESIII collects first data with 
machine tuned to produce Y(4260)


• ...an interesting decade of 
discovery follows

Ecm ≈ 10 GeV

e+e−

Ecm = 4.26 GeV

18

e+

e-

Y?

γ

c

c

BaBar Collaboration, PRL 95, 142001 (2005)
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A very brief story...
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...because there is no complete

coherent picture....  yet.
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 at  uncovers the  e+e− → ππJ/ψ Ecm = 4260 MeV Z+
c (3900)

• Discovered at both BESIII and Belle


• Heavy, narrow (≈50 MeV) and charged suggests a 
minimal quark content of 

• Not conventional charmonium:  tetraquark?


• Evidence of neutral partner  
[T. Xiao et al., PLB 727, 366 (2013)]

cc̄ud̄

20

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

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

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

thresholds [27].
The BESIII collaboration thanks the staff of BEPCII and

the computing center for their hard efforts. This work is
supported in part by the Ministry of Science and
Technology of China under Contract No. 2009CB825200;
National Natural Science Foundation of China (NSFC)
under Contracts No. 10625524, No. 10821063,
No. 10825524, No. 10835001, No. 10935007,
No. 11125525, and No. 11235011; Joint Funds of the
National Natural Science Foundation of China under
Contracts No. 11079008, and No. 11179007; the Chinese
Academy of Sciences (CAS)Large-Scale Scientific Facility
Program; CAS under Contracts No. KJCX2-YW-N29, and
No. KJCX2-YW-N45; 100 Talents Program of CAS;
German Research Foundation DFG under Contract
No. Collaborative Research Center CRC-1044; Istituto
Nazionale di Fisica Nucleare, Italy; Ministry of
Development of Turkey under Contract No. DPT2006K-
120470; U. S. Department of Energy under Contracts
No. DE-FG02-04ER41291, No. DE-FG02-05ER41374,
and No. DE-FG02-94ER40823; U.S. National Science
Foundation; University of Groningen (RuG) and the
Helmholtzzentrum fuer Schwerionenforschung GmbH
(GSI), Darmstadt; National Research Foundation of Korea
Grant No. 2011-0029457 and WCU Grant No. R32-10155.

*Also at the Moscow Institute of Physics and Technology,
Moscow 141700, Russia.
†On leave from the Bogolyubov Institute for Theoretical
Physics, Kiev 03680, Ukraine.
‡Also at University of Texas at Dallas, Richardson, Texas
75083, USA.
§Also at the PNPI, Gatchina 188300, Russia.
∥Present address: Nagoya University, Nagoya 464-8601,
Japan.

[1] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
95, 142001 (2005).

[2] Q. He et al. (CLEO Collaboration), Phys. Rev. D 74,
091104(R) (2006).

[3] C. Z. Yuan et al. (Belle Collaboration), Phys. Rev. Lett. 99,
182004 (2007).

[4] T. E. Coan et al. (CLEO Collaboration), Phys. Rev. Lett.
96, 162003 (2006).

[5] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 86,
051102(R) (2012).

[6] T. Barnes, S. Godfrey, and E. S. Swanson, Phys. Rev. D 72,
054026 (2005).

[7] X. H. Mo, G. Li, C. Z. Yuan, K. L. He, H.M. Hu, J. H.
Hu, P. Wang, and Z.Y. Wang, Phys. Lett. B 640, 182
(2006).

[8] D. Cronin-Hennessy et al. (CLEO Collaboration), Phys.
Rev. D 80, 072001 (2009).

[9] G. Pakhlova et al. (Belle Collaboration), Phys. Rev. Lett.
98, 092001 (2007).

)2) (GeV/cJ/±π(maxM
3.7 3.8 3.9 4.0

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

0

20

40

60

80

100

)2) (GeV/cψ±(max

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

)2±(max

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

Data

Total fit

Background fit

PHSP MC

Sideband

FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
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In summary, the cross section of eþe" ! !þ!"J=c is
measured from 3.8 to 5.5 GeV. The Yð4260Þ resonance is
observed and its resonant parameters are determined. In
addition, the Yð4008Þ state is confirmed. The intermediate
states in Yð4260Þ ! !þ!"J=c decays are also investi-
gated. A Zð3900Þ% state with a mass of ð3894:5% 6:6%
4:5Þ MeV=c2 and a width of ð63% 24% 26Þ MeV=c2 is
observed in the !%J=c mass spectrum with a statistical
significance larger than 5:2". This state is close to theD !D&

mass threshold; however, no enhancement is observed near
the D& !D& mass threshold. As the Zð3900Þ% state has a
strong coupling to charmonium and is charged, we con-
clude it cannot be a conventional c !c state.
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Note added.—Recently, we became aware of a Letter
from the BESIII Collaboration [23] that also reports on the
Zð3900Þ% at the same time.
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J. C 24, 71 (2002).

[13] K. Hanagaki, H. Kakuno, H. Ikeda, T. Iijima, and T.
Tsukamoto, Nucl. Instrum. Methods Phys. Res., Sect. A
485, 490 (2002); A. Abashian et al., Nucl. Instrum.
Methods Phys. Res., Sect. A 491, 69 (2002).

[14] In the Letter, Mð!þ!"‘þ‘"Þ "Mð‘þ‘"Þ þMðJ=c Þ is
used instead of the invariant mass of the four final state
particles to improve the mass resolution. Here MðJ=c Þ is
the nominal mass of the J=c .

[15] K. Zhu, C. Z. Yuan, and R.G. Ping, Phys. Rev. D 78,
036004 (2008).

[16] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86,
010001 (2012).

[17] The cross sections are measured to be ð13:79% 0:44%
0:83Þ pb and ð13:33% 0:25% 0:70Þ pb at

ffiffiffi
s

p ¼
10:87 GeV, ð16:75% 0:85% 1:01Þ pb, and ð16:63%
0:54% 0:87Þ pb at

ffiffiffi
s

p ¼ 10:02 GeV, for the eþe" and
#þ#" modes, respectively. Our measurements agree with
the predictions of ð13:42% 0:25Þ pb at 10.87 GeV, and
ð16:03% 0:29Þ pb at 10.02 GeV [18] within errors.

[18] E. A. Kuraev and V. S. Fadin, Yad. Fiz. 41, 733 (1985)
[Sov. J. Nucl. Phys. 41, 466 (1985)].

[19] Considering the correlation between "eeBðR !
!þ!"J=c Þ and "tot, we get BeeBðR ! !þ!"J=c Þ ¼
ð1:5% 0:3% 0:2Þ ( 10"8 and ð4:8% 0:6% 0:5Þ ( 10"8

for R1 and R2, respectively, for solution I; and BeeBðR !
!þ!"J=c Þ ¼ ð3:3% 0:7% 0:5Þ ( 10"8 and ð15:3%
1:4% 1:5Þ ( 10"8 for R1 and R2, respectively, for solution
II, where the first and second errors are statistical and
systematic, respectively.

[20] A smaller systematic error is obtained because we no
longer use a BW with a phase-space-dependent total width
to parametrize R1.

[21] The fraction of Zð3900Þ% events is obtained from a one-
dimensional fit to the Mmaxð!J=c Þ distribution without

2
E

ve
nt

s 
/ 0

.0
2 

G
eV

/c

)2) (GeV/cψJ/π(maxM
3.7 3.8 3.9 4 4.1 4.2

0

10

20

30

40

50

60

70
data

Fit

Background

PHSP MC

FIG. 4 (color online). Unbinned maximum likelihood fit to the
distribution of the Mmaxð!J=c Þ. Points with error bars are data,
the curves are the best fit, the dashed histogram is the phase
space (PHSP) distribution and the shaded histogram is the
non-!þ!"J=c background estimated from the normalized
J=c sidebands.

PRL 110, 252002 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
21 JUNE 2013

252002-6

Belle Collaboration, PRL 110, 252002 (2013)

The final selection efficiency is ð53:8" 0:3Þ% for !þ!%

events and ð38:4" 0:3Þ% for eþe% events, where the
errors are from the statistics of the MC sample. The main
factors affecting the detection efficiencies include the de-
tector acceptances for four charged tracks and the require-
ment on the quality of the kinematic fit adopted. The lower
efficiency for eþe% events is due to final-state-radiation,
bremsstrahlung energy loss of eþe% pairs, and the EMC
deposit energy requirement.

To extract the number of "þ"%J=c signal events,
invariant mass distributions of the lepton pairs are
fit using the sum of two Gaussian functions with a
linear background term. The fits yield MðJ=c Þ ¼
ð3098:4" 0:2Þ MeV=c2 with 882" 33 signal events in
the !þ!% mode, and MðJ=c Þ¼ ð3097:9"0:3ÞMeV=c2

with 595" 28 signal events in the eþe% mode. Here the
errors are statistical only. The mass resolution is
3:7 MeV=c2 in the !þ!% mode and 4:0 MeV=c2 in the
eþe% mode.

The Born cross section is determined from the relation
#B ¼ ðNfit=Lintð1þ $Þ%BÞ, where Nfit is the number of
signal events from the fit;Lint is the integrated luminosity, %
is the selection efficiency obtained from a MC simulation,
B is the branching fraction of J=c ! ‘þ‘%, and
(1þ $) is the radiative correction factor, which is 0.818
according to a QED calculation [19]. The measured Born
cross section for eþe% ! "þ"%J=c is ð64:4" 2:4Þ pb in
the !þ!% mode and ð60:7" 2:9Þ pb in the eþe% mode.
The combinedmeasurement is#Bðeþe% ! "þ"%J=c Þ ¼
ð62:9" 1:9Þ pb.

Systematic errors in the cross sectionmeasurement come
from the luminosity measurement, tracking efficiency,
kinematic fit, background estimation, dilepton branching
fractions of the J=c , and Yð4260Þ decay dynamics.

The integrated luminosity of this data sample was mea-
sured using large angle Bhabha events, and has an esti-
mated uncertainty of 1.0%. The tracking efficiency
uncertainty is estimated to be 1% for each track from a
study of the control samples J=c ! "þ"%"0 and
c ð3686Þ ! "þ"%J=c . Since the luminosity is measured
using Bhabha events, the tracking efficiency uncertainty of
high momentum lepton pairs partly cancels in the calcu-
lation of the "þ"%J=c cross section. To be conservative,
we take 4% for both the eþe% and !þ!% modes.

The uncertainty from the kinematic fit comes from the
inconsistency between the data and MC simulation of the
track helix parameters. Following the procedure described
in Ref. [20], we take the difference between the efficiencies
with and without the helix parameter correction as the
systematic error, which is 2.2% in the !þ!% mode and
2.3% in the eþe% mode.

Uncertainties due to the choice of background shape and
fit range are estimated by varying the background function
from linear to a second-order polynomial and by extending
the fit range.

Uncertainties in the Yð4260Þ resonance parameters and
possible distortions of the Yð4260Þ line shape introduce
small systematic uncertainties in the radiative correction
factor and the efficiency. This is estimated using the differ-
ent line shapes measured by Belle [3] and BABAR [5]. The
difference in ð1þ $Þ% is 0.6% in both the eþe% and!þ!%

modes, and this is taken as a systematic error.
We use the observed Dalitz plot to generate Yð4260Þ !

"þ"%J=c events. To cover possible modelling inaccura-
cies, we conservatively take the difference between the
efficiency using this model and the efficiency using a phase
space model as a systematic error. The error is 3.1% in both
the !þ!% and the eþe% modes.
The uncertainty in BðJ=c ! ‘þ‘%Þ is 1% [21]. The

trigger simulation, the event start time determination, and
the final-state-radiation simulation are well understood; the
total systematic error due to these sources is estimated to
be less than 1%.
Assuming all of the sources are independent, the total

systematic error in the "þ"%J=c cross section measure-
ment is determined to be 5.9% for the !þ!% mode and
6.8% for the eþe% mode. Taking the correlations in errors
between the two modes into account, the combined sys-
tematic error is slightly less than 5.9%.
Intermediate states are studied by examining the Dalitz

plot of the selected "þ"%J=c candidate events. The J=c
signal is selected using 3:08<Mð‘þ‘%Þ< 3:12 GeV=c2

and the sideband using 3:00<Mð‘þ‘%Þ< 3:06 GeV=c2

or 3:14<Mð‘þ‘%Þ< 3:20 GeV=c2, which is three times
the size of the signal region. In total, a sample of 1595
"þ"%J=c events with a purity of 90% is obtained.
Figure 2 shows the Dalitz plot of events in the J=c

signal region, where there are structures in the "þ"%

system and evidence for an exotic charmoniumlike struc-
ture in the ""J=c system. The inset shows background
events from J=c mass sidebands (not normalized), where
no obvious structures are observed.
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But there is much much more....

• Observation of the  in open charm decays 
as well as   -- established:  

• Analogous  state at higher mass observed 
in 

• Additional  states observed in  decay


• A stranger version:    was 
discovered this year


• Analogous states in the bottomonium system 
have been identified:  , which couple to  
and 

Zc
πJ/ψ JP = 1+

Zc
πhc

Zc B

Zcs(3985)

Zb πΥ
πhc

21

Spectroscopy!  What is the underlying fundamental physics?
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What is Z(3900)?

22

c
c

d
u

c

d

u

cD

D*

JP = 1+
JP = 0-

JP = 1-

L=0

How is it connected to Y(4260)?
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The "Y(4260)" is more complicated than it seems... 

• Detailed scan of the Y(4260) indicates a 
lineshape that is not consistent with a 
single resonance


• About the ...  BESIII observed 
 at 

X(3872)
e+e− → γX(3872) Ecm = 4.26 GeV

23

BaBar Collaboration, PRL 95, 142001 (2005)

BESIII Collaboration, PRL 118, 092001 (2017)
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Heavy Quarks Recap

• exciting and confusing


• not experimental statistical fluctuations


• some patterns are emerging


• similarities in different quark flavors


• presence of hadron thresholds seems 
important


• few states observed in multiple 
production environments (??)


• demands a better understanding of


• experimental signatures for resonances


• the particles generated by QCD


• effort must be driven by the search for the 
simplest explanation for all observations

24

from T. Skwarnicki at Charm 2021:
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Heavy and Light Systems and Hybrid Mesons

• Production of a heavy quark system 
with exotic  seems challenging


• no direct production in any 
annihilation process


• No evidence of exotic  states in 
charmonium or bottomonium


• What about light quarks?


• characterized by broad overlapping 
states


• access to small amplitudes and 
phases through interference effects

JPC

JPC

26

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

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

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

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

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

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

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

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

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

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

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

27

D

d

d

Physical System Under Study

Two Slits: width d, separation D

Probe

Beam of Particles


wavelength λ

Detector

Measures location xi

for each arriving particle

x

L

shoot particles 
at slits

record the location x 
where it was detected

Goal: determine the 
values of d and D

I(x) = I0

✓
sin(d⇡x/�L)

d⇡x/�L

◆2

cos2(2D⇡x/�L)
theoretical model with 

parameters to optimized 
based on data
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Connecting to Spectroscopy

• Suppose we have , and we produce two different resonances


• Each of these can be related to an independent quantum mechanical 
amplitude that, on its own, would generate a unique angular distribution


• Given any single event with fixed kinematic variables we do not know which 
process occurred -- they are indistinguishable

πp → ηπp

π

p p

π

η
π

p p

π

η
a0(9

80)
a2(1

320)

28
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Signature of a resonance

29

s

π

π π

π

• Experiment:  


• s  = [M(ππ)]2  (real)


• only sensitive to phase differences 
through interference

ρ
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An example with simulated data

• Fake data: 

• How many resonances?


• What are their spins?

πp → ηπp

30
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Partial Wave Decomposition

31
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Meson Spectrum from Lattice QCD

32

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128
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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.
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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
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hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

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

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

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

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

lightest

hybrids

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

All states have strangeness = 0
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Hybrid Mesons

33

q
q

J = L + S   P = (-1)L+1    C = (-1)L+S

color singlet 

quark anti-quark

Allowed JPC:  0-+, 0++, 1- -, 1+-, 2++, …

Forbidden JPC:   0- -, 0+-, 1-+, 2+-, …

q

q

g

(JPC)g = 1+-

color-octet 
qq pair

Lightest Hybrids

Sqq = 0Sqq = 1

JPC: 0-+, 1-+, 2-+ 1- -

mass ≈ 1.0-1.5 GeV

“constituent gluon”

“exotic hybrid”
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Where to find exotic quantum numbers?

• Production of   studied by COMPASS using 
a 190 GeV pion beam:  

• consider  where the two particles have 
relative orbital angular momentum  -- what are 
the properties of ?


• total isospin 

• both  and  have  so the spin of  
obeys 

• both  and  have  so the parity of   
depends only on  and is negative if  is 
odd 


• G-parity is 

• recall 

• For , we have for 

• PDG nomenclature:   

η(′￼)π
π−p → η(′￼)π−p

X → ηπ−

L
X

= 1

η π J = 0 X
J = L

η π P = − X
L L

( + )( − ) = −

C = G(−1)I = +

L = 0,1,2,… X
JPC = 0++,1−+,2++, …

a0, π1, a2, …

34

COMPASS Collab., PLB 740, 303 (2015)

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

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

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

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

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

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

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

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

LM(τ ),

I(τ ) =
∑

ε

∣∣∣∣
∑

L,M

Aε
LMψε

LM(τ )

∣∣∣∣
2

+ non-η(′) background. (1)

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

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

N̄ ∝
∫

I(τ )a(τ )dτ , (2)

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

ln L ∼ −N̄ +
n∑

k=1

ln I(τk), (3)

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

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

ψε
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ε = +1

cos MϕGJ for ε = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ε = +1. The fits require a weak 
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model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψε

LM(τ ),

I(τ ) =
∑

ε

∣∣∣∣
∑

L,M

Aε
LMψε

LM(τ )

∣∣∣∣
2

+ non-η(′) background. (1)

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

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

N̄ ∝
∫

I(τ )a(τ )dτ , (2)

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

ln L ∼ −N̄ +
n∑

k=1

ln I(τk), (3)

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

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

ψε
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ε = +1

cos MϕGJ for ε = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ε = +1. The fits require a weak 
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C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

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

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

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

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

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

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

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

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

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that

500

1000

1500

2000

2500

3000

FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

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

094505-11

negative parity positive parity exotic

Dudek, Edwards, Guo,  and Thomas, PRD 88, 094505 (2013)
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π−p → η(′￼)π−p
COMPASS Collaboration / Physics Letters B 740 (2015) 303–311 309

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

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

g(m, L) = q(m) × q(m)2L (6)

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

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

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

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

R L = b × I L/I ′L . (8)

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

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

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

COMPASS Collab., PLB 740, 303 (2015)
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A. Rodas et al. [Joint Physics Analysis Center], PRL 122, 042002 (2019)

[using data from COMPASS Collab., PLB 740, 303 (2015)]

Coupled-channel analysis that enforces unitarity and analyticity of the S matrix. 

π1(1600)?

π1(1400)?

Two  states are reported in the literature (see PDG review), 

but only one  pole is needed in the JPAC analysis.


(And only one  is predicted by Lattice QCD.)

π1
π1

π1

P CJ A
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Light Quarks and Looking Forward

• Precision data has converged with precision theory


• analysis of high-data benefits from rigorous theoretical 
constraints


• emerging picture:  experimental data support the existence of 
a single exotic  isovector hybrid, the 

• Need a spectrum of states to conclusively establish the existence 
of hybrids (exotic and non-exotic) -- patterns of resonances are 
much more important than the idea of a single smoking gun

• Primary goals of current and future experiments:


• observing the  in different production modes 


• searching for other states in the hybrid spectrum 

JPC = 1−+ π1

π1

38
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Question from yesterday:  why use 
photons as a beam?
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Asymmetry of Pseudoscalar Production

• Angle between beam polarization 
plane and reaction plane  is 
sensitive to  of exchange


•
•
•

• Asymmetry Σ depends on a t in 
general


• Goal:  understand and develop 
models for photoproduction of 
known mesons


• learn about available production 
mechanisms


• leverage in search for hybrid 
mesons

ϕ
JP

σ(ϕ) = σ0[1 − PγΣ cos(2ϕ)]

Σ = + 1 ⟹ 0+,1−,2+, …
Σ = − 1 ⟹ 0−,1+,2−, …

41

π0, ηγ

p p

t
Exchange JPC

1−− : ω, ρ
1+− : b, h
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Photoproduction of π-

42

PANDA Collaboration Meeting Justin Stevens,

Pseudoscalar beam asymmetries

26

Charged pseudoscalars: more complicated -t dependence

t

⇡�

�++

⇡, ⇢, a2, ...

• Charge exchange process


• Dominated by π exchange at 
low t and  or  exchange at 
high t

ρ a2
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Nys et al. (JPAC), PLB 779, 77 (2018)

Yu and Kong, PLB 769, 262 (2017)

|t| [GeV2/c2]

GlueX Collaboration,  PRC 103, L022201 (2021)
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Final Thoughts

• Overarching goal:  understand how the features of QCD leave their 
imprint on the spectrum of hadrons


• A very active field:


• 10+ years of new additions to the "particle zoo" with no end in sight


• tremendous advancement in theoretical techniques for data analysis


• A bright outlook:  


• expect new results from running experiments and future planned 
experiments


• continued growth of theory/experiment collaboration on data analysis


• new advances in lattice QCD enhance our ability to connect 
experimental results about the hadron spectrum to the fundamental 
theory of the strong interaction


• An exciting time for graduate students to get involved in the field!
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