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Charmonium - the “positronium” of QCD
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Open charm threshold

  

Recent Results on 
Charmonium Transitions 

studied with BESIII
O. Bondarenko, 

for the BESIII Collaboration.  

Kernfysisch Versneller Instituut, University of Groningen, The Netherlands

Charmonium spectroscopy:
● Ideal probe to study QCD at long distance scales 
● Detailed analysis of confinement potential
● Search for exotic hadronic matter: glueballs, hybrids, tetraquarks, molecules;
● SM and beyond by quark mixing matrix.
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Charmonium States

J/ψ

ψ '
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Dashed lines show isospin violating transitions

Isospin-violating transition ψ ' → π0J/ψ

Electromagnetic interaction is small for this channel
BUT: Hadronic loops!

Results for 0/ ratio R

CLEO-c (3.88±0.23±0.05)%

BESIII preliminary (3.74±0.09±0.10)%

Theory (3.1±1.6)%

World's best precision!

BESIII, the Beijing Electron Spectrometer 

● Collider experiment
● L

p e a k
= 5*1032cm-2s-1

● √s =  (2 – 4.6) GeV 
● 4π detector

BESIII Experiment

γ

Experimental Results

BESIII Publications (more than 100!)

First observation of ψ ' → γη
c
(2S)

Measured for the first time!

Simultaneous fit with other decay modes of 
c
(2S)

M(η
c
') = 3638.5±2.3±1.0 MeV/c2

B( '→  γη
c
' → γK

s
K) = (2.98 ± 0.57 ± 0.48) · 10-6

Low precision due to low statistics
● BESIII: clean environment 

  + good performance + more statistics
  = better precision!

Spin singlets η
c
,η

c
(2S), h

c 
are poorly 

studied

Isospin violation:

 Electromagnetic interaction
 The up-down quark mass difference

Isospin breaking reactions could provide access 
to quark masses, however you need smart and 
precise theory and experiment! 

● BESIII is fully operational and world's largest samples of J/ψ, ψ’, ψ(3770) and ψ(4040) are already collected.
● Many world's best measurements in charmonium sector were reported, and a number of observation were made for the first time
● BESIII observed various isospin-breaking decays and accurately determined their branching ratios.
● More exciting new results in charm- and tau- sectors will come soon

Challenge γ ~50 MeV:
● Small branching fraction due to phase space suppression
● Difficult to separate from Bremsstrahlung background 

● Charged and neutral particle identification
γ: 

E
/E  = 2.5% @1 GeV; 

 charged particles:   
p
/p  = 0.5% @1 GeV/c. 

• Very clean environment → small background

Record!

Charmonium spectroscopy and transitions:
● Properties of the h

c                        
 PRL 104, 132002 (2010) 

● Properties of the η
c

arXiv:1111.0398

● ψ' → γη
c

Preliminary

● Multipoles in ψ' → γχ
c2

 arXiv:1110.1742

Charmonium decays:
● ψ' → γπ0, γη, γη′ PRL 105, 261801 (2010)
 χ

cJ
 → π0π0, ηη PRD 81,  052005 (2010)

 χ
cJ
 → γρ, γω, γφ PRD 83,  112005 (2011)

 χ
cJ
 → 4π0 PRD 83,  012006 (2011)

η
c
 → ππ PRD 84,  032006 (2011)

Light quark states:
 X(1860) in J/ψ → γ(pp) Ch. Phys. C 34, 4 (2010) 

& NEW: arXiv:1112.0942
● X(1835) in J/ψ → γ(η′π+π−) PRL 106, 072002 (2011)
● X(1870) in J/ψ → ω(ηπ+π−) PRL 107, 182001 (2011)
● a

0
(980) − f

0
(980) mixing PRD 83,  032003 (2011)

● η′ → ηπ+π− matrix element PRD 83,  012003 (2011)

Open charm, above open charm:
● Coming soon!

 BESIII Collected :
✔ J/ψ: 225M 
✔ ψ': 106M  
✔ ψ'':          2.9 fb-1 (3.5xCLEO-c)
✔  ψ(4010): 0.5 fb-1 

Plans:
+ more J/ψ, ψ', ψ'' 
+ data at higher energies (for XYZ searches and 

D
s
 studies)

BESIII Preliminary BESIII Preliminary

h
c
 and η

c
 in ψ ' → π0h

c, 
h

c
 → γη

c

PRL 104, 132002 (2010)

B( '→  0h
c
) = (8.4 ± 1.3 ± 1.0) · 10-4

Measured for the first 
time!

New: from 16 decay modes of η
c

Simultaneous fit to π0 recoiling mass
M(h

c
) = 3525.31±0.11±0.15 MeV/c2

Γ(h
c
) = 0.70±0.28±0.25 MeV

Properties of η
c
 in ψ ' → γη

c

Simultaneous fit with other decay modes of 
c

M(η
c
) = 2984.4±0.5±0.6 MeV/c2

Γ(η
c
) = 30.5±1.0±0.9 MeV

World's best precision!
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Potential models:

A third topic is the search for exotica such as hybrids;
the level of mixing between conventional quarkonium and
hybrid basis states falls rapidly with increasing quark mass,
which suggests that nonexotic hybrids may be more easily
distinguished from conventional quarkonia in charmonium
than in the light quark sectors. Since lattice gauge theory
(LGT) predicts that the lightest c !c hybrids lie near 4.4 GeV
[37–40], there is a strong incentive to establish the ‘‘back-
ground’’ spectrum of conventional c !c states up to and
somewhat beyond this mass.

A final topic of current interest is the importance of
mixing between quark model q !q basis states and two-
meson continua, which has been cited as a possible reason
for the low masses of the recently discovered DsJ states
[41,42]. The effects of ‘‘unquenching the quark model’’ by
including meson loops can presumably be studied effec-
tively in the c !c system, in which the experimental spectrum
of states is relatively unambiguous. The success of the q !q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q !q quark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is

V#c !c$
0 #r$ % ! 4

3

!s

r
" br" 32"!s

9m2
c

~#$#r$ ~Sc & ~S !c; (1)

where ~#$#r$ % #$= !!!!
"

p $3e!$2r2 . The four parameters (!s,
b, mc, $) are determined by fitting the spectrum.

The spin-spin contact hyperfine interaction is one of the
spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly

Vspin-dep %
1

m2
c

"#
2!s

r3
! b

2r

$
~L & ~S" 4!s

r3
T
%
: (2)

The spin-orbit operator is diagonal in a jJ;L; Si basis,
with the matrix elements h ~L & ~Si % 'J#J" 1$ ! #L#L"
1$ ! S#S" 1$(=2. The tensor operator T has nonvanishing
diagonal matrix elements only between L> 0 spin-triplet
states, which are

h3LJjTj3LJi %

8>>><
>>>:

! L
6#2L"3$ ; J % L" 1

" 1
6 ; J % L

! #L"1$
6#2L!1$ ; J % L! 1

: (3)

For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)

where

T. BARNES, S. GODFREY, AND E. S. SWANSON PHYSICAL REVIEW D 72, 054026 (2005)

054026-2
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Example from Barnes, Godfrey, Swanson:

(Coulomb  +  Confinement   +   Contact)

(Spin-Orbit       +      Tensor)

PRD72,054026 (2005)

PRD72, 054026 (2005)
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BESIII at BEPCII 

• Symmetric e+e- collider:  
!  √s = 2.0 - 4.6 GeV  

• Design luminosity:  
!  1x1033 cm-2s-1 (at ψ(3770), 

achieved in 04/2016)      

 
 

• Multi-purpose 4π detector with  
!  good tracking 
!  calorimetry  
!  PID and muon detection 

• Operating since March 2008 
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Open charm threshold
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•Data taking started in 2009
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Surprisingly narrow: � < 1.2MeV

Large isospin breaking: 
B(X ! ⇢J/ ) ⇡ B(X ! !J/ )

Discovered by Belle  [PRL91, 262001 (2003)] 2013

Seen by *many* experiments, including 
BESIII; more later!    [PRL112, 092001 (2014)]

Suspiciously close to DD* threshold: 
�E = �0.13± 0.40MeV
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•   Update, using ISR at BaBar:  
    An asymmetric shape ? 
 

Some newer history 

    

 
 

•   Using ISR at Belle 
    A low mass peak, "Y(4008)" ? 
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The Y states, e+e- production of 
 �/ψππ, �ππ  and ψ(2�)ππ  

 
    

[PRD 86, 051102(R) (2012)]  
�+�� → �/ψ π+π� �+�� → �/ψ π+π� 

[PRL 110, 252002 (2013)]  
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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.

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

3.6 3.8 4 4.2 4.4 4.6 4.8 51

10

210

310

410

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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e+e−(γISR) → π+π−J/ψ at BaBar

Y(4260)
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Y states do not fit charmonium: 
“wrong mass”, small coupling DD
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10

Y states: e+e- → hJ/Y

Energy-dependent cross-section compared to Belle data obtained in:
hJ/Y                    and                       p+p-J/Y

● Agree with previous results with improved precision.

● Non-trivial structure around 4.2 GeV:
This could indicate the existence of a rich spectrum of Y states in
this energy region with different coupling strengths to the various
decay modes.

[Phys. Rev. D 91, 112005 (2015)]

[PRD91, 112005 (2015)]

Existence of a rich Y-spectrum?
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Z(3900) - break-through by BESIII!
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A charged and charmonium-rich state
At least 4 quarks involved
Confirmed by Belle and CLEO-c data
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Z(3900) - break-through by BESIII!

Spin-parity 1+:      [BESIII, PRL119, 072001 (2017)]

More Z states discovered afterwards!



Zc(3900): PRL110, 252001 (2013)

Multiplet(s) of new matter 
discovered!

2017

New XYZ results from BESIII

Myroslav Kavatsyuk
 

KVI – Center for Advanced Radiation Technology,
University of Groningen

 

For the BESIII collaboration

Zc(4040): PRL112, 132001 (2014)

Zc(3885): PRL112, 022001 (2014)

X(3872): PRL112, 092001 (2014)

Zc(4020)0: PRL113, 212002 (2014)

X(3823): PRL115, 011803 (2015)

Zc(3900)0: PRL115, 112003 (2015)

Zc(4025)0: PRL115, 182002 (2015)

Zc(3885)0: PRL115, 222002 (2015)

Z(3900) and beyond…



Break-through! It is just the beginning…

Internal structure?

Level scheme?

Spin-parity JPC?

Production and decay?

XYZ particles: tip of the iceberg?
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What is Zc(3900)?

Charged → It is not a conventional cc!

Tetraquark Hadronic molecule

 arXiv:1110.1333, 1303.6857
 arXiv:1304.0345, 1304.1301

 arXiv:1303.6608, 
1304.2882, 1304.1850

Most popular models
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Tetraquark Hadronic molecule

 arXiv:1110.1333, 1303.6857
 arXiv:1304.0345, 1304.1301

 arXiv:1303.6608, 
1304.2882, 1304.1850

Most popular models

Are they exotic hadrons?

  Exotic means non qq* or qqq structures ... what else?

  Strongly interacting clusters of hadrons: molecules
     [Voloshin; Tornqvist; Close; Braaten; Swanson...]

  Tetraquark mesons, Pentaquarks, ...
     [Maiani,Piccinini,Polosa,Riquer ...]

  Hybrids
     [Close, Kou&Pene, ...]

  Hadrocharmonium
     [Voloshin]

  Many exotic candidates have been identified among the so-called XYZ 
      particles.

πc c–
uu–

u– cuc–
c c–

g

c c–
π

π

Exotics

Width/lifetime?
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(collected so far ...) 
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• XYZ region: 3.8 ~ 4.6 GeV, integrated luminosity: > 5 fb-1 
•  104 energy points between 3.85 and 4.59 GeV (R scan) 
•  ~20 energy points between 2.0 and 3.1 GeV 

"high lumi  
  XYZ data"  

"R scan data"  
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•   Update, using ISR at BaBar:  
    An asymmetric shape ? 
 

Some newer history 

    

 
 

•   Using ISR at Belle 
    A low mass peak, "Y(4008)" ? 
 

18 

The Y states, e+e- production of 
 �/ψππ, �ππ  and ψ(2�)ππ  

 
    

[PRD 86, 051102(R) (2012)]  
�+�� → �/ψ π+π� �+�� → �/ψ π+π� 

[PRL 110, 252002 (2013)]  
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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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• Cross-section in-consistent with a 
single peak for the Y(4260) !  
!  two peaks favoured over one by >7σ 

 

BESIII result, published  
    

 
 

• The "Y(4008)" not needed to describe data  
!  Fit I (wide low mass BW) identical to    
    Fit II (interfering non-resonant exp. shape) 
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change on ð1þ δvÞϵ is taken as an uncertainty. The
uncertainty in the vacuum polarization factor is 0.5% taken
from a QED calculation [33]. The uncertainty on the
integrated luminosity is 1%, determined with large angle
Bhabha events [19]. The uncertainties in the decay branch-
ing fractions of intermediate states are quoted from the
PDG [27]. The uncertainty from others sources, such as
lepton separation, trigger efficiency, and FSR are negli-
gible, and are conservatively taken to be 1.0%. Assuming
all sources of systematic are independent, the total

uncertainties are obtained by adding the individual values
in quadrature, and are in a range between 7.7% to 14.1%
and 7.4% to 20.1%, depending on c.m. energy, for mode I
and II, respectively.
The measured Born cross sections of eþe− →

πþπ−ψð3686Þ at individual c.m. energies for the two
ψð3686Þ decay modes are consistent with each other within
their uncertainties. The measurements are therefore com-
bined by considering the correlated and uncorrelated
uncertainties between the two modes, according to
Refs. [34,35]. The comparison of the combined Born cross
section of eþe− → πþπ−ψð3686Þ with those from previous
experimental results is shown in Fig. 2. The results are
consistent with former experiments, and have much
improved precision.

V. FIT TO THE CROSS SECTION

To study the possible resonant structures in
eþe− → πþπ−ψð3686Þ, a binned χ2 fit is applied to
describe the cross section obtained in this analysis in a
energy region from 4.085 to 4.600 GeV. Assuming that
three resonances exist, the PDF can be parametrized as

A ¼ f1eiϕ1 þ f2 þ f3eiϕ2 ; ð2Þ

where f1 is for the Yð4220Þ, f2 is for the Yð4390Þ, f3 is for
the Yð4660Þ, ϕ1 is the phase angle between Yð4390Þ and
Yð4220Þ, and ϕ2 is the phase angle between Yð4390Þ
and Yð4660Þ.
The amplitude fiði ¼ 1; 2; 3Þ for each resonance is a

P-wave Breit-Wigner function, defined as

TABLE I. Summary of the measurement of the Born cross section σB at individual c. m. energies. The subscript 1 or 2 denotes mode I
or II, respectively. The first uncertainties are statistical, and the second systematic. An upper limit at the 90% confidence level (C.L.) is
determined by a profile likelihood method [29] for data samples with low signal significance.
ffiffiffi
s

p
(GeV) L (pb−1) Nobs

1 ϵ1 (%) Nobs
2 ϵ2ð%Þ ð1þ δrÞ ð1þ δvÞ σB1 (pb) σB2 (pb) σB (pb)

4.008 482 0.0% 0.6 22.6 0.2% 2.3 4.7 0.70 1.056 < 0.9 < 23.3 < 0.9
4.085 52.6 4.0% 2.0 36.1 1.0% 1.0 20.9 0.75 1.056 6.5% 3.2% 0.9 3.9% 3.9% 0.3 5.4% 2.5% 0.6
4.189 43.1 3.8% 2.0 39.2 2.8% 2.2 27.7 0.76 1.056 6.8% 3.6% 0.7 9.9% 7.8% 1.5 7.3% 3.3% 0.7
4.208 54.6 8.9% 3.3 40.7 7.0% 3.0 27.5 0.76 1.057 12.2% 4.5% 1.7 20.0% 8.4% 1.9 14.0% 4.0% 1.5
4.217 54.1 13.0% 3.6 40.9 0.0% 0.7 27.3 0.76 1.057 17.8% 4.9% 1.5 < 30.4 17.8% 4.9% 1.5
4.226 1092 315% 18 39.2 141% 14 28.1 0.76 1.056 22.3% 1.3% 1.7 19.4% 1.9% 2.0 21.3% 1.1% 1.6
4.242 55.6 11.0% 3.3 41.4 7.9% 3.1 28.0 0.76 1.053 14.6% 4.4% 1.3 21.5% 8.4% 1.8 16.0% 3.9% 1.2
4.258 826 241% 16 40.3 84% 11 23.5 0.76 1.054 22.0% 1.4% 1.7 18.3% 2.5% 1.8 20.9% 1.2% 1.5
4.308 44.9 17.0% 4.2 41.6 15.0% 4.1 27.3 0.74 1.053 28.2% 6.9% 2.6 53.2% 14.5% 7.4 32.1% 6.2% 2.8
4.358 540 439% 21 41.2 275% 19 29.8 0.79 1.051 57.8% 2.8% 4.4 69.8% 4.8% 5.2 61.0% 2.4% 4.3
4.387 55.2 56.6% 7.6 39.4 25.7% 6.1 29.4 0.86 1.051 70.1% 9.4% 6.7 59.4% 14.1% 5.6 66.4% 7.8% 5.5
4.416 1074 693% 27 37.8 415% 24 27.4 0.96 1.053 41.0% 1.6% 3.2 47.3% 2.7% 3.7 42.8% 1.4% 3.0
4.467 110 15.1% 4.2 32.6 8.3% 4.2 23.9 1.10 1.055 8.8% 2.5% 1.0 9.2% 4.7% 1.9 8.9% 2.2% 0.9
4.527 110 13.4% 4.0 29.1 7.0% 3.6 20.8 1.25 1.055 7.7% 2.3% 0.9 7.8% 4.0% 1.2 7.7% 2.0% 0.8
4.575 47.7 4.5% 2.3 28.3 5.7% 3.2 20.2 1.23 1.055 6.2% 3.2% 0.8 15.4% 8.7% 1.8 7.3% 3.0% 0.8
4.600 567 106% 11 31.8 71% 10 21.5 1.08 1.055 12.6% 1.3% 1.2 17.2% 2.4% 1.6 14.6% 1.1% 1.1
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FIG. 2. Born cross section of eþe− → πþπ−ψð3686Þ. The dots
(red) are the results obtained in this analysis, the triangles (green)
and squares (blue) are from BELLE and BABAR’s latest updated
results, respectively. The solid curve is the fit to BESIII results
with the coherent sum of three Breit-Wigner functions. The
dashed curve (pink) is the fit to BESIII results with the coherent
sum of two Breit-Wigner functions without the Yð4220Þ hypoth-
esis. The arrows mark the locations of four energy points with
large luminosities.
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the geometric description of the BESIII detector and the
detector response. For the signal process, we use an MC
sample for eþe− → πþπ−hc process generated according
to phase space. ISR is simulated with KKMC [26] with a
maximum energy for the ISR photon corresponding to the
πþπ−hc mass threshold.
We select signal candidates with the same method as that

described in Ref. [17]. Figure 1 shows the scatter plot of
the invariant mass of the ηc candidate vs the one of the hc
candidate and the invariant mass distribution of γηc in the
ηc signal region for the data sample at

ffiffiffi
s

p
¼ 4.416 GeV.

A clear hc → γηc signal is observed. The ηc signal region is
defined by a mass window around the nominal ηc mass [3],
which is within #50 MeV=c2 with efficiency about 84%
(#45 MeV=c2 with efficiency about 80%) from MC
simulation for final states with only charged or K0

S particles
(for those including π0 or η).
We determine the number of πþπ−hc signal events (nobshc

)
from the γηc invariant mass distribution. For the XYZ data
sample, the γηc mass spectrum is fitted with the MC
simulated signal shape convolved with a Gaussian function
to reflect the mass resolution difference between the data
and MC simulation, together with a linear background.
The fit to the data sample at

ffiffiffi
s

p
¼ 4.416 GeV is shown in

Fig. 1. The tail on the high mass side is due to events with
ISR (ISR photon undetected); this is simulated with KKMC

in MC simulation, and its fraction is fixed in the fit. For
the data samples with large statistics (

ffiffiffi
s

p
¼ 4.226, 4.258,

4.358, and 4.416 GeV), the fit is applied to the 16 ηc decay
modes simultaneously with the number of signal events
in each decay mode constrained by the corresponding
branching fraction [27]. For the data samples at the other
energy points, we fit the mass spectrum summed over all ηc
decay modes. For the R-scan data sample, the number of
signal events is calculated by counting the entries in the hc

signal region ½3.515; 3.535% GeV=c2 (nsig) and the entries
in the hc sideband regions ½3.475; 3.495% GeV=c2 and
½3.555; 3.575% GeV=c2 (nside) using the formula nobshc

¼
nsig − fnside. Here, the scale factor f ¼ 0.5 is the ratio
of the size of the signal region and the background region,
and the background is assumed to be distributed linearly in
the region of interest.
The Born cross section is calculated from

σB ¼
nobshc

Lð1þ δÞj1þ Πj2B1

P
16
i¼1 ϵiB2ðiÞ

;

where nobshc
is the number of observed signal events, L is the

integrated luminosity, (1þ δ) is the ISR correction factor,
j1þ Πj2 is the correction factor for vacuum polarization
[28], B1 is the branching fraction of hc → γηc [3], ϵi and
B2ðiÞ are the detection efficiency and branching fraction
for the ith ηc decay mode [27], respectively. The ISR
correction factor is obtained using the QED calculation as
described in Ref. [29] and taking the formula used to fit the
cross section measured in this analysis after two iterations
as input. The Born cross sections are summarized in the
Supplemental Material [19] together with all numbers used
in the calculation of the Born cross sections. The dressed
cross sections (including vacuum polarization effects) are
shown in Fig. 2 with dots and squares for the R-scan and
XYZ data sample, respectively. The cross sections are of the
same order of magnitude as those of the eþe− → πþπ−J=ψ
and eþe− → πþπ−ψð2SÞ [4–12], but follow a different line
shape. The cross section drops in the high energy region,
but more slowly than for the eþe− → πþπ−J=ψ process.
Systematic uncertainties in the cross section measure-

ment mainly come from the luminosity measurement, the
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FIG. 1. The Mγηc distribution in the ηc signal region of
4.416 GeV data. Points with error bars are the data and the
curves are the best fit described in the text. The inset is the scatter
plot of the mass of the ηc candidate Mηc vs the mass of the hc
candidate Mγηc for the same data sample.
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change on ð1þ δvÞϵ is taken as an uncertainty. The
uncertainty in the vacuum polarization factor is 0.5% taken
from a QED calculation [33]. The uncertainty on the
integrated luminosity is 1%, determined with large angle
Bhabha events [19]. The uncertainties in the decay branch-
ing fractions of intermediate states are quoted from the
PDG [27]. The uncertainty from others sources, such as
lepton separation, trigger efficiency, and FSR are negli-
gible, and are conservatively taken to be 1.0%. Assuming
all sources of systematic are independent, the total

uncertainties are obtained by adding the individual values
in quadrature, and are in a range between 7.7% to 14.1%
and 7.4% to 20.1%, depending on c.m. energy, for mode I
and II, respectively.
The measured Born cross sections of eþe− →

πþπ−ψð3686Þ at individual c.m. energies for the two
ψð3686Þ decay modes are consistent with each other within
their uncertainties. The measurements are therefore com-
bined by considering the correlated and uncorrelated
uncertainties between the two modes, according to
Refs. [34,35]. The comparison of the combined Born cross
section of eþe− → πþπ−ψð3686Þ with those from previous
experimental results is shown in Fig. 2. The results are
consistent with former experiments, and have much
improved precision.

V. FIT TO THE CROSS SECTION

To study the possible resonant structures in
eþe− → πþπ−ψð3686Þ, a binned χ2 fit is applied to
describe the cross section obtained in this analysis in a
energy region from 4.085 to 4.600 GeV. Assuming that
three resonances exist, the PDF can be parametrized as

A ¼ f1eiϕ1 þ f2 þ f3eiϕ2 ; ð2Þ

where f1 is for the Yð4220Þ, f2 is for the Yð4390Þ, f3 is for
the Yð4660Þ, ϕ1 is the phase angle between Yð4390Þ and
Yð4220Þ, and ϕ2 is the phase angle between Yð4390Þ
and Yð4660Þ.
The amplitude fiði ¼ 1; 2; 3Þ for each resonance is a

P-wave Breit-Wigner function, defined as

TABLE I. Summary of the measurement of the Born cross section σB at individual c. m. energies. The subscript 1 or 2 denotes mode I
or II, respectively. The first uncertainties are statistical, and the second systematic. An upper limit at the 90% confidence level (C.L.) is
determined by a profile likelihood method [29] for data samples with low signal significance.
ffiffiffi
s

p
(GeV) L (pb−1) Nobs

1 ϵ1 (%) Nobs
2 ϵ2ð%Þ ð1þ δrÞ ð1þ δvÞ σB1 (pb) σB2 (pb) σB (pb)

4.008 482 0.0% 0.6 22.6 0.2% 2.3 4.7 0.70 1.056 < 0.9 < 23.3 < 0.9
4.085 52.6 4.0% 2.0 36.1 1.0% 1.0 20.9 0.75 1.056 6.5% 3.2% 0.9 3.9% 3.9% 0.3 5.4% 2.5% 0.6
4.189 43.1 3.8% 2.0 39.2 2.8% 2.2 27.7 0.76 1.056 6.8% 3.6% 0.7 9.9% 7.8% 1.5 7.3% 3.3% 0.7
4.208 54.6 8.9% 3.3 40.7 7.0% 3.0 27.5 0.76 1.057 12.2% 4.5% 1.7 20.0% 8.4% 1.9 14.0% 4.0% 1.5
4.217 54.1 13.0% 3.6 40.9 0.0% 0.7 27.3 0.76 1.057 17.8% 4.9% 1.5 < 30.4 17.8% 4.9% 1.5
4.226 1092 315% 18 39.2 141% 14 28.1 0.76 1.056 22.3% 1.3% 1.7 19.4% 1.9% 2.0 21.3% 1.1% 1.6
4.242 55.6 11.0% 3.3 41.4 7.9% 3.1 28.0 0.76 1.053 14.6% 4.4% 1.3 21.5% 8.4% 1.8 16.0% 3.9% 1.2
4.258 826 241% 16 40.3 84% 11 23.5 0.76 1.054 22.0% 1.4% 1.7 18.3% 2.5% 1.8 20.9% 1.2% 1.5
4.308 44.9 17.0% 4.2 41.6 15.0% 4.1 27.3 0.74 1.053 28.2% 6.9% 2.6 53.2% 14.5% 7.4 32.1% 6.2% 2.8
4.358 540 439% 21 41.2 275% 19 29.8 0.79 1.051 57.8% 2.8% 4.4 69.8% 4.8% 5.2 61.0% 2.4% 4.3
4.387 55.2 56.6% 7.6 39.4 25.7% 6.1 29.4 0.86 1.051 70.1% 9.4% 6.7 59.4% 14.1% 5.6 66.4% 7.8% 5.5
4.416 1074 693% 27 37.8 415% 24 27.4 0.96 1.053 41.0% 1.6% 3.2 47.3% 2.7% 3.7 42.8% 1.4% 3.0
4.467 110 15.1% 4.2 32.6 8.3% 4.2 23.9 1.10 1.055 8.8% 2.5% 1.0 9.2% 4.7% 1.9 8.9% 2.2% 0.9
4.527 110 13.4% 4.0 29.1 7.0% 3.6 20.8 1.25 1.055 7.7% 2.3% 0.9 7.8% 4.0% 1.2 7.7% 2.0% 0.8
4.575 47.7 4.5% 2.3 28.3 5.7% 3.2 20.2 1.23 1.055 6.2% 3.2% 0.8 15.4% 8.7% 1.8 7.3% 3.0% 0.8
4.600 567 106% 11 31.8 71% 10 21.5 1.08 1.055 12.6% 1.3% 1.2 17.2% 2.4% 1.6 14.6% 1.1% 1.1

(GeV)s
4.0 4.1 4.2 4.3 4.4 4.5 4.6

C
ro

ss
 S

ec
tio

n 
(p

b)

20−

0

20

40

60

80

100

120
BESIII

Belle

BaBar

FIG. 2. Born cross section of eþe− → πþπ−ψð3686Þ. The dots
(red) are the results obtained in this analysis, the triangles (green)
and squares (blue) are from BELLE and BABAR’s latest updated
results, respectively. The solid curve is the fit to BESIII results
with the coherent sum of three Breit-Wigner functions. The
dashed curve (pink) is the fit to BESIII results with the coherent
sum of two Breit-Wigner functions without the Yð4220Þ hypoth-
esis. The arrows mark the locations of four energy points with
large luminosities.
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the geometric description of the BESIII detector and the
detector response. For the signal process, we use an MC
sample for eþe− → πþπ−hc process generated according
to phase space. ISR is simulated with KKMC [26] with a
maximum energy for the ISR photon corresponding to the
πþπ−hc mass threshold.
We select signal candidates with the same method as that

described in Ref. [17]. Figure 1 shows the scatter plot of
the invariant mass of the ηc candidate vs the one of the hc
candidate and the invariant mass distribution of γηc in the
ηc signal region for the data sample at

ffiffiffi
s

p
¼ 4.416 GeV.

A clear hc → γηc signal is observed. The ηc signal region is
defined by a mass window around the nominal ηc mass [3],
which is within #50 MeV=c2 with efficiency about 84%
(#45 MeV=c2 with efficiency about 80%) from MC
simulation for final states with only charged or K0

S particles
(for those including π0 or η).
We determine the number of πþπ−hc signal events (nobshc

)
from the γηc invariant mass distribution. For the XYZ data
sample, the γηc mass spectrum is fitted with the MC
simulated signal shape convolved with a Gaussian function
to reflect the mass resolution difference between the data
and MC simulation, together with a linear background.
The fit to the data sample at

ffiffiffi
s

p
¼ 4.416 GeV is shown in

Fig. 1. The tail on the high mass side is due to events with
ISR (ISR photon undetected); this is simulated with KKMC

in MC simulation, and its fraction is fixed in the fit. For
the data samples with large statistics (

ffiffiffi
s

p
¼ 4.226, 4.258,

4.358, and 4.416 GeV), the fit is applied to the 16 ηc decay
modes simultaneously with the number of signal events
in each decay mode constrained by the corresponding
branching fraction [27]. For the data samples at the other
energy points, we fit the mass spectrum summed over all ηc
decay modes. For the R-scan data sample, the number of
signal events is calculated by counting the entries in the hc

signal region ½3.515; 3.535% GeV=c2 (nsig) and the entries
in the hc sideband regions ½3.475; 3.495% GeV=c2 and
½3.555; 3.575% GeV=c2 (nside) using the formula nobshc

¼
nsig − fnside. Here, the scale factor f ¼ 0.5 is the ratio
of the size of the signal region and the background region,
and the background is assumed to be distributed linearly in
the region of interest.
The Born cross section is calculated from

σB ¼
nobshc

Lð1þ δÞj1þ Πj2B1

P
16
i¼1 ϵiB2ðiÞ

;

where nobshc
is the number of observed signal events, L is the

integrated luminosity, (1þ δ) is the ISR correction factor,
j1þ Πj2 is the correction factor for vacuum polarization
[28], B1 is the branching fraction of hc → γηc [3], ϵi and
B2ðiÞ are the detection efficiency and branching fraction
for the ith ηc decay mode [27], respectively. The ISR
correction factor is obtained using the QED calculation as
described in Ref. [29] and taking the formula used to fit the
cross section measured in this analysis after two iterations
as input. The Born cross sections are summarized in the
Supplemental Material [19] together with all numbers used
in the calculation of the Born cross sections. The dressed
cross sections (including vacuum polarization effects) are
shown in Fig. 2 with dots and squares for the R-scan and
XYZ data sample, respectively. The cross sections are of the
same order of magnitude as those of the eþe− → πþπ−J=ψ
and eþe− → πþπ−ψð2SÞ [4–12], but follow a different line
shape. The cross section drops in the high energy region,
but more slowly than for the eþe− → πþπ−J=ψ process.
Systematic uncertainties in the cross section measure-

ment mainly come from the luminosity measurement, the
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FIG. 1. The Mγηc distribution in the ηc signal region of
4.416 GeV data. Points with error bars are the data and the
curves are the best fit described in the text. The inset is the scatter
plot of the mass of the ηc candidate Mηc vs the mass of the hc
candidate Mγηc for the same data sample.

 (GeV)s
3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6

D
re

ss
ed

 C
ro

s s
 s

ec
ti

on
 (p

b)

-50

0

50

100

150

200

250 BESIII: R-scan data sample

BESIII: XYZ data sample

Fit curve: Total
Fit curve: Y(4220)

Fit curve: Y(4390)

FIG. 2. Fit to the dressed cross section of eþe− → πþπ−hc with
the coherent sum of two Breit-Wigner functions (solid curve).
The dash (dash-dot) curve shows the contribution from the two
structures Yð4220Þ [Yð4390Þ]. The dots with error bars are the
cross sections for the R-scan data sample, the squares with error
bars are the cross sections for the XYZ data sample. Here the error
bars are statistical uncertainty only.
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• Cross-section in-consistent with a 
single peak for the Y(4260) !  
!  two peaks favoured over one by >7σ 

 

BESIII result, published  
    

 
 

• The "Y(4008)" not needed to describe data  
!  Fit I (wide low mass BW) identical to    
    Fit II (interfering non-resonant exp. shape) 
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The Y states, e+e- production of 
 �/ψππ, �ππ  and ψ(2�)ππ  

 
    

[PRL 118, 092001 (2017)]  

�+�� → �/ψ π+π�  at BESIII (direct) �+�� → �/ψ π+π�  at BESIII (direct) 

[PRL 118, 092002 (2017)]

[PRD 96, 032004 (2017)]

Consistent observation of two 
resonances: Y(4220) and Y(4390)

Precision “Y” spectroscopy at BESIII 
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Motivation

�2

• BESIII previously observed:
       e+e− → γX(3872) with X(3872) → π+π−J/ψ
   using data at four center-of-mass energies (ECM).
    ECM = 4.01 (0.5 fb−1), 4.23 (1.1 fb−1), 4.26 (0.8 fb−1), and 4.36 GeV (0.5 fb−1)

• Since then, BESIII has collected a total of
      9.0 fb−1 for 4.15 < ECM < 4.30 GeV, 
      0.7 fb−1 for 4.00 < ECM < 4.15 GeV, and 
      2.8 fb−1 for 4.30 < ECM < 4.60 GeV.

• This provides an opportunity to search for new
    decay modes of the X(3872).

• If the X(3872) were the χc1(2P) state of charmonium:
      Γ(X(3872) → π0χc1(1P)) ~ 0.06 keV (i.e. very small)

    If the X(3872) were a tetraquark state:
      Γ(X(3872) → π0χc1(1P)) should be greatly enhanced.
        [Dubynskiy, Voloshin, PRD 77, 014013 (2008)]

• The X(3872) → π0χcJ decays are sensitive to the  
     internal structure of the X(3872).

The ISR ψð3686Þ signal is used to calibrate the absolute
mass scale and to extract the resolution difference between
data and MC simulation. The fit to the ψð3686Þ results
in a mass shift of μψð3686Þ ¼ −ð0.34$ 0.04Þ MeV=c2, and
a standard deviation of the Gaussian resolution function of
σ ¼ ð1.14$ 0.07Þ MeV=c2. The resolution parameter of
the resolution Gaussian applied to the MC simulated signal
shape is fixed at 1.14 MeV=c2 in the fit to the Xð3872Þ.
Figure 2 shows the fit result (with M½Xð3872Þ&input ¼
3871:7 MeV=c2 as input in MC simulation), which gives
μXð3872Þ ¼ −ð0.10 $ 0.69Þ MeV=c2 and N½Xð3872Þ& ¼
20:1$ 4.5. So, the measured mass of Xð3872Þ
is M½Xð3872Þ& ¼ M½Xð3872Þ&input þ μXð3872Þ − μψð3686Þ ¼
ð3871:9 $ 0.7Þ MeV=c2, where the uncertainty includes

the statistical uncertainties from the fit and the mass
calibration. The limited statistics prevent us from measur-
ing the intrinsic width of the Xð3872Þ. From a fit with a
floating width we obtain Γ½Xð3872Þ& ¼ ð0.0þ1.7

−0.0Þ MeV, or
less than 2.4 MeV at the 90% confidence level (C.L.).
The statistical significance of Xð3872Þ is 6.3σ, estimated
by comparing the difference of log-likelihood value
[Δð−2 lnLÞ ¼ 44:5] with and without the Xð3872Þ signal
in the fit, and taking the change of the number of degrees of
freedom (Δndf ¼ 2) into consideration.
Figure 3 shows the angular distribution of the

radiative photon in the eþe− c.m. frame and the πþπ−
invariant mass distribution, for the Xð3872Þ signal events
(3.86 < Mðπþπ−J=ψÞ < 3.88 GeV=c2) and normalized
sideband events (3.83 < Mðπþπ−J=ψÞ < 3.86 or 3.88 <
Mðπþπ−J=ψÞ < 3.91 GeV=c2). The data agree with MC
simulation assuming a pure E1-transition between the
Yð4260Þ and the Xð3872Þ for the polar angle distribution,
and the Mðπþπ−Þ distribution is consistent with the
CDF observation [9] of a dominant ρ0ð770Þ resonance
contribution.
The product of the Born-order cross section times

the branching fraction of Xð3872Þ → πþπ−J=ψ is
calculated using σB½eþe− → γXð3872Þ& × B½Xð3872Þ →
πþπ−J=ψ & ¼ Nobs=Lintð1þ δÞϵB, where Nobs is the num-
ber of observed events obtained from the fit to the
Mðπþπ−J=ψÞ distribution, Lint is integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
J=ψ → lþl− and (1þ δ) is the radiative correction factor,
which depends on the line shape of eþe− → γXð3872Þ.
Since we observe large cross sections at

ffiffiffi
s

p
¼ 4.229 and

4.260 GeV, we assume the eþe− → γXð3872Þ cross section
follows that of eþe− → πþπ−J=ψ over the full energy
range of interest and use the eþe− → πþπ−J=ψ line-shape
from published results [11] as input in the calculation of the
efficiency and radiative correction factor. The results of
these studies at different energies (

ffiffiffi
s

p
¼ 4.009, 4.229,

4.260, and 4.360 GeV) are listed in Table I. For the
4.009 and 4.360 GeV data, where the Xð3872Þ signal is
not statistically significant, upper limits for production
yield at 90% C.L. are also given. As a validation, the

)2) (GeV/cψJ/-π+πM(
3.6 3.7 3.8 3.9 4

2
E

ve
nt

s 
/ 0

.0
04

 G
eV

/c

1

10

210

310
data
background

)2) (GeV/cψJ/-π+πM(
3.6 3.7 3.8 3.9 4

2
E

ve
nt

s 
/ 0

.0
04

 G
eV

/c

1

10

210

310
data
background

)2) (GeV/cψJ/-π+πM(
3.6 3.7 3.8 3.9 4

2
E

ve
nt

s 
/ 0

.0
04

 G
eV

/c

1

10

210

310
data
background

)2) (GeV/cψJ/-π+πM(
3.6 3.7 3.8 3.9 4

2
E

ve
nt

s 
/ 0

.0
04

 G
eV

/c

1

10

210

310
data
background

FIG. 1 (color online). The πþπ−J=ψ invariant mass distribu-
tions at

ffiffiffi
s

p
¼ 4.009 (top left), 4.229 (top right), 4.260 (bottom

left), and 4.360 GeV (bottom right). Dots with error bars are
data, the green shaded histograms are normalized J=ψ sideband
events.
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FIG. 2 (color online). Fit of theMðπþπ−J=ψÞ distribution with
a MC simulated histogram convolved with a Gaussian function
for signal and a linear background function. Dots with error bars
are data, the red curve shows the total fit result, while the blue
dashed curve shows the background contribution.
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FIG. 3 (color online). The cos θ distribution of the radiative
photon in eþe− c.m. frame (left) and the Mðπþπ−Þ distribution
(right). Dots with error bars are data in the Xð3872Þ signal region,
the green shaded histograms are normalized Xð3872Þ sideband
events, and the red open histogram in the left panel is the result
from a MC simulation that assumes a pure E1 transition.
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.

ffiffiffi
s

p
(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)

4.009 0.0' 0.5 < 1.4 28.7 0.861 0.00' 0.04' 0.01 < 0.11 719' 30' 47 735' 13
4.229 9.6' 3.1 ( ( ( 34.4 0.799 0.27' 0.09' 0.02 ( ( ( 404' 14' 27 408' 7
4.260 8.7' 3.0 ( ( ( 33.1 0.814 0.33' 0.12' 0.02 ( ( ( 378' 16' 25 382' 7
4.360 1.7' 1.4 < 5.1 23.2 1.023 0.11' 0.09' 0.01 < 0.36 308' 17' 20 316' 5
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FIG. 4 (color online). The fit to σB½eþe− → γXð3872Þ& ×
B½Xð3872Þ → πþπ−J=ψ & with a Yð4260Þ resonance (red solid
curve), a linear continuum (blue dashed curve), or a E1-transition
phase space term (red dotted-dashed curve). Dots with error bars
are data.
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e+e− → γX(3872) with X(3872) → π+π−J/ψ
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simulated using kkmc [14]; subsequent decays are con-86

trolled using evtgen [15].87

Optimization of the event selection criteria is per-88

formed using three categories of data samples: one89

to estimate signal yields (S), and two for background90

yields (B1 and B2). For S, signal MC samples are91

used. The normalization channel is generated so that92

�(e+e� ! ��c1(3872)) ⇥ B(�c1(3872) ! ⇡+⇡�J/ ) =93

0.3 pb at each ECM [11]; the search channels are initially94

scaled assuming B(�c1(3872) ! ⇡0�cJ)/B(�c1(3872) !95

⇡+⇡�J/ ) = 1. For B1, background MC samples for96

processes including a J/ are generated using previ-97

ously measured cross sections. These include e+e� !98

⇡⇡J/ [16, 17], ⇡⇡ (3686) [18, 19], ⌘J/ [20], ⌘0J/ [21],99

!�cJ [22, 23], and �ISR (3686) [24, 25]. It also includes100

e+e� ! ��c1(3872) with �c1(3872) decays to !J/ [9],101

�J/ [8] and � (3686) [8], each of which is normalized to102

�c1(3872) ! ⇡+⇡�J/ using previous measurements [3].103

For B2, backgrounds that do not include a J/ are es-104

timated using sidebands in the reconstructed mass spec-105

trum of J/ candidates in data. Analysis of an inclusive106

MC sample shows no other backgrounds with peaks near107

the J/ , �cJ , or �c1(3872) masses.108

Common charged particle and photon selection crite-109

ria are used for the normalization and search channels.110

Charged particles are selected using their distance of111

closest approach to the interaction region (within 10 cm112

along the beam direction and 1 cm transverse to it) and113

are required to be within the region | cos(✓)| < 0.93,114

where ✓ is measured with respect to the beam axis.115

No further particle identification is used for charged pi-116

ons. Electrons and muons are distinguished using the117

energy they deposit in the EMC divided by their mo-118

mentum (E/p): electrons have E/p > 0.85 and muons119

have E/p < 0.25. Photons must have energy greater than120

25 MeV in the barrel region of the EMC (| cos(✓)| < 0.80)121

and greater than 50 MeV in the endcap region (0.86 <122

| cos(✓)| < 0.92), and must have a time within 700 ns of123

the event start time.124

Using the selected charged particles and photons, kine-125

matic fits are then performed for the normalization chan-126

nel (�⇡+⇡�l+l�) and search channel (�1�2⇡0l+l�) hy-127

potheses. A four-constraint (4C) kinematic fit is used128

for the normalization channel, where the total measured129

four-momentum is constrained to the initial center-of-130

mass system, and the resulting �2
4C/dof is required to131

be less than 10. For the search channel, an extra con-132

straint (1C) is added to constrain a �� pair to the ⇡0
133

mass and we require �2
5C/dof < 5. These criteria are op-134

timized by maximizing S/
p
S +B1 +B2, where the sizes135

of the signals (S) and backgrounds (B1 and B2) are deter-136

mined from the three data samples described previously.137

The J/ signal is selected by requiring M(l+l�) be138

within 20 MeV/c2 of the J/ mass. The J/ side-139

band regions, used for background estimations, are each140

40 MeV/c2 wide on either side of the J/ and leave a141

20 MeV/c2 gap with the signal region.142

Several additional criteria are used to select the143
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FIG. 1. The ⇡+⇡�J/ mass distribution, M(⇡+⇡�J/ ),
from the normalization process e+e� ! �⇡+⇡�J/ for
(a) 4.15 < ECM < 4.30 GeV and (b) 4.00 < ECM < 4.15
or 4.30 < ECM < 4.60 GeV. Points are data; lines are fits
(solid is the total and dotted is the polynomial background);
the darker histogram is a MC estimate of peaking J/ back-
grounds; the lighter stacked histogram is an estimate of non-
peaking backgrounds using J/ sidebands from data.

normalization channel. Radiative Bhabha background144

events (e+e� ! e+e�(n�)), where a radiated photon145

converts to e+e� within the detector material and the146

resulting e+e� are subsequently misidentified as ⇡+⇡�,147

are removed by requiring the ⇡+⇡� opening angle (✓⇡⇡)148

satisfy cos(✓⇡⇡) < 0.98. Further suppression of this149

background is obtained by requiring the opening angle150

of the photon and any charged track (✓�tk) to satisfy151

cos(✓�tk) < 0.98. Backgrounds from ⌘J/ and ⌘0J/ 152

are removed by requiring M(�⇡+⇡�) > 0.6 GeV/c2 and153

|M(�⇡+⇡�)� 0.958| > 0.02 GeV/c2, respectively.154

For the search channel, the background ⇡0⇡0J/ is155

suppressed both by requiring M(�1�2) be 20 MeV/c2156

away from the ⇡0 mass and by placing the same require-157

ment on the mass of �1 or �2 combined with the higher158

energy photon from the ⇡0 decay. Backgrounds from159

!(782) decays to �⇡0, including those from e+e� ! !�cJ160

and ��c1(3872) ! �!J/ , are removed by requiring161

M(�1,2⇡0) < 0.732 GeV/c2. Finally, backgrounds from162

(1) Use X(3872) → π+π−J/ψ for normalization

�3

BESIII P
reliminary

BESIII P
reliminary

• For normalization, first reconstruct:
      e+e− → γX(3872) with X(3872) → π+π−J/ψ
   using J/ψ → e+e−/μ+μ−.

•  Reconstruct all final-state particles and use
    a 4C kinematic fit to constrain the final and
    initial four-momentum (χ2/dof < 10).

•  Estimate backgrounds using an inclusive MC that
    includes e+e− → ππJ/ψ, ππψ(2S), η(ʹ)J/ψ, ωχcJ,
    γX(3872), γISRψ(2S), etc. (the dark shaded histogram), 
    and J/ψ sidebands (the light shaded histogram).

•  Fit M(π+π−J/ψ) using a 1st-order polynomial
    background and the signal shape from signal MC.

•  Find 84.1+10.1−9.4 X(3872) events for 
      4.15 < ECM < 4.30 GeV.

•  Find no X(3872) signal for
      4.00 < ECM < 4.15 or 4.30 < ECM < 4.60 GeV.
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FIG. 2. The ⇡0�cJ mass distribution, M(⇡0�cJ), from the
process e+e� ! �⇡0�cJ for (a) 4.15 < ECM < 4.30 GeV and
(b) 4.00 < ECM < 4.15 or 4.30 < ECM < 4.60 GeV. The
�cJ are selected using a broad region of �J/ mass. Points,
lines, and histograms follow the same convention as Fig. 1.
The dashed line is the total background contribution to the
fit, including signal events with �1 and �2 interchanged.

�ISR (3686) are reduced by requiring the mass recoiling163

against �1 or �2 both to be larger than 3.7 GeV/c2.164

The final distribution for the reconstructed ⇡+⇡�J/ 165

mass in the normalization channel is shown in166

Fig. 1. Here, in order to improve the mass resolu-167

tion, M(⇡+⇡�J/ ) is calculated using M(⇡+⇡�l+l�)�168

M(l+l�)+M0(J/ ), whereM0(J/ ) is the nominal mass169

of the J/ [3]. Fig. 1a is for 4.15 < ECM < 4.30 GeV170

and shows a clear �c1(3872) signal. The data are fitted171

by a first-order polynomial representing the background172

and a response function of the signal process that has173

been obtained from the signal MC simulation. Results174

are listed in Tab. I. Fig. 1b shows the same except for175

other ECM. No �c1(3872) signal is seen. This pattern is176

consistent with the previous measurement [11].177

The corresponding distribution of M(⇡0�cJ) for the178

search channel is shown in Fig. 2. The �cJ region is179

first chosen with a loose requirement on M(�1,2J/ ) ⌘180

M(�1,2l+l�) � M(l+l�) + M0(J/ ) between 3.35 and181

3.60 GeV/c2. A clear signal for the �c1(3872) can be182
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FIG. 3. The ⇡0�cJ mass distributions, M(⇡0�cJ), from the
process e+e� ! �⇡0�cJ for (a) J = 0, (b) J = 1, and (c) J =
2. Points, lines, and histograms follow the same convention
as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged �1
and �2 and cross-feed among the search channels.

observed for 4.15 < ECM < 4.30 GeV (Fig. 2a); no evi-183

dence for the �c1(3872) is seen at other ECM (Fig. 2b).184

The distribution is fit with a first-order polynomial back-185

ground and a signal shape derived from the signal MC186

simulation, where the relative fractions of ⇡0�cJ are fixed187

by subsequent fits. There are two entries per event corre-188

sponding to the two combinations of �1 and �2; the signal189

MC includes a broad contribution from events with in-190

terchanged �1 and �2.191

(2) Search for X(3872) → π0χcJ(1P)

�4

BESIII P
reliminary

BESIII P
reliminary

• Next search for:
      e+e− → γ1X(3872) with X(3872) → π0χcJ

   using χcJ → γ2J/ψ and J/ψ → e+e−/μ+μ−.

•  Reconstruct all final-state particles and use
    a 5C kinematic fit to constrain the final and
    initial four-momentum and π0 mass (χ2/dof < 5).

•  First select a broad χcJ mass region using
      3.35 < M(γ1,2J/ψ) < 3.60 GeV/c2.

•  Estimate backgrounds as before.

•  Fit M(π0χcJ) using a 1st-order polynomial
    background and the signal shape from signal MC
    (signal MC includes miscombined γ1 and γ2, dashed line).

•  Find a clear X(3872) signal for 
      4.15 < ECM < 4.30 GeV,
    but none for
     4.00 < ECM < 4.15 or 4.30 < ECM < 4.60 GeV
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FIG. 4. The distribution of M(�1,2J/ ) after selecting the
�c1(3872) signal region from Fig. 2a. Points and shaded his-
tograms follow the same convention as Fig. 1. The solid line is
the signal MC and is scaled using subsequent fits; the dashed
line is the component of the signal MC where �1 and �2 are
interchanged. Vertical lines show the �cJ selection regions.

We next divide the M(⇡0�cJ) distribution into three192

pieces corresponding to J = 0, 1, 2. The photons �1 and193

�2 are now separated by choosing �2 to be the photon194

that minimizes �MJ ⌘ |M(�2l+l�) � M0(�cJ)|, where195

M0(�cJ) is the nominal mass of each �cJ [3]. In addition,196

we require �M0 < 25 MeV/c2 and �M1,2 < 20 MeV/c2.197

The resulting distributions for M(⇡0�cJ) with J = 0, 1, 2198

are shown in Fig. 3 and the �cJ selection regions are199

shown in Fig. 4. Each M(⇡0�cJ) distribution is fit with a200

constant background and a signal shape derived from sig-201

nal MC simulation. The signal MC includes events with202

interchanged �1 and �2 as well as cross-feed among the203

⇡0�cJ channels. These e↵ects result in an additional peak204

below the �c1(3872) signal region in the M(⇡0�c0) dis-205

tribution, but are negligible elsewhere. In the M(⇡0�c1)206

distribution, we find a �c1(3872) signal with a 5.2� sig-207

nificance. No significant �c1(3872) signal is found in the208

M(⇡0�c0,2) distributions. Numbers for yields, e�cien-209

cies, and significances are listed in Tab. I.210

Also shown in Tab. I are the final ratios B(�c1(3872) !211

⇡0�cJ)/B(�c1(3872) ! ⇡+⇡�J/ ). These are calculated212

from the ratios of yields of signal events, the ratios of213

e�ciencies (including minor e↵ects due to ISR), and the214

nominal �cJ and ⇡0 branching fractions [3]. Upper lim-215

its (at 90% C.L.) are calculated from the likelihood curve216

of the fits as a function of signal yields after being con-217

volved with a Gaussian distribution with a width the218

size of the systematic uncertainty. The J/ branching219

fractions, integrated luminosities at each ECM, ISR cor-220

rection factors, as well as a number of systematic uncer-221

tainties cancel in the ratios.222

The remaining systematic uncertainties are listed in223

Tab. II. (1,2) For uncertainties in the photon and charged224

track e�ciencies, we use 1% per photon and track that225

do not cancel between the search and normalization226

channels. (3) For input branching fractions, uncer-227

tainties from the PDG are used [3]. (4) A system-228

atic uncertainty due to the kinematic fitting is deter-229

mined using clean control samples with matching final230

states: e+e� ! ⇡0⇡0J/ for the search channel and231

e+e� ! �ISR (2S) ! �ISR⇡+⇡�J/ for the normal-232

ization channel. (5) The selection criteria that distin-233

guishes between �1 and �2 in the search channel intro-234

duces some ECM-dependence in the e�ciency ratio. To235

probe this uncertainty, we generate di↵erent shapes for236

the cross section as a function of ECM: the nominal is237

constant, one is based on the e+e� ! ⇡+⇡�J/ line-238

shape seen by BESIII [16], and one based on the  (4160)239

lineshape with parameters from the PDG [3]. We take240

the largest di↵erence as a systematic uncertainty. (6) Sig-241

nal MC samples are generated according to realistic spin-242

dependent amplitudes using EvtGen. In channels where243

there is ambiguity (e.g. the presence of both S and D-244

waves in �c1(3872) ! ⇢J/ or both P and F -waves in245

�c1(3872) ! ⇡0�c2), we replace our nominal models by246

phase space and take the di↵erence as a systematic uncer-247

tainty. (7) Fitting uncertainties are evaluated using two248

fit variations: zeroth and first-order background polyno-249

mials, and a signal shape smeared by a 20% resolution250

to account for possible di↵erences in mass resolution be-251

tween data and MC simulation. The significance of the252

signal for �c1(3872) ! ⇡0�c1 remains above 5� for all253

variations. (8) We also treat the statistical error on the254

normalization channel as a systematic uncertainty. The255

total systematic uncertainty is obtained by adding the256

individual uncertainties in quadrature.257

In summary, we use 9.0 fb�1 of e+e� collision data258

with ECM between 4.15 and 4.30 GeV to search for the259

processes e+e� ! ��c1(3872) with �c1(3872) ! ⇡0�cJ .260

We find 5.2� evidence for the process �c1(3872) !261

⇡0�c1. All systematic variations have statistical signif-262

icances above 5�. Normalizing to e+e� ! ��c1(3872)263

with �c1(3872) ! ⇡+⇡�J/ , we determine the ratio264

B(�c1(3872) ! ⇡0�c1)/B(�c1(3872) ! ⇡+⇡�J/ ) =265

0.88+0.31
�0.26 ± 0.14. Upper limits (at 90% C.L.) for the266

corresponding ratios for the ⇡0�c0 and ⇡0�c2 decays are267

19 and 1.0, respectively. This new decay mode of the268

�c1(3872) is isospin-violating and is the first observa-269

tion of a �c1(3872) decay to a P -wave charmonium state.270

This observation of a decay to a di↵erent cc̄ configuration271

helps constrain models of the cc̄ configuration within the272

�c1(3872) and supports a tetraquark interpretation [10].273
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FIG. 2. The ⇡0�cJ mass distribution, M(⇡0�cJ), from the
process e+e� ! �⇡0�cJ for (a) 4.15 < ECM < 4.30 GeV and
(b) 4.00 < ECM < 4.15 or 4.30 < ECM < 4.60 GeV. The
�cJ are selected using a broad region of �J/ mass. Points,
lines, and histograms follow the same convention as Fig. 1.
The dashed line is the total background contribution to the
fit, including signal events with �1 and �2 interchanged.

�ISR (3686) are reduced by requiring the mass recoiling163

against �1 or �2 both to be larger than 3.7 GeV/c2.164

The final distribution for the reconstructed ⇡+⇡�J/ 165

mass in the normalization channel is shown in166

Fig. 1. Here, in order to improve the mass resolu-167

tion, M(⇡+⇡�J/ ) is calculated using M(⇡+⇡�l+l�)�168

M(l+l�)+M0(J/ ), whereM0(J/ ) is the nominal mass169

of the J/ [3]. Fig. 1a is for 4.15 < ECM < 4.30 GeV170

and shows a clear �c1(3872) signal. The data are fitted171

by a first-order polynomial representing the background172

and a response function of the signal process that has173

been obtained from the signal MC simulation. Results174

are listed in Tab. I. Fig. 1b shows the same except for175

other ECM. No �c1(3872) signal is seen. This pattern is176

consistent with the previous measurement [11].177

The corresponding distribution of M(⇡0�cJ) for the178

search channel is shown in Fig. 2. The �cJ region is179

first chosen with a loose requirement on M(�1,2J/ ) ⌘180

M(�1,2l+l�) � M(l+l�) + M0(J/ ) between 3.35 and181

3.60 GeV/c2. A clear signal for the �c1(3872) can be182
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FIG. 3. The ⇡0�cJ mass distributions, M(⇡0�cJ), from the
process e+e� ! �⇡0�cJ for (a) J = 0, (b) J = 1, and (c) J =
2. Points, lines, and histograms follow the same convention
as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged �1
and �2 and cross-feed among the search channels.

observed for 4.15 < ECM < 4.30 GeV (Fig. 2a); no evi-183

dence for the �c1(3872) is seen at other ECM (Fig. 2b).184

The distribution is fit with a first-order polynomial back-185

ground and a signal shape derived from the signal MC186

simulation, where the relative fractions of ⇡0�cJ are fixed187

by subsequent fits. There are two entries per event corre-188

sponding to the two combinations of �1 and �2; the signal189

MC includes a broad contribution from events with in-190

terchanged �1 and �2.191
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• Finally, take the distribution for 4.15 < ECM < 4.30 GeV
  and separate the χcJ for J = 0, 1, and 2 by choosing
  the γ2 that minimizes ∆MJ ≡ | M(γ2J/ψ) − MPDG(χcJ) |.
  Also require ∆M0 < 25 MeV/c2 and ∆M1,2 < 20 MeV/c2.

•  Fit each M(π0χcJ) (for J = 0, 1, 2) using a constant
    background and the signal shape from signal MC
    (signal MC includes miscombined γ1 and γ2 and cross-feed from  
      different J, dashed line).

•  Find a clear X(3872) signal (5.2σ) for π0χc1, 
   and no signal for J = 0 or 2.
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• Finally, take the distribution for 4.15 < ECM < 4.30 GeV
  and separate the χcJ for J = 0, 1, and 2 by choosing
  the γ2 that minimizes ∆MJ ≡ | M(γ2J/ψ) − MPDG(χcJ) |.
  Also require ∆M0 < 25 MeV/c2 and ∆M1,2 < 20 MeV/c2.

•  Fit each M(π0χcJ) (for J = 0, 1, 2) using a constant
    background and the signal shape from signal MC
    (signal MC includes miscombined γ1 and γ2 and cross-feed from  
      different J, dashed line).

•  Find a clear X(3872) signal (5.2σ) for π0χc1, 
   and no signal for J = 0 or 2.
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TABLE I. Final results for the normalization and search channels and their ratios. Individual e�ciencies are reported without
considering ISR in the MC (no ISR); e�ciency ratios are for the search channels divided by the normalization channel and
include minor e↵ects due to ISR (with ISR). Numbers in parentheses are 90% C.L. upper limits. The first errors are statistical
and the second are systematic.

⇡+⇡�J/ ⇡0�c0 ⇡0�c1 ⇡0�c2

Event yield 84.1+10.1
�9.4 2.1+2.1

�1.4 (5.9) 11.0+3.9
�3.2 2.5+2.3

�1.7 (6.6)
Signal significance (�) 16.1 1.6 5.2 1.6
E�ciency (no ISR) (%) 32.3 9.8 14.5 12.9
E�ciency ratio (with ISR) - 0.303 0.446 0.394
B(�cJ ! �J/ )⇥ B(⇡0 ! ��) (%) - 1.3 33.5 19.0
Total systematic error (%) - 21.4 16.4 14.9
B(X ! ⇡0�cJ)/B(X ! ⇡+⇡�J/ ) - 6.6+6.5

�4.5 ± 1.4 (19) 0.88+0.31
�0.26 ± 0.14 0.40+0.37

�0.27 ± 0.06 (1.0)

TABLE II. Systematic uncertainties on the ratio
B(�c1(3872) ! ⇡0�cJ)/B(�c1(3872) ! ⇡+⇡�J/ ) for J =
0, 1, 2. All entries are in percent.

⇡0�c0 ⇡0�c1 ⇡0�c2

(1) Photon e�ciencies 3.0 3.0 3.0
(2) Track e�ciencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fitting 4.6 4.6 4.6
(5) ECM-dependence of e�ciency ratio 7.0 3.9 5.2
(6) MC decay models 8.0 8.3 2.2
(7) Fitting 12.4 1.6 3.0
(8) Stat. error on normalization 11.6 11.6 11.6
Total 21.4 16.4 14.9

ter for Particles and Interactions (CICPI); Joint Large-284

Scale Scientific Facility Funds of the NSFC and CAS285

under Contracts Nos. U1232201, U1332201, U1532257,286

U1532258; CAS under Contracts Nos. KJCX2-YW-287

N29, KJCX2-YW-N45; CAS Key Research Program of288

Frontier Sciences under Contract No. QYZDJ-SSW-289

SLH003; 100 Talents Program of CAS; National 1000290

Talents Program of China; INPAC and Shanghai Key291

Laboratory for Particle Physics and Cosmology; Ger-292

man Research Foundation DFG under Contracts Nos.293

Collaborative Research Center CRC 1044, FOR 2359;294

Istituto Nazionale di Fisica Nucleare, Italy; Koninkli-295

jke Nederlandse Akademie van Wetenschappen (KNAW)296

under Contract No. 530-4CDP03; Ministry of Develop-297

ment of Turkey under Contract No. DPT2006K-120470;298

National Science and Technology fund; The Swedish299

Research Council; U. S. Department of Energy under300

Contracts Nos. DE-FG02-05ER41374, DE-SC-0010118,301

DE-SC-0010504, DE-SC-0012069; University of Gronin-302

gen (RuG) and the Helmholtzzentrum fuer Schwerionen-303

forschung GmbH (GSI), Darmstadt; WCU Program of304

National Research Foundation of Korea under Contract305

No. R32-2008-000-10155-0.306

[1] R. F. Lebed, R. E. Mitchell and E. S. Swanson, Prog.307

Part. Nucl. Phys. 93, 143 (2017); H. X. Chen, W. Chen,308

X. Liu and S. L. Zhu, Phys. Rept. 639, 1 (2016); A. Es-309

posito, A. Pilloni and A. D. Polosa, Phys. Rept. 668, 1310

(2016); F. K. Guo, C. Hanhart, U. G. Meiner, Q. Wang,311

Q. Zhao and B. S. Zou, Rev. Mod. Phys. 90, no. 1, 015004312

(2018); A. Ali, J. S. Lange and S. Stone, Prog. Part.313

Nucl. Phys. 97, 123 (2017); S. L. Olsen, T. Skwarnicki314

and D. Zieminska, Rev. Mod. Phys. 90, no. 1, 015003315

(2018).316

[2] S. K. Choi et al. [Belle Collaboration], “Observation of317

a narrow charmonium - like state in exclusive B± !318

K±⇡+⇡�J/ decays,” Phys. Rev. Lett. 91, 262001319

(2003) [hep-ex/0309032].320

[3] C. Patrignani et al. [Particle Data Group], “Review of321

Particle Physics,” Chin. Phys. C 40, no. 10, 100001322

(2016).323

[4] S.-K. Choi et al., Phys. Rev. D 84, 052004 (2011).324

[5] R. Aaij et al. [LHCb Collaboration], Phys. Rev. D 92,325

no. 1, 011102 (2015).326

[6] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 71,327

031501 (2005).328

[7] G. Gokhroo et al. [Belle Collaboration], Phys. Rev. Lett.329

97, 162002 (2006).330

[8] R. Aaij et al. [LHCb Collaboration], Nucl. Phys. B 886,331

665 (2014).332

[9] P. del Amo Sanchez et al. [BaBar Collaboration], Phys.333

Rev. D 82, 011101 (2010).334

[10] S. Dubynskiy and M. B. Voloshin, Phys. Rev. D 77,335

014013 (2008).336

[11] M. Ablikim et al. [BESIII Collaboration], “Observation337

of e+e ! �X(3872) at BESIII,” Phys. Rev. Lett. 112,338

no. 9, 092001 (2014) [arXiv:1310.4101 [hep-ex]].339

[12] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum.340

Meth. A 614, 345 (2010).341

[13] S. Agostinelli et al. (GEANT4 Collaboration), Nucl. In-342

strum. Meth. A 506, 250 (2003).343

[14] S. Jadach, B. F. L. Ward and Z. Was, Phys. Rev. D 63,344

113009 (2001).345

[15] D. J. Lange, Nucl. Instrum. Meth. A 462, 152 (2001).346

[16] M. Ablikim et al. [BESIII Collaboration], Phys. Rev.347

Lett. 118, no. 9, 092001 (2017).348

5

TABLE I. Final results for the normalization and search channels and their ratios. Individual e�ciencies are reported without
considering ISR in the MC (no ISR); e�ciency ratios are for the search channels divided by the normalization channel and
include minor e↵ects due to ISR (with ISR). Numbers in parentheses are 90% C.L. upper limits. The first errors are statistical
and the second are systematic.

⇡+⇡�J/ ⇡0�c0 ⇡0�c1 ⇡0�c2

Event yield 84.1+10.1
�9.4 2.1+2.1

�1.4 (5.9) 11.0+3.9
�3.2 2.5+2.3

�1.7 (6.6)
Signal significance (�) 16.1 1.6 5.2 1.6
E�ciency (no ISR) (%) 32.3 9.8 14.5 12.9
E�ciency ratio (with ISR) - 0.303 0.446 0.394
B(�cJ ! �J/ )⇥ B(⇡0 ! ��) (%) - 1.3 33.5 19.0
Total systematic error (%) - 21.4 16.4 14.9
B(X ! ⇡0�cJ)/B(X ! ⇡+⇡�J/ ) - 6.6+6.5

�4.5 ± 1.4 (19) 0.88+0.31
�0.26 ± 0.14 0.40+0.37

�0.27 ± 0.06 (1.0)

TABLE II. Systematic uncertainties on the ratio
B(�c1(3872) ! ⇡0�cJ)/B(�c1(3872) ! ⇡+⇡�J/ ) for J =
0, 1, 2. All entries are in percent.

⇡0�c0 ⇡0�c1 ⇡0�c2

(1) Photon e�ciencies 3.0 3.0 3.0
(2) Track e�ciencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fitting 4.6 4.6 4.6
(5) ECM-dependence of e�ciency ratio 7.0 3.9 5.2
(6) MC decay models 8.0 8.3 2.2
(7) Fitting 12.4 1.6 3.0
(8) Stat. error on normalization 11.6 11.6 11.6
Total 21.4 16.4 14.9

ter for Particles and Interactions (CICPI); Joint Large-284

Scale Scientific Facility Funds of the NSFC and CAS285

under Contracts Nos. U1232201, U1332201, U1532257,286

U1532258; CAS under Contracts Nos. KJCX2-YW-287

N29, KJCX2-YW-N45; CAS Key Research Program of288

Frontier Sciences under Contract No. QYZDJ-SSW-289

SLH003; 100 Talents Program of CAS; National 1000290

Talents Program of China; INPAC and Shanghai Key291

Laboratory for Particle Physics and Cosmology; Ger-292

man Research Foundation DFG under Contracts Nos.293

Collaborative Research Center CRC 1044, FOR 2359;294

Istituto Nazionale di Fisica Nucleare, Italy; Koninkli-295

jke Nederlandse Akademie van Wetenschappen (KNAW)296

under Contract No. 530-4CDP03; Ministry of Develop-297

ment of Turkey under Contract No. DPT2006K-120470;298

National Science and Technology fund; The Swedish299

Research Council; U. S. Department of Energy under300

Contracts Nos. DE-FG02-05ER41374, DE-SC-0010118,301

DE-SC-0010504, DE-SC-0012069; University of Gronin-302

gen (RuG) and the Helmholtzzentrum fuer Schwerionen-303

forschung GmbH (GSI), Darmstadt; WCU Program of304

National Research Foundation of Korea under Contract305

No. R32-2008-000-10155-0.306

[1] R. F. Lebed, R. E. Mitchell and E. S. Swanson, Prog.307

Part. Nucl. Phys. 93, 143 (2017); H. X. Chen, W. Chen,308

X. Liu and S. L. Zhu, Phys. Rept. 639, 1 (2016); A. Es-309

posito, A. Pilloni and A. D. Polosa, Phys. Rept. 668, 1310

(2016); F. K. Guo, C. Hanhart, U. G. Meiner, Q. Wang,311

Q. Zhao and B. S. Zou, Rev. Mod. Phys. 90, no. 1, 015004312

(2018); A. Ali, J. S. Lange and S. Stone, Prog. Part.313

Nucl. Phys. 97, 123 (2017); S. L. Olsen, T. Skwarnicki314

and D. Zieminska, Rev. Mod. Phys. 90, no. 1, 015003315

(2018).316

[2] S. K. Choi et al. [Belle Collaboration], “Observation of317

a narrow charmonium - like state in exclusive B± !318

K±⇡+⇡�J/ decays,” Phys. Rev. Lett. 91, 262001319

(2003) [hep-ex/0309032].320

[3] C. Patrignani et al. [Particle Data Group], “Review of321

Particle Physics,” Chin. Phys. C 40, no. 10, 100001322

(2016).323

[4] S.-K. Choi et al., Phys. Rev. D 84, 052004 (2011).324

[5] R. Aaij et al. [LHCb Collaboration], Phys. Rev. D 92,325

no. 1, 011102 (2015).326

[6] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 71,327

031501 (2005).328

[7] G. Gokhroo et al. [Belle Collaboration], Phys. Rev. Lett.329

97, 162002 (2006).330

[8] R. Aaij et al. [LHCb Collaboration], Nucl. Phys. B 886,331

665 (2014).332

[9] P. del Amo Sanchez et al. [BaBar Collaboration], Phys.333

Rev. D 82, 011101 (2010).334

[10] S. Dubynskiy and M. B. Voloshin, Phys. Rev. D 77,335

014013 (2008).336

[11] M. Ablikim et al. [BESIII Collaboration], “Observation337

of e+e ! �X(3872) at BESIII,” Phys. Rev. Lett. 112,338

no. 9, 092001 (2014) [arXiv:1310.4101 [hep-ex]].339

[12] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum.340

Meth. A 614, 345 (2010).341

[13] S. Agostinelli et al. (GEANT4 Collaboration), Nucl. In-342

strum. Meth. A 506, 250 (2003).343

[14] S. Jadach, B. F. L. Ward and Z. Was, Phys. Rev. D 63,344

113009 (2001).345

[15] D. J. Lange, Nucl. Instrum. Meth. A 462, 152 (2001).346

[16] M. Ablikim et al. [BESIII Collaboration], Phys. Rev.347

Lett. 118, no. 9, 092001 (2017).348

Table of results (numbers in parentheses are 90% U.L.):

Table of systematic uncertainties (%) on
B(X → π0χcJ) / B(X → π+π−J/ψ):

Conclusions:  

•  We find 5.2σ evidence for X(3872) → π0χc1.

•  We measure branching ratios
       RJ = B(X → π0χcJ) / B(X → π+π−J/ψ):
             R0 < 19 (90% U.L.)
             R1 = 0.88+0.31−0.26 ± 0.14
             R2 < 1.0 (90% U.L.)

•  The large value for R1 disfavors the 
    χc1(2P) interpretation of the X(3872).
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