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Ordinary versus “exotic” matter

!3



Ordinary versus “exotic” matter

proton, neutron, …

pion, kaon, …

Baryon

Meson

!3



Ordinary versus “exotic” matter
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Ordinary versus “exotic” matter
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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 '

ψ ''0

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
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Example from Barnes, Godfrey, Swanson:

(Coulomb  +  Confinement   +   Contact)

(Spin-Orbit       +      Tensor)

PRD72,054026 (2005)

PRD72, 054026 (2005)

I.  An Introduction to Charmonium

c c
CHARMONIUM

c c
HYBRID CHARMONIUM
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•Data taking started in 2009

New XYZ results from BESIII

Myroslav Kavatsyuk
 

KVI – Center for Advanced Radiation Technology,
University of Groningen
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Charmonium-like particles - terra incognita

Open charm threshold
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X(3872) - “Poster Boy” of a new era!
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� < 1.2MeV

Surprisingly narrow JPC=1++ state: 

(�( 00) = 27MeV)

Particle seen by *many* experiments, 
including BESIII!

Suspiciously close to DD* threshold:

No isospin partners found (yet)

B(X ! ⇢J/ ) ⇡ B(X ! !J/ )

… but hints towards isospin breaking:

NEW!B(X ! ⇡0�c1) ⇡ B(X ! ⇡⇡J/ )
<latexit sha1_base64="5x36Uwv0LJctHcO6LvWFRJqlNZM="></latexit><latexit sha1_base64="5x36Uwv0LJctHcO6LvWFRJqlNZM="></latexit><latexit sha1_base64="5x36Uwv0LJctHcO6LvWFRJqlNZM="></latexit><latexit sha1_base64="5x36Uwv0LJctHcO6LvWFRJqlNZM="></latexit>

!8

BESIII: arXiv:1901.03992

�E = 0.01± 0.18 MeV
<latexit sha1_base64="dBg7qePTeeC1zdalxbxt5GYZSmY=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9AiuCozKtiNULyAG6GCvUBnKJn0tA1NZoYkI5Shrt34Km5cKOLWF3Dn25heEG09EPj4/3M4OX8Qc6a043xZmYXFpeWV7GpubX1jc8ve3qmpKJEUqjTikWwERAFnIVQ10xwasQQiAg71oH8+8ut3IBWLwls9iMEXpBuyDqNEG6ll570L4JrgS3yKnaLjYi8WBtzSfepJga+hNmzZBeOMC/+AOwsFNK1Ky/702hFNBISacqJU03Vi7adEakY5DHNeoiAmtE+60DQYEgHKT8e3DPG+Udq4E0nzQo3H6u+JlAilBiIwnYLonpr1RuJ/XjPRnZKfsjBONIR0sqiTcKwjPAoGt5kEqvnAAKGSmb9i2iOSUG3iy5kQ5k6eh9ph0T0qOjfHhfLZNI4s2kN5dIBcdILK6ApVUBVR9ICe0At6tR6tZ+vNep+0ZqzpzC76U9bHNzgUmAI=</latexit>



The mysterious “Y” states: Y(4260, 4360, 4660) 

New XYZ results from BESIII

Myroslav Kavatsyuk
 

KVI – Center for Advanced Radiation Technology,
University of Groningen

 

For the BESIII collaboration
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Scan measurements at e+e- colliders

e+

J/ψ

π

π

e-

γ∗
Y

Formation reaction with and without ISR photon

e+

J/ψ

π

π

e-
γISR

γ∗
Y

Energy scanISR method

 (1S, 2S)
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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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e+e−(γISR) → π+π−J/ψ at BaBar

Y(4260)
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detected in the EMC since it is produced preferentially
along the beam direction.

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

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

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

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

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

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

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

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in Fig. 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

multi-meson states [24, 37].

7.2 Exotic mesons and hybrid phenomenology

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

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

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

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

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

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

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

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

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

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

until above 5 GeV.

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

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

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

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

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

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

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

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

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

tor [11, 31]. They appear at a mass scale of 1.2� 1.3 GeV above the lightest conventional
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in figure 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

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

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

predicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the

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

in S-wave is coupled to a 1+� chromomagnetic gluonic excitation as shown table 5. This

is not the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In

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

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

in mass. The pattern of JPC of the lightest hybrids is the same as that observed in light

meson sector [11, 31]. They appear at a mass scale of 1.2 � 1.3 GeV above the lightest

conventional charmonia. This suggests that the energy di�erence between the first gluonic

excitation and the ground state in charmonium is comparable to that in the light meson [31]

and baryon [15] sectors.

To explore this hypothesis of a lightest hybrid multiplet further, we follow ref. [31] and

consider in more detail operator-state overlaps. The operators (⇥NR ⇥ D[2]
J=1)

J=0,1,2 with

JPC = (0, 1, 2)�+ and (�NR ⇥D[2]
J=1)

J=1 with JPC = 1�� are discussed in that reference.

These operators have the structure of colour-octet quark-antiquark pair in S-wave with

S = 1 (⇥NR) or S = 0 (�NR), coupled to a non-trivial chromomagnetic gluonic field with

J
PgCg
g = 1+� where Jg, Pg and Cg refer to the quantum numbers of gluonic excitation.

Figure 17 shows that the four states suggested to form the lightest hybrid supermultiplet

have considerable overlap onto operators with this structure.

For states within a given supermultiplet, it is expected that the Z-values for each of

these operators, projected into the relevant lattice irreps, will be similar as discussed above.

The relevant overlaps presented in figure 17 suggest that the four hybrid candidates have
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in figure 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.
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in S-wave is coupled to a 1+� chromomagnetic gluonic excitation as shown table 5. This

is not the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In

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

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

in mass. The pattern of JPC of the lightest hybrids is the same as that observed in light

meson sector [11, 31]. They appear at a mass scale of 1.2 � 1.3 GeV above the lightest

conventional charmonia. This suggests that the energy di�erence between the first gluonic

excitation and the ground state in charmonium is comparable to that in the light meson [31]

and baryon [15] sectors.

To explore this hypothesis of a lightest hybrid multiplet further, we follow ref. [31] and

consider in more detail operator-state overlaps. The operators (⇥NR ⇥ D[2]
J=1)

J=0,1,2 with
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J=1 with JPC = 1�� are discussed in that reference.

These operators have the structure of colour-octet quark-antiquark pair in S-wave with

S = 1 (⇥NR) or S = 0 (�NR), coupled to a non-trivial chromomagnetic gluonic field with

J
PgCg
g = 1+� where Jg, Pg and Cg refer to the quantum numbers of gluonic excitation.

Figure 17 shows that the four states suggested to form the lightest hybrid supermultiplet

have considerable overlap onto operators with this structure.

For states within a given supermultiplet, it is expected that the Z-values for each of

these operators, projected into the relevant lattice irreps, will be similar as discussed above.
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has been applied in the fit, and interference effect has not been considered currently.
Figure 2 shows the fit results, with M [Zc(3900)] = (3899.0± 3.6± 4.9) MeV/c2, and
Γ[Zc(3900)] = (46± 10± 20) MeV. Here the first errors are statistical and the second
systematic. The significance of Zc(3900) signal is estimated to be > 8σ in all kinds
of systematic checks. The goodness of the fit is also found to be χ2/ndf = 32.6/37.
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Figure 2: Fit to the Mmax(π±J/ψ) invariant mass distribution as described in the
text. Dots with error bars are data, the red solid curve shows the total fit, dashed blue
histogram is background contribution, and the red dotted-dashed histogram shows
the distribution from pure phase space MC events. The green shaded histogram shows
the non-π+π−J/ψ background estimated from J/ψ sideband.

3 Observation of Z(3900)± at Belle [13]

Using ISR method, the e+e− → π+π−J/ψ cross section between 3.8 GeV and 5.5 GeV
are measured, with 967 fb−1 data collected by the Belle detector on or near Υ(nS),
n=1,2,· · ·,5 resonances. The Y (4260) resonant structure is observed with improved
statistics, which agrees well with the previous Belle results [3] and BABAR results [1,
11]. We also use the ISR ψ(2S) events to calibrate our analysis. Table 1 shows the
measured ISR ψ(2S) cross section in J/ψ → e+e− and µ+µ− mode at different energy
point, respectively. Good agreement is observed between our measurement and QED
prediction [12], which also confirms our analysis is valid and unbiased.

By requiring 4.15 < M(π+π−J/ψ) < 4.45 GeV/c2, we can select 689 Y (4260) →
π+π−J/ψ events, with 139 background events which are estimated from J/ψ mass

3

parametrized as S-wave Breit-Wigner function, convolving with a smearing Gaussian
with parameters fixed according to MC simulation. The background is described by a
cubic polynomial. The phase space factor has been included. The energy dependent
detection efficiency also has been corrected. Figure 4 shows the fit results, which gives
M [Z(3900)±] = 3894.5±6.6±4.5 MeV/c2 and Γ[Z(3900)±] = 63±24±26 MeV, where
the first errors are statistical and second systematic. The significance of Z(3900)±

signal is found to be larger than 5.2σ in all kinds of systematic checks.
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Figure 4: Fit the Mmax(π±J/ψ) invariant mass distribution with an S-wave Breit-
Wigner function and cubic background term. Dots with error bars are data, green
shaded histogram is non-π+π−J/ψ background events estimated from J/ψ mass side-
band. The solid curves shows the fit results, and the dashed histogram shows the
distribution from pure phase space π+π−J/ψ events.

4 Summary and Discussion

The Zc(3900)/Z(3900)± charged charmoniumlike state has been observed by the BE-
SIII experiment at e+e− CM energy 4.26 GeV and the Belle experiment using ISR
Y (4260) → π+π−J/ψ events independently. The measured mass and width by BE-
SIII and Belle agree well with each other within errors, which indicates Zc(3900) and
Z(3900)± are the same state. It has been further confirmed by CLEO-c’s data at
e+e− CM energy 4.17 GeV [14]. Table 2 summarizes all the experimental results.

Zc(3900) carries electric charged and couple to charmonium state. So it can not
be a conventional charmonium state. The minimum quark content of Zc(3900) is a

5
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has been applied in the fit, and interference effect has not been considered currently.
Figure 2 shows the fit results, with M [Zc(3900)] = (3899.0± 3.6± 4.9) MeV/c2, and
Γ[Zc(3900)] = (46± 10± 20) MeV. Here the first errors are statistical and the second
systematic. The significance of Zc(3900) signal is estimated to be > 8σ in all kinds
of systematic checks. The goodness of the fit is also found to be χ2/ndf = 32.6/37.
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Figure 2: Fit to the Mmax(π±J/ψ) invariant mass distribution as described in the
text. Dots with error bars are data, the red solid curve shows the total fit, dashed blue
histogram is background contribution, and the red dotted-dashed histogram shows
the distribution from pure phase space MC events. The green shaded histogram shows
the non-π+π−J/ψ background estimated from J/ψ sideband.

3 Observation of Z(3900)± at Belle [13]

Using ISR method, the e+e− → π+π−J/ψ cross section between 3.8 GeV and 5.5 GeV
are measured, with 967 fb−1 data collected by the Belle detector on or near Υ(nS),
n=1,2,· · ·,5 resonances. The Y (4260) resonant structure is observed with improved
statistics, which agrees well with the previous Belle results [3] and BABAR results [1,
11]. We also use the ISR ψ(2S) events to calibrate our analysis. Table 1 shows the
measured ISR ψ(2S) cross section in J/ψ → e+e− and µ+µ− mode at different energy
point, respectively. Good agreement is observed between our measurement and QED
prediction [12], which also confirms our analysis is valid and unbiased.

By requiring 4.15 < M(π+π−J/ψ) < 4.45 GeV/c2, we can select 689 Y (4260) →
π+π−J/ψ events, with 139 background events which are estimated from J/ψ mass

3

parametrized as S-wave Breit-Wigner function, convolving with a smearing Gaussian
with parameters fixed according to MC simulation. The background is described by a
cubic polynomial. The phase space factor has been included. The energy dependent
detection efficiency also has been corrected. Figure 4 shows the fit results, which gives
M [Z(3900)±] = 3894.5±6.6±4.5 MeV/c2 and Γ[Z(3900)±] = 63±24±26 MeV, where
the first errors are statistical and second systematic. The significance of Z(3900)±

signal is found to be larger than 5.2σ in all kinds of systematic checks.
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Figure 4: Fit the Mmax(π±J/ψ) invariant mass distribution with an S-wave Breit-
Wigner function and cubic background term. Dots with error bars are data, green
shaded histogram is non-π+π−J/ψ background events estimated from J/ψ mass side-
band. The solid curves shows the fit results, and the dashed histogram shows the
distribution from pure phase space π+π−J/ψ events.

4 Summary and Discussion

The Zc(3900)/Z(3900)± charged charmoniumlike state has been observed by the BE-
SIII experiment at e+e− CM energy 4.26 GeV and the Belle experiment using ISR
Y (4260) → π+π−J/ψ events independently. The measured mass and width by BE-
SIII and Belle agree well with each other within errors, which indicates Zc(3900) and
Z(3900)± are the same state. It has been further confirmed by CLEO-c’s data at
e+e− CM energy 4.17 GeV [14]. Table 2 summarizes all the experimental results.

Zc(3900) carries electric charged and couple to charmonium state. So it can not
be a conventional charmonium state. The minimum quark content of Zc(3900) is a
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Break-through! It is just the beginning…

Internal structure?

Level scheme?

Spin-parity JPC?

Production and decay?

XYZ particles: tip of the iceberg?

04 June 2013 KVI 30

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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 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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From discovery towards precision
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Unique BESIII data set  
(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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• 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  
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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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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
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bars are statistical uncertainty only.
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The next generation…

BESIII: 2008-??

BESIII at IHEP, China 

  > electron+positron, upgrade foreseen 

  > couples to JPC=1-- states 

  > clean environment

PANDA at FAIR, Germany 

  > anti-proton+proton or light nuclei 

  > couples to all conventional JPC states 

  > hadronic environment, background

The next generation charmonium spectroscopy

BESIII: 2009-?? PANDA: 2018-??
PANDA: 2025-??
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THE HIGH-ENERGY STORAGE RING (HESR) 
R. Maier# for the HESR Consortium, Forschungszentrum Jülich, Germany

Abstract 
The High-Energy Storage Ring (HESR) is part of the 

upcoming International Facility for Antiproton and Ion 
Research (FAIR) at GSI in Darmstadt. An important 
feature of this new facility is the combination of powerful 
phase-space cooled beams and thick internal targets (e.g., 
pellet targets) to reach the demanding requirements of the 
internal target experiment PANDA in terms of beam 
quality and luminosity. In this paper the status of the 
preparatory work for the HESR at the FZ Jülich is 
summarized. The main activities are beam dynamics 
simulations and hardware developments for HESR in 
combination with accelerator component tests and beam 
dynamics experiments at the Cooler Synchrotron COSY. 

INTRODUCTION 
The HESR is an essential part of the physics program at 

FAIR [1]. It is dedicated to the field of high-energy 
antiproton physics to explore the research areas of 
charmonium spectroscopy, hadronic structure, and quark-
gluon dynamics with high-quality beams over a broad 
momentum range from 1.5 to 15 GeV/c. A consortium 
consisting of FZ Jülich (as leading institution), GSI 
Darmstadt, Helmholtz-Institute Mainz, University of 
Bonn and ICPE-CA Bucharest is in charge of HESR 

design and construction. In storage rings the complex 
interplay of different processes like beam cooling, beam-
target interaction and intra-beam scattering determines the 
final equilibrium distribution of the beam particles. 
Electron and stochastic cooling systems are required to 
ensure the specified beam quality and luminosity for 
experiments at HESR, which initially will be performed 
with the PANDA detector [2]. 

The modularized start version is a stepwise approach to 
the realization of FAIR [3]. The accumulator ring RESR 
is part of an upgrade program and only the collector ring 
CR is going to be available for antiproton collection and 
beam cooling from the beginning. Therefore, a 
modification of the HESR injection and accumulation 
scheme is required. The most cost-efficient accumulation 
method is to use the already designed stochastic cooling 
system together with the barrier bucket cavities [4]. Also 
the planned 4.5 MV electron cooling system is postponed 
to a later stage. To enhance the performance of the 
stochastic cooling system the coupling structures of the  
2-4 GHz system have been optimized and successfully 
tested at COSY [5]. First prototype structures operating in 
the 4-6 GHz range have been built to improve the 
performance of stochastic cooling. 

Figure 1: Schematic view of the HESR. Positions for injection, cooling devices and experimental installations are 
indicated. The upper straight is housing electron cooler, stochastic kickers, and space for a future upgrade. The lower 
straight contains injection, RF cavities, PANDA with target, and stochastic pickups.  

THOCN2 Proceedings of 2011 Particle Accelerator Conference, New York, NY, USA
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Accel/Storage Rings 04: Circular Accelerators

High Energy Storage Ring - precision antiprotons
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Phase 1+2: max. 1010 antiprotons stored

High resolution mode: 
• e- cooling : p<8.9 GeV/c 
• 1010 antiprotons stored 
• Luminosity up to 2x1031 cm-2s-1 
• dp/p = 4x10-5

High intensity mode: 
• Stochastic cooling 
• 1011 antiprotons stored 
• Luminosity up to 2x1032 cm-2s-1 
• dp/p = 2x10-4
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Access to large spectrum of JPC states 
  - direct formation of all conventional JPC states  
  - large sensitivity to high spin states

Systematic and precise tool to rigorously study the dynamics of QCD

Associated hadron-pair production 
  - access to hidden-strange/charm hadrons 
  - tagging possibilities 
  - near thresh.: good resolution and low background

!20



PANDA physics: interdisciplinaryPANDA	Physics	Program

Strangeness Nuclear	Physics

Nucleon	StructureSpectroscopy

New	narrow	XYZ:
Search	for	partner	
states

Production	of
exotic	QCD	states:
Glueballs	&	hybrids

Time-like	form	factors:
Low	and	high	E,	e	and	µ	pairs

Generalized	parton distributions:
Orbital	angular	momentum

Drell Yan	process:
Transverse	structure,
valence	anti-quarks

Hypernuclear	physics:
Double	Λ hypernuclei
Hyperon	interaction

Hadrons	in	nuclei:
Charm	and	strangeness
in	the	medium

Strange	baryons:
Spectroscopy
Polarization

Bound
States	of	
Strong	

Interaction

HI collisions
comparing
QGP to
elementary
reactions

astrophysics
strange n-stars

HEP underlying
elementary processes

HEP
interference

of coupled
channels

nuclear physics
hyper-nuclear 
spectroscopy

Status	of	PANDA	/	K.	Peters 35
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Charmonium-like particles - PANDA opportunities

pentaquark candidates

line shape of X(3872) 
neutral+charged Z-states 
X,Y,Z decays 
search for hc’, 3F4, … 
spin-parity/mass&width of 3D2

line shape/width of the hc 
radiative transitions 
hadronic transitions 
light-quark spectroscopy

Note: LHCb discovery of 3D3 candidate: [arXiv:1903.12240]

Open charm threshold
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How PANDA can contribute:  
Study lineshapes"

• Panda: Neutral & charged, e.g. J/ψ π-π+,  J/ψ π0π0 , χcγ → J/ψ γγ, J/ψ γ, J/ψ η, ηcγ, ..."
• Direct formation in p ! lineshapes 
• Example: X(3872) 

"
 
 

Compare lineshapes 
in different final states  

pentaquark candidates

� < 1.2MeV

Strikingly narrow: 

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)

K∗0K−π++ c.c. < 9.7 × 10−3 CL=90% 1722

ppπ0 < 1.2 × 10−3 1595

ppπ+π− < 5.8 × 10−4 CL=90% 1544

ΛΛ < 1.2 × 10−4 CL=90% 1521

ppπ+π−π0 < 1.85 × 10−3 CL=90% 1490

ωpp < 2.9 × 10−4 CL=90% 1309

ΛΛπ0 < 1.2 × 10−3 CL=90% 1469

pp2(π+π−) < 2.6 × 10−3 CL=90% 1425

ηpp < 5.4 × 10−4 CL=90% 1430

ηppπ+π− < 3.3 × 10−3 CL=90% 1284

ρ0pp < 1.7 × 10−3 CL=90% 1313

ppK+K− < 3.2 × 10−4 CL=90% 1185

ηppK+K− < 6.9 × 10−3 CL=90% 736

π0ppK+K− < 1.2 × 10−3 CL=90% 1093

φpp < 1.3 × 10−4 CL=90% 1178

ΛΛπ+π− < 2.5 × 10−4 CL=90% 1405

ΛpK+ < 2.8 × 10−4 CL=90% 1387

ΛpK+π+π− < 6.3 × 10−4 CL=90% 1234

Radiative decaysRadiative decaysRadiative decaysRadiative decays
γχc2 < 9 × 10−4 CL=90% 211

γχc1 ( 2.9 ±0.6 ) × 10−3 253

γχc0 ( 7.3 ±0.9 ) × 10−3 341

γη′ < 1.8 × 10−4 CL=90% 1765

γη < 1.5 × 10−4 CL=90% 1847

γπ0 < 2 × 10−4 CL=90% 1884

X (3872)X (3872)X (3872)X (3872) IG (JPC ) = 0+(1 + +)

Mass m = 3871.68 ± 0.17 MeV
mX (3872) − mJ/ψ = 775 ± 4 MeV
mX (3872) − mψ(2S)
Full width Γ < 1.2 MeV, CL = 90%

X (3872) DECAY MODESX (3872) DECAY MODESX (3872) DECAY MODESX (3872) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

π+π− J/ψ(1S) > 2.6 % 650

ωJ/ψ(1S) > 1.9 % †
D0D0 π0 >32 % 116

D∗0D0 >24 % †
γ J/ψ > 6 × 10−3 697

γψ(2S) [vvaa] > 3.0 % 181

π+π−ηc (1S) not seen 746

HTTP://PDG.LBL.GOV Page 135 Created: 7/12/2013 14:49

Line-shape study of the X(3872)
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How PANDA can contribute:  
Study lineshapes"

• Panda: Neutral & charged, e.g. J/ψ π-π+,  J/ψ π0π0 , χcγ → J/ψ γγ, J/ψ γ, J/ψ η, ηcγ, ..."
• Direct formation in p ! lineshapes 
• Example: X(3872) 

"
 
 

Compare lineshapes 
in different final states  
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Resonance scanning

Measured rate

Beam

Resonance cross 
section

CM Energy

Some advantages of Anti-protons

Access to all fermion-antifermion
quantum numbers
Access to states of high spin J
Precise mass resolution in
formation reactions

Recent resolution

Energy scan with e+e�: energy resolution 1-2 MeV
Energy scan with pp: energy resolution 240 keV (E760/835@Fermilab)

⇡50 keV (PANDA@FAIR)

C. Motzko (HIM/JGU) Precision spectroscopy with PANDA 16 / 25

(primarily JPC=1- -)
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Resonance scanning, case study

p̄p ! X(3872) ! J/ ⇡+⇡�

Detailed Monte Carlo study

Taking into account ~50 mb 
background channels

Systematic study for various input 
xsections, widths, phases, …

20 points each 2 days data taking!
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(a)
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Fig. 9. Illustration of a scan process for the parameter setting: �S = 100 nb, �0 = 130 keV, 20 energy scan positions (step
size dE ⇡ 50 keV), 2 days of data taking per position, HR mode. The set of 20 small plots (a) represent the energy-dependent
simulated distributions (going from left to right, top to bottom step-wise through the energy range (E�E0) shown in (b)) of the
reconstructed invariant di-lepton candidate mass containing signal, non-resonant and generic DPM background contributions.
(b) shows the resultant energy-dependent yield distribution fitted with a function to extract the parameter of interest, here the
Breit-Wigner width �, around the nominal centre-of-mass energy E0 = 3.872 GeV. (c) shows the distribution of this extracted
parameter compared to the input value �0 for 1000 toy MC experiments, allowing the determination of the expected precision
(root-mean-square of the distribution) and the accuracy (shift of the distribution). The additional Gaussian function that is
fitted to the distribution indicates proper statistical conditions.
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Fig. 9. Illustration of a scan process for the parameter setting: �S = 100 nb, �0 = 130 keV, 20 energy scan positions (step
size dE ⇡ 50 keV), 2 days of data taking per position, HR mode. The set of 20 small plots (a) represent the energy-dependent
simulated distributions (going from left to right, top to bottom step-wise through the energy range (E�E0) shown in (b)) of the
reconstructed invariant di-lepton candidate mass containing signal, non-resonant and generic DPM background contributions.
(b) shows the resultant energy-dependent yield distribution fitted with a function to extract the parameter of interest, here the
Breit-Wigner width �, around the nominal centre-of-mass energy E0 = 3.872 GeV. (c) shows the distribution of this extracted
parameter compared to the input value �0 for 1000 toy MC experiments, allowing the determination of the expected precision
(root-mean-square of the distribution) and the accuracy (shift of the distribution). The additional Gaussian function that is
fitted to the distribution indicates proper statistical conditions.
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Fig. 11. Sensitivity measurements for the Breit-Wigner Case study. Shown are the obtained sensitivities as a function of the
assumed natural decay width �0 of the state under study for the six di↵erent signal cross-section assumptions, each for the three
di↵erent HESR running modes. The inner error bars represent the statistical and the outer ones the systematic errors, and the
bracket markers indicate the estimated corresponding numbers for the case of generic hadronic and non-resonant background
upscaling (on the data points, ignoring statistical and systematic errors) according to [56].

actual count numbers, according to [56]:

NB,ee = 1 ) UL90(NB,ee) ⇡ 4 ) ✏upB,ee = 4 · ✏B,ee ,

NB,µµ = 4 ) UL90(NB,µµ) ⇡ 8 ) ✏upB,µµ = 2 · ✏B,µµ .

Applying these factors on the background reconstruction
e�ciencies and re-performing the 1000 MC scan exper-
iments and fits, a conservative number for the figure of
merit is estimated. Practically, the determined J/ yield
at each energy scan point is a↵ected by the increased back-
ground B

gen

, the e�ciency-weighted mean value of the
scaling factors is ✏upB,gen = (4 · ✏B,ee + 2 · ✏B,µµ)/(✏B,ee +
✏B,µµ) ⇡ 2.4, cf. Tab. 3. The uncertainty of the DPM
model itself is di�cult to estimate. As indicated by a com-
parison between DPM [45] predictions and HERA cross-
section measurements [46], showing for typical background
channels of e.g. p̄p ! 2⇡+2⇡� or p̄p ! 2⇡+2⇡�⇡0 that
DPM overestimates the experimental data by a factor 2-3,
we assume it here to be well covered by the error estimate
for the upscaling. In this respect, the resultant sensitivi-
ties for the resonance energy scan measurements are rather
conservative.

Uncertainty due to non-resonant background Another
limitation of our study is the assumption that the di-pion
system of the non-resonant background p̄p ! J/ ⇡+⇡�

(type “NR” in Tab. 2) is never produced via an interme-
diate ⇢0(770). Therefore, we performed the study again,
assuming this happens in 50% of the cases, leading to
background events being kinematically indistinguishable
from signal events. To account for the impact, the recon-
struction e�ciency for the non-resonant background ✏B,NR

is scaled up to the average of the original value (with-
out ⇢0(770)) and the one of the signal reconstruction e�-
ciency ✏S (with ⇢0(770)), separately for the electronic and
the muonic J/ decays to (2.8% + 12.2%)/2 = 7.5% and
(3.0% + 15.2%)/2 = 9.1%, respectively.

The impact due to the e↵ectively higher J/ yield dis-
connected from the resonant X(3872) production, i.e. the
higher background level in the scan graph (Fig. 9, a), is
estimated. For this purpose, an e↵ective average scaling
factor of (7.5/2.8 + 9.1/3.0)/2 ⇡ 2.9 is applied to ✏B,NR

.
The upscaling is done at the same time as the upscal-
ing adressing the limited generic hadronic background de-
scribed previously.

5

gases, such as deuterium, nitrogen or argon will be avail-
able for the p̄A studies. At a later stage, in particular for
the planned hypernuclear experiments, non-gaseous nu-
clear targets will also be used, such as carbon fibres, thin
wires or target foils.

The Micro Vertex Detector (MVD), surrounding the
target region, will provide precise vertex position mea-
surements of about 50µm perpendicular to and 100µm
along the beam axis. It consists of silicon pixel and strip
sensors. Tracking with a transverse momentum resolution
dp

T

/p
T

of better than 1% will be provided by Gas Electro
Multiplier (GEM) planes and a Straw Tube Tracker (STT)
combined with the MVD and the field of the 2T solenoid
magnet. Particle IDentification (PID) of pions, kaons and
protons will be performed via two Detection of Internally
Reflected Cherenkov Light (DIRC) detectors and a Time-
Of-Flight detector system (TOF). State-of-the-art photon
detection as well as separation between electrons and pi-
ons will be performed with an Electromagnetic Calorime-
ter (EMC) equipped with 17200 PbWO

4

crystals. Muon
PID will be provided by the muon detector system sur-
rounding the solenoid magnet.

The forward spectrometer covers polar angles below
10 and 5 degrees in the horizontal and vertical plane, re-
spectively. It comprises a forward tracking system (FTS)
of three pairs of straw tube planes (each of the six sta-
tions equipped with four layers) before, inside and be-
hind the 2Tm dipole magnet. An Aerogel Ring Imaging
Cherenkov Counter (FRICH) and a Forward TOF system
(FTOF) will be used for PID and the Forward Spectrome-
ter Calorimeter (FSC) provides photon detection and elec-
tron/pion separation. A Forward Range System (FRS)
and the Luminosity Detector (LMD) complete the forward
spectrometer.

Since event rates of up to 20MHz are expected, the
PANDA experiment will feature a triggerless readout. Re-
actions of interest will be selected online by complex algo-
rithms running on compute nodes during data acquisition
in order to maximise the fraction of events of interest to be
recorded. Especially, the exemplary channel under study
in this paper, i.e. the signature of a J/ decaying to a
high momentum lepton pair, benefits from this online fil-
tering system. Significant background suppression at even
highest expected event rates will be achieved.

2.3 Resonance energy scans with PANDA/HESR

The procedure of measuring the energy-dependent cross-
section of a specific process over a certain range of centre-
of-mass energies by adjusting (at high precision) the beam
momentum is called a resonance energy scan. Such scan
procedure is illustrated in Fig. 2. The true energy-depen-
dent cross-section is determined from the experimentally
observed event yields at each centre-of-mass energy, by
unfolding the (precisely known) beam energy profile.

Driving parameters for the resultant sensitivity perfor-
mance for such a measurement are the number of recon-
structed events per scan point, and thus the integrated
luminosity L, and the beam momentum spread dp/p, at

cmsE

cross-section
beam profile
event yield

Fig. 2. Schematic of a resonance energy scan. The true energy-
dependent cross-section (dashed red line), the beam energy
profile (dotted blue line), the measured event yields (markers),
and the e↵ective measured energy-dependent event yield (solid
black line) are illustrated.

which the antiprotons will be delivered by the HESR.
We consider three di↵erent scenarios as they are expected
for the di↵erent phases of the accelerator completion, see
Tab. 1, extracted and computed based on [35]. Apart from
the High Luminosity (HL) mode of the final accelerator
setup with expected dp/p = 1 · 10�4 and L ⇡ 13680 (day
· nb)�1, there will be the High Resolution (HR) mode
with a dp/p about a factor of five more precise and an
integrated luminosity about a factor of ten lower. For the
initial “Phase-1” (P1), the dp/p is expected to be about
another factor of two worse and the integrated luminos-
ity lower by about 15% than for the HR mode [36]. These
three di↵erent HESR operation mode scenarios in terms of
beam resolution and integrated luminosity are assumed in
this study and the resonance energy scans are performed
for each of them, respectively.

For the scan procedure itself, two accuracies are im-
portant. An initially set beam momentum can (after beam
calibration) be determined with 10�4 relative uncertainty.
The accuracy in relative beam adjustment (by frequency
sweeping) will be 10�6, which is also the accuracy ex-
pected for the accelerator to reproduce a certain beam-
momentum setting [37]. Both uncertainties are taken into
account accordingly as described in Sec. 4.

2.4 Objectives of performed sensitivity studies

One goal of the energy-scan simulations is to study the
achievable sensitivity for a natural decay width (�

0

) mea-

Table 1. Momentum spreads dp/p, beam-energy resolutions
dEcms and integrated luminosities L (at

p
s = 3.872 GeV) of

the three di↵erent HESR operation modes [35].

HESR mode dp/p dEcms [keV] L [1/(day · nb)]
HL 1 · 10�4 167.8 13680
HR 2 · 10�5 33.6 1368
P1 5 · 10�5 83.9 1170

Detailed Monte Carlo study

Taking into account ~50 mb 
background channels

Systematic study for various input 
xsections, widths, phases, …

20 points each 2 days data taking!
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Fig. 12. Sensitivity measurements for the Molecule Case study. Shown are the obtained sensitivities in terms of the misiden-
tification probability Pmis as a function of the assumed Flatté parameter Ef,0 of the state under study for the six di↵erent
signal cross-section assumptions, each for the three di↵erent HESR running modes. The inner error bars represent the statistical
and the outer ones the systematic errors, and the bracket markers indicate the estimated corresponding numbers for the case
of generic hadronic and non-resonant background upscaling (on the data points, ignoring statistical and systematic errors)
according to [56].

Applying the factors and re-performing 1000 fits under
these modified conditions lead to more conservative results
for the extracted sensitivities. The bracket markers in the
summarising sensitivity plots (Figs. 11 and 12) indicate
the corresponding numbers due to the upscaling of the
two background contributions according to [56].

Trendlines in sensitivity result plots In order to roughly
guide the eye for inter- and extrapolations between the
actual “measured” data points (Figs. 11 and 12), empiri-
cal trendlines are fitted to the points (with errors). The
extrapolation to smaller input �

0

(Fig. 11), however, are
lacking any serious basis and should be taken with a “grain
of salt”. For the trendlines of P

mis

vs. E
f,0 (Fig. 12), the

empirical fit functions have been constrained to P
mis

=
50% at E

f,0 = E
f,th according to the statistical definition.

At E
f,th, the model itself does not distinguish between

virtual and bound states.
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Fig. 13. Sensitivity plot for a 33% relative error (3�) Breit-
Wigner width measurement.

4.5 Discussion of results

The results of the performed sensitivity study for measur-
ing the natural decay width �

0

of a Breit-Wigner like line

Detailed Monte Carlo study

Taking into account ~50 mb 
background channels

Systematic study for various input 
xsections, widths, phases, …

20 points each 2 days data taking!

5

gases, such as deuterium, nitrogen or argon will be avail-
able for the p̄A studies. At a later stage, in particular for
the planned hypernuclear experiments, non-gaseous nu-
clear targets will also be used, such as carbon fibres, thin
wires or target foils.

The Micro Vertex Detector (MVD), surrounding the
target region, will provide precise vertex position mea-
surements of about 50µm perpendicular to and 100µm
along the beam axis. It consists of silicon pixel and strip
sensors. Tracking with a transverse momentum resolution
dp

T

/p
T

of better than 1% will be provided by Gas Electro
Multiplier (GEM) planes and a Straw Tube Tracker (STT)
combined with the MVD and the field of the 2T solenoid
magnet. Particle IDentification (PID) of pions, kaons and
protons will be performed via two Detection of Internally
Reflected Cherenkov Light (DIRC) detectors and a Time-
Of-Flight detector system (TOF). State-of-the-art photon
detection as well as separation between electrons and pi-
ons will be performed with an Electromagnetic Calorime-
ter (EMC) equipped with 17200 PbWO

4

crystals. Muon
PID will be provided by the muon detector system sur-
rounding the solenoid magnet.

The forward spectrometer covers polar angles below
10 and 5 degrees in the horizontal and vertical plane, re-
spectively. It comprises a forward tracking system (FTS)
of three pairs of straw tube planes (each of the six sta-
tions equipped with four layers) before, inside and be-
hind the 2Tm dipole magnet. An Aerogel Ring Imaging
Cherenkov Counter (FRICH) and a Forward TOF system
(FTOF) will be used for PID and the Forward Spectrome-
ter Calorimeter (FSC) provides photon detection and elec-
tron/pion separation. A Forward Range System (FRS)
and the Luminosity Detector (LMD) complete the forward
spectrometer.

Since event rates of up to 20MHz are expected, the
PANDA experiment will feature a triggerless readout. Re-
actions of interest will be selected online by complex algo-
rithms running on compute nodes during data acquisition
in order to maximise the fraction of events of interest to be
recorded. Especially, the exemplary channel under study
in this paper, i.e. the signature of a J/ decaying to a
high momentum lepton pair, benefits from this online fil-
tering system. Significant background suppression at even
highest expected event rates will be achieved.

2.3 Resonance energy scans with PANDA/HESR

The procedure of measuring the energy-dependent cross-
section of a specific process over a certain range of centre-
of-mass energies by adjusting (at high precision) the beam
momentum is called a resonance energy scan. Such scan
procedure is illustrated in Fig. 2. The true energy-depen-
dent cross-section is determined from the experimentally
observed event yields at each centre-of-mass energy, by
unfolding the (precisely known) beam energy profile.

Driving parameters for the resultant sensitivity perfor-
mance for such a measurement are the number of recon-
structed events per scan point, and thus the integrated
luminosity L, and the beam momentum spread dp/p, at

cmsE

cross-section
beam profile
event yield

Fig. 2. Schematic of a resonance energy scan. The true energy-
dependent cross-section (dashed red line), the beam energy
profile (dotted blue line), the measured event yields (markers),
and the e↵ective measured energy-dependent event yield (solid
black line) are illustrated.

which the antiprotons will be delivered by the HESR.
We consider three di↵erent scenarios as they are expected
for the di↵erent phases of the accelerator completion, see
Tab. 1, extracted and computed based on [35]. Apart from
the High Luminosity (HL) mode of the final accelerator
setup with expected dp/p = 1 · 10�4 and L ⇡ 13680 (day
· nb)�1, there will be the High Resolution (HR) mode
with a dp/p about a factor of five more precise and an
integrated luminosity about a factor of ten lower. For the
initial “Phase-1” (P1), the dp/p is expected to be about
another factor of two worse and the integrated luminos-
ity lower by about 15% than for the HR mode [36]. These
three di↵erent HESR operation mode scenarios in terms of
beam resolution and integrated luminosity are assumed in
this study and the resonance energy scans are performed
for each of them, respectively.

For the scan procedure itself, two accuracies are im-
portant. An initially set beam momentum can (after beam
calibration) be determined with 10�4 relative uncertainty.
The accuracy in relative beam adjustment (by frequency
sweeping) will be 10�6, which is also the accuracy ex-
pected for the accelerator to reproduce a certain beam-
momentum setting [37]. Both uncertainties are taken into
account accordingly as described in Sec. 4.

2.4 Objectives of performed sensitivity studies

One goal of the energy-scan simulations is to study the
achievable sensitivity for a natural decay width (�

0

) mea-

Table 1. Momentum spreads dp/p, beam-energy resolutions
dEcms and integrated luminosities L (at

p
s = 3.872 GeV) of

the three di↵erent HESR operation modes [35].

HESR mode dp/p dEcms [keV] L [1/(day · nb)]
HL 1 · 10�4 167.8 13680
HR 2 · 10�5 33.6 1368
P1 5 · 10�5 83.9 1170
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Charming discoveries in antimatter-matter annihilations

 The charm sector is hot… 
  - New multiplet of “exotic” charmonium-like states found. 
  - Hidden-charm hadrons advantageous as probes!   

 The charm sector is challenging… 
  - Nature of XYZ particles remains unclear. 
  - Opportunity: precision study of the properties of  
    hidden-charm above and below the open-charm threshold. 

 The future is bright… 
  - BESIII: lots of data for vector meson states,  
                intensity and energy increase foreseen. 
  - PANDA: complementary probe with a data challenge! 
  - lets not forget: B-factories (BelleII, LHCb),  
                            tagged-photon facilities (Glue-X),… 
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