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Exotic charmonium:

•  states that include  quarks but have properties inconsistent with those expected  
for  mesons

•  informally known as the , , and  states

•  dozens of candidates found by Belle, BESIII, and LHCb, among others, 
in a variety of production mechanisms (  annihilation,   decay,   collisions, etc.)

•  novel configurations of quarks and gluons that can be used to study the strong force

Three prominent examples of exotic charmonium candidates:

•  the   [or more formally, the ]

•  the   [or more formally, the ]  [formerly known as the ]

•  the  
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Figure 2. Distributions of the (left) J/ψπ+π−K+ and (right) J/ψπ+π− mass for selected
(top)B+ → ψ(2S)K+, (middle) B+ → ψ2(3823)K+ and (bottom)B+→ χc1(3872)K+ candidates
shown as points with error bars. A fit, described in the text, is overlaid.
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Abstract: The decays B+ → J/ψπ+π−K+ are studied using a data set corresponding

to an integrated luminosity of 9 fb−1 collected with the LHCb detector in proton-proton

collisions between 2011 and 2018. Precise measurements of the ratios of branching fractions

with the intermediate ψ2(3823), χc1(3872) and ψ(2S) states are reported. The values are

BB+→ψ2(3823)K+ × Bψ2(3823)→J/ψπ+π−

BB+→χc1(3872)K+ × Bχc1(3872)→J/ψπ+π−
= (3.56± 0.67± 0.11)× 10−2 ,

BB+→ψ2(3823)K+ × Bψ2(3823)→J/ψπ+π−

BB+→ψ(2S)K+ × Bψ(2S)→J/ψπ+π−
= (1.31± 0.25± 0.04)× 10−3 ,

BB+→χc1(3872)K+ × Bχc1(3872)→J/ψπ+π−

BB+→ψ(2S)K+ × Bψ(2S)→J/ψπ+π−
= (3.69± 0.07± 0.06)× 10−2 ,

where the first uncertainty is statistical and the second is systematic. The decay of

B+→ ψ2(3823)K+ with ψ2(3823)→ J/ψπ+π− is observed for the first time with a signif-

icance of 5.1 standard deviations. The mass differences between the ψ2(3823), χc1(3872)

and ψ(2S) states are measured to be

mχc1(3872) −mψ2(3823) = 47.50± 0.53± 0.13MeV/c2 ,

mψ2(3823) −mψ(2S) = 137.98± 0.53± 0.14MeV/c2 ,

mχc1(3872) −mψ(2S) = 185.49± 0.06± 0.03MeV/c2 ,
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calculated using the KKMC [30] program. To get the correct
ISR photon energy distribution, we use the

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ is what we measure in this study, the ISR correction

procedure needs to be iterated, and the final results are
obtained when the iteration converges. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ data with Gaussian uncertainties and the

scan data with Poisson uncertainties. The PDF is para-
meterized as the coherent sum of three Breit-Wigner
functions, together with an incoherent ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ is the phase of the amplitude. The
fit has four solutions with equally good fit quality [34] and
identical masses and widths of the resonances (listed in
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
As an alternative description of the data, we use an

exponential [35] to model the cross section near 4 GeVas in
Ref. [4] instead of the resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
resonance [3], is not necessary to explain the data. The fit
has four solutions with equally good fit quality [34] and
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FIG. 1. Measured cross section σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ data (left) and scan data (right) with the
coherent sum of three Breit-Wigner functions (red solid curves) and the coherent sum of an exponential continuum and two Breit-
Wigner functions (blue dashed curves). Dots with error bars are data.

TABLE I. The measured masses and widths of the resonances
from the fit to the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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Exotic charmonium:

•  states that include  quarks but have properties inconsistent with those expected  
for  mesons

•  informally known as the , , and  states

•  dozens of candidates found by Belle, BESIII, and LHCb, among others, 
in a variety of production mechanisms (  annihilation,   decay,   collisions, etc.)

•  novel configurations of quarks and gluons that can be used to study the strong force

Three prominent examples of exotic charmonium candidates:

•  the   [or more formally, the ]

•  the   [or more formally, the ]  [formerly known as the ]

•  the  

cc̄
cc̄

X Y Z

e+e− B pp
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 at 4.23 GeVe+e− → π+π−J/ψ

is a kinematic factor with ki being the magnitude of the
three-vector momentum of the final state particle (J=ψ orD)
in the Zc rest frame; and g01 and g

0
2 are the coupling strengths

of Z!
c → π!J=ψ and Z!

c → ðDD̄#Þ!, respectively, which
will be determined by the fit to the data.
To describe the πþπ− mass spectrum, four resonances, σ,

f0ð980Þ, f2ð1270Þ, and f0ð1370Þ, are introduced. f0ð980Þ
is described with a Flatté formula [25], and the others are
described with relativistic Breit-Wigner (BW) functions.
The width of the wide resonance σ is parametrized
with ΓσðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð4m2

π=sÞ
p

Γ [26,27], and the masses
and widths for the f2ð1270Þ and f0ð1370Þ are taken from
the Particle Data Group [28]. The statistical significance for
each resonance is determined by examining the probability
of the change in log likelihood ðlogLÞ values between
including and excluding this resonance in the fits, and the
probability is calculated under the χ2 distribution hypoth-
esis taking the change of the number of degrees of freedom
ΔðndfÞ into account. With this procedure, the statistical
significance of each of these states and the nonresonant
process is estimated to be larger than 5σ. All of them are
therefore included in the nominal fit, which includes
the eþe−→σJ=ψ , f0J=ψ , f0ð1370ÞJ=ψ , f2ð1270ÞJ=ψ ,
Z!
c π∓, and nonresonant processes.

A simultaneous fit is performed to the two data sets. The
coupling constants are set as free parameters and are
allowed to be different at the two energy points except
for the common ones describing Zc decays. The oppositely
charged Zc states are regarded as isospin partners; they
share a common mass and coupling parameters g01 and g02.
Figure 1 shows projections of the fit results at

ffiffiffi
s

p
¼ 4.23

and 4.26 GeV, with a fit goodness of the Dalitz plot
χ2=ndf ¼ 1.3 and 1.2, respectively. The mass of Z!

c is
measured to beMZc

¼ ð3901.5! 2.7statÞ MeV=c2, and the
coupling parameters g01 ¼ ð0.075! 0.006statÞ GeV2 and
g02=g

0
1 ¼ 27.1! 2.0stat. This measurement is consistent

with the previous result g02=g
0
1 ¼ 27.1! 13.1 estimated

based on the measured decay width ratio ΓðZ!
c →

ðDD̄#Þ!Þ=ΓðZ!
c → J=ψπ!Þ ¼ 6.2! 2.9 [10]. If the Z!

c
is parametrized as a constant-width BW function,
the simultaneous fit gives a mass of ð3897.6!
1.2statÞ MeV=c2 and a width of ð43.5! 1.5statÞ MeV, but
the value of − lnL increases by 22 with ΔðndfÞ ¼ 1. The
BW parametrization is thus disfavored with a significance
of 6.6σ.
Figure 2 shows the polar angle (θZ!

c
) distribution of Z!

c in
the process eþe− → Zþ

c π− þ c:c: and the helicity angle
ðθJ=ψ Þ distribution in the decay Z!

c → π!J=ψ for the

FIG. 1. Projections to mπþπ− (a),(c) and mJ=ψπ! (b),(d) of the fit results with JP ¼ 1þ for the Zc, at
ffiffiffi
s

p
¼ 4.23 GeV (a),(b) andffiffiffi

s
p

¼ 4.26 GeV (c),(d). The points with error bars are data, and the black histograms are the total fit results including backgrounds. The
shaded histogram denotes backgrounds. The contributions from the πþπ−S-wave J=ψ , f2ð1270ÞJ=ψ , and Z!

c π∓ are shown in the plots. The
πþπ−S-wave resonances include the σ, f0ð980Þ, and f0ð1370Þ. Plots (b) and (d) are filled with two entries (mJ=ψπþ and mJ=ψπ− ) per event.
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(I) Understanding the :  Known FactsX(3872)

8

(1) Its mass is very close to  threshold:

•  
 

 
 MeV/

(2) It’s produced in many different processes:

•
•  inclusive
• PbPb  inclusive
•
•
• among others

(3) Absolute branching fractions to many channels are known: 
[thanks to an absolute measurement of ]:

• , , , , etc.

(4) Its total width has been measured several ways.

D0D*0

M(3872) − M(D0D*0)
= M(3872) − 2M(D0) − [M(D*0) − M(D0)]
= (3871.65 ± 0.06) − 2(1864.84 ± 0.05) − (142.02 ± 0.03)
= − 0.05 ± 0.12 c2

B → KX(3872)
pp → X(3872)

→ X(3872)
e+e− → γX(3872)
e+e− → ωX(3872)

B(B+ → K+X(3872))

ρJ/ψ ωJ/ψ D0D*0 π0χc1



(I) Understanding the :  Known FactsX(3872)

9

(1) Its mass is very close to  threshold:

•  
 

 
 MeV/

(2) It’s produced in many different processes:

•
•  inclusive
• PbPb  inclusive
•
•
• among others

(3) Absolute branching fractions to many channels are known: 
[thanks to an absolute measurement of ]:

• , , , , etc.

(4) Its total width has been measured several ways.

D0D*0

M(3872) − M(D0D*0)
= M(3872) − 2M(D0) − [M(D*0) − M(D0)]
= (3871.65 ± 0.06) − 2(1864.84 ± 0.05) − (142.02 ± 0.03)
= − 0.05 ± 0.12 c2

B → KX(3872)
pp → X(3872)

→ X(3872)
e+e− → γX(3872)
e+e− → ωX(3872)

B(B+ → K+X(3872))

ρJ/ψ ωJ/ψ D0D*0 π0χc1

J
H
E
P
0
8
(
2
0
2
0
)
1
2
3

5.2 5.25 5.3 5.35

5

10

15

20
3

10×

3.67 3.68 3.69 3.7

5

10

15

20

25
3

10×

5.2 5.25 5.3 5.35

50

100

150

200

250

3.8 3.81 3.82 3.83 3.84 3.85

50

100

150

5.2 5.25 5.3 5.35

0.2

0.4

0.6

0.8

1

1.2
3

10×

3.85 3.86 3.87 3.88 3.89 3.9

0.2

0.4

0.6

0.8

1

1.2
3

10×

C
an

d
id
at
es
/(
3
M
eV
/c

2
)

C
an

d
id
at
es
/(
3
M
eV
/c

2
)

C
an

d
id
at
es
/(
3
M
eV
/c

2
)

C
an

d
id
at
es
/(
1.
25

M
eV
/c

2
)

C
an

d
id
at
es
/(
1.
25

M
eV
/c

2
)

C
an

d
id
at
es
/(
1.
25

M
eV
/c

2
)

mJ/ψπ+π−K+

mJ/ψπ+π−K+

mJ/ψπ+π−K+

mJ/ψπ+π−

mJ/ψπ+π−

mJ/ψπ+π−

[
GeV/c2

]

[
GeV/c2

]

[
GeV/c2

]

[
GeV/c2

]

[
GeV/c2

]

[
GeV/c2

]

3.68 < mJ/ψπ+π− < 3.69GeV/c2 5.26 < mJ/ψπ+π−K+ < 5.30GeV/c2

3.82 < mJ/ψπ+π− < 3.83GeV/c2 5.26 < mJ/ψπ+π−K+ < 5.30GeV/c2

3.86 < mJ/ψπ+π− < 3.88GeV/c2 5.26 < mJ/ψπ+π−K+ < 5.30GeV/c2

LHCb

LHCb

LHCb

LHCb

LHCb

LHCb

B+→ Xcc̄K+

B+→
(
J/ψπ+π−

)
NR

K+

comb. Xcc̄K+

comb. bkg.

total

Figure 2. Distributions of the (left) J/ψπ+π−K+ and (right) J/ψπ+π− mass for selected
(top)B+ → ψ(2S)K+, (middle) B+ → ψ2(3823)K+ and (bottom)B+→ χc1(3872)K+ candidates
shown as points with error bars. A fit, described in the text, is overlaid.
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Abstract: The decays B+ → J/ψπ+π−K+ are studied using a data set corresponding

to an integrated luminosity of 9 fb−1 collected with the LHCb detector in proton-proton

collisions between 2011 and 2018. Precise measurements of the ratios of branching fractions

with the intermediate ψ2(3823), χc1(3872) and ψ(2S) states are reported. The values are

BB+→ψ2(3823)K+ × Bψ2(3823)→J/ψπ+π−

BB+→χc1(3872)K+ × Bχc1(3872)→J/ψπ+π−
= (3.56± 0.67± 0.11)× 10−2 ,

BB+→ψ2(3823)K+ × Bψ2(3823)→J/ψπ+π−

BB+→ψ(2S)K+ × Bψ(2S)→J/ψπ+π−
= (1.31± 0.25± 0.04)× 10−3 ,

BB+→χc1(3872)K+ × Bχc1(3872)→J/ψπ+π−

BB+→ψ(2S)K+ × Bψ(2S)→J/ψπ+π−
= (3.69± 0.07± 0.06)× 10−2 ,

where the first uncertainty is statistical and the second is systematic. The decay of

B+→ ψ2(3823)K+ with ψ2(3823)→ J/ψπ+π− is observed for the first time with a signif-

icance of 5.1 standard deviations. The mass differences between the ψ2(3823), χc1(3872)

and ψ(2S) states are measured to be

mχc1(3872) −mψ2(3823) = 47.50± 0.53± 0.13MeV/c2 ,

mψ2(3823) −mψ(2S) = 137.98± 0.53± 0.14MeV/c2 ,

mχc1(3872) −mψ(2S) = 185.49± 0.06± 0.03MeV/c2 ,

Open Access, Copyright CERN,

for the benefit of the LHCb Collaboration.
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Observation of Multiplicity Dependent Prompt χ c1ð3872Þ
and ψð2SÞ Production in pp Collisions

R. Aaij et al.*

(LHCb Collaboration)

(Received 15 September 2020; revised 16 November 2020; accepted 19 January 2021; published 5 March 2021)

The production of χc1ð3872Þ and ψð2SÞ hadrons is studied as a function of charged particle multiplicity
in pp collisions at a center-of-mass energy of 8 TeV, corresponding to an integrated luminosity of 2 fb−1.
For both states, the fraction that is produced promptly at the collision vertex is found to decrease as charged
particle multiplicity increases. The ratio of χc1ð3872Þ to ψð2SÞ cross sections for promptly produced
particles is also found to decrease with multiplicity, while no significant dependence on multiplicity is
observed for the equivalent ratio of particles produced away from the collision vertex in b-hadron decays.
This behavior is consistent with a calculation that models the χc1ð3872Þ structure as a compact tetraquark.
Comparisons with model calculations and implications for the binding energy of the χc1ð3872Þ state are
discussed.

DOI: 10.1103/PhysRevLett.126.092001

In recent years, multiple new resonances containing
heavy quarks have been observed that do not fit into the
framework of conventional hadrons, see Ref. [1] for a
recent review. The most studied of these exotic hadrons is
the χc1ð3872Þ state, also known as Xð3872Þ. It was first
discovered in the mass spectrum of J=ψπþπ− in B-meson
decays by the Belle collaboration [2], and has since been
confirmed by multiple other experiments [3–6]. Despite
intense scrutiny, the exact nature of the χc1ð3872Þ state is
still unclear.
Multiple explanations of the χc1ð3872Þ structure have

been proposed. Shortly after its discovery, it was considered
as one of several possible charmonium states [7]. However,
LHCb has since measured the quantum numbers to be
JPC ¼ 1þþ [8], which disfavors its assignment as conven-
tional charmonium because no compatible charmonium
states with these quantum numbers are expected near the
measured mass [9]. Other models consider the χc1ð3872Þ
state to be a tetraquark,whichmay have further substructure,
composed of a diquark-antidiquark bound state [10–12] or a
hadrocharmonium state where two light quarks orbit a
charmonium core [13]. Mixtures of various exotic and
conventional states have also been studied [14–17]. The
remarkable proximity of the χc1ð3872Þ mass to the sum of
theD0 and D̄%0 meson masses have led to the consideration
of its structure as a hadronic molecule, a state comprising

these two mesons bound via pion exchange [18,19]. In this
case, the binding energy of the χc1ð3872Þ hadron would be
small, as the mass difference ðMD0 þMD̄%0Þ −Mχc1ð3872Þ ¼
0.07& 0.12 MeV=c2 is consistent with zero [20].
Consequently, these models assign the χc1ð3872Þ state a
large radius ofOð10 fmÞ [17,21]. Results from recent LHCb
studies of the χc1ð3872Þ line shape are compatible with the
molecular interpretation but do not exclude other possibil-
ities [20,22].
Techniques developed to study quarkonium production in

proton-nucleus (pA) collisions can be used to probe the
binding energy of hadrons. Measurements of charmonium
production inpAcollisions at fixed target experiments [23,24]
and colliders [25–30] showed that ψð2SÞ production is
suppressed more than J=ψ production in rapidity regions
where a relatively large number of charged particles are
produced. Similarly, measurements of ϒ production at the
Large Hadron Collider (LHC) revealed that the ϒð2SÞ and
ϒð3SÞ states are suppressed more than the ϒð1SÞ state
[31,32]. As the effects governing heavy quark production
and transport through the nucleus are assumed to be similar for
states with the same quark content, the mechanism for the
suppression of excited states is expected to occur in the late
stages of the collision, after the heavy quark pair has
hadronized into a final state. Models incorporating final-state
effects, such as heavy quark pair breakup via interactions with
comovinghadrons, describe the relative suppressionof excited
quarkoniumstates inpAcollisions [33–37]. Similar final-state
effects can also disrupt formation of the χc1ð3872Þ state via
interactions with pions produced in the underlying event [38]
and would be especially significant if the χc1ð3872Þ structure
is a large, weakly bound hadronic molecule.

*Full author list given at the end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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Large Hadron Collider (LHC) revealed that the ϒð2SÞ and
ϒð3SÞ states are suppressed more than the ϒð1SÞ state
[31,32]. As the effects governing heavy quark production
and transport through the nucleus are assumed to be similar for
states with the same quark content, the mechanism for the
suppression of excited states is expected to occur in the late
stages of the collision, after the heavy quark pair has
hadronized into a final state. Models incorporating final-state
effects, such as heavy quark pair breakup via interactions with
comovinghadrons, describe the relative suppressionof excited
quarkoniumstates inpAcollisions [33–37]. Similar final-state
effects can also disrupt formation of the χc1ð3872Þ state via
interactions with pions produced in the underlying event [38]
and would be especially significant if the χc1ð3872Þ structure
is a large, weakly bound hadronic molecule.
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High-multiplicity pp collisions provide a hadronic
environment that approaches heavy ion collisions in many
respects. Recently, phenomena typically thought only to
occur in collisions of large nuclei have been observed in
high-multiplicity pp collisions, including a near-side ridge
in two-particle angular correlations [39], strangeness
enhancement [40], and collective flow [41]. Multiplicity-
dependent modification of ϒ production has also been
observed [42]. Therefore, high-multiplicity pp collisions
provide a testing ground for examining final-state effects
observed on quarkonium in pA and AA collisions.
Measurements of such effects can provide new constraints
on the structure of the χc1ð3872Þ [43].
In this Letter, measurements of the fractions of χc1ð3872Þ

and ψð2SÞ states, fprompt, that are produced promptly at the
pp collision vertex as a function of charged particle
multiplicity are presented. The χc1ð3872Þ and ψð2SÞ states
are compared by measuring the ratio of the χc1ð3872Þ to
ψð2SÞ cross sections, as a function of multiplicity. The
χc1ð3872Þ and ψð2SÞ candidates are reconstructed through
their decays to the J=ψπþπ− final state, where the J=ψ
meson subsequently decays to μþμ− pairs. This study uses
data collected with the LHCb detector at a center-of-mass
energy

ffiffiffi
s

p
¼ 8 TeV, corresponding to an integrated lumi-

nosity of 2 fb−1.
The LHCb detector [44,45] is a single-arm forward

spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector elements comprise a silicon-strip vertex detector
(VELO) surrounding the pp interaction region that allows b
hadrons to be identified from their characteristically long
flight distance; a tracking system that provides a measure-
ment of the momentum, p, of charged particles; two ring-
imaging Cherenkov (RICH) detectors that discriminate
between different species of charged hadrons, and a series
of tracking detectors interleaved with hadron absorbers for
identifying muons. In this analysis, multiplicity is represented
by the number of charged particle tracks reconstructed in the
VELO, NVELO

tracks . The VELO track-reconstruction efficiency
has been measured to be about 99% [46].
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA

[47,48] with a specific LHCb configuration [49]. Decays
of unstable particles are described by EVTGEN [50]. The
interaction of the generated particles with the detector and
its response are implemented using the GEANT4 toolkit [51]
as described in Ref. [52].
Events considered in this analysis are selected by a

set of triggers designed to record events containing the
decay J=ψ → μþμ−. Tracks from triggered events that are
identified as good muon candidates are retained. The muons
are required to have momentum p > 10 GeV=c and a
momentum component transverse to the beam direction
pT > 650 MeV=c. Candidate J=ψ mesons are formed from

a pair of oppositely charged muons with an invariant mass
within %39 MeV=c2 (corresponding to 3 times the reso-
lution on the mass) of the known J=ψ mass and combined
pT > 3 GeV=c. Charged pion candidates are selected using
particle identification information from the RICH detectors.
They are required to have p > 3 GeV=c to ensure that
the pions are above threshold in one of the RICH detectors,
and have pT > 500 MeV=c to reduce combinatorial back-
ground.
Selected μþμ−πþπ− combinations that form a good-

quality common vertex are fitted with kinematic constraints
that require all tracks to originate from a common vertex
and constrain the dimuon mass to the known J=ψ mass
[53]. The decay kinematics are required to satisfy
MJ=ψπþπ− −MJ=ψ −Mπþπ− < 300 MeV=c2 and the candi-
dates must have pT > 5 GeV=c and be within the pseu-
dorapidity range 2 < η < 4.5. The resulting J=ψπþπ−

invariant-mass spectrum is shown in Fig. 1.
To avoid multiplicity biases arising from tracks produced

in multiple collisions that occur in the same beam crossing,
only events with a single reconstructed collision vertex are
considered. The position of collision vertices is restricted to
a range along the beam direction −60 < z < 120 mm, to
avoid biases from missing tracks that fall outside the VELO
acceptance.
Both χc1ð3872Þ and ψð2SÞ hadrons can be produced

promptly at the pp collision vertex, either directly or in
strong decays of higher charmonia states, or in the decays
of b hadrons, which travel several millimeters before
decaying. The prompt component of the signal is separated
from the component originating from b decays by per-
forming a simultaneous fit to the J=ψπþπ− invariant-
mass spectrum and the pseudo-decay-time spectrum. The
pseudo-decay-time tz is defined as

tz ≡
ðzdecay − zPVÞ ×M

pz
; ð1Þ

] 2c [MeV/−π+πψJ/M
3700 3800 3900

) 2 c
Ca

nd
ida

tes
/(1

 M
eV

/

0

2000

4000

6000

8000

10000 c > 5 GeV/
T

p = 8 TeV, sppLHCb

] 2c [MeV/−π+πψJ/M
3840 3860 3880 3900

) 2 c
Ca

nd
ida

tes
/(1

 M
eV

/

2800

3000

3200

3400

3600

3800

FIG. 1. The J=ψπþπ− invariant-mass spectrum. The inset
shows the region of the χc1ð3872Þ resonance.
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pair due to their fragmentation into hadrons and subsequent
decays [57,58]; or the suppression of prompt ψð2SÞ and
χc1ð3872Þ production via interactions with other particles
produced at the vertex, which decreases the prompt
production in high-multiplicity events, but does not affect
production in b decays.
The prompt and b-decay components are examined

directly by calculating the ratio of the χc1ð3872Þ and
ψð2SÞ cross sections, σχ=σψ , times their respective branch-
ing fractions to the J=ψπþπ− final state, Bχ and Bψ . This
ratio is given by

σχ
σψ

Bχ

Bψ
¼

Nχf
χ
prompt

Nψf
ψ
prompt

εaccψ

εaccχ

εrecoψ

εrecoχ

εPIDψ

εPIDχ
: ð2Þ

Here, N is the signal yield, fprompt is the prompt fraction
and the ε terms represent various efficiency corrections of
the corresponding state. The ratio of cross sections from b
decays is found by replacing fprompt with (1 − fprompt) in
Eq. (2). Correlated systematic uncertainties largely cancel
in the ratio, and the result is dominated by uncorrelated
uncertainties. The ratio of efficiencies for four charged
decay products to fall within the LHCb acceptance,
εaccψ =εaccχ , is found via simulation to be consistent with
one with an uncertainty of approximately 1% that is
determined by varying the pT distributions of the simulated
ψð2SÞ and χc1ð3872Þ hadrons. Control samples of identi-
fied muons and pions obtained from data are used to
measure the ratio of muon and pion particle identification
(PID) efficiencies, εPIDψ =εPIDχ , which is near one with an
uncertainty of about 1% due to the finite size of the control
sample. The only relative efficiency that has a significant
deviation from unity is the ratio of reconstruction efficien-
cies, εrecoψ =εrecoχ , which is found via simulation to be 0.58%
0.02 (0.65% 0.04) for particles that are produced promptly
(in b decays). This is due to the different kinematic
properties of the pion pair produced in the decays: pions
from χc1ð3872Þ hadron decays proceed through an
intermediate ρ0ð770Þ resonance [59] and have a higher
reconstruction efficiency than pions from the ψð2SÞ decay
due to their higher pT. The uncertainty on the ratio of
reconstruction efficiencies is taken from the variations
observed when weighting the pT distributions of the
simulated ψð2SÞ and χc1ð3872Þ hadrons to match those
in the data in different multiplicity bins, as previously
discussed.
The ratio of cross sections is shown in Fig. 4. A decrease

in the prompt production of χc1ð3872Þ hadrons relative to
prompt ψð2SÞ mesons is observed as the charged particle
multiplicity increases. To illustrate this effect, a linear fit to
this data, which considers only the uncorrelated uncertain-
ties, is performed and returns a negative slope that differs
from zero by 5 standard deviations.

After preliminary LHCb results on multiplicity-depen-
dent χc1ð3872Þ production were presented [60], calcula-
tions of these observables based on the comover interaction
model [34,35] were performed [43]. In this model,
promptly produced χc1ð3872Þ and ψð2SÞ hadrons interact
with other produced particles, with a breakup cross section
σbr that is determined by their radius and binding energy.
The model assumes no interactions at low multiplicity, and
the calculations are normalized to the data in the lowest
multiplicity bin. A purely molecular χc1ð3872Þ has a
large radius and correspondingly high σbr and is quickly
dissociated as multiplicity increases. If coalescence pro-
vides an additional formation mechanism for molecular
χc1ð3872Þ, the ratio σχc1ð3872Þ=σψð2SÞ rises with multiplicity.
Neither of these calculations are consistent with the data.
A compact tetraquark χc1ð3872Þ has a slightly larger
radius and σbr than the ψð2SÞ, and in this scenario,
σχc1ð3872Þ=σψð2SÞ gradually decreases with multiplicity,
matching the measured trend.
In contrast to the prompt data, the ratio of cross sections

for production in b decays shows a slight increase, which is
not statistically significant. A linear fit to these data points,
again without considering the correlated systematic uncer-
tainty, gives a positive slope that is consistent with zero
within 1.6 standard deviations. Since these hadrons origi-
nate from displaced decay vertices of b hadrons, they are
not subject to suppression via interactions with other
particles produced at the primary vertex. Consequently,
this ratio is set only by the branching fractions of b decays
to χc1ð3872Þ and ψð2SÞ hadrons. The multiplicity depend-
ence of b hadron production has not been studied in detail,
and modification of the b hadron admixture could affect
χc1ð3872Þ production, as different b hadron species may
have different decay probabilities to χc1ð3872Þ states
[61,62]. However, the uncertainties preclude drawing any
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(2) It’s produced in many different processes:

•
•  inclusive
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•
• among others

(3) Absolute branching fractions to many channels are known: 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(4) Its total width has been measured several ways.
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The first evidence for X(3872) production in relativistic heavy ion collisions is reported. The X(3872)
production is studied in lead-lead (Pb-Pb) collisions at a center-of-mass energy of
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sNN

p ¼ 5.02 TeV per
nucleon pair, using the decay chain Xð3872Þ → J=ψπþπ− → μþμ−πþπ−. The data were recorded with the
CMS detector in 2018 and correspond to an integrated luminosity of 1.7 nb−1. The measurement is
performed in the rapidity and transverse momentum ranges jyj < 1.6 and 15 < pT < 50 GeV=c. The
significance of the inclusive X(3872) signal is 4.2 standard deviations. The prompt X(3872) to ψ2S yield
ratio is found to be ρPb-Pb ¼ 1.08% 0.49ðstatÞ % 0.52ðsystÞ, to be compared with typical values of 0.1 for
pp collisions. This result provides a unique experimental input to theoretical models of the X(3872)
production mechanism, and of the nature of this exotic state.
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The X(3872), also known as χc1ð3872Þ, is an exotic
particle that was first observed by the Belle Collaboration
[1], and then confirmed and studied by other experiments at
electron-positron [2,3] and hadron colliders [4–8]. The
quantum numbers of the X(3872) have been narrowed
down by the CDF [9], and later determined to be JPC ¼
1þþ by the LHCb [10] Collaborations. However, the nature
of this particle is still not fully understood and interpre-
tations in terms of conventional charmonium (a bound state
of charm-anticharm quarks), D&ð2010Þ0 D̄0 molecules
[11], tetraquark states [12], and their admixture [13]
have been proposed. The production and survival of the
X(3872) in a quark-gluon plasma (QGP), a deconfined state
of quarks and gluons [14,15], or after the QGP, in a
hadronic phase, is expected to depend upon the X(3872)’s
internal structure [16,17]. Thus, the recent large dataset of
lead-lead (Pb-Pb) collisions at a center-of-mass energy offfiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV per nucleon pair, delivered by the Large
Hadron Collider (LHC) at CERN at the end of 2018,
opened new opportunities to probe the nature of this exotic
state [18–20].
It is expected that in relativistic heavy ion collisions,

the formation of the QGP could enhance or suppress the
production of the X(3872) particle. Coalescence mecha-
nisms could enhance the X(3872) production yield [16,19].
These mechanisms can be modeled via the overlap of the

density matrix of the constituents in an emission source
with the Wigner function of the produced particle [21].
Therefore, the enhancement of the X(3872) production in
the QGP would depend on the spatial configuration of the
exotic state. Moreover, a longer distance between the
quarks and antiquarks that constitute the state could also
lead to a higher X(3872) dissociation rate, similar to that
from the mechanism of quarkonium suppression in heavy
ion collisions [22]. Therefore, the study of the X(3872)
state in the QGP may be used as a tool to distinguish a
compact tetraquark configuration with a radius ∼0.3 fm
from a molecular state with a radius greater than 1.5 fm
[23]. Such a measurement would be complementary to
the recent evidence for the radiative decay Xð3872Þ →
ψ2Sγ in proton-proton (pp) collisions reported by LHCb
Collaboration [24], which does not support a pure
D&ð2010Þ0 D̄ molecular interpretation. In addition, mea-
surements of prompt X(3872) production could provide an
interesting test of the statistical hadronization model, which
assumes that the produced matter is in thermodynamic
equilibrium at the phase transition to hadrons [25,26].
In this Letter, the first evidence for X(3872) production

in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV is reported. The
Pb-Pb sample corresponds to an integrated luminosity
of 1.7 nb−1. The X(3872) candidates are reconstructed
through the decay chain Xð3872Þ → J=ψπþπ− →
μþμ−πþπ−, and are measured in the 15 < pT <
50 GeV=c and jyj < 1.6 kinematic region. At the LHC
energies, the inclusive X(3872) yields in pp and Pb-Pb
collisions contain a significant nonprompt contribution
coming from b hadron decays [8]. The nonprompt
X(3872) component is related to the medium-modified
beauty hadron production in heavy ion collisions, which is
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down by the CDF [9], and later determined to be JPC ¼
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of this particle is still not fully understood and interpre-
tations in terms of conventional charmonium (a bound state
of charm-anticharm quarks), D&ð2010Þ0 D̄0 molecules
[11], tetraquark states [12], and their admixture [13]
have been proposed. The production and survival of the
X(3872) in a quark-gluon plasma (QGP), a deconfined state
of quarks and gluons [14,15], or after the QGP, in a
hadronic phase, is expected to depend upon the X(3872)’s
internal structure [16,17]. Thus, the recent large dataset of
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p ¼ 5.02 TeV per nucleon pair, delivered by the Large
Hadron Collider (LHC) at CERN at the end of 2018,
opened new opportunities to probe the nature of this exotic
state [18–20].
It is expected that in relativistic heavy ion collisions,

the formation of the QGP could enhance or suppress the
production of the X(3872) particle. Coalescence mecha-
nisms could enhance the X(3872) production yield [16,19].
These mechanisms can be modeled via the overlap of the

density matrix of the constituents in an emission source
with the Wigner function of the produced particle [21].
Therefore, the enhancement of the X(3872) production in
the QGP would depend on the spatial configuration of the
exotic state. Moreover, a longer distance between the
quarks and antiquarks that constitute the state could also
lead to a higher X(3872) dissociation rate, similar to that
from the mechanism of quarkonium suppression in heavy
ion collisions [22]. Therefore, the study of the X(3872)
state in the QGP may be used as a tool to distinguish a
compact tetraquark configuration with a radius ∼0.3 fm
from a molecular state with a radius greater than 1.5 fm
[23]. Such a measurement would be complementary to
the recent evidence for the radiative decay Xð3872Þ →
ψ2Sγ in proton-proton (pp) collisions reported by LHCb
Collaboration [24], which does not support a pure
D&ð2010Þ0 D̄ molecular interpretation. In addition, mea-
surements of prompt X(3872) production could provide an
interesting test of the statistical hadronization model, which
assumes that the produced matter is in thermodynamic
equilibrium at the phase transition to hadrons [25,26].
In this Letter, the first evidence for X(3872) production

in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV is reported. The
Pb-Pb sample corresponds to an integrated luminosity
of 1.7 nb−1. The X(3872) candidates are reconstructed
through the decay chain Xð3872Þ → J=ψπþπ− →
μþμ−πþπ−, and are measured in the 15 < pT <
50 GeV=c and jyj < 1.6 kinematic region. At the LHC
energies, the inclusive X(3872) yields in pp and Pb-Pb
collisions contain a significant nonprompt contribution
coming from b hadron decays [8]. The nonprompt
X(3872) component is related to the medium-modified
beauty hadron production in heavy ion collisions, which is
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separately for X(3872) and ψ2S states. The corrected yield
of the prompt component can then be derived as

Ni→J=ψππ ¼ Ni
rawfiprompt=ðαϵrecoϵselÞi; ð4Þ

where i is X(3872) or ψ2S, α is the acceptance, ϵreco is the
candidate reconstruction efficiency and ϵsel is the candidate
selection efficiency. Since the two states are reconstructed
in the same decay channel and are relatively close in mass,
their corresponding αϵreco values are similar. The choice
of the BDT optimization criteria results in ϵsel being higher
for the X(3872) than for the ψ2S.
The measurement of ρPb-Pb is affected by several sources

of systematic uncertainty, arising from the candidate
selection, invariant mass fit, and efficiency corrections.
To estimate the systematic uncertainty associated with the
BDT selection, the BDT cutoff values are varied within a
range that allows a robust invariant mass fit procedure (i.e.,
signal statistical significance larger than 2), and for each
variation all factors in Eq. (4) are recalculated, separately
for X(3872) and ψ2S. The maximum difference of the final
ρPb-Pb value from the nominal result (40%) is quoted as the
systematic uncertainty. The relatively large ρPb-Pb uncer-
tainty associated with BDT cutoff value is the convolution
of mainly two causes: the BDT variables distribution
differences in data and MC samples for the X(3872)
meson, and the statistical limitation of the signal in data.
The largest differences (∼2 standard deviations) between
data and MC samples are in the distributions of the pT of

the pions, and the radial distance between the pion and the
J=ψ candidate momentum vectors.
The uncertainty in the invariant mass fit (8.0%) is

calculated by adding in quadrature the maximum devia-
tions from the nominal result to that found using two
alternative fitting functions for both signal and background.
For the signal, one variation consists of using a triple-
Gaussian function, while for the other the signal width
of the nominal fit is allowed to float to account for the
resolution difference between data and MC samples. Other
choices for the signal shape (e.g., one-Gaussian function)
were not considered because of their poor-quality fits. For
the background, the fit function is changed once to a third-
order polynomial (as an exponential function or lower-
order polynomials could not describe the data), and the
fit range is also changed from 3.62–4 GeV=c2 to
3.62–3.9 GeV=c2 to exclude the right-hand shoulder.
The efficiency corrections obtained from simulation are

sensitive to how well the pT spectrum of the X(3872) and
ψ2S candidates is modeled. The uncertainty related to
the simulated pT shape is evaluated by comparing the
reconstruction and selection efficiencies calculated using
the default PYTHIA MC sample, with another MC sample in
which the pT distributions of X(3872) and ψ2S are tuned to
reproduce the extracted X(3872) and ψ2S pT and y spectra
obtained in data, by performing mass fits in bins of X(3872)
and ψ2S pT and y. The pT and y spectra of the alternative
MC samples are allowed to vary within the statistical
uncertainties in data. The mean of the differences between
efficiencies from the alternative MC samples and the default
PYTHIAMC due to the variation of pT and y spectra, which is
13%, is quoted as the systematic uncertainty.
The uncertainties in the trigger efficiency in the muon

reconstruction and identification are evaluated using single
muons from J=ψ meson decays in both simulated and
collision data, with the tag-and-probe method [44,45]. This
combined uncertainty is found to be negligible, below 1%.
Scale factors, calculated as the ratio of data to simulated
efficiencies as a function of pμ

T and ημ, are applied to each
dimuon pair on a muon-by-muon basis. The uncertainties
of the scaling factors from tag-and-probe studies are quoted
as systematic uncertainties.
To estimate the uncertainty in the prompt fraction arising

from potential differences between the resolution in data
and simulation, a template fit of the lxy distribution in data
is performed using prompt and nonprompt lxy templates
from simulation. Data are binned in lxy, and an invariant
mass fit is performed to extract the inclusive yield in each
lxy bin. This background-subtracted lxy distribution is then
fitted using a two component fit, which includes the prompt
and nonprompt lxy templates from simulation. The widths
of the simulated DCA distributions are varied by a floating
scale factor, and the best simulated smearing scale factor to
match data is determined by minimizing the χ2 of the two-
component fit. The difference between the ratio of the
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mass of the dimuon pair to be equal to the nominal J=ψ
mass [40]. The selection is further optimized, using a
boosted decision tree (BDT) algorithm [43]. The X(3872)
decay vertex probability, the radial distance between
the pion and the J=ψ candidate momentum vectors
[

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
, where ϕ is the azimuthal angle], and

the pT of each pion are used in the BDT algorithm to
distinguish signal and combinatorial background formed
by random combinations of tracks. For the multivariate
training, the X(3872) signal sample is taken from simu-
lation, and the background sample consists of data from
the sidebands of the X(3872) meson peak (i.e., 0.07 <
jm −mXð3872Þj < 0.128 GeV=c2). The nominal BDT selec-
tion is chosen in order to maximize the statistical signifi-
cance of X(3872), defined as S=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSþ BÞ

p
where S and B

are the numbers of X(3872) and background in the signal
region, respectively. Because there is no reliable theoretical
calculation available for the X(3872) production, an esti-
mation of the X(3872) cross section is obtained from data,
by extracting the signal yield in data when applying a
tight BDT cut. This is used in conjunction with the
MC-calculated efficiency to obtain the yield for each
BDT cutoff value. The BDT selection determined in this
way is applied to entries in the whole invariant mass range
from 3.62 to 4 GeV=c2 in data.
The raw inclusive yields of X(3872) and ψ2S are

extracted by an extended unbinned maximum-likelihood
fit. A double-Gaussian function with a common mean but
independent widths is used to model the signal component
for each of the X(3872) and ψ2S peaks. This was preferred
to a single-Gaussian or a Breit-Wigner function since it
described better (i.e., superior χ2 of the fit) the signal shape
in MC simulations. For describing the combinatorial back-
ground, mostly produced by the random combination of a
J=ψ candidate with tracks that are not coming from
X(3872) or ψ2S decay, a 4th-order polynomial is used,
which gives the best fit in terms of χ2 per degrees of
freedom and stability during all studies. For the signal, only
the magnitude of the two peaks is left free in the fit, the rest
[the mean and widths of the two Gaussian functions, as well
as their relative contribution to the signal yield in either
X(3872) or ψ2S peaks] are set to the values derived from
simulation. The five parameters of the combinatorial back-
ground are all allowed to float. The invariant mass range
considered for the fit is 3.62 to 4 GeV=c2. The invariant
mass fits for both the inclusive and nonprompt samples,
with BDT selection optimized for X(3872), are shown in
Fig. 1. The significance of the inclusive X(3872) signal
against background-only hypothesis is 4.2 standard devia-
tions. The systematic uncertainty (described below) con-
tributing to this significance is the one related to the
X(3872) invariant mass fit. After performing a likelihood
scan for each alternative signal and background shape
considered, the significance was calculated as the square

root of the logarithm of the profile likelihood ratio where
the signal is zero, with the smallest value obtained being
chosen among all scans.
The contribution from b hadron decays is subtracted

from the inclusive result using the “pseudoproper” decay
length lxy, defined as the distance in the transverse plane
Lxy between the vertex formed by the 4-tracks and the
primary vertex, corrected by the transverse Lorentz boost
of the candidate: lxy ¼ LxymJ=ψππc=jp⃗Tj. The prompt-
component fraction (fprompt) is estimated using a cutoff-
based method in the following way. Since the lxy of the
prompt component was found in MC studies to be smaller
than 0.1 mm, the prompt fraction, fprompt, can be derived
from (i) the raw inclusive yield, Nincl, obtained from the fit
to the invariant mass distributions of all candidates, shown
in Fig. 1, and (ii) Nb-enr, the “b-enriched” yield, obtained
from a fit to the invariant mass distribution only containing
candidates that passed the selection lxy > 0.1 mm, also
shown in Fig. 1. In addition, Nb-enr has to be corrected to
account for nonprompt candidates, with lxy < 0.1 mm, that
have been missed: fb-enrnonprompt ¼ Nnonpromptðlxy > 0.1 mmÞ=
Nnonprompt. The correction was obtained from simulation.
The raw prompt fraction is then calculated as

fprompt ¼ 1 −
Nb-enr=fb-enrnonprompt

Nincl
; ð3Þ
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FIG. 1. Invariant mass distribution ofmμμππ in Pb-Pb collisions,
for the inclusive (upper) and b-enriched (bottom) samples. The
vertical lines represent statistical uncertainties in the data. The
results of the unbinned maximum-likelihood fits for the signalþ
background and background alone are also shown by the solid
and dashed lines, respectively. The pull distribution is represented
by the shaded bars. The X(3872) peak mass resolution, σXð3872Þ,
calculated at the half-maximum of the signal-shape distribution,
is also listed for reference.
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mass of the dimuon pair to be equal to the nominal J=ψ
mass [40]. The selection is further optimized, using a
boosted decision tree (BDT) algorithm [43]. The X(3872)
decay vertex probability, the radial distance between
the pion and the J=ψ candidate momentum vectors
[

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
, where ϕ is the azimuthal angle], and

the pT of each pion are used in the BDT algorithm to
distinguish signal and combinatorial background formed
by random combinations of tracks. For the multivariate
training, the X(3872) signal sample is taken from simu-
lation, and the background sample consists of data from
the sidebands of the X(3872) meson peak (i.e., 0.07 <
jm −mXð3872Þj < 0.128 GeV=c2). The nominal BDT selec-
tion is chosen in order to maximize the statistical signifi-
cance of X(3872), defined as S=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSþ BÞ

p
where S and B

are the numbers of X(3872) and background in the signal
region, respectively. Because there is no reliable theoretical
calculation available for the X(3872) production, an esti-
mation of the X(3872) cross section is obtained from data,
by extracting the signal yield in data when applying a
tight BDT cut. This is used in conjunction with the
MC-calculated efficiency to obtain the yield for each
BDT cutoff value. The BDT selection determined in this
way is applied to entries in the whole invariant mass range
from 3.62 to 4 GeV=c2 in data.
The raw inclusive yields of X(3872) and ψ2S are

extracted by an extended unbinned maximum-likelihood
fit. A double-Gaussian function with a common mean but
independent widths is used to model the signal component
for each of the X(3872) and ψ2S peaks. This was preferred
to a single-Gaussian or a Breit-Wigner function since it
described better (i.e., superior χ2 of the fit) the signal shape
in MC simulations. For describing the combinatorial back-
ground, mostly produced by the random combination of a
J=ψ candidate with tracks that are not coming from
X(3872) or ψ2S decay, a 4th-order polynomial is used,
which gives the best fit in terms of χ2 per degrees of
freedom and stability during all studies. For the signal, only
the magnitude of the two peaks is left free in the fit, the rest
[the mean and widths of the two Gaussian functions, as well
as their relative contribution to the signal yield in either
X(3872) or ψ2S peaks] are set to the values derived from
simulation. The five parameters of the combinatorial back-
ground are all allowed to float. The invariant mass range
considered for the fit is 3.62 to 4 GeV=c2. The invariant
mass fits for both the inclusive and nonprompt samples,
with BDT selection optimized for X(3872), are shown in
Fig. 1. The significance of the inclusive X(3872) signal
against background-only hypothesis is 4.2 standard devia-
tions. The systematic uncertainty (described below) con-
tributing to this significance is the one related to the
X(3872) invariant mass fit. After performing a likelihood
scan for each alternative signal and background shape
considered, the significance was calculated as the square

root of the logarithm of the profile likelihood ratio where
the signal is zero, with the smallest value obtained being
chosen among all scans.
The contribution from b hadron decays is subtracted

from the inclusive result using the “pseudoproper” decay
length lxy, defined as the distance in the transverse plane
Lxy between the vertex formed by the 4-tracks and the
primary vertex, corrected by the transverse Lorentz boost
of the candidate: lxy ¼ LxymJ=ψππc=jp⃗Tj. The prompt-
component fraction (fprompt) is estimated using a cutoff-
based method in the following way. Since the lxy of the
prompt component was found in MC studies to be smaller
than 0.1 mm, the prompt fraction, fprompt, can be derived
from (i) the raw inclusive yield, Nincl, obtained from the fit
to the invariant mass distributions of all candidates, shown
in Fig. 1, and (ii) Nb-enr, the “b-enriched” yield, obtained
from a fit to the invariant mass distribution only containing
candidates that passed the selection lxy > 0.1 mm, also
shown in Fig. 1. In addition, Nb-enr has to be corrected to
account for nonprompt candidates, with lxy < 0.1 mm, that
have been missed: fb-enrnonprompt ¼ Nnonpromptðlxy > 0.1 mmÞ=
Nnonprompt. The correction was obtained from simulation.
The raw prompt fraction is then calculated as

fprompt ¼ 1 −
Nb-enr=fb-enrnonprompt
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FIG. 1. Invariant mass distribution ofmμμππ in Pb-Pb collisions,
for the inclusive (upper) and b-enriched (bottom) samples. The
vertical lines represent statistical uncertainties in the data. The
results of the unbinned maximum-likelihood fits for the signalþ
background and background alone are also shown by the solid
and dashed lines, respectively. The pull distribution is represented
by the shaded bars. The X(3872) peak mass resolution, σXð3872Þ,
calculated at the half-maximum of the signal-shape distribution,
is also listed for reference.
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(2) It’s produced in many different processes:
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•  inclusive
• PbPb  inclusive
•
•
• among others

(3) Absolute branching fractions to many channels are known: 
[thanks to an absolute measurement of ]:

• , , , , etc.

(4) Its total width has been measured several ways.
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= − 0.05 ± 0.12 c2
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e+e− → γX(3872)
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one is based on the eþe− → πþπ−J=ψ line shape seen by
BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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with parameters from the PDG [3]. We take the largest
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is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
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γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
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−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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one is based on the eþe− → πþπ−J=ψ line shape seen by
BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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jMðγπþπ−Þ −M0ðη0Þj > 0.02 GeV=c2 [M0ðη0Þ is the
nominal mass of the η0 [3] ], respectively.
For the search channel, the background mode π0π0J=ψ is

suppressed both by requiring Mðγ1γ2Þ to be 20 MeV=c2

away from the π0 mass and by placing the same require-
ment on the mass of γ1 or γ2 combined with the higher
energy photon from the π0 decay. Background events
from ωð782Þ decays to γπ0, including those from eþe− →
ωχcJ and γXð3872Þ → γωJ=ψ , are removed by requi-
ring Mðγ1;2π0Þ < 0.732 GeV=c2. Finally, background
events from γISRψð3686Þ are reduced by requiring the
mass recoiling against γ1 or γ2 both to be larger than
3.7 GeV=c2.
The final distributions for the reconstructed πþπ−J=ψ

mass in the normalization channel are shown in Fig. 1. In
order to improve the mass resolution, Mðπþπ−J=ψÞ is
calculated using Mðπþπ−lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ,
where M0ðJ=ψÞ is the nominal mass of the J=ψ . The
mass resolution is improved from 7.4 to 4.7 MeV=c2.

Figure 1(a) corresponds to data taken at 4.15 < Ec:m: <
4.30 GeV and shows a clear Xð3872Þ signal. The data
are fitted by a first-order polynomial representing the
background and a response function of the signal process
that has been obtained from the signal MC simulation.
All fits are performed using a binned likelihood method;
all significances are obtained by comparing the resulting
likelihoods with and without the signal component
included. Results are listed in Table I. Figure 1(b) shows
the same for the other Ec:m: samples. No Xð3872Þ signal
is seen. This pattern is consistent with the previous
measurement [12].
The corresponding distributions of Mðπ0χcJÞ for the

search channel are shown in Fig. 2. The χcJ region is first
chosen with a loose requirement on Mðγ1;2J=ψÞ≡
Mðγ1;2lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ between 3.35 and
3.60 GeV=c2. A clear signal for the Xð3872Þ is observed
for 4.15 < Ec:m: < 4.30 GeV [Fig. 2(a)]; no evidence for
the Xð3872Þ is seen at other Ec:m: [Fig. 2(b)]. The
distributions are fit with a first-order polynomial back-
ground function and a signal shape derived from the signal
MC simulation, where the relative fractions of π0χcJ with
J ¼ 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations of
γ1 and γ2; the signal MC includes a broad contribution from
events with interchanged γ1 and γ2. Using the background
samples described earlier (B1 and B2), we find no other
peaking background events. The fit in Fig. 2(a) yields
16.9þ5.2

−4.5 Xð3872Þ events with a statistical significance
of 4.8σ.
We next use theMðγ1;2J=ψÞ distribution to select the χc0,

χc1, and χc2 mass regions (Fig. 3). The photons γ1 and γ2
are separated by choosing γ2 to be the photon that mini-
mizes ΔMJ ≡ jMðγ2J=ψÞ −M0ðχcJÞj, where M0ðχcJÞ is
the nominal mass of each χcJ [3]. We require ΔM0 < 25
and ΔM1;2 < 20 MeV=c2. The resulting distributions for
Mðπ0χcJÞ with J ¼ 0, 1, 2 are shown in Fig. 4. Each
Mðπ0χcJÞ distribution is fit with a constant background
function and a signal shape derived from signal MC
simulation. The signal MC samples include events with
interchanged γ1 and γ2 as well as cross feed among the
π0χcJ channels. These effects result in an additional peak
below the Xð3872Þ signal region in the Mðπ0χc0Þ distri-
bution, but are negligible elsewhere. In the Mðπ0χc1Þ
distribution, we find a Xð3872Þ signal with a 5.2σ signifi-
cance. No significant Xð3872Þ signals are found in the
Mðπ0χc0;2Þ distributions. Numbers for events, efficiencies,
and significances are listed in Table I. The total yield of
signal events in all three channels is 15.1þ4.8

−3.8 , consistent
with the fit in Fig. 2(a).
Also shown in Table I are the final ratios B(Xð3872Þ →

π0χcJ)=B(Xð3872Þ → πþπ−J=ψ). These are calculated
from the ratios of yields of signal events, the ratios of
efficiencies (including minor effects due to ISR), and the
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jMðγπþπ−Þ −M0ðη0Þj > 0.02 GeV=c2 [M0ðη0Þ is the
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for 4.15 < Ec:m: < 4.30 GeV [Fig. 2(a)]; no evidence for
the Xð3872Þ is seen at other Ec:m: [Fig. 2(b)]. The
distributions are fit with a first-order polynomial back-
ground function and a signal shape derived from the signal
MC simulation, where the relative fractions of π0χcJ with
J ¼ 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations of
γ1 and γ2; the signal MC includes a broad contribution from
events with interchanged γ1 and γ2. Using the background
samples described earlier (B1 and B2), we find no other
peaking background events. The fit in Fig. 2(a) yields
16.9þ5.2

−4.5 Xð3872Þ events with a statistical significance
of 4.8σ.
We next use theMðγ1;2J=ψÞ distribution to select the χc0,

χc1, and χc2 mass regions (Fig. 3). The photons γ1 and γ2
are separated by choosing γ2 to be the photon that mini-
mizes ΔMJ ≡ jMðγ2J=ψÞ −M0ðχcJÞj, where M0ðχcJÞ is
the nominal mass of each χcJ [3]. We require ΔM0 < 25
and ΔM1;2 < 20 MeV=c2. The resulting distributions for
Mðπ0χcJÞ with J ¼ 0, 1, 2 are shown in Fig. 4. Each
Mðπ0χcJÞ distribution is fit with a constant background
function and a signal shape derived from signal MC
simulation. The signal MC samples include events with
interchanged γ1 and γ2 as well as cross feed among the
π0χcJ channels. These effects result in an additional peak
below the Xð3872Þ signal region in the Mðπ0χc0Þ distri-
bution, but are negligible elsewhere. In the Mðπ0χc1Þ
distribution, we find a Xð3872Þ signal with a 5.2σ signifi-
cance. No significant Xð3872Þ signals are found in the
Mðπ0χc0;2Þ distributions. Numbers for events, efficiencies,
and significances are listed in Table I. The total yield of
signal events in all three channels is 15.1þ4.8

−3.8 , consistent
with the fit in Fig. 2(a).
Also shown in Table I are the final ratios B(Xð3872Þ →

π0χcJ)=B(Xð3872Þ → πþπ−J=ψ). These are calculated
from the ratios of yields of signal events, the ratios of
efficiencies (including minor effects due to ISR), and the
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histogram is an estimate of nonpeaking backgrounds using J=ψ
sidebands from data.
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(I) Understanding the :  Known FactsX(3872)

13

(1) Its mass is very close to  threshold:

•  
 

 
 MeV/

(2) It’s produced in many different processes:

•
•  inclusive
• PbPb  inclusive
•
•
• among others

(3) Absolute branching fractions to many channels are known: 
[thanks to an absolute measurement of ]:

• , , , , etc.

(4) Its total width has been measured several ways.

D0D*0

M(3872) − M(D0D*0)
= M(3872) − 2M(D0) − [M(D*0) − M(D0)]
= (3871.65 ± 0.06) − 2(1864.84 ± 0.05) − (142.02 ± 0.03)
= − 0.05 ± 0.12 c2

B → KX(3872)
pp → X(3872)

→ X(3872)
e+e− → γX(3872)
e+e− → ωX(3872)

B(B+ → K+X(3872))

ρJ/ψ ωJ/ψ D0D*0 π0χc1

6
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FIG. 2. Fit to the M(π+π−J/ψ) distribution. The points
with error bars are data, the solid curve is the fit result, the
dashed line is the background component, and the filled his-
togram represents events from the ω and J/ψ two-dimensional
sidebands.

fractions are taken from Ref. [5].
Due to the limited statistics, the signal yield (Nsig)

at each energy point is determined by counting the
number of events in the X(3872) signal region [3.86,
3.88] GeV/c2. The background has been subtracted,
which is estimated by using the X(3872) sidebands [3.81,
3.84] GeV/c2 and [3.91, 3.94] GeV/c2. Only the [3.81,
3.84] GeV/c2 sideband region is used at

√
s = 4.661 GeV

since M(π+π−J/ψ) has a maximum allowed value of
3.914 GeV/c2 at that energy. The measured Nsig and
σB at each energy point are listed in Table I. The sta-
tistical significance and the upper limits of σB (σB

up) at
the 90% confidence level at various energy points are cal-
culated using a frequentist method with an unbounded
profile likelihood treatment by assuming the numbers of
observed events in the X(3872) signal and sideband re-
gions follow a Poisson distribution [26].
The systematic uncertainties of the Born cross section

measurement mainly originate from the detection effi-
ciency, the ISR correction factor, the method of signal
extraction, the integrated luminosity, and the branching
fraction of X(3872)→ π+π−J/ψ. The sources of the un-
certainty from the detection efficiency include the track-
ing, the photon reconstruction, the kinematic fit, the J/ψ
mass window, the muon selection, and the signal genera-
tion model. The systematic uncertainty due to tracking
is estimated with the process e+e− → π+π−J/ψ to be
1.0% per track [27]. The uncertainty of the photon re-
construction efficiency is assigned to be 1.0% per photon
from the study of the process J/ψ → ρ0π0 [28]. The
uncertainties caused by the kinematic fit, the J/ψ mass
selection, and the muon selection with the MUC are stud-
ied with the control sample of e+e− → γISRπ+π−ψ(2S),
ψ(2S) → π+π−J/ψ. The corresponding uncertainties
are 2.8%, 4.2%, and 1.3%, respectively. The efficien-
cies are calculated with the signal MC samples gener-
ated with a phase space model which is flat in the dis-

tributions of ω and ρ0 helicity angles. The uncertainty
caused by the generation model and the η/ψ(2S) veto
is estimated by varying the distributions of the ω and
ρ0 helicity angles θ to be 1 ± cos2θ. The uncertainties
are found to be (0.1-1.7)%. The signal yield at each en-
ergy point is obtained with the counting method; a 1.6%
uncertainty is assigned comparing to that obtained with
an alternative fit method at

√
s = 4.684 GeV. The un-

certainty due to the ISR correction factor is estimated
by scaling the initial input observed line-shape within
one statistical uncertainty, and the relative difference of
the efficiency compared to the nominal scheme is taken
as the uncertainty, which varies from 1.4% to 12.0% at
different energy points. The integrated luminosity is
measured with the Bhabha scattering process with an
uncertainty of 1.0% [29]. The total systematic uncer-
tainty at each energy point is obtained by adding all
these systematic uncertainties in quadrature. The sys-
tematic uncertainties discussed above are summarized in
Table II. The uncertainty caused by the branching frac-
tion of X(3872)→ π+π−J/ψ is 31.6% [5], which is listed
as a separate uncertainty in the Born cross section.
In summary, based on data samples at

√
s = 4.661 −

4.951 GeV with a total integrated luminosity of 4.7 fb−1

collected by the BESIII detector, a new X(3872) produc-
tion process e+e− → ωX(3872) is observed for the first
time. The significance is 7.5σ, including the statistical
and systematic uncertainties. The e+e− → ωX(3872)
Born cross section and the corresponding upper limit at
the 90% confidence level at each energy point are re-
ported. The line shape of the cross section indicates
that the observed ωX(3872) signals may be from decays
of some non-trivial structures. The production mecha-
nisms of the X(3872) provide crucial information about
its properties. The observation of a new production pro-
cess e+e− → ωX(3872), combined with the observation
of the X(3872) in other production mechanisms, offers an
additional window into the composition of the X(3872).
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(I) Understanding the :  Known FactsX(3872)
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(1) Its mass is very close to  threshold:

•  
 

 
 MeV/

(2) It’s produced in many different processes:

•
•  inclusive
• PbPb  inclusive
•
•
• among others

(3) Absolute branching fractions to many channels are known: 
[thanks to an absolute measurement of ]:

• , , , , etc.

(4) Its total width has been measured several ways.

D0D*0

M(3872) − M(D0D*0)
= M(3872) − 2M(D0) − [M(D*0) − M(D0)]
= (3871.65 ± 0.06) − 2(1864.84 ± 0.05) − (142.02 ± 0.03)
= − 0.05 ± 0.12 c2

B → KX(3872)
pp → X(3872)

→ X(3872)
e+e− → γX(3872)
e+e− → ωX(3872)

B(B+ → K+X(3872))

ρJ/ψ ωJ/ψ D0D*0 π0χc1

the amplitude in the complex energy plane are identifiedwith
hadronic states. The pole location is a unique property of the
respective state, which is independent of the production
process and the observed decay mode. In the absence of
nearby thresholds the real part of the pole is located at the
mass of the hadron and the imaginary part at half the width of
the state. Branch point singularities occur at the threshold of
every coupled channel and lead to branch cuts in the Riemann
surface on which the amplitude is defined. Each branch cut
corresponds to two Riemann sheets. Through Eq. (2) the
amplitudewill inherit the analytic structure of the square root
functions of Eq. (3) that describe the momenta of the decay
products in the rest frame of the two-body system. The square
root is a two-sheeted function of complex energy. In the
following, a convention is used where the two sheets are
connected along the negative real axis. An introduction to this
subject can be found in Refs. [46–48] and a summary is
available in Ref. [49].
For the χc1ð3872Þ state only the Riemann sheets asso-

ciated with theD0D̄#0 channel are important, since all other
thresholds are far from the signal region. The following
convention is adopted to label the relevant sheets:

(I) E − Ef − g
2 ðþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE > 0,

(II) E − Ef − g
2 ðþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE < 0,

(III) E − Ef − g
2 ð−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE < 0,

(IV) E − Ef − g
2 ð−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE > 0,

whereΓðEÞ≡ ΓρðEÞ þ ΓωðEÞ þ Γ0. The fact that the model
contains several coupled channels in addition to the D0D̄#0

channel complicates the analytical structure. The sign in front
of the momentum

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
is the same for sheets I and II and

therefore they belong to a single sheet with respect to the
D0D̄#0 channel. The two regions are labeled separately due to
the presence of the J=ψπþπ−, J=ψπþπ−π0 channels, as well
as radiative decays. Those channels have their associated
branch points at smaller masses than the signal region. The
analysis is performed close to theD0D̄#0 threshold and points
above and below the real axis lie on different sheets with
respect to those open channels.
Sheets I and II correspond to a physical sheet with

respect to the D0D̄#0 channel, where the amplitude is
evaluated in order to compute the measurable lineshape at
real energies E. Sheets III and IV correspond to an
unphysical sheet with respect to that channel. Sheet II is
analytically connected to sheet IValong the real axis, above
the D0D̄#0 threshold.
In the single-channel case, a bound D0D̄#0 state would

appear below threshold on the real axis and on the
physical sheet.

A virtual state would appear as well below threshold on
the real axis, but on the unphysical sheet. A resonance
would appear on the unphysical sheet in the complex plane
[46–48]. The presence of inelastic, open channels shifts the
pole into the complex plane and turns both a bound state as
well as a virtual state into resonances. In the implementa-
tion of the amplitude used for the analysis, the branch cut
for the D0D̄#0 channel is taken to go from threshold toward
larger energy E, while the branch cuts associated with the
open channels ΓðEÞ are chosen to lie along the negative real
axis. The analytic structure around the branch cut asso-
ciated with theDþD#− threshold is also investigated, but no
nearby poles are found on the respective Riemann sheets.
At the best estimate of the Flatté parameters the model

exhibits two pole singularities. The first pole appears on
sheet II and is located very close to the D0D̄#0 threshold.
The location of this pole with respect to the branch point
obtained using the algorithm described in Ref. [50], is
EII ¼ ð0.06 − 0.13iÞ MeV.Recalling that the imaginary part
of the pole position corresponds to half the visible width, it is
clear that this pole is responsible for the peaking region of the
lineshape. A second pole is found on sheet III. It appears well
below the threshold and is also further displaced from the
physical axis at EIII ¼ ð−3.58 − 1.22iÞ MeV.
Figure 6 shows the analytic structure of the Flatté

amplitude in the vicinity of the threshold. The color code
corresponds to the phase of the amplitude on sheets I (for
ImE > 0) and II (for ImE < 0) in the complex energy
plane. The pole on sheet II is visible, as is the discontinuity
along the D0D̄#0 branch cut, which for clarity is also
indicated by the black line. The trajectory followed by the

FIG. 6. The phase of the Flatté amplitude obtained from the fit
to the data withm0 ¼ 3864.5 MeV on sheets I (for ImE > 0) and
II (for ImE < 0) of the complex energy plane. The pole
singularity is visible at EII ¼ ð0.06 − 0.13iÞ MeV. The branch
cut is highlighted with the black line. The trajectory of the pole
taken when the couplings to all but the DD̄# channel are scaled
down to zero is indicated in red.
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A study of the lineshape of the χc1ð3872Þ state is made using a data sample corresponding to an
integrated luminosity of 3 fb−1 collected in pp collisions at center-of-mass energies of 7 and 8 TeV with
the LHCb detector. Candidate χc1ð3872Þ and ψð2SÞ mesons from b-hadron decays are selected in the
J=ψπþπ− decay mode. Describing the lineshape with a Breit-Wigner function, the mass splitting between
the χc1ð3872Þ and ψð2SÞ states, Δm, and the width of the χc1ð3872Þ state, ΓBW, are determined to be
Δm¼185.598%0.067%0.068 MeV;

ΓBW¼1.39%0.24%0.10 MeV; where the first uncertainty is statistical and the second systematic. Using a Flatté-

inspired model, the mode and full width at half maximum of the lineshape are determined to be
mode¼3871.69þ0.00þ0.05

−0.04−0.13 MeV;
FWHM¼0.22þ0.07þ0.11

−0.06−0.13 MeV: An investigation of the analytic structure of the Flatté amplitude reveals a pole

structure, which is compatible with a quasibound D0D̄&0 state but a quasivirtual state is still allowed at the
level of 2 standard deviations.

DOI: 10.1103/PhysRevD.102.092005

I. INTRODUCTION

The last two decades have seen a resurgence of interest in
the spectroscopy of nonconventional (exotic) charmonium
states [1] starting with the observation of the charmonium-
like χc1ð3872Þ state by the Belle Collaboration [2]. Though
the existence of the χc1ð3872Þ particle has been confirmed
by many experiments [3–7] with quantum numbers mea-
sured to be 1þþ [8,9], its nature is still uncertain. Several
exotic interpretations have been suggested: e.g., a tetra-
quark [10], a loosely bound deuteronlike D0D̄&0 molecule
[11] or a charmonium-molecule mixture [12].
A striking feature of the χc1ð3872Þ state is the proximity

of its mass to the sum of the D&0 and D0 meson masses.
Accounting for correlated uncertainties due to the knowl-
edge of the kaon mass, this sum is evaluated to be mD0 þ
mD&0 ¼ 3871.70% 0.11 MeV [13]. The molecular inter-
pretation of the χc1ð3872Þ state requires it to be a bound
state. Assuming a Breit-Wigner lineshape, this implies that
δE≡mD0 þmD&0 −mχc1ð3872Þ > 0. Current knowledge of
δE is limited by the uncertainty on the χc1ð3872Þ mass,
motivating a more precise determination of this quantity.
The nature of the χc1ð3872Þ state can also be elucidated by
studies of its lineshape. This has been analyzed by several
experiments assuming a Breit-Wigner function [3,5,14].

The current upper limit on the natural width, ΓBW, is
1.2 MeV at 90% confidence level [15].
In this analysis a sample of χc1ð3872Þ → J=ψπþπ−

candidates produced in inclusive b-hadron decays is used
to measure precisely the mass and to determine the line-
shape of the χc1ð3872Þ meson. Studies are made assuming
both a Breit-Wigner lineshape and a Flatté-inspired model
that accounts for the opening up of the D̄0D&0 threshold
[16,17]. The analysis uses a data sample corresponding to
an integrated luminosity of 3 fb−1 of data collected in pp
collisions at center-of-mass energies of 7 and 8 TeV during
2011 and 2012 using the LHCb detector.

II. DETECTOR AND SIMULATION

The LHCb detector [18,19] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region [20], a large-area silicon-strip detec-
tor (TT) located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of
silicon-strip detectors and straw drift tubes [21] placed
downstream of the magnet. The tracking system provides a
measurement of momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momen-
tum to 1.0% at 200 GeV. As described in Refs. [22,23] the
momentum scale is calibrated using samples of J=ψ →
μþμ− and Bþ → J=ψKþ decays collected concurrently
with the data sample used for this analysis. The relative
accuracy of this procedure is estimated to be 3 × 10−4 using
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the amplitude in the complex energy plane are identifiedwith
hadronic states. The pole location is a unique property of the
respective state, which is independent of the production
process and the observed decay mode. In the absence of
nearby thresholds the real part of the pole is located at the
mass of the hadron and the imaginary part at half the width of
the state. Branch point singularities occur at the threshold of
every coupled channel and lead to branch cuts in the Riemann
surface on which the amplitude is defined. Each branch cut
corresponds to two Riemann sheets. Through Eq. (2) the
amplitudewill inherit the analytic structure of the square root
functions of Eq. (3) that describe the momenta of the decay
products in the rest frame of the two-body system. The square
root is a two-sheeted function of complex energy. In the
following, a convention is used where the two sheets are
connected along the negative real axis. An introduction to this
subject can be found in Refs. [46–48] and a summary is
available in Ref. [49].
For the χc1ð3872Þ state only the Riemann sheets asso-

ciated with theD0D̄#0 channel are important, since all other
thresholds are far from the signal region. The following
convention is adopted to label the relevant sheets:

(I) E − Ef − g
2 ðþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE > 0,

(II) E − Ef − g
2 ðþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE < 0,

(III) E − Ef − g
2 ð−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE < 0,

(IV) E − Ef − g
2 ð−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE > 0,

whereΓðEÞ≡ ΓρðEÞ þ ΓωðEÞ þ Γ0. The fact that the model
contains several coupled channels in addition to the D0D̄#0

channel complicates the analytical structure. The sign in front
of the momentum

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
is the same for sheets I and II and

therefore they belong to a single sheet with respect to the
D0D̄#0 channel. The two regions are labeled separately due to
the presence of the J=ψπþπ−, J=ψπþπ−π0 channels, as well
as radiative decays. Those channels have their associated
branch points at smaller masses than the signal region. The
analysis is performed close to theD0D̄#0 threshold and points
above and below the real axis lie on different sheets with
respect to those open channels.
Sheets I and II correspond to a physical sheet with

respect to the D0D̄#0 channel, where the amplitude is
evaluated in order to compute the measurable lineshape at
real energies E. Sheets III and IV correspond to an
unphysical sheet with respect to that channel. Sheet II is
analytically connected to sheet IValong the real axis, above
the D0D̄#0 threshold.
In the single-channel case, a bound D0D̄#0 state would

appear below threshold on the real axis and on the
physical sheet.

A virtual state would appear as well below threshold on
the real axis, but on the unphysical sheet. A resonance
would appear on the unphysical sheet in the complex plane
[46–48]. The presence of inelastic, open channels shifts the
pole into the complex plane and turns both a bound state as
well as a virtual state into resonances. In the implementa-
tion of the amplitude used for the analysis, the branch cut
for the D0D̄#0 channel is taken to go from threshold toward
larger energy E, while the branch cuts associated with the
open channels ΓðEÞ are chosen to lie along the negative real
axis. The analytic structure around the branch cut asso-
ciated with theDþD#− threshold is also investigated, but no
nearby poles are found on the respective Riemann sheets.
At the best estimate of the Flatté parameters the model

exhibits two pole singularities. The first pole appears on
sheet II and is located very close to the D0D̄#0 threshold.
The location of this pole with respect to the branch point
obtained using the algorithm described in Ref. [50], is
EII ¼ ð0.06 − 0.13iÞ MeV.Recalling that the imaginary part
of the pole position corresponds to half the visible width, it is
clear that this pole is responsible for the peaking region of the
lineshape. A second pole is found on sheet III. It appears well
below the threshold and is also further displaced from the
physical axis at EIII ¼ ð−3.58 − 1.22iÞ MeV.
Figure 6 shows the analytic structure of the Flatté

amplitude in the vicinity of the threshold. The color code
corresponds to the phase of the amplitude on sheets I (for
ImE > 0) and II (for ImE < 0) in the complex energy
plane. The pole on sheet II is visible, as is the discontinuity
along the D0D̄#0 branch cut, which for clarity is also
indicated by the black line. The trajectory followed by the

FIG. 6. The phase of the Flatté amplitude obtained from the fit
to the data withm0 ¼ 3864.5 MeV on sheets I (for ImE > 0) and
II (for ImE < 0) of the complex energy plane. The pole
singularity is visible at EII ¼ ð0.06 − 0.13iÞ MeV. The branch
cut is highlighted with the black line. The trajectory of the pole
taken when the couplings to all but the DD̄# channel are scaled
down to zero is indicated in red.
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I. INTRODUCTION

The last two decades have seen a resurgence of interest in
the spectroscopy of nonconventional (exotic) charmonium
states [1] starting with the observation of the charmonium-
like χc1ð3872Þ state by the Belle Collaboration [2]. Though
the existence of the χc1ð3872Þ particle has been confirmed
by many experiments [3–7] with quantum numbers mea-
sured to be 1þþ [8,9], its nature is still uncertain. Several
exotic interpretations have been suggested: e.g., a tetra-
quark [10], a loosely bound deuteronlike D0D̄&0 molecule
[11] or a charmonium-molecule mixture [12].
A striking feature of the χc1ð3872Þ state is the proximity

of its mass to the sum of the D&0 and D0 meson masses.
Accounting for correlated uncertainties due to the knowl-
edge of the kaon mass, this sum is evaluated to be mD0 þ
mD&0 ¼ 3871.70% 0.11 MeV [13]. The molecular inter-
pretation of the χc1ð3872Þ state requires it to be a bound
state. Assuming a Breit-Wigner lineshape, this implies that
δE≡mD0 þmD&0 −mχc1ð3872Þ > 0. Current knowledge of
δE is limited by the uncertainty on the χc1ð3872Þ mass,
motivating a more precise determination of this quantity.
The nature of the χc1ð3872Þ state can also be elucidated by
studies of its lineshape. This has been analyzed by several
experiments assuming a Breit-Wigner function [3,5,14].

The current upper limit on the natural width, ΓBW, is
1.2 MeV at 90% confidence level [15].
In this analysis a sample of χc1ð3872Þ → J=ψπþπ−

candidates produced in inclusive b-hadron decays is used
to measure precisely the mass and to determine the line-
shape of the χc1ð3872Þ meson. Studies are made assuming
both a Breit-Wigner lineshape and a Flatté-inspired model
that accounts for the opening up of the D̄0D&0 threshold
[16,17]. The analysis uses a data sample corresponding to
an integrated luminosity of 3 fb−1 of data collected in pp
collisions at center-of-mass energies of 7 and 8 TeV during
2011 and 2012 using the LHCb detector.

II. DETECTOR AND SIMULATION

The LHCb detector [18,19] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region [20], a large-area silicon-strip detec-
tor (TT) located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of
silicon-strip detectors and straw drift tubes [21] placed
downstream of the magnet. The tracking system provides a
measurement of momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momen-
tum to 1.0% at 200 GeV. As described in Refs. [22,23] the
momentum scale is calibrated using samples of J=ψ →
μþμ− and Bþ → J=ψKþ decays collected concurrently
with the data sample used for this analysis. The relative
accuracy of this procedure is estimated to be 3 × 10−4 using
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Conventional, hadronic matter consists of baryons and 
mesons made of three quarks and a quark–antiquark pair, 
respectively1,2. Here, we report the observation of a hadronic 
state containing four quarks in the Large Hadron Collider 
beauty experiment. This so-called tetraquark contains two 
charm quarks, a u  and a d  quark. This exotic state has a mass 
of approximately 3,875!MeV and manifests as a narrow peak 
in the mass spectrum of D0D0π+ mesons just below the D*+D0 
mass threshold. The near-threshold mass together with the 
narrow width reveals the resonance nature of the state.

Quantum chromodynamics, the theory of the strong force, 
describes the interactions of coloured quarks and gluons and the 
formation of hadronic matter, that is, mesons and baryons. While 
quantum chromodynamics makes precise predictions at high ener-
gies, the theory has difficulties describing the interactions of quarks 
in hadrons from first principles due to the highly nonperturba-
tive regime at the corresponding energy scale. Hence, the field of 
hadron spectroscopy is driven by experimental discoveries that are 
sometimes unexpected, which could lead to changes in the research 
landscape. Along with conventional mesons and baryons, made of a 
quark–antiquark pair (q

1

q

2

) and three quarks (q1q2q3), respectively, 
particles with an alternative quark content, known as exotic states, 
have been actively discussed since the birth of the constituent quark 
model1–8. This discussion has been revived by recent observations 
of numerous tetraquark q

1

q

2

q

3

q

4

 and pentaquark q
1

q

2

q

3

q

4

q

5

 candi-
dates9–36. Due to the closeness of their masses to known particle-pair 
thresholds37,38, many of these states are likely to be hadronic mol-
ecules39–42 where colour-singlet hadrons are bound by residual 
nuclear forces similar to the electromagnetic van der Waals forces 
attracting electrically neutral atoms and molecules. An ordinary 
example of a hadronic molecule is the deuteron formed by a proton 
and a neutron. On the other hand, an interpretation of exotic states 
as compact multiquark structures is also possible43.

All exotic hadrons observed so far predominantly decay via 
the strong interaction, and their decay widths vary from a few to 
a few hundred MeV. A discovery of a long-lived exotic state, sta-
ble with respect to the strong interaction, would be intriguing.  
A hadron with two heavy quarks Q and two light antiquarks q , that 
is, Q

1

Q

2

q

1

q

2

, is a prime candidate to form such a state44–49. In the 
limit of a large heavy-quark mass, the two heavy quarks Q1Q2 form 
a point-like, heavy, colour-antitriplet object that behaves similarly 
to an antiquark, and the corresponding state should be bound. It is 
expected that the b quark is heavy enough to sustain the existence 
of a stable bbud  state with a binding energy of about 200 MeV with 
respect to the sum of the masses of the pseudoscalar, B− or B0, and 
vector, B*− or B∗0, beauty mesons, which defines the minimal mass 
for the strong decay to be allowed. In the case of the bcud  and ccud  
systems, there is currently no consensus regarding whether such 
states exist and are narrow enough to be detected experimentally. 

The similarity of the ccud  tetraquark state and the Ξ++
cc

 baryon con-
taining two c quarks and a u quark leads to a relationship between 
the properties of the two states. In particular, the measured mass of 
the Ξ

++
cc

 baryon with quark content ccu50–52 implies that the mass 
of the ccud  tetraquark is close to the sum of the masses of the D0 
and D*+ mesons with quark content of cu  and cd , respectively, as 
suggested in ref. 53. Theoretical predictions for the mass of the ccud  
ground state with spin-parity quantum numbers JP = 1+ and isospin 
I = 0, denoted hereafter as T+

cc

, relative to the D*+D0 mass threshold

δm ≡ m

T

+
cc

− (m
D

∗+ +m

D

0) (1)

lie in the range of −300 < δm < 300 MeV (refs. 53–84), where m
D

∗+ 
and m

D

0 denote the known masses of the D*+ and D0 mesons38. 
Lattice quantum chromodynamics calculations also do not provide 
a definite conclusion on the existence of the T+

cc

 state or its binding 
energy73,85–87. The observation of the Ξ++

cc

 baryon50,51 and of a new 
exotic resonance decaying to a pair of J/ψ mesons29 by the LHCb 
experiment motivates the search for the T+

cc

 state.
In this Letter, the observation of a narrow state in the D0D0π+ 

mass spectrum near the D*+D0 mass threshold compatible with 
being a T+

cc

 tetraquark state is reported. Throughout this Letter, 
charge conjugate decays are implied. The study is based on proton–
proton (pp) collision data collected by the LHCb detector at the 
Large Hadron Collider at the European Organization for Nuclear 
Research at centre-of-mass energies of 7, 8 and 13 TeV, correspond-
ing to integrated luminosity of 9 fb−1. The LHCb detector88,89 is a 
single-arm forward spectrometer covering the pseudorapidity range 
of 2 < η < 5, designed to study particles containing b or c quarks and 
is further described in Methods. The pseudorapidity η is defined 
as − log

(
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2

)

, where θ is a polar angle of the track relative to the 
proton beam line.

The D0D0π+ final state is reconstructed by selecting events with 
two D0 mesons and a positively charged pion, all produced at the 
same pp interaction point. Both D0 mesons are reconstructed in the 
D0→K−π+ decay channel. The selection criteria are similar to those 
used in ref. 90. To subtract the background not originating from two 
D0 candidates, an extended, unbinned maximum-likelihood fit to 
the two-dimensional distribution of the masses of the two D0 can-
didates is performed. The corresponding procedure, together with 
the selection criteria, is described in detail in Methods. To improve 
the δm mass resolution and to make the determination insensitive 
to the precision of the D0 meson mass, the mass of the D0D0π+ com-
binations is calculated with the mass of each D0 meson constrained 
to the known value38. The resulting D0D0π+ mass distribution for 
selected D0D0π+ combinations is shown in Fig. 1. A narrow peak 
near the D*+D0 mass threshold is clearly visible.

An extended, unbinned, maximum-likelihood fit to the D0D0π+ 
mass distribution is performed using a model consisting of the signal 
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+
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− (m
D

∗+ +m

D

0

) (1)

lie in the range of −300 < δm < 300 MeV (refs. 53–84), where m
D

∗+ 
and m

D

0

 denote the known masses of the D*+ and D0 mesons38. 
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the selection criteria, is described in detail in Methods. To improve 
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to the known value38. The resulting D0D0π+ mass distribution for 
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and background components. The signal component is described 
by the convolution of the detector resolution with a resonant shape, 
which is modelled by a relativistic P-wave two-body Breit–Wigner 
(BW) function modified by a Blatt–Weisskopf form factor with a 
meson radius parameter of 3.5 GeV−1. The use of a P-wave reso-
nance is motivated by the expected JP = 1+ quantum numbers for 
the T+

cc

 state. A two-body decay structure T+
cc

→ AB is assumed with 
m

A

= 2m

D

0

 and m
B

= m

π

+, where m
π

+ stands for the known mass 
of the π+ meson. Several alternative prescriptions are used for the 
evaluation of the systematic uncertainties. Despite its simplicity, the 
model serves well to quantify the existence of the T+

cc

 state and to 
measure its properties, such as the position and the width of the 
resonance. A follow-up study91 investigates the underlying nature 
of the T+

cc

 state, expanding on the modelling of the signal shape and 
the determination of its physical properties. The detector resolution 
is modelled by the sum of two Gaussian functions with a common 
mean, where the additional parameters are taken from simulation 
(Methods) with corrections applied32,92,93. The root mean square of 
the resolution function is around 400 keV c−2. A study of the D0π+ 
mass distribution for D0D0π+ combinations in the region above the 
D*0D+ mass threshold but below 3.9 GeV c−2 shows that approxi-
mately 90% of all random D0D0π+ combinations contain a genuine 
D*+ meson. On the basis of this observation, the background com-
ponent is parameterized by the product of a two-body phase space 
function and a positive second-order polynomial. The resulting 
function is convolved with the detector resolution.

The fit results are shown in Fig. 1, and the parameters of interest, 
namely the signal yield, N, the mass parameter of the BW function rel-
ative to the D*+D0 mass threshold, δm

BW

≡ m

BW

− (m
D

∗+ +m

D

0

), 
and the width parameter, ΓBW, are listed in Table 1. The statistical 
significance of the observed T+

cc

D

0

D

0

π

+ signal is estimated using 
Wilks’ theorem to be 22 s.d. The fit suggests that the mass param-
eter of the BW shape is slightly below the D*+D0 mass threshold.  
The statistical significance of the hypothesis δmBW < 0 is estimated 
to be 4.3 s.d.

To validate the presence of the signal component, several addi-
tional cross-checks are performed. The data are categorized accord-
ing to data-taking periods, including the polarity of the LHCb 
dipole magnet and the charge of the T+

cc

 candidates. Instead of 
statistically subtracting the non-D0 background, the mass of each 
D → K−π+ candidate is required to be within a narrow region around 
the known mass of the D0 meson38. The results are found to be con-
sistent among all samples and analysis techniques. Furthermore, 
dedicated studies are performed to ensure that the observed 
signal is not caused by kaon or pion misidentification, doubly 
Cabibbo-suppressed D0 → K+π− decays or D0

D

0 oscillations, decays 
of charm hadrons originating from beauty hadrons or artefacts due 
to the track reconstruction creating duplicate tracks.

Systematic uncertainties for the δmBW and ΓBW parameters are 
summarized in Table 2 and described below. The largest systematic 
uncertainty is related to the fit model and is studied using pseudo-
experiments with alternative parameterizations of the D0D0π+ mass 
shape. Several variations in the fit model are considered: changes 
in the signal model due to the imperfect knowledge of the detector 
resolution, an uncertainty in the correction factor for the resolution 
taken from control channels, parameterization of the background 
component and the additional model parameters of the BW func-
tion. The model uncertainty related to the assumption of JP = 1+ 
quantum numbers of the state is estimated and listed separately. 
The results are affected by the overall detector momentum scale, 
which is known to a relative precision of δα = 3 × 10−4 (ref. 94). The 
corresponding uncertainty is estimated using simulated samples 
where the momentum scale is modified by factors of (1± δα). In 
the reconstruction, the momenta of charged tracks are corrected 
for energy loss in the detector material, the amount of which is 
known with a relative uncertainty of 10%. The resulting uncertainty 
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Fig. 1 | The distribution of the D0D0π+ mass. The distribution of the 
D0D0π+ mass after statistical subtraction of the contribution of the non-D0 
background, with the result of the fit with the two-component function 
described in the text. The horizontal bin width is indicated on the vertical 
axis legend. The inset shows a zoomed signal region with a fine binning 
scheme. Uncertainties on the data points are statistical only and represent 
one standard deviation, calculated as a sum in quadrature of the assigned 
weights from the background subtraction procedure.

Table 1 | Parameters obtained from the fit to the D0D0π+ mass 
spectrum: signal yield, N, BW mass relative to the D*+D0 
mass threshold, δmBW, and width, ΓBW. The uncertainties are 
statistical only

Parameter Value

N 117!±!16
δmBW −273!±!61!keV!c−2

ΓBW 410!±!165!keV

Table 2 | Systematic uncertainties for the δmBW and ΓBW 
parameters. The total uncertainty is calculated as the sum 
in quadrature of all components except for those related to 
the assignment of JP quantum numbers, which are handled 
separately

Source σ

δm

BW

(

keV c

−2

)

σΓ
BW

(keV)

Fit model
Resolution model 2 7
Resolution correction factor 1 30
Background model 3 30
Model parameters <1 <1
Momentum scale 3 —
Energy loss corrections 1 —
D*+!−!D0 mass difference 2 —
Total 5 43

JP quantum numbers +11

−14

+18

−38
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Tcc(3875)+ → D0D0π+

(1) Study the lineshape in more detail 
(to distinguish between tetraquark and 
molecular interpretations, etc.):

• increased statistics at the LHC

• multi-channel analyses at BESIII 
(and later STCF in China?)

•  production at PANDA?

(2) Find (presumably) related states:

• the  at LHCb

• the  at LHCb

• the  (with ) at LHCb 
  (arXiv:2212:02716)

pp̄
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Results are reported from an amplitude analysis of the Bþ → DþD−Kþ decay. The analysis is carried
out using LHCb proton-proton collision data taken at

ffiffiffi
s

p
¼ 7, 8, and 13 TeV, corresponding to a total

integrated luminosity of 9 fb−1. In order to obtain a good description of the data, it is found to be necessary
to include new spin-0 and spin-1 resonances in the D−Kþ channel with masses around 2.9 GeV=c2, and a
new spin-0 charmonium resonance in proximity to the spin-2 χc2ð3930Þ state.

DOI: 10.1103/PhysRevD.102.112003

I. INTRODUCTION

Decays of B mesons to multibody final states involving
two open-charm mesons and a strange meson, henceforth
labeled B → DD̄K decays, proceed at quark level through
b̄ → cc̄ s̄ transitions and comprise a relatively large fraction
of the total width of the B mesons. Their branching
fractions have been measured previously [1–4], but few
studies of their resonant structure exist. Such analyses are
valuable as a means to study resonant structure in both DD̄
and charm-strange systems. Conventional cc charmonium
states can produce resonant structures in a neutral DD̄
system, but it is now known that exotic charmonium-like
states, which can decay to both neutral and charged DD̄
combinations, also exist [5–7]. Conventional resonances
can also be observed in charged DK systems, containing
charm and antistrange (cs̄) quarks.1 There is no previous
experimental evidence of exotic hadrons containing
a charm and a strange quark (cs), and the possible
existence of such states has not been widely discussed
in the theoretical literature, although some predictions do
exist [8–10].
In the Bþ → DþD−Kþ decay, resonances in the D−Kþ

channel must have minimal quark content c̄ds̄u and hence
would be exotic, as would doubly charged DþKþ states.
Since conventional resonances can only contribute in the
DþD− channel, this B decay stands to provide a clean
environment to study charmonium states and to address

open questions concerning cc̄ resonant structure, in par-
ticular to identify and determine the properties of spin-0
and spin-2 states [11–13]. Properties of the vector char-
monium states are better known from studies of their
production in eþe− collisions, but improved knowledge
of their rates of production in Bþ decays will aid charac-
terization of the cc̄ contribution in Bþ → Kþμþμ− decays
[14,15]. A more detailed discussion of the current knowl-
edge of charmomium spectroscopy, as relevant to the
Bþ → DþD−Kþ decay, is given in Sec. VII A.
No prior study of Bþ → DþD−Kþ resonant structure has

been published, but a few previous amplitude analyses of
other B → DD̄K decays exist. The Belle Collaboration
analyzed the resonant structure of the Bþ → D0D̄0Kþ

decay [2], while Dalitz-plot analyses of both the Bþ →
D0D̄0Kþ and B0 → D0D−Kþ final states have been
performed by the BABAR Collaboration [16]. The signal
yields in these previous measurements ranged from about
400 to just under 2000, with relatively high background
levels giving a maximum signal purity of 40%.
Contributions from the vector ψð3770Þ and ψð4160Þ
charmonium states, and the D%

s2ð2573Þþ and D%
s1ð2700Þþ

charm-strange resonances, were determined. A large
nonresonant contribution to the B0 → D0D−Kþ decay
was also found.
In this paper the first amplitude analysis of the

Bþ → DþD−Kþ decay is described. The analysis is based
on LHCb proton-proton (pp) collision data taken atffiffiffi
s

p
¼ 7, 8, and 13 TeV, corresponding to a total integrated

luminosity of 9 fb−1. In Secs. II and III, the dataset and
candidate selection are described. The procedure to deter-
mine the signal and background yields, using a fit to the
B-candidate invariant-mass spectrum, is presented in
Sec. IV. The amplitude modeling formalism used is detailed
in Sec. V, and a description of the selection efficiency
and residual background modeling is given in Sec. VI.
The development of the model itself follows in Sec. VII,
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at the same mass, one would generically expect the spin-0
state to be broader since its decay to a DþD− pair is in
S wave, as compared to D wave for the spin-2 state, and
therefore is not suppressed by any angular momentum
barrier. This expected pattern is seen in some explicit
calculations of the properties of the χcJð2PÞ states [11];
however the observed pattern is consistent with other
theoretical predictions [13]. Moreover, the fitted χc0ð3930Þ

parameters are consistent with those of the Xð3915Þ
state.
The χc0ð3930Þ state is the only component in the DþD−

S wave in the baseline model. The broad χc0ð3860Þ state
reported by the Belle Collaboration [53] has been included
in alternative fit models but is disfavored. Fits in which
additional S-wave structure is introduced through a non-
resonant component, have been attempted but tend to
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FIG. 10. Comparisons of the invariant-mass distributions (a),(b),(c) of Bþ → DþD−Kþ candidates in the data to the fit projection of
the baseline model. The total fit function and contributions from individual components are shown as detailed in the legend.

TABLE IV. Magnitude and phase of the complex coefficients in the amplitude model, together with fit fractions
for each component. The quantities are reported after correction for fit biases (see Sec. IX). The first uncertainty is
statistical and the second is the sum in quadrature of all systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

DþD− resonances
ψð3770Þ 1 (fixed) 0 (fixed) 14.5$ 1.2$ 0.8
χc0ð3930Þ 0.51$ 0.06$ 0.02 2.16$ 0.18$ 0.03 3.7$ 0.9$ 0.2
χc2ð3930Þ 0.70$ 0.06$ 0.01 0.83$ 0.17$ 0.13 7.2$ 1.2$ 0.3
ψð4040Þ 0.59$ 0.08$ 0.04 1.42$ 0.18$ 0.08 5.0$ 1.3$ 0.4
ψð4160Þ 0.67$ 0.08$ 0.05 0.90$ 0.23$ 0.09 6.6$ 1.5$ 1.2
ψð4415Þ 0.80$ 0.08$ 0.06 −1.46$ 0.20$ 0.09 9.2$ 1.4$ 1.5

D−Kþ resonances
X0ð2900Þ 0.62$ 0.08$ 0.03 1.09$ 0.19$ 0.10 5.6$ 1.4$ 0.5
X1ð2900Þ 1.45$ 0.09$ 0.03 0.37$ 0.10$ 0.05 30.6$ 2.4$ 2.1

Nonresonant 1.29$ 0.09$ 0.04 −2.41$ 0.12$ 0.51 24.2$ 2.2$ 0.5
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parameters are consistent with those of the Xð3915Þ
state.
The χc0ð3930Þ state is the only component in the DþD−

S wave in the baseline model. The broad χc0ð3860Þ state
reported by the Belle Collaboration [53] has been included
in alternative fit models but is disfavored. Fits in which
additional S-wave structure is introduced through a non-
resonant component, have been attempted but tend to
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FIG. 10. Comparisons of the invariant-mass distributions (a),(b),(c) of Bþ → DþD−Kþ candidates in the data to the fit projection of
the baseline model. The total fit function and contributions from individual components are shown as detailed in the legend.

TABLE IV. Magnitude and phase of the complex coefficients in the amplitude model, together with fit fractions
for each component. The quantities are reported after correction for fit biases (see Sec. IX). The first uncertainty is
statistical and the second is the sum in quadrature of all systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

DþD− resonances
ψð3770Þ 1 (fixed) 0 (fixed) 14.5$ 1.2$ 0.8
χc0ð3930Þ 0.51$ 0.06$ 0.02 2.16$ 0.18$ 0.03 3.7$ 0.9$ 0.2
χc2ð3930Þ 0.70$ 0.06$ 0.01 0.83$ 0.17$ 0.13 7.2$ 1.2$ 0.3
ψð4040Þ 0.59$ 0.08$ 0.04 1.42$ 0.18$ 0.08 5.0$ 1.3$ 0.4
ψð4160Þ 0.67$ 0.08$ 0.05 0.90$ 0.23$ 0.09 6.6$ 1.5$ 1.2
ψð4415Þ 0.80$ 0.08$ 0.06 −1.46$ 0.20$ 0.09 9.2$ 1.4$ 1.5

D−Kþ resonances
X0ð2900Þ 0.62$ 0.08$ 0.03 1.09$ 0.19$ 0.10 5.6$ 1.4$ 0.5
X1ð2900Þ 1.45$ 0.09$ 0.03 0.37$ 0.10$ 0.05 30.6$ 2.4$ 2.1

Nonresonant 1.29$ 0.09$ 0.04 −2.41$ 0.12$ 0.51 24.2$ 2.2$ 0.5
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Results are reported from an amplitude analysis of the Bþ → DþD−Kþ decay. The analysis is carried
out using LHCb proton-proton collision data taken at

ffiffiffi
s

p
¼ 7, 8, and 13 TeV, corresponding to a total

integrated luminosity of 9 fb−1. In order to obtain a good description of the data, it is found to be necessary
to include new spin-0 and spin-1 resonances in the D−Kþ channel with masses around 2.9 GeV=c2, and a
new spin-0 charmonium resonance in proximity to the spin-2 χc2ð3930Þ state.
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I. INTRODUCTION

Decays of B mesons to multibody final states involving
two open-charm mesons and a strange meson, henceforth
labeled B → DD̄K decays, proceed at quark level through
b̄ → cc̄ s̄ transitions and comprise a relatively large fraction
of the total width of the B mesons. Their branching
fractions have been measured previously [1–4], but few
studies of their resonant structure exist. Such analyses are
valuable as a means to study resonant structure in both DD̄
and charm-strange systems. Conventional cc charmonium
states can produce resonant structures in a neutral DD̄
system, but it is now known that exotic charmonium-like
states, which can decay to both neutral and charged DD̄
combinations, also exist [5–7]. Conventional resonances
can also be observed in charged DK systems, containing
charm and antistrange (cs̄) quarks.1 There is no previous
experimental evidence of exotic hadrons containing
a charm and a strange quark (cs), and the possible
existence of such states has not been widely discussed
in the theoretical literature, although some predictions do
exist [8–10].
In the Bþ → DþD−Kþ decay, resonances in the D−Kþ

channel must have minimal quark content c̄ds̄u and hence
would be exotic, as would doubly charged DþKþ states.
Since conventional resonances can only contribute in the
DþD− channel, this B decay stands to provide a clean
environment to study charmonium states and to address

open questions concerning cc̄ resonant structure, in par-
ticular to identify and determine the properties of spin-0
and spin-2 states [11–13]. Properties of the vector char-
monium states are better known from studies of their
production in eþe− collisions, but improved knowledge
of their rates of production in Bþ decays will aid charac-
terization of the cc̄ contribution in Bþ → Kþμþμ− decays
[14,15]. A more detailed discussion of the current knowl-
edge of charmomium spectroscopy, as relevant to the
Bþ → DþD−Kþ decay, is given in Sec. VII A.
No prior study of Bþ → DþD−Kþ resonant structure has

been published, but a few previous amplitude analyses of
other B → DD̄K decays exist. The Belle Collaboration
analyzed the resonant structure of the Bþ → D0D̄0Kþ

decay [2], while Dalitz-plot analyses of both the Bþ →
D0D̄0Kþ and B0 → D0D−Kþ final states have been
performed by the BABAR Collaboration [16]. The signal
yields in these previous measurements ranged from about
400 to just under 2000, with relatively high background
levels giving a maximum signal purity of 40%.
Contributions from the vector ψð3770Þ and ψð4160Þ
charmonium states, and the D%

s2ð2573Þþ and D%
s1ð2700Þþ

charm-strange resonances, were determined. A large
nonresonant contribution to the B0 → D0D−Kþ decay
was also found.
In this paper the first amplitude analysis of the

Bþ → DþD−Kþ decay is described. The analysis is based
on LHCb proton-proton (pp) collision data taken atffiffiffi
s

p
¼ 7, 8, and 13 TeV, corresponding to a total integrated

luminosity of 9 fb−1. In Secs. II and III, the dataset and
candidate selection are described. The procedure to deter-
mine the signal and background yields, using a fit to the
B-candidate invariant-mass spectrum, is presented in
Sec. IV. The amplitude modeling formalism used is detailed
in Sec. V, and a description of the selection efficiency
and residual background modeling is given in Sec. VI.
The development of the model itself follows in Sec. VII,

*Full author list given at the end of the article.
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We have searched for exclusive production of exotic charmonia in the reaction µ+N → µ+( J/ψπ+π−)π±N ′

using COMPASS data collected with incoming muons of 160 GeV/c and 200 GeV/c momentum. In the 
J/ψπ+π− mass distribution we observe a signal with a statistical significance of 4.1 σ . Its mass and 
width are consistent with those of the X(3872). The shape of the π+π− mass distribution from the ob-
served decay into J/ψπ+π− shows disagreement with previous observations for X(3872). The observed 
signal may be interpreted as a possible evidence of a new charmonium state. It could be associated 
with a neutral partner of X(3872) with C = −1 predicted by a tetraquark model. The product of cross 
section and branching fraction of the decay of the observed state into J/ψπ+π− is determined to be 
71±28(stat)±39(syst) pb.

 2018 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The exotic hadron X(3872) was first discovered in 2003 by 
the Belle Collaboration [1] and constitutes the first in a long se-
ries of new charmonium-like hadrons at masses above 3.8 GeV/c2. 
The X(3872) was observed as a narrow peak in the J/ψπ+π−

mass spectrum originating from the decay B± → K ± J/ψπ+π− . 
Subsequently, this state has also been observed in numerous re-
action channels and final states: in e+e− collisions by Belle [2–5], 
Babar [6–12] and BESIII [13] and in hadronic interactions by CDF 
[14–17], D0 [18], LHCb [19–21], ATLAS [22] and CMS [23]. The cur-
rent world average for the mass of the X(3872) is 3871.69±0.17 
MeV/c2 [24], which is very close to the D0 D̄∗0 threshold at 
3871.81±0.09 MeV/c2. However, the decay width of this state was 
not determined yet as in all experiments the measured widths 
were compatible with the experimental resolution. Thus only an 
upper limit for the natural width $X(3872) of about 1.2 MeV/c2 (CL 
= 90%) exists [5]. The spin, parity and charge-conjugation quan-
tum numbers J P C of the X(3872) were determined by LHCb to be 
1++ [20,25]. Charged partners of the X(3872) have not been ob-
served [26]. The X(3872) hadron is peculiar in several aspects and 
its nature is still not well understood. In particular, approximately 
equal probabilities to decay into J/ψ3π and J/ψ2π final states 
B(X(3872) → J/ψω)/B(X(3872) → J/ψπ+π−) = 0.8 ± 0.3 [27]
indicate large isospin-symmetry breaking. There are several inter-
pretations of this hadron: pure cc̄-state, tetraquark, meson–meson 
molecule, cc̄g meson, glueball, or others (see reviews [28–30]). In 
addition to knowing mass and quantum numbers of this state, the 
measurement of its width would provide a crucial input to narrow 
down speculations on its nature. Currently such a measurement 

can only be done by performing energy scans in pp̄ annihilations, 
as it is foreseen at FAIR [31,32].

In this Letter, we report on a search for X(3872) produced by 
virtual photons in the charge-exchange reaction

γ ∗N → X0π±N ′ (1)

at COMPASS. Here, N denotes the target nucleon, N ′ the unob-
served recoil system and X0 an intermediate state decaying into 
J/ψπ+π− . The possibility to observe the production of X(3872)
in this reaction was first mentioned in Ref. [33].

The COMPASS experiment [34] is situated at the M2 beam 
line of the CERN Super Proton Synchrotron. The data used in the 
present analysis were obtained by scattering positive muons of 
160 GeV/c or 200 GeV/c momentum off solid 6LiD or NH3 tar-
gets. The total data set accumulated between 2003 and 2011 was 
used. The target material was arranged in two or three cylindri-
cal cells placed along the beam direction. It was longitudinally 
or transversely polarized with respect to this direction. The po-
larization is opposite in consecutive target cells, and it is reversed 
periodically during data taking. After combining data with opposite 
polarization, possible effects from residual target polarization have 
negligible influence on this analysis. Particle tracking and identifi-
cation were performed using a two-stage spectrometer, covering a 
wide momentum range from about 1 GeV/c up to the beam mo-
mentum. The event trigger was based on scintillator hodoscopes 
and hadron calorimeters. Different trigger schemes were used for 
the different data sets. Possible differences in trigger efficiencies 
are expected to cancel in the determination of absolute production 

https://doi.org/10.1016/j.physletb.2018.07.008
0370-2693/ 2018 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Fig. 7. (a) Invariant mass spectra for the π+π− subsystem from the decay of X̃(3872) (red squares) and ψ(2S) (blue circles) produced in reaction (2). The corresponding 
distributions for three-body phase–space decays are shown by the curves. (b) Invariant mass spectra for the π+π− subsystem from the decay of X̃(3872) measured by 
COMPASS with the applied cut Mmiss > 3 GeV/c2 (red squares) and from the decay of X(3872) observed by ATLAS [22] (blue points). Both distributions are normalised to 
the same area.

tion that the fluxes of virtual photons for reactions (2) and (6) are 
the same. This assumption is supported by the similar shapes of 
the Q 2 and √sγ N distributions in both cases. We can therefore 
relate the photo- and leptoproduction cross sections as follows:

σµ N→µ X̃(3872)π N ′

σµ N→µ J/ψ N
=

σγ N→ X̃(3872)π N ′

σγ N→ J/ψ N
. (7)

The cross section of the reaction γ N → J/ψ N is known for our 
range of √

sγ N ; it is 14.0 ± 1.6(stat) ± 2.5(syst) nb at √
sγ N =

13.7 GeV [44]. Since this value was obtained for the production by 
a real-photon beam, we reduce it by a factor of 0.8 in order to take 
into account the Q 2 dependence of the cross section by using the 
parameterisation of Ref. [45] and the average photon virtuality in 
our samples of about 1 (GeV/c)2. Since the three charged pions ap-
pear only in the final state of reaction (2), the ratio of acceptances 
of the two reactions is in first approximation equal to the pion 
acceptance aπ cubed. Based on previous COMPASS measurements 
and Monte Carlo simulations, we estimate aπ = 0.6 ± 0.1(syst) as 
average over the geometrical detector acceptance and both target 
configurations. Thus we set

σγ N→ X̃(3872)π N ′ × B X̃(3872)→ J/ψππ

σγ N→ J/ψN
=

N X̃(3872)

a3
π N J/ψ

, (8)

where N X̃(3872) and N J/ψ are the respective numbers of observed 
X̃(3872) and J/ψ events from exclusive production on quasi-free 
nucleons. The number N J/ψ is determined as 9.6 ×103, with a sys-
tematic uncertainty of about 10% due to non-exclusive background 
in our data sample. The amount of COMPASS data used in this 
analysis is equivalent to about 14 pb−1 of the integrated luminos-
ity, when considering a real-photon beam of about 100 GeV inci-
dent energy scattering off free nucleons. Using the normalization 
procedure described in Ref. [35], we determine the cross section 
for the reaction γ N → X̃(3872)π±N ′ multiplied by the branching 
fraction for the decay X̃(3872) → J/ψπ+π− to be

σγ N→ X̃(3872)π N ′ ×B X̃(3872)→ J/ψππ = 71±28(stat)±39(syst) pb.

(9)

The statistical uncertainty is given by the uncertainty in the num-
ber of X̃(3872) signal events, while the main contributions to the 
systematic uncertainty are: (i) 36 pb from the estimation of a3

π , 

(ii) 14 pb from the cross section for reaction (6), (iii) 7 pb from 
the estimation of N J/ψ .

Also, an upper limit is determined for the production rate of 
X(3872) in the reaction γ N → X(3872)N , mentioned in Ref. [33], 
using the same procedure for normalization as described above. 
The result is

σγ N→X(3872)N ′ × BX(3872)→ J/ψππ < 2.9 pb (CL = 90%). (10)

In summary, in our study of the process depicted in Fig. 1
we observed the muoproduction of the state X̃(3872) with a sta-
tistical significance of 4.1σ . The absolute production rate of this 
state in J/ψπ+π− mode was also measured. Its mass M X̃(3872) =
3860.0 ±10.4 MeV/c2 and width % X̃(3872) < 51 MeV/c2 CL=90% and 
decay mode X̃(3872) → J/ψππ are consistent with the X(3872). 
Our observed two-pion mass spectrum shows disagreement with 
previous experimental results for the X(3872). A possible explana-
tion could be that the observed state is the C = −1 partner of the 
X(3872) as predicted by a tetraquark model. The presented results 
demonstrate the physics potential of studying exotic charmonium-
like states in (virtual) photoproduction. However, an independent 
confirmation of the nature of the observed X̃(3872) signal from 
high-precision experiments with high-energy virtual or real pho-
tons is required.
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Fig. 3. The J/ψπ+π− invariant mass distribution for the exclusive J/ψπ+π− final 
state from reaction (5).

In order to select a non-exclusive data sample for process (2), 
we require a larger missing energy, i.e. −12 GeV < #E < −4 GeV. 
The resulting invariant mass distribution is shown in Fig. 4(a). Ex-
cept for ψ(2S), we observe no statistically significant signal of 
charmonium(-like) production.

In parallel to reaction (2), we investigate the reaction with neu-
tral exchange,

µ+ N → µ+ X0N ′ → µ+( J/ψπ+π−)N ′

→ µ+(µ+µ−π+π−)N ′, (5)

by requiring in the final state only two charged pions with oppo-
site charge. Hence the schematic representation of reaction (5) is 
similar to the one shown in Fig. 1, but without the bachelor pion. 
The invariant mass distribution for the exclusive J/ψπ+π− final 
state is shown in Fig. 3. The parameters of the ψ(2S) peak are 
determined from a fit using the model described above with the 
mass of the X(3872) Gaussian fixed to the nominal value of the 
X(3872) mass. They are Nψ(2S) = 314 ± 18, Mψ(2S) = 3687.1 ± 0.8
MeV/c2 and σM = 13.3 ± 0.7 MeV/c2. The X(3872) yield obtained 
from the fit is −2.9 ± 2.5 events, i.e. no statistically significant evi-
dence for an X(3872) signal was found in reaction (5). A statistical 
simulation was used to determine the upper limit for N X(3872) . 
Samples were generated according to the fit results for the ψ(2S)
peak and the background continuum, while the strength of the 
X(3872) Gaussian signal was varied. The upper limit NU L

X(3872) for 
the number of events N X(3872) , which is required to obtain the re-
sult of −2.9 events or lower, is 0.9 events at a confidence level 
of 90%. Similar studies were performed for the exclusive reac-
tion with the final state µ+ J/ψ2π+2π−N ′ . It was found that the 
mass spectrum of the J/ψπ+π− subsystem does not exhibit any 
glimpse of X(3872).

In order to investigate the origins of X̃(3872) and ψ(2S) in re-
action (2), we add the bachelor pion to both states to determine 
the invariant masses of the X̃(3872)π± and ψ(2S)π± systems. For 
this study, we consider only the two narrow mass regions of ±30
MeV/c2 around the estimated mass values of X̃(3872) and ψ(2S). 
The fraction of background events in the samples is 40% and 
25%, respectively. Although no significant structure can be seen 
in the mass distribution shown in Fig. 5(a), some enhancement 
of ψ(2S)π± events may be spotted at masses of about 4 GeV/c2, 
where the Z±

c (4020) charmonium-like state was observed by BESIII 
[36–39]. Fig. 5(b) shows distributions for the missing mass, defined 
as M2

miss = (Pµ + P N − Pµ′ − P X0 )2, for reactions (5) and (2). Note 
that according to this definition, the bachelor pion contributes to 
the missing mass of reaction (2). The mean value of the miss-
ing mass for ψ(2S) produced in reaction (5) is about 1.4 GeV/c2. 

Fig. 4. (a) The J/ψπ+π− invariant mass distributions for the J/ψπ+π−π± final 
state (two entries per event) for non-exclusive events (−12 GeV < #E < −4 GeV) 
and (b) for exclusive events (−4 GeV < #E < 4 GeV) with missing mass Mmiss
above 3 GeV/c2 (see text for the definition of Mmiss).

When ψ(2S) and X̃(3872) are produced together with a bache-
lor pion in reaction (2), the mean value for the missing mass is 
2.7 GeV/c2 and 4.3 GeV/c2, respectively. The apparent difference 
that can be seen between the missing mass distributions for ψ(2S)
and X̃(3872) produced in reaction (2) may indicate different pro-
duction mechanisms. The J/ψπ+π− invariant mass distribution 
for exclusive J/ψπ+π−π±N ′ events from reaction (2) using the 
additional requirement Mmiss > 3 GeV/c2 is shown in Fig. 4 (b). By 
this requirement the ψ(2S) peak and the background continuum 
are reduced in respect to the X̃(3872) signal while the statistical 
significance of the latter decreases to 4σ .

Reactions (2) and (5) are characterized by two kinematic vari-
ables: the negative squared four-momentum transfer Q 2 = −(Pµ−
Pµ′ )2 and the centre-of-mass (CM) energy of the virtual-photon 
– nucleon system, √

sγ N . The distributions of these two vari-
ables are shown in Figs. 6(a) and 6(b). Most events occur at 
small values of Q 2. The CM energy is distributed between 8 GeV
and 18 GeV, while the kinematic limit for beam momenta of 
160 GeV/c and 200 GeV/c is 17.3 GeV and 19.4 GeV, respectively. 
We tested the hypothesis that the observed X̃(3872) peak is an 
artificial structure appearing in the reaction γ ∗ N → ψ(2S)N∗ →
( J/ψπ+π−)(N ′π±), where one mixed up the pion from ψ(2S)
decay with the pion from N∗ decay in the reconstruction of the 
J/ψπ+π− mass. The results of a toy Monte-Carlo simulation dis-
favour this hypothesis.

The mass spectrum of the two pions resulting from the decay of 
the X(3872) was precisely studied, e.g. by the Belle [5], CDF [15], 
CMS [23] and ATLAS [22] collaborations. They found a preference 
for high π+π−masses and a dominance of the X(3872) → J/ψρ0

decay mode. The measured two-pion mass spectra for events pro-
duced in reaction (2) within a ±30 MeV/c2 mass window around 
the ψ(2S) (blue) and the X̃(3872) (red) are shown in Fig. 7(a). 
The result for ψ(2S) is in a good agreement with former obser-
vations, while the shape of the ππ mass distribution for X̃(3872)
looks very different from the well-known results for X(3872). The 
comparison of the two-pion mass distributions from X̃(3872) de-
cay obtained by COMPASS and from X(3872) decay obtained by 
ATLAS [22] (the ATLAS result is taken as a typical high-precision 
example) is presented in Fig. 7(b). The cut Mmiss > 3 GeV/c2 is ap-
plied for Fig. 7(b) to reduce underlying background contribution in 
the X̃(3872) sample. Our studies show that the observed differ-

COMPASS Collaboration / Physics Letters B 783 (2018) 334–340 335

Fig. 1. Diagram for exclusive muoproduction of X0π± in reaction (2).

rates, which are obtained using a normalization process that was 
recorded in parallel, see below. Beam halo muons were rejected by 
veto counters located upstream of the target.

The main subject of this Letter is the study of muoproduction 
of an X0 in the process

µ+ N → µ+ X0π± N ′ → µ+( J/ψπ+π−)π±N ′

→ µ+(µ+µ−π+π−)π±N ′, (2)

the diagram of which is schematically shown in Fig. 1. In order 
to select such events, we first require a reconstructed vertex in 
the target region with an incoming beam muon track, three out-
going muon tracks (two µ+ , one µ−) and three outgoing pions 
(π+π−π+ or π+π−π−). Reconstructed particles are identified as 
muons if they have momentum above 8 GeV/c and have crossed 
more than 15 radiation lengths of material. The muon identifi-
cation efficiency for such energetic particles is higher than 90%. 
Other charged particles are assumed to be pions. Since the dimuon 
mass resolution of the setup for the J/ψ peak is about 50 MeV/c2

[35], candidates for J/ψ decaying into a pair of oppositely charged 
muons are accepted if their reconstructed mass lies in the range 
from 3.02 GeV/c2 to 3.18 GeV/c2. With two µ+ in a given event, 
we may reconstruct two J/ψ candidates in the µ+µ− final state, 
in which case the event is rejected (∼3% of events). The nominal 
J/ψ mass [24] is assigned to accepted dimuons. In order to select 
exclusive production in process (2), we require 

∑
E to match the 

energy Ebeam of the beam particle, except for a small recoil energy 
to the target. Here, 

∑
E is the sum of energies of the scattered 

muon, of the J/ψ , and of the three pions in the final state. Since 
at COMPASS the experimental resolution for #E = ∑

E − Ebeam is 
about 2 GeV, we require |#E| < 4 GeV in order to select exclusive 
production of the J/ψ3π final state. The total number of selected 
exclusive µ+ J/ψ2π+π− and µ+ J/ψπ+2π− events is 72 and 49, 
respectively. The ratio (72/49) corresponds approximately to the 
ratio of the average numbers of protons and neutrons in the target 
material that is ∼ 1.3.

Fig. 2(a) shows the mass spectrum for the J/ψπ+π− subsys-
tem in reaction (2) from threshold to 5 GeV/c2 after the aforemen-
tioned selection criteria were applied. As there are two equally 
charged pions per event, this mass spectrum contains contribu-
tions from the two possible π+π− combinations. The mass spec-
trum exhibits two peak structures below 4 GeV/c2, with positions 
and widths that are compatible with the production and decay of 
ψ(2S) and X(3872). However, for reasons that will be described 
below, we prefer to name the particle corresponding to the sec-
ond peak observed for the reaction (2) as X̃(3872). We determine 
the resonance parameters by a maximum likelihood fit to the mass 
spectrum from threshold to 5 GeV/c2, using a sum of two Gaussian 
functions for the two signal peaks and the background term

B(M) = c1(M − m0)
c2 e−c3 M , (3)

Fig. 2. (a) The J/ψπ+π− invariant mass distribution for the J/ψπ+π−π± final 
state (two entries per event) for exclusive events (|#E| < 4 GeV). The fitted curve 
is shown in red. The blue dashed line shows a fit of the background contribution 
[Eq. (3)] to the data excluding the signal range. (b) The probability to obtain the 
observed or a larger number of events due to a statistical fluctuation of the Poisso-
nian background with a mean value described by Eq. (4). (For interpretation of the 
colours in the figure(s), the reader is referred to the web version of this article.)

where M = M J/ψπ+π− and m0 = M J/ψ + 2mπ . We ignore possible 
contributions from other states like ψ(3770), ψ(4040), ψ(4160), 
X(4260), X(4360) and X(4660) since their branching fractions into 
J/ψππ are too small [24] to significantly impact the shape of 
the observed mass distribution. The fit function has eight free pa-
rameters: the resonance mass and the number of events in each 
mass peak, the same width σM for both peaks and the param-
eters c1, c2, c3 describing the background shape. The yields for 
ψ(2S) and X̃(3872) are determined to be Nψ(2S) = 24.2 ± 6.5
and N X̃(3872) = 13.2 ± 5.2 events, and their masses are Mψ(2S) =
3683.7 ±6.5 MeV/c2 and M X̃(3872) = 3860.4 ±10.0 MeV/c2, respec-
tively. The estimated mass values are consistent with the world 
average values for ψ(2S) and X(3872) [24]. The fit yields σM =
22.8 ± 6.9 MeV/c2 for the width. As this value is dominated by 
the experimental resolution, it appears sufficient to use the same 
width parameter for each Gaussian. In order to estimate the statis-
tical significance of the observed signals, the background function 
B(M) in Eq. (3) was fitted to the mass spectrum shown in Fig. 2(a) 
in the region below 5 GeV/c2, excluding the signal range from 
3.62 GeV/c2 to 3.90 GeV/c2. The probability p(M) to find a num-
ber of events equal or larger than observed in the mass window 
M ± #M , where #M = 30 MeV/c2, due to a statistical fluctuation, 
is shown in Fig. 2(b). In order to calculate p(M) we assume a Pois-
sonian background with the mean value

N̄(M) =
M+#M∫

M−#M

B(M ′)dM ′. (4)

The statistical significance for ψ(2S) and X̃(3872), expressed 
in terms of the Gaussian standard deviation, is 6.9σ and 4.5σ , 
respectively. A possible contribution of systematic effects is not 
taken into account here and will be discussed later. We have 
repeated the fit keeping the mass separation of the two Gaus-
sians fixed to the mass difference between ψ(2S) and X(3872)
from Ref. [24], which did not significantly alter neither the mass 
value for the ψ(2S) nor the number of observed events for ei-
ther state: Mψ(2S) = 3680.9 ± 5.7 MeV/c2, Nψ(2S) = 24.9 ± 5.7 and 
N X̃(3872) = 13.6 ± 4.8 events.
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Fig. 7. (a) Invariant mass spectra for the π+π− subsystem from the decay of X̃(3872) (red squares) and ψ(2S) (blue circles) produced in reaction (2). The corresponding 
distributions for three-body phase–space decays are shown by the curves. (b) Invariant mass spectra for the π+π− subsystem from the decay of X̃(3872) measured by 
COMPASS with the applied cut Mmiss > 3 GeV/c2 (red squares) and from the decay of X(3872) observed by ATLAS [22] (blue points). Both distributions are normalised to 
the same area.

tion that the fluxes of virtual photons for reactions (2) and (6) are 
the same. This assumption is supported by the similar shapes of 
the Q 2 and √sγ N distributions in both cases. We can therefore 
relate the photo- and leptoproduction cross sections as follows:

σµ N→µ X̃(3872)π N ′

σµ N→µ J/ψ N
=

σγ N→ X̃(3872)π N ′

σγ N→ J/ψ N
. (7)

The cross section of the reaction γ N → J/ψ N is known for our 
range of √

sγ N ; it is 14.0 ± 1.6(stat) ± 2.5(syst) nb at √
sγ N =

13.7 GeV [44]. Since this value was obtained for the production by 
a real-photon beam, we reduce it by a factor of 0.8 in order to take 
into account the Q 2 dependence of the cross section by using the 
parameterisation of Ref. [45] and the average photon virtuality in 
our samples of about 1 (GeV/c)2. Since the three charged pions ap-
pear only in the final state of reaction (2), the ratio of acceptances 
of the two reactions is in first approximation equal to the pion 
acceptance aπ cubed. Based on previous COMPASS measurements 
and Monte Carlo simulations, we estimate aπ = 0.6 ± 0.1(syst) as 
average over the geometrical detector acceptance and both target 
configurations. Thus we set

σγ N→ X̃(3872)π N ′ × B X̃(3872)→ J/ψππ

σγ N→ J/ψN
=

N X̃(3872)

a3
π N J/ψ

, (8)

where N X̃(3872) and N J/ψ are the respective numbers of observed 
X̃(3872) and J/ψ events from exclusive production on quasi-free 
nucleons. The number N J/ψ is determined as 9.6 ×103, with a sys-
tematic uncertainty of about 10% due to non-exclusive background 
in our data sample. The amount of COMPASS data used in this 
analysis is equivalent to about 14 pb−1 of the integrated luminos-
ity, when considering a real-photon beam of about 100 GeV inci-
dent energy scattering off free nucleons. Using the normalization 
procedure described in Ref. [35], we determine the cross section 
for the reaction γ N → X̃(3872)π±N ′ multiplied by the branching 
fraction for the decay X̃(3872) → J/ψπ+π− to be

σγ N→ X̃(3872)π N ′ ×B X̃(3872)→ J/ψππ = 71±28(stat)±39(syst) pb.

(9)

The statistical uncertainty is given by the uncertainty in the num-
ber of X̃(3872) signal events, while the main contributions to the 
systematic uncertainty are: (i) 36 pb from the estimation of a3

π , 

(ii) 14 pb from the cross section for reaction (6), (iii) 7 pb from 
the estimation of N J/ψ .

Also, an upper limit is determined for the production rate of 
X(3872) in the reaction γ N → X(3872)N , mentioned in Ref. [33], 
using the same procedure for normalization as described above. 
The result is

σγ N→X(3872)N ′ × BX(3872)→ J/ψππ < 2.9 pb (CL = 90%). (10)

In summary, in our study of the process depicted in Fig. 1
we observed the muoproduction of the state X̃(3872) with a sta-
tistical significance of 4.1σ . The absolute production rate of this 
state in J/ψπ+π− mode was also measured. Its mass M X̃(3872) =
3860.0 ±10.4 MeV/c2 and width % X̃(3872) < 51 MeV/c2 CL=90% and 
decay mode X̃(3872) → J/ψππ are consistent with the X(3872). 
Our observed two-pion mass spectrum shows disagreement with 
previous experimental results for the X(3872). A possible explana-
tion could be that the observed state is the C = −1 partner of the 
X(3872) as predicted by a tetraquark model. The presented results 
demonstrate the physics potential of studying exotic charmonium-
like states in (virtual) photoproduction. However, an independent 
confirmation of the nature of the observed X̃(3872) signal from 
high-precision experiments with high-energy virtual or real pho-
tons is required.
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We have searched for exclusive production of exotic charmonia in the reaction µ+N → µ+( J/ψπ+π−)π±N ′

using COMPASS data collected with incoming muons of 160 GeV/c and 200 GeV/c momentum. In the 
J/ψπ+π− mass distribution we observe a signal with a statistical significance of 4.1 σ . Its mass and 
width are consistent with those of the X(3872). The shape of the π+π− mass distribution from the ob-
served decay into J/ψπ+π− shows disagreement with previous observations for X(3872). The observed 
signal may be interpreted as a possible evidence of a new charmonium state. It could be associated 
with a neutral partner of X(3872) with C = −1 predicted by a tetraquark model. The product of cross 
section and branching fraction of the decay of the observed state into J/ψπ+π− is determined to be 
71±28(stat)±39(syst) pb.
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The exotic hadron X(3872) was first discovered in 2003 by 
the Belle Collaboration [1] and constitutes the first in a long se-
ries of new charmonium-like hadrons at masses above 3.8 GeV/c2. 
The X(3872) was observed as a narrow peak in the J/ψπ+π−

mass spectrum originating from the decay B± → K ± J/ψπ+π− . 
Subsequently, this state has also been observed in numerous re-
action channels and final states: in e+e− collisions by Belle [2–5], 
Babar [6–12] and BESIII [13] and in hadronic interactions by CDF 
[14–17], D0 [18], LHCb [19–21], ATLAS [22] and CMS [23]. The cur-
rent world average for the mass of the X(3872) is 3871.69±0.17 
MeV/c2 [24], which is very close to the D0 D̄∗0 threshold at 
3871.81±0.09 MeV/c2. However, the decay width of this state was 
not determined yet as in all experiments the measured widths 
were compatible with the experimental resolution. Thus only an 
upper limit for the natural width $X(3872) of about 1.2 MeV/c2 (CL 
= 90%) exists [5]. The spin, parity and charge-conjugation quan-
tum numbers J P C of the X(3872) were determined by LHCb to be 
1++ [20,25]. Charged partners of the X(3872) have not been ob-
served [26]. The X(3872) hadron is peculiar in several aspects and 
its nature is still not well understood. In particular, approximately 
equal probabilities to decay into J/ψ3π and J/ψ2π final states 
B(X(3872) → J/ψω)/B(X(3872) → J/ψπ+π−) = 0.8 ± 0.3 [27]
indicate large isospin-symmetry breaking. There are several inter-
pretations of this hadron: pure cc̄-state, tetraquark, meson–meson 
molecule, cc̄g meson, glueball, or others (see reviews [28–30]). In 
addition to knowing mass and quantum numbers of this state, the 
measurement of its width would provide a crucial input to narrow 
down speculations on its nature. Currently such a measurement 

can only be done by performing energy scans in pp̄ annihilations, 
as it is foreseen at FAIR [31,32].

In this Letter, we report on a search for X(3872) produced by 
virtual photons in the charge-exchange reaction

γ ∗N → X0π±N ′ (1)

at COMPASS. Here, N denotes the target nucleon, N ′ the unob-
served recoil system and X0 an intermediate state decaying into 
J/ψπ+π− . The possibility to observe the production of X(3872)
in this reaction was first mentioned in Ref. [33].

The COMPASS experiment [34] is situated at the M2 beam 
line of the CERN Super Proton Synchrotron. The data used in the 
present analysis were obtained by scattering positive muons of 
160 GeV/c or 200 GeV/c momentum off solid 6LiD or NH3 tar-
gets. The total data set accumulated between 2003 and 2011 was 
used. The target material was arranged in two or three cylindri-
cal cells placed along the beam direction. It was longitudinally 
or transversely polarized with respect to this direction. The po-
larization is opposite in consecutive target cells, and it is reversed 
periodically during data taking. After combining data with opposite 
polarization, possible effects from residual target polarization have 
negligible influence on this analysis. Particle tracking and identifi-
cation were performed using a two-stage spectrometer, covering a 
wide momentum range from about 1 GeV/c up to the beam mo-
mentum. The event trigger was based on scintillator hodoscopes 
and hadron calorimeters. Different trigger schemes were used for 
the different data sets. Possible differences in trigger efficiencies 
are expected to cancel in the determination of absolute production 

https://doi.org/10.1016/j.physletb.2018.07.008
0370-2693/ 2018 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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γN → (J/ψπ+π−)N′￼ γN → (J/ψπ+π−)πN′￼
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(1) The  is one of a series of states seen  
in  cross sections:

• the 2022 PDG includes:   
 

(2) Exclusive  cross sections vary  
dramatically from final state to final state:

•  etc. etc.

(3) Similar features are (apparently) absent in  
the inclusive  cross section.

Y(4230)
e+e−

ψ(4040), ψ(4160), ψ(4230),
ψ(4360), ψ(4415), ψ(4630)

e+e−

ππJ/ψ, ππψ(2S), ωχc0, ηJ/ψ,

e+e−
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calculated using the KKMC [30] program. To get the correct
ISR photon energy distribution, we use the

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ is what we measure in this study, the ISR correction

procedure needs to be iterated, and the final results are
obtained when the iteration converges. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ data with Gaussian uncertainties and the

scan data with Poisson uncertainties. The PDF is para-
meterized as the coherent sum of three Breit-Wigner
functions, together with an incoherent ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ is the phase of the amplitude. The
fit has four solutions with equally good fit quality [34] and
identical masses and widths of the resonances (listed in
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
As an alternative description of the data, we use an

exponential [35] to model the cross section near 4 GeVas in
Ref. [4] instead of the resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
resonance [3], is not necessary to explain the data. The fit
has four solutions with equally good fit quality [34] and
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FIG. 1. Measured cross section σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ data (left) and scan data (right) with the
coherent sum of three Breit-Wigner functions (red solid curves) and the coherent sum of an exponential continuum and two Breit-
Wigner functions (blue dashed curves). Dots with error bars are data.

TABLE I. The measured masses and widths of the resonances
from the fit to the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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jMrecðπþπ−lþl−Þj > 105 MeV=c2, jMcorrðψð3686ÞÞ −
Mðψð3686ÞÞj > 10 MeV=c2 and jMðγγπþπ−Þ −MðηÞj >
60 MeV=c2, respectively. The uncertainties related to the
fit procedure are investigated by changing the fit range,
replacing the linear function by a quadratic function for
the background description and by varying the width of the
convolved Gaussian function for the signal shape. The
selection efficiency is obtained with the signal MC sample
generated according to the PWA results. To estimate the
corresponding uncertainty of the MC model, 100 sets of
signal MC samples are generated to obtain the detection
efficiency distribution, and the resulting standard deviation
is taken as the contribution to the systematic uncertainty. In
each set, the MC sample is generated by varying all the
PWA parameters randomly according to a multivariate
Gaussian function, where the mean and width are the

nominal value and error of the parameters with correlation
considered.
The uncertainties for the combined results of the data

samples with large statistics are summarized in Table II. For
those data samples with low statistics, the uncertainties are
set as the values of the closest data sets in Table II.
Assuming all sources of systematic uncertainties to be
independent, the total uncertainties are obtained by adding
the individual values in quadrature and are found to be in
the range of 4.5% to 5.1%.

V. FIT TO THE CROSS SECTION

To study possible Y states in the process eþe− →
πþπ−ψð3686Þ, a binned χ2 fit is performed to the dressed
cross sections σdressed ¼ σB · ð 1

j1−Πj2Þ. The χ
2 is constructed
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FIG. 4. The dressed cross section fit results of the process eþe− → πþπ−ψð3686Þ corresponding to the four solutions in Table III. The
black dots with error bars are the measured dressed cross section, the blue solid curves are the best-fit results, the red dashed lines
represent individual resonant structures, the green dotted lines show the continuous component, and the gray dot-dashed lines are the
sum of all interference terms. The bottom panel in each plot is the χ distribution.
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Y(4360)

Y(4660)

(1) The  is one of a series of states seen  
in  cross sections:

• the 2022 PDG includes:   
 

(2) Exclusive  cross sections vary  
dramatically from final state to final state:

•  etc. etc.

(3) Similar features are (apparently) absent in  
the inclusive  cross section.
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(1) Investigate similar features in  
bottomonium to isolate states:

• global multi-channel K-matrix fits

• improve statistics with energy scans at  
Belle II?

(2) Apply lessons from bottomonium to  
charmonium to isolate states:

• global multi-channel K-matrix fits 
(ongoing, harder than bottomonium)

• measure more exclusive  cross  
sections at BESIII  
(and STCF in China?)

(3) Find new production mechanisms:

• so far no luck in -decays,  
inclusive , etc. 
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values ranging from 0.004 to 0.10 keV. These values are
somewhat smaller than those for the ϒð4SÞ, an issue to
which we return in Sec. VI C. Figures 6 and 7 show that the
situation is somewhat cleaner in the cases of the ϒð5SÞ and
ϒð6SÞ, with all extracted partial widths for both in a range
between roughly 0.04 and 0.07 keV.
Our extracted values for both the ϒð5SÞ and ϒð6SÞ

electronic widths are substantially smaller than the values
reported in the RPP, which are 0.31# 0.07 and
0.13# 0.03 keV, respectively. The original measurements
of the inclusive eþe− cross sections and their subsequent
parametrization [1,2], which are the basis for the RPP
values, were based on very little data and unconstrained
models. In Ref. [1], for example, the inclusive eþe− cross
section was modeled using a sum of Gaussian distributions,
with a single Gaussian distribution covering the entire
ϒð5SÞ region. Our model is more fine grained and better
constrained by the addition of more experimental data.
These circumstances, and the proximity of the recently
discovered ϒð10750Þ, drive the large deviations from the
RPP values. The implications of this deviation will be
explored in Sec. VI C.
Branching ratios for hadronic two- and three-body

channels are also displayed in Figs. 4–7 and are summa-
rized and compared to expectations in Tables VI–IX. Once
again, the model variants permit moderately large variation
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FIG. 4. Branching fractions and electronic width of the ϒð4SÞ.
Red markers correspond to the quasi-two-body models, yellow
markers to the three-body models with resonant couplings, and
blue markers to the three-body models with nonresonant cou-
plings. Markers in the same color follow the order β ¼ 1.0
(circles), β ¼ 1.2 (squares), β ¼ 0.8 (triangles). Black stars
correspond to the RPP estimate.
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using Breit-Wigner parametrizations or ratios of cross sections. We also compare our results with a
selection of theoretical calculations for the vector-bottomonium spectrum.
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I. INTRODUCTION

The spectrum of vector- (JPC ¼ 1−−) bottomonium
states above BB̄ threshold has been the source of a series
of surprises and unresolved issues. The initial exploration
of this region using inclusive eþe− annihilation to hadrons
[1,2] showed evidence for the production of two states with
masses heavier than the ϒð4SÞ, consistent with potential
model expectations for the ϒð5SÞ and ϒð6SÞ. More recent
measurements of the same process [3–5] have revealed
more complex structure. While the putative ϒð5SÞ and
ϒð6SÞ states [also called the ϒð10860Þ and ϒð11020Þ,
respectively] still appear as prominent peaks in the inclu-
sive cross section, the effects due to coupled-channel
scattering and the opening of a variety of open-bottom
thresholds (e.g., B"B̄, B"B̄", BsB̄s, B"

sB̄s, B"
sB̄"

s) are now
more apparent and complicate the observed spectrum.
Extracting vector-bottomonium masses, total widths, and
partial eþe− widths from these spectra has posed serious
challenges. While fits to the inclusive eþe− spectrum using
a coherent sum of Breit-Wigner amplitudes are possible [5],
the fits violate unitarity and the results are expected to be
unreliable.
Recent measurements of the energy dependence of

exclusive eþe− → Bð"ÞB̄ð"Þ cross sections [6] confirm the
importance of coupled-channel scattering. Rather than
showing distinct peaks for the ϒð5SÞ and ϒð6SÞ, the cross

sections are marked by dramatic peaks and valleys at
various open-bottom thresholds. These nontrivial features
in the open-bottom cross sections undermine older mea-
surements of the ϒð5SÞ and ϒð6SÞ branching fractions,
such as those currently listed in the Particle Data Group’s
Review of Particle Properties (RPP) [7]. Previous branch-
ing fractions of the ϒð5SÞ to open-bottom final states, for
example, were estimated by first measuring the cross
section of eþe− to a given open-bottom final state at an
energy near the presumed mass of the ϒð5SÞ and then
dividing by the inclusive bb̄ cross section at the same
energy [8–10]. This ratio of cross sections would approxi-
mate an ϒð5SÞ branching fraction only if the ϒð5SÞ were
produced in isolation, an assumption we now know to
be false.
Besides strong coupled-channel effects in the open-

bottom final states, anomalously large cross sections for
eþe− to closed-bottom channels, such as ππϒðnSÞ (n ¼ 1,
2, 3) and ππhbðnPÞ (n ¼ 1, 2), have been observed
[11–15]. Their production rates were later found to be
enhanced by the presence of the exotic isovector-bottomo-
niumlike states, the Zbð10610Þ and Zbð10650Þ (also called
the Zb and Z0

b), which decay to πϒðnSÞ and πhbðnPÞ
[16,17]. In contrast to the complications in the open-bottom
channels, theϒð5SÞ andϒð6SÞ appear to be well isolated in
the closed-bottom channels, which allows for a more
reliable extraction of their mass and width [15]. These
relatively well-behaved cross sections also provide evi-
dence for an additional state, the ϒð10750Þ [15], which
may be the ϒð3DÞ bottomonium state.
With the recent publication of inclusive eþe− cross

sections [5] and exclusive eþe− cross sections to open-
bottom [6] and closed-bottom [15] final states, we are now
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mate an ϒð5SÞ branching fraction only if the ϒð5SÞ were
produced in isolation, an assumption we now know to
be false.
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dence for an additional state, the ϒð10750Þ [15], which
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Those T-matrix poles that correspond to poles of the
K-matrix are displayed in color in Fig. 3. Each point
represents a pole from a fit to the bootstrap pseudo data for
different model choices. Poles that we identify as spurious,
but which nevertheless have sizable residues, are shown in
gray. The RPP estimates of mass and width (corresponding
to points M − iΓ=2) are also shown as stars with
error bars.
All models and bootstrap variations agree quite well for

the ϒð5SÞ and ϒð6SÞ pole positions, with the ϒð5SÞ
agreeing with the RPP estimate, while our fits obtain a
total width for theϒð6SÞ that is approximately twice that of
the RPP. In contrast, the situation for ϒð4SÞ and ϒð10750Þ
is less clear.
Turning attention to the ϒð4SÞ, we see that most pole

positions cluster near the nominal RPP value, although 10–
20 MeV higher in mass. There is, however, a region of the
β ¼ 1.0 GeV, three-body nonresonant model poles that lies
near ℑð

ffiffiffi
s

p
Þ ¼ −0.03 GeV. The number of data points is

sufficiently sparse (and the model is sufficiently general)
that perhaps a variety of nearly degenerate minima of the
objective function exist. In this case, the secondary group of
poles appear to be associated with BB̄ threshold. We note
that the secondary group of poles has substantial overlap
with a group of ghost poles (indicated in gray). These
points tend to move toward the BB̄ threshold upon
rescaling the couplings—indicative of their spurious
nature—and hint that the three-body nonresonant secon-
dary group of bootstrap poles should not be considered as
viable bottomonium resonance candidates.
For theϒð10750Þ, the main accumulation of poles seems

to agree with the RPP value. However, other solutions
cannot be ruled out. The high model dependence found in
these fits yielding poles with a large range of masses and
widths reflects the lack of data in the energy region around
10.7 GeV. Some models contained ghost poles in this
region that move toward the thresholds of either the dummy
or the B$

sB$
s channel as the couplings are decreased. New
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FIG. 1. Fit result for the quasi-two-body model with β ¼ 1.0 GeV. Black points are data, the red line is the fit result, and the red and
green shaded areas are the central 68% and 90% C.L. regions. The order of the channels is (a) BB̄, (b) B$B̄, (c) B$B̄$, (d) the dummy
channel (“BsB̄s”), (e) B$

sB̄$
s , (f) ϒð1SÞππ, (g) ϒð2SÞππ, (h) ϒð3SÞππ, (i) hbð1PÞππ, (j) hbð2PÞππ, (k) σbb̄ in the ϒð4SÞ region, and

(l) σbb̄ above the ϒð4SÞ region. The gray dashed lines in (k) and (l) indicate thresholds for B$B̄, B$B̄$, BsB̄s, and B$
sB̄$

s , respectively.
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(1) Investigate similar features in  
bottomonium to isolate states:

• global multi-channel K-matrix fits

• improve statistics with energy scans at  
Belle II?

(2) Apply lessons from bottomonium to  
charmonium to isolate states:

• global multi-channel K-matrix fits 
(ongoing, harder than bottomonium)

• measure more exclusive  cross  
sections at BESIII  
(and STCF in China?)

(3) Find new production mechanisms:

• so far no luck in -decays,  
inclusive , etc. 

e+e−

B
pp



(II) Understanding the :  The Role of JLab 22 GeVY(4230)

27

(1) Exploit the (presumably) close connection between  and  cross sections:

• measure exclusive cross sections for  
to create another handle for understanding the  states

• as a preliminary step, understand existing data in the light quark sector

e+e− γp

γp → (ππJ/ψ), (ηJ/ψ), (DD̄), (etc.)p
Y
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Study of the p' (1600) Mass Region Using yp ~ n+ m p at 20 QeV
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We have observed the m+m decay of the p'(1600) in the production reaction yp p'p at
20 GeV. Using a calculation which takes into account the interference of the p' with the
p(770) and a Drell background, we find good evidence that this resonance is a radial excita-
tion of the p(770). The background interference strongly distorts the angular distributions
predicted by a purely s-channel helicity-conserving production mechanism. We measure
m 0= (1.55 + 0.07) GeV/c' and I 0= (0.28+008) GeV/c .
PACS numbers: 13.60.Le, 14.40.Cs

The study of radially excited qq states provides
important information about the QCD force, espe-
cially its long-range confining character. In particu-
lar, the data available about vector mesons contain-
ing heavy quarks (cc or bb) have led to the formu-
lation of long-range, confining, linear potentials
modified by short-range effects due to one-gluon
exchange. ' Although good information is available
about the spectra of these P and Y states, the radial
excitations of vector mesons composed of light
quarks (uu, dd, and ss) have proved difficult to
measure because of broad decay widths and in-
terfering backgrounds.
We present new information about a possible ra-

dial excitation of the p(770) produced in the reac-
tion
vp- v~

&+7T

Unlike previous photoproduction studies of the
n-+m decay mode of the p', this experiment has
full decay acceptance, and the analysis uses an in-
terference of vector mesons with a Drell back-
ground to study the amplitude variation of the
m. +m system for J =1 in the mass range up to
2.0 Gey/c'.
The data used in this analysis were obtained from

an experiment performed in the Stanford Linear
Accelerator Center (SLAC) Hybrid Facility exposed
to photons produced by backscattering laser light
from a 30-GeV electron beam. The photon beam
had a linear polarization of 52% and an average en-
ergy of 19.3 GeV with a spread of 1.7 GeV (full
width at half maximum). The photon flux was
measured with an e+e -pair spectrometer and, in-
dependently, by a total-absorption lead-scintillator
counter. Produced charged or neutral particles (ex-
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FIG. 1. The vr +m invariant mass distribution
corrected for all losses. The solid curve is the prediction
of the Soding model with only the p(770) resonance.
The dashed curve shows the effect of adding a second
resonance of mass 1.55 GeVe and width 0.28 GeV/e .

cept those in a narrow forward region dominated by
e+e conversions) triggered the recording of

hadronic interactions. A kinematic fit with three
constraints was used to select the yp m+m p
events. Backgrounds were studied and found to be
negligible after rejection of the events (1.4%) which
had a better fit to yp m+m m p, K+K p, or
ppp. The data were corrected for experimental
detection and selection losses as a function of the
production and decay variables of the m+m sys-
tem. An important feature of the experiment is
that it has good acceptance for all decay angles of
m+ m pairs with masses between 0.4 and 2.5
GeV/c2.
The final data sample consists of 20908

yp 7r+m p interactions. This represents a cross
section of 11.1+0.9 p, b. A small, well-isolated sig-
nal of 5(1232) production was observed and re-
moved by rejecting 133 events with m + & 1.4

P7T
GeV/c2 The m+m mass distribution of the
remaining events, presented in Fig. 1, shows that
this channel is dominated by p(770) production.
The experimental mass resolution varies from 0.008
to 0.013 GeV/c standard deviation for m+m
masses between that of the p and 2.0 GeV/c . This
is much smaller than the natural widths of the reso-
nances studied in this experiment. We will briefly
discuss the production and decay characteristics of
the p(770) and then show that a second resonance
at a 7r+7r mass of 1.55 GeV/c is required to
describe the data.
The cross section for the reaction yp pp is

known to vary slowly with center-of-mass energy

752

I.O 2.0
rn „(GeV/c')

3.0

FIG. 2. Variation of the four-momentum slope param-
eter, b, with m-+m mass. The curves are Soding model
predictions with one (solid curve) and two (dashed
curve) resonances as described in the text.

and rapidly with the square of the four-momentum
transferred (t' = t —t;„)from the photon to the p.
The variation with m+ m mass of the slope param-
eter, b, from fits of the form Ae ' to the experi-
mental distribution drr/dt', is shown in Fig. 2. We
will return to a discussion of the dependence of b
on the m-+sr mass, but note here that the slope is
7.5 + 0.2 (GeV/c) 2 at the p mass peak. This
value is typical of elastic processes, and suggests
that the p is produced by the diffractive, vector-
meson dominance mechanism shown in Fig. 3(a).

/7T
/

7T

/7T
/

FIG. 3. (a) Diffractive production of the p(770). (b)
Nonresonant ~+m production via a Drell amplitude as
suggested by Soding. (c),(d) Diffractive p' production
amplitudes.
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We have observed the m+m decay of the p'(1600) in the production reaction yp p'p at
20 GeV. Using a calculation which takes into account the interference of the p' with the
p(770) and a Drell background, we find good evidence that this resonance is a radial excita-
tion of the p(770). The background interference strongly distorts the angular distributions
predicted by a purely s-channel helicity-conserving production mechanism. We measure
m 0= (1.55 + 0.07) GeV/c' and I 0= (0.28+008) GeV/c .
PACS numbers: 13.60.Le, 14.40.Cs

The study of radially excited qq states provides
important information about the QCD force, espe-
cially its long-range confining character. In particu-
lar, the data available about vector mesons contain-
ing heavy quarks (cc or bb) have led to the formu-
lation of long-range, confining, linear potentials
modified by short-range effects due to one-gluon
exchange. ' Although good information is available
about the spectra of these P and Y states, the radial
excitations of vector mesons composed of light
quarks (uu, dd, and ss) have proved difficult to
measure because of broad decay widths and in-
terfering backgrounds.
We present new information about a possible ra-

dial excitation of the p(770) produced in the reac-
tion
vp- v~

&+7T

Unlike previous photoproduction studies of the
n-+m decay mode of the p', this experiment has
full decay acceptance, and the analysis uses an in-
terference of vector mesons with a Drell back-
ground to study the amplitude variation of the
m. +m system for J =1 in the mass range up to
2.0 Gey/c'.
The data used in this analysis were obtained from

an experiment performed in the Stanford Linear
Accelerator Center (SLAC) Hybrid Facility exposed
to photons produced by backscattering laser light
from a 30-GeV electron beam. The photon beam
had a linear polarization of 52% and an average en-
ergy of 19.3 GeV with a spread of 1.7 GeV (full
width at half maximum). The photon flux was
measured with an e+e -pair spectrometer and, in-
dependently, by a total-absorption lead-scintillator
counter. Produced charged or neutral particles (ex-
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H. Schröder,60,* C. Voss,60 R. Waldi,60 T. Adye,61 E. O. Olaiya,61 F. F. Wilson,61 S. Emery,62
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H. Cross section results

1. Estimates of LO FSR in the !!ð"Þ" process

In Eq. (3) it is assumed that the contribution of LO FSR
to the !!ð"Þ" cross section is negligible. This approxi-
mation is supported by calculations using specific models.

The simplest model uses an extrapolation of the pion
form factor to the large value of s# 112 GeV2, and as-
sumes pointlike pions to compute LO FSR photon emis-
sion, as for additional FSR. This procedure, questionable
for large energies E$

" > 3 GeV, yields a very small relative
contribution from jAFSRj2, #!!

FSR # 10%7. A more realistic
model [29] considers radiation from quarks and recombi-
nation into a pion pair, with the parametrization of the
produced even-spin states based on Ref. [30]. In this case
the contribution is at a few& 10%4 level for masses below
1 GeV. However the FSR rate could be enhanced on
specific resonances that are not explicitly taken into ac-
count in the model. Estimates [31] using a "$"f2ð1270Þ
transition form factor evaluated in the asymptotic regime
by perturbative QCD indicate a FSR contribution of about
0.9% on the f2ð1270Þ resonance. Contributions from
f0ð980Þ and f0ð1370Þ are expected to be lower.

Finally, a direct test with BABAR data has been per-
formed with a measurement of charge asymmetry, which is
proportional to the interference between LO ISR and FSR
amplitudes. This work in progress, which will be published
separately, yields results that do not exceed the estimates
above.

The estimated LO FSR contributions are at levels
smaller than the quoted systematic uncertainties on the
!!ð"Þ" cross section, much smaller actually for the $
region. No subtraction has been applied to the measured
cross section.

2. Results on the bare cross section with FSR

The results for the eþe% ! !þ!%ð"FSRÞ bare
cross section including FSR, %0

!!ð"FSRÞ, are given in

Figs. 42–44 as a function of
ffiffiffiffi
s0

p
. The cross section is

dominated by the wide $ resonance, with structures at
larger masses. The dip region near 1.6 GeV, usually inter-
preted as resulting from interference between the $0 and $00

amplitudes, is mapped with a much increased precision
compared to previous experiments. There is also an indi-
cation for a structure in the 2.2–2.25 GeV region, which
could be due to a still higher-mass $000 vector meson.
Files containing the cross section data and their covari-

ance matrices are provided in the Supplemental Material
repository [32].

I. Pion form factor fits

The square of the pion form factor is defined as usual by
the ratio of the dressed cross section without FSR, divided
by the lowest-order cross section for pointlike spin 0
charged particles. Thus,

jF!j2ðs0Þ ¼
3s0

!&2ð0Þ'3
!

%!!ðs0Þ; (24)

with

FIG. 42. The measured cross section for eþe% ! !þ!%ð"Þ
over the full mass range. Systematic and statistical uncertainties
are shown, but based only on the diagonal elements of the
covariance matrix (see text).

FIG. 43. The measured cross section for eþe% ! !þ!%ð"Þ in
the lower mass range. Systematic and statistical uncertainties are
shown, but based only on the diagonal elements of the covari-
ance matrix (see text).

FIG. 44. The measured cross section for eþe% ! !þ!%ð"Þ in
the $ region. Systematic and statistical uncertainties are shown,
but based only on the diagonal elements of the covariance matrix
(see text).
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• measure exclusive cross sections for  
to create another handle for understanding the  states

• as a preliminary step, understand existing data in the light quark sector

e+e− γp

γp → (ππJ/ψ), (ηJ/ψ), (DD̄), (etc.)p
Y
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(1) The  appears in the substructure  
of  decays:
•
•
•
•

(2) The  is conclusively .

(3) Similar structures have been found in  
related  decays:
•
•
•
•

(4) Presumably related to the ,  states have also been found:

•  at BESIII
•  at LHCb 

(5) So far the  has only been seen in  decays. 

Zc(3900)
Y(4230)

e+e− → Y(4230) → π∓Zc(3900)± → π∓(π±J/ψ)
e+e− → Y(4230) → π∓Zc(3900)± → π∓(DD̄* + D̄D*)±

e+e− → Y(4230) → π0Zc(3900)0 → π0(π0J/ψ)
e+e− → Y(4230) → π0Zc(3900)0 → π0(DD̄* + D̄D*)0

JPC 1+−

Y(4230)
e+e− → Y(4230) → π∓Zc(4020)± → π∓(π±hc)
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e+e− → Y(4230) → π0Zc(4020)0 → π0(π0hc)
e+e− → Y(4230) → π0Zc(4020)0 → π0(D*D̄*)0

Zc(3900) Zcs

e+e− → KZcs → K(DsD* + D*s D)
B → ϕZcs → ϕ(KJ/ψ)

Zc(3900) Y(4230)
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BESIII

 at 4.23 GeVe+e− → π+π−J/ψ

is a kinematic factor with ki being the magnitude of the
three-vector momentum of the final state particle (J=ψ orD)
in the Zc rest frame; and g01 and g

0
2 are the coupling strengths

of Z!
c → π!J=ψ and Z!

c → ðDD̄#Þ!, respectively, which
will be determined by the fit to the data.
To describe the πþπ− mass spectrum, four resonances, σ,

f0ð980Þ, f2ð1270Þ, and f0ð1370Þ, are introduced. f0ð980Þ
is described with a Flatté formula [25], and the others are
described with relativistic Breit-Wigner (BW) functions.
The width of the wide resonance σ is parametrized
with ΓσðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð4m2

π=sÞ
p

Γ [26,27], and the masses
and widths for the f2ð1270Þ and f0ð1370Þ are taken from
the Particle Data Group [28]. The statistical significance for
each resonance is determined by examining the probability
of the change in log likelihood ðlogLÞ values between
including and excluding this resonance in the fits, and the
probability is calculated under the χ2 distribution hypoth-
esis taking the change of the number of degrees of freedom
ΔðndfÞ into account. With this procedure, the statistical
significance of each of these states and the nonresonant
process is estimated to be larger than 5σ. All of them are
therefore included in the nominal fit, which includes
the eþe−→σJ=ψ , f0J=ψ , f0ð1370ÞJ=ψ , f2ð1270ÞJ=ψ ,
Z!
c π∓, and nonresonant processes.

A simultaneous fit is performed to the two data sets. The
coupling constants are set as free parameters and are
allowed to be different at the two energy points except
for the common ones describing Zc decays. The oppositely
charged Zc states are regarded as isospin partners; they
share a common mass and coupling parameters g01 and g02.
Figure 1 shows projections of the fit results at

ffiffiffi
s

p
¼ 4.23

and 4.26 GeV, with a fit goodness of the Dalitz plot
χ2=ndf ¼ 1.3 and 1.2, respectively. The mass of Z!

c is
measured to beMZc

¼ ð3901.5! 2.7statÞ MeV=c2, and the
coupling parameters g01 ¼ ð0.075! 0.006statÞ GeV2 and
g02=g

0
1 ¼ 27.1! 2.0stat. This measurement is consistent

with the previous result g02=g
0
1 ¼ 27.1! 13.1 estimated

based on the measured decay width ratio ΓðZ!
c →

ðDD̄#Þ!Þ=ΓðZ!
c → J=ψπ!Þ ¼ 6.2! 2.9 [10]. If the Z!

c
is parametrized as a constant-width BW function,
the simultaneous fit gives a mass of ð3897.6!
1.2statÞ MeV=c2 and a width of ð43.5! 1.5statÞ MeV, but
the value of − lnL increases by 22 with ΔðndfÞ ¼ 1. The
BW parametrization is thus disfavored with a significance
of 6.6σ.
Figure 2 shows the polar angle (θZ!

c
) distribution of Z!

c in
the process eþe− → Zþ

c π− þ c:c: and the helicity angle
ðθJ=ψ Þ distribution in the decay Z!

c → π!J=ψ for the

FIG. 1. Projections to mπþπ− (a),(c) and mJ=ψπ! (b),(d) of the fit results with JP ¼ 1þ for the Zc, at
ffiffiffi
s

p
¼ 4.23 GeV (a),(b) andffiffiffi

s
p

¼ 4.26 GeV (c),(d). The points with error bars are data, and the black histograms are the total fit results including backgrounds. The
shaded histogram denotes backgrounds. The contributions from the πþπ−S-wave J=ψ , f2ð1270ÞJ=ψ , and Z!

c π∓ are shown in the plots. The
πþπ−S-wave resonances include the σ, f0ð980Þ, and f0ð1370Þ. Plots (b) and (d) are filled with two entries (mJ=ψπþ and mJ=ψπ− ) per event.
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(III) Understanding the :  Known FactsZc(3900)

31

(1) The  appears in the substructure  
of  decays:
•
•
•
•

(2) The  is conclusively .

(3) Similar structures have been found in  
related  decays:
•
•
•
•

(4) Presumably related to the ,  states have also been found:

•  at BESIII
•  at LHCb 

(5) So far the  has only been seen in  decays. 

Zc(3900)
Y(4230)

e+e− → Y(4230) → π∓Zc(3900)± → π∓(π±J/ψ)
e+e− → Y(4230) → π∓Zc(3900)± → π∓(DD̄* + D̄D*)±

e+e− → Y(4230) → π0Zc(3900)0 → π0(π0J/ψ)
e+e− → Y(4230) → π0Zc(3900)0 → π0(DD̄* + D̄D*)0

JPC 1+−

Y(4230)
e+e− → Y(4230) → π∓Zc(4020)± → π∓(π±hc)
e+e− → Y(4230) → π∓Zc(4020)± → π∓(D*D̄*)±

e+e− → Y(4230) → π0Zc(4020)0 → π0(π0hc)
e+e− → Y(4230) → π0Zc(4020)0 → π0(D*D̄*)0

Zc(3900) Zcs

e+e− → KZcs → K(DsD* + D*s D)
B → ϕZcs → ϕ(KJ/ψ)

Zc(3900) Y(4230)

Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of the Zcð4020Þ JP ¼
1þ, a phase space factor pq3 is considered in the partial
width, where p is the Zcð4020Þ momentum in the eþe%

c.m. frame and q is the hc momentum in the Zcð4020Þ c.m.
frame. The background shape is parametrized as an
ARGUS function [18]. The efficiency curve is considered
in the fit, but possible interferences between the signal and
background are neglected. Figure 4 shows the fit results;
the fit yields a mass of ð4022:9& 0:8Þ MeV=c2 and a width
of ð7:9& 2:7Þ MeV. The goodness of fit is found to be
!2=n:d:f: ¼ 27:3=32 ¼ 0:85 by projecting the events into

a histogram with 46 bins. The statistical significance of the
Zcð4020Þ signal is calculated by comparing the fit like-
lihoods with and without the signal. Besides the nominal
fit, the fit is also performed by changing the fit range, the
signal shape, or the background shape. In all cases, the
significance is found to be greater than 8:9".
The numbers of Zcð4020Þ events are determined to be

N½Zcð4020Þ&( ¼ 114& 25, 72& 17, and 67& 15 at 4.23,
4.26, and 4.36 GeV, respectively. The cross sections are
calculated to be"½eþe% ! #&Zcð4020Þ) ! #þ#%hc( ¼
ð8:7& 1:9& 2:8& 1:4Þ pb at 4.23 GeV, ð7:4&1:7&2:1&
1:2Þ pb at 4.26 GeV, and ð10:3& 2:3& 3:1& 1:6Þ pb at
4.36 GeV, where the first errors are statistical, the second
ones systematic (described in detail below), and the third
ones from the uncertainty in Bðhc ! $%cÞ [14]. The
Zcð4020Þ production rate is uniform at these three energy
points.
Adding a Zcð3900Þ with the mass and width fixed to the

BESIII measurement [1] in the fit results in a statistical
significance of 2:1" (see the inset in Fig. 4). We set upper
limits on the production cross sections as "½eþe% !
#&Zcð3900Þ) ! #þ#%hc(< 13 pb at 4.23 GeV and
<11 pb at 4.26 GeV, at the 90% confidence level (C.L.).
The probability density function from the fit is smeared by
a Gaussian function with a standard deviation of "sys to

include the systematic error effect, where "sys is the rela-

tive systematic error in the cross section measurement
described below. We do not fit the 4.36 GeV data, as the
Zcð3900Þ signal overlaps with the reflection of the
Zcð4020Þ signal.
The systematic errors for the resonance parameters of

the Zcð4020Þ come from the mass calibration, parametri-
zation of the signal and background shapes, possible exis-
tence of the Zcð3900Þ and interference with it, fitting range,
efficiency curve, and mass resolution. The uncertainty
from the mass calibration is estimated by using the differ-
ence between the measured and known hc masses and D0

masses (reconstructed from K%#þ). The differences are
(2:1& 0:4) and %ð0:7& 0:2Þ MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from the hc decay, we assume these differences
added in quadrature, 2:6 MeV=c2, is the systematic error
due to the mass calibration. Spin parity conservation for-
bids a zero spin for the Zcð4020Þ, and, assuming that
contributions from D wave or higher are negligible, the
only alternative is JP ¼ 1% for the Zcð4020Þ. A fit under
this scenario yields a mass difference of 0:2 MeV=c2 and a
width difference of 0.8 MeV. The uncertainty due to the
background shape is determined by changing to a second-
order polynomial and by varying the fit range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of 0:2 MeV=c2 for mass and 1.1MeV for width
are found from the latter. Uncertainties due to the mass
resolution are estimated by varying the resolution differ-
ence between the data and MC simulation by one standard
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FIG. 3 (color online). M#&hc distribution of e
þe% ! #þ#%hc

candidate events in the hc signal region (dots with error bars) and
the normalized hc sideband region (shaded histogram), summed
over data at all energy points.
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FIG. 4 (color online). Sum of the simultaneous fits to the
M#&hc distributions at 4.23, 4.26, and 4.36 GeV as described in

the text; the inset shows the sum of the simultaneous fit to the
M#þhc distributions at 4.23 and 4.26 GeV with Zcð3900Þ and

Zcð4020Þ. Dots with error bars are data; shaded histograms are
the normalized sideband background; the solid curves show the
total fit, and the dotted curves the backgrounds from the fit.
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(1) Study the  lineshapes in more detail 
(to distinguish between interpretations of the ):

• perform multi-channel fits
• study the  at multiple  energies
• collect substantially more data at BESIII  

(and STCF in China?)

(2) Study similar features in bottomonium:

•
•
•
•

(3) Compare the  to the set of  seen in  decays:

• collect BESIII data with higher  energies  
(an upgrade in summer 2024 will raise the maximum energy  
to 5.6 GeV and increase the luminosity by a factor of 3)

• the STCF in China is planned to reach 7 GeV with a  
luminosity 50 times greater than BESIII

Zc(3900)
Zc

Zc e+e−

e+e− → π∓Zb(10610,10650)± → π∓(π±Υ(1S,2S,3S))
e+e− → π∓Zb(10610,10650)± → π∓(π±hb(1P,2P))
e+e− → π∓Zb(10610)± → π∓(BB̄* + B̄B*)±

e+e− → π∓Zb(10650)± → π∓(B*B̄*)±

Zc(3900) Zc B

e+e−
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the χ2 test for data with enough statistics and is applicable
for multidimensional fits with a small data sample. From
this analysis, we find that the nominal model and the data
are consistent at 27%, 61%, and 34% confidence levels for

the ϒð1SÞπþπ−, ϒð2SÞπþπ−, and ϒð3SÞπþπ− final states,
respectively.
As an alternative approach, we calculate χ2 values for

one-dimensional projections shown in Fig. 4, combining
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FIG. 4. Comparison of fit results with the nominal model with JP ¼ 1þ assigned to both Zb states (solid open histogram) and the data
(points with error bars) for events in the (a),(d)ϒð1SÞπþπ−, (b),(e)ϒð2SÞπþπ−, and (c),(f)ϒð3SÞπþπ− signal region. The dashed histogram
shows results of the fit with a JP ¼ 2þ assignment for the Zb states. Hatched histograms show the estimated background components.
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FIG. 5. A detailed comparison of fit results with the nominal model (open histogram) with the data (points with error bars) for events in
the ϒð1SÞπþπ− signal region. Hatched histograms show the estimated background components. Panels (a)–(c) show Mðϒð1SÞπÞmax
projections in different M2ðπþπ−Þ regions. Panels (d)–(f) show Mðπþπ−Þ projections in different M2ðϒð1SÞπÞmax regions.
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•
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• collect BESIII data with higher  energies  
(an upgrade in summer 2024 will raise the maximum energy  
to 5.6 GeV and increase the luminosity by a factor of 3)

• the STCF in China is planned to reach 7 GeV with a  
luminosity 50 times greater than BESIII
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Observation of New Resonances Decaying to J=ψK + and J=ψϕ

R. Aaij et al.*

(LHCb Collaboration)

(Received 2 March 2021; accepted 7 July 2021; published 17 August 2021)

The first observation of exotic states with a new quark content cc̄us̄ decaying to the J=ψKþ final state is
reported with high significance from an amplitude analysis of the Bþ → J=ψϕKþ decay. The analysis is
carried out using proton-proton collision data corresponding to a total integrated luminosity of 9 fb−1

collected by the LHCb experiment at center-of-mass energies of 7, 8, and 13 TeV. The most significant
state, Zcsð4000Þþ, has a mass of 4003$ 6þ4

−14 MeV, a width of 131$ 15$ 26 MeV, and spin parity
JP ¼ 1þ, where the quoted uncertainties are statistical and systematic, respectively. A new 1þ Xð4685Þ
state decaying to the J=ψϕ final state is also observed with high significance. In addition, the four
previously reported J=ψϕ states are confirmed and two more exotic states, Zcsð4220Þþ and Xð4630Þ, are
observed with significance exceeding 5 standard deviations.

DOI: 10.1103/PhysRevLett.127.082001

Charged states such as Zcð3900Þþ [1,2] and Zcð4430Þþ
[3–5] provide evidence for exotic states, because light
quarks are required to account for the nonzero electric
charge in addition to the heavy quarkonium. (Charge
conjugation is implied throughout this Letter.)
Previously, only the u or d quarks were observed to
constitute the light quark content of such charged exotic
states, even though the existence of a Zcs state as a
strangeness-flavor partner of the Zþ

c ð3900Þ state had been
predicted [6–10]. Recently, the BESIII experiment reported
a 5.3 standard deviation (σ hereafter) observation of a
threshold structure in the mass distribution of D−

s D&0 þ
D&−

s D0 pairs produced in eþe− annihilation as recoil
against a Kþ meson [11].
In this Letter, the first observation of two charged

Zþ
cs → J=ψKþ states is reported from an updated amplitude

analysis of the Bþ → J=ψϕKþ decay, as well as the
observation of two more X → J=ψϕ states. The analysis
is based on the combined proton-proton (pp) collision data
collected using the LHCb detector in run 1 at center-of-
mass energies

ffiffiffi
s

p
of 7 and 8 TeV, corresponding to a total

integrated luminosity of 3 fb−1, and in run 2 atffiffiffi
s

p
¼ 13 TeV, corresponding to an integrated luminosity

of 6 fb−1.
With run 1 data, LHCb performed the first amplitude

analysis of the Bþ → J=ψϕKþ decay, investigating the
J=ψϕ structure [12,13] in addition to the kaon excitations

(hereafter indicated as K&þ). The data were described with
seven K&þ → ϕKþ resonances, four X → J=ψϕ structures,
and nonresonant (NR) ϕKþ and J=ψϕ contributions. Four
X structures, i.e., the Xð4140Þ, Xð4274Þ, Xð4500Þ, and
Xð4700Þ states, were observed [the recent Particle Data
Group (PDG) convention labels these states as χcJ [14] ].
Notably, the Xð4140Þ width was substantially larger than
previously determined [15–17]. Only 3σ evidence for a
Zþ
cs → J=ψKþ contribution was found [12,13].
The LHCb detector is a single-arm forward spectro-

meter covering the pseudorapidity range 2 < η < 5,
described in detail in Refs. [18,19]. Simulation is produced
with software packages described in Refs. [20–23]. The
Bþ → J=ψð→ μþμ−Þϕð→ KþK−ÞKþ signal candidates
are first required to pass an online event selection per-
formed by a trigger [24] dedicated for selecting J=ψ
candidates. The signal decay is reconstructed by combining
the J=ψ candidate with three kaon candidates with a total
charge of one unit. The ϕ candidate is selected by requiring
only one of two KþK− combinations to be consistent with
the known ϕ mass [14] within $15 MeV. (Natural units
with ℏ ¼ c ¼ 1 are used throughout.)
The off-line selection involves a loose preselection,

followed by a multivariate classifier based on a gradient
boosted decision tree (BDTG) [25,26]. The preselection is
similar to that used in Refs. [12,13], but the requirement on
the χ2IP of kaon candidates is loosened, where χ

2
IP is defined

as the difference in the vertex fit χ2 of the event primary pp
collision vertex candidate, reconstructed with and without
the particle considered. The BDTG response is constructed
using eight variables exploring decay topology, particle
momenta components transverse to the beam direction, and
particle identification information (PID). The requirement
on the BDTG response is chosen to maximize the signal
significance multiplied by the purity [27].
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The invariant-mass distribution of the Bþ → J=ψϕKþ

candidates is shown in Fig. 1, fitted with the signal modeled
by a Hypatia function [28] and the combinatorial back-
ground by a second-order polynomial function, yielding
24220" 170 signal candidates with a combinatorial-back-
ground fraction of 4.0% within a "15 MeV signal region.
The region also includes an additional∼2% of non-ϕ Bþ →
J=ψKþK−Kþ background candidates, which are neglected
in the amplitude model but considered in the evaluation of
the systematic uncertainties. The candidates in the signal
region are retained for further amplitude analysis.
Compared to the previous run 1 analysis [12,13], the total
signal yield is ∼6 times larger, owing to a larger dataset and
increase of 15% in signal efficiency due to the inclusion of
PID in the BDTG classifier. The fraction of combinatorial
background is almost a factor of 6 smaller, while that of the
non-ϕ background is unchanged.
Figure 2 shows the Dalitz plots for Bþ → J=ψϕKþ

candidates in the Bþ signal region. The most apparent
features are four bands in the J=ψϕ mass distribution,
corresponding to the previously reported Xð4140Þ,
Xð4274Þ, Xð4500Þ, and Xð4700Þ states. There is also a
distinct band near 16 GeV2 of the J=ψKþ mass squared.

To investigate the resonant structures, a full amplitude fit
is performed using an unbinned maximum-likelihood
method. The likelihood definition and the total probability
density function (PDF), which includes a signal and a
background component, are described in the previous
publication [13]. Resonance line shapes are parametrized
using the Breit-Wigner approximation. The signal
Bþ decay is described in the helicity formalism by
three decay chains: K%þð→ ϕKþÞJ=ψ , Xð→ J=ψϕÞKþ,
and Zþ

csð→ J=ψKþÞϕ. Each chain is fully described by
one mass and five angular observables. For example,
the conventional K%þ chain has the following six observ-
ables Φ≡ ðmϕK; θK% ; θJ=ψ ; θϕ;ΔφK%;J=ψ ;ΔφK%;ϕÞ, where θ
denotes the helicity angles and Δφ the angles between two
decay planes. Because of the nonscalar final-state particles
(μþ and μ−), an azimuthal angle αiμ is required to align the
helicity frames of μþ and μ− between the chain i and the
reference K%þ chain[4,5,29].
The model used in the previous study (run 1 model) is

first tested. Because of the increased sample size, the model
requires improvements (see Fig. 3 bottom row). Additional
K%þ, X, and possible Zþ

cs states are added until no further
state with a significance larger than 5σ improves the overall
fit. In total, nine K%þ, seven X, two Zþ

cs, and one J=ψϕ NR
components are taken as the default model, as listed in
Table I. The nine K%þ states are all those with spin parity
J ≤ 2 and mass below 2 GeV, which are predicted by the
relativistic potential model [30], and kinematically allowed,
including three resonances with poles just below the ϕKþ

mass threshold. All components previously used in the run
1 model are included, but the JP ¼ 1þ NR ϕKþ and the
broad 0− state are replaced by the upper tails of K1ð1400Þ
and Kð1460Þ resonances, respectively. The newly added
components are the upper tail of 1− K%ð1410Þ resonance,
2− Xð4150Þ, 1þ Xð4685Þ, 1− Xð4630Þ, 1þ Zcsð4000Þþ,
and Zcsð4220Þþ states.
Figure 3 shows the invariant-mass distributions for all

pairs of final-state particles of the Bþ → J=ψϕKþ decay
with fit projections from the amplitude analysis overlaid,
for both the default model and the run 1 model. The fit
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The first observation of exotic states with a new quark content cc̄us̄ decaying to the J=ψKþ final state is
reported with high significance from an amplitude analysis of the Bþ → J=ψϕKþ decay. The analysis is
carried out using proton-proton collision data corresponding to a total integrated luminosity of 9 fb−1

collected by the LHCb experiment at center-of-mass energies of 7, 8, and 13 TeV. The most significant
state, Zcsð4000Þþ, has a mass of 4003$ 6þ4

−14 MeV, a width of 131$ 15$ 26 MeV, and spin parity
JP ¼ 1þ, where the quoted uncertainties are statistical and systematic, respectively. A new 1þ Xð4685Þ
state decaying to the J=ψϕ final state is also observed with high significance. In addition, the four
previously reported J=ψϕ states are confirmed and two more exotic states, Zcsð4220Þþ and Xð4630Þ, are
observed with significance exceeding 5 standard deviations.
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Charged states such as Zcð3900Þþ [1,2] and Zcð4430Þþ
[3–5] provide evidence for exotic states, because light
quarks are required to account for the nonzero electric
charge in addition to the heavy quarkonium. (Charge
conjugation is implied throughout this Letter.)
Previously, only the u or d quarks were observed to
constitute the light quark content of such charged exotic
states, even though the existence of a Zcs state as a
strangeness-flavor partner of the Zþ

c ð3900Þ state had been
predicted [6–10]. Recently, the BESIII experiment reported
a 5.3 standard deviation (σ hereafter) observation of a
threshold structure in the mass distribution of D−

s D&0 þ
D&−

s D0 pairs produced in eþe− annihilation as recoil
against a Kþ meson [11].
In this Letter, the first observation of two charged

Zþ
cs → J=ψKþ states is reported from an updated amplitude

analysis of the Bþ → J=ψϕKþ decay, as well as the
observation of two more X → J=ψϕ states. The analysis
is based on the combined proton-proton (pp) collision data
collected using the LHCb detector in run 1 at center-of-
mass energies

ffiffiffi
s

p
of 7 and 8 TeV, corresponding to a total

integrated luminosity of 3 fb−1, and in run 2 atffiffiffi
s

p
¼ 13 TeV, corresponding to an integrated luminosity

of 6 fb−1.
With run 1 data, LHCb performed the first amplitude

analysis of the Bþ → J=ψϕKþ decay, investigating the
J=ψϕ structure [12,13] in addition to the kaon excitations

(hereafter indicated as K&þ). The data were described with
seven K&þ → ϕKþ resonances, four X → J=ψϕ structures,
and nonresonant (NR) ϕKþ and J=ψϕ contributions. Four
X structures, i.e., the Xð4140Þ, Xð4274Þ, Xð4500Þ, and
Xð4700Þ states, were observed [the recent Particle Data
Group (PDG) convention labels these states as χcJ [14] ].
Notably, the Xð4140Þ width was substantially larger than
previously determined [15–17]. Only 3σ evidence for a
Zþ
cs → J=ψKþ contribution was found [12,13].
The LHCb detector is a single-arm forward spectro-

meter covering the pseudorapidity range 2 < η < 5,
described in detail in Refs. [18,19]. Simulation is produced
with software packages described in Refs. [20–23]. The
Bþ → J=ψð→ μþμ−Þϕð→ KþK−ÞKþ signal candidates
are first required to pass an online event selection per-
formed by a trigger [24] dedicated for selecting J=ψ
candidates. The signal decay is reconstructed by combining
the J=ψ candidate with three kaon candidates with a total
charge of one unit. The ϕ candidate is selected by requiring
only one of two KþK− combinations to be consistent with
the known ϕ mass [14] within $15 MeV. (Natural units
with ℏ ¼ c ¼ 1 are used throughout.)
The off-line selection involves a loose preselection,

followed by a multivariate classifier based on a gradient
boosted decision tree (BDTG) [25,26]. The preselection is
similar to that used in Refs. [12,13], but the requirement on
the χ2IP of kaon candidates is loosened, where χ

2
IP is defined

as the difference in the vertex fit χ2 of the event primary pp
collision vertex candidate, reconstructed with and without
the particle considered. The BDTG response is constructed
using eight variables exploring decay topology, particle
momenta components transverse to the beam direction, and
particle identification information (PID). The requirement
on the BDTG response is chosen to maximize the signal
significance multiplied by the purity [27].
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•
•
•
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(3) Compare the  to the set of  seen in  decays:

• collect BESIII data with higher  energies  
(an upgrade in summer 2024 will raise the maximum energy  
to 5.6 GeV and increase the luminosity by a factor of 3)

• the STCF in China is planned to reach 7 GeV with a  
luminosity 50 times greater than BESIII
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(1) The  could potentially be photoproduced through single pion exchange.

• the theoretical model for this  
process ought to be reliable  
(see Alessandro’s talk)

• if the  is not found,  
this could (hopefully) provide  
important information about 
the nature of the 
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XYZ spectroscopy at electron-hadron facilities: Exclusive processes
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The next generation of electron-hadron facilities has the potential for significantly improving our
understanding of exotic hadrons. The XYZ states have not been seen in photon-induced reactions so far.
Their observation in such processes would provide an independent confirmation of their existence and offer
new insights into their internal structure. Based on the known experimental data and the well-established
quarkonium and Regge phenomenology, we give estimates for the exclusive cross sections of several XYZ
states. For energies near threshold we expect cross sections of few nanobarns for the Zcð3900Þþ and
upwards of tens of nanobarns for the Xð3872Þ, which are well within reach of new facilities.

DOI: 10.1103/PhysRevD.102.114010

I. INTRODUCTION

Since 2003, a plethora of new resonance candidates,
commonly referred to as the XYZ, appeared in the heavy
quarkonium spectrum. Their properties do not fit the
expectations for heavy QQ̄ bound states as predicted by
the conventional phenomenology. An exotic composition is
most likely required [1]. Having a comprehensive descrip-
tion of these states will improve our understanding of the
nonperturbative features of Quantum Chromodynamics.
The majority of these has been observed in specific
production channels, most notably in heavy hadron decays
and direct production in eþe− collisions. Exploring

alternative production mechanisms would provide comple-
mentary information, that can further shed light on their
nature. In particular, photoproduction at high energies is
not affected by 3-body dynamics which complicates the
determination of the resonant nature of several XYZ [2].
Photons are efficient probes of the internal structure

of hadrons, and their collisions with hadron targets result in
a copious production of meson and baryon resonances.
Searches for XYZ in existing experiments, i.e., COMPASS
[3] or the Jefferson Lab [4–6], have produced limited
results so far. However the situation can change signifi-
cantly if higher luminosity is reached in the appropriate
energy range.
The next generation of lepton-hadron facilities includes,

for example, the Electron-Ion Collider (EIC) [7] that is
projected to have the center-of-mass energy per electron-
nucleon collision in the range from 20 to 140 GeV, and a
peak luminosity of 1.2 × 1034 cm−2 s−1 in the middle of
this range. The ion beam can cover a large number of
species, from proton to uranium. Both the electron and ion
beam can be polarized. An Electron-Ion Collider in China
(EicC) has also been proposed [8].
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relatively easy to detect. We do not consider the narrow
Zc

0ð4020Þ, which decays mostly into hcð1PÞπþ and
D̄$0D$þ and is therefore more difficult to reconstruct.
These four states have the same quantum numbers JPC ¼
1þ− [14,15],1 and the absolute branching fractions can be
calculated by assuming that the several observed decay
modes saturate the total width. Obviously, reaching the Zð0Þ

b
requires higher energy and an optimal setup for the
Zcð3900Þþ and Zð0Þ

b may not be the same. The same
amplitudes can in principle be extended to the broad Z
states seen in B decays. However, their branching ratio to
Vπþ is unknown, and their broad width would make the
separation from the background more challenging.
Predictions for some of them have already been given in
[16], while the Zcð3900Þþ was studied previously in [17]
on the basis of outdated estimates for the branching ratios.
The Zð0Þ

b have recently been studied in [18].
The production of these Z states proceeds primarily

through a charged pion exchange. A minimal parametriza-
tion of the top vertex in Eq. (3), consistent with gauge
invariance is given by

T λVλZ ¼ gVZπ
mZ

εμðq; λVÞε$νðq0; λZÞ½ðq · kÞgμν − kμqν': ð7Þ

The coupling gVZπ is calculated from the partial decay
width ΓðZ → VπÞ using Eq. (4). For the Zcð3900Þþ we
assume that the width is saturated by the three decay modes

J=ψπþ, ðD̄D$Þþ, and ηcρþ. A similar assumption was
made in [14] for the Zð0Þ

b , the width being saturated by the
ϒðnSÞ (n ¼ 1; 2; 3), hbðmPÞ (m ¼ 1; 2), and ðB̄ð$ÞB$Þþ
modes. The couplings are summarized in Table II. For the
bottom πNN vertex we take2:

BλNλN0 ¼
ffiffiffi
2

p
gπNNβðtÞūðp0; λ0NÞγ5uðp; λNÞ; ð8Þ

with g2πNN=ð4πÞ ≃ 13.81( 0.12 [19]. Away from the pole,
the residue βðtÞ is unconstrained in Regge theory and
accounts for the suppression at large t visible in data.
We use βðtÞ ¼ expðt0=Λ2

πÞ, with t0 ¼ t − tðcos θs ¼ 1Þ, and
Λπ ¼ 0.9 GeV [20] (monopole form factors were used in
[17]). For the Reggeized amplitude of Eq. (6), we use the
pion trajectory [21]:

απðtÞ ¼ α0πðt −m2
πÞ with α0π ¼ 0.7 GeV−2: ð9Þ

The results for the fixed-spin and Regge amplitudes are
shown in Fig. 2. Note that the fixed-spin results are
expected to be valid up to approximately 10 GeV above
threshold. In particular, the range of validity of Zcð3900Þþ

and Zð0Þ
b are different.

IV. Xð3872Þ AND χ c1ð1PÞ

The Xð3872Þ is by far the best known exotic meson
candidate. It has been observed in several different
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FIG. 2. Integrated cross sections for the three Z states considered. Left panel: predictions for fixed-spin exchange, which we expect to
be valid up to approximately 10 GeV above each threshold. Right panel: predictions for Regge exchange, valid at high energies.

1As customary, by Cwe mean the charge conjugation quantum
number of the neutral isospin partner.

2An explicit factor of
ffiffiffi
2

p
is considered for the charged pion

exchange.
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XYZ spectroscopy at electron-hadron facilities: Exclusive processes
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The next generation of electron-hadron facilities has the potential for significantly improving our
understanding of exotic hadrons. The XYZ states have not been seen in photon-induced reactions so far.
Their observation in such processes would provide an independent confirmation of their existence and offer
new insights into their internal structure. Based on the known experimental data and the well-established
quarkonium and Regge phenomenology, we give estimates for the exclusive cross sections of several XYZ
states. For energies near threshold we expect cross sections of few nanobarns for the Zcð3900Þþ and
upwards of tens of nanobarns for the Xð3872Þ, which are well within reach of new facilities.
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I. INTRODUCTION

Since 2003, a plethora of new resonance candidates,
commonly referred to as the XYZ, appeared in the heavy
quarkonium spectrum. Their properties do not fit the
expectations for heavy QQ̄ bound states as predicted by
the conventional phenomenology. An exotic composition is
most likely required [1]. Having a comprehensive descrip-
tion of these states will improve our understanding of the
nonperturbative features of Quantum Chromodynamics.
The majority of these has been observed in specific
production channels, most notably in heavy hadron decays
and direct production in eþe− collisions. Exploring

alternative production mechanisms would provide comple-
mentary information, that can further shed light on their
nature. In particular, photoproduction at high energies is
not affected by 3-body dynamics which complicates the
determination of the resonant nature of several XYZ [2].
Photons are efficient probes of the internal structure

of hadrons, and their collisions with hadron targets result in
a copious production of meson and baryon resonances.
Searches for XYZ in existing experiments, i.e., COMPASS
[3] or the Jefferson Lab [4–6], have produced limited
results so far. However the situation can change signifi-
cantly if higher luminosity is reached in the appropriate
energy range.
The next generation of lepton-hadron facilities includes,

for example, the Electron-Ion Collider (EIC) [7] that is
projected to have the center-of-mass energy per electron-
nucleon collision in the range from 20 to 140 GeV, and a
peak luminosity of 1.2 × 1034 cm−2 s−1 in the middle of
this range. The ion beam can cover a large number of
species, from proton to uranium. Both the electron and ion
beam can be polarized. An Electron-Ion Collider in China
(EicC) has also been proposed [8].
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X(3872)

Y(4230)

Zc(3900)

• use the  as a benchmark

• explore the intriguing results from COMPASS

• establish a connection between  and   
cross sections

• look for the  in photoproduction with 
“simple” pion exchange

X(3872)

e+e− γp

Zc(3900)

Heavy quark meson spectroscopy has expanded tremendously over the last decade.

Discoveries are being made almost monthly by LHCb, BESIII, Belle/Belle II, CMS, ATLAS, etc.

LHC will soon increase statistics; BESIII will soon have an upgrade; Belle II is just starting;  
a super tau-charm factory (STCF) is potentially on the horizon, etc.

The JLab 22 GeV program could contribute:


