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Charmonium. Origins

1

Discovery of the J/ψ
1Phys. Rev. Lett. 33, 1404 (1974), Phys. Rev. Lett. 33, 1406 (1974)
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Charmonia

450

Table 18.2.1. Charmonium masses (MeV/c2) according to potential models, compared with the observed values (Beringer
et al., 2012). The states observed by the B Factories and the CLEO collaboration after 2002 are marked with ∗: see Sections
18.2.1.1 (ηc(2S)), 18.2.1.2 (χc2(2P )), and 18.2.1.3 (ηc(3S) and ηc(4S)). The model names are built from the first letters of the
authors and the year: GI85 (Godfrey and Isgur, 1985); EG94 (Eichten and Quigg, 1994); F91 (Fulcher, 1991); GJ95 (Gupta and
Johnson, 1996); EFG02 (Ebert, Faustov, and Galkin, 2003); ZVR94 (Zeng, Van Orden, and Roberts, 1995); BGS05 (Barnes
et al., 2005).

State JPC Experiment GI85 EG94 F91 GJ95 EFG02 ZVR94 BGS05

1 1S0 ηc 0−+ 2981.0± 1.1 2975 2980 2987 2979 2979 3000 2982

1 3S1 J/ψ 1−− 3096.9 3098 3097 3104 3097 3096 3100 3090

1 1P1 hc 1+− 3525.41± 0.16 3517 3493 3529 3526 3526 3510 3516

1 3P0 χc0 0++ 3414.75± 0.31 3445 3436 3404 3415 3424 3440 3424

1 3P1 χc1 1++ 3510.66± 0.07 3510 3486 3513 3511 3510 3500 3505

1 3P2 χc2 2++ 3556.20± 0.09 3550 3507 3557 3557 3556 3540 3556

2 1S0 ηc(2S) 0−+ 3637± 4 ∗ 3623 3608 3584 3618 3588 3670 3630

2 3S1 ψ(2S) 1−− 3686.09± 0.04 3676 3686 3670 3686 3686 3730 3672

1 1D2 ηc2 2−+ 3837 3872 3811 3820 3799

1 3D1 ψ(3770) 1−− 3772.92± 0.35 3819 3840 3798 3800 3785

1 3D2 ψ2 2−− 3838 3871 3813 3820 3800

1 3D3 ψ3 3−− 3849 3884 3815 3830 3806

2 1P1 hc(2P ) 1+− 3956 3945 3990 3934

2 3P0 χc0(2P ) 0++ 3916 3854 3940 3852

2 3P1 χc1(2P ) 1++ 3953 3929 3990 3925

2 3P2 χc2(2P ) 2++ 3927.2± 2.6 ∗ 3979 3972 4020 3972

3 1S0 ηc(3S) 0−+ 3942± 9 ∗ 4064 4130 3991 4043

3 3S1 ψ(3S) 1−− 4039± 1 4100 4180 4088 4072

2 3D1 ψ(2D) 1−− 4153± 3 4194 4142

4 1S0 ηc(4S) 0−+ 4156 +29
−25

∗ 4425 4384

4 3S1 ψ(3S) 1−− 4421± 4 4450 4406

and the third is due to the uncertainty of the branching
fractions used in the calculation.

Recently, Belle has updated the ηc(2S) measurement
in the decays B+ → (K0

SK
±π∓)K+ by using a much

larger data sample (Vinokurova, 2011). Besides improving
the statistical accuracy, this analysis accounts for ηc(2S)
interference with the non-resonant continuum for the first
time in a model-independent way, thus providing more re-
liable measurements of the ηc(2S) mass and width, and
the branching ratio for the B+ → ηc(2S)K+ decay. In-
deed the decays B+ → K0

SK
±π∓K+ can occur without

proceeding via a charmonium state; the amplitude for such
decays can interfere with the ηc(2S) signal, which has a
non-vanishing width. Different values of the interference
phase can result in different ηc(2S) resonance line shapes,
and can lead to significant variations in the number of
ηc(2S) events while the total number of observed events
in the ηc(2S) peak remains the same. In this study Belle
jointly analyzes the MK0

SK
±π∓ spectrum and the distri-

bution of the angle θ between the K0
S and K+ in the rest

frame of the K0
SK
±π∓ system. The angular analysis pro-

vides discrimination between the component of the non-
resonant amplitudes that interfere with the signal and the
one that does not. As can be seen from Fig. 18.2.2, the
interference deforms the Breit-Wigner, making it asym-
metric and lengthening its tail; the angular distribution in
the ηc(2S) signal region is dominated by S-wave,99 while
in the ηc(2S) sidebands a sum of S-, P -, and D-waves
is visible. The fitted ηc(2S) mass and width are listed
in Table 18.2.2. Taking interference into account has a
dramatic effect on the measured ηc(2S) parameters: if in-
terference is ignored, Belle finds a ∼ 10 MeV/c2 upward
mass shift, while the ηc(2S) width increases by more than
a factor 6. The measured product of branching fractions
B(B± → K±ηc(2S))×B(ηc(2S)→ K0

SK
±π∓) is equal to

(3.4 +2.2
−1.5

+0.5
−0.4)× 10−6.

99 Since the ηc(2S) is a pseudoscalar, one expects a uniform
distribution in cos θ for pure ηc(2S) decay (pure S-wave). The
signal region also contains non-resonant background, but the
ηc(2S) component is much larger, so the S-wave contribution
here is dominant.

1

I Charmonia - excited cc̄ states 2

Nomenclature:
n = 1, 2, 3 ...
L = 0 (S), 1 (P), 2 (D) ...
S = 0 ( 12 − 1

2 ) or 1 ( 12 + 1
2 )

J = |L - S|, ..., |L+S|
n2S+1LJ
Example:
χc2, 13P2 → L = 1, S = 1, J = 2, n = 1
χc2(2P), 23P2 → L = 1, S = 1, J = 2, n = 2

1Ed. A.J. Bevan, B. Golob, Th. Mannel, S. Prell, and B.D. Yabsley, Eur. Phys. J. C74 (2014) 3026, SLAC-PUB-15968,
KEK Preprint 2014-3.

2(c) Galina Pakhlova, Belle
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Exotic states

I New states continuously being discovered
I Interpretation of some states unclear,

exotic nature suggested:
tetraquark, molecular state, hybrid meson,
glueball, ...

2

1https://www.fz-juelich.de/en/ias/ias-4/research/exotic-hadrons, (c) Forschungszentrum Jülich
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Observed states   38 Page 10 of 15 G. Eichmann et al.

Fig. 7 Charmonium spectrum as of July 2020 from the PDG [9]. Not well-established states are shown in pale colors and the box
heights are the mass ranges. The open-charm thresholds are shown in gray (we drop the bars for DD̄, DD̄∗, . . . for notational
clarity)

a number of exotic meson candidates in the charmonium region (the ‘XY Z states’) are experimentally well-
established by now (Fig. 7):

• The χc1(3872) or X (3872) was first reported by Belle in 2003 [67] and the first exotic charmonium-like state
to be found. The fact that its mass is indistinguishable from the D0 D̄∗0 threshold, and that its narrow width
(< 1.2 MeV) is about two orders of magnitude smaller than potential-model predictions for the excited
cc̄ state χ ′

c1, makes it difficult to reconcile with a conventional charmonium picture. The suppression of
its J/ψ γ decay mode compared to J/ψ π+π− and the isospin violation in the J/ψ ρ decay are also
unusual for a cc̄ state. The X (3872) has been seen in a number of reactions and its quantum numbers are
I (J PC ) = 0(1++). Other exotic candidates in this channel are the X (4140) and X (4274) which are seen
in the J/π φ mass spectrum.

• The ψ(4230), now identified with theY (4260), is one of several exotic candidates in the 1−− vector channel
which are accessible in e+e− collisions. Their exotic assignment is mainly due to the overpopulation of the
1−− channel with regard to well-established cc̄ states and the fact that in contrast to ordinary charmonia
they are less likely to decay into open-charm final states.

• The Zc(3900) and Zc(4430) with 1+− carry charge and are thus manifestly exotic since their minimal
quark content is cc̄ud̄.

Several other exotic states in the charmonium spectrum are well established, such as the X (3915) with
quantum numbers 0++ (although a 2++ identification is also possible). In the bottomonium sector there are
currently two exotic candidates, the Zb(10610) and Zb(10650) with quantum numbers 1+−, and a possible
cccc candidate has recently been reported by LHCb [68].

Even though some signals may be kinematical threshold effects, the question whether four-quark states
exist at all is no longer truly disputed in light of the current experimental evidence. The main objective is
therefore to understand their internal structure. The theoretical interpretations range from hadronic molecules
to hadrocharmonia, diquark-antidiquark states and hybrid mesons; see the reviews [1–8] for detailed discussions
and an overview of theoretical approaches. Of course, quantum field-theoretically all these configurations can
mix together as well as with ordinary qq̄ states, but it is conceivable that certain configurations are dominant
for particular states, like for example the proximity to some threshold is a typical signal for a molecule. This
is also the question that studies with functional methods have been attempting to answer based upon internal
quark-gluon dynamics. In the following we will give a brief overview on the existing results.

Many states inconsistent with conventional qq̄ hypothesis
3Eichmann, G., Fischer, C.S., Heupel, W. et al. Four-Quark States from Functional Methods. Few-Body Syst 61, 38 (2020)
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X(3915): Motivation

X(3915) - resonance, observed in e+e−-induced process:
γγ → X(3915) → J/ψω
(e+e− → e+e−J/ψω)

I First observed at Belle and BaBar, not really consistent with predicted nearby charmonium
χc0(2P)

I Recently discovered X*(3860)4 is a much better candidate for χc0(2P)w�
X(3915) is interpreted as exotic state (e.g. molecular state or hybrid meson)

Goal: measure the quantum numbers (spin, parity) at Belle
4arXiv:1704.01872, Belle, PRD 95 (2017) 112003
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Belle Detector

Asymmetric e+e−

experiment mainly at
the Υ(4S) resonance
(10.58GeV)

Our final state:
`
+
, `

−
, π

+
, π

−
, π

0

4 charged tracks and
two calorimeter clusters
(π0 → γγ) KEKB/Belle

Operation 1999–2010
Peak luminosity 2.11× 1034 cm−2s−1

Integrated luminosity 1 ab−1 (772 million BB̄ pairs)
Y. Kulii (LMU) 7 / 20



X(3915): Previous analyses

Belle analysis5 (2010):

I 694 fb−1 partial Belle dataset
I 7.7σ significance
I M = (3915 ±3 ±2) MeV/c2

I Γ = (17 ±10 ±3) MeV/c2

5
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FIG. 3: TheW distribution of the final candidate events (dots
with error bars). The shaded histogram is the distribution of
non-ωJ/ψ backgrounds estimated from the sideband distribu-
tions. The bold solid, thinner solid and dashed curves are the
total, resonance and background contributions, respectively,
from the standard fit (see the text). The dot-dashed curve is
the fit without a resonance.

|S
 p

t*|
 (G

eV
/c

)

|S pt*| (GeV/c)

Ev
en

ts
/ 1

0 
M

eV
/c(a) (b)W<3.95GeV

W (GeV)

FIG. 4: (a) Scatter plot of pt balance vs. W for the final
candidate events in which only requirement (12) is omitted.
(b) The projection onto the pt balance axis for events with
W < 3.95 GeV. The dashed histogram is the expectation
from signal MC events, normalized to the number of signal
candidates in the selected region. The pt balance requirement
is indicated by the arrow.

code [11]. We generate 105 MC events for both e+e− and
µ+µ− decays of J/ψ, at nine different W points between
3.89 and 4.15 GeV. The efficiency for the signal process
at W = 3.92 GeV is determined to be (1.85 ± 0.20)%
((1.26 ± 0.14)%) for the JP = 0+ (2+) assumption; the
efficiency is defined for the rangeQ2 < 1.0 GeV2, for each
incident photon. We assume production in helicity-2 for
JP = 2+ [6] and decay to ωJ/ψ in an S-wave for both
0+ and 2+. The other two possible JP assumptions, 0−

and 2−, are similar and give an efficiency close to that
for JP = 0+.

Based on the efficiencies calculated for the two J/ψ
decay modes, the fraction of signal in the e+e− mode is
expected to be 36%. This is consistent with the fraction
in the data: 27 J/ψ → e+e− events among the 73 signal
candidates.

Sources of systematic errors in the efficiency determi-
nation and their contributions are listed in Table I. We
confirm that the inefficiency due to each of the particle
identification cuts, (3) and (8), is very small, less than

TABLE I: Sources and sizes of systematic error in the effi-
ciency determination

Source Syst. error (%)

Trigger efficiency 2

Track reconstruction 4

π0 reconstruction 3

Particle identification cuts 2

Effect of background hits 3

J/ψ selection 3

ω selection 6

W -dependence, effect of background, etc. 3

Luminosity function, integrated luminosity 5

Total 11%

1%, for signal events. The uncertainties in the efficiencies
of the invariant mass cuts are estimated by varying the se-
lection regions near M(l+l−) =MJ/ψ and M(3π) =Mω

by ±20% in the MC. We sum the uncertainties in quadra-
ture, and find 11% in total.
Treating the observed structure as a resonance denoted

by X(3915), we derive the product of the two-photon
decay width and the branching fraction to ωJ/ψ, using
the yield parameter NR from the fit and the selection
efficiency. We obtain

Γγγ(X(3915))B(X(3915)→ ωJ/ψ)

=

{

(61± 17± 8) eV for JP = 0+

(18± 5± 2) eV for JP = 2+, helicity-2.

Based on this result, and the measured width Γ, the
product of the two partial widths of the X(3915),
Γγγ(X)ΓωJ/ψ(X) is of order 103 keV2. If we assume
Γγγ ∼ O(1 keV), typical for an excited charmonium
state, this implies ΓωJ/ψ ∼ O(1 MeV): a rather large
value for a charmonium-transition partial width of such
a state. This value of the product of the partial decay
widths is roughly compatible with the prediction assum-
ing the D∗D̄∗ bound-state model [5].
To conclude, we have observed a resonance-like en-

hancement in the γγ → ωJ/ψ process with a statis-
tical significance of 7.7σ, which contains 49 ± 14 ± 4
events in the peak component. The mass and width have
been measured to be M = (3915 ± 3 ± 2) MeV/c2 and
Γ = (17 ± 10 ± 3) MeV, respectively. These values are
consistent with those of the Y (3940), which is seen in the
ωJ/ψ final state [3, 4], and close to those of the Z(3930),
which is seen in γγ → DD̄ [6].
We thank the KEKB group for excellent operation of

the accelerator, the KEK cryogenics group for efficient
solenoid operations, and the KEK computer group and
the NII for valuable computing and SINET3 network sup-
port. We acknowledge support from MEXT, JSPS and
Nagoya’s TLPRC (Japan); ARC and DIISR (Australia);

W = MX − M
`
+
`
− + MJ/ψ

Γγγ(X(3915))B(X(3915) → ωJ/ψ) =
{

(61± 17± 8) eV for JP = 0+

(18± 5± 2) eV for JP = 2+

Confirmed by BaBar: ”Data largely preferred JP = 0± over 2+; ... 0+ over 0−”
5Belle, PRL 104 (2010) 092001, arXiv:0912.4451
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Improvements

I Uncertainty dominated by limited sample size
→ Use the full Belle dataset (×1.4 larger dataset)

I None of the JP hypotheses 0+, 0−, 2+, 2− is conclusively excluded
→ Use amplitude analysis formalism to construct more powerful JP test and identify JP preferred by

data.

Y. Kulii (LMU) 9 / 20



Event selection
I In e+e− → e+e−J/ψω both recoil e± are not

detected (”zero tag”)
I Reconstruct X(3915) → J/ψω with

J/ψ → `
+
`
−(` = e, µ), ω → π

+
π
−
π
0

I Mass windows around nominal J/ψ and ω mass
I Strict requirement on transverse momentum

balance in an event
I BDT to reject e+e− → τ

+
τ
−

I Veto on specific background processes
(γγ → π

0
ψ(2S), e+e− → γX)

I Other selection criteria
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Event selection

Belle analysis (2010) 5
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FIG. 3: TheW distribution of the final candidate events (dots
with error bars). The shaded histogram is the distribution of
non-ωJ/ψ backgrounds estimated from the sideband distribu-
tions. The bold solid, thinner solid and dashed curves are the
total, resonance and background contributions, respectively,
from the standard fit (see the text). The dot-dashed curve is
the fit without a resonance.
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FIG. 4: (a) Scatter plot of pt balance vs. W for the final
candidate events in which only requirement (12) is omitted.
(b) The projection onto the pt balance axis for events with
W < 3.95 GeV. The dashed histogram is the expectation
from signal MC events, normalized to the number of signal
candidates in the selected region. The pt balance requirement
is indicated by the arrow.

code [11]. We generate 105 MC events for both e+e− and
µ+µ− decays of J/ψ, at nine different W points between
3.89 and 4.15 GeV. The efficiency for the signal process
at W = 3.92 GeV is determined to be (1.85 ± 0.20)%
((1.26 ± 0.14)%) for the JP = 0+ (2+) assumption; the
efficiency is defined for the rangeQ2 < 1.0 GeV2, for each
incident photon. We assume production in helicity-2 for
JP = 2+ [6] and decay to ωJ/ψ in an S-wave for both
0+ and 2+. The other two possible JP assumptions, 0−

and 2−, are similar and give an efficiency close to that
for JP = 0+.

Based on the efficiencies calculated for the two J/ψ
decay modes, the fraction of signal in the e+e− mode is
expected to be 36%. This is consistent with the fraction
in the data: 27 J/ψ → e+e− events among the 73 signal
candidates.

Sources of systematic errors in the efficiency determi-
nation and their contributions are listed in Table I. We
confirm that the inefficiency due to each of the particle
identification cuts, (3) and (8), is very small, less than

TABLE I: Sources and sizes of systematic error in the effi-
ciency determination

Source Syst. error (%)

Trigger efficiency 2

Track reconstruction 4

π0 reconstruction 3

Particle identification cuts 2

Effect of background hits 3

J/ψ selection 3

ω selection 6

W -dependence, effect of background, etc. 3

Luminosity function, integrated luminosity 5

Total 11%

1%, for signal events. The uncertainties in the efficiencies
of the invariant mass cuts are estimated by varying the se-
lection regions near M(l+l−) =MJ/ψ and M(3π) =Mω

by ±20% in the MC. We sum the uncertainties in quadra-
ture, and find 11% in total.
Treating the observed structure as a resonance denoted

by X(3915), we derive the product of the two-photon
decay width and the branching fraction to ωJ/ψ, using
the yield parameter NR from the fit and the selection
efficiency. We obtain

Γγγ(X(3915))B(X(3915)→ ωJ/ψ)

=

{

(61± 17± 8) eV for JP = 0+

(18± 5± 2) eV for JP = 2+, helicity-2.

Based on this result, and the measured width Γ, the
product of the two partial widths of the X(3915),
Γγγ(X)ΓωJ/ψ(X) is of order 103 keV2. If we assume
Γγγ ∼ O(1 keV), typical for an excited charmonium
state, this implies ΓωJ/ψ ∼ O(1 MeV): a rather large
value for a charmonium-transition partial width of such
a state. This value of the product of the partial decay
widths is roughly compatible with the prediction assum-
ing the D∗D̄∗ bound-state model [5].
To conclude, we have observed a resonance-like en-

hancement in the γγ → ωJ/ψ process with a statis-
tical significance of 7.7σ, which contains 49 ± 14 ± 4
events in the peak component. The mass and width have
been measured to be M = (3915 ± 3 ± 2) MeV/c2 and
Γ = (17 ± 10 ± 3) MeV, respectively. These values are
consistent with those of the Y (3940), which is seen in the
ωJ/ψ final state [3, 4], and close to those of the Z(3930),
which is seen in γγ → DD̄ [6].
We thank the KEKB group for excellent operation of

the accelerator, the KEK cryogenics group for efficient
solenoid operations, and the KEK computer group and
the NII for valuable computing and SINET3 network sup-
port. We acknowledge support from MEXT, JSPS and
Nagoya’s TLPRC (Japan); ARC and DIISR (Australia);
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I The background suppression is on a good level
I Event selection is approaching the quality of the previous Belle analysis
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Quantum number determination

Angular analysis by BaBar6

Angular analysis:
I Uses 1D projections of the

multi-dimensional phase-space distribution
of the final-state particles

I Correlations between variables are not
taken into account

I Different variable sets used for distinction
between different JP hypotheses, e.g.
between 2+ and 0± and between 0− and
0+

Data prefer JP = 0+ but other hypotheses not
excluded

9

ω

ψJ/

n
z

y

x

z’ x’
y’

+l

n’

FIG. 5: Diagram illustrating the reference frames involved in
the definition of angular variables.

shown in Figs. 6(b) and Fig. 6(c). The efficiency distri-
butions are not uniform and are parameterized by fifth-
order polynomials. The cosθ∗ℓ cos θ∗n, and cos θln distri-
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FIG. 6: The efficiency distributions in the X(3915) signal
region 3890 < m(J/ψω) < 3950 MeV/c2 (solid points) as
functions of: (a) cosθ∗ℓ (b) cos θ∗n, (c) cos θln, (d) cos θh, and
(c) φl. The curves show the results from the fits described in
the text.

butions are sensitive to the spin-parity of the resonance.
We assume that for JP = 2+ the dominant amplitude
has helicity 2. This is in agreement with previous char-
monium measurements [24–26], and theoretical predic-
tions [27, 28]. The expected functional forms under this
hypothesis are summarized in Table I. Figures 7(a),(b),
and (c) show the efficiency-corrected cosθ∗ℓ cos θ∗n, and
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FIG. 7: The efficiency-corrected distributions of selected
events in the X(3915) signal region 3890 < m(J/ψω) <
3950 MeV/c2 (solid points). (a) cosθ∗ℓ (b) cos θ∗n, (c) cos θln,
and (d) cos θh. The solid (red) line represents the expected
distribution for the JP = 0± assignment and the dashed
(blue) line for the JP = 2+.

cos θln distributions for events in the X(3915) signal re-
gion, defined by 3890 < m(J/ψω) < 3950 MeV/c2. Since
the background is small, we assume that all the events
come from X(3915) decay. The distributions for data
are compared with the expected curves for JP = 0± and
JP = 2+. The resulting χ2 for each distribution is re-
ported in Table I. In all cases the JP = 0± expectations
describe the data better than the JP = 2+ ones and this
is particularly true for the cos θ∗n distribution. In the lat-
ter case χ2 probabilities for JP = 0± and JP = 2+ are
respectively 64.7% and 9.6×10−9% respectively. We con-
clude that the data largely prefer JP = 0± over JP = 2+.

The spin-0 hypothesis can be further tested by exam-
ining the cos θh distribution, where θh is the angle formed
by the J/ψ momentum in the J/ψω rest frame with re-
spect to the J/ψω direction in the laboratory frame. The
efficiency distribution as a function of cos θh is shown in
Fig. 6(d), where it is parameterized by a third-order poly-
nomial. The cos θh distribution in the X(3915) signal
region, corrected for efficiency, is shown in fig. 7(d) and
is compared with the uniform distribution expected for
the spin-0 hypothesis. The resulting χ2/NDF is 12.2/9
and we conclude that this test also supports the spin-0
assignment.

We attempt to discriminate between JP = 0− and
JP = 0+. For this purpose, we define the angles, θn, θl,
and φl. To define these angles, we first boost all the 4-
vectors into the J/ψω rest frame. We define θn to be the
angle between the normal to the ω decay plane ~n and the

JP = 0± prediction
JP = 2+ prediction
Reweighted data

6BABAR, PRD 86 (2012) 072002, arXiv:1207.2651v2
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Amplitude analysis formalism

Amplitude analysis formalism:
I Construct model that describes full distribution in phase space including correlations (9-dim)
I Uses complete information of measured events. Higher sensitivity expected.
I Requires a reasonable model for parametrization of signal and background

Workflow:
1. Develop models for the JP hypotheses to be tested
2. Fit all JP hypotheses to data
3. Choose JP hypothesis that describes data best as a null hypothesis
4. Calculate the distances to other hypotheses (ideally larger than 5σ)

Y. Kulii (LMU) 13 / 20



Angular analysis

I Theory model developed by Boris Grube
I Intensity depends on 9 kinematic variables:

I θX , φX : decay angles for X → J/ψω
I θJ/ψ , φJ/ψ : decay angles for J/ψ → `

+
`
−

I αω , βω ,mω ,Xω ,Yω : decay angles and dynamic
variables for ω → π

+
π
−
π
0

I JP quantum numbers hypotheses:
0+, 0−, 2+, 2−, 3+, 4+, 4−
Higher values suppressed due to low breakup
momentum (∼ 200 MeV)

I Maximize log-likelihood:

lnL(~θ; τk) =
N∑

k=1

ln I(τk ; ~θ)︸ ︷︷ ︸
Data sample

−N ln[
1

NMC

Nacc
MC∑

j=1

I(τj ; ~θ)]︸ ︷︷ ︸
Phase space MC

, where I - intensity , probability of # of
produced events in the phase space

→ Can be extended to account for weighted events and non-interfering background.
Y. Kulii (LMU) 14 / 20



Partial waves of the J/ψω system

JP P (−1)J AX
LX SX

Free parameters
0+ +1 S0, D2 2
0− −1 P1 0
2+ +1 S2, D0, D1, D2, G2 9
2− −1 P1, P2, F1, F2 7
3+ −1 D1, D2, G1, G2 7
4+ +1 D2, G0, G1, G2, I2 9
4− −1 F1, F2, H1, H2 7

Fit parameters:
I A complex coefficient for every partial-wave amplitude AX

LX SX
. For selected reference amplitude it

is set to 1.
I One additional real coefficient for the fraction of production of X state with helicity 2 and 0.
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Sideband events

Subtraction scheme: S’ = S - (2*B - C)/4
Technically, we put negative weights on

sideband events, when summing
log-Likelihoods:

lnLweighted(~θ; {τk ,wk}) =

N∑
k=1

wk ln I(τk ; ~θ)− N ln[
1

NMC

Nacc
MC∑

j=1

I(τj ; ~θ)]
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Hypothesis testing: Monte Carlo study

In the simplest case we have 2 hypotheses: the null
hypothesis H0 and the alternative hypothesis H1

1. Generate N H0 datasets, fit with both H1 and H0

2. Calculate the log-likelihood difference:

W (~x) = 2[lnL(~x |H1)− lnL(~x |H0)]

3. Model and fit distribution
4. Calculate log-likelihood difference for the test sample

generated according to H1

5. Calculate p-value as upper tail integral of g(W |H0):

P =

∫ +∞

Wobs

dW g(W |H0).

6. P-value can be translated into # of sigmas that H0 is
rejected w.r.t. H1: sG(P) =

√
2 erfc−1(P)

100 50 0 50 100
g(W|H0) , H0 = 0 , H1 = 0 +

0
2
4
6
8

10
12
14
16

N 
of

 fi
ts

For multiple hypotheses pick the fit with highest
log-likelihood as null hypothesis and test other

hypothesis against it.
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Summary

I The resonance X(3915) is observed in γγ processes at e+e− colliders
I The state is being interpreted as an exotic one, rather than charmonium
I Previous analyses do not exclude any of the JP hypotheses (0+, 0−, 2+, 2−).

This is important for determining the nature of X(3915)
I Uncertainties are dominated by statistics. More data is needed for a more precise determination

? Current analysis operates with more statistics, by working with full Belle dataset
? Amplitude analysis will be used to extract quantum numbers in a more efficient manner
? Currently the fit is finalised.
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Thank you for your attention!
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Standard Model
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Previous analyses

BaBar analysis7 (2012):

I 519.2 fb−1 data
I 7.6σ significance
I M = (3919.4 ±2.2 ±1.6) MeV
I Γ = (13 ±6 ±3) MeV

8

for the relevant ψ(2S) and J/ψ decays [8]. The expected
number of background events from such process is smaller
than 0.9 at 90% confidence level (CL).

The detection efficiency depends on m(J/ψω) and θ∗ℓ ,
where θ∗ℓ is the angle between the direction of the posi-
tively charged lepton from J/ψ decay (ℓ+) and the beam
axis in the J/ψω rest frame. Since we select events in
which the e+ and e− beam particles are scattered at
small angles, the two-photon axis is approximately the
same as the beam axis. Therefore we use the beam axis
to determine θ∗ℓ .

We parameterize the efficiency dependence with a two-
dimensional (m(J/ψω), θ∗ℓ ) histogram. We label MC
events where the reconstructed decay particles are suc-
cessfully matched to the generated ones as truth-matched
events. The detection efficiency in each histogram bin is
defined as the ratio between the number of truth-matched
MC events that satisfy the selection criteria and the num-
ber of MC events that were generated for that bin.

The m(J/ψω) spectrum is shown in Fig. 4, where
each event is weighted to account for detector efficiency,
which is almost uniform as a function of the J/ψω mass.
The event weight is equal to ε/ε(m(J/ψω), θ∗ℓ ), where
ε(m(J/ψω), θ∗ℓ ) is the m(J/ψω)- and θ∗ℓ -dependent effi-
ciency value and ε is a common scaling factor that en-
sures all the weights are O(1), since weights far from
one can cause the estimate of the statistical uncertainty
to be incorrect [21]. We observe a prominent peak near
3915 MeV/c2 over a small background. No evident struc-
ture is observed around 3872 MeV/c2.

We perform an extended unbinned maximum-
likelihood fit to the efficiency-corrected m(J/ψω) spec-
trum to extract the resonance yield and parameters. In
the likelihood function L there are two components: one
for the X(3915) signal and one for the non-resonant
J/ψω contribution (NR). The probability density func-
tion (PDF) for the signal component is defined by the
convolution of an S-wave relativistic Breit-Wigner dis-
tribution with a detector resolution function. The NR
contribution is taken to be proportional to Pbg(m) =
p∗(m) × exp[−δp∗(m)], where p∗(m) is the J/ψ momen-
tum in the rest frame of a J/ψω system with an invariant
mass m, δ is a fit parameter, and m = m(J/ψω). The
signal and NR yields, the X(3915) mass and width, and
δ are free parameters in the fit.

We use truth-matched MC events to determine the
signal PDF detector resolution function. The signal
detector-resolution PDF is described by the sum of two
Gaussian shapes for the X(3915) and the sum of a Gaus-
sian plus a Crystal Ball function [22] for the X(3872).
The parameters of the resolution functions are deter-
mined from fits to truth-matched MC events. The
widths of the Gaussian core components are 5.7 MeV and
4.5 MeV, respectively, for X(3915) and X(3872). No sig-
nificant difference in the resolution function parameters
is observed for the different J/ψ decay modes. The pa-
rameters of the resolution functions are fixed to their MC
values in the maximum-likelihood fit.

The fitted distribution from the maximum-likelihood
fit to the efficiency-correctedm(J/ψω) spectrum is shown
in Fig. 4. We observe 59±10 signal events; the measured
X(3915) mass and width are (3919.4± 2.2) MeV/c2 and
(13 ± 6) MeV, respectively, where the uncertainties are
statistical only. We add an X(3872) component, mod-
eled as a P -wave relativistic Breit-Wigner with mass
3872 MeV/c2 and width 2 MeV [8], convoluted with
the detector resolution function. No significant change
in the result is observed with the addition of this com-
ponent, whose yield is estimated to be 1 ± 4 events.
An excess of events over the fitted NR is observed at
m(J/ψω) ∼ 4025 MeV/c2. If we add a resonant compo-
nent in the likelihood function to fit this excess, modeled
as a Gaussian having free parameters, we obtain a signal
yield of 5± 3 events.
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FIG. 4: The efficiency-corrected m(J/ψω) distribution of se-
lected events (solid points). The solid line represents the
total fit function. The dashed line is the NR contribution.
The shaded histogram is the non-J/ψω background defined
in the text as B(5) and estimated from sidebands. The verti-
cal dashed (red) line is placed at m(J/ψω) = 3.872 GeV/c2.

V. ANGULAR ANALYSIS OF THE X(3915)

We first attempt to discriminate between JP = 0± and
JP = 2+ by using the Rosner [23] predictions. In addi-
tion to the previously defined θ∗ℓ we consider the follow-
ing two angles: θ∗n defined as the angle between the nor-
mal to the decay plane of the ω (~n) and the two-photon
axis, and θln defined as the angle between the lepton ℓ+

from J/ψ decay and the ω decay normal (see Fig. 5).
To obtain the normal to the ω decay plane we boost the
two pions from the ω decay into the ω rest frame and
obtain ~n by the cross product vector of the two charged
pions. A projection of the efficiency values over cosθ∗ℓ in
the X(3915) signal region is shown in Fig. 6(a). The pro-
jections of the efficiency over the angles θ∗n and θln are

Γγγ(X(3915))B(X(3915) → ωJ/ψ) =
{

(52± 10± 3) eV for JP = 0+

(10.5± 1.9± 0.6) eV for JP = 2+

”Data largely preferred JP = 0± over 2+; ... 0+ over 0−”
All results consistent with those of Belle!!7BABAR, PRD 86 (2012) 072002, arXiv:1207.2651v2
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Selection criteria

Track selection
I |d0| < 6cm
I |z0| < 6cm
I actPIDBelle(3, 2) < 0.8 (= P(K |π) < 0.8)
I Ncleanedtracks = 4

LeptonID pair selection

1. If either of the lepton tracks has elID > 0.6
accept as J/ψ → e+e−

2. Else, if either of the lepton tracks has
muID > 0.1 accept as J/ψ → µ

+
µ
−

3. Otherwise discard

π0 selection
I χ

2
< 4

1. If 1 candidate at pt > 0.1GeV/c - take it
2. If >1 candidate at pt > 0.1GeV/c - discard

event
3. If 0 candidates at pt > 0.1GeV/c - preserve all

and do best candidate selection by χ2

Mass windows
I 3, 07GeV/c2

< MJ/ψ < 3.12GeV/c2

I 0.813GeV/c2
< Mω < 0.753GeV/c2

I MX < 4.3GeV/c2

Y. Kulii (LMU) 19 / 20



Selection criteria (cont.)

ISR and ψ(2S) rejection

I Pz > (M2
5−49GeV 2

/c4)/14GeV/c3+0.6GeV/c
I |M

`
+
`
−
π
+
π
− − M

`
+
`
− − 0.589GeV/c2| >

0.01GeV/c2

Transverse momentum balance
I |Σp∗

t | < 0.1GeV/c
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Fitting

1. Maximize log likelihood
I τi - measured angles

in an event
I ~θ - amplitude values

(fitted parametres)

2. Intensity for each
amplitude is
theoretically derived

3. One quantum number
hypothesis fitted is
several amplitudes
summed incoherently

lnL(~θ; τk) =
N∑

k=1

ln I(τk ; ~θ)− N ln[
1

NMC

Nacc
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j=1

I(τj ; ~θ)], (1)

IJ P
X (τX ,m2

π
−
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X (τX ) =
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DX (mX )FLX
(mX )

+1∑
λJ/ψ=−1

+1∑
λω=−1

AX λ
LX SX

(1λJ/ψ, 1 − λω|SX λX ) (LX 0, SX λX |J λX )

× DJ*
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GJ
X , ϑ

GJ
X , 0)D1*

λJ/ψ 1(φ
HF
J/ψ, ϑ

HF
J/ψ, 0)D1*

λω 0(αω, βω, 0). (3)

Y. Kulii (LMU) 20 / 20



Fitting

1. Maximize log likelihood
I τi - measured angles

in an event
I ~θ - amplitude values

(fitted parametres)

2. Intensity for each
amplitude is
theoretically derived

3. One quantum number
hypothesis fitted is
several amplitudes
summed incoherently

lnL(~θ; τk) =
N∑

k=1

ln I(τk ; ~θ)− N ln[
1

NMC

Nacc
MC∑

j=1

I(τj ; ~θ)], (1)

IJ P
X (τX ,m2

π
−
π
0 ,m2

π
0
π
+) = N |Dω(mω)|

2 |Dω(m2
π
−
π
0 ,m2

π
0
π
+ ;mω,0)|

2

×
[
|ΨJ P (λ=0)

X (τX )|
2 + |ΨJ P (λ=+2)

X (τX )|
2
]
, (2)

Ψ
J P λ ↑ ↓
X (τX ) =

∑
LX ,SX

DX (mX )FLX
(mX )

+1∑
λJ/ψ=−1

+1∑
λω=−1

AX λ
LX SX

(1λJ/ψ, 1 − λω|SX λX ) (LX 0, SX λX |J λX )

× DJ*
λ (λJ/ψ−λω)(φ

GJ
X , ϑ

GJ
X , 0)D1*

λJ/ψ 1(φ
HF
J/ψ, ϑ

HF
J/ψ, 0)D1*

λω 0(αω, βω, 0). (3)

Y. Kulii (LMU) 20 / 20



Fitting

1. Maximize log likelihood
I τi - measured angles

in an event
I ~θ - amplitude values

(fitted parametres)

2. Intensity for each
amplitude is
theoretically derived
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in an event
I ~θ - amplitude values
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2. Intensity for each
amplitude is
theoretically derived

3. One quantum number
hypothesis fitted is
several amplitudes
summed incoherently

JP P (−1)J HX
λJ/ψ λω

AX
LX SX

0+ +1 HX
0 0, HX

1 −1 S0, D2
0− −1 HX

1 −1 P1
2+ +1 HX

0 0, HX
1 −1, HX

1 0, HX
0 1, HX

1 1 S2, D0, D1, D2, G2
2− −1 HX

1 −1, HX
1 0, HX

0 1, HX
1 1 P1, P2, F1, F2

3+ −1 HX
1 −1, HX

1 0, HX
0 1, HX

1 1 D1, D2, G1, G2
4+ +1 HX

0 0, HX
1 −1, HX

1 0, HX
0 1, HX

1 1 D2, G0, G1, G2, I2
4− −1 HX

1 −1, HX
1 0, HX

0 1, HX
1 1 F1, F2, H1, H2
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Phase space MC. Reweighting
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There are in total 9 angles fitted. For a given amplitude they are all correlated.
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