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28École Polytechnique Fédérale de Lausanne (EPFL), Lausanne 1015
29Faculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana

30Luther College, Decorah, Iowa 52101
31University of Maribor, 2000 Maribor

32Max-Planck-Institut für Physik, 80805 München
33School of Physics, University of Melbourne, Victoria 3010

34Moscow Physical Engineering Institute, Moscow 115409
35Moscow Institute of Physics and Technology, Moscow Region 141700
36Graduate School of Science, Nagoya University, Nagoya 464-8602

37Kobayashi-Maskawa Institute, Nagoya University, Nagoya 464-8602
38Nara Women’s University, Nara 630-8506

39National Central University, Chung-li 32054
40National United University, Miao Li 36003

41Department of Physics, National Taiwan University, Taipei 10617
42H. Niewodniczanski Institute of Nuclear Physics, Krakow 31-342

43Nippon Dental University, Niigata 951-8580
44Niigata University, Niigata 950-2181

45Osaka City University, Osaka 558-8585
46Pacific Northwest National Laboratory, Richland, Washington 99352

47Panjab University, Chandigarh 160014
48University of Pittsburgh, Pittsburgh, Pennsylvania 15260

49Punjab Agricultural University, Ludhiana 141004
50RIKEN BNL Research Center, Upton, New York 11973

51University of Science and Technology of China, Hefei 230026
52Seoul National University, Seoul 151-742

53Soongsil University, Seoul 156-743
54Sungkyunkwan University, Suwon 440-746

55School of Physics, University of Sydney, NSW 2006
56Tata Institute of Fundamental Research, Mumbai 400005

57Excellence Cluster Universe, Technische Universität München, 85748 Garching
58Toho University, Funabashi 274-8510

59Tohoku Gakuin University, Tagajo 985-8537
60Tohoku University, Sendai 980-8578

61Department of Physics, University of Tokyo, Tokyo 113-0033
62Tokyo Institute of Technology, Tokyo 152-8550
63Tokyo Metropolitan University, Tokyo 192-0397

64Tokyo University of Agriculture and Technology, Tokyo 184-8588
65CNP, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

66Wayne State University, Detroit, Michigan 48202
67Yamagata University, Yamagata 990-8560

68Yonsei University, Seoul 120-749

We report measurements of B → χc1γK and χc2γK decays using 772 × 106 BB events collected
at the Υ(4S) resonance with the Belle detector at the KEKB asymmetric-energy e+e− collider.
Evidence of a new resonance in the χc1γ final state is found with a statistical significance of 3.8 σ.
This state has a mass of 3823.1 ± 1.8(stat) ± 0.7(syst) MeV/c2, a value that is consistent with
theoretical expectations for the previously unseen 13D2 cc̄meson. We find no other narrow resonance
and set upper limits on the branching fractions of the X(3872) → χc1γ and χc2γ decays.

PACS numbers: 13.25.Hw, 13.20.Gd, 14.40.Pq

During the last decade, a number of new charmonium
(cc̄)-like states were observed, many of which are candi-
dates for exotic states [1]. The first of these, theX(3872),
has been observed by six different experiments in the
same final state [2–7]. A recent update from Belle [8] and
LHCb [6] results in a world average mass at 3871.68±0.17
MeV/c2 [9] and a stringent upper bound on its width
(Γ < 1.2 MeV) [8]. The proximity of its mass to the
D∗0D̄0 threshold makes it a good candidate for a DD̄∗

molecule [10]. Other alternative models have been pro-
posed, such as a tetraquark [11] or a ccg hybrid me-

son [12].

Radiative decays can illuminate clearly the nature of
hadrons. For example, the observation of X(3872) →

J/ψγ confirmed the C-even parity assignment for the
X(3872) [13, 14]. The X(3872) → χc1γ and χc2γ decays
are forbidden by C-parity conservation in electromag-
netic processes. However, if the X(3872) is a tetraquark
or a molecular state, it may have a C-odd partner, which
could decay into χc1γ and χc2γ final states [15, 16].

In the charmonium family, the observation of aD-wave
cc̄ meson and its decay modes would test phenomenolog-
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ical models [17, 18]. The as-yet undiscovered 13D2 cc̄
(ψ2) and 13D3 cc̄ (ψ3) states are expected to have sig-
nificant branching fractions to χc1γ and χc2γ, respec-
tively [19, 20]. D-wave cc̄ states and their properties
were predicted long ago but remain unconfirmed [19, 20].
The E705 experiment reported an indication of a 13D2

state in π±N → J/ψπ+π−+ anything, with a mass of
3836 ± 13 MeV/c2 [21]; however, the statistical signifi-
cance of this result was below the threshold for evidence.

In this letter, we report measurements of B → χc1γK
and B → χc2γK decays, where the χc1 and χc2 decay to
J/ψγ [22]. These results are obtained from a data sample
of 772 × 106 BB events collected with the Belle detec-
tor [23] at the KEKB asymmetric-energy e+e− collider
operating at the Υ(4S) resonance [24].

The J/ψ meson is reconstructed via its decays to ℓ+ℓ−

(ℓ = e or µ). To reduce the radiative tail in the e+e−

mode, the four-momenta of all photons within 50 mrad
with respect to the original direction of the e+ or e−

tracks are included in the invariant mass calculation,
hereinafter denoted as Me+e−(γ). The reconstructed in-
variant mass of the J/ψ candidates is required to sat-
isfy 2.95 GeV/c2 < Me+e−(γ) < 3.13 GeV/c2 or 3.03
GeV/c2 < Mµ+µ− < 3.13 GeV/c2. For the selected J/ψ
candidates, a vertex-constrained fit is applied and then a
mass-constrained fit is performed in order to improve the
momentum resolution. The χc1 and χc2 candidates are
reconstructed by combining J/ψ candidates with a pho-
ton having energy (Eγ) larger than 200 MeV in the lab-
oratory frame. Photons are reconstructed from energy
depositions in the electromagnetic calorimeter (ECL),
which do not match any extrapolated charged track. To
reduce the background from π0 → γγ, we use a likeli-
hood function that distinguishes an isolated photon from
π0 decays using the photon pair invariant mass, photon
laboratory energy and polar angle [25]. We reject both
γ’s in the pair if the π0 likelihood probability is larger
than 0.7. The reconstructed invariant mass of the χc1
(χc2) is required to satisfy 3.467 GeV/c2 < MJ/ψγ <
3.535 GeV/c2 (3.535 GeV/c2 < MJ/ψγ < 3.611 GeV/c2).
A mass-constrained fit is applied to the selected χc1 and
χc2 candidates.

Charged kaons are identified by combining information
from the central drift chamber, time-of-flight scintillation
counters, and the aerogel Cherenkov counter systems.
The kaon identification efficiency is 89% while the prob-
ability of misidentifying a pion as a kaon is 10%. K0

S

mesons are reconstructed by combining two oppositely
charged pions with the invariant mass Mπ+π− lying be-
tween 482 MeV/c2 and 514 MeV/c2. The selected candi-
dates are required to satisfy the quality criteria described
in Ref. [26].

To reconstruct B candidates, each χcJ [27] is com-
bined with a kaon candidate and a photon having Eγ >
100 MeV (and not used in the reconstruction of χcJ).
If the invariant mass of any photon pair that includes

this photon is found to be consistent with a π0 (i.e., 117
MeV/c2 < Mγγ < 153 MeV/c2), this photon is rejected.
Among the events containing at least one χcJ candidate,
9.0% have multiple χcJ candidates. In such cases, the γ
forming the χcJ candidate with mass closest to the χc1 or
χc2 masses [9] is not used as the additional photon. This
treatment suppresses reflections from the χcJ daughter
photons.

The B candidate is identified by two kinematic
variables: the beam-constrained mass (Mbc ≡
√

E∗2
beam − p∗2B ) and the energy difference (∆E ≡ E∗

B −

E∗

beam). Here, E
∗

beam is the run-dependent beam energy,
and E∗

B and p∗B are the reconstructed energy and mo-
mentum, respectively, of the B meson candidates in the
center-of-mass (CM) frame. Candidates within a ∆E
window of [−28, 30] MeV and with Mbc > 5.23 GeV/c2

are selected. Of these, 9.8% (6.4%) have multiple candi-
dates in the B± → χc1γK

± (B± → χc2γK
±) mode; we

select the B candidate with ∆E closest to zero. In order
to improve the resolution in MχcJγ , we scale the energy
of the γ so that ∆E is equal to zero. This corrects for
incomplete energy measurement in the ECL. To suppress
continuum background, events having a ratio R2 of the
second to zeroth Fox-Wolfram moments [28] above 0.5
are rejected.

TheMχc1γ andMbc projections for the B
± → χc1γK

±

signal candidates are shown in Fig. 1, where a ψ′
→ χc1γ

signal is evident. In addition, there is a significant narrow
peak at 3823 MeV/c2, denoted hereinafter as X(3823).
No signal of X(3872) → χc1γ is seen. We extract the
signal yield from a two-dimensional unbinned extended
maximum likelihood (2D UML) fit to the variablesMχcJγ

and Mbc.

The resolution in MχcJγ (Mbc) is parameterized by a
sum of two Gaussians (Gaussian and logarithmic Gaus-
sian [29]). MC studies show that the resolutions in both
MχcJγ andMbc for a narrow resonance in the mass range
3.8 GeV/c2 < MχcJγ < 4.0 GeV/c2 are in good agree-
ment with those for ψ′. The parameters of the resolution
functions are determined from the MC simulation that is
calibrated using the B± → ψ′(→ χc1γ)K

± signal. We
take into account the ψ′ natural width [9] by convolving
the Breit-Wigner function and the resolution function;
for the X(3823) and X(3872), zero natural widths are
assumed. The two-dimensional probability density func-
tion (PDF) is a product of the one-dimensional distribu-
tions.

For B± → ψ′(→ χc1γ)K
± decays, the mean and

width of the core Gaussian are floated and the remain-
ing parameters are fixed according to MC. To fit the
B± → X(3823)(→ χc1γ)K

± signal, we float the mean
of the core Gaussian but constrain the detector resolu-
tion by using the ψ′ signal results after taking into ac-
count the difference estimated from the signal MC study.
For Mbc, the parameters are fixed to those found for
the ψ′, in accordance with expectations based on the
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MC simulation. For X(3872), we fix the mass differ-
ence and the mass resolution change with respect to ψ′

using the information from PDG [9] and MC studies. To
fit B0 → ψ′(→ χc1γ)K

0, B0 → X(3823)(→ χc1γ)K
0,

B → ψ′(→ χc2γ)K, B → X(3823)(→ χc2γ)K and
B → X(3872)(→ χcJγ)K, we fix all the parameters ob-
tained from the signal MC study after correcting the PDF
shapes by applying MC/data calibration factors.

To study background with a real J/ψ, we use large
MC simulated B → J/ψX samples corresponding to 100
times the integrated luminosity of the data. The non-
J/ψ (non-χcJ) background is studied using Mℓℓ (MJ/ψγ)
sidebands in data. In B → (χcJγ)K, the background
with a broad peaking structure is mostly due to the
B → ψ′(9 χcJγ)K, B → χcJK

∗, B → J/ψK∗ and
B → ψ′K∗ decay modes. B → ψ′(9 χcJγ)K produces
peaks in both distributions (MχcJγ and Mbc), while the
other backgrounds are flat in MχcJγ but peaked in Mbc.
We determine the PDFs from the large MC sample. The
fractions of the PDF components are floated in the fit,
except for B → ψ′(9 χcJγ)K, whose fraction is con-
trolled by fixing its ratio to the B → ψ′(→ χcJγ)K sig-
nal yield. For the combinatorial background, a threshold
function, (MχcJγ)

2× exp(a (MχcJγ−Mth) + b (MχcJγ −

Mth)
2 + c (MχcJγ−Mth)

3), where Mth = 3.543 GeV/c2

(3.585 GeV/c2) forMχc1γ (Mχc2γ), is used forMχcJγ and
an ARGUS function [30] is used for Mbc. The value of
Mth is estimated from a MC study; its variation, which
affects the signal yield in the fits, is incorporated in the
systematic errors. The ∆E data sidebands are used to
verify the background PDFs. The fractions for the signal
and the background components are floated in the fit.

The results of the fits are presented in Figs. 1-3 and
in Table I. The significance is estimated using the value
of −2 ln(L0/Lmax) where Lmax (L0) denotes the likeli-
hood value when the yield is allowed to vary (is set to
zero). In the likelihood calculation, the χ2 statistic uses
the appropriate number of degrees of freedom (two in the
case of B± → X(3823)K± and one for the other decay
modes). The systematic uncertainty, which is described
below, is included in the significance calculation [32]. We
find a significant ψ′ signal in all considered channels.
We also obtain evidence for the X(3823) in the channel
B±

→ χc1γK
± with a statistical significance of 3.8 stan-

dard deviations (σ). The X(3872) signals are insignifi-
cant. We estimate the branching fractions according to
the formula B = Y/(ǫ Bs NBB̄); here, Y is the yield, ǫ is
the reconstruction efficiency, Bs is the secondary branch-
ing fraction taken from Ref. [9] and NBB̄ is the number
of BB̄ mesons in the data sample. Equal production of
neutral and charged B meson pairs in the Υ(4S) decay is
assumed. Measured branching fractions for the ψ′ are in
agreement with the world average values for all the chan-
nels [9]. We set 90% confidence level (C.L.) upper lim-
its (U.L.) on the insignificant channels using frequentist
methods based on an ensemble of pseudo-experiments.
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FIG. 1: 2D UML fit projection for B± → (χc1γ)K
± de-

cays: (a) Mχc1γ distribution for Mbc > 5.27 GeV/c2, (b)
Mbc distribution for 3.660 GeV/c2 < Mχc1γ < 3.708 GeV/c2

(ψ′ region, shown by the red dotted-dashed arrows in a), (c)
Mbc distribution for 3.805 GeV/c2 < Mχc1γ < 3.845 GeV/c2

(X(3823) region, shown by the magenta solid arrows in a)
and (d) Mbc distribution for 3.84 GeV/c2 < Mχc1γ < 3.89
GeV/c2 (X(3872) region). The curves used in the fits are
described in [31].
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curves used in the fits are described in [31].

A correction for small differences in the signal detec-
tion efficiency between MC and data has been applied
for the lepton and kaon identification requirements. Un-
certainties in these corrections are included in the sys-
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FIG. 3: 2D UML fit projection for B0 → (χcJγ)K
0
S decays:

(a) Mχc1γ distribution for Mbc > 5.27 GeV/c2, (b) Mχc2γ

distribution for Mbc > 5.27 GeV/c2, (c) and (d) Mbc dis-
tribution for the ψ′ region, (e) and (f) Mbc distribution for
the X(3823) region, and (g) and (h) Mbc distribution for the
X(3872) region. The curves used in the fits are described
in [31].

tematic error. The e+e− → e+e−ℓ+ℓ− (ℓ = e or µ) and
D∗+

→ D0(K−π+)π+ samples are used to estimate the
lepton identification correction and the kaon (pion) iden-
tification correction, respectively. To estimate the cor-
rection and residual systematic uncertainty forK0

S recon-
struction, D∗+ → D0(→ K0

Sπ
+π−)π+ samples are used.

The errors on the PDF shapes are obtained by varying
all fixed parameters by ±1σ and taking the change in
the yield as the systematic uncertainty. The uncertain-
ties due to the secondary branching fractions are also
taken into account. The uncertainties of the tracking ef-
ficiency and NBB̄ are estimated to be 0.35% per track
and 1.4%, respectively. The uncertainty on the photon
identification is estimated to be 2.0%/photon. The sys-
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FIG. 4: 2D UML fit projection of Mχc1γ distribution for the
simultaneous fit of B± → (χc1γ)K

± and B0 → (χc1γ)K
0
S

decays for Mbc > 5.27 GeV/c2. The curves used in the fits
are described in [31].

TABLE I: Summary of the results. Signal yield (Y ) from
the fit, significance (S) with systematics included, corrected
efficiency (ǫ) and measured B. For B, the first (second) error is
statistical (systematic). In the neutral B decay, the efficiency
below includes the K0

S → π+π− branching fraction but does
not include the factor of two for K0 → K0

S or K0
L.

Decay Yield (Y ) S(σ) ǫ(%) Branching fraction

B± → ψ′(→ χcJγ)K
± B(10−4)

χc1 193.2 ± 19.2 14.8 8.6 7.7± 0.8± 0.9

χc2 59.1 ± 8.4 7.8 6.0 6.3± 0.9± 0.6

B0 → ψ′(→ χcJγ)K
0

χc1 50.3 ± 7.3 7.2 5.1 6.8± 1.0± 0.7

χc2 12.9 ± 4.4 2.9 3.5 4.7± 1.6± 0.8

B± → X(3823)(→ χcJγ)K
± B(10−6)

χc1 33.2 ± 9.7 3.8 10.9 9.7± 2.8± 1.1

χc2 0.3± 3.9 0.1 8.8 < 3.6

B0 → X(3823)(→ χcJγ)K
0

χc1 3.9± 3.4 1.2 6.0 < 9.9

χc2 5.3± 2.9 2.4 5.0 < 22.8

B± → X(3872)(→ χcJγ)K
±

χc1 −0.9± 5.1 11.1 < 1.9

χc2 4.7± 4.4 1.3 9.3 < 6.7

B0 → X(3872)(→ χcJγ)K
0

χc1 4.6± 3.0 1.6 6.2 < 9.6

χc2 2.3± 2.2 1.1 5.2 < 12.2

tematic uncertainty associated with the difference of the
π0 veto between data and MC is estimated to be 1.2%
from a study of the B± → χc1(→ J/ψγ)K± sample.

To improve the mass determination of the X(3823),
a simultaneous fit to B± → (χc1γ)K

± and B0 →

(χc1γ)K
0
S is performed, assuming that B(B± →

X(3823)K±)/B(B0
→ X(3823)K0) = B(B±

→

ψ′K±)/B(B0 → ψ′K0). The ψ′ peak position andMχc1γ

resolution are common for both charged and neutral B
candidates. From this fit, we estimate the significance for
X(3823) to be 4.0 σ (including systematic uncertainties).
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We determine the mass of the signal peak relative to the
well-measured ψ′ mass :

MX(3823) =Mmeas
X(3823) −Mmeas

ψ′ +MPDG
ψ′

= 3823.1± 1.8± 0.7 MeV.

Here, the first uncertainty is statistical and the second
is systematic. Because of the mass-constrained fit to the
χc1 candidate, the systematic uncertainty of MX(3823) is
dominated by the additional photon’s energy scale. This
photon energy scale uncertainty is estimated by the dif-
ference between the χc1 → J/ψγ candidates’ mass with-
out any constraint and the χc1 nominal mass [9], which
results in 0.7 MeV as the MX(3823) systematic error. In
order to estimate the width, we float this parameter and
find no sensitivity with the available statistics: the width
is 1.7 ± 5.5 MeV. Using pseudo-experiments generated
with different width hypotheses for theX(3823), the U.L.
at 90% C.L. on its width is estimated to be 24 MeV.
The mass of the X(3823) is near potential model ex-

pectations for the centroid of the 13DJ states: the Cor-
nell [17] and the Buchmüller-Tye [18] potentials give 3810
MeV/c2. Other models predict the mass of ψ2 (the
13D2 cc̄ state, having JPC = 2−−) to be 3815-3840
MeV/c2 [33–36]. The X(3823) mass agrees quite well
with these models. In addition, since no peak has been
seen around X(3823) in the DD̄ final state [37], one ex-
pects that ψ2 does not decay to DD̄ [35]. The ratio

RB = B(X(3823)→χc2γ)
B(X(3823)→χc1γ)

< 0.41 (at 90% C.L.) is consistent

with the expectation (RB ∼ 0.2) for ψ2 [34, 38, 39]. The
limited statistics preclude an angular analysis to deter-
mine the JPC of the X(3823). The product of branching
fractions for the X(3823) is approximately two orders of
magnitude lower than for the ψ′, as shown in Table I;
it is consistent with the interpretation of the X(3823)
as ψ2(1

3D2), whose production rate is suppressed by the
factorization [40] in the two-body B meson decays.
In summary, we obtain the first evidence of a nar-

row state, X(3823), that decays to χc1γ with a mass
of 3823.1 ± 1.8(stat) ± 0.7(syst) MeV/c2 and a sig-
nificance of 3.8 σ, including systematic uncertainties.
We measure the branching fraction product B(B± →

X(3823)K±)B(X(3823) → χc1γ) = (9.7 ± 2.8 ± 1.1) ×
10−6. No evidence is found for X(3823) → χc2γ and
we set an U.L. on its branching fraction product B as

well as the ratio RB ≡
B(X(3823)→χc2γ)
B(X(3823)→χc1γ)

< 0.41 at 90%

C.L. The properties of the X(3823) are consistent with
those expected for the ψ2 (13D2 cc̄) state. We also de-
termine an U.L. on the product of branching fractions,
B(B±

→ X(3872)K±)B(X(3872) → χc1γ) < 1.9× 10−6

at 90% C.L.; this is less than one quarter of the corre-
sponding value in X(3872) → J/ψπ+π− [9]. Our results
show that the production of theX(3872)’s C-odd partner
in two-body B decays and its decay to χcJγ are consid-
erably suppressed.
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