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Outline

   Exotic mesons: molecules, tetraquarks, hybrids, hadrocharmonium.

B → J/ψ + AllExoticsOutline Spectrum Results

   Inclusive production of J/ψ in B decays: state of the art and update.

 Two body modes (color singlet).

 Non resonant multi body modes (color octet) NRQCD.

 Contribution from XYZ mesons.

   Results.

Two Body Multi Body XYZ
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   Standard Charmonium/Bottomonium and Charmonium/Bottomonium-like  
      resonances (XYZ mesons).



Predictions for cc* states :: Godfrey, Isgur, Phys. Rev. D 32, 189–231 (1985) ::

Ηc�1S�

Ηc�2S�

Ηc�3S�

J�Ψ�1S�

Ψ�2S�

Ψ�3S�

43S1

Χc0�1P�

Χc0�2P�

Χc1�1P�

Χc1�2P�

Χc2�1P�

Χc2�2P�
13D1

23D1

33D1

hc�1P�

hc�2P�
11D2

21D2

13D2

23D2

13D3

23D3

0�� 1�� 1�� 0�� 1�� 2�� 2�� 2�� 3�� ??+

3.0

3.5

4.0

4.5

D D

D D�

D�D�

DsDs

Ds
�Ds
�

DsDs
�

M
as
s�Ge

V�
B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

2/24



Data for cc* states

Ηc�1S�

Ηc�2S�

Ηc�3S�

J�Ψ�1S�

Ψ�2S�

Ψ�3S�

43S1

Χc0�1P�

Χc0�2P�

Χc1�1P�

Χc1�2P�

Χc2�1P�

Χc2�2P�
Ψ�3770�
Ψ�4040�Ψ�4160�
Ψ�4415�

13D1

23D1

33D1

hc�1P�

hc�2P�
11D2

21D2

13D2

23D2

13D3

23D3

0�� 1�� 1�� 0�� 1�� 2�� 2�� 2�� 3�� ??+

3.0

3.5

4.0

4.5

D D

D D�

D�D�
DsDs

Ds
�Ds
�

DsDs
�

M
as
s�Ge

V�
3/24

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ



Unexpected (1)

DD
DECAYS

Ψ�1S, 2S��light hadrons
Ψ�1S, 2S��light hadrons & DD

�c �c

:: Heavy Quarkonium Working Group, Eur.Phys.J. C71 (2011) 1534 ::
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Unexpected (2)

PRODUCTION

B�XK & pp � X � all

B�XK

e�e� � J�Ψ X
ΓΓ � X

ISR

B�XK & ISR

:: Heavy Quarkonium Working Group, Eur.Phys.J. C71 (2011) 1534 ::
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Predictions for bb* states :: Godfrey, Isgur, Phys. Rev. D 32, 189–231 (1985) ::

Ηb�1S�

Ηb�2S�

Ηb�3S�

��1S�

��2S�

��3S�
��4S�

Χb0�1P�

Χb0�2P�

Χb1�1P�

Χb1�2P�

Χb2�1P�

Χb2�2P�
13D1

23D1

33D1

hb�1P�

hb�2P�
11D2

21D2

13D2

23D2

13D3

23D3

0�� 1�� 1�� 0�� 1�� 2�� 2�� 2�� 3�� ¿1�?

9.5

10.0

10.5

11.0

B B
B B�
B�B�
BsBs
BsBs

�
Bs
�Bs
�

M
as
s�Ge

V�
6/24

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ



Data for bb* states
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Unexpected :: Belle, Phys.Rev.Lett. 100 (2008) 1120014 ::
:: Belle, arXiv:1105.4583 ::

DECAYS & PRODUCTION
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Unexpected :: Belle, Phys.Rev.Lett. 100 (2008) 1120014 ::
:: Belle, arXiv:1105.4583 ::

DECAYS & PRODUCTION

Zb
�� hb�nP�ΠΠ, n�1, 2

Zb
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Are they exotic hadrons?

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

   XYZ can be revealed directly (peaks in invariant mass distributions).

   XYZ can be revealed INdirectly as intermediate states in a number of   
       processes: e.g. heavy ions collision, inclusive B decays.

9/24

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

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

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

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

  Hadrocharmonium
     [Voloshin]

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

πc c–
uu–

u– cuc–
c c–

g

c c–
π

π



B → J/ψ + All: first measurements :: CLEO, .Phys. Rev. D52,2661 ::
:: CLEO, .Phys. Rev. Lett. 89, 282001 ::

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

 CLEO-II : e +e-  collisions at √s ∼ mϒ(4S) they measure: B → J/ψ + All.

6.1 J/ψ inclusive production from B-decays [7] 119

2668 R. BALEST et al. 52

the efficiency for identifying the photon is 2.5%. The up-
per limit for the B—+X,2X branching fraction is 0.38% at
90% confidence level. If we interpret the excess in the
y 2 signal region of the mass difference plot as B—+y 2X,
we find a branching fraction of (0.25+0.10+0.03)%.

VII. MOMENTUM SPECTRUM OF J/Q, Q'
AND y~g FROM BDECAY

The momentum spectrum of the inclusive J/Q's was
measured by dividing the candidate sample into momen-
tum bins of 100 MeV/c between 0 and 2 GeV/c. Each
of the resulting dielectron and dimuon mass distributions
was fitted to determine the J/v/i yield in that bin, which
was then corrected for that bin's eKciency. The resulting
momentum distribution is shown in Fig. 12.
In Fig. 13 the J/@ momentum spectrum is again

shown, this time overlaid with the expected contributions
from the exclusive modes B +J/gK-and B~J/@K* [14],
and from the feed-down modes B +X,X, X-,~J/@p, and
B—+@'X, @'—i J/@sr+or . Each contribution is norinal-
ized to the corresponding CLEO-II measured branch-
ing fraction. The momentum spectra for the feed-down
modes are from Monte Carlo simulations. The sum of
the known contributions is also shown. The di8'erence
between this sum and the measured momentum spec-
trum of the J/g's suggests a sizable contribution from
higher K* resonances or nonresonant multiparticle 6nal
states.
For comparison with theory it is more interesting to

measure the momentum spectra for direct production of
charmonium in B decays. Shown in Fig. 14 is the J/@
momentum spectrum with the expected contributions
from the feed-down modes B—i@'X and B +X,X -sub-
tracted. We have also measured the momentum distribu-
tion of inclusively produced Q"s, which are all believed to
be directly produced. In this case, the momentum spec-
trum for each of the two @' decay modes was obtained
by separately fitting the data in 200 MeV/c momentum
bins. The momentum spectra for the two modes were
combined with the same weights as were used to com-
bine the two branching fractions. The resulting inclusive
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FIG. 13. Momentum spectrum for inclusive J/@ produc-
tion from B decays, overlaid with the expected momentum
spectra for the exclusive processes B~J/gK and B~J/gK*,
as well as the feed down from B~Q'X and B~y,X.

VIII. B—+vycX

We have also searched for the decay B-+g X. The
rk is more difficult to detect than the J/g meson as it
lacks a single decay channel with both a sizable branch-

@' spectrum is shown in Fig. 15. The momentum distri-
bution for y i was similarly determined by subdividing
the J/@p sample into momentum bins which were fitted
separately. The resulting spectrum, which is shown in
Fig. 16, is not as well measured, but appears to be quite
similar to the J/v// and @' momentum spectra. In all cases
there is significant low-momentum charrnonium produc-
tion, suggesting a sizable component of decays with three
or more particles in the final state.
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FIG. 12. Momentum spectrum for inclusive J/Q produc-
tion from B decays.

FIG. 14. Momentum spectrum for inclusive J/g produc-
tion from 8 decays, with the expected contributions from
B—+g'X, Q' —+J/vPm+vr and B +y,X, y,m J/Qp —subtracted.

Figure 6.3. Momentum spectrum for

inclusive J/ψ production from B decays

from CLEO [265]. The expected momen-

tum spectra for the exclusive processes

B → J/ψ K and B → J/ψ K�, as well

as the feed down from B → χc X and

B → ψ�X are overlaid.
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FIG. 1: Momentum distributions of (a) ψ(1S) and (b) ψ(2S) produced directly from B decays.

There is an additional overall scale uncertainty of 1.2% for ψ(1S) and 5.1% for ψ(2S) which is not
depicted in the plots. The histograms show the contributions of two-body B → ψX decays, where
the lineshapes are obtained from Monte Carlo simulation and the normalizations are from previous

determinations of exclusive branching fractions [17, 22, 23].

for αψ(1S) is about 4 standard deviations from zero; this measurement therefore strongly
disfavors the color evaporation model of charmonium production [24], which predicts zero
net polarization, independent of the production mechanism. When next-to-leading-order
calculations become available, these results also have the potential to significantly constrain
the long-distance matrix elements of NRQCD.

We gratefully acknowledge the effort of the CESR staff in providing us with excellent
luminosity and running conditions. This work was supported by the National Science Foun-
dation, the U.S. Department of Energy, the Research Corporation, and the Texas Advanced
Research Program.
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Figure 6.4. Momentum distributions

of (a) J/ψ and (b) ψ(2S) produced di-

rectly from B decays from CLEO [267].

The histograms show the contributions

of two-body B → J/ψ X decays, where

the line shapes are obtained from Monte

Carlo simulation and the normalizations

are from previous determinations of exclu-

sive branching fractions [268, 269, 270].

B → χcX, χc → J/ψ γ and B → ψ�X, ψ� → J/ψ π+π−. After combining these

contributions with the two-body modes, there naturally remains a shortfall across a

large range of pψ, having not counted contributions from higher kaon resonances

and non-resonant multi-particle final states.

Beneke et al. [271] proposed that the remaining part of spectrum could be

explained by a large cc̄ color octet contribution which feeds non-resonant multi-body

final states; the calculation is performed within the framework of non-relativistic-

QCD (NRQCD). They confront their results with the inclusive J/ψ spectrum after

having subtracted from it the B → KJ/ψ and B → K∗J/ψ components. The

agreement found with data is rather good using reasonable values for the physical

parameters involved in the computation, essentially ΛQCD and the Fermi momentum

pF of the b quark inside the B meson.

Belle [269] subsequently observed the decay B → K1(1270)J/ψ with a branching

fraction larger than B → KJ/ψ and B → K∗J/ψ. In an improved analysis of the

inclusive J/ψ spectrum, CLEO found that by summing all three of the two-body

modes, Fig. 6.4 a good fit to the inclusive spectra is obtained for pψ > 1.5 GeV [267],

which implies that the color octet contribution should be refitted.

In a higher statistics analysis by BaBar [272], in which many feed-down modes

from higher charmonia were directly measured and subtracted, the inclusive spectrum

is confronted with the results of Beneke et al., and it is noted that even after including

color octet contributions, there remains an excess of events at low momenta: see

Fig. 6.5 red-dashed line in the region 0 < pψ < 0.8 GeV.

This excess has provoked, since its observation, a variety of exotic interpretations.

In [273] the discrepancy has been explained assuming that the J/ψ recoils against a

6.1 J/ψ inclusive production from B-decays [7] 119

2668 R. BALEST et al. 52

the efficiency for identifying the photon is 2.5%. The up-
per limit for the B—+X,2X branching fraction is 0.38% at
90% confidence level. If we interpret the excess in the
y 2 signal region of the mass difference plot as B—+y 2X,
we find a branching fraction of (0.25+0.10+0.03)%.

VII. MOMENTUM SPECTRUM OF J/Q, Q'
AND y~g FROM BDECAY

The momentum spectrum of the inclusive J/Q's was
measured by dividing the candidate sample into momen-
tum bins of 100 MeV/c between 0 and 2 GeV/c. Each
of the resulting dielectron and dimuon mass distributions
was fitted to determine the J/v/i yield in that bin, which
was then corrected for that bin's eKciency. The resulting
momentum distribution is shown in Fig. 12.
In Fig. 13 the J/@ momentum spectrum is again

shown, this time overlaid with the expected contributions
from the exclusive modes B +J/gK-and B~J/@K* [14],
and from the feed-down modes B +X,X, X-,~J/@p, and
B—+@'X, @'—i J/@sr+or . Each contribution is norinal-
ized to the corresponding CLEO-II measured branch-
ing fraction. The momentum spectra for the feed-down
modes are from Monte Carlo simulations. The sum of
the known contributions is also shown. The di8'erence
between this sum and the measured momentum spec-
trum of the J/g's suggests a sizable contribution from
higher K* resonances or nonresonant multiparticle 6nal
states.
For comparison with theory it is more interesting to

measure the momentum spectra for direct production of
charmonium in B decays. Shown in Fig. 14 is the J/@
momentum spectrum with the expected contributions
from the feed-down modes B—i@'X and B +X,X -sub-
tracted. We have also measured the momentum distribu-
tion of inclusively produced Q"s, which are all believed to
be directly produced. In this case, the momentum spec-
trum for each of the two @' decay modes was obtained
by separately fitting the data in 200 MeV/c momentum
bins. The momentum spectra for the two modes were
combined with the same weights as were used to com-
bine the two branching fractions. The resulting inclusive
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FIG. 13. Momentum spectrum for inclusive J/@ produc-
tion from B decays, overlaid with the expected momentum
spectra for the exclusive processes B~J/gK and B~J/gK*,
as well as the feed down from B~Q'X and B~y,X.

VIII. B—+vycX

We have also searched for the decay B-+g X. The
rk is more difficult to detect than the J/g meson as it
lacks a single decay channel with both a sizable branch-

@' spectrum is shown in Fig. 15. The momentum distri-
bution for y i was similarly determined by subdividing
the J/@p sample into momentum bins which were fitted
separately. The resulting spectrum, which is shown in
Fig. 16, is not as well measured, but appears to be quite
similar to the J/v// and @' momentum spectra. In all cases
there is significant low-momentum charrnonium produc-
tion, suggesting a sizable component of decays with three
or more particles in the final state.
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FIG. 12. Momentum spectrum for inclusive J/Q produc-
tion from B decays.

FIG. 14. Momentum spectrum for inclusive J/g produc-
tion from 8 decays, with the expected contributions from
B—+g'X, Q' —+J/vPm+vr and B +y,X, y,m J/Qp —subtracted.

Figure 6.3. Momentum spectrum for

inclusive J/ψ production from B decays

from CLEO [265]. The expected momen-

tum spectra for the exclusive processes

B → J/ψ K and B → J/ψ K�, as well

as the feed down from B → χc X and

B → ψ�X are overlaid.
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FIG. 1: Momentum distributions of (a) ψ(1S) and (b) ψ(2S) produced directly from B decays.

There is an additional overall scale uncertainty of 1.2% for ψ(1S) and 5.1% for ψ(2S) which is not
depicted in the plots. The histograms show the contributions of two-body B → ψX decays, where
the lineshapes are obtained from Monte Carlo simulation and the normalizations are from previous

determinations of exclusive branching fractions [17, 22, 23].

for αψ(1S) is about 4 standard deviations from zero; this measurement therefore strongly
disfavors the color evaporation model of charmonium production [24], which predicts zero
net polarization, independent of the production mechanism. When next-to-leading-order
calculations become available, these results also have the potential to significantly constrain
the long-distance matrix elements of NRQCD.

We gratefully acknowledge the effort of the CESR staff in providing us with excellent
luminosity and running conditions. This work was supported by the National Science Foun-
dation, the U.S. Department of Energy, the Research Corporation, and the Texas Advanced
Research Program.
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Figure 6.4. Momentum distributions

of (a) J/ψ and (b) ψ(2S) produced di-

rectly from B decays from CLEO [267].

The histograms show the contributions

of two-body B → J/ψ X decays, where

the line shapes are obtained from Monte

Carlo simulation and the normalizations

are from previous determinations of exclu-

sive branching fractions [268, 269, 270].

B → χcX, χc → J/ψ γ and B → ψ�X, ψ� → J/ψ π+π−. After combining these

contributions with the two-body modes, there naturally remains a shortfall across a

large range of pψ, having not counted contributions from higher kaon resonances

and non-resonant multi-particle final states.

Beneke et al. [271] proposed that the remaining part of spectrum could be

explained by a large cc̄ color octet contribution which feeds non-resonant multi-body

final states; the calculation is performed within the framework of non-relativistic-

QCD (NRQCD). They confront their results with the inclusive J/ψ spectrum after

having subtracted from it the B → KJ/ψ and B → K∗J/ψ components. The

agreement found with data is rather good using reasonable values for the physical

parameters involved in the computation, essentially ΛQCD and the Fermi momentum

pF of the b quark inside the B meson.

Belle [269] subsequently observed the decay B → K1(1270)J/ψ with a branching

fraction larger than B → KJ/ψ and B → K∗J/ψ. In an improved analysis of the

inclusive J/ψ spectrum, CLEO found that by summing all three of the two-body

modes, Fig. 6.4 a good fit to the inclusive spectra is obtained for pψ > 1.5 GeV [267],

which implies that the color octet contribution should be refitted.

In a higher statistics analysis by BaBar [272], in which many feed-down modes

from higher charmonia were directly measured and subtracted, the inclusive spectrum

is confronted with the results of Beneke et al., and it is noted that even after including

color octet contributions, there remains an excess of events at low momenta: see

Fig. 6.5 red-dashed line in the region 0 < pψ < 0.8 GeV.

This excess has provoked, since its observation, a variety of exotic interpretations.

In [273] the discrepancy has been explained assuming that the J/ψ recoils against a

1995: ∼3 fb-1. Theory includes:
ψK, ψK*

+
feed down from ψ’ and χc 

2002: ∼9 fb-1. 
After subracting feed down 

modes, theory includes:
ψK, ψK*, ψK1(1270)
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B → J/ψ + All :: BaBar, Phys. Rev. D67,032002 ::
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B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

   In e +e-  collisions at √s ∼ mϒ(4S) with 20.3 fb-1 they measure: B → J/ψ + All.

   In B → J/ψ + All there is a feed-down from χc1,2 → J/ψ γ and ψ(2S) → J/ψ  π + π - .

ϒ(4S) rest frame
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B → J/ψ + All : direct 

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

:: BaBar, Phys. Rev. D67,032002 ::

  Subtracting the feed-down from χc1,2 → J/ψ γ and ψ(2S) → J/ψ  π + π -,
      they obtain the p* decay distribution of J/ψ produced directly in B decays.

ϒ(4S) rest frame

12/24



B → J/ψ + All : direct 

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

:: BaBar, Phys. Rev. D67,032002 ::

  Subtracting the feed-down from χc1,2 → J/ψ γ and ψ(2S) → J/ψ  π + π -,
      they obtain the p* decay distribution of J/ψ produced directly in B decays.

  Theoretical predictions reveal an excess at low pψ .
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B → J/ψ + K
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   If the cc★ pair is produced in color singlet configuration one has a 

      two body decay: B → J/ψ K .

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

:: K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010) ::
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B → J/ψ + K

B+ → KjJ/ψ → RiJ/ψ → J/ψ K+π+π−

:: Belle, Phys. Rev. D83,032005 ::

B(B+ → KjJ/ψ → RiJ/ψ → J/ψ K+π+π−) = Btotf
j
i

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

Signal Region

Sideband Region
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B → J/ψ + K

Kj mKj (GeV) ΓKj (GeV) B(B+ → KjJ/ψ)× 105

K 0.494 – 95.0± 3.6

K∗ 0.892 0.050 137.0± 7.8

K1(1270) 1.270 0.090 144.0± 29.3

K1(1400) 1.403 0.174 25.1± 5.7

K∗(1410) 1.414 0.232 > 5.1± 2.4 and < 11.8± 5.7

K∗
2 (1430) 1.430 0.100 40.2± 24.0

K2(1600) 1.605 0.115 > 8.4± 2.9

K2(1770) 1.773 0.186 > 4.4± 1.5

K2(1980) 1.973 0.373 > 15.2± 2.5

TABLE I: Branching ratios for the decays B → KjJ/ψ extracted from Belle [13].

We do the same for the exotic XY Z states. Even if almost all of these mesons decay into final states containing

a charmonium state together with light hadrons, they cannot be easily interpreted as standard charmonia and

thus are referred to as exotics [15]. Some of them have been observed in B decays produced together with the

pseudoscalar kaon K. The relative branching ratios are reported in Table II. In addition to these decays one can

Xj mXj (GeV) ΓXj (GeV) Final State B(B → KXj → KJ/ψ + light hadrons)× 105

X(3872) 3.872 0.003
J/ψ ρ→ J/ψ π+π− 0.72± 0.22 [16]

J/ψ ω 0.6± 0.3 [17]

Y (3940) 3.940 0.087 J/ψ ω 3.70± 1.14 [18]

Y (4140) 4.140 0.012 J/ψ φ 0.9± 0.4 [19]

Y (4260) 4.260 0.095 J/ψ f0 → J/ψ π+π− 2.00± 0.73 [18]

TABLE II: Measured branching ratios for the decay B → KXj . Where data is available for both neutral and charged B
we take the average.

suppose that XY Z are produced with heavier kaons, when allowed by kinematics. Assuming that all the exotic

particles X are spin 1 states (most of them do not yet have definitive quantum numbers) the transition matrix

elements are given by �X (�, p)K(q)|B(P )� = g � · q for a spin 0 kaon and by �X (�, p)K(η, q)|B(P )� = g� � · η for

a spin 1 kaon3. From a dimensional analysis [g] = M0 and [g�] = M . Since we only have data on the branching

ratios B(B → KX ) we need some hypothesis on the relationship between g and g�. We suppose that g� = Λ g,

with Λ some mass scale. Using B(B → KX(3872)) reported in Table II and the upper limit [20]

B(B → K∗X(3872))× B(X(3872) → J/ψ π+π−) < 0.34× 10
−5

(5)

we obtain Λ >∼ 550 MeV. We thus decide to extract g from the known branching ratios reported in Table II and

fix g� = mK(J=1)g, where mK(J = 1) is the mass of a generic spin 1 kaon. The green-dashed line in Fig. 2 shows

the sum of all XY Z contributions along with all kaons allowed by kinematics.

The color octet component . We reanalyzed the Beneke et al. [4] calculation to refit the color octet curve

contribution to the J/ψ spectrum. Their computation, based on the NRQCD factorization approach, assumes

that the production of the cc̄ pair in a color octet state, which has approximately the same probability as in

color singlet, has a large kinematic effect on the momentum spectrum, due to the energy distribution of the soft

gluons emitted by the (cc̄)8 fragmentation into J/ψ.

The (cc̄)8 pair can be produced, at order v4 in the non relativistic expansion, in three different L − S con-

figurations: 11S0, 13PJ and 13S1. One can associate with each of these configurations a non-perturbative shape

function for the energy and an invariant mass distribution of the radiated system (with a characteristic energy

scale of mcv2 ≈ ΛQCD). The normalizations of the shape functions are related to the conventional NRQCD

matrix elements �OJ/ψ
n �, which describe the hadronization into a J/ψ from a cc̄ pair in an angular momentum

and color state n. The �OJ/ψ
n � can be determined by fits to J/ψ production in a variety of processes. Nev-

ertheless, enforcing these normalization conditions underestimates data, because the phenomenological values

3 We cannot consider here the decay B → KX with a spin 2 kaon, since we do not have any experimental data to compare with.

3

   From the fractions we compute the two body branching ratios

:: Burns, Piccinini, Polosa, Prosperi, Sabelli, arXiv:1104.1781::

*

* http://hfag.phys.ntu.edu.tw/b2charm/index.html

*

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ
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B → J/ψ + K

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ
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Two body contributions accounts for the high pψ region: 
      we found good agreement for pψ > 1.2 GeV.

ϒ(4S) rest frame
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Color Octet Contribution

   If the cc* pair is produced in color octet configuration one has a 
      multi body decay.

   NRQCD matrix elements describe the fragmentation (cc*)8→J/ψ.

   Near the extreme endpoint of the kinematic region the effect of soft 
      gluon emission can be modelled with a non relativistic shape function.

   ACCMM model accounts for the Fermi motion of the b-quark inside B.

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

:: Beneke, Schuler, Wolf, Phys.Rev. D62 (2000) 034004 ::
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   Two main parameters to model the color octet contribution:
      ΛQCD∈[200,450]MeV :the characteristic energy-momentum scale of the soft gluons; 
      pF       ∈[300,450]MeV : Fermi momentum of the b-quark inside the B-meson.

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ
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Which XYZ contribute to B →  J/ψ + All ?

PRODUCTION

B�XK & pp � X � all

B�XK

e�e� � J�Ψ X
ΓΓ � X

ISR

B�XK & ISR

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ
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B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

B → K X → K  J/ψ + light hadrons

Kj mKj (GeV) ΓKj (GeV) B(B+ → KjJ/ψ)× 105

K 0.494 – 95.0± 3.6

K∗ 0.892 0.050 137.0± 7.8

K1(1270) 1.270 0.090 144.0± 29.3

K1(1400) 1.403 0.174 25.1± 5.7

K∗(1410) 1.414 0.232 > 5.1± 2.4 and < 11.8± 5.7

K∗
2 (1430) 1.430 0.100 40.2± 24.0

K2(1600) 1.605 0.115 > 8.4± 2.9

K2(1770) 1.773 0.186 > 4.4± 1.5

K2(1980) 1.973 0.373 > 15.2± 2.5

TABLE I: Branching ratios for the decays B → KjJ/ψ extracted from Belle [13].

The branching ratios in Table I are used to perform a Monte Carlo simulation of the decay chain, weight-

ing vertices with the appropriate powers of momenta required by the decay partial wave 2. The sum of all

contributions is shown by the red-solid curve of Fig. 2.

We do the same for the exotic XY Z states. Even if almost all of these mesons decay into final states containing

a charmonium state together with light hadrons, they cannot be easily interpreted as standard charmonia and

thus are referred to as exotics [15]. Some of them have been observed in B decays produced together with the

pseudoscalar kaon K. The relative branching ratios are reported in Table II. In addition to these decays one can

Xj mXj (GeV) ΓXj (GeV) Final State B(B → KXj → KJ/ψ + light hadrons)× 105

X(3872) 3.872 0.003
J/ψ ρ→ J/ψ π+π− 0.72± 0.22 [A]

J/ψ ω 0.6± 0.3 [B]

Y (3940) 3.940 0.087 J/ψ ω 3.70± 1.14 [C]

Y (4140) 4.140 0.012 J/ψ φ 0.9± 0.4 [D]

Y (4260) 4.260 0.095 J/ψ f0 → J/ψ π+π− 2.00± 0.73 [C]

TABLE II: Measured branching ratios for the decay B → KXj . Where data is available for both neutral and charged B
we take the average.

suppose that XY Z are produced with heavier kaons, when allowed by kinematics. Assuming that all the exotic

particles X are spin 1 states (most of them do not yet have definitive quantum numbers) the transition matrix

elements are given by �X (�, p)K(q)|B(P )� = g � · q for a spin 0 kaon and by �X (�, p)K(η, q)|B(P )� = g� � · η for

a spin 1 kaon3. From a dimensional analysis [g] = M0 and [g�] = M . Since we only have data on the branching

ratios B(B → KX ) we need some hypothesis on the relationship between g and g�. We suppose that g� = Λ g,

with Λ some mass scale. Using B(B → KX(3872)) reported in Table II and the upper limit [20]

B(B → K∗X(3872))× B(X(3872) → J/ψ π+π−) < 0.34× 10
−5

(6)

we obtain Λ >∼ 550 MeV. We thus decide to extract g from the known branching ratios reported in Table II and

fix g� = mK(J=1)g, where mK(J = 1) is the mass of a generic spin 1 kaon. The green-dashed line in Fig. 2 shows

the sum of all XY Z contributions along with all kaons allowed by kinematics.

The color octet component . We reanalyzed the Beneke et al. [4] calculation to refit the color octet curve

contribution to the J/ψ spectrum. Their computation, based on the NRQCD factorization approach, assumes

that the production of the cc̄ pair in a color octet state, which has approximately the same probability as in

color singlet, has a large kinematic effect on the momentum spectrum, due to the energy distribution of the soft

gluons emitted by the (cc̄)8 fragmentation into J/ψ.

The (cc̄)8 pair can be produced, at order v4 in the non relativistic expansion, in three different L − S con-

figurations: 11S0, 13PJ and 13S1. One can associate with each of these configurations a non-perturbative shape

2 Since the heaviest kaons are spin 2 states the decay occurs in P-wave and thus events are naturally pushed towards higher values
of pψ in the allowed kinematic region.

3 We cannot consider here the decay B → KX with a spin 2 kaon, since we do not have any experimental data to compare with.

3

[16] B. Aubert et al. (BABAR), Phys. Rev. D77, 111101 (2008), 0803.2838.

[17] P. del Amo Sanchez et al. (BABAR), Phys. Rev. D82, 011101 (2010), 1005.5190.

[18] http://hfag.phys.ntu.edu.tw/b2charm/index.html.
[19] K. Yi and f. t. C. collaboration, PoS EPS-HEP 2009, 2009:085,2009 (2009), 0910.3163.

[20] I. Adachi et al. (Belle) (2008), 0809.1224.

[21] G. Altarelli, N. Cabibbo, G. Corbo, L. Maiani, and G. Martinelli, Nucl.Phys. B208, 365 (1982).

[22] G. T. Bodwin, E. Braaten, and G. Lepage, Phys.Rev. D51, 1125 (1995), hep-ph/9407339.

5

function for the energy and an invariant mass distribution of the radiated system (with a characteristic energy
scale of mcv2 ≈ ΛQCD). The normalizations of the shape functions are related to the conventional NRQCD
matrix elements �OJ/ψ

n �, which describe the hadronization into a J/ψ from a cc̄ pair in an angular momentum
and color state n. The �OJ/ψ

n � can be determined by fits to J/ψ production in a variety of processes. Nev-
ertheless, enforcing these normalization conditions underestimates data, because the phenomenological values
of the matrix elements are computed from integrated quantities in leading order calculations, while the shape
functions contain higher order corrections in the velocity expansion. To overcome this difficulty one chooses
to fix the absolute normalization by adjusting the sum of all contributions to data. The Fermi motion of the
b quark inside the B meson is taken into account using the ACCMM model [21]. The tunable parameters are
essentially ΛQCD and the Fermi momentum pF .

In this approach the color octet channel leads to non-resonant multi-body final states since the probability
that the emitted soft gluons reassemble with the spectators (light quarks and gluons inside the B) to form a
single hadron is assumed to be very small (factorization hypothesis). The two-body modes are due to the color
singlet channel and must be considered separately.

In [4] the comparison is made with data where the two-body modes with K and K∗ are subtracted. The
agreement with the experimental spectrum, having fixed ΛQCD = 300 MeV and pF = 300 MeV, is shown in
Fig. 1, red-dashed curve.

An observation is in order: possible interference effects between the octet final states, which at least contain
two pions in addition to KJ/ψ, and the multi-body final states originated from the exclusive modes with heavier
kaons decaying to K+ pions and XY Z resonances can be safely neglected as ΓKj /mKj < 0.2 and ΓXj /mXj << 1.
This would be a stronger assumption for hypothetical new broad resonances.

Results and outlook . The black-solid curve in Fig. 1 is obtained as a sum of the standard two-body
contributions from kaons (red-solid curve in Fig. 2) with the XY Z contributions (green-dashed) plus one of the
color octet components (purple-dotted). The latter are three curves obtained with ΛQCD = 300, 500, 800 MeV
(and pF = 300 MeV) from right to left respectively. To best fit data in Fig. 1 we choose the octet component
with ΛQCD = 500 MeV and also need to push pF up to pF = 500 MeV. The values chosen for ΛQCD and pF

are critically on the high sides of the allowed ranges which are supposed to be ΛQCD ∈ [200, 450] MeV [22] and
pF ∈ [300, 450] MeV. Yet the black-solid curve in Fig. 1 represents a considerable improvement with respect
to the old one (red-dashed). Relying on the validity of the NRQCD approach, our results seem to indicate
that the addition of new resonances of the XY Z kind feeding the low pψ region would effectively improve the
agreement with data. Indeed if the total branching ratio due to the XY Z turns out to be three times the
currently observed value, a good description of data, namely χ2/DOF = 28/19, would be obtained including a
color octet component with ΛQCD = 300 MeV and pF = 500 MeV. In this respect our results could be suggestive
of the existence of a number of not yet discovered exotic mesons: new outcomes may arrive from Belle and
LHCb.
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4

   B → K(500) X → K(500) J/ψ + light hadrons branching ratios are known:

   For heavy kaons K  we deduce the coupling B-K X from the B-K(500)X one:

�X (�, p)K(q)|B(P )� = g � · q

�X (�, p)K(η, q)|B(P )� = g� � · η

Spin 0 K

Spin 1 K

g� = Λ g

Λ some mass scale

We assume 
Λ = mK(J=1)

taking all X to be Spin 1 states.
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   We fit the sum of all the contributions to data using as a 
      free parameter the overall normalization of the color octet component.

Results (1)

   We simulate the decay B → K X → K  J/ψ + light hadrons taking into account the 
      partial decay wave.

Λ QCD =500 MeV 

ϒ(4S) rest frame
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   The best fit in the allowed region for the two parameters (ΛQCD , pF ) 
      is obtained choosing: ΛQCD = 500 MeV and  pF = 500 MeV .

Results (2)

Old: χ2=60/19
New: χ2=22/19ϒ(4S) rest frame
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   The best fit in the allowed region for the two parameters (ΛQCD , pF ) 
      is obtained choosing: ΛQCD = 500 MeV and  pF = 500 MeV .

Results (2)
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   If the branching ratio due to XYZ turns out to be larger than the one measured 
      (more XYZ states!) the best fit could be obtained with more reasonable   
      parameters for the color octet component.

Results (3)
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Hadronic Molecules

 Bound states of mesons or baryons. 

 We will focus on meson-meson molecules. Main features:

  short range interactions between mesons → L=0 states

 typical binding energy 50 MeV for light mesons resonances, 10 MeV for 

heavy mesons resonances (R∼1 fm and E=1/(2μR2))

 large branching fractions to final states containing the constituent mesons

 How do we model the interaction?

Short distance

π exchange

Long distance

gluon exchange

ExoticsOutline Spectrum Direct Searches INdirect Searches: B → J/ψ + All

πc c–
uu–



Tetraquark

  Tetraquark: 
a diquark-antidiquark bound state

  Diquark: bound state of two quarks  
⇒ not neutral in color, needs to be bound to an antidiquark

�
[qq

�
] ∈ 3C ⊗ 3C = 3̄C ⊕ 6C

[q̄q̄
�
] ∈ 3̄C ⊗ 3̄C = 3C ⊕ 6C

3C ⊗ 3̄C = 1C ⊕ 8C

  Tetraquarks can be classified with:
 S total spin of the diquark-antidiquark system S=S1⊕S2=(0,1)⊕(0,1) = 0,1,2
 L orbital excitation between the diquark and the antidiquark

J = L⊕ S, P = (−1)L, C = (−1)L+S

ExoticsOutline Spectrum Direct Searches INdirect Searches: B → J/ψ + All
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Diquarks

  Why a diquark should be bound? One Gluon Exchange:

ISR BaBar

e+e− → γV → γ
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�
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




A = 3c, B = 3c

A⊗B = 3̄c ⇒ Qc ∝ −2/3
A⊗B = 6c ⇒ Qc ∝ +1/3
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Hybrids

  One can obtain a color singlet combining q q g 
Ordinary Meson Hybrid meson
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  In a constituent gluons model the gluon has a fixed orbital angular momentum

with respect to the qq* pair. The hybrid state is characterized by lg lqq̄ sqq̄

  In a flux tube model instead one can describe the decay of an hybrid meson

lqq̄� = 1lg = 1
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Hadrocharmonium (1) Slides by Mikhail Voloshin - QWG 2010

https://indico.fnal.gov/getFile.py/access?contribId=51&sessionId=16&resId=0&materialId=slides&confId=3347
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c c–
π

π

https://indico.fnal.gov/getFile.py/access?contribId=51&sessionId=16&resId=0&materialId=slides&confId=3347
https://indico.fnal.gov/getFile.py/access?contribId=51&sessionId=16&resId=0&materialId=slides&confId=3347


Hadrocharmonium (2) Slides by Mikhail Voloshin - QWG 2010

https://indico.fnal.gov/getFile.py/access?contribId=51&sessionId=16&resId=0&materialId=slides&confId=3347
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   In e +e-  collisions at √s ∼ mϒ(4S) with 20.3 fb-1 they measure: 
      B → J/ψ + All, B → ψ(2S) + All, B → χc1,2 + All.

   J/ψ → e+e- , μ+μ-

      ψ(2S) → e+e- , μ+μ- and J/ψ π+π-

          χc1,2 → J/ψ γ

simulation, although it is varied to obtain a systematic error.
An estimated (7.3!0.8)% of reconstructed J/!→e"e#

candidates fall outside the mass range, which can be com-
pared to the value of 6.1% if the relative pdf weights are
fixed to the values predicted by simulation.
We perform similar fits to the off-resonance data with all

signal fit parameters fixed except for the number of mesons.
The result is scaled by the ratio of on- to off-peak luminosity
and subtracted to obtain the number of mesons attributable to
B decay, which appears in Table I as the net meson yield.
The fitting procedure is validated and systematic errors on

its results are obtained by comparing the generated number
of events with the fit number of events for many simulated
mass distributions convolved with a Gaussian distribution.
For the purposes of this test, we increase the statistics of the
simulated data by relaxing the particle identification and
track-quality requirements. We also test second and fourth-
order Chebychev polynomials for the background pdf. We
perform these tests for the "c1 , "c2 , and !(2S) mass distri-
butions as well.
We vary fit parameters that are fixed during the fit to

obtain an additional systematic contribution. In the case of
the J/! , we vary the bremsstrahlung-recovery error rate
from one-half to twice its nominal value. The systematic
errors on the fit yields are 0.7% for J/!→#"## and 4.1%
for J/!→e"e#.

C. Determination of the B\JÕ!X branching fraction

We calculate values for the B→J/!X branching fraction
using the e"e# and #"## final states separately, then com-
bine the two. The equation for the branching fraction is the
same for both cases $and for the other mesons studied%:

B$
N!

2•N&•'C•Bc
•CE , $4%

where

N! is the net number of mesons in the mass fit range after
continuum subtraction;
'C is the efficiency for a meson to satisfy the selection cri-
teria, including the requirement that the mass fall in the mass
fit range;

Bc is world average (15) for the relevant secondary charmo-
nium branching fraction. For the J/! , this is for J/!
→e"e# or J/!→#"##;
CE corrects for the difference in event selection efficiency
$Sec. IV% between generic BB̄ events and charmonium
events. It is equal to the efficiency for generic BB̄ events
divided by the efficiency for the relevant charmonium final
state.

Table I summarizes the meson yields and efficiencies. It
also presents the branching fraction product B•Bc , an ex-
perimental quantity that does not depend on the secondary
charmonium branching fractions. There is a 3.1% systematic
error common to both modes—and, in fact, to all final states
we study—due to acceptance $1.2%%, track quality selection
$2.4%%, uncertainty on CE $1.1%%, and number of &(4S)
$0.8%%.
The separate e"e# and #"## branching fraction mea-

surements are averaged to obtain the final result $Table II%.
Each measurement is weighted in the average by the inverse
of the square of the statistical error plus the square of the
systematic errors unique to that mode. The common system-
atic error is the largest component of the B(B→J/!X) un-
certainty.

VI. "c PRODUCTION

We reconstruct "c1 and "c2 mesons in the J/!* decay
mode. The J/! mesons must satisfy the criteria listed in Sec.
VA, with the additional requirement that the J/! candidate
mass m satisfy 3.05%m%3.12 GeV/c2 for e"e# decays and
3.07%m%3.12 GeV/c2 for #"##. An estimated (74.0

FIG. 3. "c1 and "c2 candidates reconstructed in the J/!* final
state. Mass difference between the J/!* and J/! candidates when
the J/! is reconstructed in the $a% e"e# and $b% #"## final states.

TABLE II. Summary of B branching fractions $percent% to char-
monium mesons with statistical and systematic uncertainties. The
direct branching fraction is also listed, where appropriate. The last
column contains the world average values (15).

Meson Value Stat Sys World Average

J/! 1.057 !0.012 !0.040 1.15!0.06
J/! direct 0.740 !0.023 !0.043 0.80!0.08
"c1 0.367 !0.035 !0.044 0.36!0.05
"c1 direct 0.341 !0.035 !0.042 0.33!0.05
"c2 0.210 !0.045 !0.031 0.07!0.04
"c2 direct 0.190 !0.045 !0.029 -
!(2S) 0.297 !0.020 !0.020 0.35!0.05

STUDY OF INCLUSIVE PRODUCTION OF CHARMONIUM . . . PHYSICAL REVIEW D 67, 032002 $2003%
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B (J/ψ → e+e-)=5.94%
    B (J/ψ → μ+μ-)=5.93%

B (ψ(2S) → e+e-)=0.765%
    B (ψ(2S) → μ+μ-)=0.760%
    B (ψ(2S) → J/ψπ+π-)=33.1%

B ( χc1 → J/ψ γ)=34.1%
    B ( χc2 → J/ψ γ)=19.4%
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with the p* requirement tightened to p*!1.6 GeV/c . Figure
4 shows the resulting candidate mass distribution. A fit to
extract the number of mesons in each plot is performed as for
the J/! , but with the resolution and bremsstrahlung param-
eters fixed to the values found in the higher-statistics J/!
channels. These parameters are varied according to their un-
certainties as one contribution to the systematic error on the
fit; the remaining contributions are determined as for the
J/! .
These data are used to calculate the branching fraction

product B„B→!(2S)X…•B„!(2S)→!"!#…, and are later
used in the determination of the p* distribution of !(2S)
mesons produced in B decay. However, the extraction of the
B→!(2S)X branching fraction requires the use of !(2S)
→e"e# and !(2S)→"""# branching fractions. Since this
same data set has previously been used to measure these
branching fractions #18$, we do not use !(2S)→!"!#

events to find B„B→!(2S)X….
Instead, we use !(2S)→J/!%"%# for this purpose. The

reconstruction of a !(2S) candidate in this final state starts
with a J/! candidate satisfying the tighter mass constraints
used in &cJ reconstruction. All charged particles, including
those failing the ‘‘good-track’’ criteria, are assumed to be
pion candidates. The pion pair is required to be oppositely
charged and to have a mass, calculated by four-vector addi-
tion, in the range 0.45 to 0.60 GeV/c2. The mass distribution
from simulation is compared to the measured #19$ distribu-
tion to obtain a systematic error of 0.5% on reconstruction
efficiency. Finally, the p* of the !(2S) candidate is required
to be less than 1.6 GeV/c .
Figure 5 displays the mass difference between the !(2S)

and the J/! candidates separately for J/!→e"e# and J/!
→"""#. As for the other final states, the distributions are
fit to obtain the number of mesons. The resolution smearing
parameters are not required to be the same for the two
plots, but are consistent: 1.5$0.8 MeV/c2 (e"e#) and
1.8$0.5 MeV/c2 ("""#). The secondary branching
fractions in Eq. '4( are in this case Bc%B„!(2S)
→J/!%"%#…•B(J/!→!"!#).

VIII. DIRECT BRANCHING FRACTIONS

To obtain the branching fraction for J/! mesons produced
directly in the decay of B mesons, we subtract the feeddown
contributions to the inclusive branching fraction due to
the decay of &c1 , &c2 , and !(2S) mesons. For the &c1 and

FIG. 6. B→J/!X branching fraction as a function of p*.

FIG. 7. Branching fraction as a function of p* for 'a( B
→&c1X and 'b( B→&c2X . The distribution includes a small feed-
down component from the !(2S) 'solid curve(.

FIG. 8. B→!(2S)X branching fraction as a function of p*.

FIG. 9. Contributions to the B→J/!X branching fraction as a
function of p* due to feed-down from 'a( &c1 , 'b( &c2 and 'c(
!(2S) mesons.

STUDY OF INCLUSIVE PRODUCTION OF CHARMONIUM . . . PHYSICAL REVIEW D 67, 032002 '2003(

032002-11
with the p* requirement tightened to p*!1.6 GeV/c . Figure
4 shows the resulting candidate mass distribution. A fit to
extract the number of mesons in each plot is performed as for
the J/! , but with the resolution and bremsstrahlung param-
eters fixed to the values found in the higher-statistics J/!
channels. These parameters are varied according to their un-
certainties as one contribution to the systematic error on the
fit; the remaining contributions are determined as for the
J/! .
These data are used to calculate the branching fraction

product B„B→!(2S)X…•B„!(2S)→!"!#…, and are later
used in the determination of the p* distribution of !(2S)
mesons produced in B decay. However, the extraction of the
B→!(2S)X branching fraction requires the use of !(2S)
→e"e# and !(2S)→"""# branching fractions. Since this
same data set has previously been used to measure these
branching fractions #18$, we do not use !(2S)→!"!#

events to find B„B→!(2S)X….
Instead, we use !(2S)→J/!%"%# for this purpose. The

reconstruction of a !(2S) candidate in this final state starts
with a J/! candidate satisfying the tighter mass constraints
used in &cJ reconstruction. All charged particles, including
those failing the ‘‘good-track’’ criteria, are assumed to be
pion candidates. The pion pair is required to be oppositely
charged and to have a mass, calculated by four-vector addi-
tion, in the range 0.45 to 0.60 GeV/c2. The mass distribution
from simulation is compared to the measured #19$ distribu-
tion to obtain a systematic error of 0.5% on reconstruction
efficiency. Finally, the p* of the !(2S) candidate is required
to be less than 1.6 GeV/c .
Figure 5 displays the mass difference between the !(2S)

and the J/! candidates separately for J/!→e"e# and J/!
→"""#. As for the other final states, the distributions are
fit to obtain the number of mesons. The resolution smearing
parameters are not required to be the same for the two
plots, but are consistent: 1.5$0.8 MeV/c2 (e"e#) and
1.8$0.5 MeV/c2 ("""#). The secondary branching
fractions in Eq. '4( are in this case Bc%B„!(2S)
→J/!%"%#…•B(J/!→!"!#).

VIII. DIRECT BRANCHING FRACTIONS

To obtain the branching fraction for J/! mesons produced
directly in the decay of B mesons, we subtract the feeddown
contributions to the inclusive branching fraction due to
the decay of &c1 , &c2 , and !(2S) mesons. For the &c1 and

FIG. 6. B→J/!X branching fraction as a function of p*.

FIG. 7. Branching fraction as a function of p* for 'a( B
→&c1X and 'b( B→&c2X . The distribution includes a small feed-
down component from the !(2S) 'solid curve(.

FIG. 8. B→!(2S)X branching fraction as a function of p*.

FIG. 9. Contributions to the B→J/!X branching fraction as a
function of p* due to feed-down from 'a( &c1 , 'b( &c2 and 'c(
!(2S) mesons.
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-

Total contribution Feed-down contribution

!c2 , the feeddown branching fraction is B(B
→!cJX)•B(!cJ→J/"#), while for the "(2S), it is B„B
→"(2S)X…•B„"(2S)→J/"X….
Similarly, the feeddown from the "(2S) to the !c1 and

!c2 is B„B→"(2S)X…•B„"(2S)→!cJ#….
Note that a number of uncertainties are common to both

the inclusive and feeddown components, including track
quality and particle identification criteria, B(!c1→J/"#),
and B(!c2→J/"#). We use world average values $15% for
the "(2S) branching fractions. The resulting direct branch-
ing fractions are summarized in Table II.

IX. p* DISTRIBUTIONS

The momentum distributions of charmonium mesons pro-
vide an insight into their production mechanisms. Since we
do not fully reconstruct the B meson, we cannot determine
the meson momentum in the B rest frame and instead use
p*, the value in the &(4S) center-of-mass frame. The dif-
ference, due to the motion of the B in the center-of-mass
frame, has an rms spread of 0.12 GeV/c .

A. Inclusive p* distributions

To measure the p* distributions of J/" , !c1 , !c2 , and
"(2S) mesons produced in B decays, we create mass or
mass-difference histograms of on-resonance candidates with
p* in the desired range. The e!e" and '!'" final states are
again treated separately. The distributions are then fit, with
all signal pdf parameters (other than the number of mesons)
fixed to the values obtained from the earlier fits. The fits are
performed for 100 MeV/c wide p* ranges, and in each case
the sum of the yields differs from the original fit by fewer
than ten events.
In the case of the J/" , we perform similar fits on the

off-resonance data and perform a continuum subtraction for
each p* bin. Since there are no statistically significant off-
resonance !c1 , !c2 , or "(2S) signals, we do not perform a
continuum subtraction in these cases.
The yield in each bin is corrected by the reconstruction

efficiency obtained from simulated data, which decreases by
approximately 10% between 0 and 2 GeV/c . The yield is
then multiplied by an overall normalization factor for that

particular final state and mode, which adjusts the sum of all
bins to the earlier branching fraction measurement. We then
perform a weighted average of the two distributions for the
J/" , !c1 , or !c2 , or the four distributions for the "(2S), to
obtain the distributions shown in Figs. 6–8. For this purpose,
we use the "(2S)→e!e" and "(2S)→'!'" branching
fractions from Ref. $18%. In all cases, the distributions that
are combined are consistent within statistical errors.

B. Direct p* distributions

The J/" p* distribution (Fig. 6) includes components due
to mesons from the decays !c1→J/"# , !c2→J/"# , and
"(2S)→J/"X . To measure these distributions, we repeat the
analysis with the data binned by the p* of the J/" daughter.
The resulting J/" feeddown distributions are presented in
Fig. 9.
Note that we are using only the J/"*!*" decay mode to

obtain the J/" distribution from "(2S) decay. In fact, 10.5%
of "(2S)→J/"X decays are modes other than J/"** . If
we instead use the simulated J/" distribution for this 10.5%,
Fig. 9c changes by no more than a small fraction of the
statistical error bar in any bin.
Subtracting these three components from the inclusive

J/" distribution in Fig. 6 leaves the contribution due to the
J/" mesons produced directly in B decay (Fig. 10).
The superimposed histogram is a calculation of the ex-

pected distribution, which includes color octet and color sin-
glet components. We use a recent NRQCD calculation $20%
for the color octet component. The authors attribute the sin-
glet component to J/"K (*) production, which we obtain
from simulation. The two are normalized to obtain the best
fit to our data. Possible sources of the apparent excess at low
momentum are an intrinsic charm component of the B $21%,
the production, together with the J/" , of baryons $22%, or an
sd̄g hybrid $23%.
The small feeddown contribution to !c1 and !c2 from

"(2S) decay is calculated by simulation and is shown
in Fig. 7.

X. JÕ! HELICITY

The helicity +H of a J/"→!!!" candidate is the angle,
measured in the J/" rest frame, between the positively

FIG. 10. p* of J/" mesons produced directly in B decays
(points). The histogram is the sum of the color-octet component
from a recent NRQCD calculation $20% (dashed line) and the color-
singlet J/"K(*) component from simulation (dotted line).

FIG. 11. Helicity of J/" mesons produced in B decay with p*
#1.1 GeV/c (dots) and p*$1.1 GeV/c (open squares).
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B → J/ψ + K

   535 x10 6 BB* events (492 fb-1) from e+e- collisions at √s ∼ mϒ(4S)

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

:: Belle, Phys. Rev. D83,032005 ::

   ΔE = E*(B)-Ebeam  and Mbc = √(E2beam-P*2(B))
      Signal region:  -3σΔE < ΔE - μΔE < 3σΔE

      Sideband region:    -0.13 GeV < ΔE - μΔE < -0.05 GeV 
                              & +0.05 GeV < ΔE - μΔE < +0.13 GeV

  B (B → J/ψ K+π+π-) = (7.16±0.10±0.60) x 10 -4

     B (B → ψ(2S) K+π+π-) = (4.31±0.20±0.50) x 10 -4

  The PDF is p(x,a), with x=M2(Kππ),M2(Kπ),M2(ππ) and a=fit parameters 

Signal Function

Background modelled 
from sideband region

Phase Space

Detecttor Efficiency
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B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

:: Belle, Phys. Rev. D83,032005 ::

  The  K+π+π-  final state is modelled as a non resonant signal 
     plus a superposition of initial state resonances R1. 

      The latter are assumed to decay through intermediate state resonances R2

Signal

R1 → a R2   and  R2 → bc

complex coefficients

  Since the components of the signal function are not individually normalized,
     a decay fraction is calculated as



B → J/ψ + K

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

:: Burns, Piccinini, Polosa, Prosperi, Sabelli, arXiv:1104.1781::

  Belle measures

     where the intermediate resonant states are

  To extract two body branching ratios one needs to take into account 
      isospin multiplicity

     where the isospin factors are

so that



B → J/ψ + K

Kj mKj (GeV) ΓKj (GeV) B(B+ → KjJ/ψ)× 105

K 0.494 – 95.0± 3.6

K∗ 0.892 0.050 137.0± 7.8

K1(1270) 1.270 0.090 144.0± 29.3

K1(1400) 1.403 0.174 25.1± 5.7

K∗(1410) 1.414 0.232 > 5.1± 2.4 and < 11.8± 5.7

K∗
2 (1430) 1.430 0.100 40.2± 24.0

K2(1600) 1.605 0.115 > 8.4± 2.9

K2(1770) 1.773 0.186 > 4.4± 1.5

K2(1980) 1.973 0.373 > 15.2± 2.5

TABLE I: Branching ratios for the decays B → KjJ/ψ extracted from Belle [13].

We do the same for the exotic XY Z states. Even if almost all of these mesons decay into final states containing

a charmonium state together with light hadrons, they cannot be easily interpreted as standard charmonia and

thus are referred to as exotics [15]. Some of them have been observed in B decays produced together with the

pseudoscalar kaon K. The relative branching ratios are reported in Table II. In addition to these decays one can

Xj mXj (GeV) ΓXj (GeV) Final State B(B → KXj → KJ/ψ + light hadrons)× 105

X(3872) 3.872 0.003
J/ψ ρ→ J/ψ π+π− 0.72± 0.22 [16]

J/ψ ω 0.6± 0.3 [17]

Y (3940) 3.940 0.087 J/ψ ω 3.70± 1.14 [18]

Y (4140) 4.140 0.012 J/ψ φ 0.9± 0.4 [19]

Y (4260) 4.260 0.095 J/ψ f0 → J/ψ π+π− 2.00± 0.73 [18]

TABLE II: Measured branching ratios for the decay B → KXj . Where data is available for both neutral and charged B
we take the average.

suppose that XY Z are produced with heavier kaons, when allowed by kinematics. Assuming that all the exotic

particles X are spin 1 states (most of them do not yet have definitive quantum numbers) the transition matrix

elements are given by �X (�, p)K(q)|B(P )� = g � · q for a spin 0 kaon and by �X (�, p)K(η, q)|B(P )� = g� � · η for

a spin 1 kaon3. From a dimensional analysis [g] = M0 and [g�] = M . Since we only have data on the branching

ratios B(B → KX ) we need some hypothesis on the relationship between g and g�. We suppose that g� = Λ g,

with Λ some mass scale. Using B(B → KX(3872)) reported in Table II and the upper limit [20]

B(B → K∗X(3872))× B(X(3872) → J/ψ π+π−) < 0.34× 10
−5

(5)

we obtain Λ >∼ 550 MeV. We thus decide to extract g from the known branching ratios reported in Table II and

fix g� = mK(J=1)g, where mK(J = 1) is the mass of a generic spin 1 kaon. The green-dashed line in Fig. 2 shows

the sum of all XY Z contributions along with all kaons allowed by kinematics.

The color octet component . We reanalyzed the Beneke et al. [4] calculation to refit the color octet curve

contribution to the J/ψ spectrum. Their computation, based on the NRQCD factorization approach, assumes

that the production of the cc̄ pair in a color octet state, which has approximately the same probability as in

color singlet, has a large kinematic effect on the momentum spectrum, due to the energy distribution of the soft

gluons emitted by the (cc̄)8 fragmentation into J/ψ.

The (cc̄)8 pair can be produced, at order v4 in the non relativistic expansion, in three different L − S con-

figurations: 11S0, 13PJ and 13S1. One can associate with each of these configurations a non-perturbative shape

function for the energy and an invariant mass distribution of the radiated system (with a characteristic energy

scale of mcv2 ≈ ΛQCD). The normalizations of the shape functions are related to the conventional NRQCD

matrix elements �OJ/ψ
n �, which describe the hadronization into a J/ψ from a cc̄ pair in an angular momentum

and color state n. The �OJ/ψ
n � can be determined by fits to J/ψ production in a variety of processes. Nev-

ertheless, enforcing these normalization conditions underestimates data, because the phenomenological values

3 We cannot consider here the decay B → KX with a spin 2 kaon, since we do not have any experimental data to compare with.
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   Interference effects among different heavy kaons K j have been neglected, 
      so that one needs to rescale the two body branching ratios by some factor.

Btot = (71.6± 1± 6)× 10−5

:: Burns, Piccinini, Polosa, Prosperi, Sabelli, arXiv:1104.1781::

B(B+ → KjJ/ψ → RiJ/ψ → J/ψ K+π+π−) = Btotf̃
j
i

f̃ j
i = C ×

�
1− Γj

mj

�
f j

i

*

* http://hfag.phys.ntu.edu.tw/b2charm/index.html

*

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

http://hfag.phys.ntu.edu.tw/b2charm/index.html
http://hfag.phys.ntu.edu.tw/b2charm/index.html
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B → K X → K  J/ψ + light hadrons

Kj mKj (GeV) ΓKj (GeV) B(B+ → KjJ/ψ)× 105

K 0.494 – 95.0± 3.6

K∗ 0.892 0.050 137.0± 7.8

K1(1270) 1.270 0.090 144.0± 29.3

K1(1400) 1.403 0.174 25.1± 5.7

K∗(1410) 1.414 0.232 > 5.1± 2.4 and < 11.8± 5.7

K∗
2 (1430) 1.430 0.100 40.2± 24.0

K2(1600) 1.605 0.115 > 8.4± 2.9

K2(1770) 1.773 0.186 > 4.4± 1.5

K2(1980) 1.973 0.373 > 15.2± 2.5

TABLE I: Branching ratios for the decays B → KjJ/ψ extracted from Belle [13].

The branching ratios in Table I are used to perform a Monte Carlo simulation of the decay chain, weight-

ing vertices with the appropriate powers of momenta required by the decay partial wave 2. The sum of all

contributions is shown by the red-solid curve of Fig. 2.

We do the same for the exotic XY Z states. Even if almost all of these mesons decay into final states containing

a charmonium state together with light hadrons, they cannot be easily interpreted as standard charmonia and

thus are referred to as exotics [15]. Some of them have been observed in B decays produced together with the

pseudoscalar kaon K. The relative branching ratios are reported in Table II. In addition to these decays one can

Xj mXj (GeV) ΓXj (GeV) Final State B(B → KXj → KJ/ψ + light hadrons)× 105

X(3872) 3.872 0.003
J/ψ ρ→ J/ψ π+π− 0.72± 0.22 [A]

J/ψ ω 0.6± 0.3 [B]

Y (3940) 3.940 0.087 J/ψ ω 3.70± 1.14 [C]

Y (4140) 4.140 0.012 J/ψ φ 0.9± 0.4 [D]

Y (4260) 4.260 0.095 J/ψ f0 → J/ψ π+π− 2.00± 0.73 [C]

TABLE II: Measured branching ratios for the decay B → KXj . Where data is available for both neutral and charged B
we take the average.

suppose that XY Z are produced with heavier kaons, when allowed by kinematics. Assuming that all the exotic

particles X are spin 1 states (most of them do not yet have definitive quantum numbers) the transition matrix

elements are given by �X (�, p)K(q)|B(P )� = g � · q for a spin 0 kaon and by �X (�, p)K(η, q)|B(P )� = g� � · η for

a spin 1 kaon3. From a dimensional analysis [g] = M0 and [g�] = M . Since we only have data on the branching

ratios B(B → KX ) we need some hypothesis on the relationship between g and g�. We suppose that g� = Λ g,

with Λ some mass scale. Using B(B → KX(3872)) reported in Table II and the upper limit [20]

B(B → K∗X(3872))× B(X(3872) → J/ψ π+π−) < 0.34× 10
−5

(6)

we obtain Λ >∼ 550 MeV. We thus decide to extract g from the known branching ratios reported in Table II and

fix g� = mK(J=1)g, where mK(J = 1) is the mass of a generic spin 1 kaon. The green-dashed line in Fig. 2 shows

the sum of all XY Z contributions along with all kaons allowed by kinematics.

The color octet component . We reanalyzed the Beneke et al. [4] calculation to refit the color octet curve

contribution to the J/ψ spectrum. Their computation, based on the NRQCD factorization approach, assumes

that the production of the cc̄ pair in a color octet state, which has approximately the same probability as in

color singlet, has a large kinematic effect on the momentum spectrum, due to the energy distribution of the soft

gluons emitted by the (cc̄)8 fragmentation into J/ψ.

The (cc̄)8 pair can be produced, at order v4 in the non relativistic expansion, in three different L − S con-

figurations: 11S0, 13PJ and 13S1. One can associate with each of these configurations a non-perturbative shape

2 Since the heaviest kaons are spin 2 states the decay occurs in P-wave and thus events are naturally pushed towards higher values
of pψ in the allowed kinematic region.

3 We cannot consider here the decay B → KX with a spin 2 kaon, since we do not have any experimental data to compare with.

3
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function for the energy and an invariant mass distribution of the radiated system (with a characteristic energy
scale of mcv2 ≈ ΛQCD). The normalizations of the shape functions are related to the conventional NRQCD
matrix elements �OJ/ψ

n �, which describe the hadronization into a J/ψ from a cc̄ pair in an angular momentum
and color state n. The �OJ/ψ

n � can be determined by fits to J/ψ production in a variety of processes. Nev-
ertheless, enforcing these normalization conditions underestimates data, because the phenomenological values
of the matrix elements are computed from integrated quantities in leading order calculations, while the shape
functions contain higher order corrections in the velocity expansion. To overcome this difficulty one chooses
to fix the absolute normalization by adjusting the sum of all contributions to data. The Fermi motion of the
b quark inside the B meson is taken into account using the ACCMM model [21]. The tunable parameters are
essentially ΛQCD and the Fermi momentum pF .

In this approach the color octet channel leads to non-resonant multi-body final states since the probability
that the emitted soft gluons reassemble with the spectators (light quarks and gluons inside the B) to form a
single hadron is assumed to be very small (factorization hypothesis). The two-body modes are due to the color
singlet channel and must be considered separately.

In [4] the comparison is made with data where the two-body modes with K and K∗ are subtracted. The
agreement with the experimental spectrum, having fixed ΛQCD = 300 MeV and pF = 300 MeV, is shown in
Fig. 1, red-dashed curve.

An observation is in order: possible interference effects between the octet final states, which at least contain
two pions in addition to KJ/ψ, and the multi-body final states originated from the exclusive modes with heavier
kaons decaying to K+ pions and XY Z resonances can be safely neglected as ΓKj /mKj < 0.2 and ΓXj /mXj << 1.
This would be a stronger assumption for hypothetical new broad resonances.

Results and outlook . The black-solid curve in Fig. 1 is obtained as a sum of the standard two-body
contributions from kaons (red-solid curve in Fig. 2) with the XY Z contributions (green-dashed) plus one of the
color octet components (purple-dotted). The latter are three curves obtained with ΛQCD = 300, 500, 800 MeV
(and pF = 300 MeV) from right to left respectively. To best fit data in Fig. 1 we choose the octet component
with ΛQCD = 500 MeV and also need to push pF up to pF = 500 MeV. The values chosen for ΛQCD and pF

are critically on the high sides of the allowed ranges which are supposed to be ΛQCD ∈ [200, 450] MeV [22] and
pF ∈ [300, 450] MeV. Yet the black-solid curve in Fig. 1 represents a considerable improvement with respect
to the old one (red-dashed). Relying on the validity of the NRQCD approach, our results seem to indicate
that the addition of new resonances of the XY Z kind feeding the low pψ region would effectively improve the
agreement with data. Indeed if the total branching ratio due to the XY Z turns out to be three times the
currently observed value, a good description of data, namely χ2/DOF = 28/19, would be obtained including a
color octet component with ΛQCD = 300 MeV and pF = 500 MeV. In this respect our results could be suggestive
of the existence of a number of not yet discovered exotic mesons: new outcomes may arrive from Belle and
LHCb.
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   B → K(500) X → K(500) J/ψ + light hadrons branching ratios are known:

   For heavy kaons K  we deduce the coupling B-K X from the B-K(500)X one:

�X (�, p)K(q)|B(P )� = g � · q

�X (�, p)K(η, q)|B(P )� = g� � · η

Spin 0 K

Spin 1 K

g� = Λ g

Λ some mass scale

B(B → K∗X(3872))× B(X(3872)→ J/ψ π+π−) < 0.34× 10−5From
we deduce Λ > 600 MeV ≈ mK* and thus we assume Λ = mK1, 
taking all X to be Spin 1 states.



Color Octet Contribution :: Beneke, Schuler, Wolf, Phys.Rev. D62 (2000) 034004 ::

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

   The short-distance structure of the ΔB=1 weak effective Hamiltonian 
       favors the production of color octet cc* pairs in the b→cc*q  transition

   At leading order in the non-relativistic expansion the cc* pair has to be 
      produced in a color singlet 3S1  state.

   At relative order v4≈1/15 in the non-relativistic expansion, J/ψ can also 
      be produced through cc*  in 1S0(8), 3PJ (8), 3S1(8)  color octet states



Factorization :: Beneke, Schuler, Wolf, Phys.Rev. D62 (2000) 034004 ::

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

  The hard and soft part of the process can be factorized

  The distribution can be 
     written as an integral over 
     the energy and invariant mass
     of the soft radiated system:

shape functionhard process cross section



Shape Function :: Beneke, Schuler, Wolf, Phys.Rev. D62 (2000) 034004 ::

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ

  The color octet configurations which contribute to B→J/ψ + All are

  The shape function is related to the NRQCD matrix elements as

  An ansatz for the shape function is 

     which is exact in the Coulombic limit. The exponential cutoff reflects the 
     expectations that the typical energy and invariant mass of the radiated system is of 
     order Λn ≈mc v2



  The decay distribution in the rest frame of the cc* pair is  

      where 

  To normalize the shape function one uses

Shape Function :: Beneke, Schuler, Wolf, Phys.Rev. D62 (2000) 034004 ::

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ



  The b quark is moving inside the B meson at rest with a momentum p according    
     to some distribution with a width of few hundred MeV. The cloud of gluons and 
     light quarks is treated as spectator.

  One needs thus to consider a floating b-mass

  To obtain the distribution in the B rest frame

Fermi Motion :: Beneke, Schuler, Wolf, Phys.Rev. D62 (2000) 034004 ::

B → J/ψ + AllExoticsOutline Spectrum ResultsTwo Body Multi Body XYZ


