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Introduction Exotic hadrons

Exotic hadrons

Are hadrons all mesons and baryons? - No!

QCD : real particles are color singlet
Mesons are color-
anticolor pairs

Baryons are red-blue-
green triplets

Adapted from S. Olsen’s talk

Other possible combinations of quarks and gluons  :
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27

Remained puzzle..
How can we put the puzzle together? - gather more pieces!

Adapted from S. Olsen’s talk
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Introduction Exotic hadrons

X(3872)

cc̄ or cc̄uū?

discovered in 2003 at Belle by
B→ K(J/ψπ+π−) mode
(S.-K. Choi, S.Olsen et al. Belle PRL 91,
262001)

confirmed by many other experiments

CDF D0 BaBar
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Introduction Exotic hadrons

X(3872) - Con’t

Is the X(3872) the conventional ψc2?
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Introduction Exotic hadrons

X(3872) - Con’t

Is the X(3872) the conventional ψc2? 

c-2/3 C+2/3 
L=2 

c-2/3 C+2/3 
L=1 

c-2/3 C+2/3 

L=0 

S-wave P-wave D-wave 

ψc2 

χc1 

J/ψ 

γ 

allowed E1 
transition 

charmonium model prediction 

JP=1- JP=1+ JP=2- 

Adapted from T. Browder’s talk
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Introduction Exotic hadrons

X(3872) - Con’t

Does the X(3872)γχc1? 

BKψ’ 
          γχc2 

BKX3872 
          γχc1? 

No X(3872) signal is seen 

V. Bhardwaj et al. (Belle)  
PRL 111, 032001 (2013)  

(The extra peak at 3823 
is the conventional triplet 
D-wave charmonium 
state) 

Adapted from T. Browder’s talk
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Introduction Exotic hadrons

X(3872) - Con’t

LHCb multi-dimensional angular 
analysis conclusively rules out the 
spin 2 assignment and closes the 
door for conventional charmonium.  
[Phys. Rev. Lett. 110, 222001 (2013)] 

LHCb data favor the 1++ over the 2-+ hypothesis  
for the X(3872) at 8.4σ 

Adapted from T. Browder’s talk
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Introduction Exotic hadrons

X(3872) - Con’t

Is the X(3872) the convenstional ψc2?
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Introduction Exotic hadrons

Zb(10610)± & Zb(10650)±

“ϒϒϒϒ(5S)” more interesting than other ϒϒϒϒ states 
Anomalous large production of ϒ(nS) π+π- was observed at the ϒ(5S) by Belle with 21 fb-1.

Belle,PRL100,112001(2008)
Г(MeV)

x 10-2

ϒϒϒϒ(5S)hadrons

ϒϒϒϒ(5S)π+π-ϒϒϒϒ

M = (10889.6±1.8±1.5) MeV
Г   = 54.7 ±2.5.. MeV

Belle PRD82,091106R(2010)

~2σ discrepancies in the peak mass and width

M = (10865±8) MeV
Г   = (110±13)   MeV

Nature of ϒ(5S) is puzzling
Exotic resonance Yb near ϒ(5S) analogue of Y(4260) resonance !

5
Belle found twin charged states Zb(10610)+ and Zb(10650)+ having masses just 
above B*BO and B*BO* thresholds. Belle, PRL108, 122001 (2012)

Adapted from V. Bhardwaj’s talk
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Introduction Exotic hadrons

Zb(10610)± & Zb(10650)±

Nature of Zb
+

M=10607.2±±±±2.0 MeV
ΓΓΓΓ=18.4±±±±2.4 MeV

M=10652.2±±±±1.5 MeV
ΓΓΓΓ=11.5±±±±2.2 MeV

Zb(10610) Zb(10650)

PDG:       MBC + MB* = 10604.8±±±±0.4 MeV PDG:       MBC* + MB* = 10650.4±±±±0.8MeV

d
bC

b
ū

ū

B-

ū

B*-

Molecular picture

d
bC

b
ūTetraquark picture

MZb(106010) –(MB+MB*) = + 2.4 ± 2.0MeV MZb(106050) –2MB* = + 1.8± 1.7 MeV

Slightly unbound threshold resonances?

Bondar et al. arXiv:1105.4473
Sun et al. PRD 84, 054002 (2011)
Zhang et al. PLB 704,312 (2011)
Ohkoda et al. PRD 86, 014004 (2012), …

Karliner arXiv:0802.0649
Ali  et al.PRD 85, 054011 (2012), ...

Coupled channel resonance : Dankiklin et al. PRD 85,034012 (2012)

Cusp: Bugg, Europhys. Lett.96,11002 (2011)
+ others …

If Zb
+ is B*BO(*) molecule, it should decay into B*BO(*)

Personal : Sorry, if I didn’t cite your paper
8

I.S.P.E
PRD84,094003(2011)

Adapted from V. Bhardwaj’s talk
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Introduction Exotic hadrons

Zb(10610)± & Zb(10650)±

ϒ(5S) B*BO(*)π

Masses of Zb(10610)+ and Zb(10650)+ close to BBO* and B*BO* threshold

2-body ϒϒϒϒ(5S) decays

BB

BB*

B*B*

Data B 
side band

3 body ϒ(5S)B(*)B(*)π decays and rad. return  

to ϒ(4S): P(B) < 0.9 GeV/c

One B is fully reconstructed

B+J/ΨK+, B+DO0(K+π-)π+, B+DO0(K+π-π+π-)π+ , 

B0J/ΨK*0(K+π-),  B+D-(K+π+π-)π+,  B0D*-(D̄0[K+π-]π-

)π+, B0D*-(D̄0[K+π-π+π-]π-)π+ and B0D*-(DO0[K+π-π0]π-)π+

Select events  by using cut 

in M(B) and p(B)

B(*)

BC*
ϒ(5S)π-

B is combined with 

π and recoil mass 

to (Bπ) combination 

is calculated

rM(Bπ)=

B*B*π

BB*π

N(BB*π)  = 184 ± 19 
N(B*B*π) = 82 ± 11

9.3σ

5.7σ

Right sign Bπ combination
Wrong sign Bπ combination

Look at recoil mass of (π) to see if there is Zb peak.

preliminary121 fb-1

Belle, arXiv:1209.6450

9

Adapted from V. Bhardwaj’s talk

Oksu Seon (Nagoya Univ) Search for double charm production and Tcc at Belle @ SYJW January 16, 2014 12 / 41



Introduction Exotic hadrons

T+
cc(ccūd̄)

Tcc(1+)

Clearly not a meson, must
contains 4 quarks! Which configuration?

expected to be a bound state: B.E. ≈ 71MeV [1]

Hint = CH

∑
i<j

si · sj
1

mimj
, CH = v0

~λi · ~λj 〈δ(rij)〉

3

0(1+)&

0(1+)&
D*D*&

DD*&

3(1S0)&

6(3S1)&

ud&cc&

3(3S1)&

6(1S0)&Tcc&[6,1S0]&

Tcc&[3,3S1]&
g.s.&

71&MeV&

54&MeV&

125&MeV&

FIG. 1. Masses of Tcc[3̄, 3S1] and Tcc[6, 1S0] (solid lines) from
the diquark model. The DD⇤ and D⇤D⇤ thresholds are indi-
cated by the dotted lines. The color and spin configurations
of quarks are also shown.

Tcc[6, 1S0] may decay to D and D⇤ mesons via strong
interaction in s-wave fall-apart process. However, the
decay to DD⇤ requires the color recombination from the
color sextet cc and antisextet ūd̄ diquarks to color sin-
glet cū and cd̄ mesons, and the size of cc in Tcc[6, 1S0]
is compact because of the heavy reduced mass. These
qualitative arguments suggest that Tcc[6, 1S0] can be a
narrow state.

Now let us consider the production of Tcc in inclusive
processes e+e� ! Tcc+X. We use the framework of non-
relativistic QCD (NRQCD) [41, 42] which is an e↵ective
field theory based on the expansion in terms of the heavy
quark velocity v. The production cross section is factor-
ized into the short-distance perturbative amplitude and
the nonperturbative matrix element of the NRQCD oper-
ators. The framework has been applied to double-charm
productions with charmonia in the final states [43–46].

Here we assume that the factorization is also valid for
Tcc, following the strategy of Refs. [47, 48] where the
production of the doubly-charmed baryon ⌅cc is studied
in NRQCD. The cross section is then decomposed as

d�↵(e+e� ! Tcc[↵] + X)

=
X

k

d�̂(e+e� ! [cc]k↵ + c̄ + c̄)hOk(Tcc[↵])i,

where d�̂ represents the short-distance part of the process
e+e� ! [cc]k↵ + c̄ + c̄ with the cc pair being projected
onto the definite color-spin state labeled by ↵ = [3̄, 3S1]
or [6, 1S0] for Tcc[3̄, 3S1] or Tcc[6, 1S0], respectively, and
k specifies NRQCD operators which are sorted out by
velocity expansion. Feynman diagrams for the leading
order in perturbative QCD contributions to d�̂ are shown
in Fig. 2. The matrix element hOk(Tcc[↵])i represents
the long-distance nonperturbative process of the cc pair
into Tcc. In the leading order of NRQCD, the matrix
element for each channel is given by a single constant as

hOk(Tcc[↵])i
���
k=LO

=

(
h[3̄,3S1] for ↵ = [3̄, 3S1]

h[6,1S0] for ↵ = [6, 1S0]
.

FIG. 2. Feynman diagrams for the leading order contribu-
tions to the perturbative d�̂(e+e� ! [cc]k↵ + c̄ + c̄) process.

As we have discussed, since the di↵erent color-spin states
do not mix with each other in the heavy quark limit, we
calculate their productions separately.4 In fact, the color
6 (3̄) cc component in Tcc[3̄, 1S0] (Tcc[6, 1S0] ) is included
in higher order in NRQCD expansion.

To evaluate d�̂, we assign kinematic variables as
e+(p1)e

�(p2) ! [cc]k↵(p) + c̄(p3) + c̄(p4). We work in
the center-of-mass frame of the e+e� collisions with the
z axis in the beam direction. Defining the x axis so that
the three-momentum of the produced Tcc lies in the xz
plane, we write the four-momentum of Tcc as

pµ =(Ep, p sin⇥, 0, p cos⇥),

where Ep =
p

4m2
c + p2, p = |p| is the magnitude of the

three-momentum of Tcc and ⇥ is the angle of p from the
z axis. The momenta of c̄ are specified by p3 = �p/2+q
and p4 = �p/2� q, and q is expressed in the cylindrical
polar coordinates as q = (q̃ sin ✓, qy, q̃ cos ✓).

The final expression of the di↵erential cross section is

d�↵
dp d cos⇥

=
1

(2⇡)4
p2

16mcsEp

Z 2⇡

0

d✓

Z q̃max

0

dq̃
q̃|M↵|2h↵

qy(E3 + E4)
,

qy =

p
A � Bq̃2 + Cq̃2 cos2 ✓0

2(
p

s � Ep)
,

q̃max =

r
A

B � C cos2 ✓0
,

4 The final state interaction of Tcc[6, 1S0] with other hadrons may
a↵ect on the production of Tcc[3̄, 3S1] and vice versa. However,
such a quantitative analysis is not covered in the present study
and is left for future works.
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FIG. 1. Masses of Tcc[3̄, 3S1] and Tcc[6, 1S0] (solid lines) from
the diquark model. The DD⇤ and D⇤D⇤ thresholds are indi-
cated by the dotted lines. The color and spin configurations
of quarks are also shown.

Tcc[6, 1S0] may decay to D and D⇤ mesons via strong
interaction in s-wave fall-apart process. However, the
decay to DD⇤ requires the color recombination from the
color sextet cc and antisextet ūd̄ diquarks to color sin-
glet cū and cd̄ mesons, and the size of cc in Tcc[6, 1S0]
is compact because of the heavy reduced mass. These
qualitative arguments suggest that Tcc[6, 1S0] can be a
narrow state.

Now let us consider the production of Tcc in inclusive
processes e+e� ! Tcc+X. We use the framework of non-
relativistic QCD (NRQCD) [41, 42] which is an e↵ective
field theory based on the expansion in terms of the heavy
quark velocity v. The production cross section is factor-
ized into the short-distance perturbative amplitude and
the nonperturbative matrix element of the NRQCD oper-
ators. The framework has been applied to double-charm
productions with charmonia in the final states [43–46].

Here we assume that the factorization is also valid for
Tcc, following the strategy of Refs. [47, 48] where the
production of the doubly-charmed baryon ⌅cc is studied
in NRQCD. The cross section is then decomposed as

d�↵(e+e� ! Tcc[↵] + X)

=
X

k

d�̂(e+e� ! [cc]k↵ + c̄ + c̄)hOk(Tcc[↵])i,

where d�̂ represents the short-distance part of the process
e+e� ! [cc]k↵ + c̄ + c̄ with the cc pair being projected
onto the definite color-spin state labeled by ↵ = [3̄, 3S1]
or [6, 1S0] for Tcc[3̄, 3S1] or Tcc[6, 1S0], respectively, and
k specifies NRQCD operators which are sorted out by
velocity expansion. Feynman diagrams for the leading
order in perturbative QCD contributions to d�̂ are shown
in Fig. 2. The matrix element hOk(Tcc[↵])i represents
the long-distance nonperturbative process of the cc pair
into Tcc. In the leading order of NRQCD, the matrix
element for each channel is given by a single constant as

hOk(Tcc[↵])i
���
k=LO

=

(
h[3̄,3S1] for ↵ = [3̄, 3S1]

h[6,1S0] for ↵ = [6, 1S0]
.

FIG. 2. Feynman diagrams for the leading order contribu-
tions to the perturbative d�̂(e+e� ! [cc]k↵ + c̄ + c̄) process.

As we have discussed, since the di↵erent color-spin states
do not mix with each other in the heavy quark limit, we
calculate their productions separately.4 In fact, the color
6 (3̄) cc component in Tcc[3̄, 1S0] (Tcc[6, 1S0] ) is included
in higher order in NRQCD expansion.

To evaluate d�̂, we assign kinematic variables as
e+(p1)e

�(p2) ! [cc]k↵(p) + c̄(p3) + c̄(p4). We work in
the center-of-mass frame of the e+e� collisions with the
z axis in the beam direction. Defining the x axis so that
the three-momentum of the produced Tcc lies in the xz
plane, we write the four-momentum of Tcc as

pµ =(Ep, p sin⇥, 0, p cos⇥),

where Ep =
p

4m2
c + p2, p = |p| is the magnitude of the

three-momentum of Tcc and ⇥ is the angle of p from the
z axis. The momenta of c̄ are specified by p3 = �p/2+q
and p4 = �p/2� q, and q is expressed in the cylindrical
polar coordinates as q = (q̃ sin ✓, qy, q̃ cos ✓).

The final expression of the di↵erential cross section is

d�↵
dp d cos⇥

=
1

(2⇡)4
p2

16mcsEp

Z 2⇡

0

d✓

Z q̃max

0

dq̃
q̃|M↵|2h↵

qy(E3 + E4)
,

qy =

p
A � Bq̃2 + Cq̃2 cos2 ✓0

2(
p

s � Ep)
,

q̃max =

r
A

B � C cos2 ✓0
,

4 The final state interaction of Tcc[6, 1S0] with other hadrons may
a↵ect on the production of Tcc[3̄, 3S1] and vice versa. However,
such a quantitative analysis is not covered in the present study
and is left for future works.

[1] http://arxiv.org/abs/1209.6207v1
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Introduction Exotic hadrons

Tcc(ccūd̄) production in e+e− collider

Two configurations, 3
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FIG. 1. Masses of Tcc[3̄, 3S1] and Tcc[6, 1S0] (solid lines) from
the diquark model. The DD⇤ and D⇤D⇤ thresholds are indi-
cated by the dotted lines. The color and spin configurations
of quarks are also shown.

Tcc[6, 1S0] may decay to D and D⇤ mesons via strong
interaction in s-wave fall-apart process. However, the
decay to DD⇤ requires the color recombination from the
color sextet cc and antisextet ūd̄ diquarks to color sin-
glet cū and cd̄ mesons, and the size of cc in Tcc[6, 1S0]
is compact because of the heavy reduced mass. These
qualitative arguments suggest that Tcc[6, 1S0] can be a
narrow state.

Now let us consider the production of Tcc in inclusive
processes e+e� ! Tcc+X. We use the framework of non-
relativistic QCD (NRQCD) [41, 42] which is an e↵ective
field theory based on the expansion in terms of the heavy
quark velocity v. The production cross section is factor-
ized into the short-distance perturbative amplitude and
the nonperturbative matrix element of the NRQCD oper-
ators. The framework has been applied to double-charm
productions with charmonia in the final states [43–46].

Here we assume that the factorization is also valid for
Tcc, following the strategy of Refs. [47, 48] where the
production of the doubly-charmed baryon ⌅cc is studied
in NRQCD. The cross section is then decomposed as

d�↵(e+e� ! Tcc[↵] + X)

=
X

k

d�̂(e+e� ! [cc]k↵ + c̄ + c̄)hOk(Tcc[↵])i,

where d�̂ represents the short-distance part of the process
e+e� ! [cc]k↵ + c̄ + c̄ with the cc pair being projected
onto the definite color-spin state labeled by ↵ = [3̄, 3S1]
or [6, 1S0] for Tcc[3̄, 3S1] or Tcc[6, 1S0], respectively, and
k specifies NRQCD operators which are sorted out by
velocity expansion. Feynman diagrams for the leading
order in perturbative QCD contributions to d�̂ are shown
in Fig. 2. The matrix element hOk(Tcc[↵])i represents
the long-distance nonperturbative process of the cc pair
into Tcc. In the leading order of NRQCD, the matrix
element for each channel is given by a single constant as

hOk(Tcc[↵])i
���
k=LO

=

(
h[3̄,3S1] for ↵ = [3̄, 3S1]

h[6,1S0] for ↵ = [6, 1S0]
.

FIG. 2. Feynman diagrams for the leading order contribu-
tions to the perturbative d�̂(e+e� ! [cc]k↵ + c̄ + c̄) process.

As we have discussed, since the di↵erent color-spin states
do not mix with each other in the heavy quark limit, we
calculate their productions separately.4 In fact, the color
6 (3̄) cc component in Tcc[3̄, 1S0] (Tcc[6, 1S0] ) is included
in higher order in NRQCD expansion.

To evaluate d�̂, we assign kinematic variables as
e+(p1)e

�(p2) ! [cc]k↵(p) + c̄(p3) + c̄(p4). We work in
the center-of-mass frame of the e+e� collisions with the
z axis in the beam direction. Defining the x axis so that
the three-momentum of the produced Tcc lies in the xz
plane, we write the four-momentum of Tcc as

pµ =(Ep, p sin⇥, 0, p cos⇥),

where Ep =
p

4m2
c + p2, p = |p| is the magnitude of the

three-momentum of Tcc and ⇥ is the angle of p from the
z axis. The momenta of c̄ are specified by p3 = �p/2+q
and p4 = �p/2� q, and q is expressed in the cylindrical
polar coordinates as q = (q̃ sin ✓, qy, q̃ cos ✓).

The final expression of the di↵erential cross section is

d�↵
dp d cos⇥

=
1

(2⇡)4
p2

16mcsEp

Z 2⇡

0

d✓

Z q̃max

0

dq̃
q̃|M↵|2h↵

qy(E3 + E4)
,

qy =

p
A � Bq̃2 + Cq̃2 cos2 ✓0

2(
p

s � Ep)
,

q̃max =

r
A

B � C cos2 ✓0
,

4 The final state interaction of Tcc[6, 1S0] with other hadrons may
a↵ect on the production of Tcc[3̄, 3S1] and vice versa. However,
such a quantitative analysis is not covered in the present study
and is left for future works.

σ(Tcc) = O(0) ∼ O(2)fb at Belle depends on PTcc and θ [1]

U.L (σ) 6 129 fb for T1
cc[3̄c] and 43 for T1

cc[6c]4

where s is the total energy squared, E3,4 =p
m2

c + |p3,4|2, ✓0 = ✓�⇥, A =
p

s(
p

s�2Ep)(
p

s�Ep)
2,

B = 4(
p

s � Ep)
2, and C = 4p2.

The amplitude for the e+e� ! [cc]k↵ + c̄ + c̄ process
M↵ is calculated by the diagrams in Fig. 2, with the
color-spin projection

P
(�)

3̄,m
=

X

3̄,3S1

ūk(p
2 )tūj(

p
2 ) =

1p
2

✓
/p

2
+ mc

◆
/✏
(�)t

C�A
mkj ,

P6,m =
X

6,1S0

ūk(p
2 )tūj(

p
2 ) =

1p
2

✓
/p

2
+ mc

◆
�5C�S

mkj ,

where the sum is taken for each color-spin state, and ✏
(�)
µ

is the polarization vector of Tcc, C is the charge conju-

gation matrix, and �A,S
mkj = ⌥�A,S

mjk are the normalized
tensor in color space.

We fix the total energy at
p

s = 10.6 GeV as in Belle
experiment [49]. Following the discussion of the produc-
tion of doubly charmed baryon ⌅cc in Ref. [48], the other
constants are chosen to be mc = 1.8 GeV and ↵s = 0.212.
In the leading order of NRQCD, the mass of Tcc is given
by MTcc

= 2mc. Note that the mass of charm quark is
di↵erent from that used in the diquark model. We calcu-
late the di↵erential cross sections normalized by the total
cross section (1/�↵)d�↵/(dp d cos⇥) which is indepen-
dent of the value of the matrix element h↵. The results
are plotted as functions of the Tcc momentum p = |p| in
Fig. 3 with ⇥ = 0, ⇡/2, and ⇡. Because the amplitude is
symmetric under the exchange p1 $ p2, the result with
⇥ and that with ⇡�⇥ are identical. In Fig. 3 we see that
the momentum distributions of the two color states are
quite di↵erent. The Tcc[3̄, 1S0] channel has maximum at
p ' 3.5 GeV with short tail in the low momentum re-
gion, while the distribution of the Tcc[6,1 S0] state peaks
at around p ' 2.7 GeV with appreciable strength in the
low momentum region. This qualitative di↵erence can
be used to distinguish the color structure of Tcc; for in-
stance, the ratio of the cross sections at p = 1 GeV and
p = 3.5 GeV is quite di↵erent in two cases.

The nonperturbative constants h[3̄,3S1] and h[6,1S0]

should in principle be estimated in QCD. In the present
study, as a simple approach, we use the non-relativistic

quark model. We assume h[3̄,3S1] = |RTcc[3̄,3S1]
cc (0)|2/4⇡

and h[6,1S0] = |RTcc[6,1S0]
cc (0)|2/4⇡, respectively, where

R
Tcc[3̄,3S1]
cc (r) [R

Tcc[6c,1S0]
cc (r)] is the radial wave function

of cc quark pair in tetraquark Tcc[3̄, 3S1] (Tcc[6, 1S0]). To

obtain the wave function R
Tcc[3̄,3S1]
cc (r) and R

Tcc[6,1S0]
cc (r),

we consider the hamiltonian with the harmonic oscillator
potential

P
i<j

�
� 3

16

�
~�i·~�j

k
2 |~ri�~rj |2 where ~ri is the posi-

tion of the quark i, and k is the strength parameter of the
harmonic oscillator potential for quark confinement. The

color factor ~�i·~�j is important to obtain the wave function
of the cc quark pair, because the wave function should be
di↵erent for each color channel, 3̄ and 6. Although the
harmonic oscillator potential is a simple potential in the
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FIG. 3. (Color online) Di↵erential cross section as functions
of the magnitude of the three momentum of Tcc. Thin (thick)
lines represent the production of Tcc[3̄, 3S1] (Tcc[6, 1S0]).

quark model, it will be enough for our purpose when the
cc wave function contains only the s wave. The masses
of quarks are set to be the same value used in Eq. (1).
The strength parameter k = 0.33 GeV3 is fixed to repro-
duce the value of the wave function at the center-of-mass
for cc̄ quark pair in charmonia, |Rcc̄(0)|2, which is esti-
mated in the more sophisticated quark model with the
Cornel-type (Coulomb + linear confinement) potential
and the spin-spin interaction in Ref. [50]. Here we ob-

tain |Rcc̄(0)|2 = (|R⌘c
cc̄(0)|2 + 3|RJ/ 

cc̄ (0)|2)/4 = (1.18)2

GeV3 with the wave functions |R⌘c
cc̄(0)|2 = (1.39)2 GeV3

and |RJ/ 
cc̄ (0)|2 = (1.10)2 GeV3 at the center of mass

of cc̄ in ⌘c and J/ , respectively. With all the param-
eters being fixed, we calculate the cc wave functions in
Tcc[3̄, 3S1] and Tcc[6, 1S0]. The harmonic oscillator po-
tential has the property that the cc wave function is ex-
actly decoupled from the other light quarks (ū and d̄).
Here we may ignore the color-spin interaction for cc pair,
because in first the cc wave function is decoupled already
from the other light quarks, and in second the color-spin
interaction for the cc quarks is small with suppression
factor by 1/m2

c . From the harmonic oscillator potential,
as numerical result, we obtain h[3̄,3S1] = 0.089 GeV3 and

h[6c,1S0] = 0.054 GeV3. By substituting these values, we
finally obtain the total cross section at Belle energy as
�[3̄,3S1] = 18.8 fb and �[6,1S0] = 4.1 fb. We may use
the other parameter set, for example mc = 1.5 GeV and
↵s = 0.26 from Ref. [44]. Then we find a few times
larger cross sections �[3̄,3S1] = 65 fb, �[6,1S0] = 21 fb with
leaving the momentum dependence in Fig. 3 unchanged
qualitatively.

Some remarks are ready. The cross section of the dou-
bly charmed baryon ⌅cc has been discussed in a simi-
lar method [47, 48]. When the harmonic oscillator po-
tential is used, interestingly, the wave function of cc in
⌅cc can be estimated as the same with that of cc in the
tetraquark Tcc[3̄, 3S1]. Then, we obtain the cross section
of ⌅cc which is same as that of Tcc[3̄, 3S1]. The obtained
⌅cc total cross section is comparable to the previous re-

2.(Tcc(producFon(in(e+e>(
collisions(Numerical(Results� e+� e>�

Tcc1#[3cbar]#or#Tcc1#[6c]�

Θ�
p�

Tcc1#[3cbar]�

Tcc1#[6c]�

√s=10.6(GeV((Belle)(
mc=1.5(GeV(
αs=0.26�

[1/GeV]�

Remark(:(independent(of(h3(6)(value.�

[1] http://arxiv.org/abs/1209.6207v1
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Introduction Exotic hadrons

how to search Tcc at Belle

Decay channels depends on Tcc mass [1]

Decays of Tcc

Recoil side

[1] Lee, Su Houng, Shigehiro Yasui, Wei Liu, and Che Ming Ko. Eur. Phys. J. C, 54 (2008): 259–265.
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Belle experiment

Belle experiment
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Belle experiment

KEKB

e+e− collider of 10.58 GeV (CM)
for Υ(4S) resonance

Asymmetric energy: 8 GeV (e−)
and 3.5 GeV (e+)

World’s highest luminosity of
L = 2.11× 1034cm2s1 (2009).

Oksu Seon (Nagoya Univ) Search for double charm production and Tcc at Belle @ SYJW January 16, 2014 17 / 41



Belle experiment

Integrated luminosity

Data taking ended in 2010, and was reprocessed with better tracking
by 2011.

E�

Integrated$Luminosity�

Data$taking$ended$in$2010,$and$was$reprocessed$with$beRer$tracking$by$2011.$
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Belle experiment

Belle detector
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Belle experiment

Belle collaboration
Belle$CollaboraXon�

G�

~400$members,$67$insXtutes,$16$countries�∼400 members, 67 institutes, 16 countries
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Analysis Procedure of Tcc

Tcc analysis
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Analysis Procedure of Tcc Data and MC

Belle data types

BB̄, Υ(4S) resonance : 711 fb−1

off-resonance (continuum) - no BB̄ combination : ∼100 fb−1

other Υ(nS) resonances ∼ 150 fb−1

On-resonance:
4S : 711 fb-1

5S : 121 fb-1

3S : 3 fb-1

2S : 25 fb-1

1S : 6 fb-1

Off-resonance/scan     
~100 fb-1

> 1ab-1

General purpose detector, built to test Standard Model mechanism 

for CP violation in B decays to charmonium (B0J/Ψ,Ψ’,χc1 K0).

Contribution to charmonium (-like) states:

ηc(2S),  X(3823), X(3872), Z(3895)+, Y(3940), Z(3930), X(3940), 

X(3915), Y(4260),    Y(4660), Z(4430)+, Z1(4050)+, Z2(4250)+ …

fb-1

Belle,PRL 108, 171802 (2012)

qq̄ (-like) states at Belle

3
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Analysis Procedure of Tcc Data and MC

MC type

Background MC according to sources of data
BB̄, Υ(4S), resonance : only using 56 fb−1

continuum
other Υ(nS) resonances

and signal MC
e+e− → γ∗ → ?

Check from the highest mass range : higher than D∗D threshold
Simplify the model : recoil side decays to D̄0D−

e+e−→ γ∗→ T+
cc(T

+
cc→ D∗0D+)D̄0D−

where D∗0 → D0π+, D0 → K−π+, and D+→ K−π+π+
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Analysis Procedure of Tcc Recoil mass study

Recoil mass
Using two charmed mesons, we calculate
Mrecoil =

√
(Pbeam − PD0 − PD−)2

Background sources :
mostly random combinations
possible peaking background from
e+e− → BB̄: BB̄ mixing could make peak
The problem is high background level→ hard
to see the signal
Nsig = ε× L× σ(Tcc)×B(D0)×B(D+)
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Analysis Procedure of Tcc Recoil mass study

Background suppression
Signal has 4D production (M4D ∼ 8 GeV):
spherical event shape

e+e− → qq̄ : jet-like

R2 : event shape parameter in range of
(0,1)
R2 = H2/H0 where Hl = Σi,j

|pi||pj|
E2
vis

Pl(cos θij)

Continuum Decay Background
Input variables of Likelihood Function

Fisher discriminant
from the modified
version of Super
Fox-Wolfram Moments.

Conservation of
Spin parity : cosθB∗

from the B flight direction

Decay Vertex : ∆z
differences between B vtx
and the other B vertex

*
B
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Continuum Decay Background
Input variables of Likelihood Function

Fisher discriminant
from the modified
version of Super
Fox-Wolfram Moments.

Conservation of
Spin parity : cosθB∗

from the B flight direction

Decay Vertex : ∆z
differences between B vtx
and the other B vertex
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Analysis Procedure of Tcc Recoil mass study

Background suppression - Con’t

Figure of merit = Nsig/
√
Nbkg where

Nsig = ε× L× σ(Tcc)×B(D0)×B(D+)

Maximum value at R2 < 0.14 & P∗DD > 1.6

Ignore cut on P∗DD
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Analysis Procedure of Tcc Invariant mass study

Invariant mass
Tcc is reconstructed by D∗0(→ D0π0)D+

MTcc =
√

(ED∗0 + ED+)2 − |~PD∗0 + ~PD+ |2

background sources :
mostly random combinations
possible peaking background from
e+e− → BB̄: BB̄ mixing could make peak
The problem is high background level→ hard
to see the signal
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Analysis Procedure of Tcc Invariant mass study

Background suppression

Signal has 4D production (M4D ∼ 8 GeV):
spherical event shape

e+e− → qq̄ : jet-like

R2 : event shape parameter in range of
(0,1)
R2 = H2/H0 where Hl = Σi,j

|pi||pj|
E2
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Pl(cos θij)
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PTcc : momentum of D∗D system in e+e−

CM frame
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Analysis Procedure of Tcc Invariant mass study

Background suppression - Con’t

Figure of merit = Nsig/Nbkg where
Nsig = ε× L× σ(Tcc)×B(D0)×B(D+)

Maximum value at R2 < 0.32 & P∗DD > 3.0

Too aggressive cut, but if we follow,
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Analysis Procedure of Tcc Invariant mass study

Momentum distribution of Tcc

Cross-section of Tcc depends on it’s momentum [1]

If we can separate it’s distribution, we could know it’s configuration
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Also momentum is used to suppress background event, previously,

We our signal MC is made by phase space model - can we believe this?

[1] http://arxiv.org/abs/1209.6207v1
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Analysis Procedure of Tcc Invariant mass study

Pausing Tcc study

What if we add additional π on our signal MC?
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Strongly depends on recoil side final states.

Tcc from ccc̄c̄ production⇒ check general ccc̄c̄ momentum distribution
- are many π generated?

σ(ccc̄c̄) will give us a guideline for Tcc study, too.
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Analysis Procedure of double charm production

Double charm production study
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Analysis Procedure of double charm production

Double charmonium production

Belle and BABAR studied J/ψ + cc̄ and J/ψ+ Hc channels.
Measured σ is contrary to the non-relativistic QCD and perturbative
QCD predictions.
Predictions:

σ(e+e− → J/ψcc̄) ∼ 0.1pb [1]
σ(e+e− → J/ψcc̄)/σ(e+e− → J/ψgg) ∼ 10% [2]
NLO corrections of σ(e+e− → J/ψgg) ≈ 0.5 pb [3]

Experiments:
BaBar (2005) :
σ(J/ψcc̄) ∼ 0.44 pb where
cc̄ = ηc(1S),χc0 and ηc(2S)
Belle (2009) :

σ(J/ψcc̄) = 0.74± 0.08 +0.09
−0.08 pb

Mrec(cc̄): (1) J/ψ, (b)ψ′, (c) χc1, and
(d) χc2

[1] V. V. Kiselev, A. K. Likhoded, and M. V. Shevlyagin, Phys. Lett. B 332, 411 (1994)
[2] Berezhnoy, A V, and A K Likhoded. Phys. Atom. Nucl. 70 (2007): 478–484.
[3] Y.-Q. Ma, Y.-J. Zhang, and K.-T. Chao, arXiv:0812.5106.
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Analysis Procedure of double charm production

Double charm production

No result from B factory
LHCb, pp collider, reported in 2012

J/ψ+ Hc and double open charmed hadron (DD) production.

σ(J/ψ+ Hc) and σ(DD) ∼ calculation based on Double Parton Scattering
(DPS)

σ(J/ψD0) = 161.0± 3.7± 12.2 nb (146 nb)
σ(D0D+) = 690± 40± 70 nb (2.0 µb)

3
3.05

3.1 3.15
3.2

1.82
1.84

1.86
1.88

1.9
1.920

100

200

300

400

3
3.05

3.1 3.15
3.2

1.82
1.84

1.86
1.88

1.9
1.920

100

200

300

400

3
3.05

3.1 3.15
3.2

1.9

1.95

2

0

20

40

3
3.05

3.1 3.15
3.2

2.24
2.26

2.28
2.3

2.32
0

5

10

15

m
K⇡ ⇥

GeV/c 2 ⇤

m
K⇡⇡ ⇥

GeV/c 2 ⇤

m
KK⇡ ⇥

GeV/c 2 ⇤

m
pK⇡ ⇥

GeV/c 2 ⇤

mµ+µ�

⇥
GeV/c

2
⇤

mµ+µ�

⇥
GeV/c

2
⇤

mµ+µ�

⇥
GeV/c

2
⇤

mµ+µ�

⇥
GeV/c

2
⇤

C
an

d
id

a
te

s

C
an

d
id

a
te

s

C
an

d
id

at
es

C
a
n
d
id

at
es

a) b)

c) d)

LHCb

LHCb

LHCb

LHCb

Figure 4: Invariant mass distributions for a) J/ D0, b) J/ D+, c) J/ D+
s and d) J/ ⇤+

c

candidates.

9

J/ψhc: a) J/ψD0, b) J/ψD+, c)
J/ψD+

s and J/ψΛ+
c

1.82 1.84 1.86 1.88 1.9 1.92

1.82
1.84

1.86
1.88

1.9
1.920

20

40

60

1.82 1.84 1.86 1.88 1.9 1.92

1.82
1.84

1.86
1.88

1.9
0

50

100

1.82 1.84 1.86 1.88 1.9 1.92

1.9

1.95

2

0

5

10

15

1.82 1.84 1.86 1.88 1.9 1.92

2.24
2.26

2.28
2.3

2.32
0

2

4

6

m
K⇡ ⇥

GeV/c 2 ⇤

m
K⇡⇡ ⇥

GeV/c 2 ⇤

m
KK⇡ ⇥

GeV/c 2 ⇤

m
pK⇡ ⇥

GeV/c 2 ⇤

mK⇡

⇥
GeV/c

2
⇤

mK⇡

⇥
GeV/c

2
⇤

mK⇡

⇥
GeV/c

2
⇤

mK⇡

⇥
GeV/c

2
⇤

C
a
n
d
id

at
es

C
an

d
id

a
te

s

C
an

d
id

at
es

C
an

d
id

a
te

s

a) b)

c) d)

LHCb

LHCb

LHCb

LHCb

Figure 5: Invariant mass distributions for D0C candidates: a) D0D0, b) D0D+, c) D0D+
s and

d) D0⇤+
c .

10

DD: a) D0D0, b)D0D+, c) D0D+
s and d)

D0Λ+
c

Oksu Seon (Nagoya Univ) Search for double charm production and Tcc at Belle @ SYJW January 16, 2014 34 / 41



Analysis Procedure of double charm production

How to search the double charm production at Belle

Open charm decay: 4 D mesons

E ∼ 10.58 GeV (CM): enough energy to generate 4 D mesons

σ(e+e− → cc̄cc̄) = 372 fb at
√
s = 10.6 GeV

σ(J/ψcc̄) = 0.74± 0.08 +0.09
−0.08 pb, Belle(2009)

Goal : To get the cross-section and the momentum distribution of 4
open charm decay at Belle
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Analysis Procedure of double charm production

MC Type

Background MC according to sources of data
BB̄, Υ(4S), resonance
continuum : only using 89 fb−1 (collected at

√
s = 10.52 GeV), to avoid BB̄

mixing background come into.
other Υ(nS) resonances

and signal MC
e+e− → γ∗ → final states including Ds
Simplest final state: D0D+D̄0D−,
D0 → Kπ, D+ → Kππ and D̄0&D− decay generically
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Analysis Procedure of double charm production

Sources of peaking background

Doubly Cabibbo suppressed (DCS) events
Cabibbo favored modes
B(D0 → K−π+) = 3.88× 10−2 and B(D+ → K−π+π+) = 9.13× 10−2

Cabibbo suppressed modes
B(D0 → K+π−) = 1.47× 10−4 and B(D+ → K+π−π−) = 5.27× 10−4

BB̄ mixing with various B→ D and B→ D̄ decays
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Analysis Procedure of double charm production

2D fitting

Extract yield, ND0D+ , by two-dimensional binned maximum-likelihood
fits on MD0 and MD+ plane.

2 Gaussian function for signal shape (SD0 and SD+)

1st order polynomial function for background shape (BD0 and BD0).

four components, D0D+ event (SD0 × SD+), D0 with fake D+ (SD0 ×BD+),
D+ with fake D0 (BD0 × SD+), and random background events
(BD0 ×BD+).
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Analysis Procedure of double charm production

2D fitting - Con’t

Peaking background event is enough large compare to signal
We are plaining to extract Npeaking from the data
Aware that MC need to be scaled through control sample study

)
2

 (GeV/c0
D

M

1.8 1.85 1.9 1.95

)
2

E
v
e
n

ts
 /
 2

.0
 (

M
e
V

/c

0

50000

100000

150000

200000 n_d1 =  272254 +/­ 1195

n_dd =  149 +/­ 277

)
2

 (GeV/c+
D

M

1.8 1.85 1.9 1.95

)
2

E
v
e
n

ts
 /
 2

.0
 (

M
e
V

/c

0

50000

100000

n_d2 =  54458 +/­ 972

n_dd =  149 +/­ 277

background MC

)
2

 (GeV/c0
D

M

1.82 1.84 1.86 1.88 1.9

)
2

E
v
e
n

ts
 /
 2

.0
 (

M
e
V

/c

0

100

200

300

400
n_d1 =  1909.5 +/­ 56.9

n_dd =  374.6 +/­ 34.6

)
2

 (GeV/c+
D

M

1.82 1.84 1.86 1.88 1.9

)
2

E
v
e
n

ts
 /
 2

.0
 (

M
e
V

/c

0

50

100

150

n_d2 =  164.2 +/­ 24.7

n_dd =  374.6 +/­ 34.6

peaking sources only

Oksu Seon (Nagoya Univ) Search for double charm production and Tcc at Belle @ SYJW January 16, 2014 39 / 41



Analysis Procedure of double charm production

Cross-section of double charm production and
interpretation

type of bkg MC ND0D+

including peaking bkg 24.8 ± 113.1

peaking bkg only 62.4 ± 14.1

double charm event in MC –37.6 ± 114.0

ND0D+ = L× σ(e+e− → cc+ X)× σ(e+e− → DD+ X)/σ(e+e− → cc+ X)

× εsig ×B(D0 → K−π+)×B(D+ → K−π+π+)

= 89.1fb−1 × σ(e+e− → cc+ X)× 6/16[1]

× 0.199507× 0.0388× 0.0913.

If we have ∼340 of ND0D+ (∼ 3× of ND0D+ error using background MC in
Table), we can estimate σ(e+e− → cc+ X) 13 pb which are equivalent to 3σ
of significancy.
[1] Daekyoung Kang et al., Phys. Rev. D 71, 071501 (2005)
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Summary

Summay

Tcc study (e+e− → TccD̄D̄)
both MRec and MTcc distribution checked
Too low signal = Too high background level
Need to improve background suppression or signal extraction method
Is P∗ can be used to suppress background? → 4 open charm decay

4 open charm decay (e+e− → DDD̄D̄)
To get momentum distribution of double charm decay through 4 open
charm final state
and cross-section of itself
Using 89 fb−1 MC of off-resonance, 99% upper limit is higher than
theoretical expectation

Presently,
both study have difficulties to suppress background events
→ we are searching for a way to control background
and signal efficiency is also not good
→ for this we will add more channels and do simultaneous fitting
Using more data also can improve result: ∼1 ab−1 data stored in Belle.
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