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• It is important to study the double-charm tetraquark 


• We predicted the correct discovery channel and the correct signal yield 
of  at LHCb


• Further study of  production properties can help probe its nature
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The quark model

Murry Gell-Mann

1969 Nobel Prize for physics

• Old myth


• New life
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George Zweig

 



Three new milestones

• Observation of tetraquarks


• Observation of pentaquarks


• Observation of a double-charm baryon Ξ++
cc

国家科技部“2017年度中国科学⼗⼤进展”

The Physics World 2015 “top-10 breakthroughs”

The Physics 2013 “Highlights of the Year” (rank 1st)

[LHCb, Phys.Rev.Lett. 115 (2015) 072001]

[BESIII, Phys.Rev.Lett. 110 (2013) 252001]

[LHCb, Phys.Rev.Lett. 119 (2017) 112001]
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“Periodic table of the hadrons”

    

… D B

p, n, 
…

X(2900) X(6900)

: a new period


, X(6900): a new main group

Zc, Pc

Ξcc

  ηb

 
 π, K,   ηc   Bc

  Λc   Λb   Ξcc   Ξbc   Ξbb

  Zc

  Pc

  Tcc   Tbc   Tbb
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Beyond stamp collecting

• Because of color confinement, properties of quarks are studied via 
hadrons


• New types of hadrons provide new visual angles into QCD and 
also electroweak dynamics

c c

ū

analogous to a heavy meson, but also different: bosonic, sizable 
heavy element

e.g., doubly heavy baryons have a unique structure, resembling a 
‘double star’ with a ‘planet’ attached

e.g., the doubly heavy tetraquarks help us probe the nature of 
exotic hadronic states, cusps or true resonances

6
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Who is to be shot next?

: [QQ,Shi,Wang,Yang,Yu,Zhu,2108.06716]Ξbc
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… D B

p, n, 
…

X(2900) X(6900)

  ηb

 
 π, K,   ηc   Bc

  Λc   Λb   Ξcc   Ξbc   Ξbb

  Zc

  Pc

  Tcc   Tbc   Tbb

Two targets in the talk @Nankai, 2nd May 2021.

: [QQ,Shen,Yu,2008.08026] (this talk)

       “Discovery potential of double-charm tetraquarks”
Tcc

Three months later ——  discovery was reported 

by LHCb on 28 July 2021.

Tcc
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Discovery of Tcc
August 20, 2020

Discovery potentials of double-charm tetraquarks

Qin Qin1

School of physics, Huazhong University of Science and Technology, Wuhan 430074,

China

Fu-Sheng Yu2

School of Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, China

Abstract

Two open-charm exotic structures X0(2900) and X1(2900) have recently been

observed by the LHCb collaboration, which motivates us to study the discovery

potential of another type of open-charm structures, double-charm tetraquarks T {cc}
[q̄q̄0] .

We find that their production cross sections at the LHCb with
p
s = 13 TeV reach

O(10
4
) pb, which indicate that the LHCb has collected O(10

8
) such particles.

Through the decay channels of T {cc}
[ūd̄]

! D+K�⇡+
or D0D+� (if stable) or T {cc}

[ūd̄]
!

D0D⇤+
(if unstable), it is highly hopeful that they get discovered at the LHCb in

the near future. We also discuss the productions and decays of the double-charm

tetraquarks at future Tera-Z factories.

to cite 1710.02810 (Zhi-Gang Wang), 1903.11975, 1806.04447 and 2004.12079 (Kazem
Azizi)

1 Introduction

Recently, two new tetraquark structures X0(2900) and X1(2900) reported by the LHCb
in a analysis of the D

�
K

+ structure in the B
+
! D

+
D

�
K

+ channel [1]. Di↵erent from
all the previously observed XY Zc states that are hidden charming, it is for the first
time that open-charming structures are ever seen, and immediately attracts attention of
theorists [2–8]. Motivated by this observation, we also study a type of open-charming
tetraquarks T {cc}

[q̄q̄0] in this paper, which are however even more charming, i.e. the double-

charm tetraquarks. T
{cc}
[q̄q̄0] and similar doubly-heavy tetraquarks T

{bc}
[q̄q̄0] and T

{bb}
[q̄q̄0] have

drawn a lot of attention from theorists after the discovery of the first double-charm hadron
⌅++
cc [9]. Several studies of both heavy quark symmetry and lattice [10–16] suggest that

1
qqin@hust.edu.cn

2
yufsh@lzu.edu.cn

1

[QQ,Shen,Yu,2008.08026]

@ European Physical Society Conference on high energy physics 2021

• Correct discovery channel 
• Correct signal yield

Ns = 117 ± 16

[LHCb,2109.01038;2109.01056]



Production 

Detection

Discovery potential{
[QQ,Shen,Yu,2008.08026]
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Production Mechanism

2

T
{bb}
[d̄s̄]

T
{bb}
[ūd̄]

T
{bb}
[ūs̄]

FIG. 1: SU(3)F -triplet of double-bottom tetraquark states.
The spin-parity quantum numbers are J

P = 1+.

b b

b̄
b̄

Z

n

FIG. 2: Production of bb̄bb̄ in Z-boson decays with the b-quark
pair forming the bb-jet.

mates are somewhat higher in mass, with a Q-value of
�121 MeV [7], �189± 10 MeV [8], and �60+30

�38 MeV [9].

In all likelihood, T {bb}
[ūd̄]

is deeply bound against strong de-

cays and will decay weakly. Mass estimates of the other

two bound tetraquarks T
{bb}
[ūs̄] and T

{bb}
[d̄s̄]

likewise are be-

low their corresponding mesonic thresholds, and hence
they are also expected to decay weakly. Since no weakly
decaying multiquark state has so far been observed, their
observation would herald a new era in genuine multiquark
physics.

At a Z-factory, the underlying partonic process for the
searches of such tetraquarks is

Z ! bb̄bb̄, (1)

which has been measured at LEP, having the branching
ratio [15]:

B(Z ! bb̄bb̄) = (3.6± 1.3)⇥ 10�4
. (2)

The production of a double-bottom tetraquark, T
{bb}
[q̄q̄0] ,

where the light antidiquark has the flavor content [ūd̄],
[ūs̄], or [d̄s̄],1 is a non-perturbative process, and it in-

1 Throughout this paper, the charged conjugation is assumed.

volves the formation of the bb-diquark and its fragmen-
tation, producing a bb-diquark jet. The conducive con-
figuration for the diquark formation is the one where the
two b-quarks (or two b-antiquarks) are almost collinear,
satisfying ✓bb  �, where ✓bb is the angle between the b-
quark momenta and � is the cone apex angle, and have
a small relative velocity, i. e., their energies Eb1 and Eb2

di↵er by a small amount, (Eb1 � Eb2) / (Eb1 + Eb2)  ✏,
with (✏, �) ⌧ 1, with an example shown in Fig. 2. The
bb-diquark jet can be defined, like a quark jet, by a jet
resolution parameter, such as the invariant mass, or a
Sterman-Weinberg jet cone [16]. A judicious choice of
these cut-o↵ parameters forces the two b-quarks to over-
lap in the phase space, which then fragment as a di-
quark. A tetraquark of the commensurate quark fla-
vor is formed by picking up a light antidiquark pair ūd̄,
ūs̄, or d̄s̄ from the debris of the jet, which consists of
mostly soft pions or kaons. Likewise, the bb-diquark
will also fragment into double-bottom baryons, ⌅0

bb(bbu),
⌅�
bb(bbd), and ⌦�

bb(bbs), shown in the right-hand frame
in Fig. 3. Outside the bb jet-cone, no double-bottom
hadrons (tetraquarks or double-bottom baryons) will be
produced. Hence, the hadronic texture of the bb-diquark
jet is anticipated to be di↵erent from the fragmentation
of two b-quark jets, whose fragmentation products are
B-mesons or b-baryons.
We calculate the branching fraction

B(Z ! (bb)jet(�M) + b̄+ b̄), (3)

by defining the (bb)jet with a cut-o↵ on the bb-pair invari-
ant mass,�M . An estimate of�M can be obtained from
the inclusive Bc-meson production in Z-boson decays.
Using the inclusive cross section �(e+e� ! Z ! bb̄cc̄),
obtained via MadGraph [17] and Pythia6 [18], and the in-
clusive Bc-meson cross section �(e+e� ! Z ! Bc+b+c̄),
obtained by using the NRQCD-based calculations [19],
one can evaluate the fraction f(cb̄ ! Bc) for the cb̄-pair
fusion into the Bc mesons2. The phase space of the frag-
mentation process to produce the Bc-meson is limited
by mcb̄ < M

cb̄
cut, with M

cb̄
cut being the maximum value

of the invariant mass in which the cb̄-fusion takes place.
Beyond this cut, the b- and c̄-quarks fragment indepen-
dently. We use M

cb̄
cut to estimate �M , which yields us

the partial branching ratio in Eq. (3). The details of this
calculation are given in Section II.

The final step in the calculation of the branching ratio

B(Z ! T
{bb}
[q̄q̄0] +X), (4)

is to estimate the probability of the diquark-jet

(bb)jet(�M) to fragment into T
{bb}
[q̄q̄0] +X. There are essen-

tially two possibilities: The bb-diquark jet will either frag-
ment into double-bottom tetraquarks, shown in Fig. 1, or

2 We would have liked to use the LEP data for this process, but it
is too sparse for a quantitative analysis.

• It was propose for double-bottom hadron production


      1. Two produced heavy quarks stay close enough to form a heavy diquark 

      2. The heavy diquark further fragments into doubly heavy hadrons 

• Assuming  a real tetraquark, the same mechanism applies


• Stay close enough? One parameter —— 


                           


Tcc

ΔM ≡ Mcc − 2mc ≤ (2.0+0.5
−0.4) GeV

[Ali,Parkhomenko,QQ,Wang,1805.02535;Ali,QQ,Wang,1806.09288]

Collision 
vertex

Determined by matching the  production rate to Bc b̄bc̄c
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Fragmentation of  diquarkcc

• Heavy quark symmetry


    1. Heavy quark flavor symmetry; 2. Heavy quark spin symmetry

• Heavy quark-diquark symmetry


    The cc diquark is just a static  color source 
    Similar fragmentation with heavy quarks 

3̄

 [ Λ0
b

B0
d ](pT) = 0.151 + exp [−0.57 − 0.095pT(GeV)]

3

⌅++cc
ccu

⌅+cc

⌦+
cc

ccd

ccs

⌅0bb
bbu

⌅�bb

⌦�

bb

bbd

bbs

FIG. 3: SU(3)F -triplets of double-charm (left diagram) and
double-bottom (right diagram) baryons. Of these, the ⌅++

cc

(ccu) baryon has been measured by the LHCb Collab. [23].

into the double-bottom baryons, shown in the right panel
in Fig. 3. This involves estimating the relative probabil-
ity of emitting a light (anti)-diquark [ūd̄], [ūs̄], or [d̄s̄]
from the vacuum in the presence of a bb-diquark color
source to that of picking up a light quark q (q = u, d, s)
from the qq̄-pair produced in the similar situation. The
two probabilities are related by heavy quark–heavy di-
quark symmetry.

This probability is similar to the relative probability
that a b-quark fragments into a b-baryon, such as ⇤b =
bud, which involves picking up the diquark [ud] from the
vacuum, to that of a b-quark fragmenting into a heavy-
light meson B

� = bū (or B̄0 = bd̄). Denoting these frac-
tions by f⇤b and fBu (fBd), respectively, we need to know
the ratio f⇤b/(fBu+fBd). As is well-known, this ratio has
been measured di↵erently at the Fermilab-Tevatron [20]:
f⇤b/(fBu + fBd) = 0.281 ± 0.012+0.058+0.128

�0.056�0.087, at the
LHC by LHCb Collab. [21], which finds the significant
dependence of this ratio on pT

3, f⇤b/(fBu + fBd) =
(0.404±0.017±0.027±0.105) [1�(0.031±0.004±0.003)⇥
pT (GeV)], and by LEP experiments from Z-boson de-
cays f⇤b/(fBu + fBd) = 0.11± 0.02 [15]. The dynamical
reason behind these variations is not clear, but as we are
estimating the Z-boson branching ratios, we shall use the
average from the LEP experiments.

We also present an estimate of the total lifetimes of

the tetraquarks T
{bb}
[q̄q̄0] based on the heavy quark expan-

sion. As each of the two b-quarks in the tetraquark will

decay independently, the decay widths of T {bb}
[q̄q̄0] should be

approximately about twice that of the b-quark, yielding

⌧(T {bb}
[q̄q̄0] ) ' 800 fs. The details are given in Section III.

The tell-tale signatures of the double-bottom
tetraquarks are decays into “wrong-sign” heavy mesons,

such as T
{bb}�
[ūd̄]

! B
�
D

+
⇡
�, B̄

0
D

0
⇡
� [6, 7, 24, 25].

Also interesting are the three-body decays

T
{bb}�
[ūs̄] ! B

� (J/ ,  0)�, B
0
s (J/ ,  

0)K� involv-

ing the J/ - or  0-mesons, and into bottom-charmed

baryons (see Fig. 4), such as T
{bb}�
[ūd̄]

! ⌅0
bcp̄, ⌦0

bc⇤̄
�
c .

These baryons also remain to be discovered, and their
discovery channels have been recently presented in

3 The LHCb analysis has been updated in Ref. [22].

⌅+bc
bcu

⌅0bc

⌦0
bc

bcd

bcs

FIG. 4: SU(3)F -triplet of the bottom-charmed baryons.

Refs. [26, 27]. This underscores the huge potential of the
Tera-Z colliders in mapping out the landscape of the
double-heavy baryons and double-heavy tetraquarks.
The rest of this work is organised as follows. In Sec. II,

we present an estimate of the branching ratios of double-
bottom tetraquarks in Z-boson decays. Lifetimes of the
tetraquarks are discussed in Sec. III. In Secs. IV and V,

we discuss the discovery modes for the T
{bb}
[ūd̄]

, T {bb}
[ūs̄] and

T
{bb}
[d̄s̄]

tetraquarks, respectively. A special type of decays

induced by W -exchange diagrams is discussed in Sec. VI.
A brief conclusion is given in the last section.

II. PRODUCTION OF DOUBLE-BOTTOM
TETRAQUARKS IN Z-BOSON DECAYS

As already stated, at a Z-factory, double-heavy

tetraquarks T
{bb}
[q̄q̄0] are anticipated to be produced in the

partonic process Z ! bb̄bb̄, with the two b-quarks (or
two b-antiquarks) moving collinearly and having a small
relative velocity. A reasonable cut on the invariant mass
of the two b-quarks ensures these constraints.
To calculate the branching ratio in (4), we invoke the

decay Z ! Bc + X, which has been measured at LEP.
The idea is to calculate the fraction of the cb̄ quarks
which hadronise into the Bc-mesons, f(cb̄ ! Bc), in
the underlying process Z ! bb̄cc̄. Theoretically, the
Bc production cross section has been calculated at the
leading order (LO) in the NRQCD framework, yield-
ing: �(e+e� ! Z ! Bc + b + c̄) = (5.19+6.22

�2.42) pb [19].
The central (upper, lower) value corresponds to the in-
put values of the quark masses mb = 4.9 GeV and
mc = 1.5 GeV (mb = 5.3 GeV and mc = 1.2 GeV;
mb = 4.5 GeV and mc = 1.8 GeV). With the same
input, we have generated three sets of 10000 LO par-
ton showered e

+
e
�

! bb̄cc̄ events at the Z-boson mass
using MadGraph [17] and Pythia6 [18], varying the bot-
tom and charmed quark mass values. (The mass pa-
rameters used by MadGraph are the pole masses. The
di↵erence between the 1S mass value used in [19] and
the pole mass of a heavy quark is of the ↵2

s order (see (1)
of [28]), which can be neglected safely.) The cross sec-
tion �(e+e� ! Z ! bb̄cc̄), evaluated using MadGraph
yields 64.50 pb for the central values of the quark masses
(mb = 4.9 GeV, mc = 1.5 GeV), 76.79 pb for the up-
per (mb = 5.3 GeV, mc = 1.2 GeV) and 56.75 pb

2

T
{bb}
[d̄s̄]

T
{bb}
[ūd̄]

T
{bb}
[ūs̄]

FIG. 1: SU(3)F -triplet of double-bottom tetraquark states.
The spin-parity quantum numbers are J

P = 1+.

b b

b̄
b̄

Z

n

FIG. 2: Production of bb̄bb̄ in Z-boson decays with the b-quark
pair forming the bb-jet.

mates are somewhat higher in mass, with a Q-value of
�121 MeV [7], �189± 10 MeV [8], and �60+30

�38 MeV [9].

In all likelihood, T {bb}
[ūd̄]

is deeply bound against strong de-

cays and will decay weakly. Mass estimates of the other

two bound tetraquarks T
{bb}
[ūs̄] and T

{bb}
[d̄s̄]

likewise are be-

low their corresponding mesonic thresholds, and hence
they are also expected to decay weakly. Since no weakly
decaying multiquark state has so far been observed, their
observation would herald a new era in genuine multiquark
physics.

At a Z-factory, the underlying partonic process for the
searches of such tetraquarks is

Z ! bb̄bb̄, (1)

which has been measured at LEP, having the branching
ratio [15]:

B(Z ! bb̄bb̄) = (3.6± 1.3)⇥ 10�4
. (2)

The production of a double-bottom tetraquark, T
{bb}
[q̄q̄0] ,

where the light antidiquark has the flavor content [ūd̄],
[ūs̄], or [d̄s̄],1 is a non-perturbative process, and it in-

1 Throughout this paper, the charged conjugation is assumed.

volves the formation of the bb-diquark and its fragmen-
tation, producing a bb-diquark jet. The conducive con-
figuration for the diquark formation is the one where the
two b-quarks (or two b-antiquarks) are almost collinear,
satisfying ✓bb  �, where ✓bb is the angle between the b-
quark momenta and � is the cone apex angle, and have
a small relative velocity, i. e., their energies Eb1 and Eb2

di↵er by a small amount, (Eb1 � Eb2) / (Eb1 + Eb2)  ✏,
with (✏, �) ⌧ 1, with an example shown in Fig. 2. The
bb-diquark jet can be defined, like a quark jet, by a jet
resolution parameter, such as the invariant mass, or a
Sterman-Weinberg jet cone [16]. A judicious choice of
these cut-o↵ parameters forces the two b-quarks to over-
lap in the phase space, which then fragment as a di-
quark. A tetraquark of the commensurate quark fla-
vor is formed by picking up a light antidiquark pair ūd̄,
ūs̄, or d̄s̄ from the debris of the jet, which consists of
mostly soft pions or kaons. Likewise, the bb-diquark
will also fragment into double-bottom baryons, ⌅0

bb(bbu),
⌅�
bb(bbd), and ⌦�

bb(bbs), shown in the right-hand frame
in Fig. 3. Outside the bb jet-cone, no double-bottom
hadrons (tetraquarks or double-bottom baryons) will be
produced. Hence, the hadronic texture of the bb-diquark
jet is anticipated to be di↵erent from the fragmentation
of two b-quark jets, whose fragmentation products are
B-mesons or b-baryons.
We calculate the branching fraction

B(Z ! (bb)jet(�M) + b̄+ b̄), (3)

by defining the (bb)jet with a cut-o↵ on the bb-pair invari-
ant mass,�M . An estimate of�M can be obtained from
the inclusive Bc-meson production in Z-boson decays.
Using the inclusive cross section �(e+e� ! Z ! bb̄cc̄),
obtained via MadGraph [17] and Pythia6 [18], and the in-
clusive Bc-meson cross section �(e+e� ! Z ! Bc+b+c̄),
obtained by using the NRQCD-based calculations [19],
one can evaluate the fraction f(cb̄ ! Bc) for the cb̄-pair
fusion into the Bc mesons2. The phase space of the frag-
mentation process to produce the Bc-meson is limited
by mcb̄ < M

cb̄
cut, with M

cb̄
cut being the maximum value

of the invariant mass in which the cb̄-fusion takes place.
Beyond this cut, the b- and c̄-quarks fragment indepen-
dently. We use M

cb̄
cut to estimate �M , which yields us

the partial branching ratio in Eq. (3). The details of this
calculation are given in Section II.

The final step in the calculation of the branching ratio

B(Z ! T
{bb}
[q̄q̄0] +X), (4)

is to estimate the probability of the diquark-jet

(bb)jet(�M) to fragment into T
{bb}
[q̄q̄0] +X. There are essen-

tially two possibilities: The bb-diquark jet will either frag-
ment into double-bottom tetraquarks, shown in Fig. 1, or

2 We would have liked to use the LEP data for this process, but it
is too sparse for a quantitative analysis.

SU(3) triplets

cc

 [ fs
fd ](pT) = 0.263 − 17.6 × 10−4 ⋅ pT(GeV)

[LHCb,1405.6842] 

[LHCb,2103.06810]

 rg = 0.48 ± 0.08 [Belle,1706.06791] 

T{cc}
ūd̄

Ξ+(+)
cc

T{cc}
ūs̄

T{cc}
ūd̄

,
Ω+

cc

Ξ+
cc

T{cc}
ūd̄

T{cc}
ūd̄ + excited

cc

cc  All ratios determined!

 Ground 
state ratio
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Production of double-charm hadrons

• The cross section for all double-charm hadrons


     ;

• For double-charm baryons, e.g.


     

• For double-charm tetraquarks, e.g.


     

σ(pp → Hcc + X) = (310+170
−70 ) nb

σ(Ξ++
cc ) = (103+56

−22) nb

σ(T+
cc) = (24+14

−7 ) nb

[Chang,Qiao,Wang,Wu,0601032]

[LHCb,1910.11316]

The cuts are  13 TeV LHCb4 < pT < 15 GeV, 2 < η < 4.5@

Comparison with theory

vs 62 nb (NRQCD)

4 6 8 10 12 14
0

2

4

6

8

10

12

PT(cc) [GeV]

σ(
pp

→
T 
u
d

{c
c}
+X

)[
nb

]

Tu d
{cc} production at the LHC (13 TeV)

Figure 1: Projected pT-dependence of the tetraquark production cross section in pp !

T
{cc}
[ūd̄]

+X at the LHC for
p
s = 13 TeV with 2 < ⌘ < 4.5.

with the pT-dependent fragmentation functions (3), we estimate the direct production
cross sections of the double-charm tetraquarks to be

�(pp ! T
{cc}
[ūd̄]

+X) = (24+14
�7 ) nb ,

�(pp ! T
{cc}
[ūs̄] +X) = �(pp ! T

{cc}
[d̄s̄]

+X) = (6.0+3.5
�1.7) nb . (4)

The pT distribution of the pp ! T
{cc}
[ūd̄]

+ X events from the simulation is displayed in
Figure 1. In contrast, because almost all the excited states of ⌅cc and ⌦cc decay into
their ground states, we do not need to multiply the rg ratio for their production cross
sections, which read

�(pp ! ⌅++
cc +X) = �(pp ! ⌅+

cc +X) = (103+56
�22) nb ,

�(pp ! ⌦+
cc +X) = (26+14

�6 ) nb . (5)

The ⌅cc production cross section has been calculated in the framework of non-relativistic
QCD as �(⌅++

cc ) = �(⌅+
cc) ⇡ 62 nb [45], with the experimental cuts pT > 4 GeV and |⌘| 

1.5. To compare with this result, we reset the same cuts and find �(⌅++
cc ) = �(⌅+

cc) ⇡ 100
nb. Taking into account the large uncertainties, they agree with each other. In addition,
the ⌅++

cc production has been studied by the LHCb, with a relative production rate given
as [46]

�(⌅++
cc )⇥ B(⌅++

cc ! ⇤+
c K

�
⇡
+
⇡
+)

�(⇤+
c )

= (2.22± 0.27± 0.29)⇥ 10�4
, (6)

choosing the cuts 4 < pT < 15 GeV and 2 < ⌘ < 4.5. From an LHCb measurement
with

p
s = 7 TeV [47], it can be extracted that �(⇤+

c + ⇤�
c ) ⇡ 38µb with 4 < pT <

4

With partonic simulation by MadGraph & Pythia, we obtain

Comparison with experiment

vs [30, 130] nb 
(LHCb with theory inputs)
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Detection of Tcc

Propose the golden channel T+
cc → D0D*+ → D0D0π+

• Big branching ratio


• Big detection efficiency (all charged particles)

π+ π+

K−

p

p
T+

cc

D0

K−

π+

D0

Ξ++
cc → Λ+

c K−π+π+Compared with

Production
fTcc

fΞcc

∼
1
4

σ(Ξ++
cc ) = (103+56

−22) nb
σ(T+

cc) = (24+14
−7 ) nb

Br(Ξ++
cc → Λ+

c K−π+π+) Br(Λ+
c → pK−π+)

Br(Tcc → D0D*+) Br(D*+ → D0π+) Br(D0 → K−π+)2

Decay

1/2 2/3 (4%)2

10% 6%
one more track

1/3 Br(Tcc)/Br(Ξ++
cc ) ∼ 1/4
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Detection of Tcc

1500 events of Ξ++
cc → Λ+

c K−π+π+

:   T+
cc Ns ∼ 100

[QQ,Shen,Yu, 2008.08026]

fTcc
/fΞcc

∼ 1/4

Br(Tcc)/Br(Ξ++
cc ) ∼ 1/4

[LHCb,2109.01038;2109.01056]



—— To probe the nature of Tcc

Further production properties

[Jin,Li,Liu,QQ,Si,Yu,2019.05678]



Observables of  to probe its natureTcc

• Static quantities [Dong,Guo,Zou,2108.02673, see also Prof. He’s talk]


    Mass, spin, parity, …

• Dynamical quantities 


   1. Decay rates 

   2. Production observables
‣ Cross section
‣ Kinematic spectrum
‣ Production ratio 
‣ …
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Molecule? Tetraquark?

[Wang,Yan,1710.02810]
M = (3.87 ± 0.09) GeV

Tetraquark

δM ≈ − 470 keV
Molecule

[Li,Sun,Liu,Zhu,1211.5007]



Cross section

• As a tetraquark 


• As a molecule state 

17

σ(T+
cc) = (24+14

−7 ) nb

p1

X

A

B

p2

=
R d3k
(2⇡)3

�(~k)⇥
p1

X

A

B

p2

H(A,B)

FIG. 5: Any hadron molecule H(A,B) production process p(p1)p(p2) ! A(pA) + B(pB) + X !

H(A,B)(PH) +X.

D and D⇤ production. The factor 1q
mDmD⇤
mD+mD⇤

comes from the normalization of the bound

state to be 2EHV just as a single particle. The normalization for the wave function �(~k) in

momentum space (Fourier transformation from the configuration space) is
Z

d3k

(2⇡)3
|�(~k)|2 = 1. (A2)

From the above equation, it is obvious that if we know the analytical form of the wave

function as well as the free particle invariant amplitude, we can calculate the amplitude

of the bound state simply by integrating the relative momentum ~k. In practice, certain

decomposition and simplification will be taken for a concrete 2S+1LJ state. The resulting

formulations are covariant.

To get a factorized formulation, we should expand the �(~k) around ~k = 0. This is

especially reasonable in the heavy hadron molecule case since the typical relative momentum

~k is rather small compared to the mass of the molecule. (may say more about some molecule

models). For two orbital angular momentum states L=0, 1, taking into account the parity

of these two wave functions, one respectively obtains the
Z

d3k

(2⇡)3
�(~k)M(~k) =  (0)M(~k)|~k=0 (L = 0),

Z
d3k

(2⇡)3
�(~k)M�(~k) =  

0(0)✏µ
�
@k

µ
M(~k)|~k=0 (L = 1),

to the leading contribution. Here  (0) or  0(0) is the configuration space wave function or

divergence of the configuration space wave function at origin. ✏µ
�
is the polarization vector

of the vector hadron D*.
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σ(TDD*) ≈ 0.3 nb

2 orders of magnitude lower!

( Input  )Ψ(0) = 0.14 GeV3/2

∼ Ψ(0) × A(pp → D + D* + X)

[Li,Sun,Liu,Zhu,1211.5007]

pp → D + D * +X → T(DD*) + X

Prefer a tetraquark… 



Kinematic spectrum
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be observed. We hereby propose an observable to measure this e↵ect. First find a cluster

including a ⌅cc or Tcc hadron and other particles with relative small momenta, and then

measure the invariant mass of this cluster MT (⌅) + � (MT (⌅) is mass of Tcc(⌅cc)) and the

total baryon number NB (algebric sum or arithmetic sum). The NB as a function of � is

thus obtained. The value of NB is significantly larger than the averaged baryon production

rate in various high energy scattering processes, which is around 10 per cent with respect to

all hadrons.

0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.01

0.02

0.03

0.04

0.05

0.06

0.07

FIG. 3: Comparison of the z-distributions of the fragmentations (from the cc diquark) to ⌅cc (blue)

and Tcc (red).

The next observable that we propose to measure on the similarity between the ⌅cc and

Tcc is their kinematic spectra. The fragmentation of the heavy diquark can be described by

the Peterson formula [21]

f(z) / 1

z(1� 1/z � ✏Q/(1� z))2
, (5)

where z is defined by phadron+ /pcluster+ with p+ being the sum of the energy and the momentum

projected in the moving direction of the cluster, and the free parameter ✏Q is expected to

scale between flavours as ✏Q / 1/m2
Q
. In practice, di↵erent ✏Q values inversely proportional

to the hadron masses squares are used for Tcc and ⌅cc. The results for f(z) of Tcc and ⌅cc

are displayed in FIG. 3 to show the di↵erence. It can be seen that for reasonable kinematics

region, the di↵erences between these two hadron can be neglected. Therefore, this similarity

in the line shape of the momentum spectra with respect to those of ⌅cc is another feature

to judge Tcc as a four-quark state, which can be examined in experiments.
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 distributionz ≡ phadron
+ /pcluster

+

Ξcc

Tcc

Similarity between  and !Ξcc Tcc

4 6 8 10 12 14
0

2

4

6

8

10

12

PT(cc) [GeV]

σ(
pp

→
T 
u
d

{c
c}
+X

)[
nb

]

Tu d
{cc} production at the LHC (13 TeV)

Figure 1: Projected pT-dependence of the tetraquark production cross section in pp !

T
{cc}
[ūd̄]

+X at the LHC for
p
s = 13 TeV with 2 < ⌘ < 4.5.

with the pT-dependent fragmentation functions (3), we estimate the direct production
cross sections of the double-charm tetraquarks to be

�(pp ! T
{cc}
[ūd̄]

+X) = (24+14
�7 ) nb ,

�(pp ! T
{cc}
[ūs̄] +X) = �(pp ! T

{cc}
[d̄s̄]

+X) = (6.0+3.5
�1.7) nb . (4)

The pT distribution of the pp ! T
{cc}
[ūd̄]

+ X events from the simulation is displayed in
Figure 1. In contrast, because almost all the excited states of ⌅cc and ⌦cc decay into
their ground states, we do not need to multiply the rg ratio for their production cross
sections, which read

�(pp ! ⌅++
cc +X) = �(pp ! ⌅+

cc +X) = (103+56
�22) nb ,

�(pp ! ⌦+
cc +X) = (26+14

�6 ) nb . (5)

The ⌅cc production cross section has been calculated in the framework of non-relativistic
QCD as �(⌅++

cc ) = �(⌅+
cc) ⇡ 62 nb [45], with the experimental cuts pT > 4 GeV and |⌘| 

1.5. To compare with this result, we reset the same cuts and find �(⌅++
cc ) = �(⌅+

cc) ⇡ 100
nb. Taking into account the large uncertainties, they agree with each other. In addition,
the ⌅++

cc production has been studied by the LHCb, with a relative production rate given
as [46]

�(⌅++
cc )⇥ B(⌅++

cc ! ⇤+
c K

�
⇡
+
⇡
+)

�(⇤+
c )

= (2.22± 0.27± 0.29)⇥ 10�4
, (6)

choosing the cuts 4 < pT < 15 GeV and 2 < ⌘ < 4.5. From an LHCb measurement
with

p
s = 7 TeV [47], it can be extracted that �(⇤+

c + ⇤�
c ) ⇡ 38µb with 4 < pT <

4

 distributionpT



Production ratio
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If experiments find an isospin triplet , e.g. , compare their production cross sections.T′ cc T{cc}
[ūū]

[Belle,1706.06791]

σ(T′ cc)
σ(Tcc)

∼
σ(Σc)
σ(Λc)

∼
1
10

Tetraquark picture

σ(T′ cc) ∼ σ(Tcc)Molecule picture



Summary

• We studied the discovery potential of  in 2020, suggesting the golden channel 
, which has just been confirmed by the discovery in 

2021 at the LHCb


• Considering the production and detection, we predicted the correct signal yield 


• We further propose to probe the nature of  by its production properties, including 
the production (1) cross section, (2) kinematic spectrum and (3) production rate


• An observable  to be studied

T+
cc

T+
cc → D0D*+ → D0D0π+

T+
cc

σ(pp → TccX) * B(Tcc → D0D0π+)
σ(pp → X(3872)X) * B(X(3872) → D0D̄0π0)

Thank you!
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  vs  Ns ∼ 100 Ns = 117 ± 16


