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● Discovered in  𝒑𝒑 → 𝑫𝟎𝑫𝟎𝝅+ + 𝒂𝒍𝒍 by LHCb

● The first double charm tetraquark candidate

● Quark content 𝑐𝑐 ത𝑢 ҧ𝑑 and 𝐼(𝐽𝑃) = 0(1+)

● Close to (and below) 𝐷∗+𝐷0 threshold 

● Well-established exotic hadron candidate

[LHCb, Nature Phys. 18(7) (2022) 751-754]

Background
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[Nature Commun. 13 (2022) 1, 3351]

The observation of 𝑇𝑐𝑐
+

Simple BW

◆ 𝛿𝑚 = −273 ± 61 keV

◆ 𝛤 = 410 ± 165 keV

◆ 4.3σ for 𝛿𝑚 < 0

Unitarised 3-body BW

◆ 𝛿𝑚 = −359 ± 40 keV

◆ 𝛤 = 48 ± 2 keV

◆ 9σ for 𝛿𝑚 < 0

[Nature Phys. 18(7) (2022) 751-754]
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[Shi et al, PRD 106 (2022) 9, 096012]

Background

● Obtain the line shape of  𝑇𝑐𝑐
+

● Obtain the mass position and width of 𝑇𝑐𝑐
+

● Predict the locations of 𝐼 = 1 triplet partners of 𝑇𝑐𝑐
+

[Albaladejo, PLB 829 (2022) 137052]

[Liu et al, PRD 107 (2023) 5, 054041]

[Wang et al, PRD 107 (2023) 9, 094002] 

[Chen et al, PLB 833 (2022) 137391]

[Deng et al, PRD 105 (2022) 5, 054015]

[Ke et al, PRD 105 (2022) 11, 114019]

[Du et al, PRD 105 (2022) 1, 014024]

[Chen et al, EPJC 82 (2022) 7, 581]

[Lin et al, arXiv: 2205.14628 (2022)]

[Xin et al, EPJA 58 (2022) 6, 110] 

[Montesinos et al, PRC 108 (2023) 3, 035205]

Both HM and CT pictures can describe the mass position of 𝐓𝐜𝐜
+!2024.9.25

......

[Weng et al, CPC 46 (2022) 1 013102]

I(𝐽𝑃) = 0(1+) state 
with different schemes

[Meng et al, PLB 846 (2023) 138221]
[Noh et al, PRD 108 (2023) 1, 014004]

[Song et al, Commun.Theor.Phys. 75 (2023) 5, 055201] 

[Wu et al, PRD 107 (2023) 7, L071501] 

[Simonov et al, Phys.Atom.Nucl. 86 (2023) 2, 147-152]

[Kim et al, PRD 105 (2022) 7, 074021]

[Gao et al, Mod.Phys.Lett.A 37 (2022) 35n36, 2250223]

......
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Hadronic Molecular picture Compact Tetraquark picture



Study the natures of 𝑇𝑐𝑐
+ and 𝑇 ҧ𝑐 ҧ𝑐

− in pp collision at 𝑠=14 TeV

Motivation
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● A physical quantity to distinguish the internal structure of 𝑇𝑐𝑐
+?

(Hadronic Molecular & Compact Tetraquark)

● Can be achieved by current experiment? 

Hadronic Molecular picture

◆ Events generator: PYTHIA 8.3 (Statistic: 1 billion)

◆ Collect prompt 𝐷−, ഥ𝐷0, 𝐷∗−, ഥ𝐷∗0 in an event

◆ Make cone cut 𝑅𝐷−𝐷∗ < 𝛬𝐻𝑀 of 𝐷−&ഥ𝐷∗0 or

◆ 𝐷∗−&ഥ𝐷0 (𝛬𝐻𝑀 = 0.5, 1, 1.5 GeV) 

◆ Form ഥ𝐷∗0𝐷−&𝐷∗− ഥ𝐷0 and obtain 𝜎 ഥ𝐷∗0𝐷−(𝐷∗− ഥ𝐷0)

◆ Calculate the 𝜎𝑇ത𝑐ത𝑐
− by factorization formula

Compact Tetraquark picture

◆ Events generator: PYTHIA 8.3 (Statistic: 100 billion)

◆ Collect ҧ𝑐, 𝑢, 𝑑, 𝒖𝒅𝟎, 𝒖𝒅𝟏 in an event

◆ Make cone cut of ҧ𝑐& ҧ𝑐 or 𝑢&𝑑 (𝑅 ҧ𝑐− ҧ𝑐 or 𝑅𝑢−𝑑 < 1GeV ) 

◆ to form ҧ𝑐 ҧ𝑐 and 𝑢𝑑 (anti)di-quark

◆ Make cone cut of ҧ𝑐 ҧ𝑐&𝑢𝑑 to form ҧ𝑐 ҧ𝑐𝑢𝑑

◆(select condition: 𝑅 ҧ𝑐 ҧ𝑐−𝑢𝑑 < 𝛬𝐶𝑇 , 𝛬𝐶𝑇=0.5, 1 GeV)

◆ Calculate the 𝜎𝑇ത𝑐ത𝑐
− by convolute wave function

di-quark from Monte Carlo
simulation directly, only for 𝑇 ҧ𝑐 ҧ𝑐

−

The product of 𝑇 ҧ𝑐 ҧ𝑐
− by PYTHIA 



𝑃T distributions of ഥ𝐷(∗)&𝐷(∗) and their ratio

𝑇𝑐𝑐
+ in Hadronic Molecular picture
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● 𝜎 ഥ𝐷(∗) is lager than 𝜎𝐷(∗) at low 𝑃T

● Described by [Braaten, Jia, Mehen, PRL 89 (2002) 122002]

with heavy quark recombination mechanism

● Maximum at 𝑃T ≈ 2GeV and 𝑦 ≈ 0

● Similar 𝑃T and 𝑦 behaviors   

● 𝜎 ഥ𝐷 ഥ𝐷∗ is lager than 𝜎𝐷𝐷∗ at low 𝑃T and large |𝑦|

𝑃T, rapidity (𝑦) distributions of ഥ𝐷 ഥ𝐷∗ & 𝐷𝐷∗ pairs and their ratio

𝐑𝐚𝐭𝐢𝐨 ≡
𝛔ഥ𝐃(∗)

𝛔𝐃(∗)

𝐑𝐚𝐭𝐢𝐨 ≡
𝝈ഥ𝑫ഥ𝑫∗

𝝈𝑫𝑫∗



The cross section of the 𝑇𝑐𝑐
+

𝝈𝑻𝒄𝒄
+ =

𝟏

𝟒𝒎𝑫𝒎𝑫∗
𝒈𝟐 𝓖 𝟐(

𝒅𝝈𝑫𝑫∗

𝒅𝒌
)𝑴𝑪

𝟒𝝅𝟐𝝁

𝒌𝟐

𝑑𝜎𝐷𝐷∗

𝑑𝑘
~𝑘2

The amplitude of the production of 𝐷𝐷∗ should 
be a constant without considering the FSI:

𝑇𝑐𝑐
+ in Hadronic Molecular picture
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Successfully apply to:

𝑷𝒄𝒔: [Ling et al, EPJC 81 (2021) 9, 819]

𝑿(𝟑𝟖𝟕𝟐): [Guo et al, EPJC 74 (2014) 9, 3063], [Shi et al, PRD 106 (2022) 11, 114026], 

[Albaladejo et al, CPC 41 (2017) 12, 121001], [Yang et al, CPC 45 (2021) 12, 123101]

𝒁𝒃𝒔: [Cao et al, PRD 101 (2020) 7, 074010]

𝑫𝒔𝟎(𝟐𝟑𝟏𝟕): [Guo et al, JHEP 05 (2014) 138]



The cross sections and asymmetry of  𝑇𝑐𝑐
+ and 𝑇 ҧ𝑐 ҧ𝑐

− in different kinematic range

𝐴 ≡
𝜎− − 𝜎+

𝜎− + 𝜎+statistic error

𝛔𝑻𝒄𝒄
+

(𝛔𝑻ത𝒄ത𝒄
− )

𝑨: the weighted average of 𝑨𝟎.𝟓𝐆𝐞𝐕, 𝑨𝟏𝐆𝐞𝐕 𝐚𝐧𝐝 𝑨𝟏.𝟓𝐆𝐞𝐕

𝑇𝑐𝑐
+ in Hadronic Molecular picture
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𝐴 + 𝛿𝑠𝑡𝑎 + 𝛿𝑠𝑦𝑠

𝐴 ≡ 𝜔1𝐴1 + 𝜔2𝐴2 + 𝜔3𝐴3

𝜔𝑖 ≡

1
𝛿𝑖

2

1
𝛿1

2 +
1

𝛿2
2 +

1
𝛿3

2

𝛿𝑠𝑡𝑎 ≡ 𝜔1𝛿1 + 𝜔2𝛿2 + 𝜔3𝛿3

𝛿𝑠𝑦𝑠 ≡
σ𝒊(𝑨𝒊 − 𝑨)𝟐

𝟑



𝑃T, rapidity (𝑦) distributions of ccത𝑢 ҧ𝑑 & ҧ𝑐 ҧ𝑐𝑢𝑑 and their ratio

● Similar 𝑃T behaviors  between all diquark pairs

● MC diquark pairs show different 𝑦 behaviors 

● 𝜎 ҧ𝑐 ҧ𝑐𝑢𝑑 is larger than 𝜎ccഥ𝑢 ത𝑑 at low 𝑃T and large |𝑦|

ccതuതd & തcതcud: hand-made diquark pairs

തcതcu𝑑0 & തcതcu𝑑1: MC diquark pairs consist of 𝑢𝑑0, 𝑢𝑑1

𝑇𝑐𝑐
+ in Compact Tetraquark picture
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𝝈𝑻𝒄𝒄
+ = 𝝈𝒄𝒄ഥ𝒖ഥ𝒅 𝝓 𝒌, 𝒂

𝟐
𝜙ℎ.𝑜. 𝑘, 𝑎 = (

1

𝜋
)

3
4 (

1

𝑎
)

3
2 𝑒

−| Ԧ𝑝|2

2𝑎2 𝜙𝑆𝑡 𝑘, 𝑎 = 2 2
1

𝜋
(
1

𝑎
)

3
2 (

| Ԧ𝑝|2

𝑎2 + 1)−2

𝐑𝐚𝐭𝐢𝐨 ≡
𝝈ത𝒄ത𝒄𝒖𝒅

𝝈𝐜𝐜ഥ𝒖ഥ𝒅



𝛔𝑻𝒄𝒄
+

(𝛔𝑻ത𝒄ത𝒄
− )

◆ 𝛬𝐶𝑇 = 1GeV

◆ Wave function: 𝜙ℎ.𝑜.

𝑇𝑐𝑐
+ in Compact Tetraquark picture
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The cross sections and asymmetry of  𝑇𝑐𝑐
+ and 𝑇 ҧ𝑐 ҧ𝑐

− in different kinematic range

𝐴 ≡
𝜎− − 𝜎+

𝜎− + 𝜎+

The asymmetry A is stable!

A (%) 𝛬𝐶𝑇 = 1GeV & 𝜙ℎ.𝑜. 𝛬𝐶𝑇 = 0.5GeV & 𝜙ℎ.𝑜. 𝛬𝐶𝑇 = 1GeV & 𝜙𝑆𝑡 𝛬𝐶𝑇 = 0.5GeV & 𝜙𝑆𝑡 HM

Full 18.73±0.25±0.14 18.71±0.67±0.17 18.70±0.25 ± 0.08 18.70±0.67±0.11 1.24±0.30±0.20

2<y<4.5
4<𝑃T < 20 GeV

7.35±1.48 ± 5.24 3.53±4.15±2.99 6.71±1.48 ± 5.17 2.59±4.15±3.43 2.53±2.01±1.79

2<y<4.5
𝑃T>0 GeV

11.42±0.60 ± 0.17 10.65±1.64 ± 0.42 11.38±0.60 ± 0.16 10.69±1.64±0.36 1.64±1.03±0.52



𝑃T, rapidity distributions of the cross section and A
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Compact Tetraquark picture

● Maximum at 𝑃T ≈ 2GeV and 𝑦 ≈ 0

● 𝐴 >0 at 𝑃T ≈ 2GeV and 𝑦 ≈ ±6

● Similar 𝑃T behaviors  

● Significantly different 𝑦 behaviors for 𝑇 ҧ𝑐 ҧ𝑐
−

Hadronic Molecular picture

● Maximum at 𝑃T ≈ 2GeV and 𝑦 ≈ 0

● 𝐴 >0 at low 𝑃T and large 𝑦

● Similar 𝑃T and 𝑦 behaviors   

LHCb kinematic range: 2 < y < 4.5



𝐴 ≡
𝜎− − 𝜎+

𝜎− + 𝜎+

● 𝐴 > 0 in all energy region

● 𝐴𝐶𝑇 > 𝐴𝐻𝑀 in all energy region

● Both 𝐴𝐶𝑇 and 𝐴𝐻𝑀 decrease when 𝑠 increase

◆ Larger asymmetry at RHIC energy region?

Asymmetry with different c.m. energy

valence quarks contribute the asymmetry
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Summary

● Propose a physical quantity 𝐴 ≡
𝜎−−𝜎+

𝜎−+𝜎+ to distinguish HM and CT picture

◆ 𝐴𝐶𝑇 is significantly larger than 𝐴𝐻𝑀

◆ Both 𝐴𝐶𝑇 and 𝐴𝐻𝑀 decrease with the increasing c.m. energy

● These asymmetry can be observed at LHCb kinematic range 

● We expect a larger asymmetry at RHIC energy region

● Can be applied to other double heavy tetraquark candidates

Study the nature of 𝑇𝑐𝑐
+ and 𝑇 ҧ𝑐 ҧ𝑐

− in pp collision at 𝑠=14TeV
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Thank  you very much for your attention!



Back up
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Picture 𝜎𝑇𝑐𝑐
+ 𝜎𝑇ത𝑐ത𝑐

− A (%)

HM 152.42±0.89 nb 156.81±0.91 nb 1.24±0.30

diquark-
antidiquark

4.43±0.02 nb 6.46±0.02 nb 18.73±0.25

(𝑐 ത𝑢)8(𝑐 ҧ𝑑)8 2.79±0.04 nb 3.26±0.04 nb 7.91±0.94



𝑃T distributions of 𝐷(∗) and ഥ𝐷(∗)
prompt 𝐷(ഥ𝐷) mesons

[Braaten, Jia, Mehen, PRL 89 (2002) 122002]

𝛼[𝐷+] =
𝑑𝜎[𝐷−] − 𝑑𝜎[𝐷+]

𝑑𝜎[𝐷−] + 𝑑𝜎[𝐷+]

Heavy quark recombination mechanism

2024.9.25

Back up



𝑃T, rapidity (𝑦) distributions of 𝐷𝐷∗ and ഥ𝐷 ഥ𝐷∗ pairs

● Maximum at 𝑃T ≈ 2GeV and 𝑦 ≈ 0

● Similar 𝑃T and 𝑦 behaviors

● 𝜎 ഥ𝐷 ഥ𝐷∗ is lager than 𝜎𝐷𝐷∗ at low 𝑃T and large |𝑦|

𝛬𝐻𝑀 = 1GeV

2024.9.25
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𝑃T, 𝑃𝑧, rapidity (𝑦) distributions of diquark and anti-diquark

● Maximum at 𝑃T ≈ 2GeV and 𝑦 ≈ 0

for hand-made diquark

● Maximum at large |𝑃z| and large |𝑦| for 𝑢𝑑0 and 𝑢𝑑1

● Different 𝑦 behaviors  between two kinds of diquark

hand-made diquark MC diquark
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The cross sections and asymmetry of  𝑇𝑐𝑐
+ and 𝑇 ҧ𝑐 ҧ𝑐

− in different kinematic range

𝐴 ≡
𝜎− − 𝜎+

𝜎− + 𝜎+

Back up

𝐴 + 𝛿𝑠𝑡𝑎 + 𝛿𝑠𝑦𝑠
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The cross sections and asymmetry of  𝑇𝑐𝑐
+ and 𝑇 ҧ𝑐 ҧ𝑐

− in different kinematic range

◆ 𝛬𝐶𝑇 = 1GeV

◆ Wave function: 𝜙ℎ.𝑜.
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The cross sections and asymmetry of  𝑇𝑐𝑐
+ and 𝑇 ҧ𝑐 ҧ𝑐

− in different kinematic range

◆ 𝛬𝐶𝑇 = 0.5GeV

◆ Wave function: 𝜙ℎ.𝑜.
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The cross sections and asymmetry of  𝑇𝑐𝑐
+ and 𝑇 ҧ𝑐 ҧ𝑐

− in different kinematic range

◆ 𝛬𝐶𝑇 = 1GeV

◆ Wave function: 𝜙𝑆𝑡
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The cross sections and asymmetry of  𝑇𝑐𝑐
+ and 𝑇 ҧ𝑐 ҧ𝑐

− in different kinematic range

◆ 𝛬𝐶𝑇 = 0.5GeV

◆ Wave function: 𝜙𝑆𝑡
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Events generator: PYTHIA 8.3

𝜎𝑝𝑝 𝑚𝑖𝑛𝑖𝑏𝑖𝑎𝑠 = 57.17mb

Set collision’s beams (proton’s ID: 2212)

Set collision’s c.m. energy: 14TeV

Set collision type

Set total event numbers of simulation
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Events generator: PYTHIA 8.3 Statistic in Hadronic Molecular picture:  1 billion

𝐷+, 𝐷0, 𝐷∗+, 𝐷∗0 𝐷∗0𝐷+&𝐷∗+𝐷0 𝑇𝑐𝑐
+

relative momentum cut

|𝑘| < 𝛬𝐻𝑀

𝑇𝑐𝑐
+

𝑇 ҧ𝑐 ҧ𝑐
−

𝐷−, ഥ𝐷0, 𝐷∗−, ഥ𝐷∗0 ഥ𝐷∗0𝐷−&𝐷∗− ഥ𝐷0 𝑇 ҧ𝑐 ҧ𝑐
−

relative momentum cut

|𝑘| < 𝛬𝐻𝑀

𝜎𝑝𝑝 𝑚𝑖𝑛𝑖𝑏𝑖𝑎𝑠 = 57.17mb
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Events generator: PYTHIA 8.3 Statistic in Compact Tetraquark picture:  100 billion

𝑐𝑐 ത𝑢 ҧ𝑑 𝑇𝑐𝑐
+

relative momentum cut

Ԧ𝑞 < 1GeV

𝑇𝑐𝑐
+

𝑇 ҧ𝑐 ҧ𝑐
−

𝑇 ҧ𝑐 ҧ𝑐
−

𝑐, ത𝑢, ҧ𝑑

ҧ𝑐, 𝑢, 𝑑

𝒖𝒅𝟎, 𝒖𝒅𝟏

𝑐𝑐 & ത𝑢 ҧ𝑑

ҧ𝑐 ҧ𝑐 & 𝑢𝑑

relative momentum cut

|𝑘| < 𝛬𝐶𝑇

relative momentum cut

Ԧ𝑞 < 1GeV

relative momentum cut

|𝑘| < 𝛬𝐶𝑇

𝜎𝑝𝑝 𝑚𝑖𝑛𝑖𝑏𝑖𝑎𝑠 = 57.17𝑚𝑏

ҧ𝑐 ҧ𝑐𝑢𝑑

𝑢𝑑0, 𝑢𝑑1: di-quark from Monte Carlo simulation directly 
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