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Background

The observation of T,

[LHCb, Nature Phys. 18(7) (2022) 751- 754] e Discovered in pp — DDt + all by LHCDb

< TOF ' 2~AD 7
z: 60 . ;If{b(f? Ejji @ The first double charm tetraquark candidate
2 5o “ | %f;’i ® Quark content cctid and I(J¥) = 0(11)
= F 100 { 7
>~ 40F o | ; e Close to (and below) D**D? threshold
30:_ ‘ E Iﬁl th; DODO7* : E ] ) ]
- | === Baskmomd . ® Well-established exotic hadron candidate
wf | = T + y 3
10F- J( + E Simple BW Unitarised 3-body BW
= A H}H o M ++++HH +++ ﬂ i H HHﬁ i
oF M u 6, =—-273+61keV ® 6, =—359+40keV
3.87 388 389 3.9 ¢ =410+ 165 keV [ =48+ 2 keV
MpOpO+ |GeV/c?]
¢ 430 ford,, <0 ¢ 96 ford,, <0
[Nature Phys. 18(7) (2022) 751-754] [Nature Commun. 13 (2022) 1, 3351]
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Background

Hadronic Molecular picture Compact Tetraquark picture
. . +
® Obtain the line shape of T [Weng et al, CPC 46 (2022) 1 013102]
® Obtain the mass position and width of TZ.
® Predict the locations of I = 1 triplet partners of T, e ) A2

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

Shi et al, PRD 106 (2022) 9, 096012]
Albaladejo, PLB 829 (2022) 137052]
Chen et al, PLB 833 (2022) 137391] - DG .
Du etal, PRD 105 (2022) 1, 014024]

[

[

[ I(JP) = 0(1%) state
|

|

[Liu et al, PRD 107 (2023) 5, 054041] Wu etal, PRD 107 (2023) 7, L.071501]
[

|

[

|

[

|

with different schemes

DD(3734)

Lin et al, arXiv: 2205.14628 (2022)] Simonov et al, Phys.Atom.Nucl. 86 (2023) 2, 147-152]
Ke etal, PRD 105 (2022) 11, 114019] Gao et al, Mod.Phys.Lett.A 37 (2022) 35n36, 2250223]
Chen et al, EPJC 82 (2022) 7, 581] Song et al, Commun.Theor.Phys. 75 (2023) 5, 055201]
Deng et al, PRD 105 (2022) 5, 054015] Noh et al, PRD 108 (2023) 1,014004]

Wang et al, PRD 107 (2023) 9, 094002] Meng et al, PLB 846 (2023) 138221]

Montesinos et al, PRC 108 (2023) 3, 035205] Kim et al, PRD 105 (2022) 7, 074021]
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Motivation d,Q/\

e A physical quantity to distinguish the internal structure of T.?
(Hadronic Molecular & Compact Tetraquark)
® Can be achieved by current experiment?

Study the natures of T/, and Tz in pp collision at /s=14 TeV

di-quark from Monte Carlo

Hadronic Molecular picture Compact Tetraquark picture gmylation directly, only for T2
¢ Events generator: PYTHIA 8.3 (Statistic: 1 billion) # Events generator: PYTHIA 8:3(Statistic: 100 billion)
¢ Collect prompt D~,D% D*~,D*? in an event ¢ Collect ¢, u, d,judy, ud, |in an event
¢ Make cone cut Rp_p+ < Aypy of D~&D*? or ¢ Make cone cut of ¢&¢ or u&d (Rs_gor R,_4 < 1GeV)
D*~&D° (Ayy = 0.5,1,1.5 GeV) to form ¢¢ and ud (anti)di-quark
¢ Form D*D~&D*~ D" and obtain 650~ p=- 50 ¢ Make cone cut of cc&ud to form ccud
* Calculate the o7 by factorization formula (select condition: Ree—yq < Acrs Acr=0.5,1 GeV)
The product of Tz; by PYTHIA ¢ Calculate the or_ by convolute wave function
2024.9.25 4/12



T in Hadronic Molecular picture

Py distributions of D &D®) and their ratio

((‘,)1 02i— =0, . . Op()
! +D/D° #D/D Ratio = 5
_ —*0 *0 & . D(*)
1 1?.* /D +D /D
[ ® 05+ is lager than o, atlow Py

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

0.99] o
008k 1;‘;:& with heavy quark recombination mechanism
0 5 10 15
p, (GeV)
Pr, rapidity (y) distributions of DD* & DD* pairs and their ratio
(c) 1.5 (f) -
) 1_1_ Ratio = 90D
i Opp-
E 1LOf Sl LN L ® Maximum at Py = 2GeVandy = 0
® Similar Pt and y behaviors
0.9
0 : o - i ® 055+ is lager than opp+ at low Pr and large |y|
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T in Hadronic Molecular picture

The cross section of the T,¥.

Ors = 1 g2 |G| (daDD*)MC 4m’p The amplitude of the production of DD* should
cc. 4mpmp: dk I be a constant without considering the FSI:
2000 i— + D'D" +e.c.
* E 1500 __ Uan-H:AC.
Te d9pp ~k2 ) : | :
. dk E moo;
D[ />~ 3
P . qu p 0 01 02 03 04 k((();:w 06 07 08 09 1
Successfully apply to:
X(3872): [Guo et al, EPJC 74 (2014) 9, 3063], [Shi et al, PRD 106 (2022) 11, 114026],
All [Albaladejo et al, CPC 41 (2017) 12,121001], [Yang et al, CPC 45 (2021) 12, 123101]

2024.9.25

P_s: [Ling et al, EPJC 81 (2021) 9, 819]
Zps: [Cao et al, PRD 101 (2020) 7, 074010]
D.0(2317): [Guo et al, JHEP 05 (2014) 138]
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T,% in Hadronic Molecular picture JY\

The cross sections and asymmetry of T/ and Tz in different kinematic range
A+ Ogpq + 553,5

-~ +
c-—0
Range(GeV) statistic error oz (o) ACK) A= o- +ot
A= 0.5Ge\71 A =1GeV A = 1.5GeV
Or:.  43.30400.70lub  152.42+0.89 nb  313.74+1.03 nb
Full (0r2) (44.13£0.71 nb)  (156.81£0.91 nb)  (321.14£1.04 nb) 1.2420.30£0.20
LHCb (2 < y < 4.5)
1.46+0.15 nb 5.27+0.20 nb 11.46+0.23 nb
4 < pr <20 [112] 2.53+2.0141.79
(1.45-0.15 nb) (5.63+£0.20 nb)  (11.8740.24 nb) DO ‘
S0 [ 8.26-0.44 nb 29.93+0.57 nb 62.28+0.66 nb
pr 1.6441.03£0.52
(8.69£0.46 nb)  (30.8240.58 nb)  (64.30£ 0.67 nb)
A: the weighted average of Ag 56ev, A1gev aNd A1 5gev
A = w141 + wrA; + w343 Ostq = w161 + w6, + w303
1
_ &
R R R b, = [PiA A
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T in Compact Tetraquark picture

Pr, rapidity (y) distributions of cctid & ¢cud and their ratio
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® Similar Py behaviors between all diquark pairs

do/dy (mb)
™
"
do/dy (mb)

® MC diquark pairs show different y behaviors

® 0:,4 1S larger than o, .47 at low Pr and large |y|

015, Oceu |0 (Koa)| mmmh ¢h-°-(ﬁ,a)=<%>%<§)%e_z'5'; ¢t (K, a)—zf —(—)z ('p'2+1>-2

2024.9.25




T in Compact Tetraquark picture

The cross sections and asymmetry of T;\ and Tz in different kinematic range

c-—o"
Range(GeV) Or+ (O-T{E) A(%) A= T
o (0}
r=0.2fm r = 0.5fm r = 1fm
()'Tg-c 1.2540.005 nb 4.43+0.02 nb 4.884+0.02 nb * Ner = 1GeV
Full 18.734+0.25+0.14

(672.) (1.82+0.01 nb) (6.46:£0.02 nb) (7.16-£0.02 nb)
LHCb (2 < y < 4.5)

39.75+0.89 pb  139.88+3.11pb  163.77+3.65 pb

(50.5741.00 pb)  (171.16+3.38 pb)  (163.83+3.23 pb)

¢ Wave function: ¢

4 < pr <20 [112] 7.354+1.48+5.24

0.2440.002 nb 0.8440.01 nb 0.9140.01 nb
(0.30£0.002 nb)  (1.05+0.01 nb)  (1.14+ 0.01 nb)

A (%) Aer = 1GeV & ™0 | Agr = 0.5GeV & ¢ | App = 1GeV & ¢St | Agp = 0.5GeV & ¢S5t

pr > 0 [11] 11.4240.60+0.17

Full 18.734+0.25+0.14  18.71+0.67+0.17  18.70+025+ 0.08  18.70+0.67+0.11 1.24+0.30+0.20
2<y<4.5 7.35+1.48 + 5.24 3.53+4.15+2.99 6.71+1.48 + 5.17 2.594+4.15+3.43 2.53+2.01+1.79
4<P; < 20 GeV
1§<>yo<g'§/ 11.4240.60 + 017  10.65+1.64+ 042  11.38+0.60 + 016  10.69+1.64+0.36 1.64+1.03+0.52
T e

2024.9.25 The asymmetry A s stable! 9/12




Pr, rapidity distributions of the cross section and 4

oo o R Ti&gg Ti&ig
> L % +TLA=]) 4 TA=1) i i .
s . Sraos ity | = | L, Hadronic Molecular picture
3 e . + TLA=15) 4 To(A-15) i - —+ B
501 < 50 == = . _ _
R 5 Ot v+ ® Maximum at Py = 2GeVandy = 0
e Tl [ Emeeeel ® A >0 atlow Pr and large y
0.2F 0.3F o _
< OF et amg oy e 02¢ e Similar Py and y behaviors
F + < 0.1f 4 T
:8.25 —+— 0?:______+_____-_I:+ ¥ ++++*+
0Tz 3 4 5 6 7 8 9 10 108 6 4 2 0 2 4 6 8 10
Py (GeV) Y
! [ EENE W e
- ot [ 4 TRO56m) & Te(lfm) 4T 0.2 fm .
o o T L5} T Compact Tetraquark picture
ﬁﬁ [ o+ AT fm) 5 T (1 fm) = -
= B T —— e (0.2 fm (0.2 fm) ~ 1— =
S IR e ® Maximum at Py = 2GeVandy = 0
= Es e © B
B L S © 051
S =t S = 5 ®A>0atPr =~ 2GeVandy = +6
o OIS ooesmeve.sereeesceee o T o _
0.4 3 ® Similar P+ behaviors
0.2f™™= 1 T
W S e AR s R, L e | < g5 e
T S R N 5. S e Significantly different y behaviors for Tz -
-0.2 Of-oiozmq e : ‘ cc
0o 1 2 3 4 ((5} V)G 7 8 9 10 -10 -8 =6 -4 -2 0 8 10
p, (Ge y
LHCb kinematic range: 2 <y < 4.5
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Asymmetry with different c.m. energy

40 -

) (%)
=

+
CccC

A(

¢ HM
0 CT

2024.9.25

e
7

.8..

9

coa b b by by b
10 11 12 13 14
(s (TeV)

o —o"
o~ +o*t

A

® A > 0 in all energy region
® A-r > Ay in all energy region
® Both A,y and Ay, decrease when /s increase

¢ Larger asymmetry at RHIC energy region?

valence quarks contribute the asymmetry

)
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Summary

Study the nature of T and Tz in pp collision at \/s=14TeV

e Propose a physical quantity A = 2

o +

N
2 — to distinguish HM and CT picture
o

¢ A7 is significantly larger than Ay

¢ Both A-r and Ay,, 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

Thank you very much for your attention!

2024.9.25
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Back up

152.424+0.89nb 156.81+0.91 nb 1.24+0.30

diquark-

3 4.43+0.02 nb 6.4610.02 nb 18.731+0.25
antidiquark

(ct)g(cd)g 2.7940.04nb  3.264+0.04 nb 7.91+0.94

2024.9.25
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Back up

P distributions of D) and D™ prompt D(D) mesons

(a) T (b) 7 ()
N =~ 2 B . 102f__+D'D’ wD/D"
% ot e all D° % . allD e AN 'D? +D/D
= L5f A * = prompt D° 3 . A A = prompt D o ?‘#
£ RN + non-prompt D" E v e + non-prompt D 3 i s
. e ¢ @ . (¢ %% [0 1.QO-- 8/
£ 10, R PR v
F o i R
00......‘. OF......... 0-987....\....|‘..
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 5 10 15
p, (GeV) p,. (GeV) p, (GeV)
- Heavy quark recombination mechanism
= B [ . D+ do[D~] — do[D*
| i ! a =
ol | _ do[D~] + do[D™]
.| [Braaten, Jia, Mehen, PRL 89 (2002) 122002]

0 2

2024.9.25




Back up

Pr, rapidity (y) distributions of DD* and DD* pairs

X107
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Y
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(b) 0.3

do/d PL (mb/GeV)
o

(€)g.15F

DD =DD
E 0101 Egﬁi&
= i
T 0.05] . o
=] | - -

: - L

0.00F
10 -5 0 5 10
y

(c) 15

(f)

Ratio

® Maximum at Pt = 2GeVandy = 0

® Similar Pt and y behaviors

® opp+ is lager than opp+ atlow Py and large |y|



Back up

Pr, P, rapidity (y) distributions of diquark and anti-diquark

hand-made diquark MC diquark
107
(b) 10] (c) (IO (f)
. _ B - 61 e ud,
% 1:.-... ecc mud % . llldl -
Q qott O . s =
-g B 4r e o E » . .
S0 < o oo
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8 ot Y 0
10—55‘ 1 0'|||<'><].03 10735"“"- TR R S
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(d) 107 (e) 10 _
b i ® Maximum at Py = 2GeVandy = 0
—_ 10 | gpEEREEREEEEEEEEg . 10 _,l“*IMIl“ll"'l
E 10" "l Eiode u for hand-made diquark
= P Y L | I - Py Yy
= -5 oo ®® Goe, T 05k o**® e, .
glop . ¢ g0 ‘. ® Maximum at large |P,| and large |y| for ud, and ud,
r &
107 - 107
L ud B cc d . . . .
N scc m - e scc mu e Different y behaviors between two kinds of diquark
10 -5 0 5 10 10 -5 0 5 10
y y
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Back up

The cross sections and asymmetry of T/ and Tz in different kinematic range

Range(GeV) Ot (JTEE) A(%)
A =0.5GeV A =1GeV A =1.5GeV
43.30£0.70 nb 152.4240.89 nb 313.74£1.03 nb
Full 1.24+0.30£0.20

(44.13+0.71 nb)  (156.8140.91 nb)

(321.141.04 nb)

LHCD (2 <y < 4.5)
5.27+0.20 nb
(5.6340.20 nb)

1.46-£0.15 nb
(1.4540.15 nb)

4 < pp < 20 [112]

11.46+0.23 nb
(11.8740.24 nb)

62.28+0.66 nb
(64.30+ 0.67 nb)

2.53+2.01£1.79

1.64+£1.03+0.52

8.26+0.44 nb 29.93+0.57 nb
pr >0 [11]
(8.690.46 nb)  (30.82-0.58 nb)
CMS (|y| < 1.2)
0.05+0.02 nb 0.28+0.04 nb

10 < pr < 50(30) [113]

(0.03+0.02 nb) (0.20-0.03 nb)

0.5540.04 nb
(0.44-£0.04 nb)

—13.42+8.44+2.18

ATLAS (Jy| < 0.75)
0.2040.03 nb

(0.13+0.03 nb)

0.03-£0.02 nb
(0.0340.02 nb)

10 < pp < 70 [114]

0.38-£0.04 nb
(0.2840.03 nb)

—16.87£9.33£10.10

2024.9.25
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Back up

The cross sections and asymmetry of T/ and Tz in different kinematic range

Range(GeV) Or+ (UTE—E) A(%)
r=0.2fm r = 0.5fm r = 1fm
1.25+0.005 nb 4.43+0.02 nb 4.881+0.02 nb
Full

(1.8240.01 nb) (6.4640.02 nb)

(7.1640.02 nb) ~ 1573+0:25+0.14

LHCb (2 < y < 4.5)
139.88+3.11 pb
(171.16+3.38 pb)

39.75:£0.89 pb
(50.57-1.00 pb)

4 < pp < 20 [112]

0.2440.002 nb

163.77£3.65 pb

0.84-£0.01 nb 0.91-£0.01 nb
pr >0 [1] 11.42-20.60-0.17
(0.3040.002 ub)  (1.05£0.01nb)  (1.14% 0.01 nb) 42720600
CMS (Jy| < 1.2)
10 < pr < 50(30) (113 3TTEO5Lpb 4.73+0.56 pb 4.5140.53 pb

(1.0940.15 pb)  (3.77+0.51 pb)

(4-94Z|20.67 pb) —6.624+8.861+7.96

ATLAS (|y| < 0.75)
3.1540.46 pb
(2.83£0.49 pb)

0.92+0.14 pb
(0.6940.12 pb)

10 < pp < 70 [114]

3.11:0.46 pb

2024.9.25
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¢ Wave function: ¢



Back up

The cross sections and asymmetry of T/ and Tz in different kinematic range

* ACT = 0.5GeV

¢ Wave function: ¢

Range(GeV) Ot (JTEE) A(%)
r = 0.2fm r = 0.5fm r = 1fm
0.2340.002 nb 2.204+0.02 nb 4.7240.05 nb
Full 18.71+0.67£0.17

(0.344£0.003 nb)  (3.212£0.03 nb)

(6.92£0.06 nb)

LHCb (2 < y < 4.5)
69.86+4.24 ph
(77.1044.38 pb)

7.18-0.44 pb
(8.15+0.46 pb)

4 < pr <20 [114]

0.4140.01 nb
(0.51=£0.01 nb)

0.0440.001 nb
(0.0540.001 nb)

pr > 0 [11]

158.774+9.63 pb
(156.83+8.91 ph)

0.88+0.02 nb
(1.10 0.02 nb)

3.53+4.15+£2.99

10.65+1.64+0.42

CMS (Jy| < 1.2)
2.2540.75 pb
(1.654+0.67 pb)

0.24-0.08 pb
(0.16=0.07 pb)

10 < pr < 50(30) [115]

4.34+1.45 pb
(4.82+£1.97 pb)

—9.84425.79£10.79

ATLAS (|y| < 0.75)
1.5140.62 pb

(1.65+0.67 pb)

0.16+0.06 pb
(0.1640.07 pb)

10 < pp < 70 [116]

3.00+1.22 pb
(4.82+1.97 pb)

9.44+28.33+£9.92

2024.9.25



Back up

The cross sections and asymmetry of T/ and Tz in different kinematic range

Range(GeV) ot (0p-) A(%) * ANer = 1GeV
r = 0.2fm r = 0.5fm r = lfm ¢ Wave function: ¢5¢
1.50+0.01 nb 4.164+0.02 nb 4.844+0.02 nb
Full 18.70+£0.2540.08

(2.1840.01 nb)  (6.074£0.02 nb)  (7.09+0.02 nb)

LHCDb (2 <y < 4.5)
47.53+1.06 pb 132.57+2.95 pb 159.4843.55 pb

(60.31+1.19 pb)  (157.59+3.11 pb)  (158.35:3.13 ph)

4<pr <20 [114] 6.7141.48+5.17
0.29-£0.003 nb 0.7940.01 nb 0.900.01 nb
(0.36+0.003 nb)  (0.9940.01 nb)  (1.13+ 0.01 nb)
CMS (Jy| < 1.2)

1.69-0.20 pb 4.3740.52 pb 4.02£0.47 pb

(1.3120.18 pb)  (3.57£0.48 pb)  (5.440.73 pb)
ATLAS (Jy| < 0.75)

1.10£0.16 pb 2.9240.43 pb 2.79£0.41 pb

(0.85+0.15 pb)  (2.8320.49 pb)  (5.260.90 pb)

pr >0 [11] 11.3840.60-+0.16

10 < pr < 50(30) [115] —92.69+8.81+12.52

10 < pr < 70 [116] 5.44410.89+18.41

2024.9.25
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Back up

The cross sections and asymmetry of T/ and Tz in different kinematic range

Range(GeV) or (or.) A(%)
r = 0.2fm r = 0.5fm r = 1fm
0.3440.004 nb 2.39£0.03 nb 4.4240.05 nb
Full 18.7040.67£0.11

(0.49+0.004 nb)  (3.4940.03 nb)

(6.47+0.06 nb)

LHCb (2 <y < 4.5)
76.95+4.67pb
(83.02+4.72 pb)

10.48+0.64 pb
(11.83+0.67 pb)

4 < pr <20 [114]

0.0640.002 nb
(0.0840.002 nb)

0.4540.01 nb
(0.56=£0.01 nb)

pr >0 [11]

146.2248.87 pb
(140.2747.97 pb)

0.82+0.02 nb
(1.03 0.02 nb)

2.594+4.15+£3.43

10.69+1.64+0.36

CMS (Jy| < 1.2)
2.410.80 pb

(1.9140.78 pb)

0.34+0.11 pb
(0.2440.10 pb)

10 < pr < 50(30) [115]

3.57+1.19 pb
(5.06£2.06 pb)

—4.32425.67£15.52

ATLAS (Jy| < 0.75)
1.63+0.66 pb
(1.91+£0.78 pb)

0.23-£0.09 pb
(0.242£0.10 pb)

10 < pp < 70 [116]

2.4941.02 pb
(5.062.06 pb)

14.444-27.69+14.09

2024.9.25

* ACT = 0.5GeV

¢ Wave function: ¢5¢



Back up

Events generator: PYTHIA 8.3

! 1) Settings used in the main program.

Main:numberOfEvents = 1000000 I number—et—events—te—gen Set total event numbers of simulation
Main:timesAllowErrors = ! how many aborts before run stops

IMain:outputlLog = on I Put all printed output to a log file.

I 2) Settings related to output in init(), next() and stat().
ITnit:showChangedSettings = on ! 1list changed settings
IInit:showChangedParticleData = off ! list changed particle data
INext:numberCount = 1000 I print message every n events
INext:numberShowInfo = 2 ! print event information n times
INext :numberShowProcess ! print process record n times
INext:numberShowEvent = 2 ! print event record n times
IInit:showAllSettings = on

!Init:showAllParticleData = on

IStat:showPartonLevel = on ! additional statistics on MPI

! 4) Beam parameter settings. Values below agree with default ones.

Beams:idA = 2212 ! first beam, p = 2212, pbar = -2212 . ) ) .
Beams:idB 2212 ! second beam, p = 2212, pbar = -2212 Set COHISIOH S beams (pl"OtOI’l s ID: 2212)

Beams:eCM = 14000 1 CMenergy—of—collisien Set collision’s c.m. energy: 14TeV

! 5) Settings for the hard-process generation.

!HardQCD:hardccbar = on I Sum of g g E| ¢ cbar and q gbar E| c cbar.

I1SoftQCD:all = on

SoftQCD:nonDiffractive = on : i : : i Set collision type
IHardQCD:all = ! switch on all QCD jet + jet processes

IPhaseSpace:pTHatMin - ! minimal pT scale in process O-pp minibias — 57.17mb
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Back up

Events generator: PYTHIA 8.3 Statistic in Hadronic Molecular picture: 1 billion

T+ Opp minibias = 57.17mb
cc

relative momentum cut
DT, DO D*t D*0 | n———————) D*ODt&D*TDO0 | ) TCJE

|k| < Agpy

Tee

. . relative momentum cut . .
D—,D° p*~,D*0 | ——— ) | D*'D-&D* DO | ) Tz

|k| < Apym
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Back up

Events generator: PYTHIA 8.3 Statistic in Compact Tetraquark picture: 100 billion

O-pp minibias — 57.17mb

_|_
TCC
B relative momentum cut B relatlve momentum cut
c,u,d e | -~ & 1id ccud ) TCJE
1G] < 1GeV |k| < Acr
TEE
c,u,d relative momentum cut o relative momentum cut
cC & ud | ) | ccud |
udy, ud4 1q] < 1GeV k| < Agr

udgy, udy: di-quark from Monte Carlo simulation directly
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