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Outline

* Brief review about heavy flavor exotic hadrons and heavy ion collisions

* Study the static properties of fully-heavy Tetraquarks in vacuum and
finite temperature.

* Production of fully-heavy Tetraquarks in relativistic heavy ion collisions

 Summary and outlook



Heavy Flavor Exotic Hadrons

ST
I

Research highlights of 2013:
Discovery of Zc(3900) at BESIII and Belle

2020: Discovery of Full-heavy
Tetraquarks X(6900) at LHCb

Research highlights of 2015: 2021: Discovery of Zcs(3985) at BESIII
Discovery of Pentaquark at LHCb and Zcs(4000), Zcs(4220) at LHCb

A good platform to study the nature of strong interaction.
Deepen our understanding of low-energy dynamic behavior of QCD theory.



Heavy Flavor Exotic Hadrons in Exp.

e+e- collisions: BESIII, Babar, Belle and CLEQO

Very clean experimental environment and various production mechanisms
p-antiproton collisions: CDF, DO; pp collisions: LHCb, CMS, ATLAS...

High statistic, decay of b hadrons (B and B;mesons as well as the A\,baryon)
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Relativistic Heavy-ion Collisions at RHIC and LHC
CERN Site
e physical
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A new state of matter: Quark-Gluon Plasma(QGP) !

QGP: color deconfinement, chiral restoration, strong coupling(‘prefect liquid”),...



Heavy Flavor: a sensitive probe of QGP

Heavy flavor can be used to probe and study the QGP !
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o Mc, Mb >> AQCD, produced by initial hard scattering

and can be described by pQCD.

e Mass not change in QGP medium, number conserved.

strong interaction with the hot medium.

Heavy flavor hadrons produced on the boundary of QCD
phase transition. Clear decay mode and easy to distinguish

JX. Zhao K. Zhou, ShL. Chen, PF. Zhuang, Prog. Part. Nucl. Phys. 114 (2020) 103801.
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o Mc, Mb >> AQCD, produced by initial hard scattering
and can be described by pQCD.

e Mass not change in QGP medium, number conserved.
strong interaction with the hot medium.

e Heavy flavor hadrons produced on the boundary of QCD
phase transition. Clear decay mode and easy to distinguish

JX. Zhao K. Zhou, ShL. Chen, PF. Zhuang, Prog. Part. Nucl. Phys. 114 (2020) 103801.

The appearance of QGP play a crucial role in heavy flavor hadrons production !

A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Phys. Lett. B 571 (2003) 36.

JX. Zhao, H. He, PF. Zhuang, Phys. Lett. B. 771 (2017) 349-353. Few Body Syst. 58 (2017) 2, 100.
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A. Torres, K. Khemchandani, F. Navarra, and M. Nielsen, Phys. Rev. D 90 (2014) 11, 114023.

B. Wu, X. Du, M. Sibila, R. Rapp, arXiv: 2006.09945.
H. Zhang, J. Liao, E. Wang, Q. Wang, H. Xing, Phys.Rev.Lett. 126 (2021) 1, 012301.



Heavy Flavor: a sensitive probe of QGP
- Heavy flavor can be used to probe and study the QGP !
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Heavy Flavor Effective Theory
m.~ 1.5GeV,my, ~ 4. 1GeV

Separation of scales:

2
mg > MpV > MgV

QCD

mg Perturbative matching
/non-perturbative matching

NRQCD

MgV Perturbative matching

pNRQCD

va

V' Potential model

“Iop - down”

Nora Brambilla’s talk in April. 12



Heavy Flavor Effective Theory

m, ~ 1.5GeV,my, ~ 4.1GeV N-Body Schroedinger Equation Framework
Separation of scales: N a2
Pi
2) ZE_'_Z‘/U ‘P(I‘l,...,l‘N)=E‘P(l’1,...,l’N)

mg > MpV > MgV

i=1 ! i<j

Jacobi coordinates :
QCD
1 N
m Perturbative matching L Z .
o /non-perturbative matching R = M miTi,
i=1
NRQCD \/.Mjij 1 ’
Xj = i1 — 5 m;Y;
J T J+1 T 1Ly
magV Perturbative matching M 1p M, —
m3
pNRQCD mz B e
va9 E m r ’ m1 F &2 } o
q @ m. .'.7'392
v SO rr—— LT
v  Potential model E proe i 12

Then, factorize the N-body motion into a

Top - down center-of-mass motion and a relative motion

Nora Brambilla’s talk in April. 12 V(ry,...,rn) = @(R)Cb(xl, o XN-1),



N-Body Schroedinger Equation Framework

Further, N-1 relative coordinates can be transformed to a single hyperradial
coordinate and 3N-4 hyperangular coordinates.

(X, X0, -5 Xy_1) = (P Qy_ps -+ -5 A, 01, Py, On_ 1, O 1)

p = \/X% +...+xy_,  sina;=x/lp; % =(6,¢)

N. Barnea, et al. Phys. Rev. C 61.054001(2000)
FBS Colloquium. Few-Body System 25, 199-238(1998)
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The relative motion is controlled by : FBS Colloquium. Few-Body System 25, 199-238(1998)
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K1 V(2) =K(K +3N —50.(2).  hyper-angular momentum operator
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The relative motion is controlled by : FBS Colloquium. Few-Body System 25, 199-238(1998)
1 1 d ., ,d K,
—_— — o V ) Q ¢ N Q — E ¢ ) Q ’
|:2M ( N dpp do + pe + V(p, 2) | @(p, $2) = E,®(p, $2)
A 92 3N — 9) — (3N — 5)cos(2an— ) 1 - 1
I )= Jcostian—) Kt 5l
BaN_] Sln(ZOtN_]) 00N _1 COS“ XN —1 SIN” oy _1

K1 V(2) =K(K +3N —50.(2).  hyper-angular momentum operator

P(p, 2)=>_ R(p)Ve(£2) hyper-spherical harmonic
function expansion

1 1 d d KK+3N-5
.—’ R —— K+ ) +E |R, = ZVKK/RK,
20 \ pN~* dp dp p? ;

Now, we apply this tool to deal with fully-heavy Tetraquark states !




Symmetric Analysis

Pauli exclusion principle requires the wave-function to be anti-symmetric when
exchanging two identical fermions

P =y . };{( ¥ - O,
Color 3,®3)®B.®3)=3.Q03.®6.06.®3.6.H6.R 3,
[$1) = 10003 (00)3), ) =1(00)s (00)z )

Spin 2Q2Q2Q2=1191Q3P3Q1P3R3

s=0: |x)=1(Q0)(00))o |12) = 1(00)(Q0);)0
s=1: |x) =1(00)(Q0) )1 |xa) =1(QD(QD))1, x5y = 1(Q0),(Q0),),
s=2: |y = (QQ)1(QQ)1>2

So, for cccc and bbbb
JPE =01t o) & drx)
JPC=1%" | yxs)

JPC =21 e



Solving the Coupled Equations
]PC — (Ott -

®(p,Q) = Y RPY (| di1) + REDIY (D) | o)

K

1 (d* 8d KK+7 , :
( + _K )>R,§1> + ) VRW 4+ Y VeRD = £ RY
K’ K’

2u\dp? pdp p?
1 (d*> 8d KK+7 , ,

- fo 4 _KEAD R+ Y VE&RP + Y Ve'RI = £, R
2u \ dp*  pdp p? = <5 «

JPC — 1t , N++ :

O(p, Q) = ), R(DY (D] d15)

1 (d*° 8d KK+7 ,
< 24K ))RK+ZV"’<RK,=E,,RK

2u\dp? pdp p?
VK = [V(p, QY xQ)Y (L2)dQ  potential matrix element in angular momentum space

Numerically solve the coupled differential equations with inverse power method

Focus on the states with L=M=0, choose all hyperspherical harmonic functions
with hyperangular quantum number K =< 3.



Heavy Quark Potential
One-Gluon Exchange (OGE) 3
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Supported by lattice QCD simulations:
T. Kawanai, S. Sasaki, Phys. Rev. D 85 (2012) 091503.



Heavy Quark Potential

One-Gluon Exchange (OGE) 8
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Heavy Quark Potential

One-Gluon Exchange (OGE)
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my me 8% o Y ﬁb Bc

4.7 GeV 1.29 GeV  0.308 0.15 GeV? 1.982 GeV  0.239 GeV 1.545 GeV

State ne  J/w h(1P) y (1P) n.(2S) y(2S) x.(2P)

Mg (GeV) 2981 3.097 3.525 3.556 3.639 3.696 3.927
My (GeV) 2968 3.102 3.480 3.500 3.654 3.720 4.000

Agree very well with
the experiment data !

State M T(IS> hb(lp) Xb(lP> ’71)(25) T(ZS) )(b(zp)

Mg (GeV) 9.398 9.460 9.898 9912 9.999 10.023 10.269
My (GeV) 9.397 9459 9.845 9.860 9.957 9.977 10.221
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Results
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LHCb Collaboration, Science Bulletin, 2020, 65(23)1983-1993
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Results

3S
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CCCC
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= 20 194l 19518
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LHCb Collaboration, Science Bulletin, 2020, 65(23)1983-1993

« The X(6900) is probably the 1st excited state of cccc with J PC = 0t*or 11~

» The potential states(~6.4GeV and ~7.2GeV) might be the ground and 2nd excited states. »



Results

JX Zhao, ShZh. shi, and Pf. Zhuang, Phys.Rev.D 102 (2020) 11, 114001

JPC 0+t 1+ )++
State 1S 28 3S 1S 28 3S 1S 28 38
cccc My (GeV) 6346 6476 6.804 6908 7.206 7.296 6.441 6.8906 7.300 6475 6.921 7.320
Vems (M) 0.323 0.351 0.445 0.457 0.550 0.530 0.331 0.446 0.547 0.339 0.452 0.552
bbb b My (GeV) 19.154 19.226 19.518 19.583 19.818 19.887 19.214 19.582 19.889 19.232 19.594 19.898
Feme (fM) 0.180 0.186  0.259 0.259 0.328 0.325 0.181 0.257 0.324  0.183 0.259 0.326
15 N I I I T T 1] Y| =naa I  N =  DE 0 I IR ==
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E 10 — ES E
= + E
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£ I 5
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3 + g
2 3 oon o E
o 1 oy ]
S + ‘l " \ s
g S B B ]
" \ _
1 ! \ ’/ \ ]
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Results
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Yield and decay width:

F. Feng, Y. Huang, Y. Jia, WL. Sang, X. Xiong, J-Y. Zhang, arXiv: 2009.08450.
C. Becchi, A. Giachino, L. Maiani, E. Santopinto, arXiv: 2006.14388.
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Heavy Quark Potential at Finite-temperature

Color Screening in hot dense medium:

Perturbative Vacuum

Hard Thermal Loop (HTL):
_ﬁ — g —mpr _ 1 2 ]\60
PR m%_gng (Nc+?>

N. Brambilla, J. Ghiglieri, A. Vairo, and P. Petreczky, Phys. Rev. D 78, 014017 (2008).

N. Brambilla, M. A. Escobedo, J. Ghiglieri, J. Soto, and A. Vairo, JHEP 09, 038 (2010).
M. Laine, O. Philipsen, P Romatschke, and M. Tassler, JHEP 03, 054 (2007).

Lattice QCD results:

ReV |GeV]| ImV [GeV]

- 0.5 148 MeV 4 205 MeV ' 286 MeV H
i 164 MeV H 232 MeV
181 MT Fe4 242 MeV F

Burnier Y, Kaczmarek O, Rothkopf A. JHEP, 2015, 12:101.
D. Lafferty, A. Rothkopf, Phys.Rev.D 101 (2020) 5, 056010 .
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Heavy Quark Potential at Finite-temperature

Wave function at QCD phase

Color Screening in hot dense medium: transition temperature Te

i
; ccce, 177, 1S
Perturbative Vacuum
Hard Thermal Loop (HTL):
a a 1 N.
—_ s — —e mlz):—ngz(Nc_F_jf) —~
r r 3 2 'E
N. Brambilla, J. Ghiglieri, A. Vairo, and P. Petreczky, Phys. Rev. D 78, 014017 (2008). O;L'/
N. Brambilla, M. A. Escobedo, J. Ghiglieri, J. Soto, and A. Vairo, JHEP 09, 038 (2010). NQ
M. Laine, O. Philipsen, P Romatschke, and M. Tassler, JHEP 03, 054 (2007). )
—~
. . \q
Lattice QCD results: =
ReV [GeV]| ImV [GeV]
3 0.5 148 MeV 4 205 MeV ' 286 MeV H
164 MeV F* 232 MeV
181 MeV 1 242 MeV
04 /h' m
0.3 AT
0.2
0.1
Dissociation
temperature 1S 28 3S 1S 28 3S
Burnier Y, Kaczmarek O, Rothkopf A. JHERF, 2015, 12:101. T,/T. 1.08 1.02 1.0 240 1.85 1.30 13

D. Lafferty, A. Rothkopf, Phys.Rev.D 101 (2020) 5, 056010 .



Dynamical production (color recombination on the phase boundary)
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R. J. Fries, B. Muller, C. Nonaka and S. A. Bass. Phys. Rev. C68, 044902(2004).

" The hadronization hypersurface is determined by the hydrodynamics.

" The Wigner function can self-consistently be determined by the wavefunction.
W(x,p,T) = /d9ye-fp-yq> (x +%, T)Cb(x —%, T).

m Heavy quark distribution functions

1
F(ry, 1), 13, T4, P15 P2 P35 Psy) = ZfQ(”1,P1) fQ(r29p2) fQ(’"3,p3) fQ(’"4,P4) 14



Results

Fully-heavy Tetraquark state production in heavy-ion collisions!
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JX Zhao, ShZh. shi, and Pf. Zhuang, Phys.Rev.D 102 (2020) 11, 114001

1 Pb+Pb collisions =~ 2000 p+p collisions.

do
—— | =~ 770pb jn AA at 5.02TeV
Ncolldy AA
do
| = 18pb  jn pp at 7TeV
Y lpp

Marek Karliner el al, Phys.Rev.D 95 (2017) 3, 034011.
Ruilin Zhu, arXiv: 2010.09082.

yield significantly enhanced !
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yield significantly enhanced !

The four-lepton decay channel
X(ccce) = LI

can be well separated from the bulk back ground
and makes it possible to find such exotic states in
heavy-ion collision even in low pt region!
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Summary

* We studied fully-heavy Tetraquark in vacuum and finite-temperature via 4-body
Schroedinger equation.

Finite temperature a Dynamic production in
properties relativistic heavy ion collisions!

* Due to the color recombination of uncorrelated charm quarks, the yield significantly
enhanced comparing with p+p collisions !

This supply a way to searching for more fully-heavy Tetraquark states in the experiment.

Outlook

* The angle excited(L=1, 2...) states of fully-heavy Tetraquark states.

» Searching for new observables of fully-heavy Tetraquark states in heavy-ion collisions.
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Thanks for your attention!



Backup

hyper-spherical harmonic function expansion
(L=M=0)

/385 3
y2 — ? 16][2 (3 COS(2(I3) - 1).
385 3
V3 =/ ——=—c0s(2a,)cos*(a3),
2 8r-
385 3
V4 = —\|—5—5Cc0sa, sin o, cos>as
2 4r-

X [cos @, cos O, + cos(¢p; — ¢,) sinB; sin 65,

385 3 :
V5 = —{/———5Ccosa, cos a3 sin a3
2 4rn-

X [cos 6 cos 05 + cos(¢h; — ¢p3) sin O, sin O5],

385 3 . .
Ve = —\/ 5 73sina,cosazsinas
2 4n°

X [cos 0, cos B3 + cos(¢hr — ¢p3) sin B, sin G5],

3
. . . 9)
Y7 = 1iVv5005 =) SIn a, COS a5 SIN A3COS“ A3
2

X [cos @5 sin @, sin O, sin(¢p; — ¢, )
— sin @5 cos 6, sin @ sin(¢p; — )
+ sin 65 cos 6, sin &, sin(¢ph, — ¢P3)].

Vi = <¢1)(2|Zvij|¢1)(2>

i<j

2 C C 1 C C C C
= (Vi, +V5y) + 3 (Vi3 + Viy + Vi3 + V5,)

3
l SS SS l SS SS SS 5SS
+ 6(V12 + V34) — g(V13 + Vi, + V35 + V3,
Vo = <¢2)(1|ZVU|¢2)(1>
i<j

| R . 5
:—5( 12+V34)+6

l SS SS
+ 1 (Vi + V3l

Vi = (b1l Y _Vijlbor1)
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