Rare particles (J/y,Y, B, Q.., cccc, u™ u™)

Pengfei Zhuang, Alice School, Shanghai, 20251103
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Rare Particle Enhancement in HIC

In comparison with pp collisions,

1) the off-diagonal interaction among heavy quarks in QGP leads to a strong
enhancement of multi-charmed hadrons (J/Y,Y, B., Q..., cccc,...),

2) and the production of dileptons in QGP results in a significant enhancement
of true muonium (u*u™)!

Pengfei Zhuang, Alice School, Shanghai, 20251103 52




Why Heavy Flavors?

® QCD - NRQCD — pNRQCD, a relatively solid calculation

@® Medium-independent heavy-quark mass
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— Initially produced heavy quarks pass through the QGP and carry its information.
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electrons as a probe of nucleon structure heavy quarks as a probe of QGP structure
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J/¥Y Suppression or Enhancement ?

J/y SUPPRESSION BY QUARK-GLUON PLASMA FORMATION *

T. MATSUI
Center for Theoretical Physics. Laboratory for Nuclear Science, Massachusetis Insiitute of Technology,
Cambridge, M4 02139 /54

and PLB178,416(1986), citation 3323!

H. SATZ
Fakwlidt fiir Physik, Universitdt Bielefeld, D-4800 Biclefeld. Fed. Rep. Germany
and Physics Department, Brookhaven National Laboraiory, Upton, NY 11973, 1S4
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P, Distributions
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A Transport Approach

We need a transport approach to control / /3 motion in medium, including self-consistently

the competition between suppression and regeneration
Yan, Xu, Zhuang, PRL97, 232301(2006), PRC89, 054911(2014)

@ Transport equation for quarkonia:

Ofw /0T + vy - Vi =—ayfo+ Pu.

1 f-ﬁ " F ’ , H . e
aw(Pexe7b) = s | G W (), (pyox 1)O (T (xi,lb) = T2) . | SUPIESSION: g+Jfp — ¢ + ¢
‘ 1 ri’.‘lipy "J-ﬁp‘r' ﬂ‘-"ip.r- - g ilF
Pelpex7b) = gy | @rp2E, GrpeE, @rpeE, o O pexeTIb) rpe X T)
x(2m)'8 W (p + 1y = pe = p)O(T (x4, 7[b) = T2) regeneration: c+¢ »g+J/y
.,I"l.;r{p,a._xf._T b] = Ilrl.ir{pf._Xf _VLU{T_TG]__TG L'l']f'f f;,ffT'r]wlfP'r.xr valr—7'1.7"|b]
N f dr' B (Pes Xi — V(7 — ), 7' |b)e I 4 s (pxi=valr =), 7).

a

@® Hydrodynamic equations for QGP:
0,1"=0, 0o,n"=0

@® QCD equation of state
@ Initial distribution from p+p data.

® Cold nuclear matter effects: shadowing effect, Cronin effect, nuclear absorption.

Pengfei Zhuang, Alice School, Shanghai, 20251103 55



Taa and %)

| ® Au+Au, 0-10% 0-10%:
I . I . I . . I . I . I . I . 0.8 O Au+Au, 10-20%  -.-.. Tsinghua (seq. coal.)
. - - Ay PYTHIA p+p - Catania (coal.)
o f (A) mid rapidity 1 (B) forward rapidity 1s 2 06| -~ He.Rapp, 0-20%  — Catania (coal.+frag )
(@] . [—
,’\Q ™ Ao p-A B .y §: e — - Cao,Ko
o 15 & sPs T RHC 8
v a ¢ + 5 7
- S T - ja)
: % ! [ ° E
LS S RHIC i :

AN o S e it ——'%rr .............................. 2 Sun = 200 GeV  (a)
5 .. % L L L 1 L L L
W L 4+ . S 0.8 ® Au+Au, ---- Tsinghua (seq. coal.), 20-40%
I LHC LHC i — | OAu+Au, —— Tsinghua (seq. coal.), 40-80%

- 05 Experimental data Bk 19— 06l PYTHIA p+p

% Model prediction @ FbiPb at Vs, = 2760 GeV 2 g/ ' — ﬁ
L_r:c —— RHIC: Au+iu at "E‘JH=2DD GaV O Auspu at 1'-:5,Nh=2I:I[! GeV '8” 04 Eﬁ _-—S&’""Q,T‘\
——LHC: Pb+Pb at Vs, = 2760 GeV A Pb+Pb at sy, = 17.3 GeV o Sl el
D_I 1 ] 1 ] 1 ] 1 | 1 1 | 1 | 1 | 1 L e ) ___________.-——'——‘——‘——~_--::

0 100 200 300 400 0 100 200 300 400 0.2 —— (b)

Number of Participants N S S S S B

part 1 2 3 4 5 6 7

Transverse Momentum P, (GeV/c)

« 0.3 ‘ ] R L LS B IR L
[ ® ALICE (Pb-Pb |5, = 2.76 TeV), centrality 20%-60%, 2.5 <y < 4.0 & C  ALICE 20 - 40% Pb-Pb. {5 = 5.02 TeV .
| —— ¥. Liuet al., b thermalized = F ° S = |I;C\usive iy ]
| e ¥. Liu et al., b not thermalized = 02 E re'e’, |y] < 0.9, v,{EP, an =0} E
0.2 —. X. Zhao et al., b thermalized o ®u'Ww, 25<y <4, v{EP, An=1.1} 4
- 015 - global syst : 1% —
o1 + E
L nosE E
of ]
H o X.Duetal. K.Zhou etal. (25<y <4) ]
F _0.05 | E=2 Inc\usyve Jiy, y<oa Inclusive .quwnon—cul\ectwg -
-0.1F  global syst, =+ 1,4% F Inclusive J/y, 25<y<a Inclusive J/y w/o non-collective -
r n Primordial J/y, 25y <2 Primordial J/y .
oo b b b by by by P v by 4)_1' L PR 1 PP BRI B R
0 1 2 3 4 5 6 7 8 9 10 0 2 4 6 8 10 12
P, (GeV/c) p, (GeVic)

Pengfei Zhuang, Alice School, Shanghai, 20251103

56



Partonic Wind

Zhu, Xu, Zhuang, PRL97, 232301(2008)

® Strong cc (DD) back-to-back correlation in p+p collisions!
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Heavy Quark Production in QGP at FCC

Zhou, Chen, Greiner, Zhuang, PLB758, 434(2016)

Charm production in QGP

g Q q Q g qQ
X %g Levai, Muller, Wang, PRC51, 3326(1995):
4 Q q Q g Q
(a) (c)

Kaempfer, Pavlenko, PLB391, 185(1997);
Uphoff, Fochler, Xu, Greiner, PRC82, 044906(2010);
Zhang, Ko, Liu, PRC77, 024901(2008),......

o
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Dominant Mechanism for Quarkonium Dissociation

@® Mechanism I: color screening

P. Petreczky, J. Phys. G 37 (2010) 0940009.
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e Mechanism Il: scattering
Singlet-octet thermal break up — gluon-dissociation
Landau damping — inelastic scattering (quasi-free limit)

N. Brambilla, M. Escobedo, J. Ghiglieri, M. Laine, O. Philipsen, P. Romatschke, M. Tassler, P. Petreczky, et al,
JHEP 03, 054 (2007). PRD 78, 014017 (2008). JHEP 09, 038 (2010). JHEP 1112 (2011) 116...

Which mechanism is the dominant one ?
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Machine Learning Meets LQCD

S.Shi, K.Zhou, J.Zhao, S.Mukherjee and PZ, PRD105, 014017(2021)

Inversely solving the Schroedinger equation

m(T), I'(T) » V(r,T) =ReV(r,T)+iim V(r,T)
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Strong T-dependent imaginary part
but very small screening effect!
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Gluon Decay into a Heavy Quark Pair in Magnetic Field
Chen, Zhao and Zhuang, arXiv: 2407.03586

The decay cannot happen in vacuum, due to the constraint of
energy and momentum conservation. However, it can happen in
magnetic field due to the breaking down of momentum conservation.

e
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Heavy Quark Production in Magnetic Field

Chen, Zhao and Zhuang, arXiv: 2401.17559

Heavy quarks are produced in the initial stage and therefore sensitive to the strong
magnetic field.

99 = QQ
g o 8 0
b4 0
ey
0 h \
g 0 8 Q

Only quarks are affected by the magnetic field.

Due to the dimension reduction of heavy quark phase space, the production is
concentrated in a narrow region above the threshold.
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N-body Potential Model for Fully Heavy-flavor Hadrons
J.Zhao, S.Shiand PZ, PRD102, 114001 (2020)
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Heavy Quark Coalescence Mechanism

dn p”do- dN_lde_l:)_]) s - - - >
d3ﬁ =C (211)5_[ 21)° W (x,p) f1(X1,01) - ... vy, D)
by
eigenvalue

eigenfunction

heavy quark distribution
of Schroedinger Eqg.

of Schroedinger Eq.

@® Hadronization hypersurface is the production surface

073"

2(%,t): TE =T, (>T,) 8.
Temperature T(X,t) can be calculated by hydrodynamics °
0"T, =0 it

08 -—_“ 121_41‘.6"8
P(Gey) ™ oz 55020405°® (tm)

® f.(x;,p;) is controlled by heavy quark transport. If thermalized with QGP,
Fermi-Dirac distribution

- > 1
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Hanting the new particle Q... at LHC

Experimental test of quark deconfinement
- hadrons with charm quarks

Johanna Stachel (Heidelberg University)
2023F9H14H (AM) 10:00
R C302

=R
dependence of Qccc production yields on sys' iz 4.
for a run time of 10 s Bt a:
HheR:
I arXiv: 2211.02491 I | 0-0 Ar-Ar Kr-Kr Xe-Xe Pb-Pb
Oinel(10%) mb 140 260 420 580 800
Taa(0—10%) mb~? 0.63 2.36 6.80 13.0 24.3
L(cm~2s71) 45-10°1  2.4-10% 1.7-10% 3.0-10%  3.8-10%
do/dy = 0.53 mb
dNq,_ /dy 8.38.10~% 1.290.10°6 1.23.107° 417-107% 1.25.107%
Qe Yield 53.10%  8.05-10° 8.78 -10° 7.26-10°5 3.80-10°
dog/dy = 0.63mb
dNg,../dy 1.44-1077 2.33.10° 2.14-107° 7.03-1075 [ 2.07-1074]
Qe Yield 9.2.10° 1.45- 109 1.53-106 1.22-.10%  6.20-10°

current estimates for luminosities for LHC for lighter nuclei somewhat less optimistic -

— optimum for Xe-Xe with 3.9-6.5 105 Qccc per year

Theory Prediction:

Qccc production in high energy nuclear collisions,
H.He, Y.Liu and PZ, PLB746, 59(2015);

Searching for =cc in Relativistic Heavy lon Collisions,
J.Zhao, H.He and PZ, PLB771, 349(2017);

Exotic Quantum States for Charmed Baryons at Finite Temperature,

J.Zhao and P.Zhuang, PLB775, 84(2017);

Pengfei Zhuang, Alice School, Shanghai, 20251103

Coalescence prediction via solving
3-body Schrodinger equation:
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diquark-quark !
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= e2™/So = 515, Efimov state !

A challenge to experimentalists:
Discovery of Q... and its Borromean state in A+A |
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Exotic Hadrons
J.Zhao, S.Shiand PZ, PRD102, 114001 (2020)

@ 2022: ATLAS, CMS and LHCb announced the discovery of fully-heavy tetraquarks in p+p!

@ HIC: Plenty of charm quarks and coalescence — exotic hadron enhancement in A+Al

cccCcC
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I 19.818
= 19.594
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3 s s 3 19.518
8200 7000 8000 9000 445l 19.226 19.214 1925 i |ae
Mdi—.l/y/ (MeV/c?) 19.154
19.} 2my
m[X(6900)] = 6905 + 11 + 7 MeV/c? —_—
I'[X(6900)] = 80 + 19 + 33 MeV JpPc 0™ 1~ .
do do
(=) ~770pb » (52) ~ 78pb

A challenge to experimentalists: Discovery of exotic hadrons and their structure !
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(u*u~) in Vacuum

mA pure QED system

mLifetime: O(1) ps, 6 decades smaller than the life time of u
mDecay channel: (u*u~) » ete™, 98%

mBinding energy: ,~ — 1.4/n? KeV

mMass: m,~2m, = 211 MeV

mMean radius: rn~(mugn)1/2 =512 n fm
mFormation time: 7,~r,, = 1.72 X 10~ %!s

Pengfei Zhuang, Alice School, Shanghai, 20251103 69



(utu™) in QGP

m QGP temperature: Tysp~hundreds of MeV

mQGP lifetime: 7y;p~10 fm ~0(107%%) s < 1,

mQGP radius: ryp~10 fm < 7,

m The interaction between u* and u~ is Coulomb-like outside
the QGP and Yukawa-like with photon screening radius
rp~2.11/T Inside the QGP.

mQGP serves as a source of u* and u~,while not interfering
with the formation and decay of the bound state (u*u™).

Pengfei Zhuang, Alice School, Shanghai, 20251103 70



Parton Mass and Coupling in QGP

Extracted from Lattice QCD:
mg(T) — ng(ﬁT) (N(_. - %Nf) T2,

. N2 -1
i _2 T) = fs 2 T 'TQ.

ms(T) = mg(T) 4+ 0.045 GeV,

4872 )
. T > T+
{114"'5,"(:_2‘.7\..' ) log A2 L_{-jriﬁ 27 - .
g%(T) = 2 2[1 (% -0.56)"]
A1) (%) T <1

where T, = 158 MeV, T" = 1.19T,. and A = 2.42.

The process (u*u~) — qq is kinematically forbidden due to
the thermal quark mass.
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(u*u~) Production Process

mlLO: qq » (u™u™) is kinematically forbidden.
mNLO: qq -» (u*u")gand qg » (u u™)q

X

m Coulomb resummation

mPhoton-(u*u™) vertex
a2 [m3m,
rrZﬂ =1 ,u;‘
e = U n3
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Transport in QGP

m(utu7)is not thermalized with the QGP.
mNeglecting the dissociation in QGP, the Boltzmann equation

9,
df

+ 2 {})f(*'ﬁ)_ > Cxvoilf (k)]

d? 1 pg

A3k

CnrLo1 =

i=1,2
2
X Z ‘M1| fa(p1)

s,8 A

Ey,

fa(p2) (L + f4(k2))

27)32E,, J?T)UEM (2m)32F,

x (2m)10™ (py + po — k1 — k2). o o l
107
: > 5
mProduction rate 2 102
I = [ Cnvodk:/(27)3 > 107

% 10_4: / Solid: g —> (' )+g ]

. Dashed: qg => (u*u7)+q

5[/

1028 |
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Yield

m(utu™) distribution

flpr,y,xr,n,7) = /T dr’ Cnrolf(pr,y. Xp, H,7')]

To CUSh(&(y T Tj))
X (_)(T(XT H: TI) - Tr:)'.«

mYield

N(r) = —

X f(pT:- Y, XT:TfﬁT)'

/(ingfingdydnTET cosh(y — n)

In a billion central Pb+Pb collisions,
there are approximately 10* and 10°
(u*tu~) at RHIC and LHC energy !

Pengfei Zhuang, Alice School, Shanghai, 20251103
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Time Dependence

mLike eTe™ production which is usually used to measure the
medium temperature, (u*u~) is sensitive to the initial condition
of the QGP: it is produced mainly in the initial stage.

— T4
. PbPb, 5.02TeV & AuAu, 200GeV |
- b=3.6 fm, |y|<0.5

— q —> (Uu)+g
— qg —> (U"u7)+q

Lh

&

dN/dr (x 10%) (fm™)

o T
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% 25

REFeshh% (QCD) AAIx aARFmM (KT
£ FFK) Z#h (T~500MeV) %% (ng~3ny) = (
eB~10m2%) &% (w~10MeV) ik (n/s~1/(4m)) &
KK

Pengfei Zhuang, Alice School, Shanghai, 20251103 76



ZHNRR AN, FRIER A

Z=#ig |, 1996
Large things are made of small KENE N F 2
And even smaller. L 2R TN,
To know the smallest Z MR B
We need also the largest HANEE g_;cm\ﬁ * 45,
All lie in vacuum — ARk T AE
Everywhen and everywhere. T AT B AT b
How can the micro WA F 4 E A
Be separate from the macro? 5 RNARHSH?
Let vacuum be a condensate ﬁ‘?—ﬁ?%"ﬁ’ﬁ%
Violating harmony BORT Aeide
We can then penetrate Jm o KA 7 VTR F

Through asymmetry into symmetry R xt#% & 49 3¢ 4%,

(QUE/ZGERED
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