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The study of heavy mesons in pp collisions offers big surprises
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EPOS4 (- see literature below)

EPOSA4: general purpose event generator for heavy ion collisions at RHIC and LHC
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pp in EPOS4HQ

EPOS4(HQ) treats pp collisions like heavy-ion collisions:

a Quark-Gluon-Plasma is created if energy density > 0.57 GeV/fm?

Energy density in the transverse plane of a typical pp
(each event looks differently)
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In high multiplicity pp collisions the critial energy density is reached
what makes several experimental observations understandable
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Correlations between Q and Qbar

Correlations between Q and Qbar are important
if one wants to study/understand D Dbar correlation

if one wants to study hidden heavy flavour mesons like J/y

if one wants to understand the p- distributions of heavy hadrons

FONLL only single particle p; spectrum
Pythia ISR and FSR can be added -
EPOS4HQ separates the three different production mechanisi
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Correlations between Q and Qbar

pr and y distributions depend on creation mechanism
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Formation of bound QQ states

Correlations between Q and Qbar show also up in quarkonium production

How to describe a bound state like a J/p in QCD?
It involves low momenta and needs non perturbative input = assumptions.

Our approach: Wigner density formalism (as successful at lower energies)
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Formation of bound QQ states

Wigner Density Formalism

c-cbar interaction depends on relative p and r only, - plane wave of CM
Starting point: Wave function (w.f.) of the relative motion of state i: |®; >

w.f. 2 density matrix p; = |P;) (D]
. . 'n'_" r 3 1 . 1 l
W|gner dens|ty of . fl)i (r, p) — d ye PY < r— §y‘(bi > < fl)z-‘l" -+ 53" > .

N _ |,,N N
(close to classical phase space density) pr =)W
The probability to form a state |®;)f the system is described by

P =Tr[p"p;] = [[] @ pid®ri W (r,p)WN (r1..xn, P1-.PN)

Where ri, pi are relative coordinates.



Formation of bound QQ states

Step 1: solution of QQ Schrddinger eq. L dr 24N W0+ V)| Boa(r) = ERa(r)
2 \dr?2  2dr 2112 S R e

Step 2: Conversion into a 3d harmonic V(r) = —a/[r| + olr| with a = 0.513 .0 = 0.17GeV2, me = 1.5GeV, mp = 5.2GeV.

oscillator wave fct with r—ri—r,

same spin and rms radius 79 (r) O(r) = Rt (r)Yim (6. 0).
o1 ]
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J/p and y(2s) spectra at RHIC and LHC

N A IR IR I

pp, Vs = 200GeV, |y|<1 _
Prompt J/y ]
e STAR, 2018 |
= PHENIX, 20123

RHIC

—_
)
T

10!

—_
(=]
=

—_—
o O
boob

._
o
L

Bd20/27rprdydpr (nb/GeV?)
=

T4 6 8 10 12

()
[\)

pr (GeV/c)
A I A I B

% 10" pp, s = 200GeV, Jyj<1 _
= 100 Prompt @(2S) —~
5 0 = PHENIX, 20121
'g- 1072 -
z E
1073 v(2s) 4
=

10 -3
b

D10k, | | b
A 0 2 4 6 8 10 12

pr (GeV/e)

d*o/dydpy (ub/GeV)

Bd*c/dydp; (nb/GeV)

I L I I I I I
10 pp, 4fs = 5.02TeV, y|<0.9
13 Prompt J/y e ALICE, 2022
10 3 o ALICE, 2019
100k A ATLAS, 2018
1071
1072
107, ) I N N &
0O 2 4 6 8 10 12 14
pr (GeV/c)
NP DA AN AR RN R
10°Epp, s = 5.02TeV, |y|<0.9 -3
1 E Prompt @(2S)
10 3 ® CMS, 2019 }
100k A ATLAS, 2018_]
o 2 4 6 8 10 12 14
pr (GeV/c)

high p; spectra dominated by gluon splitting

low p; by flavor excitation

dNJ/w/dy / <dNJ/l///dy>

p— p— [\
(e ()] (e}

N

I2III4I | I6I | I8I
dNcp/dn / <dNen/dn> <1

scaled multiplicities at
different rapdities

Without understanding of the QCD processes
we do not understand the spectra



Bd’o/dydp; (nb/GeV)

Bd2c/dydp; (nb/GeV)

Bd’c/dydp; (nb/GeV)

I I ]
pp s =5.02TeV, |y|<2.4
[ Prompt Y(1S) e CMS, 2019 _]

;E‘f‘f;?ﬂ_

|HI_|

15 20
pr (GeV/C)

1
S

[ I I ]
pp, Vs =5.02TeV, |y|<2.4
[ Prompt Y(2S) = CMS, 2019 _]

B do/dy (nb)

| pp, Vs = 5.02TeV
E Prompt Y(1S)

-6 —4 —2

B do/dy (nb)

I
| pp, Vs = 5.02TeV
E Prompt Y(2S)

5 10 15 20
pr (GeV/e)

(=}

C I
pp, Vs =5.02TeV, |y|<2.4

[ Prompt Y(3S) A CMS, 2019 _]

[

B do/dy (nb)

_
<

i&rELFLm

(=]

Pr (GGV/ C)

M I I

E Prompt Y(39)

| pp, Vs =5.02TeV

Y(1),Y(2),Y(3) and B,

high p; spectra
dominated by gluon
splitting

in difference to the
high p spectra

of B mesons,
dominated by flavor
production

] T
103 pp, \/f = 5.02TeV, |y|<2.4 E

Bd?o/dydp; (pb/GeV)

[ Prompt B,(1S) e CMS, 2022

pr (GeV/e)

Coming from different
production vertices

-> tests the spacial structure
of the interaction zone



Extension to heavy ions (where a larger QGP is produced)



‘ Complexity of heavy quark physics in HI reactions

Hadronisation of light
quarks:

2) Evolution of the

~]  QGP (transport
theory, Eo0S from

|4ttice gauge theory)

Cross over or phase
transition (statistical

physics, nonpert.

QCD)

2) Interaction of

eavy quarks with
plasma constituents,
LPM pQCD, transport
theory

Y 3)Quarkonia formation

quarks in initial NN collisions ____—1QcCD, pQCD)

(generalized parton distribution
fcts, pQCD, FONLL)




EPOS4HQ - elastic HQ-parton scattering

The interaction between HQ and g and g is described by Born type diagrams
@ exp(-m, 1,

dap o (s — ,UEJE S 1 S Vi) ~ T
_— = y o [ R + o ‘I‘_] (g)@gﬁk"
dt mls — M2 LUt — ki, ) t —kmp 2 SO6

D)

g/g is randomly chosen from a Fermi/Bose distribution with the local hydro temperature
coupling constant and infrared screening are input

If t is small (v/t<<T) : Born has to be replaced
by a hard thermal loop (HTL) approach

Qeff

L For +/t>T Born approximation is (almost) ok
. i (Braaten and Thoma PRD44,2625) for QED:
| effective propagator
-2 -1 1 2 ¢ Ge l
t—Kkmp
Peshier NPA. 888, 7 with K that energy loss indep. of the artificial
based on universality . L .
scale t* which separates the regimes

constraint of Dokshitzer Extension to QCD (PRC78:014904)
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EPOS4HQ - elastic scattering

Independence of the energy loss on the intermediate scale t” requires

mp =2 Kmp with

K = 0.2

In the calculations we include all the other channels and gluon interactions

2rn'T Dy

D, = lim T/(Mgnp)
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Olaf Kaczmarek et al, Phys.Rev.Lett. 130 (2023) 23, 231902

Approach can be checked against
lattice calculations

Better agreement as compared
to pQCD with a Debye mass
In gluon propagator
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EPOS4HQ - inelastic cross section

QED like PRD89(2014)074018
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Ratio of transverse momentum spectra of DO mesons
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.... and quarkonia ?

Raises the challenging question how color neutral particles
pass a Quark Gluon Plasma



J/p creation in heavy ion collisions

Starting point: von Neumann equation for the density matrix of all particles

6{J‘mf/6f = —E[H p‘\, with H = ng{i + Eg}jl’i‘j
gives the probability that at time t the state @ is produced:

P®(t) = Tr[p® px (1)) p? = |T® >< Ty
This is the solution if we could calculate the quantal p” (¢)
In our semiclassical approach (correlations are lost) preferable to calculate the rate

oD T
Y A () P¥(T) = / e (t)dt
0

0 =—r=a )|

For time independent p*

0% =Tr(p®dp™ (t)/dt) = —iTr(p®[H,p" (t)]) = =iTr(p® [Ura, pV])
Uy = Y (Vij + Vay)
J<3
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J/p creation in heavy ion collisions: time evolution

Heavy ion studies (BUU,QMD,PHSD) have shown that we obtain very
satisfying results if we assume

WN - <WNC(CIassicaI) S

We assume in addition that heavy quarks and QGP partons interact
by collisions only

with

N

aP® (1 o ad
= T - W — I FC' .
=1 f et W

J )

ot
+ Ejzg'Z-nd(f - fij('n.))
- (Wy{rtApt.t+¢) —WxE{r}, {p}.t —€))
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J/p creation in heavy ion collisions: collisions

If the collisions are point like in time and if W*®

Z Zf) tij(n)) H [d?'rfdspi

1=1,2 3523 k=1"

: I"{"ﬂb(lﬁ‘lﬁ1‘:::513'1513"2]'
- [Wy({r,p}it+¢€) = Wy({r,p};t —¢)]

W- Qbar

W+
0

t-€

a.8
QGP parton

4.8

(ri,r2,p1.p2) is time independent

t+e
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Conclusion

astonishing heavy flavor results in pp collisions (finite v, , A./D(p;)) can be understood if one assumes that
in (high multiplicity) pp events, as in heavy ions, a quark gluon plasma is formed if

e>g, = 0.57 GeV/fm3
The azimuthal DD correlation points towards DD production by different QCD processes:
In EPOS4HQ The different QCD production processes contribute to the p; spectra in different ways
high p; spectra dominated by gluon splitting
low p; spectra by flavor excitation
the sum of all processes compatible with FONLL
Describing of the production of hidden heavy flavor mesons by a density matrix approach we
reproduce the experimental spectra
of J/y, w(2S), Y(n) and B,
Detailed analysis shows that the contribution of the QCD processes varies with y and p; so

Dependence of the spectra on the system size will allow for determining precisely the energy loss in a QGP

Quarkonia in heavy-ion collision: very challenging but cart‘be attacked by the Wigner density formalism



J/p creation in heavy ion collisions: potential

Lattice calc: In an expanding QGP W*®(r1.r2,p1.p2) depends
on the temperature and hence on time

Parametrization of the lattice results (Lafferty and Rothkopf PRD 101,056010)

8
6} B5MV = { 1, _
| Resonant state ];:;;I\,[L\_, ‘ Opigner =2/3 <r*>
i N\ 200 MeV
. 230 MeV R. Katz, thesis

; 30 MeV —

ﬁ ‘/\
0 L S—

2.5 3 3.9 4 1

This creates an additional rate, called local rate.
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J/p creation in heavy ion collisions: local rate

Lattice : J/yp wavefct is a function of the local QGP temperature
The QGP temperature decreases during the expansion
-> J/yp wavefct becomes time dependent
creates for T<T 4., =400 MeV a local J/y prod. rate

[ = (27H)° / d*rd*p Wog(r,p,t)Wa(r, p, T(t)).

: 2 2 o 2_2
= d:jrdﬁ\ , 16 r _ J(T]]II ’_[%4_%
/ p (W}SJ(T(t))(JS(T) ﬁg )E

Total J/y multiplicity at time t is then given by
_ t
PQ@(H — Pl:'l"lm(tf?_j;?)_i_/ - (FCDII,QQ(t )_I_F]DC,QQ (t ])dt

:t.'r‘*]':'f““EI

mit

Fort — P(t) is the observable J/y multiplicity

Formalism developped: calculation with relativistic kinematics on the way



Elliptic Flow
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