STRE

- gubot@ch) ) .

i
!ﬁi

Heavy Hadron Production in pp Collisions
J. Aichelin

J. Zhao, P.B. Gossiaux, K. Werner
(Subatech, Nantes)

T. Song, E. Bratkovskaya
(GSI Helmholtzzentrum flir Schwerionenforschung, Darmstadt)

Physics opportunities with p-beams at SIS 100
Wuppertal, Febr. 6-9, 2024

ﬁ



Why should we study heavy hadrons in pp collisions?

Experimental surprises:
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EPOS4

EPOS4: general purpose event generator for heavy ion collisions at RHIC and LHC

(a) (k)
All scattering are rigorously treated in parallel — — —~— ...
Overall energy conservation and factorisation ‘TT’ parion % Bom
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corona = blue core =red
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EPOS4 results in light hadron sector

EPOS4 describes the light meson sector

Even rare baryons

EPOS4.0.0 data: STAR
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EPOS4HQ - extension for heavy quark physics

EPOS 4 EPOS4HQ
heavy quarks are created at the interaction points
a QGP is created if energy density > 0.57 GeV/fm?

No further interaction heavy quarks interact with the QGP
elastic and inelastic collisions

e*e fragmentation function - hadrons hadronization by fragmentation and
coalescence (for Q/Qbar in the QGP)
when the light quarks hadronize

hadronic interactions described by UrQMD
Microcanonical description of heavy quarks. We can follow each Q individually
from creation through hadronization until they are part of heavy hadrons

all fluctuations are kept

allows to trace back the D meson observables to the properties of Q at production
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EPOS4HQ - elastic HQ-parton scattering

The interaction between HQ and g and g is described by Born type diagrams
® .
dop - s — M?*)? 8 | S Vi ~ 2T
s Q.E[.[ )y - t5] Gelr
dt ms — M2)P2 Lt — KN | t —xmy, 2 PO

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 (+/t<<T) : Born has to be replaced

Qeff

by a hard thermal loop (HTL) approach
L For +/t>T Born approximation is (almost) ok
o (Braaten and Thoma PRD44,2625) for QED:
: | effective propagator
-2 -1 1 2 ¢ Ge( 1
t—Kkmp

Peshier NPA 888, 7 _ _ e
based on universality with k that energy loss indep. of the artificial scale

constraint of t* which separates the regimes
Dokshitzer Extension to QCD (PRC78:014904)




EPOS4HQ - elastic scattering

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

mp = Kmp with

K =0.2

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

Dy = lim T/(Mgnp)
po—0
_I|IIII|IIII|IIII|IIII|IIII|IIII

10— B

27T D,

+I.TI.I.I..I.I..I

1200 250 300 350 400 450 500
T (MeV)

Approach can be checked against
lattice calculations

Better agreement as compared
to pQCD with a

effective thermal mass in
gluon propagator
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EPOS4HQ - inelastic cross section

QED like PRD89(2014)074018
55995
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— - Chra.1l—1x k j—— 2
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E% + r2M?2 - (ET — E?T)E + T2)\2 x=wW/E

T il
from Q from g

no divergencies
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pp in EPOS4HQ

EPOS4HQ applied to pp: QGP is created if energy density > 0.57 GeV/fm?

Energy density in the transverse plane of a typical pp event
(each event looks differently
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EPOS4HQ Hadronization

Quantal density matrix approach P, = Tr (p,, p) in Wigner density formalism

Wigner density obtained by
Solution of Schrodinger eq. 2 rms radius - 3d harm. Osc. wf with same rms

p, 0 e R RS RN AN
d3—P = QHZfH 3f Pi)Wi(P1, -, Pi) 100k T =167 MeV _
1071} ]

Y(roxe). |

i—=1 =

S 1077k

fi(p1) = (QW)Sfj(B') (Pe — P1)
fi(pi) for i > 1 drawn from therma.l distribution
2

Wi (p1. - = (24/T0,)3e ™ TmPr
Wigner dellblt} of the heavy hadron m in momentum space

g degeneracy factor of color and spin. & = 2(3) for mesons (baryons)

Applied when the QGP reaches ¢= 0.57 GeV/fm3

If not hadronized by coalescence - hadronization by fragmentation
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pr spectra for pp

T 12.0p, Vo = 5.02TeV, Iyj<05 | — EPosaa ] |
2 N Do I 77 PueEROSe o 1 Spectra at creation and before
S | hadronization very similar
4%2 107 _ _
S | g-sL_ == D° bf. UrQMD - Little momentum loss in the QGP
% £ = charm at creation
107

Momentum loss due to
hadronization much larger

1072

Final spectrum agrees with QCD
based FONLL calculations

All measured spectra of mesons and
baryons reproduced

But: Momentum spectrum not
sensitive to the existence of a QGP
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Yield ratios
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Yield ratios

N., dependence of the enhancement is confirmed by experiment

L2771 L2171 s T _
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Also experimental enhancement
Flat distribution in pure EPOS4 saturates at at N, =40

Yield ratios are a strong indication that a QGP is formed
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Elliptic flow v,

dN

%O(1+2’0

1COSP + 2V5c08(20).....

Light hadrons show a finite v, created by
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—> Different eloss in QGP)
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Elliptic flow v,

For heavy mesons: Form of v, (py) similar but value is smaller

0.15 __ ------- charm at creation

| ==== D before UrQMD
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V, (pr > 5 GeV) is up to now the
only way the measure the energy
loss of heavy quarks in a QGP
Produced in a pp collision

initially heavy quarks are
produced in hard processes M >> Ay¢p
- no finite elliptic flow expected

In EPOS4HQ the interaction with the QGP
creates this flow even in pp.
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Elliptic flow v,

051711 1]
| D°, ly|<1, O<pr <8 GeV/c
: — PPy S =5.02TeV] v, depends on N
0.10 — 0P, Y Syy = 13TeV
o saturates when all heavy quarks
. pass a QGP (N, = 40)
0.05
_ Is not beam energy dependent
0.00 But less than v, of light hadrons

The finite v, of heavy hadrons ( initially =0!!) as well as its p; dependence
is another strong indication that a QGP is formed in pp collisions
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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 mechanisms

gluon splitting gluon excitation flavour creation
time like space like hard process (Born)

Q

1

7




Correlations between Q and Qbar

pr and y distribution depend on creation mechanism
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Correlations between Q and Qbar

1/N dN/dA¢ (rad™")
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The different production mechanisms of QQbar pairs
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well seen in the azimuthal correlations and
explain the structured experimental data
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Correlations between Q and Qbar

Correlation between ¢ and cbar show also up in quarkonium production

How to describe a bound state like a c-cbar in QCD?
It involves low momenta and needs non perturbative input =» assumptions.

Our approach: Wigner density formalism (as successful at lower energies)

pl
ESB%Z —d

>, &%
i J/V Tl
e e
P\
EPOS Wigner

projection




Correlations between Q and Qbar

2 ¢

V(r) = —a/lr| + olr| with a = 0.513 ;0 = 0.17GeV?, m, = 1.5GeV, my = 5.2GeV.
r=r;, —r;
U(r) = R (r)Y1,m(0. ).

] A

Wave fct converted into a 3d SE Charmonium |
. . sk _—
harmonic oscillator wave fct : — :?w) :
with same spin and same rms radius v(2s) -

f_Sch rodinger
Wave fct -\ —HO

—> density matrix

> Wigner density W,y(r,p) \& é




Correlations between Q and Qbar

Initial Wigner density of the Q Qbar pair at creation:

2
E{?[E}{P‘ r. l)) ~ .;,.E exp ( 5 ) fEP‘DEnl( -, p}
744

P,p given by EPOS4
oce = 0.4fm ; o5 = 0.2fm

Probability that quarkonium m with quantum number n,l is produced

d? dB ,
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L Vs =5.02Tev, |y|<1 — ol F pp, Vs =502TeV, y|<1
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Correlations between Q and Qbar

Prompt J/p spectrum and contribution of the different Q Qbar creation processes

F T T 1
= 10°Epp, ysun = 502TeV, [y|<0.9 E
[} i Prompt J/y & ALICE, 2022 1
Q 10 3 2 ALICE, 2019
:% 100 A ATLAS, 2018 ]
~ i ]
< 107! =
) 2
5 10 5
o ]
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107 b -é
o 2 4 6 & 10 12 14
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= * CMS, 2019
= [ ]
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5 i _
= 107 —=
=)
h =2 _]
r% 10 Y
ol U S U I s B ﬂ I
o 2 4 6 § 10 12 14
pr (GeV/ec)

10—
[ PP,
— Prompt J/y, pr >0 —

do/dy (ub)

[#22]

RSN D DA DA I
Syny = 2.02TeV

do/dy (ub)
B oo

=
n

2-5F Prompt w(2S), pr > 0

'SR LA DR L B B
F pp, 4/sun = 5.02TeV

w(2s) |

high p:
dominated by gluon splitting

flavor creation does not
play a role

low py:
Dominated by flavor excitation

Without understanding the
correlations one cannot
understand J/y production
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Conclusion

Q Qbar physics added to EPOS4 (e>¢, = 0.57 GeV/fm* >QGP)
if applied to pp and assuming that
Qqgbar interact with QGP with elastic and inelastic collisions
Q and Qbar in the QGP can hadronize by coalescence (density matrix)

v, well reproduced (interaction of Q with the QGP)
meson/baryon ratio well reproduced (hadronization of ¢ cbar by coalescence)
pr Spectra and c cbar correlations little affected by QCP

It seems that pp collisions are by far not elementary but complex many body reactions

Three production mechanisms identified (which explain the exp data)
create different correlations between Q and Qbar
-> p7 spectra of heavy mesons is superposition of the three
J/p production (described by density matrix approach)
—> pr spectra not understandable without these correlations

pp: perspective to study different aspects of QGP/QCD in detail
ﬁ



HQ interactions with QGP verified by D meson results

D mesons test the energy loss and v, of heavy quarks in a QGP

energy loss tests the initial phase

v, the late stage of the expansion

Two mechanisms : collisional energy loss: PRC78 (2008) 014904
radiative energy loss: PRD89 (2014) 074018

S A A L O3 " "T " TT T T T T T T T
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: e ALICE, 2021 1.5\— Averaged D°, D*, D** — o charm at creation |
3 | @ ALICE 2021 A SP D°-meson w UrQMD|
I A (2}
L o ALICE 2018 02 —
o vl .9 _
I 1 % % |
< 1.0~ ] # A .“ _
< $- 1 IS ) *
] $\. [ % o ]
* _ 01 4 I S AN -
| % ] +. o 4
05f- . 4 i
' L% | I '
I w 1 O'OMW—
ool ' | ] A D B D e
pr (GeV) 10° 10! 102 0 2 4 6 8 10 12
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EPOS4HQ reproduces dN/dp;, Ry, and v, quite well
- Heavy quark dynamics in QGP medium under control
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Open heavy flavor results in pp and AA from EPOS4

102 pp, s = 5TeV, D°, |y]<0.5 3

e ALICE, 2021

Energy loss of Q in medium can
be controlled by comparing open

Heavy flavour results with experiment
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J/p creation in heavy ion collisions

['®(t) expressed in Wigner and classical phase space density:

T(I)(t) — W I(I‘ p)II (rl-pl----rN-pN)

dP?®(t) d d dBrid®p;
= —T t) = —
dt dt rle®. o (0) dtH (2m)3N

If the collisions are point like in time and if W (ry,ro. p1.p2) is time independent

(1,2 are charm quark, n=number of collision of i and j, t;(n)=time of n-th collision of ij )

Pridp; g
Z Z Z (t—ti;(n) H e W2(r.p)[We(ry.p1...xN.PN. T +€) = WO(r1.p1...IN. PNt — €]

n i=1,2 >3 N ',‘1+ Viv_

W- Obar

W+
0
t+e

4.8 4.8

QGP parton
_ 27



J/p creation in heavy ion collisions

Lattice calc: W?(ry,rs, p1, p2) depends on the temperature and hence on time

8 T T L} T L} T
(Lafferty and RothkCH)f PRD 101,056010)
6t ' COBMYV = {10 -
) Resonant state ||| . f‘r’ (\, - R. Katz, thesis
- I I 175 M(‘\ =
1 \ ' LMV~ ] S o8
| 20 MeV )
2 l ! 3“(] h](‘\-‘r —_ ) 06 Owigner =2/3 <r >
A_A‘k"-———" /\: oo
[) 1 | 1 1 | __ I — - l‘ : -
2.5 3 3.5 4 0.15 0.20 0.25 0.30 0.35 0.40
W [G(‘V] T(GeV)

This creates an additional rate, called local rate

e = (27h)° / d*rd’p Wog(r,p.t)We (r,p. T(1)).

Final multiplicity of J/lI in heavy-ion coll with a dissociation temperature

t
P(t) :Pprim(finz't)—l_/ Coon(t') + Tipe(t)]dt’  —  P(t—o0) = asympt. multiplicity
i

init

] SE— me
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Influence of the Corona

EPOS 2 show two classes of particles of initially produced particles:
Core particles which become part of QGP

Corona particles from the surface of the interaction zone
(energy density too low, no collision after production - like pp)

importent for high pt and for v2
Confirmed by centrality dependence of multiplicity /N

For elementary particles it is easy to define corona and core particle (2306.10277)

For J/yw mesons we use as working description:
Corona J/y are those where none of its constituents suffers from a momentum
change of q > q;,... - Larger q would destroy a J/y.




Our approach and open quantum systems

Von Neuman eq.
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pn [0t = —E[H,pm] H=H2+Hn-2+U> Uy =%;V1; +X,;Va
Prob. to find quarkonium P?*(t) = Tr[p®pn ()] with [p® Hi2] =0 [p® Hy_2]=0
Quarkonium rate: dP®(t)
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Interaction: coll. heavy quarks — partons: — =Y [Vik, pn ()] = (g Znd(t — tjx(n))
il
(W5 ({r}. {p}.t + ) = W({r}. {p}.t — ).
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Lindblad eq. (open quantum systems) in the quantal Brownian motion regime
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Miura, Akamatsu , 2205.15551
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https://arxiv.org/abs/2205.15551

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: |(I)1 =

w.f. > density matrix D >< Dy

| . 1 |
Wigner density of |®; >: @;" (r.p) = /"1’-3% PY <1 Sy|® >< Bifr+ 5y >

(close to classical phase space density) R 1‘1;1‘21 R
P=pi+p2, p= D1 ;pz.
Erd3p Erid3p; W
HE(RP) — Z ((%‘)3 (I}-i (er H / (;}ﬁ);(hf_jz} PN (rl-pl--"rN-pN)
all c¢ pairs” - all other particles” -
— dni _ / d°R i (R, P) The results are obtained
73 3 AT . . .
P ) (27) using a relativ. formulation

pp: In momentum space given by tuned PYTHIA
In coordinate space ~ r?exp(_ 2) 62 = (r2)/3 = 4/(3m?)
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