Quark-Gluon Plasma Physics

6. statistical hadronization model and charm, part 1
quarkonia and deconfinement



6.1 quarkonia

@ quarkonia are heavy quark antiquark bound states, i.e. ccbar and bbar

@ since masses of charm and beauty quarks are high as compared to
QCD scale parameter Aqcp ~ 200 MeV

non-relativistic Schrodinger equation can be used to find bound states
v2
(—
2(mq/2)

with quark-quark potential of the form

+ V(r)¥(r) = EY(r)

4 as 327'('@3 gl * §2

V(ir)=or — —— + o(7) + ...
() 3 r 9 mé (7)
confinement spin-spin int. tensor, spin-orbit, higher
color Coulomb int. order rel. corr.

e with 0 ~ 0.9 GeV/fm, ag(mq) ~ 0.35 and 0.20 for m=1.5 and myp=4.6 GeV,
obtain spectrum of quarkonia
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charmonium and bottomonium spectra
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6.2 charmonia at finite temperature

consider T« myso QGP of gluons, u,d,s quarks and antiquarks, no thermal

heavy quarks
consider ccbar in thermal environment of gluons and light quarks

V(r) = Vere(r,T) and mg — mo(T)
in QGP color singlet and color octet ccbar states can mix by absorption or

emission of a soft gluon
— modification of Vs

- reduced string tension as T approaches T,

Vo (12 T) - ' - string breaking due to thermal gqgbar and
hk by & I gluons leading to D and Dbar
T<T, - for T>T. confining part disappears and
short range Coulomb part is Debye
AN screened to give Yukawa type potential
4 o
g y Vepp(r,T) — —5—2e /20
r 3
T>T, o--——-0
wWp = 1/)\D
fe——]
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Debye screening of quarkonia

unlike Coulomb potential, Yukawa potential does not always have bound

states
~» dissociation of quarkonia if wp sufficiently large at high T

idea: T. Matsui, H. Satz, Phys. Lett. B 178 (1986) 416

compare Bohr radius of charmonia rg and Debye screening length Ap

for rg smaller than Ap, bound states exist even for ¢=0
for rg larger than Ap, no bound states

equivalently to QED where rg(hydrogen) = 1/(m.a) we have: 75 = 3/(2mqas)

and the Debye screening mass: 4 1
y 9 thozST2(Nc N : A

wh =
(see textbooks, e.g. Yagi, Hatsuda, Miake, chapter 4, finite temperature field theory)

bound states then disappear for

T > 0.15 x mg+/as ~ 0.16 GeV for J/1pand 0.46 for T
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different quarkonia melt at different temperatures

on(T) (1 —exp(—wp(T)r)) — ?exp(—wD(T)r)

V(r) [GeV]
1 L

using V(r,T) =

F. Karsch and H. Satz, Z.Physik C51 (1991) 209
J/bl D | e | T | T

state 1s | 2s | 1Ip | 1s | 2s of
mass(GeV)| 3.1 | 3.7 3.5 | 9.4 [10.0
r (fm) |0.45/0.88(0.70/0.23]0.51
Tp/T. 1.17( 1.0 | 1.0 |2.62|1.12
€D 1.92(1.12(1.12|43.3|1.65

(GeV/ fm'3) 2
exact values very model dependent, but basic
feature: J/Y, ', Xc, Y' not bound at or little above T, 3 .
Y survives longer 0 05 10
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results on Debye screening from lattice QCD

agree qualitatively, quantitatively after a decade of debate, now some
agreement how to extract effective heavy quark potential

starting from: color singlet free energy

general consensus: potential has real and imaginary part

arXiv:1804.10600
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Hadronization of charm quarks

all charm quarks have to appear in charmed hadrons

at hadronization of QGP J/§ can form again from deconfined quarks
in particular, if number of cc pairs is large (colliders) -

Ny 1 MEAMAHIAKEEIA N2

(P. Braun-Munzinger and J. Stachel, Phys. Lett. B490 (2000) 196,
Nature 448 (2007) 302-309)

. a Deavelopment of
eXpeCt J/LIJ SuppreSSIon at |OW Start of collision quark-glucn plasma Hadronization
beam energies (SPS, RHIC)
and
J/y enhancement at high ey 5 — [co%s - 3
energies (LHC) SHISTEy Tes co g @b

A D
g ® . _
_ Leo sy SEE w2 D ®0.@7
Lo o obs | — [DRa Bpdc |0 Fens
s . e peo= D
- F4 = '@ D
energy . b 4 i by O(;} @0
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Extension of statistical model to include charmed hadrons

® assume: all charm quarks are produced in initial hard scattering;
number not changed in QGP

Ndireet from data (total charm cross section) or from pQCD

o hadronization at T following grand canonical statistical model used

for hadrons with light valence quarks (canonical corr. if needed)
technically number of charm quarks fixed by a charm-balance
equation containing fugacity g,

Néié’i?“ect _ _gCV(Z ntherm 4 nf\herm) + g2 V(Z ntherm

|

the only additional free parameter
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6.3 production of charmonia in hadronic collisions

@ charm and beauty quarks are produced in early
hard scattering processes
@ most important Feynman diagram: gluon fusion

singlet state

p QZ% @ formation of quarkonia requires transition to a color
g

/¢  required
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not pure perturbative QCD anymore, some modelling

by now rather successful
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—e— ALICE preliminary, L '=3.2 pb’ £3.4% -

[ ] Systematic uncertainty 3
1 NRQCD, Y-Q. Ma et al., (prompt J/v)

+ FONLL M. Cacciari et al., (J/y-from-b) E

[ 1NRQCD + CGC, Y-Q. Ma et al., (prompt J/y)

+ FONLL M. Cacciari et al., (J/y-from-b) -

pp Vs = 13 TeV, inclusive J/y, 2.5<y<4, BR uncert.: 0.6%
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Relevant time scales

formation of ccbar: in hard initial scattering on time scale 1/2m_

typical hadron formation time: Ta4ron Order 1 fm/c

(Blaizot/Ollitrault 1989  Hufner, lvanov, Kopeliovich, and Tarasov 2000)
W. Brooks, QMO09: description of recent JLAB and HERMES hadron
production data in color dipole model -> time scale 5 fm/c

comparable to or longer than QGP formation time:
Tqgpr 1fm/c at SPS, < 0.5 fm/c at RHIC, r 0.1 fm/c at LHC
at LHC even color octet state not formed before QGP (H.Satz 2006)
18 = 1/4/2mcAqep &~ 0.25 fm
collision time:  ¢_ ;, = 2R /Yem at RHIC 0.1 fm/c, at LHC <5 10-3 fm/c
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Time scales continued

0.05 fm 0.25 fm
hard | pre-resonance resonance
Tee = 1/2m tg=1/V2m ¢ A qed

ccbar pairs are formed at collision time scale t. = Tecbar

collision time scale comparable to plasma formation time scale and hadron
formation time scale at FAIR and SPS  tco) = Teehar = TQGP = Thadron

but at RHIC and much more pronounced at LHC there is the following
hierarchy: fcoll = Tecbar K TQGP <K Thadron

expect that cold nuclear matter absorption effects decrease from SPS to
RHIC and are totally irrelevant at LHC
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Measurement of total charm production cross section
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very hard struggle to deal with (irreducible) combinatorial background, successful
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the total ccbar cross section in pp at LHC
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» good agreement between
ALICE, ATLAS and LHCb

o still large syst. error due to
extrapolation to low p¢, need

to push measurements in that
direction

» data factor 2 +£ 0.5 above
central value of pQCD but
well within uncertainty
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9.4 Measurement of quarkonia

BR(J/v¢ — hadrons) = 0.88 BR(T — hadrons) = 0.90
BR(J/¢ — ete™) ~ 0.06 BR(T — ete™) ~ 0.025
BR(J /v — uTp~) ~ 0.06 BR(T —)utp~ ~0.025
BR(¢" — hadrons) = 0.98 40—
of these BR(¢)" — J /1) ~ 0.60 % [, backgromd. Pb-Pb 158 AGeV/c
BR(¢) — ™) ~0.008 4 A
: -
JIY, P'and Y via et+e- or p+p- Open Chark
Xc very difficult, usually done via ol —
Xe = J/U+7 31.».‘31
of measured J/y typically 10 *ﬁ*

~ 60% directly produced

~ 10% from /' — J /1) S ST, |

~ 30% from x. — J/¢ NA50 at CERN SPS
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6.5 charmonia in nuclear collisions

in pA collisions at moderate energies (200-450 GeV) universal picture:
prehadronic state absorbed in nuclear matter

o(J/Y) < exp(—poapsL) NA50, Eur. Phys. J. C39 (2005) 335
4 * NASLpp, pd 450 GeV
. 3 Alldata rescaled * NAS0LI198/00, p-A 450 Ge)
with P = 0. 17/fm 3| 10200 Gev 4 NAS0 HI 96/98 , p-A 450 Ge\

and oaps = 4.1 £ 0.4mb

® NAS0 HI 2000 , p-A 400 GeV

BWG(JHF) / A (nb/mucleon)

light nuclear collisions follow ? o
the same picture 't‘“‘*:w o
IR
. .
0.9
0.8
0.7

0.6 | O NA3,p-A200 GeV

0.5 B NA3S, 0-Cu, O-U, S-U 200 GeV

0.4 - |

L (fm)
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J/psi production in PbPb collisions at SPS energy

normalization 00
to Drell-Yan 90
rocess 80

WO 1 o(DY, 4, 5)

B

20

| Experiméntul I'E‘SC(IJ|6 to ZDOI GeV
Theoretical rescale to 158 GeV
O NASI pp. pd 450 GeV
O NASO LI p-Be, Al, Cu, Ag, W 450 GeV
A NASO HI p-Be, AL Cu, Ag, W 450 GeV
A NAS0 p-Be, AL, Cu, Ag, W, Pb 400 GeV

O NA3S S-U 200 GeV

¥ NASO Pb-Pb 2000 158 GeV

L (fm)

normal J/{
suppression on
nuclear matter

anomalous J/{
suppression
due to QGP?

in central PbPb collisions about 40% less J/ than expected from pA systematics
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SPS data consistent with suppression at critical density

dissolution in QGP at critical density n. (red dashes) and in addition with energy
density fluctuations (solid)
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J/psi production in AuAu collisions at RHIC

PRL 98 (2007) 232301

¥ I Nuclear modification factor
14,“. .........................................................................................................................................................

2 PHENIX, Au+Au, |y|<0.35, £ 12% syst
or NAS50O, Pb+Pb, O<y<1, + 11% syst.
& NAGBOD, In+ln, 0<y<1, + 11% syst.

{] ® PHENIX, Au+Au, |y|e[1.2,2.2], + 7% syst.
[0 NA38, S+U, 0<y<1, + 11% syst.
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dN/dp7|a.g
(Ta) X doin/dpr| 0

where (Tag) = (Neoit) /on

Rag =

at mid-rapidity suppression at RHIC very
similar to SPS

suppression at forward/backward rapidity
stronger!

= but prediction (see above):
at hadronization of QGP, J/y
can form from deconfined
quarks, in particular if number
of ccbar pairs is large

- note that Ny, is proportional
to N2 in the statistical
hadronization model
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what to expect for LHC?

statistical recombination

[—

thermal dissociation

J/¢ Production Probability

Energy Density
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Energy dependence of quarkonium production in statistical

hadronization model

A. Andronic, P. Braun-Munzinger, K. Redlich, J.

Stachel Phys. Lett. B652 (2007) 259

Ma

y /dy) / (AN, /dly)
S

do_ /dy (mb) 128

15
0.85...
2%1_25
L
X 1
3
- 0.75 0.43
05 0.32
0.25
ol |
50 100 150 200 250 300 350
Npart

=

note: stat. model does not make any
prediction about ccbar production

cross section, this is input; depending

on ccbar cross section in nuclear collisions
at LHC there can be J/yp enhancement

mid-y LHC 2.76
and 5.02 TeV
including shadowing

forward-y LHC 2.76
and 5.02 TeV
including shadowing
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Reconstruction of J/psi in PbPb collisions at LHC

. i : H H
ALICE EPJ C73 arXiv-1305.1467 most challenging: central PbPb collisions

o O Po+PbPbePbeJly (5o = 2.76 TeV in spite of formidable combinatorial background
S ly|<0.9 (true electrons, not from J/Y decay but e.g. D-
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collisions — excellent signal to background ~500
very good understanding of line shape
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J/Y production in PbPb collisions: LHC relative to RHIC

R dN44 /dy
Ad Ncoll dep/dy
s 14 — = 14
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J/Y and statistical hadronization

:,E' S 1.4 - W s, =5.02 TeV (ALICE, 2.5<y<4.0, £8% syst.unc.) L DL L L DL L DL
nd - ® \5,,,=0.2 TeV (PHENIX, 1.2<y<2.2, +9% syst.unc.) % ! Pb-Pb ysy, =5.02 TeV
1.2~ 1.9 Jiy - e'e, |y| < 0.9

lines: Statistical Hadronization Model

0.8

do__/dy = 0.344 £ 0.055 mb

0.4 0.5} Statistical Hadronization Model

T
=
1 1 1 1 I 1 1 1 |ﬁ| 1 1 1 I 1

EE i do®® / dy x shad. = 0.532 = 0.096 mb
02 Y ' o ALICE data
0 | | | | (preliminary)
0 — ISOO‘ — I‘IOOOI — I‘ISOOI — |2000| R T T T N TR TN N TN NN RN TN THN T NN T S N
dN_/dn | % 100 200 300 200
ch n n=0 N

o
o)
=1

production in PbPb collisions at LHC consistent with deconfinement and
subsequent statistical hadronization within present uncertainties

main uncertainties for models: open charm cross section due to shadowing in Pb
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newest results: strong enhancement at low transverse momentum
Raa reaches unity for central collisions at mid-rapidity

also note enhancement at high pt (ATLAS coll.)

E .I ] I Trvh I LI I LI BB I LB I LI I LI I LI | I- ™TTT I 11T I T T I 1 1 T I ™11 I . I T T 1 ] ™71 1 |_
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® |y|<0.9 (preliminary) ] ' & ALICE, 2.5< y<4 0-20% (preliminary) 7

1.2 ® 2 5<y<4 PLBTB6(2017)212 B i2 . ALOS LS e ks
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systematics of hadron production in SHM

—— T L L L L
; R _ §
S 10°cen Pb-Pb s, =2.76 TeV 4
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yield exactly reproduced
with stat hadr. of deconfined
and thermalized c-quarks
from initial hard scattering
(fugacity)
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first information on Upsilon states for PbPb at LHC

800 AL L FL AL I L L I B
700: Preliminary % CMS PbPb Vs, =2.76 TeV ]

- e data Cent. 0-100%, |y| < 2.4 ]
600 —— PbPb fit Ly = 150 pb™ =

I pp shape p# > 4 GeVl/c .
500 ¢ —
400 -
300/~ -
200 - —

- 4 o
100~ —

I T | | I T | | L1 1 1 | L 11 1 | L 11 1 | L 11 1 | L 11 1
07 8 9 10 11 12 13 14
my, (GeV/c?)

consistent with expectation that more
loosely bound 2S and 3S states are
more strongly suppressed

D:1.4:— CMS Preliminary, PbPb s, = 2.76 TeV

Ay

1.2:_ S T(1S) L., =150 ub”
- 2 T(23) ly| < 2.4
8 _
i I 30-40% ]
08 40-50% 20-30% ]
_50-100% : ]
06 + i 1020%  cto% 09
04C oy {5¢== too strong for
- + + + 1 excited state
02 7  suppression
Gt T, Oy (rocenty
N, established by
CMS-HIN-11-011 LHCDb)

open question today: could also Upsilon form
statistically at hadronization? Magnitude of
Raa ok for this
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