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Chemical Non-equilibrium in Heavy lons Collision
MOTIV ATION: QGP reball subject to rapid expansion,
expect chemical nonequilibrium. \So What" at LHC?

Strangeness yield chemistry alters yields of CHARMED HADR ONS;

Chemical non-equilibrium quark “occupancy' can favor /disfavor presence of
a phase transition. What g can do, ; can do better as both quark and
antiquark number increase/decrease together.

Shift in hadron yields (recent EJP paper)

REMINDER:

b controls the particle dierence = baryon number.

i regulates the number of particle-an tiparticle pairs present.

DISTINGUISH HG and QGP parameters: micro-canonical variables such as
bary on number, strangeness, charm, bottom, etc a vors are contin uous and en-
trop y is almost contin uous across any phase boundary encountered in HI colli-
sions, even in presence of a rapid change in STRUCTURE of the phase.
THEREF ORE ; will in general be discontin uous: e.g. 2°"8& H° However, ;
are contin uous, with the proviso that by denition 3 4= g; s= =3 S.

A SHORT TUTORIAL FOLLO WS:
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FOUR QUARKS: s;s;0,q! FOUR CHEMICAL PARAMETERS

i cortrols overallabundance Absolutechemica
of quark(i = g; s) pairs equilibrium

. =e i=Tcortrols di erencebetween Relative chemical
strangeand non-strangeuarks(i = g; s) |equilibrium

HG-EXAMPLE: redistribution, pro duction of strangeness
Relativ e chemical equilibrium Absolute chemical equilibrium

< < )
<3><3> =

EXCHANGE REA CTION PAIR PRODUCTION REA CTION

See Physics Reports 1986 Ko ch, Muller, JR
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HC, EXPECTED INCREASE QGP ! HG

In fast breakup of expanding QGP, VHe' VyQGP TQGP' THG the chemical occu-
pancy factors accommo date the dieren t magnitude of particle phase space.
Chemical equilibrium in one phase means non-equilibrium in the the other.

Compare phase spacesto obtain [¢= Q6P
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HG— QGP i i HG —
H6= Q°F solid lines ¢ =1,

Probably appropriate: short dashed g'G: 1:6.
Thin lines for T = 170and thic k lines T = 150MeV, common to both phases.

HG ' o 4 QGP
S

S
When we x s=S (strangeness/en trop y), see below, factor follows

exactly .
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HIGH ENTR OPY STATE AND THE EXPECTED HG

q
. . . . . . 2 :T
QGP has excessof entrop y, maximize entrop y density at hadronization: o I en
Example:maximization  of entrop y density in pion gas E = m2+p?
Z
ddp d%k 1
SgF = 1 f)in(l f) fiInf]; f (E)=
BiF 2 ~)3[ 1 f)in(l f) ] (E) 2E T 1
Pion gaS 5 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 ] 0.5 i 1 1 1 1 I 1 1 1 1 I I
prop erties: - T = 142 [MeV] : i
N -particle, AL ——  S/V [tm] o4l T =142 [Mev) P
E-energy, [ o——— N/V [fm™] 1t £/
S-entrop v, - ——  E/V [GeV fm™] 1 [ .. Nys IO
V-VO|Ume : . 0.3 - — E/N ’//, 7
as function Pttt
of ¢ 1os _///,/ E
Joaf 777 b i
oL | |
0.5 1 1.5
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Counting particles

lence quark content (u;d;s;::: 2=

page6

The counting of hadrons is conveniently done by counting the va-

q u di 135 u= d):
L _ q b s [ ;8 sl
i i i”' ik':el—T; q €T = edt; s erT =g T
Example of NUCLEONS = ¢
_ b, _ b,
N = NET, N— NET
N bt T In N; N bt T In N

Meaning of parameters from e.g. the rst

dE+ PdVv TdS =

n AN+ dN
= pdN dN)+ TIn n(dN + dN):
NOTE: For N ! 1the pair terms vanishes, the term remains, it
costs dE = g to add to bary on number.
For xed ~ s= g and xed other statistical parameters (T; ;:::):
baryons/ _

mesons

$2P0|£2(u

law of thermo dynamics:
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pro duction of strangeness in gluon fusion

StrangenessYield and Charm Chemistry

HG at RHIC,
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GG!

SS

strangeness link ed to gluons from QGP;

dominan t pro cesses:
GG! ss

abundan t strangeness

=evidence for gluons

10{15% of total rate: qg! ss

()

nl

coincidence of scales:
ms' T/

s  QGP

page7

In QGP maybe at LHC (depends on T;):

strangeness a clock for QGP phase

S

g

strange antibary on enhancement
at RHIC (ant)h yperon dominance of (anti)bary ons.
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Strangeness relaxation to chemical equilibrium
Strangeness density time evolution in local rest frame:

d 2 9
Evolution for s and s identical, which allows to set ¢(t) = 4(t).
Note invariant pro duction rate A and the characteristic time constant

% OhViF =+ ) (Oh Vi = () (HhviT 9N

121 34 1 1 1 .12 34. s(1)
A Tt 1, 121 2 N svial 1= 2% 2's RS AT ST
1IN ]
N - ]
N ]
~ .."., \ = |
. \\ T~ _ |
=T <
1 | ‘ | | ‘ | | ‘ | |
200 250 300 350

T [MeV]
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STRANGENESS IN ENTR OPY CONSER VING EXP ANSION
QGP expansion is adiabatic i.e. (gg = Z8: = 16 gy = 23:Ny)

4 ° 3 _ _ 154T), ... 7 50 «(T)
S= —g(T)VT Const. g=0gs 1 2 + 0+ qu 1 51 -+
The volume, temp erature change such that (gT3V) = 0. Strangeness phase space
occupancy, gs= 23 1 D4 k=2for me=T! O
ns( ) . _ 395( ) 2 _ Ms | . :
s( ) n% (—T( )), s( ) s( )T( ) z°K (Z) Z = T(t)’ Kji : Bessetf:

evolves due to production and dilution, keeping entrop y xed:
d s 4 dIn[gsz°K2(2)=d _ Ac 2 4 Ag 2

d ° d ~2nl ¢ % onl 9 ¢

For mg! Odilution e ect decreases, disapp ears, and ¢ G:g, IMp Oortance grows
with mass of the quark, z = mg(T)=T, whic h grows near phase transition boundary .
From this we can obtain the time evolution of s=S the specic strangeness per
entrop y:

das _
d S
W e have considerable information on s=S

dIn[gsz*K 2(z)=d
d

?; 2Ky(z) G2+
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Thermal average rate of strangeness pro duction

Kinetic (momen tum) equilibration is faster than chemical, use thermal particle
distributions f (p1; T) to obtain average rate:

R, R,
d P1 dRoz 1oV (B T)F (B2 T)
d®py EBpof (p; T (B T)

The generic angle averaged cross sections for (heavy) a vor s;s production pro-
cessesg+g! s+sand g+ q! s+ s; are:

2 3 ., 4m3 mi 7 3Im?

h Vreli T

- 1 .
gg! ss(S) = S 1 SS t 2 tanh "W (s) st & W(s) ;
8 2 2m2 P
o ss(S) = 2783 1+ s > W(s): W(s)= 1 4dmi=s

RESUMMA TION
The relativ ely small experimental value
s(Mz)"' 0118 established in recent years helps
to achieve QCD resummation with runn'wg
s and mg taken at the energy scale S.
E ectiv e T-dependence:

(To)
=27 T) -
s( ) s(T) 1+ (0:760 0:002)IN(T=T)
0.1 - 1 with (T =050 0:04and T.= 0:16 GeV.
0 Mo b b ] 2 varies by factor 10
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Strangeness / Entrop y

Relativ e s=Syield measures the number of activ e degrees of freedom and degree
of relaxation when strangeness pro duction freezes-out. Perturbativ e expression
in chemical equilibrium:

S %T?’(ms:T)ZK 2(Mms=T)

S 7 (g2 =45 E+ (gn=6) 2T O

much of O( ) interaction e ect cancels out

Allo w for chemical non-equilibrium  of strangeness {°P, and possible quark-gluon
pre-equilibrium:

S 0:03 QCP

_ !
S 04 g+ 01 P+ 05 P+ 005 P(n )2

We expect the yield of gluons and light quarks to approac h chemical equilibrium
fast and rstt g! land @°°! 1, thus s=S' 0.03 °F.

CHECK: FIT YIELDS OF PARTICLES, EVALUA TE STRANGENESS AND
ENTR OPY CONTENT AND COMP ARE WITH EXPECTED RATIO,
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Fitted pm and V dependence of s=band s=S, E=s

2 E 3 10 =L s61 E
- z 9 =
C - m =

w1 E s ~. 8 E
@ 1 S 0:2,% dN= dy W =
E ‘As/(sb)g 65 o s61 2

O ;I 1 1 IIIIIII ; 5 :IIII 1 1 1 IIIIII 1 I:

n E =2 3 0.03 F o
} 25_ g _g 2 g E
S |k 1 = : E
= 1F E 0.02 k= =
O %IJIIIII 1 1 IIIIIII 1 % EI E

= 10 f = = 10F =
Q 5 = & = Q 5 E_\.\w
= C - = C -
O :I IIIIII 1 1 IIIIIII 1 = O :III 1 1 1 IIIIII 1 I:

10 100 10 100
Vsyy [GeV] A

On left: Full 4 and central rapidit y I’eSLH'[S On righ t: central rapidit y
Interestingly , s=S! 0:027 as function of " syy and V: Fit results suggests that at
RHIC energy in most central collisions 2! 0:9. Peripheral reactions at RHIC
suggest the pre-thermal direct yield s=Sgiect < 0:02

Energy/strangenesskE =s cost drop at P sgl, suggestsappearance of a new (e.g. thermal
GG ! ss) production mechanism.
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Time evolution of s=S

ds _ 6., ds dIn[gsz°K »(z)=d _ Mg
ds_ gikedd gt s d T
b+ dIn[gsZZK2(2)=g]: Ac 2 . Ad o 2
d ® d nt ¢ 5 " on1 94

To integrate the equation for s=Swe need to understand T( ).

We have at our disposal the nal conditions: S( ¢), T( ) and since particle yields
dNij=dy = n;dV=dy the volume per rapidit y, V= yj.. Theory (lattice) further
provides Equations of State (T)= S=V. Hydro dynamic expansion with Bjrk en
scaling implies strictly dS=dy= (T)dV=dy= Const as function of time.

dV=dy( ) expansion completes the model.
%—‘y’/ Ao ()dz=dyj .y
a) we need transv erse area expansion, A,( ). We assume R,( )= Ro+Vv,( ) and
consider two geometries:
) A» = R3( ) bulk expansion
i) A= R3() (R3() d? =2dR,() g and
b) we need to associate with the domain of observed rapidit y y a geometric

region at the source z. We take scaling Bjrk en hydro dynamical solution:

dz - coshy

dy — .
Early time behavior g(tau) and v( ) can be shown to be of minimal relevance.
Strangeness looks back at times ' 2 3fm. Beyond, for yet earlier there is

little, if any, memory .
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Understanding s=Sand ¢ at RHIC
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The two left panels: Comparison of the two transv erse expansion models, bulk expansion (left),
and wedge expansion. Dieren t lines correspond to dieren t centralities. On right: study of
the inuence of the initial density of partons. Top panel: temp erature T, running mass mg,
dotted: the assumed prole of v,( ), the transv erse expansion velocity; middle panel: dashed
assumed ¢( ), dotted the assumed normalized dV=dy( ) normalized by the freeze-out value.
Solid line(s): resulting ¢ for dieren t centralities coincide; and bottom panel: resulting s=S
for dieren t centralities, with R, stepped down for each line by factor 1.4 . The end points at
maxim um  allow to nd corresp onding centralit y curv es. Initial temp eratures change slightly
to accommo date an observed change in dS=dy; beyond participan t scaling. Lifespan of system
for most central reactions consistently ; = 7 1 fm. Freeze-out condition at T; = 140 MeV (
higher T; implies prop ortionally shorter ¢).



J. Rafelski, Arizona  Strangenessrield and Charm Chemistry  Erice, Alice Physics, Decenber 7, 2005, pagel5

What this means for LHC
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The two left panels: Comparison of the two transv erse expansion models, bulk expansion (left),
and wedge expansion. Dieren t lines corresp ond to dieren t centralities. On right: study of the
inuence of the initial density of partons.
Notable LHC dierences to RHIC: (we assumed dS=dy yc = 4dS=dyrnic)

There is a signican tly longer expansion time to the freeze-out condition (factor 2).

There is a 20% growth in s=Simplying corresp onding growth in K= . More generally, there is
a steady growth of s=Sand ¢ with IndS=dy

There is a signi can t increase in initial temp erature to accommo date increased entrop y density.
Reconsider thermal charm pro duction:
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Thermal charm at LHC - comparison with direct charm pro duction
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Left RHIC and right LHC: Top panel: Solid lines T , dashed lines, running m¢ (scaled with 10 for

RHIC on left and with 2 on right for LHC); middle panel. Dotted
., dashed lines

Thermal

=20,000 on right (LHC))

line

g» solid lines total charm

c corresp onding to thermal charm pro duction; and bottom panel: specic charm
yield per entrop y, solid lines for all charm, and dashed lines for thermally produced charm.

pro duction (compare lines in bottom panel).

charm pro duction alone exceeds signican tly chemical equilibrium!
Direct production vyield (to see assumed values multiply with dS=dy= 50000n left (RHIC)
remains signican tly (300 at RHIC and 60 times at LHC) above thermal

and
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Charm chemistry in presence of high s=S

Recombination hadronization of charm has to be considered at a given s and S
created in the dynamics of RHIC collision rather than for prescrib ed statistical
yields. Charm distribution among particles according to:

dN, dV

— hC h2/..C h.eq h,eqy .

dy - dy cnopen+ C (nhidden+ 2 qnccq+ 2 sNec 1
c — hxheq h..eq h2 ,.eq h haneq h2.eq . Cc — h2,eq
nopen_ an+ snDs+ q r]qqc'l' S qnsqc+ s Nssco Nhidden = ¢ Nec

10" For db=dy= 1, dc=dy= 10 ds=dy= 650and dS=dy =

S ——rea| 12000(only 2.5 times RHIC) the hadron occupan-
1071\ . . I QGP _
cies were obtained (equilibrium values for [~ =1

for freeze-out at T).

— s/S=0.53
-- s/S=0.44
= s/S=0.3 |
1 s/S=0.22

10
— "'.’q
= .\'Fs. .

Ve — T ¢ il

10° ---- Y. (eq)
Ys 2r

., SSRIs e y
Y910 oot

0]:13 I O.Il4 I O.I15 I 0.I16 I 017’ 0.18
0.15 0.2 0.25 T [GeV]

T (GeV)




J. Rafelski, Arizona

StrangenessYield and Charm Chemistry

Erice, Alice Physics,Decenber 7, 2005,

Yields of D, Dg and B, Bs at s=S= 0.053

0.8 ———
- D(eq)
| e —— L — D
I —— Ds
O oyt --- Ds(eq) |
L
7
a
0.12 0.16 0.2 0.24 0.28
5
-=-=- equil
X — s/S=0.53
af ">
w 3t e
a
a
2
1
0
0.12 0.16 0.24 0.28

B/b

T - - - - Bs/b(eq)

‘‘‘‘‘ B/b(eq)
— B/b
—— Bs/b

Ve
Ty 4
S
.
-

L . — s5/S=0.53

=== equil

0.12 0.16

0.2 I O.I24 — 0.28
T [GeV]

pagel8



J. Rafelski, Arizona

D/Ds

StrangenessYield and Charm Chemistry

Erice, Alice Physics,Decenber 7, 2005,

Yields of D, Dg and c-bary ons at variable s=S

6

‘‘‘‘‘ $/S=0.3

--- s/S=0.44 g
g| — s/5=053

0.28

cqg/cgs

0.2

""" cqg/c(eq)
— cqqg/c
—— cqgs/c
- == cqgs/c(eq)

0.16

0.2 0.24 0.28

=== equil
— s/S=0.53

~ao
S
-
~ -
~a
-~
-
-
-
-~
-~

0.12

0.16

0.2 024 028
T [GeV]
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css-baryons and B,

0.025f

0.02f

0.015f

0.01f

0.005f

0.2
T [GeV]

Further

B_/(bc)

page20

— Bc
-- Bc™

0.15 0.2 0.25

T [GeV]

work on heavy a vor chemistry on the way. Return now to discuss

relevance of understanding of strangeness at LHC and phase transition dynamics.
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SOFT HADR ONS: Parameters at LHC
Assuming that statistical hadronization model applies, we have 7 parameters
needing Xing:

1) p TIn( 4 ¢)*¥% the baryon and

2) s TIn[ & s, hyperon chemical potentials;

3) 3 .= ¢, a fugacit y distinguishing the up from the down quark a vor;

4) ¢ the strangeness phase space occupancy;

5) qthe light quark phase space occupancy;

6) T, the (chemical) freeze-out temp erature;

7) dVv=dy, the volume related a given rapidit y to the particle yields;

There are several constrain ts and physical conditions:

1) What is bary on stopping? use dE=db= 412 20GeV, is hard to measure .
2) Strangeness conservation, we set (s s)=(s+s)=0 001 this xes gsgiven .
3) The electrical charge to net bary on ratio, we set Q=b= 0:39 0.01 Fixes 3
4-5) The value of ! will be varied, the value of Qset either to unity (for equi-
librium) or max allowed value 1.6{1.7.

6) Werely on E=TS! 0:78for non-equilibrium and ! 0:845for equilibrium

7) particle ratios limit need for volume normalization.
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Range of Parameters / Physical Freeze-out Conditions at LHC
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On left: The values of T, %, g, and sasfunction of varying s, the equilibrium

model results are crossesat = 1for 4= 1

On right : Pressure P [GeV/fm 3], energy density [GeV/fm 3], entrop y density
= S=V [1/fm 3], net baryon density = (B B)=V = b=V [1/fm 3], for non-

equilibrium SHM. Cross at ¢ for chemical equilibrium.
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X
P

012 345956 78 910
Vs

All yields after weak decay of hyperons and Ks, crosses denote chemical equi-

librium

result.

h=h"+h

p+p+ T+ + K"+ K ;
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dV=dy =
=3600 fm?3

dN:dy B

s/S

K°(892)
0 — ++

(1520)
(1385)
0(1530)

0
0

| (782)
f 5(980)

H
S

H= 162

83 s= 040
0.021
866.24
889.48
966.74
137.62
136.98
133.42
15.73
64.98
63.42
32.24
31.62
5.94
5.86
0.724
0.718
35.58
11.66
2.220
3.98
1.656
95.2
7.62
79.2
72.2
6.42

T = 145
1.
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In lieu of conclusions: A few questions with answers
Is there chemical nonequilibrium near to hadronization point?
In QGP: strangeness.For a fast changeto HG no absolutes; g equilibrium
Can chemical nonequilibrium impact physical observables? and
even phase transition prop erties?
Simpleobservablesuchas K/ dependdecisively on s=S. We havediscussd
here the in uence on charm chemistry, and argued that 2°F > 1 helpses-
tablish a true 1st order phasetransition for g! 0.
Is there (QCP > 1 (that is > 3) at LHC?
Yield study suggests perhaps', degends on many technical assumptions. So
It Is certainly still an open issue, exgeriment will show.
What is strangeness content, compare CERN-SPS to RHIC-200 to
LHC?
Not discussd today, but we nd a gradualrise as function of collision eneigy
of the yield s=S (per entropy).
Is this consistent with decon nemen t? Other strangeness evidence
for decon nemen t?
Our particle yield analysisshowsexcitation enelgy thresholdseen in s=S, s=b
and E=s.
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Why low/high PHASE BOUND ARY Temperature?

Degrees of freedom

{ Temperature of phase transition depends on available degrees
of freedom.

For O avor theory T > 200MeV
For 2 avors: T! 170MeV
For 2+1 avors: T =162 3and appearance of minim um g

For 3, 4 avors further drop in T.
what happ ens when ¢> 1?

{ The nature of phase transition/transformation changes when
number of a vors rises from 2+1 to 3iseect of ;> 1creating
a real phase transition?

Dynamical e ects of expansion:
colored partons lik e a wind, displace the boundary
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phase transitions Iin QCD
@
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adapted from: THE THREE FLAVOR CHIRAL PHASE TRANSITION

QUARK AND GLUON ACTION
(LA TTICE 98), Boulder,
Note that we need some additional
Conventional wisdom: bary on density:

Sturm,

transition.

WITH AN IMPR OVED

IN LATTICE QCD. By A. Peikert, F. Karsc h, E. Laermann, B.
CO, 13-18 Jul 1998. in Nucl.Ph ys.Pro c.Suppl.73:468-470,1999.
quark degrees of freedom to push the system over to phase
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....and considering the bary ochemical potential

165 _l L | L | | L | L | IL

- quark—gluon plasma .
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- 1t order transition’T\-
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adapted from: CRITICAL POINT OF QCD AT FINITE T AND MU, LATTICE RESUL TS FOR
PHYSICAL QUARK MASSES. By Z. Fodor, S.D. Katz (Wuppertal U.), JHEP 0404.050,2004;
hep-lat/0402006. However, at LHC the bary ochemical potential at level of 1-3 MeV. Better hope
for 5, and MOTION:



u, [MeV]
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(dynamical) Phase boundary and wind' of o w of matter
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Ty = 158MeV Hagedorn temp erature where P = 0, no hadron P
T ' 09Ty ' 143MeV is where supercooled QGP reball breaks up
equilibrium phase transformation used here wasat T' 166



