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STATISTICAL MODEL(S):
nast, present, future
OUTLINE

*Foundations

*Results in heavy ion collisions- debated issues
*Elementary collisions- What is the meaning?
*Conclusions



The basics

Multiple hadron production
proceeds from highly excited
regions (clusters or fireballs)

DOGMA:

Every localized
multihadronic state compatible with
conservation laws 1s equally likely

Microcanonical ensemble

0=, 6" (P=P,, )80 =2 (hy|8(P=P)s, jlhy)=2 (h,|P]|hy)
hy hy

States



Beware the difference between a localized |hV>
and an asymptotically free [f) multiparticle state!

‘ |1P>V:0<1|1p>+0<2|2p>+0(3|3p>-l-...
| | F. B., L. Ferroni, arXiv 0704.1967, EPJC in press

Can we define a probability
for an asymptotic state |f) ? YES

Define w (f|P,P,P|f) with PV:Z h,)<(h |

y

Zw ctr(P P P )octr(PP, Z<h P |h,)=0
f

V

It is positive definite and only “conserved” asymptotic
states allowed

F. B., “What is the meaning of the statistical hadronization model?”, J. Phys. Conf. Ser. 5 (2005) 175



Interactions: Dashen-Ma-Bernstein theorem

In the thermodynamic limit: Resonances

4 S\ 4 2 1 —ﬁ 4 5
Tr 6" (P=P)=Tr 6 (P—P0)+4mTr 1§ 0,86 (P=P Microcanonical

-4
[ dE exp (~EIT)Tr[S ' 0,8 58%(P-P,)],

Trexp (—HIT)=Tr exp (—H /T )+ 1

4 11
Canonical




dN/dm

Hadron-resonance gas model: neglect the
non-resonant part of the S-matrix
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Proper assumption
for reasonably large
temperature

How large T ?
T =0(100) MeV

Numerical study
still missing!



Invariant mass spectrum in AuAu

1
3 N
exp[ P2+ M2=T]§ 1

W. Brioniowski et al., Phys. Rev. C 68 (2003) 0349011
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Heavy ion collisions

» Particle multiplicities

J. Cleymans, H. Satz, U. Heinz, J. Rafelski, J. Letessier, G. Torrieri, P. Braun-Munzinger,
J. Stachel, K. Redlich, N. Xu, W. Brioniowski, W. Florkowski, F. B., J. Manninen,
R. Stock, M. Gazdzicki, M. Gorenstein .......

sTransverse momentum spectra

W. Brioniowski, W. Florkowski (single freeze-out model)

sL_ineshape of resonances

W. Brioniowski, W. FlorkowskKi

sFluctuations and correlations

M. Gorenstein, V. Begun, M. Gazdzicki, M. Hauer

sProduction of J/psi and heavy flavoured hadrons

M. Gazdzicki, M. Gorenstein, P. Braun-Munzinger, J. Stachel, A. Kostyuk, F.B....



\

Fit to full phase space multiplicities by NA49 with 7, 1., V

|— p2+m12./T]exp[u-qj/T]

(n,)=(2J,+1)

F. EI? M. Gazdzicki, A. Keranen, J. Manninen. R. Stock, PRC 69 (2004) 024905
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Chemical freeze-out curve

Points taken from

F.B., J. Manninen, M. Gazdzicki,

J. Cleymans et al. Phys.Rev.C73:034905,2006. Phys.Rev.C73:044905,2006.
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Debated or unsettled issues

« Equilibrium suppression factors: y, y,
A

v
¢ Full phase space vs midrapidity

1.2
1.1

¢ Ratios vs yields 1.0 | SPS Pb-Pb [{] :
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F.B., J. Manninen, M. Gazdzicki, Phys.Rev.C73:044905,2006. V syn [GeV]



Midrapidity vs full phase space

« Midrapidity densities yield exact properties of the central fireball only
if there is a sufficiently large window of invariance around midrapidity
(RHIC - LHC)

ya
N "1
N v ) DTy v)
dyZ 1 dy
+ 1
dn
= dy’yi v) —(C(yi y): 2 |
¥ dy 5 Iz T=125 MeV
Z .. . - FE
€ [ ¢ .
Va Y4Y) dyod—(1 (v):;T(y);y) 2 Fa_
i1 y >t
Z

fireball

By o > o

 If the rapidity distribution is not wide ¢
enhance heavier (i.e. strange) hadrol




Full phase space: possible equivalence with a global cluster

Much larger cluster !
Equivalence holds only if the probabilities v are statistical

F. B., G. Passaleva, Eur. Phys. J. C 23 (2002) 551



Rapidity widths

s Top SPS for pions:

single fireball T=125 MeV o, = 0.8
actual o ~1.3

sRHIC 200 for pions:
o ~20
- X/X stable over 2 units of rapidity

Conclusion: midrap possible from RHIC onwards,at
SPS full phase space more appropriate.

Ongoing studies: w. Broniowski, B. Biedron, 0709.0126 and PRC75
054905 (2007)
F.B., J. Cleymans, hep-ph 0701029



Strangeness canonical suppression

There is no Y, vy, < 1is an effect of Jocal sirangeness neuirality

S. Hamieh et al., Phys. Lett. B 486, 61
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It does not apply to @ meson

Pointed out very early

F. B., M. Gazdzicki, J. Sollfrank, Eur. Phys.J. C 5 (1998) 143

J. Sollfrank et al., “Canonical strangeness enhancement”, Nucl. Phys. A638 (1998) 339c,
proc. QM97

re-stated in
F. B., A. Keranen, J. Manninen, M. Gazdzicki, R. Stock, Phys. Rev. C 69 (2004) 024905

Nu Xu, talk given at CPOD, GSI, July 6+
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200 GeV collisions

- The multi-strange baryons
productions E, Q are enhanced
in heavy ion collisions compared
to that of in p+p collisions

- The ¢-meson productions are
also enhanced, but may be with
different trends

—>

The enhancements are NOT
due to CE suppression!

The role of y,,ys, m,?

STAR:

- PRL. 98 (2007) 062301 (nucl-ex/0606014)
- nucl-ex/ 0703033

- nucl-ex/ 0705.2511




Ratios vs yields

Fit to ratios are generally biased F.B. arXiv 0707.4154

Selecting N or N-1 ratios from N measurements of
yields involves an information loss which gives rise
to a biased and inefficient estimator

The bias is not easy to assess and depends on the
sample

RATIOS CAN BE DANGEROUS AND SHOULD NOT
BE USED UNLESS QUOTED BY THE EXPERIMENT



The role of conservation laws: fluctuations

In the thermodynamic limit, fluctuations still affected
by conservation laws (not so for first moments)

V. Begun, M. Gazdzicki, M. Gorenstein, O. Zozulya Phys. Rev. C 70 (2004) 034901

V. Begun et al. Phys. Rev. C 76 (2007) 024902
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Statistical model works in e*e-

. B., Z. Phys. C69 (1996) 485

\Chemical factor

Extra strangeness suppression

A very good fit (taking into
account the introduced
assumptions)

Only 3 parameters needed to
reproduce more than 20

particles

F.B., Nucl. Phys. A 702 (2002) 336
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tring model parameters

Parameter Name Default Range gen. Fit. Result
Value stat. 5YS.
Agen PARJ(81) 0.20  025-035 0297 40004 ¥ 3357
Qs PARJ(82) 1.0 10 -20 156 011 3%
a PARJ(41) 0.3 01 -05 0417 L0022 * 39
b PARJ(42) 0.58 0.850 optimized
oy PARJ(21) 0.36  036-044 0408 0005 5384
P( 5 )ua - 0.5 03 -05 0297 40021 * 3102
P(351)ua - 0.5 02 -04 0289 0038 3002
P(IPI)M - 0. see text 0.096
P(other P sictes)ya - 0. see text 0.318
” PARJ(2) 030 027-031 0308 0007 Q.98
P(5)s - 0.4 03 -05 0410 X003 F 338
P(351). - 0.6 02 -04 0297 40021 3820
P(P states), - 0. see text 0.293
€ PARJ(54) - variable -0.0372 200007 * 3804
P(3%). - 0.25 0.26
P(351)e - 0.75 0.44 adj. to data
P(P stales), - 0. 0.3
€ PARJ(55) - variable -0.0028440.00005 * §-39042
P(lsu)b - 0.25 0.175
P(E51s - 0.75 0.525 adj. to data
P(P states)y - 0. 0.3
P(gq)/P(g) PARJ(1) 0.1 008-011 0099 40001 3588
[P(us)/P(ud)]/v. PARJ(3) 0.4 0.593 adj. to data
P(ggl)/P(gq0)  PARJ(4) 0.05 0.07 adj. to data
extra baryon supp.  PARJ(19) 0 05 adj. to data, only for uds
extra 7 supp. PARJ(25) 1.0 0.65 0.65 £+ 0.06
extra %' supp. PARJ(26) 1.0 0.23 0.23 £ 0.05

Table49Parameter settings and fit results for JETSET 7.4 PS with default decays

From: Delphi collaboration, CERN-PPE 96-120



Compilation of heavy flavoured hadron production

abundances in e*e” atvs=91.2 GeV

F.B., J. Phys. G 23 (1997) 1933

Hadron Prediction 1 | Prediction 2 Measured Pull
D 00926 00923 0.0874H0.008 (ADO) -0.67(-0.70)
DY 1.233 0.233 0.2274+0.012 {ADO) -0.50({-0.50)
Dy 0.0579 00563 0.066+0.010 {O) +0.81(+0.97)
Dt 0.108 0.108 0.0880-£0.0054 (ADO) -3.7 (-3.7)
D /e-jet 0.103 00981 0.1284+0.027 (A) +0.92{+1.1)
D, fe-jet 00347 0.0363 0.0384+0.009 (A) +0.37(+0.19)
D3/c-jet 0.0471 00495 0.1354+0.052 (A) +1.7({+1.6)
D, fe-jet 000536 000544 0.016£0.0058 (O) +1.8{+1.8)
B? /b-jet 0.412 0.412 0.384+0.026 (AD) -1.1{-1.1)
B*/B 0.692 0.692 0.747+0.067 (ADLO) | 4+0.82(40.82)
B* /b-jet .642 0.639 0.65 +£0.06 (D) +0.13({+0.17)
B, /b-jet 0. 106 0.101 0.12240.031 (A) +0.52(+0.68)
B**, /b-jet 0. 206 0.213 0.26 £0.05 (DO) +1.0{+0.90)
B**/B .251 0.259 0.27 H0.06 (A) +0.32(+0.18)
B /b-jet 0.021(0.011) | 0.022{0.011 ) 0.0484+0.017 (D) +1.6{+1.6)
E:"“I.-"E*' 0.026{0.013) | 0.026{0.013) 0.0524+0.016 {(O) +1.6{+1.6)
AT 00248 0.0264 0.03954+0.0084 () +1.7{+1.6)
b-baryon /b-jet 00717 007 64 0.115 0040 (A) +1.1{+0.97)
(Zp + 5 /b-jet 0.0 0 00437 0.048 +0.016 (D) +0.48(4+0.27)
/(25 + Ep) 0411 0410 0.24 +0.12 (D) -1.4{-1.4)




Temperature in elementary collisions:
~ 160 MeV at high energy

F.B., Nucl. Phys. A 702 (2002) 336
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Analysis of p. specira in nn

F.B., G. Passaleva, Eur. Phys. J. C 23 (2002) 551
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Why??

This would appear to be a compelling case for the production of a Quark
Gluon Plasma. The problem is that the fits done for heavy ions to particle
abundances work even better in eTe™ collisions. One definitely expects no
Quark Gluon Plasma in eTe™ collisions. There is a deep theoretical question
to be understood here: How can thermal models work so well for non-thermal
systems? Is there some simple saturation of phase space?

From: L. Mc Lerran, Lectures “The QGP and the CGC”, hep-ph 0311028
References

+ F. Becattini, U. Heinz, Z.Phys C 76, 269 (1997)
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PROBLEM:

»The thermodynamic-like production of different species
cannot be the result of (local) post-hadronization
equilibration through hadronic collisions in pp and e+e-

»Also in heavy ions simulations of post-hadronization
rescattering show that there is little chance of equilibrating
particle abundances through inelastic binary collisions

HADRONS SHOULD BE BORN AT EQUILIBRIUM
===  (Hagedorn 1970)



Hadronization as Hawking radiation

D. Kharzeev, Eur. Phys. J. A 29 (2006) 83

D. Kharzeev. Nucl. Phys. A 774 (2006) 315

H. Satz, hep-ph/0612151

P. Castorina, D. Kharzeev, H. Satz, Eur. Phys. J. C52 (2007) 187

Analogy between Hawking-Unruh radiation and thermal
partonic-hadronic emission

No information transfer from inside event horizon
The Hawking-Unruh radiation can only be thermal

1
s black hole 7= iformly acc. __a
ac oie 81TGM unitormly acc T 2Tr

" g q pair(s) from e+e- annihilation decelerated by the string
tension o (~ 1 GeV/fm)

- - -<¢ T=J12177 MeV
21T



Options

The thermodynamical-like behaviour is only mimicked by data.
It is a property of hadronization and should be called “phase
space dominance”

J. Hormuzdiar, S. D. H. Hsu and G. Mahlon, Int. J. Mod. Phys. E 12, 649 (2003)

on kinematics

o The temperature is not a real temperatuj’ weak dependencﬂ
d

X d3p - Be
Sl
(2m)" 2,

Genuine statistical equilibrium within a finite volume

oy H(zJj+1)Nf
YN N

o

N
P_Zpi
i=1

fd3p1... dp,s

F. B., J. Phys. Conf. Ser. 5 175 (2005)



How to probe a genuine statistical
model ?

Need to test exclusive channel rates

More sensitive to the integration measure (\ d°p vs d*p/2¢)
because information is not integrated away

Data available at low energy (Vs <3 GeV)

Need full microcanonical calculations

long and ongoing project: F.B., L. Ferroni, Eur. Phys. J. C35, 243;
Eur. Phys. J. C38, 225; L. Ferroni, Ph.D thesis Dec. 2006; F. B., L. Ferroni,
arXiv 07041967 and 0707.0793, Eur. Phys. J. Cin press; F. B., L. Ferroni in preparation



~Statistical hadronization at high and low energy
low vs <[B GeV

Most general

Microcanonical
PC MLl J A\ Ensemble
) ) ) ) 3! )



The microcanonical weight of a channel

sin[(9 +3 ﬂj]] (23]

K | Lj
OB ( Zpﬂ) sin 4 sin KJ 1 %) zj.r] {n
i=1 | 1,=1

¢ Lj K L \
(H 11 FE Py, — Ry (¥)py,) -+ T, 11]] F Py, + R (ZZ’JPsJJ)

J=11;=1 i=11=1

K L K Lj
£ ={N;}
X (zénj} (L 13) [T Gy, +xExeZ, > (k) 11 5_,7{;?}{{}},1{})

Includes : Energy-momentum, Angular momentum,
Isospin, Parity, C-parity, B, Q, S conservation
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Outlook

Hadronization process shows clear statistical behaviour
from e+e- at low energy to heavy ion collisions at high
energy, with a critical T~160 MeV

The origin of it is still unclear. Interesting ideas, further
investigations ongoing

Interesting developments in relativistic statistical
mechanics (micro, fluctuations)

Heavy ions: early partonic thermalization over a large volume (on the
hadronic size scale) — proper parton deconfinement

Elementary collisions: late, pre-hadronization statistical equilibrium
over hadronic-sized clusters



" q q pair(s) from e+e- annihilation decelerated by the strir
tension o (~ 1 GeV/fm)




Corrected R, (Q)
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NA49 coll., Phys. Lett. B 382 (1996) 181
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A different approach n+ic

Maore rasiricily

(>
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Phase space dominance is not trivial

2 2 2 2
In principle, |/, may depend on m ,m,,...,m,, m,,...

aswellason 1.1y, ...l 0, 115,

Example:

IM#IZoc<a3M>N1_Tl f(am,)g(1))

quite restrictive: again, only one scale ¢r and factorization

(2J +1)(o’M)

(=l (R ) f—exp —B\p+m’)

(2m)

The thermal-like behaviour can be easily distorted at ANY scale of
Multiplicity (just take g(l)=Al?+C or f{caim)=(cim)®)



Parameter Name Defanlt Range gen. Fit Result
Value stat. B¥E.

Agen PARJ(81) 029 025-0.35 0207 +0004 3997
Qo PARJ(82) 1 1.0 -20 156 011 3%
. , a PARJ(41) 0 01 -05 0417 0022 *301
A' BIaIaS’ Ph b PARJ(42) 0.58 0.850 optimized
oy PARJ(21) 0.36  036-044 0408 40005 T 3522
W' FlorkOWSk P(*8)ua - 0.5 03 -05 0297 0021 582
P(®81)ud - 0.5 02 -04 0280 +0038 *+ 3004
. . P(lPl)m; - 0. see text 0.096
Fluctuatlon Of the Strlng te P(other P states)yq - 0. see text 0.318
" PARJ(2) 0.30  027-031 0308 0007 3%
. P(15), - 0.4 03 -05 0410 +0038 3028
exponentlal Shape, e.g. 01 P(381)s - 06 02 -04 0207 0021 333
P(P states), - 0. see text 0.293
€ PARJ(54) - variable -0.0372 £0.0007 * g-08L
P(150). - 0.25 0.26
P(E51). - 0.75 0.44 adj. to data
P(P states), - 0. 0.3
€5 PARJ(55) - variable -0.00284:0.00005 * §-93012
P 50)s - 0.25 0.175
P35 - 0.75 0.525 adj. to data
P(P states)s - 0. 0.3
P(qq)/P(y) PARJ{1) 0. 008-0.11 0099 20001 543
[P(us)/P(ud)]/v, PARJ(3) 04 0.593 adj. to data
P(ggl)/P(gg0) PARJ{4) 0.05 0.07 adj. to data
extra baryon supp. PARJ(19) 0 0.5 adj. to data, only for uds
extra 7 supp. PARJ(25) 1 0.65 0.65 £ 0.06
extra 7' supp. PARJ(26) 1 0.23 0.23 £ 0.05

Table 49: Parameter settings and fit results for JETSET 7.4 PS with default decays

From: Delphi collaboration, CERN-PPE 96-120
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Quanturn statistics correlati
provide evidence of the finite size of the source

Two-Particle Correlation

_ 7T+)_ <0 (— R2 O?
_dN/dQ(n+1T')_ [+Aexp(—R° Q)]

Intensity interpherometry

Used first in astrophysics
by Hanbury-Brown and Twiss
to measure radii of stars

0 E:} 0 EEG MeV CI=O.‘F2



' 'lr'r a-”' ) - ' ' A%
Interacting nadron gas
At sufficiently large temperatures, effective reduction to

a non-interacting ideal gas of hadrons and resonances

Dashen Ma Bernstein theorem phys. Rev. 187 (1969) 345
Non Relativistic

Tr6 (E—H)=Tr6(E—H,)+

Relativistic generalization

1

41T1

Tré* (P—P)=Trs*(P—P,)+




Is it possible to define a probability of an asymptotic
free state | F> ?

YES

Define pfoc<f|PiPVPi|f> with PV:Z|hV><hV|
h

V

ﬁ Zpfoctr<PiPVPi)octr<PiPV):Z<hV|Pi|hV>:Q
/ hy

All p, are positive definite as: <f\Pl.PVPl.!f>=Z Kf\Pl.!th

hV
In the SHM, the cluster is described by the mixture of states:
Ww=> Plh,)(h,|P.=P.P,P
h

V



How to get to the ideal hadron resonance gas?

* A
sCluster decomposition of the 0 ﬁ ‘
S-matrix v
sConsider symmetric diagrams Q i v

sNeglect non-resonant background

'

) 8

OE

%

S'0.8l,—> (2J.+1)
E |X Zk k (27‘(‘)3

Jdm, | @P.BW(M,)BR(k—X,)6'(P=2. p)




Hadron-gas resonance model tested on the lattice

Confirmed in many respects!
F. Karsch et al., Phys. Lett. B 571 (2003) 67; Eur. Phys. J. C 29 (2003) 549

WARNING!

Hadron-resonance gas st 2. s
does not include contribution

of non-symmetric diagrams

which survive in the thermodynamicl limit



The microcanonical ensemole
and its partition function

F.B., “What is the meaning of the statistical hadronization model?”

J. Phys. Conf. Ser. 5 (2005) 175, hep-ph 0410403

The usual definiton; Q=) ¢°(P—-P tate)

states
Pi orojecior orl ine
Can be generaﬁzed as: ()= Z <hV‘Pi|hV> cluster’s initial state
h
4

| h,, > multihadronic state
within the cluster

canonical: 2= {(h,|exp(=HIT)|h,)
p

V



I_. r P 2 Y ol Y [ P 'Y ) | () r
Full ricrocanonical ensemole
Conservation=projection onto an irrecuciole state
F.B., L. Ferroni, Eur. Phys. J. C 35 (2004) 243

Z-rriorneriirs
S0I1)

pp p | nelicity
PJ,A,a” g~ ILLL" 0 Toparty
X C-parity
Q) 10~Jlfmrnf1rﬁ>
I, 1, 1503 0Ir)

Decompose the projector: D
J

N, €

P=P

The projectors on 4-momentum,

spin-helicity and parity

factorize if P=(,0)

[+zU (IT)
2

P Prexp(~i P-x) (20+1) [ dR D’(R):* U(R)

P,J,/I,ﬂ:

(2n)’
= [ ddg)tt D(g")U(g)



~ull rmicrocanonical ensemole

rojection onto localized staies

In principle, projection P, should be made on localized field
states:

P, =] Dyly){y]| with|y)=® |y (x))

1 particle

If V2 > A.(at most 1.4 fm), it is a good approximation to

identify localized N-particle states with asymptotic N-particle
states

3 In general this is not true



Rate of a rulti-hadronic channel {Ny=(N,,...,N,)

F.B., L. Ferroni, Eur. Phys. J. C38 (2004) 225

For non-identical particles:

N
P-).p,

i=1

N
3 3 4
o0y = 3N]1 (21+1)[d’p,...d°p, 6

For identical particles: cluster decomposition

F1) i 2r,4+1)"
_|_ ¢ ) . J
Q{Nj}:faﬂpl... d’pyo’(P-P,] j {? v / EFH

n, J
I I n, h,!
_I’l/- j
n=1
J

I

n

Nj J / 1
Hj:n; ha, N :,Z‘l nil, E, : !dgx =P [ix'(p"/_pcf“l))]
j .

=1 (2m)

Zg

~—

Generalization of the expression in M. Ghaichian, R. Hagedorn, Nucl. Phys. B92 (1975) 445
which holds only for large V/

partitions



Recent work on microcanonical ensemble

V. Begun, M. Gorenstein, A. Kostyuk, A. Zozulya: Phys. Rev. C 71
(2005) 054904
V. Begun, M. Gorenstein, A. Kostyuk, A. Zozulya: nucl/th 0505069

Inequivalence between micro and Grand-canonical ensemble
with regard to fluctuations (talks in this conference)

F.B., A. Keranen, L. Ferroni, T. Gabbriellini: nucl/th 0507039

F. B., L. Ferroni: Eur. Phys. J. C 35 (2004) 243; Eur. Phys. J. C 38
(2004) 225

gé%oliiu’ J. Aichelin, K. Werner, M. Bleicher: Phys. Rev. C 69 (2004)
55082 3|ev, J. Elliott, L. Moretto, L. Phair: nucl/th 0504010; hep/ph
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Number of channels
o

,_.
o
=

,_.
=
1

,_.
=
[

fd =

" tron gas ensemole
pssible
rically via numerical integrations
Q{Nj}a 0, Zijqj
i 5Q’Zijqj
! M ((5]6‘\?)

Main difficulty: size

271 light-flavoured species in the hadron-resonance gas
give rise to a huge number of channels {/V;

q

Von

(B

-V

Carlo rmetnocds
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Cornparison petweean

1C and C nadron

|
!
i

rultiplicities

potlidastested /=4 Yedrm®
Mesons

| a4GeV
- 03GeV

| e12GeV

?'ED T ?'C+ K K+ KD Rl:ln PD p- P‘+ © K*_K*-‘-K*DR*Q[]' ¢

Baryons

A4GeV
L O08GeV
| #12GeV

xxxxx




Work (still) in progress: a Monte-Carlo
event generator

1. Versatile tool to test the model against more
complex observables

2. Pragmatic approach: the Statistical Hadronization
Model works well, why not using it ?

To be matched to parton shower or other clustering models
(HERWIG).



Co

mparison petween
rultiplicity rIJstrl'r utions

Inequivalence between C and pC in the thermodynamic limit

ster, M/V=0.4 GeVl/irgp-=lixe clusier, M/V=0.4 GeV/im?

zZ
1 f (N)=2.43 [ (N)=10.67 & o fF ™ (N)=3,87 [ (N)=10.35
- D=0.63 | D=1.59 0 D=081 F . D=149
F M=2GeV | i, M=10GeV M=4GeV [ L M=10GeV
'2 B B "y —2 B BN
E 3 10 3
A - A -
3 3 10 F 3
4: .I%...l..._.. M PP | P P 104: [P I I P P I.E'E...I.
F (N)=6.53 f (N)=14.84 g (N)=6.04 [ (N)=14.60
ol L D=124 [ ™ D=1.89 w0 L 1 D=tos [ L D=182
" M=6GeV [ "L M=14 GeV . M=6GeV 15 M=14 GeV
2 F 2F ¢ o
- 1 0 F -
Sf ; af i
r 1 A r
Ll Ll a 1 | 10 L 1 P | PRI [ T T A A T |
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Proposed test: Q/Q In pp collisions

M. Bleicher et al., Phys. Rev. Lett. 88 (2002) 202501

3.0 T T T
- T=160MeV

— T=170MeV
| I} 1=180MeV '
T ey Preliminary measurement by
1t 1 NA49 inpp @ 17.2 GeV
] Il Stat. Mod. | (SQMO3):

~15pm

{— 0.67+-0.62

05

String

0.0
0

ésmng rT]:%SS (Ge\]/l5) 2lo 0 2oloo 40.00 oo.oo ] so.oo 10506tatistics might be a problem

Volume (GeV 3)



[ Au-Au RHIC

- % J. Cleymans et al., PRC 71, 054901 (2005)

i Au-Au AGS

. 5

Chemical freeze-out

( T (GeV)=0.1675 - 0.1583

. 100 200 300 400 500 600 700 80O
Mg [MeV ]




£ 0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

[ SIS

SPS PbPb

K™p collisions
T'p collisions
pp collisions
pp collisions
e e collisions
AB collisions

I RHIC (midrap)

__ 2(s3)
CRPrI

By using multiplicities
estimated in the model

HIC are not a linear
Superposition of NN



7(0,1,0,0,0%Z(0,0,0,0,0)

0.4

Canonical ensemble does maitter

Example: neutron chemical factor in a completely neutral cluster

- T=190 MeV

T=170N

-

eV

T =150 MeV

30 100

120

Volume (fmj')

In GC should be:

V(2Jj+1)
(2n )

Whilstin C

(n;)= fd3p exp(— p2+m§/T)

n. =

Canonical suppression



The statistical model in high energy collisions

-+ QCD dynamics leads to colourless cluster formation (preconfinement)
D. Amati, G. Veneziano, Phys. Lett. B 83 (1979) 87

- Every multihadronic state localized within the cluster compatible with
conservation laws is equally likely

\Q1’ Pl’ Vl Key idea:
Q finite extension of clusters
(like MIT bags)
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F.B., J. Manninen, M. Gazdzicki, in preparation



>| )\ r ‘)I‘ 'r.'f‘f‘_f‘ 'l " I
Cnernical freeze-out in r
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180
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Chemical freeze-out
: Becattini Manninen 2003

Points lie on the

<E>/<N> ~ 1 GeV
curve (Cleymans-Redlich)

® Cleymans et al 2005
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F.B., J. Manninen, M. Gazdzicki, Phys. Rev. C 73 044905 (2006)



microcanonical ensemble(2)

(Interacting relativistic hadron
gas)

< from primary to

a

@ % +B.R.(3)B.R.(2) B.R.(1)Q( f',)+...all possibledecay trees
9

QM ) =Q(n ) +BR.(3)Q(n w p)+

+B.R.(3)B.R.(2)Q(pp)+

single-particle's channels m, I,
i1t Q(M,V)clV
weight: il ) (Mz—mi >2_|_sz2

Safe energy 2 GeV < ’\/S <3 G%V

range:




Preliminary comparison with data

Minimize x*
Q""" (channel)= A-o (channel)



p=0.1 GeV/fm®
fi=0095 =10
0,25 £ (L004 £ (.02
0.07 £ 0,005 £ 0.01
6.6 0.1 £0.5
04 +0.1+£05
146+ 0.02 + 007
(0.4658 £ 0.002 +0
0.473 +0.002 0

(L0381 A DU0003 £ (L2

4+ 004 001
1.2 4 008 £ 0.2

o (nb) (model)

p =0.5 GeV /fm*
fi=00995 =1.2
0.49 + 0.004 =+ 0.06
0.09 £ 0.0005 +0.02
3.8 +£0.02+ 0.4
33 £0.02+04
0.92 + 0.004 + 0.07
0,662 £ 0.002 + 0
0.662 £ 0.002 + 0

0.00113 (+0.7 +£ 1) 1077

4489 £ 0.01 £ 007
L5 +0.01 £ 0.2

p=140 GE"\'rlf'lme
fi=0095 =12
(L6 £ 0L004 £ 01
(.1 £ L0004 + .02
4001 £04
20+0.01 04
(L8] £ 0,003 £ 0.06
0.744 £ 0.002 £ 0
0.745 + 0,002 +0

0000195 (+1 +3) 1079

254 £ (.01 £ 0,05
Lo+ 0.01 0.2

p= 10 Ge\-';“ﬁng
fi =095 =12
0.7 + (L0 £ 1011
0.1 £ 0L0003 + 002
2.2 001 £0.3
2.7 £ 0,006 £ (0.4
0.73 + 0.002 + 0.05
0.763 £ 0.002 £ 0
(0.764 + 0002 +0

GA107° (0T +2) 1079

254 4 0006 + 0.05
14 001 £0.1

o (nb) (exp.)

0.:45 +0.17
0.3958 £+ 0,099
15.8 + 3.4
5142 4+ 0,263

0571+ 0,068
(.05 +0.23
(L0215 + 0,015
354027

(.22 4+ 0.16
0.216 4 0.0006 + 0,005 (.27 +0.12

(1,255 -+ 0.004 + 0.001 0.234 + 0.001 + 0.002 (.2205 £+ 0.001 + 0.004

Exclusive cross sections in e*e” collisions at vs=2.1 GeV. The first error on model
calculations is statistical and the second is the uncertainty due to poorly known
resonance branching ratios. The energy density value in best agreement with data
is in boldface.



o (nb) (model)
p =01 GeV/fm® p =05 GéV /fm® p = L0 GeV /fm® p= 1.5 GeV/fm*
Ji =055 = 0.8 J1=0495 =14 fi=03 95 =14 fi =03 95 =14
(.12 £ 0,004 £ 0.02 0,17 £ 0,001 £ 0.0 0.2 £ 0001 + 0,05 (.21 -+ (.00 £ 0.05
16 +£0.02+ 0.2 0.9 £ 0,004 £+ 0.3 0.9+ 0.002 + 0.3 0.8 £ 0.002 + 0.3

_ 0.101 + 0,001 + 0 0.165 4+ 0.001 + 0 0.215 + 0.001 + 0 0.233 4+ 0,001 &+ 0

0.102 4 0.001 + 0 0,165 + 0.001 + 0 0.213 4 0.001 + 0 (.234 4 0.001 + 0
0.208 +0.002 +0.002  0.285 +0.001+0.005  0.256 +0.001 + 0.002  0.245 +0.001 +0.002
U

o (L17 £+ 0.008 + .04 .28 + 0.004 + 0065 0 4 0,002 £+ 0.07 (L3401 £ 0002 + 007
(L62 £ 0.008 + .04 1.5 =4 0006 + 0.5 1.6+ 0.004 + (.6 L6 0004 + 0.6

a (nb) (exp.)

0.254 £ 0.071
1.3+ 0.38
(.41 + 012
(.69 + 0.29
0.205 + 0.075
0.22 +£0.11
(.24 £10.19

Exclusive cross sections in e'e” collisions at Vs=2.4 GeV. The first error on model
calculations is statistical and the second is the uncertainty due to poorly known
resonance branching ratios. The energy density value in best agreement with data

is in boldface.



~——resonances branching ratios

(Resonances as hadronizing clusters)Norma,,-Z,-ng constant
R. Hagedorn

Q" (channel)=B-B.R. (channel)

K3 (14:30)
channel B.R. (model) B.R {exp.)
p=002 GeV/fm™  p=05 G&/fm”  p = 0.6 GeV /fm”®  p=1.5 GeV /fim"
g = 1.0 5 = 1.0 5 = 1.0 5 = 1.0
K= 10.5 4 0.2 410 515+ 0.5 40 R 2+ 0.6 40 (8.3 4+ 16+ 0 49.9+ 1.2
K= (502)x 11.5 4+ 0.2 410 21.1 + 0.6+ 0 N4+ 0.6+ 0 16+ 1.7+10 24.7+ L5
K= (802) mw Rl+1+0 nd 0.1+ 0 A4.75 +0.08 + 0 3.2 400540 13,4+ 2.2
Kp 12,34+ 0.2410 12.3 + 0.6 4 0 12,1 4+0.7+10 7241640 BT 405
K 14.3 4+ 0.2410 0.4 0.7 +0 9.1 +0.8+10 48+ 1.7+10 2.9+ 0.8
A 1520
channel B.R. (model) B.R {exp.)
p=002 GeV/fm*  p = 0.1 GeV /fm* p=05GN/fm* p =15 GeV/fm*
g = 1.4 vy = 1.4 vy = 1.4 5 = 110
NK 42,3+ 0.4 410 40,1 + 1.1 +10 2.2 + 5.7+ 10 B0 4+ 1214 () 45 +1
Yr 20.4 + 0.3 40 6.5 + 0.7 +0 28.5 + 3.0 410 TA+EEL0 42 +1
Ann 2370440 19.3 0.1 +0 434 +0.2 40 7409+ 03+ 0 10 + 1
T 2,47 + 001 £+ 0 2,065 + 0007 0 5.7+ 0.02 £ 10 1014 + 004 +0 | 00401




~——resonances branching ratios

a2l LT
channel B.R. (model) B.R (exp.)
p=0.02 GV /fm” p =01 GeV/fm” p=0.5GV/fm” p= 1.5 GeV/fm*
g = 0.6 g = 0.6 g = 0.6 g = 0.6
F2(1270 ) 50+ 0.3+ ) 46.3 4 0.2 £0 46.94+0.140 Bl 0.1 40 6.2 + 3.2
P 35.6 £ 0.4 £0 39.7+ 0.3 £0 40.14+0.240 37240240 3144
KR (892) 4 ce | BTIE0.05 +0 53T 4 0.03 £+ 0 431 + 00340 318 +00240 4.2+ 1.4
wp (EXCLUD.) 763 +0.7+0 G294 0.5 +0 435 +0.34+0 20.7+0.24+0 2.7+ 1.1
TRty
channel B.RH. {model) B.R {exp.)
p=0.02 GeV /fm* p=0.3 GeV/fm* p=0.05GeV/fm" p=15GeV/fm”
15 = 1.8 v = (L6 15 = L6 vg =04
AN BOLT + 2.4 + 0.02 700 +1.2 +0.1 .5+ 1.1+ 0.1 A6+ 2.1+ 0.02 711414
Wi 061 +0.02 +0 18.7+ 0.4 40 21 + 0.5 40 20.6 + 1.5 + 0 16 + 6
KKx A58 + 12,2 +0.0002 2.4+ 0.1 £ (.02 2+ (0.1 + 00005 0.0+ 0.2 4 0.1 38+ 12
KK 318 £ 006 +0 1.25 £ 002+ 0 L5 £+ 0.03 +0 033+ 00240 | 158 £ 0.26
Ly 374 +0.08 +0 22,8+ 0.3+ 10 A1 405410 48,2 + 1.4 +10 2.6 + 1.3




~——resonances branching ratios

K2(1750)
channel B.R. (model) B.R {exp.)
p=0.02GeV/fm* p=010GV/fm* p=0.0GV/m* p=15GeV/fm*
g = 1.2 =5 = L4 =g = 1.h g = 14
Kp 204 £ 04 £ 10 104 +0.4 410 119+ 0.4 410 G4+ 0.7+ 10 A1 +0
K892 )x 215 06 10 1043 0.4 10 14 0.4 +0 01+ 0.7 A h
Krx 1989 0.0 0 188 £ 0.4 0 JRE I Bl 0 Bl 2000 £ 06 0 15811
Ky S22 0T = 42,3 £ 0.6 0 % 0 B bd.7T 25 S 1
K3(2045)
channel B.R. (model) B.R {exp.)
p= 002 I‘.-“'r-l'!‘ﬁ."'I.l"f:ﬂ‘l:i p=1.1 f‘:f'ﬁ‘rf'ﬁn:i =10 I‘.-“'r-l'!‘ﬁ."'I.l"ft'ﬂ:3 p = 1.5 GEfomﬂ
vg = 1.2 g = 1.0 g = 1.0 vg = 0.8
K= U055 = 02 () (L4280 = O = () 1408 = L0 = 0 ded oLl 0 091 1.2
K= (802)ww 4.7 01 £ 000 A4 0.1 0l BaThl 0.2 oh a2 Oxh
K* (80 mww 2000 = 1.1 =101 G 0.2 1001 7L = 007 Hod 04 o OU06 (=it
Ko T L4 £ 002 12 4 (.5 = (L0 108 = 0.4 = (LS B0 £ 0L o L6 Il i
Kwn A0 02 £ 00002 6b 0.2 £ L0 i 1 i s VAN Wb o 0.4 o 0002 D
Kom 4.1 04 £ 1 2067 0000 26 008 =0 L2010 281 1.4
K™ (802 (LGl = s = () 1.15 = (.01 = 0 220 £ 005 0 1.1 0.1 =1 1.4+ 0.7




Conclusions &
Julltock




Motivatio
ns

We need deeper tests to understand the
statistical behaviour

>

% Warning!

Data available only for low energy collisions




microcanonical ensemble

states

Q=> 54<P—PW)5Q_QW:; (hy|6*(P=P)s, ,|h,)

D Generalization: r

Q=Y (h,|P|h,)=Tr(P.P,)
hV

=

Qfoc<f‘PiPV‘f>




microcanonical ensemble(1)

(Non-interacting relativistic
hadron gas)

Qfoc<f|iPV|f>

Small D L S kol by
systems

Extended Poincaré group 10(1,3)1, Isospin SU(2), U(1) C-parity,
Abelian charges

Cluster's rest SU(2) measure

frame /

7 1 A I+ ﬁ
P,,..=5'(P=P)(21+1)[dRD! (R R

2




microcanonical ensemble(1)

(Non-interacting relativistic
1:adron gas)

Qc( fIP,P,|f)

Non-relativistic quantum

mechanics

PN N, K,
L“ |1p>V:O(1|1p>+0(2|2p>+0(3|3p>—|—...




microcanonical ensemble(1)

(Non-interacting relativistic
1:adron gas)

el FiP, Pol )

Non-relativistic quantum

mechanics

[ PEXIN LA AN A, T
Lv‘ [1p)y=cq[1p)+o,[2p )+ |3p)+..




Insieme microcanonico (2)

(Gas adronico relativistico
interagente)

Teorema di Dashen Ma }V — o Non Relativistico

Bernstein: - - | <>
Tr §(E-H)=Tr 8(E-H )+—Tr[S '0,S]

4111
Generalizzazione {; V' — o0
relativistica | < )
Tr §*(P-P)=Tr &' (P—P0)+rTr [S7'0,858°(P)]
TT1
. . . J — o0 Risonanze
Insieme microcanonico co fo -
<> /

Tr P =Tr P'4+—Tp 1S7'0
l Y4

SP]

E




microcanonical ensemble(1)

(Non-interacting relativistic
adron gas)

*Qfoc<f|Pi}i/|f>

P,=| DY|¥)(¥




microcanonical ensemble(1)

(Non-interacting relativistic
hadron gas)

Q=Y 1P L) API
i

N,

k
/ — b/' ! Sj /| S./
<f |PV|f>_H ZX<77]> | HFV(pnj(nj)’pnj >ZD2\n]’,T”I([pnj ] I)DTW?\
J n;

n=1 T
J n;

([pnj(nj)])

n,(n;)

d3 ilp—p')x R2 / — ,R
Where FV(p,pr):fVﬁe(p p') :2 2]1<||1P; IP;’|| )
TT T —

Provided contributions from outside the system can be
subtracted away... same result of non-relativistic quantum
mechanics!




microcanonical ensemble(1)

(Non-interacting relativistic
hadron gas)

ek LD

Generalization of Cerulus's

formulation
F. Cerulus, N. Cim. 22 (1961) 958

A

P,,=6*(P—P)(2J+1)| dRD],(R"")R

NPl f)=6 (P2 p,)21+1) [ ar DY (RTT X x(p))"

j S B ’
XH D/\‘/ n/),?\n/’([ppj(nj)] IR[Rppj(nj)]>53(pnj —Rppj(nj))

1 pil

_ _ Wigner rotations
Valid for any spin!




microcanonical ensemble(1)

(Non-interacting relativistic
hadron gas)
N
Microcanonical channel . 3
weight Q{Nj}_[ll;fd p,1Q,
(proportional to the T
probability) N ] N
Qy=021+1) [ drRD{(ROT] [ &p, 54(P—Z P,
n=1 n=1
. ] |
([T [D™(R)F,(p,—R "'p,)|I™(1, 1))
n=1

Distinct particles
Four momentum,
angular momentum,lsospin




Monte-Carlo integration

Importance Sampling Method:




Effects of angular momentum —

(Non-irc@amgervatiorelativistic
hadron gas)

< 0,0 Without Q.S.

R=4 GeV
M=5 GeV

]
o 2 4 6 & 10 12 14 16 18 20
J

d . EDRD ;"l"'i e Wlt.h QS

R=4 GeV'!

0.1 i iEE L M=5GeV

0 2 4 6 g 10 12 14 16 18 20
J




Ice dominance

U
—~
Q)
¢
(D
)
e,
m

b (27, +1 e >
T ~ 11 f Pr-d pyd’|P=2p
) =1
i (2J].+1) i D G BN i
I oc M| 0" |P—)_ p,
f (zn)mHNj/ fzal D Ss ;

Discussed in detail in J. Hormuzdiar et al., Int. J. Mod. Phys. E (2003) 649,
nucl-th 0001044 and F.B. hep-ph 0410403, J. Phys. Conf. Ser. 5 (2005) 175 v ?

If |M.|?> has a very weak dependence on kinematical independent
variables, e.g. p; p, ,we could somehow recover a pseudo-
thermal shape of the multiplicity and .- spectrum function



for large mults 3 41 3
IF ‘Mif‘ZzaN SRS <nj>:< (Jzn)3)afdzgp exp(—ﬂ\/p2+mjz.)

Where [is such that:

0 Wbl o ddp = D g ek
M-I—aﬂ%: o f = exp ( ,B\/p +m;)=0

Conclusion: Bis not a temperature and inclusive particle
multiplicities are not sensitive enough to the different integration
measure to distinguish between a genuine thermal behaviour
and this pseudo-thermal function (phase space dominance)

Yet, there is a quantitative diﬁ@
i (2L T X e i (2],41)a iy el Tuothe o
Vit f p(=Bp*+m?)  (n)= g f p(~Bp*+m)




(Boltzmann statistics limit)

» Grand-canonical ensemble

V(2)+1)
(2m)?

exp(y -qj/T)fd3p exp(— p2+m§/T)

e Canonica ensemble

V(2);+1) Z(0-q;)

Z(Q)

fd3p exp( p2+m§/T)

» Microcanonical ensemble

Q=Z(Q)exp(p-P)

2J+1J‘ 3 P pJQ qj>

Q(P,Q)




