F. Becattini
University of Florence

Do we understand statistical mechanics?

OUTLINE

» Thermal features in strong interactions in high energy physics:
introduction and some selected results

» Thermalization in isolated quantum systems and eigenstate
thermalization

» Exclusive rates in e+e-

Kielce, December 14th 2013



Prologue

It has been known for a long time that strong interactions exhibit statistical-thermal
features in high energy collisions

1950 : Statistical model of particle production (Fermi)
60's : exponential pT spectra in pp collisions with limited slope
1965 : Hagedorn's bootstrap model

90's: observation of thermal-like abundances in both elementary and heavy ion collisions

> 90's: observation of local thermal behaviour (hydrodynamics) in relativistic heavy ion
collisions and possibly in pp and p-Pb collisions

It should be pointed out that thermal features emerge ONLY considering infrared observables,
1.e. determined in the low-energy regime of QCD

WHY?



SOME SELECTED RESULTS

e+ e- collisions

F. B., P. Castorina, J. Manninen, H. Satz, Eur. Phys. J. C 56 (2008) 493
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Particle Experiment (E)|Model (M)|Residual |[(M — E)/E %]
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pp collisions

F. B., G. Passaleva, Eur. Phys. J. C 23 (2002) 551
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Heavy 10n collisions

F. B, M. Bleicher, T. Kollegger, T. Schuster, J. Steinheimer and J. Cleymans et al. Phys.Rev. C73 (2006) 034905
R. Stock, Phys. Rev. Lett. 111(2013) 082302
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Hydrodynamics in relativistic heavy 1on collisions
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F. B, R. Fries in Relativistic heavy ion physics, Landolt-Boernstein 1-23 arXiv:0907.1031
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Critical energy density at the hadronization?



L. McLerran, “Lectures on RHIC physics”, hep-ph 0311028

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?

These results should raise some questions.
Yet, few have tried to tackle the 1ssue

H. T. Elze, R. Stock, A. Bialas, S. Hsu, H. Satz, ....

The point, in my view, in this case is not to explain the DETAILS (like professionals tend to do)
and to emphasize the differences (elementary vs heavy ion collisions) but to focus on the similarities



The paradox of statistical mechanics in high energy collisions

A unitary evolution cannot generate a mixed state from a pure state

p o6t (P - Py) p=exp|—3- P



A re-foundation for (quantum) statistical mechanics

The evolution is indeed unitary, yet the distributions of a fypical interacting quantum system are thermal

J. M. Deutsch, Quantum statistical mechanics in a closed system Phys. Rev. A 43,2046 (1991)
M. Srednicki, Chaos and quantum thermalization Phys. Rev. E 50, 888 (1994)

An energy eigenstate of a quantum many-body system whose classical limit is chaotic (non integrable)
will show thermal microcanonical distributions of few-body observables (eigenstate thermalization

hypothesis ETH).

The parameters shaping the distributions are the same as obtained through the usual approach (E,V T).
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ETH is suggested by various results/conjectures in quantum chaos theory and verified numerically for
many-body systems which are far from integrability in their parameter space.

A. Krzywicki (hep-ph 0204411) advocated this as the underlying mechanism for the
apparent thermal features in hadroproduction in high energy collisions




The Berry conjecture

The high-lying eigenfunctions of a classically chaotic system in configuration space appear to be randomly
distributed with a correlation function given by

lim /dx ba(X +X1) . ta(X+X,) = Y T(Xiy —Xiy) o J(Xi, X)) -

— OC -
pairs

J(X) ~ /{'ZP exp(iP-X/Nh) §(H(P.X) = U,) .

The Berry's conjecture gives us the two necessary ingredients to obtain ETH, that is a
microcanonical distribution in momentum space and exponentially (in N) small off-diagonal
matrix elements



Recent numerical studies

M. Rigol, V. Dunjko, and M. Olshanii, Thermalization and its mechanism for generic isolated quantum systems

Nature 452, 854 (2008).
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M. Rigol convincingly shows that the cause of the apparent equilibration is ETH
The spectrum of particles looks “thermal” for any eigenstate close in energy
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The smallness of time fluctuations bears out the 2nd of the ETH hypotheses namely
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Can we extend this to hadron production in high energy collisions?

Is classical QCD chaotic? There are strong indications
(T. Biro, C. Gong, B. Muller, H. Markum, R. Pullirsch,...)

Collisions involve scattering states, so one should check that ETH extends to
scattering states

Sle) < o)

Certainly in QCD we do not observe a fully thermalized distrubution, yet we
observe definite thermal features in many circumstances

However, we have some strong evidence from low energy data



Exclusive channels 1in e+e- collisions at low energy

L. Ferroni, F.B., Eur. Phys. J. C 71 (2011) 284

High energy low E < 3 GeV

(Multi-cluster scenario)

(Single cluster at rest)

P.J,1,1,M,C
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e+e- Vs=2.4 GeV
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Importance of conservation laws
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Importance of conservation laws
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Conclusions

#sThe observed thermal features in strong interactions in high energy collisions might
stem from the classically chaotic nature of QCD

sThermal distributions are featured by quantum many-body systems which are
Classically non-integrable and are owing to a property of eigenfunctions dubbed

as eigenstate thermalization

sMicrocanonical distributions are seen even in exclusive channels in low
energy e+e+ collisions

Thanks to Giorgio Torrieri for pointing out relevant papers
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