FELIX and astroparticle physics: even more than the cosmic ray connection

Giovanni AMELINO-CAMELIA

Theoretical Physics, University of Oxford, 1 Keble Rd., Oxford, UK

SUMMARY

It is emphasized that the formalisms of finite-temperature field theory and non-equilibrium field theory relevant for the theoretical investigation of part of the FELIX program have a central role in the study of the interface between particle physics and cosmology. In as much as FELIX will test these formalisms, it will also contribute to our understanding of the early universe.

March 1997

As a detector with full acceptance, including the far forward region, FELIX is ideally suited to obtain data of great importance for the interpretation of cosmic-ray events, one of the most exciting subjects of “astroparticle physics” (the interface between particle physics and cosmology). This cosmiray connection is discussed in detail in the FELIX working documents in Ref. [1]. In the present working document I would like to emphasize another aspect of the FELIX program that can bring important insight into issues relevant for the study of astroparticle physics. In fact, one of the central themes of astroparticle physics is the use of the formalisms of finite-temperature field theory and non-equilibrium field theory^1 for the investigation of the theories describing ordinary particle physics in the conditions of high temperatures and/or high densities that are believed to have occurred in the early universe, and these extreme conditions are rather similar to the ones realized in ultrarelativistic collisions of hadrons or nuclei. The formalisms of finitetemperature field theory and non-equilibrium field theory are indeed widely used in the theoretical investigation of part of the FELIX program. In a sense FELIX will test these formalisms (or at least the different versions of these formalisms that have been debated in the literature) and the lessons learned will provide much needed input for our investigations of the early universe.

Like a few other experiments of its generation, FELIX will be probing the

1Here and in the following “field theory” will stand for both “quantum field theory” and “classical field theory” unless explicitly qualified.

physics of the chiral/deconfinement phase transition of quantum chromodynamics, and FELIX will be doing this from its unique perspective as a full acceptance detector. Acceptance in the far forward region (with its implications for “small-x” studies discussed, e.g., in the FELIX working documents in Ref. [2]) will also render accessible to FELIX the QCD regime of very high parton densities, thereby providing one more opportunity for the study of relativistic quantum gauge theories in extreme regimes.

Of course, some of the theoretical ideas used in the discussion of the early universe (and the extreme regimes that characterize it) have already been tested in some condensed matter experiments; for example, the measurements on superfluid He-3-B reported in the recent Ref. [3] have dramatically confirmed the prediction of topological-defect formation at certain temperature-induced phase transitions. However, it is important to realize that the high-temperature and high-density regimes of the relativistic gauge theories describing particle physics have never been significantly probed in controlled laboratory experiments.

The general point about the relevance of the FELIX agenda for the study of the early universe is perhaps best illustrated by the similitude between FELIX studies of disoriented chiral condensates^2 (portions of the collision

2Disoriented chiral condensates also provide a meeting point for the two major areas in which FELIX has relevance for astroparticle physics, i.e. cosmic-ray physics and earlyuniverse phase transitions. In fact, on one hand disoriented chiral condensates are directly linked to the presence of a chiral phase transition and on the other hand the only (however faint and debatable) available experimental evidence for disoriented chiral condensates comes from the centauro and anti-centauro cosmic-ray data [1].

region in which the chiral order parameter is temporarily chirally rotated with respect to its orientation in ordinary vacuum [4, 5]) and some related studies of cosmological issues. In particular, the debate concerning the proper theoretical description of the formation of disoriented chiral condensates at a chiral phase transition has been progressing quite in parallel with the corresponding debate in the context of investigations of early-universe phase transitions [14]. On the disoriented-chiral-condensate side it is important to establish whether non-equilibrium quantum field theory [6, 7, 8] is to be used in the analysis of the chiral phase transition or a quasi-equilibrium description within finite-temperature quantum field theory is preferable [9], and both in the non-equilibrium and in the finite-temperature quantum frameworks it is still unclear what is the best way to handle certain possibly-significant non-perturbative effects [7, 8, 9, 10]. Moreover, while quantum effects are of course present, it has been argued that much simpler analyses within finitetemperature [11] or non-equilibrium [12, 13] classical field theory could suffice for most applications. The predictions concerning the amount of disoriented chiral condensate formed at a chiral phase transition can change substantially from one approach to the other.

Because of the above-mentioned analogies, the same problems have been encountered in the context of investigations of early-universe phase transitions. For example, discussions of non-equilibrium vs. thermal approaches can be found in [6, 15, 16], while the handling of non-perturbative contributions is discussed in [17, 18, 19, 20, 21]. Predictions of central importance for cosmology depend rather sensitively on the choice of formalism; for example, substantially different results are found by the various approaches in the study of the electroweak phase transition (the temperature-induced phase transition of the standard model of electroweak interactions), which has recently attracted a lot of interest because of possible implications for baryogenesis. Clearly, important progress would be achieved if FELIX helps us establish which formalisms are most effective in the study of the phase transitions undergone by the relativistic gauge theories that describe particle physics.

References

[1] L.W. Jones, “Cosmic ray observations relevant to the physics explored with FELIX”; F. Halzen, “FELIX: the cosmic ray connection”; V.I. Yakovlev, “Short review of modern cosmic ray data”.

[2] L. Alvero, M. Strikman, and J. Whitmore, “FELIX potential for small-x parton measurements in proton-proton (-nucleus) collisions”; A.H. Mueller and G.P. Salam, “High parton densities and striking final states at the LHC” [3] V.M.H. Ruutu, V.B. Eltsov, A.J. Gill, T.W.B. Kibble, M. Krusius, Yu.G. Makhlin, B. Placais, G.E. Volovik, W. Xu, Nature 382, 334 (1996).

[4] A.A. Anselm, Phys. Lett. B217, 169 (1989); A.A. Anselm and M.C. Ryskin, Phys. Lett. B266, 482 (1991);

[5] J.D. Bjorken, Int. J. Mod. Phys. A7, 4189 (1992); J.D. Bjorken, K.L. Kowalski and C.C. Taylor, hep-ph/9309235, in the proceedings of Workshop on Physics at Current Accelerators and the Supercollider, Argonne (1993).

[6] O. Eboli, R. Jackiw and S.-Y. Pi, Phys. Rev. D37, 3357 (1988).

[7] D. Boyanovsky, H.J. de Vega and R. Holman, Phys. Rev. D51, 734 (1995).

[8] F. Cooper, Y. Kluger, E. Mottola and J.P. Paz, Phys. Rev. D51, 2377 (1995).

[9] H.-S. Roh and T. Matsui, nucl-th/9611050.

[10] G. Amelino-Camelia, hep-ph/9702403, Phys. Lett. B (in press). [11] J. Randrup, Phys. Rev. Lett. 77, 1226 (1996).

[12] K. Rajagopal and F. Wilczek, Nucl. Phys. B379, 395 (1993); B404, 577 (1993).

[13] G. Amelino-Camelia, J.D. Bjorken, and S. Larsson, OUTP-96-69P. [14] D. Kirzhnits and A. Linde, Phys. Lett. B42, 471 (1972); L. Dolan and R. Jackiw, Phys. Rev. D9, 3320 (1974); S. Weinberg, Phys. Rev. D9, 3357 (1974); D. Kirzhnits and A. Linde, JETP 40, 628 (1974).

[15] D. Boyanovsky, H.J. de Vega, and R. Holman, Phys. Rev. D49 2769, (1994).

[16] R. Jackiw and G. Amelino-Camelia, hep-ph/9311324, in Proceedings of the Third Workshop on Thermal Field Theories and Their Applications, Banff, Canada, August 15-27, 1993.

[17] D. Kirzhnits and A. Linde, Ann. Phys. 101, 195 (1976). [18] M. Dine, R.G. Leigh, P. Huet, A. Linde, and D. Linde, Phys. Rev. D46, 550 (1992).

[19] G. Amelino-Camelia and S.-Y. Pi, Phys. Rev. D47, 2356 (1993). [20] C.G. Boyd, D.E. Brahm and S.D.H. Hsu, Phys. Rev. D48, 4963 (1993). [21] M. Quiros, hep-ph/9304284, in the proceedings of 4th Hellenic School on Elementary Particle Physics, Corfu, Greece, 2-20 Sep 1992.