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VOLUME 48, NUMBER 11 PHYSICAL REVIEW LETTERS 15 MARCH 1982

Comprehensive Explanation of Cosmic-Ray ‘‘Anomalies’’: Quark Matter Formation
by Heavy Nuclear Primaries

F. Halzen and H. C. Liu®) ,
Prysics Depaviment, Univevsity of Wisconstn —Madison, Madison, Wisconsin 53706
(Received 21 December 1981)

It is proposed that the 100-TeV threshold for the appearance of anomalies in cosmic-
ray interactions is associated with the critical energy of about 60 GeV/nucleon center-
of-mass energy for phase transition to quark matter in nucleus-nucleus interactions.
This proposal implies that the high-energy primary spectrum contains a significant
heavy nuclear component (e.g., Fe).

PACS numbers: 94.40.Rc, 12.35.Ht, 13.85.Tp, 21.65.+f
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It is proposed that the 10— FEcV threshold for the appearance of anomalies in cosmic-
ray interactions is associated with the critical energy of about10"°GeV/nucleon center-
of-mass energy for phase transition to quark matter in nucleus-nucleus interactions.
This proposal implies that the high-energy primary spectrum contains a significant
heavy nuclear component (e.g., Fe).

PACS numbers: 94.40.Rc, 12.35.Ht, 13.85.Tp, 21.65.+f

Tuesday, May 9, 17 5




Primary Particle

V

nuclear interaction

Kt, KO = with air molecule J/R
.

+ .0
nteK,Kﬁ-ﬁo

DN
| L Y
AR

et e e e e e
radiation:
flucrescence,
Cherenkov,
radio

[ GeV muons
— - + - -
T A" lp,n,fﬂ, K t e Yeyyey e
nucleer fragmers I
_ 9 TeV muons
muonic component, hadronic electromagnetic
neutrinos component component

Tuesday, May 9, 17




DEPTH OF SHOWEIR MAXIMUM
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COMEBINED FIT OF SPECTRUM AND NUCLEAR COMPOSNITION
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DEPTH OF MUON MAXIMUM AND AVERAGE MUON CONTENT
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Auger Collaboration PRD 90 (2014) 012012; PRL 117 (2016) 192001

Tuesday, May 9, 17 9




MUON EXCENS

> Introduce energy rescaling parameter to allow for possible shift in FD energy calibration
and multiplicative rescaling of shower hadronic component
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> RpE ™ rescales total ground signal of event approximately uniformly

> Rp.q ™ rescales only contribution to ground signal of inherently hadronic origin

o

which consists' mostly of muons

> Hadronic component of showers contains about 30% to 60% more muons than expected

> Significance of discrepancy between data and model prediction is somewhat above 2.10
Auger Collaboration PRL 117 (2016) 192001
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MUON LATERAL DISTRIBUTION
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TAKE HOME MESNSSAGE
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We would not expect fireball to be created when nuclei just slide along each other

Critical energy for decay of charged pions and kaons is roughly the same

elongation rate of muon channel would be almost unaltered
and so muon shower maximum would have small fluctuations

Only new physics model of muon excess using heavy nuclei as primaries

predicts cosmogenic neutrino flux out of current experimental reach
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LOOKING AHEAD
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