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Motivation

* Ultra-high energy cosmic rays (Ey > 100 PeV) measured through extensive air showers = opportunity to probe

hadronic interactions at center-of-mass energies and rapidity regions not covered by human-made accelerators.

EPOS-LHC: pO 10 TeV — N dwdy  ---- d(EEX®)/dn (au.)

A degenerate problem: 20
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Lack of accelerator data in relevant kinematic phase space regions of

CR-air interaction = hamper interpretation of mass composition.
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A few current issues with air shower simulations: EPOS-LHC

®* Muon puzzle: underestimation of muon scale in air shower simulations given
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Cascade physics for fixed primary composition

P Electromagnetic component &

Maximum reached at Xmax:

X nax scale dominated by first few

interactions: Phys.Rev.D 93 (2016) 5, 051501

Fluctuations dominated by:
¢ J(XO) .8 1/Jp—air .
® Fluctuations in particle production

in first few interactions

o B
N o —— —

<

\ 4

4

Detected at ground = carries

info about hadronic interactions;
® Scale depends on  hadron
production history;
* Fluctuations sensitive to particle
production in first interactions.

-------------------------------------------

Physics Letters B, Volume 784, 10
September 2018, Pages 68-76
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* Shower-to-shower distributions of Xnax and N, sensitive to particle production at the highest energies.
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https://www.sciencedirect.com/science/article/pii/S0370269318305641?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.051501

Hadronic physics from tail of distribution of |V,

Physics Letters B, Volume 784, 10 September 2018, Pages 68-76
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* Softer energy spectrum of 70 of 1st p-air interaction

= steeper tail of N, = probe production cross-

0

section of 7~ in p-air interactions above LHC

through measurement of tail of distribution of IV,
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Energy spectrum of

0 st . .
7 of 1t p-air int. Phys.Rev.D 103 (2021) 2, 022001
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Hadronic physics from tail of distribution of X, .

Eros-LHC: Eg = 10190 eV, § = 67°, proton . ) } .. . .
’ * Exponential tail from exponential distribution of depths of first
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* Remaining fluctuations from fluctuations of AX, .« = Xpax — Xo = dominated by fluctuations in particle

production in the highest energy interactions = possibility to probe such interactions above LHC energies.



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.062002

Hadronic physics from the In V,, — X, .« plane

Proton primaries = mild anti-correlation between X, ., and IV, from highest energy interactions.

Anti-correlation decreased by:
* Fluctuations of depth of first interaction X uncorrelated with N,,;

* |ncreased muon attenuation in shallower showers = positive correlation with X . ;
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Tail of muon number distribution as a function of X .« I

In N,
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Tail of muon number distribution as a function of X .« I
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Tail of muon number distribution as a function of X .« I
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Tail of muon number distribution as a function of X .« I
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Tail of muon number distribution as a function of X .«

arXiv:2406.08620

EPOS-LHC
In N, 0.5 T T T
14 15 16 17 - CONEX
l. — b.( _I o - T _
e _EPOS—LHC. Ep = 10190 eV, 0 = 67 | . 0.4 ¢ E, > 0.01 GeV ) 7
T e e (EEE S > fittoexp [ ==L ¥ Ey>1GeV A
i 103 | ‘\A'u," ...... 0.3 el — ; S e —
g \~__/I -§ <3- ,/,
101 B - ,,/’ |
0.2 , E e e \:
) 01F .- | Decreasing steepness |
10 Bt [
a7 1100 E : : :
) 108 £ 800 1000 1200
3] “5 —
o} X (g
SENE 1 é * Steepening of tail of /V,, distribution with increasing X, ax;
775 10
700 * Agreement between CORSIKA (full 3D Monte Carlo) and CONEX
g
109

(MC + Cascade Equations) simulations = trend independent

of energy threshold of muons.

Take home message

* Measuring evolution of A, with X},,,x = stronger constraints on particle production in the 1%t p-air interaction



https://arxiv.org/abs/2406.08620

Hadronic model dependence of A, evolution with X,

arXiv:2406.08620

Different high energy

hadronic interaction models

* A, evolution with X ax is model dependent;
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* Shallow showers: hadronic interaction model predictions are universal (< 10 % model dependence);

* Deep showers: enhanced model dependence of A, reaching 30 %
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Multiparticle production variables of 1t interaction per X, ., bin
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* Shallower showers: tendency for very inelastic 1t p-air interaction with high multiplicity (energy more evenly

distributed among secondaries) = more hadronic activity = more universal tail.

* Deep showers: tendency for lower multiplicity + more elastic events = less hadronic activity

Take home messages

* Binning in X,,,x = probe continuously the hadronic activity of 15t interaction;

* A, (Xmax) evolution constrains models in different regions of the kinematic phase-space of 1%t interaction.
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Stronger constraints on neutral pion production cross section I

Recall that A, probes the hardness of the energy spectrum of neutral pions.
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* Deep showers = events with fast 7 of the 1%t int. more likely = less muons = flattening of the muon tail.

Take home message:
* (Can probe the production cross-section of neutral pions of the 15t p-air collision as a function of the hadronic a

activity outside phase-space covered by human-made accelerators!
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Feasibility of measurement of AM: the case of Auger

arXiv:2406.08620

Is it possible to measure A, (Xmax) with Auger, given: * Proton-rich and proton-poor composition scenarios

* Mixed mass composition: p: He : N : Fe? estimated from Auger data with 1 < Ey < 3 EeV
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correction and consider model systematic.
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Feasibility of measurement of AM: needed statistics O
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* Model distinction at 1 sigma possible with golden hybrids, regardless of the composition;

° AugerPrime and/or DNNs == able to exclude models with 3 sigma significance.

Take home message:

. Au(XmaX) measurement feasible with Auger statistics!
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Conclusions and outlook:

Conclusions:

* Model independente value of A, for shallow showers but highly dependent for deep showers;

* Binning in X,1.x = continuously probe the hadronic activity of the first interaction;

* A, (Xmax) evolution constrains models in different regions of the kinematic phase-space of 1%t interaction =
probe production cross-section of neutral pions in p-air interactions as a function of hadronic activity

e A, (Xmax) measurement feasible with statistics of a typical UHECR observatory!

* Measuring A, as a function of the primary energy by combining different experiments would probe the cross
section for neutral pion production as a function of projectile energy = compare with/ extrapolate safely from

accelerator data.

®* More details in: arXiv:2406.08620

Outlook:

* Fully explore the joint V,, — X distribution to constrain particle production in the highest energies.
y exp J L max p P g g



https://arxiv.org/abs/2406.08620

	Diapositivo 1
	Diapositivo 2
	Diapositivo 3
	Diapositivo 4
	Diapositivo 5
	Diapositivo 6
	Diapositivo 7
	Diapositivo 8
	Diapositivo 9
	Diapositivo 10
	Diapositivo 11
	Diapositivo 12
	Diapositivo 13
	Diapositivo 14
	Diapositivo 15
	Diapositivo 16
	Diapositivo 17

