(\\&\\h\\\\

> — 2 —
> —P — —
e — — D

PIERRE
AUGER

OBSERVATORY

a— INSTITUTO GALEGO
= s (IGFAE)
— ’— DE ALTAS ENERXIAS UNIVERSIDADE
DE SANTIAGO
DE COMPOSTELA

Hadronic interaction studies at the Pierre Auger
Observatory

Joaquin de Jesus for the Pierre Auger Collaboration

September 3- TeVPA 2026, Tendo, Japan



Probing high-energy interactions with Extensive Air Showers (EAS)
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EAS are unique laboratories for hadronic
interactions beyond accelerator energies

Hadronic models are essential for interpreting
cosmic-ray measurements — testing and
improving them is crucial.

Xmax, Xmax, and N, probe complementary
aspects of shower development.

Their combined interpretation provides
stringent tests of hadronic models



Measuring EAS at the Pierre Auger Observatory

P e e e . > Surface Detector (SD)
1 B e « 100 % duty cycle
ORZ )y dX * 1660 water-Cherenkov detectors over 3000 km?

* sensitive to shower footprint on ground = N, and X" nax
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> Fluorescence Detector (FD)
*  15% duty cycle
* 27 telescopesin 4 sites
* sensitive to EM longitudinal profile = Xmax
* calorimetric energy estimate E
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Probing hadronic interactions at the Pierre Auger Observatory

1) Measurement of mean muon content N
2) Measurement of fluctuations of the muon content N,

3) Measurement of X¥max

4) (Xmax, Sto00) rescaling



Mean muon contentin Inclined Air Showers

. ; 18 o o
Showers with E > 4x10'% eV and 62° < 6 < 80 B oAg A8 i i 15

vy v v v v v

¢ datatoy.s (281 events)

* EM component largely absorbed in the atmosphere

* SDsignal is muon dominated

-+

a = 1.8640.02
» Hybrid events: simultaneously observed by the FD and SD - b = 0.99+0.02

L Dya.d.f, —289.7 /273

* FD — measures energy E

19 20
* SD - measures muon content R, (integrated N, at ground 10 10
normalized by a reference value) E/eV

> Ry is obtained by fitting the SD footprint to a
reference 2D muon distribution 5

Phys. Rev. D 91 (2015) 032003
Phys. Rev. Lett. 126 (2021) 152002



Mean muon contentin Inclined Air Showers
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> Models cannot simultaneously describe Xm.x and the mean muon content.
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~ Assuming the composition inferred from Xma, simulations underpredict the mean

muon content:
* QGSJetll-04: +43% required
* EPOS-LHC: +35%

* Sibyll 2.3d: +26%
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Fluctuations in the muon content in Inclined Air Showers

Proton-proton equivalent c.m. energy /s / TeV

80 90 100 200 300 400
030 : : :
— EPOS-LHC ¢ data
0.250 = QGSJetll-04 4-mass- X max-fit+models

- SIBYLL-2.3d

Relative muon fluctuation are consistent with model
expectations for Xmsx Mass composition

Fluctuations are dominated by the first interaction, while
<N,> accumulates effects over the full cascade.

The muon deficit observed in <N,> is unlikely to arise from a
large mismatch of the first interaction — small mismatches
accumulating throughout the cascade are favored.



dN,/dX [a.u]

Measurement of Muon Production Depth (MPD)
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Measurement of X, M
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> XMmax favors an evolution towards increasing mass with energy
> EPOS-LHC in tension with Xmax mass composition (>2.50)
> QGSJetll-04 in agreement, but this model does not reproduce o(Xmax)

> None of the tested models reproduces Xmax and X*max consistently



dE/dX [PeV/(g/cm?)]

S / VEM

Measured with Fluorescence Detector
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(Xmax, S1000) rescaling

Measured with Surface Detector

> Previous muon comparison relied on composition from Xmax =
what if Xnaxscale itself is wrong?

T T
— Gaisser-Hillas

E=(249+0.16) x 10 eV ]
Xmax = (725.1 £ 3.8) g/cm? |

signal [VEM]
Ew
|W

10*

UNLELLELLLI B R LLL) B

60

50

40

30 -

20 r

L L
600 1000

TTTT
wn
-
o
o
o

X*/Ndf: 10.8/ 11
—e— candidates
—=— saturated recovered
—8— saturated
—¥— non-triggering

—e— accidental °

| | | | |

60°)

L ek
1200 1

slant depth [g/cm?]

500 1000

1500 2000 2500 3000 3500 °
distance to axis [m]

* Global fit of data to MC templates allowing for a shift in

FD measures E and Xmax

* SD measures Siooo (signal at 1000 m from the core)

> 2239 high-quality hybrid events (10" eV <E< 10" eV and 6 <

> Can models reproduce the joint (Xmax, Sio00) distribution?

Produce MC template of joint (Xmax, S1000) dist. for each
(primary, model, 8), with 5 6 bins

MC Xmax scale (AXmax) and rescaling of the hadronic
ground signal (Rhad)
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Phys. Rev. D 109 (2024) 102001
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(Xmax, S1000) rescaling
0 € (0°,60°)
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(Xmax, S1000) rescali ng

8 ~ 280 560 Assuming energy-independent AXmax
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> Xmax Scale in models needs to be shifted (20-50) g/cm? deeper, and hadronic ground signal needs to be scaled
15-25% to better describe Auger Data (>50 significance)
~  The deeper Xmax scale implies a heavier inferred composition, partially reducing (but not removing) the muon 12

deficit.



Summary & Outlook

> The hybrid design of the Pierre Auger Observatory probes hadronic interactions at energies
beyond the Large Hadron Collider scale (Vs ~ 100 TeV)

> Hadronic models fail to reproduce key air shower observables - modeling of ultra-high energy
hadronic interactions remains incomplete

> The AugerPrime upgrade will enable new multi-hybrid measurements, allowing further testing
and improvement of hadronic interactions — Stay tuned!
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N,: mean and fluctuations provide complementary constraints

—BHEPOS-LHC --B¥QGSJetll-04 ----B¥SIBYLL-2.3d @ data
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10~

—
3

—
9

N,: Fluctuations and 1stinteraction
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Fixing 1%t interaction reduces the fluctuations in N, (mean unchanged) - first-interaction fluctuations dominate the shower-to-shower

fluctuations of N,

1rst interaction quantity: a; - modified fraction of the energy of 1stinteraction that remains in the hadronic sector

o(ar) explains ~70% of o(Ny)

Riehn et al., Phys. Lett. B 784 (2018) 68-76
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Reconstruction of Muon Production Depth (MPD)

FADC Traces
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Reconstruction of Muon Production Depth (MPD)

| — Total » Muon arrival time is determined by
= — Geometric , ,
- Kinematic * Geometric delay = extra path length relative to a shower
? — Multp. Scatt. plane moving at ¢
- Geomagnetc =" | * Kinematic delay - Correction due to sub-luminal velocity
E e g - * Multiple scattering = Coulumb scattering
B , g = Sub-dominant
E - * Geomagnetic deflection
~—
§ » For the selected geometry, tqeom dominates. After correcting
_ the mean kinematic delay, tgeom— z = X,.
= | | |

2.5 3 3.5
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Reconstruction of Muon Production Depth (MPD): systematics
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(Xmax, S1000) @analysis with newest models (preliminary ICRC2025 update)
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Updated analysis: ~20% more hybrid events + newer hadronic models:
B~55°
« EPOS-LHC-R, QGSJet I11-01, Sibyll 2.3e

New models improve the predicted Xn.x scale, but tensions remain
*  EPOS-LHC-R: AXmax~0, but strong zenith dependence of R, = muon spectrum too hard

* Nosignificant energy dependence of AXmaxOr Rhad
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Xmax shift: implications for the first interaction

{ Xmax) (gcm™2)

Xz (gom™2)

Ep=10187 eV, 0 =

55°

860 T T T T ey 1 e Eros LHC * FEpos LHC-R
&b - B B QGSJET-11.04 QGSIET-II1.01
I 1 e SIBYLL2.3d * SIBYLL 2.3e
2 o E 1 © Data+ SiByLL2.3d
800 - _ _ Data+ QGSJET-11.04
1 1 © Data + Eros LHC
780 . -
760 - i : : L
- 5 —2.0 —1.5 —1.0 —0.5 0.0
<lnﬁ'el>
860 T T
840 | 1 F 1F
[+-BO o, 1 E
820 |- 1¢F 1¢F
1O ] [© 1K
800 I~ 1F q E
780 fo=0— ] 1t 1r
r [0 ] i 1T
760 | L L | L L L L 1 { M 1 L I L L
0.75 0.80 0.85 0.00 1.00 1.0 1.5 2.0 2.5
(a had ) (Ch ad )

There exists a universal relation between <Xmax> and variables related to the first interaction (anad, Kel, &nad, ..) = Use it to
interpret the shift in Xmax suggested by data

Data suggests that models need higher elasticity and Fraction of hadronic energy in 1% interaction
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(Xmax, S1000) rescaling: fits without shifts

0 € (0°,60°)

Only fitting the mass fractions (f, fue, fo, fre) without modifying Xmax or

Composition alone cannot describe the data - model-scale shifts are
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(Xmax, S1000) rescaling: fit details

Xmax and S1000 OF each event is corrected for the energy evolution
b X = Xmax + D lg(1 018'7 eV/ EFD)
* S=Si000(10"7 eV /Ep)"/®

20
18 :—

Six free fit parameters: S 16

* 3 mass fractions (fp, fre, fo, fre = 1- fp - fre - fo) = independent of E and 6 % i |

* 2 hadronic scaling fFactors (Rhad(Bmin), Rhad(Bmax)) = interpolated linearly in Xatm—Xmax. 3 12

* 1 Xmax Shift AXmax = independent of primary, E and 6 10}

|

v EPOS-LHC
A QGSJet 1I-04

Sibyll 2.3d
Corrected for Rp,q(0) and AXpax

Shifts in Xmax also influence the signal at 1000 m

[
200

300
(Xatm

* if Xmaxis deeper, shower maximum is closer to ground and more particles reach the ground, increasing S+o0o

* Rnag rescales Shag only, AXmax also changes Shag and Sem

P
400

— Xmax) / (g/cmz)

Goodness of fit: p-values obtained from 500 MC pseudo-experiments (2239 events each) generated with the best-

fit composition and modifications; the data InLmin is compared with the MC distribution
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