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For a complementary review including the connection with the LHC:
Astrophysics and Space Science (2021) arXiv:2105.06148
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Extensive Air Showers

Information is degraded.

We go from ~ 0(10%?) independent
variables to ~ O (10) independent
observables.

Now much information about the
mass of the primary and the

interactions is possible to recover? (In
particular from the 15t interaction)
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Muons trace the hadronic shower which is the
backbone of the whole cascade

% decays are the propellers of the EM cascade

The bulk of radiated and visible
energy comes from the EM cascade

Primary:Photon
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15t interaction
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Energy Balance of the shower
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EM cascade takes >50% of its energy from 1%t, 2"d and 3" hadr. generations
Sensitive to High Energy Physics
Hadronic cascade: Keeps developing until critical energy of mesons.
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Impact of

hadronic parameters

Cross section (proton-air) [mb]

Equivalent c.m. energy\'s,, [GeV]

10? 10° 10* 10°

"

T T T T T LR T
K

of

Tevatron O

700
600 4 accelerator data (p—p) + Glauber

500

400

300 —— SIBYLL 2.1
I SIBYLL2.1,0, ,x 1.2
L w SIBYLL2.1,0, %08
ZOOT L \HHH‘ Ll HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L
102 10" 10" 10" 10" 107 10" 10" 10®
Energy [eV]
Smooth parameter modification,
benchmarked at 10° eV, fiq
R. Ulrich et al PRD 83 (2011) 054026 9

ECRS 2022

—— cross-section

CONEX SIBYLL-2.1 p @ 10195 eV

multiplicity —-~ elasticity -+

n%-fraction

0.3 -
0.2 1

0.1

AINNy, = BDN/N,
o
o

| |
o o
[N} [
1

100 -

AXpmax / gcm™2
N B O ©
o O O O O
PENEE BTRN RN BTSN RN BTST RN ATRT AT Y

| | |
AN
o O O

1 1 1

ol ———— ==~ =
06 07 0809 111 13 15 1.7

2



[mb]

p-air

P-Air cross section
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(*) there might be surprises

The shower components

* EM: very well understood*. X,,., has reduced model uncertainty.

* Xmax is used for mass inference

o HiRes (2005)
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Good agreement with models.

moment.

R is sensitive to the injection of high energy n°

in the start up of the shower.

Too large systematics for hadronic physics, for the
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Universality of the Muon Production Distributions
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Muon Production Depth : < XH.... >
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e < XM . > isvery sensitive to Change in < Xk >~ 50 g cm-2
* baryon production: _ corresponds to
* reach deeper and do not produce muons change in < Xy >~ 15 g cm™
* 1t-Air diffraction:
* slows down multiplicative process < XHax > can be used to improve
K & 1t energy spectrum: < Xmayx > Model uncertainty

* bulk of mesons closer to critical energy
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Working group on Hadronic Interactions and Shower Physics

* Meta-analyses of muon surface densities at ground of 9 experiments

* Very different experimental conditions

* A new variable to make the comparisons: z

* z depends on the HM
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Experiments Typology

Shower energy Shower energy Electron
(optical) and (SD) and muon density (SD)
muon density density (SD) and muon
(SD) e IceCube density (SD)
« AMIGA Grande

e TA * EAS-MSU

e Yakutsk*

26/07/22 ECRS 2022

Muon density
(SD)

* NEVOD-
DECOR

* SUGAR
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WHISP results on muon deficit

(aka muon excess in data) T NIE N

InN, — lnNﬁ’

Ny

~ 3ln —

EPOS-LHC

QGSlJet-11.04

SIBYLL-2.3d

SIBYLL-2.1 +

SIBYLL-2.3

...........

SIBYLL-2.3c

10'5 106 10'7 10'8 10
EleV

26/07/22

]0'15 1(516 1617 10’18 1619
E/leV

10’510 10'7 10'8 10"
EleV

ECRS 2022

1615 10'16 10’17 10’18 1619
E/eV

NI

Auger FD+SD

Auger UMD+SD
Telescope Array
IceCube [Preliminary]
Yakutsk [Preliminary]
NEVOD-DECOR
SUGAR
KASCADE-Grande®
EAS-MSU“

AGASA [Preliminary]
HiRes-MIA“
Expected from Xpax
GSF

GST

H4a

AERREREXE

“ not energy-scale corrected

D.Soldin PoS(ICRC2021)349 23
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Muon E-spectru

scanning zenith angles = scanning
different energies at production

If muon excess increases as a
function of zenith angle, indication
of a harder E-spectrum wrt model

NO EVIDENCE OF A
CHANGE (BY WHISP)

L.Cazon PoS(ICRCZGE)224

db

E, prod(8) ~ X, sec Qﬁ
Experiment Egata/Erer | secO E}iproa/GeV
EAS-MSU - 1.1 11.9
IceCube Neutrino Observatory 1.19 1.0 0.7
KASCADE-Grande - 1.0,1.3 1.5, 2.1
NEVOD-DECOR 1.08 23,48 84,18.6
Pierre Auger Observatory 0.948 13,24 18,40
AMIGA 0.948 1.2 2.4
SUGAR 0.948 1.0 1.9
Telescope Array 1.052 1.3 14
Yakutsk EAS Array 1.24 1.1 26




KASCADE-Grande

® KASCADE-Grande = = GSF model —MC: H —MC: Fe
0 =[0° 21.78°] 0 =[21.78°, 31.66°] 6 =[31.66°, 40.00°]
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S L
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J. C. Arteaga PoS(ICRC2021)376

KASCADE-Grande observes a larger attenuation length for
muons -> harder muon spectrum
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KASCADE-Grande Astropart. Phys. 95 (2017) 25
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Reasons for different Zrit ~ O(100 GeV)

€55 ~ 01000 GeV)
muon E-spectrum o
€..5 ~ O(200GeV)

* Different of meson production E-spectrum e85 ~ 0(30TeV)

* Differences in the rt/K ratio in the cascade
* change in the effective average critical energy of mesons

Other methods to study the muon E-spectrum:
* Muon deflections by Geomagnetic Field in inclined showers
* Arrival Time distributions close to the core
e Parallel trajectories, delays are due to subluminal
velocities and multiple scattering
* Time-track complementarity
* Effective measurement of multiple scattering

x/m

26/07/22 ECRS 2022 P. Billoir et al. Astropart. Phys. 74 (2016) 14 27



Transverse Momentum Distribution (pt<2GeV) -
No results

* No demonstrated deviations wrt universal expectations at the bulk
of EAS muons (pt < 2 GeV)
* Some studies find deviations in the muon LDFs
* They can be attributed to other factors: mass, E-spectrum®, X4_ .,

* ). Espadanal et al. Astropart. Phys. 86 (2017) 32

See Astrophysics and Space Science (2021)
arXiv:2105.06148 for for a comprehensive list of results on
26/07/22 pt > 2 GeV and other muon atmospheric fluxes 28



Shower-to-Shower
correlation of NV, with
1st interaction variables

hadr. multiplicity NN =mq-M9- ... mc

0‘=Z<E—> Nyoxoar-ag-.. o

1€hadr 0

E
hadr. energy fraction N/J, —= fl . f2 e fc . §_O
C

In moat practical cases (¥ ™~ f

_ Phys Lett. B784 (2018) 68-76

2020 | ] T T
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5
20F i5%
=15 §
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1.0 ) Z
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6—0 R
aq 0.79 (0.82)
End/E 0.67 (0.66)
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Xo 0.23 (0.12)
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NH Fluctuations

Eo
Nu:fl'fz'---'fc'g— )
C o

. . (0} =
carries 70% of the fluctuations for protons!!! (fn) \/m1m2"'mn

¥

(™ (252" (2o (52

* An exotic model that saturates < £, >— 1
* for instance no n° decay, or no m°® production

« Would resultin o(f,)->0
* muon fluctuations will be suppressed and dominated by 2nd 3rd interactions (~ 4% 5%)

26/07/22 ECRS 2022 30
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o(N,)/< N> first experimental results

Fluctuations of energy
share in the 15t interaction
are well described by
models.

Large deviations of
expectations in 1
interaction are disfavored.

26/07/22

Proton-proton equivalent CM energy Vs / TeV
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Discussion 05 .
0.6
c %x

N,u X (f+5f) = 04
(14 0.05)° ~1.30 00

Lines: EPOS-LHC 4

~9260 750 800 850
* The muon deficit can be fixed by a (Xmax )/ gcm™2
smooth increment of hadronic
fraction (f) over several generations S Baur et al. arXiv: 1902.09265

T. Pierog et al. PoS(ICRC2019)387
H. Dembinski et al. PoS(ICRC2019)235
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Solving the muon puzzle by increasing f:

String percolation

Strange Fireball

Chiral Symmetry Restoration
Core-Corona(QGP)

Lorentz Invariance Violation

astro.ph:1209.6474

PRD 95(2017) 06005

EPJ Web Conf. 53(2013) 07007
PoS(ICRC2021)469

PoS ICRC2021 (2021) 340

S. Baur, HD, M. Perlin, T. Pierog, R. Ulrich, K. Werner, arXiv:1902.09265

(DN ) — InN"™f

- Ey=10"%eV

0.8+ , ey )

0.7 & “s\\\‘ Auger 2015

0.64

0.5

0.4

0.3

0.2

014 EPOS LHC

B " M P T r—
(Xmmax) / gem ™2

They must keep compatibility with the other variables

LIV violation saturates f (f=1) reducing the muon fluctuations -> limits on LIV

PoS(ICRC2021)469

3
EPOS LHC
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QGSletlLO4

1015 106 107
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10'®

101

—— f =1.00, Exgie = 1°GeV
..... S =100, Exaie = 10°GeV.
—f = 1.00, Escaie = 10°GeV
—f =0.75, Escae = 10°GeV
[ =050, Eycate = 10°GeV
e [ =025, Excate = 10°GeV
—— f =0 (Default model)

~&- AMIGA [Preliminary]
~#— lceCube [Preliminary]
#— NEVOD-DECOR
~&— Pierre Auger
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Toy model with statistical hadronization (core) in addition to string/remnant fragmentation (corona)

Statistical hadronization needed to describe strangeness enhancement seen by ALICE

Can close muon number gap number in air showers and matches faster increase with energy
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18.6 < log,y(E/eV) < 187 187 <logyy(E/eV) <188  18.8 < log,,(E/eV) <189 189 <log, (E/eV) <19.0  19.0 < log,,(E/eV) <192  19.2 < log,,(E/eV) < 19.8

Towa rd S t h e 20 - Iltg:::ei‘ts . 46 events 48 events 47 events 47 events 49 events
full Ny
distribution

events

+

-05 00 05 -05 00 05 -05 00 05 -05 00 05 -05 00 05 -05 00 05
(Ry = (Ru)(E)/(Ru(E))

Auger Collab. PRL 126 (2021) 15, 152002

To attain maximum physics output, we
need to measure all other moments, or
the full distribution:

<N,> oa(N,), ANy

<Xmax>r G(Xmax )I A(Xmax )

<Xumax>r O-(Xumax )I A(Xumax )
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—total —p --He -~ N y

In(N,))

Low N, tail is a direct consequence of inclusive m°
production cross section at large x,
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r® production
spectrum in p-Air

The technique resembles the other direct measurement
on the 1t interaction: p-Air cross section

Prob. density dP/dzy,
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Phys.Rev.D 103 (2021) 2, 022001  =:



<Xmax > [g/CI’Ilz]

A tartohzire stroRrgednrexpected

interesting possibility

900
It is shown that a shift in Xmax

predictions actually improves
the fits of Xmax and ground
signal and reduces the muon
problem, (through a change of
composition going to heavier)
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J. Vicha for the P Auger Coll. PoS ICRC2021 (2021)
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(c) MC corrections: AXmax and Ryj,d(6)
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Conclusions

* Important differences in model extrapolations to p-Air and nt-Air
* p-0Oin next LHC phase
C Xmax is less model dependent. BUT new results by P. Auger might shake this picture
* Used to measure p-Air cross section
* Reference observable for mass composition
* XM . is sensitive to the cascading velocity
* m-Air diffraction, baryon production, meson E-spectrum.

* Indications of harder muon E-spectrum

* <N, > mismatch slope confirmed with >8a by WHISP analysis of 9 experiments
* Muon puzzle starts at 10%°eV
* Cumulative effect of hadronic energy fraction starting at 10%eV ?

* Large departure from expectations on UHECR-AIr interactions are disfavored by o(N,)
measurement.

¢ <N, > mismatch likely explained by small cumulative deviations of fraction of energy into hadrons f + of.

* There are new opportunities for direct measurements on the 1st p-Air interactions through low-
N, -distribution <N, >, o(N,), and A(N,).

26/07/22 ECRS 2022 37



26/07/22

Thanks!
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The general strategy

Direct measurement on variables of
the 1%t interaction (end of this talk)

Constrain the hadronic models

We do not know the composition of the CR
beam. We simulate all posibilities.

We check the compatibility of data with
the mass phase-space of a given model A

Obs 1 and Obs 2: different mass
interpretations for model A

26/07/22

Model A
p S—— Pi
Y
~ /))6'&&
o %
o]
S 0)6/'
c @)
< | %,
e 3 s
5 | +
o e “Fe
| Data
é :":: ‘Fe >
Observable 1
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The general strategy

Constrain the hadronic models

We check the compatibility of data with
the mass phase-space of another model, B

Primary mass and uncertainties in
hadronic models share phase-space

Obs 1 and Obs 2: different mass
interpretations for model A.
Obs 1 and Obs 2: same mass
interpretation for model B

26/07/22

Model B

©
i © 1

Observable 2

Fe

Observable 1
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Shower axis

Transverse distance of u* production / n* decay

— total

s 0.5:

q) L

3 ; - E<?2 GeV

= 04l

a’ [

5 : e E>2 GV
03 N

500 0 500 1000
X’ (g cm?®)

T 2
59% of pions have 7, <—* O

ECRS 2022 mﬂ
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F

e° energy fraction (x_> 0.15)

NA61/SHINE

0.07
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M. Unger PoS(ICRC2019)446
26/07/22 ECRS 2022 42




Importance of forward acceptance

»Muon production weight“
how many muon would be produced in shower

arXiv:2105.06148

by secondaries in this collision

EPOS-LHC: pO 10 TeV — Nyhdn/dp - d(ZEY?)/dn (au.)
70 g ,
. m ) = s\
7T @) / -
151 =+ 3 é’-‘) g / \ n=0
n < = T /\, \‘
hadrons (7> 30ps) = I n=0.88
0. 8/ "\g ) 0=90 Ve
# \‘ \ :': 1 °
/ i 0=45
/ \
o\
5 T /, \\“?\ \ 9=100//7n =244
\\‘ \ \\ e=00 > n:oo
WY
, \0\\ \\ Image credit:
0 . . . —r——T —y JabberWok - Wikipedia CC BY-SA 3.0
-15 =12 -9 -6 -3 0 3 6 9 12 15
n (pseudorapidity)

See PoS(ICRC2021)463 for full simulation of "muon production weight" with CORSIKA 8
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do/An" (mb)
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ATLAS Vs=7TeV p>200 MeV

\
\ - QGSJETII-04
kY — EPOS LHC
N, = Sibyll 2.3¢

N HH‘HH‘HH‘!-:‘_‘—F*HTH ‘HH‘HH‘HH

ECRS 2022
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Epos-LHC v, et p-Air

15t interaction
energy fraction

baryons

Epos-LHC ~, et - Air Epos-LHC v, et K-Air

16%

baryons
~ baryons
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Slbyll 2.3¢ v, et p-Air

baryons

Slbyﬂ 2 3c v, et T-Air Slbyll 2.3¢ v, et K-Air

baryons
baryons
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QGSjetll-04 v, et p-Air

,’ baryons

QGSJ etl[-04 v, et m-Air QGSJ etll-04 v, et K-Air

%

baryons

baryons
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Quick list of experiments

|J.
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it e uncorrelated
i ‘ i 9
oL e,
- —o o0 0 | O =
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o vh e 13-,
B = h(__,; =P o4
i o FD
C ’ Energy Bin
- — Energy
Energy
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5 neutral
charged
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dInN,

dinE

dlnNH
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log N, = log f;
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log Ny, = log fi—1 + log f;

ECRS 2022
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log N, = log fi—2 + log fi—1 + log f;

m ECRS 2022
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' log fi—1 + log J;
log N, =log fi_3 + log fi_2 + log fi—1
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QGSjetll-04 p-Air
/ baryons
QGSjetlI-04 7-Air
0
baryons
QGSjetlI-04 K-Air
7% baryons

Sibyll 2.3¢ K-Air
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Sibyll 2.3¢ m-Air

14%
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baryons
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Multiplicities
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QGSJetII—04 v,et p-Air
70
baryons
QGSjetIl-04 m-Air
0
baryons
Sibyll 2.3¢ K-Air
7‘.(1
7.{1
~ baryons

Sibyll 2.3¢ p-Air

~ baryons

Sibyll 2.3¢ m-Air

11%

" baryons

QGSjetll-04 K-Air

7,¢*

baryons

ECRS 2022

Epos-LHC m-Air
7t |
baryons
Epos-LHC p-Air
7w |
~ baryons
Epos-LHC K-Air
i |
baryons

58



[
o

interaction energy fraction
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Hadronic Parameters
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From Heitler model to Energy model

hadr. multiplicity ]\]:u = M7 M9 ... Mg
a:ie%dr(E_O) NM X g -2 ..t Qe

E
hadr. energy fraction N,LL p— fl . f2 R fc . I

Ee

56— 0

B =0.93

g —1

In moat practical cases (X —~ f Phys.Lett. B784 (2018) 68-76



The PMT analogy

carries 70% of the fluctuations for protons!!! U(Oéi) X
\/ml 275 B (7 |

e An exotic model that saturates < f1 >—1
* for instance no n° decay, or no m°® production

e Would result in 0(041) — 0
o..muon fluctuations will be suppressed and.dominated by 2"d 3rd interactions (~ 4%.5%)
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