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1. Recap of last lecture



Qualitative approach: Heitler model

Number of charged particles
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Electromagnetic shower theory

Energy loss dE . E Critical energy: Ec = 0 Xg ~ 35MeV
of electron:  {Y X0 Radiation length: Xg ~ 36g/cm2
Longitudinal profile (Greisen formula) Shower age Energy spectrum particles
0.31 X 3 AN i
Ne(X)% lzeXp{_(l—_lnS)} § = 3X €~ 1
nEy/E,]" Xo 2 X + 2Xmax dE  Elts
L 0.31 E,
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(Rossi & Greisen, Rev. Mod. Phys. |13 (1940) 240)



Qualitative approach: Heitler-Matthews model

E, , Ntot = Ny + Hch Primary particle proton

Eo /ot S Nch
T decay immediately

¢ » 3 Tt initiate new cascades
Ey/ (ntot)2 X (nch)2

O 0O 0O

EO/(ntot)n (nch)n Ny ( EO )a

Egec
Assumptions: Inn
B o= —~0.82...0.95
e cascade stops at Epart = Edec In n¢or

o
each hadron produces one muon (Matthews, Astropart.Phys. 22, 2005)



Nucleus

E;=Ey/A

Target @

Superposition model

Proton-induced shower Nmax ~ E()/EC

Xmax ™~ 7\~eff In (EO)

Assumption: nucleus of mass A and energy Eo corresponds
to A nucleons (protons) of energy E, = Eo/A

max

(2 K~

=N,
AEC e NA _A EO > _Al—OCN
e AEdec - :




Longitudinal shower profiles: simulations and data

Number of charged particles (x1 09)
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Derivation of elongation rate theorem
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Elongation rate of em. shower

Xmax (E)) = (Xinax (E/1uot)) + Aing

em. cascade theory

(X ) ~ XoIn(E /i)

max

<XmaX(E)> = X[ ln(E/ntot) +C + kint

taking derivative logkE

d <Xmax (E ) > < X d Inngy d Aint
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Mass composition results — world data
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Important: LHC-tuned interaction models used for interpretation

if 2
| Ox| Fe~ 10g/cm

(Snowmass report UHECR composition, 2022) (Phys. Rev. D96 (2017), 122003) (E ~10"%eV)



Number of charged particles (x1 09)

Universality features of high-energy shower profiles

Simulated shower profiles Profiles shifted in depth
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Measurement of proton-air cross section

Number of charged particles dP B 1 , Difficulties )
av. 2. °
Xm 7L Mmass CompOSV[lOn

e fluctuations in shower development
(model needed for correction)

>
X1 | point of
. first interaction

| U | | | I I N I | | IIIII‘I|

120— -@- Auger (Glauber)
B -@- ATLAS
A = 100— == CMS
= B —¥- ALICE
AXmax _ gl ™ TOTEM
Y & -¥- UA5
s [ —&— CDF/E710 f:‘
T 60— R
-9 | M" ------ QGSJet01
< K —- QGSJetll.3
A goETT — . SIBYLL2.1
M 3k - - -~ SIBYLL2.3c
o BYTHIA 6.115
Depth X (glem?) ol B
~  proton-proton . EPOSLHC
B ] ] ] ] L 1 1 I| ] ] ] ] 1 1 1 I| ] ] ] ] L 1 1 I|
0
10° 10* 10°

(Auger PRL 109, 2012; Telescope Array PRD 92, 2015) \s [GeV]



Electromagnetic energy and energy transfer

Hadronic energy
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After n generations ...
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Electromagnetic energy

'E
3()
P
370713

12



Air shower ground arrays: Ne and N,
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2. Overall description of air shower data
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Detector signal (arb. units)

Air shower observables (Auger hybrid observation)

Time structure
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Auger event simulation for surface array
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Telescope Array event simulation for surface array
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(UHECR 2012)
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Auger Observatory: comparison of surface detector signals

Subset of date with
full hybrid observation
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3. The muon puzzle
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Comparison of longitudinal and lateral shower profiles (i)

Several simulated showers Different primary masses
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(Auger, ICRC 2013, Phys. Rev. Lett. 2016)



Comparison of longitudinal and lateral profiles (ii

Shower signal at 1000 m from core

Phenomenological model ansatz

Total —e—
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Electromagnetic component
(Auger, ICRC 2013, Phys. Rev. Lett. 2016)



Inclined showers (6 > 60°), em. component absorbed
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Hybrid events: N19 used for muon counting

Muonic component dominates

* ( = 20% residual e.m. component )

Energy estimator No:
N19 — IO,LL//O,LL, 19($7 Y, 97 ¢)

* zenith angle independent
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Simulated muon maps (magnetic deflection)
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Muon number in inclined showers (nearly background-free)

(Auger, Phys. Rev. Lett. 117 (2016) 192001,
Phys. Rev. D91 (2015) 032003)
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Direct measurement of muons at lower energy

Underground muon detectors
(2.3 m soil for shielding)
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In range 3x1017 eV to 2x1018 eV simulations don’t reproduce muon densities
40% (50%) increase in <N;> at 1018 eV needed for EPOS-LHC (QGSJetll-04)

(Auger, Eur. Phys. J. C80 (2020) 751)

Note: this is in energy range of LHC
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Muon number fluctuations in inclined showers (0 > 60°)

Hybrid events and inclined showers
Proton-proton equivalent c.m. energy /s / TeV
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PMT analogy of air shower

Muon fluctuations driven by first interactions Size of fluctuations as expected

(Phys. Rev. Lett. 126 (2021) 152002)
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Physics of muon production and number fluctuations

l [orenzo Cazon et al.
- Astropart. Phys. 36 (2012) 211
. 4/’(0;‘—> T— Phys. Lett. B784 (2018) 68
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Universality features of muon production
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Muon production depth

Shower
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Expectation from simulations
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38 40 42 44 46 48 50
X [km]

(Example due to Lorenzo Cazon)

C a N W s 00 O N ©® @

1398 TOT 898.1( 1091.9) VEM

1522 TOT 365.1 VEM
1396 TOT 207.4 VEM
1523 TOT 179.7 VEM
1391 TOT 81.1 VEM
1330 TOT 56.1 VEM
1366 TOT 45.5 VEM
1520 TOT 42.2 VEM
1305 TOT 40.0 VEM
1456 TOT 37.1 VEM
15933 TOT 23.9 VEM
1496 TOT 18.6 VEM

Pl || |

1 stations

llll

11 1 1 11 1 A
800 1000 1200 1400

X,[g cm™]
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LOs LEGHES | LOS WGraaus | Loma smanlla ] Sohiecos FSD

=yent Infa | MC info |

1305 TOT 40.0 VEM
1456 TOT 37.1 VEM
1533 TOT 23.9 VEM
1496 TOT 16.6 VEM
1378 TOT 16.0 VEM
1528 TOT 15.4 VEM
1535 TOT 11.4 VEM
1460 TOT 8.9 VEM
1919 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.8 VEM
1423 TOT 4.9 VEM

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; TS5
Candidate stations: 24( 20 acc)
E = (6.08 +0.21) x 10" eV
S(1000 m) =131.7 + 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+£0.01, 52.80+0.03) km
B (fixed) = -1.91 (+0.18)
R =20.59 + 0.57 km
Fope = 1109.4 m

Q

6||II

QIIIIOIIIIDIIIIIOIIIIIOIIIII

2 stations

36 38 40 42 44 46 48 50
X [km]

‘IIlll"'lll'llll'l1l'[~|‘llll,'lllllll-ll'llll

LT, N

v ol 1
B00 1000

lllllll‘l
1200 1400

X,[g em™]

ﬁ

es | ByHGAENHGE | ARGHELEE))

(Example due to Lorenzo Cazon)

|




LOS LEGHES | LOS MOraaous | Loma Smanlla ) Soitecs " SD

=vent Info | WC 070

Event 8123914 :-)

Time 933708755 s 768757000 ns

3TOT & 4C1; TS

Candidate stations: 24( 20 acc)
E = (6.08 + 0.21) x 10" eV
S(1000 m) =131.7 + 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R =20.59 + 0.57 km

Fopt = 11094 m

EM Traces

u]

-I-llOlIlllqllllallll6l|llb|lll

[P T N PN TN W P NN TR P (NN TR WO T N TN AN U NN U NN O N AN RN R |

o o o o

38 40 42 44 46 48 50

x [km]

DyHEdENHGE N ERGHE G|

(Example due to Lorenzo Cazon)

1533 TOT 23.9 VEM
14398 TOT 15.6 VEM
1378 TOT 15.0 VEM
1528 TOT 154 VEM
1935 TOT 11.4 VEM
1460 TOT 3.9 VEM
15913 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.8 VEM
1423 TOT 4.9 VEM
1491 TOT 4.9 VEM
1354 TOT 4.6 VEM

TTTITIT ””|W

Illll‘llll'Illl'llll‘llllljllllllllll'llll

3 stations

200 1400

X,lg em’]

1000 1200 1400

X,[g em]
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LOS LEGHES | LOS MOraaous | Loma Smanlla ) Soitecs " SD

=vent Info | WC 070

1390 TOT 36.1 VEM
1386 TOT 45.5 VEM
1520 TOT 42.2 VEM
1305 TOT 40.0 VEM
1456 TOT 37.1 VEM
1533 TOT 23.9 VEM
14398 TOT 16.6 VEM
1378 TOT 15.0 VEM

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; TS
Candidate stations: 24( 20 acc)
E = (6.08 + 0.21) x 10" eV

o
$(1000 m) =131.7 + 4.3 (+3.2) VEM e e @ °©o o o -
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg Mq4-. ., s & 1460 TOT 6.9 VEM
(x.y) = (43.31+0.01, 52.80+0.03) km L. . .. 1519 TOT 8.7 VEM
B (fixed) = -1.91 (+0.18) 52 -
R =20.59 + 0.57 km - ° e e B &
Fope = 1109.4 m SO0 o o o o o 4 stations

- 0O Lu] Lu] (u] Q

48 -
o o o o o o o o o o
L

[P T N PN TN W P NN TR P (NN TR WO T N TN AN U NN U NN O N AN RN R |

46

38 40 42 44 46 48 50 ) + ++
x [km] | +H++ +++
ces | DyrGae(HE| EncaE G| R 1%;:[0 ::“ul:“]

(Example due to Lorenzo Cazon)




LO8 LEGHES | LOS WIGraaus | Loma Smarilla

=yent Info | 1C info |

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; T5
Candidate stations: 24( 20 acc)
E = (6.08 +0.21) x 10" eV
S(1000 m) =131.7 + 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+£0.01, 52.80+0.03) km
B (fixed) = -1.91 (+0.18)
R =20.59 + 0.57 km
Fope = 1109.4 m

A Traces | Bynode(H&E)

Fomuecs S

[u]

-l-llOlIllquIIIGIIIIOIIIIbIlll

lﬁlIlhlllﬁlllﬂlllllllllllll||l|

o o o o

38 40 42 44 46 48 50

X [km]

EHOUE (L)

(Example due to Lorenzo Cazon)

1933 TOT 23.9 VEM
1493 TOT 13.6 VEM
1378 TOT 13.0 VEM
1528 TOT 154 VEM
1935 TOT 11.4 VEM
1460 TOT 5.9 VEM
1919 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.8 VEM
1423 TOT 4.9 VEM
1431 TOT 4.3 VEM
1354 TOT 4.6 VEM

5 stations

1000 1200 1400

X,[g em™]
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LOS LEGHES | LOS WMOTraaus | Loma Amarills)

=vent Info | WO 010

Event 8123914 :-)

Time 933708755 s 768757000 ns

3TOT & 4C1; TS

Candidate stations: 24( 20 acc)
E=(6.08+0.21)x 10" eV
S$(1000 m) =131.7 + 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+£0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R = 20.59 + 0.57 km

Fopt = 11094 m

es | WHHLHeE(H )

EOuecy

-I-llOlIlllqllllallIlbllllbllll

u]

InlIlnllInlllnlllllllllllllllll

o o o

38 40 42 44 46 48 50

X [km]

EHOUE (L)

(Example due to Lorenzo Cazon)

1378 TOT 16.0 VEM
1528 TOT 15.4 VEM
1535 TOT 11.4 VEM
1460 TOT 5.9 VEM
1913 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.8 VEM
1423 TOT 4.9 VEM
1491 TOT 4.9 VEM
1394 TOT 4.6 VEM
1468 TOT 3.9 VEM
1402 Thr1 2.4 VEM

5

IIlil'l‘lll'Illl'Ill‘l'l“lllljllllllll‘lilllll

i

6 stations

1000 1200 1400

X,lg em’]

38



Auger |[ oz LEGTES | e Granne| ara A marilE| \CEHuEEs) SD

Event Info l ME infol

| selection |

1398 TOT 696.1( 1091.9) VEM =
1522 TOT 365.1 VEM
ENIE SRS = T 1396 TOT 207.4 VEM
Time 933708755 s 768757000 ns - - o °© ©°o a4 o o o 1523 TOT 179.7 VEM
| —
3TOT & 4C1: T5 58 — 1391 TOT 61.1 VEM
. . T O 1390 TOT 56.1 VEM |
Candidate stations: 24( 20 acc) L. . . . 1386 TOT 45.5 VEM
E = (6.08+0.21) x 10" eV 56 - 1520 TOT 42.2 VEM
S(1000 m) = 131.7 + 4.3 (+3.2) VEM e e e °© o o Tala NEH S0.0 ¥ EM
540 1456 TOT 37.1 VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg | o o o o 1533 TOT 23.9 VEM
(x,y) = (43.31+0.01, 52.80+0.03) km L . . A 1498 TOT 158.6 VEM |
B (fixed) = -1.91 (+0.18) 92 -
R = 20.59 + 0.57 km - ° =0 s
Fope = 1109.4 m O -« o o o o - 7 stations
- 30_—
48 —_ o o o (a] 255_
o o o o o o = ° o 20_5_ +
46 ot Lo v Lo gl v L L B ++
LI I B B LI I B ) LI I B | L I B ) 1 38 40 42 M 46 48 50 g + + ++ ++
10—
X [km] : + +
& LDF{ LDF Res — i +++ 4
og— + s o #|
LDF and Time Residuals YEM Traces | Dynode (HG) | Anode (LG | I
X,[g cm™]
(Example due to Lorenzo Cazon)
9
8
7
6 —
f 2
4@
3 E-
2 E-
1 E-
0 "' B B
240 260 BOO 1000 T l1%00l 1400l
t [25 ns] X,[g cm’]
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Auger | L0 LECHESH LGS UTa i S LG S iiaEillE)

=vent Info | W0 1070

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; TS
Candidate stations: 24( 20 acc)
E=(6.08+0.21) x 10" eV

S(1000 m) =131.7+ 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R = 20.59 + 0.57 km

Fopt = 11094 m

Fonuecy ' Sh

y [km]

EO o o o - o o
o o o o o * o o
:_o o o o
o o o o o o
o o o o
r-o_ o o o o o
L o o o o
';' o o o o o
:o o o o
o o o o o o o © o
AT EANEENEEEENERE NTRE EREE
38 40 42 44 46 48 50

X [km]

1533 TOT 23.9 VEM
14393 TOT 13.6 VEM
1378 TOT 15.0 VEM
1528 TOT 154 VEM
1535 TOT 11.4 VEM
1460 TOT 8.9 VEM
15919 TOT 8.7 VEM
1406 TOT 6.0 VEM

1463 TOT 2.0 VEM

1423 TOT 4.9 VEM
1491 TOT 4.9 VEM
1354 TOT 4.6 VEM

aces | Dynooe (i)

EHOAE (L)

(Example due to Lorenzo Cazon)

lllll'llll'Illl'llll'llllllllll'llll'llll

8 stations

i

. ++ + +:¢. - +++-¢'
R T

X,lg em’]
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Auger | L0 LECHESH EOSHYI Ot Osy Eaa Simaril s COliiECH: 50

=vent Infa | 1C info |

1533 TOT 23.9 VEM
1498 TOT 18.6 VEM
1376 TOT 16.0 VEM
15268 TOT 154 VEM
1535 TOT 11.4 VEM
1460 TOT 8.9 VEM
1519 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.8 VEM
1423 TOT 4.9 VEM
1491 TOT 4.9 VEM
1354 TOT 4.6 VEM

Event 8123914 :-)

Time 933708755 s 768757000 ns

3TOT & 4C1; TS

Candidate stations: 24( 20 acc)
E=(6.08+0.21) x 10" eV
S(1000 m) =131.7+ 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R = 20.59 + 0.57 km

Fopt = 11094 m

9 stations

o o o o o

fllOlIlllqlllIEIIIIOIIIIbIIIl

[P I PN T N P N T P A T MO T NN U M O N N N NN

38 40 42 44 46 48 50

g
)

2 3 ~ 11 11 1 | - llllllll'llllllll'l
aces | Lynode (S Anode (i) - AR RS

X,lg em’]

X [km]

lllll'llll'Illl'llll'llllllllll'llll'llll

(Example due to Lorenzo Cazon)

| IPTRETRTIN (N7 U7 T W AT ST H T
400 600 BOO 1000 1200 1400

X,[g em]

B




LOS LEGHES | LOS VOraaus

=vent Info | 1AC info |
Event 8123914 :-)

3TOT & 4C1; TS

Candidate stations: 24( 20 acc)

E = (6.08 + 0.21) x 10" eV

S(1000 m) =131.7 + 4.3 (+3.2) VEM
(8,0) =(59.99 + 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R =20.59 + 0.57 km

Fopt = 11094 m

Time 933708755 s 768757000 ns

Loma smanla] Somuecor S

.;:58; o o o ® * o o

56 ° °
541,

52!_0_ o o o o o

50 o o s o o
48:—0 o

46:-191||9|||9|||9|||||||||||||||||

38 40 42 44 46 48 50

X [km]

1390 TOT 36.1 VEM
1386 TOT 45.5 VEM
1520 TOT 42.2 VEM
1305 TOT 40.0 VEM
1456 TOT 37.1 VEM
1533 TOT 23.9 VEM
14398 TOT 16.6 VEM
1378 TOT 156.0 VEM
1528 TOT 15.4 VEM
1535 TOT 11.4 VEM
1460 TOT 6.3 VEM
1913 TOT 8.7 VEM

ces | BYHGAENHG | ARGHEEGE))]

(Example due to Lorenzo Cazon)

260

; 10 stations
1

E 4, 4,
P N S 133&:[9 l‘.l':ﬁ
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Auger | L0 LECHESH EOSHYI Ot Osy Eaa Simaril s COliiECH: 50

=vent Info | W0 1070

1390 TOT 56.1 VEM

1386 TOT 45.5 VEM
ML AL =) T 1520 TOT 42.2 VEM
Time 933708755 s 768757000 ns = - ©° o o & o o o 1305 TOT 40.0 VEM
3TOT & 4C1; T5 =980 . . 1456 TOT 37.1 VEM
. i 1533 TOT 23.9 VEM
Candidate stations: 24( 20 acc) = . . . . 1498 TOT 18.6 VEM
E=(6.08+0.21) x 10" eV 56 - 1378 TOT 18.0 VEM
S(1000 m) = 131.7 + 4.3 (+3.2) VEM e e e °©o o o -
(B,0) =(59.99% 0.07, 277.85 + 0.08) deg 4. . . e o 1460 TOT 5.9 VEM
(x,y) = (43.31:0.01, 52.80+0.03) km i 1519 TOT 8.7 VEM
o Q (u] Q Q u]
B (fixed) = -1.91 (+0.18) 52 -
R =20.59 + 0.57 km - c e ° e i
Fope = 1109.4m SO0 o o o o o 3 11 stations
- 0 Lu] Lu] o o :_'_ 2
48 - :
o o o o o o o o o o X + : +
46 e [P T NN P2 T T P T V= N Y U N T T T O T ':'_ + +
38 40 42 44 46 48 50 ) H ﬂ
0:_ .-
X [km] : + +++
o_:_— + ”+¢ +++-¢'
S | _.5..-|l..|...|‘...|...|-...‘|...1..
aces | DyAGHE (HGE | ARGHE (EGE) %20 40 60 800 fo0 1200 1400

X,[g em™]

(Example due to Lorenzo Cazon)




LOg LEGRes | Los VMOraaus | Loma smarillz

=vent Info | O 1010

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; T5
Candidate stations: 24( 20 acc)
E=(6.08+0.21)x10" eV

S(1000 m) =131.7 + 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31£0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)

R =20.59 + 0.57 km
Fope = 1109.4 m

Eoueco ' SD

1378 TOT 18.0 VEM
1528 TOT 154 VEM

-E- = 1535 TOT 11.4 VEM
x -0 o o 1460 TOT 6.9 VEM
— 58 — 1519 TOT 8.7 VEM
> =] Q Q
i 1406 TOT 6.0 VEM
L L . . 1463 TOT 5.8 VEM
56 N 1423 TOT 4.9 VEM
o o o 1491 TOT 4.9 VEM
54 a 1354 TOT 4.6 VEM
e o o 1468 TOT 3.9 VEM
oo 1402 Thrl 2.4 VEM
52—
: Q Q o
50 'E_ o o -':; 12 stations
48 : Q Q Q E_
ko o o o o o o o o o 20.5— i
46 :— ot oo 0 dav vl v v v by v by by oy | 1‘;';:'_
38 40 42 44 46 48 50 : +
10:—
X [km] : +++
E PR, PP PP 'O (| [T | S LU N
S0 200 400 600 B00 1000 1200 1400
X,lg em’]

(Example due to Lorenzo Cazon)

B
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Augerl Wej Leonesl Wej |"-.-’10r8.d03| W1z Amarillal CORUEEE  SD

Event Info | AEHATG|

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; TS5
Candidate stations: 24( 20 acc)
E=(6.08+0.21) x 10" eV
S(1000 m) =131.7+ 4.3 (+3.2) VEM

(x,y) = (43.31+0.01, 52.80+0.03) km
B (fixed) = -1.91 (£0.18)

R =20.59 + 0.57 km

Fope = 1109.4 m

(8,0) =(59.99+ 0.07, 277.85 + 0.08) deg

l selection |

1376 TOT 158.0 VEM -~

S

* LDF{ LDF Res

y [km]

52

50

48

46

15286 TOT 15.4 VEM

-l-lIOIIlllqlllldllllollllbllll

u)

[P S I P R T P TN NN P AN TN TR M N M M A N

u]

o

o

= O

38

LDF and Time Residuals YEM Traces | Dynode (HG)| Ariode (LG)]

40

42

44 46

(Example due to Lorenzo Cazon)

2.5 N

1.5

0.5

i

[l

220

250

260

1535 TOT 11.4 VEM
1460 TOT 8.9 VEM
1519 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.6 VEM
1423 TOT 4.9 VEM
o 1431 TOT 4.9 VEM
1354 TOT 4.6 VEM
o 1468 TOT 3.9 VEM

1402 Thr1 2.4 VEM v

llllIl]llIlllllllllllllllllllllll

) —

== l I R l sk | =) I = 2 l | A =2l l == l L==111 I 1

200 400 600 800 1000 1200 1400
2
X,[g cm™]

270 9 1000 1200 1400

t [25 ns] X,[g cm]

o
N
2
&
2
(2}
g
H
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Depth of maximum for muon production

Mean values Shower-by-shower fluctuations

— 700 g 120 DATA 45°-65° A 2017 prelimi
= - " DggASﬁS:I-Eg; Loy, Auger 2017 preliminary c - > QGSJotl-04 T0sys uger preliminary
L I E EPQS(?LHC % - - - - pEPOS-LHC
D 6501 Fe QGSJetll-04 = 100 Fe QGSJetll-04
~ [ ----FeEPOSLHC Y " - --. Fe EPOS-LHC
= g it 3 = 20 -_
5 600 X - ===
~ . o B 85? ----------------

550 :_ ______________________________ 60 B .\\\x 5764\\\\\\:\559 ______________

- 859 574 359 242 1l = :

500 :— NI \\\\\i\\\\\\\\\\% 40 —

450 201

400 B 1 1 1 1 1 1 1 1 O i 1 1 1 1 1 1 1 1

2x10" 310" 4x10" 10* 2x10" 310" 4x10" 10%
E [eV] E [eV]

Similar situation for muon production depth E>15 EeV

0=45°-65
>1200 m

(Auger, PRD 90, 2014)  (Mallamaci, Auger, ICRC 2017)
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WHISP: Compilation of muon-sensitive measurments

Scaling variable z: relative number of muons with proton predictions as reference

| EPOS-LHC QGSJet-11.04 SIBYLL-2.3d SIBYLL-2.1
Fe
. TN
P
SIBYLL-2.3 SIBYLL-2.3¢c

1 10'15 10'16 10‘17 10‘18 10‘19
EleV

10'15 1(516 10‘17 10‘18 10‘19
EleV

10'15 1(516 1617 1(518 1(519
EleV

10|15 10|16 1617 1618 10|19
EleV

(WHISP working group, ICRC 2021, and review in Astrophysics and Space Science (2022) 367:27)

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 Xy«
GSF

- GST

H4a

EREERA KR

“ not energy-scale corrected
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10° -

r/m

10! \

Analysis of world data set on muons (i)

Muon lateral distance

Telescope Array

o
Ly B

- TTRETTIN PWS

KASCAD LP r;md.c.

B o s L

NEVOD-DECOR

Pierre |
Auger |

10 101 307 10®  10%

EleV

Dembinski et al., Working group, UHECR 2018, Paris

E U, min/ GeV

Muon energy thresholds

1()0-E

KASCADE-Grande —

EAS-MSU

| NEVOD-DECOR

AMIGA

Pierre Auger |

IceCube

Telescope Array —

o

o7 100 100

E/leV

o




4. Closer look at muon production in showers
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Muon production at large lateral distance

Eati,dec ~ 30GeV

Typically 8-10
Interactions

Muon observed at 1000 m from core

Energy distribution of last interaction
that produced a detected muon

E[GeV]
1_ | IIIII%IIP | IIIII:I[I|02I IIIIIII(|)3I IIIII:III(|)4I IIII%?SI IIIII1II(|)6
5120000 B ’ -. QGSJET/FLUKA (80 GeV)
é i g L e QGSIET/FLUKA (500 GeV)
Qil 00000~ ---------------- SIBYLL/FLUKA (80 GeV)
% - : e SIBYLL/FLUKA (500 GeV)
30000 — &
i ! pions
60000__ | / EO — 1019 eV
i I;'-:“ulﬂ ~ nucleons
40000 f LS s
_ Il
20000 — "
O L Fl] T T T T T T s e M o SO RN RN |
0 1 2 3 4 5 6
loglo(E/GeV)

(Maris et al. ICRC 2009)
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Importance of hadronic interactions at different energies

Energy Deposit [GeV cm“/g]

Muons

(Ulrich APS 2010)

- -t -t - -t
o o o o o
I 3] o ~ ©

A
o
w

© IIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|

10°
10°
107
10°
10°
10
10°

102

— Proton, 10'%V

EIECtI’O“S — 100 Highest Energy Interactions

— Individual Sub-Showers

- -~

N
\\\
\\‘ \\\F
N
N ‘||||||||

1800 2000 2200

Depth [g/cm?]

— Proton, 10'%eV
Muons — 100 Highest Energy Interactions

— Individual Sub-Showers

Low-energy
interactions

4 -
— W7 e T T T o e e i e g g = =

-—-=<a

- = ST e S
iy 3 —_s_k

\ e

.........

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Depth [g/cm?]

Shower particles produced in 100
iInteractions of highest energy

Electrons/photons:
high-energy interactions

Muons/hadrons:
low-energy interactions

Muons: 8 — 12 generations,
majority of muons produced
in ~30 GeV interactions
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AINN, = AN,/N,,

AXmax / g cm™2

— Cross-section

0.3 -
0.2
0.1-
o.o—f

~0.1 1

—0.2 -

100 -
80 1
60 -
40 -
20 -

_20-
—40 ]
—60

—80 -

(Dembinski, ICRC 2021)

06 07 0809 111 13 15 1.7

— .= elasticity

o(N,)IN,,

U

—
3

nnN

IS

0(Xmax) / gCcm—?

m9-fraction

0.26

0.24 -
0.22-
0.20-
0.18-
0.16-
0.14-

0.12
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Systematic study of relation to interaction properties
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Muon production in hadronic showers

Eo . Mot = Ng0 + Nch
Eq /R S Nch
2 S >
Eo/(no) (ch)”
Eo/(neor)" (1ch)"
Assumptions:
* cascade stops at  Epa¢ = Egec

* each hadron produces one muon

Pion decay energy ~30 GeV,
Typically 8-12 generations

Primary particle proton

T° decay immediately

T initiate new cascades

N, — Lo )
a Edec

1
o= 2h 587 0.95

ln Niot

(Matthews, Astropart.Phys. 22, 2005)
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Comparison to ete- annihilation into quarks

e+e- annihilation at high energy

Quarks together are
color-neutral system

Confinement in QCD

V(r) = ;“’; A

/ﬂ\
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‘ l\ ‘\ : /
\./
Y
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String fragmentation

$ ud m
e du T
% uud p
o3 udd n
e® Uus K"
® sd K’
& ud T
e 4dq

$ qq

e qq

Composition
ud:s ~ 1:1:0.3
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Particle production in hadronic interactions (i)

a>»
do/dx. (mb)

proton

Fluctuations: generation of sea quark anti-
quark pair and leading/excited hadron

Leading particle effect:

approx. 40-50% of energy
of primary particle given
to leading particle

|
©
+
©
|
L®;
+
X

— SIBYLL 2.1 = Whitmore
----- EPOS 1.6
--------- QGSJETO1

405 GeV x100

0.6 0.65 0.7 0.75 0.8 0.85 0.9 095 1

Beam momentum fraction
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Particle production in hadronic interactions (il

Central particle
production

E do’/dp’ (mb/GeV?)

proton

Fluctuations: generation of sea quark anti-
quark pair and leading/excited hadron

[
-

ek

[
-

[
-

|
[

S

- I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII T T T

p+p—m P, =100 GeV

20 40 60 80 100
long. Momentum (GeV)

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Beam momentum fraction Xg
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Muon production depends on hadronic energy fraction

Meson
sub-shower

30% chance to have
0 as leading particle

Decay of
leading particle

I\

TU

\

T

$5

_|_

0

Baryon
sub-shower

i

N
A

p

p
)
X\

1 Baryon-Antibaryon pair production (Pierog, Werner 2008)

e Baryon number conservation
e Low-energy particles: large angle to s
e Transverse momentum of baryons

nower axis

nigher

e Enhancement of mainly low-energy muons

(Grieder ICRC 1973, Pierog, Werner PRL 101, 2008)

2 Leading particle effect for pions (Drescher 2007, Ostapchenko 2016)

e Leading particle for a rt could be p® and not m©

e Decay of p®to 100% into two charged pions

Core-Corona model (Pierog et al.)

3 New hadronic physics at high energy (Farrar, Allen 2012)

e Inhibition of M0 decay (Lorentz invariance violation etc.)

e Chiral symmetry restauration
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Rho production in i-p interactions (Sibyll 2.1 — Sibyll 2.3)

- - - Sibyll 2.1
103 E | | | | =
hr o 71'((: E

102 %o o)
B g N E
= - @9 E
= [~ g~ -
x - e - -
B 10 ¢ '*n..":“‘x E
g : = s.—_\"'.“_u g
st o TR g
) 0 ——
Y 107 E > ) oz
N - _ s\
A - :
O - ——
O 10" E _

= NA22 7" p with p,, =250 GeVc ™! -
10 ' | | |
0.0 0.2 0.4 0.6 0.8 1.0

Longitudinal momentum fraction xy

(Riehn et al., ICRC 2015)

Leading particle production

mp - ) — 2y

np = p’ = atn

Elab — 250GeV

Cross section do/dzy (mb)

107

0.0

XF = pH/pmax

— Sibyll 2.3

[l

-

NA22 = p with p;, =250 GeVc ™

| | |
0.2 0.4 0.6 0.8

Longitudinal momentum fraction xy

1.0



NA61 experiment at CERN SPS

T (C—pX s
. “ Dedicated cosmic ray runs : 7{__
(m-C at 158 and 350 GeV) e — -
0.04 ! e
HFEEEFS: \
Sla 0-03 b, .‘\\:' : s
Q. Y !\
0.02 ; S | - 0 _
S foenn NS TC—p' X >nn X
N\ -
0.01 T +C— p- + X \\\ ‘\‘\\ 0.2
at 158 GeV/c — NAG1/SHINE ---EPOS1.99
0 ] ] 018 = pOin '+C at 158 GeV/c ---DPMJet3.06
10 - - --Sibyll2.1
p [GeVic] 0.16 |- — Sibyli2.3
0.06 R 0.14 — QGSJetll-04
n — EPOSLHC
0.05 C‘ - 0.12 :—
Clo o1
0.04 < -
clo 0.08 - '
OIlT B
o 003 206
0.0 0.04
0.01 0.02 P ::\\‘*—,-//\‘
= atSSOGeV/C O_ I I | I I I | I I I | I I |\\|\—|\\T‘-r
° T T, 0 0.2 0.4 0.6 0.8
p [GeV/c] (NA61, EPJ 77, 2017) Xe
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fraction

D energy

NAG61 results and extrapolation to high energy

NAG1/SHINE preliminary

---EPOS1.99

- --DPMJet3.06 - --Sibyll2.1

— Sibyll2.3¢

— QGSJetll-04

— EPOS-LHC

—@— syst. uncertainties

phase space extrapolation

10° 10° 10* 10° 10° 10 10° 10° 10" 10"
E [GeV]

p energy fraction in m= +C

(Prado, NA61, ICRC 2017)

0.12

> 0.15)
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o? energy fraction (x

oY energy fraction in 7~ +C

NAG61/SHINE preliminary

---EPOS1.99

- --DPMJet3.06 ---Sibyll2.1

— Sibyll2.3¢

— QGSJetll-04

— EPOS-LHC

10° 10° 10* 10° 10° 10" 10° 10° 10" 10"
E [GeV]
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ATLAS

ALICE

Barrel Toroid

LHC and its experiments (Eequiv ~ 1017 eV)

Muon Detectors Electromagnetic Calorimeters

’ Forward Calorimeters
Solenoid

End Cap Toroid

—
S — e

——

Inner Detector RPT
Hadronic Calorimeters Shielding

LHCDb
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Problem of limited phase space coverage

Detector Collider setup
Beam S ‘\V\ r /v/, — Beam - >
0
— —Intan —
" >
— < > —» Mg Pseudorapidity
> <+ ALICE
tracking LHGT
] : ] : | ] |
calorimetry P . ¢ 211y N N €g. mrada.
> O @ <> @ O < ALICE
LHCb
> < LHCH 3 5.7 97
£ 10— 7731000
LS of {s=14 TeV 900
% 83_ p+p — charged 800 = 5 0.7/ 10
7E p+p — all 700 © Air showers: Particles
6F 600 %x of highest energy most 8 0.04 0.7
5F 500 important
4F 400 10 0,005 0,009
3F 300
2t 200
1E 100
. — No particle identification in forward direction
%5 10 10 15 P

(Salek et al., 2014)
M
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Cross section measurements at LHC

- T T L T Measurements at /s =7 TeV
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LHCf: very forward photon production at 7 TeV
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Combined CMS and TOTEM measurements

Inclusive pp CMS-TOTEM, (s =8 TeV, L = 45 ub NSD-enhanced pp CMS-TOTEM, s =8 TeV, L =45 ub’ Inclusive pp, \'s =8 TeV
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central

Challenge of limited phase space coverage

(data from all LHC experiments, CMS shown as example)

Central (|n] < 1)
Endcap (1 < |n| < 3.5)
Forward (3 < |n| < 5), HF
CASTOR+T2 (5 < |n| < 6.6)
FSC (6.6 < |n| < 8)
/DC (|n| > 8), LHCf
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(Ulrich, DPG 2014)
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Model predictions for secondary particles: p-air

Particle multiplicity (101° eV)

Epos-LHC v, et p-Air

" baryons

K

QGSJ etl[-04 v, et p-Air Slbyll 2.3C v, et p-Air

(Felix Riehn, 2022)

Particle energy fraction (101° eV)

EpOS—LHC v, et p-Air

baryons

QGSjetll-04 v, et p-Air Sibyll 2.3¢ et
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Model predictions for secondary particles: mr-air

Particle multiplicity (101° eV) Particle energy fraction (101° eV)

EpOS—LHC v, et m-Alr Ep os-LHC v, e* m-Air

~ baryons " baryons

QGHjetll-04 7, ¢t m-Air m-Air QGSjet11-04 v, et -Air Sibyll 2.3c - -Air

(Felix Riehn, 2022)



Ratio of yields to (m*+n")

M. Vasileiou for ALICE, Phys. Scr. 95 (2020) 064007

10™

Universal particle scaling and core-corona model in EPOS
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ALICE Preliminary
oP pp, \s =13 TeV
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(dNC /dn)

h

Inl< 0.5

ALICE: observation of universal scaling of
enhancement of heavy particles with particle
multiplicity or density (Nature Phys. 13 (217) 535)

Does the same/similar scaling apply
also in forward direction?

Onset of “core” fragmentation
(QGP-like particle production)

Auger 2015

—-— [ =1.00.Eqy. = 10°GeV

..... fw=1.00, Eqae = 10°GeV
» = 1.00, Escqle = 10'°GeV

foo =0.75, Egeqre = 101°GeV
w = 0.50, Egqe = 101°GeV

EPOS LHC P fio =0.25. Ecate = 101°GeV
o = 0 (Default model)
700 720 740 760 780 800
2
(Xmax) / gcm (Baur et al, arXiv:1902.09265)
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Phenomenological kaon enhancement model

Probability fs to change particles

2.2 _ . _
| — ® s KK
2.0 ~
- — K+
E 1.8 -
- TABLE II: Global counters for the refined model with f; = 0.7,
5 in the case of 10" eV proton showers inclined 67°.
>\3_ 1.6 - Total hadronic collisions per shower 264,600 100.00 %
S Collisions with Eprej < Epmin 262,070 99.04 %
Collisions with E; > Epmin 2,530 0.96 %
1.4 — Total number of secs. produced 6,806,244 100.00 %
Secs. from colls. with E,;j < Epmin = 6,544,194 96.15 %
Secs. from colls. with E;;; > Epmin 262,050 3.85 %
Total number of pions scanned 134,060 1.97 %
1.2 S — | e Pions considered for swapping:
3 10 30 100 Central (|ncwl < 4) 99,790  1.47 %
E [EeV] Peripheral (|ncwm| > 4) 34,270 0.50 %
Total (central + peripheral) 134,060 1.97 %
Pions actually swapped 23,988  0.35 %

(Anchordoqui et al. arXiv:2202.03095)




Lorentz invariance violation (LIV) and muon production

25

Lorentz-dilated lifetime of neutral pions
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Comparison of model simulations with
data on muon number fluctuations

Muon enhancement, limits on LIV

(Auger, ICRC 2021)

<NM>

0.3

0.25

0.2

0.15

0.1

0.05

n+2

yLv = E/myy

2 _ 2 (n)p"™?
My = M- +07

90.5% CL for n=-5.95-10"

95.45% CL for n=-9.2-10"°

99.7% CL for 1=-8.2-10”

max,, 9 _ for log (Iml) €[-15,-3] H-Fe epos-LHC LIV
<N > 10

< data u

max,, < H-Fe epos-LHC

<N >

16.5 17 17.5 18 18.5 19 19.5
loglo(E/eV)

-10

-12

14

-16

logyo(l7 1)

/1



Energy spectrum of muons in air showers

Muon energy spectrum in EAS relative to that of Sibyll 2.1

Low-energy

enhancement

due to baryon

palir production Rho-0 production

Proton 67° 200 EeV 240 g/cm?

Correlation of low
energy muons
4\ (surface ~ 1GeV) and

Model / Sibyll 2.1

0.5 = Sibyll 2.3¢ =— QGSjetll-04
= Epos-LHC

Charm particles
(only Sibyll 2.3,
and Sibyll 2.3¢)

0.0 I | I I I 11 I | I 11 I | I 11
10V 102 10 100
Muon energy E, (GeV)

in-ice (~500 GeV)
muon bundles

Discrimination by lceCube possible (surface array and in-ice muon data)

Ratio of energy spectra vs. Sibyll 2.1
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Upgrade of the Observatory — AugerPrime

Physics motivation

Composition measurement
up to 1020 eV

Composition selected anisotropy
Particle physics with air showers

Much better understanding of
new and old data

Components of AugerPrime

3.8 m2 scintillator panels (SSD)

New electronics (40 MHz -> 120 MHz)
Small PMT (dynamic range WCD)
Radio antennas for inclined showers

Underground muon counters
(750 m array, 433 m array)

Enhanced duty cycle of fluorescence tel.

Composition sensitivity
with 100% duty cycle

VERTICAL (0-60°)

HoRIZONTAL (60-90°)

l'a (yio

RD




AugerPrime: New quality of data — multi-hybrid measurements
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Sub-luminal neutrons in air showers
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Vulcano Ranch (1962-63) —500

J. Linsley
(J. Phys. G: Nucl. Phys. 10 (1984) L191)

- Sub-luminal pulses with a delay of at least 3us
- Sometimes several pulses observed

- Typically 1 km from core, high-energy showers
- Greisen: neutrons as sub-luminal particles

[ | |
1000 1500 2000

time/ns

I
0 500
AugerPrime (2020-21)

D. Schmidt, Pierre Auger Collaboration
(this conference)

- Late signals seen in scintillators (SSD)

- Late pulses have no coincident signal
in water-Cherenkov detectors (WCD)

- Similar height distribution of late pulses?
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Air shower results: time delay distribution
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Muons: time delay of bulk of particles: 1 - 500 ns Neutrons: time delay of high-energy particles: 1 - 20 ps,

slow (thermal) neutrons up to 100 ms
(RE & Ferrari et al. ICRC 2021)
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Close to shower maximum: neutrons as abundant as muons

R > 400 m, X4o = 594 g/cm?
E=56x10%¢ev
Proton showers

Muons (totrzill)
Muons, 46.4...1000 ns
—— Neutrons (total)

Neutrons, 1...21.5 us
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(RE & Ferrari et al. ICRC 2021)
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Past shower maximum: neutrons much less abundant than muons

[
-
@)

ek
-
N

ok
-
~

ok
-
W

ok
-
[\

ok
<

10V

Air shower results: muons vs. neutrons at large distance
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Do we learn anything from sub-luminal neutrons?

Neutrons

* Interesting sub-luminal particles

Feature-rich and very wide energy spectrum

Notoriously difficult to detect

Very difficult to simulate accurately (environment)

Expected to produce late pulses in scintillators

Scaling observations

» Energy scaling of production similar to muons

* Primary dependence of production like muons

- Attenuation (neutron removal) length 80 ... 200 g/cm?
 Very wide lateral distribution, wider than muons
 Typical delay in arrival time ~ 1 ... 20 ps (Exin > 20 MeV)
* Thermal neutrons up to ~ 100 ms

(RE & Ferrari et al. ICRC 2021)

Iron (shower energy fixed)
Neutrons

Observation level

>
Depth

Reduced composition sensitivity?

A 1016 eV (same primary particle)

Neutrons

N

Observation level

>
Depth

Scaling faster than ~ E 09 29



