Ultra-High-Energy Cosmic Rays and Hadronic Interactions

Part 2: Particle Physics Aspects

Ralph Engel (Karlsruhe Institute of Technology)
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Cosmic ray flux and interaction energies
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Air shower detection at ultra-high energy
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TA event simulation for surface array
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Very good agreement



Auger event simulation for surface array
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(UHECR 2012)

Composition and model sensitivity ?
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Closer look at air showers and the inferred primary composition



Detector signal (arb. units)

Air shower detection — composition-sensitive observables
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Composition from longitudinal shower profile
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relative abundance
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Consistency of mean Xmax and shower-by-shower fluctuations
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Cross section measurement: self-consistency
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Measurement of proton-air cross section
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Detector signal (arb. units)

Air shower detection — composition-sensitive observables
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Classic way of composition measurement with air shower arrays
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Photon-induced shower sensitivity
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Composition estimate using rise time of signal (i)
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Composition estimate using rise time of signal (ii)
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Composition estimate using rise time of signal (iii)
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Physics of highly inclined showers

shower front

after 1 atm after 3 atm
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large curvature
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extended time structure




Muon number in inclined showers
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Consistency check: longitudinal profile vs. ground signal

15% duty cycle

20—

Time structure

)
et
C
-}
o)
) -
S
=
C
[s)
(Vo]
) -
@)
—
@)
(D)
—
(D)
()
7\\‘\\\‘\\\‘\\\‘\\\\\ d
(0] 20 40 60 80 100 120 140 160 180 2aG0
2 a X obs

‘~~ Time bins (25 ns) , 100% dUty CVCIe

5 ol E
= F | Lateral distribution
5 10° & | :
7)) = I
10° E

']
1L.|... ||l||

500 1000 1500 2000 2500 Example: event observed with Auger Observatory




Ultimative test: simulation of individual events
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Phenomenological model ansatz

Energy scaling: em. particles and muons

Muon scaling: hadronically produced muons
and muon interaction/decay products

Full detector simulation after re-scaling
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S35, S38, Ni9g

Difference In fluorescence and simulated array signal
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Distribution of muon production depth (MPD)

Early muons

Late muons

VEM
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Fopt = 11094 m
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38 40 42 44 46 48 50
X [km]

(Example due to Lorenzo Cazon)

C a N W b 00 O N ©® @

1398 TOT 898.1( 1091.9) VEM
1522 TOT 365.1 VEM
1396 TOT 207.4 VEM
1923 TOT 179.7 VEM
1391 TOT 81.1 VEM
1390 TOT 56.1 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
1436 TOT 13.6 VEM
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LOS LEGHES | LOS WOraaus | Loma smanilla ] Soiecs FSh

=vent Info | C info |

1305 TOT 40.0 VEM
1456 TOT 37.1 VEM
1533 TOT 23.9 VEM
1498 TOT 158.6 VEM
1378 TOT 18.0 VEM
1528 TOT 154 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; 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

Fopt = 11094 m
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(Example due to Lorenzo Cazon)
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Auger | LOZ LECHESH LGSV Brafos Gz Sama | 2 HiiieEss: Ssh

=vent Info | 1C info |

1533 TOT 23.9 VEM
1498 TOT 158.6 VEM
1376 TOT 168.0 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

3 stations

o o o o o
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(Example due to Lorenzo Cazon)
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LOS LEGHES | LOS MOraaous | Loma Smarllay) Soiiiecs " SD

=vent Info | WO 1T0

Event 8123914 :-) — -
Time 933708755 s 768757000 ns E - o °©o & o o
3TOT & 4C1; T5 0L o o o e & o o
Candidate stations: 24( 20 acc) B
E = (6.08 + 0.21) x 10" eV 56 °
$(1000 m) = 131.7 + 4.3 (+3.2) VEM © @ ° o o o
(6,0) = (59.99+ 0.07, 277.85 + 0.08) deg 54—,
(x,y) = (43.31:0.01, 52.80+0.03) km CooL . .
B (fixed) = -1.91 (+0.18) 52 -
R = 20.59 + 0.57 km - °
Fope = 1109.4 m 50 = o o o o o
48 - ’ )
46t Lior v dor gl v by L Ly |
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
1493 TOT 13.6 VEM
1378 TOT 13.0 VEM

12028 TOT 104 VEM

1935 TOT 11.4 VEM
1460 TOT 5.9 VEM
1913 TOT 8.7 VEM

10

es | ByHGAEHGE | ARGHEEE))

(Example due to Lorenzo Cazon)

4 stations
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LOS LEGHES | LOS WIGraaus | Loma Smarilla

=vent Info T

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

Fopt = 1109.4 m

ices | Dynooe (5l

Fouecs SD

o

-|.l|6|||||6|||||all||o|||||o|||l

lnlllnlllnlllnllllIIIIIIIIIIIII

o o o o

38 40 42 44 46 48 50

X [km]

SOAE (L)

(Example due to Lorenzo Cazon)

1933 TOT 23.9 VEM
14398 TOT 15.6 VEM
1378 TOT 15.0 VEM
1528 TOT 15.4 VEM
15935 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
1431 TOT 4.3 VEM
1354 TOT 4.6 VEM
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LOg YIOranos

Lo LEGHES

LS T

=vent Info

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

(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

Loma Amarila

(6,0) =(59.99 + 0.07, 277.85 + 0.08) deg

Fomuecos Sk

y [km]

58 . . . . e o .

56— ° °
54 | oo o
52{1 o o s o
5oér s o s
465-..“I..-...L-.....-.I...I..TI...I...CI’
38 40 42 44 46 48 50
X [km]

es | WHHLHe ()

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 5.6 VEM
1423 TOT 4.9 VEM
1491 TOT 4.9 VEM
1304 TOT 4.6 VEM
14638 TOT 3.9 VEM
1402 Thr1 2.4 VEM

6 stations
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Auger || oz LEGTES | Loe Gratne | Camma A marila| (CEhuEEs) SD

Event Info | ME infol

| selection |

1398 TOT 698.1( 1091.9) VEM -
1522 TOT 365.1 VEM
N 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
. . > Fr 2 e 800 1390 TOT 56.1 VEM |
Candidate stations: 24( 20 acc) . . . . 1386 TOT 455 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 R o o o Tala TOT S0 ¥EN
54 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) = (43.3120.01, 52.80+0.03) km C. . - A 1498 TOT 16.6 VEM |
B (fixed) = -1.91 (+0.18) S92 -
R = 20.59 + 0.57 km e i =0 s
Fope = 1109.4 m 0 o o o o o : 7 stations
- 30_—
48 - i ? ° e 25f-
o o o o o o o o o 205_ +
== 46 ot Lo vl gl b L B o ++
LI R B B LI B B ) LI I B ) L B B ) 1 38 40 42 “ 46 48 50 .g + + ++ ++
10—
X [km] : + +
* LDFC LDF Res =~ °F 4 +++ +44
e te s |4
LDF and Time Residuals YEM Traces | Dyrode (HG) | Anode (LG) | I
X,[g cm™]
(Example due to Lorenzo Cazon)
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Auger | LOZ LECHESH LGSOt osy o= armaril s COIiiECH: 50

=vent Info | VE 010

o o o o

[P S N P TN T P N T P A T N T N U M O N NN N N NN A A

o o

Event 8123914 :-) — -
Time 933708755 s 768757000 ns E - o
3TOT & 4C1; T5 ';58; o .
Candidate stations: 24( 20 acc) B
E =(6.08+0.21)x 10" eV 56 °
S(1000 m) = 131.7 + 4.3 (+3.2) VEM I °
(6,0) =(59.99 + 0.07, 277.85 + 0.08) deg 54—,
(x,y) = (43.31+0.01, 52.80:0.03) km L. .
B (fixed) = -1.91 (+0.18) 52 -
R = 20.59 + 0.57 km .
Fope = 1109.4 m SO0 o« o
48 - ’
46 38 40

42 44 46 48 50

X [km]

aces |\DyrGAENHGE)| ARGIENLEE)

(Example due to Lorenzo Cazon)

1533 TOT 23.9 VEM
1493 TOT 13.6 VEM
1378 TOT 13.0 VEM
1528 TOT 154 VEM
1535 TOT 11.4 VEM
1460 TOT 3.9 VEM
1513 TOT 8.7 VEM
1406 TOT 6.0 VEM

1463 TOT 5.6 VEM

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

8 stations
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Auger | LOZ LECHESH LGSOt osy o= armaril s COIiiECH: 50

=vent Infa | 1C info |

1533 TOT 23.9 VEM
1498 TOT 158.6 VEM
1376 TOT 16.0 VEM
1528 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
Fope = 1109.4 m

9 stations

o o o o o
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aces | WYRoOesH Gy S erLiy . 00 600 1000 1200 1400

X,[g em™]

X [km]

(Example due to Lorenzo Cazon)
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Auaer | LOS LEGHES

LOS YIOTEans

=vent Info | C info |
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
(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

Lo ~marlle

Fomuec ' Sh

X [km]

Eo o o o o o o

; o o gl o o

e o o o

; Q Q [u] o Q

o o o o

:O Q Lu] Lu]

:O Q Lu] Lu]

o o o o o o © o o

M IR IR IR R T ETRARE N
38 40 42 44 46 48 50

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
1493 TOT 13.6 VEM
1378 TOT 156.0 VEM
1528 TOT 154 VEM
1535 TOT 11.4 VEM
1460 TOT 6.3 VEM
1913 TOT 8.7 VEM

ces | ByncaeNHE)

GG E (L)

(Example due to Lorenzo Cazon)

Illll‘llll'Illllllll‘llllljlllll'llll'llll

10 stations

Eh 4, )
o T
X,[g cm™]




Auger | LOZ LECHESH LGSOt osy o= armaril s COIiiECH: 50

=vent Info | VE 010

1390 TOT 56.1 VEM

1386 TOT 45.5 VEM
SVSREAsZSae =) T 1520 TOT 42.2 VEM
Time 933708755 s 768757000 ns E [e¢ o o o & o o o 1305 TOT 40.0 VEM
3TOT & 4C1; T5 "; 58 B o . . 1456 TOT 37.1 VEM
_ _ 1533 TOT 23.9 VEM
Candidate stations: 24( 20 acc) Lo . . . . 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 s °©o o o -
(6,0) =(59.99 % 0.07, 277.85 + 0.08) deg S4-., . a & 1460 TOT 8.9 VEM
(x,y) = (43.3120.01, 52.80+0.03) km i 1519 TOT 8.7 VEM
o [u] u] Q Q Lu]
B (fixed) = -1.91 (+0.18) 52 -
R =20.59 + 0.57 km . ° e X
Fope = 1109.4m SO0 - o o o o 3 11 stations
- 0 u] u] O o -:._ '
48 — E |
b o o o o o o o © o = + : +
46 e ot Lo v dar v b v v v by b by | '_-'_ + +
38 40 42 44 46 48 50 ) H H»
£t
X [km] : + +++
"— | . 2 %
S | ,.-:-..|...|...|‘...|...|v...'|...|<.
aces | By (HE)| ERGHE(IG) L A A L

X,[g em™]

(Example due to Lorenzo Cazon)
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Lo LeGRes | Los WMOraaos | Loma smanllzay Coiiiecs: " SD

=vent Info | LS T
Event 8123914 :-)

3TOT & 4C1; TS

Candidate stations: 24( 20 acc)
E=(6.08+0.21)x10" 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

Time 933708755 s 768757000 ns

B (fixed) = -1.91 (+0.18)

R =20.59 + 0.57 km
Fopt = 11094 m

y [km]

1378 TOT 18.0 VEM
1528 TOT 154 VEM
1535 TOT 11.4 VEM
1460 TOT 6.3 VEM
1519 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.6 VEM
1423 TOT 4.9 VEM
1491 TOT 4.3 VEM
1354 TOT 4.6 VEM
1468 TOT 3.9 VEM
1402 Thr1 2.4 VEM

o o o

';' o o

:—IQI NN T T P T = N T T T T T N T I N A B
38 40 42 44 46 48 50

X [km]

(Example due to Lorenzo Cazon)
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12 stations




Auger | (o8 LeGTEs)| (Lo MBranne)| GHa EiarllE| [COHiEcE] SD |39|ecﬁ0n|

Event Info | ACHHTO)|

1378 TOT 16.0 VEM -
1528 TOT 15.4 VEM
Event 8123914 :-) T T 1535 TOT 11.4 VEM
Time 933708755 s 768757000 ns 1= - ° o o o & o o o 1460 TOT 5.9 VEM
3TOT & 4C1; T5 S®E o o o e e o o 1 45121 g ;g gg xgm
Candidate stations: 24( 20 acc) B . . . . ® . . . 1463 TOT 5.8 VEM
E = (6.08+0.21) x 10" eV 56 - 1423 TOT 4.9 VEM
S$(1000 m) = 131.7 + 4.3 (+3.2) VEM @ &8 5 & °© o o o 1431 TOT 4.3 VEM
54 1354 TOT 4.6 VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg | o o o £ o o 1468 TOT 3.9 VEM
(x,y) = (43.31+0.01, 52.80+0.03) km i 1402 Thrl 2.4 VEM -
L Q Q o
B (fixed) = -1.91 (+0.18) 92 -
R = 20.59 + 0.57 km - e e
Fope = 1109.4 m MV o o o
: Q Q Q (] o
48 -
§ Q Q Q Q Q Q
-_— 46 ot Lo v Lo ol L1
1 ] ] LI 1 ) LI ) ) ) ) ) 1 ] ) 1 38 40 42 M 46

* LDF{T LDF Res

LDF and Time Residuals YEM Traces | Dynode (_HG)' Ahiade (_LG)I

(Example due to Lorenzo Cazon)
2.5 =
2 I | ) 1} I | ) | I ) | | I | — | I ) | ) I = ) I | ) | I )
200 400 600 800 1000 1200 1400
1.5 _ X.[g9 cm?]
= L
05 Hg
0 :*— — R — PR ——
220 230 240 250 260 270 O 300 400 600  BOO 1000 1200 1400
t [25 ns] X,[g cm™]




Depth of maximum for muon production

Mean values

— 700
N - DATA 45°-65° —
g -~ —— p QGSJetll-04 Tosys Auger 2017 preliminary
= [ - - -. pEPOS-LHC
D 6501 Fe QGSJetll-04
X [ ---.FeEPOSLHC
* g 600 :_ _____________________
Z</ _
550 c-c----mmmmmmmmmmTmmTTTTTITTI
- 859 574 359 242 'l
N SSSSSS S \]\\\\axxxssmxx\\\\\\m\\\\\\\\\\\*ékz \\\\\\\\ 35
500 __ ANONNNNNNN
450
400 . 1 1 0 | " 1 1 L L L N
2x10 3x10 4x10 10

E [eV]

Shower-by-shower fluctuations

DATA 45°-65°
—— p QGSJetll-04
- - -- pEPOS-LHC
Fe QGSJetll-04
- - -- Fe EPOS-LHC

Osys

Auger 2017 preliminary

2%10"

3x 10"

4x10"

Model predictions of EPOS-LHC outside of expected range of composition

(Mallamaci, ICRC 2017)

1020
E [eV]

E>15 EeV
0=45°-65
r>1200 m
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Comparison with results from electromagnetic profile

<X7>‘;1'LZL:U>Z9 - <X:;;,'Lém>data
) = I e Xt e
Xmax from A. Aab et al. (Pierre Auger
Coll.), Phys.Rev. D90 (2014) 122005
S [+ Xom EPOS-LHC z 7 QGSJetll-04
8 L X . -l- Pl 3
s L ! + s
6 't 61 ;
s Fe el : _.I.++"Fe
4 4 1
;—_ - - o 8 ¢ H § i ! 2— - ¢
eesgead | e gaaredttEtE g
O-...I I I M T T A A L1 O_. :IH‘!%-_..H.H. 1 L1
10'® 10" 10% 10'® 10" 10%
E [eV] E [eV]

No consistent composition found for different estimators, which one is more reliable”

(Mallamaci, ICRC 2017)

E>15 EeV
0=45°-65
r>1200 m
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How can LHC and accelerator experiments contribute ?

41



Air showers: electromagnetic and hadronic components

Hadronic
energy

_EO

(Matthews, APP22, 2005)

After n
generations ...

n:5, EhadNIZ%
n:6, EhadNS%

Electromagnetic

energy
'E
3 0
Lene L (2
3703\ 37

Eem / Etot

Ratio

(RE, Pierog, Heck, ARNPS 2011)

1.05
Y

0.95

0.9
0.85
0.8

0.75
—— EPOS 1.99

P, —l — QGSJET II-3
& —¥ . QGSJET01
o SIBYLL 2.1

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
17 18 19 20

Energy log,,(E/eV)

0.7

0.65

[
u] p— X
k.
(=)

0.6

Very efticient transter of hadronic
energy to em. component

High-energy interactions most important
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Importance of hadronic interactions at different energies

(Ulrich APS 2010)

Energy Deposit [GeV cm“/g]

Muons

108

10°

10°

10°

107
10°
10°
10*
10°

102

0

— Proton, 10'%V

EIECtronS — 100 Highest Energy Interactions

— Individual Sub-Showers

- - o

> (YN

7 v:\ N N \\\\

[ AP, N o WO NN
§ i 7,vll \\\ \\\\\:\\\\Q\\ N 3 %{33\:\\{\ RSN
1 14, U 7’ N e \

gl O R Ry

bt/ 2k ah 24 1~ A~ 1 | | |1 |~| | |\*1‘~r\1\ £ AT RS AN N |\‘F}| 11 | L1 1 | I

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Depth [g/cm?]

0

— Proton, 10'%V

Muons — 100 Highest Energy Interactions

— Individual Sub-Showers

Low-energy
interactions

......... LR R R LR TRy ST

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Depth [g/cm?]

Shower particles produced in 100
interactions of highest energy

Electrons/photons:
high-energy interactions

Muons/hadrons:
low-energy interactions

Muons: majority produced
in ~30 GeV interactions
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Muon production at large lateral distance

Ex gec ~ 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_ | IIIIIJil() | |||||:Ii||02| IIIIJiI|O3I IIIII1|||O4I |||||]i||05| IIIII1||(|)6
@120000 B _ ——— QGSJET/FLUKA (80 GeV)
é I QGSJET/FLUKA (500 GeV)
Qil 00000— & & L. SIBYLL/FLUKA (80 GeV)
% i ' ! P SIBYLL/FLUKA (500 GeV)
80000 I
i | ! pions
60000 B . - ~. / EO — 1 01 9 eV
e B ~ nucleons
40000 — | B
20000
I .
[ R REE T A T T s o M e oo RN O |
0 1 2 3 4 5 6
loglO(E/GeV)

(Maris et al. ICRC 2009)
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Challenge of limited phase space coverage

: neutral
charged

15 -10 5 0 5 10 15
AL AL L L L L L L L L L
| H ] ATLAS
e e s s s 1 s S —— 01 [

— — TOTEM

] O E - Iﬂl B O ] ALICE
— ] LHCDb
I I LHCf

£ 0 31000

> o9f s=14 TeV 4900 (5

© 8 p+p — charged 3800 ;:
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Challenge of limited phase space coverage
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Charged particle distribution in pseudorapidity

(data from all LHC experiments, CMS shown as example)
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Cross section measurements at LHC

(Cafagna, ICRC 2015)
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Events!NinefGeV

LHCT: very forward photon production at 7 TeV
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Examples of tuning interaction models to LHC data
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First LHC data at 13 TeV c.m. energy

(CMS, 1507.05915)
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Predictions for muon number at ground
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New models favour interpretation
as lighter composition than before
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Change of energy transferred to electromagnetic component

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

sub-shower sub-shower :
e Baryon number conservation

e Low-energy particles: large angle to shower axis
e Transverse momentum of baryons higher

30% chance to have P e Enhancement of mainly low-energy muons

0 as leading particle A (Grieder ICRC 1973; Pierog, Werner PRL 101, 2008)

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

e Leading particle for a m could be p% and not m°

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

3 New hadronic physics at high energy (Farrar, Allen 2012)
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Decay of X e Inhibition of m0 decay (Lorentz invariance violation etc.)
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e Chiral symmetry restauration
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How important is forward © and p© production ?
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Average number of muons <NM>/Eprim per energy
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How important is forward m°© and p° production ?
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Cross section do/dzp (Mb)

Rho production in 1-p interactions (Sibyll 2.1 = Sibyll 2.3)
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NA61 experiment at CERN SPS

NAG1/SHINE preliminary
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New results from NA61: p° production
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Status of predictions for air showers

Proton-proton equivalent cm. energy +/s (TeV)

10 100
| | L1 1 I | | | | | | L1 I | | |

) - 40 — — Sibyll 2.3 — Epos-LHC

S0 — Sibyll 2.3¢ — QGSjetll-04

= 20— =
>

e

a [ —
>

é o [y PP
E Proton

| IIIIIIII | IIIIIIII | IIIIIIII | IIIIIT
1016 1017 1018 1019 1020
Primary energy Eg (eV)
;. 1.8 | | | L1 1 I . | | | | | L1 1 I | | |
=l NModel (Ey) Ny ™ 2 (Ey) 2240 g/em? Ey > 1GeV
=
2 1.6 Proton 67° =
>
©
B 1.4
E //
=12 —— Sibyll23 ~ =—— Epos-LHC
< —— Sibyll23c  —— QGSjetll-04
é 1.0 IIIII I I IIIIIII I I IIIIIII I I IIIIIII I | L L
1016 1017 1018 1019 1020
Primary energy (eV)

Reduction of inelastic cross
section (LHC data)

Increase of diffraction
dissociation on nuclei
(two-channel Good-Walker
model)

ntroduction of forward rho0
oroduction

ncrease of baryon-antibaryon
pair production

(See talk by Anatoli Fedynitch on
results on atmospheric leptons)
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Predictions for muon number at ground (updated)
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(Pierog 2017)

New models favour interpretation
as lighter composition than before

pre-LHC models

post-LHC models
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Energy spectrum of muons in EAS

Muon energy spectra relative to Sibyll 2.1

Rho-0 production
Low-energy
enhancement
due to baryon
pair production

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

(\O
)

Proton 67° 200 Ee Y240 g/cm?

Ayl 2.1
ST

[
)

[
-
I

Model / Sibyll 2.1

Ratio of energy spectra vs

0.5 — — Sibyll 2.3¢ — QGSjetII-04
= Epos-LHC
0.0 = IR IR o IR
109 102 10% 100 108

Muon energy Ey (GeV)

Discrimination by IceCube (surface array and in-ice muon data)?



Compatible with data at lower energy — IceTop 7

(lceCube, Dembinski & Gonzalez ICRC 2015)
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Consistency with lower energy showers essential for confirmation




lceCube: discrimination of enhancement scenarios?

(lceCube, Gonzalez & Dembinski et al. 2016)

Correlation of low energy
muons (surface) and in-ice 101 3659130[1.00,1.05] -
il muon bundles |

pu/m™?
p—
(-
)

lceTop: E, ~1 GeV |
¢ 600m |

SIBYLL2.1 7 800m |
10732
2.0 .
— lceCube preliminary
== — 1.8 L]
= (@\| M-
J16] ————— _y7l
E 1.6 — % L
7 1.4 FWHHH:::H:FQ¢H
T N v it
S o"..:uuu“:“"’"bﬂﬂ:u
~ 1.0 {-=="
U
0.8+
10° oW

lceCube: E, >300 GeV

Time scale
early late

® =0



The following slides show results
of ongoing study, to be
published as journal article




(1/N) dN / dn

P(n)

Outlook: further improvement due to p-O collisions at LHC
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Construction of phenomenological model
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Impact on predicted depth of shower maximum
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Impact on predicted muon number at ground
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dE/dn [GeV]

What can we learn from the Pb-Pb data ?

Example: lead-lead collisions (CMS results)
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Need for measuring p-O collisions at LHC

So far models only tuned for p-p interactions (and partially p-Pb, Pb-Pb)

- Models with similar p-p predictions differ significantly for p-O

- Example: difference in multiplicity prediction of models corresponds to
difference between p and He of cosmic ray particles (AXmax ~ 20 g/cm?)

- Forward particle production in p-O essentially unknown
- Peripheral collisions in p-O much more important than in p-Pb

- Model predictions give only lower limit to real uncertainty due to similar
assumptions,
need data to estimate real uncertainty
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Outlook: how to obtain data at higher energy ?

Measurement of pion exchange at LHC Fixed-target experiment at LHC
b C— X Pion fragmentation
5 region in ATLAS
E
p o n Leading neutron in LHCt

Physics discussed in detail for HERA (H1 and ZEUS)
(see, for example, Khoze et al. Eur. Phys. J. C48 (2006), 797
Kopeliovich & Potashnikova et al.)

Detlection of protons
of beam halo by crystal

2

G _ .
do(yp — Xn) e Tt pn (—1) 2 (£) X (1— xL)l—Zozw(t)atﬂs (MZ) (Ulrich ICRC 2015)
dxy, dt 1672 (t —m?2)?
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Results on muon number of showers
still not understood, important effect

Particle physics with the upgraded Auger Observatory

missing in models?
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Atmospheric neutrinos
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Atmospheric neutrinos as background to astrophysical signal
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lceCube Analysis, v—-induced muons, TU Dortmund (Florian Scheriau, Martin Schmitz,
Tim Ruhe, Wolfgang Rhode++), see their presentation @ Neutrino 2014
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Atmospheric neutrinos: conventional & prompt components
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Energies of importance for lepton fluxes
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BERSS: A. Bhattacharya, R. Enberg, M.H. Reno, |. Sarcevic and A. Stasto, arXiv:1502.01076

ERS: R. Enberg, M. H. Reno, and I. Sarcevic, Phys. Rev. D 78, 43005 (2008).
MRS: A. D. Martin, M. G. Ryskin, and A. M. Stasto, Acta Physica Polonica B 34, 3273 (2003).

SIBYLL: arXiv:1503.00544 and arXiv:1502.06353

TIG: M. Thunman, G. Ingelman, and P. Gondolo, Astroparticle Physics 5, 309 (1996).
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Additional complication: dependence on primary flux

nucleon flux
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GST - T. K. Gaisser, T. Stanev, and S.
Tilav, arXiv:1303.3565, (2013).

H3a - T. K. Gaisser, Astroparticle
Physics 35, 801 (2012).
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Summary

Composition interpretation essential for understanding astrophysics

LHC data of central importance for more reliable composition interpretation

e \ery good collaboration between members of CR community and LHC/HEP

Feedback from air shower observations, CR int. models very successful at LHC
Cosmic ray data at 1019:5 eV most likely not protons (except exotic physics)
Pion interactions as major uncertainty for muon discrepancy identified

Need measurement of energy dependence of p° production

Consistent description at lower energy, transition to direct measurements
Forward charm production (theory and experiment) of increasing interest

Primary flux composition also directly linked to inclusive lepton fluxes
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