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Hadron interactions in SIBYLL
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SIBYLL 101: h-h

Hard scattering:
da.i,j—ﬂc,l

oqon (s, pi™) :K/ . de/dx1/d£li2 D filz1, Q%) f5(x2, Q%) (3,1)

min d
PR 3okl PT

Qs (Qg)
Q2

Definition of hard :
B B energy dependent: pr ' (8) = pr,0 + 0.065 GeV exp <O.9\/ln(s/GeV2))

; 2 _
Geom. Saturation: Ty ~

it = a(5) "8 (3)’

(Donnachie, Landshoff)




SIBYLL 102

Nhard; Tsoft
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Lund string fragmentation




Nuclear interaction

How many nucleons interacting?

® pommmnn .__ A A
* Tha(b) = 1— H U Thun(b— gj)pj(@.)di’»?rj] (Glauber 1970)
J=1

| (2 g Nucleon density inside
Oha = /’FhA(b)‘ d=b nucleus
SIBYLL: A=4-18

Nucleus Nucleus (*)

In SIBYLL nucleon interactions are independent of
impact parameter!

- pO@LHC will challenge experimentally!

Nucleon & nucleus in
transverse plane



New In Sibyll 2.3



Inelastic cross section (mb)

Sibyll 2.1 from 2001 (Tevatron)

Cross section: p-p
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- narrower hadron profile
- increase soft-hard threshold



h-A: Inelastic screening
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Nucleus Nucleus (*)
Allow inelastic intermediate states s i o7 ‘ 2952 2
—. 2-channel approx: p, p* with coupling A(s) ha = /‘Fh“ 50 = / (PIEN S

Ppiad = Pier — Pals — Foela - reduced production cross section



h-A: coherent & incoherent diffraction

Sibyll 2.1

N,, Independent hadron-nucleon interactions (“incoherent”)
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Baryon production
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Remnants

Breakstone et al. (Phys.Lett. B132 (1983) 458)
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LHCH

(LHCf Adriani et al 2015)
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Cross section do/dzp (mb)

7t +p — leading + X

Leading rho0

leading : m, p

. Sibyll 2.3 |

NA22 7tp with pra, = 250 GeVe ™l

Sibyll 2.1
I I I 10
0 fa
® T E )
m . 10
)
=,
~~eo S 10!
3 " - =
; . e = .
100 E ;.—H_ ~ E 10
E -~ g
- 95}
10 ' 5 1077
. NA22 nfp with pray = 250 GeVe™! SI
10-2L | L | | _ 1077
0.0 0.2 0.4 0.6 0.8 1.0 0.0

Longitudinal momentum fraction zp

P7r:p:

1/3

T I T |
0.2 0.4 0.6 0.8

Longitudinal momentum fraction zg

13



Muon puzzle & SIBYLL

1.0
- SIBYLL-2.1 E=10"eV, 0 =67 (Pierre Auger Collab.
SIBYLL-2.3¢ PRL 126, 152002 (2021))
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“Xmax- and muon-based observables of extensive air showers when compared with
simulations give inconsistent interpretations for the cosmic ray mass”
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Muons in Sibyll 2.3d
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Xmax In Sibyll 2.3d

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

p° energy fraction (x_> 0.15)

Energy in rhoO and baryons

T +C—=> X

0.12

0.1

0.08

0.06

0.04

0.02

NA61/SHINE preliminary

---EPOS1.99 ---DPMJet3.06 ---Sibyll2.1

— Sibyll2.3c  — QGSJetll-04 — EPOS-LHC

|J\|I||‘|I|||\I|II\|III|

s vl vl vl v vl vl v v vl

102 10° 10* 10° 10° 10”7 10® 10° 10" 10"
E [GeV]

* some fine-tuning left
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Summary

* SIBYLL .
- minijet based model
- Lund string fragmentation "
- Glauber for nuclei 5
= g4
* version 2.3d - .
- enhanced baryon production
- beam remnants, leading rhoO ’0
- “post-LHC-RUN-1" model 02

* description of LHCf/NAG61 data could still improve
* expect to be challenged by pO@LHC
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Wh a.t neXt? (for muon puzzle?) (for SIBYLL?)
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What matters for muons in EAS
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1%t interaction
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2" interactions ..
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What about Sibyll 2.3¢c?
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large charge to neutral ratio for pions by
accidentally applying pi0 —rhoO exchange in all minijets

Pseudorapidity 7
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Center-of-mass energy /s (TeV)
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151

10+

EPOS-LHC: pO 10 TeV
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Cross section (mb)

__¢| IIIIIII[ I lll””! I IIIIIIIIE I IIIIIII[ I IIIIIIII I IIIIII“ I IIIIIII[ I IIIIIIIIE I IIIIIII[ I IIIIIIII AL

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

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

..........................................................................................................................

_______________ N 0 N S S Y S0 7/ I

7 2 3 4 5 & 7 8 9

10 1 10 10 10 10 10 10 10 10 10

I I T TTTTIT I T TTTTTI I I TTTTTTI I I T TTTITI T T 1T
;
r 3 v
1.9 2 10 10 10 10



Hadron interactions in SIBYLL

* parton picture
*LO QCD jets —» minijets
* separation soft & hard:
energy dependent pt threshold
* diffraction dissociation
* leading patrticles, associated production
* string fragmentation

Nhard, Msoft

Model for:
Pions, Kaons, Protons and Nuclei
From 10 GeV to 10° GeV CoM energy

(PRD 80 (2009) 094003,
PRD 100 (2019) 10, 103018, ol MR o
PRD 102 (2020) 6, 063002)



Energy share

baryons

Multiplicity share

p-Air

baryons
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