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Ultra-high energy cosmic rays
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SIBYLL development
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Run/E 8

Orbit/Cros
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Fail better!

(S. Beckett)



Hadrons

* quarks & gluons
* strong force (QCD)
* valence & sea (structured)

* Lorentz-contraction
— disk at high energy



Hadron interactions

il Structure in coordinate-
1} and in momentum-space!
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Requirements for air showers

: neutral
charged
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The event generator SIBYLL

: , , Fully inclusive model
* multiple interactions

* soft & hard interactions / 27 -
o = u | oI b
* space & momentum structure o m(als,b))
* diffractive interactions

Amplitude?

Eikonal approximation:

a(s,b) = %(1 —e_X(S’g)) X = ZXi = 5 0i(s) Ai(s, b)

o; Parton cross section
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A;(s,b) Profile function Oinel, ONy,, N, - - -



Hard & soft interactions
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Event in SIBYLL

Special case:
valence quarks

minijets

hadrons ?




Hadronization in SIBYLL

* string fragmentation
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LHC measurements

 SIBYLL 2.1

N ///

SIBYLL 2.3
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Interaction cross section
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10°

Sibyll too high

12



b
—
N
P

Inelastic cross section (m

Interaction cross section

Laboratory energy E; ., (eV)
10""10" 10" 10" 10" 10" 10" 10" 10" 10°

0.04
180II| LI UL L L III|"I e vy 0 rrp T ’é =
(] -LHC dat ’ 035/
608 4 ace 4] 2QCD < ;
! — 0.03F hard ~ UQCD(S) Ahard(sa b)
v Atlas , ; -
B CMS ! = "%°F
[T C
120 m TOTEM o 002k
— C
1001 ¢ Auger | Q. 015
s
80 ] I .0052— ...........
60 N g > 3 4 5 6 7 ....... ;s ..... 5 '''' 10
40 s Impact parameter
20 --- Sibyll2.1 |
—— Sibyll 2.3
O Lol Ll Ll L1 il
10’ 10° 10° 10* 10° 10°
Center-of-mass energy v's (GeV) o
"

Translates into shift in Xmax



Baryon production
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Baryon production
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Particle production
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Small angle measurements

Dedicated forward
experiments:
LHCF, TOTEM, Castor

CMS is big, but there is a hole..
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Air shower measurements

CMS Experiment at LHC, CERN

Data recorded: Tue Mar 30 12:58:48 2010 CEST
Run/Event: 132440 / 2737921+

Lumi section: 124 !




Pierre Auger Observatory

Hybrid detector

Signal [VEM]
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'Muon problem'
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* Hybrid events
* Select longitudinal profile p & Fe

* Compare signals in surface
detector

Both p and Fe simulations fail to
describe signal in surface detector

Missing Muons? Models incomplete?
New physics ??

T R.=15..16
How to extend the model ?
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Muon production in air showers

Meson decay !
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Muon production in air showers

Heitler-Matthews
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Increase muon production

Increase ratio of 'muon
producing' to electromagnetic

Nechd + TNtot
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Increase muon production

Increase ratio of muon
producing to electromagnetic

Nchd - Ttot

J\?r/ \
) Leading pions!
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Increase muon production

Increase ratio of muon
producing to electromagnetic

Nchd - Ttot

J\?r/ \
C> Leading pions !

N\
J \“\
(] 3
/| W\
C> Baryon ' 1
production . 4
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Increase muon production

Increase ratio of muon
producing to electromagnetic

Nchd - Ttot

J\?r/ \
C> Leading pions !

N\
A
A\
J \“\
4 3
| \“\
C> Baryon ; : s
production s !

+ exotic scenarios
(new particles, pions stable ...)
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Baryon production
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Yield dN/dzg

Leading pions in data
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Cross section do/dxzyp (Mb)

Leading pions in the model
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Leading pions in the model
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Leading pions in air showers
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Spectrum dN/dzp
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Energy dependence
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Approach entirely
phenomenological

Underlying process?
— scaling behaviour?

Effect on muons?
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Muons in the new model

Center-of-mass energy v's (TeV)
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34



CMS Experiment at LHC, CERN

Data recorded: Tue Mar 30 12:58:48 2010 CEST
Run/Event: 132440/ 2737921

\| Lumi section: 12

| Orbit/Crossing: 32323764 / 1

Input from theory
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'Inelastic screening’

Glauber model

e

Intermediate state

\1 /P

Inelastic contribution to elastic

p Nuc = p Nuc Vo
Diffractive
Nucl
p Nuc = p* Nuc cross section HEIEHS Nucleus ()

. 36
Requires coherence !



Nuclear diffraction

. Nw
In Sibyll 2.1: N o
Odiff = Oprod hp

inel

Sibyll 2.3: calculate diffractive cross section

Ny
hNuc Glauber O qiff
Odift = Odif T Jincoherent Oprod ( Ao >
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Effect of the diff. cross section

Diffraction — very elastic
La boratory energy ELab (eV)
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Air shower predictions

CMS Experiment at LHC, CERN

Data recorded: Tue Mar 30 12:58:48 2010 CEST
Run/Event: 132440/ 273792

Lumi section: 124 \ 1

Orbit/Crossing: 32323764 / 1
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Relative muon number
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Muon energy spectrum dN/dE, (GeV™1)

Increase in low
energy muons

What kind of muons?
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Increase in low
energy muons

Ratio of muon energy spectra vs. Sibyll 2.1

What kind of muons?
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Charmed
hadrons !
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Avg. depth of shower max

—
o

Xmax

Auger 2014
¢ HiRes/MIA
o Fly's Eye

Proton

Ll vt b r b v vt by Iw

. & $

: ,zigiﬁ‘

N ’;;é?’ — Sibyll 2.3 —— EPOS-LHC
PLL — Sibyll2.1 —— QGSjetll-04

e 1 ] ||||';|OI17 1 1 ||||%318 1 ] ||||%319 1 ] ||||%620

Primary enerqgy E, (eV)



Relative changes
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Avg. depth of shower max. (X, ) (gcm™2)

Predictions summarized

Proton-proton equivalent cm. energy v's (TeV)
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Summary & Outlook

Sibyll is alive and well.

* First LHC results implemented.
* Contemporary model:
- beam remnants, leading vector mesons, increased baryon
production
* Destinct feature: charm production
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Charm model
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Probability density dP/d M, (GeV~!)

Leading particles - Remnants
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Yield dN/dzg

10

107

-0.2

Leading particles - remnants
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Leading particles - remnants
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Why forward physics?

AbApt ~ 1
Point-like partons = Q%small
direkt collisions (small b) are rare

doela o~ Be1aQ® B, ~20GeV? - <Q% ~0.5 GeV?

dQ?

pT) PT T 1S 0(05G€V) with In (Ecm)

P, is O(Eem)

Most energy at small angles!
the larger the energy the smaller the angle




Event types

<: No color exchange
S (diffractive)

#particlesT . (‘\I
- ‘ L
O rapidity
. ('\
L/ <‘ -
S #particles
é = Color exchange : :
, \: (non-diffractive) : F\ :
—>
Orapidity
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rapidity
L. 5 0
,4/9<' n = —logtan(i)

time



Modelling hadron interactions

2 dﬁz
dO'pp—>ﬁnal state — ‘M‘ H E
1

final state

Problems.. * complex final state =g

* Amplitude unknown

hadron

hadron ~ 56
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What are we doing?
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