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1 Phenomenology of extensive air showers
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Hadronic cascades
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Electromagnetic showers: Heitler model
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Electromagnetic showers: Cascade equations
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Energy loss
of electron:

Ec = a X0 ⇠ 85MeVCritical energy:

Cascade equations

(Rossi & Greisen, Rev. Mod. Phys. 13 (1940) 240)
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Mean longitudinal shower profile

6

0

2000

4000

6000

8000

10000

x 10

 n
um

be
r o

f e
- +e

+

e-+e+ cutoff :    1.0 MeV a at E=1014 eV and 0o

Cascade Eqs.

CONEX (hybrid)

CORSIKA

0

2000

4000

6000

8000

x 10 3

200 400 600 800 1000
 depth (g/cm2)

 n
um

be
r o

f e
- +e

+

e-+e+ cutoff :    1.0 MeV a at E=1016 eV and 0o

E = 1014 eV

E = 1016 eV

Calculation with cascade Eqs.

Photons
• Pair production
• Compton scattering

Electrons
• Bremsstrahlung
• Moller scattering

Positrons
• Bremsstrahlung
• Bhabha scattering

(Bergmann et al.,  Astropart.Phys. 26 (2007) 420)



Energy spectra of secondary particles
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Photons

Electrons

Positrons

e–

e+

Number of photons divergent

• Typical energy of electrons
and positrons Ec ~ 80 MeV

• Electron excess of 20 - 30%

• Pair production symmetric

• Excess of electrons in target



Muon production in hadronic showers

Primary particle proton

π0 decay immediately

π± initiate new cascades 

Assumptions: 
• cascade stops at

• each hadron produces one muon

Epart = Edec

Nµ =
�

E0

Edec

⇥�

� =
lnnch

lnntot
� 0.82 . . .0.95

(Matthews, Astropart.Phys. 22, 2005) 8
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Superposition model
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Proton-induced shower

Nµ =
�

E0

Edec

⇥�

Nmax = E0/Ec

Assumption: nucleus of mass A and energy E0 corresponds
                        to A nucleons (protons) of energy En = E0/A

Xmax � �eff ln(E0)

XA
max � �eff ln(E0/A)

NA
µ = A

�
E0

AEdec

⇥�
= A1��Nµ

NA
max = A

�
E0

AEc

⇥
= Nmax

�� 0.9



Superposition model: correct prediction of mean Xmax
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Glauber approximation (unitarity)

Superposition and semi-superposition models 
applicable to inclusive (averaged) observables

(J. Engel et al. PRD D46, 1992)
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Electron and muon numbers of showers at ground
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Shower Observables: Ne-Nµ Distribution
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Electromagnetic energy and energy transfer
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Only small influence of the modelling of hadronic interactions

(RE, Pierog, Heck, ARNPS 2011)
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Longitudinal shower profile
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Mean depth of shower maximum

15(RE, Pierog, Heck, ARNPS 2011)
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Different slopes for em. and hadronic showers

16(RE, Pierog, Heck, ARNPS 2011)
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Derivation of elongation rate theorem
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Elongation rate theorem
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Bn =
d lnntot

d lnE

B� =� 1
X0

d�int

d lnE

Dhad
e = X0(1�Bn�B�)

Large if multiplicity of high energy particles 
rises very fast, zero in case of scaling

(Linsley, Watson PRL46, 1981) 

Large if cross section rises rapidly with energy

D10 = log(10)DeNote: 

X0 = 36 g/cm2



2 Modeling hadronic interactions at high energy
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Expectations from uncertainty relation
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~b

Assumptions:
• protons built up of partons
• partons liberated in collision process
• partons fragment into hadrons (pions, kaons,...) after interaction
• interaction viewed in c.m. system (other systems equally possible)

Dx Dp

x

' 1

Heisenberg uncertainty relation

R0 = R/G = R
✓

mp

Ep

◆

R ⇡ 1fm ⇡ 5GeV�1

hp?i ⇠ Dp? ⇠ 1
R
⇡ 200MeVhpki ⇠ Dpk ⇡

1
R0 ⇡

1
5

Ep

Longitudinal momenta of secondaries Transverse momenta of secondaries



QCD-inspired interpretation: color flow model

One-gluon exchange: 
two color fields (strings) 
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Simplest case: e+e– annihilation into quarks

time
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color field

String fragmentation
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Annihilation at high energy
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Kinematic distribution of secondary particles
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Ansatz
• Lorentz-invariant for transformations along string
• Transverse momenta result of vacuum fluctuations

dN = f (p) d(p2 �m2) d4 p

Lorentz invariant function

= f (p)
d3 p
2E

p = (E,~p)

=
1
2

f (p) d2 p?
dpk
E

Separation of long. and transverse
degrees of freedom
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1
2

f?(p?) d2 p? fk(y) dy
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E
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⇠ exp(�bp2

?) d
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b�1 . . . effective temperature
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Final state particles: two-string model

Rapidity  y 

dN/dy
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Rapidity and pseudorapidity
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Standard color flow and final state particles

One-gluon exchange: 
two color fields (strings) 
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Other predicted color flow configurations

Partonic view:

di−quark

quark

Color flow:

q

qq

qq

q

Two-gluon exchange: 
diffraction dissociation

27
Rapidity y

dN/dy

rapidity gap

At very high energy (multi-gluon exchange): 
Almost 50% of all events are elastic/diffractive scattering
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Fluctuations: Generation of sea quark 
anti-quark pair and leading/excited hadron
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Interaction of hadrons with nuclei
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Coherent superposition of 
elementary nucleon-
nucleon interactions

sk



String configuration for nucleus as target
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Proton

Nucleus

Spectator nucleons: remnant nucleus

New quark pair with
momentum fraction
1/x or 1/sqrt(x)



Transition from intermediate to high energy
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p

p

Intermediate energy:

• Elab < 1,500 GeV
• Ecm < 50 GeV
• dominated by valence 

quarks

High energy regime:

• Elab > 21,000 GeV
• Ecm > 200 GeV
• dominated by gluons 

and sea quarks
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Transition from intermediate to high energy
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p

p

Intermediate energy:

• Elab < 1,500 GeV
• Ecm < 50 GeV
• dominated by valence 

quarks

High energy regime:

• Elab > 21,000 GeV
• Ecm > 200 GeV
• dominated by gluons 

and sea quarks

Dt ⇡ 1
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1p

p2 +m2 � p
=

1
p(
p

1+m2/p2 �1)
⇡ 2p

m2Lifetime of fluctuations

Gluon-gluon scattering



Scattering of quarks and gluons: jet production
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polar
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Proton-antiproton 
collision at Tevatron



Interpretation within perturbative QCD
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Hard interaction
of two partons

Terminology
Soft interaction: no large momentum transfer
Hard interaction: large momentum transfer (|t| > 2 GeV2)

QCD predictions known
for parton-parton cross sections



Minijet	
  produc.on	
  in	
  interac.on	
  models

37

projectile

target

 0

 50

 100

 150

 200

 10  100  1000  10000  100000

 10  12  14  16  18  20

σ
 

  (
m

b)

Ecm  (GeV)

log10 ( Elab / eV )

Minijets

Total cross 
section

Proton-­‐proton	
  cross	
  sec,on �njet⇥ =
�QCD

�ine

Average	
  number	
  
of	
  minijet	
  pairs

s
QCD

= Â
i, j,k,l

1

1+d
kl

Z
dx

1

dx

2

Z

p

cutoff

?

d p

2

? f

i

(x
1

,Q2) f

j

(x
2

,Q2)
ds

i, j!k,l

d p?

Equivalent	
  expression	
  implemented	
  in	
  all	
  models



Rapid	
  increase	
  of	
  gluon	
  density	
  at	
  low	
  x
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Perturbative QCD predictions for minijets

projectile

jet pair

target nucleus (air)

f(x ,Q )

f(x ,Q )2
2

2
1

s
QCD

= Â
i, j,k,l

1

1+d
kl

Z
dx

1

dx

2

Z

p

cutoff

?

d p

2

? f

i

(x
1

,Q2) f

j

(x
2

,Q2)
ds

i, j!k,l

d p?

7

0

0.2

0.4

0.6

0.8

1

-410 -310 -210 -110 1

0

0.2

0.4

0.6

0.8

1

 ZEUS-JETS (prel.) 94-00

 uncorrelated uncertainty

 correlated uncertainty
 

 H1 PDF 2000

 exp. uncertainty

 model uncertainty

x

x
f

2 = 10 GeV
2

Q

vxu

vxd

 0.05)!xS (

 0.05)!xg (

0

0.2

0.4

0.6

0.8

1

0

5

10

15

20

-410 -310 -210 -110 1

0

5

10

15

20

x

x
g

2
 = 1 GeV

2
Q

25 GeV

220 GeV

2
200 GeV

0

5

10

15

20
ZEUS-JETS (prel.) 94-00

)s" total uncert. (fixed 

)s" total uncert. (free 

Figure 6. The valence, sea and gluon distributions as obtained from the H1 and ZEUS
NLO QCD fits to NC, CC and jet data (latter in ZEUS fit only) at Q2 = 10 GeV2

as a function of x (left). The low x region is dominated by the gluon and sea quark
distributions divided on the plot by a factor of 20. The gluon distribution from the ZEUS
fit at Q2 =1, 5, 20 and 200 GeV2 (right).

Thus, the monotonic rise of F2 persists down to the lowest x measured at HERA, and
no evidence for a change of this behaviour such as a damping of the growth is found.
The observed independence of the local derivatives in ln x at fixed Q2 suggests that F2

can be parameterised in a very simple form F2 = c(Q2)x−λ(Q2) . The results for λ(Q2)
obtained by H1 and ZEUS are shown in Figure 7 (left). The coefficient c(Q2) ≈ 0.18 and
the parameterisation λ(Q2) = a·ln(Q2/Λ2) for Q2 ≥ 2 GeV2 are consistent with pQCD
analyses. At Q2 ≤ 1 GeV2 the behaviour is changing, and, in the photoproduction limit
(Q2 ≈ 0), λ is approaching 0.08, which is expected from the energy dependence of soft
hadronic interactions σtot ∼ sαP (0)−1 ≈ s0.08.

Another important quantity in view of possible non-linear gluon interaction effects is
the derivative (∂F2/∂ ln Q2)x which is a direct measure of scaling violations. Its behaviour
in x is a reflection of the gluon density dynamics in the associated kinematic range. The
derivative measurements are shown in Figure 7 (right) as a function of x for different Q2.
They show a continuous growth towards low x without an indication of a change in the
dynamics. The derivatives are well described by the pQCD calculations for Q2 ≥ 3 GeV2.

Non-zero values of the structure function FL appear in pQCD due to gluon radiation.
Therefore, FL is a most appropriate quantity to test QCD to NLO and especially to
examine pathological effects related to a possibly negative gluon distribution. According
to eq. 1, the FL contribution to the inclusive cross section is significant only at high y. The
conventional way to measure FL is to explore the y dependence of the cross section at given
x and Q2 by changing the center of mass energy of the interaction. Such measurements are
not yet performed at HERA. The H1 collaboration nevertheless could determine FL from
measurements at high y, i.e. small scattered electron energies down to 3 GeV. Various
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Poissonian probability distribution
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Peripheral collision:
only very few parton-pairs interacting

Central collision: 
many parton-pairs interacting

Pn =
⇥nhard(⌅b)⇤n

n!
exp

�
�⇥nhard(⌅b)⇤

⇥

mean number of 
interactions for given 
impactparameter of 
collision

Need to know mean number of interactions
as function of impact parameter

Impact parameter~b



Problem:  Very high parton densities (saturation)

nucleon
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Simple geometric criterion
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Saturation:
• parton wave functions overlap
• number of partons does not 

increase anymore at low x
• extrapolation to very high energy 

unclear

size of proton
Size of 
one gluon

number of 
gluons

RHIC data very important



Black disk scenario of high energy scattering ?

41

Black Disk Model

• large number of minijets
• high perturbative saturation scale
• complete disintegration of leading particle

(Drescher et al. Phys. Rev. Lett. 94, 2005)

p

p

Not implemeted as dominating process in current models

High energy scattering
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DPMJET II.5 and III
(Ranft / Roesler, RE, Ranft, Bopp)

EPOS
(Pierog, Werner)

QGSJET 01 
(Kalmykov, Ostapchenko)

QGSJET II.03 and II.04
(Ostapchenko)

SIBYLL 2.1 
(Engel, RE, Fletcher, Gaisser, Lipari, Stanev)

• universal model
• saturation for hard partons via

geometry criterion
• HERA parton densities

• universal model
• saturation by RHIC data parametriztions
• custom-developed parton densities

• no saturation corrections
• old pre-HERA parton densities
• replaced by QGSJET II

• saturation correction for soft partons via
pomeron-resummation
• custom-developed parton densities

• saturation for hard partons via
geometry criterion
• HERA parton densities



SIBYLL 2.1: modification of minijet threshold
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QGSJET II: high parton density effects

(Ostapchenko, PLB 2006, PRD 2006)
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Fig. 10. Complete set of enhanced diagrams containing “zig-zag fans” of kth order.

Fig. 11. Full set of non-loop diagrams.

Here we used the abbreviations χnet
a|d(i) = χnet

a|d(Y − yi, "b −
"bi |Y, "b), χnet

d|a(i) = χnet
d|a(yi, "bi |Y, "b), i = 1,2, and introduced

general “net fan” contribution as χnet
a|d = limk→∞ χ

net(k)
a|d . Us-

ing (13), we obtain for the latter the recursive equation

χnet
a|d(y1, "b1|Y, "b)

= χP
aπ

(
s0e

y1 , b1
)

+ G

C2
π

y1∫

0

dy2

∫
d2b2

{[
1 − e

−χnet
a|d (y2,"b2|Y,"b)]

× exp
(
−χnet

d|a(Y − y2, "b − "b2|Y, "b)
)

(17)− χnet
a|d(y2, "b2|Y, "b)

}
χP

ππ

(
s0e

y1−y2, |"b1 − "b2|
)
.

3. Numerical results

The obtained expressions allowed us to calculate hadronic
elastic scattering amplitudes and correspondingly total cross
sections and elastic scattering slopes with enhanced contribu-
tions taken into account. Here fad , σ tot

ad , Bel
ad are given by usual

expressions (3)–(6), with the pomeron quasi-eikonal χP
ad be-

ing replaced by χ tot
ad = χP

ad + χenh
ad . Technically, the “net fan”

contribution χnet
a|d has been obtained solving (17) iteratively and

substituted to (16) to calculate enhanced diagram contribution
χenh

ad . Concerning the parameter choice we used the usual values
C2

p = 1.5, Cπ = 1.6/Cp , γπ = 2/3γp [3], and from compar-
ison to data obtained αP(0) = 1.18, α′

P(0) = 0.195 GeV−2,
γp = 1.59 GeV−1, R2

p = 1.8 GeV−2, R2
π = 0.7 GeV−2, G3P =

9 × 10−3 GeV2. Thus, for the triple-pomeron coupling we have
r3P = 4πGCπγ 3

π = 0.18 GeV−1 compared to 0.12 GeV−1 and
0.083 GeV−1 in [9] and [10] correspondingly. The results for
σ tot

pp , σ tot
πp , Bel

pp are shown in Fig. 12 as calculated with the full
scheme or based on the bare pomeron eikonal χP

ad . In practice,
it is sufficient to take into consideration only the “tree” χ tree

ad

and the first “zig-zag” χ
enh(2)
ad corrections, i.e. to use for the

enhanced contribution χ̃enh
ad = χ tree

ad + χ
enh(2)
ad instead of χenh

ad

Fig. 12. Total cross section (left) and elastic scattering slope (right) as calculated
with and without enhanced contributions—solid and dashed lines correspond-
ingly. The compilation of data is from [12].

defined in (16); the difference for the calculated cross sections
is below percent level. This is because the contributions χ

enh(k)
ad

for k ! 3 are suppressed by exponential factors in the same way
as for “loop” diagrams in (10).

Let us finally verify that the developed scheme approaches
the asymptotic result (9) in the “dense” limit. Indeed, neglect-
ing the radius of multi-pomeron vertices, at s → ∞, b → 0 and
for αP(0) − 4πGγ 2

π > 1 we can obtain the solution of (17)
as χnet

a|d(y1, "b1|Y, "b) ' χP
aπ (s0e

y1 , b1) + &χ
asymp
aπ (s0e

y1 , b1),
&χ

asymp
aπ being defined in (9). Substituting this to (16), we see

that the enhanced contribution χenh
ad reduces to the asymptotic

form (9): χenh
ad (s, b) ' &χ

asymp
ad (s, b).

In conclusion, we re-summed dominant enhanced contribu-
tions to elastic hadron–hadron scattering amplitude to all or-
ders. Although the numerical calculations have been performed
using the simple pomeron exchange amplitude (1), (2), the ob-
tained formulas can be used for a different functional form of
f P

ad(s, b). In principle, one may apply similar techniques in the
perturbative QCD, using the BFKL pomeron amplitude [13],
provided eikonal approximation remains applicable for multi-
pomeron vertices.
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EPOS 1.9 – high parton density effects
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FIG. 8. Hadron production in the case of inelastic ladder splitting.

also close in space, since they have a common upper end and
the lower ends are partons close in impact parameter, so the
hadronization of the two ladders is certainly not independent.
Therefore, we expect some kind of collective hadronization
of two interacting ladders. Here, we only considered the most
simple situation; one may also imagine three or more close
ladders, hadronizing collectively.

If we allow ladders to split, then perhaps they could merge
again and form loops. In fact, they can; only we do not need
to treat this explicitly, since the splitting concerns mainly the
soft ladders (or pieces), and these soft ladders are treated in
an effective, phenomenological way via parametrization. So
we can easily absorb loops into our effective soft ladders. This
cannot be done with the splitting, since the external legs may
be attached to different nuclei.

So far, we have discussed in a qualitative fashion the
consequences of elastic and inelastic parton ladder splitting.
The strength of the effects will certainly depend on the target
mass, via the number Z of partons available for additional
legs. The number Z of available partons will also increase with
energy, so at high enough energy the abovementioned effects
can already happen in pp collisions.

IV. REALIZATION OF LADDER SPLITTING EFFECTS

The basic quantity for a numerical treatment of the ladder
splitting effects is the number Z of partons available for
additional legs; more precisely, we have ZT for counting legs
on the target side and ZP for counting legs on the projectile
side. Let us treat ZT (corresponding discussion for ZP ).
Consider a parton in the projectile nucleon i which interacts
with a parton in target nucleon j. The number ZT (i, j ) of
additional legs has two contributions, one counting the legs
attached to the same nucleon j, and one counting the legs
attached to the other nucleons j ′ "= j . We assume the form

ZT (i, j ) = z0 exp
(
− b2

ij /2b0
2)

+
∑

target nucleons
j ′ "=j

z′
0 exp

(
− b2

ij ′/2b0
2), (4)

where bij is the distance in impact parameter between i
and j. The coefficients z0 and z′

0 depend logarithmically on

the energy, as

z0 = wZ log s/sM, (5)

z′
0 = wZ

√
(log s/sM )2 + wM

2, (6)

[log(x) := max(0, ln(x)] and the impact parameter width is
b0 = wB

√
σinelpp/π , with parameters wB,wZ, wM , and sM .

We then define

ZT (j ) =
∑

i

ZT (i, j ). (7)

We suppose that all the effects of the parton ladder splitting
can be treated effectively, meaning that the correct explicit
treatment of splittings is equivalent to the simplified treatment
without splittings, but with certain parameters modified,
expressed in terms of Z. We do this is not only to simplify our
life. Even an explicit dynamic treatment remains a phenomeno-
logical approach with many uncertainties about the splitting
vertices. So we prefer to have simple parametrizations rather
than a very complicated but uncertain dynamic treatment.

So which quantities depend on Z, and how? In the following,
the symbols ai are constants, used as fit parameters. The
elastic splitting leads to screening, which is expressed by the
screening exponents ε = εS (for soft ladders) and ε = εH (for
hard ladders), and here we assume

εS = aS βSZ, (8)

εH = aH βH Z, (9)

where βS and βH are the usual exponents describing soft
and hard amplitudes. Concerning the transport of transverse
momentum, we suppose

%pt = aT p0nqZ, (10)

where nq is the number of quarks of the objects in the
hadronization process (1 for quarks, 2 for diquarks), and
p0 = 0.5 GeV is just used to define a scale.

Let us now address collective hadronization. We will
actually “absorb” the multiple ladders into the remnants, which
are usually treated as strings. Now we treat them as strings with
modified string break parameters to account for collective
hadronization. We modify the break probability (per unit
space-time area) pB , which determines whether a string breaks
earlier or later, the diquark break probability pD , the strange
break probability pS , and the mean transverse momentum p̄t

of a break, as

pB → pB − aBZ, (11)

pD → pD (1 + aDZ), (12)

pS → pS (1 + aSZ), (13)

p̄t → p̄t (1 + aP Z), (14)

with positive parameters ai . So with increasing Z, a reduced
pB will lead to more particle production; an increased pD, pS ,
and p̄t will lead to more baryon-antibaryon production, more
strangeness production, and an increased pt for each string
break.

The parameters sM,wi , and ai are chosen to reproduce
the RHIC pp and dAu data shown in this paper, as well as
pt spectra for identified pions, kaons, and protons [21]. We
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FIG. 12. Inelastic differential yields in pp collisions as a function
of pt for (from top to bottom) charged particles (over 2) at η = 0 and
η = 1; negative particles at η = 2.2 and η = 3.2 (always displaced
by factors of 10). Lines are EPOS simulations; points are data [7].
We also plot (dashed) the simulation curve at η = 0, multiplied by
0.1, 0.01, and 0.001, to serve as reference.

In Fig. 12, we plot inelastic differential yields as a function of
pt , at different pseudorapidities; η = 0, η = 1, η = 2.2, and
η = 3.2. We show EPOS simulations compared to BRAHMS
data [7]. We also plot (dashed line) the simulation curve at
η = 0, multiplied by 0.1, 0.01, and 0.001, to have a reference
for the results at the other pseudorapidities. The spectra clearly
get softer with increasing η.

VI. RESULTS FOR DEUTERON-GOLD

All screening effects are linear in Z, so it is worthwhile to
first investigate Z. In very asymmetric collisions such as dAu,
the projectile Z is essentially zero, whereas the target Z differs
considerably from zero. As shown in Fig. 13 (and obvious
from the definition), ZT increases linearly with the number of
collisions. So Z is essentially a centrality measure. In Fig. 14,
we show the Z distribution for the different centrality classes.
In this way, one understands easily how the different centrality
classes are affected by the splitting effects.

In the following, we define centrality via the impact param-
eter variable. A more correct definition (when comparing with
experiments) via multiplicities in given rapidity intervals has
been tested and gives the same results.

FIG. 13. Target Z as a function of centrality, expressed in terms
of the number of binary collisions, for dAu.

FIG. 14. Z distribution for different centrality classes.

Although we are mainly interested here in transverse
momentum spectra, we still show first of all the pseudorapidity
spectra, which finally determine the normalization of the
pt spectra. In Fig. 15, we show pseudorapidity spectra in
minimum bias dAu collisions: EPOS simulations, compared to
data from PHOBOS [29], STAR [4], and BRAHMS [30]. We
also show different contributions to the simulated distribution.
We distinguish inner and outer (projectile and target) contri-
butions, where the outer contributions are meant to contain the
multiple ladders, originating from ladder splittings, treated in
a collective way, as discussed above. The inner contribution
comes from ordinary ladders in the middle. The asymmetry of
the distribution is clearly due to the target remnant contribution
(the projectile contribution, not shown, is very small). In
Figs. 16 and 17, we show pseudorapidity spectra for central
and peripheral dAu collisions.

Let us now turn to pt spectra. One of the first observations
concerning pt spectra in dAu collisions was the fact that not
only does the nuclear modification factor show a nontrivial
behavior, but also this behavior seems to be strongly pseudo-
rapidity dependent, even when varying η by only one unit. We
will investigate this question in the following discussion.

In Fig. 18, we show transverse momentum spectra of
charged particles in dAu collisions at different central-
ities and at different pseudorapidities. The four figures
represent minimum bias, central (0%–20%), mid-central
(20%–40%), and peripheral (40%–100%) collisions. For
each figure, spectra for four pseudorapidity intervals are

FIG. 15. Pseudorapidity spectra of charged particles in minimum
bias dAu collisions. Lines are EPOS simulations; points are data
from PHOBOS [29] (circles), STAR [4] (triangles), BRAHMS [30]
(squares). We also show the inner and outer target contributions to
the simulated distribution.
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TABLE I. Best fit values for splitting parameters. Included in the
fit are data not shown in this paper.

Coefficient Corresponding variable Value

sM Minimum squared screening energy (25 GeV)2

wM Defines minimum for z′
0 6.000

wZ Global Z coefficient 0.080
wB Impact parameter width coefficient 1.160
aS Soft screening exponent 2.000
aH Hard screening exponent 1.000
aT Transverse momentum transport 0.025
aB Break parameter 0.070
aD Diquark break probability 0.110
aS Strange break probability 0.140
aP Average break transverse momentum 0.150

also compare the experimental energy dependence of cross
sections [22], hadron multiplicities [23], and (pseudo)rapidity
distributions [24,25] in pp or pp̄. The best fit parameters are
shown in Table I.

V. RESULTS FOR PROTON-PROTON

Ladder splitting is quite important for pp at very high ener-
gies, where cross sections and multiplicities are considerably
suppressed because of screening. At RHIC energies, however,
the effects are small: the total cross section is reduced by 5%,
the multiplicity by 10%. Concerning the transverse momentum
spectra to be discussed in detail in the following, the effect is
hardly visible.

When comparing charged particle pt spectra in pp from
the different RHIC experiments, one has to keep in mind
that STAR collaboration refers to non-single-diffractive (NSD)
events rather than inelastic ones. To demonstrate the difference
between the two, we show in Fig. 9 the UA5 [26] Collaboration
pseudorapidity distributions for NSD and inelastic events,
together with EPOS simulations. For the simulation of NSD
events, we use simply the same requirement as used in the
experiment (coincidence of charged particles in a forward and
backward pseudorapidity interval).

FIG. 9. Pseudorapidity distribution for inelastic and NSD events
in pp̄ collisions at 200 GeV. Lines are EPOS results; the points are
data [26]. Dotted line represents the inner contribution to the inelastic
distribution (many particles are coming from remnants).

FIG. 10. Ratio of NSDBBC differential yield to inelastic differen-
tial yield, in pp collisions, for pions (π ), kaons (K ), and protons ( p).

In the case of STAR, one could also define NSD as the
events accepted by the beam beam counter (BBC). What is
actually done is somewhat different. The differential cross
section according to BBC is multiplied by 30/26, in order to
correspond to what Pythia defines to be non-single-diffractive,
corresponding to 30 mb. Then, again based on Pythia, it is
argued that the inelastic differential yield for inelastic events
is obtained essentially (with a small correction at small pt ) by
multiplying by 30/42 (just the ratio of the cross sections), since
single-diffractive (SD) events do not contribute to particle
production. So, the originally measured differential yield and
the inelastic one differ essentially by a factor of 42/30 =
1.4. This is not quite what EPOS calculations provide when
simulating NSD events with the BBC trigger condition and
comparing with inelastic events. As seen in Fig. 10, the ratio
of the NSDBBC differential yield to the inelastic differential
yield, rather than being 1.4, differs considerably as a function
of pt and also depends on the particle species.

In Fig. 11, we show pt spectra (differential yields) for NSD
events, compared to STAR data [27], and for inelastic events,
compared to PHENIX data [6,28]. Simulation and data agree
within 15% (over 6 orders of magnitude).

When studying (later) dAu collisions, there will be
plenty of discussion concerning the pseudorapidity depen-
dence of certain effects. It is therefore necessary to first
check the pseudorapidity dependence of pt spectra for pp.

FIG. 11. Differential yields in pp collisions as a function of pt

for (from top to bottom) charged particles (over 2) for NSD events,
charged particles (over 2) for inelastic events, and neutral pions for
inelastic events. Lines are EPOS simulations; points are data from
STAR [27] and PHENIX [6,28]. The two agree within 15% (over six
orders of magnitude).
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FIG. 8. Hadron production in the case of inelastic ladder splitting.

also close in space, since they have a common upper end and
the lower ends are partons close in impact parameter, so the
hadronization of the two ladders is certainly not independent.
Therefore, we expect some kind of collective hadronization
of two interacting ladders. Here, we only considered the most
simple situation; one may also imagine three or more close
ladders, hadronizing collectively.

If we allow ladders to split, then perhaps they could merge
again and form loops. In fact, they can; only we do not need
to treat this explicitly, since the splitting concerns mainly the
soft ladders (or pieces), and these soft ladders are treated in
an effective, phenomenological way via parametrization. So
we can easily absorb loops into our effective soft ladders. This
cannot be done with the splitting, since the external legs may
be attached to different nuclei.

So far, we have discussed in a qualitative fashion the
consequences of elastic and inelastic parton ladder splitting.
The strength of the effects will certainly depend on the target
mass, via the number Z of partons available for additional
legs. The number Z of available partons will also increase with
energy, so at high enough energy the abovementioned effects
can already happen in pp collisions.

IV. REALIZATION OF LADDER SPLITTING EFFECTS

The basic quantity for a numerical treatment of the ladder
splitting effects is the number Z of partons available for
additional legs; more precisely, we have ZT for counting legs
on the target side and ZP for counting legs on the projectile
side. Let us treat ZT (corresponding discussion for ZP ).
Consider a parton in the projectile nucleon i which interacts
with a parton in target nucleon j. The number ZT (i, j ) of
additional legs has two contributions, one counting the legs
attached to the same nucleon j, and one counting the legs
attached to the other nucleons j ′ "= j . We assume the form

ZT (i, j ) = z0 exp
(
− b2

ij /2b0
2)

+
∑

target nucleons
j ′ "=j

z′
0 exp

(
− b2

ij ′/2b0
2), (4)

where bij is the distance in impact parameter between i
and j. The coefficients z0 and z′

0 depend logarithmically on

the energy, as

z0 = wZ log s/sM, (5)

z′
0 = wZ

√
(log s/sM )2 + wM

2, (6)

[log(x) := max(0, ln(x)] and the impact parameter width is
b0 = wB

√
σinelpp/π , with parameters wB,wZ, wM , and sM .

We then define

ZT (j ) =
∑

i

ZT (i, j ). (7)

We suppose that all the effects of the parton ladder splitting
can be treated effectively, meaning that the correct explicit
treatment of splittings is equivalent to the simplified treatment
without splittings, but with certain parameters modified,
expressed in terms of Z. We do this is not only to simplify our
life. Even an explicit dynamic treatment remains a phenomeno-
logical approach with many uncertainties about the splitting
vertices. So we prefer to have simple parametrizations rather
than a very complicated but uncertain dynamic treatment.

So which quantities depend on Z, and how? In the following,
the symbols ai are constants, used as fit parameters. The
elastic splitting leads to screening, which is expressed by the
screening exponents ε = εS (for soft ladders) and ε = εH (for
hard ladders), and here we assume

εS = aS βSZ, (8)

εH = aH βH Z, (9)

where βS and βH are the usual exponents describing soft
and hard amplitudes. Concerning the transport of transverse
momentum, we suppose

%pt = aT p0nqZ, (10)

where nq is the number of quarks of the objects in the
hadronization process (1 for quarks, 2 for diquarks), and
p0 = 0.5 GeV is just used to define a scale.

Let us now address collective hadronization. We will
actually “absorb” the multiple ladders into the remnants, which
are usually treated as strings. Now we treat them as strings with
modified string break parameters to account for collective
hadronization. We modify the break probability (per unit
space-time area) pB , which determines whether a string breaks
earlier or later, the diquark break probability pD , the strange
break probability pS , and the mean transverse momentum p̄t

of a break, as

pB → pB − aBZ, (11)

pD → pD (1 + aDZ), (12)

pS → pS (1 + aSZ), (13)

p̄t → p̄t (1 + aP Z), (14)

with positive parameters ai . So with increasing Z, a reduced
pB will lead to more particle production; an increased pD, pS ,
and p̄t will lead to more baryon-antibaryon production, more
strangeness production, and an increased pt for each string
break.

The parameters sM,wi , and ai are chosen to reproduce
the RHIC pp and dAu data shown in this paper, as well as
pt spectra for identified pions, kaons, and protons [21]. We

044902-5

PARTON LADDER SPLITTING AND THE RAPIDITY . . . PHYSICAL REVIEW C 74, 044902 (2006)

projectile
partons

target
partons

normal hadronization

collective hadronization

FIG. 8. Hadron production in the case of inelastic ladder splitting.

also close in space, since they have a common upper end and
the lower ends are partons close in impact parameter, so the
hadronization of the two ladders is certainly not independent.
Therefore, we expect some kind of collective hadronization
of two interacting ladders. Here, we only considered the most
simple situation; one may also imagine three or more close
ladders, hadronizing collectively.

If we allow ladders to split, then perhaps they could merge
again and form loops. In fact, they can; only we do not need
to treat this explicitly, since the splitting concerns mainly the
soft ladders (or pieces), and these soft ladders are treated in
an effective, phenomenological way via parametrization. So
we can easily absorb loops into our effective soft ladders. This
cannot be done with the splitting, since the external legs may
be attached to different nuclei.

So far, we have discussed in a qualitative fashion the
consequences of elastic and inelastic parton ladder splitting.
The strength of the effects will certainly depend on the target
mass, via the number Z of partons available for additional
legs. The number Z of available partons will also increase with
energy, so at high enough energy the abovementioned effects
can already happen in pp collisions.

IV. REALIZATION OF LADDER SPLITTING EFFECTS

The basic quantity for a numerical treatment of the ladder
splitting effects is the number Z of partons available for
additional legs; more precisely, we have ZT for counting legs
on the target side and ZP for counting legs on the projectile
side. Let us treat ZT (corresponding discussion for ZP ).
Consider a parton in the projectile nucleon i which interacts
with a parton in target nucleon j. The number ZT (i, j ) of
additional legs has two contributions, one counting the legs
attached to the same nucleon j, and one counting the legs
attached to the other nucleons j ′ "= j . We assume the form
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+
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j ′ "=j

z′
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2, (6)
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b0 = wB

√
σinelpp/π , with parameters wB,wZ, wM , and sM .
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i

ZT (i, j ). (7)

We suppose that all the effects of the parton ladder splitting
can be treated effectively, meaning that the correct explicit
treatment of splittings is equivalent to the simplified treatment
without splittings, but with certain parameters modified,
expressed in terms of Z. We do this is not only to simplify our
life. Even an explicit dynamic treatment remains a phenomeno-
logical approach with many uncertainties about the splitting
vertices. So we prefer to have simple parametrizations rather
than a very complicated but uncertain dynamic treatment.

So which quantities depend on Z, and how? In the following,
the symbols ai are constants, used as fit parameters. The
elastic splitting leads to screening, which is expressed by the
screening exponents ε = εS (for soft ladders) and ε = εH (for
hard ladders), and here we assume

εS = aS βSZ, (8)

εH = aH βH Z, (9)

where βS and βH are the usual exponents describing soft
and hard amplitudes. Concerning the transport of transverse
momentum, we suppose

%pt = aT p0nqZ, (10)

where nq is the number of quarks of the objects in the
hadronization process (1 for quarks, 2 for diquarks), and
p0 = 0.5 GeV is just used to define a scale.

Let us now address collective hadronization. We will
actually “absorb” the multiple ladders into the remnants, which
are usually treated as strings. Now we treat them as strings with
modified string break parameters to account for collective
hadronization. We modify the break probability (per unit
space-time area) pB , which determines whether a string breaks
earlier or later, the diquark break probability pD , the strange
break probability pS , and the mean transverse momentum p̄t

of a break, as

pB → pB − aBZ, (11)

pD → pD (1 + aDZ), (12)

pS → pS (1 + aSZ), (13)

p̄t → p̄t (1 + aP Z), (14)

with positive parameters ai . So with increasing Z, a reduced
pB will lead to more particle production; an increased pD, pS ,
and p̄t will lead to more baryon-antibaryon production, more
strangeness production, and an increased pt for each string
break.

The parameters sM,wi , and ai are chosen to reproduce
the RHIC pp and dAu data shown in this paper, as well as
pt spectra for identified pions, kaons, and protons [21]. We
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also close in space, since they have a common upper end and
the lower ends are partons close in impact parameter, so the
hadronization of the two ladders is certainly not independent.
Therefore, we expect some kind of collective hadronization
of two interacting ladders. Here, we only considered the most
simple situation; one may also imagine three or more close
ladders, hadronizing collectively.

If we allow ladders to split, then perhaps they could merge
again and form loops. In fact, they can; only we do not need
to treat this explicitly, since the splitting concerns mainly the
soft ladders (or pieces), and these soft ladders are treated in
an effective, phenomenological way via parametrization. So
we can easily absorb loops into our effective soft ladders. This
cannot be done with the splitting, since the external legs may
be attached to different nuclei.

So far, we have discussed in a qualitative fashion the
consequences of elastic and inelastic parton ladder splitting.
The strength of the effects will certainly depend on the target
mass, via the number Z of partons available for additional
legs. The number Z of available partons will also increase with
energy, so at high enough energy the abovementioned effects
can already happen in pp collisions.

IV. REALIZATION OF LADDER SPLITTING EFFECTS

The basic quantity for a numerical treatment of the ladder
splitting effects is the number Z of partons available for
additional legs; more precisely, we have ZT for counting legs
on the target side and ZP for counting legs on the projectile
side. Let us treat ZT (corresponding discussion for ZP ).
Consider a parton in the projectile nucleon i which interacts
with a parton in target nucleon j. The number ZT (i, j ) of
additional legs has two contributions, one counting the legs
attached to the same nucleon j, and one counting the legs
attached to the other nucleons j ′ "= j . We assume the form

ZT (i, j ) = z0 exp
(
− b2

ij /2b0
2)

+
∑

target nucleons
j ′ "=j

z′
0 exp

(
− b2

ij ′/2b0
2), (4)

where bij is the distance in impact parameter between i
and j. The coefficients z0 and z′

0 depend logarithmically on

the energy, as

z0 = wZ log s/sM, (5)

z′
0 = wZ

√
(log s/sM )2 + wM

2, (6)

[log(x) := max(0, ln(x)] and the impact parameter width is
b0 = wB

√
σinelpp/π , with parameters wB,wZ, wM , and sM .

We then define

ZT (j ) =
∑

i

ZT (i, j ). (7)

We suppose that all the effects of the parton ladder splitting
can be treated effectively, meaning that the correct explicit
treatment of splittings is equivalent to the simplified treatment
without splittings, but with certain parameters modified,
expressed in terms of Z. We do this is not only to simplify our
life. Even an explicit dynamic treatment remains a phenomeno-
logical approach with many uncertainties about the splitting
vertices. So we prefer to have simple parametrizations rather
than a very complicated but uncertain dynamic treatment.

So which quantities depend on Z, and how? In the following,
the symbols ai are constants, used as fit parameters. The
elastic splitting leads to screening, which is expressed by the
screening exponents ε = εS (for soft ladders) and ε = εH (for
hard ladders), and here we assume

εS = aS βSZ, (8)

εH = aH βH Z, (9)

where βS and βH are the usual exponents describing soft
and hard amplitudes. Concerning the transport of transverse
momentum, we suppose

%pt = aT p0nqZ, (10)

where nq is the number of quarks of the objects in the
hadronization process (1 for quarks, 2 for diquarks), and
p0 = 0.5 GeV is just used to define a scale.

Let us now address collective hadronization. We will
actually “absorb” the multiple ladders into the remnants, which
are usually treated as strings. Now we treat them as strings with
modified string break parameters to account for collective
hadronization. We modify the break probability (per unit
space-time area) pB , which determines whether a string breaks
earlier or later, the diquark break probability pD , the strange
break probability pS , and the mean transverse momentum p̄t

of a break, as

pB → pB − aBZ, (11)

pD → pD (1 + aDZ), (12)

pS → pS (1 + aSZ), (13)

p̄t → p̄t (1 + aP Z), (14)

with positive parameters ai . So with increasing Z, a reduced
pB will lead to more particle production; an increased pD, pS ,
and p̄t will lead to more baryon-antibaryon production, more
strangeness production, and an increased pt for each string
break.

The parameters sM,wi , and ai are chosen to reproduce
the RHIC pp and dAu data shown in this paper, as well as
pt spectra for identified pions, kaons, and protons [21]. We
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Uncertainty in energy extrapolation !
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Mean depth of shower maximum

47(RE, Pierog, Heck, ARNPS 2011)
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Elongation rates and model features
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Dhad
10 = ln10 X0(1�Bn�B�)

Elongation rate theorem

(Linsley, Watson PRL46, 1981) 

factor ~ 87 g/cm2
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Electron and muon numbers of showers at ground
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Modification of ratio of neutral to charged pions
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EPOS 1.6x: higher rate
of baryon-antibaryon pairs



4 What do we learn from LHC
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1 Accelerators for Particle Physics 11

Applications of accelerators

The concepts discussed so far were rather general and also apply to accelera-
tors used in applications other than particle physics.

Worldwide, there are more than 20 000 accelerators in use. Compared to
the high energy particle accelerators most of these are very small machines
used for industrial applications and medicine [13]. More information on ac-
celerators for applications can be found in [14, 15].

The remainder of this text is on the concepts which are more specifically
of interest for applications in particle physics and in particular relevant for
reaching high energies and rates in particle collisions.

1.8 Fixed target accelerators and colliders

We now distinguish between two types of accelerators depending on the use
of the accelerated particles for high energy physics.

The first type is the fixed-target accelerator, in which a beam of particles
is extracted at the end of the acceleration to hit a target. The second type
is the collider, in which two beams of high energy particles are brought into
collisions. Both types are illustrated in Fig. 1.7 for ring accelerators. The same
distinction also applies to linear accelerators.

Target

mT

Ecm ≈ � 2Eb mT c2

Beam 1 Beam 2

Ecm =�2Eb

Fig. 1.7. Fixed target and collider rings

The energy available in particle collisions to produce new particles is the
center of mass energy ECM =

√
s, where s is the total four momentum squared.

It can conveniently be calculated using the 4-vector notation of high energy
physics (with units of c = 1). The energy/momentum 4-vector of beam 1
is p1 = (Eb,p). In case of a symmetric collider, the second beam has p2 =
(Eb,−p). In the fixed target case instead, the second (target) particle is at
rest, p2 = (mT ,0) The four momentum relations for the two cases are

Fixed	
  target:	
  Forward	
  direc,on	
  (beam	
  fragmenta,on	
  region)	
  covered	
  by	
  detectors
Colliders:	
  Beam	
  direc,on	
  measurements	
  very	
  challenging	
  (if	
  not	
  impossible)

Scaling	
  of	
  interac.on	
  energies
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LHC data probe the region beyond the knee
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Exotic models for the knee

56

New physics: scaling with nucleon-nucleon cms energy
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Inelastic Proton-Proton Cross-Section
Standard Glauber conversion + propagation of modeling uncertainties
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1 baryon production at E735 and CMS
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Figure 1: ratio of anti-protons to pions
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Figure 2: anti-proton to proton ratio
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5 What do we learn from air showers
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Cross section measurement with air showers
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Number of charged particles

point of
first interaction

Depth X  (g/cm2)

X1

Difficulties
• mass composition (protons?)
• X1 cannot be measured directly

(R. Ulrich et al. NJP 11, 2009, and talk at this meeting)
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Universality features of high-energy showers (i)
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Profiles shifted in depthSimulated shower profiles

Depth of X1 and Xmax strongly correlated, use Xmax for analysis

But there are shower-to-shower
fluctuations of profile shape

Selection of protons: select very deep showers



High-energy frontier: proton-air cross section
Proton-Air Cross-Section Summary
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Inelastic Proton-Proton Cross-Section

Standard Glauber conversion + propagation of modeling uncertainties
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Conversion from p-air to p-p cross 
section always model-dependent

Glauber model

Auger 2011

Cross section independent of LHC data,
very good agreement with extrapolated data

(Pierre Auger Collab. 1107.4804, Phys. Rev. Lett. 2012)
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The energy spectrum from surface detector data (I)
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The energy spectrum from surface detector data (I)
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Several shower observables

Example: event observed by Auger
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Discrepancy: shower profile and muons at ground

65

J. ALLEN et al. INTERPRETATION OF AUGER OBSERVATORY SURFACE DETECTOR SIGNAL
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Figure 1: Top panel: A longitudinal profile measured for
a hybrid event and matching simulations of two showers
with proton and iron primaries. Middle panel: A lateral
distribution function determined for the same hybrid event
as in the top panel and that of the two simulated events.
Bottom panel: R, defined as S(1000)Data

S(1000)Sim
, averaged over the

hybrid events as a function of secθ.

and arrival direction of the showers matches the measured
event, and the LPs of the selected showers have the lowest
χ2 compared to the measured LP. The measured LP and
two selected LPs of an example event are shown in the top
panel of Fig. 1.
The detector response for the selected showers was simu-
lated using the Auger Offline software package [8, 9]. The
lateral distribution function of an observed event and that
of two simulated events are shown in the middle panel of
Fig. 1. For each of the 227 events, the ground signal at
1000m from the shower axis, S (1000), is smaller for the
simulated events than that measured. The ratio of the mea-
sured S (1000) to that predicted in simulations of showers
with proton primaries, S(1000)DataS(1000)Sim

, is 1.5 for vertical showers
and grows to around 2 for inclined events; see the bottom
panel of Fig. 1. The ground signal of more-inclined events

is muon-dominated. Therefore, the increase of the discrep-
ancy with zenith angle suggests that there is a deficit of
muons in the simulated showers compared to the data. The
discrepancy exists for simulations of showers with iron pri-
maries as well, which means that the ground signal cannot
be explained only through composition.

3 Estimate of the Muonic Signal in Data
3.1 A multivariate muon counter
In this section, the number of muons at 1000 m from the
shower axis is reconstructed. This was accomplished by
first estimating the number of muons in the surface detec-
tors using the characteristic signals created by muons in the
PMT FADC traces and then reconstructing the muonic lat-
eral distribution function (LDF) of SD events.
In the first stage, the number of muons in individual surface
detectors is estimated. As in the jump method [4], the total
signal from discrete jumps

J =
∑

FADC bin i

(x
i+1 − x

i

)
︸ ︷︷ ︸

jump

I {x
i+1 − x

i

> 0.1} (1)

was extracted from each FADC signal, where x
i

is the sig-
nal measured in the ith bin in Vertical Equivalent Muon
(VEM) units, and the indicator function I {y} is 1 if its
argument y is true and 0 otherwise. The estimator J is
correlated with the number of muons in the detector, but it
has an RMS of approximately 40%. To improve the pre-
cision, a multivariate model was used to predict the ratio
η = (N

µ

+ 1)/(J + 1). 172 observables that are plausibly
correlated to muon content, such as the number of jumps
and the rise-time, were extracted from each FADC signal.
Principal Component Analysis was then applied to deter-
mine 19 linear combinations of the observables which best
capture the variance of the original FADC signals. Using
these 19 linear combinations, an artificial neural network
(ANN) [10] was trained to predict η and its uncertainty.
The output of the ANN was compiled into a probability ta-
ble PANN = P (N

µ

= N |FADC signal). The RMS of this
estimator is about 25%, and biases are also reduced com-
pared to the estimator J .
In the second stage of the reconstruction, a LDF

N(r, ν,β, γ) =

exp

(

ν + β log
r

1000m
+ γ log

( r

1000m

)2
) (2)

is fit to the estimated number of muons in the detectors for
each event, where r is the distance of the detector from the
shower axis and ν, β, and γ are fit parameters. The num-
ber of muons in each surface detector varies from the LDF
according to the estimate PANN and Poisson fluctuations.
The fit parameters, ν, β, and γ, have means which depend
on the primary energy and zenith angle as well as vari-
ances arising from shower-to-shower fluctuations. Gaus-
sian prior distributions with energy- and zenith-dependent
means were defined for the three fit parameters. All the

18

Rescaling of simulated signals

The rescaled signal in simulations
Sfit = Nµ, rescE

α
rescSµ, sim + ErescSem, sim

• Nµ, resc increases the signal from hadronically produced muons

• Eresc increases the total ground signal

Eresc = 1.09 ± 0.08+0.08
−0.06 ;Nµ, resc = 2.21 ± 0.23+0.18

−0.23

 2

 2.5
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N
µ

, 
R

e
sc

EResc

Reconstruction Syst.
Composition Syst.

Muon shower content at the Pierre Auger Observatory 9/11

QGSJET II.03 (proton reference)

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

(Auger ICRC 2011)E ≈ 1019 eV

(Cazon, this meeting)
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1	
  Baryon-­‐AnBbaryon	
  pair	
  producBon	
  	
  	
  (Pierog,	
  Werner)

• Baryon	
  number	
  conserva,on
• Low-­‐energy	
  par,cles:	
  large	
  angle	
  to	
  shower	
  axis
• Transverse	
  momentum	
  of	
  baryons	
  higher

• Enhancement	
  of	
  mainly	
  low-­‐energy	
  muons

Baryon
sub-­‐shower

Meson
sub-­‐shower

Decay	
  of
leading	
  par8cle

(Pierog,	
  Werner	
  PRL	
  101,	
  2008)

2	
  Leading	
  parBcle	
  effect	
  for	
  pions	
  	
  	
  	
  (Drescher,	
  Ostapchenko)
• Leading	
  par,cle	
  for	
  a	
  π	
  could	
  be	
  ρ0	
  and	
  not	
  π0

• Decay	
  of	
  ρ0	
  almost	
  100%	
  into	
  two	
  charged	
  pions

3	
  Chiral	
  symmetry	
  restoraBon	
  	
  	
  	
  (Farrar,	
  Allen)
• Proton	
  primaries,	
  applies	
  above	
  energy	
  threshold
• Pion	
  produc,on	
  suppressed	
  rela,ve	
  to	
  baryons
• Large	
  inelas,city	
  of	
  the	
  events

• Faster	
  increase	
  of	
  total	
  cross	
  sec,on	
  (reduc,on	
  of	
  
fluctua,ons)
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FIG. 3: (Color online) Energy fraction of neutral pions in the
remnant for π++Air collisions, for the cases with and without
break-up. Remnant break-up reduces the energy fraction in
π0 and thus enhances muon production in air showers.

energy [GeV]

6
10 710

8
10

9
10

10
10 1110

 P
ic

c
o

/Q
G

S
je

t-
II
 

µ
ra

ti
o

 

0.9

1

1.1

1.2

1.3

1.4

1.5
default 
enhanced break-up of all remnants 
enhanced baryon break-up
enhanced meson break-up

FIG. 4: (Color online) The ratio of total muon numbers of
vertical proton induced air showers for enhanced break-up
(pex = 1.0 instead of pex = 0.6) of baryonic and mesonic
remnants.

give qualitatively similar results to EPOS. We choose
pdiq,str = 0.12 and pdiq,rem = 0.3 as diquark-anti-diquark
pair production probabilities in central strings and rem-
nant strings, respectively. The higher probability for di-
quark production from remnant strings is motivated by
the remnant encountering a denser target and leads to
more baryons in the forward region, as found to be im-
portant by the authors of EPOS. Fig. 5 shows that
muon production in Picco with default parameters (i.e.
pdiq,str/rem = 0.1 from Pythia) is within 10% similar
to QGSjet-II. Enhanced baryon production gives 25%
more muons. However, the combined effects of both en-
hanced baryon production and remnant break-up add up
to 40%.

At low energies, complete remnant break-up of baryons
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FIG. 5: (Color online) The ratio of total muon numbers of ver-
tical proton induced air showers for different remnant break-
up and baryon production scenarios. Enhanced baryon pro-
duction means pdiq,str = 0.12 and pdiq,rem = 0.3 instead of the
default value pdiq = 0.10 from Pythia.

is excluded by the data, (see Fig. 1) and the results
shown in Fig. 5 should actually be considered as an up-
per limit. However, we do not know whether the rel-
evant parameter changes at high energies. If we keep
the one obtained at low energies, pex = 0.6, we find a
rather flat distribution xF dn/dxF of protons at 2 TeV
center of mass energy, whereas one notices a dip in the
forward scattering spectrum for the case of complete rem-
nant break-up.

A motivation for an enhanced remnant break-up is the
fact that at higher energies the projectile probes smaller
gluon momenta in the target and therefore encounters a
higher gluon density. This effect has already been in-
vestigated within the Color Glass Condensate (CGC)
framework for hadron-nucleus collisions at colliders in
Ref. [16] and has been applied to air showers in Ref. [17].
The main consequence of the enhanced remnant break-
up is a suppression of forward particle production; this
leads to a faster absorption in air showers and hence to
a lower shower maximum Xmax. Furthermore, an en-
hanced muon production was observed in Ref. [18] but
was attributed mainly to an increased overall multiplic-
ity. Efforts are currently ongoing to implement this par-
ticular mechanism of forward suppression into the Picco
model, which will allow us to test for its influence on the
muon number. We will also investigate projectile break-
up due to a dense target in proton-proton collisions at
LHC energies, and apply this mechanism to air shower
simulations.

(Drescher	
  Phys.	
  Rev.	
  D77,	
  2008)

More	
  work	
  needed	
  to	
  clarify	
  situa.on
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Summary of role of hadronic interactionsSensitivity of Air Showers to Interactions
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Global shower properties and the shower maximum are sensitive to
the highest energy interactions

Muons in air showers are sensitive to the hadronic cascade over all
energies
→ Large problem in predicting the overall muon number is small

problem on the level of individual interactions
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Sensitivity of Air Showers to Interactions
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Shower particles produced in 
100 interactions of highest 
energy

Electrons

Muons

Electrons/photons:
high-energy interactions

Muons/hadrons:
low-energy interactions

Low-energy
interactions

(Ralf Ulrich, 2012)



Muon production at large lateral distance
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Energy distribution of last interaction
that produced a detected muon

Muons in UHE Air Showers

air shower cascade: energy of last interaction before decay to µ

hadron + air → π/K + X
↘

µ+ νµ
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