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Plans for revised version  (Ahn et al.)

• HERA PDFs and energy-dep. pt cutoff
• multiple soft interactions
• two-channel model for diffraction



Minijet model: underlying ideas (i)
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Minijet model: underlying ideas (ii)
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Profile function for partons
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!b1

!b2

Figure 2: Geometrical interpretation of a hard scattering in a proton-proton
collision

profile Ap(!b). By integrating over all possible impact parameters !b1 and !b2

for a given !b the profile function for proton-proton scattering reads

Ahard
pp (νp,!b) =

∫

Ap(νp,!b1)Ap(νp,!b2) δ(2)(!b1 −!b2 −!b) d2!b1 d2!b2 . (14)

The hard interaction itself involves an aera with a small transverse size be-
cause of

p⊥b ≤ 1, p⊥ # mp (15)

where mp is the proton mass. The profile function Ap of a single proton is

Ap(νp,!b) =
∫ d2!q⊥

2π

(

1 +
q2
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ν2

)−2

= ν2
p |ν!b|K1(|ν!b|) (16)

All profile functions are normalized
∫

Ahard
pp (νp,!b) d2!b =

∫

Ap(νp,!b) d2!b = 1 . (17)

The hard part of the Born graph amplitude in impact parameter repre-
sentation reads

aBorn
hard (s,!b) =

1

4
σQCD(s, pcutoff

⊥ ) Ahard
pp (ν, µ,!b) (18)
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Proton: dipole

Meson: monopole

(Durand & Pi, PRD 1991)



Color flow and strings: valence quarks
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Generic scattering diagram QCD color string
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fq(x) =
(1 − x)3

(x2 + µ2/s)1/4Momentum splitting



Hard processes: two-gluon scattering

proton

proton

Kinematics etc. given by parton densities and perturbative QCD
Two strings stretched between quark pairs from gluon fragmentation
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f (x) = g(x) +
4
9
[q(x) + q̄(x)]

Only gluons considered, quarks included
by effective parton density



Multiple soft and hard interactions
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SIBYLL 1.7: shortcomings in describing data
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UA5 Multiplicity distribution
at 200 and 900 GeV c.m.s.

(Fletcher et al., PRD 1994)

Problems at
intermediate energies



Extensions of model in SIBYLL 2.1

• Soft cross section energy dependent
• energy-dep. pt cutoff for QCD cross section
• soft and hard profile functions
• two-channel model for diffraction
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2.2 Soft part

The soft cross section is parametrized as a sum of two effective Regge poles
(reggeon and pomeron)

σBorn
soft (s) = X

(
s

s0

)∆

+ Y
(

s

s0

)−ε

. (19)

It should be noted that all soft parameters depend on the transverse mo-
mentum cutoff since this parameter is used to define the soft and the hard
contributions.

A soft interaction cannot be considered as pointlike in impact parameter
space. Since p⊥ ≈ 0 the uncertainty relation p⊥b ≤ 1 does not force b to be
small. Regge theory predicts that the soft interaction radius Rsoft grows with
the collision energy

R2
soft ∼ α′

IP (0) ln
(

s

s0

)

. (20)

Hence the impact parameter profile function has to be written as (see Fig. 3)

#b1
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#b3

Figure 3: Geometrical interpretation of a soft interaction in a proton-proton
collision

Asoft
pp (s,#b) =

∫

Ap(#b1)Ap(#b2)Asoft(s,#b3) δ(2)(#b1−#b2+#b3−#b) d2#b1 d2#b2 d2#b3 (21)

Currently the profile function itself is parametrized by a Gaussian with an
energy dependent width

Asoft(s,#b3) =
1

4πBs(s)
exp






−
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4Bs(s)






,
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expanding
with energy

(Ahn et al., PRD80 (2009) 094003)



High parton densities

nucleon

nucleus
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SIBYLL: simple geometric criterion
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Ro

R ~ log(s)2

Profile function of soft partons

hard partons

soft partons

∆�b · ∆�p⊥ ∼ 1

Low energy

High energy
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Two-channel model for diffraction dissociation
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(Kaidalov Phys Rep. 50 (1979) 157) Y
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hYZjMintjYZi ¼ MBorn (C1a)

hYZjMintjY?Zi ¼ !YMBorn (C1b)

hYZjMintjYZ?i ¼ !ZMBorn (C1c)

hYZjMintjY?Z?i ¼ !Y!ZMBorn (C1d)

hY?ZjMintjY?Zi ¼ ð1# 2"YÞMBorn (C1e)

hYZ?jMintjYZ?i ¼ ð1# 2"ZÞMBorn (C1f)

hY?Z?jMintjY?Z?i ¼ ð1# 2"YÞð1# 2"ZÞMBorn: (C1g)

The coefficients " and ! may depend on energy. A matrix
#̂ðs;bÞ for the eikonal # is introduced to calculateM. The
eikonal matrix is diagonalized, and the cross sections

calculated. The hadronic states Y and Z are defined as

jY; Zi%
1
0
0
0

0
BBB@

1
CCCA; jY?; Zi%

0
1
0
0

0
BBB@

1
CCCA;

jY; Z?i%
0
0
1
0

0
BBB@

1
CCCA; jY?; Z?i%

0
0
0
1

0
BBB@

1
CCCA:

(C2)

The eikonal matrix reads

#̂ðs;bÞ ¼
1 !Y !Z !Y!Z

!Y 1# 2"Y !Y!Z !Zð1# 2"YÞ
!Z !Y!Z 1# 2"Z !Yð1# 2"ZÞ

!Y!Z !Zð1# 2"YÞ !Yð1# 2"ZÞ ð1# 2"YÞð1# 2"ZÞ

0
BBB@

1
CCCA#ðs;bÞ: (C3)

After diagonalizing #̂ðs;bÞ, the cross sections can be cal-
culated. The total cross section is given by

$tot
YZ ¼ 2

Z
d2bhYZjð1# e##̂ðs;bÞÞjYZi

¼ 2
Z

d2b
X1

n¼1

fel;nY fel;nZ ð#1Þn#1 ð#ðs;bÞÞn
n!

; (C4)

where

fel;nj ¼
!
1# "j

%j

"
ð1# "j # %jÞn

þ
!
1þ "j

%j

"
ð1# "j þ %jÞn; (C5)

and

%j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"2
j þ !2

j

q
j ¼ Y; Z: (C6)

Consequently the elastic cross section reads

$el
YZ ¼

Z
d2b

$$$$$$$$
X1

n¼1

fel;nY fel;nZ ð#1Þn#1 ð#ðb; sÞÞn
n!

$$$$$$$$
2
: (C7)

The cross section for single diffraction dissociation of
particle Y follows from

$SD;Y
YZ ¼

Z
d2bjhY?Zjð1# e##̂ðb;sÞÞjYZij2

¼
Z

d2b

$$$$$$$$
X1

n¼1

fdiff;nY fel;nZ ð#1Þn#1 ð#ðb; sÞÞn
n!

$$$$$$$$
2
;

(C8)

using

fdiff;nj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
%2
j # "2

j

q

2%j
½ð1# "j þ %jÞn # ð1# "j # %jÞn(:

(C9)

Finally the expression for double diffraction dissociation is
given by

$DD
YZ ¼

Z
d2bjhY?Z?jð1# e##̂ðb;sÞÞjYZij2

¼
Z

d2b

$$$$$$$$
X1

n¼1

fdiff;nY fdiff;nZ ð#1Þn#1 ð#ðb; sÞÞn
n!

$$$$$$$$
2
:

(C10)

Note that after carrying out the sum over n in Eqs. (C4),
(C7), (C8), and (C10) the cross sections can be written as
impact parameter integrals over a sum of exponentials.
The parameter range for "j and !j is limited by the

unitarity constraint that all eikonal functions have to be
non-negative

1# "j # %j ) 0 "j < 1=2 !j > 0: (C11)

A good description of the data is found for " ¼ 0:2 and
! ¼ 0:5.
The partial cross sections for Ns soft and Nh hard

interactions follow from

$Ns;Nh
¼

Z
d2b

X4

k¼1

!k
½2&k#softðs;bÞ(Ns

Ns!

½2&k#hardðs;bÞ(Nh

Nh!

* expf#2&kð#softðs;bÞþ#hardðs;bÞÞg; (C12)

with
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particle Y follows from
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Finally the expression for double diffraction dissociation is
given by
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Note that after carrying out the sum over n in Eqs. (C4),
(C7), (C8), and (C10) the cross sections can be written as
impact parameter integrals over a sum of exponentials.
The parameter range for "j and !j is limited by the

unitarity constraint that all eikonal functions have to be
non-negative

1# "j # %j ) 0 "j < 1=2 !j > 0: (C11)

A good description of the data is found for " ¼ 0:2 and
! ¼ 0:5.
The partial cross sections for Ns soft and Nh hard

interactions follow from
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hY?Z?jMintjY?Z?i ¼ ð1# 2"YÞð1# 2"ZÞMBorn: (C1g)

The coefficients " and ! may depend on energy. A matrix
#̂ðs;bÞ for the eikonal # is introduced to calculateM. The
eikonal matrix is diagonalized, and the cross sections

calculated. The hadronic states Y and Z are defined as
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The eikonal matrix reads
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culated. The total cross section is given by
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Finally the expression for double diffraction dissociation is
given by
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Note that after carrying out the sum over n in Eqs. (C4),
(C7), (C8), and (C10) the cross sections can be written as
impact parameter integrals over a sum of exponentials.
The parameter range for "j and !j is limited by the

unitarity constraint that all eikonal functions have to be
non-negative

1# "j # %j ) 0 "j < 1=2 !j > 0: (C11)

A good description of the data is found for " ¼ 0:2 and
! ¼ 0:5.
The partial cross sections for Ns soft and Nh hard
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Note that after carrying out the sum over n in Eqs. (C4),
(C7), (C8), and (C10) the cross sections can be written as
impact parameter integrals over a sum of exponentials.
The parameter range for "j and !j is limited by the

unitarity constraint that all eikonal functions have to be
non-negative

1# "j # %j ) 0 "j < 1=2 !j > 0: (C11)

A good description of the data is found for " ¼ 0:2 and
! ¼ 0:5.
The partial cross sections for Ns soft and Nh hard

interactions follow from

$Ns;Nh
¼

Z
d2b

X4

k¼1

!k
½2&k#softðs;bÞ(Ns

Ns!

½2&k#hardðs;bÞ(Nh

Nh!

* expf#2&kð#softðs;bÞþ#hardðs;bÞÞg; (C12)

with

COSMIC RAY INTERACTION EVENT GENERATOR SIBYLL 2.1 PHYSICAL REVIEW D 80, 094003 (2009)

094003-15

hYZjMintjYZi ¼ MBorn (C1a)

hYZjMintjY?Zi ¼ !YMBorn (C1b)

hYZjMintjYZ?i ¼ !ZMBorn (C1c)

hYZjMintjY?Z?i ¼ !Y!ZMBorn (C1d)

hY?ZjMintjY?Zi ¼ ð1# 2"YÞMBorn (C1e)

hYZ?jMintjYZ?i ¼ ð1# 2"ZÞMBorn (C1f)

hY?Z?jMintjY?Z?i ¼ ð1# 2"YÞð1# 2"ZÞMBorn: (C1g)

The coefficients " and ! may depend on energy. A matrix
#̂ðs;bÞ for the eikonal # is introduced to calculateM. The
eikonal matrix is diagonalized, and the cross sections

calculated. The hadronic states Y and Z are defined as

jY; Zi%
1
0
0
0

0
BBB@

1
CCCA; jY?; Zi%

0
1
0
0

0
BBB@

1
CCCA;

jY; Z?i%
0
0
1
0

0
BBB@

1
CCCA; jY?; Z?i%

0
0
0
1

0
BBB@

1
CCCA:

(C2)

The eikonal matrix reads

#̂ðs;bÞ ¼
1 !Y !Z !Y!Z

!Y 1# 2"Y !Y!Z !Zð1# 2"YÞ
!Z !Y!Z 1# 2"Z !Yð1# 2"ZÞ

!Y!Z !Zð1# 2"YÞ !Yð1# 2"ZÞ ð1# 2"YÞð1# 2"ZÞ

0
BBB@

1
CCCA#ðs;bÞ: (C3)

After diagonalizing #̂ðs;bÞ, the cross sections can be cal-
culated. The total cross section is given by

$tot
YZ ¼ 2

Z
d2bhYZjð1# e##̂ðs;bÞÞjYZi

¼ 2
Z

d2b
X1

n¼1

fel;nY fel;nZ ð#1Þn#1 ð#ðs;bÞÞn
n!

; (C4)

where

fel;nj ¼
!
1# "j

%j

"
ð1# "j # %jÞn

þ
!
1þ "j

%j

"
ð1# "j þ %jÞn; (C5)

and

%j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"2
j þ !2

j

q
j ¼ Y; Z: (C6)

Consequently the elastic cross section reads

$el
YZ ¼

Z
d2b

$$$$$$$$
X1

n¼1

fel;nY fel;nZ ð#1Þn#1 ð#ðb; sÞÞn
n!

$$$$$$$$
2
: (C7)

The cross section for single diffraction dissociation of
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Finally the expression for double diffraction dissociation is
given by
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Note that after carrying out the sum over n in Eqs. (C4),
(C7), (C8), and (C10) the cross sections can be written as
impact parameter integrals over a sum of exponentials.
The parameter range for "j and !j is limited by the

unitarity constraint that all eikonal functions have to be
non-negative

1# "j # %j ) 0 "j < 1=2 !j > 0: (C11)

A good description of the data is found for " ¼ 0:2 and
! ¼ 0:5.
The partial cross sections for Ns soft and Nh hard
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(C13)

and

#1 ¼ ð1" !Y " "YÞð1" !Z " "ZÞ
#2 ¼ ð1" !Y " "YÞð1" !Z þ "ZÞ
#3 ¼ ð1" !Y þ "YÞð1" !Z " "ZÞ
#4 ¼ ð1" !Y þ "YÞð1" !Z þ "ZÞ:

(C14)

For high-mass diffraction, it is assumed that a constant
fraction of each cut (soft or hard interaction) corresponds
to an rapidity-gap final state. The corresponding cross
section is written, see Eq. (C12)

$SD
hm ¼ %ð$1;0 þ $0;1Þ; (C15a)

$DD
hm ¼ %2ð$1;0 þ $0;1 þ $1;1Þ þ &2

Y$
SD;Z
lm þ &2

Z$
SD;Y
lm :

(C15b)

The factor % is estimated by comparing with HERA data:
10% of all deep inelastic scattering events at low x corre-
spond to diffraction (% & 0:1). The last two terms in
Eq. (C15b) represent the cross section for low-mass—-
high-mass double diffraction dissociation.
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Diffraction changes probabilities for multiple interactions (hard and soft)

Treatment equivalent to assumption of fluctuations in initial state of protons

(Blaettel et al. PRD 1993; Guzey et al. PLB 2006; Lipari & Lusignoli PRD 2009)



SIBYLL cross section fits
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Comparison to fixed target data
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there is an overproduction of !!’s compared to data,
especially in the forward region.

Pseudorapidity (") distributions of charged particles
from collider experiments are compared with SIBYLL in
Fig. 7. It shows the " distribution of charged particles from
p- !p collisions at Ec:m: ¼ 1800 GeV (CDF [44]), 630 GeV
(P238 [45]), 200 GeV (UA5 [46]) and 53 GeV (UA5 [47]).
The improvements made to version 2.1 most prominently
show in the central region. The role of the minijets and soft
interactions is visible in the central region, where version
1.7 lacks secondary particles especially as the energy in-
creases, while having more particles in the peripheral

region. This trait can be seen at low energies in the pp !
!þ;!! figures in Fig. 6. Version 2.1 gives an excellent
description of P238 data and tends to slightly overestimate
the particles at low energies. It should be noted that the "
range and trigger condition for 53 GeV is different than for
higher energies at UA5. The two versions are similar for
events with large j"j beyond the scope of current collider
detector measurements.
The distributions of charged particle multiplicity at UA5

[48] also give information at higher energies. Figure 8
shows the distribution of charged particle multiplicity for
p- !p collision at Ec:m: ¼ 900 GeV, at three different "
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FIG. 5 (color online). The Feynman x (xF) and rapidity (y) distribution of pions plotted against NA49 result of p-p [41] and p-C [42]
collision at Elab ¼ 158 GeV. Version 2.1 (1.7) results are shown in red solid (blue dotted) lines. The left (right) panels show the
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from the p-C (p-p) collision.

AHN et al. PHYSICAL REVIEW D 80, 094003 (2009)

094003-8

NA49 p-p and p-C at 158 GeV

ranges j!j< 3:0; 1:5; 0:5, where the results for j!j< 3:0
have been multiplied by 100 and j!j< 0:5 by 0.01 for
clarity while plotting. The particle K0

s has a very short
lifetime and its decay produces charged particles that
have a non-negligible effect, especially at high multiplic-
ities. The treatment of K0

s is considered as one of the
uncertainties in the interpretation of the experimental
data. Both stable and unstable cases are plotted, which
can be considered as an error band. The improvements
made in soft interaction and diffraction in version 2.1 are
evident in the wider distribution of nch as well as in the
increase in multiplicity. An underestimation of the cross
section for double diffraction dissociation in SIBYLL is
probably the reason for the lack of low-multiplicity events
satisfying the UA5 trigger condition.

B. Leading particle

The leading particle from the fragmentation carries a
significant fraction of the total energy and becomes the
primary particle in the next interaction of the air shower.
The elasticity K ¼ Elead=Eproj, the fraction of the leading
particle with respect to the collision energy, of a collision
affects the multiplicity as well as the speed of shower
development in the atmosphere. Thus it is important to
get a correct description of the behavior of the leading
particles.

The NAL bubble chamber experiment has data for p-p
interactions at Elab ¼ 102; 205; 303; 405 GeV and mea-
sured the xF of the leading proton [49]. Figure 9 shows
the SIBYLL results plotted against the NAL data. The sharp
dip at xF " 0:9 for the old version indicates the abrupt
onset of diffraction, which is softened for version 2.1. It is

not a smooth turn-on however, with the switch-on evident
from the small step around xF ¼ 0:8.
The ZEUS detector measured the leading proton [50]

with small transverse momentum. ZEUS collided positrons
with protons, where the proton energy was 820 GeV during
run I. The c.m. collision energy is about 300 GeV. Avirtual
photon emitted from the positron interacts with the proton.
The ZEUS Collaboration has confirmed that the initial
projectile gives little effect [51] on the outcome. As
SIBYLL cannot have a photon or positron projectile, we
simulated a p-p collision at a slightly lower energy of
Ec:m: ¼ 210 GeV and used events from one hemisphere,
i.e. events with pc:m:

z > 0. Figure 10 shows the leading
protons of the SIBYLL results plotted against the ZEUS
data. They are plotted as a function of xlab ¼ E=Ep, the
energy of the proton or neutron divided by the colliding
proton energy in the lab frame, which is essentially the
elasticity. The leading proton displays similar behavior to
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leading proton distributions
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Pseudorapidity distribution of charged particles

Diffraction: part of cross section assigned to diffraction, increased
number ofmultiple interactions in non-diffractive part of cross section
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ranges j!j< 3:0; 1:5; 0:5, where the results for j!j< 3:0
have been multiplied by 100 and j!j< 0:5 by 0.01 for
clarity while plotting. The particle K0

s has a very short
lifetime and its decay produces charged particles that
have a non-negligible effect, especially at high multiplic-
ities. The treatment of K0

s is considered as one of the
uncertainties in the interpretation of the experimental
data. Both stable and unstable cases are plotted, which
can be considered as an error band. The improvements
made in soft interaction and diffraction in version 2.1 are
evident in the wider distribution of nch as well as in the
increase in multiplicity. An underestimation of the cross
section for double diffraction dissociation in SIBYLL is
probably the reason for the lack of low-multiplicity events
satisfying the UA5 trigger condition.

B. Leading particle

The leading particle from the fragmentation carries a
significant fraction of the total energy and becomes the
primary particle in the next interaction of the air shower.
The elasticity K ¼ Elead=Eproj, the fraction of the leading
particle with respect to the collision energy, of a collision
affects the multiplicity as well as the speed of shower
development in the atmosphere. Thus it is important to
get a correct description of the behavior of the leading
particles.

The NAL bubble chamber experiment has data for p-p
interactions at Elab ¼ 102; 205; 303; 405 GeV and mea-
sured the xF of the leading proton [49]. Figure 9 shows
the SIBYLL results plotted against the NAL data. The sharp
dip at xF " 0:9 for the old version indicates the abrupt
onset of diffraction, which is softened for version 2.1. It is

not a smooth turn-on however, with the switch-on evident
from the small step around xF ¼ 0:8.
The ZEUS detector measured the leading proton [50]

with small transverse momentum. ZEUS collided positrons
with protons, where the proton energy was 820 GeV during
run I. The c.m. collision energy is about 300 GeV. Avirtual
photon emitted from the positron interacts with the proton.
The ZEUS Collaboration has confirmed that the initial
projectile gives little effect [51] on the outcome. As
SIBYLL cannot have a photon or positron projectile, we
simulated a p-p collision at a slightly lower energy of
Ec:m: ¼ 210 GeV and used events from one hemisphere,
i.e. events with pc:m:

z > 0. Figure 10 shows the leading
protons of the SIBYLL results plotted against the ZEUS
data. They are plotted as a function of xlab ¼ E=Ep, the
energy of the proton or neutron divided by the colliding
proton energy in the lab frame, which is essentially the
elasticity. The leading proton displays similar behavior to
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Wider distribution mainly 
related to inclusion of diffraction 
in eikonal formalism

Charged multiplicity UA5, 900 GeV c.m.s.

Could also be achieved with 
different impact parameter 
profile, but then elastic scattering 
not correctly described



Impact of impact parameter profile
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Scaling: model predictions (i)
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Scaling: model predictions (ii)
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Interaction of hadrons with nuclei

b
projectile

σinel =
Z

d2�b
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1−σNN
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Standard Glauber approximation:

σprod ≈
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Coherent superposition 
of elementary nucleon-
nucleon interactions

sk



Example: proton-carbon cross section
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String configuration for nucleus as target
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Proton

Nucleus

Spectator nucleons: remnant nucleus

New quark pair with
momentum fraction1/x



Outlook
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New version with small updates:

• bug fixes and 
technical improvements

• increased baryon-
antibaryon production

• charmed mesons
and baryons

(Ahn et al. ISVHECRI 2010)

9

LEBC-EHS LEBC-MPS


