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High energy particle interaction
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“soft“

(mostly) “hard“

pT
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General properties of particle production 
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T. Pierog, KIT - 67/35ISVHECRI – CERN – 2014

Models for EAS Constraints from EASParticle SpectraCross-section and Multiplicity

Ideal Measurements for CR

Inelastic cross-section (and 
all other obs.) for p-Air and 
pion-Air

LHC: p-p or p-Pb … pO ?

Average 
elasticity/inelasticity (energy 

fraction of the leading particle)

LHC: SD with proton tagging only

Multiplicity of id. particles 
in forward region (x

F
~0.1)

LHC: tracking for eta<7 (id<5)

EM/Had Forward Energy 
flow (x

F
>0.1)

LHC: ZDCs for neutral particles

add tracking in ZDC ?

More direct measurement of particles 
important for air shower development 

not really  possible at LHC !
(excluded by kin. and techn. limits)

h

• high particle (number) density 

• low energy density 

• heavy particles decay into this region 

• collider detectors optimized for searches 
in this region (W, Z, Higgs, SUSY, etc..)

hard (central)

• low particle density 

• high energy density 

• products of valence quark interactions  

• crucial part for properties of air showers

soft (forward)
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Why this separation?

4

• diagrammatical QCD calculations (currently) work only in a perturbative 
approach due to running coupling constant (pQCD or hard QCD) 

• precision of calculation increases with the number of orders included (LO, 
NLO, NNLO, etc.) 

• no calculable theory for non-perturbative regime (soft QCD) 

• instead, (Gribov-)Regge Theory is successfully applied  

• lattice QCD and other methods (AdS-Stringtheory) are not there (yet)

Pomeron topology

• exchange of vacuum quantum numbers: pomeron

!>

qq

q

q

q

qq

q

qq

• two-gluon scattering in QCD-improved parton model:

unitarity cut

~ !>time

Generic diagram of hard scattering
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Predictions of two-string models

Rapidity  y 

dN/dy

Feynman-scaling 

long-range correlations 

leading particle effect 

delayed threshold for baryon 
pair production

(Capella et al., Physics Reports 1994)
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Feynman scaling 

Distribution independent of energy

dN
dx
� f̃ (x) x = E/Eprim

2E
dN
d3 p

=
dN

dy d2 p⇤
�⇥ f (xF , p⇤)

Two-string models
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Experimental evidence for scaling

6

P.

Photons at 900GeV p-p

23

XF spectra : 900 GeV data vs. 7 TeV data

Pre
lim
ina
ry

Note : No systematic error is considered in  
 both collision energies yet.  21% of the 
luminosity determination error allows vertical 
shift.

Coverage of 900GeV and 7TeV  
results in Feynman-X  and PT 

Good agreement of XF spectrum 
shape between 900 GeV and 7TeV. 
!weak dependence of <pT> on ECMS
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Figure 6. (a) Upper panel: inclusive charged particle invariant di↵erential cross sections, scaled
by
p

s

4.9, for |⌘| < 1.0 as a function of the scaling parameter xT. The result is the average of the
positive and negative charged particles. Lower panel: ratios of di↵erential cross sections measured
at 0.9, 1.96, and 7 TeV to those predicted by NLO calculations for factorisation scales ranging from
0.5–2.0 pT. (b) Upper panel: ratios of the scaled di↵erential cross sections to the global power-law
xT fit described in the text (coloured markers) and fits to these ratios (similarly coloured thin lines).
The expected ratio for

p
s = 2.76 TeV after applying NLO-based corrections to each of the three

measurements as described in the text (solid blue lines). The uncertainty from the NLO parameters
is represented by the shaded band. The upper axis translates xT to pT for

p
s = 2.76 TeV. Lower

panel: ratios of the NLO-calculated cross sections at three di↵erent energies, scaled by
p

s

4.9, to
the cross section calculated at

p
s = 2.75 TeV. The width of the bands represents the variation of

the factorisation scale by a factor of two.

of the relatively good agreement in the inclusive jet spectrum [43, 44], which suggests that
the fragmentation functions are not well tuned for LHC energies.

The CMS results are consistent over the accessible xT range with the empirical xT

scaling given by eq. (8.1) and established at lower energies. This quality of the scaling
is more easily seen in the upper panel of figure 6(b), where the points show the ratio of
the various di↵erential cross sections, scaled by

p
s

4.9, to the result of a global power-
law fit to the CDF and CMS data from figure 6(a). The fitting function is of the form
F

0(xT) = p0 · [1 + (xT/p1)]p2 , where p0, p1, and p2 are free parameters, and the region
below pT = 3.5 GeV/c has been excluded to avoid complications from soft-particle produc-
tion. Considering the somewhat näıve power-law function and the expected non-scaling
e↵ects [45], the new measurement is in reasonable agreement with the global power-law fit
result (within roughly 50%) over its full xT range.

– 15 –

CMS Collaboration, Journal of High Energy Physics 08, 086 (2011).
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Leading particle effect
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Fluctuations: Generation of sea quark anti-
quark pair and leading/excited hadron

Leading particle effect

Beam momentum fraction

proton

In case a pair of strange quarks is raised 
from the sea - associated production of p+ p ! L+K++X
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Feynman-x distributions at fixed target experiments
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pp @ 400 GeV

associated production with Lambda

pp @ 250 GeVpC @ 159 GeV

pC @ 159 GeV pC @ 159 GeV pC @ 159 GeV
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Desired behavior of an interaction model

• describe soft and hard physics 

• smooth transition between these two regimes 

• extrapolation into unknown/-measured phase-space

Requirements

• separation between ‘soft' and ’hard’ not clearly defined 

• pQCD minijet cross-section grows faster than ln2s 

• small-x behavior not well known 

• other problems..

But…

Current solution

DPMJET

EPOS

PYTHIA QGSJET

SIBYLL

etc….

9
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Lessons learned from LHC

10
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Zkh =

Z 1

0
dx x

��1 dn(kA ! hY )

dx

DPMJET QGSJet Ratio

0.117 0.154 0.75

0.0067 0.0056 1.19

 Spectrum weighted moment (Z-factors)

p�Air ! p+X

p�Air ! K+ +X

11

Zpp

ZpK+
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LHC phase-space coverage

12Diffraction, rapidity gaps at colliders7/21 18-22 August 2014                                                

XVIII International Symposium on Very High Energy 

Cosmic Ray Interactions / ISVHECRI2014

Excellent and complementary forward 

coverage at LHC

It seems never enough; 'daemon' in every analysis, very low mass diffraction, that 

escapes down the beam pipe; 'proton dissociative background' (p-diss); proton 

tagging

Igor Katkov, ISVHECRI 2014

Typical Feynman-x coverage of LHC measurements xF ⌧ 0.1
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How relevant are current LHC measurements for air showers?

13

Tanguy Pierog, ISVHECRI 2014
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How relevant are current LHC measurements for air showers?

14

Lateral Particle Density on Ground Level
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• Air shower models so far only tuned to about 10% !
• Forward detectors are crucial.

Ralf Ulrich, ralf.ulrich@kit.edu 11

Ralf Ulrich, ISVHECRI 2014
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T. Pierog, KIT - 11/35ISVHECRI – CERN – 2014

Models for EAS Constraints from EASParticle SpectraCross-section and Multiplicity

Cross Sections

Same cross sections at pp level up to LHC

weak energy dependence : no room for large change beyond LHC

other LHC measurements of inelastic cross-section (ALICE, ATLAS, CMS) 
test the difference between models (diffraction)

Pre - LHC Post - LHC

  

Extrapolation of total pp cross-section

15

T. Pierog, ISVHECRI 2014
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Extrapolation to pA

16

T. Pierog, ISVHECRI 2014

T. Pierog, KIT - 39/35ISVHECRI – CERN – 2014

Models for EAS Constraints from EASParticle SpectraCross-section and Multiplicity

Extrapolation and LHC Results 

Source of uncertainties : extrapolation

to higher energies

strong constraints by current LHC data

from p-p to p-Air and pi-Air

current main source of uncertainty

Needs to better take into account last 
LHC results :

hard scale saturation

collective effects in 
small system

detailed diffractive 
measurements

particle correlations 

EPOS 3

QGSJETxxx

• Extrapolation in energy after LHC 
min-bias data is strongly 
constrained 

• Extrapolation from pp to p-air is 
the bigger problem

T. Pierog, KIT - 39/35ISVHECRI – CERN – 2014

Models for EAS Constraints from EASParticle SpectraCross-section and Multiplicity

Extrapolation and LHC Results 

Source of uncertainties : extrapolation

to higher energies

strong constraints by current LHC data

from p-p to p-Air and pi-Air

current main source of uncertainty

Needs to better take into account last 
LHC results :

hard scale saturation

collective effects in 
small system

detailed diffractive 
measurements

particle correlations 

EPOS 3

QGSJETxxx
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Charm in interaction models

17
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Production mechanisms

18

• Largest contribution at high energies 

• many NLO calculations available

Contribution from hard scattering

• di-quark fragments together with charm quark in valence scattering 

• leading particle effect (SELEX) 

• most relevant contribution for inclusive fluxes of muons and neutrinos

Non-perturbative component

Charm in fragmenation

• usually strongly suppressed u:d:s:c = 1:1:0.3:10-11 

• in DPMJET-II.55 enhanced by adding higher probability raising charm 
from the sea close to string ends
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Origin of non-perturbative component

19

SELEX Collaboration / Physics Letters B 528 (2002) 49–57 55

Fig. 4. !c p2t distribution of corrected number of events for π− (left), proton (center) and #− (right) beams.

Fig. 5. Asymmetry for !c production by π− (top), #− (center) and proton (bottom) beam.

SELEX Collaboration, F. G. Garcia et al., 
Physics Letters B 528, 49 (2002).

A ⌘ LC � L̄c

LC + L̄c

Asymmetry

c c̄
D�

⇤+
C
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Institut für Kernphysik (IKP)5 21.08.14
Charm production in Sibyll | F. Riehn

How to adjust the parameters?

Low energy: fixed target data

Full phase space coverage

Mostly non-perturbative

High energy: collider data

Mostly perturbative

Limited coverage

ALICE

LHCb

Rapidity

Region of

 interest

0 ymax

ALICE: |y| < 0.5

LHCb:  2.5 < |y| < 4.5

Calibrating model to data

20
Institut für Kernphysik (IKP)5 21.08.14

Charm production in Sibyll | F. Riehn

How to adjust the parameters?

Low energy: fixed target data

Full phase space coverage

Mostly non-perturbative

High energy: collider data

Mostly perturbative

Limited coverage

ALICE

LHCb

Rapidity

Region of

 interest

0 ymax

ALICE: |y| < 0.5

LHCb:  2.5 < |y| < 4.5

F. Riehn, R. Engel, AF, T. Gaisser, T. Stanev, ISVHECRI 2014
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LHCb phase-space, how limiting is limited? 

21

Institut für Kernphysik (IKP)7 21.08.14
Charm production in Sibyll | F. Riehn

LHCb phasespace, how limiting is limited?

7TeV c.m energy well beyond the 

knee

How much does LHCb 

phasespace contribute to 

integrated spectrum?

% 

LHCb 7

perturbative 37

Non-perturbative 59

→ LHC data not restrictive

F. Riehn, R. Engel, AF, T. Gaisser, T. Stanev, ISVHECRI 2014
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LHCb D-mesons and charmed Lambda

22

⇤+
C
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xF distributions at fixed target experiments

23

Institut für Kernphysik (IKP)9 21.08.14
Charm production in Sibyll | F. Riehn

LEBC-EHS/MPS – xF spectra at 400 / 800GeV/c

Energy low but 

full phasespace 

coverage 

possible!

F. Riehn, R. Engel, AF, T. Gaisser, T. Stanev, ISVHECRI 2014
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Inclusive charm production

24Institut für Kernphysik (IKP)15 21.08.14
Charm production in Sibyll | F. Riehn

Inclusive charm production, by process

F. Riehn, R. Engel, AF, T. Gaisser, T. Stanev, ISVHECRI 2014
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Application to prompt lepton fluxes

25
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Matrix cascade equation

26

d�h(Ei)

dX
= � �h(Ei)

�(h)
int(Ei)

+
X

Ek�Ei

X

k

ck!h(Ei, Ek)

�(k)
int(Ek)

�k(Ek)

� �h(Ei)

�(h)
dec(Ei, X)

+
X

Ek�Ei

X

k

dk!h(Ei, Ek)

�(k)
dec(Ek, X)

�k(Ek)

(discretized) coupled cascade equation

for hadron of type h at (grid-) energy Ei:

matrix cascade equation

d~�

dX
=

⇥
(�1 +C+R)⇤̄int + (�1 +D)⇤̄dec(X)

⇤
~�

Transformation by distribution of coefficients into matrices

Numerical integration using high performance linear algebra 

More details in

E.J. Ahn, R. Engel, AF, T. 
Gaisser, F. Riehn, T. Stanev, 
ICRC 2013 proceedings

R. Engel, AF, T. Gaisser, F. 
Riehn, T. Stanev, ISVHECRI 
2014
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Muon neutrino flux

27
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Detailed contribution to atmospheric lepton flux

28



A. Fedynitch, MANTS Meeting 2014, CERN, Geneva

Uncertainty due to nuclear effects

29

RpA — examples 
[1405.3452] 

In general, no 
significant modification 
observed in the 10-30 
GeV/c region. 

ISVHECRI 2014 - Benjamin Dönigus - 19.08.2014 

[1405.2737] 

20 

Benjamin Dönigus , ISVHECRI 2014

Rp�air = 1

TIG - M. Thunman, G. Ingelman, and P. Gondolo, 
Astroparticle Physics 5, 309 (1996).

ERS - R. Enberg, M. H. Reno, and I. Sarcevic, 
Phys. Rev. D 78, 43005 (2008).

LHC

R

pA

=
dN

pA

/d p

T

hN
coll

idN

pp

/d p

T
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Summary

30

• Variety of interaction models due to unsolved questions in theory and 
experiment 

• Calibration of models is based on accelerator data rather than fitting to cosmic 
ray observations 

• LHC data restricted extrapolation behavior of models, although the phase-
space of interest for cosmic rays is not well covered 

• Progress in modeling charmed particle production in air showers 

• Work towards restricting uncertainties on the prompt flux is ongoing 

• Uncertainties due to nuclear effects are currently an open question and any 
type of proton-light nucleus data would help 
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Backup

31
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Momentum fractions

projectile

jet pair

target nucleus (air)
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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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• item 1 

• item 2
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Central particle 
production

Particle production spectra (ii)

33

Fluctuations: Generation of sea quark 
anti-quark pair and leading/excited 
hadron

proton

Beam momentum fraction
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Comparison with ATLAS minimum bias results
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ATLAS Collaboration, New J. Phys. 13, 3033 (2011).
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LHC forward physics

35

The CMS Collaboration, 
arXiv:1405.0722, 2014 
The TOTEM Collaboration 
et al, EPL 98 31002, 2012

LHCf, Neutrons

(from Yoshitaka Itow’s talk on Monday)

Unique
Collaboration/Experiment

Very good phase-space to
constrain cosmic-ray models

Only caveat: limited to
neutrals

Ralf Ulrich, ralf.ulrich@kit.edu 17

Y. Itow, ISVHECRI 2014
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Comparison with other calculation methods

36

AF, J. Becker Tjus, and P. 
Desiati, Phys. Rev. D 86, 
114024 (2012).

S. I. Sinegovsky, A. A. Kochanov, 
T. S. Sinegovskaya, A. Misaki, 
and N. Takahashi, International 
Journal of Modern Physics A 25, 
3733 (2010).

Matrix calculation takes 
a fraction of time!
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Charm in proton-air interactions

37

MRS - perturbative QCD + saturation, A. D. Martin, 
M. G. Ryskin, and A. M. Stasto, Acta Physica Polonica 
B 34, 3273 (2003).

• Additional uncertainties due to 
extrapolation pp to p-air 

• Is the interaction point like?
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A comment on charm in DPMJET-II

38

• DPMJET-II is in reasonable agreement with 
central differential charm distributions at LHC  

• In the more forward phase space it 
consistently overestimates all available 
measurements

central

more forward

DPMJET-II charm model 
disfavored by LHC


