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Abstract

The hadronic interaction at ultra-high energy (UHE) have a significant impact on the development

of the extensive air shower. At this regime, we need extrapolations from accelerators data and since,

in general, we can not use perturbation theory on quantum chromodynamics, we use models that

parametrize the two features. Nowadays, we have excellent data from Auger Observatory, and we are

expecting the results from LHC, so it is crucial time to try new ideas. In this work, we present the

initial development of a new method to recover the cross section from extensive air shower at (UHE).

Keywords: ultra high energy cosmic rays, Pierre Auger Observatory, extensive air showers,

hadronic model, cross section at high energies.

1 Introduction

The Pierre Auger Observatory (PAO) construction

was finished in May 2008, and uses a new hybrid

technique that allows us to get much better results

than others counterparts and, due to its large di-

mensions, we get a large number of events each

year.

The ultra high energy cosmic rays (UHECR) are

analysed through its development in atmosphere

(extensive air showers EAS), producing ∼ 109 par-

ticles at shower maximum for CR with 1019eV .

So, the EAS studies are based in Monte Carlo

Simulations and for a long time we can see many

contradictions between the data and simulations.

A great complication of the CR is that the sim-

ulations deals with interacting particles at ener-

gies well above the accelerator energies. In this

regime it’s difficult to describe the hadronic cas-

cade (that feeds all the cascade development) be-

cause the perturbative Quantum Chromodynam-

ics (pQCD) doesn’t work in general hadronic col-
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lisions and in the secondary particle production at

the fragmentation region. So, phenomenological

hadronic models that extrapolate the accelerator

data and parametrize the non-perturbative regime

are employed.

Since the treatment of hadronic models has to re-

produce a real cross section, for example, the main

goal of this work is to create a method to extract

the cross section from EAS and study the extreme

fluctuation in EAS. With this new data, it’s the

time to get some answers to current problems in

cosmic rays (CR) and particle physics.

2 Current status

Currently, the CR data presents some ambiguities.

In one hand, the shape of the cosmic ray spectrum

is well known (with a big evidence for the GZK ef-

fect [1]) (see fig. 1a)), while in the other hand, we

can not know exactly the origin and production of

CR or even it’s composition at very high energy.

Protons with energy above 55EeV travel almost

in a linear trajectory through the universe since

the galactic and extragalactic magnetic field can

not deflect their path. Then, if the CRs are pro-

tons, they will point their sources and be anisotrop-

ically distributed throughout the sky. Since we

have the GZK effect, those sources will be prob-

ably at less than ∼ 200Mpc. In the figure 2a),

is represented the sky map in galactic coordinates

with the 69 most energetic events of PAO until

2009 and some cosmological structures that could

be UHECR sources [3]. As we can see, there are

some correlations between the CR directions and

some structures. According to [4], these events

have 99% chance to be anisotropically distributed

(see fig. 2b). In this way we are compelled to be-

lieve that the CR are light particles, and very likely

a proton. Iron, which is another candidate, tends

to be ruled out since, with its high nuclear charge,

it will be deflected in the galactic magnetic fields

and have isotropic arrival distributions.

A way to study CR composition is through the

study of the maximum depth (Xmax) of the EAS.

Considering the simple Heitler’s model, we easily

see that the average depth of the shower maximum

〈Xmax〉 is given by:

〈Xmax〉 = α(lnE − 〈lnA〉) + β) (1)

And the slope of 〈Xmax〉, called elongation rate is:

D =
d〈Xmax〉
dlgE

≈ α(1− d〈lnA〉
dlgE

)ln(10) (2)

being A the atomic number. So we have a de-

pendency on the composition. In the figure 1b),

we have plotted the 〈Xmax〉, and RMS. We could

see that the slope D changes ∼ −82+35
21 g/cm2

at 1018.24±0.05eV , we have some transition in the

composition (considering that the hadronic inter-

actions properties maintains constant in that in-

terval). Using Monte Carlo simulation with the

hadronic models we can preview this values. In fig.

1b), from Xmax, the composition tends to heavier

nuclei and the decrease in the fluctuations (RMS)

tells us the same thing.
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This means that some feature leave us to believe in

a lighter composition while others tells us a heav-

ier one. We have to note that Xmax studies, as

well as another cascade features usually depends

on hadronic models, which could not parametrize

satisfactorily the interaction at this regime.

3 Hadronic models

The CR could have energy around 1019−20eV

(around ∼ 105GeV in center of mass frame).

Therefore, we need to extrapolate from the accel-

erators data to much higher energies, which can

be done using Gaulber formalism. In [5], we can

see the extrapolation of the cross section to high

energies (within Gaulber formalism), the different

models give results with differences around ∼ 20%

at 1020eV . This shows the precision of that kind of

model (though being accurate at lower energies).

In accelerator we can study the high pT reactions.

However, in cosmic rays, the forward physics is

much more important. Since the coupling constant

of QCD is very high, we can only use perturbation

theory if the energy transferred in the interaction

is very high or, in other words, if the interaction

occurs at very small impact parameters. In this

regime the coupling constant is lower and the in-

teraction is seen as an elementary interaction (like

in QED, this interactions are called hard interac-

tions). But if the impact parameter is higher, than

the coupling constant is higher and we can nor use

pQCD. The exchange particle that mediates the

interaction can not be quarks or gluons because of

the confinement effect, or even be some perturba-

tive virtual particle. In this way the models follows

the Gribov-Regge theory [6](GRT), parametrizing

the interaction with a exchange of a pomeron. The

pomerons are imaginary particle that have the vac-

uum quantum numbers (basically no color) which

could be something like pions or glueballs.

On the other hand, at these energies, a proton has

a very high number of quarks. At Q2 energy, we

should have a resolution of λ ∼ 1/Q2. Thus, the

higher the value of Q2, greater the number of sea

quarks we will see. If we are in the pQCD regime

and compute its cross section, it will grow very

fast with energy, due to the higher number of sea

quarks. Nevertheless, the proton has a finite size

and the cross section could not grow up indefi-

nitely, since the quarks could only occupy the size

of the proton, then quarks wave functions will be-

gin to overlap with non-linear effects. The pQCD

is not correct again. The hadronic models in this

regime introduce multi and re-scattering processes

between pomerons to solve the problem.

No formalism can describe the two regimes (GRT

can not describe jet production). Nowadays, the

models considered are based on a parton model in-

spired by Gribov-Regge theory with semi-hard in-

teractions. We compute the cross section adding

this two contributions. The semi-hard processes

develop partiality at high virtualities (pQCD). In

reality, the soft formalism is based on parametriza-

tions (that could represent the interaction) but
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they don’t come from first principles. Although

we can parametrize the data with many parameter,

when we extrapolate to higher energies, the results

are not so accurate. Beyond that, we could have

new physical processes that could strongly affect

the interactions behaviour and justify the compo-

sition problem of the cosmic ray.

These hadronic models like QGSJET-II, EPOS or

SYBILL give different result for EAS development,

like very different numbers of produced muons,

which could lead to different missing energies of

EAS. It is very important to constrain this high

energy interaction in order to have good simula-

tion results.

4 Extreme fluctuation

The EAS longitudinal development can be seen

by fluorescence techniques. It is considered that

the longitudinal profile is well parametrize by the

Gaisser-Hillas function (GH). This equation can be

rewritten in the from (from [7]):

dE/dX(X) = (dE/dX)max×

(1 + R(X−Xmax)
L )R

−2
exp(−X−Xmax

LR )
(3)

If this is the normal shape of an air shower, than

we should fit this equation to the profile. We con-

sider 64000 events simulated with QGSJET-II3 at

1019eV . The χ2 distribution is in the figure 3a),

with this analysis we can’t say much about the level

of the fluctuations around the GH, so we make the

χ2 test.

Given a χ2 distribution, we can calculate the χ2

probability define was P (χ2
k) ≡ P (χ2 ≥ χ2

k) =∫∞
χ2
k
f(χ2)d(χ2), for each event k with χ2

k. If the dis-

tribution has Gaussian fluctuations, it means that

the distribution of the χ2 probability will be flat,

all events happen with a probability related to the

level of fluctuation. Our probability distribution

has not the expected flat behaviour (black line, fig.

3b). We have an excess of events with high and low

χ2 (so we can not make any conclusion on the level

of the uncertainty). For P (χ2) < 0.0034 we have

approximately ∼ 13.4% extra event from the to-

tal number. For P (χ2) > 0.985, we have ∼ 13, 8%

extra events. The ∼ 13.4% events with low proba-

bility will be the events without one GH behaviour.

These events are larger than the rest, with high L

(see fig.4a)) and have very strange shapes.

5 Sensitivity to the leading par-

ticle

What are the difference in the previous extreme

events with normal events? The CR, interacts in

the atmosphere producing particles, the most en-

ergetic one is called the leading particle. Since the

leading particle could have ∼ 45% of the total en-

ergy, at 1019eV , this particle lives longer and has to

interact in the air. There is a probability that the

interaction length be bigger, so the leading would

penetrate much deeper in atmosphere. This lead-

ing, will interact, producing one shower, the re-

maining particles of the first interaction with 55%

of the energy will also give another air shower. In
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the end, we will see a longitudinal profile, which

is the sum of the two showers. Considering that

the the two showers develop separately, then if the

leading penetrates deeply in the atmosphere, we

will see not a normal shower but a two bumps in

the profile fig. 4b). This is the reason of the ex-

treme fluctuation, since one GH is not enough to

reproduce de profile.

Thus, we fit the simulated sample with two GH

(two times eq. 3), and parametrize the parameter

L to reduce the number of degrees of freedom. L

is given by:

L = 5.734× log10((dE/dX)max) + 190.83 (4)

With the fit parameters, we want obtain:

∆XRec = (Xmax)2 − (Xmax)1

KRec = 1− {(dE/dX)max}2
{(dE/dX)max}1+{(dE/dX)max

(5)

where, Xmax)i and {(dE/dX)max}i are the param-

eters for the GH i. The ∆X would correspond to

the difference between the point where the leading

is produced to where it interacts, and KRec would

be the inelasticity defined by K = 1 − EL/E (EL

the leading energy).

We can not use all events and we need a selection

rule. If KRec is too high, the leading GH is only

a correction, to which we are not sensitive, while

if it is too small, then the other GH is a correc-

tion. The GH function has a width ∼ L, so we are

only sensitive if ∆X & L. At last, according to

the previous section, the two GH behaviour occurs

for P (χ2
1GH) < 0.0034. The selection rule should

be 0.2 < KRec < 0.8, ∆XRec > 250g/cm2 and

P (χ2
1GH) < 0.0034 (see table 11, we also repeat to

1018eV ).

In fig. 5 a), we can see that the ∆XRec distribution

has the shape Cte.e−∆X/λ, from where we can ex-

tract the interaction length λ. From these values,

we compute the cross section following σ = 1
n·λ ,

n is the number of target particles per unit vol-

ume. In the table, the expected values are written

too. We get λ = 56.8 ± 2.6 and 53.4 ± 6.1g/cm2

(for 1018 and 1019eV , respectively), while we ex-

pect λ = 49.7 ± 0.2 and 45.6 ± 0.3g/cm2. This

difference comes from the fact that we don’t have

only one leading, but we could have several. If the

first leading carries most of the energy, then in the

second interaction we can produce another lead-

ing with high energy, which makes the 2nd GH or

even if we have a normal leading, but it travels a

small distance, we still could have the 2nd leading

or even a 2nd most energetic particle in the 1st

interaction that travels more than L.

So, we shouldn’t fit to the exponential equa-

tion, but to other distribution. Considering two

leadings, with a discrete distribution we have

f(∆Xk) = C × e−∆Xk/λ for each leading. The dis-

tribution for sum of the two leading will be: in 1st

bin fL1+L2(∆X1) = C1×e−∆XL1,1/λ1×e−∆XL2,1/λ2 ;

in 2nd bin fL1+L2(∆X2) == C1 × e−∆XL1,1/λ1 ×

e−∆XL2,2/λ2 +C2 × e−∆XL1,2/λ1 × e−∆XL2,1/λ2 ; and

so on.

So we have fL1+L2(∆Xn) = Σn
k=1Ck ×

e−∆XL1,k/λ1 × e−∆XL2,n−k/λ2 . Considering equals λ
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and Σ→
∫

we get:

fL1+L2(∆Xn) = Ce−∆Xn/λ ×∆Xn (6)

Fitting the new equation to the distribution we

get 48.8 ± 1.9 and 45.8 ± 4.6g/cm2 (for 1018 and

1019eV , respectively), which is compatible with the

expected values (see table), the error for 1019eV is

higher due to less statistics of the sample.

6 Conclusion

We found that approximately ∼ 13.4% of the

events have extra fluctuations with respect to

Gaussian fluctuations around one GH. The new

method of two GH gives us an almost exponential

distribution. If we consider the contributions from

two leading, with equation 6, we can recover the in-

teraction length with an uncertainty of ∼ 3.9% and

∼ 10% (for 1018 and 1019eV ) and the difference to

the expected value of ∼ 1.8%, so the recover val-

ues are compatible. Applying this method to real

data could give some important constrains on the

hadronic models.
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Figure 1: a)The spectrum of HiRes and Auger, the Auger data are fit to a broken power law and to

equation J(E) = const.E−γ (from [1]). b) 〈Xmax〉 from PAO data, from December 2004 until March

2009, compared with simulation predictions (from [2]).

sample 1018eV sample 1019eV

All events (number of events) 51376 103084

Selection (number of events) 174 625

expected values

λeff 49.7 ± 0.2 45.6 ± 0.3

σeff 0.968 ± 0.004 1.054 ± 0.007

exponential fit

λeff 56.8 ± 2.6 53.4 ± 6.1

σeff 0.846 ± 0.039 0.900 ± 0.103

new exponential fit

λeff 48.8 ± 1.9 45.8 ± 4.6

σeff 0.984 ± 0.039 1.050 ± 0.104

Table 1: The results obtained and expected for the selection (the 1018 sample as more events).
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Figure 2: a) The 69 PAO events with E ≥ 55EeV until 31 December 2009 are represented with black

dots, in the sky with galactic coordinates. The solid line is the PAO field of view for zenith angles smaller

than 60o. The Blue circles with 3.1o are center in the position of 318 AGNs from VCV catalogue, the blue

scale represents the relative exposure of AGN, the total AGN weighted exposures, covers a fraction of

21% of the full exposure sky. The red arrow points Centaurus A. b) the most likely value for the binomial

parameter pdata = k/N , the current values is pdata = 38+7
−6%, the coloured areas corresponds to 1σ and

2σ uncertainties. (from [3] and [4])

Figure 3: a) χ2 distribution for the sample with 1019eV , b) P (χ2) for the same events, the black line

represents the expected distribution for events with gaussian fluctuations.
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Figure 4: a) on exemple of a event from 1018eV sample. In green we have 1GH fit, in yellow the 2GH

fit (as sum of the blue and red GH). b) we present the mean profiles normalized to the profile for the

peak with high probability (which are assumed to be the good events). c) in colour we have the density

of shower profiles for low probability and above in black are the density for high probability.

Figure 5: a) events of selection, in green and blue we have the fit to equation conste−∆X/λ for ∆XRec

and ∆Xgen respectively (blue fit it for X > 250g/cm2), green and blue points are the λ values for X

bigger than the X point, in black the expected one, for the same events, but only with the 1st leading

information. b) In red the reconstructed inelasticity (KRec), in black the expected one, for the same

events, but only with the 1st leading information.
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