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Abstract. Detecting Ultra High Energy Cosmic Rays (UHECRs) enables us to measure

the proton-air inelastic cross section σinel
p−air

at energies that we are unable to access with

particle accelerators. The proton-proton cross section σp−p is subsequently inferred from

the proton-air cross section at these energies. UHECR experiments have been reporting

on the proton-air inelastic cross section starting with the Fly’s Eye in 1984 at
√

s =

30 TeV and ending with the most recent result of the Telescope Array experiment at√
s = 95 TeV in 2015. In this proceeding, I will summarize the most recent experimental

results on the σinel
p−air

measurements from the UHECR experiments.

1 Introduction

Measuring the proton-air inelastic cross section σinel
p−air

from cosmic rays at ultra high energies allows

us to achieve knowledge of a fundamental particle property that we are unable to attain with mea-

surements at current accelerators. Such a fundamental measurement is important to both constraining

the high energy hardronic models and to verifying fundamental physics assumptions. Hadronic mod-

els are in better agreement at lower energies, below 1015 eV, where they are tuned to measurements

on multi-particle production provided by particle accelerators. However, above 1015 eV models rely

solely on theoretical expectations [1]. Studying the energy dependence of the proton-air cross section

is important in constraining these models.

The value of the proton-air cross section is determined from detecting Ultra High Energy Cosmic

Ray (UHECR) showers. Optimally, by observing the slant depth of the first point of interaction

between the cosmic ray particle and air, X1. The slant depth referred to here is the amount of material

penetrated by the cosmic ray particle before it arrives to the point in question (denoted by X and in

units of g/cm2). Since the observation of the first point of interaction is not possible with UHECR

detectors, the inelastic proton air cross section is inferred from the measurement of the slant depth at

which the cosmic ray shower maximum occurs, Xmax.

The latest results reported on the proton-air cross section are from the UHECR detectors, the Tele-

scope Array (TA) and the Auger experiments. In this proceeding, an overview of the data collection,

selection, and methods used in both measurements of the σinel
p−air

is presented. The derived values of

the σtot
p−p is also summarized.
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2 Air Shower Data Samples

The most recent experimental results on the σinel
p−air

using UHECRs are from the Telescope Array

and the Auger experiments. The Telescope Array detector started operation in 2008, it is located in

the northern hemisphere in the southwestern desert of Utah in the United State of America. TA is

composed of three Fluorescence Detectors (FDs) bounding 507 scintillation Surfase Detectors (SD).

The SD array covers 700 km2. The Auger detector started operating in 2004. It is located in the

southern hemisphere near the town of Malargüe in Argentina. It consists of four FDs overlooking

1660 water Cherenkov stations spread out over an area of 3000 km2.

The Telescope Array measurement of the σinel
p−air

is based on data collected between May 2008 to

May 2013. The data contains 439 events detected by the TA northernmost FD referred to as Middle

Drum (MD) and the SD in hybrid mode. The FD and the SD parts of the detector trigger indepen-

dently. A hybrid data set is formed by time matching the events within 2μs from the two detectors. The

FD overlooking the sky above the SDs provides the longitudinal part of the shower and the SD report-

ing the footprint of the shower provides the shower core and particle density. This hybrid technique

improves the geometrical reconstruction of the shower significantly, a requirement for accurate Xmax

determination. The σinel
p−air

for the TA experiment is reported in the energy range of 1018.3 to 1019.3 eV.

The quality cuts applied to the data were optimized to achieve the best observed Xmax resolution [2].

The achieved Xmax resolution for this data set was ∼ 23 g/cm2.

The data used in the Auger experiment is that collected from December-2004 to December-2012

using hybrid events from four fluorescence detectors. The σinel
p−air

is reported at two energy ranges: for

the energy bin of 1017.8 to 1018 eV using 18090 events and for the energy bin of 1018 to 1018.5 eV using

21270 events [3]. Here the quality cuts applied are also chosen to achieve the best Xmax resolution [4].

The achieved Xmax resolution was approximately < 25 g/cm2 [5].

Note that, in a broad sense, both experiments use the same technique (hybrid detection) to study

the cosmic ray showers. However, the TA published Xmax distribution, using their event selec-

tion/quality cuts, also referred to as the "Pattern recognition cuts” [2], has the effects of detector

efficiency and resolution folded in. The interpretation of the data or systematic uncertainties is then

concluded from folding the detector efficiency and resolution in the simulation. On the other hand,

the Auger collaboration approach is to select events/quality cuts without any detector efficiency and

resolution bias, using what is referred to as "fiducial volume cuts” [4]. This way, the interpretation

of the data or the systematic uncertainties is then concluded from comparing the data directly to the

high energy shower simulation, without folding any detector properties or reconstruction details. A

direct comparison of the Xmax distributions from both detectors is being done by a working group

comprised of members from both experiments [5]. The comparison is still a work in progress at the

time of writing of this proceeding. Using the high energy model QGSJETII.3 [6] both distributions

were found to be consistent within the statistical and systematic uncertainties.

3 Analysis and Proton-air cross section measurements

The Telescope Array determines the proton-air cross section using the “K-factor method”. Assuming

that the tail of the Xmax distribution contains the lightest particles or the most penetrating particles

(proton). This method infers the attenuation length Λm and hence the cross section value from fitting

the tail of the Xmax distribution to the exponential function exp(
−Xmax

Λm
). Λm here is proportional to the

interaction length λp−air such that:

Λm = Kλp−air = K
14.45mp

σinel
p−air

(1)
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The value of Λm is calculated by fitting the tail of the observed Xmax distribution between 790 and

1000 g/cm2 using the unbinnd maximum likelihood method, as shown in Figure 1. The Λm value

from the fit is found to be 50.47 ± 6.26 [Stat.] g/cm2.
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Figure 1. The number of events per Xmax bin (ΔXmax) vs. Xmax g/cm2 for the Telescope Array data with the energy

between 1018.3 and 1019.3 eV. The line is the exponential fit to the slope.

The high energy models used to determine the value of K are QGSJETII.4 [6], QGSJET01 [7],

SIBYLL [8], and EPOS-LHC [9]. Several data sets of air showers in the energy range of 1018.3-1019.3

eV were simulated using each of the above models. K is found to be fairly constant between the

energies of 1018.3-1019.3 eV, for each of the high energy models [10]. This finding justifies the use of

a single average value over the range of interest. Table 1 summarizes each of the high energy models

used, the corresponding value of K and consequently σinel
p−air

.

The K-factor method has been used by several high energy experiments to deduce the value of

σinel
p−air

from the Xmax distribution. The first measurement of the proton-air cross section using UHECR

was performed by the Fly’s Eye experiment, which used a calculated value of K = 1.6 [11]. Following

the Fly’s Eye result, the calculated values of K, which appeared in the literature, showed a continuous

decrease as full Monte Carlo simulations came into use. By 2000, after the development of modern

high energy hadronic models, the reported K-values still differed by approximately 7% [12]. Since

then, as shown in Table 1, more complete hadronic shower simulations have converged on a smaller

value of K = 1.2, with a model uncertainty of approximately 3%.

Several systematic checks were made including the model dependence (less than 3% uncertainty),

detector bias, contamination by other primaries, energy dependence bias, and the error propagation

of the systematic error in Λm. Table 2 summarizes the proton-air cross section systematics from

the Telescope Array experiment [10]. The final value of the proton-air inelastic section reported

by the Telescope Array collaboration is the average value of the σinel
p−air

obtained by the high energy

models QGSJETII.4, QGSJET01, SIBYLL, and EPOS-LHC, and is found to be equal to 567.0 ±
70.5 [Stat.]+29

−25
[Sys.] mb.

The Auger measurement of the proton-air cross section determinesσinel
p−air

using, as referred to here

by “the modified cross section method”. This method starts similarly by inferring the proton-air cross

section value from the exponential tail of the Xmax distribution. This is done by fitting the tail of the

distribution using the unbinned maximum likelihood fit to the exponential function exp(
−Xmax

Λm
). The

value of Λm is determined for both energy bins of 1017.8-1018eV and 1018-1018.5eV and is found to be

60.7 ± 2.1 [Stat.] g/cm2 and 57.4 ± 1.8 [Stat.] g/cm2 consecutively.
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Table 1. The value of K obtained for each of the high energy models and the TA reported value of the σinel
p−air

in

mb for that model.

Model K σinel
p−air

(mb)

QGSJETII.4 1.15± 0.01 550.3±68.5

QGSJET01 1.22±0.01 583.7±72.6

SIBYLL 1.18±0.01 564.6±70.2

EPOS-LHC 1.19±0.01 569.4±70.8

Table 2. The systematic source and uncertainties of the proton-air cross section estimated by the Telescope

Array experiment.The total uncertainty was calculated in quadrature using the error for the 20% helium case.

Systematic source Systematics (mb)

Model Dependence (±17)

10% Helium − 9

20% Helium − 18

50% Helium − 42

Gamma + 23

Total (+29,−25)

(20% Helium)

The cross section in the high energy model is then modified, such that the Λm obtained from the

model matches that measured value by the detector. The cross-section is modified by multiplying the

hadronic cross-section in the simulation by f [13]. Where f is:

f (E, f 19) = 1 + ( f 19 − 1)
lg(E/1015) eV

lg(1019 eV/1015 eV)
(2)

Here E is the shower energy and f 19 is the value by which the shower at the energy 1019eV is scaled.

After which, the model-modified-cross-section is calculated for the three high energy models:

QGSJETII4, EPOS-LHC, and SIBYLL2.1. To calculate the systematic uncertainty of the measure-

ment several checks were applied including: the model dependence (less than 3% uncertainty), prop-

agating the uncertainties in Λm, the energy scale uncertainty, conversion of Λm to σinel
p−air

(mb), and

contamination of other primaries. Table 3 summarizes the systematic uncertainties values for each of

the energy bins [3].

The final values by Auger obtained for the proton air cross section for the energy bin of 1017.8-

1018eV is 457.5 ± 17.8[Stat.]+19
−25

[Sys.] and 485.8 ± 15.8[Stat.]+19
−25

[Sys.] for the energy bin of 1018-

1018.5eV [3].

The results for the proton-air cross section for the high energy cosmic ray detectors is summa-

rized in Figures 2. In addition, the predictions of all four of the high energy models (QGSJETII.4,

QGSJET01, SIBYLL, EPOS-LHC) cross section are also shown.

4 Proton-proton cross section

The σp−p is calculated from the measured proton-air cross section σinel
p−air

, using both Glauber Formal-

ism [21] and the relation:

σinel
p−air = σ

total
p−air − σel

p−air − σqel

p−air
(3)
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Table 3. The systematic source and uncertainties in mb of the proton-air cross section estimated by the Auger

experiment.

Systematic source 1017.8 − 1018 eV 1018 − 1018.5 eV

Model Dependence 10 10

Λm systematic uncertainty 13.5 14.1

Energy Scale uncertainty 2.1 1.3

conversion of Λm to σinel
p−air

7 7

Gamma + 4.7 + 4.2

25% Helium − 17.2 −15.8

Total (+19,−25) (+19,−25)

(20% Helium)
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Figure 2. The proton-air cross section vs. energy for the high energy cosmic ray experiments

( [10], [11], [14], [15], [16], [17], [18], [19], [20]). In addition, the high energy models (QGSJETII.4, QGSJET01,

SIBYLL, EPOS-LHC) cross section predictions are also shown by solid line, fine dashed line, dotted line, and

dashed line consecutively.

Where σtotal
p−air

is the total cross section, σel
p−air

is the elastic cross section, and σ
qel

p−air
is the quasi elastic

cross section. The quasi-elastic cross section corresponds to scattering processes in which nuclear

excitation occurs without particle production.

The relation between the σinel
p−air

and the σp−p is highly dependent on the forward scattering elastic

slope B.

B =
d

dt

⎡
⎢⎢⎢⎢⎢⎣ln

dσel
p−p

dt

⎤
⎥⎥⎥⎥⎥⎦

t=0

(4)

There have been many attempts at predicting the relationship between B and σp−p. However

many of these models either failed to describe the elastic scattering data, or the elastic slope energy

dependence from the Tevatron, or failed to meet the unitarity condition ( [22], [23], [24], [25]). But
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finally, a model developed by Block, Halzen, and Stanev (BHS) [26] to be consistent with unitarity

while using a QCD inspired fit to the pp and p̄p data from the Tevatron seems to agree well with

measurements at higher energies.

Figure 3 shows the σtotal
p−p value of the Telescope Array result using the BHS fit [10]. Also shown

are previous results from cosmic ray experiments like Fly’s Eye [11], Akeno [15], HiRes [18], and

Auger [13], together with accelerator pp and p̄p cross section measurement [27], and the recent result

from the LHC, by TOTEM at
√

s = 7 TeV [28]. The dotted curve is the QCD inspired fit of the

total p-p cross section vs. the center of mass energy
√

s (GeV) [29]. The result from the UHECR

experiments and the reported recent result by the LHC at
√

s = 7 TeV [28] are all in agreement with

the BHS fit.

(GeV)s
1 10

2
10

3
10

4
10

5
10

(m
b)

p-
p

σ

0

50

100

150

200

250

300

350

Fly’s Eye
Akeno
HiRes
Auger
Telescope Array
pbar-p
pp
ppTOTEM

 even (QCD-Fit)
nn

σ

Figure 3. The proton-proton cross section vs. the center of mass energy for the high energy cosmic ray experi-

ments ( [10], [11], [13], [15], [18]). The dashed curve is the QCD inspired fit by BHS [29]. The p̄p and the pp

data are shown in smaller darker circles and square symbols consecutively [27]. The recent result from LHC is

also shown by the star marker [28].

5 Conclusion and Outlook

In this proceceeding we presented an overview of the most recent results on the proton-air cross

section measurements from UHECR detectors. The data and methods used to deduce the proton air

cross section values from the measured Xmax distribution was also discussed. At the time of writing of

this proceeding the most recent hadronic interaction models used in the conversion ofΛm to the σinel
p−air

by the high energy cosmic ray experiments are QGSJETII4, Sibyll2.1, QGSJET01, and EPOS-LHC.

Results of the several systematic checks made during the analysis were summarized. The final

value ofσinel
p−air

was found by the Telescope Array experiment to be equal to 567.0±70.5[Stat.]+29
−25

[Sys.]

mb at
√

s = 95+5
−8

TeV [10]. The Auger experiment reported σinel
p−air

to be 457.5 ± 17.8[Stat.]+19
−25

[Sys.]

at
√

s = 38.7 ± 2.5 TeV and 485.8 ± 15.8[Stat.]+19
−25

[Sys.] at
√

s = 55.5 ± 3.6 [3]. The value of σp−p is

also determined from σinel
p−air

.
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For the Telescope Array detector, while the events used in the published analysis were collected

with the MD-SD part of the detector (only one out of three FD’s), future cross section results, using

events from all three FDs will likely be produced. In addition, for both the Telescope Array and

the Auger detector an update with future versions of the high energy cosmic ray shower models is

expected. With higher statistical power and updated models the proton air cross section measurement

would in principle be able to better constrain the cross section values and predictions at high energies.
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