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Abstract: The identification of the primary particle type can providgbrtant clues about the origin of
ultra-high energy (UHE) cosmic rays aboi@'® eV. The depth of shower maximum of the air shower
profile offers a good discrimination between different mims. This observable is usually extracted
from a fit to the longitudinal shower profile. Recently it haeh used to obtain a limit to photons from
data taken by the Pierre Auger Observatory. In this papertudyshe fit quality that is obtained with
different functional forms for simulated shower profilesnoiclear and photon primaries. The impact of
the functional form on the extrapolation to non-observedspaf the profile is commented on. We also
investigate to what extent additional profile parametech &s the width of the profile or a reconstructed
“first interaction” of the cascade can be exploited to imgrtwe discrimination between the primaries.

Introduction X, and \ are strongly correlated and connect
with the starting point and width of the curve, b
Determining the composition of the UHE cosmic cannot directly be interpreted as the first inter;
rays above the knee region is one of the challengestion pointand interaction length, as already poin
in cosmic rays detection. In particular the Fluores- outin [2].
cence Detector of the Pierre Auger Observatory is The observableX,,,,, has good discriminating
observing directly the longitudinal shower devel- power between the different primaries inducing t
opment in the atmosphere. The detected light in- cascade. The average value of the simulated di
tensity, including the Fluorescence and Cherenkov bution for photons differs from that of hadrons |
direct and scattered contributions, and taking into about 200 gcm? at 10 EeV.
account the atmospheric effects, is proportional to This evidence was used to set a limit to the the p
the energy deposited at each depth. ton fraction of the total flux [3] and for a recel
The so called longitudinal shower profile, in update see [4].
shower size or energy deposit, as a function of at-
mospheric slant depth can be reconstructed with
good accuracy and the non-observed part extrapo-
lated. As a matter of fact the shower profile can be o . .
well described by a trial function (GH) originally The motivation of this study is to search for fu

Composition sensitivity of profile shape

proposed by Gaisser and Hillas [1]: ther sensitive observables to enhance the disc
ination power between different primaries (for i
. o x (Xmaz—Xo) independent analysis see [5]). Photon selection,
GH(X) = &% (W—UXO) ’ instance, could be contaminated by late develog
s hadron cascades, in particular from deeply fluc

(Xmaw - X)

exp———= Q) ating protons.
A In Fig. 1 the energy deposit as a function of sle
where X,,,... is the position of shower maximum depth for some example profiles is plotted (das}
in slant depth,4£ is the energy deposit at  blue line for photons, thick red line for protons

thix |x....
shower maximum. The protons have been chosen to have adeep v
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This fit is found to be robust for deriving,,, 4.

20 but less efficient in adapting the shape of the (
curve to data points. This may be connected w
the limited number of profile points, especially
the falling side of the shower development.

A more effective 4-parameters constrained fit w
the GH function has been implemented as in [1
The X,,q: Value agrees to CORSIKA better the
1 gent 2. In Tab. 1 the average slaif,,,.. and
the RMS values of the distribution for iron, prc
ton and photon showers are summarised. The
erageX,,... value for photons differs from that ¢
hadrons by~ 200 gcnt 2.
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Figure 1: Example of% profiles of simulated

showers induced by photons (dashed blue line) and < Xmaz >[gcm™2]  RMS [g cm?]

protons (thick red line) at 10 EeV. Iron 695 22
Proton 780 67

of the shower maximum, compatible with the pho- Photon 969 59

ton average distribution.

A dedicated study has been performed on a set of

simulated CORSIKA [6] showers induced by dif-

ferent primary particles. The sample consists of QOther trial functions and PCA analysis
750 protons, 500 iron nuclei, and 800 photons at an

energy of 10 EeV (FLUKA [7] and QGSJETL [8] The longitudinal profile can be translated in

as low and high-energy hadronic interaction mod- shower ages by means of the following transfor
els). The possibility to exploit the information of  mation:

the profile shape, like for instance the width, has s (X) = 3X @
been investigated. X +2Xmae

Other proposed trial functions, like a gaussian that aligns the profiles a¢(Xyne.) = 1 and is
[9, 10] and double gaussian [11] in shower age, gcale-free. The shower starting point s in this c:
have been included in the fitting routine and tested g 1, 0, but it could be added as a fourth fit parar
on the same set of simulated events. Finally, a de- ;o by substituting X with (XX, ). The normalised

tailed study on the parameters correlations and the profile can be then fitted by the following gaussi
Principal Component Analysis (PCA) have been ¢,ntion in age (AG):

performed. Results are presented in the following
sections.

AG () = exp (—L(s _ 1)2> @A)

202
CORSIKA prOfI|e and GaISSEI’-HI”aS flt whereos and Xma:r: are free parametersy togeth
with 42| .

sult of a 6-parameter Gaisser-Hillas fit. Héresee  jng to the shower development before and after

mospheric depth. is increased in this case to four.
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In Fig. 2 the average relative residuals, as a func-
tion of shower age, obtained with the tested analyt-
ical fit functions are plotted for the proton sample.
In Tab. 2 the mean and RMS values of thef the
gaussian for the simulated iron, proton and pho-
ton showers are summarised. The correlation be-
tween the width of the gaussian AG and the depth
of shower maximum is shown in Fig. 3. A later de-
velopment of the cascade is associated with a nar-
rower profile width. Similar average values and the
same correlation are found between the rising edge
o and theX,,,. for the 2G fit, in agreement with
the previously cited works.
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Figure 2: Average relative residuals to the tested
analytical functions for protons at 10 EeV: GH
4-parameters fit (black squares), single gaussian
(blue triangles), double gaussian (pink bullets), and
6-parameters CORSIKA (red crosses).

Using X; as a free parameter in the fitting pro-
cess we observe a correlation withthat can be
represented, both for hadrons and photons, by a
straight line. This correlation is shown in Fig. 4
for the simulated sets of iron, proton and photon

Table 2: Mean and RMS values of thedistribu-
tions for the simulated primaries at 10 EeV.

<o>[gem2] RMS[gcm?]
Iron 0.22 0.006
Proton 0.20 0.015
Photon 0.16 0.011
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Figure 3: Correlation between the width of tt
gaussian (AG) and depth of shower maximt
for showers initiated by iron, proton and phot
primaries, respectively marked as grey stars,
crosses and blug-shaped crosses.

primaries, respectively marked by grey stars, |
crosses and blue-shaped crosses.
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Figure 4: Correlation betwees and X; for the
gaussian fit, same color code as Fig. 3.

The possibility to exploit the additional informe
tion carried by the width of the profile, describe
by o, for the separation between different p
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Figure 5: Efficiency for accepting photons as a
function of hadron contamination in the PCA-
transformed variables( and X,,,,.. combined) for
the single gaussian (blue triangles) and for the dou-
ble gaussian (pink bullets) compared to kg,

cut (black crosses for AG).

maries has been studied. Applying the Principal
Component Analysis (PCA) it has been quantified
fot the case of photon-hadron separation.

In Fig. 5 the efficiency of a cut for accepted pho-
tons in the PCA transformed variable is plotted
as a function of the hadron contamination. Blue
triangles refer to the single gaussian fit and pink
bullets to the double gaussian fit. The photon-
hadron separation power of a cut in the PCA vari-
able comparedto & ,,,., cut on the data set (black
crosses for the AG) is clearly enhanced in both
cases. Other PCA tests, on the variables from the
GH and gaussian fits, gave less evident results.

Conclusions

We have verified that the depth of shower maxi-
mum, X,,., has a very good discriminating power
between cosmic rays primary particles. The qual-
ity of the different fitting functions and the corre-
lation between the fit free parameters have been
checked.

The possibility to exploit further information, as
for instance the width of the shower profile or the

526

shower starting point, has been investigated. -
hadron-photon separation power of a simfle ..
cut has been quantified and compared to the
achievable combining other sensitive observabl
An enhancement of the photon-hadron separa
power is found for both studied profile descriptio
(gaussian and double gaussion in shower age).
PCA shows that the best cut is the one that cc
binesX ... with the single gaussiamn.

Other PCA tests, e.g. adding another variable fr
the GH or gaussian fits, gave less evident rest
Further tests on those observable are planned e
cially for the Pierre Auger Fluorescence Detec
including its full detector simulation.
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