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Abstract

The KASCADE-Grande experiment operated at KIT from Jan28@4 to November 2012, measuring EAS generated by primary
cosmic rays in the 16 — 10*%V energy range. The experiment detected, for each singld,evigh a high resolution, the total
number of charged particlesld,) and of muonsliy,).

In this contribution we present the latest results about:

(i) the measurement of the all particle energy spectruncudsing the influence of the hadronic interaction model tsegrive
the energy calibration of the experimental data.

(if) The energy spectra derived separating the events dicgpto theN,/Ng, ratio. This technique allowed us to unveil a
steepening of the spectrum of heavy primarie§€at 10'692094eV and a hardening of the spectrum of light primarieEat
1017.08i0.08ev_

(iii) The elemental spectra (for five mass groups) obtairgulydng a detailed unfolding analysis technique.

(iv) A search for large scale anisotropies.

Keywords: Cosmic Rays, Extensive Air Showers, Knee, Spectra

1. Introduction = knee in the primary energy spectrum observed-a4 g 10'°eV

is due to a break in the spectrum of light elements (B).
everal models foresee a rigidity dependence of such hreaks
herefore, a knee of the heavy component is expected around

. . . . . . . . 16
?ofotlzetoa:ﬁ;?g;?;s d Th;heh%rr:rgrir;ilimvilf ?:Igifrgli?:nrsa&;e“rhlouev' Such features can only be investigated by precise mea-
P gy yS. Surements both of the all-particle spectrum (i.e. the spstt

KASCADE-Grande experiment was built to investigate the'en- . .
ergy range from 1 to 108V with the main goal of searchinlé of the entire event sample) and of the spectra itdént mass

for a change of slope in the primary spectrum of the heavyzf)arg:%l:grs (rIT']ea' S;hdeesgﬁggﬁtosf;g;?; ns)amples obtained appying
ticles and to investigate the possible transition from agaim P y P '

Measurements of the cosmic-rays all-particle and indiidu
. . . 15
elemental spectra, of the primary chemical composition an

11

12

to an extra-galactic origin of cosmic rays in this energygen,,

The evolution with energy of the primary chemical compo-

The results obtained at lower energies by KASCADE[1] andsition brings also relevant informations concerning trasi-

EAS-TOPJ[2] as well as by other experiments suggest that, th
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flon from a galactic origin of the primary radiation to anraxt
galactic one. Most of the astrophysical models identify in a
change toward a composition dominated by light (mainly pro-
tons) primaries a sign of such a transition. It is therefdre o
main importance to perform composition studies in a wide en-
ergy range and with high resolution.
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20 In addition a search for large scale anisotropies in thealrri g C KASCADE Array
« directions of cosmic rays is performed, that is an obseevabl @ 100 . . "
= Vvery sensible to the propagation of the primaries in thedjigla E E u
s magnetic fields. The foreseefiect is very low (of the order of 'g 0 T om -
w1072 -1072) and is hidden by counting fierences induced by 8 r r "
= pressure and temperature variations. To take into accoghts > 490 & =t 5
s effects we have performed the search following the East-West E . : " u ".‘ " .
« method[3]. 200 E- H .
a8 In this contribution we will present the updated results ob- . = : "'-i._
s tained for the all-particle[4], light[5] and heavy[6] prary en- 300 2" o " . T
« ergy spectra; we will discuss the elemental spectra oldaine C : : I:
a folding theNg — N, spectrum[7]; and we will show the upper C ol . - : .
«~ limits derived from a search for large scale anisotropies[8 400 - = X I
C % -
E RN I-
-500 — ‘... S [ |:.. =
£ . ot S !
s 2. Experimental setup -600 [~ " Grande Stations
C [ u n
_700-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-600 -500 -400 -300 -200 -100 0 100

«  The multi-detector experiment KASCADE[9] (located at X coordinate (m)
s 491° n, 84° e, 110m a.s.l.) was extended to KASCADE- _ i

G de in 2003 by installing a large arrav of 37 stations Conflgure 1: Layout of the KASCADE-Grande experiment. The KASUEarray
“° _rajn . y_ : 9 9 Yy B and the distribution of the 37 stations of the Grande arr@ystwown. The
« sisting of 10r? scintillation detectors each, the layout is Shown 192 muon detectors are placed in the outer 12 clusters of tRGDE array
s IN figure 1. KASCADE-Grande[]_O] pro\/ides an area c&ilor? (hatched area). The dashed line shows the fiducial areateslar the all-
o and operates jointly with the existing KASCADE detectors_particle and heavy mass group spectra analysis. The dottednidicates the

o . . d for th t of the light trum.

s The joint measurements with the KASCADE muon trackmgarea usedforihe measurement ot the fight Mass group spectrum
s devices are ensured by an additional cluster (Piccolo)tdéaca
sz close to the center of KASCADE-Grande and deployed forgfasB. Results
ss  trigger purposes. For results of the muon tracking deviees s
sa [11]. s 3.1. All particle energy spectrum

55 The Grande detectors are sensitive to charged particlée wh The energy of the primary particle that originated the de-
ss the KASCADE array detectors measure the electromagnetitected EAS is determined by the KASCADE-Grande experi-
s component and the muonic component separately. These smuorent by means of thél, and N, observables[4], combining
ss detectors enable to reconstruct the total number of muoasien these two variables indeed we can lower the dependence from
s event-by-event basis also for Grande triggered events. s the chemical composition of the primary particles. Thishs o
oftained evaluating for each event the so cakqsirameter, that

is essentially a measurement of the ratio between the mwbn an
charged particles numbers.

60 Basic shower observables like the core position, anglé-
& Iincidence, and total number of charged particldg, are pro-*
« Vided by the measurements of the Grande stations. The Gran{fe

es array accuracy in the EAS parameters reconstruction is mea- 100 A(Ner /N, — 106 ~(Ner/N

« sured comparing, on an event by event basis, the valuesdnde- k= ; 910,(\1 Chﬁl h) Iglo( Iilh/ II\JI)H (1)
s pendently determined by the KASCADE and by the Grande ar- 0G10(Nen/Ny)re = 10G10(Nen/Nu)n

e rays. A resolution of B1on the core position, of.@° on the 10G;0(Neh/N,)k.re = Chi.re 10830 Nen + O e )

e arrival direction, and of 15% on the total number of charged

e particles (with a systematicitierence lower than 5%) has begn  From its definition is clear thatis a number centered around
e achieved. The total number of muons is determined usingero (one) for proton (iron) generated events, if expresseal
» the core position reconstructed by the Grande array ang, th@inction of N, for Monte Carlo events, assuming intermediate
n muon densities measured by the KASCADE muon array,devalues for all other primaries. The values of thparameters
» tectors. The resolution on tHé, EAS parameter is evaluated are tuned by a full EAS and detector simulation, the analgsis
s reconstructing simulated events~a20% accuracy has begn ported in [4] is based on the QGSJetll-02[12] hadronic mter
» achieved. More details on the experimental setup and og, thgon model. Having calculated, for each event, kiygarameter
s event reconstruction can be found in[10]. » the primary energy is estimated from tNg, value:

76 Full efficiency for triggering and reconstruction of air-

7 showers is reached at a primary energy df&b, slightly vary-

% ing on the cuts needed for the reconstruction of tHeedknt log;o(E/GeV) = [an + (are — @) - K]10g;(Nen) +

7 observables[10]. by + (bpe—by) -k  (3)
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133 possible bias introduced in the energy spectrum Heint pri-

-0.6 w7 account, for which the reconstructed energy is above theggne

} 1s  threshold for the angular bin of interest. In general theostat
. '] w the energy spectrum is very similar for all models, howeser,

_ 10% 150 shift in flux is clearly observed which amounts 4025% in-
primary energy [eVl - crease in case of SIBYLL2.1 and 10% decrease in case of
Figure 2: The all-particle energy spectrum obtained WithSGMDE-Grande:” EPOS1.99. This is the Con.seque.nce of the. energy Shl.ft asbign
The residual intensity after multiplying the spectrum witfaetor of E2918 jgiss 0N an event-by-event basis. This result gives an estimafion
displayed as well as the band of systematic uncertainty. 1« the systematic uncertainty on the experimental flux due ¢o th

155 hadronic interaction model used to interpret the data, aied i
s essentially independent of the technique used to deriviithe

To take into account the shower evolution in atmosphergamely averaging the fluxes obtained iffelient angular bins.
the parametersiy re, b e, Ch e, dh,re, CONtained in thécand,, The shift in the assigned energy to the data is also visiblledn
E expressions are derived in fivefidirent angular intervals, hardening around 2 x 10'%eV and in the steepening around
whose upper limits are: 18,240°,29.9°,351° and 400°.,,, 10'7eV which look shifted among the models in general agree-
The values of the parameters can be found in[4]. w1 mentwith the energy shift. This result indicates that thefees

The all-particle energy spectrum is then measured in thefiveeen in the spectrum are not an artifact of the hadronicaoter
different angular bins. As shown in[4] these spectra are sjightltion model used to interpret the data but they are in the mea-
shifted, indicating that the EAS evolution in atmosphereas,, sured data. In the overlapping region, KASCADE-Grande data
correctly described by the simulations. Neverthelessetliéfs;; are compatible inside the systematic uncertainties wittSKA

ferences are inside the experimental uncertainties arglwiel4, CADE data interpreted with the same model.
mediate them to obtain the all particle energy spectrum mea-
sured in zenith angle range from @ 40°. The residuals of 3.2 Enerav spectra of individual mass arouns
the all-particle energy spectrum multiplied by a factorsich” = gy sp group
a way that the middle part of the spectrum becomes flat.are Thek parameter previously defined can also be used to sep-
shown in figure 2. 1 arate the events in samples generated by t#ferdint primary

The measured spectrum cannot be described by a singtaass groups. To emphasize the features of the heavy elements
power law: a hardening around #6V and a steepening.at we selected the electron-poor events WRtE) > (kc(E) +
log,o(E/eV) = 16.92+0.10 are observed. The statistical signif- ksi(E))/2, i.e. events with & value greater that the mean
icance of the steepening isl2, here the change of the spectral value of the expectations for C and Si primaries (QGSJetll-
slope is fromy = —-295+ 0.05toy = -3.24 + 0.08. Then 02[12] based simulation). The spectra of these event sample
same spectral features are meanwhile confirmed by the Twnkare shown in figure 4, the band indicates changes of the spectr
133[13] and Ice-Top[14] experiments. s When the cut is varied by one standard deviation inkh€E)

This procedure relies on the EAS simulation and thus:dedefinition.
pends on the high-energy hadronic interaction model used. The reconstructed spectrum of the electron-poor events
To evaluate the systematicffects introduced in the alls shows a distinct knee like feature at abowt 80'%V. Apply-
particle spectrum measurement[15] the same procedure hagy a fit of two power laws to the spectrum interconnected by a
been repeated using events simulated with the SIBYLL2]1[16 smooth knee[19] results in a statistical significance.bf3hat
EPOS1.99[17] and QGSJetll-04[18] hadronic interactiomaso the entire spectrum cannot be described with a single power-
els. 13 law. The change of the spectral indexAs = —0.48 + 0.05

Applying the energy calibration functions, obtained byreac fromy = -2.76 + 0.02 toy = -3.24 + 0.05 with the break
model, to the measured data the all-particle energy spfmtsa position at logy,(E/eV) = 16.92 + 0.04. The spectrum of the
the five zenith angle bins are obtained for the four previgusl electron-rich events (corresponding, with this cut debnit to
mentioned models; for all of them, except QGSJetll-04, amunlight and medium mass primaries) is compatible with a single
folding procedure has been applied. fiBient sources of ups power law with slope index = —3.18 + 0.01. A recovery to a
certainty dfect the all-particle energy spectrum. A detaited harder spectrum at energies greater thalfeMdcannot be ex-
description is reported in[4]. They take into account: asth cluded by this analysis.
angular dependence of the parameters appearing in theyenerg To increase the statistics and deeply investigate thisiposs
calibration functions of the flierent angular ranges. b) The ble hardening of the light primaries spectrum a larger fidlci

3

-0.8

—
gm: . KASCADE-Grande 139 mary compositions. c) The spectral slope of Monte Carlo used
ﬂO-Z} . 1w In the simulations. d) The reconstruction quality idf, and
S N R e w1 N,. The total systematic uncertainty4s20% at the threshold
= o leee B N w (E = 10'%V) and~ 30% at the highest energies £ 10'%eV)
»02?7 """"" g l 1s almost independently from the interaction model used terint
T S {_ % s pret the data. The final all-particle spectrum of KASCADE-
o4l % 1us Grande is obtained (see figure 3) by combining the spectra for
- e } . us the individual angular ranges. Only those events are taken i

e . L \:\LON
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Figure 3: Comparison of the all-particle energy spectrunaioled with KASCADE-Grande data based on SIBYLL2.1 (blueSJetll-02 (black), QGSJetll-04
(pink) and EPOS1.99 (red) models to results of other expetsndine band denotes the systematic uncertainties in thedtimagion

~Aoev 0%V . parameter ake(E) < (ke(He) + ke(E))/2 (again a simulation
4 all-particle (osgoevents { 20 based on the QGSJetll-02 hadronic interaction model is)used
: g}i{{gﬂjﬂ%ﬂgﬁpﬁf 22 The obtained spectrum is shown in figure 5; a hardening, or
23 ankle-like feature, is clearly observed. Fitting this spam
204 With the same function used for the all-particle and heavgsna
25 Qroups primary spectra we obtain a change of the spectral in-
26 dex fromy = -3.25+ 0.05toy = —2.79+ 0.08 at an energy of
27 l0g;9(E/€V) = 17.08 + 0.08. The measured number of events
28 above the bending iblneas = 595. Without the bending we
20 would expectNe,p, = 467 events above this ankle-like feature.
20 The Poisson probability to measure at leldgt,sevents above
au the bending, ifNeyp are expected i® ~ 7.23x 1079, corre-
22 sponding to a Bo significance.
. 1 2 Comparing the two previous observations it is important to
Ce et e e ] e NOtICE that the knee in the heavy component occurs at a lower
16 16.5 17 17.5 o (Elfev) 25 energy compared to the bending in the spectrum of the light
Yo 26 primaries. Therefore the steepening of the heavy spectngm a
_ 217 the recovery of the light component are not due to a bias in the
Figure 4: Reconstructed energy spectrum of the electran-pod electron- : . . ..
rich components together with the all-particle spectrumtlier angular rang& reconstruction or separation procedures. Itis worth jrograut .
0° — 40°. The error bars show the statistical uncertainties; thelbassigne that the slope of the heavy mass spectrum above the knee-like
systematic uncertainties due to selection of the subsamples. 20 feature is very similar to the slope of the light mass spectru
21 before the ankle-like feature. The slope index of the lightm
22 group spectrum above the ankle-like featuresis —2.7 and
area has been defined, essentially accepting events atdisge this can be interpreted as an indication of an injection of\a n
tances from the muon detector (i.e. from the KASCADE asray(extragalactic) population of high energy cosmic-rays|[5]
see figure 1). The mainffect of this event selection is that
the 100% €iciency is reached at higher energies, that iszno8.3. Energy spectra for elemental groups by unfolding asialy
a problem for this analysis aimed to study a possible sdeetra The measured two-dimensional shower size spectrum of the
feature at energies greater thart’HY. In order to emphasize number of charged particles (IggNcn)) vs. the number of
features of the light mass group we redefine the cut ork#lie muons (logy(N,)) is the basis for the unfolding analysis[1] to
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Figure 5: The reconstructed energy spectrum of the light roasgonent of
cosmic rays. The number of events per energy bin is indicatedelisas thé™
range of systematic uncertainty. The error bars show thistitat uncertairess
ties. 276

277

infer the absolute fluxes of fierent mass groups. With tfe
KASCADE-Grande resolution we can separate fivedent”

groups. Only events with shower sizes for which the exXfer

iment is fully eficient are considered, i.e. IggNc,) > 6.0
and logy(N,) > 5.0. In order to avoid fiects due to the varj*
ing attenuation of the shower sizes foffdrent angles of in-

cidence, the data set used is restricted to showers withhzen

284

angles) < 18.
The analysis objective is to compute the energy specffa

286

from 10'%eV to 10'’eV primary energies. The convolutioh
of the sought-after dierential fluxesdJ,/dlog,, E of the pri-*

mary cosmic ray nuclei into the measured number of shéW-
ersN; contributing to the cell of shower size plane, and ths

292

to the content of this specific charged particle and muon num

ber bin (Iogg(Neh); 109;0(N,)) in the previously mentioned Bi
dimensional spectra, can be described by an integral esuati

295
296

Nnuci

18° +00
N = znAmeZ f f
n=1 v e

dJ,
dlog,o E

297

pn sinY co9 dlog, E do

302

One has to sum over all, ¢ elements contributing to the
all-particle cosmic ray spectrum, in this analysis the ferese.
sentative primariesT, is the measurement time, the factat.2
accounts for the integration over the azimuth angle, Andszos
the chosen fiducial area. The tepnrepresents the conditional
probability to reconstruct a certain combination of chargarsoes

0
five cosmic ray mass groups[7](represented by protons”(p
helium (He), carbon (C), silicon (Si), and iron (Fe) nucféi)

panel), and the spectra of heavier ones (silicon and iron nu-
clei, lower panel) are depicted. In addition, all five unfadd
spectra are summed up to the all-particle flux, which is also
shown. The shaded band indicates the methodical uncertain-
ties, while the error bars represent the statistical errai-o
nating from the limited measurement time. The uncertasntie
due to the interaction models used, i.e. of QGSJET-II-02 and
FLUKA2002.4[20], cannot be considered.

With increasing energy the heavy component gets the dom-
inant contributor to the cosmic ray composition. The sgectr
of lighter primaries are rather featureless within the give-
certainties, while in the iron spectrum there is a slightdieg
discernible at around 10eV. The position of this knee-like
structure agrees with those observed in the all-particteian
the heavy component spectra previously discussed.

There are no indications so far that the interaction models
used, i.e. QGSJET-II-02 and FLUKA 2002.4, have serious
deficits in the description of the physics of hadronic intdmns
at these energies, which, however, does not mean necgssaril
that these models must be accurate in all detailsteBdnt in-
teraction models primarily have impact on the absolutessohl
energy and masses, such that model uncertainties canthift t
unfolded spectra, possibly resulting irfférent abundances of
the primaries, while specific structures, e.g. knee-lildees
of the spectra, are lesffected by the models.

3.4. Large Scale Anisotropies

The search for large scale anisotropies has been performed
tprough a diferential method, the so called East-West[3]

ethod, based on the counting ratfetiences between East-

ard and West-ward directions. This method allows to remove
counting rate variations caused by atmospheric and ingtndm
tal effects. The used data set containg &@ents recorded be-
tween December 2003 and October 2011. To ensure recon-
struction quality, a cut on the zenith angleand on the num-
ber of charged particles at observation lewl,j was applied:
0 < 40° andLog(Nch) > 5.2.

Figure 7 shows the modulation in sidefetime obtained
using the East-West method. The amplitude of the first har-
monic calculated in sidereal time is.28 + 0.08) x 102 with
a 0.2% Rayleigh probability of being due to background fluc-
tuation (i.e. o = 3.5) at median energy.3 x 10%%V. The
99% C.L. upper limit on the amplitude is4Y x 1072, derived
according to the distribution drawn from a population clara
terized by an anisotropy of unknown amplitude and phase as
derived by Linsley[21].

To investigate a variation of the amplitude and phase of the
first harmonic with primary energy we have performed the same
analysis in intervals of the number of charged particlesrtier
to have bins containing events of similar energy and havel goo
statistics in each of them we have chogdrogN,, = 0.4. The
results are shown in table 1, in none of the bins the amplitude

ticle and muon number respectively (i.e. to get an entry @sth of the harmonic is statistically significant and so we havelca

cell (Iog;o(Ncn); l0g,9(N,)) if the air shower inducing particis
was of the typen and had an enerdy.
In figure 6, the unfolded dierential energy spectra of lighter

lated the upper limits at 99% confidence level. Tig limits

5sidereal time: Common time scale among astronomers which is based o

primaries (protons as well as helium and carbon nuclei, uppehe Earth’s rotation measured relative to the fixed stars.

5
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of the intervals used for the harmonic analysis are conddae
primary energy and the median energy of the events in eaeh bimers of the engineering and technicalfistesf the KASCADE-
is defined as representative energy.

l0g;0(Nen) | E (PeV) | Aggx 1072 hours
5.2-5.6 26x10® | 026+0.10 | 15+14
5.6-6 55x10® | 0.39+0.17 | 163+ 16
6.0-6.4 12x10"% [ 0.67+041| 84+22
6.4-6.8 25x10% | 05+10 184+ 6.6
> 6.8 63x10% | 46+22 161+18
I09;o(Ner) | E (PeV) | UL.102 | P%
5.2-5.6 2.6x 10 0.49 3
5.6-6 55x 10% 0.77 7
6.0-6.4 1.2 x 101 1.54 26
6.4-6.8 2.5x 10 2.8 85
> 6.8 6.3 x 10™® 9.3 11

347

348

349

350

351

352

353

354

360

Table 1: Results of harmonic analysis through the East-We#tadéor five®™

intervals ofNgp.

4, Conclusions

The KASCADE-Grande experiment took data from Janij;ary[l 4
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steepening at log(E/eV) = 16.92 + 0.04 in the spectrum
of the electron poor event sample (heavy primaries) and
a hardening at log(E/eV) = 17.08 + 0.08 in the one of
the electron rich (light primaries) one were observed. The
slope of the heavy mass group spectrum above the knee-
like feature is similar to the one of the light mass spectrum
before the the ankle-like feature.

3. Applying the unfolding algorithm to thid.nvsN, spectrum
we could extract the spectra of fiveffdirent elemental
mass groups. These measurement relies on the hadronic

interaction model utilized in the EAS simulation. Mak-

ing use of the same hadronic interaction model to interpret
the data, the measured fluxes are in agreement with those

obtained at lower energies by the KASCADE array and
with the findings above for the KASCADE-Grande energy

range.

4. Upper limits on the amplitude of large scale anisotropies
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Figure 6: The unfolded energy spectra for elemental groupsihic rays,
represented by protons, helium, and carbon nuclei (uppezlpas well as by
silicon and iron nuclei (lower panel), based on KASCADE-@fa measure-
ments. The all-particle spectrum that is the sum of all fivaviddial spectra
is also shown. The error bars represent the statisticalrtaictes, while the
error bands mark the maximal range of systematic uncertairflesresponse
matrix used is based on the interaction models QGSJetll-02{d@ FLUKA
2002.4[20]



