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Abstract. Using data from the HEGRA air shower array up- 2 The experiment
per limits on the ratid, /Icr of the diffuse photon flux,
to the hadronic cosmic ray fluk-r are determined for the The data were taken with the HEGRA air shower array lo-
energy region 20 TeV to 100 TeV. A method which is sensi- cated at 2200 m a.s.l. on the Canary island La Palma. Since
tive only to the non-isotropic component of the diffuse pho- April 1998 the array consisted of 97 wide-angle Cherenkov
ton flux yields an upper limit of,/Icr (at 54 TeV) < detectors (AIROBICC) and of 182 scintillation detectors. A
2.0 x 1073 (at the 90% confidence level) for a sky region fire in October 1997 had destroyed 39 AIROBICC and 65
near the inner galaxy2(° < galactic longitude< 60° and  scintillation detectors, of which all 39 AIROBICC and 4 scin-
|galactic latitude < 5°). A method which is sensitive tillation detectors were rebuilt. The data used in this analysis
to both the isotropic and the non-isotropic component yieldswere taken from April 1998 to March 2000, corresponding
global upper limits ofl., /Icr (at 53 TeV) < 1.4 x 1072 to an on-time of~1464 hours.
andl,/Icr (at 31 TeV) < 1.2 x 1072 (at 90% c.l.). For each shower the total numh¥t of photons and elec-
trons at the detector level was determined from the scintilla-
tor data. The arrival times of the Cherenkov photons were
used to reconstruct the shower direction. In addition, the
1 Introduction data from the Cherenkov detectors allowed the determina-
tion of the position of the shower core and of the Cherenkov
Direct evidence for a diffuse photon radiation has sofar beeright density p(r) as a function of the distancefrom the
obtained in a wide energy range, from the radio band up toshower core. Fromp(r) the Cherenkov light densitfqo at
gamma energies of 50 GeV. Because of the low fluxes and r = 90 m and the light radius?;, = —dlnp(r)/dr in the
the restricted sensitivity of the experiments only upper limits region 50 m< » <120 m were derived.
were reported sofar for energies abevé0 GeV. For the analysis only well reconstructed showers with esti-
In the 20 TeV to 100 TeV energy range an extragalacticmated energief’ <320 TeV for photon-induced(640 TeV
component of the diffuse photon flux is expected as a resulfor proton- and<1000 TeV for Fe-induced) showers were re-
of the cascading of ultra-high-energy photons and electrongained. The final data sample, which consists of 19.3 million
on the Cosmic Microwave Background. The estimated fluxshowers, has the following characteristics : average zenith
is ~ 10~° of the cosmic ray flux (Sigl, 1996). angle =20°, averagdn Lgy = 9.16 (Lgo in units of no. of
Especially at low Galactic latitudes and near the GalacticPhotons / i), averagéog;,(N;) = 4.12 and angular resolu-
center a strong Galactic component is expected, with fluxedion =0.12°.
in the order~ 10~* of the cosmic ray flux (Porter and Prothe- ~ The Monte Carlo (MC) simulation comprises the shower
roe, 1999). The dominant production mechanismszdre development in the atmosphere and the response of the de-
production by hadronic cosmic rays on the interstellar matterfectors. A total of 2 660 000 showers was generated, with
inverse Compton scattering of electrons on the interstellar raabout equal numbers of showers for primaryp, He, O and
diation field and high-energy electron bremsstrahlung. Fe, at the zenith angle3 = 10°, 20° and30°.
In this paper a new measurement of an upper limit of the The generated showers were given appropriate weights to

diffuse photon flux is presented for the energy region fromSimulate the chemical CompOSition and the eXpeCted distri-
20 TeV to 100 TeV (Denninghoff, 2001). butions in E andd9. The differential fluxes and the spec-

tral indices for the various components of the cosmic rays
Correspondence tdV. Wittek (wittek@mppmu.mpg.de) were taken from Wiebel-Sooth et al. (1998). For the com-
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parisons with the experimental data an admixture of photons? FoF ERREN
with a spectral index of 2.75 and a differential flux at 1 TeV Z. | " Prctons
of ¢ = 0.0002582 (m? - s - st - TeV)~! has been assumed 808 J[T|T A
in the MC sample, corresponding to 1/1000 of the hadronic  ,gf //
cosmic ray flux at 1 TeV. Eo AT /
In general the agreement between the MC data and the °*} T
experimental data is quite good (Denninghoff (2001)). An  o2[ L [l e e
exception is the distribution abg;,(Lgo) at Loy < 10%. ok /]
The discrepancy is partly attributed to the time dependence | /
of the light of the night sky in the experimental data, which  -02¢ UL
was not taken into account in the MC simulation. 04f / =l
From the MC data, which were subjected to the same se- b . . . .. | S e &
-0.03 -0.02 -0.01 0 0.01

lections as the experimental data, one finds : 1
-UR_[m’]

— The energy region for reconstructed photon showers
(1_0% and 90% quantiles) &) TeV < E, < 100 TeV, _ Fig. 1. Average value ofog,(NN,/Lo) as a function of—1/Rr)
with an average energy of 53 TeV. The correspondingfor photon-induced (full circles) and hadron-induced (open circles)
energies for reconstructed hadron showers are about showers. The error bars represent the RMS ofitlag, (Ns/Loo)
factor of 2 higher. values in each bin of—1/Ry,). The arrow indicates the axis of the

. variablev defined in the text.
— Because photon showers of a given energy resemble

hadron showers of about twice the energy, there is a nat-
ural suppression of hadron showers by a factor.o} 3.1 Global upper limits of.,/Icr
due to the decreasing hadronic cosmic ray flux with in-

creasing energy. The distributions iy are denoted as
Gdata = dNgate/dv for the experimental data
0y = dN};-/dv for MC-photon showers
3 Results gn = dNIo/dv for MC-hadron showers

The further analysis is based on photon/hadron differencegr andg¢, are normalized such that they correspond to the
in the shower deve|0pment after the shower maximum. Be.ﬁbSO'Ute distributions of reconstructed MC showers, assum-
cause in a hadron shower the electromagnetic shower conind the same differential flux at 1 TeV of 0.2582 particles /
ponent is regenerated throughout the shower development bm? -s-st-TeV) for photons and hadrons, the spectral indices
70 production and subsequenf — ~~v decay, a hadron mentioned above and an effective on-time of 1 s.

shower develops more slowly after the shower maximum than The ratiorg = I9/I2, of the differential photon flux?

a photon shower. As a consequence, the average value @ﬁ’ld the differential hadron ﬂUI@R at 1 TeV is determined
log,o( N/ Loo) at fixed position of the shower maximum (es- by fitting g4q:. by a superposition of;, andg, :

timated byl /R, ) is smaller for photon than for hadron show-
ers (Arqueros et al., 1996) (see Fig. 1). A suitable variable
for the photon/hadron discrimination is therefore the variablec andr, are free parameters to be determined in the fit.

v defined as (see Fig. 1) It is found that the width of the distributiogy,;, (RMS =

B 0.206) is slightly lower than that af, (0.224). These larger
v =log;(Ns/Lgo[m™?]) +23.43- (0.005 — 1/ Ry [m]) fluctuations of the MC data could have their origin in the

The MC expectations for the distribution of photons and  Shower simulation or may be due to a slight overestimation
hadrons are displayed in Fig. 2. The differences in shape an@f the measurement errors in the MC data. To correct for this
position seen between these two distributions are exploited téliscrepancy the experimental distribution is smeared by dis-
determine the maximum contribution from photons which is tributing the content of one bin over the same bin and neigh-

still compatible with the experimental data. Two approachesbouring bins according to a Gaussian. The sigmaf the
will be followed Gaussian is determined as third parameter in the fit.

The experimental distributiog,,:, can be well fitted by
a superposition of;, andg,: the x? is 88 for 85 degrees of
freedom (see Fig. /reffigl4). The pull values for the differ-
ent bins inv are plotted in Fig. 4. The distribution of the
- Determination of an upper limit for a specific region pulls has an average of 0.21 and an RMS of 0.99. The re-
in the galaxy by comparing the experimental distribu- sults for the parameterg ands are : rg = 0.014 + 0.005,
tions of v in this region with that of another region in s = 0.080 £+ 0.003. The quoted errors correspond to 1.282
the galaxy (Sect. 3.2). sigma, so thaty .,y = 70 + Arg = 0.019 is the upper
limit of r( at the 90% confidence level, taking into account

Qdata = ¢ (qn + 70 ¢y)

- Determination of a global upper limit by comparing the
experimental distribution af with the MC expectations
for primary photons and hadrons (Sect. 3.1).
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Fig. 2. Distribution of the variable for MC-photon (upper distri-  Fig. 3. Distribution of the variables for the smeared experimental
bution) and MC-hadron showers (lower distribution). The number data (points with error bars). The dotted curve represents the fitted
on the y-axis is the number of reconstructed showers, assuming theum of the contributions from photons and hadrons, the solid curve
same differential flux at 1 TeV df.2582 particles / (m? - s - st - the fitted contribution from photons only.

TeV) for photons and hadrons, the spectral indices mentioned in

the text and an effective on-time of 1 s.

s |
only the statistical errors. A careful analysis of the system- 3|
atic errors shows that all systematic effects considered tend |
to lower the upper limit. Therefore, ., is the upper limit } H n 7 H T ]
also if systematic errors are included. 1] N Il f | N
The ratiorg ., at 1 TeV is transformed to the average pho- } F H {ﬂﬂ m;m L ﬂﬂ ﬁ HH H
— 0 = il
ton energy of the selected data sample(Bf,) = 53 TeV, . I T I J Pl H bin HF U hj U ]
using the spectral indices of the photon and hadron fluxes |
adopted in the MC simulation. One obtains ; | T
L/Icr ((E) =53TeV) < 1.4x1072  at90%ec.l. 2t J
31 ‘—0.5““0““0.5““1

The results presented sofar were obtained with event sam-
ples defined by the standard selections. Another fit was per-

formed using tighter cuts i® and(—1/R.) : © < 15° and Fig. 4. The pull value as a function of the variahleThe pull value

—0.0l m~! < (_-I/RL) < 0.01 m~1. The motivati<_)n for is defined agq itted — qaata) / \/(Aqued)z T (Adaata)?-
these selections is a stronger suppression of very-high-energy

showers © cut) and a rejection of showers with large pene-
tration depths (—1/Ry,) cut). The latter cut preferentially £ 400

\

rejects hadron showers because they exhibit larger quctua% — Photons
tions in the shower development. An excellent fit is obtained“g ‘ + 5@,
with a x? of 46.8 for 56 degrees of freedomgy andr € 200
are determined as 0.012 and 0.016 respectively, yielding jL —+ {
+ {
I,/Icr ((E) =31 TeV) < 12x1072  at90%c.l. ot J%\\—//T 1 JH— N
3.2 Upper limit of L, /I i for the inner galaxy -200 | T
The approach described in the previous section is subject to
non-negligible systematic effects due to inconsistencies be- *° o~~~
-1 -0.5 0 0.5 1

tween the MC simulations and the experimental data. One
may bypass these problems by looking for a photon signal
using _experime_nta_l da_ta only, for exam_ple_by cqmparing theFig. 5. Difference(S; — a - B;) between the distributions of the

experimentab distribution.S of a sky region in which a pho-  gijgna) and the background region (points with error bars). The solid

ton contribution is expected (signal region) with the experi- curve represents the fitted contribution from photansro - ¢ - G).
mentalv distribution B of a control region in which the pho-

\
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ton contribution is negligible (background region). The MC of photons and hadrons at 1 TeV. The parametensdr, are
simulation is then only needed to parametrize position andadjusted in the fit. The result of the fitig = —(0.0003 +
shape of the expected photon contributiGnin the signal  0.0030), with ax? of 26.6 for 20 degrees of freedom. Trans-
region and to convert the photon signal (given in terms offorming rg ., = ro + Arg = 0.0027 to the average photon
numbers of events) into a photon flux. energy of 54 TeV yields the upper limit

The signal and background regions are defined as : I/Icr ((E) =54 TeV) < 20x10  at90%ec.l.

signal region : 20° <1< 60°, |b| < 5°

background region : 20° < I < 60°, 10° < |b| < 30°, The differenceS — « - B) is shown in Fig. 5, together with

the fitted contribution from photong - r¢ - € - G).
wherel andb are the Galactic longitude and latitude respec-
tively. With this definition the averageof the events in the
signal region is18.6°. The averagé and|b| of the events in

the background region a#.7° and20° respectively. The global upper limitd, /Tor((E) = 53 TeV) < 1.4 x
The acceptance of the dete_ctor depends sltrongly on they—2 and I, /Icr((E) :731 TéV) < 1.2 x 10~2 are mea-
zenith angleo, due to the varying overburden in the atmo- gyrements which are sensitive to both the isotropic and the
sphere. It also depends éhand the local azimuthal angle on.jsotropic component of the diffuse photon radiation. Mea-
¢, due to the construction of the detector. Finally, because;rements of this kind in the 20 TeV to 100 TeV energy range
of varying atmospheric conditions and because of possibl§ere also reported by Karle et al. (1995) and Sasano et al.
changes in the hardware, the acceptance is also a function ?lfL999). All upper limits are in the range 1% to 6.7 %,
the timet. Therefore the distribution will in general depend  5p0ut 1 to 2 orders of magnitude above the prediction by

on(©, ¢, t). Since the data for the signal and the backgroundpter and Protheroe (1999) for the Galactic component near
regions are taken in different regions of tf@, ¢,%) space,  the Galactic disk.

special care has to be taken to avoid any bias when compar- pqrier and Protheroe (1999) give predictions for cutoff en-
ing thev distributionsS and B. ergies in the electron injection spectrum of 100 TeV and 1000
This is achieved by the following procedure. The exper-TeV respectively. The upper limit, / Icz((E) = 54 TeV) <
imental data are divided into 12 binsins©, 18 binsing 2.0 x 10~3 is a factor of~10 above the former and a factor
and 352 bins irt. One time bin was defined as the minimum of ~3 above the latter prediction. This measurement is sen-
number of full nights, with a total observation time of at least sitive to the non-isotropic component of the diffuse photon

4 Discussion

5 hours, corresponding to a right ascension scah af°. radiation only.

Within each bin of thecos ©, ¢, ) space the distributions An earlier measurement by the HEGRA collaboration

of photons and hadrons are assumed to be independent e§chmele (1998))l,/Icr(E > 42 TeV) < 1.6 x 10~* for
(cos©, ,t). 0° < [ < 255°, |b| < 5°, which is based on data taken with

If < denotes the-th bin in the(cos ©, ¢, t) spaceN; (M;) the array of scintillators, excludes the cutoff energy of 1000
the number of events in bihfrom the signal (background) TeV and is compatible with a cutoff energy of 100 TeV. The
region, andy; (w;) the normalized distribution in bin: for same holds for the measurement by Borione et al. (1998) :
the signal (background) regio,and B are defined as L,/JIcr(E = 140 TeV) < 3.4 x 107° for 50° < | <

200°, |b| < 5°.

S = ZZ Nivi, B = Zl Niwi ‘ |
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