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ESTIMATE OF THE FRACTION OF PRIMARY PHOTONSIN THE COSMIC-RAY FLUX AT ENERGIES � 1017 eVFROM THE EAS-MSU EXPERIMENT DATAYu. A. Fomin a, N. N. Kalmykov a*, G. V. Kulikov a, V. P. Sulakov a, S. V. Troitsky b**aSkobeltsyn Institute of Nu
lear Physi
s, Lomonosov Mos
ow State University119991, Mos
ow, RussiabInstitute for Nu
lear Resear
h, Russian A
ademy of S
ien
es117312, Mos
ow, RussiaRe
eived May 27, 2013We reanalyze ar
hival EAS-MSU data in order to sear
h for events with an anomalously low 
ontent of muonswith energies E� > 10 GeV in extensive air showers with the number of parti
les Ne & 2 � 107. We 
on�rm the�rst eviden
e for a nonzero �ux of primary 
osmi
 gamma rays at energies E � 1017 eV. The estimated fra
tionof primary gamma rays in the �ux of 
osmi
 parti
les with energies E & 5:4 � 1016 eV is �
 = �0:43+0:12�0:11�%,whi
h 
orresponds to the intensity I
 = �1:2+0:4�0:3� � 10�16 
m�2 � s�1 � sr�1. The study of arrival dire
tions doesnot favor any parti
ular me
hanism of the origin of the photon-like events.DOI: 10.7868/S00444510131200431. INTRODUCTIONThe study of the primary mass 
omposition of ultra-high-energy (UHE) 
osmi
 rays (CR) is one of the top-i
al problems of astroparti
le physi
s be
ause these ex-perimental results are of 
ru
ial importan
e for un-derstanding the theory of both 
osmi
-ray generationin their sour
es and their subsequent propagation toEarth. The low UHECR intensity makes their study bydire
t methods impossible, and hen
e the only availablemethod is the study of extensive air showers (EASs).The dominant part of EASs is 
aused by primarynu
lei (from protons to iron), but there is a 
onsid-erable interest in the possible presen
e of very di�er-ent parti
les, e. g., UHE gamma rays, among them.First works on the subje
t already appeared half a 
en-tury ago (see, e. g., Ref. [1℄), but de�nitive quantitativeresults are still la
king (
f. review [2℄ and the refer-en
es therein). Indeed, the highest-energy 
osmi
 pho-tons �rmly dete
ted had the energy of � 50 TeV [3℄.The sear
hes for gamma rays in the energy ranges3 � 1014 eV. E . 5 � 1016 eV (the EAS-TOP [4℄,CASA-MIA [5℄, and KASCADE [6℄ experiments) aswell as at E & 1018 eV (the Haverah Park [7℄, AGASA*E-mail: kalm�eas.sinp.msu.ru**E-mail: sergey.troitsky�gmail.
om

[8�10℄, Yakutsk [11, 12℄, Pierre Auger [13, 14℄, andTeles
ope Array [15℄ experiments) did not �nd any sig-nal and resulted in upper limits on the photon �uxonly. A few 
laims of the experimental dete
tion of1014 eV. E . 1017 eV photons (Mt. Cha
altaya [16℄,Tien Shan [17℄, Yakutsk [18℄, and Lodz [19℄) had lowstatisti
al signi�
an
e. At the same time, a 
ertain�ux of UHE photons is predi
ted in many models ofboth the 
onventional and �new� physi
s. In parti
u-lar, the �ux of se
ondary photons from intera
tions ofextreme-energy parti
les with 
osmi
 ba
kground radi-ation, the so-
alled Greizen�Zatsepin�Kuzmin (GZK)photons, may serve as a tool to distinguish variousmodels of 
osmi
 rays at energies & 5 � 1019 eV be-
ause the photon �ux is very sensitive to the primary
omposition at these energies: a predominantly light
omposition at GZK energies results in a mu
h higher�ux of se
ondary photons. Given the present 
ontra-di
tory situation with the mass 
omposition at UHE(see, e. g., Ref. [20℄ for a detailed review and Ref. [21℄for a brief update), sear
hes for GZK photons are now
onsidered very important. Also, a signi�
ant 
ontri-bution to the UHE gamma-ray �ux is predi
ted in par-ti
ular top-down me
hanisms of the CR origin ([22℄ andthe referen
es therein), in parti
le physi
s models withLorentz invarian
e violation [23℄, and in models withaxion�photon mixing [24℄.1153
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hes to the sear
hof primary gamma-rays is the study of the EAS muon
omponent. The number of muons in a gamma-ray-indu
ed EAS is an order of magnitude smaller than ina usual hadroni
 shower. Therefore, one may hope to�nd photon showers by sele
ting those that have anunusually low muon 
ontent.In this paper, we study the muon 
ontent of show-ers with the estimated number of parti
les Ne > 2 � 107and zenith angles � < 30Æ dete
ted by the EAS-MSUarray [25℄ in 1982�1990. We demonstrate that the num-ber of muonless events signi�
antly ex
eeds the ba
k-ground expe
ted from random �u
tuations in the de-velopment of showers 
aused by primary hadrons. Thisresult 
an be interpreted as an indi
ation of the pres-en
e of gamma rays in the primary 
osmi
 radiationwith energies of the order of 1017 eV, whi
h 
on�rmsand strengthens the �rst eviden
e for UHE 
osmi
 pho-tons [26℄.The rest of the paper is organized as follows.In Se
. 2, we brie�y review the experimental setup(Se
. 2.1), then dis
uss the data set we study, andmuonless events in parti
ular (Se
. 2.2). Se
tion 3 isdevoted to the estimate of the number of ba
kgroundmuonless events for hadroni
 showers (Se
. 3.1) andto the derivation of the estimated photon �ux underthe assumption that all muonless events not a

ountedfor by the hadroni
 ba
kground are 
aused by primarygamma rays (Se
. 3.2). Possible systemati
 errors inthe determination of the �ux are dis
ussed in Se
. 3.3.In Se
. 4, we present a detailed study of the distribu-tion of the arrival dire
tions of muonless events on the
elestial sphere and test various models of the origin ofprimary photons. We put our results in the 
ontext ofthe present-day state of the art and brie�y 
on
lude inSe
. 5. 2. EXPERIMENT AND DATA2.1. The EAS-MSU arrayThe des
ription of the EAS-MSU array is givenin [25℄. The array had the area of 0.5 km2 and 
on-tained 77 
harged-parti
le density dete
tors (
onsist-ing of Geiger�Müller 
ounters) for determination of theEAS size Ne using an empiri
al lateral distributionfun
tion [27℄ and 30 s
intillaion dete
tors that mea-sured parti
le arrival times ne
essary for determina-tion of the EAS arrival dire
tion. In addition to thesurfa
e dete
tors that mostly re
orded the ele
tron�photon 
omponent of an EAS, the array also in
ludedfour underground muon dete
tors, also 
onsisting of
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Fig. 1. The EAS-MSU array setup. Muon dete
tors (
ir-
les) are denoted by �i, i = 1; : : : ; 4; surfa
e dete
torstations are represented by squares
Geiger�Müller 
ounters, lo
ated at the depth of 40 me-ters of water equivalent. These dete
tors re
ordedmuons with energies above 10 GeV. A muon dete
torwith the area of 36.4 m2 was lo
ated at the 
enter ofthe array while the other three stations had the areaof 18.2 m2 and were lo
ated at the distan
es between150 m and 300 m from the 
enter (see Fig. 1). To se-le
t the sample of showers with the number of parti
lesNe > 2 � 107 that we use in this work, 22 s
intillaiondete
tors, ea
h of the area of 0.5 m2, were used. Thes
intillaion dete
tor threshold was set at the level of1=3 of a relativisti
 parti
le. The temporal resolutionwas� 5 ns. The 22 stations formed 13 systems of 4-fold
oin
iden
es between 
ounters lo
ated at the verti
es oftetragons with sides between 150 m and 300 m, whi
hallowed e�
iently sele
ting the showers on the full ar-ray area. The s
intillaion dete
tors were lo
ated at thesame points as the Geiger�Müller 
ounters. The mas-ter 
riterion was determined by the �ring, in the timegate of � 6 �s, of at least one of the 4-fold 
oin
iden
esystems.With these sele
tion 
riteria implemented, the prob-ability of dete
tion of a shower with Ne > 2 �107 fallingto any pla
e of the array was not less than 95%. Theposition of the shower axis was determined with thepre
ision of � 10 m. The pre
ision of determiningthe arrival dire
tion was � 3Æ. The number of par-ti
les in the shower was determined with the a

ura
y� (15�20)%.1154
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Fig. 2. The distribution of muonless events over thedistan
e R between the shower axis and the muon de-te
tor. Line: data; shadow: expe
tation for hadroni
primaries2.2. The data set and muonless eventsThe presen
e of muon dete
tors in the EAS-MSUarray allows sear
hing for primary gamma rays. Themethod is based on the fa
t that for Ne & 107 and foran hadroni
 primary, it is highly unprobable to havezero muons in the 
entral, 36.4 m2, dete
tor if theshower axis is within � 240 m from it. At the sametime, these muonless events are fully 
onsistent withthe 
onje
ture of primary gamma rays. The total num-ber of events with Ne � 2 � 107 in the data set is 1679;48 of them are muonless.Figure 2 presents the distribution of muonlessevents over the distan
e R between the shower axisand the muon dete
tor. Most of the muonless events
orrespond naturally to large R; however, there are a
ertain number of events 
lose to the axis, whi
h arevery di�
ult to explain by random �u
tuations of thehadroni
 ba
kground. We note that the real numberof muonless events is larger than the observed one be-
ause of the non-EAS ba
kground that results in �ringof ea
h 
ounter in the 
entral muon dete
tor with theaverage frequen
y of 4.6 Hz. In three other muon de-te
tors, the frequen
y of random �ring was 2 to 3 timeshigher, and in this work, we use only the data of the
entral dete
tor. It 
onsisted of 1104 
ounters. For thetime of EAS dete
tion � 15 �s, we expe
t 0.076 ran-dom �rings. Therefore, we assume that the probabilityof the absen
e of random �ring was 0.93.To obtain a very rough estimate of the probabil-ity to have a muonless hadroni
 event, we 
an startwith the (experimentally known) mean muon lateral
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−40Fig. 3. Cumulative distribution of muonless events inthe LDF-based Poisson probability P (m = 0)distribution fun
tion [27℄ and estimate the expe
tedmuon density ��(Ne; R) for a given 
ore distan
e R.Then, using the Poisson distribution, we 
an 
al
ulatethe probability P (m = 0) to have no muons in thedete
tor at this distan
e. In Fig. 3, the distributionof m = 0 events in P (m = 0) is shown. The tail atlow P (m = 0) indi
ates that there might be a problemin explaining the observed number of muonless eventswithin the standard model of the shower development.3. ESTIMATES OF THE GAMMA-RAY FLUXTo quantify the observed dis
repan
y more pre-
isely, we performed Monte Carlo simulations of pro-ton-indu
ed showers and 
ompared the number ofmuonless events in data and in simulations.3.1. Modeling arti�
ial showersFor the shower simulations, we used the AIRESv. 2.6.0 [28℄ simulation 
ode, whose 
hoi
e was de-termined primarily by its speed. We used the high-energy hadroni
 intera
tion model QGSJET-01 [29℄.The primary protons were thrown with zenith angles0Æ � � � 30Æ and with energies between 3 � 1016 eVand 2 � 1017 eV, assuming the integral spe
tral index2.0. Without the a

ount of �u
tuations, the energyof an Ne = 2 � 107 proton shower would be equal toE � 1017 eV; however, the �u
tuations redu
e thisvalue. For the study, showers with Ne � 2 � 107 havebeen sele
ted; Fig. 4 gives the distribution of the pri-mary energies of the sele
ted arti�
ial showers. In this1155
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Fig. 4. Contribution of various primary energies to theproton showers with Ne � 2 � 107. Points: results ofthe simulation; shadow: naive estimate without the a
-
ount of �u
tuations. E0 � 1017 eVway, the total number of 15000 arti�
ial showers wassimulated.3.2. Estimate of the fra
tion and �ux ofgamma raysThe general assumption behind our estimate of thegamma-ray �ux is that all muonless events, not a
-
ounted for by �u
tuations of hadroni
 showers, are
aused by primary gamma rays. Therefore, the 
entralpoint of the estimate is the 
al
ulation of the expe
tednumber of ba
kground muonless events from the simu-lated proton-indu
ed showers.The probability of a zero muon dete
tor reading,m = 0, was estimated under the assumption (seeRef. [30℄ for its motivation) that muon density �u
-tuations in EAS 
an be represented as a superpositionof (a) �u
tuations of the muon density at a given dis-tan
e from the shower axis, determined purely by theEAS development, and (b) the Poisson �u
tuations ofthe number of parti
les that hit the dete
tor station.In this approa
h, the probability P (�R;S;m) to havem muons in the dete
tor of area S lo
ated in the an-nulus �R (at a distan
e between R and R+�R fromthe shower axis) is given byP (�R;S;m) = Z PEAS(�R;M)PP(M;S;m) dM;where PEAS(�R;M) is the fun
tion of the muon num-ber density distribution in the annulus determined bythe shower development and PP(M;S;m) is the Pois-son probability to re
ord exa
tlym muons in a dete
tor

of the area S for the total number M of muons in theannulus.We suppose that a shower axis 
ame within the an-nulus �Rk = Rk+1 �Rkfrom the muon dete
tor. Then the muon density in theannulus is determined as��(�Rk; i) = N�(�Rk; i)� �R2k+1 �R2k� ;where N�(�Rk ; i) is the number of muons in this an-nulus and i = 1; : : : ; ntot is the number of sele
ted arti-�
ial showers. Then the probability of a zero dete
torreading in the �Rk annulus isP (m = 0;�Rk) == 1ntot ntotXi 0:93 exp (�S 
os ���(�Rk; i)) ;where � is the zenith angle of the shower.The total probability of an m = 0 event isPtot(m = 0) = kmaxXk=1 P (m = 0;�Rk)R2k+1�R2kR2kmax ;where kmax gives the total number of annuli 
onsideredand the last fa
tor a

ounts for the probability that theshower axis hits the �Rk annulus. The results of 
al-
ulating the probability to observe a muonless eventare given, for various distan
es from the shower axis,in Table 1 together with the number of observed andpredi
ted muonless events in our sample of 1679 show-ers.The total probability to have a muonless proton-indu
ed event within 240 m between the dete
tor andthe shower axis is 1:4 �10�2, whi
h 
orresponds to � 23expe
ted muonless events in the sample, to be 
om-pared with 48 observed. As expe
ted, the dominantpart of the ba
kground muonless events should appearin two outer annuli we 
onsidered, the same being truealso for the observed events. However, the total num-ber of the observed events is almost twi
e the expe
tedone. Based on the Poisson distribution, this allows esti-mating the number S of signal photon-like events in thesample as S = 25:2+7:2�6:6; whi
h transforms into the fra
-tion �1 = �1:50+0:43�0:39�% of anomalous muonless eventsin the sample with Ne � 2 � 107 and � � 30Æ.We want to identify the anomalous muonless show-ers with showers initiated by primary photons. To de-termine the fra
tion of these events in the energy spe
-trum of 
osmi
 rays, we need to take the di�eren
e in1156



ÆÝÒÔ, òîì 144, âûï. 6 (12), 2013 Estimate of the fra
tion of primary photons : : :Table 1. Observed and expe
ted numbers of muon-less events for various distan
es between the dete
torand the shower axis. See text for the notation�R, m Observednumber ofmuonlessevents P (m = 0;�R) Expe
tednumber ofmuonlessevents60�90 3 1:8 � 10�7 3 � 10�490�120 0 7:7 � 10�6 0.013120�150 2 2:15 � 10�4 0.36150�180 5 8:0 � 10�4 1.3180�210 14 3:2 � 10�3 5.4210�240 24 9:8 � 10�3 16.40�240 48 1:4 � 10�2 23.5the development of showers 
aused by photons and pro-tons of the same energy into a

ount. The gamma-rayshowers develop slower in the atmosphere and arriveyounger to the surfa
e level (the verti
al atmospheri
depth for EAS-MSU is 1025 g�
m�2). On average, forthe primary energies� 1017 eV, the number of parti
lesin a gamma-ray shower dete
ted by the EAS-MSU ex-periment should be � 1:86 times larger than in a protonshower. The 
ut in Ne we use thus 
orresponds, on av-erage, to the gamma-ray energy 5:4 � 1016 eV. Knowingthe total 
osmi
-ray �ux measured by the EAS-MSUarray [31℄, we determine the main result in the presentwork: the photon fra
tion�
 = �0:43+0:12�0:11� % for E & 5:4 � 1016 eVand the photon �ux intensityI
 = �1:2+0:4�0:3� � 10�16 
m�2 � s�1 � sr�1for E & 5:4 � 1016 eV: (1)3.3. Estimate of systemati
 un
ertaintiesThe systemati
 un
ertainty of our result, within themethod we use, is related to the estimate of the numberof ba
kground muonless events from hadroni
 showers.Hadroni
 intera
tion models. The largest un-
ertainty 
omes from the variety of models of showerdevelopment that predi
t di�erent values of the muonnumber in EASs. Furthermore, this di�eren
e is sen-sitive to the muon threshold energy, whi
h is 10 GeVin our 
ase. The 
hange of the expe
ted muon den-sity in an EAS by �10% would result in the 
hange

of the number of ba
kground muonless showers in thesample by �4. The results we quote are based onthe QGSJET-01 model [29℄, whi
h gives a good de-s
ription of the LHC and Pierre Auger Observatorymeasurements of the high-energy hadroni
 
ross se
-tion (
f. Fig. 5 in Ref. [21℄) and of the LHC multi-pli
ity distributions (see, e. g., Ref. [32℄); the 
hoi
e ofthe model was also motivated by its 
omputational ef-�
ien
y. The amount of model-to-model variations ofthe number of > 10 GeV muons in EASs 
an be es-timated from Ref. [33℄ and from our own simulations.The e�e
t of the 
hange of the intera
tion model onour results is summarized in Table 2. We note thata

ording to experimental data on EAS development,all hadroni
-intera
tion models 
urrently in use signi�-
antly underestimate the number of muons in a shower.In parti
ular, several independent indire
t analyses ofthe Pierre Auger Observatory data indi
ate [37℄ thatthe real number of muons is approximately 1.5 timeslarger than predi
ted by the QGSJET II-03 model.This number is used in Table 2 and for the estimateof the systemati
 error; a similar result was obtainedwith the help of muon dete
tors of the Yakutsk EASarray [38, 39℄. The systemati
 error in the resultinggamma-ray �ux due to the un
ertainty of hadroni
models is �50%, with the upper value favored by theexperimental data.Primary 
omposition. The assumption of apurely proton 
omposition gives a 
onservative (i. e.,large) estimate of the expe
ted ba
kground of themuonless events be
ause primary heavier nu
lei pro-du
e more muons in EASs. For primary iron, the 
or-responding number of muons is larger by a fa
tor of� 2:5, whi
h shifts the expe
ted ba
kground downwardto zero. This would 
hange our fra
tion and �ux esti-mates by +90%.Large �u
tuations. Be
ause no model gives aperfe
t des
ription of hadron-indu
ed air showers, andin parti
ular there are large un
ertainties in predi
-tions of the muon number, we 
annot ex
lude that the�u
tuations of the EAS muon 
ontent might be mu
hlarger than suggested by simulations. Among theoret-i
al approa
hes, the probability of an o

asional verylow muon density in a proton shower is the highest inthe model in Ref. [40℄, where the energy equipartitionbetween positive, negative, and neutral 
omponents ofthe 
as
ade was postulated. As has been shown inRef. [41℄, in the framework of this model, it is possi-ble to obtain the probability of � 1% of imitation of agamma-ray shower by a primary proton. However, thismodel is mu
h less physi
ally motivated 
ompared tothose that are 
urrently used in simulation 
odes.1157



Yu. A. Fomin, N. N. Kalmykov, G. V. Kulikov et al. ÆÝÒÔ, òîì 144, âûï. 6 (12), 2013Table 2. E�e
t of the 
hoi
e of hadroni
 intera
tion models on the result. The last line 
orresponds to experimentalresults on the muon 
ontent of EASsModel N�N�(QGSJET-01) Expe
ted number ofmuonless events Ex
ess number ofmuonless eventsSIBYLL 2.1 [34℄ 0.70 38.0 10.7QGSJET II-03 [35℄ 0.89 27.6 21.0QGSJET-01 [29℄ 1.00 23.5 25.2EPOS 1.99 [36℄ 1.03 21.9 26.8Experiment [37℄ 1.33 10.9 37.8To summarize the dis
ussion of systemati
 un
er-tainties, 
urrent experimental and theoreti
al under-standing of the EAS properties suggests that the �uxvalues we obtain are 
onservative, although they 
ouldbe
ome lower if physi
ally less motivated models wereused for hadroni
 showers.4. ARRIVAL DIRECTIONSIn this se
tion, in order to �nd some hints about theorigin of the events we observed, we perform varioussear
hes for deviations from isotropy in the distribu-tion of the arrival dire
tions of photon-like events. Allthe tests are performed by 
omparison, by means of a
ertain statisti
al pro
edure, of the real distribution ofarrival dire
tions with a simulated one, whi
h assumesisotropy. In all 
ases, the result of a test is given bythe probability P that the a
tual distribution of eventsis a �u
tuation of the isotropi
 distribution, that is,for small P , the isotropi
 distribution is ex
luded atthe 
on�den
e level of 1 � P . For tests of the global(large-s
ale) isotropy, we use the Kolmogorov�Smirnovmethod (see, e. g., Ref. [42℄), whi
h 
ompares one-dimensional distributions of real and simulated eventsin some observable (e. g., a 
elestial 
oordinate). Forsear
hes of the lo
al (small-s
ale) anisotropy, we relyon the 
orrelation-fun
tion method, whi
h estimateshow often the number of pair 
oin
iden
es of dire
tionsfrom two 
atalogs (e. g., one of the arrival dire
tionsof 
osmi
 rays and another of parti
ular astronomi
alobje
ts) in simulated samples ex
eeds the similar num-ber obtained from the real data. The notion of the�pair 
oin
iden
e� depends on the angular distan
e �between the dire
tions, and hen
e the probability P (�)is often quoted for a 
ertain range of �. The 
lusteringproperties of the sample of the dire
tions are estimatedby the same method with both 
atalogs being identi
al

60

30Fig. 5. The distribution of arrival dire
tions of muonlessevents in the sky (equatorial 
oordinates). Grays
alerepresents the distribution expe
ted for the isotropi
�ux
osmi
-ray lists. More details on the method 
an befound, e. g., in Ref. [43℄.In both approa
hes, we need to simulate sets of ar-rival dire
tions under the assumption of an isotropi
�ux. These sets should take the experimental sele
tione�e
ts into a

ount. For 
ontinuously operating sur-fa
e dete
tor arrays with the e�
ien
y 
lose to 100%,the exposure is uniform in the azimuth angle and de-pends on the zenith angle � via a purely geometri
fa
tor sin � 
os �, assuming that the in
oming �ux isisotropi
 (this is the 
ase if an energy-limited sampleof 
osmi
 rays is studied). However, our sample is lim-ited by Ne instead of energy and, due to di�erent agesof showers 
oming at di�erent zenith angles, the ex-posure be
omes nongeometri
. Based on the observeddistribution of �, we determine the a

eptan
e fa
toras � sin � 
os9 �. The distribution of events in the az-imuth angle is perfe
tly 
onsistent with a uniform dis-tribution, as expe
ted. The distribution of the arrivaldire
tions on the sky, together with the one expe
tedfrom exposure for the isotropi
 �ux, is shown in Fig. 5.In the study of the arrival dire
tions, we do not in
lude3 of 48 events observed in 1982 for whi
h the determi-nation of geometry is un
ertain.1158
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tion of primary photons : : :4.1. Possible s
enarios for UHE photonsAmong possible me
hanisms of the origin of UHEgamma rays, we separately 
onsider those that do notrequire deviations from the standard parti
le-physi
sand astrophysi
al 
on
epts (we 
all these s
enarios 
on-ventional) and those that require the presen
e of par-ti
les and/or intera
tions beyond the Standard Modelof parti
le physi
s (these are 
alled �new-physi
s� s
e-narios). We note that high-energy photons intera
twith 
osmi
 ba
kground radiation e�
iently. Assum-ing the standard physi
s, the energy attenuation lengthfor a � 1017 eV photon is as low as � 35 kp
 due tothe e�
ient e+e� pair produ
tion on the 
osmi
 mi-
rowave ba
kground (CMB). This means that the ob-served photons were 
reated in the Galaxy unless somenew physi
s is assumed.4.1.1. Conventional s
enariosS
enario 1. Cosmogeni
 photons. UHE 
os-mi
 parti
les experien
e intense intera
tions with 
os-mi
 ba
kground radiation. For protons with energiesabove � 5 � 1019 eV, these are dominated by the GZK[44, 45℄ pro
ess of pion produ
tion through the � res-onan
e; for lower energies, the dominant me
hanismis the e+e� pair produ
tion. For heavier primaries atE � 1020 eV, photodisintegration e�e
tively redu
esthe propagation e�e
ts to those of protons of lower en-ergy. The se
ondary parti
les from all these intera
-tions (pions, ele
trons, and positrons) are the sour
e ofthe so-
alled 
osmogeni
 photons, whi
h appear eitherfrom subsequent pion de
ays or from inverse Comptons
attering of e�. There are numerous works on theGZK photons (see, e. g., Refs. [46, 47℄); the key pointof interest here is the possibility to use these � (1018�1019) eV gamma-rays as a tool to determine the 
om-position of the bulk of E � 1020 eV 
osmi
 rays; dueto the GZK pro
ess, the �ux of the se
ondary photonswould be mu
h higher for super-GZK protons than forheavy nu
lei. Given the present-day un
ertainty in theprimary 
omposition at the very end of the CR spe
-trum (see, e. g., Refs. [20, 21℄), this approa
h attra
ts
onsiderable attention, although no sign of the GZKphotons have yet been observed. The expe
ted �ux ofGZK photons at E . 1017 eV is far too low to explainour result; we are not aware of a 
al
ulation of the �uxat lower energies, nor of the distribution of their arrivaldire
tions (whi
h should be 
lose to the isotropi
 one,however).S
enario 2. Dire
t photons from point-like sour
es. UHE astrophysi
al a

elerators are ex-

pe
ted to emit energeti
 photons born in intera
tionsof 
harged parti
les with ambient matter and radiation.The energy of a

elerated parti
les should therefore ex-
eed the energy of the photons, roughly by an order ofmagnitude. It is presently unknown whether the a
-
eleration of parti
les up to � (1017�1018) eV 
an o
-
ur in any single obje
t in the Galaxy (that is, withinthe propagation length of � 1017 eV photons). In any
ase, these obje
ts are not expe
ted to be numerous;we therefore expe
t a 
ertain degree of 
lustering of thearrival dire
tions of photons in this s
enario. Gala
ti
TeV gamma-ray sour
es may represent plausible 
an-didates for the UHECR a

elerators; in this 
ase, thearrival dire
tions would 
on
entrate around them.4.1.2. �New-physi
s� s
enariosS
enario 3. Superheavy dark matter. Whilethe Large Hadron Collider failed to easily dis
over anydark-matter 
andidate, models of dark matter that arebeyond the rea
h of this ma
hine are be
oming moreand more popular. In parti
ular, the superheavy darkmatter (SHDM) s
enario (mass M & 1018 eV), origi-nally put forward in [48℄ to explain the apparent ex
essof E & 1020 eV 
osmi
 rays (presently disfavored), hasits own 
osmologi
al motivation. Its important pre-di
tion is a signi�
ant fra
tion of se
ondary photonsamong the de
ay produ
ts of these superheavy parti-
les; these energeti
 photons 
ontribute to the UHECR�ux. For M & 1020 eV, the s
enario is 
onstrained,but not killed [49℄, by the UHE photon limits; 
on-straints for lower M have not been studied. A 
har-a
teristi
 manifestation of this me
hanism is a Gala
-ti
 anisotropy [50℄ of the arrival dire
tions of photonsrelated to the non
entral position of the Sun in theGalaxy.S
enario 4. Axion-like parti
les and BL La

orrelations. The UHECR data set with the best an-gular resolution ever a
hieved (0:6Æ), that of High Res-olution Fly's Eye (HiRes) in the stereo mode, demon-strated hard-to-explain 
orrelations of arrival dire
-tions of E & 1019 eV events with distant astrophysi
alsour
es, BL La
 type obje
ts [51, 52℄, whi
h suggestthat � 2% of the CR �ux at these energies is neutralparti
les arriving from these obje
ts. The only self-
onsistent explanation of this phenomenon [24℄ not re-quiring violation of the Lorentz invarian
e suggests thatthe observed events are 
aused by gamma-rays that mixwith hypotheti
al new light parti
les (axion-like parti-
les, ALPs) in 
osmi
 magneti
 �elds. This would allowthem to propagate freely through the 
osmi
 photonba
kground in the form of the inert ALP and then to1159
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0 2Æ 4Æ 6Æ 8Æ 10Æ 12Æ 14Æ0:020:050:100:200:501:00P Auto
orrelation
�Fig. 6. The auto
orrelation test: the probability P (�)to have the observed or higher number of pairs ofevents within the angular bin � as a �u
tuation ofthe isotropi
 distribution
onvert ba
k to real photons in a region of the mag-neti
 �eld 
lose to the observer. This approa
h mayalso explain some other astrophysi
al puzzles. A testof this s
enario may be performed by 
ross-
orrelationof the arrival dire
tions with the same BL La
 
atalogas in Refs. [51, 52℄.S
enario 5. Lorentz-invarian
e violation.There is no la
k of theoreti
al models with tiny vi-olation of the relativisti
 invarian
e on the market.In some of them, this e�e
t results in an e�
ient in-
rease of the mean free path of an energeti
 photonthrough CMB [23℄. Although these models have manyfree parameters, with no parti
ularly motivated 
hoi
e,one may expe
t that a possible e�e
t of this 
hangeof the attenuation length would be to in
rease the
osmogeni
-photon �ux at E . 1017 eV by orders ofmagnitude. There is no evident signature of this s
e-nario in arrival dire
tions.4.2. Distribution of arrival dire
tions ofmuonless events4.2.1. Point-like or di�use sour
es?The test of the presen
e of a relatively small numberof point-like sour
es is provided by the auto
orrelationfun
tion. We present the results in Fig. 6, where theprobability that the observed ex
ess of pairs of eventsis in the angular bin � is plotted as a fun
tion of �.No signi�
ant 
lustering of events is found.

TeV gala
ti
 
orrelation
0 2Æ 4Æ 6Æ 8Æ 10Æ 12Æ 14Æ0:020:050:100:200:501:00P

�Fig. 7. The test of 
orrelation with Gala
ti
 TeVsour
es: the probability P (�) to have the observed orhigher number of events within the angular distan
e �from TeVCat [53℄ Gala
ti
 TeV sour
es as a �u
tuationof the isotropi
 distribution
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Number of events

0

Galactic latitude, PKS = 0.66

0Fig. 8. The distribution of the observed photon-likeevents (line) and Monte Carlo isotropi
 events (gray)as a fun
tion of the Gala
ti
 latitude b4.2.2. Test of s
enario 2: Gala
ti
 TeV sour
esFigure 7 represents the P (�) fun
tion for 
ross-
orrelations of the arrival dire
tions of the photon-likeevents with positions of Gala
ti
 TeV sour
es from theTeVCat 
atalog [53℄, as of May 2013. No sign of 
orre-lation is seen.4.2.3. Test of s
enario 2: Gala
ti
-plane 
orrelationGala
ti
 UHECR a

elerators of a yet unknowntype are still expe
ted to 
on
entrate along the Gala
-ti
 plane, and the distribution of events in the Gala
ti
latitude b is a model-independent test of this s
enario.Figure 8 illustrates that the distribution of photon-1160



ÆÝÒÔ, òîì 144, âûï. 6 (12), 2013 Estimate of the fra
tion of primary photons : : :
10

60° 120° 180°

d

8

6

4

2

Number of events

0

Distance to GC, PKS = 0.61

Fig. 9. The distribution of the observed photon-like events (line) and Monte Carlo isotropi
 events(shadow) as a fun
tion of the angular distan
e to theGala
ti
 Centerlike events over b is 
onsistent with that expe
ted foran isotropi
 �ux (the Kolmogorov�Smirnov probabilityPKS � 0:66).4.2.4. Test of s
enario 3: Gala
ti
 anisotropyThe SHDM-related Gala
ti
 anisotropy should re-veal itself in the dipole ex
ess seen in the distributionof events as a fun
tion of the distan
e to the Gala
ti
Center. Figure 9 demonstrates that no su
h ex
ess isseen (PKS � 0:61).4.2.5. Test of s
enario 4: BL La
 
orrelationsThe HiRes BL La
 
orrelations [51℄ appeared asan ex
ess of events 
lose to positions of 156 brightBL La
 type obje
ts sele
ted from the 
atalog [54℄ bythe 
ut on the opti
al magnitude V < 18m. A subse-quent study [52℄ also suggested a 
orrelation with TeV-sele
ted BL La
s. In Fig. 10, we present the resultsof a similar analysis for our photon-like sample, withthe same 
atalog of 156 BL La
s and with an updatedlist of TeV BL La
s from TeVCat [53℄. No signi�
ant
orrelation is seen.5. DISCUSSION AND CONCLUSIONSThe pla
e of our result among others is rather spe-
i�
. All previous studies put upper limits on the pho-ton �ux or fra
tion for the primary energy intervals� (1014�5 � 1016) eV and & 1018 eV. The EAS-MSU

6Æ 8Æ 10Æ 12Æ 14Æ0 2Æ 4Æ0:020:050:100:200:501:00P
0:01 �Fig. 10. The test of 
orrelation with BL La
 type ob-je
ts: the probability P (�) to have the observed orhigher number of events within the angular distan
e �from bright Vèron BL La
s (sample of Ref. [51℄, solidline) and TeVCat [53℄ TeV BL La
s (dashed line) as a�u
tuation of the isotropi
 distribution
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Fig. 11. The di�use 
osmi
 photon integral �ux versusthe photon minimal energy. The result of this paperis shown as a 
ross whose verti
al line represents theerror bars. Tentative dete
tions and upper limits fromother experiments are indi
ated by symbols: star (TienShan [17℄, dete
tion), open star (Lodz [19℄, dete
tion),gray triangle (EAS-TOP [4℄), gray squares (CASA-MIA [5℄), gray diamonds (KASCADE [6, 55℄), triangles(Yakutsk [12℄), open diamonds (Pierre Auger [13, 14℄),boxes (AGASA [8℄), and large squares (Teles
ope Ar-ray [15℄)result, �rst reported in Ref. [26℄, therefore representsthe �rst ever statisti
ally signi�
ant dete
tion of 
osmi
photons with energies above � 100 TeV. In this paper,4 ÆÝÒÔ, âûï. 6 (12) 1161
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Fig. 12. The fra
tion of gamma-ray primaries in the dif-fuse 
osmi
-ray integral �ux versus the photon minimalenergy. The notation is the same as in Fig. 11; in ad-dition, more Yakutsk results [11℄, results from HaverahPark ([7℄, open squares), from reanalysis of the AGASAdata ([9℄, the highest-energy square like AGASA), andfrom a 
ombination of AGASA and Yakutsk data ([10℄,large open square) are shownwe performed the �rst estimate of the gamma-ray �uxin the previously unstudied energy window (5 � 1016�1018) eV and estimated statisti
al and systemati
 er-rors for its value. The result is 
ompared with limitsobtained by other experiments in Fig. 11 (�ux) andFig. 12 (fra
tion). The fra
tion estimates should be in-terpreted with great 
are be
ause they are sensitive tothe energy determination of the bulk of hadroni
 pri-maries, whi
h is known to su�er from large systemati
un
ertainties due to the la
k of understanding of high-energy hadroni
 intera
tions. By 
ontrast, the photon�ux estimates are more robust be
ause they use theprimary gamma-ray energy determination and the ex-posure of the array only, both quantities being wellunderstood. Therefore, the main result in this paper isthe �ux estimate in Eq. (1).The interpretation of the result is problemati
.Leaving aside the dis
repan
y with the CASA-MIA re-sult in terms of the (un
ertain) gamma-ray fra
tion, themore robust �ux estimate, Eq. (1), does not formally
ontradi
t any existing experimental 
onstraint, but is
learly in 
on�i
t with the general trend observed atboth lower and higher energies1), see Fig. 11. Withinthe 
onventional s
enarios, these photons 
annot travel1) We note in passing that Eq. (1) agrees well with the earlyYakutsk estimate [18℄ of the � 1017 eV photon �ux, but that
laim was based on the observation of one event only.

longer than a few dozen Mp
 and should therefore beborn in the Galaxy. However, we do not see any signif-i
ant Gala
ti
 (nor any other) anisotropy in the distri-bution of the arrival dire
tions. To add to the troubles,in some s
enarios it would be di�
ult to avoid a 
on-�i
t with measurements of the � 1 GeV di�use photon�ux to whi
h se
ondary photons from ele
tromagneti

as
ades in the Universe have to 
ontribute.The estimates we made were obtained under theassumption that the muonless events that are not a
-
ounted for by �u
tuations of hadroni
 showers, andonly these events, are 
aused by primary photons. Thisassumption is a reasonable �rst approximation, but itsuggests two dire
tions for future work. First, gamma-ray showers have a small but nonzero number of muons(the reason for the appearen
e of muons is in the pho-tonu
lear intera
tions). The presen
e of a 
ertain num-ber of muonless events implies, within the photon hy-pothesis, that there should be an ex
ess of muon-poorevents in the data, whi
h is yet to be tested. Se
-ond, there are other observables, not dire
tly related tothe muon number, whi
h may distinguish photon show-ers from hadroni
 ones. One approa
h is to study theshower front 
urvature, whi
h is related to the depth ofthe maximal development of the ele
tromagneti
 
as-
ade; it has been used to sear
h for primary photonsin the experiments that do not have muon dete
tors(see, e. g. [15℄). This method is parti
ularly prospe
tivefor the EAS-MSU data be
ause the array was denseand the number of dete
tor stations that re
orded aNe & 107 shower was typi
ally large.The result we present may be tested with the muondata of the Yakutsk EAS array and in future exper-iments like �uores
en
e dete
tors of the Teles
ope-Array low-energy extension (TALE) [56℄, muon de-te
tors of the Pierre Auger Observatory in�ll array(AMIGA) [57℄, or Cerenkov and muon dete
tors of theTunka-HiSCORE [58℄.The study of arrival dire
tions of muonless eventsdid not reveal any signi�
ant deviation from isotropythat might give a 
lue to their origin. In prin
iple,this may 
hange with the extension of the data setto an energy-limited sample (versus Ne limited one),whi
h would in
rease the statisti
s for in
lined events,together with more pre
ise determination of thearrival dire
tions and redu
tion of the ba
kground bymeans of two-parameter (e. g., both the muon numberand shower-front 
urvature) sele
tion of photon-likeshowers. We leave these questions for a future study.We are indebted to O. Kalashev and G. Rubtsovfor the helpful dis
ussions. The work of N. K., G. K.,1162
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