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I In tro duction

The Milagrotelescope is a groundbasedwater Cherenkov air shower array for
the observation of multi-TeV gammarays andcosmicrays. It consistsof a
central 60mx 80m pondwith a 200mx 200marray of 174"outrigger"tanks
surroundingit. The central pondconsistsof an air shower layer of 450PMTs
locatedunder1.4m of puri�ed water anda bottom muonlayer of 273PMTs
located5m below the surface.The air shower layer andthe outriggertanks
locatethe shower coreandprovidetiming measurements to reconstructthe
shower directionandprovidethe trigger. The muonlayer is usedto detect
penetratingmuonandhadronsandprovidemeansof distinguishingbetween
gamma-ray andhadroninducedshowers.A proceduredevelopedto estimate
energiesof primarieswhich triggerMilagroon an event by event basisis
describedin brie
y in sectionII. Usingthis procedure,energyspectraof
gamma-rays from the Crabnebulaandspectraof Milagrobackgroundtriggers
have beendeterminedin the energyrange1 to 100TeV. The measuredspectra
arecomparedwith thosemeasuredby ACT techniquesanddirectmeasurements
of cosmicray spectra.

I I Energy Calculation

The event by event estimationof energiesin Milagrois basedupon simulations
carriedout usingthe GEANT programfor detectorsimulationsandCORSIKA
packagefor Cherenkov air shower simulations.The energyalgorithmis based
upon correlationof incident energywith coredistance(r core), zenithangle(� ),
andnumber of PMT's hit in the upper layer of Milagro'smainpond(NAS) and
in the outriggerarray (NOR). The energyparameteris givenby

p =
NAS

cos(� )
+ �wNOR (1)

is �t to a functionof the form

E ij (p) =
{

� ij + � ij p
}

e
 ijp+Γijp2

(2)

whereE ij (p) givesthe �t energyin each i-th zenithangleandj-th coredistance
bin, �w is the averageweight assignedto each outriggerto account for irregular
spacing,andthe constants � ij , � ij , 
 ij , and� ij aredeterminedfrom the Monte
Carlodata �ts in each energybin. Throughthis procedurewe areableto
producea reliableenergyestimationmethod over an energyrangefrom
approximately1 up to 100TeV, with energyresolutionsapproaching35%at
high energiesfor gammaray primaries.Figure1 showsthe distributionof
fractionaldeviationfrom true energyfor gammaray showers,for �tted energies
between20and50TeV. The distributionshowsa Gaussiandistributionwith a
width of about 35%andasymmetrictail. The energydependenceof the energy
resolutionis givenin �gure Figure2a. Figure2b showsthat median�t energy
estimatesthe true energywell above 2 TeV. Figure3 show a scatterplot of �t
energyvs. true energy.
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Figure1: EnergyResolutionbetween20.0TeV and50.0TeV.Resolutionsare�t
to a Gaussiandistribution. For this �gure � = 0:374and �x = � 0:07
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Figure2: Gaussian�t parameters(see1) vs. Monte Carloenergy.
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I I I Determination of Spectra

Spectraare�t througha � 2 minimizationprocessdesignedto account for
asymmetriesin the energyresolution.In the Milagroanalysiseach event is
assigneda weight accordingto the probability that a givenair shower originated
from a protonor a gammaray. An excessweight for each energybin is
measured,andsigni�cancefor theseexcessesis calculated.For each measured
energybin a predictednumber of weights canbe computedfrom detector
simulationsthrough,

Wi =

45�
∫

0

d�

1
∫

0:1TeV

dE f � (� )f i (E ; � )j (E)A(E; � )W(E; � )g (3)

wheref i (E) is the probability that an event of true energyE will be
reconstructedwith an energyinsideof the i-th �t energybin, j (E) is the form of
the assumedspectrum(usuallya power law), A(E; � ) is the Milagroe�ective
areaandW(E; � ) the averageweight for a givenenergyandzenithangle.For a
�xed setof parametersin j (E) a di�erent setof predictedexcessevents may be
determined.Minimizationof the � 2 value,givenby

� 2 =
nbins
∑

i=1







W (measured)
i � Wi

� i







2

(4)

with respect to the excessmeasuredfrom a sourcegive the optimum �t to the
data.

IV Energy Spectrum of Background
Triggers

Usingthe method brie
y describedin sectionIII andsettingW(E; � ) to unity,
we estimatea power law spectrumof the form I 0 (E=10TeV)� 
 , assuming
backgroundtriggersaregeneratedby protonprimaries.We obtain
I 0 = 5:56x10� 4TeV� 1sr � 1s� 1m� 2 and
 = � 2:70� 0:08. The spectralindex
derivedfrom the analysisof backgroundtriggersin Milagrois in reasonable
agreement with thoseof directmeasurement from JACEE [3] andRUNJOB[4].
The calculationof estimatedenergiesin this analysisof backgroundtriggersuses

the energyalgorithmfor gammaray triggers,henceit is preliminary. The
spectrumobtainedfor Milagrobackgroundis shown in �gure 4, wherethe 
ux
axisis in arbitrary units. A morerealisticanalysisusingan energyalgorithm
basedon protonandheliumMonte Carlo'sis currently underway to obtain
primary cosmicray spectra.
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Figure 4: Cosmicray spectrum as measuredwith Milagro shown by the blue
points (the statisticalerror barsaresmallerthan the sizeof the points shown).
The dashedred line represents the �t obtainedthrough� 2 minimization.
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Figure5: Event ratesin individual energybins, comparedwith expectedevent
ratesafterminimization.(Bluepoints arethemeasurement, andtheredrepresent
the expectedevent rates)

V Crab Spectrum

For determiningthe gammaray spectrumfrom the Crabwe includehadron
rejectioncutsandgamma-hadronweights asoutlinedin sectionIII. Through� 2

minimizationwe obtain the spectrumto be
I 0 = (4:84� 1:23)x10� 10TeV� 1m� 2s� 1 with a spectralindexof

 = � 2:78� 0:14for a power law with I 0 normalizedto 10TeV andreduced� 2

valueof 2.31.

Energy (TeV)
1 10 210

)
-1 s

-2
m

-1
F

lu
x 

(T
eV

-1210

-1110

-1010

-910

-810

-710

-610
MILAGRO

MILAGRO Fit

Crab Spectrum

Figure6: Milagro�t for the CrabSpectrum

A �t with the additionof an exponential cuto�,

j (E) = I 0

{

E
10TeV

}

e� E

Ec (5)

givesthe resultI 0 = (1:04� 0:56)x10� 9TeV� 1m� 2s� 1, 
 = � 2:29� 0:39,
with Ec = 31:0 � 26:26TeV anda reduced� 2 valueof 0.33,indicatinga
probablecuto� in the regionabove 10TeV (SeeFigure6). The Milagroresults
areconsistent with the measurements of otherexperiments, andprovides
competitive measurements up to 100TeV (see�gure 7).
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Figure7: MilagroComparisonwith selectedexperiments [2, 7, 6, 5, 1, 8]

VI Conclusions

We have developeda method for event by event determinationof primary
energyusingMC basedon CORSIKAandGEANT programsto simulatethe
experiment. We areableto measureenergyspectrain the TeV energyrange
extendingup to 100TeV. Our resultfor the slope of the Milagrobackgroundis
consistent with the mostrecent directmeasurements of the cosmicray spectrum.
The measuredCrabspectrumis in agreement with publishedresultsfrom HESS
andHEGRA experiments andindicatea possiblecuto� in the regionbetween10
and50TeV.
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