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The Knee of the Cosmic Hydrogen and Helium Spectrum below 1 Pe V
Measured by ARGO-YBJ and a Cherenkov Telescope of LHAASO
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The measurement of cosmic ray energy spectra, in partitad@ndividual species, is an essential approach in finding
their origin. Locating the “knees” of the spectra is an intpat part of the approach and has yet to be achieved.
Here we report a measurement of the mixed Hydrogen and Halpgotrum using the combination of the ARGO-YBJ
experiment and of a prototype Cherenkov telescope for thAASD experiment. A knee feature &40 + 87 TeV,

with a clear steepening of the spectrum, is observed. Thesdundamental inputs to galactic cosmic ray acceleration
models.

Keywords: Cherenkov telescope; ARGO-YBJ; energy specthyiorid measurement; composition.

Introduction Galactic cosmic rays are believed to originatewhole energy rande One of them is a significant down-
at astrophysical sources, such as supernova remnants. Thard bending of the spectrum aroufidx 10*° eV, the so-
mechanism for accelerating nuclei to energies fraitt eV called “knee?. Many acceleration models have successfully
to 102° eV remains unknown. A handful of significant struc- explained the power-law characteristics of the spectrum, a
tures in the approximately power law spectrum occur over theéhough no originating source has yet been experimentally ob

served for the high energy partictesThe knee of the spec-
trum obviously plays a key role to test the proposed accel-

eration and propagation models. One of the theories is that
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the knee marks the highest energy that the galactic cosmigncertainty of the cosmic ray flux measurement.

ray sources can reath The spectrum of all cosmic rays, In its FoV, the telescopé has an array of 256 pixels with
however, does not appear to bend sharply, because differeatsize of approximately one square degree each. The shower
species may have different cut-off energies and extraegala image records the accumulated Cherenkov photons produced
cosmic rays may merge into the flux. These latter may domin the entire shower development. As described below, the
inate the flux at higher energiesSuch a straightforward in-  total number of photons in the image can be used to recon-
vestigation unfortunately has been very difficult in thetpas struct the shower energy. The image shape indicates thk dept
decades due to two experimental limitations. 1) the pregisi of the shower development after reaching its maximum, giv-
measurement of cosmic ray species and energies with spaceiag useful information to select proton or Helium showers.
balloon-borne calorimeters and charge-sensitive detebts  The ARGO-YBJ array consists of 1836 RPCs, each equipped
been constrained by their small exposure due to limited paywith two analog readout “Big Pads4{0cm x 123¢m) to col-

load, so that statistically reliable measurements canffet€ |ect the total charge induced by particles passing throhgh t
tively extend to energies higher thaa'* eV2®, far belowthe  chambe!®% The collected charge is calibrated to be propor-
knee. 2) Ground-based experiments with extensive air showgional to the number of charged partici&€%. The most hit
(EAS) techniques are troubled by large uncertainties sech &RPC, together with the surrounding RPCs, measures the lat-
unknown energy scale and lack of effective tools to tag the naeral distribution of secondary particles within% from the

ture of the primary inducing the observed showers, indepencore. Such a unique measurement is very useful not only for
dently of the statistical accuracy of the measureffms a  a precise reconstruction of the shower geometry, but also fo
consequence, different experiments find a different knee enhe selection of proton and Helium showers.

ergy as summarizedin FIG. 1 of re_fere?nm;amly because of  The coincident cosmic ray data, collected in the hybrid ex-
the unknown mixture. The uncertainty in the attempts of meaperiment from December 2010 to February 2012, are used for

suring the pure proton spectrum is still large, e.g. the keee he analysis presented in this paper. The main constraint on
found a few hundreds of TeV in CASA-MER and afew PeV e exposure of the hybrid experiment is the weather condi-

in KASCADE?. The lack of well-measured knee energies fortion in the moon-less nights. The weather is monitored by us-

individual species is prohibitive for developing a predise- g the bright stars in the FoV of the telescope and an infrare
ory about the origin of cosmic rays. camera covering the whole sky. More details about the @iter
The situation is improved by the ARGO-YBJ experiment, for a good weather can be find elsewHés8 Combining the
at 4300m above sea level in Tibet, which records nearly ev-good weather conditions and the live time of the RPC array,
ery secondary charged particle of showers incident upon itthe total exposure time is 7.280° seconds for the hybrid
unigue detector made of a continuous array of Resistive Platmeasurement. Further criteria (quality cuts) for well meco
Chambers (RP@3. Such a set-up brings the threshold of the structed showers in the aperture of the hybrid experiment ar
shower measurement by Argo-YBJ down to the same energy) at least 1000 particles recorded by the ARGO-YBJ digital
range of CREAM. This enables ARGO-YBJ establishing readout! to guarantee high quality reconstruction for shower
the energy scale by measuring the moon sh&dewd cross- geometrg3; 2) at least 6 pixels triggered in each shower im-
checking with CREAM2. This improvement is enhanced age. About 32,700 events survived these cuts. Among them,
with the addition of data from a Cherenkov telesédpmag- 8218 high energy events approximately above 100 TeV are
ing every shower in its field-of-view (FoV). The hybrid of detected. The core and angular resolutions are better tBan 1
the two techniques improves the resolution for shower gnergm and 0.3, respectively.
measurements, and enhances the capability to discriminate A great deal of extensive air showers, including their
showers induced by Hydrogen and Helium nucldi&He)  Cherenkov photons, are simulated by using the CORSIKA
from events initiated by heavier nuctgi Here, we report codé* with the high energy hadronic interaction model
the measurement of the knee of the energy spectrum of th@GSJIETII-02° and with the low energy model GHEISHA
light component{{ & He) below 1 PeV using the hybrid data The G4argd’ package and a ray-tracing procedure on the
from the ARGO-YBJ RPC array and the Cherenkov telescopecherenkov photor8 are applied for further simulation of the
which is a prototype of one of the main instruments in the fu-detector responses. All five mass groups, i.e. proton, Heliu
ture LHAASO experimer:t”. C-N-O group, Mg-Al-Si group and Iron are generated in the
The Hybrid Experiment The hybrid experimental data set simulation. A detailed comparison between the data and the
includes air showers whose cores are fallen inside an area fmulation can be found elsewhéte
76m x 72m fully covered by the ARGO-YBJ RPC array, i.e., Shower Energy Reconstruction and All-Particle Distri-
1 m from the edges of the array, and whose arrival directiondution The shower energyy, is reconstructed using the total
are in the effective FoV of the telescope, i.e., a cone ‘%f 6 number of Cherenkov photo-electron$,., collected by the
with respect to the main axis of the telescope, which had a fukelescope which observes the shower with a certain impact pa
FoV of 14 x 16° pointing to 30 from the zenith. The tele- rameterR,, given by the shower geometry. Using a very large
scope is about 78 off the center of the array in the south-east sample generated by the simulation described above, a look-
direction. This defines a geometrical aperture of 163, up table for the shower energy with two entries, i/é,, and
According to the simulation of the hybrid experiment, high R,, is determined for each mass group. For a shower with
energy & 100 TeV) showers are detected with almost full ef- N,. measured by the telescope afigl measured by the RPC
ficiency, particularly theff& He events. This minimizes the array, the shower energy can be read out from this table. The
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E ray uniquely measures the lateral distribution of the sdaon
107 Ty particle density at the shower core. The number of particles
g - recorded by the most hit RPC in an event, denoted/as..,
e 0 L. is a good parameter to discriminate between showers with dif
g 10°¢ [ . ferent lateral distribution within 3n from the cores. In a
S [ e paTA Ta,::c shower induced by a heavy nuclel§,,... is expected to be
g 1°§ _— MC (HORANDEL) ¢ Ty smaller than that in a shower induced by a light nucleus with
3 | omMe HD Tibet S 1 the same energy. Obviously.... depends on the shower
1 MC (KASCADE) E‘: size which can be indicated by, at the distance?, from
£ Ty S = the shower axis. We define a reduced dimensionless _v_ariable
log. (N) pr = 10910 Nmaz - 1.440910Npe — R,,/81.3m + 3.3 empiri-
10\ pe cally obtained from the MC simulatiéhto absorb the shower
size effect.
FIG. 1. Distribution of the number of Cherenkov photo-elens The shape of the shower image recorded by the Cherenkov

measured by the telescope (filled circles) with a bin widttd @2 (#elescope is also a mass-sensitive parameter. The eadliptic

in logioNpe. The histograms represent the distributions generate p . . .
according to the flux mode®$3! and to the all-particle spectra and mage 15 descrlbeq by the Hillas parame%érsuch. as width
and length. The images are more stretched, i.e., narrower

corresponding composition models obtained from Tibet Z%nd .
KASCADES experiments. and longer, for showers that are more deeply developed in

the atmosphere. The length to width ratib/{V) is there-
fore a parameter sensitive to the depth of the shower maxi-

energy resolution is found symmetric and fits well a GausMUmM which depends on the nature of the primary. It is also
sian function witho between 23% and 27% for different mass known that the images are more elongated for showers farther

group. However, a clear feature of the energy reconstmictio@Way from the telescope, because of purely geometric rea-

is a systematic shift which depends on the nature of the priSoNS: The ratid./IV is nearly proportional to the shower
mary. Around 1 PeV, the difference between proton and IrodMPact parameter?,,, but depends very moderately on the

showers is approximately 37%, significantly greater than th Shower size. Taking into account the dependence on mea-
resolution. For a mixed sample with unknown composition Suréd number of Cherenkov photons in a shower and on the

this feature will distort the all-particle energy spectrexen impact parameter, we define a reduced dimensionless variabl

if the measurement is fully efficient, namely with a constant?c = L/W — Rp,/97.2m — 0.14logioNye + 0.32, obtained
geometrical aperture independent of the energy. again from the MC simulatid, to absorb both th&?, and

In order to compare with other experiments or existing cosSNOWer size effects.

mic ray flux models without assuming any specific mixture The selection of théf& He sample is carried out by com-
of the species for the measured showers, in EIG. 1 we pldining the two composition-sensitive parameters. A carrel
the event distribution as a function of the measured numbeon analysis shows that the two variables are quite indepen
of photo-electronsV,.. Also plotted in the same figure are dent. Composition groups are significantly separated in the
the distributions generated according to the all-partiglec-  pz-pc map®. This map can be plotted with probability con-
tra measured by the experiments and the corresponding ai@urs for the two mass groups, namél& He and the other
sumptions on the mixture of different species. Here we shovpuclei (FIG[2). The cutp; > —1.23 or pc > 1.1 result
the results from Tibet ASwith two different composition  in a selected sample &f & He showers with a purity of 93%
modelg€®, from KASCADE with its composition models ob- below 700 TeV and an efficiency of 72% assuming the compo-
tained from the unfolding procedufesind two widely quoted ~ Sition models given i#:3. The aperture gradually increases
composition models, i.e., Horand®kand H4&. The corre- 10 120m? sr at 300 TeV and keeps as a constant at higher en-
sponding energy range is from 126 TeV to 15.8 PeV assumergies. The contamination of heavier nuclei increasesevith
ing 1:1 mixture of proton and Helium showers. The compar-€rgy, becoming about ¥3around 1 PeV and gradually rising
ison shows that the existing all-particle spectra and tb@ir 0 45% around 6.5 PeV. The contamination obviously depends
responding composition models are in a general agreement @b the composition assumptih The associated uncertainty
a level of 30%. The data used in this work also maintains as discussed below.
general agreement with others at a similar level. Energy Spectrum of Proton and Helium The energy
Hydrogen and Helium Event SelectionThe secondary spectrum of the selected samplefd& H e showers is plotted
particles in showers induced by heavy nuclei are spread fuin FIG.[3. The shower energy is now better defined because
ther away from the core region. Therefore significant differ the intrinsic scale difference betweéh and He showers is
ences of the lateral distributions exist in the vicinity bet smaller than 10%, significantly lower than the energy resolu
cores between showers induced by light or heavy ngiclei tion. Using about 40,000 simulated events that survived all
Beyond a certain distance, e.g., 20 from the core, the the reconstruction quality cuts arél& He selection, the en-
lateral distributions become similar because they are Ijain ergy resolution function is found to be Gaussian with a con-
due to multiple Coulomb scattering of the secondary partistant standard deviation of 25% and overall systematid shif
cles and are well described by the Nishimura-Kamata-Gneiseless than 2% at energies above 100 ¥2VTo take into ac-
(NKG) function. With its full coverage, the ARGO-YBJ ar- countthe energy resolution and any kind of smearing like bin



05 is found less than 994.

e components Discussion and conclusionsAn evident bending struc-

or ture is observed in the cosmid& He spectrum by the hy-
0.5- brid experiment using the ARGO-YBJ RPC array and the

: Cherenkov telescope at 4300 m above sea level. The previ-

o ous measuremenrts:*pelow 700 TeV, as mentioned above,

L5k indicate that the spectrum is a single power law with index

g -2.62. Beyond 3 PeV, however, many experiments reported
-2F an evident bending in the all-particle spectrum, although w
255— a spread in the bending energy. With the normalization fac-
05 EPIEY tor Jo = (1.82 4+ 0.16) x 107 GeV=t m=2 57! sr~1 at

400 TeV the four flux values measured below 700 TeV are
fitted well by the single-index power law. Together with its

FIG. 2. Composition-sensitive parameters and pc: for the two ~ €Xtrapolation up to 3160 TeV, the upper boundary of the last
mass groups,H&He (solid contours) and heavier components bin in our analysis, the power law spectrum has been used as
(dashed contours). The numbers on the contour isolinesdtelthe  the a priori expectation. The significance of the deviation of
percentage of contained events. the bent spectrum from the single-index power law is mea-
sured by calculating the chance probability as follows. 85
events in the range from 800 TeV to 2000 TeV and 9 events
from 2000 TeV to 3160 TeV are observed, to be compared

to-bin migration from the true to the reconstructed primaryWith an expectation of 118 and 22 events, respectively, de-
energy, a Bayesian algoritifis applied to unfold the ob- rived from the hypothetical spectrum plus the contamirgatin
servational data. The selection efficiency #de showers is heavy species, corresponding to a deviatiod.d@fo. A bro-
approximately 80% that foff showers. The contamination ken power law fits well the measured spectrum. Below a break
due to heavy nuclei is subtracted in each bin considering thenergyEx, the assumed spectrum describes the data very well
composition model in Re¥. with x2/dof = 0.7 for the first four points. Above the break
Systematic uncertainties mainly arise from the followingthe data can be fitted by, - (Ej,/400TeV) ™22 - (E/Eg)”,

causes: 1) Assumptions on the flux of heavy species. BeloW/ith £x= 64087 TeV andj = -3.34£0.28. The relatively
800 TeV, a flux uncertainty of 1.9% is estimated by consid-arge error OnEy, IS due to _t_he limited statistics and the finite
ering the models in re®, ref3! and the extrapolation from energy resplutlon. In qddltlon, the systematic error '”%Qe
the CREAM dat& Above 800 TeV, this uncertainty increases €9y scale is 9'7h%’, which corrgspo][](jhs te 62 TeV atb;’“_'
with energy up to 23.3% at 2.5 PeV. 2) Because of slightly dif- _In summary,the joint operation of the ARGO-YBJ detector
ferent detection efficiencies fdi and He showers, the frac- with a wide field-of-view and imaging Cherenkov telescope

tion of Helium in the selected samples depends on the Coma!"OWEd a detailed investigation of the energy range bridg-
position assumption. This also results in an uncertainggof N9 the gap between the direct observations of CREAM and

in the overall flux. 3) Choice of the interaction models. The!l€ ground-based KASCADE experiment. This hybrid exper-

overall flux uncertainty is about 4.2% by considering thehhig iment yields a clear_ evm!ence for a knee-hke_structure o th
energy interaction models SIBYEf and QGSJET, and the spectrum of light primaries (protons and Helium nuclel)_be-
low energy interaction models GHEISHA and FLUBA 4) low 1 PeV.The observation of the !mee of the primary light
Boundary effect of the aperture. The boundaries were $jight component at_such a low energy gives fundamental inputs to
varied to smaller RPC array and smaller FoV of the telescopeqalacnc cosmic ray accelleratlon models. . .
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FIG. 3. H&He spectrum by the hybrid experiment with ARGO-

YBJ and the imaging Cherenkov telescope. A clear knee simeics
observed. The dashed line represents the fit to the data.ifidle-s
index spectrum below 700 TeV and its extrapolation up to 360
(solid line) has been used as arpriori assumption. TheZ& He
spectra by CREAN, ARGO-YBJ and the hybrid experimehitbe-
low the knee, the spectra by Tibet ASand KASCADE above the
knee are shown for comparison. The shaded areas represeyisth
tematic uncertainty.
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