The CR Proton Spectrum measured with GRAPES-3

Fahim Varsi,
KIT-ETP

IAP-HEU Groups Seminar SS 2024

June 6, 2024

SKIT

Karlsruher Institut fur Technologie KIT North campus

F. Varsi (KIT) CR Proton Spectrum by GRAPES-3 June 6, 2024

1/31



Table of contents

Introduction & motivation

GRAPES-3 experiment

MC Simulations

Selection cuts and energy calibration

Mass composition estimation

Proton energy spectrum

Summary

F. Varsi (KIT) CR Proton Spectrum by GRAPES-3

June 6, 2024

2/31



They ar
are defl

ed by m

Introduction to cosmic rays (CRs)

https:/ /icecube.wisc.edu/news /view/455 (Juan Antonio Aguilar and Jamie Yang. IceCube/WIPAC)

F. Varsi

(KIT)

CR Proton Spectrum by GRAPES-3

» Cosmic Rays (CRs):

» CRs
magnetic field,

High-energy charged particles.
Energy: 10°eV to 107 eV.

~90% protons, ~9% He nuclei
and rest heavy nuclei & et.

diffuse by the interstellar
not point back to

sources.

» We lack the complete understand-
ing of their sources and acceleration
and propagation processes.

» Observables:

Energy spectrum.
Mass composition.
Anisotropy.

Multi-Messenger Astronomy.

June 6, 2024

3/31



CRs energy spectrum

= 104
» It follows a power law, Pl i ! T e
g F
(E) dN —y -2 11l o 10°F L A particleim?sed) |, :..:::‘.::::;...,
P(E)= =77 =KE m “s “sr eV s [ : :
K] & Maverah Bak - ground amay
dE dA dQ2 dt 5 10 % : .
» Well-known features, E A AGASA- groumd sy
15 1 O FiysEpe-siruorsconce
® Knee at ~ 10*° eV. T 4+ WiRest mono - i uorescence
w HiRes2 mone - aif Muorescence
18 HiRes Stareo - air flucrescence
L] ~
Ankle at ~ 107" eV. O Auger-ybria

20 = H
® GZK cut-off at ~ 107 eV. L : y :
107 H LX Knee
. (1 particle/m’-year) |
J. Phys. G: Nucl. Part. Phys. 31 (2005) R95-R131 doi:10.1088/0954-3899/31/5/R02 H
10"
TOPICAL REVIEW

Can diffusive shock acceleration in supernova
remnants account for high-energy galactic
cosmic rays?

10%

A M Hillas res
School of Physics and Astronomy, University of Leeds, Leeds [.S2 9JT, UK #
The first lesson from figure 1 is that a single component of cosmic rays appears to extend 10% glmm
from below 101 eV 10 at least 10'® eV in proton energy. To a good approximation a uniform
in rieidi —2.69 i . n . iele” 9 4010 4011 4012 4013 4014 4015 4016 4017 4018 4119 4020
spectrum in rigidity, R~>, consistent with the cxpectations of a simple (‘test particle’) shock 10° 10" 10" 10" 10" 10™ 10" 10'° 10" 10" 10" 10
acceleration model, is quite acceptable: it fits also the total air shower flux around 10'% eV, and Energy (eV)

https://web.physics.utah.edu/whanlon /spectrum.html.
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Motivation
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» Hardening and softening of CRs proton spectrum contradict the long-held belief of single power law before the Knee.

P. Lipari and S. Vernetto, Astropart. Phys. 120 (2020) 102441.
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Motivation
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» Hardening and softening of CRs proton spectrum contradict the long-held belief of single power law before the Knee.
» Lack proton spectrum results from 100 TeV to PeV energy range.

» Non-unique extrapolation to higher energy.

P. Lipari and S. Vernetto, Astropart. Phys. 120 (2020) 102441.
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Scintillator Detectors (SDs) array

» Plastic SDs Array:

Total area: 25,000 m? with 400 plastic SDs (1 m?).

8 m inter-detector separation with Hexagonal
geometry.

Samples relative arrival time (t) and density (p) of
EAS charged particles.

Generates EAS trigger.
t — arrival direction (0, ¢).

p — shower parameters (N, s, xc, yc).
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20140102-13:49:03.0175029 IST

Particle arrival time (t) [ns]

EAS direction and parameters reconstruction
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» Step 1: Plane fit to the shower front,

=2

2

X" =) [Ixi+ my; + nz; + c(t; — fg)]z.

1l
-

where N: number of triggered SDs,

Xi, Yi, zi: coordinates of ith SD,

to: time of shower front passes the origin,
c: speed of light,

1, m, n(0, ¢) are the angle cosines.

» Step 2: Correct for shower curvature using

shower size (N,) and shower age (s).
V.B. Jhansi et al., JCAPO7 (2020) 24
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Particle density (p) [m™]

(KIT)
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CR Proton Spectrum by GRAPES-3

» NKG function,
exp _ i s-2.0 L s—4.5
pi _Cx(fo) (1+f0) ’
N, r(4.5-s)
27rg T(s)M(4.5-2s)"

where Ng: shower size — energy of CRs,

s: shower age parameter [0, 2],

ro: Moliere radius (103 m for Ooty),

ri(xc, yc): distance of i™ SD from EAS core,
Xc, Yc: coordinates of EAS core.

June 6,2024 8 /31



GRAPES-3 muon telescope (G3MT)

-E oL S8 Layer-l,Layer-Si so |
1oL 1 » Samples the muon component of EAS.
» 16 independent modules (35 m2); Total effictive area: 560 m>.
o0k 1 » Detector unit: proportional counters (PRCs).
» 4 adjacent modules (super-module) have separate DAQ but synchronized with
EAS trigger.
-301- o
» Concrete absorber (550 gcm™“).
» Energy threshold: 1GeV X secf,,, where 0,,: muon incident angle.
_40f
E e b Lo b by
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» Clustering of PRCs is considered once.

GRAPES-3 muon telescope (G3MT)

PRC dimension: 6 mx 0.1 mx 0.1 m.

Four orthogonal layers of PRCs.

Layer-1 & 3 — X-Z plane;
Discriminator threshold: 0.2 minimum ionizing particle (~4 keV).

PRCs hit info — number of tracks/multiplicity (N, ) — mass composition.

Upper layer is scanned for a PRC hit starting from PRC number 0.

Corresponding PRC hit in the bottom layer (according to projection of
shower axis in the plane), along with £ 1 PRC, is checked.

F. Varsi

(KIT)

Layer-0 & 2 — Y-Z plane.

CR Proton Spectrum by GRAPES-3
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Monte Carlo (MC) simulations

» Detailed MC simulation study is done, which broadly involves,

1. EAS development simulation in Earth’'s atmosphere using the CORSIKA package.

2. Simulation of the EAS particles in the SDs to estimate their corresponding p and t.

3. Detailed simulation of the EAS particles response in the G3MT using the GEANT4 package.

» Simulation of the EAS particles in the SDs,

» EAS development simulation at GRAPES-3 site, .
® CORSIKA v7.6900 package. °

® QGSJET-11-04/FLUKA as high/low-energy
hadronic interaction model.

® H, He, N, Al and Fe. °
® E: 1TeV to 10PeV, with E2® spectral slope.
® 0:0° to 45°.

® 6.1x10" EASs for each element.

Analyzed with an in-house developed software framework.

Two datasets: dataset-1 with random core distributed within
150 m from array center for entire energy range,
dataset-2 with 60 m from the center array for E > 100 TeV.

Each EAS used ten times with a random core location to
improve statistics.

t « CORSIKA output.
p < GEANT-4 simulation of plastic SDs.
Generate EAS trigger and EAS parameters.

» Datasets with E™>" spectral slope and proposed by GST and H4a composition models are derived.

F. Varsi (KIT) CR Proton Spectrum by GRAPES-3 June 6, 2024
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Geant-4 simulation of G3MT: Geometric reconstruction

» GEANT4 simulation of G3MT involves,

® Geometric modeling of the G3MT (PRCs . 450!
and concrete absorber). \\,-\': X
® Passing sample of EAS particles from ““ﬂ“ ==

CORSIKA, followed by tracking and
recording the energy deposited by the
particle in the detector volume.

Tungsten wire
PRC iron tube

P10 gas volume (60% transparency)

Hermetic seal

F. Varsi et al., JINST, 18 P03046 (2023).

F. Varsi (KIT) CR Proton Spectrum by GRAPES-3 June 6, 2024 12 /31



Geant-4 simulation of G3MT: EAS particles response
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» Muons below 1 GeV X sec threshold absorb in the absorber.
» Muons above 1 GeVx sec 6 threshold make a clear passage through the module.
» Energy deposited by single muons in PRC peaks at 20.7 keV; consistent with experimental value of ~20 keV.
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Geant-4 simulation of G3MT: EAS particles response
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» Electromagnetic and low energy hadronic components get ab-
sorbed.

» High energy hadrons generate an EAS in the absorber, make
complex PRC hits pattern.

» Multiple discrete PRC hits: more than one track. e B
» Clustering of PRC hits.

Layer-1 CCLTTTLT

T T O O O T O O ey
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Ha

» EAS hadrons generate shower inside concrete ab-
sorber, make complex PRC hits pattern.

» Hadron punch-through: fraction of number of
tracks formed by hadrons.

» Hadrons are produced mostly closer to the shower
axis; Their number falls rapidly with an increase in
the distance from EAS core.

» ~10% at 20 m and reduces to ~2% at 60 m.

F. Varsi (KIT)

dron punch-through
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Selection quality cuts and data summary

L T ‘ UL ‘ UL UL T T ]
» GRAPES-3 data: 1 January 2014 to 26 October 2015. 100
Quality cut Number of % of R A A
surviving surviving 50- v 44 i
EASs EASs
1. Triggered 1.75x10° 1000 & [/
2. Abnormal days based on N, spectrum 1.58x10° 90.0 I~ oK
3. Successful event matching & muon 1.17x10° 66.8
tracking
4. Angle and NKG reconstruction 8.47x10° 48.3 N
5. Shower age (s) between 0.02 and 1.98 8.41x10° 48.0 —50F ]
6. Circular area within 50 m radius 3.96x10° 22.6
7. Zenith angle < 17.8° 1.33x10° 75 ‘ | | ‘
8. Hadron punch-through < 2% 6.27x10 3.6 100t A+t
-100 -50 0 50
9. 10*° < Shower size (N,) < 10°° 7.81x10° 0.4
X [m]
» Fiducial area: 4123 m?
F. Varsi et al., Phys. Rev. Lett. 132, 051002 (2024)
F. Varsi (KIT) CR Proton Spectrum by GRAPES-3 June 6,2024 16 /31



Observed shower size distribution and live time

» For live time (Tjy.) calculation: distribution of inter-event time separation (At) fit with exponential function.

F(AL) = Ae RAT,

Tive = N/Ra

where R: time rate of the EAS passing the selection quality cuts, A: intercept and N = 6.27 X 10° is the total number of EAS
after the selection quality cuts.

N o e B A B A B AL L » T T
[4] il i i 4
ol r e ] : 10° Entri 201‘22%%55534 07
2 £ - ] o ntries . e+07
_5 106 L Entries 6.266605e+07 E ﬁ X2 I ndf 206.8/147 1
S £ ] k) A 13.81 ]
5 10°E - 5 [ R 0.001577 |
o E E| a L |
£ 10k ] £
=4 E E z 3 1
10° 4
i, k| 10°F 3
10? by E r ]
Entries = 7.81e+06 " 1 [ ]
10 ] L Livetime =3.97e+07 s v
L =459.9 days |
10 IR R ARETIT S I AT B R RTTTY EEERETT AR A | PN IR NI N T B R R
10° 10° 10° 10° 107 108 0 500 1000 1500 2000
Shower size (N.) Inter-event time separation (At) [ms]
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Trigger efficiency, total efficiency and acceptance of the GRAPES-3 array

s A s T = 1400 ——————
e; 100 [0.0°,17.87] i} € 10 8 [0.0°,17.87) y - N; . [0%31;):8”] .
3 3 il ! E. 120 - -
S /ff S /”(/ @ /"‘ ™y
S i/l ] £ 2 100 !
£ [T £ 5
5 H s //f £ /
s / | [/]] & 800)
] Jii IS 17 < /
= //Jf / e 600)
£/
/1] - 7 11 - . /
// Jq/ e / Iy e 400 / p— isiis
e n A 1197 + 04008
./L// }/ T M/.,/ s 1 200 .
e ke V
mm vl o J/Pmm\ . mm . mm ot ‘...-r"{f\ T R
10° 10° 10 10° 10' o 3 4 5
Primary energy [GeV] Prlmary energy [GeV] log, [E /GeV]
» c7 reaches 90% at nearly 40 TeV, 45 TeV, 60 TeV, 70 TeV and 80 TeV for H, He, N, Al and Fe, respctively.
» g nearly 100% above 200 TeV and total efficiency (g;,t) = €1 X €g.
» Acceptance of GRAPES-3 array,
TA
Aa(E;) = stot(E )(cos 26 — cos20,)
where [0/, 0,]: upper and lower zenith angle range and A is fiducial area.
2
» Ag = ~1200m"” sr for &4y = 100%.
» Error in fit parameters are used to calculate the systematic uncertainty in the estimation of Aq.
F. Varsi (KIT) CR Proton Spectrum by GRAPES-3 June 6, 2024
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Energy calibration and resolution

7 T T T e 100 @ .
E | 00178 - § uf 30.87 0: [0.0°, 17.8°] . R.esolution ]
Lu)_ L % gLLI" : O Bias :
= e ol Fioe 1
e 6 . e 0.6

[ - 10° @ r ° 1
L .g L [ ° 4
[ [ . ]
I !ﬁ 2 0.4 ® .
5|t b o 1
i - 10 02
4 [ i
r 0.0 =

4.0 4.5 5.0 55 6.0 3x10 10° 2x10° 10° 2x10°

log NE Ereco [GEV]

Datasets with —2.7 spectral slope splited into 2 parts and first part was used for N, and energy relation.
Modeled with linear function on log-log scale.
log E = p0 X log N, + pl.

Second parts was used to calculate distribution of Eﬂ‘f;—E‘“‘i
rue

Ereco—Etrue )
Etrue :

energy bias = Median (

energy resolution = o (Eﬁ-cgt_—‘guﬁ)
rue

Bias within 3% and resolution is 60% at 50 TeV and 35% at 1.3 PeV.
F. Varsi (KIT) CR Proton Spectrum by GRAPES-3 June 6, 2024 19 /31



Muon multiplicity distribution (MMD)

(2] F "

) . u H; 6.4 = . _____proton
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» The muon multiplicity distribution (MMD) is sensitive to the composition of the PCRs.
» Simulated MMDs fitted with negative binomial distribution (NBD).

2
W 2
F(Nu + 7027“) ( " )0‘2‘_“ (02 _H)Nu

r(N, +1)r ( i

NBD(N,,; p,0) =

oc—p

» where p is the mean value and o is standard deviation of the MMD.
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log (W)

log (0)

Paramterization of MMD

25 = 25
6:[0.0°, 17,87 2 :[0.0°, 17.8°]
: H  dHe [ 1 3 WH bFe [ 1
sob 1M QA H = o oLindt=2284419 A~
: GFe  4paa g, : A=-2315+-0018 —
: B = 0.752 +/- 0.004
s .
1 v = 1
’ F AN g -
s ¥ e m //
Yo o=
1.0 - e 1.0
s 5 =
LY
osf ¢ o5 /
A= -2.880 +- 0.01
- B 0.782 +- 0.003
00 4.0 45 5.1 5.! 6.0 00 4.0 45 5.0 55 6.1
log NE log Ne
2.0, 5 2.0
FH dHe 6:(0.0°,17.87 S 6:(0.0°,17.87
INoea + g ?7 : 8 257? %
Xindf =
Lol #Fe 4oaa i Lo | Kmar-szane
¢ D =-0.456 +/-0.163
-
8 P
1.0 § . 1.0 //;//
o
PO
I 4
05 2 4 05 Xefndf = 2,090/8
: ¢ ¢ : " C=-0.735 +- 0.24
. / D = -0.018 +/- 0,10
£=0.062 +/- 0,011
P I R R PR PRI P P R
00%37% 75 50 55 6.0 0075 a5 50 55 6.0
log N, log N,
F. Varsi (KIT) CR Proton Spectrum by GRAPES-3

» 1 and o of observed data MMD is
confined between corresponding fit-
ted 1 and o for simulated proton
and iron (extreme limits) primaries.

» p: Linear function.
logp=A+ B xlogN,.

» o: Quadratic function.

logo = C + D X log N, + E X (log N, ).

June 6, 2024
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Mass composition: Gold's Unfolding algorithm

2
=
3
» Gold'’s unfolding procedure is employed twice. 1072
® Estimation of relative composition of each primary group from
observed MMD for each shower size bin.
® Estimation of the CR proton energy spectrum from the 107
corresponding shower size distribution.
10°
S 1 2 3 4
» For each N, bin, Mass index (A)
® Response matrix (Ry) generated from parameterization of MMDs.
2 40t
* Gold's iterative unfolding algorithm is used. g 10 /§:~.\\" 001787 Tog N7 46,4
_g ® GRAPES-3 data
n - — result
TeTef 5107 N
ot i (Ri'CTCN,); 5T f - e
n(A;"7) = n(A;) TAT o~ 3 - -
¥ j(R1TCTCRy);i n(Af) E 10° —Fe
5
_ Sas = / \
where C,3 = T %104 e
® Composition proposed by GST composition model used as prior. g . //
Z 10”
® Optimal stopping iteration: minimum of WMSE. / %
e L T

Muon multiplicity (Nu)
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Relative composition of proton primary

& 6: [0.0°, 17.8°) $ GRAPES-3:H
c 70
g [ systematic uncer.
£ )
2
» Relative composition of proton primary (a;) E 60
8 .
1. 65+0.3%¢3% at Ne = 10", M
& 50
2. 47 +3.5%%3% at Ne = 10°°. ] PR
e o e @
40
o ) ) ) ) o A R I R
» Contribution from the following sources of systematic uncertainty is 4.0 4.5 5.0 5.5 | 5-UN
calculated. oo N
1. Unfolding algorithm (within 0% to 2%). € O Ui dgo. - Unfold. Prior - Unfold. Bias.
o e .- Spectral profile  ---- Smoothing - - - Lim. MC stat.
2. Initial prior A (within £1%). 2 — Total sys. uncer.
o
. . . 5 10
3. Bias from unfolding procedure (within —0.15% to +0.18%). g
o
4. Different spectral profiles to generate the response matrix (within 5
+3.7%/-5.8% to +0%,/—7.6%). 0
5. Smoothing algorithm (within +0.7% to —4.1%).
6. Limited statistics of MC simulations (from 3.2% to 6.0%). -10
— Stat. uncer.
= e e e e e e ey
20 4.0 45 5.0 55 6.0
log N
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Proton size distribution and unfolding

» Observed N, distribution (NZ*): convoluted distribution of different
primaries.

» Proton N, distribution (N,;): Each bin of N weighted with proton
composition (a;) in corresponding bin.

» Response matrix (R;) generated using simulation data with spectral
slope of —2.7.

» Gold’s algorithm is used iteratively as,
(R:'CTCN,);
¥ ;(RaTCTCRy); n(Ef)

» Initial prior selected with a spectral hardening near 200 TeV.

n(Ef*Y) = n(Ef)

» Smoothing is applied on the E after each iteration.
» Optimal stopping iteration: minimum of WMSE.

» The final proton energy spectrum is not smoothened.

Num of showers

Shower size (Ne)

F. Varsi (KIT) CR Proton Spectrum by GRAPES-3

107
6: {0.0%, 17. [ vata: observed size distr.
[ pata msize distr
10°
5
10 |__L
10* aL
10* 10° 10°
Shower size (N)
F 1>
i z
©
10°F 1073
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108 [ 102
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107
10°
10° 10"
Energy (E) [GeV]
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Proton energy spectrum

107 3 —
% E 6: [0.0° 17:8% GRAPES-3: H ] < 6: [0.0%, 17.89] ¢ GRAPES-3:H
% L E ] $ [ Sys. uncer.
= I 1 -
2 ]___ »
o 10°F E| -
5] £ ] @
£ 0 1 B
z | m | 5 :
5 §... 4 o
107 ] 3 % 10 s ¢
E L 1 w o
i l | &
10*E ]
3x10* 10°  2x10° 100 2x10° 3x10* 10°  2x10° 10°  2x10°
Energy (E) [GeV] Energy (E) [GeV]

» Proton energy spectrum: 50 TeV to 1.3 PeV.
» The differential flux (®(E);) for i energy bin is calculated from,

1 n(E;)
®(E)i = Tiive (AEi -Aqi )7

where n(Ej): number of EAS in ith energy bin, AE;: bin-width of ith energy bin, Aq: acceptance of GRAPES-3 array, Tjje: live-time of GRAPES-3
data taking for this analysis.

» Scale with a factor of E>” to show the spectral hardening near 165 TeV.
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» Contribution from following sources of systematic uncertainty

Proton energy spectrum

is calculated. :\a 30: ---- Unfold. algo. ===~ Unfold. Prior Unfold. Bias
. . . T,; r i -.-. Acceptance -.-. Spectral profile - - - Lim. MC stat.
1. Unfolding algorithm (within —0.02% to +0.11%). & 20f- ---Rel.comp. sys. — Total sys. uncer.
- = [
2. Initial prior E (within —0.73% to +1.20%). % 1of
3. Bias from unfolding procedure (within +0.40%). g L
4. Acceptance of GRAPES-3 EAS array (from 2.05% to of =55
0.04%). r B
5. Different spectral profiles to generate the response _10: A
matrix (within —4.15% to +0.71%). r
-20
6. Limited statistics of MC simulations (from 0.42% to [ — Stat.uncer.
2.06%). ; \
_30 I N
7. Systematic uncertainty in relative proton composition 3x10* 10°  2x10° 10°  2x10°
(from +3.97%/—6.49% to +10.75%/-12.37%). Energy (E) [GeV]
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Modeling the spectral hardening

» Modeled with smoothly broken power law (SBPL), given as,

£ " £ 1 q(r2-r)w
w
"’S(E):%(W) {“(E) }

where ®g: flux normalization constant at 50 TeV,

Ep: energy corresponding to position of spectral break,
~1 and 2 spectral indices before and after Ep,

w: smoothness parameter for the spectral break.

0:[0.0°,17.8° X2ndf =3.36/3

¢ GRAPES-3: H E, = 166.4 +/- 7.9 TeV
v, = -3.12 +/- 0.02

Y, = -2.56 +/- 0.02
£=0.22 +/- 0.06

10° V’/(

» By considering only the statistical uncertainties during the
modeling,

D(E)E>" [m? sristGev!]

o = (1.370 + 0.005) x 10* m2sr st Gev 7l
E,=166.4 + 7.9 TeV,

M =-3124 002 3x10* 10°  2x10° 10°  2x10°
v2 = =256 + 0.02, Energy (E) [GeV]
w =0.22 + 0.06,
with x°/ndf = 3.36/3.
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Significance the spectral hardening

:: L. 9::[0.0°,:17.8°); & GRAPES-3: H
3 — Psger (Po By ¥, ¥, 8)
» Null hypothesis: Modeled with single power law (PL), given as, ij - B (@, Y)
E v F“;’ i
¢P(E)_¢0(50TeV) E o »
» Alternate hypothesis: Modeled with SBPL. b:‘ii 10° \ — i
w <
» Test statistics (TS): x» - x& with 3 dof. &
» For statistical uncertainties only,
* x% =897.90 and x2 = 3.36.
3x10° 10°  2x10° 10°  2x10°
® TS = 894.54 with 3 dof. Energy (E) [GeV]
-103
® p-value = 1.35x 10 . ;: 6.[0.0° 17.87 § GRAPES-3:H
_ [ [ Total .
® significance (o) = ¢ 1(1 - p) =29.70. o —m;:‘:;j‘ersh, )
where qb*l: inverse of the cumulative distribution of the standard ‘; ST O (P V)
Gaussian. o
» For statistical and systematic uncertainties, :: TN .
2 2 X 10t S
* 2 = 18.67 and x3 = 0.16. g | N B
® TS = 18.51 with 3 dof.
® p=345%x10"" o = 3.60.

3x10* 10°  2x10° 10°  2x10°
Energy (E) [GeV]
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Proton energy spectrum

o]

DE)XE>’ [m? sristGeVvt)
>0

g@-@%%%% O'.;lHil

ATIC-2 (2009)
CREAM:-I+l1l (2017)
NUCLEON KLEM (2019)
DAMPE (2019)

CALET (2022)

ISS-CREAM (2022)

KASCADE (2005, QGSJET 01)

KASCADE (2005, SIBYLL-2.1)

KASCADE (2013, QGSJET-1I-02)

ICETOP (2019, SIBYLL-2.1)

GRAPES-3 (2012, QGSJET 01)

GRAPES-3 (2012, SIBYLL-2.1)

GRAPES-3 (This work, QGSJET-1I-04)

» At lower energy:

® Good agreement with
ISS-CREAM,
CREAM-I+III, and
DAMPE.

» At higher energy:

® Good agreement with
KASCADE QGSJET
01.

10° 10’
Energy (E) [GeV]

F. Varsi et al., Phys. Rev. Lett. 132, 051002 (2024)

10° 10* 10°
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Summary

» This work used MC simulation data based on QGSJET-II-04/FLUKA hadronic interaction models.
» For H, Aq saturates to ~1200 m? sr for 0 < 17.8° and fiducial area used in this analysis.
» Energy resolution for H is 60% at 50 TeV which improves to 35% at 1.3 PeV.

» The data recorded by GRAPES-3 from 1 January 2014 to 26 October 2015 was used, which contains 7.81x10° events after
selection cuts.

» Proton energy spectrum is presented from 50 TeV to 1.3 PeV, providing the connection between direct and indirect
measurements.

» Proton energy spectrum has a good overlap with direct experiments (ISS-CREAM. CREAM-I+I1l, DAMPE) at low energy and
indirect experiment (KASCADE QGSJET 01) at high energy.

» Evidence of spectral hardening near 165 TeV is presented with a significance of 29.70 by considering the statistical
uncertainties and 3.60 by considering the statistical and systematic uncertainties.
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Composition: Unfolding Vs Chi-Square minimization

g ‘
% 70’ m  Gold's unfolding (ref.) |
2 L e Bayesian unfolding
§_ i 2 e xZminimization
g L
S 60
° L
= r ]
E L
s L
o 50
o [ ] g é
L g ¢
C ¥ 5 ¥
40
—_ ’)I‘\7
£ 4
s I
2 r
S 07 : [ ] ° . [} b ® [} s
[ [ h . ° °
[a] L ° ° ° °
_5:
20 45 50 55 60
log Ne
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Gaussian randomization test: Simulation

®(E)xE>" [arbitrary]

1010 -

Gaussian method

GST input spect.
GST spect.

Spect. index -2.5
Spect. index -2.7

> o B m

mm >

-*‘;+++

- Unfolding method
§
B L
= -,
Yy M
© 4 ' X ’
4 w
+ 5
100
: w  GSTinput spect.
w  GST spect.
[ e Spect.Index -2.5
F 4 Spect.Index -2.7
| Lo el

10°
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Gaussian randomization test: Data

¥

¢
4

Spect. Index -2.7
Spect. Index -2.5
GST spect.

>a
s

GRAPES-3: H

:‘> Gaussian method ®  Spect.index -2.7 :‘> Unfolding method
8 . ¢ Spect.index -2.5 8
i . . 4 GST spect. A
< . <
@ ' . . b ]
o ° o
£ * £
= e e 08 = ]
o L] - o
¥ 10t : s ¥ 10t
w L . Im | ]
€ €

L GRAPES-3: H L

| | Ll
10° 10° 10°
Energy (E) [GeV]
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Detected muons

Muon saturation for different zenith angle and primaries

L e [0.0°17.8°% 2 200 6:[0.0°,:17.8°
10 = module-0 S [ p0 0.2016 '+ 0.4174 4
[ e module-4 H £ L pl 1.162 +0.2144
F 4 module-8 [ e r p2 -0.05336 +0.03464
8- dule-12 (5} [ p3 0.00759 + 0.001746
[ © module- . ° g 157
L £ t
6 e [
r A 10
4 ; [
r s L
[ . 5
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[ w [ e
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Detected muons

Muon saturation for different zenith angle and primaries

1%}
10 e 8:0°-10° S 1ol &l00n 1781
P e 8:10°-15° g " ¥
r e 6:20°-25° ] = [ o ‘
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Hadron punch-through (%)

Hadron punch-through for different zenith angle and shower size bin

r . 00°-178° ‘ 2 6: [0.0°, 24.6°] proton;
30 +|e o 17.8°-24.6° -g’ 30} ¢ e 4.0 <log Ne<442
. N " 3 . 4 44<logN <46
L 0.0°-24.6 9N,
20 . " _;:‘3 20 ? o 48<logN, <50
. = 8 A 52<logN <5.4
10 S 10
E [] 2 £ [N
r [] . 3 F 1 8
] S i
o H
3 [} 2 3 %
Y 2 2 LI
2 'y T LEY
Yie, ’ $34 4
1t LI '] £ B
: 1 1 1 1 L L L L L L : L L L L L L L L L L
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Core resolution

0: [0.0°, 17.8°]

Core resolution (g;) [m]
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N
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Reconstruction efficiency
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GST model
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3 , E
. — L E Vi —
i(E) =3 ai;E" x exp |: Zich:|.

j=1
D He  CNO _ MgSi Fe
Pop. 1: 7860 3550 2200 1430 2120
. =4 PV 166 158 163 167 1.63
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T.K. Gaisser, Astropart. Phys. 35 (2012) 801.
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Check reliability of response matrix

[7)] E
o F log N:[4.6, 4.8] 8.
S [ e00°,17.87  _-®-e
o L [ ’ ] P e -3¢ )
< ke R \
7 10_1 L P '_/ ‘.\ \
- g e , N \
° F e & Q\ \

[ .
g R

- . A
£ 1072 2 5 k
: L B AY
c E / : 5
o F 1 '
e f A E
L :
© -3 ! )
£ 10 E .,-' & Hsimulation *
5 F K4 --3-- H parameterization !
Z r T ’_,.»' @ Fesimulation

. ¢ --@-- Fe parameterization
107 !
E ' | P P P N
0 1 2 3 4

F. Varsi (KIT) CR Proton Spectrum by GRAPES-3 June 6, 2024 12 /13



Propagation
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of systematic error in proton relative composition into energy spectrum
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