ighlights fromm GRAPES-3

ISVHECRI 2024
8th July 2024

M. Rameez for the
GRAPES-3 Collaboration

(S tifr




OO NOUHAWNRE

e ol
A WNRERO

GRAPES-3 Collaboration

®
_

Tata Institute of Fundamental Research, Mumbai
J.C. Bose Institute, Kolkata

Indian Institute of Science & Edu. Res., Pune
Aligarh Muslim University, Aligarh

Indian Institute of Technology, Kanpur

North Bengal University, Silguri

Vishwakarma Inst. Of Information Tech., Pune
Utkal University, Bhubaneswar

Dibrugarh University, Dibrugarh

. Tezpur University, Tezpur

. Indian Institute of Technology, Jodhpur
. Indian Institute of Technology, Indore

. Amity University, Noida

. Institute of Physics, Bhubaneswar

NoUhRWNRE

Osaka City University, Osaka

Aichi Institute of Technology, Aichi
Chubu University, Kasugai, Aichi
Hiroshima City Univeristy, Hiroshima
Kochi University, Kochi

Nagoya University, Nagoya

ICRR, Tokyo University






Aluminum
rain cover

Aluminum cone

e 400 Plastic scintil'l‘étors

HV

Aluminum cylinder

eniacc o 8 M inter-detector separation
* 25000 m? area
* 3 million EAS / day (1 TeV — 10 PeV)

~— Pulse
<— High Voltage
High Gain PMT
Aluminum cylinder
to house PMT and Base

Aluminum box

Low Gain PMT

Scintillator tile WLS fibers

Fiber type




Shower7 =X

plane

Observables

TDC Offset
(Random walk)

direction

Direction (0, ¢)

Age (s), Size (N.), Energy ?

3 -—[ Pedestal HCaIibration]—[ Det. Gain ]

Core (X, Y¢)




Shower
ront

Shower Front Correct

C_).
>

Primary
direction

Shower
plane

Traditional (Plane fit)
Improved (Cone fit)

Curvature correction with shower age and size

Angular Resolution

Tog,,(N)

0.25

0.2

Slope (ns/m)

0.15

Energy (TeV)

\ V.B. Jhansi et al., JCAP07(2020)024 6



I 0
A P r ! v

3 : . T, A R
Tungsten

)

+ 16 muon modules gt S0 N —
FAZPRUs ok o/l Nt i AE R

Area: 560 2 | Y #0

Engergy threshold: sec;(e Ge

169 directions covehng 2.3 isr

4° ngula'r resolution' ;

! ! { ) —— e n e — -ﬁ'.., - : 'lﬂ
}-L ,‘r e 11 ,..;-

"""' A "W&k&f H“z forys

v, - " i ; -~ .ﬁ
: = -‘ - f‘v‘ .'.,., & a ‘.. > » 3> %Wv
SOIT) 1 St T s T
S s P - FPENT "W F
i ¢ -

»,;;mm- 1
’1 gﬁ;ﬂ 2 ;

v 2 v S, ANASSY tod A _ : T -
X o T : L STy ® -
ST - . g g T TN o 5
s d > ’ .50 Vo Ths <oy ? “ ~
> <t 4 2 PP o o . < . 4 ’ S4
A2 E AR AP 3 e 2 . - % Pt o - .
- ¥ o e ¢ i e v I LAY o .
QLY Ao ~ s Ear ey, = ' - . S » -,
) ¥ + -5 . > ’ S A a 2 2
O A, - 'L S8 y o “ e,y ' ) LAt = "aal {
& P 4 <3 e ¢ . y v 2 L -t N - Yo >
sy 24P A BN IR G T oy 4 ks / ; y - Lo A - iwe T
'. s e < . N . N/ . : 2 : . . > =3 ‘
ol o " . g A P ¢ . » » a . ; <’ W ' o A d ’
4 » : . » -
g P I, = 4 - . v \ P v o' Lol g . - . v :
ST . 487 - A sk 3 ."-" AN - _ _- _ PR —



Observables
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Physics Analyses

Solar & Heliospheric

——
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Atmospheric Cosmic rays
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Muon Image of 1 Dec 2014
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Cloud Movement
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FIG. 7. Top eight panels show affected directions for successive 2 min exposures starting December 1, 2014 at 10:42 UT. Bottom
eight panels show estimated potentials needed to reproduce Al, shown in the corresponding panel above for a 20 min duration
(10:41-11:00 UT). Maximum potentials of 1.8, 1.4, 1, 1, 1.1, 1.2, 1.3, and 1.4 GV (mean = 1.3 GV) observed for panels labeled 1
through 8. Angular velocity of 6.2° min~! inferred for directions (i) A to B, and (ii) C to D in northern and southern FOVs, respectively,
are shown in Fig. 1(d). Vertical bar in each bottom panel corresponds to +1¢ error.
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B. Hariharan et al., PRL 122, 105101 (2019)

(Focus article & Editors’ suggestion)

C.T.R. Wilson’s Measurement of
prediction of 0.13 GV
1 GV 90Y ago
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Solar & Heliospheric physics
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Transient Weakening of GMF
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Detection also by Scintillator Detector

Rate (%)
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B. Hariharan et al., JASTP 243 (2023) 106005
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Cosmic Rays

E=1TeV-10 PeV
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Cosmic Ray Anisotropy
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HAWC

relative intensity [x 10~*] .0.001 -0.0005 0 0.0005 0.001

M. Chakraborty et al., Astrophys.J. 961 (2024) 1, 87

22



3.7 x10° EAS events from
15t January 2013 to 31
December 2016 (1273.1
days)

Median Energy 16 TeV

Region A—6.8 0
RegionB—-4.7 0
Li & Ma

-10 -5 1) 5 10

-6 -4 -2 (o] 2 4 6
Significance (o)
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Cosmic Ray Anisotropy

Region A
Region A (x10™%) | Region B (x10™%) o w1 o e s o “
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Significance (o)

Analysis using anti sidereal time

Not a spurious sidereal effect
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Results with Muon cut

Showers producing at least 2 “— Preliminary- —__
tracks in the muon detector 98%y ZE GAINEN. " de BN
* No of events: 1.9 x 10° relection & e e . T X )
* Change in strength of Region N A
A:(6.5+1.3)x 107 to i
(5.7+1.8) x10~*

e Change in strength of Region
B:(49+14)x10%to
(6.5+£2.0) x 1074

* Change is within 1o

* Hence, primary contribution
to these structures is
hadronic.
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Proton spectrum measurements

T °
i . gp  gp ® [ .

= A oa T 1 1171
Y A (i ; o o L ©
> 10% 7o B - § ° i )
5 - @
@ i ATIC-2 (2009) “ ° l l
i 0 CREAM-I+III (2017) ¢ % l %
» - &4 NUCLEON KLEM (2019) | J
o i A  DAMPE (2019) I
= CALET (2022) | :
e I O  ISS-CREAM (2022) l
N m KASCADE (2005, QGSJET 01) il
L m KASCADE (2005, SIBYLL-2.1)
X KASCADE (2013, QGSJET-11-02) T
) - ICETOP (2019, SIBYLL-2.1)
=4 ° GRAPES-3 (2012, QGSJET 01) T &

° GRAPES-3 (2012, SIBYLL-2.1)

® GRAPES-3 (This work, QGSJET-I-04)

| | 1 1 1111 | | | 1 1 1111 | | | 1 1 1111 | | | I!

10° 10° 10° 10° 10’

Energy (E) [GeV]

F. Varsi et al., Phys.Rev.Lett. 132 (2024) 5, 051002

28



50

A A A A

A A A A A A A
A A A A A A

A A A A A A A A A A A A

AAAA'

AAAA'

AAA.A

A A A A A A A A A

A A A A A A A

A\A A A A A|/A A A A

B A A A A A
G -
: A A L4
R A A AAA
L A 'AAAAAA/AAAAAA
R A.AAAAA&AAAAAA
A . A A4 A A AAAA
B \\ GOmAAAAAAAAAAA
|||\T"~|——I|——|" | |
-100 50 0 50
X [m]
Fiducial Area

Starting with 1.75 x10°
EAS triggered events
between 1%t January
2014 and 26" October
2015

Core within Fiducial area
0 <17.8°

N, > 10* (90% trigger
efficiency)
0.02<s5s<198

7.81 x10° EAS over 460
day livetime

29



~
o

sEl . 0: [0.0°,17;8°] 3 GRAPES-3:H
ERREEK [ ] Systematic uncer.

o
o
|

ol
o
[

............................................................................................................................................................

Relative composition (%)

=Y
o
-

Shower size (Ne)

Relative composition of proton primaries obtained using Gold’s
unfolding on the muon multiplicity distributions

30



®(E)xE%” [m? sr's™ GeV']

-
o
N

— 6: [0.0°, 17.8°] ® GRAPES-3: H
-':'> ° [ Sys. uncer.
8
" o
5oLl s ¢
= 10 e ®
& B e o
L
2 -
=)
(=] | 1
20— ----- Unfold. algo. ----- Unfold. Prior Unfold. Bias
r -.-.- Acceptance = = -.-.- Spectral profile - - - Lim. MC stat.
o - - - Rel. comp. sys. —— Total sys. uncer. —— Stat. uncer.
2 1of
prs L
2 C —
£ C T T T T T —_—
s o e T T e e e e Se s e e e e e T
3 C T TTmmee S e —
(%]
2 L
o - e —— o= <
10— S
L. | L L L ] L
3x10* 10° 2x10° 10° 2x10°
Energy (E) [GeV]
0: [0.0°, 17.8°] @ GRAPES-3:H
— Ogppy (Do Ep; 7,5 7, )
---- D (D5 7)
— —=3.1240.02
i —2.56 £ 0.02
~
~
~
- ~
~
~
~
~
~
- ~
~
~
~
~
~
1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 T ~ 1
4 5 5 6 6
3x10 10 2x10 10 2x10

Energy (E) [GeV]

Broken power law
favoured over

unbroken power law at
>3.20

31



[Ge\/1 ol /(m2 s s1)]

P. Lipari and S. Vernetto, APP 120 (2020) 102441
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Similar hardening seen by DAMPE at ~150 TeV
Alemanno et al Phys.Rev.D 109 (2024)
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Pressure (hPa)

Bonus: Tonga Volcano Eruption
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15 January 2022
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Future - New Muon Telescope under construction

70% larger sky coverage for
atmospheric and solar studies




Summary

Gigavolt potential in thundercloud

Detected a short muon burst triggered by transient weakening of
geomagnetic field

Dependence of CR parallel mean free path on rigidity & solar activity
Shower front curvature correction

Moon shadow

Cosmic ray anisotropy at TeV energies

Hardening in the proton spectrum at ~ 166 TeV

Moving towards blinded analyses and Machine learning based
reconstructions

More in the pipeline Th - k
e Spectrum and composition of heavier elements a“

* Crab
Gamma ray transients yo u

Joint CR anisotropy analyses with IceCube and HAWC

New muon telescope + extended scintillator array ~ 10% Crab in 1 year



Backup



C.R. Parallel mean free path dependence on rigidity and solar activity
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Median Rigidity (GV)
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Bonus: Tonga Volcano Eruption

-

15 January 2022 &

Biggest after eruption of Krakatoa, Indonesia (1883)
5-200 megatons of TNT (~200 megatons of TNT)
~150 billion litres of water into stratosphere (~10%)
Expelled ~10 km3 rock & ash (~4000 pyramids)
Record height of >55 km

Raise in global temperature

May dissipate in decade

Record-breaking shock wave (pressure wave)
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\

AGNs, SNRs, GRBs... w

Gamma rays
black They point to their sources, but they
holes can be absorbed and are created by
multiple emission mechanisms.

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower

w

They are charged particles and
are deflected by magnetic fields.

* X
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Wy ~400 km
N , v
Top of the Atmosphere Proton W = Satellite experiments
. (ie., AMS)
=
NO'Of Part|C|es < 1% interaction with . Balloon experiments
e Plon x Atmo§pheric (i.e., CREAM. BESS.
N”‘:'i' =r JACEE, CAPRICE...)
. " Dirsctmessurements
| In-Direct measurements
\ """"""" ARGO-YBJ, Tibet

Electron e*

Gamma y

°
"
¢

10 km

il
£
i\s' Underground
v experiments
Earth Surfacg (i.e., CERN,
KGF..)

-
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Muon Intensity Variation

lh 200

Time (UT)



Timeline

Detection of
100 MeV y-ray in
TGFs

C.T.R. Wilson’s
prediction of
1GV 90Y ago

Measurement of

Measurement of
0.13 GV
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Properties of the Cloud

MeanV =13 GV

Lin. Vel. = 60 km hrt
Ang. Vel. = 6.2° min’!
Height = 11.4 km amsl|
Radius > 11 km

Area 2 380 km?
C>0.85 uF
Q=1100C

E>720G)

P>2GW

Comparable to biggest nuclear reactor /
hydroelectric / thermal power plants

B. Hariharan et al., PRL 122, 105101 (2019)

Enough to power a big town

(Focus article & Editors’ suggestion)

47



Gamma Ray Detection
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Shower Front Correction
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Advantages

Cosmic Ray Spectra of Various Experiments
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Mean Free Path (au)



