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Abstract 

The past decade has witnessed the opening up of a new window on to the Universe with the coming of age of high energy 
neutrino astronomy. The IceCube experiment at the South Pole discovered a diffuse flux of astrophysical neutrinos at             
TeV-PeV energies, and also identified the first candidate source for this flux: a flaring blazar 5.7 billion ly away. This was a 
breakthrough in real-time multi-messenger astronomy and has thrown up significant challenges to astrophysical models of such 
active galactic nuclei. Intriguingly no neutrinos have been detected from gamma-ray bursts, nor were any seen from the binary 
neutron star merger detected in gravitational waves. Resolving the high energy neutrino sky and furthering our understanding 
of such extreme environments in the Universe will require IceCube-Gen2, which will have 8 times the instrumented in-ice 
volume, in addition to a surface array including radio detectors to extend the energy range by 3–4 orders of magnitude. Such a 
facility also has immense potential to probe physics beyond the Standard Model with ultra-high energy cosmic neutrinos. 
Opportunities for Indian participation in this exciting endeavour will be discussed. 

 
 

Introduction  

The IceCube neutrino observatory is a cubic-kilometre 
sized detector made up of 5160 photomultiplier tubes (PMTs) 
embedded deep within the ice at the geographic South Pole 
between depths of 1450 m and 2450 m [1]. The reconstruction 
of the incoming neutrinos relies on the detection of optical 
Cherenkov radiation emitted by the secondary particles 
produced in the neutrino interactions in the ice or the bedrock. 
Construction of IceCube began in 2005 and the detector has 
been delivering data in its final configuration since May 2011. 
Today, the collaboration includes around 320 physicists from 
53 institutions in 12 countries around the world (including, in 
Asia, China, Korea and Japan) [1]. 

Neutrino and Multi-messenger Astronomy with 
IceCube 

Though initially conceived as a detector with just 2π sr sky 
coverage (due to the irreducible background of the down- 
going muons produced in extensive air showers in the 

Southern sky), the usage of the outermost layer of the detector 
as   a   veto   has   enabled   the   efficient   rejection   of   such 

 
Figure 1: The IceCube Neutrino Observatory [1] 
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backgrounds by selecting specifically for events with their 
interaction vertices within the detector. These are mainly 
charged current (W±) mediated and due to all neutrino 
flavours, although preferentially e and  initiated ‘cascade’ 
events, because of the bias against  ‘initiated ‘tracks’ in such 
a ‘High Energy Starting Events’ (HESE) sample. A 
statistically significant excess of events in the HESE sample 
is now accepted as conclusive evidence for a diffuse 
astrophysical flux of neutrinos at TeV-PeV energies [2]. A 
corresponding excess has also been observed in the up-going 
muons created in the Northern sky which reach IceCube 
through the Earth [3]. This breakthrough in 2013 has opened 
a new window on the Universe and galvanised the 
astroparticle physics community. 

 
Figure 2: Neutrino-initiated events in IceCube [1] 

 
Figure 3: The deposited energies of HESE events, compared 
to background predictions. The summed uncertainty of all 
backgrounds (estimated from simulations for muons and data 
for neutrinos) is shown as a hashed region [2]. 

Attempts to identify the sources of the high energy neutrinos 
via directional clustering analyses have been unsuccessful, 
constrained mainly by the low statistics of the HESE sample 
and the limited angular resolution of the ‘cascade’ topology 
for the majority of these events. Starting in mid-2016, real 
time alerts are being issued to the wider community through 
the Astrophysical Multimessenger Observatory Network 
(AMON) and Gamma-ray Coordinates Network (GCN). One 
such alert, issued on 22nd September 2017 after the detection 

of a high energy muon neutrino of energy ~290 TeV by 
IceCube, initiated a multi-wavelength campaign ranging from 
radio frequencies to -rays, after the event was noted to be 
pointing back towards the blazar TXS 0506+056, observed to 
be in a flaring state by both Fermi and MAGIC [4]. 
Subsequent examination of 9.5 y of archived IceCube data 
revealed a 3.5 excess of high-energy neutrinos from this 
object between September 2014 and March 2015 [5]. TXS 
0506+056, later ascertained to be at a red-shift of 0.3365 is 
thus the first identified extragalactic source of high energy 
neutrinos, and therefore, indirectly, of ultra-high energy 
cosmic rays. The absence of any -ray emission associated 
with the 2014–15 flare has however proven challenging to 
explain with the plethora of astrophysical models proposed [6] 
to explain the 2017 flaring event. 

 
Figure 4: 50% (dashed red) and 90% (solid gray) 
containment regions for the neutrino event IceCube-170922A, 
over-laid on a V-band optical image of the sky. Fermi -ray 
sources are shown as blue circles, while the yellow circle 
indicates the 95% contour reported by MAGIC. The optical 
position of the blazar TXS 0506+056 is shown in the pink 
square. The Orion constellation is also shown (from Ref. [4]). 

Gamma-ray bursts have however been excluded as dominant 
contributors to the diffuse neutrino flux [7], nor have any high 
neutrinos been detected from compact binary mergers 
detected via gravitational waves [8]. Within the Galaxy, there 
have long been hints that extended regions of -ray emission 
at tens of TeV observed by MILAGRO (e.g., the Cygnus 
region) are also emitters of TeV neutrinos [9]. Forthcoming 
data from LHASSO (and, in future, CTA and SGSO) at 
hundreds of TeV should enable definitive identification of 
Galactic ‘Pevatrons’ accelerating hadronic cosmic rays via 
observations of the concomitant flux of neutrinos. 

Cosmic rays with IceTop 

The in-ice IceCube array is augmented by a surface array 
called IceTop [10], located on the Antarctic plateau at an 
altitude of 2835 m. Consisting of 81 stations, each made up of 
two Cherenkov tanks separated by 10 m,  IceTop  samples  and
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reconstructs the shower front of Extensive Air Showers (EAS) 
developing above the IceCube detector, collecting data that 
have led to world-leading measurements of cosmic-ray flux, 
composition and anisotropy [11]. IceTop also serves as a veto 
to the in-ice array, allowing for the rejection of the principal 
background, namely muons originating in cosmic-ray 
interactions in the upper atmosphere. 

 
Figure 5: Skymap (Mollweide projection) of the relative 
intensity of cosmic rays at 10 TeV median energy in equatorial 
coordinates, exhibiting a dipole anisotropy [12]. 

The significant number of atmospheric muons observed by 
IceCube enables it to be used as a cosmic-ray detector. 
Combining with data from the High-Altitude-Water-
Cherenkov (HAWC) observatory has enabled the first 
measurement of an anisotropy of O(10–3) in cosmic rays from 
the full-sky analysis of primaries of energy ~10 TeV [12]. 

IceCube and Particle Physics 

Neutrino mass eigenstates do not correspond to flavour 
eigenstates, leading to flavour oscillations as neutrinos 
propagate through space. Neutrinos produced in cosmic-ray 
interactions in the upper atmosphere traverse baselines 
between 20 and 13,000 km. By measuring the deficit in the 
observed number of muon neutrinos as a function of direction 
and energy with respect to atmospheric neutrino flux 
predictions, the oscillation parameters 23 and ∆𝑚 ,  can be 
measured. The DeepCore infill array at the center of IceCube 
enables the detection and reconstruction of neutrinos at 
energies as low as ~ 5 GeV. An analysis of three years of data 
with reconstructed event energies in the range of 5.6–56 GeV 
[13] has allowed IceCube to obtain consistent measurements 
of these oscillation parameters at precision comparable to that 
of dedicated accelerator- and reactor-based experiments, 
highlighting its powerful capability to probe new physics. For 
example, stringent limits have been set on the existence of 
sterile neutrinos [14] and on possible violations of Lorentz 
invariance [15]. 

The Earth is not transparent to neutrinos of energy above ~30 
TeV, leading to an attenuation in their flux. By comparing the 
zenith-dependent flux of observed events against 
expectations, the neutrino cross-section can be measured [16]. 
The HESE sample from 7.5 years of IceCube data has been 
used to measure the all-flavour neutrino-nucleon cross-section 

from 60 TeV up to 10 PeV [17]. The results are consistent with 
Standard Model predictions for deep inelastic scattering at 
next-to-leading order QCD [18]. 

 
Figure 6: The IceCube measurement (90% allowed region) of 
atmospheric neutrino oscillations [13] compared to other 
experiments. The outer curves show the 1-D projections 
profiling over other variables, along with 68% C.L. contours. 

 

Figure 7: The charged-current, neutrino cross section as a 
function of energy, averaged over neutrinos and antineutrinos 
of all flavours [17]. The 1 Wilks’ confidence intervals are 
shown along with the previous result from Earth absorption 
[16] and theoretical predictions. 

The fraction of a neutrino’s energy transferred to hadrons, 
inelasticity, is particularly sensitive to new interactions due to 
physics beyond the SM. A sample of neutrino interactions in 
the 1–100 TeV range contained within IceCube from five 
years of data was found to have an inelasticity distribution 
compatible with the SM theoretical prediction [19]. By 
exploiting the distinct inelasticity distributions of muon 
neutrino and muon antineutrino interactions, the ratio of the 
flux of 𝜈µand �̅�µ in the 770 GeV – 21 TeV energy range was 
found to be 0.77 .

.  times the SM prediction for the 
atmospheric neutrino flux [20].
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Figure 8: The mean inelasticity measured in five energy bins 
[19], compared against the predicted SM mean inelasticity for 
neutrinos and antineutrinos [18], as well as averaged for their 
mix in atmospheric neutrinos [20]. 

 
Figure 9: Reconstructed energy posterior probability density 
(top) and expected distributions from MC simulations 
(bottom), for the ‘Glashow resonance’ candidate event [27]. 
The MC simulation based expectations are shown separately 
for hardons from W– decay (GR h., blue), the electron from W 
decay (GR e., orange), charged-current interactions (CC;red) 
and neutral current interactions (NC;green). 

IceCube has performed searches for neutrinos from the 
annihilation of dark matter particles in the Sun [21, 22] and 
the Earth [23], as well as the Galactic halo [24] and Galactic 
Centre [25] — setting restrictive limits. The possibility that 
the observed PeV energy neutrinos are from the decay of 
superheavy halo dark matter is disfavoured [26]. 

On 8th December 2016, a shower with an energy of 6.05 ± 0.72 
PeV was detected within IceCube [27]. Features consistent 
with the production of secondary muons in the particle shower 
indicate the hadronic decay of W– boson produced via                
�̅�e e– → W–. This is the ‘Glashow resonance’ [28] and its 

detection confirms the existence of electron antineutrinos in 
the diffuse astrophysical neutrino flux — an important clue 
towards the nature of the sources. 

The Future 

These breakthrough results from IceCube in the past decade 
have etched out a roadmap for the future of astroparticle 
physics studies from the South Pole. The proposed IceCube-
Gen2 [29] is 8 times bigger in volume, increasing the expected 
event rate by a similar factor, while capable of resolving 
sources fainter by a factor of 5. The addition of a radio array 
will extend the energy range by at least a factor of ~100. The 
primary scientific objectives are to: 

1. Resolve the neutrino sky from TeV to EeV energies. 
2. Reveal the sources and propagation of the highest energy 

particles in the Universe. 
3. Investigate cosmic particle acceleration through multi-

messenger observations. 
4. Probe fundamental physics with high-energy neutrinos. 

In continuation of the crucial role IceTop has come to play in 
the functioning of IceCube as a driver of real time 
observations (3 out of the 17 real-time alert candidates 
triggered within IceCube in the past year were vetoed by 
IceTop), IceCube-Gen2 is expected to have a proportionally 
larger surface array. The upgrade to IceTop with scintillator 
detectors augmented by radio antennas [30] envisioned in the 
near future is expected to pave the way towards the eventual 
design and layout of the Gen2 surface array, which may also 
incorporate subsurface muon counters. The full IceCube-Gen2 
facility is expected to be complete by 2033, at a cost of $350 
million. The first step towards this is the already approved $37 
million IceCube-Upgrade which will add 7 new strings in the 
centre of IceCube, with the main goal of gaining precision in 
studies of neutrino oscillations [31]. 

 
Figure 9: The high energy neutrino landscape [27] 

In India, the Gamma Ray Astronomy at PeV EnergieS     
phase-3 (GRAPES-3) array is a major astroparticle physics 
observatory, operating at the Cosmic Ray Laboratory (CRL), 
Ooty (11.4° N, 76.7° E, 2200 m altitude) with the participation 
of 12 Indian and 7 Japanese institutions [33]. Its dense array 
of scintillator detectors and the largest muon tracking 
telescope in the world offer a sensitive probe of high energy 
particle acceleration in both the Earth’s atmosphere and outer 
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space from a near-equatorial location. As detectors that 
sample the secondary particles produced in EAS, GRAPES-3 
and IceTop occupy a similar position in the field of 
astroparticle physics. The design, construction and 
deployment of GRAPES-3 was pursued with a strong 
emphasis on the indigenous development of cutting-edge 
instrumentation and the training of early-career researchers. 
Consequently, the team at Ooty can now design and fabricate 
high quality plastic scintillators and proportional counters, as 
well as high speed (100 ps) signal processing electronics 
including amplifiers, discriminators, and time to digital 
converters in-house with internationally competitive 
performance, al-lowing the commissioning of an EAS array at 
10–20% of the typical cost. These capabilities are being 
exploited to upgrade GRAPES-3 to be one of the largest EAS 
detectors in the world, with unique scientific potential. On the 
same time scale, the layout of the hybrid IceCube-Gen2 array 
will be optimised through simulation studies. Now is the time 
therefore to commit to participate in this exciting experiment 
which represents the future of the field, by leveraging the 
existing capabilities in India. 

A Homage to Bibha Chowdhuri 

This article has discussed some of the amazing science that 
has been achieved with a pioneering experiment constructed 
in one of the most inhospitable places on Earth, taking ad-
vantage of its natural features. Almost none of this had been 
anticipated when the proposal was first made in 1988 [32] “for 
gradually developing a neutrino telescope in a location and a 
medium that is attractive from the physics point of view and 
is also cost effective compared to alternative proposals”. A 
pathfinder experiment AMANDA was constructed in 1993, 
however although it did detect atmospheric muons, the light 
scattering length even at a depth of a km turned out to be too 
short to allow any tracking or useful detection volume. Nev-
ertheless the experimenters were undeterred by this setback 
and persevered, on an even grander scale, to build IceCube and 
achieve the breakthrough results recounted above. 

It was 85 years ago that a young student, Bibha Chowdhuri, 
from the Bose Institute, Kolkata undertook to expose Ilford 
half-time photographic plates at Darjeeling (2430 m) and 
Sandakphu (3660 m) in the Indian Himalayas and Phari Jong 
(4420 m) in Tibet to look for the ‘mesotrons’ predicted by 
Yukawa as carriers of the strong force, “...which may also 
have some bearing on the shower produced by cosmic rays” 
[34]. In a series of papers published in Nature with her 
supervisor D.M. Bose, she attributed observations of 15 
narrow-angle pairs of tracks in vertically oriented plates [35] 
to particles which were neither electrons nor neutrons or pro-
tons — as was evident from their velocity (deduced from the 
mean grain spacing) and different mean angles of scattering in 
the emulsion. They exposed similar plates to protons and 
neutrons of known energy from a radioactive source to 
calibrate the relation between the grain density and energy loss 
rate, and also studied the attenuation when the plates were ex-
posed at various altitudes under different column densities of 
air, as well as kept under 20 g/cm2 of water [36]. Assuming 

the deflections to be due to multiple Coulomb scattering (in 
the Born approximation) of singly charged particles, Bose and 
Chowdhuri [37] inferred an average mesotron mass of       
(160.2 ± 4.3)me. Their estimates were subsequently revised 
upwards [38] closer to what we now know is the pion mass, 
nevertheless it is clear that at best they had only statistical 
evidence for the pion. It was not until 1947 that using superior 
‘C2, Boron-loaded nuclear research emulsions’ which he had 
persuaded the Ilford company to make, Powell and 
collaborators were able to definitively observe a pion decaying 
into a muon [39]. Their paper starts by acknowledging the 
pioneering work of Bose and Chowdhuri [37, 38]: “In 
identifying the tracks of mesons we employ the method of 
grain-counting. The method allows us, in principle, to 
determine the mass of a particle which comes to the end of its 
range in the emulsion, provided that we are correct in 
assuming that its charge is of magnitude |e|”. Powell was 
awarded the 1950 Nobel prize in physics “for his development 
of the photographic method of studying nuclear processes and 
his discoveries regarding mesons made with this method”. 

Perhaps for lack of such equipment, Chowdhuri had 
meanwhile come to Manchester in 1945 to do her Ph.D. with 
Blackett, after which she returned to India to join TIFR 
Bombay as its first female staff member. She had however left 
already for PRL Ahmedabad, before one of the present authors 
(S.S.) joined TIFR in 1974 to do research on cosmic rays with 
plastic track detectors under the supervision of Sukumar 
Biswas who had known Chowdhuri well. However, when S.S. 
obtained his first result — detection of relativistic cosmic ray 
iron nuclei in CR-39 (Allyl diglycol carbonate) sheets exposed 
on a ballon flight from Hyderabad [40] — he was unaware that 
this was the very research programme that Chowdhuri had 
been engaged on earlier. It is unclear why she left TIFR rather 
than engaging with the ambitious experimental programmes 
being then mounted on several fronts — cosmic-ray 
experiments on high altitude balloons (and later SKYLAB and 
SPACELAB III), the setting up of the CRL at Ooty and, 
earlier, an air shower array at the Kolar Gold Fields. 
Chowdhuri did go to work at KGF where an underground 
laboratory was being set up by TIFR for studies of the 
variation of the cosmic-ray muon flux with depth [41]. She 
was however not involved in the first detection of atmospheric 
neutrinos made there in 1965 [42]. Nevertheless, we feel that 
the exciting science we have discussed above using 
atmospheric and cosmic neutrinos is just what she would have 
wanted to do, were she to be still with us today. We salute this 
true pioneer of our field. 
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