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1. Introduction

Upward-going or rock muons [1] [2] provide an independent measeng of the oscillation
parameters. An independent measurement will further provide a congistbeck with the con-
tained vertex analysis and would result in slight improvement of the overakurement. Though
the sensitivity of upward-going muons to the oscillation parameters is lowerctirgained vertex
events, even then the analysis is helpful in any neutrino experiment. Hesbow some prelim-
inary results on upward-going muons. A comparison with Super-K resutilsesdone for the
consistency. In this paper, we present the oscillation sensitivity with wpg@ing muons in ICAL
[3] using the resolutions and efficiencies of the peripheral and siderrégainly bottom part) [4]
of the ICAL detector.

Iron CALorimeter (ICAL) consists of three identical modules of dimensiomilg 16 m x 14.45
m, with 151 layers of 5.6 cm thick magnetized iron plates interleaved by Reditte Chambers
(RPCs) [5]. The RPCs are active detector elements and have good peasiticime resolution.
The magnetic field which is generated by passing current through copiterwhich pass through
coil slots in the plates as shown in Fig. 1, is distributed non-uniformly in sucyathat it divides
the whole ICAL (each module) in three main regions. The main region is “denegéon” [7];
within which the coils slots has the highest, and unifoBy) (nagnetic field. The region in which
the field is about 15% smaller and in the opposite direction to the central ragjiabgelled as the
“side region” (outside the coil slots in thedirection). The region labelled as “peripheral region”
[4] (outside the central region in thedirection) has the changing magnetic field in both direction
and magnitude. Hence, both the side and peripheral regions will beeaffby edge effects i.e.,
both of them have partially contained events. So, the resolutions andrmeffesan peripheral and
side region are worse than the central region. Alongwith them, there isginend left side of the
detector, both of them contains resolution of the side region. Threedrahback of the detector
contains resolution of the peripheral region whereas the three bottdrofpae ICAL has the res-
olution which contains average of the resolutions of all the regions. Ody §teludes resolutions
and efficiencies generated at the three bottom part of the detector.

The paper is organised as follows: we will discuss the production of igeg@ing muons in ICAL
detector in next subsection. We discuss the methodology in section 2 ailldtioscresults in
section 3. We conclude with discussions in the section 4.

1.1 Upward-Going Muonsat | CAL Detector
Upward-going muons basically arise from the interactions of atmospheridmeuwith the
rock material surrounding the detector, and it carries the signaturecitition. But as the muon
energy increases, its survival probabilif,(;) (given by eq. (1.1) ) goes to one.
: : L
Puy = 1— Si? 2023sir?(1.27 x Amg, x £) (1.1)
where,03 = 45, Amg, = 2.4 x 1073 eV?

Fig. 2 shows the production of upward-going muons at ICAL. Neutriffies anteracting with
rock produce hadrons [8] which gets absorbed in the rock, andndpgaing muons, which travels
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Fig. 1: Magnetic field map as generated by the MAGNET®6 [6] softwarereA: (x=0, y=-650, z=0) cm,
B: (x=300, y=-650, z=0) cm, C: (x=-2270, y=0, z=0) cm; aclyédcated in the left-most module.

the distance L and makes andlewith the z - axis w.r.t ICAL, then finally reaches the ICAL
detector. Due to its production mechanism, upward-going muons are to benttisted from two
kind of events: the neutrino events producing muons through the interaatiside ICAL detector,
which comes under the main studies of ICAL. This can be eliminated by taking trexdawhich
comes from outside the ICAL detector. Secondly, cosmic ray muon evesdsged in the earth’s
atmosphere directly interacting with ICAL; these are the main backgrouncedfOAL detector.
This can be eliminated by putting an angle cut (discussed in the next seettaoh only allows
upward-going muons for the analysis.

/—LW\ICAL Detector
=4

RogK muons p

Hadrons,
absorbed
in rock

Fig. 2: Production of upward-going muons at ICAL.

Muon loses most of the energy in the rock before it reaches detectas sedhlation signature
becomes more complicated. Though their number is reduced due to neutratergoing oscilla-
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tions and also due to energy loss mechanisms, even then they are sigfiiid@#L detector.

Fig. 3 shows the linear relationship in the energy of muggpscalculated from formula (eq. (1.3))
vs. E, from Nuance [9] (neutrino generator) data at the detector. The &).giows the average
muon energy loss formula for muons of enefgyin the rock.

dE
d—; = —a—bE, (1.2)
The eq. (1.3) shows energy loss of the muons after the propagat¥g/sfy.cm depth.

Ey = (E)+e)exp(—bX) —e (1.3)

where,EC is the initial muon energya accounts for ionization losses abhdiccounts for the

three radiation processes: bremsstrahlung, production of electsitmgpopairs and photoproduc-
tion. We havee = a/b =500 GeV.
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Fig. 3: E, calculated from formula veE, from Nuance data at the detector.

In the next section, we discuss the methodology to study upward-goingsnuon
2. Methodology

Here we discuss the methodology adopted to generate the data and the to2Hdinensional
parameter space ($if6s3, Amg,) for upward-going muons. 200 years data is generated using Nu-
anceV3.504 (neutrino generator). Input parameters taken for daésag®on aredp3 = 45° (sin6.3
=0.707),Am? = 2.4 x 103 eV2, 0y, = 34, 013 = 0°, &p = 0. Dimension of the detector is taken
such that no events are generated inside the detector; only its exteonaigg is required and the
actual material in which interactions happen is rock, whose density is taken2d®G5 gm/cc. To
cut off cosmic ray backgrounds, a cut on angle was applied whichds@< 70° (cosf > 0.342).
We took only CCv,, events for the analysis which were not passed through ICAL detectan(@
[10] based INO-ICAL code[7]). Then, muon energy and angle is setkaccording to the look-up
tables of upward-going muons which includes resolutions and efficieotihe bottom part of the
whole ICAL detector. Data is oscillated using 2 - flavor formula (eq. (1.49)@nned into energy
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and cod bins. The generated data sample has proportionately larger comporneghef energy
events which are not sensitive to the oscillations, so we have taken firseatdiower energy. En-
ergy range is taken from 1 to 286eV/c. The co9 bins are taken as: 0.2-0.4, 0.4-0.6, 0.6-0.8,
0.8-1. Fig. 4 shows the survival probabilRy,, for 6,3 = 0°. Here, figure shows that the probability
goes to unity at higher energy, hence its not sensitive and therefettepok fine bins at low energy.

10 100 1000
E (GeV)

Fig. 4. Survival probabilityP,, for 6,3 = 0° (generated from Nuance data).

Then, upward-going muon data is scaled down to 4.5 years to have a ¢sompaith Super-K
results.
The x?2 definition with pull method; that takes into account systematic errors, is ugbsianaly-
sis. Only one pull is used for our analysis, gyfddefinition is given by the eq. (2.1) :

th _ NEX 2
X2=Z<N' (”025,3 A ) +¢? (2.1)

Where, the various parameters are:

NI N&* = theoretically predicted data and observed data.

1= systematic errors taken; normalisation error of 20%, no tilt factor included

= Pull variable with respect to whick? is minimized.

ota = Statistical errors, defined g&(N®).

We have plotted 90% CL contours for the two parameters; 2, Am%2 with Ax? = 4.61
definition, and its shown in the next section. Our analysis does not inchydesekground events.
Charge identification (cid) efficiency is not taken, as we have comhinedith u* events. We
will show the final results based on all the inputs, resolutions and effieigna the next section.
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3. Oscillations Results

The energy distribution of muorky(,) for different co® bins is shown in Fig. 5. It is noticed
that in first co® bin i.e., 0.2 - 0.4 there are just few events, as we have put an angle mg®fc
0.342 to exclude cosmic ray background. Since, the events get oscillai®aestenergy hence,
there is fine binning at lower energy but not at higher energy (reas@xplained from Fig. 4).
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Fig. 5. Energy distribution of muong,,) for different co$ bins.

Fig. 6 shows 90 % CL contour of ICAL for 4.5 years and is compared witeBK [11] for
consistency. For Super-K: $ii6,3 = 0.765,Amg, = (1.2 - 4.3)x 103 eV2. For ICAL : sir’ 26,3 =
0.77,Amé, = (1.48 - 3.7)x 10 3 eV?, whereas, from CC atmospheric muon neutrino events (main
ICAL studies with contained vertex events) [12]: &@6,3 = 0.979,Am3, = (2.1 - 2.9)x 1073 eV2.
From both the parameters, the sensitivity is comparable for ICAL and SUp&th upward-going
muons.

4. Discussions and Conclusion

The ICAL detector at India-based Neutrino Observatory is a propesddrground facility to
study the oscillation pattern of atmospheric neutrinos, precise measurefosailation param-
eters, probing neutrino mass hierarchy as well as new physics. Andndept measurement of
the oscillation parameters is provided by upward-going or rock muonsiyhigh would improve
the overall measurement, though the sensitivity of upward-going muons tstll&ation param-
eters is lower than the contained vertex events. Upward-going muon coonestfe interaction
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Fig. 6: 90 % CL contour of ICAL and Super-K in 4.5 years of data.

of atmospheric neutrinos with the rock material surrounding the detectbarnes the signature
of oscillation. For this analysis, resolutions and efficiencies were takethécevents going from
inside the bottom part of the detector. 90 % CL contour was obtained fok iGA4.5 years of
data which gives sfi26,3 = 0.77,Am3, = (1.48 - 3.7)x 102 eV2. These results are compared
with Super-K data also, and the sensitivity for upward-going muons is cablesfor both ICAL
and Super-K detector. The ICAL reach in 10 years will be more inforraativd will help in the
better understanding, and the work related to it is going on.
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