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ABSTRACT OF THE DISSERTATION

SEARCHES FOR EXOTIC BARYON NUMBER-VIOLATING
PROCESSES AT SUPER-KAMIOKANDE

By
Volodymyr Takhistov
Doctor of Philosophy in Physics
University of California, Irvine, 2016

Professor Henry W. Sobel, Chair

Various theoretical considerations suggest that baryon number should be violated. Nu-
cleon decay, which typically appears within the context of unified theories, would provide
a definitive signature of baryon number violation. In this dissertation, we report on the
search results for p — e X, p — u* (where X is an invisible, massless particle), n — v7,
p—evv, p— utvr, np — etv, np — pv and np — 71 v nucleon and dinucleon decays
at the Super-Kamiokande experiment. Some of these searches are novel. Using data from
a combined exposure of 273.4 kton-years and a x? spectral fitting technique, a search for
these decays yields a result consistent with no signal. Accordingly, lower limits on the par-
tial lifetimes of 7, ,.+x > 7.9 x 10% years, 7,,,,, > 5.5 x 10°? years, 7,_,,+x > 4.1 x 10%?
Years, Tpety > 1.7 x 103 years, 7,4, > 2.2 x 10%? years, 7, ,c+, > 2.6 x 10% years,
Topoptv > 2.0 x 102 years and 7,5+, > 3.0 x 103! years at a 90% confidence level are
obtained. These results provide stringent test of new physics and also limit the parameter

space of models that allow for such processes.
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Chapter 1

Introduction

1.1 Baryon Number Violation

One of the primary goals of physics is to establish fundamental laws that govern Nature.
At the microscopic level, these laws can be stated in terms of symmetries and corresponding
conserved quantum numbers, which impose restrictions on particle interactions. An illus-
trative example of this is the baryon number (B). The conservation of B was originally
proposed in 1929 by Weyl [1], to explain why protons, which make up matter and carry a
charge of B = 1, are stable. After discovery of the positron e* by Anderson in 1933 [2], this
issue became more pressing, since a natural question arises why the p — et~ decay is not
observed. Hence, the concept of baryon number conservation was further reinforced in 1939
by Stuckelberg [3] and in 1949 by Wigner [4].

In the 1960s, a coherent relativistic quantum field theory (QFT), which describes in-
teractions coming from three of the four known forces, has been developed. This QFT, the
Standard Model (SM) of particle physics, is based on electroweak-theory combined with the
strong force, but without gravity. The fundamental forces in QFTs are mathematically de-
scribed by gauge (local) symmetries. In the SM, baryon number happens to be an accidental
global symmetry, which ensures that protons are stable within the theory at the classical

level.

Since then, various theoretical arguments have been put forward that suggest that B is
only an approximate symmetry and should be violated. Already in 1966, Sakharov [5] has

pointed out that to explain the observed matter-anti-matter asymmetry of the Universe [6]

1



one needs baryon number violating processes. In fact, even within the SM itself, the baryon
number is violated by a minute amount due to quantum non-perturbative effects [7]. When
one ventures beyond the SM in search of a deeper underlying theory, the baryon number is
also typically violated. This is the case, for example, when QFTs based on supersymmetry
or Grand Unification are considered [8]. More so, in the more fundamental theories of quan-
tum gravity, global symmetries are expected to be violated in general [9]. This issue is of
some importance, since even a small amount of B-violation can have profound effect on the
ultimate fate of the Universe [10]. For a comprehensive review of baryon number violation

in various contexts see Ref. [11].

Thus far, baryon number violation has not been experimentally established. An ob-
servation of B-violation would not be the first time that a “non-fundamental” symmetry is
found to be only approximate. Conservation of some quantities, such as the electric charge
[12], CPT [13] and energy-momentum [14] follow directly from the fundamental principles
on which QFTs are built: gauge invariance, Lorentz invariance and unitarity. On the other
hand, several of the conservation laws which did not follow from any fundamental principles
have been later found to be violated. These include: parity (P) in 1956 [15], charge conju-
gation combined with parity (C'P) in 1964 [16], lepton family symmetries (the muon lepton
symmetry (L,) in 1998 [17] and the electron lepton family symmetry (L) in 2001 [18]) as
well as time reversal (") in 2012 [19]. Since 1998, it has been established that neutrinos
oscillate and thus are massive [17]. If neutrinos are found to possess Majorana mass [20],
which along with the Dirac mass is one of the two options, this would indicate [21] that
lepton number L is violated also. Given the above, continuation of testing B-conservation

remains a high priority.

In this Thesis, we will describe searches for exotic-baryon number violating processes at
a large underground water Cherenkov experiment, Super-Kamiokande (SK, Super-K) [22].
The Thesis is organized as follows. Throughout Chapter 1 we will review in more detail
various theoretical motivations for baryon number violation as well as outline some of the
possible experimental signatures. We then describe and motivate our analysis. In Chapter 2,
we will describe the mechanism of the Cherenkov radiation and then provide an overview of
the Super-Kamiokande experiment, including the description of its design and calibration.
In Chapter 3, we discuss the Monte Carlo (MC) simulation for nucleon decay, SK detector
as well as the atmospheric neutrino background. Then, in Chapter 4, we will outline the
event reconstruction algorithms used in the experiment. Later, in Chapter 5, we describe the
fully contained (FC) data reduction algorithm, used to select useful events for the physics

analyses. Chapter 6 contains the actual nucleon decay analysis, including the description



of the utilized data and MC samples, the event selection, systematics as well as the fitting
technique and finally the results. Lastly, Chapter 7 provides a summary and gives an outlook

for the future.

1.1.1 1In the Standard Model

Review of the Standard Model

We start with a brief overview of the Standard Model and refer the reader to standard

texts [23] for a more comprehensive description. The SM is a QFT based on the
SUB)e x SU2), x U(1)y (1.1)

gauge group. The SU(2); x U(1)y sector describes interactions of the electro-weak force,
through the Glashow-Weinberg-Salam [24, 25, 26] theory. The SU(3)¢ sector describes the
strong force interactions, which allow for confinement and asymptotic freedom [27, 28]. The
field content, summarized in Table 1.1, consists of spin-0 (the Higgs boson), spin-1/2 (the
matter quarks and leptons) and spin-1 (the gauge bosons) fields. The matter fields, which

Field | Spin | SUB)c | SUQ2), |U(l)y | B [ L
Qy | 1/2 3 2 1/6 [1/3]0
uly | 1/2 3 1 2/3 | 1/3]0
dy | 1/2 3 1 -1/3 11/3 10
Ly | 1/2 1 2 -1/2 10 |1
et | 1/2 1 1 -1 0 |1
H | 0 1 2 1/2 10 [0
Gy | 1 8 1 0 010
we |1 1 3 0 010
B, | 1 1 1 0 010

Table 1.1: Standard Model field content and the respective symmetry transformations.
Index ¢ labels the generation.

come in three generations labeled by index i, are the left handed doublets Q% = (u%,d%) and
LY = (vi,e}) as well as the right-handed singlets u’, d% and e%. The gauge fields mediate
the forces and are given by G;‘7 W and B,,, where the indices are A =1,...,8and a = 1,2, 3.
Finally, H is the Higgs boson. The discrepancy between the description of the left- and the
right-handed fields signifies that SM is a chiral theory. The field transformations under the



SM gauge groups, as well as the global baryon number B and the lepton number L, are

displayed.
The Lagrangian description of the Standard Model is given by

D%SM = ggaugo + ag/ﬂkinctic + gHiggs + D%Yukawa ) (12)

where the gauge and Lorentz invariant components are

1 1 1
ggauge = —QTI'(GHZ,GMV) - gTI'(WMVWMV) - ZBHVBMV

Banetic = QriPQy + LyiDLy + ﬂz}éimu;}é + dpiDdiy, + ehilDel,

2
Litiges = (D H)(DFH) — A(HTH . %)
D%Yukawa = _YJJQGH*UQ — Y;J@ZLHCHQ — Ye”zzLHeﬁ + h.c.

Here, Zyauge is built from the field strength tensors G, W,,, B,,, which are functions of the
gauge fields and describe their dynamics. The spinor and color indices have been neglected.
The Zinetic component provides dynamics for the fermion matter fields. The covariant deriva-

tive D, in case of the quark doublet Q% is given by
Dy, = 0, +igG T +igoWiT® + ig1 B,Y (1.3)

where T4, T® Y are the SU(3)¢c, SU(2)r, U(1)y generators and g, g», g3 are the cor-
responding couplings. The Ziges sector is responsible for the Higgs kinetic and potential
terms. Finally, Ayukawa describes the (generically complex) couplings of fermions with the
Higgs boson and contains the “Havor structure” of the SM. Due to the mismatch between the
mass and the weak eigenstates, the up and down quark mass matrices cannot be diagonalized
simultaneously. This results in the quark sector Cabbibo-Kobayashi-Maskawa (CKM) mix-
ing [29, 30]. Similarly, the lepton sector has the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing' [31, 32, 33].

The SU(2)., x U(1)y sector is spontaneously broken down to the electromagnetic (EM)
U(1)gm, according do the “Higgs mechanism” [34, 35, 36]. This is implemented by having

the Higgs doublet acquire a vacuum expectation value (vev)

H* 1 (0
o () - (1) 4

! The PMNS CP violating phases depend on whether the neutrinos are Majorana or Dirac fermions,
which is still unknown.




After spontaneous symmetry breaking, the interaction gauge fields are the photon v (EM),
the W+ and the Z° bosons (weak force)? and the gluons g (strong force). The Higgs mech-

anism provides fermions as well as the W= and the Z° bosons with masses, according to

2.2 2 2
gav 2 2 . 2V My,
My, = =— d M; = +97)— = 1.5
W= an (92 + 91) = —— o (1.5)
where 6y is the Weinberg angle defined as

2 2

‘2 91 My,
sin“ Oy, = =1——. 1.6
RN T o

The electric coupling e is given by e = go sin Oy .

The SM has been extremely successful, as can be illustrated by the agreement between
the theoretical prediction and the experimental measurement of the anomalous magnetic
moment of electron being good to more than 10 significant digits [37]. That being said, many
observations suggest that there exists a more fundamental underlying theory. For example,
the SM contains more than 15 unexplained parameters, does not account for the dark matter
and the massive neutrinos and also does not provide an explanation for the observed electric

charge quantization. Moreover, a complete description of nature should also include gravity.

Baryon Number Violation in the Standard Model

As already mentioned, the baryon number B and lepton number L are global accidental
symmetries of the SM and there are no gauge invariant renormalizable (dimension < 4)
operators which could be written down that violate them. The lowest allowed operator in
the SM which violates B, is the non-renormalizable dimension-6 term

) QUL

O ~ =5, (1.7)

where A is a suppression scale associated with some high energy physics, coming from a more
fundamental theory. Similarly, for lepton number L, the lowest order L-violating term is the
dimension-5 operator LHLH/A. In the above, we have suppressed the relevant indices for

brevity.

2 The photon and the weak bosons are formed from the linear combinations of B,, and W}.



At the classical level, the Standard Model B-current d,,j} is given by

- I i o i i i
The description for the L-current 0,57 is similar. At the quantum level, however, these global
symmetries are violated by the electro-weak anomalies [38, 39], resulting in

a,u]g =

@Eaﬁw <9§W2ﬂW$5 + Q%BaﬁszS) : (1.9)
Importantly, (B — L) still remains conserved, since the equivalent B and L violating con-
tributions can be subtracted. While anomalies associated with gauge symmetries signify
an inconsistency of the theory and violation of unitarity, this is not the case for anomalies
associated with global symmetries®. Although one can attempt to gauge the baryon number
B [41], gauge anomaly cancellation will require that extra charged fields are introduced to

the theory, which is not desired.

For the SU(2), a non-Abelian gauge symmetry of the SM, there exist non-perturbative
field configurations (“instantons” [42]) which contribute to @,j% and violate the baryon num-
ber. Due to their non-perturbativate nature, these effects cannot be deduced from the stan-
dard perturbative Feynman diagram calculations. Instantons originate from non-uniqueness
of the vacuum ground state in non-Abelian theories and represent the tunneling rate between
them. In analogy with regular quantum mechanics, these transitions, which violate baryon
and lepton number separately, are exponentially suppressed and are proportional to e=87/93
in case of SU(2),. Because the vacua are topologically distinct (can’t be morphed into one
another), they can be labeled by an integer (the Chern-Simons number), which in a certain

gauge is stated as

2
92 3. ik atrra g aty7by1/C

ncs = @ Jd xe (é’ZWJ Wk + géachVi Wj Wk’) . (110)

The field configurations at the top of the barriers, which need to be tunneled for a vacuum

transition, are the “sphalerons” [43]. In the electro-weak case, the barrier height (sphaleron

energy) is given by Fy, ~ 8tMy/g3. It was found by 't Hooft [44] that the lowest order

baryon number violation in the SM due to instanton effects can be described by 12-fermion

operator

—1 - T : 4 i i i
Osp ~ <MW> e 8 2/9%1_[ <6aﬁ’yQaLQaLQaLLL> s (111)

7

3 The decay rate of 7° — 77 is explained in the SM through global axial anomalies [40].
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where «, 3,7 represent color indices. This transition leads to AB = AL = 3. Its rate,
however, is suppressed by Iy, ~ [e737/9%2 ~ 107'™ and is thus negligible. The above
calculations have assumed T' = 0 temperature, but for finite temperature the rate of thermal

fluctuations across a vacuum barrier is found to be [7, 45, 46]
T, = Tte /T (1.12)

Hence, at high enough temperatures (e.g. the early Universe), these processes become sig-

nificant and are important for baryogenesis, as we will discuss.

In the above discussion, we have followed the review of Dine [48]. A comprehensive

treatment of the subject can be found in Coleman’s textbook [47].

1.1.2 In Unified Theories
Review of Grand Unified Theories

Grand Unified Theories (GUTSs) are some of the most well motivated theoretical con-
cepts beyond the SM. In GUTSs, the three gauge groups of the SM are combined together.
This allows to treat quarks and leptons similarly, explain charge quantization, gauge cou-
pling unification and naturally include neutrino masses, among other things. Since leptons

can interact with quarks in GUTs, within this context, baryon number violation is inevitable.

The two simplest unifications accounts are the Georgi-Glashow SU(5) [49] model and
the Pati-Salam (PS) SU(4)c x SU(2)r x SU(2)x [50] theory?. In the PS model, leptons are
included as the “4*" color”, by extending the QCD SU(3)¢ to SU(4)c. One family of particles
[(Qr,L1), (Qr, Lr)] transforms as [(4,2,1),(4,1,2)] under PS, where Qr = (dg,ur) and
Lr = (er,vgr) under SU(2)g. Unlike the SM, in the PS model the left- and right-handed
fields are treated on the same footing. Additionally, it includes (B — L) as subgroup and
contains a right handed neutrino vz, which is absent in the SM but desirable for neutrino

mass generation. Since it is not built from a simple gauge group, strictly speaking it is not

The Georgi-Glashow SU(5) is the minimal simple group which fully contains the SM?

4 Since PS is not based on a simple gauge group which would include the SM, strictly speaking it is not
a GUT, but rather a theory of “matter unification”. This is also the reason why in PS coupling unification
is not a prediction.

5 This can be seen from the fact that both groups have rank = 4.



and we will discuss it in more detail. The theory has one universal gauge coupling, ag,

defined at the grand unification scale of the three SM couplings, M.

Within the SU(5), quark and lepton fields reside in two irreducible representations:

5 = [dg, L1] and 10 = [Qg, ug, er]. This can be visualized diagrammatically as

del 0 w3 —u? w4
P DK S Wl P
5=|a? and 10= | u? —ust 0 uw o &P, (1.13)
e~ —ut = - 0 et
—V, —dt —d®  —d® —e 0

where the numerical superscripts represent color indices and ¢ stands for charge conjuga-
tion®. The gauge sector contains 24 bosons that form a 24-plet”, which can be seen diagram-

matically as

Gl - j—% Gl Gl X1 7
G G-—= & X V2
V, = G Gy G- \2/—]33;0 X3 Y3 : (1.14)
w3 3B
X X5 X3 % + \/_33 %%
Yi Y, s - W, 3B

NCIMRNED

where Gg are the 8 gluons and the W¢ and the B combine to form the v, Z° and W+ bosons
of the SM. The other 12 X and Y bosons are new. Identifying the lower right 2 x 2 quadrant
of the above 5 x 5 matrix with SU(2), rotations and the upper left 3 x 3 quadrant with the
SU (3)¢ rotations, it can be seen that the off-diagonal X and Y gauge bosons can contribute

to both and thus give lepto-quark interactions. These interactions can mediate proton decay.

The SU(5) is spontaneously broken SU(5) — SU(3)cxSU(2),xU(1)y to the Standard
Model through the vev of the 24y Higgs multiplet, as depicted in Equation (1.15), which
is proportional to the hypercharge generator Y with —3Y = diag(2, 2,2, -3, —3). After the
breaking, the heavy X and Y gauge bosons decouple with mass M.

6 Since gauge boson couplings observe helicity, left and right handed fields cannot be in the same multi-
plets. Hence, the right-handed fields are replaced by corresponding conjugated left-handed ones.
" The adjoint 24-plet can be constructed from the SU(5) fundamental 5-plet according to 5 x5 = 24+ 1.



2 00 0 0
020 0 0
[
24y —>—10 0 2 O 0 1.15
000 =3 0
000 0 =3

The electro-weak Higgs doublet H = (H*, H°) resides in the 55 of SU(5), according
to by = [T, 72,73 H*, H°]. Here, T = (T',T% T?) represents a new Higgs triplet. The
fermion Yukawa couplings are formed via 5105 and 1010 55. Thus, the new Higgs triplet
will also couple to fermions and allow them to transform into one another. This leads to rapid

proton decay mediation, unless the 7' mass is > 10" GeV [51].

The charge operator Q = T3 + Y /2 is a linear combination of the SU(2), and U(1)y
generators, which can be identified with the SU(5) generators. Since SU(N) generators are
traceless, this implies that ) eigenvalues add up to 0. Hence, this leads to one family of

fermions having a quantized charge, according to

QWe) +Q(e") +3Q(¢g) =0 — Qg =—e. (1.16)
Thus, charge quantization is explained in GUTSs, which is not the case for the SM.

While SU(5) has many virtues, there are also issues. To achieve light Higgs doublet
but a heavy Higgs triplet, a tuning in the choice of vev that breaks 5y is required, result-
ing in the doublet-triplet splitting problem. Some proposed solutions include considering
more complicated representations and their combinations (e.g the “hidden partner mecha-
nism”) [52], but this is not very satisfactory. Additionally, SU(5) gives prediction for the
Weinberg angle sin 6y, inconsistent with experiment [53], showing that coupling unification
doesn’t really work out. Finally, as we will discuss later, minimal SU(5) is ruled out by

proton decay limits.

Going to SO(10) [54] allows to unify all the matter fields in a single SO(10) multiplet
16 = [10 + 5 + 1], where the multiples in the parenthesis transform under SU(5) and
1 represents a right-handed neutrino singlet. Because the group rank of SO(10) is 5, its



breaking proceeds to SM in two steps. The breaking patterns can be visualized as

SU(4)C X SU(?)L X SU(Q)R
SO(]-O) - SU(S)C X SU(Q)L X SU(Z)R X U(l)BfL - SU(3)CXSU(2)L XU(l)Y s
SU®) x U(1)x

among which we can identify the Pati-Salam and the SU(5) sub-groups. If Qg is part
of the extra U(1)x, one obtains a “flipped” SU(5) model [55, 56] instead of the usual
SU(5). Typically, the SO(10) breaking is done by rather large Higgs multiplets, residing
in 10,455,126y, 54 representations. The doublet-triplet problem of SU(5) also persists
in SO(10). The Yukawa couplings originate from 10y 16 16 and the neutrino masses are
typically implemented via “see-saw” mechanism [57, 58, 59, 60, 61], since it requires a right
handed neutrino with mass around the GUT scale. To successfully account for the observed

fermion masses and mixing one can impose additional “favor symmetries”3.

Supersymmetry (SUSY) can be added to GUTSs, allowing to make gauge coupling uni-
fication precise?, as depicted in Figure 1.1. There are many reasons why SUSY is appealing
and we point the reader to a comprehensive review of Ref. [65] for details. It is the maximal
possible extension of the Poincare symmetry (Haag-Lopuszanski-Sohnius theorem [66]) for
4-D QFTs!'? and allows to solve the gauge hierarchy problem of the SM (why is there such a
discrepancy between the electroweak and the Planck scales), more so, it is thought to be a
consistency requirement for string theory and is motivated phenomenologically. With SUSY,,
the fermions and the bosons are related. Hence, in the minimal supersymmetric SM with
global supersymmetry (the MSSM) each field has an accompanying superpartner. The reso-
lution of hierarchy problem requires superpartners to be around the TeV scale, which so far
have not been observed at the Large Hadron Collider (LHC) [67, 68]. At the cost of abandon-
ing the hierarchy problem, one could raise the scale of SUSY breaking / superpartner masses
and thus alleviate the experimental constraints. When combined with GUTs, SUSY GUTs
can ease some of difficulties encountered within non-SUSY GUTs, such as precise coupling
unification. SUSY GUTs can have significantly different predictions for nucleon decay than
the non-SUSY GUTs, as we will discuss below.

To conclude the overview of unified theories, let us briefly mention ventures beyond

8 For an overview of discrete flavor symmetries and how they can be applied to GUTs see Ref. [62].

9 If one considers complicated enough breaking of SO(10) with appropriate intermediate scales, coupling
unification consistent with experiment can be achieved without SUSY [63]. Such models, however, are overly
contrived.

10 These combined Super-Poincare transformations are the reason why gauged (local) SUSY, the super-
gravity, automatically incorporates General Relativity.
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Figure 1.1: Evolution of the inverse of the three coupling constants in the SM [left] and in
the MSSM [right]. Only in the latter case unification is obtained. The SUSY particles are
assumed to contribute only above the effective SUSY scale Mgygy of ~TeV. From Ref. [64].

4-D GUTs and SUSY. String theory (ST) is the only known consistent theory of quantum
gravity. While there is a strong model building effort (e.g. [69, 70, 71, 72]) to get concrete
phenomenological predictions from ST, due to a large number of possibilities how the 10-D
theory can be “compactified” to the 4-D theory, this path is difficult. However, generic pre-
dictions (e.g. abundance of axions) do exist [73] and string-motivated constructions can be
both manageable and predictive. For example, some of the recent work has been focused on
GUTs in higher dimensions (5-D and 6-D). Such constructions allow to alter proton decay
rate predictions [74] and explain various scale hierarchies, by considering a specific arrange-
ment of fields in the higher dimensional space. This also allows to potentially address the
doublet-triplet splitting issue, outlined earlier. With this approach, however, one substitutes
the choice of a selecting a specific Higgs vev in 4-D with the choice of boundary conditions
in extra dimensions [75]. Similarly, motivated by E® x E® symmetry of ST and the embed-
ding Es o Eg © SO(10), one can consider even larger GUT groups with more complicated
breaking patterns than those of SO(10). However, the number of extra fields and parame-
ters introduced is substantial and the models become overly contrived with not very general
predictions. A comprehensive review of unified theories and supersymmetry can be found in
Mohapatra’s textbook [8].
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Baryon Number Violation in Unified Theories

We will now discuss several of the most popular nucleon decay signatures. In the context
of SU(5), nucleon decay is mediated by the X and Y gauge boson exchange. This gives
effective dim-6 baryon number-violating operators. Figure 1.2 displays diagrams for p —

e*m¥ mediation, which is typically the dominant decay channel in non-SUSY GUTs. The

au e” _u . et
X
p ............. - p Y E =
U d 0 U : d 0
d d wd d

Figure 1.2: Nucleon decay p — e*7" from X,Y gauge boson exchange, resulting in effective

dim-6 contribution. This is typically the dominant nucleon decay channel within non-
SUSY GUTs.

lifetime of the proton is then given by

Mg

5 Y
mp

~

Tp—etn0 (1.17)
where m,, is the mass of the proton and the X and Y masses have been taken as M.
Minimal Georgi-Glashow SU(5) [49] predicts the lifetime of p — e™7° to be around 4.5 x
1029*17 years, which has been decisively ruled out by experimental limits of 7, .+, > 10%

years [77, 78, 79, 80].

Once SUSY is introduced, the unification scaled is pushed up from 10'® GeV to more
than 106 GeV. This leads to significant suppression of the dim-6 B terms [81, 82, 83], which
are proportional to 1/ME, resulting in an increased proton lifetime of 7 > 103473 years.
On the other hand, SUSY also introduces new dim-4 and dim-5 operators that could also
mediate nucleon decay. The most dangerous are the dim-4 baryon number-violating U DD
and the lepton number-violating QLD, LLE terms''. If both of these are allowed, they lead
to very fast proton decay, with lifetime proportional to the squark mass 7 ~ 1/MZ2; gy
By itself, this can be taken as supersymmetry predicting baryon number violation even
without any Grand Unification scheme. In order to suppress nucleon decay coming from

these operators, one can forbid either [ or B terms independently (leading to R-parity

1 Here, U, D, L,Q and E denote superfields and contain both the original fermion and a boson super-
partner. Recall that fermions contribute with a mass dimension of 3/2 and bosons with 1.
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violation [84]), or forbid both L and B terms simultaneously (e.g. with R-parity'? [85] or ZF
[86]). If only the L-violating or the B-violating terms are forbidden independently, however,
the resulting scenario will not be compatible with SU(5) or SO(10), where these terms are
allowed or forbidden simultaneously. Although, in this case, Pati-Salam compatibility is still

an option [84].

Having forbidden SUSY dim-4 operators, the dominant contribution will typically come
from the dim-5 terms QQQL and UUDE. Within supersymmetric GUTs, these terms arise
from the Yukawa couplings of the triplet 7" Higgs-superpartner (Higgsino) and they are
proportional to 1/My. As the final state sfermion superpartners are not observed, they need
to be converted to the regular SM fermions (“dressed”) by a gaugino (Wino or Higgsino)
loop. Usually, these considerations lead to p — 7K™ being the dominant nucleon decay mode
in SUSY GUTs. In Figure 1.3 we depict typical diagrams originating from dim-4 and dim-5
baryon number-violating operators. The lifetime of the proton coming from the effective

*’u, e+ ) S— A, 4 ........ 7
S - 5
pl e P I q H7W
d u o | T S o
T K
U U U

Figure 1.3: Typical nucleon decay diagrams in SUSY GUTs. On the left is p — e™n°,

coming from dim-4 terms and a squark exchange. On the right is p — 7K™, coming from
dim-5 triplet Higgsino exchange with the superpartners dressed by a Wino or Higgsino loop.

dim-5 terms is then given by

MZM?
Tpovkt  ~ eS0T (1.18)

m

P
where we have substituted Mg for My (assuming the triplet Higgsino is at the GUT scale).
In a full nucleon decay calculation (e.g. see Ref. [87]) one needs to also determine the loop
factor and the matrix element. The matrix element represents transition between vacuum
state and creation of the nucleon (0|qqq|N). It can found via Chiral Lagrangian [88] or lattice
calculations [89]. The final amplitude has a strong dependence on the fermion masses and

mixing and the details of SUSY breaking / arrangement of the SUSY spectrum. The minimal

12Matter parity is a discrete Zo symmetry under which the matter superfields Q,U, D, L and D are odd
and the Higgs superfields H, and H, are even. This forbids the unwanted dim-4 (R-parity violating) B
and L terms. A combination of matter parity with a discrete subgroup of the Lorentz group gives R-parity,
under which all SM fields are even and superpartners odd.
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SUSY SU(5), with SUSY taken at the TeV scale as motivated by the hierarchy problem, is

also ruled out [90] by experimental constraints on 7, yx+ > 10** years [91].

Thus far we have discussed nucleon decay in the simplest scenarios of minimal SUSY
and non-SUSY SU(5). Going to larger groups such as SO(10) adds more variation in model
constructions and thus predictions. In the case of SUSY GUTs, there is a large theoretical
uncertainty coming from SUSY breaking sector and the resulting superpartner spectrum.
Additionally, because in GUTs many model sectors are related, there are typically multiple
nucleon decay channels which are predicted with various branching ratios. These predictions
have strong dependency on such things as the fermion mass and mixing spectrum. Overall,

majority of models predict that the dominant channels will have 7, < 10°® years [92].

Aside from regular single nucleon decay, it is also worthwhile to mention other baryon
number violating processes. One such process is neutron - anti-neutron oscillation n —7 (see

Ref. [93] for review). It can be described by an effective 6-fermion operator

1
Onn ~ F(QLQLQLQLdeR+URdeRURdeR> , (1.19)

where A is the suppression scale. The n — 7@ lifetime can be calculated using the usual
quantum mechanical 2-state Hamiltonian approach. Taking the current experimental limit
of 77 > 0.86 x 108 s. [94] yields A of the order of ~ 100 TeV [93]. If SUSY is introduced,
superpartner appearance in the above operator lowers its dimension, which in turn allows to
raise the suppression scale. Even with SUSY, unlike regular proton decay, n — n allows to
test scales far below the GUT scale. Inside matter, the neutron and anti-neutron potentials
are different and the n — 7 lifetime in matter is related to the lifetime in vacuum according
to

N = R(1,m)? (1.20)

where R ~ 0.3 x 10%*s7! is a nuclear suppression factor. This gives 7V ~ 1032 years,
comparable to the regular proton decay limits. An additional feature that separates this
process from the typical p — e*7® and p — UK ™* channels, is that neutron oscillation is a
|A(B — L)| = 2 transition. It is possible to construct models [95] where this process arises
within the context of GUTSs and is connected to baryogenesis and Majorana neutrino masses,
which have AL = 2 and thus also break (B — L) symmetry.

Another example of how baryon number violation can occur is through monopoles [96]
catalyzing nucleon decay. When a breaking of a simple GUT gauge group leads to a residual

U(l) (i.e. G - H x U(1)), magnetic monopoles which carry a U(1) charge will appear
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(97, 98]. With a mass of the order Mg, they are expected to be abundant in the early
Universe. Since central core of a GUT monopole contains heavy gauge bosons, they can
violate baryon number. In fact, monopoles can catalyze proton decay through the Callan-
Rubakov effect [99, 100], resulting in

M+p— M+e* +mesons . (1.21)

The striking feature of this process is that the amplitude is not suppressed by 1/Mg. The
problem lies in estimating the exact expected proton decay rate from this reaction. There
are other objects, such as supersymmetric Q-balls [101], which can be produced in the early

Universe and could catalyze nucleon decay [102].

Finally, effects of quantum gravity can also lead to baryon number violation. As an
example, consider proton decay catalyzed by virtual black holes. As already mentioned, it is
thought that quantum gravity generally violates global symmetries (e.g. baryon number) [9].
Consider the process [76] where 2 quarks of a proton fall into a small black hole of mass
mpg ~ Mp; and that baryon number is violated (e.g. ¢+ ¢ — g+ 1). Then, one can roughly

estimate the proton’s lifetime as

M, 4
36 QG
T, ~ 10°° x <—1016Ge ) yIs (1.22)

which for Mg = Mpy, gives 7, ~ 10%° yrs.

For an exhaustive review of possible baryon number-violating mechanisms and their

signatures see Ref. [76].

1.1.3 In Cosmology

The Standard Model of Cosmology is A-CDM. It is described by the Big Bang cosmol-
ogy, a cosmological constant A, associated with dark energy, and abundance of cold dark
matter (CDM). It is well supported by observation of light element abundance from Big
Bang nucleosynthesis (BBN), Hubble expansion and cosmic microwave background (CMB).
Fitting the astronomical data to parameters of A-CDM [103] gives a description of the
Universe that is composed of 68.5% dark energy, 26.5% dark matter and 4.9% of ordinary
matter (baryons). There is an inherent matter - anti-matter asymmetry observed in the Uni-

verse. From cosmic microwave background radiation (CMB), the measured ratio of baryon
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np to photon n., density is found to be [104]

n=—2 = (6.19+0.14) x 1071 | (1.23)
Ny
The lack of anti-baryon excess is reaffirmed by the astrophysical anti-proton flux [105], which

is found to be consistent with secondary cosmic ray production.

To explain the cosmologically observed baryon asymmetry, naively, one could expect
that there has always been a B asymmetry (i.e. B > 0) starting with the Big Bang. However,
such an initial asymmetry would be diluted to a negligible quantity by inflation [106, 107,
108], a period of rapid expansion of the Universe. While multiple models of inflation exist (see
Ref. [109] for review), the concept itself provides a simple resolution to several key problems
in cosmology and thus abandoning it would be undesirable. Namely, inflation addresses the
issues of horizon (why the Universe is homogeneous and isotropic), flatness (why spatial
curvature of Universe is small) and the exotic-relic abundance (why such exotics as GUT
monopoles, produced during the early Universe, have not been observed). Another possibility
is that there is no global B asymmetry, and we are just located in a special separated region
of the Universe filled with matter and not anti-matter, but in other regions it is the opposite.
However, not only is this a non-minimal assumption, there is evidence that if large regions
of anti-matter exist, they are on cosmic distance scales away [110]. The final option, which
is the one that we shall focus on, is that initially B = 0 and then baryon asymmetry was

generated via some mechanism of baryogenesis.

For a successful mechanism of baryogenesis, three conditions, as outlined by Sakharov
[5], must be satisfied:

1. B-number violation processes exist: if all interactions conserve B, then B is glob-

ally conserved.

2. ' and CP violation exist: C' and C'P symmetries interchange particles < anti-
particles and particles < anti-particles followed by a parity flip, respectively. The
requirement of C' and C'P violation ensures that B-violating processes are not cancelled

out by B-generating processes.

3. Period with B-violating processes out of equilibrium exists: C'PT theorem
assures that masses of particles and anti-particles are equal and hence their thermal
equilibrium densities are also same. Thus, even if /B processes which violate C' and C'P

exist, they must happen during thermal non-equilibrium to ensure that the thermal
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average of B is non-zero.

While a large number of specific baryogenesis mechanisms have been proposed, we
outline below some of the most popular categories and their respective problems, following

the subject review by Dine and Kusenko [111]:

e Electroweak Baryogenesis: SM by itself satisfies all of the Sakharov’s conditions for
baryogenesis [7]. While B is a global symmetry in SM, as discussed in Section 1.1.1, B
is induced by sphalerons and at high enough temperatures the rates for these processes
can be significant. The C'P violation already occurs in quark sector and out of equilib-
rium condition can happen during the electroweak phase transition. However, if one
considers SM alone, C'P violation in the quark sector is too small and some difficulties

arise with getting the appropriate strength of the phase transition.

e Planck-scale (gravity-induced) Baryogenesis: as discussed in Section 1.1.2, global
symmetries are violated by quantum gravity effects and one would expect that B-
violating processes are present. These effects are suppressed by the Planck scale Mp;
and can be significant in the early Universe. However, not only is it difficult to calculate
things precisely during that epoch, any early generated /8 will be diluted by inflation

later.

e GUT-scale Baryogenesis: as quarks and leptons transform in common GUT mul-
tiplets, baryon number-violating processes, like proton decay, naturally occur within
GUTs. It is typically assumed that above the GUT scale there is thermal equilibrium.
At a scale below the mass of the new GUT gauge bosons, dynamics of their interac-
tions do not produce them sufficiently fast to maintain the equilibrium. Additionally,
their decays have new C'P violating couplings. However, inflation again can dilute any
generated B number at GUT scale unless reheating temperature is very high, which is

problematic for cosmology.

e Leptogenesis [112]: as already mentioned in Section 1.1.1, the lowest order non-
renormalizable operator for the neutrino masses in the SM is a dimenstion-5 L-violating
term LHLH/A. This results in Majorana neutrinos. Invoking the see-saw mechanism
to explain their mass scale requires introduction of the Dirac and the Majorana mass
terms for the additional heavy right-handed neutrinos N;. In the early Universe, N;
can decay to neutrinos and produce their overabundance, assuming that the new N;

CP violating phases are appropriate. This L-violation can then be transformed by
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sphalerons into B-violation, since they conserve B — L. However, this mechanism is
difficult to test.

e Coherent Motion of Scalar Fields (Affleck-Dine mechanism [113]): assuming
supersymmetry, the scalar superpartners carry B and L. Their potentials typically have
flat directions which allow to easily offset the field from the minimum. A large classical
value of such field (“coherent field”) can carry a large amount of B and later decay to
quarks, producing observed B-asymmetry. This scenario is naturally realized primarily

within the context of supersymmetric theories and is not very viable otherwise.

Finally, it is important to stress that baryon number-violating processes like proton
decay will affect the ultimate fate of the Universe [10]. As quantum gravity effects can
catalyze proton decay, the result will affect cosmology on the larger cosmological time scales,
during the epoch of ¢ = 1073 years. The reactions like p — e*7° will power stars (e.g.

neutron stars, white dwarfs) through the processes like
p+e —>y+v+y+7, (1.24)

with one pair of s coming from e + ¢~ annihilation and another from 7° — ~ + ~. The
precise determination of the cosmological era when such processes become significant depends

on the details of the relevant nucleon decay lifetime calculation.

1.2 Experimental Searches for Nucleon Decay

The experimental considerations of nucleon decay began with Goldhaber 12 in 1954 [114],
searching for fission products of thorium (Th?3*?) and placing a limit on proton’s lifetime
of 7, > 10%° years. Here, one looks for isotope production due to nucleon decay. This
is a very general search technique and does not assume any particular decay mode. At
the same time, direct searches for proton decay were conducted by Cowan, Goldhaber
and Reines [115]. These were done using scintillator as a source and the detector. Such
searches are less general and rely on the decay products coming from specific channels.

Many searches have followed, eventually leading up to large underground experiments based

13Even before the actual experiments in 1950s, Goldhaber proposed a heuristic argument that proton
lifetime should be > 10'6 years, based on ~ 10%° protons in human body and a human lifetime span of
~ 50 — 100 years.
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on iron calorimeters and water Cherenkov detectors. The iron calorimeters offer great po-
sition and energy resolution, but they are expensive and consequently suffer from limited

fiducial volume, which for nucleon decay is vital and that is made up in water Cherenkov

detectors.

Year Reference Lifetime Limit | Technique
1954  Goldhaber [114] 2 x 102 yrs. | FI (Th??)
1954 Reines, Cowan and Goldhaber [115] 1 x 10?2 yrs. SC
1958 Reines, Cowan and Kruse [116] 4 x 10% yrs. SC
1958 Flerov et. al. [117] 2 x 10% yrs. | FI (Th?3?)
1960 Backenstoss et. al. [118] 3 x 10% yrs. SC
1962 Giamati and Reines [119] 7 x 1077 yrs. SC
1965 Kropp and Reines [120] 4 x 10?8 yrs. SC
1967 Gurr et. al. [121] 8 x 10% yrs. SC
1974 Bergamasco and Picchi [122] 1 x 10% yrs. SC
1974 Reines and Crouch [123] 2 x 1030 yrs. SC
1977 Steinberg and Evans [124] 2 x 10% yrs. | FI (Te'3?)
1977 Fireman [125] 2 x 10%° yrs. FI (K*)
1981 Cherry et. al. (Homestake) [126] 3 x 10% yrs. WwC
1982 Battistoni et. al. (NUSEX) [127] 2 x 103! yrs. | FGC (Fe?)
1986 Krishnaswamy et. al. (KGF) [128] 4 x 10% yrs. | FGC (Fe®)
1987 Bartelt et. al. (Soudan) [129] 2 x 10% yrs. | FGC (Fe®)
1989 Hirata et. al. (Kamiokande) [79] 3 x 1032 yrs. WC
1991 Berger et. al. (Frejus) [130] 2 x 103 yrs. | FGC (Fe?®)
1999 McGrew et. al. (IMB) [131] 8 x 1032 yrs. WC
2012 Nishino et. al. (Super-Kamiokande) [132] | 8 x 1033 yrs. WC

Table 1.2: Proton decay searches. We have denoted their operating principle: search for
fission fragments from radioactive ore (FI), liquid scintillator (SC), water Cherenkov (WC)
and fine-grained calorimeters (FGC).

Many nucleon decay channels have been searched for, including n —n and dinucleon
np,nn, pp decays. However, no convincing evidence for nucleon decay has been obtained
throughout the experiments. We have summarized in Table 1.2 their results, including
the operating technique and the best obtained nucleon decay limit. Stringent experimental
constraints also exist on other processes which could lead to baryon number violation, such

as proton decay-catalysis from the Q-balls [133] and the GUT monopoles [134].
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1.3 Overview of the Analysis

As already discussed, the simplest unification scenarios based on minimal non-SUSY
and (TeV-)SUSY SU(5) have been strongly constrained by the experimental lifetime limits
on p — el [77, 78, 79, 80] and p — vK™T [91], respectively. Additionally, no signs of
(TeV-)SUSY have been observed at the Large Hadron Collider (LHC) [67, 68]. Hence, there

is reinvigorated interest in alternative possible signatures.

After SU(5), the next logical GUT to study is SO(10), which is very well theoretically
motivated and arguably more appealing than SU(5). However, due to a large number of
possible constructions, there are not very many concrete universal predictions from SO(10),
as we have discussed in Section 1.1.2. In the schemes of Ref. [135, 136], trilepton decay
channels p — e*vr and p — p*vr could become significant within the Pati-Salam SU(4)¢ x
SU(2)r, x SU(2)g [137] model coming from spontaneous breaking of SO(10). Signatures of
this breaking pattern have not been very well experimentally explored. Additionally, these
channels present unusual decay patterns. We describe in more detail a possible setup and
how these channels can arise with significant branching ratios in Appendix A. Assuming

030—33

trilepton mediation, these scenarios predict proton lifetime of around 1 years. On the

other hand, the old experimental limits are 1.7 x 103! years from IMB [131] and 2.1 x 103!

tvv and p — pvr, respectively. Hence, searching for

years from Frejus [138], for p — e
these modes in the current state of the art-experiments would allow to restrict a significant
portion of the allowed parameter space for such models. Additionally, observation of these
channels, coupled with non-observation of p — e*7°, may allow to differentiate between PS
and its SO(10) embedding [135]. Depending on the combination of neutrinos/anti-neutrinos
that are present in the final state, the channels also have |A(B — L)| = 2, unusual for single
nucleon decay. In Ref. [139] it has been suggested that observation of trilepton modes can
have favorable implications for baryogenesis. Interestingly, the proton decay through these
channels was offered as a possible explanation [140, 141] of the observed atmospheric neutrino

flavor “anomaly” [142, 143], prior to the discovery of the neutrino oscillations [17].

In this work, we will describe a search for the trilepton decay channels using the best
available instrument, the largest underground water Cherenkov detector, Super-K [22]. Be-
cause neutrinos are invisible within Super-K, one cannot reconstruct the invariant mass and
momentum of the parent nucleon from the final state particles. Hence, the only signature
of the above two modes is a charged lepton, which produces a showering or a non-showering

single Cherenkov ring within the detector. Since these signatures are also common for a class

20



of other channels, we will take this as an opportunity to do a broad search for multiple decay
modes, which is important due to a large theoretical uncertainty in predictions, as discussed
in Section 1.1.2. In addition to the trilepton channels, we will consider two general 2-body
decays p — et X and p — p* X, where X is taken to be single unknown and invisible particle
that is assumed to be massless. Note, that our searches for p — e™X and p — pu*X are
distinct from the model-dependent inclusive analyses of Ref. [126, 144] that are listed in the
PDG [37] with the same name'. We will also search for n — vy, with v producing the
same signature as the et in the detector. Though this radiative process is suppressed, it has
a clean signal and has been considered in the context of SU(5) [145], with some models [76]

predicting a lifetime of 103*! years.

In addition to the single nucleon decay channels, we will also look for dinucleon decay
modes which also produce the above signatures. While single nucleon AB = 1 processes
have been in general well studied, dinucleon AB = 2 channels also pose great interest.
These higher-dimensional processes can become significant in models that suppress proton
decay and could be connected to baryogenesis [146]. The disappearance AB = 2 reactions,
with invisible final state particles, have already been studied and no signal excess was ob-
served [138, 147, 148]. We will thus focus on the dinucleon channels np — e*v, np — ptv
and np — 77v, which violate baryon number by two units and violate lepton number by
either two or zero units, depending on neutrino/anti-neutrino final state. They can become
significant in models with an extended Higgs sector [146, 149], which could be also considered
in the context of GUTs [150]. It is worthwhile to note, that 7 final states cannot occur in
single nucleon decay due to its large mass of m, ~ 1.777 GeV. On the other hand, it can
appear within dinucleon decay, as has been stressed in Ref. [151]. The process np — 7tv has
in fact never been experimentally studied before and in addition to the electron and muon

channel searches we present the first search in the 7 channel.

Since the signal signatures for all of the above channels are single Cherenkov rings, the
signal lies on top of a large amount of background coming from atmospheric neutrinos, as will
be discussed later. Previous analyses in older experiments performed the search by using a
counting method within some selected signal region. On the other hand, for all our searches,
we will be using a spectral x? fit'® [154]. This will allow us to discriminate between the
signal and the background distribution shapes and thus significantly improve the sensitivity

of the analyses. This is particularly relevant for trilepton and np — 7+ channels, since their

“Tnclusive analyses were done by assuming specific branching ratios of SU(5) and then adding up all of
the contributions from the various decay channels, such as p — e 7?, weighted by the branching ratios.
15The fit is also used in the Super-Kamiokande neutrino oscillation [152] and dark matter analyses [153].
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signal comes from 3-body decays and is thus spread out.

The main analyses presented within this Thesis accompany and describe in more de-
tail the published results of Ref. [155] and Ref. [156]. The 3-body spectrum approximation
method discussed in Appendix B follows the published results of Ref. [157].
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Chapter 2

The Super-Kamiokande Experiment

The Super-Kamiokande experiment operates by detecting the Cherenkov radiation pho-
tons produced within the water-based detector. The emitted light produces ring-like patterns
on the detector walls. The timing, amount of charge in the photomultiplier tubes (PMTSs)
of the detector and the shape of these patterns gives information about the kinds of par-
ticles that appear within the detector. Below, we describe the physics mechanism behind
Cherenkov radiation. Then, we provide an overview of the experimental apparatus. A com-
prehensive description of the detector and its calibration can be found in Ref. [22] and

Ref. [158], respectively.

2.1 Cherenkov Radiation

Cherenkov radiation [159] occurs when a charged particle traverses a dielectric medium
with a speed (v,) greater than the phase velocity of light (¢/n) in the same medium, given
by

c
c>up > — . (2.1)
Here, ¢ is the velocity of light in vacuum and 7 is the refraction index of the medium (n = 1.33
for water at 20° and A = 580 nm). The electrically polarized medium then de-excites and
coherently radiates back, resulting in a cone-like pattern of emitted light with respect to

the particle’s trajectory. A schematic diagram for this effect is displayed in Figure 2.1. The
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Figure 2.1: Schematic diagram for the emitted cone-like pattern of light resulting from
Cherenkov radiation. The direction of the charged particle (red arrow) and the emitted
light (blue arrows) is shown.

cone’s opening angle ¢ is given by

1
A1+ — 2.2
- (2:2)

cos b = o

1
nf
where § = v/c and m, p are the mass and momentum of the charged particle, respectively.
From Equation (2.2), one can deduce the momentum threshold (ps,.) to emit the Cherenkov

light (at 6 = 0) in a medium of refraction index n as

m

Pthr. = F .

(2.3)
Hence, in water, the Cherenkov radiation threshold of the electrons (e*), muons (u®),
charged pions (7%) and the kaons (K*) is 0.58 MeV/c, 121 MeV/¢, 159 MeV/c and 563
MeV /¢, respectively. For an ultra-relativistic particle (with  — 1) traversing water, the
Cherenkov angle for the generated cone of light will approach 6 ~ 42°. The emitted spectra

has a wavelength dependence and is described by

d*N 1 1
m = 271'0((1 - —(nﬁ)2>ﬁ s (24)

where dN, «, d\ and dx correspond to the number of emitted photons, fine structure con-

stant, differential unit of the wavelength and the distance, respectively.

24



2.2 Detector Description

2.2.1 Design

The Super-Kamiokande experiment is located in a zinc mine at Kamioka, Gifu Prefec-
ture, Japan. Being beneath a ~ 1000 m rock overburden (2700 m water equivalent), allows for
strong shielding of the cosmic ray muon background, reducing its flux to 6 x 1078 cm™2s~tsr 1
(five orders of magnitude compared to the Earth’s surface). A schematic overview of the

experiment can be found in Figure 2.2. The Super-Kamiokande detector consists of a cylin-
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Figure 2.2: Overview of the Super-Kamiokande experiment. From Ref. [22].

drical stainless steel tank (39.3 m in diameter and 41.4 m in height). It is separated into
three regions, the inner detector (ID), dead space and the outer detector (OD). The inner
detector is comprised of 32 kilotons of water and a size of 36.2 m in height and 33.8 m in
diameter. The ID walls are covered with 20-inch (in diameter) 11,146 uniformly distributed
and inward-facing PMTs, giving detector a 40% photo-coverage. The dead space is a 0.55 m
region between the ID and the OD and contains support structures. The OD fully encloses
ID with ~ 2 m thickness of water and contains 1,885 outward-facing 8-inch (in diameter)
PMTs. The inner detector walls are lined with an opaque covering to improve signal dis-
crimination. For the OD, a reflective material is used to improve sensitivity, allowing to
better reject noise/background. Additionally, Helmholtz coils are used to reduce the Earth’s
geomagnetic field effect, which can disturb the PMT electronics, from 450 — 50 mG. The
purpose of the outer detector is to act as an active veto against background as well as a

shield from radiation coming from the surrounding rocks.
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2.2.2 Photomultiplier Tubes

The custom design of the SK PMTs maximizes their photo-sensitivity. The quantum
efficiency, overlaid with the wave-length dependent spectrum of the Cherenkov radiation
in water, as well as the single photo-electron response of the ID PMTs can be found in

Figure 2.3. The custom PMTs have their quantum efficiency maximized around ~ 400 nm,

50—

0.2 1 H
100H}

Quantum efficiency

Counts / bin

1 1 1
300 400 500 600 700
Wave length (nm) 500 1000 1500 2000
ADC count

Figure 2.3: [left] Inner detector PMT quantum efficiency as a function of wavelength.
[right] Single photo-electron PMT analog-to-digital converter (ADC) response, with the
peak around zero being dark noise. From Ref. [22].

which also corresponds to the peak light yield for the Cherenkov radiation spectrum in water
described by Equation (2.4).

2.2.3 Water and Air Purification Systems

The SK detector water comes from abundant amounts of spring water in the mine. It is
passed through the water filtration system, depicted on Figure 2.4, which improves the purity
and thus ensures a high attenuation length of around 100 m at A = 420 nm, essential for high
sensitivity of the physics analyses. Additionally, the filtration system removes radioactive
radon (Rn), which serves as a background for solar neutrino oscillation analysis (~ MeV
energy range). The detector water is continuously circulated through the filtration system
at a rate of ~ 35 ton/hour. The purification system allows to reduce the number of particles
larger than 0.2 ym to about 6 particles/cm®. The resistivity of the water is also improved

from 11 M€ - cm — 18.2 M2 - cm, approaching the chemical limit.

Additionally, to reduce radon concentration in the experimental area, air is continuously
pumped from outside the mine. This allows to keep the radon concentration around 20 — 30
mBq/m? inside the top of the SK tank and ~ 100 Bq/m? at the SK dome outside the
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Figure 2.4: Overview of the Super-Kamiokande water purification system. From Ref. [22].

tank (compared to 100 — 3000 Bq/m? in the mine). To ensure that the purified water in
the SK detector stays radon free, a separate air-filtration system pumps radon-purified air
(Rn concentration 3 mBq/m?) right above the water within the detector. The air-filtration

system is depicted on Figure 2.5.

Compressor Buffer Carbon Carbon Air Filter
Tank Column Column (0.01um)
Air Filter Air Drier Heat b Cooled
(0.3pm) Exchanger (0.1pm) Charcoal
(-40 °C)

Figure 2.5: Overview of the Super-Kamiokande air purification system. From Ref. [22].

2.2.4 Electronics and Data Acquisition (DAQ) System

A schematic for the ID data acquisition system (DAQ) is presented in Figure 2.6. Signals
from ID PMTs are collected by the analog-timing-modules (ATM), located inside Tristan
KEK Online (TKO) crates, which are responsible for recording and digitizing the arrival
time and the integrated charge for each PMT using an analog-to-digital converter (ADC).
The full timing and the integrated charge ranges are 1.6 us (0.3 ns resolution) and 600 pC
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~ 300 photo-electrons (0.2 pC resolution), respectively. There are 12 PMTs per ATM and 20
ATMs per TKO crate. Eatch TKO crate also contains a go/no-go (GONG) trigger control
module and a super-control-header (SCH). The SCH sends information from the ATM to the
super-memory-partner (SMP), located within a VME crate. The SMP acts as an information

storage buffer, which is to be read out and processed later.
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Figure 2.6: Schematic of the data acquisition system for the inner detector (arrows show
data flow). From Ref. [22].

The electronics system for the outer detector consists of Charge-To-Timing Converters
(QTCs), which read out the OD PMT output signal and generate a timing signal proportional
to the total charge. If a 0.25 photo-electron (p.e.) threshold is reached, the signal is then
digitized by the Timing-To-Digital Converter (TDC) and merged with the ID data. The
signal range of the digitized output is 16 us (0.5 ns resolution).

Finally, the event hardware trigger system checks the combined total hits from ID ATMs
(or OD QTCs) within a 200 ns window. If the number of hits exceeds 29 (19) PMTs for ID
(OD), a global trigger signal is issued to the Trigger Module (TRG). The TRG then records
the timing and type of the event, generating a global event trigger signal. This initiates the

data to be read out and processed.
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2.3 Detector Calibration

2.3.1 Relative PMT Gain

To ensure that the PMTs produce a uniform response, their charge gain is measured
and each of the high voltages supplying the PMT is individually adjusted. The measurement
is performed using a xenon (Xe)-powered scintillator ball, adjusted to give the output at 440
nm, which is near the maximum of the PMT’s quantum efficiency. The schematic for this

setup is displayed on Figure 2.7. The relative gain G; of the :—th PMT is obtained by
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Figure 2.7: Setup for the relative gain calibration system [left] and the relative gain
distribution of the PMTs after recalibration [right]. From Ref. [22].

G; = (QO%(GQ ;- Exp[%] : (2.5)

where (); is the observed PMT charge, (g is a constant, L is the effective light attenuation
length, [; is the distance to the light source and f(0) is the relative PMT photo-sensitivity

as a function of the light incident angle.

2.3.2 Relative PMT Timing

Similarly, a uniform PMT timing response is also important. A diffuser ball lighted by
the nitrogen laser is used to calibrate the PMT timing response. The laser emits 3 ns light
pulses at 337 nm, which are shifted to 384 nm by a dye laser module. This is done for several

different positions. PMT timing vs. charge map (TQ map) is constructed for each PMT and
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is later used within MC and data reconstruction. The calibration setup as well as a sample

TQ map for a single PMT are shown in Figure 2.8.
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Figure 2.8: Setup for the relative timing calibration system [left] and a sample TQ map for
a single PMT [right]. From Ref. [22].

2.3.3 Absolute PMT Gain

To obtain the PMT charge corresponding to 1 p.e., a californium (Cf**?) source sur-
rounded by nickel (Ni) wire is used. Neutrons produced by spontaneous fission of Cf are
absorbed by Ni, which in turn re-emits y-rays (mostly at 9 MeV). The observed EM shower
deposits no more than 1 p.e. per PMT. For each PMT, charge distribution corresponding to
1 p.e. is determined. The mean value of the charge distribution peaks is found to be 2.055 pC.
The calibration system setup as well as the charge distribution of a typical PMT are shown

in Figure 2.9.

2.3.4 Water Transparency

Precise measurements of the water transparency are important for obtaining correct
MC simulations. The water transparency measurements at SK are performed with three

different techniques: using diffuser ball, nitrogen laser beam as well as cosmic ray muons.
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Figure 2.9: Schematic view of the absolute gain calibration system setup [left] as well as
the charge distribution of a sample PMT [right]. From Ref. [22].

Diffuser Ball

The attenuation length can be defined as a sum of absorption and scattering coefficients

L= v , (2.6)

Qlabs + Qgcat

To measure it, a diffuser ball, powered by titanium-sapphire (Ti:Sa) laser pumped by
neodymium-doped yttrium aluminium garnet (Nd:YAG) laser, is placed in the detector and
the emitted light that passes through water is monitored by a camera on top. The setup

is shown on Figure 2.10. After performing several measurements at varying depths and
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Figure 2.10: Setup for the water transparency measurements using diffuser ball and
camera. From Ref. [22].
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wavelengths, one can calculate the attenuation length as a function of wavelength using

Icep lq
g [l002] 4 o 27

°8 [laser L(A) ( )
where A is a constant, Iccp is the intensity of light at the charged-coupled device (CCD)
camera, [, 1S the intensity of light at the monitoring PMT and [; is the depth of the
diffuser ball.

Laser Beam

To measure the absorption and scattering coefficients separately, a nitrogen (N) laser
beam is injected from the top of the detector. Each laser, wavelength of 337 nm, 371 nm, 400
nm and 420 nm, fires every 6 seconds during normal data taking. Since the laser shines down-
ward, the measurements of PMT response obtained from the top of the detector correspond
to backward light scattering. The setup is depicted in Figure 2.11, along with the measured
attenuation coefficient overlaid with the theoretical scattering and absorption models used
within the SK MC.
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Figure 2.11: Schematic view of the water calibration laser injection setup [left] and the
measured attenuation length along with the theoretical predictions [right]. From Ref. [22].

Cosmic Ray Muons

While the previous two methods were intrusive, cosmic ray muons provide continuous
detector monitoring throughout regular data-taking periods. We select only the downward

going muons. The energetic muons typically deposit nearly a constant 2 MeV /cm amount of
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energy along their track. The attenuation length can then be inferred from the PMT charge
response function
f(0) !

QZQO'T'EXP[—E]> (2.8)

where Q) is a constant, f(6) is the PMT acceptance, [ is the photon path length and L is
the attenuation length. The results for sample data are shown in Figure 2.12, which yields
attenuation length of ~ 100 m. Additionally, time variation of the attenuation length, which

is accounted for in the SK MC, is displayed.
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Figure 2.12: Results for log[Ql/f(#)] as a function of [ for sample data [left] and water
transparency variation over time [right]. From Ref. [22].

2.3.5 Energy Calibration

For the typical nucleon decay searches like p — e*n®, the analysis is performed by
reconstructing the invariant mass and the momentum of the parent particle. For our spectral
searches, we will be looking at the momentum distributions of the final state particles.
In either case, energy calibration of the detector provides one of the dominant systematic
uncertainties for nucleon decay studies. The energy calibration is performed in SK by four
independent methods, covering the energy range from ~ 1 MeV/c to 10 GeV/c. These are:
decay electrons from stopping muons, 7° events and the low/high energy stopping muons
themselves. The energy calibration is continuously monitored and the uniformity throughout

the detector is also accounted for.

Decay Electrons

The energy distribution of the decay electrons produces a well known p — e*vv 3-body

decay Michel spectrum up to ~ 50 MeV (see also Appendix B). The mean of the Michel
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spectrum is compared between the data and the MC, as depicted on Figure 2.13 for the SK-I

phase of the detector. The decay electrons are selected by the following criteria:

1. time from stopping muon event is 2.0 — 8.0 us
2. number of hit PMTs within 50 ns window is > 60 (for SK-I)
3. goodness of vertex fit is > 0.5
4. reconstructed vertex is > 2 m from the ID wall
The (2) criterion rejects 6 MeV ~-rays from p~ capture on the nucleons. In MC, measured

cosmic ray ut/pu~ charged muon ratio of 1.37 is used and the pu~ capture is also accounted

for.
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Figure 2.13: Momentum distribution of the stopping muon decay electrons [left] and the
reconstructed invariant 7° mass [right] for SK-I. MC simulation is depicted by continuous
line [left] and boxes [right]. From Ref. [22].

Reconstructed Pions

Pions that are produced from the atmospheric neutrino interactions can also be used
for energy calibration. As 7° immediately decays via m° — 77, the pion invariant mass Mo

can be reconstructed from momenta P,; and P, of the two photons via

Mo = \/2P1 Pp(1 — cosh) (2.9)
where 6 is the opening angle between ~; and 5. These events are selected as follows:
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1. 2 showering rings
2. 0 decay-electrons

3. reconstructed vertex is > 2 m from the ID wall

where the (2) criterion rejects signal contamination from 7*7° and p*7° events. The recon-
structed pion mass is then compared with MC predictions, as depicted on Figure 2.13, with

a clear peak visible around the true pion mass of 135 MeV /c2.

Low/High Energy Stopping Muons

Recall from Equation (2.2) that the Cherenkov angle depends on the charge particle
momentum. One can use the Cherenkov angle of the downward going low-energy (< 400
MeV/c) stopping muons to infer their momenta and then compare with the reconstructed

value. The event selection for this study is the following:

1. number of p.e. is < 1500 (for SK-I), i.e. the muon momentum is < 380 MeV/c
2. one cluster of hit OD PMTs
3. entrance point is on the top wall

4. downward going (cos enitn > 0.9)

ot

. 1 decay-electron (muon event)

The averaged momentum ratio P,. /Py of the observed p.e. and the momentum inferred

from Cherenkov angle are then compared between the data and the MC.

Since high energy stopping muons deposit about 2 MeV /cm of energy throughout their
path, path length can be used to estimate the momentum from 1 to 10 GeV/c independently

of the p.e.-based momentum measurement. The event selection for this study is the following:
1. entrance point is on the top wall

2. downward going (cos Oenitn > 0.94)

3. 1 decay-electron (muon event)
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4. reconstructed muon path length > 7 m

To ensure that energy calibration is precisely accounted for, detector uniformity as
well as time variation of the uncertainty is also studied. The combined uncertainty from
energy calibration for SK-I is shown in Figure 2.14. The total combined energy calibration
uncertainty for each SK phase, SK I-IV, is within 3% for high energies (2 100 MeV) and
< 1% for low energies (~ 10 — 100 MeV).
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Figure 2.14: Results for SK-I energy calibration. From Ref. [22].

2.4 Data Taking Periods

The Super-Kamiokande has collected data during four different experimental phases:
SK-I (May 1996-Jul. 2001, 1489.2 live days), SK-II (Jan. 2003-Oct. 2005, 798.6 live days),
SK-IIT (Sep. 2006-Aug. 2008, 518.1 live days) and the ongoing SK-IV experiment (Sep. 2008-
Oct. 2013, 1632.3 live days), corresponding to a combined exposure of 273.4 kton-years. In
the SK-II phase of the detector the photo-coverage was only 19%, due to a PMT implosion
accident. The full photo-coverage was restored in SK-III and electronics were upgraded in

SK-1V, allowing for a better decay-electron detection efficiency.
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Chapter 3

Monte Carlo Simulations

3.1 Signal: Nucleon Decay

3.1.1 Assumptions

Nucleon decay generation is typically done by randomly generating the final state par-
ticles of the decay in the parent nucleon’s center of mass frame, taking into account the 4-
momentum (energy and momentum) conservation. The final state particles are then Lorentz
boosted to the lab frame, which allows to account for the Fermi motion if the parent nucle-
ons are bound inside the nucleus (i.e. within %0). Dinucleon decay is generated similarly,
but now one obtains a 2-body decaying system (nn,np, pp). The nucleon decay MC is spin-

insensitive.

The above approach is a general model independent technique for rare searches, which
does not depend on the specifics of how a decay is actually mediated and implicitly assumes
a flat phase-space distribution (see Appendix B). This has been a standard approach for
the past experimental nucleon decay searches (e.g. at IMB [131] and Frejus [138]). In the
case of the typical 2-body decay channel, such as p — e*7%, the energy distribution of the
final state particles is fully determined by kinematics. This is so, since each of the resulting
particles takes ~ m,/2 of energy (free nucleon decay) and the above approach works well.
On the other, for n > 2 body decays, such as p — eTvv or p — ptvv, the energy spectra is
not uniquely determined by the 4-momentum conservation and has a distribution from 0 to

my/2 ~ 470 MeV and a mean of ~ 313 MeV (free nucleon decay). In such a scenario, the
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energy dependence of the matrix element, which is determined by the mediating mechanism,
can play a role in n > 2 decays. While we want to keep the searches as model independent as
possible, it is also important to understand the degree of approximation used in generating
the trilepton nucleon decays with a flat phase-space distribution, which experiments in the

past have just assumed.

Using effective 4-fermion interaction formalism of the Fermi theory and employing a rel-
atively general set of assumptions, one can approximate [157] the decay spectraof p — etvv
and p — ptrr. The approximation method is discussed in Appendix B. We have used this
result to confirm that the et and u™ energy distributions, which we will use in the nucleon
decay analysis and which are generated using the standard SK nucleon decay MC that as-
sumes a flat phase-space distribution, are reasonable. In fact, the technique outlined in Ref.
[157] can be useful for other decay searches that satisfy the above assumptions, such as

p—eteel.

We note that in the nucleon decay analyses it is generally assumed that the bound and
the free nucleons have the same decay rate I'fee & I'pouna. The phase space for the two are
different, due to nuclear environment, which in principle affects the bound nucleon lifetime

Thound = 1/Tbouna- This effect, however, is taken to be negligible.

3.1.2 Nuclear Effects

Fermi Motion and Nucleon Decay Position

If a nucleon decay occurs inside oxygen O, the bound parent nucleon has Fermi mo-
mentum. On the other hand, if the nucleon originates from hydrogen H, it is free (stationary).
All of the dinucleon decays originate from the bound nucleons of 0. In the SK nucleon
decay MC simulations, the Fermi momentum of nucleon decay is based on a spectral function
found by the e—!2C scattering experiments [162]. The S- and P-state momenta based on the-
oretical calculations and the experimental data are shown on Figure 3.1. On the other hand,
atmospheric neutrino MC uses Fermi momentum calculated from the relativistic Fermi gas
model, as we will discuss later. The difference between the two models is used to estimate

the systematic uncertainty.

The position of the decaying nucleon is determined using the Woods-Saxon model [163],
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Figure 3.1: Theoretical calculations (solid and dashed lines) [161] for the 1ps,, proton state
(left) and 1s;/o proton state (right) of **C, compared with experimental data. From
Ref. [162)].

according to the following distribution

p(0)

]

(3.1)

Z
pu(T) = A X

1+ Exp[

where p, (1) is the nuclear density as a function of radial distance r from the nuclear center,
po = 0.48 m2, a = 2.69 fm is the maximal nuclear radius for oxygen, b = 0.41 fm is the
“surface thickness” of the oxygen nucleus and Z and A are the atomic and the mass numbers!.
From the above, one can determine the Fermi surface momentum using

3 5

pr(r) = (;r pn(v")>1/3 : (3.2)

The Fermi surface momentum is used for studying nuclear interactions of the mesons, which
are important in nucleon decay searches such as p — [ 4+ meson (see Ref. [132]). The
same technique is used for neutrino meson-production interactions in the atmospheric MC

simulations, as discussed later.

Binding Energy

The nuclear binding energy is taken into account by modifying the invariant mass of
the nucleon according to M = M, — E,, where M* is the modified nucleon mass, M,

is the rest nucleon mass and Ej is the binding energy. Binding energy FEj, is assumed to

'For 160, Z = 8 and A = 16.
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have a random Gaussian distribution with a mean and the standard deviation of (u,o) =
(39.0 MeV,10.2 MeV) for the S-state and (p,0) = (15.5 MeV, 3.82 MeV) for the P-state.

The results for proton in %O are shown in Figure 3.2.
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Figure 3.2: Proton invariant mass in O, modified by nuclear binding energy. From
Ref. [164].

Correlated Decay

In the nuclear environment it is predicted that due to overlapping wave functions of
the nucleons, an additional “spectator” nucleon becomes involved in the decay and thus
modifies the invariant mass of the decaying system. Pictorially, this effect can be viewed
as several bound nucleons, which have Fermi motion, colliding and redistributing momenta.
In case this happens, a single nucleon decay effectively becomes a 2-body system decay and
dinucleon decay becomes a 3-body system decay. Approximately 10% of nucleon decays are
predicted to experience this effect [165], which SK MC simulations take into account. We

consider a 100% systematic uncertainty for correlated decay, since it is not well studied.

Nuclear De-excitation

As the nucleon decays, the remaining nucleus (e.g. 1°0 — °N) can be left in an ex-
cited state, which then de-excites through a ~-ray or a nucleon emission. These effects were
calculated in Ref. [166] (more recently in Ref. [167]), as summarized in Table 3.1. They are
included in SK MC simulations. For the nuclear decays to the states with a de-excitation
nucleon, no y-ray is generated. The de-excitation s are particularly important for some

nucleon decay analyses, such as p — vK™* [168] and n — vvv [169).
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State Energy of v Probability

P32 6.3 MeV 41%
p3/2 9.9 MeV 3%
51/2 7.0 MeV 4%
others 3.5 MeV 16%
p/n emission - 11%
ground state - 25%

Table 3.1: Summary of nuclear de-excitation after nucleon decay [166].
3.1.3 Generation of 7 and X

Since 7 lepton decay is not included in the GEANT-3 [170] package that is used for the
SK detector simulation (see Section 3.3), we use the dedicated TAUOLA [171] package for
decaying the 7 in the np — 77v search®. For the np — 7tv, we will be interested only in
the leptonic 7 channels 7 — e*vv and 7 — p*vr. We have confirmed that the et and pt
energy spectra from these decays, for both stationary and moving 7, agrees well with the
theoretical predictions of the (V' — A) SM theory [173], using the calculations of Ref. [157]
(see Appendix B).

For the p — e* X and p — u* X decays, X is assumed to be a single unknown massless
and invisible particle, which by spin conservation is a boson. For the analysis, X is generated
as a neutrino, since SK nucleon decay MC is spin insensitive and the final state neutrino is

also effectively massless and invisible.

3.2 Background: Atmospheric Neutrinos

The main background for nucleon decay searches comes from interactions of atmospheric
neutrinos, which are produced by cosmic rays. The cosmic rays mainly consist of protons
and a-particles (~ 99%), which strike the atmosphere. The isotropically distributed cosmic
rays interact with the air molecule nuclei, producing copious amounts of pions and kaons.
The decay of charged pions 7+ leads to an eventual production of two muon neutrinos (v,
or 7,,) and one electron neutrino (v, or 7.). These processes result in a specific neutrino flux
composition at the surface of the Earth. The whole reaction chain is shown schematically

on Figure 3.3. While most of the neutrinos pass through Earth (travelling 10 - 10,000 km

2 The 7 decay is treated in the same manner within the SK v,-appearance analysis [172].
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Figure 3.3: Schematic view of cosmic ray interactions in the atmosphere. From Ref. [174].

distance) without interaction, some interact at Super-Kamiokande and a neutrino event rate

of about ~ 8 events/day is observed within the detector.

3.2.1 Neutrino Flux

Atmospheric neutrino flux at Super-K is modeled using calculations of Honda et. al.
(Honda flux) [175], which parametrize and fit experimental cosmic ray data, as shown on
Figure 3.4. These 3-dimensional calculations propagate the cosmic rays through the atmo-
sphere and take into account the effects of geomagnetic field and solar wind, which can affect
the cosmic ray flux by up to a factor of 2 at 1 GeV and ~10% at 10 GeV energy range.
Interactions with the air nuclei are treated using NUCRIN [188] and DPMJET-III [189]
models, with the resulting secondary particle profile for mesons and kaons used for neutrino
flux computation. Neutrino flux calculations of G. Battistoni et. al. (Fluka flux) [190] and
G.D. Barr et. al. (Bartol flux) [191] are used for comparison with Honda flux, as shown
on Figure 3.4, to determine the systematic uncertainty. Flux calculations cover the neutrino

energy ranging from 30 MeV to 3 TeV.
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Figure 3.4: [left] Primary cosmic ray flux measurements compared with the Honda flux
model (solid line) for protons at solar minimum. The data are taken from Webber et. al.
[176] (crosses), LEAP [177] (upward triangles), WIZARD-MASS [178] (open circles),
CAPRICE-94 [179] (vertical diamonds), IMAX [180] (downward triangles), BESS [181]
(closed circles), AMS [182] (squares), Ryan et. al. [183] (horizontal diamonds), JACEE
[184] (downward open triangles), Ivanenko et. al. [185] (upward open triangles), Kawamura
et. al. [186] (open squares) and RUNJOB [187] (open diamonds). [right] Atmospheric
neutrino flux at Super-Kamiokande as predicted by the Honda (solid line), Fluka (dashed
line), and Bartol (dotted line) flux models. From Ref. [175].

3.2.2 Neutrino Interactions

At the SK site and within the surrounding rock, neutrino interactions have been simu-
lated using the NEUT [192] model and cross-checked with the NUANCE [193] model. The
following interactions are calculated:

CC/NC (quasi-)elastic scattering: v+ N -1+ N
CC/NC single-meson production: v+ N — [+ N+ meson
CC/NC coherent-pion production: v+1%0 > 1 +150 + %0
CC/NC deep inelastic scattering (DIS): v+ N — [+ N’ + hadrons .

Here, v represents an incoming neutrino or anti-neutrino of some flavor (e or p), N and N’
are the original and the outgoing nucleons (p or n), respectively, and [ is an outgoing lepton.
The outgoing lepton [ can be a charged lepton, if there is a charged current (CC) interaction,
or a neutrino, for the neutral current (NC) interaction. Reactions with negligible cross-
sections, such as neutrino-electron scattering, are omitted. Below we provide an overview
of the above processes. Since CC quasi-elastic (QE) scattering and single-pion production
provide the predominant majority of the background for our analyses, they will be discussed

in more detail. Further information regarding the neutrino interactions and the associated

43



systematic uncertainties can be found in Ref. [160, 194].

Elastic and Quasi-Elastic Scattering

These events typically result in a single Cherenkov ring pattern and can sometimes give
off a recoiling proton above threshold. For a free proton scattering, the cross-section of the
charged current quasi-elastic interaction is calculated from the (V' — A) theory and is given
by Llewellyn-Smith [195] as

do”®  M?GZ cos? Oc ) oS — U o (5 —u)?)
_ 1 A :
7 e A B e O | (33)

where FE, is the neutrino energy, M is the target nucleon mass, G is the Fermi constant,
Oc is the Cabbibo angle, ¢ is the 4-momentum transferred to the lepton and s and u are the
Mandelstam variables. The form factors A(¢?), B(q*) and C(¢?) can be re-written in terms
of axial-vector and vector form factors F-(¢%), F2(q?) and F4(q*) as well as the electric
and magnetic form factors Gg(¢?) and Gys(q?), which are typically the ones used in the
experiments. Two additional parameters, the vector mass My and the axial-vector mass
M 4, are needed to be specified in order to fully determine the form factor structure. They
are taken to be My = 0.84 GeV and M, = 1.2 GeV (see K2K [196] measurement).

For bound nucleon scattering (1°0O nuclei), the calculation of Smith and Moniz [197]
is used. Nucleons are treated using relativistic Fermi gas model with a flat momentum
distribution up to 225 MeV/c (Fermi surface momentum). Models of Ref. [198, 199] bet-
ter account for the intermediate energy ranges and are used to determine the systematic
uncertainty. Pauli exclusion principle is enforced by requiring that scattered nucleon has

momentum higher than the Fermi surface momentum.

The cross-sections for the neutral current elastic scattering are estimated using the
following relations [200, 201]:

o(vp — vp) = 0.153 x o(vp — e p)

o

(

o(vp — vp) = 0.218 x o(vp — eTp)
(vn — vn) = 0.150 x o(vp — vp)
(

o(vn — vn) = 1.000 x o(vp — vp)

Comparison between data and NEUT simulations for v and 7 quasi-elastic scattering is

shown on Figure 3.5.
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Figure 3.5: Comparison of NEUT MC simulations (solid line) and data for the v and ©
cross- sections of the charged current quasi-elastic scattering. The data from ANL [202],
Gargamelle [203, 204, 205], BNL [206], Serpukhov [207] and SKAT [208] are shown. From
Ref. [209].

Single-Meson Production

Single-meson production of 7, K and 7 is simulated using the model of Rein and

Sehgal [210, 211]. The production happens through baryonic resonance via two steps:

v+ N —[+ N*
N* > m+ N’

where m is a meson, N and N’ are nucleons and N* is the baryon resonance. If the de-
cay width of baryon resonance is negligible, the differential cross-section of single meson

production is given by

d*o _ 1
dq*dE,  32rME?

1 *
x 3 Y T(WN — INF)PS(W? = M7) | (3.4)

7,Spin

where M is the target nucleon mass, F, is the neutrino energy, W is the invariant mass
of the hadronic system (intermediate baryon resonance), M; is the baryon resonance mass
and T(vN — lN]’-") is the resonance production amplitude, calculated from the Feynman-
Kislinger-Ravndal model [212]. If the resonance width is non-negligible, §-function in Equa-
tion (3.4) is substituted by the usual Breit-Wigner formula

1 r

S(W? = M?) — o (W = M2 1T (3.5)
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For the above calculations, W was restricted to be < 2 GeV/c? (region above 2 GeV/c? is
treated in DIS) and M, is taken to be 1.2 GeV as for QE scattering. A total of 28 resonances
are considered in SK simulations. Angular distribution of the final state pions is found from
the A(1232) resonance, while angular distribution of pions coming from other resonances is
set to be isotropic. The simulated 7 angular distribution is found to be in agreement with
experimental data from vp — u~ 7" p scattering [213]. Pion-less A decay [214], where 20% of
events only have lepton and a nucleon, is also simulated. As before, Pauli exclusion principle
is taken into account by requiring that the scattered nucleon momentum is greater than the

Fermi surface momentum.

Coherent-Pion Production

If the incoming neutrino energy is small, it effectively “sees” the whole °O nucleus.
Due to the large mass, the nucleus is not affected much in the interaction and the resulting
pion has a distinctive forward scattering in the angular distribution. This process is also
simulated using the Rein and Sehgal model [211]. However, the K2K data [215] agrees
better with the model of Kartavtsev et. al. [216], which is used to determine the systematic

uncertainty.

DIS

If the incoming neutrino energy is high, the neutrino can fragment the nucleon it col-
lides with. The DIS is simulated using GRV98 (Gliick-Reya-Vogt) [217] parton distribution
function. Here, one restricts W > 1.3 GeV/c?. In the region 1.3 GeV/c? < W < 2.0 GeV/c?
only pions are considered as the outgoing mesons. Their multiplicity is required to be larger
than 1, such that the process does not overlap with the single-pion production, with the
mean multiplicity estimated from the Fermilab bubble chamber experiment [218] and its
forward-backward asymmetry further studied by the BEBC experiment [219]. For region
W > 2 GeV/c?, hadronic system kinematics are determined using PYTHIA/JETSET [220]

package, which allows to also treat the K, n and other mesons.

The neutral current DIS cross-section is determined from the DIS charged current cross-
section through the means of empirically determined relations [221, 222], similar to the

quasi-elastic scattering.
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Nuclear Effects

As the mesons are created inside 0, they may hadronically interact within the nucleus
itself via charge exchange, absorption or inelastic scattering. This is particularly relevant
for pions, which have large cross-section around E, ~ 1 GeV. Their position within the
nucleus is calculated by the Woods-Saxon model [163], which is also used for nucleon decay
MC. Cascade model is then used to simulate the interaction, which is determined by the
the mean free path found from Ref. [223]. Fermi motion and Pauli exclusion principle are
taken into account as for the other interactions. The nuclear effect simulations are verified
by the experiments using the pion—12C scattering, pion—0O and the pion photo-production
(v +2 C — 7~ + X) [224, 225]. Other mesons are also considered.

Nucleon re-scattering is also treated with a cascade model. Scattering cross-sections are
taken from experiment [226] and the pion production from As is taken into account using

the isobar production model [227].

Full MC simulation and data comparison of neutrino cross-section is shown on Fig-

ure 3.6. Simulations are seen to describe the data well.
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Figure 3.6: Total neutrino (a) [left] and anti-neutrino (b) [right] cross sections as a function
of energy. The calculated quasi-elastic scattering cross section is shown in the dashed line,

that of single meson production appears in the dotted line, and the dash-dotted line shows
deep inelastic scattering. Data from several experiments are overlaid. From Ref. [160].
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3.2.3 Neutrino Oscillations

The phenomena of neutrino oscillations [32] originates from the mismatch of the neu-
trino flavor and mass eigenstates and signifies that neutrinos have mass. This was established
by Super-Kamiokande [17] in 1998 for atmospheric v, < v, neutrino oscillation. Similarly,

the solar neutrino v, < v,(v;) oscillation was established by SNO [18] in 2001.

To take into account neutrino oscillations, the generated SK atmospheric neutrino MC
events are reweighed accordingly. The following oscillation parameters have been assumed for
the atmospheric MC used in our analysis [152, 228]: normal hierarchy, Am3, = 2.1x1073 eV?
Am32, = 7.6 x 107° eV? sin? 20,3 = 1.0, sin?20;5 = 0.84 and dcp = 0. The final background
rates for each SK data-taking period are normalized by the observed total sub-GeV event

rate (see Chapter 5 for sub-GeV sample characteristics).

3.3 Detector

After the initial intra-nuclear interactions, propagation of particles through the detector,
Cherenkov radiation, PMT response and the electronics (including the dark noise) are all
taken into account by the SK detector simulation software SKDETSIM, which based on the
GEANT-3 [170] package.

For hadrons, interactions above 500 MeV are treated with GCALOR [229, 230]. In-
teractions below 500 MeV are done with a custom package [231] based on the 7—'0 [232]
and the m — p scattering data [233]. For details regarding how K? — K9 regeneration and

Kaon-nucleon interactions are taken into account see Ref. [234].

Cherenkov radiation is included by generating photons according to Section 2.1. Rayleigh

scattering, Mie scattering and absorption are all taken into account as shown on Figure 2.11.

For production of the upward-going muons and interactions within the surrounding
rock (assumed to be sillicon-oxide (SiO,), with density of 2.65 g/cm?) are simulated with

NEUT. These processes are not relevant for our analysis.
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Chapter 4

Event Reconstruction

The event reconstruction algorithm is applied to fully contained events after data re-
duction (see Chapter 5). The same algorithm is applied to both, the data and the MC. The

reconstruction procedure contains the following steps:

1. Vertex Fitting:
the vertex position point is determined from maximizing a likelihood function based
on the PMT timing distributions; Cherenkov cone direction and the ring edges are

estimated.

2. Ring Counting:
search for additional rings is performed using a likelihood method and the vertex and
position of the dominant ring (as determined in the previous step); the total number

of rings is estimated.

3. Particle Identification (PID):
a likelihood function, based on ring pattern and opening angle, is formed to classify

each ring as showering or e-like (for e*,~) and non-showering or p-like (for p*, 7¥).

4. Momentum Determination:
the total ring charge within a 70° cone is converted to ring momentum, using MC

simulation and detector calibration data.

5. Ring Number Correction:

“fake” low energy rings that overlap with primary rings are removed.
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6. Decay Electron Search:

decay electrons from the primary events are obtained.

In addition the above standard algorithm, alternative and more specialized tools also exist,
such as the multi-vertex fitter (MVFIT). However, they are not relevant for the studies
presented within this work and thus will be omitted. Below, we provide an overview of each

algorithm step. For a more comprehensive description see Ref. [164].

4.1 Vertex Fitting

The vertex fitting algorithm consists of three steps: vertex point fit, ring edge finding
and a refined vertex fit (TDC-fit).

4.1.1 Vertex Point Fit

Point fit estimates the vertex position. The fit samples various test vertices and, assum-
ing that all photons originated simultaneously from a single point, maximizes the “vertex
goodness” function G... The function depends on the subtracted photon time of flight
(TOF) recorded PMT timings and is given by

Crer = 3 D Esp| - 2“_—“’)2] , (4.1)

where N is the number of hit PMTs, t; is the TOF-subtracted timing of the i*" PMT, ¢,
is a free parameter chosen to maximize Gy, and o is the PMT resolution (2.5 ns). Ring

direction is also roughly estimated in this step, by summing up the detected p.e. vector.

4.1.2 Ring Edge Finding

Using information from the previous fit portion, the Cherenkov opening angle and the
ring edge position are obtained. A distribution @(0) is built from detected p.e.s as a function
of Cherenkov opening angle 6. The ring edge is then estimated where the second derivate of

Q(0) vanishes.
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Various directions and opening angles are tested to maximize the “ring direction good-

ness” function
o]
Q(0)do
0
=20 < Exp[—
G sin O < Exp|

(90 — 96:81))2
—_— 4.2
where ¢ is the test opening angle, Q(f) is the charge distribution relative to the test
direction, 6., is the expected opening angle (f.,, = 42° for ) of the ring and o, is its

resolution. The initial test direction is found by the previous step.

4.1.3 Refined Vertex Fit

The TDC-fit re-computes the vertex position by also utilizing directional and opening
angle information found above. Unlike the vertex point fit, which assumed that all photons
originated simultaneously at a single vertex point, TDC-fit takes into account that pho-
tons originated along the charged particle track length to get the residual PMT timing and

maximizes the corresponding likelihood function. Scattered light is also considered here.

An additional fit (MS-Fit), which uses particle ID (described later), further improves

on the vertex position identification for the single-ring events.

4.2 Ring Counting

After the main ring has been identified, additional rings (up to 5) are searched for using
Hough transform [235] pattern recognition technique and the likelihood method. With the
Hough transform, a “virtual ring” pattern (42° Cherenkov angle) is considered around each
hit PMT. The “virtual rings” are weighted by the charges from the hit PMTs and a “real”
ring is identified from the peak of the overlapping “virtual” distributions. The concept is
illustrated in Figure 4.1. In practice, instead of virtual circles, the method is implemented by
using charge distribution function for each hit PMT and the a ring candidate is identified by
the peak in the overlapping distributions. A log-likelihood method is then used to determine

if a true ring has been found.
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Figure 4.1: The basic concept of the Hough transform applied to Cherenkov rings. The
charge in a PMT is distributed along a circle corresponding to a 42° Cherenkov opening

angle as seen from the event vertex. The circles of the hit PMTs from the same Cherenkov
ring will then overlap in the center of the actual ring. From Ref. [236].

4.3 Particle Identification

Particle identification in SK classifies the observed rings as showering or e-like (for
e*,~) and non-showering or u-like (for u*, 7¥)

. The e-like rings produce a fuzzy pattern,
due to scattering and electromagnetic showers (bremsstrahlung, followed by the v — eTe™

pair production). On the other hand, a clear pattern is observed for heavier particles which

——— LT

Figure 4.2: Event display of single-ring electron [left] and single-ring muon [right] data
events, with reconstructed momenta of 492 MeV and 603 MeV as well as the time scale
widths of 130 ns and 162 ns, respectively. Color shows time of arrival of light to PMTs. An
e-like event gives diffused ring pattern, while a u-like event has a sharp ring edge. From
Ref. [237].
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don’t scatter much. The two types of rings are illustrated in Figure 4.2.

The reconstruction PID algorithm considers expected charge distribution functions for
the two types of rings, found from the MC simulations and the analytical considerations.
A likelihood test is then performed to determine which type of ring is seen. Figure 4.3
shows PID likelihood distribution for SK-I and the relevant contributing MC processes in
FC sample with a visible energy below 1.33 GeV. Quality of the PID algorithm has been

| DATA Wlike e-like

a

N w ~ o

o [8)] o [8)] o
T T T

100 -

~
(6]
T

number of events / 25.5 kton yr

N w
[8)] o
T

-~ NC

-8 -6 -4 -2 0 2 4 6 8
PID Parameter

o

Figure 4.3: PID likelihood distribution for data and atmospheric MC with a visible energy
below 1.33 GeV. Good separation between e-like and p-like events is seen. From Ref. [164].

checked using 1 kiloton water Cherenkov detector with electron and muon beams coming
from the 12 GeV synchrotron at KEK [238].

4.4 Momentum Determination

Ring momentum is calculated from the integrated charge within 70° cone around ring’s

reconstructed direction. The integrated charge for ring n, R}y, is given by

Rror = %(Q Z (%’%S- Exp[%] i wz> - Z Si> : (4.3)

w
97;,”<700 f< 7') Gi,n<700
—50 ns<t; <250 ns

Here, the variables stand for:

o — normalization factor
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GData, Gy —  relative PMT gain parameter for Data and MC

0;, — opening angle between the n'" ring and the i*® PMT directions
Obs — observed charge in ¢ PMT from n'" ring

t; — residual timing of the i*" PMT

L — attenuation length in water

r; — distance from vertex to the it PMT

f(w;)) — PMT acceptance correction as a function of incidence angle w;

S; — expected amount of p.e.s from scattered photons for the i*" PMT

The summation timing window is chosen to exclude spurious decay electrons. From R,
the corresponding ring momentum is found using a correspondence table built from MC.

Figure 4.4 shows the correspondence of the two for e*, u* and K*.

12000
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4 8000
a 5 e* H
e B
o B G s
#6000~
5 L
E4ooop‘ i K
- +
- , +
2000 o= 4
L . L+
= +
Ly ik e s + i

ol L‘LIL+.\ L [ s I N I B
0 200 400 600 800 1000 1200 1400 1600 1800
Momentum (MeV/c)

Figure 4.4: RTOT vs. momentum table for the electrons (blue crosses), muons (red
crosses) and the kaons (black crosses). From Ref. [239)].

The reconstructed momentum resolution for single ring events is estimated to be around

+(2.5/4/ P(GeV) + 0.5)% for the electrons and +3% for the muons.

4.5 Ring Number Correction

Ring number correction is applied when multiple rings are found. Rings with low

momenta and which overlap other visible rings are rejected as “fake rings” (mis-fit).
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4.6 Decay Electron Search

The decay electrons are categorized into three sets, those observed in a separate event
(sub-event type), those observed with primary event (primary-event type) and those recorded
around the end of event timing window (split type). The only ones relevant for our analysis

are the primary-event type. They are obtained by the following selection criteria:

1. the time interval to the primary event is 1.2 us < At <20 pus or 0.1 pus < At < 0.8 us
2. number of hit PMTs is > 50

3. vertex is well reconstructed

4. total p.e.s < 2000

5. number of hit PMTs in 50 ns window is > 60

6. number of hit PMTs in 30 ns window is > 40

The last two criteria reject gamma emission from g~ capture on %0 nuclei. The efficiency

for u* is about ~ 20% higher because it does not capture.
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Chapter 5

Fully Contained Data Sample

5.1 FC Reduction

Approximately 10° events/day are collected by Super-K. The data relevant for physics
studies must be separated from the low-energy radioactivity (e.g. radon) and cosmic ray
muon-induced signals. Additionally, “flasher” events, caused by the PMT dynode discharge,
further contaminate the data and must be removed. Below, we provide an overview of the
automated “data reduction” algorithm for the fully contained (FC) data sample, whose
events show activity only within the ID volume. This is the sample relevant for the nucleon
decay analyses. Further details of the FC data reduction, as well as the reduction descriptions
for the upward-going muon (UPMU) and the partially contained (PC) data samples, can be
found in Ref. [160, 240]. Figure 5.1 schematically shows different types of events in SK. For
brevity, we focus on SK-I, with other SK periods treated similarly.

Upward Stopping

Fully Contained Muon

# / Ppartially o .»” Upward Through-

L4 N
. L4 *
J ./ Contained R b going Muon

Figure 5.1: Schematic representation of the fully contained, partially contained,
upward-going stopping and through-going muon event classes at Super-K.
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5.1.1 First and Second Reductions
The selection criteria for the 1°* and the 2°¢ reductions are the following:

1. total ID charge within 300 ns window > 200 p.e. (~ 22 MeV/c, in case of electron)
2. ratio of (max p.e.s in any ID PMT)/(total number of p.e.s) is < 0.5
3. number of hits in OD within 800 ns window is < 25

4. time interval between events is > 100 us

Criterion (1) rejects the low energy radioactivity signals, (2) removes the flasher events, (3)

ensures that events happen within the ID and (4) rejects the stopping muon decay-electrons.

5.1.2 Third Reduction

The selection criteria for the 3*¢ reduction is the following:

1. no clusters of > 10 OD PMT hits within 8 m of the detector exit/entrance point of
the event
2. number of ID hits in 50 ns residual window is > 50

This reduction uses reconstruction tools to further reject the radioactivity and the stopping

muon-related events.

5.1.3 Fourth Reduction

The 4" reduction focuses on further rejecting spurious events (e.g. flashers), using the
following selection criteria:
1. events with very broad timing distribution, typical of flasher events

2. events whose signature has a high correlation match with signal patterns expected from

flasher events
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5.1.4 Fifth Reduction

The 5™ reduction consists of:

1. removal of events with > 10 OD PMT hits in 200 ns preceding the trigger time,

rejecting “invisible” cosmic ray muons which are below the Cherenkov threshold but

have an observed decay-electron

2. cosmic ray muon removal using a more precise fitter

5.1.5 Final FC Sample

The final reduction consists of selecting events according to:

1. vertex is in the ID fiducial volume (FV), defined as > 2 m away from the wall

2. visible energy (F,i.) > 30 MeV

After the final reduction, data sample contamination from undesired events is < 1%.

The estimated efficiency of the reduction for nucleon decay and atmospheric MC is > 95%.

The MC detection efficiency is defined as the fraction of events passing the selection criteria

compared to the total number of events generated within the true fiducial volume. Table 5.1

summarizes the event rates at each stage of the reduction process for SK-I.

Reduction Step Data | Atm.-v MC
Trigger 1269039.1 | 9.4 (100.00%)
1%* Reduction 3083.7 | 9.4 (99.95%)
25 Reduction 202.7 | 9.4 (99.94%)
3%t Reduction 44.9 | 9.4 (99.85%)
4%* Reduction 181 | 9.3 (99.17%)
5% Reduction 16.1 | 9.3 (99.15%)
Final Reduction 8.2 | 9.2 (97.59%)

Table 5.1: Number of events/day after each reduction step for the SK-I FC sample. The
atmospheric Monte Carlo numbers and efficiencies down to the fifth reduction are for
events whose real vertex is in the fiducial volume, the number of OD hits fewer than 10 and
the visible energy larger than 30 MeV. In the last line, the fitted vertex is used for both

data and Monte Carlo [160].
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5.2 FC Sample Characteristics

The FC data set is made by applying the FC reduction to the data, atmospheric neu-

trino and nucleon decay MC (see Chapter 3). In Table 5.2, we show the data vs. atmospheric
MC reduction summary for the reference SK-I to SK-IV sub-GeV samples (SK-IV here is

shown only up to 1294.7 live-days), which are most relevant for our analyses. For the atmo-

spheric MC, 500 years worth of exposure-equivalent are generated for each of the SK periods.

Atmospheric MC is normalized by SK livetime for each period. Events are reweighed to take

into account the neutrino oscillations and the calculated flux, as described in Chapter 3.

SK-I SK-II SK-III SK-1V
(1489.2 days) (798.6 days) (518.1 days) (1294.7 days)
Event Sample Data MC Data MC Data MC Data MC
FC Total 8608.0 | 8314.5 | 4554.0 | 4473.8 | 3063.0 | 2941.8 | 7318.0 | 7208.2
sub-GeV e-like | 3469.0 | 3312.6 | 1856.0 | 1752.2 | 1268.0 | 1171.2 | 2885.0 | 2842.3
sub-GeV p-like | 3184.0 | 3064.7 | 1684.0 | 1640.0 | 1139.0 | 1090.4 | 2837.0 | 2708.8

Table 5.2: Event summary for the reference SK-I to SK-IV single-ring samples.

We display on Figure 5.2 several key distributions for the SK-I to SK-IV FC sub-GeV

data samples. Agreement between data and MC is generally observed. The most important

distributions for our analysis are the e-like and the pu-like momenta.
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Figure 5.2: Data vs. atm.-v MC comparison for the SK-I data set (1489.2 days).
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Figure 5.3: Data vs. atm.-v MC comparison for the SK-II data set (798.6 days).
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Figure 5.4: Data vs. atm.-v MC comparison for the SK-III data set (518.1 days).
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Chapter 6

Nucleon Decay Analysis

Below we present the analyses for the p — et X, p - ™ X, n - vy, p — ey,
p— ptvv, np — etv, np — putr and np — 77v nucleon decay searches, describing in more
detail the published results of Ref. [155] and Ref. [156].

6.1 Data/MC Set

For the analyses, we have employed FC data from the SK-I (1489.2 live-days), SK-II
(796.8 live-days), SK-III (518.1 live-days) and SK-IV (1632.3 live-days) Super-K data taking

periods, corresponding to a combined exposure of 273.4 kton-years.

The signal and background MC have been generated! according to the methods outlined
in Chapter 3. For background, we use the same atmospheric-v MC samples that are used
in the SK oscillation analysis [152]. For each SK period, 500 year exposure-equivalent of
atmospheric-v MC is employed. Neutrino oscillations are taken into account by re-weighting

the atmospheric-v MC events® (see Chapter 3).

For the nucleon decay signal MC, events were generated 1 m away from the ID wall,

which allows to take into account possible event migration across the fiducial volume bound-

! Both signal and background MC are simulated using 12p80 version of SKDETSIM (SK detector simula-
tion software) and 11d version of Apfit (SK reconstruction software) for SK-I, SK-IT and SK-III. For SK-1V,
13p80 version for SKDETSIM and 15a version for Apfit are used.

2 The atmospheric MC re-weighting scheme is based on Honda et. al. [241] 2006 and Honda et. al. [242]
2011 neutrino flux calculations and is different for each SK period.
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ary (2 m away from the ID wall). In total, 5,000 signal events (~ 4,200 within FV) were
generated for each SK period in the case of single nucleon decay channels, and 10,000 signal

events (~ 8,400 within FV) in the case of dinucleon decay channels.

The 7 and X are generated according to the procedure outlined in Chapter 3. For the
np — 77 v analysis only the leptonic 7 decay channels 77 — etvv and 77 — ptvv are used,
which have the branching ratios of 17.8% and 17.4%, respectively. This allows to treat this
channel in a similar manner as the other modes in the spectral fit and thus use a common
analysis framework. We have generated in total three different np — 77v MC samples, with
7 decaying to etvv, ptrv and with all 7 decay channels. The third sample allows us to
study contamination from hadronic 7 channels in the two selected leptonic channels, which

are used in the analysis.

The same FC reduction and reconstruction is applied to both MC and data.

6.2 Preliminaries

6.2.1 Event Selection

After the reduction and reconstruction, event selection is applied to obtain the final

analysis sample.

As already mentioned in the introduction, all of the decay modes considered within
this analysis contain a neutrino in the final state®. Since they are not observable at Super-
Kamiokande, one cannot use the final state particles to reconstruct the invariant mass of the
parent nucleon(s), which is done, for example, in the p — e* 7" analysis. The only observables
are those related to a single charged lepton (e*, u) or a 7y in the final state. The e*, u* and

+

v constitute a single ring signature (showering for v, e* and non-showering for p*). Since

the muon further decays into an electron, we also account for decay-electrons.

For a single nucleon, a two body decay results in a sharp peak with the energy near
~ my,/2 (free nucleon). Hence, we shall restrict ourselves to the sub-GeV (< 1.33 GeV)
analysis sample. The trilepton 3-body decays, p — etvr and 7 — eTvr, have energy spectra

that spread out from 0 to m, /2. For the dinucleon decay, the total available invariant mass

3Recall that X is generated as a neutrino.
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is ~ 2m,,, with a peak around m,, in a 2 — 2 decay. For dinucleon np — 7+ decay, after
the 2 — 2 decay the 7 further decays through trilepton channels, which results in a spread
out energy distribution from 0 to ~ m,/2. Due to the above considerations, we will enlarge

our analysis region to 1500 MeV for the dinucleon decay searches.

For the decay channels p — et X, n — vy, np — efv, np —» 77v(rT — etwvr) and
p — eTvv, the resulting visible energy is from e™ or 7 and thus the observed ring is e-like
(showering). The selection criteria for the e-like single nucleon decays is shown in Tabe 6.1.
For the dinucleon decay channels, criterion (3) is omitted and (8) is extended to < 1500
MeV/ec.

# | Selection Description

1 | evis > 30 and nhitac < 9?| FC

2 | wall > 200 within FV, < 2 m away from ID wall
3 | evis < 1330 visible energy < 1.33 GeV, sub-GeV
4 | nring == 1 ring

5 | ip[0] == PID is e-like (showering)

6 | nmue == 0 decay-electrons

7 | amome[0] > 100 e-like momentum > 100 MeV/c

8 | amome[0] < 1000 e-like momentum < 1000 MeV/c

& This is for SK-I, in case of SK-II, SK-ITI, SK-IV criterion is nhitac < 15.

Table 6.1: Event selection criteria for nucleon decay channels with one e-like (showering)
ring.

Similarly, for the decay channels p — p*X, np — p*v, np - 77v(rt — ptvv) the
resulting visible energy is from u*, producing a p-like (non-showering) ring, with a decay

electron expected to be present. The selection criteria for the pu-like single nucleon decays

# | Selection Description

1 | evis > 30 and nhitac < 9*| FC

2 | wall > 200 within FV, < 2 m away from ID wall
3 | evis < 1330 visible energy < 1.33 GeV, sub-GeV
4 | nring == 1 ring

5 | ip[0] == PID is p-like (showering)

6 | nmue == 1 decay-electron

7 | amomm[0] > 200 p-like momentum > 200 MeV/c

8 | amomm[0] < 1000 p-like momentum < 1000 MeV/c

& This is for SK-I, in case of SK-II, SK-ITI, SK-IV criterion is nhitac < 15.

Table 6.2: Event selection criteria for nucleon decay channels with one p-like (non-
showering) ring.

is shown in Tabe 6.2. For the dinucleon decay channels, criterion (3) is omitted and (8) is
extended to < 1500 MeV/ec.
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After the event selection, the final single nucleon decay data samples with an e-like ring
contain around 8,500 events and 6,000 events for the case of a p-like ring. The final samples
for the dinucleon decays contain around 9,500 events for the e-like channels and 6,500 events

for the p-like ones.

6.2.2 Analysis Momentum Distributions

We can now obtain the final e-like and p-like momentum distributions that will be used
in the spectral y? fit, discussed in the next section. The two representative e-like and pu-like
momentum spectra are displayed on Figure 6.1 and Figure 6.2, usingp — e X and p — u™ X
channels as examples, respectively. The final momentum distributions for the other 6 decay
modes can be found in Appendix C. For all our analysis distributions, which serve as input
to the fit, we have used 50 MeV momentum binning. Here, the signal has been normalized

to the background by area, which in turn is normalized to each SK-period’s livetime.
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Figure 6.1: Final e-like momentum distributions for p — et X.

The signal detection efficiency is defined as before. In Table 6.3 we display the signal

detection efficiency for all decay channels. Channels with a p-like ring have lower overall
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Figure 6.2: Final p-like momentum distributions for p — u*X.

signal efficiency, due to the efficiency of finding the decay-electron of the muon. The increase

in efficiency observed in SK-TV for the p-like channels comes from a 20% improvement in

Signal Efficiency (%)

Decay Mode SK-I SK-II SK-III SK-IV

p—et X 92.7+04 95.1+03 944+£04 93.7+04
n — vy 93104 944+£04 943+04 93.3+04
p— utX 772407 777+07 80.3+£06 945404
p— ety 88.8+ 0.0 88.0+0.5 89.2+0.5 87.8+0.5
p— uvv 644 +£0.7 65.0+0.7 67.0£0.7 78.4+0.6
np —etv 93.5£0.3 956+02 942403 945+0.3
np — utv 73.6£05 743+05 T75.6+£05 89.44+0.3
np — 7 (efvv)r | 91.9+0.3 96.0+0.3 945+0.3 93.5+0.3
np — 1t (ptvv)y | 746+£0.5 76.9+05 77.9+0.5 91.2+0.3

Table 6.3: Nucleon decay signal detection efficiency, SK-I through SK-IV.
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Events/SK1(1489.2 days)

the decay-electron detection after an upgrade of the SK detector electronics [158]. For the
trilepton p — etvr and p — pTvr channels, the average efficiency is slightly lower, due to
the spread in the momentum of the charged lepton coming from a 3-body decay combined
with a cut at 100 MeV /¢ for the e-like and 200 MeV /c for the p-like channels, respectively.

6.2.3 Atmospheric Neutrino Background

On Figure 6.3 and Figure 6.4 we show the remaining atmospheric neutrino background
for the e-like and the pu-like single-nucleon decay channels after the event selection, along
with the specific contribution of each respective neutrino-interaction channel. This allows us

to approximately identify which background systematic errors are expected to be significant.

For the e-like momentum distribution up to 1500 MeV/¢, the dominant background
contribution, composing about 75.8% of the events, comes from the v, charged-current (CC)
quasi-elastic (QE) neutrino channel. The v, CC single-pion production constitutes around
13.0% of the background, while the v, CC coherent-pion, CC multi-pion and neutral-current
(NC) single-pion productions contribute around 1.1%, 1.1% and 1.6%, respectively. About
3.5% and 1.1% of events come from v, NC single-pion and coherent-pion production. For
the p-like momentum spectrum up to 1500 MeV /¢, the dominant contribution of around
78.6% comes from v, CCQE. Similarly, v, CC single-pion, CC coherent-pion and CC multi-
pion as well as NC single-pion production contribute around 16.2%, 1.4%, 1.6% and 0.8%,

respectively.

400 R R -
s50 E.::.::ikgEMomennm.(5K1) E v-mode Ve (%) vy (%) Ve + Yy (%)
E==cc1pi B CcC QE 75.83 0.34 76.17
30 — Pt E CC 1-m 13.07 | 0.30 13.37
250 — - = CC coh.-m 113 | o0.01 1.14
200 — = CC multi-r 1.09 0.07 1.16
150 E NC 1-7 1.55 3.53 5.08
100 E NC coh.-m 0.49 1.07 1.56
- NC multi-7 0.21 0.51 0.72
o0 = Total 93.37 5.83 99.20

0

200 400 600 800 1000 1200 1400
Momentum (MeV)

Figure 6.3: Contribution of individual atmospheric v-channels to the background of the
e-like analysis spectra, normalized to SK-I livetime of 1489.2 days.
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i ———r v-mode Ve (%) | vu (%) | ve + vy (%)

250 el o] CC QE 0.00 | 78.64 78.64
200l - < cors E CC L 0.05 | 16.23 16.28
— . : CC coh.-7 0.01 1.40 1.40

190 i E CC multi-r | 0.00 |  1.60 1.60
100 = NC 1-7 0.37 | 081 1.19
. E NC coh.-m 0.00 | 0.00 0.00
o NC multi-m 0.14 0.31 0.45

900 400 600 800 1000 1200 1400 Total 0.57 98.99 99.56

Momentum (MeV)

Figure 6.4: Contribution of the individual atmospheric v-channels to the background of the
p-like analysis spectra, normalized to SK-I livetime of 1489.2 days.

6.3 Spectral Fit

We now apply a spectral x? fit to the obtained final momentum distributions?, allowing
us to take into account the information coming from the shape difference between the signal

and the background distributions.

6.3.1 Fitting Technique

The x? minimization fit is based on the Poisson distribution, with the systematic un-
certainties accounted for by quadratic penalties (“pull terms”) [154]. The x? function used

in the analysis is

nbins prs Nsyserr €.
=23 (e e[ s 1)+ Y (S
i=1 v j=1 77
Nsyserr (61)
o oo )
=1 9

where i labels the analysis bin. The terms N°*, N8 Nback NP are the numbers of observed

data, signal MC, background MC and the total (signal and background) MC events in each

4 In this analysis, as in other SK searches, a custom SK software algorithm (Osc3++) which performs
the spectral fit is used.
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bin ¢. The index j labels the systematic errors, while ¢; and ff correspond to the fit error
parameter and the fractional change in the N bin due to 1-sigma error uncertainty o,
respectively. The fit is performed for two parameters o and S, which denote the background
and signal normalizations, respectively. After the event selection, the signal MC distribution
is normalized to the background by the integral, which in turn is normalized to the SK
livetime. This allows us to identify the fit point («, 8) = (1,0) with the no-signal hypothesis.
Similarly, (a, ) = (0,1) signifies that the data is described by signal only, with the signal
amount equal to background MC normalized (pre-fit) to livetime. The x? minimization is
carried out over each o and § in the grid according to dx?/de; = 0. The resulting global
minimum is defined as the best fit. For the np — 77vr mode, after the appropriate event
selection is applied to both MC samples of 7 — eTvv and 7 — pTvr, the samples are
combined for the fit, allowing us to obtain a single value for the permitted number of nucleon
decays at 90% CL. Further details regarding the fit and the treatment of systematic errors
can be found in Ref. [152, 153], where this technique is applied to the standard SK oscillation
analysis and the indirect dark matter search. This analysis technique was also applied to

the n — v and p — vr™ [243] nucleon decay searches.

6.3.2 Systematic Errors

The systematic errors in the analysis are considered within the fit through the fij
coefficients, as described above. For simplicity, it is assumed that the errors affect linearly
the bin content N? of the analysis bin 7. Then, the ff can be defined as a slope of the line

between the bin i content changed by +o of the systematic error, which can be expressed as

(Ni+aj - NtZ—O'J)

fzj = 2Ni0 . (6.2)

For the error estimation in our analysis, unlike Ref. [154], the signal and error bins are split.
This ensures that signal systematic is applied to the signal bins and background systematic
to the background bins, while a common systematic (such as energy calibration) is applied

to both. The two are then merged together for the x? minimization.

The systematics can be divided into signal specific (S), background-specific (B) as well
as detector and reconstruction errors, which are common to both signal and background
(SB). The two signal specific systematics are from Fermi motion and nucleon-nucleon corre-

lated decay. For background, many systematics, such as the neutrino flux normalization or
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the neutrino-interaction cross-section uncertainty, can contribute. In order to methodically
select the dominant systematics, we started from more than 150 errors employed in the SK
oscillation analysis [152] and chose those which affect the e-like and p-like spectra analyses
bins by more than 5% (i.e. |fl] > 0.05|). Relaxing this criteria to 1% does not significantly
alter the results, but complicates the analysis [155]. Some of the most dominant contribu-
tions originate from the uncertainties related to the neutrino flux and the energy calibration
(common to both signal and background). Including the two signal systematics, a total of
11 errors are considered and they are the same for all channels. In Table 6.4 we display
the complete list of systematics, their uncertainties and the fitted pull terms for the two

representative decay channels, p — et X and p — p™ X.

Decay mode p—et X p—utX

Systematic error 1-0 uncertainty (%) Fit pull (o) Fit pull (o)

Final state interactions (F'SI) 10 0.10 -0.60 B
Flux normalization (E, <1 GeV) 252 -0.23 -0.08 B
Flux normalization (E, > 1 GeV) 15" -1.44 -0.50 B
M, in v interactions 10 0.69 0.23 B
Single meson cross-section in v interactions 10 -0.55 -0.14 B
Energy calibration of SK-I 1.1 0.58 -0.54 SB
Energy calibration of SK-II 1.7 -0.91 -0.07 SB
Energy calibration of SK-III 2.7 0.48 0.26 SB
Energy calibration of SK-IV 2.3 0.38 -0.14 SB
Fermi model comparison 10 © -0.08 0.70 S
Nucleon-nucleon correlated decay 100 0.00 0.06 S

@ Uncertainty linearly decreases with log F,, from 25% (0.1 GeV) to 7% (1 GeV).

b Uncertainty is 7% up to 10 GeV, linearly increases with log E,, from 7% (10 GeV) to 12% (100 GeV) and then
20% (1 TeV).

¢ Estimated from comparison of spectral function and Fermi gas model.

Table 6.4: Systematic errors of the two representative spectral fits, with 1o uncertainties
and resulting fit pull terms. Errors specific to signal and background are denoted by S and
B, while those that are common to both are denoted by SB.

To illustrate the above approach, we describe in more detail how some of the systematics
are estimated. For the correlated decay, there is an additional (wave-function correlated)
nucleon in the final state (see Chapter 3). Assuming an uncertainty of oy, = 100%, the
number of such events in the final sample is reweighed by a factor of 2 or 0 (corresponding
to + 0eorr = 100%) and then the event rate change in the e-like and the p-like analysis bins

provides the respective fl] .

For the case of Fermi momentum, the error estimation is related to the Fermi momentum

model comparison between the signal (uses spectral function) and the background (uses

72



Fermi gas model), as described in Chapter 3. As an example, we display in Figure 6.5 the
Fermi momentum distributions for both signal and background using the p — p*X SK-I

sample. This error is estimated by re-weighting every 5 MeV Fermi momentum signal bin to
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Figure 6.5: Fermi momentum signal (spectral function) and background (relativistic Fermi
gas) model comparison for p — p* X, using SK-I sample.

match the shape of the background Fermi momentum distribution. Then, we compare the
final resulting e-like (or yu-like) analysis spectra, with the bin rates given by N4 medel and

Npew model - rogpectively. The fl] are then estimated via

new model old model
fj <Nz - Nz >
i = old model )
Ni

(6.3)

where both distributions have been normalized by area.

For energy calibration, which is a common systematic error for both signal and back-
ground, we just shift the final energy spectra by +o of the energy calibration uncertainty

(within 3%) to obtain the new event count in each bin for the f/ calculation.

The background systematics are treated similarly. For more details see the SK os-
cillation analysis [194, 244]. For example, the ff for the uncertainty in meson interaction
cross-section is found by generating MC samples with reweighed cross-sections by +o and

then studying the shifts in the final analysis bins in the manner described above.

In our analysis the systematic errors due to reconstruction (ring counting, PID, etc.)

are negligible and are thus omitted.
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6.4 Fit Results and Lifetime Calculation

The spectral fit determines the overall background and signal normalizations « and £.
The sensitivity reach and lower lifetime limit on the process (in case no excess is observed),
can then be computed from the 90% confidence level value of 5 (Sgocr. ), which translates into
the allowed amount of signal at 90% confidence level according to Nggcr, = Boocr, x INS&nal
where N®8"%! i the total number of signal events. The partial lifetime limit is then calculated

from K4
nucleons
Digkeski Ask X €k X N

N 90CL

ToocrL/B = , (6.4)

where B is the branching ratio of a process, €4 and Ay are the signal efficiency and the
exposure in kton-years for each SK phase, Nggcy, is the amount of signal allowed at the 90%
confidence level and N js the number of nucleons per kiloton of water, corresponding
to 3.3 x 1032, 2.7 x 1032 and 3.3 x 103! for the proton, the neutron and the dinucleon decay

searches, respectively.

To calculate the MC sensitivity, we use atmospheric MC as “fake data”. This corre-
sponds to the scenario where no excess is observed in the data, which follows the background
distribution. Hence, in this case, the normalizations of background and signal are o = 1
and 3 = 0, for background normalized to the SK-period’s livetime. As an example of the x?

contour output, we display the sensitivity fit results for p — e*X on Figure 6.6. In the x?
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Figure 6.6: MC sensitivity fit for p — e* X, resulting in Bgocr = 0.013 (at a = 1) [right].

contour plots, the red, blue and yellow lines correspond to 68%, 90% and 95% confidence level
(C.L.) intervals, respectively. The sensitivity is obtained by finding the Sgocr, (red curve) at
the point of & = 1 (right plot, o vs. 3). In the given case, this value is Sgocr, = 0.013, which
corresponds to Nggor, = 108. Taking into account the signal efficiency (see Table 6.3), Noocr
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and the live-time for each of the SK phases, one obtains the p — e™ X MC sensitivity reach
of 7.9 x 1032 years.

Proceeding similarly with the real data, we obtain x? distributions as shown on Fig-

ure 6.7. Here, the Bygcr is obtained from the left figure above (x? vs. ) at the intersection
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Figure 6.7: Data fit for p — et X, resulting in Sgocr, = 0.013 [left].

with the red curve (the 90% CL interval). This corresponds to profiling out « as a nuisance
parameter. In our case, the Bygocr happens to be 0.013 and the best fit point corresponds to
(a, B) = (1.05,0.002). The similarity of the results between the sensitivity and the data fits
signify that data is described well by the background. Additionally, x?/ d.o.f. = 70.9/70 ~ 1,
as expected for a properly performed fit. For the data fit Ax?* = x? — x2,, is 0.19 and is
within 1o of the background-only hypothesis. Hence, we establish that no significant excess
is observed and we proceed to calculate the lower lifetime limit on the process, which for
p — e X is found to be 7.9 - 103? years at 90% CL.

We summarize the sensitivity and the data fit results for all 8 channels in Table 6.5.
The x?2 fit contours for other modes can be found in Appendix C.2. The results reported for
dinucleon decay channels are per 1°0 nucleus®. For the np — 7 mode we have combined the
7 decay channels 7 — eTvv and 7 — ptvr, weighted by their respective branching ratios.
This limit is then multiplied by 1.15 to account for roughly 85% sample purity of the tau
channels. All of the fits have y?/d.o.f. ~ 1, which is expected for correctly executed fits.
The fit outcomes show that Ax? is within 1o level of the background only hypothesis for
all channels, aside p — p*X, which is within 2. Overall, we conclude that no significant

excess has been observed in any of the studied channels.

To visualize the analysis results, we have shown the the fitted spectra for the 273.4

5 This is consistent with other experiments (e.g. Frejus dinucleon results are reported per iron nucleus).
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Decay mode Best fit Best fit  No signal Data Data  Sensitivity T/B

(o, B) x%/d.o.f. Ax? Booc, Noocr  (x103! yr.) (x103! yr.)
p—etX (1.050, 0.002)  70.9/70 0.19 0.013 108 79 79
n — vy (1.045, 0.004)  70.5/70 0.43 0.015 125 58 55
p—putX (0.960, 0.016)  63.2/62 3.43 0.032 187 77 41
p— etvy (1.050, 0.030)  65.6/70 1.50 0.060 459 27 17
p— utov (0.990, 0.020)  66.1/62 0.50 0.050 286 25 22
np — et v (0.955, 0.000) 122.5/110 0.00 0.004 33 10 26
np — putv (0.910, 0.000)  97.0/102 0.00 0.005 36 11 20
np — 7tv (0.910, 0.000) 224.6/214 0.00 0.006 96 1 3

Table 6.5: Best fit (o, 3) parameter values, best fit x?/ d.o.f., no signal Ax?, 90% C.L.

value of § parameter, allowed number of nucleon decay events in the full 273.4 kton-years
exposure and a partial lifetime limit for each decay mode at 90% C.L. The sensitivity and
lifetime limit for dinucleon decay modes are per °O nucleus.

kton-years of combined SK data in Figure 6.8. The upper figures display best-fit result for

atmospheric neutrino background (solid line) without signal fitted to data (black dots) and

the corresponding residuals after the fitted MC is subtracted from data. It is seen that the
background MC describes the data well. The bottom figures display the 90% C.L. allowed
signal multiplied by 10 (hatched histogram), obtained from the fit of background with signal

to data, with all the e-like and pu-like spectra overlaid for all the modes.
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Figure 6.8: [top] Reconstructed momentum distribution for 273.4 kton-years of combined
SK data (black dots) and the best-fit result for the atmospheric neutrino background
Monte Carlo (solid line). The corresponding residuals are shown below, after fitted
background subtraction from data. [bottom] The 90% confidence level allowed nucleon
decay signal multiplied by 10 (hatched histograms), from the signal and background MC fit
to data. All modes are shown (overlaid), with e-like channels on the left and p-like
channels on the right.
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Chapter 7
Summary and Future Prospects

While baryon number violation is expected from theoretical considerations in various
contexts (see Chapter 1), it remains to be seen experimentally. In this Thesis, we have
described searches for eight exotic baryon-number violating processes using 273.4 kton-years
of combined data from the Super-Kamiokande large underground water Cherenkov experi-
ment. All of the searched channels produce single ring showering or non-showering signatures,
which are well described by atmospheric neutrinos, within the detector. We have studied
the single Cherenkov ring momentum spectra, including the effect of neutrino oscillation and
systematic uncertainties, up to 1500 MeV/c. No significant excess of signal over background
has been observed in the data, allowing us to set the following lower lifetime limits on the

processes, as shown in Table 7.1.

Decay mode | Sensitivity T/B Previous 7/B
(x103! yr.)  (x103t yr.)  (x103! yr.)
P X 79 79 -
n — vy 58 55 2.8 [131]
p— utX 77 41 -
p—etvr 27 17 1.7 [131]
p— putvv 25 22 2.1 [138]
np — etv 10 26 0.3 [138]
np — ptv 11 20 0.2 [138]
np — 1v 1 3 -

Table 7.1: Final analysis results (sensitivity and lifetime limits) for the eight studied
nucleon decay modes. Comparison to previous experimental results is shown. The results
for dinucleon channels are reported per nucleus.

The obtained lifetime limits for the trilepton decay channels p — e*vr and p — putvv
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are an order of magnitude improvement over the previous searches, conducted by IMB [131]
and Frejus [138]. These results provide strong constraints to both the permitted parameter
space of models presented in Refs. [135, 139], which predict lifetimes of around 1030 — 1033
years, and the other GUT models that allow for similar processes. The analyses for these
channels presented in this work are only weakly model dependent, due to the assumption
of a flat phase space in the signal generation. However, this assumption agrees well with
alternative phase space considerations [157] (see Appendix B) in the context of vector- or
scalar-mediated proton decays, which are typical of GUT models [49, 54, 137]. The obtained
limits on the other six channels represent more than an order of magnitude improvement
over the previous analyses of n — vy at IMB [131] and two orders of magnitude for the
np — etv and np — ptv searches at Frejus [138]. The searches for p — e X, p — pu™X
(where X is an invisible, massless particle) and np — 7 v are novel. The results of all of the
above analyses provide a stringent test of new physics. The dinucleon decay limits restrict

AB = 2 processes with L violated by either zero or two units.

In the future, the proposed Hyper-Kamiokande [245] large underground water Cherenkov
experiment with a half-megaton fiducial volume (20 times that of Super-K) is expected to
allow for a factor of ~ 5 — 10! improvement in the lifetime reach over the SK results within
a ~ 10 year running period. Additionally, the proposed 40 kiloton underground liquid argon
TPC (LArTPC) experiment DUNE/LBNF [246] is expected to also improve the nucleon
decay studies. The LArTPC technology will allow to see kaons, which are below threshold

at the water Cherenkov experiments for the p — v K™ decays.

! Rough sensitivity estimates have been calculated by the author.
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Appendix A

Trilepton Decay Channels from

Pati-Salam

We provide an overview of the Pati-Salam model that could lead to sizable trilepton
decay channels, following Ref. [135]. The minimal Higgs content of the Pati-Salam theory
needed to break Gpg — Ggy and explain the quark-lepton spectrum is the following [136]:
ARr(10,1,3), AL(10,3,1), ¢(1,2,2) and £(15,2,2) - where the SU(4) x SU(2)g x SU(2).,
gauge group transformations are noted in the parenthesis. Consistency with phenomenology
requires that the vevs are taken to be (Ar) » {(p) ~ (& >» (Ap). The full symmetry

breaking chain is

Meaur

(
l
(
l (AR) ~ Mintermediate (A.1)
(
! (@) ~ &) ~ Mpw

)

where a choice of My ~ 10" GeV as well as Mr ~ 102 GeV is consistent with neutrino
related measurements and gives sin 6y, ~ 0.23. The above can embedded into SO(10), using
10 and 126 SO(10) multiplets, which contain all of the Ag, Ay, ¢ and & PS multiplets.
Additional 54,210 can be used for SO(10) breaking. The explicit decomposition of the
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relevant SO(10) multiplets under PS SU(4) x SU(2)g x SU(2)y, is

54 = (1,1,1) + (6,2,2) + (1,3,3) + (20,1,1) ,
126 = (10,1,3) + (10,3,1) + (15,2,2) + (6,1,1) , (A.2)
10 = (1,2,2) + (6,1,1) .

In the scenario outlined above, the desired nucleon decay modes arise from invariant A2£2

terms, which lead to diagrams on Figure A.1. Here, &5 and &g are the triplet and the octet

qa VA QQ A

Figure A.1: Diagrams for the p — III [left] and the p — [ + meson [right] nucleon decays.
From Ref. [135].

components of £&. The neutral component of Ag(10,1,3) obtains a vev.

The respective amplitudes for the processes are given by

A(p —> 1 + meson) = }27(2‘;);)?;2?3 7 (A.3a)
Ap—111) = h<?§£?§i)€3> ,

where \’s denote the 3 Yukawa couplings of the lepto-quarks in the diagrams above, while m’s
are their masses and h is the A%¢? coupling. A priori, masses of mg, and me, (the octet and
the triplet components of £) are of comparable magnitude and thus the above processes have
similar rate. To get the corresponding decay rates sizable, one can introduce an additional
€'(15,2,2) (from 126 or 120 of SO(10)). This will allow to get the octet and the triplet light
using a “Higgs see-saw”-like mixing between £ and &'. More so, one can instead introduce
0(6,2,2) (from 54 of SO(10)), which contains the triplet but not the octet. This allows to
get the triplet light while keeping the octet heavy, which results in the tripleton modes being

more dominant than the p — [ + meson channels.
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Appendix B

Approximating Spectrum of 3-body
Decays

Consider n-body decays of particle b with a mass M. In the center of mass frame, the
general partial decay rate (dI') of b into n constituents, with a Lorentz invariant matrix
element ., is given by [92]

(27T)

dl = |///|2 do, | (B.1)

where d®,, is the is the n-body phase space

C T dps B
Here, P and p; represent the momenta of the original and the final state particles, which

have energy FE;.

Assuming a 2-body decay of b, each of the final state particles will obtain energy equal
to ~ M /2. This uniquely determines the kinematics of the process, for which the partial
decay width dI's is

dly = |,///|2|p1| ds (B.3)

3272
where p; = p, label the resulting particle 1 and 2 momenta and df2 is the solid angle of

particle 1.
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In the case of 3-body decay of b, the partial decay width dI's is specified by

11
dly = ————

2 dE, dF B.4
(277)516M|//l‘ dE, dE; da d(cos B) dv (B.4)

with dEy, dE, labeling energies of resulting particles 1 and 2 (with 3 being implicitly taken
into account) and (a, 3, ) specifying the Euler angle orientation of momenta relative to the

parent particle.

From the above, it can be seen that for 3-body decays, unlike for the 2-body decay
case, energy and momenta conservation are insufficient to fully determine the kinematics.
Possible energy dependence of the matrix element .#, which encodes the model-dependent

mediation mechanism, can affect the energy distribution of the final state particles.

In the nucleon decay searches, one typically simulates only the final state particles,
taking into account the 4-momentum conservation. Thus, one implicitly assumes a flat-
distributed phase space. For nucleon decay channels with > 2 final state particles, the above
decay-rate dependence on the matrix element can be a potential issue. The trilepton p —

tvv and p — ptrr modes are of this type. We note that p — e*vr has the same final

e
state particles as muon decay p — eTvv. It can be shown [157], that under a certain set
of assumptions, we can employ the effective Fermi theory formalism for the muon decay to

approximate the decay spectra of the trilepton nucleon decay channels.

We will now outline the argument presented in Ref. [157]. Starting with the most general
4-fermion decay amplitude with arbitrary fermion couplings (of the vector and axial-vector
(V), the scalar and pseudo-scalar (S) as well as the tensor (7') types) and assuming that
detector is insensitive to the spin of the charged lepton (e*) and neutrinos are massless, the

decay rate of u — etvv is given by [248]

AT _ BG%mZ 2{ 1+ h(z)
dr dcosf 3219273 L+ 4(me/my)n
4 me (1 —x)
_ = _ € B.5
X [12(1 T)+ 3p(8x 6) + 24mu . 7]} (B.5)

+ PM€COSQ[4(1 —z)+ Z%(S(Eix —6) + EM]} ;

21 22

where Gp, m., m,, E., P, are the Fermi constant, electron mass, muon mass, electron
energy and muon polarization, respectively. Here, cos6 is the angle between the electron
momentum and muon spin, with z = 2E,/m,,. Functions g(x) and h(z) incorporate radiative

corrections [249], which in the case of muon decay give the usual peak shape in the electron’s
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Michel spectrum. Parameters D, p, n, &, § are the Michel parameters [250, 251]. At this
point all the possible S, V and T couplings, are allowed. The information about the couplings
is encoded inside the Michel parameters, which are functions of the possible couplings. In the
case of SM, only the left-left vector coupling g}, is non-zero, corresponding to (V — A) type
current, with the full set of parameters determined to be p = £§ = 3/4, £ =1, n =0 [92].

To employ Equation (B.5) for the p — e®vv proton decay, we substitute m,, instead of
m,,. To simplify this to the form that is useful, we note that we are only interested in the
isotropic part of the spectrum, allowing us to integrate over the cos 6 portion. Additionally,
since the energy spectrum (in case of free nucleon) is within 0 to m,,/2 ~ 470 MeV region

with a mean of around m,, /3 ~ 315 MeV, the low energy parameter 7 can be neglected.

Hence, neglecting the overall normalization and assuming that mass of the final state
charge lepton m, is small with respect to mass of the initial particle m,, the approximate

isotropic spectrum for the trilepton nucleon decay can be stated as

dl:l_x ~ 2L+ h(@) - [1200-7) + %p(Si -0} (B.6)

where we have substituted proton mass into & = 2E./m,. Therefore, as seen from the
above, all the information about possible S, V. T couplings is encoded into a single Michel
parameter p. It should be noted, that the radiative correction function h(Z) has similar

distribution irrespective of considered couplings [252]. Thus, Eq. B.6 is considerably general.

dr/de

‘100‘ - ‘200‘ - ‘300‘ - ‘400‘ - ‘500‘
Energy (MeV)

Figure B.1: Decay spectra of charge leptons e (dotted line) and p* (continuous line) in
respective p — etvr and p — ptvw decays. From Ref. [157].

Therefore, the whole isotropic energy spectra (up to normalization) for trilepton nu-
cleon decays depends on a single parameter p that is a function of possible fermion S, V,T
couplings, depending on the theory. In SM p = 3/4, which is responsible for the famil-

iar Michel spectrum shape of the decay-electrons. This value is in fact quiet general and
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naturally appears if tensor as well as vector left-right couplings are neglected. This can be
seen [253] in the SM 7 — e*vv decay spectrum calculations. Since the decay in question is
mediated by the extra Higgs (scalars) of the Pati-Salam [135] and because there is usually
no tensor mediated proton decay in GUTs (e.g. SU(5) [49]), the above assumption is valid

for our analysis.

We can now apply the given framework to the trilepton nucleon decays to obtain the
charged lepton spectra. Taking into account the radiative corrections as well as the charged
lepton and the initial particle masses of m, = 0.511 MeV and m, = 938.2 MeV, the isotropic
spectrum, up to overall normalization, is shown in Fig. B.1 as a function of energy, for
the approximate e® spectrum in p — etvr decay and the approximate pu* spectrum in
p — ptvp. The p™ spectrum is also reasonably approximated since the condition that the
final state charged lepton mass m,, is significantly smaller than the original parent particle

mass m,, still holds, given that mass of the muon is m, = 105.7 MeV.
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Appendix C

Additional Analysis Information
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C.2 Sensitivity Results
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Figure C.8: MC sensitivity fit for n — v+, resulting in Bgocr, = 0.014 (at o = 1) [right].
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Figure C.12: MC sensitivity fit for np — e*v, resulting in Soocr, = 0.009 (at o = 1) [right].
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Figure C.13: MC sensitivity fit for np — ptv, resulting in Sygocr = 0.010 (at a = 1) [right].
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Figure C.14: MC sensitivity fit for np — 7%v, resulting in Byocr, = 0.010 (at o = 1) [right].

C.3 Data Fit Results
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Figure C.16: Data fit for p — p* X, resulting in Byocr, = 0.032 [left].
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Figure C.17: Data fit for p — e*vv, resulting in foocr, = 0.050 [left].
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Figure C.18: Data fit for p — p*vv, resulting in Sgocr, = 0.060 [left].
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Figure C.21: Data fit for np — 7Fv, resulting in Bgocr, = 0.006 [left].
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