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Assuming perturbative couplings to ‘X’ particle
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Effective operators: quark level....assuming perturbative new physics
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Neutron-Antineutron Oscillation Search using a 0.37 Megaton:-Year Exposure of
Super-Kamiokande

K. Abe et al. (Super-Kamiokande Collaboration)
Phys. Rev. D 103, 012008 — Published 21 January 2021

 As a BNV process that violate both B and B-L, neutron-antineutron
oscillation provides a unigue probe of baryon number violation

 Most of the models predicting n — n correspond to energy scales of
107 — 10° TeV, well above the scales that can be probed by accelerators
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Phys. Rev. D 87, 0/5004 Jonathan M. Arnold, Bartosz Fornal and Mark B. Wise
Physics Letters B 777 (2018) 324-331 Nima Assad, Bartosz Fornal *, Benjamin Grinstein

BNV with suppressed proton decay in 4 dimensions : at high scale

Possible interaction terms between the scalars

operator SU(3) x SU(2) x U(1)
XQQ, Xud (6,1, —1/3)
XQQ (6,3, —1/3)
Xdd (SLLE2YINE(6: 1,2/3)
Xuu (6,1,—4/3)
X Qe (3, 277/6)
The only leptoquark and diquark models with a triplet or sextet color structure that X Lu (3,2,-7/6)
do not suffer from tree-level proton decay. The primes indicate the existence of dim XLd (3:2.-4/6)
5 proton decay channels. XTI (LS
Field SU@B3)c x SU(2); x U(1)y reps. Xee (1,1,2)
Scalar leptoquark (3;2); Possible vector color triplet and sextet representations.
Scalar diquark 3,1) 2 6,1)_2,6,1)1.,(6,1)4,(6,3): Operator SUQ3). SUQ2);. Uy p decay
Vector leptoquark 3, 1%, 3B, 1s, (3,3); S 3 2 —5/6 tree-level
. 3 3 3 Q;yHuRrVy d
Vector diquark (ORR). 1, (6, 2)% 6 2 —5/6 _
Qey RV, 1; : : ig t_ree level
QLy*LLV, . xS 2/3 dim 5
Q_fy HerVj, 3 2 —5/6 tree-level
LSy ug - 3 2 1/6 tree-level
Ey“d R 3 2 —5/6 tree-level
uryterVy, 3 1 5/3 dim 7
dryHerVy 3 1 2/3 dim 5




Physics Letters B 777 (2018) 324-331 Nima Assad, Bartosz Fornal *, Benjamin Grinstein

BNV with suppressed proton decay in 4 dimensions : at high scale

Vectors:

 Though tree-level proton decay is absent, there
could be dim-5 operator that leads to proton-
decay.
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1 — 1 —
X (Qf H T))’“dR V;L ) X (QETAH T))’”dR VA ’ Proton decay through a dimension five interaction

vector leptoquark representations (3,1)2 and (3, 3)2
3 3

d u - This operator does not exist if we gauge U(1)p_; .

* In the light of null results from AB=1 searches, the possibility of
Vi Vu discovering neutron-antineutron oscillations has recently gained
Increased interest

108 Tev /*
d u MZ2.5TeV K > 90 TeV

Process mediating n — n oscillations via the vector diquark (6, 2) _ 1 g
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BNV with suppressed proton decay in 4 dimensions : at high scale

Scalars:
X €(6,1,-1/3), X> € (6,1,2/3) d d
L = —gP"X7" (Q1a€ Q) — 95° X5 (dhadRs) \/
%3 gllabX?ﬂ (u?%adll)%ﬁ) e )‘X?a,Xlﬁﬁlxgvleaﬂ'yea’B’fy’ +X2
-<- B s ->-
* No proton decay

Interaction which leads to neutron-antineutron oscillations.

« Assuming all scalars to have same mass and the the Yukawa to be ~ O(1), one obtains M > 5007eV

» This model do not encourage other BNV processes like pp — e*e™, nn — v, ...

A common feature in all these models are perturbative couplings with very heavy mass mediators
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MTA, Debajyoti Choudhury : Phys.Rev.D 106 (2022) 3, L031701

Neutron-antineutron oscillation: generation from six dimensions
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Neutron-antineutron oscillation: generation from six dimensions

M*® S'/Z, ® St/ 27,

(R

! dsg = b*(zs5)[a’(z4)nudztdz” + dxg] + dxs
BERL] = "1
T4 L = v/—ge (MgRs — As)
@ f/;('_()\d ) O A e 1 [Vl (5175) 5(334) + V5 (£B5) 5($4 — WRy)]
(0. 0) (0, 7 :
2 AT + /=35 [Va(21) 8(25) + Va(xa) 8(as — 7))
3 T cosh(kxs + by)

cosh(km + bsy)

Large b, limit : Induced cosmological constant vanishes
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Neutron-antineutron oscillation: generation from six dimensions

Quarks
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Quarks

cosh(kxs + by)

cosh(km + bsy)

MTA, Debajyoti Choudhury :Phys.Rev.D 106 (2022) 3, L031701

Neutron-antineutron oscillation: generation from six dimensions
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Neutron-antineutron oscillation: generation from six dimensions

Quarks

NudMNue nn ,OM
m¢ md)mw

cosh(kxs + by)

cosh(km + bsy)
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Neutron-antineutron oscillation: generation from six dimensions

Quarks :
Much more important are the flavour sec-

tor observables. While n-n oscillation needs
only the d — d — w coupling, it is conceivable
that the s — s — w coupling is unsupressed as
well. This would result in an effective flavour
changing Hamiltonian of the form H2°=2 =
m;Q(S_CPRs)(JPLdC). therebv contributing to

K9—K0 oscillation

Re(Cdd .;ks) < G%‘M‘%V

JE- 1 —7T —2
8m2, 1672 & i

cosh(kxs + by)

cosh(km + bsy)
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Neutron-antineutron oscillation: generation from six dimensions

o A M[Pz‘j¢i¢jw 5z‘j¢ff¢j5] h.c.

Quarks
P1
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e 2 B
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Ok S 0;
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cosh(kxs + by)

cosh(km + by) .
In the parameter space where the nuetron-anti-

neutron oscillation is observable, my ~ m,, =
3leV, and M ~ mg = 107eV, the asym-
metry required for baryogenesis is obtained for
A ON0 L .
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Neutron-mirror neutron osciliation
B ST S X - S U (2) Xt

¢, = (u,d)g, U, =, €))L and vy, d), €,

: 1 1
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s d
by 40F “eV, or Tn =10,
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MTA  Phys.Rev.D 107 (2023) 5, 055021

Neutron-antineutron oscillation: generation at low-scale

107°*GeV
* Jo understand the low-scale New Physics contribution to neuty{neutmn oscillation

- The chiral symmetry U(1)y, X SUNy), X SU(Np)g = U(1)y X U(]\Q)Vwith U(1), being anomalous.

e Preservation of U(1),, demands baryon number conservation.

SU(N/)L SU(N,) SU(Ny)r
Lopr =Lyr+£2), . @ ~
‘CNﬂ- = ¥ vy au_m+ §gN7r7 Ys5Uy v
SU(Ny)L SU(N¢)r
where, u, = iV ,U(z)&". In particular, the nucleon-pion interaction is given by, U(z)

Eg@r = (z"y“@,,, ) m) v g;;” UyHysWh,m(z)*T®

jIE7A
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Neutron-antineutron oscillation: generation at low-scale
Toy model

X (¢ G, X
« The condensate 2 breaks O (L) v S Rt )
U(l)y X U(l)y — U(l)y_y- Thus, if the mirror SM Mirror
baryon number breaks, it will percolate into SM
baryon number to preserve U(1),_y s = Yy g

 And there are new pions that mediate the @—"P’-‘-@ 2 o, -"l”’--

interaction between the SM and mirror baryons e <" tuis

Uy U(1)v
Ay O e 900
55\2,?” = \f!(i'y“(?u — m)‘I’ g]}m UyHys WO, m(x)* T & 3¢ 5 R— & <«
- @’(iv“@u — m') o’ 921\}’H\I7’7“'75\P’8#H(:B)“T“’ :
m
; L=—mp—nrnp + dm.ajmny

+ go0' (14" 2)Ug + he. | goo
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Neutron-antineutron oscillation: generation at low-scale
Linear Moose model

 Expanding on the toy model with multiple QCD-like gauge groups
(B, 5,1)




MTA  Phys.Rev.D 107 (2023) 5, 055021

Neutron-antineutron oscillation: generation at low-scale
Linear Moose model

U(l)v U(1l)y U(}_)V U(__l_)f/ U(l)y
/A\ 2 ’\\ 2.1 / \ 2.2 / ’ \ 2.; 2N //
dons "0) ) LT3 g & RN Sieele T(N)
59 i L
= M 58 M L M MM M = M 5 M i
& e 1l CRE S R - R
2.8 2N A
oo () i b =)
Lym DAY 0y — My |1 2 \M m? + y2v? ARNR + Lint 2 2~ X m?2 + y?v?

With Yukawa couplings of O(1), 7; ~ 0.1, and mpy ~ O(1 GeV'), we get € ~ 10~%*GeV for ~ O(10) gears. This
result translates to neutron-antineutron oscillation time period of 10%s, which is within the reach of the current and
future experiments [15].
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Neutron-antineutron oscillation: generation at low-scale

SM QCD |G, = G |mirror QCD
Field SU(B) e oS3 ) 55 R SUNSI S L) vt NS L2, Wi B
¢ 3 1 1 : 1 2 0 U
¢’ 1 3 1 0 1 0 0
w’ 1 1 3 0 1 0 2
o 1 1 1 0 1 1 0
£ 1 1 1 0 1 0 1
ur and dg 3 1 1 % and —% 1 % 0 ¢
Uy and dg, 1 1 3 0 1 0 = 5
x and 1 3 1 0 1 1 and 0|0 and 1 \ €1
—
A1 A2 A3 A4 A5 6 SRR d v
£ = Y¥ (W'd'd") o7 (udd) R
W (0)L
MM, MM,

d X

=
Y n(O)LZOanupon confinement

v=m~ 2GeV, 72 ~ 0.1 and mp; ~ O(10 GeV), the neutron-antineutron oscillation time period predicted by the
model matches with the experimental limit for N = 10 sites in the linear moose chain.
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Neutron-antineutron oscillation: generation at low-scale

Since the inverse seesaw mechanism, occurs naturally with unsuppressed Yukawa coupling, it is ruled out directly
by the luminosity study of the Neutron Star [37, 38]. The elastic SM neutron converting to mirror neutron in presence
of a Nucleon (N n — N (n — n")), leaves a hole behind in the Fermi sea. This is refilled quickly by the neutrons
with higher energy, and thus releasing the excess energy that can be measured in the luminosity [39]. This constraint,
on the other hand, relaxes for mirror neutron states with mass 2 2 GeV, since enough energy is not available in the
Neutron Star for the conversion.

Nevertheless, double neutron annihilation (nn — mymy), shown in Fig.7, can occur. The exotic pions that are
charged under baryon number, escapes the NS while leaving behind two holes, which again leads to the release
of excess energy. This baryon number violating process is mediated by the mirror neutrons in the inverse seesaw
potential, and the amplitude for the processes is suppressed by (yv)2mM(%)2N . Though the process needs to be
studied in detail, the Neutron Star can decay unless these exotic pions are also massive (g 2 GeV). Moreover, in [40]
it was noted that mirror neutron states with mass S 2 GeV will soften the equation of state of Neutron Stars by
reducing the Fermi pressure. Thus significantly affecting the stability of observed massive Neutron Stars.

Since in the previously mentioned process the final legs are SM singlets, it will also contribute to the dineutron
invisible decay amounting to instability of the nucleus. Such processes are studied by the analyzing the energy
deposition at the detectors arising from the deexcitation of the excited nuclei after nn decays. In particular, at the
SN O+ detector, this process leads to gamma rays in 5 — 10 MeV range [41]. The current partial lifetime limit on
nn — invisible is > 1.5 x 10?® years. Though this is lesser than the neutron-anti neutron oscillation time period
(To—n > 1.89 x 1032) years in nucleus, it will strongly constraint the linear moose model. On the other hand, the
model is safe from both Neutron Star and S NO+ measurements if these exotic states are heavier than 2 GeV. This
is also motivated because states much heavier than SM neutron do not take part in Big Bang nucleosynthesis.
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Mode Sensitivity (90% CL) [years||Current limit [years]
p— et 70 1.2%x10% 1.4x10%*
p— UKt 2.8%x1034 0.7x103%4
p— ptal 9.0x1034 1.1x1034
p—etn® 5.0x1034 0.42x1034
p— ptn® 3.0x103 0.13x 103
p—etp’ 1.0x1034 0.07x10%4
p— putp° 0.37x1034 0.02x1034
p— etw’ 0.84x1034 0.03x1034
p— putw’ 0.88x 1034 0.08x 1034
n—etm™ 3.8x 1034 0.20x 1034
n— ptr” 2.9x10%4 0.10x10%

KEK Preprint 2016-21

(HYPER-KAMIOKANDE design report )
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* With the next generation of experiments
with higher sensitivity probing even
further, the New Physics models would
require further complicated structures.

* There exists two phenomena that lack clear
evidence Iin terrestrial experiments

A. Baryon number violation

B. Dark Matter

e |ts curious to wonder whether both are connected.

Does Dark Matter act as a catalyst for BNV ?

24

Di




PUBLISHED FOR SISSA BY ) SPRINGER

]
L

« M

RECEIVED: January 7, 201}
REVISED: January 17, 201
ACCEPTED: January 23, 201}
PUBLISHED: February 19, 2014

PHYSICAL REVIEW D 84, 096008 (2011)
Baryon destruction by asymmetric dark matter

Hooman Davoudiasl,''* David E. Morrissey,z’Jr Kris Sigurdson,3’;t and Sean Tulin®>®

Dark matter induced nucleon decay: : . |
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA

model and signatu res *Theory Group, TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

*Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada
(Received 14 July 2011; published 10 November 2011)

We investigate new and unusual signals that arise in theories where dark matter is asymmetric and
carries a net antibaryon number, as may occur when the dark matter abundance is linked to the baryon

Junwu Huang® and Yue Zhao®® abundance. Antibaryonic dark matter can cause induced nucleon decay by annihilating visible baryons
a Stanford Institute of Theoretical Physics, Physics Department, through inelastic scattering. These processes lead to an effective nucleon lifetime of 102°-10°2 yrs in
Stanford University, Stanford, CA 94305, U.S.A. terrestrial nucleon decay experiments, if baryon number transfer between visible and dark sectors arises
bSLAC National Accelerator Laboratory, through new physics at the weak scale. The possibility of induced nucleon decay motivates a novel
2575 Sand Hill Road, Menlo Park, CA 94025, U.S.A. approach for direct detection of cosmic dark matter in nucleon decay experiments. Monojet searches (and

related signatures) at hadron colliders also provide a complementary probe of weak-scale dark-matter-
induced baryon number violation. Finally, we discuss the effects of baryon-destroying dark matter on
stellar systems and show that it can be consistent with existing observations.

E-mail: curlyh@stanford.edu, zhaoyue@stanford.edu

ABSTRACT: If dark matter (DM) carries anti-baryon number, a DM particle may annihilate
with a nucleon by flipping to anti-DM. Inspired by Hylogenesis models, we introduce
a single component DM model where DM is asymmetric and carries B and L as -1/2.
It can annihilate with a nucleon to an anti-lepton and an anti-DM at leading order or
with an additional meson at sub-leading order. Such signals may be observed in proton
decay experiments. If DM is captured in the Sun, the DM induced nucleon decay can
generate a large flux of anti-neutrinos, which could be observed in neutrino experiments.
Furthermore, the anti-DM particle in the final state obtains a relatively large momentum
(few hundred MeV), and escapes the Sun. These fast-moving anti-DM particles could also
induce interesting signals in various underground experiments.
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PHYSICAL REVIEW D 84, 096008 (2011) Hooman Davoudiasl,* David E. Morrissey,zfr Kris Sigurdson,3 * and Sean Tulin*®

(Assisted/induced) baryon number violation

Asymmetric Dark Matter

e Antibaryonic dark matter

 Baryon number transfer between visible and dark sectors through New Physics at weak scale
- Here, the DM is a fermion/scalar pair (y, ¢) with total baryon number B, + B, = — 1

* |n this hylogenesis scenario, the universe is net B-symmetric. The baryon asymmetry carried
INn the invisible sector is equal and opposite to that in visible baryons.

* These antibaryonic DM annihilate baryonic matter and mimic nucleon decay

my e ~ 2—3 GeV dN — UM |, UN — &M
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PHYSICAL REVIEW D 84, 096008 (2011) Hooman Davoudiasl,"* David E. Morrissey,”" Kris Sigurdson,”>* and Sean Tulin**

(Assisted/induced) baryon number violation

Asymmetric Dark Matter

. Effective induced BNV lifetime can be defined as ! = n,,,,(6v);v;, Where npy, = P/ (m,, + my)
1 ] 3k -l 32 ) PDM (ov)InD
°2ﬂeﬂ" b P U?RdzzdR\I’R(I) T, Gl (0.3 GeV/cm3> (10—39 cm3/s>
(ov)inp =~ 1072 cm®/s x Amp )™
p,n ﬂ-aKrn g A "y 1 TeV

U P o1, U
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MTA, Akshay Anilkumar Phys.Rev.D 109 (2024) 9, 095039

(Assisted) baryon number violation

from 4k+2 dimensions

{'m, TN} =2nuN
» Clifford Algebra in 4k+2 dimensions

F4k+3 i aFOPI F2 v ..F4k+1

P — %(1 3 P4k+3) WL = Pyt

¢ = C = (CTO)*

P OO (6T
Cagal i) g S0

 This is unlike in 4k dimensions. [46+3) = ) in 4k+2

* Thus the fermion representation and its charge conjugate must satisfy the
same Weyl condition
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MTA, Akshay Anilkumar Phys.Rev.D 109 (2024) 9, 095039

Some properties of six dimensions

» Witten anomaly constrains the number of SU(2),, doublets to appear in multiples of 3

 Although non-vanishing reducible anomalies like [SU(Z)W]4,[SU(3)C]2[SU(2)W]2,
[SU(Z)W]z[U(l)Y]Z, ... are manageable via Green-Schwarz mechanism, irreducible anomalies like
[SU(3)C]3[U(1)Y] require the chiral assignment Q_, % _, & _ for quarks and L., &, /V _ for leptons

A combination of 5th and 6th component of the Hypercharge gauge boson becomes the Dark Matter
candidate
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MTA, Akshay Anilkumar Phys.Rev.D 109 (2024) 9, 095039

Some properties of six dimensions

On compactifying on T? the Lorentz generators break to SMN _, TH and * and the fermions become
Vi =vafi + v, f,

This residual =* generates a rotational invariance U(1)ys

Interestingly, on orbifolding, the square 7%/Z, would break this U(1),5 down to a Z, symmetry since its
invariant under /2 rotations.

Under this generator, the fermions ., are charged *1/2 and v, are charged F1/2

All the operators in this geometry should keep this symmetry preserved.

Thus, on a square T2/Z2 the baryon and lepton number violating operators should satisfy the selection rule

3 1
—AB+ —AL =0 mod 4
2 %

Other orbifolds like T2/Z3, makes sure that proton decay along with other AB = 2, AL = 2 processes are
also suppressed. Except for neutron-antineutron oscillation
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MTA, Akshay Anilkumar Phys.Rev.D 109 (2024) 9, 095039

(Assisted) baryon number violation

6 dimensions

 Thus geometry plays a crucial role. But for generality, lets assume a simple T2/Z2, in which all the
operators are allowed.

 The gamma matrices are

F=4tRc! . T'=7"Qc¢! ,I°=1®0¢° TI7=TTIr2err =1go°

C

4210
3 X&d X B [CFO,P7] —0

75,}/270 R Ul
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MTA, Akshay Anilkumar Phys.Rev.D 109 (2024) 9, 095039

(Assisted) baryon number violation

6 dimensions

» Model independent baryon number and lepton number violating operators Iin Six-
dimensions are,

6D Lorentz symmetry AD =W AT, A3 =T

Scalar

Aé ig(QTcu—)(gTCQ-i-)

Vector Alg Cf (Q GIY O HO G R eCE0Y J5(QCT " L, )

Mixed 4707 (QTCU_)*(QiCTML,)?

2 Cy (QFce ) (QferMQ,)?

l
6
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MTA, Akshay Anilkumar Phys.Rev.D 109 (2024) 9, 095039

(Assisted) baryon number violation

on orbifolding to 4 dimensions

o After orbifolding, the operators with least number of KK-modes are
Uy (z#, 2% %) = %Z (¢$’m)($“)fiz(fﬂ4,$5)

n,m

+ 0™ (@) far(20,35)) |

—_— - - - - = ~—

Operators AB A\ N A Bge ) =S\,
CoOvSH 00T 1,0 T(1,0 0,0 GV OO F 1,0 T(1,0 0,0
Scalar 7\_221(‘111 ) yzyOZ/{(_l ))(5_5 )VZYOquz )) r%(qil ) yzyOZ/{(_l ))2(5_5 )yzyoqil ))2
G700 1,0 0,0 1,0 CXs Q.0 1,0 0,0)T 1,0
iy o @ DL ) S Y L) % @S DL S A, EL)?
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MTA, Akshay Anilkumar Phys.Rev.D 109 (2024) 9, 095039

(Assisted) AB =1, AL = 1 process

Ci . 0or 1.0)x /T (150 0,0
o F(q(ﬂ ) }’2}’01/{(-1’ ))(5—5 | )7270‘111’ )) 00) AL
4 141 LB
Gl 00T 20,4110\, OOT, 2. 0. (10 :
5 (W= DL ) (= L) olL0)
4 09) WS < (1)
dus C
i , €1 1 700) 3000
4 Mgk 4
7(0,0 0,0 1,0 1,0 g%
x (100920400 /(10 (10) Y
@ M. \* 2
Come' = YuVely— ( S ) 22Nt Cpe
. " 167°A7 \Mgg L P2e =35 10%| (3 x 1015 GeV) 2
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MTA, Akshay Anilkumar

(Assisted) AB = 2,

C5 . 00T 1.0 T(1.0 0,0
2( (0,0) yzyOZ/{(_l ))2(5( TS ))2

O, = A8\ By Kt o 2
CV
P P DV e S )}
4
C; 0,0)T 0,0
CANNAOANNAZ}’%t)’%g?ngMa (qﬁrl ) YZYOM(—r ))2
aM gk
T(0,0 0,0 B 1 08 @.0)= (1,0
X(e_g, )szoqgrl ))2V1(9 )VJ(B )V% )V% )

DM+p > DM +p+e™ +e”

OVVppee ==
(AVVppee

AVVppee ) 8

TANNA — o ¢ 1033year3(300 GeV

(0,0)

35

(0,0)

Phys.Rev.D 109 (2024) 9, 095039
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Summary:

There’s room at low energies for interesting New Physics models

Generation of BNV can be at very low energies

Limits from nn — invisible processes
Dark Matter being a catalyst to baryon number violation can be the reason for the rarity of events

Other places in the galaxy with higher Dark Matter density would be efficient regions to generate the required
baryon number violation

Interesting signatures would be antineutrino and positron fluxes from DM spikes
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Dinucleon and Nucleon Decay to Two-Body Final States with no Hadrons in
Super-Kamiokande

Super-Kamiokande Collaboration arXiv:1811.12430

The Super-Kamiokande (SK) water Cherenkov detec-
tor, with a fiducial volume of 22.5 kilotons, contains
1.2 x 103 nucleons. SK lies one kilometer under Mst.
Ikenoyama in Japan’s Kamioka Observatory. The detec-

tor is cylindrical with a diameter of 39.3 meters and a
height of 41.4 meters, optically separated into an inner
and an outer region. Eight-inch photomultiplier tubes
(PMTs) line the outer detector facing outwards and serve
primarily as a veto for cosmic ray muons, and 20-inch
PMTs face inwards to measure Cherenkov light in the
inner detector [12].

FIG. 1. (color online) An SK event display of a typical pp —
et event shown in 6-¢ view. The non-showering ring (from

the u*) is on the left and the showering ring (from the e

is on the right. The energy of each ring is approximately

900 MeV.

")

Frejus

pp_)e+e+

pp-eu’

pp-uu’

nn->ete

nn-ut

nn-eyu

nn-e u

nn->Yyvy

IVMB

The following selection criteria are applied to signal
MC, atmospheric v MC, and data:

(A1) Events must be fully contained in the inner detector
with the event vertex within the fiducial volume
(two meters inward from the detector walls),

(A2) There must be two Cherenkov rings,

(A3) Both rings must be showering for the pp — ete™,
nn — ete”, nn — vy and p — ety modes; one
ring must be showering and one ring must be non-
showering for the pp — et p™, nn = eTu™, nn —
e ut and p — pty modes; both rings must be
non-showering for the pp — ptut, nn — ptpu~
modes (see note in [19]),

(A4) There must be zero Michel electrons for the pp —
etet, nn — eTe™, nn — vy and p — et modes;
there must be less than or equal to one Michel elec-
tron for the pp = etut, nn = etp™, nn - e ™
and p — p*y modes; there is no Michel electron
cut for the pp — ptu™, nn — p*p~ modes (see

note in [20]),

(A5) The reconstructed total mass, M;.:, should be
1600 < M;,; < 2050 MeV/c? for the dinucleon
decay modes; the reconstructed total mass should
be 800 < M;,; < 1050 MeV /c? for the nucleon de-
cay modes,

(A6) The reconstructed total momentum, P;,;, should
be 0 < Pt < 550 MeV/c for the dinucleon decay
modes; for the nucleon decay modes, it should be
100 < P;or < 250 MeV /c for the event to be in the
“High P;.:” signal box and 0 < P,,; < 100 MeV/c

for the event to be in the “Low P,,” signal box,

p-ove’
poyi IR

1030 1031 1032 1033
7/B (years)
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(A7) [SK-IV nucleon decay searches only] There must be

3% 35
10 10 zero tagged neutrons.



Mode Sensitivity (90% CL) [years||Current limit [years]
TR p— et7d 1.2x10% 1.4x10%*
ifetime limi
KT 34 34
Decay mode per oxygen nucleus  per nucleon p—vK 2.8%10 0.7x10
(x10°° years) (x10°* years) p— ptn® 9.0x10%4 1.1x103
pp — etet 4.9 s p— etnY 5.0x1034 0.42x1034
nn —ete” 4.2 — p— ptn? 3.0x1034 0.13x104
nn — Yy 4.1 — p— et 1.0x1034 0.07x 103
pp —>etu” 44 —
AT i - p— " 0.37x 1034 0.02x 1034
nn — 6—#+ 4.4 poi p— etw’ 0.84x103%4 0.03x 1034
pp — putpT 4.4 e p— ptw® 0.88x 1034 0.08x 1034
+ —_—
ok 3 4.4 = n— etn 3.8x 104 0.20% 1034
— 4.1
g : Zﬁy 5 1 n— ptr 2.9x 103 0.10x 1034

KEK Preprint 2016-21

arXiv:1811.12430 (Dinucleon and Nucleon Decay to Two-Body Final States with no (HYPER-KAMIOKANDE design report )

Hadrons in Super-Kamiokande )

Mode Sensitivity (90% CL) [years| |Current limit [years]
p—etuvy 10.2 x1032 1.7 x 1032
p— ptovr 10.7 x1032 2.2 x1032
p— et X 31.1 x1032 7.9 %1032
p—putX 33.8 x1032 4.1 x1032
n — vy 23.4 x1032 5.5 x 1032
np — etv 6.2 x103? 2.6 x103?
np = utv 4.2 x1032 2.0 x1032
39 np — 7TV 6.0 x1032 3.0 x1032




TABLE IV. Parameters of past (KAM [114, 115]), running (SK [116, 117]), and future (HK-3TankLD and
HK-1TankHD) water Cherenkov detectors. The KAM and SK have undergone several configuration changes
and parameters for KAM-II and SK-IV are referred in the table. The single-photon detection efficiencies are
products of the quantum efficiency at peak (~ 400nm), photo-electron collection efficiency, and threshold

efficiency. Most right column (HK-1TankHD) shows another design under study which consist of one tank

instrumented with high density PMTs.

KAM SK HK-3TankLD HK-1TankHD

Depth 1,000 m 1,000 m 650 m 650 m
Dimensions of water tank

diameter 15.6 m ¢ 39 m ¢ 74 m ¢ 74 m ¢

height 16 m 42 m 60 m 60 m
Total volume 4.5 kton 50 kton 774 kton 258 kton
Fiducial volume 0.68 kton 22.5 kton 560 kton 187 kton
Outer detector thickness ~ 1.5 m ~ 2 m 1~2m l1~2m

Number of PMT's
inner detector (ID)
outer detector (OD)

948 (50 cm &)
123 (50 cm ¢)

11,129 (50 cm ¢)
1,885 (20 cm ¢)

40,000 (50 cm ¢)
20,000 (20 cm @)

40,000 (50 cm @)
6,700 (20 cm &)

Photo-sensitive coverage 20% 40% 13% 40%
Single-photon detection unknown 12% 24% 24%
efficiency of ID PMT

Single-photon timing ~ 4 nsec 2-3 nsec 1 nsec 1 nsec

resolution of ID PMT

KEK Preprint 2016-21
ICRR-Report-701-2016-1



Scalar LeptoQuark and Scalar Diquark

The Lagrangian for the singlet LeptoQuark Sy (3,2, %) and singlet Diquark DQ»(3, 2, —g) interactions with the
fermions given by,

Ls =y +QC 856+ 2"PUC_(DQ2) Q4 + hec., (38)

where y(+~) and 2(—1) are complex 3 x 3 Yukawa coupling matrices.

Vector LeptoQuark and Scalar Diquark

The interaction of the vector LeptoQuark and scalar Diquark with the fermions given as,
Lsy =20NUC_(DQ2) Q4 + wHHQC TMVay Ly + hec, (39)

where the V3, is the vector triplet LeptoQuark and the D()s is the scalar Diquark doublet.

Scalar LeptoQuark and Vector Diquark

The coupling of the scalar LeptoQuark and vector Diquark with the fermions is:

Lys =yF79C 8 + 2+ QC TMe® DQgp QY% + hec., (40)

Vector LeptoQuark and Vector Diquark

The interaction becomes,
Lyy =20 I TM e DQ3p Q8 + wtH QC . TMVzy Ly + hec, (41)

where the V3,7,DQ30 are the triplet vector Leptoquark and Diquark.
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