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The ‘Standard Model’

The matter particles
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Structure of the Standard Model

| e Particles and SU(3) x SU(2) x U(1) quantum numbers:
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e lagrangian: [ _% Fe Fer  gauge interactions QIESEERIOMLZ
i D+ h.c. ~matter fermions before LHC

Vb0 + h.e. Yukawa interactions Testing now

[D,o* = V(é) Higgs potential in progress




Parameters of the Standard Model

e (Gauge sector:

— 3 gauge couplings: g, g,, &

— 1 strong CP-violating phase
e Yukawa interactions:
— 3 charge-lepton masses
— 6 quark masses
— 4 CKM angles and phase
e Higgs sector:

— 2 parameters: y, A

e Total: 19 parameters




Towards Grand Unification | IEEEEEEY

Georgi, Quinn & Weinberg

Pati & Salam

e The three Standard Model gauge couplings are
different: g, >>g,, g

. g2 .
o Ratio sin® @y, = is free parameter in

g 2+ g3
Standard Model

e All couplings vary energy scale, calculable using
renormalisation group

g3

e Best known is decrease of o, = o “asymptotic
freedom”

e Offers prospect of unifying couplings at high energy,
as in simple group structure, and predicting sin? Oy




Strong Coupling “Constant”

e ...is not constant: weaker at higher energies

Sept. 2013

o v Tdecays (N°LO)

S(Q) Lattice QCD (NNLO)

a DIS jets (NLO)
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Towards Grand Unification

e At one-loop order without/with supersymmetry:
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e At two- Ioop order without/with supersymmetry
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Minimal Supersymmetric Extension
of the Standard Model gy

Matter?

@ rorce particies Squarks W) Steptonz ) SUSY force

Quarks ’ Leplons
particles

Standard particles SUSY particles




Grand Unification of Couplings
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llustration: Typaform Energy, GeV Energy, GeV,

Almost works with just Standard Model particles

Better with supersymmetric particles




Electroweak Mixing Angle

e Related to ratio of SU(2), U(1) couplings:

2 ‘ ¢
g~ 3 gi(mg)
g5 +9"” 5 g3(mz) + 295 (mz)

sin? §(my) =

e At one loop:

o) = Lo [oe - oentn] (o)
e One-loop coefficients w’out/with supersymmetry:
%NC;—H < b3 — 2Ng—9 = -3
%NH+§NC;—2'—32 by — %NHJFQNC;—G = +1
INu+3NG « b = —Ng+2Ng = 2
23 1

— = 0.1055 &<~ =z — -—.




1991 Ellis, Kelley & Nanopoulos

Prediction vs Measurement of sin” Oy

U.eo r — T r T —




Simplest Grand Unified Theory

* Electromagnetic charge embedded in simple
group: charge quantized ) Q:=3Q.+3Qi+Q.=0

* Minimal model: SU(5) "
 Fermions of a single generation accommodated

({ 1 \ 0 U 3 = 'ﬂg 5] d 1
B ( ({‘7 1 ( —U3 0 Uq us  ds \
5: ()L = ds 10 : (\U)L = % Uz —1uUq 0 U3 d3
e “1 —uy —ups —uz 0 et
\ —Ve )L \ _dl —dg —dg —e™t 0 )L
* “Explain” “random” quantum numbers

» Renormalization prediction sin® Oy ~ 0 . 22




Other Grand Unified Theories

Seek simple gauge group (single coupling) with chiral
representations (parity violation)

SU(5) is only suitable group of rank 4 (number of
simultaneously diagonalisable generators)

Only possible group of rank 5 is SO(10)

Fermions of each generation in 16-dimensional
representation, with right-handed neutrino

Possible group of rank 6 is E,

e Each generation in 27-dimensional representation

Appears in compactifications of string theory




Quark and Lepton Masses

* Also vary with moment/energy scale where you
measure them

* Could they be equal at some fundamental level?
— e.g., in grand unified theory such as SU(5)

* One-loop renormalization:

12

my '] ( my ) 33-2Ng
— ~ |In { —-

m., m ZX

e Successful PREdiction of bottom mass

* Not so successful for lighter quarks/leptons




Running of the Top Quark Mass

CMS 35.9 o' (13 TeV)

~

1.05 ABMP16_5 nlo PDF set

uw =476 GeV

ref

[
o
=.
N
o
S
~

’:-g\_ 1: l'lO - lylref
E T
0.95 B
0.9 [ NLO extraction from differential o, ¢
B O Reference scale L
— One-loop RGE, n =5, a,(m_) = 0.1191
0.85— f z

| | I | | | | I | | | | I | | | | I | | | | I | | | | | | | | | | | | | |
400 500 600 700 800 900 1000
u [GeV




Prediction of the Bottom Quark Mass

Nuclear Physics B128 (1977) 506-536
® North-Holland Publishing Company

e Qur paper:

— M ay 1977 THE PRICE OF NATURAL FLAVOUR CONSERVATION
IN NEUTRAL WEAK INTERACTIONS

e Discove ry Of b Michael S. CHANOWITZ *, John ELLIS and Mary K. GAILLARD **
CERN, Geneva
quark: |
Received 20 May 1977
(Revised 11 July 1977)
— June 1977

® P ro Of The natural conservation of flavours to O(Gi) in neutral weak interactions severely
constrains choices of gauge groups as well as their fermion representations. In the absence
of exactly conserved quantum numbers other than charge, and of 140! > 2 charged cur-

CO r re Ct i O n . rents, essentially the only weak and electromagnetic gauge groups whose neutral interac-
J tions naturally conserve all flavours are SU(Z)L @ U(1) and SU(2); @ IU(l)Iz. The plau-
“2to 5”

sible extensions of these gauge groups to grand unified models including the strong inter-
actions are based on SU(5) and SO(10) respectively. Making the SU(5) mog vy
natural, including in the Higgs sector, gives the prediction mg/mg =mg/my,
b 2 605 I when. 7 is the probable new heavy lepton and b is the conjectured third flaggur of charg
ecomes ! X quark. The SO(10) model contains a potential SU(2); ® SU(2)g ® U(1) weak and
electromagnetic gauge group, and has a complicated Higgs structure which does not na-

turally conserve quark flavours.



Search for Proton Decay

* Key prediction of grand unified theories

. 94997 .
e Via Interaction
mg

* Very sensitive to mass of GUT boson X:
My ~ 10415 GeV in minimal SU(5)

* Preferred decay mode in minimal SU(5) model:

p — et alsop - 7o, n — e, ...

* Motivated first generation of large underground
water Cerenkov detectors (KamiokaNDE, IMB)




19831995 KamiokaNDE Experiment

Water Cerenkov detector  [IEESSEEEES ’ﬁ*

Built to look for proton decay |

e T o




Astrophysical Neutrinos

* Collisions of cosmic rays in atmosphere "
» KamiokaNDE: deficit of muon neutrinos %&MHM )
* The Sun L o
* Observed by Davis, 1/3 expected flux ém__ 040 oA oo :
» KamiokaNDE sees 1/2 expected flux ST i
* Supernovae 59ﬂ1¢@m{* L0
* KamiokaNDE, IMB: neutrinos from SN 1987A . @ 5
e Active galactic nuclei |
e Detection still tentative v v

-20 -10 0 10 20

(UT07:35:35,2/23 87) TIME(sec)



Neutrino Masses & Mixing

* Models with v, e.g., SO(10), can have neutrino
massterm: Avpv, H > my =A< H>=A1v

» Nothing to prevent large M, ~ Mgyt
* “Whatever is not forbidden is compulsory” H

0 my_

Seesaw mass matrix:

m, MUR

V2

) < mqf

 Mass matrix not diagonal: mixing in general

» Suggests light neutrino masses O (

M, GUT




Neutrino Oscillations

* Mixing between 2 neutrino | Newinot
cos@ sind

flavours: :
—sin6@ coso Heuoino2

— oscillations with probability

LN - AmzL Neutrino3
P, ;= sin"20sin ( 7 )

r \

H
: : . [| M" u,l‘|ll| H || I'Hﬁ_,\
e Explain solar neutrino deficit | i \
and atmospheric muon
: .. 99— O — O
neutrInO dEfICIt Electron Neutrino Electron Neutrino

Muon Neutrino

for v energy E over distance L |\I

Superposed l ll I
waves . ' ” I
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Oscillations

Atmospheric Neutrino

i,

* Flux of downward
muon neutrinos as
expected

e Reduced flux of
upward muon
neutrinos

e Neutrino oscillations!

i
i

The expected number of events without neutrino oscillation
200 "_ = The expected number of events with neutrinc oscillation
The observed number of events in Super-Kamiokande

The number of observed muon neutrinos

°ET N o—

Upward going Neutrinos Horizontal going Neutrinos Downward going Neutrinos
Flight length:12800km Flight length: 500km Flight length:15km
Only a half of the expected Only 80% of the expected Consistent with the
number (blue line) was observed. number was observed. expected number.




Solar Neutrino Oscillations

* Flux of electron -
) TS Oosny 68% C L.
neutrinos < S F T «
2~ —— by, 68%,95%,99% CL.
expected .. ., .
& e e
* Compensated by P T e, e
flux of muon & tau | - mmereec
neutrinos E 5 .
- P o 8% CL.
* Total flux ~ standard| o oo BTN
. ) ) _(1) (X 10° cm s‘i)m

solar model




Is Baryon Number Co
Jogesh C. Pati

% Pati & Salam

Why (we still think that)
Protons are not Forever

* Grand unified theories proposed = -~ TEE=S

in 1973/4, predicted baryon decay

Black holes have no memory of baryon # (B)

— Quantum # conserved only if gauge symmetry

—e.g., U(1) gauge symmetry & electric charge
 “Whatever is not forbidden is compulsory”

* B violated by non-perturbative effects in SM
* B would be violated by magnetic monopoles

* No global symmetries in string theory




Black Holes violate Baryon Number

* Properties of black holes determined by mass, spin,
electric charge (colour), thermodynamics

* Black holes ‘forget” global symmetries like B

Baryons can fall in, be “forgotten’

Black holes can decay = baryons

* Black holes decay, must produce baryons




Proton Decay via
Gravitational
Interactions?

Four-fermion interaction ™
Newton constant

Gy =1/my2, m, ~ 1019 GeV
- Rate ~ G2x(GeV)s

Lifetime ~ 1045 yrs

Volume 59A, number 4

PHYSICS LETTERS

Zeldovich

13 December 1976

A NEW TYPE OF RADIOACTIVE DECAY:
GRAVITATIONAL ANNIHILATION OF BARYONS

Ya.B. ZELDOVICH
Institute of Applied Mathematics, Academy of Sciences of the USSR, Minsskaja pl. 4, Moscow 125047, USSR

Received 28 September 1976

Gravitational collapse on an elementary particle level is not excluded. It will be observed as a new type of radioac-

tivity, violating baryon conservation.

The modern ideas of gravitational theory applied to
elementary particles lead to the possibility of new
types of spontaneous processes. These processes look
like the annihilation of baryons, with their rest mass
transformed into the energy of neutral particles. In
principle even a single nucleon can undergo such a
transformation, for example, P->¢* +7° or N= v
+7° or —e* + 7. This conclusion is based on the
well known properties of the closed metric: a three
dimensionally closed manifold is able to have a net
baryonic charge (but not an electric charge). It has no
mass or momentum, being topologically disconnected
from our space.

Therefore we imagine baryons or a baryon going
into such a state; every individual world line of
baryonic charge has no end, but disappears from our
space. Energy conservation in our space leads to the
birth of a neutral cloud of particles with energy equal
to that of the disappeared baryons.

The theory of primordial black hole formation [1-
3] plus that of black hole evaporation [4] make this
process very plausible. Jointly the formation of a
black hole from matter and its evaporation leads to
what is observationally baryon non-conservation. But
if (or when) the mass of the black hole is equal or less
than the Planckian one m,*(=G 12 where G is the
gravitational constant, i =c =1, m, = 10-5 g) the
evaporation goes in one quantum jump. At densities
equal or less than nuclear, the formation of a black
hole with m 2 My is a tunne) process with an immense
negative exponent. But with very small masses of the
order of m=10-18 My, One can guess that both pro-
cesses: black hole formation and its evaporation could
be viewed as one quantum jump. Its Erobability is
evaluated as being small like a power  of G -m?2.

254

Actually in a gas of baryons the probability per
baryon must be proportional to the density of other
baryons n and (by phase space argument) to the square
of the energy. Dimensional analysis leads to the for-

2 N 2
mula W= n-m?-G. Taking n = m3 as an approxima-

mcf (
hi

2"1\2
Gm=\*

W~ m+(G-m?)? ~ e

~(10% y)-!

obviously this does not contradict experiments |
and is very difficult to verify. Perhaps it will be impor-
tant in cosmological singularity situations.

The paper by Fomin [6] (closed world birth from
vacuum) was also a source of inspiration for the above
mentioned ideas.

A more detailed version of the article is in print in
the Russian Journal of Experimental and Theoretical
Physics.

1 am grateful to V.N. Gribov, M.A. Markov, L.B.
Okun and A.A. Starobinsky for discussions.

. . .
The m without an index is the proton mass.
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Non-Perturbative
B Violation in SM

* Electroweak instantons

violate B, L

 Change each of electron, //

muon, tau number

Symmetry Breaking through Bell-Jackiw Anomalies* ‘t Hooft

G. ’t Hoof tT
Department of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 22 March 1976)

In models of fermions coupled to gauge fields certain current-conservation laws are vio-
lated by Bell-Jackiw anomalies. In perturbation theory the total charge corresponding to
such currents seems to be still conserved, but here it is shown that nonperturbative ef-
fects can give rise to interactions that violate the charge conservation. One consequence
is baryon and lepton number nonconservation in V —A gauge theories with charm., Another
is the nonvanishing mass squared of the 7.

J(x,)

J(xy)

 Change numbers of 1st, 2nd & 3rd generation g
AB=AL=3
* Do not give rise directly to baryon decay

e Could have played role in baryogenesis




Cosmological Baryogenesis

Origin of baryon asymmetry of Universe?

Non-perturbative electroweak processes
unsuppressed in early Universe

Could convert primordial L asymmetry
(partially) into B asymmetry

L asymmetry could come from CP violation in FEEZ
decays of heavy (singlet) neutrinos [T IR Rl e

Requires Majorana v (Ov2[3 decay?)

CP-violating phase # oscillation phase



1981, 1982 Superheavy magnetic monopoles and decay of

the proton
V. A. Rubakov Rubakov

Institute of Nuclear Research, Academy of Sciences of the USSR

Monopole Catalysis | e m

Pis’ma Zh. Eksp. Teor. Fiz. 33, No. 12, 658-660 (20 June 1981)

Of B Deca A possible pronounced nonconservation of baryon number in interactions

y involving magnetic monopoles is discussed in a unified theory with SU (5) gauge
group. Possible experimental consequences of this nonconservation are
examined.

MONOPOLE CATALYSIS OF BARYON DECAY

Curtis G, CALLAN, Jr." Callan

[ )
G U I S h ave I I I a g n et I C Joseph Henry Laboratories, Princeton University, Princeton, NJ 08540, USA

Received 23 August 1982

I I ' O n O p O I e S In the presence of magnetic monopoles, the baryon-number-violating effects of grand unified

gauge theories are not suppressed by inverse powers of the unification mass. As a result, monopoles

catalyse proton decay at rates typical of the strong interactions. This phenomenon is caused by

boundary conditions which must be imposed on fermion fields at the monopole core. They mix

) S t t d quarks and leptons and cause the monopole to have indefinite baryon number., We present a
yI I I I I l e ry re S O re simplified account of these phenomena as well astheir implications for proton decay and monopole

search experiments,

in monopole core, quarks sucked in

* Large rate for AB in monopole scattering
111+M->M+l-12+a3+e+

Are there any monopoles in our Universe?



B is Accidental Symmetry of the SM

 The Standard Model does not allow any

B-violating interactions of dimension <4
 But there are B-violating interactions of
dimension 2 6 082 = Burtt58) @S yerlsar)€ at €15
« Would be suppressed 03t = S aardsoor) @S crlar)€ as yE 1ty

Oabcd - ql aanj BbL) (qkycl.lldl.)€ aB 76 1i€r1>

by some high mass 0L = @ 500) G cihran) €,

abed
I x(Te);,  (Te
scale as in GUTs ~ 1/M2 ONECONS
Baryon- and Lepton-Nonconserving Processes Oa(gz:d N gcﬂu BbR) (ﬁicizldR)€ aBy»

Steven Weinberg —
Lyman Labovatory of Physics, Harvard University, Cambridge, Massachuseits 02138, and O (6) = -C ) @C l )€
Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138 abed — GCRI‘ BOR YCR dR aB | i

(Received 13 August 1979)

A number of properties of possible baryon- and lepton-nonconserving processes are
shown to follow under very general assumptions. Attention is drawn to the importance of

measuring p* polarizations and v,/e* ratios in nucleon decay as a means of discriminating
among specific models.



Georgl & Glashow
B Decay in Original SU(5) ><

 Prediction for m, in terms of m_suggests

identification of 3rd-generation q and I: {b, t, T}

— Analogous predictions for 1st and 2nd generations
qgualitative, not quantitative

e Suggests (small) mixing corrections to naive
generation structure: p = e*no, vrtt, utKo, vK+

0 ,
9x 4 1 mk
. e ‘ 2 Ak d _ Y d ) X
[ (elj}\u[fkﬁ,ﬂu[q) 8m§{ ( €rR 7Y L; T €L R() SO th at Tp - E m5
) P
gy
iik / d . - ~H d . . 5
(e JRUR T Lf) 8m% v 7" dr) Where mx = (1 to 2) x 10° x Agep

L 0 Agep

. 4
e Lifetime too short? 7—e 7'>’“2><1°“‘1><(400 MeV> y




B Decay in Supersymmetric SU(5) | =

* B-violating operators of dirpgnsion 5
with squarks, sleptons: qqql

* Dressed with Higgsino, Wino exchange =>

operators of dimension 6 with quarks, sleptons
L(p = K5;) = Crr(usdy;) [€ue(uh8%) (d5v;)] + Crr(udsy;) [€ue(uhdy) (s54;)]
+ Crr(usdy;) [€anc(u}s])(diy;)] + Crr(udsy;) [€ac(uidy) (st y;)]
. . M2 g2 1 3
e Coefficient Gx—o0 (mfr2> ~ mx ~2x10"° GeV

'mI"IB m

e Antisymmetry in colour indices =2u,d,s quarks

* Preferred decay modes: »—»vK™, n—vK",




? B Decay in Supersymmetric SU(5)

Aolm0-3 tanB 5 u>0

 — 135

Proton lifetime goes
up with
supersymmetry

scale ml/2

130

* Higgs mass bounds
m, <15 TeV

* Proton lifetime <

(A9D) Tw

120

1035year5 ot s

JE, Evans, Nagata, Olive & Velasco-Sevilla,

arXiv:1912.04888, see also arXiv:2011.03554



Grand Unification in String Theory?

e Original supersymmetric compactifications of weakly-

coupled Eg X Eg heterotic string suggested E, GUT to
get chiral representations (parity violation)

* Followed by other heterotic constructions

* None able to get adjoint Higgs, e.g., 24 of SU(5)
 GUT (almost) that does not need adjoint Higgs

* “Flipped SU(5)” = SU(S) x U(1) € SO(10)
e Quark and lepton assignments flipped: u < d,Z < v

* Fermions in 16 representation 3 vp

e Subsequently strongly-coupled models, brane models




Flipped Almost
A'Model of‘Everything

Below the Planck Scale

e Simple GUT models (SU(5), SO(10)) not obtained
from weakly-coupled string

— They need adjoint Higgs, ...
e Flipped SU(5)xU(1) derived, has advantages
— Small (5-, 10-dimensional) Higgs representations

— Long-lived proton, neutrino masses, leptogenesis, ...

e Construct model of Starobinsky-like inflation within
flipped SU(5)xU(1) framework

JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1910.11755



Superstring

T h o B | g ’/Inspiration\

No-Scffle ~ Flipped
Superghvity SU(5) x U(1) |

Picture | | iy

Starobilsky- ) .coup_ling
Like Inflhtion M F;Ho,
L
Tensor-to- = &
scalar ratio: r | -§
( Strorl ) ( .

[ Scalar tilt: n, Reheati _‘ | Leptogenesu:] [ Neutrino J
Incoherent o =
flaton transition =

=
Gravitino G \ Phase g
| Production J | ’Dr ion ) g
> g
------- QT‘E - Flafg decay %
E Non-Thermal Dilution [ Entropy ) Wlution " /S
; DM | A ~10" | -
§ N { Higgs
: ) SUSY scale | —| m; ~ 125 Ge
: [ Thermal DM O(10) TeV

Total DM density %BBN !

JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1910.11755



“ |
B Decay in Flipped SU(5) ><

* Flip quark and lepton assignments in 5, 10
u€->d eu€>v
 Dimension-5 operators suppressed

e Back to dimension-6, larger mx ~2 x 10"° GeV
« No prediction for m,, could change multiplet
assignments

 Dominant decay could be

p e or p— ,u+7r0 or p — ,LL—KU




B Decay in Flipped SU(5) vs Unflipped

=== Unflipped

—— Flipped (NO/IO)
Flipped (NO)

> D(p = 7t) [T(p — 7e™) - —s 1 Flipped (I0)

L(p— m°u*)/T(p — n%*) [~

I'(p— K%")/T(p — nlet) -

I'(p = K°u™)/T(p = m'p") - i

L LIl L 111 [N | IIIIIIII [ L L LI
1073 1072 107! 10° 10! 10? 10°

Probing different decay modes can distinguish

between different models




Present & Prospective Baryon Decay Sensitivities

Current limits & prospective sensitivities of future experiments in units of 10 yrs

- —
Decay Mode | Current (90% CL) | Future (Discovery) Future (90% CL)
p— KTv 6.6 JUNO: 12 (20) JUNO: 19 (40)
DUNE: 30 (50) DUNE: 33 (65)
Hyper-K: 20 (30) Hyper-K: 32 (50)

p—> D 0.39

p—eta? 16 DUNE: 15 (25) DUNE: 20 (40)
Hyper-K: 63 (100) Hyper-K: 78 (130)

p— ptal 7.7 Hyper-K: 69 Hyper-K: 77

n— Ko 0.26

n— w'v 1.1

n—em 5.3 Hyper-K: 13 Hyper-K: 20

n— putr 3.5 Hyper-K: 11 Hyper-K: 18




Liquid scintillator

Being built to make

detailed measurements
of neutrino oscillations,
measure hierarchy of
neutrino masses
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! Liquid Argon bubble chamber
Being built to measure CP
violation in neutrino

Bl oscillations
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Hyper-Kamiokande Experiment
o

Access tunnel Tank
Being built to measure CP and cavern (Liner and Support structure

violationiin neutrino for photo-detection system)
oscillations :

Water Cerenkov detector

Photo-detection system
for ID and OD

Water purification
and circulation &

v ‘K
. lnner/ /
~ Detector

68m(D)*71m( ~———" o gter Detect”
Total Mass 260 ob

Fiducial Mass 190 kton



? Hyper-Kamiokande Experiment

Q -
% 4
098 “®
Fo
o o
L) <>

* Approved 2020

* Civil engineering to

:

BRIl I | o

2025 o Ilemmmi_ s =" R

Europe 249 members Asia 138 members

* Installation 2026 . .
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Great Irony of Physics History?

 KamiokaNDE experiment constructed to look for
proton decay: discovered atmospheric v’s

— “NDE” = nucleon decay experiment

e Super-Kamiokande discovered v oscillations
— A spin-off of grand unified theories

* JUNO, DUNE, Hyper-Kamiokande proposed to
measure v oscillations, look for CP violation

* Will they discover proton decay?
— Or a passing magnetic monopole?

 What next if proton decay discovered?
— Explore decay modes = even larger detectors?




