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Abdus	Salam,		
Sheldon	Glashow,	
Steven	Weinberg

First	evidence	from	
experiment	at	CERN

Perfect	agreement	between	
theory	and	experiments	

in	all	laboratories

The	‘Standard	Model’	of	
Particle	Physics

1967

1973



The	matter	particles

The	‘Standard	Model’

The	fundamental	interactions

Gravitation	 electromagnetism					weak	nuclear	force	 			strong	nuclear	force

Where does 

mass 

come from?



Structure	of	the	Standard	Model

• Particles	and	SU(3)	×	SU(2)	×	U(1)	quantum	numbers:	

• Lagrangian:	 	 	 	 gauge	interactions	
	 	 	 	 	 	 matter	fermions	
	 		 	 	 	 	 Yukawa	interactions		
	 		 	 	 	 	 Higgs	potential

•

•

• Tested	<	0.1%	
before	LHC

Testing	now	
in	progress



Parameters	of	the	Standard	Model

• Gauge	sector:	
– 3	gauge	couplings:	g3,	g2,	g		́
– 1	strong	CP-violating	phase	

• Yukawa	interactions:	
– 3	charge-lepton	masses	
– 6	quark	masses	
– 4	CKM	angles	and	phase	

• Higgs	sector:	
– 2	parameters:	μ,	λ	

• Total:	19	parameters

Unification?

Flavour?

Mass?



Towards	Grand	Unification

• The	three	Standard	Model	gauge	couplings	are	
different:	g3	>>	g2,	g		́

• Ratio	 	is	free	parameter	in	
Standard	Model	

• All	couplings	vary	energy	scale,	calculable	using	
renormalisation	group	

• Best	known	is	decrease	of	 ,	“asymptotic	
freedom”	

• Offers	prospect	of	unifying	couplings	at	high	energy,	
as	in	simple	group	structure,	and	predicting	

sin2 θW ≡ g′ 2

g′ 2 + g2
2

αs ≡
g2

3

4π

sin2 θW

1973/4
Pati	&	Salam	

Georgi	&	Glashow	
Georgi,	Quinn	&	Weinberg



• …	is	not	constant:	weaker	at	higher	energies	

• Asymptotic	freedom

Strong	Coupling	“Constant”	…



• At	one-loop	order	without/with	supersymmetry:	

• At	two-loop	order	without/with	supersymmetry:	

Towards	Grand	Unification



Minimal	Supersymmetric	Extension	
of	the	Standard	Model Dark	

Matter?



Grand	Unification	of	Couplings

Almost	works	with	just	Standard	Model	particles	
Better	with	supersymmetric	particles

Georgi,	Quinn	&	Weinberg1974



Electroweak	Mixing	Angle
• Related	to	ratio	of	SU(2),	U(1)	couplings:	

• At	one	loop:	

• One-loop	coefficients	w’out/with	supersymmetry:	

• Data:	



Prediction	vs	Measurement	of	sin2 θW

Ellis,	Kelley	&	Nanopoulos1991

High-precision	LEP	data	prefer	supersymmetric	SU(5)



Simplest	Grand	Unified	Theory

• Electromagnetic	charge	embedded	in	simple	
group:	charge	quantized	

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

• “Explain”	“random”	quantum	numbers	
• Renormalization	prediction	sin2 θW ≃ 0 . 22

Georgi	&	Glashow1974



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	E6		

• 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:	

• Successful	PREdiction	of	bottom	mass	
• Not	so	successful	for	lighter	quarks/leptons

Chanowitz,	JE	&	Gaillard

1977



Running	of	the	Top	Quark	Mass



Prediction	of	the	Bottom	Quark	Mass
Chanowitz,	JE	&	Gaillard1977

• Our	paper:	
– May	1977	

• Discovery	of	b	
quark:	
– June	1977	

• Proof	
correction:	
– “2	to	5”	
becomes	2605!



Search	for	Proton	Decay

• Key	prediction	of	grand	unified	theories	

• Via	 	interaction	

• Very	sensitive	to	mass	of	GUT	boson	X:
	GeV	in	minimal	SU(5)	

• Preferred	decay	mode	in	minimal	SU(5)	model:	
,	also	 ,	…	

• Motivated	first	generation	of	large	underground	
water	Čerenkov	detectors	(KamiokaNDE,	IMB)

q q q ℓ̄
m2

X

mX ∼ 1014−15

p → π0e+ p → π+ν̄, n → π−e+



KamiokaNDE	Experiment1983-1995

Proto
n	de

cay	n
ot	ob

serve
d,	bu

t	…

Water	Čerenkov	detector	
Built	to	look	for	proton	decay



Astrophysical	Neutrinos

• Collisions	of	cosmic	rays	in	atmosphere	
• KamiokaNDE:	deficit	of	muon	neutrinos	

• The	Sun	
• Observed	by	Davis,	1/3	expected	flux	
• KamiokaNDE	sees	1/2	expected	flux	

• Supernovae	
• KamiokaNDE,	IMB:	neutrinos	from	SN	1987A	

• Active	galactic	nuclei	
• Detection	still	tentative



Neutrino	Masses	&	Mixing

• Models	with	 ,	e.g.,	SO(10),	can	have	neutrino	
mass	term:	 	

• Nothing	to	prevent	large	 	

• “Whatever	is	not	forbidden	is	compulsory”	

Seesaw	mass	matrix:	 	

• Suggests	light	neutrino	masses	 	

• Mass	matrix	not	diagonal:	mixing	in	general

νR
λ ν̄RνLH → mν = λ < H > = λ v

MνR
∼ MGUT

[
0 mν

mν MνR]
𝒪 ( v2

MGUT ) ≪ mq,ℓ



Neutrino	Oscillations

• Mixing	between	2	neutrino	

flavours: 	

	oscillations	with	probability
	

for	 	energy	E	over	distance	L	
• Explain	solar	neutrino	deficit	
and	atmospheric	muon	
neutrino	deficit

[ cos θ sin θ
−sin θ cos θ]

→
Pα→β = sin2 2θ sin2 ( Δm2L

4E )
ν



Super-Kamiokande	Experiment1996

Still	n
o	pro

ton	d
ecay

,	but
	…

Water	Čerenkov	detector	
Built	to	measure	
astrophysical	neutrinos



• Flux	of	downward	
muon	neutrinos	as	
expected	

• Reduced	flux	of	
upward	muon	
neutrinos	

• Neutrino	oscillations!

Atmospheric	Neutrino	
Oscillations

1998



Solar	Neutrino	Oscillations

• Flux	of	electron	
neutrinos	<	
expected	

• Compensated	by	
flux	of	muon	&	tau	
neutrinos	

• Total	flux	~	standard	
solar	model

2001



• Grand	unified	theories	proposed	
		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

Why	(we	still	think	that)	
Protons	are	not	Forever	

Pati	&	Salam

Georgi	&	Glashow



Black	Holes	violate	Baryon	Number

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

• Black	holes	‘forget’	global	symmetries	like	B	

• Black	holes	decay,	must	produce	baryons

Baryons

								Black	holes	can	decay	➔	baryons

can	fall	in,	be	‘forgotten’

Hawking,	Bekenstein1973,	1974



Proton	Decay	via	
Gravitational	
Interactions?

- Four-fermion	interaction	~	
Newton	constant		

		GN	=	1/mP
2,	mP	~	1019	GeV	

- Rate	~	GN
2
	×	(GeV)5	

- Lifetime	~	1045	yrs

Zeldovich1976



• Electroweak	instantons		
	 violate	B,	L	
• Change	each	of	electron,	
	 muon,	tau	number	
• Change	numbers	of	1st,	2nd	&	3rd	generation	q	
	 	 	 	 	 	 ΔB	=	ΔL	=	3	
• Do	not	give	rise	directly	to	baryon	decay	
• Could	have	played	role	in	baryogenesis

Non-Perturbative	
B	Violation	in	SM

‘t	Hooft
1976



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	
decays	of	heavy	(singlet)	neutrinos	

• Requires	Majorana	ν	(0ν2β	decay?)	
• CP-violating	phase	≠	oscillation	phase

Sakharov

Fukugita	&	Yanagida

1967

1987



• GUTs	have	magnetic		
	 monopoles	
• Symmetry	restored		
	 in	monopole	core,	quarks	sucked	in	
• Large	rate	for	ΔB	in	monopole	scattering	

• Are	there	any	monopoles	in	our	Universe?

Monopole	Catalysis		
of	B	Decay

Rubakov

Callan

1981,	1982



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	≥	6	

• Would	be	suppressed		
	 by	some	high	mass		
	 scale	as	in	GUTs	~	1/M2

Weinberg1979



• Prediction	for	mb	in	terms	of	mτ	suggests	
identification	of	3rd-generation	q	and	l:	{b,	t,	τ}	
– Analogous	predictions	for	1st	and	2nd	generations	
qualitative,	not	quantitative	

• Suggests	(small)	mixing	corrections	to	naive	
generation	structure:	p	➔	e+π0,	νπ+,	μ+K0,	νK+	

• 			 	 	 	 	 	 	 	 	 so	that	
		 	 	 	 	 	 	 	 	 	 where	
• Lifetime	too	short?

B	Decay	in	Original	SU(5)
Georgi	&	Glashow1974



• B-violating	operators	of	dimension	5	without	
with	squarks,	sleptons:	qqql	

• Dressed	with	Higgsino,	Wino	exchange	➔	
operators	of	dimension	6	with	quarks,	sleptons	

• Coefficient	
• Antisymmetry	in	colour	indices	➔u,d,s	quarks	
• Preferred	decay	modes:

B	Decay	in	Supersymmetric	SU(5)

~~

Dimopoulos,	Raby	&	Wilczek1982



B	Decay	in	Supersymmetric	SU(5)
2019

• Proton	lifetime	goes	
up	with	
supersymmetry	
scale	m1/2	

• Higgs	mass	bounds	
m1/2	<	15	TeV	

• Proton	lifetime	<	
1035	years
JE,	Evans,	Nagata,	Olive	&	Velasco-Sevilla,		
arXiv:1912.04888,	see	also	arXiv:2011.03554



• Original	supersymmetric	compactifications	of	weakly-
coupled	 	heterotic	string	suggested	 	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)”	=	 	

• Quark	and	lepton	assignments	flipped:	 	

• Fermions	in	16	representation	 	
• Subsequently	strongly-coupled	models,	brane	models

E8 × E8 E6

SU(5) × U(1) ∈ SO(10)
u ↔ d, ℓ ↔ ν

∋ νR

Grand	Unification	in	String	Theory?



A	Model	of	Everything

• Simple	GUT	models	(SU(5),	SO(10))	not	obtained	
from	weakly-coupled	string	
– They	need	adjoint	Higgs,	…	

• Flipped	SU(5)×U(1)	derived,	has	advantages	
– Small	(5-,	10-dimensional)	Higgs	representations	
– Long-lived	proton,	neutrino	masses,	leptogenesis,	…	

• Construct	model	of	Starobinsky-like	inflation	within	
flipped	SU(5)×U(1)	framework

Flipped
�

Almost
�

Below	the	Planck	Scale

ê

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



The	Big	
Picture

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



B	Decay	in	Flipped	SU(5)

• Flip	quark	and	lepton	assignments	in	5,	10	
	 	 	 	 u	ç➔	d,	e,μ	ç➔	ν	
• Dimension-5	operators	suppressed	
• Back	to	dimension-6,	larger	
• No	prediction	for	mb,	could	change	multiplet	
assignments	

• Dominant	decay	could	be	
			 	 	 	 	 	 or		 	 	 	 		or	

_

Antoniadis,	JE,	Hagelin	&	Nanopoulos1987



B	Decay	in	Flipped	SU(5)	vs	Unflipped
JE,	Garcia,	Nagata,	Nanopoulos	&	Olive,	arXiv:2003.032852020

Probing	different	decay	modes	can	distinguish	
between	different	models



Present	&	Prospective	Baryon	Decay	Sensitivities

					

					

						

						

						

						

						

						

					

					

					

					
					

					

					

					

					

					

					

					

					

					

					

					

					

Current	limits	&	prospective	sensitivities	of	future	experiments	in	units	of	1033	yrs



JUNO	Experiment2021

Liquid	scintillator	
Being	built	to	make	
detailed	measurements	
of	neutrino	oscillations,	
measure	hierarchy	of	
neutrino	masses



DUNE	Experiment2026

Liquid	Argon	bubble	chamber	
Being	built	to	measure	CP	
violation	in	neutrino	
oscillations



Hyper-Kamiokande	Experiment2027

Water	Čerenkov	detector	
Being	built	to	measure	CP	
violation	in	neutrino	
oscillations



Hyper-Kamiokande	Experiment

• Approved	2020	
• Civil	engineering	to	
2025	

• Installation	2026	
• Data-taking	from	2027	
• Am	participating	to	
support	searches	for	
proton	decay

2027

														JE



Great	Irony	of	Physics	History?

• KamiokaNDE	experiment	constructed	to	look	for	
proton	decay:	discovered	atmospheric	ν’s	
– “NDE”	=	nucleon	decay	experiment	

• Super-Kamiokande	discovered	ν	oscillations	
– A	spin-off	of	grand	unified	theories	

• JUNO,	DUNE,	Hyper-Kamiokande	proposed	to	
measure	ν	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?


