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Variant-axIon Seesaw Higgs 𝛎-trino	
extensions	to	the	Standard	Model

AS, Volkas (2022)



The Standard	Model	is	incomplete:

Key	issues	for	BSM	physics:

1. Small	neutrino	masses
2. Dark	matter	
3. Baryon asymmetry of the universe	
4. No	neutron	EDM	(strong	CP problem)

Scale	of	BSM*	physics?

1. ~𝑚!"
2. ≫ 𝑚!" (new	heavy	fundamental	scale).			

*non-gravitational!



RH	neutrinos

• Small active	neutrino masses from	Type-I	seesawmechanism:

• BAU from	thermal	leptogenesis:

• 𝑈(1)# and	𝑀$ ~ 𝑆 ≫ 𝑚!".

(out	of equilibrium)
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... and an	invisible	axion

Identify	seesaw	scale	with	Peccei-Quinn	scale:

• Impose	global	𝑈(1)!" which	is	spontaneously	broken	by	vev of		𝑆 (also	breaks	lepton	number)																			

with	a	colour anomaly:

⟹ CP-invariant	strong	interactions.

• Darkmatter: DFSZ or	KSVZ	invisible	axion

and
𝑆 ≠ 0

𝑈(1)! ⊂ 𝑈(1)"#

𝑎
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Hidden sector

𝝊DFSZ

• Global 𝑈(1)!"/$ broken	by	vev of	complex	scalar-singlet	S.
• Three right-handed sterile neutrinos.
• Two	Higgs	electroweak	doublets	Φ%, Φ& in	Type	II	setup.

Can	resolve	four	key	issues	for	particle	physics/cosmology.

⊃

weakly-coupled

𝑣! ≫ 𝑣"

Volkas,	Davies,	Joshi	(1988)
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i.e. technically natural.

Decoupling Limit

𝐼𝑆𝑂 3,1 ⨂ 𝐼𝑆𝑂 3,1 ⨂…

Theory	aside	(Poincaré	protection):
Volkas,	Davies,	Joshi	(1988)
Foot,	Kobakhidze,	McDonald,	Volkas	(2014)



Cosmological	challenge:	

Domain	wall	problem
• Post-inflation	DFSZ	axion	models	have	a	
domain	wall	problem	because	𝑁!" > 1.

Ø Stable	string-domain-wall	network	forms				
around	QCD	phase	transition.

Hiramatsu+ (2012)

VISH𝝂 extensions	are	variations	of	the	𝝊DFSZ	which	remove	this	problem.

• Top-specific PQ	is	well-motivated.		Our	implementation	is:

üLarge	top	mass	from	𝑣% ≫ 𝑣& !
(small	protected	vev hierarchy	req.	for	natural	leptogenesis)

Field
Charge

𝑁#$ = 1

Kawasaki,	Nakayama	(2013)
Armengaud+	(2019)

Peccei,	Wu,	Yanagida (1986)		Krauss,	Wilczek (1986)



Cosmological	frontier:	

Inflation

Slight scale-dependence
in scalar spectrum

Suppression of primordial GW

PLANCK 2018

BICEP/KECK
2021

Scalar/tensor	power	spectra:

⟹ favour concave	(flat)	potentials.

• Early period of accelerated scale-factor expansion
• Large-scale homogeneity, flatness w/o initial fine-tuning

inhomogeneous	de Sitter fluctuations	(also	in	metric)

slow-roll	evolution of	homogeneous	
background	

Starobinsky (1980)	
Guth (1981)



Einstein Frame

• Non-minimal	couplings	of	scalars	to	gravity	generically	arise	in	curved	spacetime:

• Weyl rescaling

• Result																																																																																					and	flattened potential	at	large-field	values:
Induced	field-space	metric

Jordan	frame

Adopting

Einstein	frame



Inflaton	Valleys
3D	slices:

• Effective	single-field	inflation	along	valleys	of	the	potential	=	
attractors	for	general	initial	trajectories	due	to	Hubble	friction.

Ø Negligible	turn	rate	+	suppressed	multi-field	effects*
*axion	isocurvature	fluctuations	are	an	exception

• Classification	of	valley-structure	in	a	general	three-scalar	problem	leads	
to	nine	possibilities	(parameter	space	in	paper).

• Only	three	are	generally	satisfied	in	VISH𝜐models:



• Large non-minimal	couplings	reproduce	Starobinsky and	
Higgs	inflation	potential		(excellent	fit	to	CMB	data).

• We	compute	the	inflation	observables	in	the	slow-roll	
approximation.

𝝃 ≫ 𝟏

(e-folds between	end	of	inflation	
and	horizon	exit	of	CMB	pivot	scale)	

Tensor-to-scalar	ratio

Scalar	spectral	index

[favoured region]

𝐴&~ 2.1 ×10'( [Planck,	2018]

Not	plotted:	running	in	scalar	spectral	index	
in	agreement	with	data	for	standard	𝑁∗



𝝃 ≲ 1

• Stability of the singlet direction (													)	can	be	preserved	
for	viable	inflaton	self-couplings	(																			)	provided																				

.

ØSmaller	non-minimal	couplings are	viable	(𝜉 > 0.01)
Ø𝜉 ≲ 1 avoid	possible	unitarity	issues
• Sufficient to analyse the	singlet	modulus	direction	
(kinetic	mixing	an	obstruction	otherwise)



Some	experimental	
prospects
Expect	post-inflationary axion scenario	
accessible	to haloscope projections:

DF
SZ

Expect	FCNC	decays	of	top	quark:

+	other	processes,	e.g.

Alignment	preferred	for	high-scale	validity	
and	natural	leptogenesis.

HL-LHC	likely	insensitive	to	predicted	𝑔!""
deviations

CMS,	(2022)

Next	generation	of	CMB	experiments	will	decisively	probe	
tensor-to-scalar	ratio	predictions:	𝑟 ≳ 0.01

+	possible	gravitational	waves	signatures	from	
PQ	phase	transitionFixed	by	CDM	density	and	unit	domain	wall	number

(subject	to	theoretical	uncertainty	in	simulations)

DFSZ-like	stellar	cooling	bound	(RGB)

Colliders:

O’Hare, (2020)

Oda,	Shoji,	Takahashi	(2020)

Chiang+,	(2018)

Kodak,	Modak, Hou,	(2020)

Ringwald,	Saikawa,	Tamarit,	(2021)



Summary

Thank	you	for	listening.

• VISH𝜐 extensions	are	successful	inflation	models	that	meet	particle	physics objectives,	
solving	five	SM	shortcomings:

ü Dark	matter,	active	neutrino	masses,	BAU,	strong CP and	inflation	(+	heavy	top	mass...)

• Accomplished	without introducing	naturalness	issues	to	the	SM	(and	with a	detectable	dark	
matter	candidate).

ü Existence	proof	that	weakly-coupled	high-scale	physics	is	a	minimal	+	coordinated	way	
of	addressing	these	issues.

• Reheating	outcomes	under	investigation.


