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Image cfédlt. Wikipedia

Hindu God of Preservation

“Vishnu is the supreme being who creates, protects and
transforms the universe.” - Wikipedia

Let’s see if VISHv = Variant axlon Seesaw Higgs v-trino
lives up to its namesake ...

Note: | have stolen some slides from my student Alexei Sopov.
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1. The strong CP problem

92

3272

QCD permits the term Lo = 0 G’“’GW that violates CP (and P) and induces an electric DM for the neutron.

Experimentallyé < 1071°. The # — 0 limitis not technically natural, because weak interactions violate CP and P.

The strong CP problem is why is 0 sosmall? (Note: in the SM,Q_ running is generated only at 7 loops ...)
Ellis, Gaillard (1979)

In Peccei-Quinn axion models, a U(1)pq that has a colour anomaly 0, Jpq G“”éw is introduced, and the

- 2 ~
effective Lagrangian becomes £y = (@ + 9) ?)g?G“”GW where a(x) is the axion.

The axion potential is minimised when (a) = —0f, thus removing the CP-violating term.

Peccei, Quinn (1977), Weinberg (1978), Wilczek
(1978)



2. The invisible DFSZ axion and technical naturalness

DFSZ axion model: Peccei-Quinn symmetry using only standard quarks but two Higgs doublets @,
and ®@,. Axion made invisible by breaking PQ at high scale with gauge-singlet scalar S.

Zhitnitskii (1980) Dine, Fischler, Srednicki (1981)

Yukawa sector: io,®;" couples to RH up-type and to ®, RH down-type quarks (Type-ll/Flipped 2HDM - flavour universal).

d P d S
PQ charges: v | Ur B 1 2, .
0 | cos?B | sin®B | cos?B | —sin B/ s orl

Vs U1 for ®1®5S? term for ®Id S term
(S) = (% = -~  tanfB = — 1+2 152
V2 ’ V2 V2 1 1
vDFSZ VISHv

(Need cubic option as part of domain wall problem cure — see later)



Scalar potential: V = M2 ®{®, + M2,®5®, + M255*S + %(@{@1)2 + %@;@2)2 n %S
+ X3(BT®) (BLD2) + Mg (B]D2)(DLB1) + Aig(BIB1)(S*S) + Aas(DLB4)(S5*S)
{nqﬂi%s +he [VISHY

(5*8)*

e®!®,5% + h.c. [VDFSZ]

. i How to generate this hierarchy at tree level?
VEV hierarchy: PQ scale ~ v v; ~ EW scale
y: PQ s > Ui What about radiative stability?

Potential minimisation:  pz2 — —§t1v§ — \o? — 5()\3 + Aa)02 t1 = €0 + Ais
1 1 =
M222 — _§t2v§ - >\2'U§ — 5()\3 + )\4)’0% ta = 6,02 + Ags
1 1 -
Mgs _ —57517)% _ 5’52'”% - )\S’UE Generate hierarchy byMgg > M1 22
V7 5
Need 712 <

2
Us



Is this VEV hierarchy technically natural?

Yes!
v
t = ei + A1s _ vi, |
" 12 35 5 < 1 achieved through €, )\13, Aog K 1
t2 =e— + )\25 'US

V2

In that limit, S decouples from all the SM fields: hidden sector.

S = /d4ac Lsn () —|—/d4:c'£3(:c')

Independent Poincaré transformations in SM and S sectors: Poincaré
protection.

RV, Davies, Joshi (1988) Georgi (private comm, 1988)
Foot, Kobakhidze, McDonald, RV (2014)
Sopov, RV (2023)

Note that € = () also enhances U(1)pg to U(1)’pg x U(1)s. 5



Dangerous gravity effects?

Hidden sectors must interact with the SM sector through gravity.

Planck-suppressed effective operators that explicitly break U(1)po?

Kamionkowski, March-Russell (1992)
Barr, Seckel (1992)
“Axion quality problem” if the suppression is power law. Ghigna, Lusignoli, Roncadelli (1992)

But, Petrossian-Byrne & Villadoro JHEP 07 (2025) 049 argue that string UV completions can always be found
where the suppression is exponentially small.

As for the string axiverse, the mechanism behind the open string axiverse can be fully understood
within field theory. It can naturally be extended to protect any U(1) global symmetry with exponen-
tially high quality and it requires adding only a small extra dimension. An important point is that
the high-quality global symmetry does not manifest itself in the effective 4D theory as an accidental
symmetry, rather as a genuine global symmetry: symmetry breaking operators of low dimensionality
are not forbidden, but their coefficient is exponentially suppressed. This reconciles the ancient QFT
practice of imposing global symmetries by hand in low-energy effective field theories (EFTs) with the
modern lore about the absence of exact global symmetries in a full theory of quantum gravity.



3. The vDFSZ model: successes and cosmological challenges

Successes of DESZ model: (i) solves the strong CP problem
(ii) provides axion DM candidate for PQ scale of 10— 10" GeV

There is an obvious extension: identify PQ and type-l seesaw scales and (iii) explain m,

Langacker, Peccei, Yanagida (1986)
Shin (1987)

Then also: (iv) explain baryogenesis via type-|l seesaw leptogenesis

Langacker, Peccei, Yanagida (1986)
Fukugita, Yanagida (1986)



The vDFSZ model is a detailed incarnation of these ideas.
Clarke, RV (2016)

Review of a problem with single Higgs-doublet leptogenesis: — £ > yNZchVR + %DRMNVR + h.c.

1T
Seesaw formula: ™M, = ?yNMN YN -

1 1
S ou? ~ — ———m, M3 <1 TeV? Vissani (1998
Vissani naturalness bound: % _ _y@%]— _ H dm2 (p)2 " N C'lZ?EQ'(Foot ;av (2015a)
P p = my < 3 x 107 GeV

Davidson-lbarra bound: standard hierarchical, thermal leptogenesis requires My>5x108-2 x 10° GeV
Davidson, Ibarra (2002)

' i Giudice+ (2004
Tension between leptogenesis and naturalness ludice+ (2004)

Two (non-susy) options: degenerate My, two Higgs doublets (our choice)



Consider two Higgs doublets with ®, coupling to the RH neutrino:

Clarke, Foot, RV (2015b)

Vissanibound: My, <3 x 107 GeV (U—z)% Dl bound: My, =5 x10° GeV( 2 )2
CT N “¥ 246 Gev ' h 246 GeV
109 B / 109
108 ¢ 108
E 10"} 107
_ 10°" 106
=
S 10° 10°
- 4
Compatible parameter space —16" 10
103 103
0.1 1 10 100
V2[GeV]



Now use that idea in the DFSZ context to get the vDFSZ: Clarke, RV (2016)

Take the 2HDM, add three RH neutrinos and a complex scalar singlet S, impose Peccei-Quinn
symmetry. Axionis the phase of S.

o~ B - — ~ 1
—Ly = yudrP1ur + ¥aqrP2dr + Yl Prer + ¥l Povr + §yN(VR)CSVR + h.c.
J=2 (1) is Type-Il (Flipped) v2HDM generate;\MN <3x 107 GeV

EW scale~-(88 GeV)2  +(10% GeV)?2 PQ scale ~—(10"" GeV)?

\‘ \ / A1 A2 As

V= M43 ®; + MZ,®Ldy + M2,S*S + 7(<1>1;c1>1)2 + 7(<1>;c1>2)2 +5

+ A (DT Do) (®IB1) + A1 (®TD1)(S*S) + Aog (®LD2)(S*S) + eq>{<13\252 +h.c.

(5*5)? + A3(2] 1) (2] 2,)

tiny inter-sector couplings induces linear term for @, and thus small v,

11



tanf
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My [GeV]

Acceptable
regions

vy [GeV]

moy [GeV]

500

12



In summary:

V= M23i®, + M2,®I0, + M24S5*S
A A A
+ 5 (@]21)° + T (2@2)* + T (575)?

+ A3(B1®,)(B1®2) + Ny (O] B2) (D1 ®))

I
*BEEE

~102
GeV + s (B11)(5°8) + Ao (BLB2)(S*S)
k®1®,8 +h.c. [VISHY]
e®1®,52 + h.c. [VDFSZ]
, j m2 = M2 + his(S)?
1 miy = K(S)
|
é I weakly-coupled |[A1g| < 10718, [Agg| < 10716 and |k| < O(0.1) keV
: ,
: Hidden sector Type |l setup with:
~10™ £y ylld L e
—Ly Yl Povr + —yn(vr)¢Svgr + H.c.,
Gev Y ola gk
vasmall if S hidden from neutrinos

13



vDFSZ successes: strong CP solution, DM, neutrino masses, non-fine-
tuned leptogenesis.

vDFSZ challenges: cosmological history prior to leptogenesis
(i) potential domain wall problem
(i1) viable inflation

VISHv is motivated by these challenges.

14



4. VISHv: meeting the cosmological challenges

Sopov, RV (2023)
Sopov, Tamarit, RV (2025)

The DFSZ domain wall problem:

Sikivie 1982
QCD instantons explicitly break U(1)pq through the colour anomaly.
However, for standard DFSZ, there is an anomaly-free and hence not explicitly broken Zg subgroup.

Quark condensates spontaneously break this Zg, producing cosmologically bad stable domain walls.

Elegant solution:

Davidson, Vozmediano (1984a, 1984b)

Make U(1)pq flavour-dependent such that the colour anomaly fully breaks it. Geng, Ng (1989, 1990)

There is a class of such theories. The “top-specific” model is a simple (interesting!) example that we adopt.

Peccei, Wu, Yanagida Chiang+ (2015, 2018)

(1986) ) Cox, Dolan, Hayat, Thamm, RV (2024)
Krauss, Wilczek (1986)

15



’UJ% u% dR lL €ER VR (I)l (I)z S
—sin®B | cos?B | sin?B | 2 —cos?B | 2 —2cos?B | —1 | cos?B | —sin’B | 1

DO | —

RH top has distinct PQ charge

Only @, couples to RH top

i3 /

A ~ _oa . ~ _ a 'k —1 .
—Ly =@yl 103, + Tl ylaPoul + Gyl Badly 4+ 1y @oel
+ 1 IR Pk + %(VR)C]yﬁSVE + h.c.

Chiang+ (2015, 2018)
Collider signatures and constraints: t — hC and t — hu Hou, Modak (2021)

+ Ghosh, Hou, Modak (2020)
cg —tH ortA and cg— bH Kohda, Modak, Hou (2018)

With v, <<vy, VISHv inherits the successes of vDFSZ.
And, get a nice explanation for why m; >> other fermion masses!

16



Like SMASH, we explore variants of “Higgs inflation”, through non-minimal couplings of scalar fields to gravity:

J M2
£ D (—P + §1<I>J{<I>1 + 62@2@2 + §SSTS> RY (J = Jordan frame)

v/ —g7 2

Let Y = p—lewl/vl, ) = '0—26“92/”2, S = 7 ¢ivs/vs

V2 V2 V2

£107 + &2p5 + Es0”
M2 '

Go to Einstein (E) frame: g,{,, — gﬁ,, = Qz(pl, P2, a)g/{,/ where Q%=1+

L M?

Then: \/—795 D) 9

1
RE — 2G1,0up'0"¢" = VE(¢')

Mf) )\Zp;‘L + 2)\34p%p% + 2)\7;5p30'2 + )\50'4

Er IN -4/ 1 J ~
VE(p') = Q7 (e )V (1) = 3 (M%+§ip?+5502)2

(A34 = A3 + \4)

Potential is flat at large moduli: good for inflation

17



Convenient to do a field redefinition: x/Mp = 1/3/21ogQ?, r;/Mp = p;/o

X

2 : : e .
toget:  VE(p!) = [A(r1,72)]3 [1 B 6_%M—Pi| X is the inflaton; this specific V

holds for large ¢

M3 Nt 4 2X3472712 + 2Migs M 272 + Ag M3
8 (&rs +EsM3E)?

A4(r7;) ~

Work out the minima of A4 in various parameter regimes to determine the inflaton trajectories in field space.

Get 7 possibilitiesforx: p1, p2, ,01&;02 Higgs doublet inflation driven by large p4 or p, or combination.

p1&o, p2&o, pr1&pr&o, o S-Higgs or S inflation

Note that inflation is effectively single-field.

18



A
V@) | :
——

l0g10{V]a, = o/M7)

-1.5

Sopov, Tamarit, RV (2025)
Choose S-inflation

Sopov, RV (2023)

a2l 4

Reheating ' Slow-roll inflation
(EH regime) (Non-minimally coupled regime)

* Non-minimal couplings of scalars to gravity generically arise in curved spacetime:
__—» Manifest in Jordan frame

2
19

L M?
= 5 ( £ +§1<I>{<I>1 +§2<I>§<I>2 +§SSTS) R7
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. . E Mé )\eff 2 X
Along each inflaton trajectory:  V°(x) ~ 3 e [1 —e V6 Mp
eff
Aeff AsL et Ag At L At _ Ais
26 As(A2&f — 2X34&ibe + Mi€2) + EEL 2 As&+ N&d o M€l — 241l + M3 & &s
®,D,S inflation ®;S inflation ®, D, inflation @, or S inflation

L=MX\— )\,

Fit to cosmological observables:

large  cases

scalar amplitude

Ae
A ~89x10710

eff

scalar spectral index

0.9725 1
0.9700 -
0.9675

& 0.9650 A
0.9625 -

0.9600 -

0.9575 1

Planck 2018

0.04 A

0.03 +

0.02 1

0.01 A

45

50 55 60 65

0.00

70

number of e-folds

tensor-to-scalar ratio

BICEP/Keck 2021

45

50 55 60 65 70
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For ®,and ®,®, inflation, large £ necessary to fit the
scalar amplitude data — concerns about unitarity violation.

Small ¢ possible for inflatons involving large S, since Aq is free.

This is why we chose S-inflation in Sopov, Tamarit and RV (2025).

Good for avoiding possible unitarity problems.

Small Ag is OK here — see Sopov and RV (2023) for discussion.

0.97 A

Nns

0.95 -

0.96 _/_ Planck 2018
e
d
d
7/

10—1 -
[N

10—2 4

BICEP/Keck 2021

10—2 4
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0

< 10—8 4

10—11 4

=

o
-
»

Hinr [GeV]

1013 4

1074
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VISHv: reheating from a dark sector

Pauli blocking

Later times O0R oo
V(¢) ]014~L‘1\|‘IIIII I T TTTTTy | '(I ‘]I()‘e-:.(l)f_lil -F-f'f‘!\l\l‘l I LI TTTTY I I Ilfnllrlrl;l =¥ T T UL ] T T | L T |
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(5] \
E 10 g TN
. : .
c 100 8
S N 8 |
B 10t Ll J ii -8 Lol L1
10
% 10—1 100 101 100 ]01
g 102 K .
10” \ ‘ : ‘
]0—2 Ll L1l 111l Ll 111l 111111l Fermionic reheatin
107! 10° 10! 10! 10° 10! p g
Earlier times Re-scaled comoving wavenumber, x K
Inflatons Axions
A ‘ - -
Bosonic preheating
String production at PT
Reheating Fluctuation energy overcomes condensate
(EH regime) i -
100 I T ,I 1T T T T IS I T TTrTT T - T T |IEE RN
-~ 'y
10—3,_ ,'. = - -

V x Ap*

3
Radiation domination 1061 o K -
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9 . . . .
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10! 10% 10! 102
Re-scaled conformal time, T T
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VISHv: reheating from a dark sector

Inflaton
condensate

GWs arise from inflation itself, the large field gradients generated
during preheating, turbulence and cosmic string evolution.

23



9l — Nj from decay ... BBO ! E— dltimate DECIEO
g 10 [ — N3 from ann. --- DECIGO —-— uARES )
éj Radiation-only :
o 1L = € !
= 10 B & =
s |- -
|
§ 1013 ) ! —
@] ‘ A
o) \ 2\ /
) 101 ; / —
> /
o0 /
Ej 17 /
c 10— II —_—
b !
=
O 107 _
] |
10~° 100 10
GW frequency, f[Hz]

Observation is challenging.
Ultimate DECIGO has some
sensitivity.
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VISHv: reheating from a dark sector

Inflatons

The inflatons eventually decay completely to axions
and HNLs.

Inflaton

condensate The remnant axions are a dominant dark radiation

component.

Axion (co-)annihilations may
produce HNLs.

25



VISHv: reheating from a dark sector

Inflatons

... We must have a period of HNL domination.
........ This reduces AN as the dark axion radiation red shifts.

Inflaton
condensate

: N 0‘:'0
/

7N\

26



VISHv: reheating from a dark sector

Inflatons

) \

/ i SM
* + lepton asymmetry!

Inflaton \ /

Depending on the parameter space, thermal
condensate

or non-thermal leptogenesis will happen.

27



VISHv: reheating from a dark sector

nnnnnnnnn

\ \
/ ., 'SM
* ® o, . "+ lepton asymmetry!
o
\ /o ., ..
° o,

.............................. DM from strings + misalignment

Inflaton
condensate

28



VISHv: reheating from a dark sector

Early matter domination (HNLs) modifies inflationary predictions.

Constrained by suppression of dark radiation, and sufficient asymmetry in decays.

1071 = T T T
- N B Plancl 3K 1 ]
~ B :- “““““““ _* & = 0.01 )
—r \\ \\“_ \\ —
o \\\ \\," \‘
o \ \\"'. \
(U — \\ ‘-.. \‘ —
i \ e S

L ¥ \

8 1077 Vet t \ =

7)) - \ o \ - .

S » ' I 3 The green and yellow regions denote
s B Mo * ; two viable reheating scenarios that hold
O — T A -0 E|| “ ] . . .

2 i N =\ - ; ] in different parameter space regions.
N.=60 | - 1 E=1
[2 | Radiation-only . \ f - |
VISHv (N; from decay) a
VISHv (N3 from annihilations)
10—3 ] | | |
0.955 0.960 0.965 0.970

0.975 0.980
Scalar spectral index (75x)
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Signatures: (a) axion DM, (b) additional EW Higgs states, (c)t>cH, uH, (d) cosmo fits remaining
good - currently challenged by ACT and DESI, requires confirmation.

10~°
107 —
0SQ
108 )
10~9 : :
| |
i 10—10 DSNALP 0 0 0
| — &, o
> 10_11 i » e S’OQ )4
87 oA N2 i = < = o3
@ 10—12 E oﬁc’ V E § =
3 9 IAXO @
— 10-13 <) X
VISHv parameter range __ 7~ PREAD
>~ _ Q aLIGO BRASS
10— ' ) ORGAN A
NS - MADMAX
ma € (40 peV, ~ 2 meV) b 1071 &‘?‘Co \ ALPHA
10-16 :"‘: ADMX
. = ; FLASH
10~ 3 &’lks A THESEUS
10—18 .é 5 XMM-Newton
-19 : eROSITA
10 LLLLLLLY ILAALL UL BLALLL WURALLL WAL UL DALY BUURLLLL DAL SULALAALL UUALLLLL BUBULLLL WAL AL AL
2 A 0O 9 % 1 _6 9% & 3% _2 A O 3\ 2 > A ) o J
@A@A@A 4077407 407 407 407 407 407 407407 107 40" 407 407 407 40" 40" 40
m, [eV]
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5. Closing remarks

VISHv and SMASH are interesting, economical models for solving 5 important problems.
VISHv uses interesting PQ/flavour interplay to avoid domain wall problem (1980s!).
Consequently, VISHv has good rationale for why m, >> other fermion masses.
S-inflation works well.

VISHv produces successful leptogenesis in some regions of parameter space.
There are GW signals, though challenging to detect.
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