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1. Brief introduc/on

The discovery of dark ma1er could be the discovery of a hidden sector!

I sincerely hope that colliders discover new physics one day soon.

But maybe one reason they haven’t so far is that a lot of new physics is hidden … I’ve
been of this view for many years now, driven by the circumstan@al evidence.
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What do we know about DM? It exists. It gravitates.
It doesn’t interact much with ordinary matter.
So far, it appears to be collisionless.
It was at most warm when it facilitated structure formation.
ΩDM ≃ 5 ΩVM.

A (small) selec@on of what we don’t know: One particle or part of a full hidden sector?
Any connection with other mysteries?
Fermion or boson or PBH?
Elementary or composite or PBH?
Mass?
Any non-gravitational couplings?

⋮
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2. VISHν: axion DM, ν masses, leptogenesis, infla/on, 
flavoured Higgs

Successes of DFSZ model:   (i) solves the strong CP problem
(ii) provides axion DM candidate for PQ scale of 1010 – 1011 GeV

Based on the Dine-Fischler-Srednicki-Zhitniksii (DFSZ) axion model (1980, 1981):   Peccei-Quinn symmetry. 
Invisible axion.
Two Higgs doublets.
PQ singlet scalar.
No exoZc fermions.

Obvious extension: identify PQ and type-I seesaw scales and (iii) explain ν masses Langacker, Peccei, Yanagida (1986)
Shin (1987)

Then also:  (iv) explain baryogenesis via type-I seesaw leptogenesis Langacker, Peccei, Yanagida (1986)
Fukugita, Yanagida (1986)
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Cosmological challenges: (a)  Tension between        Davidson-Ibarra                    and                     Vissani bounds  
<latexit sha1_base64="gf4r07B7ceYzP7xDoG3w8z22oqg=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBC8GHeD0XiRoAe9KAomCtkYZiedZMjsg5leMSz5DC/+ihcPinjNzb9xEvfgq2Cguqqbni4vkkKjbX9YE5NT0zOzmbns/MLi0nJuZbWmw1hxqPJQhurGYxqkCKCKAiXcRAqY70m49nrHI//6DpQWYXCF/QgaPusEoi04QyM1cztnzXN6SEvUReGDpo59W6bbtPitPnBNAfeYnEBt0Mzl7YI9Bv1LnJTkSYqLZm7otkIe+xAgl0zrumNH2EiYQsElDLJurCFivMc6UDc0YGZrIxkfNqCbRmnRdqjMC5CO1e8TCfO17vue6fQZdvVvbyT+59VjbJcbiQiiGCHgX4vasaQY0lFKtCUUcJR9QxhXwvyV8i5TjKPJMmtCcH6f/JfUigVnr1C63M1XjtI4MmSdbJAt4pB9UiGn5IJUCScP5Im8kFfr0Xq23qz3r9YJK51ZIz9gDT8BOHOc2Q==</latexit>

MN > 5⇥ 108 � 2⇥ 109 GeV

For sufficient CPV with hierarchical N masses

<latexit sha1_base64="9G1xxRkQVbHwVR5WoMVCaRiy0ng=">AAACCHicbVC5TgMxEPWGK4QrQEmBRYREFe1yhYIiggIaUJDIISUh8jqTxIr3kD2LiFYpafgVGgoQouUT6PgbnKOAhCdZevPejMbz3FAKjbb9bSVmZufmF5KLqaXlldW19PpGSQeR4lDkgQxUxWUapPChiAIlVEIFzHMllN3u+cAv34PSIvBvsRdC3WNtX7QEZ2ikRnr7qnFNT+kBraHwQFPHvsvVTAEPGF9Aqd9IZ+ysPQSdJs6YZMgYhUb6q9YMeOSBj1wyrauOHWI9ZgoFl9BP1SINIeNd1oaqoT4zW+vx8JA+3TVKk7YCZZ6PdKj+noiZp3XPc02nx7CjJ72B+J9XjbB1Uo+FH0YIPh8takWSYkAHqdCmUMBR9gxhXAnzV8o7TDGOJruUCcGZPHmalPazznH26OYwkz8bx5EkW2SH7BGH5EieXJICKRJOHskzeSVv1pP1Yr1bH6PWhDWe2SR/YH3+AKH+l98=</latexit>

MN < 3⇥ 107 GeV
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Davidson, Ibarra (2002)
Giudice+ (2004)

Vissani (1998)
Clarke, Foot, RV (2015a)

Resolved in DFSZ using freedoms allowed by having two Higgs doublets: the νDFSZ model. Clarke, Foot, RV (2015b)
Clarke, RV (2016)

H1 couples to up-type quarks. H2 to neutrinos and down-type quarks.

Induced VEV for H2 so that v2 << v1. 

Vissani and DI bounds scale differently with v2.
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(b)  Standard DFSZ has a cosmological domain wall problem. Sikivie (1982)

(c) Need inflation (or an alternative?) to resolve cosmological fine-tuning and seed structure formation. 

Resolved through certain flavour-dependent quark Yukawa couplings to the Higgs doublets.
Davidson, Vozmediano (1984a, 1984b)
Geng, Ng (1989, 1990)
Hayat (MSc thesis, UoM, 2022)
Diehl, Koutsangelas (2023)
Dolan, Hayat, Thamm, RV (in progress)Peccei, Wu, Yanagida (1986)

Krauss, Wilczek (1986)
Chiang+ (2015, 2018)

The “top specific” example has been analysed in the literature.
Bonus: raZonale for why top is the most massive fermion.
Pheno signatures: t→cH, uH.

VISHν is a νDFSZ top-specific variant that incorporates successful inflaZon. Sopov, RV (2022)

Related to a KSVZ axion implementa`on (aka SMASH):
Salvio (2015, 2019) 
Ballesteros, Redondo, Ringwald, Tamarit (2017a, 2017b, 2019)
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Like SMASH, we explore variants of “Higgs inflaZon”, through non-minimal couplings of scalar fields to gravity:

<latexit sha1_base64="iAQhQRcn0z+UPZ2Px+yaY3PVyuk="></latexit>
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Quartic potential becomes flat at large modulus field values
in the Einstein frame: fits cosmological data very well.
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Example: different parameter regions produce
different inflaton direc8ons

Inflatons χ given by a>ractor
valleys in the poten8al:
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V E(�) ' M4
P

8

�e↵

⇠2e↵

h
1� e�

2p
6

�
MP

i2

Fit to cosmo observables:
<latexit sha1_base64="O/X5ZT2aPlNrmBM8rtDV+o1gX2k="></latexit>
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Signatures:   (a) axion DM,   (b) additional EW Higgs states,   (c) t→cH, uH,   (d) cosmo fits remaining good. 
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mA ⇠ (40� 500)µeV for DM density

<latexit sha1_base64="4H63O9ij8irZnFdzNloh0rIUy5Q=">AAACHHicbVDLSgMxFM3Ud31VXboJFqGClBkt6tLHxqWCrUKnlEx624YmmSG5I5ahH+LGX3HjQhE3LgT/xrR2odYDISfn3MvNPVEihUXf//RyU9Mzs3PzC/nFpeWV1cLaes3GqeFQ5bGMzU3ELEihoYoCJdwkBpiKJFxHvbOhf30LxopYX2E/gYZiHS3agjN0UrOwr5onIQ2FDmmJVnxHVRoi3GEGtcGue1qh6J67R5py4k6+WSj6ZX8EOkmCMSmSMS6ahfewFfNUgUYumbX1wE+wkTGDgksY5MPUQsJ4j3Wg7qhmCmwjGy03oNtOadF2bNzRSEfqz46MKWv7KnKVimHX/vWG4n9ePcX2USMTOkkRNP8e1E4lxZgOk6ItYYCj7DvCuBHur5R3mWEcXZ7DEIK/K0+S2l45OChXLivF49NxHPNkk2yREgnIITkm5+SCVAkn9+SRPJMX78F78l69t+/SnDfu2SC/4H18AVRmn7M=</latexit>

mA 2 (40 µeV, ⇠ 2 meV)

full allowed range

On-going work on
pre- and re-heating.
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3. Cosmological coincidence, asymmetric DM, 
IR fixed points Ritter, RV (2023)

Asymmetric DM is mo/vated by the cosmological coincidence ΩDM≃5ΩVM

<latexit sha1_base64="ptpVt3f/IL50VKdKak30hHFZjuI="></latexit>

⇢DM = mDMnDM ' 5⇢VM = 5mVMnVM

baryon asymmetry

proton mass:
set by QCD scalechemically relate

this to nVM – staple
of the ADM literature

But why is the DM
mass scale related to
the proton mass?
Neglected topic.
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Most obvious hypothesis:    There is a dark QCD.
Its confinement scale is related to normal QCD scale.
DM is a (stable) “dark neutron”.

But how may the dark and normal confinement scales be related?

Answer #1:   A Z2 symmetry between SU(3)QCD and SU(3)dQCD. 
Widely explored in the literature through mirror ma1er models.

Lee, Yang 
Kobzarev, Okun, Pomeranchuck
Foot, Lew, RV
Berezhiani, Mohapatra
Berezhiani, Comelli, Villante
Others by Berezhiani et al
Foot, RV
Many papers by Foot …
Lonsdale, RV
RiGer, RV

Very incomplete list of citaIons going back to the 1950s:

I wanted to explore a new idea.
One has been provided by Bai and Schwaller (2014).
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The Bai-Schwaller idea: No Z2 between QCD and dQCD.
Instead the two running couplings evolve to a common IR fixed point.

Figure from Bai and Schwaller paper.
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My PhD student Alex Ri1er and I decided to look at this interes@ng idea more closely.

DM is bound state of
the light dark quarks

βd obtained by c↔d

condition for fixed point:

We ini@ally s@ck to mul@plici@es ≤ 3
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We extended the Bai-Schwaller analysis in a number of ways:

(a) Used 1-loop matching of the IR and UV theories. Have matching scale μ0 as well as NP scale M. Keep μ0 between 
0.5M and 2M to suppress large logs. Newstead, TerBeek (2014)

Get range of ΛdQCD as μ0 is varied

zoomed in
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(b) Computed residual dependence on initial conditions. The running couplings approach but do not attain their FP values.

An example. Pink star is the fixed point.
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(c) Computed a “validity fraction”: the fraction of parameter space giving 0.2ΛQCD < ΛdQCD < 5ΛQCD

desired 
region

asymptoncally-free
regime

Fixed point
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Models with the highest
validity fractions εV.

However, a lot of the parameter
space requires NP < 1 TeV, which
is ruled out.
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(d) To get larger values of M: need stronger running from UV scale to M – increase multiplicity of some multiplets.

M>1TeV

Examples:
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4. Closing remarks

• VISHν (and SMASH) are interes@ng, economical models for solving 5 important problems.
• VISHν uses interes@ng PQ/flavour interplay to avoid domain wall problem (1980s!).
• Higgs/S infla@on works well. (P)rehea@ng analysis is on-going work.

19

• The Bai-Schwaller idea is an interes@ng framework for asymmetric DM model-building.
• We have only taken baby steps in exploring the possible models …
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The νDFSZ model:

Take the 2HDM, add three RH neutrinos and a complex scalar singlet S, impose Peccei-Quinn symmetry.
Axion is the phase of S.
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J=2 (1) is Type-II (Flipped) ν2HDM generates MN < 3 x 107 GeV

PQ scale ~ –(1011 GeV)2EW scale ~ – (88 GeV)2 +(103 GeV)2

induces linear term for Φ2 and thus small v28ny inter-sector couplings

Clarke, RV (2016)
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Collider signatures and constraints:
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t ! hc and t ! hu Chiang+ (2015, 2018)
Hou, Modak (2021)
Ghosh, Hou, Modak (2020)
Kohda, Modak, Hou (2018)
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cg ! tH or tA and cg ! bH
+

VISHν using the top-specific PQ charge assignment:



Like SMASH, we explore variants of “Higgs inflanon”, through non-minimal couplings of scalar fields to gravity:
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Potennal is flat at large moduli: good for inflanon
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