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Image credit: Wikipedia

Hindu God of Preservation

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

Let’s see if VISHν = Variant axIon Seesaw Higgs ν-trino
lives up to its namesake …



1. The strong CP problem
2. The invisible DFSZ axion and technical naturalness
3. The νDFSZ model: successes and cosmological challenges
4. VISHν: towards meeting the cosmological challenges
5. Closing remarks
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1. The strong CP problem

QCD permits the term that violates CP (and P) and induces an electric DM for the neutron.

Experimentally
<latexit sha1_base64="ojfa7d6BUtxVfdehOpC8n89P+3Q=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHw4jAjQT0GvXiMYBbIjKGnU0ma9Cx01whhyMmLv+LFgyJe/QZv/o2d5aCJDwoe71VRVS9IpNDoON9Wbml5ZXUtv17Y2Nza3inu7tV1nCoONR7LWDUDpkGKCGooUEIzUcDCQEIjGFyP/cYDKC3i6A6HCfgh60WiKzhDI7WLh17AlId9QEY9CVprEVLXuc9OXWdkt4slx3YmoIvEnZESmaHaLn55nZinIUTIJdO65ToJ+hlTKLiEUcFLNSSMD1gPWoZGLATtZ5M3RvTYKB3ajZWpCOlE/T2RsVDrYRiYzpBhX897Y/E/r5Vi99LPRJSkCBGfLuqmkmJMx5nQjlDAUQ4NYVwJcyvlfaYYR5NcwYTgzr+8SOpntntul2/LpcrVLI48OSBH5IS45IJUyA2pkhrh5JE8k1fyZj1ZL9a79TFtzVmzmX3yB9bnD5T4l+g=</latexit>

✓̄ . 10�10. The               limit is not technically natural, because weak interactions violate CP and P.

<latexit sha1_base64="S5g4sSHWJW/ezOQzngDSGen2UV4=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHP2TaxyEg65UrbtWdg64SLycVkqPRK3/5/YRnMSjkkhnT9dwUgwnTKLiEacnPDKSMj9gAupYqFoMJJvOLp/TMKn0aJdqWQjpXf09MWGzMOA5tZ8xwaJa9mfif180wug4mQqUZguKLRVEmKSZ09j7tCw0c5dgSxrWwt1I+ZJpxtCGVbAje8surpHVR9S6rtftapX6Tx1EkJ+SUnBOPXJE6uSMN0iScKPJMXsmbY5wX5935WLQWnHzmmPyB8/kDpjmQ6g==</latexit>

✓̄

<latexit sha1_base64="qVrKTxBJG70IJF0D/JWjkRQQh4k=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9iVoB6DXjxGMA/ILmF2MpsMmX0w0xsIS/7EiwdFvPon3vwbJ8keNLGgoajqprsrSKXQ6DjfVmljc2t7p7xb2ds/ODyyj0/aOskU4y2WyER1A6q5FDFvoUDJu6niNAok7wTj+7nfmXClRRI/4TTlfkSHsQgFo2ikvm17AVUejjhS4mFCnL5ddWrOAmSduAWpQoFm3/7yBgnLIh4jk1Trnuuk6OdUoWCSzypepnlK2ZgOec/QmEZc+/ni8hm5MMqAhIkyFSNZqL8nchppPY0C0xlRHOlVby7+5/UyDG/9XMRphjxmy0VhJol5cR4DGQjFGcqpIZQpYW4lbEQVZWjCqpgQ3NWX10n7quZe1+qP9WrjroijDGdwDpfgwg004AGa0AIGE3iGV3izcuvFerc+lq0lq5g5hT+wPn8ApeOTBg==</latexit>

✓̄ ! 0

The strong CP problem is why is      so small?

In Peccei-Quinn axion models, a U(1)PQ that has a colour anomaly                                         is introduced, and the

effective Lagrangian becomes                                                  where a(x) is the axion. 

<latexit sha1_base64="DHfeNj1kd2n3IvBVWPh1tqrjZfw="></latexit>

@µJ
µ
PQ / Gµ⌫G̃µ⌫

<latexit sha1_base64="g/8r5MZS2hG6Xq6/0HC9KB3XVCs="></latexit>

L✓ = ✓̄
g2

32⇡2
Gµ⌫G̃µ⌫

<latexit sha1_base64="X4NEy485pH9qGmLDNmt9sp1AbqQ="></latexit>

L✓ =

✓
a(x)

fa
+ ✓̄

◆
g2

32⇡2
Gµ⌫G̃µ⌫

<latexit sha1_base64="yUu/iQotSYKCWe2xcI1tl1gSQw4=">AAACDXicbZA9SwNBEIb34nf8ilraLEbBxnAnojaCaGOpYDSQC2FuM5cs2ds7dueEEPwDNv4VGwtFbO3t/DduPgqNvrDw8M4Ms/NGmZKWfP/LK0xNz8zOzS8UF5eWV1ZLa+s3Ns2NwKpIVWpqEVhUUmOVJCmsZQYhiRTeRt3zQf32Do2Vqb6mXoaNBNpaxlIAOatZ2g4V6LZCDjw0IzrhezyMwITUQQIeN6FZKvsVfyj+F4IxlNlYl83SZ9hKRZ6gJqHA2nrgZ9TogyEpFN4Xw9xiBqILbaw71JCgbfSH19zzHee0eJwa9zTxoftzog+Jtb0kcp0JUMdO1gbmf7V6TvFxoy91lhNqMVoU54pTygfR8JY0KEj1HIAw0v2Viw4YEOQCLLoQgsmT/8LNfiU4rBxcHZRPz8ZxzLNNtsV2WcCO2Cm7YJesygR7YE/shb16j96z9+a9j1oL3nhmg/2S9/ENTRuadA==</latexit>

hai = �✓̄faThe axion potential is minimised when                       thus removing the CP-violating term. 

(Note: in the SM,    running is generated only at 7 loops …)
<latexit sha1_base64="S5g4sSHWJW/ezOQzngDSGen2UV4=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHP2TaxyEg65UrbtWdg64SLycVkqPRK3/5/YRnMSjkkhnT9dwUgwnTKLiEacnPDKSMj9gAupYqFoMJJvOLp/TMKn0aJdqWQjpXf09MWGzMOA5tZ8xwaJa9mfif180wug4mQqUZguKLRVEmKSZ09j7tCw0c5dgSxrWwt1I+ZJpxtCGVbAje8surpHVR9S6rtftapX6Tx1EkJ+SUnBOPXJE6uSMN0iScKPJMXsmbY5wX5935WLQWnHzmmPyB8/kDpjmQ6g==</latexit>

✓̄
Ellis, Gaillard (1979)

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 Φ1 and Φ2.
Axion made invisible by breaking PQ at high scale with gauge-singlet scalar S. 

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

Yukawa sector:  iσ2Φ1
* couples to RH up-type and to Φ2 RH down-type quarks (Type-II/Flipped 2HDM – flavour universal).

PQ charges: 

νDFSZ VISHν

<latexit sha1_base64="FHiw+piHVr/DAu+KtS2SsHDugZo="></latexit>

qL uR dR �1 �2 S
0 cos2 � sin2 � cos2 � � sin2 � 1

2 or 1

<latexit sha1_base64="P705PnFJKb3bf2PB+KlCU0ggx/I=">AAACH3icbVDLTgIxFO3gC/GFunTTSExckRlC0CXRjUuM8kiYYdIpF2hoZyZtx4RM+BM3/oobFxpj3PE3FpiFgidpcnrOvbn3niDmTGnbnlm5jc2t7Z38bmFv/+DwqHh80lJRIik0acQj2QmIAs5CaGqmOXRiCUQEHNrB+Hbut59AKhaFj3oSgyfIMGQDRok2kl+suYLokRTpIJJTF7uNEfOdntsnwyHI5beCH3oVY2WFGqSY+sWSXbYXwOvEyUgJZWj4xW+3H9FEQKgpJ0p1HTvWXkqkZpTDtOAmCmJCx2QIXUNDIkB56eK+Kb4wSh+bDc0LNV6ovztSIpSaiMBUzpdUq95c/M/rJnpw7aUsjBMNIV0OGiQc6wjPw8J9JoFqPjGEUMnMrpiOiCTUhKAKJgRn9eR10qqUnVq5el8t1W+yOPLoDJ2jS+SgK1RHd6iBmoiiZ/SK3tGH9WK9WZ/W17I0Z2U9p+gPrNkP4pCi4w==</latexit>

for �†
1�2S

2 term
<latexit sha1_base64="wr+fVdTlx95docWaOGAL1KleerE=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVZJS1GXRjcuK9gFNLJPpbTt0JgkzE6GE/ogbf8WNC0VcuBH/xkmbhbYeGDhzzr3ce08Qc6a043xbhZXVtfWN4mZpa3tnd8/eP2ipKJEUmjTikewERAFnITQ10xw6sQQiAg7tYHyV+e0HkIpF4Z2exOALMgzZgFGijdSza54geiRFOojk1MNeY8R67r3XJ8MhyPm3im+NkZdpkGLas8tOxZkBLxM3J2WUo9GzP71+RBMBoaacKNV1nVj7KZGaUQ7TkpcoiAkdkyF0DQ2JAOWns+um+MQofWz2My/UeKb+7kiJUGoiAlOZLakWvUz8z+smenDhpyyMEw0hnQ8aJBzrCGdR4T6TQDWfGEKoZGZXTEdEEmpCUCUTgrt48jJpVSvuWaV2UyvXL/M4iugIHaNT5KJzVEfXqIGaiKJH9Ixe0Zv1ZL1Y79bHvLRg5T2H6A+srx+Zu6I/</latexit>

for �†
1�2S term

<latexit sha1_base64="zwWPJUcbDa7s+ePQ45r3dJD3FuY=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KUol6EohePFWwrNKFstpt26WYTdieFEnrw4l/x4kERr/4Ib/4bt20O2vpghsd7M+zOCxLBNTjOt1VYW9/Y3Cpul3Z29/YP7MOjto5TRVmLxiJWDwHRTHDJWsBBsIdEMRIFgnWC0c3M74yZ0jyW9zBJmB+RgeQhpwSM1LPLHhDpBQwIvsJeqAjNxj13alpt2rMrTtWZA68SNycVlKPZs7+8fkzTiEmggmjddZ0E/Iwo4FSwaclLNUsIHZEB6xoqScS0n82PmOJTo/RxGCtTEvBc/b2RkUjrSRSYyYjAUC97M/E/r5tCeOlnXCYpMEkXD4WpwBDjWSK4zxWjICaGEKq4+SumQ2KSAJNbyYTgLp+8Stq1qnterd/VK43rPI4iKqMTdIZcdIEa6BY1UQtR9Iie0St6s56sF+vd+liMFqx85xj9gfX5AyW0l8s=</latexit>

tan� =
v1
v2

<latexit sha1_base64="4As4Q3UH5i3zbGNmDVG1WesM1vk=">AAACGHicbVDLSsNAFJ34rPVVdelmsAiualKKuhGKblxWsA9oaphMb9qhk0mcmRRKyGe48VfcuFDEbXf+jdPHQlsPXDiccy/33uPHnClt29/Wyura+sZmbiu/vbO7t184OGyoKJEU6jTikWz5RAFnAuqaaQ6tWAIJfQ5Nf3A78ZtDkIpF4kGPYuiEpCdYwCjRRvIK5y4noscBu7U+89ijjV05E66xG0hC06HHstRVT1Kn5SzzCkW7ZE+Bl4kzJ0U0R80rjN1uRJMQhKacKNV27Fh3UiI1oxyyvJsoiAkdkB60DRUkBNVJp49l+NQoXRxE0pTQeKr+nkhJqNQo9E1nSHRfLXoT8T+vnejgqpMyEScaBJ0tChKOdYQnKeEuk0A1HxlCqGTmVkz7xMShTZZ5E4Kz+PIyaZRLzkWpcl8pVm/mceTQMTpBZ8hBl6iK7lAN1RFFz+gVvaMP68V6sz6tr1nrijWfOUJ/YI1/AKX1oDQ=</latexit>

h�0
i i =

vip
2

<latexit sha1_base64="TNaBuZDlq/2D07KYYnDwnB1M1a8=">AAACEXicbZC7SgNBFIZn4y3G26qlzWAQUoXdENRGCNpYRjSJkA1hdjKbDJmdXWfOBsKyr2Djq9hYKGJrZ+fbOLkUmvjDwMd/zuHM+f1YcA2O823lVlbX1jfym4Wt7Z3dPXv/oKmjRFHWoJGI1L1PNBNcsgZwEOw+VoyEvmAtf3g1qbdGTGkeyTsYx6wTkr7kAacEjNW1S54gsi8YvsWemtEF9gJFaDrq6iz19IOCtJJlXbvolJ2p8DK4cyiiuepd+8vrRTQJmQQqiNZt14mhkxIFnAqWFbxEs5jQIemztkFJQqY76fSiDJ8Yp4eDSJknAU/d3xMpCbUeh77pDAkM9GJtYv5XaycQnHdSLuMEmKSzRUEiMER4Eg/uccUoiLEBQhU3f8V0QEwcYEIsmBDcxZOXoVkpu6fl6k21WLucx5FHR+gYlZCLzlANXaM6aiCKHtEzekVv1pP1Yr1bH7PWnDWfOUR/ZH3+AHl5nXg=</latexit>

hSi = vsp
2

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



Scalar potential:
<latexit sha1_base64="rRZOTO2IChti/9pAdHxjCHvHpR4="></latexit>

V = M2
11�

†
1�1 +M2

22�
†
2�2 +M2

SSS
⇤S +
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2
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†
1�1)

2
+
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2
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�S
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+ �3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1) + �1S(�

†
1�1)(S

⇤S) + �2S(�
†
2�2)(S

⇤S)

+

(
�†

1�2S + h.c. [VISH⌫]

✏�†
1�2S2

+ h.c. [⌫DFSZ]

<latexit sha1_base64="xHyjc06qEctUWmGZzXGmFWXIoS8="></latexit>

VEV hierarchy: PQ scale ⇠ vs � vi ⇠ EW scale How to generate this hierarchy at tree level?
What about radiative stability?

Potential minimisation:
<latexit sha1_base64="MKK6yALBZ2NmEtsgThkUNmleeLI="></latexit>

M2
11 = �1

2
t1v

2
s � �1v

2
1 �

1

2
(�3 + �4)v

2
2

M2
22 = �1

2
t2v

2
s � �2v

2
2 �

1

2
(�3 + �4)v

2
1

M2
SS = �1

2
t1v

2
1 �

1

2
t2v

2
2 � �Sv

2
s

<latexit sha1_base64="HLP/RasIdhZq8I9iWMAV8wwsK7Y="></latexit>

t1 ⌘ ✏
v2
v1

+ �1S

t2 ⌘ ✏
v1
v2

+ �2S

Generate hierarchy by
<latexit sha1_base64="vzn0ZDlSVMXzqpowV4z3rtbHLnQ=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiuJCSlKIui27cCJXaC7QhTKaTdOjkwsxEqKH4Km5cKOLW93Dn2zhts9DWHwY+/nMO58zvJZxJZVnfxtLyyuraemGjuLm1vbNr7u23ZJwKQpsk5rHoeFhSziLaVExx2kkExaHHadsbXk/q7QcqJIujezVKqBPiIGI+I1hpyzUPb92s0RijXhAgjbZ9VqmMXbNkla2p0CLYOZQgV901v3r9mKQhjRThWMqubSXKybBQjHA6LvZSSRNMhjigXY0RDql0sun1Y3SinT7yY6FfpNDU/T2R4VDKUejpzhCrgZyvTcz/at1U+ZdOxqIkVTQis0V+ypGK0SQK1GeCEsVHGjARTN+KyAALTJQOrKhDsOe/vAitStk+L1fvqqXaVR5HAY7gGE7BhguowQ3UoQkEHuEZXuHNeDJejHfjY9a6ZOQzB/BHxucPMnCTxg==</latexit>

MSS � M11,22

Need

<latexit sha1_base64="so9w2hp6GR7jiHvYKIks3I48J2k=">AAACInicbVDLSgMxFM34tr6qLt0Ei+BCykwRHzvRjUsFq4VOHTLpnTaYeZDcKZYw3+LGX3HjQlFXgh9j+lio9UDI4Zx7b25OmEmh0XU/nanpmdm5+YXF0tLyyupaeX3jWqe54lDnqUxVI2QapEigjgIlNDIFLA4l3IR3ZwP/pgdKizS5wn4GrZh1EhEJztBKQfnYR7jH4RyjoF0YDIy3VyuoL0FrLWLqR4px07utjYzC9AJ9a++gXHGr7hB0knhjUiFjXATld7+d8jyGBLlkWjc9N8OWYQoFl1CU/FxDxvgd60DT0oTFoFtmuFpBd6zSplGq7EmQDtWfHYbFWvfj0FbGDLv6rzcQ//OaOUZHLSOSLEdI+OihKJcUUzrIi7aFAo6ybwnjSthdKe8yGwnaVEs2BO/vlyfJda3qHVT3L/crJ6fjOBbIFtkmu8Qjh+SEnJMLUiecPJAn8kJenUfn2XlzPkalU864Z5P8gvP1DbG5pPs=</latexit>

t1,2 .
v21,2
v2s



Is this VEV hierarchy technically natural? Yes!

<latexit sha1_base64="HLP/RasIdhZq8I9iWMAV8wwsK7Y="></latexit>

t1 ⌘ ✏
v2
v1

+ �1S

t2 ⌘ ✏
v1
v2

+ �2S

achieved through 
<latexit sha1_base64="DZu6Ymt9/4HPyLJIZO/00G0e+FM=">AAACJnicbVDLSgMxFM34rPVVdekmWAQXUmZKUTdC0Y1LRauFTimZzG0bmskMyR2xDPM1bvwVNy4qIu78FNPahVovBM49575ygkQKg6774czNLywuLRdWiqtr6xubpa3tWxOnmkODxzLWzYAZkEJBAwVKaCYaWBRIuAsG52P97h60EbG6wWEC7Yj1lOgKztBSndKpj/CAkzmZhjDPfEiMkLE69Kkv7ZyQdTLvOv+ZVq9zm0jq5Z1S2a24k6CzwJuCMpnGZac08sOYpxEo5JIZ0/LcBNsZ0yi4hLzopwYSxgesBy0LFYvAtLPJeTndt0xIu7G2TyGdsD87MhYZM4wCWxkx7Ju/2pj8T2ul2D1pZ0IlKYLi34u6qaQY07FnNBQaOMqhBYxrYW+lvM8042idLVoTvL9fngW31Yp3VKld1cr1s6kdBbJL9sgB8cgxqZMLckkahJNH8kxG5NV5cl6cN+f9u3TOmfbskF/hfH4B8LCl/Q==</latexit>

✏, �1S , �2S ⌧ 1

<latexit sha1_base64="RXIBwY66oHH2zQZzfZGfc43snH0=">AAACKHicbVDLSgMxFM34tr6qLt0Ei+BCykwp6k7RjcsKVoVOHTLpHQ1mHiR3iiXM57jxV9yIKNKtX2I67cLXgcDhnHOTmxNmUmh03aEzNT0zOze/sFhZWl5ZXauub1zqNFcc2jyVqboOmQYpEmijQAnXmQIWhxKuwvvTkX/VB6VFmlzgIINuzG4TEQnO0EpB9chHeMDyHqOgVxgMjLfXKKgvQWstYupHinHTv2mMjcL0A31TBiT1iqBac+tuCfqXeBNSIxO0guqr30t5HkOCXDKtO56bYdcwhYJLKCp+riFj/J7dQsfShMWgu6ZcsKA7VunRKFX2JEhL9fuEYbHWgzi0yZjhnf7tjcT/vE6O0WHXiCTLERI+fijKJcWUjlqjPaGAoxxYwrgSdlfK75gtBm23FVuC9/vLf8llo+7t15vnzdrxyaSOBbJFtsku8cgBOSZnpEXahJNH8kzeyLvz5Lw4H85wHJ1yJjOb5Aeczy+YKqbc</latexit>

t1,2 .
v21,2
v2s

⌧ 1

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

<latexit sha1_base64="KyS+Y5hZq0LMyrOe4lJiqZAboUc="></latexit>

S =

Z
d4xLSM(x) +

Z
d4x0LS(x

0)

Independent Poincaré transformations in SM and S sectors: Poincaré protection

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

Note that 
<latexit sha1_base64="88pxDORSKKFUey6waqemCf89K8Y=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9mVol6EohePFewHdJeSTbNtaDYJSVYopX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMixVnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLSMzTWiTSC51J8aGciZo0zLLaUdpitOY03Y8upv57SeqDZPi0Y4VjVI8ECxhBFsnhSFVhnEp0A3ye+WKX/XnQKskyEkFcjR65a+wL0mWUmEJx8Z0A1/ZaIK1ZYTTaSnMDFWYjPCAdh0VOKUmmsxvnqIzp/RRIrUrYdFc/T0xwakx4zR2nSm2Q7PszcT/vG5mk+towoTKLBVksSjJOLISzQJAfaYpsXzsCCaauVsRGWKNiXUxlVwIwfLLq6R1UQ0uq7WHWqV+m8dRhBM4hXMI4ArqcA8NaAIBBc/wCm9e5r14797HorXg5TPH8Afe5w/4KJD+</latexit>

✏ = 0 also enhances U(1)PQ to U(1)’PQ x U(1)S.



Dangerous gravity effects?

<latexit sha1_base64="oZ+eB9qfwwZHP75GjYMf15WKhsE="></latexit>

a
M2

SS

M2
P

S⇤S�†� ⇠ (10�16 a)S⇤S�†�
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Worst-case scenario: would be an issue for a > 0.01.

Direct effect on EW scale i.e.  Open problem?? Addition of PQ scale does not make it worse …
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Hidden sectors must interact with the SM sector through gravity.

These are generic issues for invisible axion models.

Even worse: generation of explicit PQ breaking terms? “Axion quality problem.” Kamionkowski, March-Russell (1992)
Barr, Seckel (1992)
Ghigna, Lusignoli, Roncadelli (1992)



3. The νDFSZ model: successes and cosmological challenges

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

There is an 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)



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

Review of a problem with single Higgs-doublet leptogenesis:
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) mN < 3⇥ 107 GeV

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

Davidson-Ibarra bound: standard hierarchical, thermal leptogenesis requires MN > 5 x 108 – 2 x 109 GeV
Davidson, Ibarra (2002)
Giudice+ (2004)Tension between leptogenesis and naturalness

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



Now consider two Higgs doublets with Φ2 coupling to the RH neutrino:
Clarke, Foot, RV (2015b)

Vissani bound:
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Now use that idea in the DFSZ context to get the νDFSZ:

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 v2tiny inter-sector couplings

Clarke, RV (2016)
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νDFSZ successes: strong CP solution, DM, neutrino masses, non-fine-tuned leptogenesis. 

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

VISHν is motivated by these challenges.



4. VISHν: towards meeting the cosmological challenges

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 Z6 subgroup.

Quark condensates spontaneously break this Z6, producing cosmologically bad stable domain walls.

Elegant solution:

Make U(1)PQ flavour-dependent such that the colour anomaly fully breaks it. Davidson, Vozmediano (1984a, 1984b)
Geng, Ng (1989, 1990)

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

Chiang+ (2015, 2018)

Sopov, RV (2022)

Dolan, Hayat, Thamm, RV (in progress)
Peccei, Wu, Yanagida (1986)
Krauss, Wilczek (1986)
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RH top has distinct PQ charge
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Only Φ1 couples to RH top

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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+

With v2 << v1, VISHν inherits the successes of νDFSZ.
And, get a nice explanation for why mt >> other fermion masses! 



Like SMASH, we explore variants of “Higgs inflation”, through non-minimal couplings of scalar fields to gravity:
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Go to Einstein (E) frame:
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Potential is flat at large moduli: good for inflation
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Convenient to do a field redefinition: 
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Work out the minima of Λ4 in various parameter regimes to determine the inflaton trajectories in field space.

Get 7 possibilities for χ:
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For Φi and Φ1Φ2 inflation, large ξ necessary to fit the
scalar amplitude data – concerns about unitarity violation.

Small ξ possible for inflatons involving large S, since λS is free.

Good for avoiding possible unitarity problems.

General analysis complicated because of non-trivial 3x3 metric
for the scalar kinetic terms. But ξi << ξS < O(1) parameter space
has approx. diagonal metric.  ξS > few x 10-2 is OK.

Small λS is also OK here – see paper for discussion.



(P)reheating analysis is yet to be performed.

There should be reasonable scenarios where U(1)PQ is restored during either pre- or re-heating.

Then the axion DM abundance is driven by (i) the realignment mechanism, and 
(ii) decaying axion-string and string-wall networks (uncertainties!).

To get DM density correct, need axion mass lower bound in the range: 
<latexit sha1_base64="jIFKXzpaB701TryNz96YIAUrUvM=">AAACDHicbVDLSgMxFM34rPVVdekmWAQFLTNSH8uqG5cVbBU6Q8mktxqazAzJHbEM/QA3/oobF4q49QPc+Tdm2i58HQgczjmXm3vCRAqDrvvpTExOTc/MFuaK8wuLS8ulldWmiVPNocFjGeurkBmQIoIGCpRwlWhgKpRwGfZOc//yFrQRcXSB/QQCxa4j0RWcoZXapbJqH1PfCEW3qu7uvutu+zvUVyn1Ee4wg+aAFm3KrbhD0L/EG5MyGaPeLn34nZinCiLkkhnT8twEg4xpFFzCoOinBhLGe+waWpZGTIEJsuExA7pplQ7txtq+COlQ/T6RMWVMX4U2qRjemN9eLv7ntVLsHgWZiJIUIeKjRd1UUoxp3gztCA0cZd8SxrWwf6X8hmnG0faXl+D9Pvkvae5VvINK9bxarp2M6yiQdbJBtohHDkmNnJE6aRBO7skjeSYvzoPz5Lw6b6PohDOeWSM/4Lx/ARHomH8=</latexit>

mA ⇠ (40� 500)µeV

There is an upper bound from stellar cooling constraints. 
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mA 2 (40 µeV, ⇠ 2 meV)
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5. Closing remarks

• VISHν and SMASH are interesting, economical models for solving 5 important problems.
• VISHν uses interesting PQ/flavour interplay to avoid domain wall problem (1980s!).
• VISHν has natural hierarchical thermal leptogenesis.
• VISHν has good rationale for why mt >> other fermion masses.
• Higgs/S inflation works well.
• (P)reheating analysis is for future work.

Some worries:
o stays small under radiative corrections in the SM (how wide is this class of theories?).
o Replacement of <10-10 parameter with even smaller, but technically natural, parameters.

Is technical naturalness a good enough justification?
o Quantum gravity effects? Never possible (for me) to be sure.
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