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Minimal SU(5) Grand Unified Theory

Embedding of the SM gauge group into the simplest GUT

SU(5) ⊃ SU(3)c × SU(2)L × U(1)Y

Embedding of the SM matter content into  irrepsSU(5)
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The D-T splitting problem

Embedding of the Higgs doublet  in a representation of H SU(5)

5H ⟶ (3,1)−1/3 ⊕ (1,2)1/2 = T ⊕ H

New unobserved color triplet  with mass  from bounds on proton lifetimeT ≳ MGUT ≃ 1016 GeV

What keeps the doublet light while the triplet is heavy?
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The D-T splitting problem in SUSY GUTs

We choose  to have a good gauge coupling unification  
without solving the hierarchy problem with SUSY
M̃S = 106 GeV

SUSY is there to have a precise unification and simplify the structure of the Higgs 
potential
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The D-T splitting problem in SUSY GUTs

To have a light electroweak scale while keeping the triplet near  we needMGUT

Large tuning between  and !!! μ5 vΣ

𝒲 ⊃ μ5H5̄H5 + λH5̄ΣH5
⟨Σ⟩=vΣ

(μ5 + 3λvΣ) HdHu + (μ5 − 2λvΣ) TdTu

mH = μ5 + 3λvΣ ≡ 𝒪(mh), mT = μ5 − 2λvΣ ≡ 𝒪(MGUT)
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Can this tuning be a result of cosmological dynamics similar to cosmological solutions 
to the weak scale hierarchy problem?  

(e.g. Sliding Naturalness [D’Agnolo, Teresi, 21’]) 

The D-T splitting problem:  
A cosmological solution?
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The D-T splitting problem:  
A cosmological solution?

The mechanism relies on a UV completion of the SM with many metastable vacua  
and a long period of inflation

Challenges from theory:  

Distance and refined de Sitter swampland conjectures or S-matrix arguments against de 
Sitter in quantum gravity [Dvali, 21’] exhibit tensions with anthropic selection or 

cosmological relaxation explanations 
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The D-T splitting problem:  
A cosmological solution?

A multiverse outside of the swampland  
[D’Agnolo, Mangini, Rigo, Wang, 24’] 

A multiverse can emerge from landscapes without de Sitter minima and can be populated 
during a period of eternal inflation, in a consistent way with what we know of string theory 

  
(see Gabriele Rigo’s talk on Wednesday morning) 
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The D-T splitting problem in the Landscape
Assumptions

𝒲 ⊃ (μ5 + 3λvΣ) HdHu + (μ5 − 2λvΣ) TdTu

There is some physics that scans  with  fixed in μ5 λvΣ ∼ MGUT

The unified gauge group and particle content at  are the same in all universes  
(not crucial for the discussion but allows us to make it more concrete) 

MGUT

« Friendly landscape » framework [Arkani-Hamed, Dimopoulos, Kachru, 05’]: 
allows to scan dimensionful parameters without scanning dimensionless ones
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Sliding Naturalness: A quick summary
Landscape of , the -angle and CC valuesμ5 θ
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θ ≪ 1
μ5 = μus
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Sliding Naturalness: A quick summary

μ5 = μus
5

θ ≪ 1

θ ≪ 1

θ ≪ 1

θ ≪ 1

After reheating and a time tc ∼ 1/H(ΛQCD) ∼ 10−5s

μ5 = μus
5

μ5 = μus
5

μ5 = μus
5
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Sliding Naturalness: A quick summary
Only universes with the observed values of  and  can live cosmologically long timesμ5 θ

⟨h⟩ ≃ v
θ ≪ 1

μ5 = μus
5

θ ≪ 1

⟨h⟩ ≃ v
θ ≪ 1

θ ≪ 1

θ ≪ 1

θ ≪ 1

μ5 = μus
5

μ5 = μus
5

μ5 = μus
5
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Sliding Naturalness: A quick summary

V+(ϕ+) V−(ϕ−)

M+ M−

V± = m2
ϕ±

M2
± (∓

ϕ2
±

2M2±
−

ϕ4
±

4M4± )
We introduce two scalar fields with potential: 

A pedagogical model (zoom in on shallow minimum)
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Sliding Naturalness: A quick summary

We add the axion-like coupling to the trigger :Tr[F5F̃5]

Vϕ±H = −
α5

8π (θ5 +
ϕ+

F+
+

ϕ−

F− ) Tr [F5F̃5]

with F± ≳ MGUT
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Sliding Naturalness: A quick summary

We add the axion-like coupling to :Tr[F5F̃5]

Vϕ±H = −
α5

8π (θ5 +
ϕ+

F+
+

ϕ−

F− ) Tr [F5F̃5]

At low energies the potential  becomesVHϕ

VHϕ ⊃ − N3
αs

8π (
ϕ+

F+
+

ϕ−

F−
+ θ) Tr [GG̃] − N2

αw

8π (
ϕ+

F+
+

ϕ−

F−
+ θw) Tr [WW̃]
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At low energies the potential  becomesVHϕ

VHϕ ⊃ − N3
αs

8π (
ϕ+

F+
+

ϕ−

F−
+ θ) Tr [GG̃] − N2

αw

8π (
ϕ+

F+
+

ϕ−

F−
+ θw) Tr [WW̃]

We have to evaluate strong dynamics and UV instantons contributions to  
from  and  in all the universes!

V(ϕ±)
SU(3)c SU(2)L

Sliding Naturalness: A quick summary

V+(ϕ+) V−(ϕ−)
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What are the possible universes?

<latexit sha1_base64="MFmdvJP8HjlHJwwkXsnRY323wKM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9FD3oRKnTbwnYp2TRtQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz86JEcAOu++0U1tY3NreK26Wd3b39g/LhUcuoVFPmUyWU7kTEMMEl84GDYJ1EMxJHgrWj8e3Mbz8xbbiSTZgkLIzJUPIBpwSsFDz0sq6O8Z3fnPbKFbfqzoFXiZeTCsrR6JW/un1F05hJoIIYE3huAmFGNHAq2LTUTQ1LCB2TIQsslSRmJszmJ0/xmVX6eKC0LQl4rv6eyEhszCSObGdMYGSWvZn4nxekMLgOMy6TFJiki0WDVGBQePY/7nPNKIiJJYRqbm/FdEQ0oWBTKtkQvOWXV0nrourVqrXHy0r9Jo+jiE7QKTpHHrpCdXSPGshHFCn0jF7RmwPOi/PufCxaC04+c4z+wPn8Aa+nkOI=</latexit>

MGUT

<latexit sha1_base64="7ADkx3+HyG37ATktUVf/GpEmqxc=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4CjMi0WPQixcholkgGUNPT03SpGehu8cQhvyHFw+KePVfvPk3dpaDJj4oeLxXRVU9LxFcadv+tnIrq2vrG/nNwtb2zu5ecf+goeJUMqyzWMSy5VGFgkdY11wLbCUSaegJbHqD64nffEKpeBw96FGCbkh7EQ84o9pIj50h91Fz4SO57d53iyW7bE9BlokzJyWYo9YtfnX8mKUhRpoJqlTbsRPtZlRqzgSOC51UYULZgPawbWhEQ1RuNr16TE6M4pMglqYiTabq74mMhkqNQs90hlT31aI3Ef/z2qkOLt2MR0mqMWKzRUEqiI7JJALic4lMi5EhlElubiWsTyVl2gRVMCE4iy8vk8ZZ2amUK3fnperVPI48HMExnIIDF1CFG6hBHRhIeIZXeLOG1ov1bn3MWnPWfOYQ/sD6/AEeqZJH</latexit>

fMS

<latexit sha1_base64="OFroRH0C4gj4+8LHsZvTBswwm+M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc9iH67X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzUKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrN/kYDpimxfOIIJpq5WxEZYY2JdemUXAjB8surpHVRDWrV2v1lpX6Tx1GEEziFcwjgCupwBw1oAoEhPMMrvHnce/HevY9Fa8HLZ47hD7zPHzgYjcY=</latexit>mW

<latexit sha1_base64="29F9gKbvxun6CxiXHTE+3xY4awc=">AAACG3icbZDLSsNAFIYn9VbrLerSzWARXEhJilQ3StFNlxV6gyaUyWTSDp1M4sxEKKHv4cZXceNCEVeCC9/GaRtFWw8MfPz/OZw5vxczKpVlfRq5peWV1bX8emFjc2t7x9zda8koEZg0ccQi0fGQJIxy0lRUMdKJBUGhx0jbG15P/PYdEZJGvKFGMXFD1Oc0oBgpLfXMssMQ7zMCa9ARM7qE1gl0bhPkw2+z8WNeQKtnFq2SNS24CHYGRZBVvWe+O36Ek5BwhRmSsmtbsXJTJBTFjIwLTiJJjPAQ9UlXI0chkW46vW0Mj7TiwyAS+nEFp+rviRSFUo5CT3eGSA3kvDcR//O6iQrO3ZTyOFGE49miIGFQRXASFPSpIFixkQaEBdV/hXiABMJKx1nQIdjzJy9Cq1yyK6XKzWmxepXFkQcH4BAcAxucgSqogTpoAgzuwSN4Bi/Gg/FkvBpvs9ackc3sgz9lfHwB7pCe3A==</latexit>

hHi > 0, hT i = 0
<latexit sha1_base64="ZVLKA9gtrUnUpIKva8ksk+wNh4s=">AAACG3icbZDLSsNAFIYn9VbrLerSzWARXEhJilQ3StFNlxV6gyaUyWTSDp1M4sxEKKHv4cZXceNCEVeCC9/GaRtFWw8MfPz/OZw5vxczKpVlfRq5peWV1bX8emFjc2t7x9zda8koEZg0ccQi0fGQJIxy0lRUMdKJBUGhx0jbG15P/PYdEZJGvKFGMXFD1Oc0oBgpLfXMssMQ7zMCa9ARM7qA1gl0bhPkw2+z8WNeQqtnFq2SNS24CHYGRZBVvWe+O36Ek5BwhRmSsmtbsXJTJBTFjIwLTiJJjPAQ9UlXI0chkW46vW0Mj7TiwyAS+nEFp+rviRSFUo5CT3eGSA3kvDcR//O6iQrO3ZTyOFGE49miIGFQRXASFPSpIFixkQaEBdV/hXiABMJKx1nQIdjzJy9Cq1yyK6XKzWmxepXFkQcH4BAcAxucgSqogTpoAgzuwSN4Bi/Gg/FkvBpvs9ackc3sgz9lfHwB7nOe3A==</latexit>

hHi = 0, hT i > 0

<latexit sha1_base64="jZ/47LdfmrdS9k9cXma0U5UnXnI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCFT7bTdFd24rNAXtEPJZDJtaCYzJBmhDP0INy4Ucev3uPNvTB+Cih64cDjnXu69x084UxqhDyu3tr6xuZXfLuzs7u0fFA+POipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1Jzdzv3tPpWKxaOlpQr0IjwQLGcHaSN3WMEsvgtmwWEJ2tYLql2WIbMepuahiSLlWd50ydGy0QAms0BwW3wdBTNKICk04VqrvoER7GZaaEU5nhUGqaILJBI9o31CBI6q8bHHuDJ4ZJYBhLE0JDRfq94kMR0pNI990RliP1W9vLv7l9VMd1ryMiSTVVJDlojDlUMdw/jsMmKRE86khmEhmboVkjCUm2iRUMCF8fQr/J52y7bi2e3dValyv4siDE3AKzoEDqqABbkETtAEBE/AAnsCzlViP1ov1umzNWauZY/AD1tsnmM+Pxg==</latexit>

Tu,d
<latexit sha1_base64="64SA81kxvErVE+6Q/g9I5O9QJrI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjKttp1d0Y3Lin1BO5RMJtOGZjJDkhHK0E9w40IRt36RO//G9CGo6IELh3Pu5d57/IQzpRH6sHJr6xubW/ntws7u3v5B8fCoo+JUEtomMY9lz8eKciZoWzPNaS+RFEc+p11/cj33u/dUKhaLlp4m1IvwSLCQEayNdNcaBsNiCdmuW6k5ZYjsOkIOujSk4roIIejYaIESWKE5LL4PgpikERWacKxU30GJ9jIsNSOczgqDVNEEkwke0b6hAkdUedni1Bk8M0oAw1iaEhou1O8TGY6Umka+6YywHqvf3lz8y+unOqx7GRNJqqkgy0VhyqGO4fxvGDBJieZTQzCRzNwKyRhLTLRJp2BC+PoU/k86Zdup2tXbi1LjahVHHpyAU3AOHFADDXADmqANCBiBB/AEni1uPVov1uuyNWetZo7BD1hvn4XRjfw=</latexit>

Td

<latexit sha1_base64="b9Q7TlsUPJzfniiRtdGy7rEIjAI=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwVRIx1e6KbrqsYB/QhDKZTtqhM5M4D6GE/oYbF4q49Wfc+TdO2wgqeuDC4Zx7ufeeKGVUadf9cAorq2vrG8XN0tb2zu5eef+goxIjMWnjhCWyFyFFGBWkralmpJdKgnjESDeaXM/97j2RiibiVk9TEnI0EjSmGGkrBc2BgYGinNzB5qBccauuX/f9OrRkAUt899x369DLlQrI0RqU34Nhgg0nQmOGlOp7bqrDDElNMSOzUmAUSRGeoBHpWyoQJyrMFjfP4IlVhjBOpC2h4UL9PpEhrtSUR7aTIz1Wv725+JfXNzq+DDMqUqOJwMtFsWFQJ3AeABxSSbBmU0sQltTeCvEYSYS1jalkQ/j6FP5POmdVr1at3ZxXGld5HEVwBI7BKfDABWiAJmiBNsAgBQ/gCTw7xnl0XpzXZWvByWcOwQ84b59x85FU</latexit>

Hu ' H

<latexit sha1_base64="MFmdvJP8HjlHJwwkXsnRY323wKM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9FD3oRKnTbwnYp2TRtQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz86JEcAOu++0U1tY3NreK26Wd3b39g/LhUcuoVFPmUyWU7kTEMMEl84GDYJ1EMxJHgrWj8e3Mbz8xbbiSTZgkLIzJUPIBpwSsFDz0sq6O8Z3fnPbKFbfqzoFXiZeTCsrR6JW/un1F05hJoIIYE3huAmFGNHAq2LTUTQ1LCB2TIQsslSRmJszmJ0/xmVX6eKC0LQl4rv6eyEhszCSObGdMYGSWvZn4nxekMLgOMy6TFJiki0WDVGBQePY/7nPNKIiJJYRqbm/FdEQ0oWBTKtkQvOWXV0nrourVqrXHy0r9Jo+jiE7QKTpHHrpCdXSPGshHFCn0jF7RmwPOi/PufCxaC04+c4z+wPn8Aa+nkOI=</latexit>

MGUT

<latexit sha1_base64="7ADkx3+HyG37ATktUVf/GpEmqxc=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4CjMi0WPQixcholkgGUNPT03SpGehu8cQhvyHFw+KePVfvPk3dpaDJj4oeLxXRVU9LxFcadv+tnIrq2vrG/nNwtb2zu5ecf+goeJUMqyzWMSy5VGFgkdY11wLbCUSaegJbHqD64nffEKpeBw96FGCbkh7EQ84o9pIj50h91Fz4SO57d53iyW7bE9BlokzJyWYo9YtfnX8mKUhRpoJqlTbsRPtZlRqzgSOC51UYULZgPawbWhEQ1RuNr16TE6M4pMglqYiTabq74mMhkqNQs90hlT31aI3Ef/z2qkOLt2MR0mqMWKzRUEqiI7JJALic4lMi5EhlElubiWsTyVl2gRVMCE4iy8vk8ZZ2amUK3fnperVPI48HMExnIIDF1CFG6hBHRhIeIZXeLOG1ov1bn3MWnPWfOYQ/sD6/AEeqZJH</latexit>

fMS

<latexit sha1_base64="OFroRH0C4gj4+8LHsZvTBswwm+M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc9iH67X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzUKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrN/kYDpimxfOIIJpq5WxEZYY2JdemUXAjB8surpHVRDWrV2v1lpX6Tx1GEEziFcwjgCupwBw1oAoEhPMMrvHnce/HevY9Fa8HLZ47hD7zPHzgYjcY=</latexit>mW

<latexit sha1_base64="kfaK9oTsM/dUQmjj/V1PJFkrNAk="></latexit>

Hd hHdi ⌧ hHi<latexit sha1_base64="b9Q7TlsUPJzfniiRtdGy7rEIjAI=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwVRIx1e6KbrqsYB/QhDKZTtqhM5M4D6GE/oYbF4q49Wfc+TdO2wgqeuDC4Zx7ufeeKGVUadf9cAorq2vrG8XN0tb2zu5eef+goxIjMWnjhCWyFyFFGBWkralmpJdKgnjESDeaXM/97j2RiibiVk9TEnI0EjSmGGkrBc2BgYGinNzB5qBccauuX/f9OrRkAUt899x369DLlQrI0RqU34Nhgg0nQmOGlOp7bqrDDElNMSOzUmAUSRGeoBHpWyoQJyrMFjfP4IlVhjBOpC2h4UL9PpEhrtSUR7aTIz1Wv725+JfXNzq+DDMqUqOJwMtFsWFQJ3AeABxSSbBmU0sQltTeCvEYSYS1jalkQ/j6FP5POmdVr1at3ZxXGld5HEVwBI7BKfDABWiAJmiBNsAgBQ/gCTw7xnl0XpzXZWvByWcOwQ84b59x85FU</latexit>

Hu ' H

<latexit sha1_base64="SsWKF4zCtCYuvInQo/4GUy0wanY="></latexit>

Hd hHdi ⌧ hHui

<latexit sha1_base64="jZ/47LdfmrdS9k9cXma0U5UnXnI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCFT7bTdFd24rNAXtEPJZDJtaCYzJBmhDP0INy4Ucev3uPNvTB+Cih64cDjnXu69x084UxqhDyu3tr6xuZXfLuzs7u0fFA+POipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1Jzdzv3tPpWKxaOlpQr0IjwQLGcHaSN3WMEsvgtmwWEJ2tYLql2WIbMepuahiSLlWd50ydGy0QAms0BwW3wdBTNKICk04VqrvoER7GZaaEU5nhUGqaILJBI9o31CBI6q8bHHuDJ4ZJYBhLE0JDRfq94kMR0pNI990RliP1W9vLv7l9VMd1ryMiSTVVJDlojDlUMdw/jsMmKRE86khmEhmboVkjCUm2iRUMCF8fQr/J52y7bi2e3dValyv4siDE3AKzoEDqqABbkETtAEBE/AAnsCzlViP1ov1umzNWauZY/AD1tsnmM+Pxg==</latexit>

Tu,d
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What are the possible universes?
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<latexit sha1_base64="7ADkx3+HyG37ATktUVf/GpEmqxc=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4CjMi0WPQixcholkgGUNPT03SpGehu8cQhvyHFw+KePVfvPk3dpaDJj4oeLxXRVU9LxFcadv+tnIrq2vrG/nNwtb2zu5ecf+goeJUMqyzWMSy5VGFgkdY11wLbCUSaegJbHqD64nffEKpeBw96FGCbkh7EQ84o9pIj50h91Fz4SO57d53iyW7bE9BlokzJyWYo9YtfnX8mKUhRpoJqlTbsRPtZlRqzgSOC51UYULZgPawbWhEQ1RuNr16TE6M4pMglqYiTabq74mMhkqNQs90hlT31aI3Ef/z2qkOLt2MR0mqMWKzRUEqiI7JJALic4lMi5EhlElubiWsTyVl2gRVMCE4iy8vk8ZZ2amUK3fnperVPI48HMExnIIDF1CFG6hBHRhIeIZXeLOG1ov1bn3MWnPWfOYQ/sD6/AEeqZJH</latexit>

fMS

<latexit sha1_base64="OFroRH0C4gj4+8LHsZvTBswwm+M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc9iH67X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzUKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrN/kYDpimxfOIIJpq5WxEZYY2JdemUXAjB8surpHVRDWrV2v1lpX6Tx1GEEziFcwjgCupwBw1oAoEhPMMrvHnce/HevY9Fa8HLZ47hD7zPHzgYjcY=</latexit>mW

<latexit sha1_base64="jZ/47LdfmrdS9k9cXma0U5UnXnI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCFT7bTdFd24rNAXtEPJZDJtaCYzJBmhDP0INy4Ucev3uPNvTB+Cih64cDjnXu69x084UxqhDyu3tr6xuZXfLuzs7u0fFA+POipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1Jzdzv3tPpWKxaOlpQr0IjwQLGcHaSN3WMEsvgtmwWEJ2tYLql2WIbMepuahiSLlWd50ydGy0QAms0BwW3wdBTNKICk04VqrvoER7GZaaEU5nhUGqaILJBI9o31CBI6q8bHHuDJ4ZJYBhLE0JDRfq94kMR0pNI990RliP1W9vLv7l9VMd1ryMiSTVVJDlojDlUMdw/jsMmKRE86khmEhmboVkjCUm2iRUMCF8fQr/J52y7bi2e3dValyv4siDE3AKzoEDqqABbkETtAEBE/AAnsCzlViP1ov1umzNWauZY/AD1tsnmM+Pxg==</latexit>

Tu,d
<latexit sha1_base64="64SA81kxvErVE+6Q/g9I5O9QJrI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjKttp1d0Y3Lin1BO5RMJtOGZjJDkhHK0E9w40IRt36RO//G9CGo6IELh3Pu5d57/IQzpRH6sHJr6xubW/ntws7u3v5B8fCoo+JUEtomMY9lz8eKciZoWzPNaS+RFEc+p11/cj33u/dUKhaLlp4m1IvwSLCQEayNdNcaBsNiCdmuW6k5ZYjsOkIOujSk4roIIejYaIESWKE5LL4PgpikERWacKxU30GJ9jIsNSOczgqDVNEEkwke0b6hAkdUedni1Bk8M0oAw1iaEhou1O8TGY6Umka+6YywHqvf3lz8y+unOqx7GRNJqqkgy0VhyqGO4fxvGDBJieZTQzCRzNwKyRhLTLRJp2BC+PoU/k86Zdup2tXbi1LjahVHHpyAU3AOHFADDXADmqANCBiBB/AEni1uPVov1uuyNWetZo7BD1hvn4XRjfw=</latexit>

Td
<latexit sha1_base64="MFmdvJP8HjlHJwwkXsnRY323wKM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9FD3oRKnTbwnYp2TRtQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz86JEcAOu++0U1tY3NreK26Wd3b39g/LhUcuoVFPmUyWU7kTEMMEl84GDYJ1EMxJHgrWj8e3Mbz8xbbiSTZgkLIzJUPIBpwSsFDz0sq6O8Z3fnPbKFbfqzoFXiZeTCsrR6JW/un1F05hJoIIYE3huAmFGNHAq2LTUTQ1LCB2TIQsslSRmJszmJ0/xmVX6eKC0LQl4rv6eyEhszCSObGdMYGSWvZn4nxekMLgOMy6TFJiki0WDVGBQePY/7nPNKIiJJYRqbm/FdEQ0oWBTKtkQvOWXV0nrourVqrXHy0r9Jo+jiE7QKTpHHrpCdXSPGshHFCn0jF7RmwPOi/PufCxaC04+c4z+wPn8Aa+nkOI=</latexit>

MGUT

<latexit sha1_base64="7ADkx3+HyG37ATktUVf/GpEmqxc=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4CjMi0WPQixcholkgGUNPT03SpGehu8cQhvyHFw+KePVfvPk3dpaDJj4oeLxXRVU9LxFcadv+tnIrq2vrG/nNwtb2zu5ecf+goeJUMqyzWMSy5VGFgkdY11wLbCUSaegJbHqD64nffEKpeBw96FGCbkh7EQ84o9pIj50h91Fz4SO57d53iyW7bE9BlokzJyWYo9YtfnX8mKUhRpoJqlTbsRPtZlRqzgSOC51UYULZgPawbWhEQ1RuNr16TE6M4pMglqYiTabq74mMhkqNQs90hlT31aI3Ef/z2qkOLt2MR0mqMWKzRUEqiI7JJALic4lMi5EhlElubiWsTyVl2gRVMCE4iy8vk8ZZ2amUK3fnperVPI48HMExnIIDF1CFG6hBHRhIeIZXeLOG1ov1bn3MWnPWfOYQ/sD6/AEeqZJH</latexit>

fMS

<latexit sha1_base64="OFroRH0C4gj4+8LHsZvTBswwm+M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc9iH67X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzUKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrN/kYDpimxfOIIJpq5WxEZYY2JdemUXAjB8surpHVRDWrV2v1lpX6Tx1GEEziFcwjgCupwBw1oAoEhPMMrvHnce/HevY9Fa8HLZ47hD7zPHzgYjcY=</latexit>mW

<latexit sha1_base64="bYEYhM2/Abu88PV+zi34tzi01FM=">AAACG3icbZDLSgMxFIbP1Futt1GXboJFcCFlpkh1IxTddFmhN+gMJZOmbWgmMyYZoZS+hxtfxY0LRVwJLnwb03YEbT0Q+Pj/czg5fxBzprTjfFmZldW19Y3sZm5re2d3z94/aKgokYTWScQj2QqwopwJWtdMc9qKJcVhwGkzGN5M/eY9lYpFoqZHMfVD3BesxwjWRurYRY9j0ecUVZAn53SFnDPk3SW4i37M2m+zY+edgjMrtAxuCnlIq9qxP7xuRJKQCk04VqrtOrH2x1hqRjid5LxE0RiTIe7TtkGBQ6r88ey2CToxShf1Imme0Gim/p4Y41CpURiYzhDrgVr0puJ/XjvRvUt/zEScaCrIfFEv4UhHaBoU6jJJieYjA5hIZv6KyABLTLSJM2dCcBdPXoZGseCWCqXb83z5Oo0jC0dwDKfgwgWUoQJVqAOBB3iCF3i1Hq1n6816n7dmrHTmEP6U9fkN7O2e2w==</latexit>

hHi = 0, hT i = 0
<latexit sha1_base64="bYEYhM2/Abu88PV+zi34tzi01FM=">AAACG3icbZDLSgMxFIbP1Futt1GXboJFcCFlpkh1IxTddFmhN+gMJZOmbWgmMyYZoZS+hxtfxY0LRVwJLnwb03YEbT0Q+Pj/czg5fxBzprTjfFmZldW19Y3sZm5re2d3z94/aKgokYTWScQj2QqwopwJWtdMc9qKJcVhwGkzGN5M/eY9lYpFoqZHMfVD3BesxwjWRurYRY9j0ecUVZAn53SFnDPk3SW4i37M2m+zY+edgjMrtAxuCnlIq9qxP7xuRJKQCk04VqrtOrH2x1hqRjid5LxE0RiTIe7TtkGBQ6r88ey2CToxShf1Imme0Gim/p4Y41CpURiYzhDrgVr0puJ/XjvRvUt/zEScaCrIfFEv4UhHaBoU6jJJieYjA5hIZv6KyABLTLSJM2dCcBdPXoZGseCWCqXb83z5Oo0jC0dwDKfgwgWUoQJVqAOBB3iCF3i1Hq1n6816n7dmrHTmEP6U9fkN7O2e2w==</latexit>

hHi = 0, hT i = 0

<latexit sha1_base64="MFmdvJP8HjlHJwwkXsnRY323wKM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9FD3oRKnTbwnYp2TRtQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz86JEcAOu++0U1tY3NreK26Wd3b39g/LhUcuoVFPmUyWU7kTEMMEl84GDYJ1EMxJHgrWj8e3Mbz8xbbiSTZgkLIzJUPIBpwSsFDz0sq6O8Z3fnPbKFbfqzoFXiZeTCsrR6JW/un1F05hJoIIYE3huAmFGNHAq2LTUTQ1LCB2TIQsslSRmJszmJ0/xmVX6eKC0LQl4rv6eyEhszCSObGdMYGSWvZn4nxekMLgOMy6TFJiki0WDVGBQePY/7nPNKIiJJYRqbm/FdEQ0oWBTKtkQvOWXV0nrourVqrXHy0r9Jo+jiE7QKTpHHrpCdXSPGshHFCn0jF7RmwPOi/PufCxaC04+c4z+wPn8Aa+nkOI=</latexit>

MGUT

<latexit sha1_base64="7ADkx3+HyG37ATktUVf/GpEmqxc=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4CjMi0WPQixcholkgGUNPT03SpGehu8cQhvyHFw+KePVfvPk3dpaDJj4oeLxXRVU9LxFcadv+tnIrq2vrG/nNwtb2zu5ecf+goeJUMqyzWMSy5VGFgkdY11wLbCUSaegJbHqD64nffEKpeBw96FGCbkh7EQ84o9pIj50h91Fz4SO57d53iyW7bE9BlokzJyWYo9YtfnX8mKUhRpoJqlTbsRPtZlRqzgSOC51UYULZgPawbWhEQ1RuNr16TE6M4pMglqYiTabq74mMhkqNQs90hlT31aI3Ef/z2qkOLt2MR0mqMWKzRUEqiI7JJALic4lMi5EhlElubiWsTyVl2gRVMCE4iy8vk8ZZ2amUK3fnperVPI48HMExnIIDF1CFG6hBHRhIeIZXeLOG1ov1bn3MWnPWfOYQ/sD6/AEeqZJH</latexit>

fMS

<latexit sha1_base64="OFroRH0C4gj4+8LHsZvTBswwm+M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc9iH67X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzUKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrN/kYDpimxfOIIJpq5WxEZYY2JdemUXAjB8surpHVRDWrV2v1lpX6Tx1GEEziFcwjgCupwBw1oAoEhPMMrvHnce/HevY9Fa8HLZ47hD7zPHzgYjcY=</latexit>mW

<latexit sha1_base64="jZ/47LdfmrdS9k9cXma0U5UnXnI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCFT7bTdFd24rNAXtEPJZDJtaCYzJBmhDP0INy4Ucev3uPNvTB+Cih64cDjnXu69x084UxqhDyu3tr6xuZXfLuzs7u0fFA+POipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1Jzdzv3tPpWKxaOlpQr0IjwQLGcHaSN3WMEsvgtmwWEJ2tYLql2WIbMepuahiSLlWd50ydGy0QAms0BwW3wdBTNKICk04VqrvoER7GZaaEU5nhUGqaILJBI9o31CBI6q8bHHuDJ4ZJYBhLE0JDRfq94kMR0pNI990RliP1W9vLv7l9VMd1ryMiSTVVJDlojDlUMdw/jsMmKRE86khmEhmboVkjCUm2iRUMCF8fQr/J52y7bi2e3dValyv4siDE3AKzoEDqqABbkETtAEBE/AAnsCzlViP1ov1umzNWauZY/AD1tsnmM+Pxg==</latexit>

Tu,d
<latexit sha1_base64="64SA81kxvErVE+6Q/g9I5O9QJrI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjKttp1d0Y3Lin1BO5RMJtOGZjJDkhHK0E9w40IRt36RO//G9CGo6IELh3Pu5d57/IQzpRH6sHJr6xubW/ntws7u3v5B8fCoo+JUEtomMY9lz8eKciZoWzPNaS+RFEc+p11/cj33u/dUKhaLlp4m1IvwSLCQEayNdNcaBsNiCdmuW6k5ZYjsOkIOujSk4roIIejYaIESWKE5LL4PgpikERWacKxU30GJ9jIsNSOczgqDVNEEkwke0b6hAkdUedni1Bk8M0oAw1iaEhou1O8TGY6Umka+6YywHqvf3lz8y+unOqx7GRNJqqkgy0VhyqGO4fxvGDBJieZTQzCRzNwKyRhLTLRJp2BC+PoU/k86Zdup2tXbi1LjahVHHpyAU3AOHFADDXADmqANCBiBB/AEni1uPVov1uuyNWetZo7BD1hvn4XRjfw=</latexit>

Td

<latexit sha1_base64="kfaK9oTsM/dUQmjj/V1PJFkrNAk="></latexit>

Hd hHdi ⌧ hHi

<latexit sha1_base64="b9Q7TlsUPJzfniiRtdGy7rEIjAI=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwVRIx1e6KbrqsYB/QhDKZTtqhM5M4D6GE/oYbF4q49Wfc+TdO2wgqeuDC4Zx7ufeeKGVUadf9cAorq2vrG8XN0tb2zu5eef+goxIjMWnjhCWyFyFFGBWkralmpJdKgnjESDeaXM/97j2RiibiVk9TEnI0EjSmGGkrBc2BgYGinNzB5qBccauuX/f9OrRkAUt899x369DLlQrI0RqU34Nhgg0nQmOGlOp7bqrDDElNMSOzUmAUSRGeoBHpWyoQJyrMFjfP4IlVhjBOpC2h4UL9PpEhrtSUR7aTIz1Wv725+JfXNzq+DDMqUqOJwMtFsWFQJ3AeABxSSbBmU0sQltTeCvEYSYS1jalkQ/j6FP5POmdVr1at3ZxXGld5HEVwBI7BKfDABWiAJmiBNsAgBQ/gCTw7xnl0XpzXZWvByWcOwQ84b59x85FU</latexit>

Hu ' H

<latexit sha1_base64="9U3bw3M0eDRWkCsljgeJe/le1ys=">AAAB73icdVDLSsNAFL3xWeur6tLNYBFclaT2obuimy4r2Ae0IUymk3boZBJnJkIJ/Qk3LhRx6++482+cthFU9MCFwzn3cu89fsyZ0rb9Ya2srq1vbOa28ts7u3v7hYPDjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yfXc795TqVgkbvU0pm6IR4IFjGBtpF7opU0vmSGvULRLdtWpnpeRIQsYUilf1uoOcjKlCBlaXuF9MIxIElKhCcdK9R071m6KpWaE01l+kCgaYzLBI9o3VOCQKjdd3DtDp0YZoiCSpoRGC/X7RIpDpaahbzpDrMfqtzcX//L6iQ4u3JSJONFUkOWiIOFIR2j+PBoySYnmU0MwkczcisgYS0y0iShvQvj6FP1POuWSUyvVbirFxlUWRw6O4QTOwIE6NKAJLWgDAQ4P8ATP1p31aL1Yr8vWFSubOYIfsN4+AQ6UkAI=</latexit>mHu
<latexit sha1_base64="dfa12l/r87/D93uS51ywGerJGEM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP5BfjMw=</latexit>

=
<latexit sha1_base64="MypqI3jyMh56MlENkgeJnD1aHJ4=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6bv7opuuqxgH9AOQyaTaUOTmSHJCGXoR7hxoYhbv8edf2P6EFT0wIXDOfdy7z1+wpnSCH1YG5tb2zu7ub38/sHh0XHh5LSn4lQS2iUxj+XAx4pyFtGuZprTQSIpFj6nfX96s/D791QqFkd3epZQV+BxxEJGsDZSX3hZ2wvmXqGI7JJTqjh1iOxauYzKyJBqs1ppNqBjoyWKYI2OV3gfBTFJBY004VipoYMS7WZYakY4nedHqaIJJlM8pkNDIyyocrPluXN4aZQAhrE0FWm4VL9PZFgoNRO+6RRYT9RvbyH+5Q1THTbcjEVJqmlEVovClEMdw8XvMGCSEs1nhmAimbkVkgmWmGiTUN6E8PUp/J/0SrZTs2u3lWLreh1HDpyDC3AFHFAHLdAGHdAFBEzBA3gCz1ZiPVov1uuqdcNaz5yBH7DePgHDGI/i</latexit>mHd

<latexit sha1_base64="MFmdvJP8HjlHJwwkXsnRY323wKM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9FD3oRKnTbwnYp2TRtQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz86JEcAOu++0U1tY3NreK26Wd3b39g/LhUcuoVFPmUyWU7kTEMMEl84GDYJ1EMxJHgrWj8e3Mbz8xbbiSTZgkLIzJUPIBpwSsFDz0sq6O8Z3fnPbKFbfqzoFXiZeTCsrR6JW/un1F05hJoIIYE3huAmFGNHAq2LTUTQ1LCB2TIQsslSRmJszmJ0/xmVX6eKC0LQl4rv6eyEhszCSObGdMYGSWvZn4nxekMLgOMy6TFJiki0WDVGBQePY/7nPNKIiJJYRqbm/FdEQ0oWBTKtkQvOWXV0nrourVqrXHy0r9Jo+jiE7QKTpHHrpCdXSPGshHFCn0jF7RmwPOi/PufCxaC04+c4z+wPn8Aa+nkOI=</latexit>

MGUT

<latexit sha1_base64="7ADkx3+HyG37ATktUVf/GpEmqxc=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4CjMi0WPQixcholkgGUNPT03SpGehu8cQhvyHFw+KePVfvPk3dpaDJj4oeLxXRVU9LxFcadv+tnIrq2vrG/nNwtb2zu5ecf+goeJUMqyzWMSy5VGFgkdY11wLbCUSaegJbHqD64nffEKpeBw96FGCbkh7EQ84o9pIj50h91Fz4SO57d53iyW7bE9BlokzJyWYo9YtfnX8mKUhRpoJqlTbsRPtZlRqzgSOC51UYULZgPawbWhEQ1RuNr16TE6M4pMglqYiTabq74mMhkqNQs90hlT31aI3Ef/z2qkOLt2MR0mqMWKzRUEqiI7JJALic4lMi5EhlElubiWsTyVl2gRVMCE4iy8vk8ZZ2amUK3fnperVPI48HMExnIIDF1CFG6hBHRhIeIZXeLOG1ov1bn3MWnPWfOYQ/sD6/AEeqZJH</latexit>

fMS

<latexit sha1_base64="OFroRH0C4gj4+8LHsZvTBswwm+M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc9iH67X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzUKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrN/kYDpimxfOIIJpq5WxEZYY2JdemUXAjB8surpHVRDWrV2v1lpX6Tx1GEEziFcwjgCupwBw1oAoEhPMMrvHnce/HevY9Fa8HLZ47hD7zPHzgYjcY=</latexit>mW

<latexit sha1_base64="jZ/47LdfmrdS9k9cXma0U5UnXnI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCFT7bTdFd24rNAXtEPJZDJtaCYzJBmhDP0INy4Ucev3uPNvTB+Cih64cDjnXu69x084UxqhDyu3tr6xuZXfLuzs7u0fFA+POipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1Jzdzv3tPpWKxaOlpQr0IjwQLGcHaSN3WMEsvgtmwWEJ2tYLql2WIbMepuahiSLlWd50ydGy0QAms0BwW3wdBTNKICk04VqrvoER7GZaaEU5nhUGqaILJBI9o31CBI6q8bHHuDJ4ZJYBhLE0JDRfq94kMR0pNI990RliP1W9vLv7l9VMd1ryMiSTVVJDlojDlUMdw/jsMmKRE86khmEhmboVkjCUm2iRUMCF8fQr/J52y7bi2e3dValyv4siDE3AKzoEDqqABbkETtAEBE/AAnsCzlViP1ov1umzNWauZY/AD1tsnmM+Pxg==</latexit>

Tu,d

<latexit sha1_base64="64SA81kxvErVE+6Q/g9I5O9QJrI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjKttp1d0Y3Lin1BO5RMJtOGZjJDkhHK0E9w40IRt36RO//G9CGo6IELh3Pu5d57/IQzpRH6sHJr6xubW/ntws7u3v5B8fCoo+JUEtomMY9lz8eKciZoWzPNaS+RFEc+p11/cj33u/dUKhaLlp4m1IvwSLCQEayNdNcaBsNiCdmuW6k5ZYjsOkIOujSk4roIIejYaIESWKE5LL4PgpikERWacKxU30GJ9jIsNSOczgqDVNEEkwke0b6hAkdUedni1Bk8M0oAw1iaEhou1O8TGY6Umka+6YywHqvf3lz8y+unOqx7GRNJqqkgy0VhyqGO4fxvGDBJieZTQzCRzNwKyRhLTLRJp2BC+PoU/k86Zdup2tXbi1LjahVHHpyAU3AOHFADDXADmqANCBiBB/AEni1uPVov1uuyNWetZo7BD1hvn4XRjfw=</latexit>

Td

<latexit sha1_base64="kfaK9oTsM/dUQmjj/V1PJFkrNAk="></latexit>

Hd hHdi ⌧ hHi
<latexit sha1_base64="b9Q7TlsUPJzfniiRtdGy7rEIjAI=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwVRIx1e6KbrqsYB/QhDKZTtqhM5M4D6GE/oYbF4q49Wfc+TdO2wgqeuDC4Zx7ufeeKGVUadf9cAorq2vrG8XN0tb2zu5eef+goxIjMWnjhCWyFyFFGBWkralmpJdKgnjESDeaXM/97j2RiibiVk9TEnI0EjSmGGkrBc2BgYGinNzB5qBccauuX/f9OrRkAUt899x369DLlQrI0RqU34Nhgg0nQmOGlOp7bqrDDElNMSOzUmAUSRGeoBHpWyoQJyrMFjfP4IlVhjBOpC2h4UL9PpEhrtSUR7aTIz1Wv725+JfXNzq+DDMqUqOJwMtFsWFQJ3AeABxSSbBmU0sQltTeCvEYSYS1jalkQ/j6FP5POmdVr1at3ZxXGld5HEVwBI7BKfDABWiAJmiBNsAgBQ/gCTw7xnl0XpzXZWvByWcOwQ84b59x85FU</latexit>

Hu ' H
<latexit sha1_base64="kfaK9oTsM/dUQmjj/V1PJFkrNAk="></latexit>

Hd hHdi ⌧ hHi
<latexit sha1_base64="b9Q7TlsUPJzfniiRtdGy7rEIjAI=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwVRIx1e6KbrqsYB/QhDKZTtqhM5M4D6GE/oYbF4q49Wfc+TdO2wgqeuDC4Zx7ufeeKGVUadf9cAorq2vrG8XN0tb2zu5eef+goxIjMWnjhCWyFyFFGBWkralmpJdKgnjESDeaXM/97j2RiibiVk9TEnI0EjSmGGkrBc2BgYGinNzB5qBccauuX/f9OrRkAUt899x369DLlQrI0RqU34Nhgg0nQmOGlOp7bqrDDElNMSOzUmAUSRGeoBHpWyoQJyrMFjfP4IlVhjBOpC2h4UL9PpEhrtSUR7aTIz1Wv725+JfXNzq+DDMqUqOJwMtFsWFQJ3AeABxSSbBmU0sQltTeCvEYSYS1jalkQ/j6FP5POmdVr1at3ZxXGld5HEVwBI7BKfDABWiAJmiBNsAgBQ/gCTw7xnl0XpzXZWvByWcOwQ84b59x85FU</latexit>

Hu ' H

<latexit sha1_base64="PyEQt3UiH4sMDBwohRmavRyCp+Q=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuwiTGVHdFNy4r9AVtCJPptB06mYSZiVBCP8KNC0Xc+j3u/BsnbQUVPXDhcM693HtPlHKmNEIf1srq2vrGZmmrvL2zu7dfOThsqySThLZIwhPZjbCinAna0kxz2k0lxXHEaSea3BR+555KxRLR1NOUBjEeCTZkBGsjdeIwb4bZLKxUkV1D6MLzIbKR77luQVzPd6/OoWOjOapgiUZYee8PEpLFVGjCsVI9B6U6yLHUjHA6K/czRVNMJnhEe4YKHFMV5PNzZ/DUKAM4TKQpoeFc/T6R41ipaRyZzhjrsfrtFeJfXi/Tw8sgZyLNNBVksWiYcagTWPwOB0xSovnUEEwkM7dCMsYSE20SKpsQvj6F/5O2azu+7d951fr1Mo4SOAYn4Aw4oAbq4BY0QAsQMAEP4Ak8W6n1aL1Yr4vWFWs5cwR+wHr7BOoQj/s=</latexit>mTu
<latexit sha1_base64="dfa12l/r87/D93uS51ywGerJGEM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP5BfjMw=</latexit>

=
<latexit sha1_base64="11SBMORN3jl3SovQoCLhevWV5kg=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQtLWtO6KblxW6AvaECaTSTt0ZhJmJkIJ/Qg3LhRx6/e482+cPgQVPXDhcM693HtPmDKqtON8WGvrG5tb24Wd4u7e/sFh6ei4q5JMYtLBCUtkP0SKMCpIR1PNSD+VBPGQkV44uZn7vXsiFU1EW09T4nM0EjSmGGkj9XiQt4NoFpTKjn3VqHpeAzp23at4lUtDqpV61a1B13YWKIMVWkHpfRglOONEaMyQUgPXSbWfI6kpZmRWHGaKpAhP0IgMDBWIE+Xni3Nn8NwoEYwTaUpouFC/T+SIKzXloenkSI/Vb28u/uUNMh03/JyKNNNE4OWiOGNQJ3D+O4yoJFizqSEIS2puhXiMJMLaJFQ0IXx9Cv8n3YrterZ3Vys3r1dxFMApOAMXwAV10AS3oAU6AIMJeABP4NlKrUfrxXpdtq5Zq5kT8APW2yfuKY/+</latexit>mTd
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What are the possible universes?
To summarize there are 3 qualitatively different types of universes

 and  

 and  

 and  

⟨H⟩ > 0 ⟨T⟩ = 0

⟨H⟩ = 0 ⟨T⟩ > 0

⟨H⟩ = 0 ⟨T⟩ = 0
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Sliding Naturalness

Vϕ±H ≃ (Λ4
strong(μ5) + Λ4

inst(μ5)) (θ +
ϕ+

F+
+

ϕ−

F− )
2

and at low energies  becomes Vϕ±H

VHϕ ⊃ − N3
αs

8π (
ϕ+

F+
+

ϕ−

F−
+ θ) Tr [GG̃] − N2

αw

8π (
ϕ+

F+
+

ϕ−

F−
+ θEW) Tr [WW̃]

Initially we have 
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The instanton-induced -potential is extracted fromϕ±

UV instanton contributions to V(ϕ±)

e−V(ϕ±)V4 = lim
V4→∞

⟨θ |e−HT |θ⟩ ≃ (eWSU(N)+h.c.)
θ→θ+ ϕ±

F±

WSU(N) ≡ 𝒩∫1−inst
𝒟Aμ𝒟η𝒟η̄𝒟ψ𝒟ψ†𝒟Φ𝒟Φ†e−SE

where

(see [PS, 24’] for a review)
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Computed using background field methods: Aμ = Acl
μ + Aqu

μ

Instanton solution 
(background) Quantum fluctuations

Other fields are zero at the background level

WSU(N) ≡ = 𝒩∫1−inst
𝒟Aμ𝒟η𝒟η̄𝒟ψ𝒟ψ†𝒟Φ𝒟Φ†e−SE

UV instanton contributions to V(ϕ±)

Pablo Sesma - LIO International Conference - 20 Mai 2025



Generating functional in the 
instanton background

Z[{J}] = 𝒩∫1−inst
𝒟Aμ𝒟η𝒟η̄∏

ℱ
(𝒟ψRℱ

𝒟ψ†
Rℱ)∏

𝒮
(𝒟ΦR𝒮

𝒟Φ†
R𝒮) e−SE

× ∏
𝒮

{exp [−∫ d4xd4yJ†
R𝒮

(x)DR𝒮
(x, y)JR𝒮

(y)]} × ∏
ℱ

{exp [−∫ d4xJRℱ
(x) ⋅ ψRℱ

+ h . c . ]}

[PS, 24’]
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Generating functional in the 
instanton background

[PS, 24’]

Z[{J}] =
C1e−NC2

(N − 1)!(N − 2)! ( 8π2

g2 )
2N

exp ∑
i→Rℱ

α(ti) − ∑
i→R𝒮

α(ti) ∫S2N−1

dΩ̃∫ d4x0 ∫
dρ
ρ5

e− 8π2
g2(1/ρ) eiθ

× ∏
ℱ {(det URℱ

)−1/2ρT(Rℱ) (∫
2T(Rℱ)

∏
i=1

dξ̄(0)
i ) exp [−∫ d4xJRℱ

(x) ⋅ ψ†
0,Rℱ

({ξ̄(0)}, ρ, x0; x)]}

× ∏
𝒮

{exp [−∫ d4xd4yJ†
R𝒮

(x)DR𝒮
(x, y)JR𝒮

(y)]}
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Generating functional in the 
instanton background

𝒵int[{J}] = exp −∫ d4xℒint ({ δ
δJ }) Z[{J}]

The generating functional of the interacting theory is obtained as:
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Instanton contribution from the 
Electroweak sector of the MSSM

V(ϕ±)

2 cos ( ϕ±

F±
+ θEW)

⊃ 3ng(ng!) det(YuYd)2ng ∫
M̃−1

S

M−1
GUT

dρ
ρ5

δ2(ρ)(μρ)(M̃2ρ)2(ρ2Bμ)ng[ 4ρ4

π4 ∫x1,x2,x3

DTd
(x1 − x3)DTu

(x3 − x2)
(x2

1 + ρ2)3(x2
2 + ρ2)3 ]

ng

Wint
SU(N) = exp [−∫ d4xℒint ({ δ

δJ })] Z[{J}]

{J}=0

[PS, 24’]

Include any interactions in a consistent way  
and we can work out all the  numbers!𝒪(1)

Pablo Sesma - LIO International Conference - 20 Mai 2025



Sliding Naturalness

Vϕ±H ≃ (Λ4
strong(μ5) + Λ4

inst(μ5)) (θ +
ϕ+

F+
+

ϕ−

F− )
2

and at low energies  becomes Vϕ±H

VHϕ ⊃ − N3
αs

8π (
ϕ+

F+
+

ϕ−

F−
+ θ) Tr [GG̃] − N2

αw

8π (
ϕ+

F+
+

ϕ−

F−
+ θw) Tr [WW̃]

Initially we have 
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Sliding Naturalness

          for          Λ4
us(μ5) ≃ m2

π f2
π

mumd

(mu + md)2
mu,d ≲ 4πfπ

At low energies  becomes Vϕ±H

to be compared to  

Vϕ±H ≃ Λ4
us(μ5)(θ +

ϕ+

F+
+

ϕ−

F− )
2

Vϕ±H ≃ (Λ4
strong(μ5) + Λ4

inst(μ5)) (θ +
ϕ+

F+
+

ϕ−

F− )
2
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Sliding Naturalness
A technically natural choice:      

Pedagogical assumptions (do not affect the conclusions):                                                                                                                                      

             starts rolling before                                                                           

  to neglect the cross-term  in  

 two separate minimization problems for  and 

M±/F± ≪ 1

mϕ−
≫ mϕ+

⟹ ϕ− ϕ+

M−

F−
≲ θ +

M+

F+

ϕ−ϕ+

F−F+
Vϕ±H

⟹ ϕ+ ϕ−
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Sliding Naturalness

Upon these assumptions the potential of  looks like: ϕ−

V− ≃
1
2

m2
ϕ−

ϕ2
− −

mϕ−

4M2
−

ϕ4
− + Λ4

tot(μ5)θ−
eff

ϕ−

F−
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Sliding Naturalness

Upon these assumptions the potential of  looks like: ϕ−

V− ≃
1
2

m2
ϕ−

ϕ2
− −

mϕ−

4M2
−

ϕ4
− + Λ4

tot(μ5)θ−
eff

ϕ−

F−
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Sliding Naturalness

The local minimum around the origin is safe if: 

i.e. the mass term dominates the tadpole

Λ4
tot(μ5) ≲

m2
ϕ−

θ−
eff

M−F−
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Upon these assumptions the potential of  looks like: ϕ+

Sliding Naturalness

V+ = −
1
2

m2
ϕ+

ϕ2
+ −

mϕ+

4M2
+

ϕ4
+ + Λ4

tot(μ5)(θ+
eff

ϕ+

F+
+

ϕ2
+

2F2
+ )
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Sliding Naturalness

With these assumptions the potential of  looks like: ϕ+

V+ = −
1
2

m2
ϕ+

ϕ2
+ −

mϕ+

4M2
+

ϕ4
+ + Λ4

tot(μ5)(θ+
eff

ϕ+

F+
+

ϕ2
+

2F2
+ )
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Sliding Naturalness

A safe local minimum around the origin is created if: 

and                                   

i.e. the  term dominates the negative mass term of  at the originΛ4
tot(μ5) ϕ+

Λ4
tot(μ5) ≳ m2

ϕ+
F2

+ θ+
eff ≲

M+

F+
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Crunching the D/T splitting problem

All we need to check is that the  potentials in other universes  

are very different from 

ϕ±

Λ4
us(μ5) ≃ m2

π f2
π

mumd

(mu + md)2
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All we need to check is that the  potentials in other universes  

are very different from 

ϕ±

Λ4
us(μ5) ≃ m2

π f2
π

mumd

(mu + md)2

Crunching the D/T splitting problem

1 101 102 103 104 105 10610 2

10 1

1

101

10 1 1 101 102 103 104 105 106

10 4

10 3

10 2

10 1
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All we need to check is that the  potentials in other universes  

are very different from 

ϕ±

Λ4
us(μ5) ≃ m2

π f2
π

mumd

(mu + md)2

Crunching the D/T splitting problem

10 5 1 105 1010 101510 10

10 5

1

10 5 1 105 1010 101510 10

10 5

1
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Crunching the D/T splitting problem

m2
ϕ+

F2
+ ≲ Λ4

tot(μ5) ≲
m2

ϕ−

θ−
eff

M−F−, and θ+
eff ≲

M+

F+

All the universes that survive have a light doublet with a vev   
at the weak scale and a heavy triplet with no vev

⟨h⟩
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Merci :)
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Backup slides
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What are the possible universes?
The superpotential of the theory is 

𝒲 = λH5̄ΣH5 + μ5H5̄H5 +
Y10

8
Φ10Φ10H5 + Y5Φ5̄Φ10H5̄ +

MΣ

2
Tr[Σ2] +

λΣ

3
Tr[Σ3]

The global minimum of the scalar potential is at 

⟨H5⟩ = ⟨H5̄⟩ = ⟨Φ10⟩ = ⟨Φ5̄⟩ = 0

⟨Σ⟩ = vΣ diag(−2, − 2, − 2,3,3)
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What are the possible universes?
In a universe where the doublets are tuned to be light, at  the MSSM Higgs sector isM̃S

where

VHu,d
= m2

U |Hu |2 + m2
D |Hd |2 − Bμ(HuHd + h . c.) + D-terms

m2
U,D = |μ5 + 2λvΣ |2 + m2

Hu,d

Model building choice:  where Bμ = ϵM̃2
S 1/50 ≲ ϵ ≲ 1
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What are the possible universes?
We make  while keeping  so that:m2

Um2
D ≃ Bμ2 m2

U + m2
D = 𝒪(M̃2

S)

 all the Higgses at are  except for one CP-even Higgs at the EW scale 

 There is a hierarchy between the VEVs of the two doublets 

∙ M̃S

∙

sin(2β) =
2⟨H0

d⟩⟨H0
u⟩

⟨H0
u⟩2 + ⟨H0

d⟩2
=

Bμ
m2

U + m2
D

≃
mUmD

m2
U + m2

D
= 𝒪(ϵ)

The lightest doublet dominates EW symmetry breaking
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