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To realistically connect string theory to particle physics, we must:
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1. Identifying models with correct gauge group and particle spectrum

In 2013, a comprehensive scan revealed several million heterotic line bundle 
models with

SM gauge group

Three chiral families

No exotics

[Anderson, Constantin, Gray, Lukas, Palti, ’13, JHEP]

Motivations 
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2. Computing physical Yukawa couplings as functions of the moduli
The ingredients for this recipe are

Holomorphic Yukawa couplings

Do not depend on the Ricci-flat 
CY metric

Can be done analytically

Matter field Kähler metric

Required full knowledge of the 
compactification geometry

In general cannot be done 
analytically (except for very 

limited cases)

Motivations 
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2. Computing physical Yukawa couplings as functions of the moduli

[Constantin, Fraser-Taliente, Harvey, Lukas, Ovrut, ’24, JHEP]

However, recent progresses have made this possible using Machine Learning
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2. Computing physical Yukawa couplings as functions of the moduli

Motivations 

For illustration, the method has been applied on a specific model and it 
required half a day on a single twelve-core CPU.

However, recent progresses have made this possible using Machine Learning

It is not ideal for scanning over a large database of models.

[Constantin, Fraser-Taliente, Harvey, Lukas, Ovrut, ’24, JHEP]
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Motivations 

Rather than applying machine learning across millions of models, we 
may ask a key question.

Given a list of models with the correct gauge group and chiral spectrum, 

Is there any room in the moduli space of these models to    
accommodate the SM flavour parameters?  

If so, what’s the fraction of models that can realise this?

?
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Outline 

• Model building: heterotic line bundle models

• Search strategy

• Results

• Conclusions and outlook 
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Heterotic line bundle models
<latexit sha1_base64="52Zf5NXkNbZK7wjR+nNwoHkf5O0=">AAAB9XicdZDLSsNAFIZP6q3WW9Wlm8EiuCpJDW26K4rgsoK9QBvLZDpph04uzEyUEvoeblwo4tZ3cefbOGkrqOiBgY//P4dz5vdizqQyzQ8jt7K6tr6R3yxsbe/s7hX3D9oySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0400uMr9zR4VkUXijpjF1AzwKmc8IVlq6vRw4qK9YQCXSOCiWzLJp2nbNQhrqFcexNVQsu37mIEtbWZVgWc1B8b0/jEgS0FARjqXsWWas3BQLxQins0I/kTTGZIJHtKcxxHqRm86vnqETrQyRHwn9QoXm6veJFAdSTgNPdwZYjeVvLxP/8nqJ8h03ZWGcKBqSxSI/4UhFKIsADZmgRPGpBkwE07ciMsYCE6WDKugQvn6K/od2pWxVy9Vru9Q4X8aRhyM4hlOwoAYNuIImtICAgAd4gmfj3ng0XozXRWvOWM4cwo8y3j4BXveR0Q==</latexit>

E8 → E8 Heterotic
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E8 → E8 Heterotic

Freely-acting 
symmetry group

<latexit sha1_base64="s/JVWL/kQjbrKLT1mdmcYhb2pWA="></latexit>

CY threefold

!

on
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E8 → E8 Heterotic

Freely-acting 
symmetry group

<latexit sha1_base64="s/JVWL/kQjbrKLT1mdmcYhb2pWA="></latexit>

CY threefold

!

with vector bundle over it 
<latexit sha1_base64="BuHWRevJ/iyIUTlRu7MysBBeyZw="></latexit>

V =
5⊕

a=1

La

and structure group
<latexit sha1_base64="McLPuCwuQy+Nn4U6k5oXHmAtaaI="></latexit>

G = S
(
U(1)5

)

leads to  

GUT-type theory
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G → SU(5)

is a sum of line bundles

on
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Heterotic line bundle models
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E8 → E8 Heterotic

Freely-acting 
symmetry group

<latexit sha1_base64="s/JVWL/kQjbrKLT1mdmcYhb2pWA="></latexit>

CY threefold

!

with vector bundle over it 
<latexit sha1_base64="BuHWRevJ/iyIUTlRu7MysBBeyZw="></latexit>

V =
5⊕

a=1

La

and structure group
<latexit sha1_base64="McLPuCwuQy+Nn4U6k5oXHmAtaaI="></latexit>

G = S
(
U(1)5

)

leads to  

GUT-type theory

broken down to

<latexit sha1_base64="LFeu8BXVBUxpvREzjcNFPUrKvQc=">AAACAXicdVDLSsNAFJ34rPUVdSO4GSxC3ZSkxjbdFV3osqJpC00ok+m0HTp5MDMRSqgbf8WNC0Xc+hfu/BsnbQUVPXDhcM693HuPHzMqpGF8aAuLS8srq7m1/PrG5ta2vrPbFFHCMXFwxCLe9pEgjIbEkVQy0o45QYHPSMsfnWd+65ZwQaPwRo5j4gVoENI+xUgqqavvuwGSQ4xYejGBrqQBEfDaKZ4ed/WCUTIMy6qaUJFa2bYtRcqmVTuxoamsDAUwR6Orv7u9CCcBCSVmSIiOacTSSxGXFDMyybuJIDHCIzQgHUVDpFZ56fSDCTxSSg/2I64qlHCqfp9IUSDEOPBVZ3av+O1l4l9eJ5F920tpGCeShHi2qJ8wKCOYxQF7lBMs2VgRhDlVt0I8RBxhqULLqxC+PoX/k2a5ZFZKlSurUD+bx5EDB+AQFIEJqqAOLkEDOACDO/AAnsCzdq89ai/a66x1QZvP7IEf0N4+AYepllE=</latexit>

G → SU(5)

<latexit sha1_base64="0oQT38WlCkb8NbGQPmrpf/GcDvI="></latexit>

G → SU(3)→ SU(2)→ U(1)
via Wilson line choice

is a sum of line bundles

on
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Heterotic line bundle models
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E8 → E8 Heterotic

Freely-acting 
symmetry group

<latexit sha1_base64="s/JVWL/kQjbrKLT1mdmcYhb2pWA="></latexit>

CY threefold

!

with vector bundle over it 
<latexit sha1_base64="BuHWRevJ/iyIUTlRu7MysBBeyZw="></latexit>

V =
5⊕

a=1

La

and structure group
<latexit sha1_base64="McLPuCwuQy+Nn4U6k5oXHmAtaaI="></latexit>

G = S
(
U(1)5

)

leads to  

GUT-type theory

broken down to
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G → SU(5)

<latexit sha1_base64="0oQT38WlCkb8NbGQPmrpf/GcDvI="></latexit>

G → SU(3)→ SU(2)→ U(1)
via Wilson line choice

is a sum of line bundles

on

Use this global symmetry to impose constraints on  
the possible operators present in the theory.  

This provides a stringy Froggatt-Nielsen mechanism  
to get the observed quark and lepton masses
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Heterotic line bundle models
Field content: Yukawa couplings:

(No sum on i and j)

<latexit sha1_base64="MsNPl4GFogex41QlYTNTopWZRbw="></latexit>

e1 = (1, 0, 0, 0, 0)

...

e5 = (0, 0, 0, 0, 1)

<latexit sha1_base64="dMvEGx9Jx0FVsIVpuXSylFZCwGo=">AAAB+nicdZBLSwMxFIUz9VXrq9Wlm2ARKpRhpo7tdFd047KCfUA7HTJppg3NPEgySqn9KW5cKOLWX+LOf2Om7UJFDwQ+zrmXXI4XMyqkYXxqmbX1jc2t7HZuZ3dv/yBfOGyLKOGYtHDEIt71kCCMhqQlqWSkG3OCAo+Rjje5SvPOHeGCRuGtnMbECdAopD7FSCrLzRdKE9cc0LKu6+WJezGgZ26+aOiGYVk1EyqoV2zbUlAxrfq5nYJdr9lGEazUdPMf/WGEk4CEEjMkRM80YunMEJcUMzLP9RNBYoQnaER6CkMUEOHMFqfP4alyhtCPuHqhhAv3+8YMBUJMA09NBkiOxe8sNf/Keon0bWdGwziRJMTLj/yEQRnBtAc4pJxgyaYKEOZU3QrxGHGEpWorp0owVQmp4P/QruhmVa/eWMXG5aqOLDgGJ6AETFADDXANmqAFMLgHj+AZvGgP2pP2qr0tRzPaaucI/JD2/gXk0ZKG</latexit>

(ki1, ..., k
i
5)Charges are defined as and are integer coefficients that have to do with the line bundle sum

<latexit sha1_base64="KJ/h6q1YItDtnh+H90PqVxt7ldQ="></latexit>

Y
u
ij ({ω}, {!}, {O(1) coe”s.}) Hu

→ea→bb
10i

ec
10j

ed
<latexit sha1_base64="BGWU3onZJuQb/45luZDCKRL0f7k="></latexit>

Y
d
ij({ω}, {!}, {O(1) coe”s.}) Hd

ea+bb
5
i
ec+ed

10j
ee
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Heterotic line bundle models
Field content: Yukawa couplings:

<latexit sha1_base64="MsNPl4GFogex41QlYTNTopWZRbw="></latexit>

e1 = (1, 0, 0, 0, 0)

...

e5 = (0, 0, 0, 0, 1)

<latexit sha1_base64="dMvEGx9Jx0FVsIVpuXSylFZCwGo=">AAAB+nicdZBLSwMxFIUz9VXrq9Wlm2ARKpRhpo7tdFd047KCfUA7HTJppg3NPEgySqn9KW5cKOLWX+LOf2Om7UJFDwQ+zrmXXI4XMyqkYXxqmbX1jc2t7HZuZ3dv/yBfOGyLKOGYtHDEIt71kCCMhqQlqWSkG3OCAo+Rjje5SvPOHeGCRuGtnMbECdAopD7FSCrLzRdKE9cc0LKu6+WJezGgZ26+aOiGYVk1EyqoV2zbUlAxrfq5nYJdr9lGEazUdPMf/WGEk4CEEjMkRM80YunMEJcUMzLP9RNBYoQnaER6CkMUEOHMFqfP4alyhtCPuHqhhAv3+8YMBUJMA09NBkiOxe8sNf/Keon0bWdGwziRJMTLj/yEQRnBtAc4pJxgyaYKEOZU3QrxGHGEpWorp0owVQmp4P/QruhmVa/eWMXG5aqOLDgGJ6AETFADDXANmqAFMLgHj+AZvGgP2pP2qr0tRzPaaucI/JD2/gXk0ZKG</latexit>

(ki1, ..., k
i
5)Charges are defined as and are integer coefficients that have to do with the line bundle sum

Must be      — invariant 
<latexit sha1_base64="A5N/6xenJw9kWyWtUAbaXiXKdgs=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmZKO627ogtdVrAPmA4lk6ZtaCYZkoxQhn6GGxeKuPVr3Pk3ZtoRVPRA4HDOveTcE8aMKu04H1ZhbX1jc6u4XdrZ3ds/KB8edZVIJCYdLJiQ/RApwignHU01I/1YEhSFjPTC2VXm9+6JVFTwOz2PSRChCadjipE2kj+IkJ5ixNLrxbBccWyv6V5UG9CxnSUMcev1es2Dbq5UQI72sPw+GAmcRIRrzJBSvuvEOkiR1BQzsigNEkVihGdoQnxDOYqICtJl5AU8M8oIjoU0j2u4VL9vpChSah6FZjKLqH57mfiX5yd63AxSyuNEE45XH40TBrWA2f1wRCXBms0NQVhSkxXiKZIIa9NSyZTwdSn8n3SrtuvZ3m2t0rrM6yiCE3AKzoELGqAFbkAbdAAGAjyAJ/BsaevRerFeV6MFK985Bj9gvX0C0piRow==</latexit>

G

<latexit sha1_base64="KJ/h6q1YItDtnh+H90PqVxt7ldQ="></latexit>

Y
u
ij ({ω}, {!}, {O(1) coe”s.}) Hu

→ea→bb
10i

ec
10j

ed
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Heterotic line bundle models
Field content: Yukawa couplings:

<latexit sha1_base64="MsNPl4GFogex41QlYTNTopWZRbw="></latexit>

e1 = (1, 0, 0, 0, 0)

...

e5 = (0, 0, 0, 0, 1)

<latexit sha1_base64="dMvEGx9Jx0FVsIVpuXSylFZCwGo=">AAAB+nicdZBLSwMxFIUz9VXrq9Wlm2ARKpRhpo7tdFd047KCfUA7HTJppg3NPEgySqn9KW5cKOLWX+LOf2Om7UJFDwQ+zrmXXI4XMyqkYXxqmbX1jc2t7HZuZ3dv/yBfOGyLKOGYtHDEIt71kCCMhqQlqWSkG3OCAo+Rjje5SvPOHeGCRuGtnMbECdAopD7FSCrLzRdKE9cc0LKu6+WJezGgZ26+aOiGYVk1EyqoV2zbUlAxrfq5nYJdr9lGEazUdPMf/WGEk4CEEjMkRM80YunMEJcUMzLP9RNBYoQnaER6CkMUEOHMFqfP4alyhtCPuHqhhAv3+8YMBUJMA09NBkiOxe8sNf/Keon0bWdGwziRJMTLj/yEQRnBtAc4pJxgyaYKEOZU3QrxGHGEpWorp0owVQmp4P/QruhmVa/eWMXG5aqOLDgGJ6AETFADDXANmqAFMLgHj+AZvGgP2pP2qr0tRzPaaucI/JD2/gXk0ZKG</latexit>

(ki1, ..., k
i
5)Charges are defined as and are integer coefficients that have to do with the line bundle sum

Must be      — invariant 
<latexit sha1_base64="A5N/6xenJw9kWyWtUAbaXiXKdgs=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmZKO627ogtdVrAPmA4lk6ZtaCYZkoxQhn6GGxeKuPVr3Pk3ZtoRVPRA4HDOveTcE8aMKu04H1ZhbX1jc6u4XdrZ3ds/KB8edZVIJCYdLJiQ/RApwignHU01I/1YEhSFjPTC2VXm9+6JVFTwOz2PSRChCadjipE2kj+IkJ5ixNLrxbBccWyv6V5UG9CxnSUMcev1es2Dbq5UQI72sPw+GAmcRIRrzJBSvuvEOkiR1BQzsigNEkVihGdoQnxDOYqICtJl5AU8M8oIjoU0j2u4VL9vpChSah6FZjKLqH57mfiX5yd63AxSyuNEE45XH40TBrWA2f1wRCXBms0NQVhSkxXiKZIIa9NSyZTwdSn8n3SrtuvZ3m2t0rrM6yiCE3AKzoELGqAFbkAbdAAGAjyAJ/BsaevRerFeV6MFK985Bj9gvX0C0piRow==</latexit>

G

<latexit sha1_base64="KJ/h6q1YItDtnh+H90PqVxt7ldQ="></latexit>

Y
u
ij ({ω}, {!}, {O(1) coe”s.}) Hu

→ea→bb
10i

ec
10j

ed

<latexit sha1_base64="O8flS2+tX04KvWLiSF1D8Dx3c9I="></latexit>

G-charge (Y u
ij ({ω}, {!})) = ea + eb → ec → ed
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Strategy
• Fill both Yukawa matrices with allowed insertions

<latexit sha1_base64="KJ/h6q1YItDtnh+H90PqVxt7ldQ="></latexit>

Y
u
ij ({ω}, {!}, {O(1) coe”s.}) Hu

→ea→bb
10i

ec
10j

ed
<latexit sha1_base64="BGWU3onZJuQb/45luZDCKRL0f7k="></latexit>

Y
d
ij({ω}, {!}, {O(1) coe”s.}) Hd

ea+bb
5
i
ec+ed

10j
ee
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StrategyStrategy
• Fill both Yukawa matrices with allowed insertions

As an illustrative example, the up-type Yukawa matrix can take the form

<latexit sha1_base64="KJ/h6q1YItDtnh+H90PqVxt7ldQ="></latexit>

Y
u
ij ({ω}, {!}, {O(1) coe”s.}) Hu

→ea→bb
10i

ec
10j

ed
<latexit sha1_base64="BGWU3onZJuQb/45luZDCKRL0f7k="></latexit>

Y
d
ij({ω}, {!}, {O(1) coe”s.}) Hd

ea+bb
5
i
ec+ed

10j
ee

<latexit sha1_base64="9luPev9oQD/NLSi2WOogvel9sew="></latexit>

Y u
ij =




ω2,5ω5,2 + · · · ω2,5ω3

5,2 + · · · ω2
2,5ω5,2 + · · ·

ω2,5ω3
5,2 + · · · ω5,2 + · · · ω2,5 + · · ·

ω2
2,5ω5,2 + · · · ω2,5 + · · · 0
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StrategyStrategy
• Fill both Yukawa matrices with allowed insertions

As an illustrative example, the up-type Yukawa matrix can take the form

<latexit sha1_base64="KJ/h6q1YItDtnh+H90PqVxt7ldQ="></latexit>

Y
u
ij ({ω}, {!}, {O(1) coe”s.}) Hu

→ea→bb
10i

ec
10j

ed
<latexit sha1_base64="BGWU3onZJuQb/45luZDCKRL0f7k="></latexit>

Y
d
ij({ω}, {!}, {O(1) coe”s.}) Hd

ea+bb
5
i
ec+ed

10j
ee

<latexit sha1_base64="9luPev9oQD/NLSi2WOogvel9sew="></latexit>

Y u
ij =




ω2,5ω5,2 + · · · ω2,5ω3

5,2 + · · · ω2
2,5ω5,2 + · · ·

ω2,5ω3
5,2 + · · · ω5,2 + · · · ω2,5 + · · ·

ω2
2,5ω5,2 + · · · ω2,5 + · · · 0



 Each entry is multiplied by a o(1) coefficient 
that needs to be determined
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Strategy
• Fill both Yukawa matrices with allowed insertions

As an illustrative example, the up-type Yukawa matrix can take the form

• Find numerical value for VEVs and o(1) coeffs such that the observed quark and lepton masses 
can be reproduced along with the CKM matrix

<latexit sha1_base64="bkVu0OSO/34jPpAp1hNW4nG9Ys0="></latexit>{
→ω2,5↑
Mcomp

= 0.3,
→ω2,5↑
Mcomp

= 0.1, ...

}
Assign  VEVs                                                

<latexit sha1_base64="KJ/h6q1YItDtnh+H90PqVxt7ldQ="></latexit>

Y
u
ij ({ω}, {!}, {O(1) coe”s.}) Hu

→ea→bb
10i

ec
10j

ed
<latexit sha1_base64="BGWU3onZJuQb/45luZDCKRL0f7k="></latexit>

Y
d
ij({ω}, {!}, {O(1) coe”s.}) Hd

ea+bb
5
i
ec+ed

10j
ee

<latexit sha1_base64="9luPev9oQD/NLSi2WOogvel9sew="></latexit>

Y u
ij =




ω2,5ω5,2 + · · · ω2,5ω3

5,2 + · · · ω2
2,5ω5,2 + · · ·

ω2,5ω3
5,2 + · · · ω5,2 + · · · ω2,5 + · · ·

ω2
2,5ω5,2 + · · · ω2,5 + · · · 0





<latexit sha1_base64="7BAmfhe6uYtxntg/jzJMLeP6rRI="></latexit>

→Hu↑Y u = (Uu)† diag(mu,mc,mt) (V
u)†

→Hd↑Y d = (Ud)† diag(md,ms,mb) (V
d)†

→Hd↑Y e = (Ue)† diag(me,mµ,mω ) (V
e)†

<latexit sha1_base64="6BxdlAMPFoKCaQoArIjh1bgwcAU="></latexit>

(Uu)†Ud = CKM

to induce effective Yukawa couplings such that
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Strategy
• Control the μ-term at the same time

<latexit sha1_base64="yXaGxcaC0NdH6yQ3bFyOmRQQnQ4="></latexit>

µ = µ({ω}, {!})Hd
H

u = (ω2,5ω5,2 + ...)Hd
H

u

Sticking with the previous example, this term can take the form
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Strategy
• Control the μ-term at the same time

Sticking with the previous example, this term can take the form
<latexit sha1_base64="yXaGxcaC0NdH6yQ3bFyOmRQQnQ4="></latexit>

µ = µ({ω}, {!})Hd
H

u = (ω2,5ω5,2 + ...)Hd
H

u

To avoid the μ-problem, all these 
insertions have to be suppressed down 

the the EW scale
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Strategy
• Control the μ-term at the same time

Sticking with the previous example, this term can take the form
<latexit sha1_base64="yXaGxcaC0NdH6yQ3bFyOmRQQnQ4="></latexit>

µ = µ({ω}, {!})Hd
H

u = (ω2,5ω5,2 + ...)Hd
H

u

To avoid the μ-problem, all these 
insertions have to be suppressed down 

the the EW scale

One option to suppress the leading 
insertions  is setting 

<latexit sha1_base64="D3luygEUbUm6RMfTLPrnh8J3peE="></latexit>

→ω2,5↑ ↓
MEW

Mcomp
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Strategy
• Control the μ-term at the same time

Sticking with the previous example, this term can take the form
<latexit sha1_base64="yXaGxcaC0NdH6yQ3bFyOmRQQnQ4="></latexit>

µ = µ({ω}, {!})Hd
H

u = (ω2,5ω5,2 + ...)Hd
H

u

To avoid the μ-problem, all these 
insertions have to be suppressed down 

the the EW scale

One option to suppress the leading 
insertions  is setting 

<latexit sha1_base64="D3luygEUbUm6RMfTLPrnh8J3peE="></latexit>

→ω2,5↑ ↓
MEW

Mcomp
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<latexit sha1_base64="9luPev9oQD/NLSi2WOogvel9sew="></latexit>

Y u
ij =




ω2,5ω5,2 + · · · ω2,5ω3

5,2 + · · · ω2
2,5ω5,2 + · · ·

ω2,5ω3
5,2 + · · · ω5,2 + · · · ω2,5 + · · ·

ω2
2,5ω5,2 + · · · ω2,5 + · · · 0





BUT this may kill Yukawa matrices.  
Indeed, in our example



Strategy
• Control the μ-term at the same time

Sticking with the previous example, this term can take the form
<latexit sha1_base64="yXaGxcaC0NdH6yQ3bFyOmRQQnQ4="></latexit>

µ = µ({ω}, {!})Hd
H

u = (ω2,5ω5,2 + ...)Hd
H

u

To avoid the μ-problem, all these 
insertions have to be suppressed down 

the the EW scale
<latexit sha1_base64="9luPev9oQD/NLSi2WOogvel9sew="></latexit>

Y u
ij =




ω2,5ω5,2 + · · · ω2,5ω3

5,2 + · · · ω2
2,5ω5,2 + · · ·

ω2,5ω3
5,2 + · · · ω5,2 + · · · ω2,5 + · · ·

ω2
2,5ω5,2 + · · · ω2,5 + · · · 0





BUT this may kill Yukawa matrices.  
Indeed, in our example

One option to suppress the leading 
insertions  is setting 

<latexit sha1_base64="D3luygEUbUm6RMfTLPrnh8J3peE="></latexit>

→ω2,5↑ ↓
MEW

Mcomp
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It seems tricky to accomplish 
without altering Yukawa matrices



Results

• We scanned over ~200 inequivalent single Higgs models analysed in 
[Anderson, Gray, Lukas, Palti, 2011, PRD]
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Results

• We have found two models that can potentially realise realistic quark and 
lepton masses, CKM matrix and light Higgs.

• We scanned over ~200 inequivalent single Higgs models analysed in 
[Anderson, Gray, Lukas, Palti, 2011, PRD]
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Results

• We scanned over ~200 inequivalent single Higgs models analysed in 
[Anderson, Gray, Lukas, Palti, 2011, PRD]

• Both are constructed on                     but with different line bundles on it.  
<latexit sha1_base64="YQf9kFnAWEkCFLMSq0cyxiMl8UQ=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgqiYxNOmu6MZlBfvANoTJdNIOnTyYmQglFPwVNy4Ucet3uPNvnLQVVPTAwOGce7lnTpAyKqRhfGhLyyura+uljfLm1vbOrr633xZJxjFp4YQlvBsgQRiNSUtSyUg35QRFASOdYHxZ+J07wgVN4hs5SYkXoWFMQ4qRVJKvH3b9vOY4xvSsHyE5CoL8dupbvl4xqoZh244JFalbrmsrYpl2/dyFprIKVMACTV9/7w8SnEUklpghIXqmkUovR1xSzMi03M8ESREeoyHpKRqjiAgvn8WfwhOlDGCYcPViCWfq940cRUJMokBNFhnFb68Q//J6mQxdL6dxmkkS4/mhMGNQJrDoAg4oJ1iyiSIIc6qyQjxCHGGpGiurEr5+Cv8nbatq1qq1a7vSuFjUUQJH4BicAhM4oAGuQBO0AAY5eABP4Fm71x61F+11PrqkLXYOwA9ob59tq5Ux</latexit>

X6770/Z2

• We have found two models that can potentially realise realistic quark and 
lepton masses, CKM matrix and light Higgs.
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Results: first model on 
• Down spectrum • Yukawas

<latexit sha1_base64="369oTeLChaanyXKZ7Ck9I4azwbk="></latexit>

Y u =




0 1 1
1 ω1,2 ω1,2

1 ω1,2 ω1,2





<latexit sha1_base64="IIg3hBrjKW5gB41zXZGwZ2IWBIA="></latexit>

Y d =




!2!4 + ... !2

2!5ω2
1,2 + ... !2

2!5ω3
1,2 + ...

!2!4ω1,2 + ... !2
2!5ω3

1,2 + ... !2
2!5ω4

1,2 + ...
!2!4ω1,2 + ... !2

2!5ω3
1,2 + ... !2

2!5ω4
1,2 + ...





• VEV assignments

<latexit sha1_base64="YQf9kFnAWEkCFLMSq0cyxiMl8UQ=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgqiYxNOmu6MZlBfvANoTJdNIOnTyYmQglFPwVNy4Ucet3uPNvnLQVVPTAwOGce7lnTpAyKqRhfGhLyyura+uljfLm1vbOrr633xZJxjFp4YQlvBsgQRiNSUtSyUg35QRFASOdYHxZ+J07wgVN4hs5SYkXoWFMQ4qRVJKvH3b9vOY4xvSsHyE5CoL8dupbvl4xqoZh244JFalbrmsrYpl2/dyFprIKVMACTV9/7w8SnEUklpghIXqmkUovR1xSzMi03M8ESREeoyHpKRqjiAgvn8WfwhOlDGCYcPViCWfq940cRUJMokBNFhnFb68Q//J6mQxdL6dxmkkS4/mhMGNQJrDoAg4oJ1iyiSIIc6qyQjxCHGGpGiurEr5+Cv8nbatq1qq1a7vSuFjUUQJH4BicAhM4oAGuQBO0AAY5eABP4Fm71x61F+11PrqkLXYOwA9ob59tq5Ux</latexit>

X6770/Z2
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Results: first model on 
• Down spectrum • Yukawas

<latexit sha1_base64="369oTeLChaanyXKZ7Ck9I4azwbk="></latexit>

Y u =




0 1 1
1 ω1,2 ω1,2

1 ω1,2 ω1,2





<latexit sha1_base64="IIg3hBrjKW5gB41zXZGwZ2IWBIA="></latexit>

Y d =




!2!4 + ... !2

2!5ω2
1,2 + ... !2

2!5ω3
1,2 + ...

!2!4ω1,2 + ... !2
2!5ω3

1,2 + ... !2
2!5ω4

1,2 + ...
!2!4ω1,2 + ... !2

2!5ω3
1,2 + ... !2

2!5ω4
1,2 + ...





• VEV assignments

<latexit sha1_base64="YQf9kFnAWEkCFLMSq0cyxiMl8UQ=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgqiYxNOmu6MZlBfvANoTJdNIOnTyYmQglFPwVNy4Ucet3uPNvnLQVVPTAwOGce7lnTpAyKqRhfGhLyyura+uljfLm1vbOrr633xZJxjFp4YQlvBsgQRiNSUtSyUg35QRFASOdYHxZ+J07wgVN4hs5SYkXoWFMQ4qRVJKvH3b9vOY4xvSsHyE5CoL8dupbvl4xqoZh244JFalbrmsrYpl2/dyFprIKVMACTV9/7w8SnEUklpghIXqmkUovR1xSzMi03M8ESREeoyHpKRqjiAgvn8WfwhOlDGCYcPViCWfq940cRUJMokBNFhnFb68Q//J6mQxdL6dxmkkS4/mhMGNQJrDoAg4oJ1iyiSIIc6qyQjxCHGGpGiurEr5+Cv8nbatq1qq1a7vSuFjUUQJH4BicAhM4oAGuQBO0AAY5eABP4Fm71x61F+11PrqkLXYOwA9ob59tq5Ux</latexit>

X6770/Z2

• Quark and lepton masses reproduced 
within experimental error (deviations less 
than 1%)
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Results: first model on 
• Down spectrum • Yukawas

<latexit sha1_base64="369oTeLChaanyXKZ7Ck9I4azwbk="></latexit>

Y u =




0 1 1
1 ω1,2 ω1,2

1 ω1,2 ω1,2





<latexit sha1_base64="IIg3hBrjKW5gB41zXZGwZ2IWBIA="></latexit>

Y d =




!2!4 + ... !2

2!5ω2
1,2 + ... !2

2!5ω3
1,2 + ...

!2!4ω1,2 + ... !2
2!5ω3

1,2 + ... !2
2!5ω4

1,2 + ...
!2!4ω1,2 + ... !2

2!5ω3
1,2 + ... !2

2!5ω4
1,2 + ...





• VEV assignments

<latexit sha1_base64="YQf9kFnAWEkCFLMSq0cyxiMl8UQ=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgqiYxNOmu6MZlBfvANoTJdNIOnTyYmQglFPwVNy4Ucet3uPNvnLQVVPTAwOGce7lnTpAyKqRhfGhLyyura+uljfLm1vbOrr633xZJxjFp4YQlvBsgQRiNSUtSyUg35QRFASOdYHxZ+J07wgVN4hs5SYkXoWFMQ4qRVJKvH3b9vOY4xvSsHyE5CoL8dupbvl4xqoZh244JFalbrmsrYpl2/dyFprIKVMACTV9/7w8SnEUklpghIXqmkUovR1xSzMi03M8ESREeoyHpKRqjiAgvn8WfwhOlDGCYcPViCWfq940cRUJMokBNFhnFb68Q//J6mQxdL6dxmkkS4/mhMGNQJrDoAg4oJ1iyiSIIc6qyQjxCHGGpGiurEr5+Cv8nbatq1qq1a7vSuFjUUQJH4BicAhM4oAGuQBO0AAY5eABP4Fm71x61F+11PrqkLXYOwA9ob59tq5Ux</latexit>

X6770/Z2

• Quark and lepton masses reproduced 
within experimental error (deviations less 
than 1%)

• CKM matrix within a 10% average deviation
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Results: first model on 
• Down spectrum • Yukawas

<latexit sha1_base64="369oTeLChaanyXKZ7Ck9I4azwbk="></latexit>

Y u =




0 1 1
1 ω1,2 ω1,2

1 ω1,2 ω1,2





<latexit sha1_base64="IIg3hBrjKW5gB41zXZGwZ2IWBIA="></latexit>

Y d =




!2!4 + ... !2

2!5ω2
1,2 + ... !2

2!5ω3
1,2 + ...

!2!4ω1,2 + ... !2
2!5ω3

1,2 + ... !2
2!5ω4

1,2 + ...
!2!4ω1,2 + ... !2

2!5ω3
1,2 + ... !2

2!5ω4
1,2 + ...





• VEV assignments

<latexit sha1_base64="YQf9kFnAWEkCFLMSq0cyxiMl8UQ=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgqiYxNOmu6MZlBfvANoTJdNIOnTyYmQglFPwVNy4Ucet3uPNvnLQVVPTAwOGce7lnTpAyKqRhfGhLyyura+uljfLm1vbOrr633xZJxjFp4YQlvBsgQRiNSUtSyUg35QRFASOdYHxZ+J07wgVN4hs5SYkXoWFMQ4qRVJKvH3b9vOY4xvSsHyE5CoL8dupbvl4xqoZh244JFalbrmsrYpl2/dyFprIKVMACTV9/7w8SnEUklpghIXqmkUovR1xSzMi03M8ESREeoyHpKRqjiAgvn8WfwhOlDGCYcPViCWfq940cRUJMokBNFhnFb68Q//J6mQxdL6dxmkkS4/mhMGNQJrDoAg4oJ1iyiSIIc6qyQjxCHGGpGiurEr5+Cv8nbatq1qq1a7vSuFjUUQJH4BicAhM4oAGuQBO0AAY5eABP4Fm71x61F+11PrqkLXYOwA9ob59tq5Ux</latexit>

X6770/Z2

• Quark and lepton masses reproduced 
within experimental error (deviations less 
than 1%)

• CKM matrix within a 10% average deviation

• μ-term at the electroweak scale
<latexit sha1_base64="dw8EHjhVMDDcG7vLnaqNgKdYdJA="></latexit>

µ = ω2,1ω1,2 + ω1,2ω2,5ω5,1 + ... → O(MEW/MGUT)
38



Summary

• Result ——>  only ~1% of the models can satisfy these constraints.

• Scanned their moduli space looking for regions that can accommodate realistic flavour 
parameters while avoiding the μ problem.

Scan over larger lists asking for realistic neutrino physics and other phenomenological  
features.

Provide a mechanism to stabilise the moduli and use ML to actually compute all the 
involved parameters at the stabilised points.

Next steps

39

• Extracted ~200 inequivalent single Higgs heterotic line bundle models from the “202 list” 
produced in [Anderson, Gray, Lukas, Palti, ’11, PRD]



Summary

• Result ——>  only ~1% of the models can satisfy these constraints.

• Scanned their moduli space looking for regions that can accommodate realistic flavour 
parameters while avoiding the μ problem.

Provide a mechanism to stabilise the moduli and use ML to actually compute all the 
involved parameters at the stabilised points.

Next steps
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• Extracted ~200 inequivalent single Higgs heterotic line bundle models from the “202 list” 
produced in [Anderson, Gray, Lukas, Palti, ’11, PRD]

Thanks for your attention

Scan over larger lists asking for realistic neutrino physics and other phenomenological  
features.


