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* top-down computation of Yukawa couplings in heterotic line bundle standard models can be (
- achieved - but it is HARD + done on a case-by-case basis [Constantin et al. 2402.01615, also Butbaia et al. 2401.15078]

 salient feature of these models: flavour symmetries & [Anderson et al. 1202.1757] '

g/mZ = U(1)" ie. qg~qs+n l

. correct spectrum ~ O(10°) models [Anderson et al. 1307.4787]

'« Goal: additional constraints from flavour symmetries from a bottom-up EFT approach

= ———
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4d /V — 1 SUSY Standard MOde|S [Anderson et al. 1202.1757]

* These bottom-up models are inspired by heterotic SMs with split bundles.

G
. Gauge symmetry - Ggmq X & , — = U(1)/™! |
nz -'Specifies Split Bundle Structure Group

 Forfield F: - Qy(F) ~ Qu(F)+n——""

. H=S(Un)x.

» Charge pattern of matter and moduli fields in &

field | SM rep name SU(5) | G charge pattern | SU(5)xG
Q (3,2)1 LH quark 10 e, 10,
U (3,1)_4 RH u-quark
e (1,1)6 RH electron
d (3,1), RH d-quark 5 e, + e 5ab
L (1,2)_3 LH lepton
HY | (1,2)_3 down-Higgs 51 e, + ey 50,
H* | (1,2)3 up-Higgs 51" —e, — €y 5.,
¢ (1,1)0 pert. FN scalar 1 e, — €, |
P (1,1)p | non-pert. FN scalar 1 k = (ki,..., kf) 1




4d /V — 1 SUSY Standard MOde|S [Anderson et al. 1202.1757]

* These bottom-up models are inspired by heterotic SMs with split bundles.

G
. Gauge symmetry - Ggp X & , — & U(l)f_1 |
n/z -'Specifies Split Bundle Structure Group

 Forfield i Qg(F) ~ Qy(F) +n—""

X Um)

. H=S(Umn,)x.

» Charge pattern of matter and moduli fields in &

field | SM rep name SU(5) | G charge pattern | SU(5)xG ey
Q| (3.2) LH quark 10 e, 10, Different to traditional FN: |
U (3,1)_4 RH wu-quark : :
e | (1,1)g RH electron discrete quotients
d (3,1), RH d-quark 5 e, + e 5ab
L | 1,2)5)  LH lepton _ _ small SM charges

He | (1,2)_3 down-Higgs 51 e, + € 5.

He | (1,2 “Hi H —e, — H : o 55

(1,2)s il > Ca — O Pat non-perturbative contributions |

¢ (1,1)0 pert. FN scalar 1 e, — €, | :
P (1,1)p | non-pert. FN scalar 1 k = (ki,..., kf) 1
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Strategy of search for bottom-up string-inspired models

' Phenomenological Considerations

Mass and Mixing Hierarchies
Match Electroweak-breaking Scale (H )

+ Avoid Fine-Tuning with O(1)-coefficients |

| Yukawa Textures |

/ charge choices to be searched
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Strategy of search for bottom -up strlng msplred models
Exaple |n — (1,1,1,1,1) with H

Yukawa Textures

O51P41 5191 2041 G4
up sector: Ps5,101,204,1 05,197 24,1 $1,204,1

P41 ®1.204.1 D45
519035 O5103.5 51935
down sector: O5103.501 2 5103501 2 51903501 2
®3 5 ®3 5 ®3 5

* Choice of VEV-powers

(s.1) ~ € {s5) ~ €, {Pss) ~ €,(; ) ~ €f’_<_§_b4,1> ~ ¢
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Strategy of search for bottm -up strlng nsplred models

Yukawa Textures

xaple . _ (1 1 1 1 ) |h *

up sector: (

down sector: (

G5,1P4.1 G5.101 2041
O5.1012041 ¢5,1¢%,2¢4,1
P41 1,204 1
G5.193 5 $5,193 5
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P35 O35

P41
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P45

$5.193 5
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P35

™ Choice of VEV-powers

Yukawa Matrices

T2 A
up sector ~ | €2 €7 ¢
et € €

e’ e €
down sector ~ | €2 €12 12

et et €

typical ¢ ~ 0.4

(P5.1) ~ €’ <¢3 5) ™~ e” APys) ~ €,(P12) ~ 65 <€b4 , e’
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Fitnesses Phenotypes

Genetic Algorithms

* A family of optimisation-search algorithms.

Fithess

Bitlist
ENVIRONMENT
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Selection Cross-over Mutation

Genetic Algorithms

* A family of optimisation-search algorithms.

Ranking

* [wo parts: Environment + Evolution

Environment

[TIITIIIITIIIT] < [IIIIIIIIIT] ;
Fitnesses Phenotypes from [Abel et al. (23)]

__Bitlist — Fitness

B harge Patterns +
' VEVs

ENVIRONMENT

1 10,,10,,10,,3,, 1, 3, 4 5,1 H, 1

a,b"‘ '
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Genotypes WM :c:j:: ﬁwm% mGenotypes
P — O AR m

s e H+HH+H+H+HW

H:I:l:l:H:tH:ttH:i:l_,DC:H:tHiH:l:I:I:I:l:I:I:lﬁ

I:I:I:l:l:l:l:l:l:l:l:i:l:l:l:l_)C:HiH:l:I:H:I:I:l:I:I:I:l

Genetic Algorithms

* A family of optimisation-search algorithms.

 [wo parts: Environment + Evolution T < EAvironment CILCTTITITITT  from [Abel et al. (23)]

Fitnesses Phenotypes

J Charge Patterns +
' VEVs

Fithess
ENVIRONMENT

' loa’lob 10 Sab Scd Sef Hab lab :

N\ Su perpotential |
' Operators '
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Genotypes FHH — o ) @
et T B Semas

Selection Cross-over Mutation

Genetic Algorithms

* A family of optimisation-search algorithms.

Ranking

 [wo parts: Environment + Evolution rrrrrroern < Environment CICITEIIIT  from [Abel et al. (23)]

Fitnesses Phenotypes

__Bithst — Fitness

' Charge Patterns +
' VEVs

ENVIRONMENT

1 10,,10,,10,,3,, 1, 3, 4 5, /.

H, 1

a’booo

| Physical Observables |

. 4 Superpotential f

Operators v = (HD),

0, ~ Y¥10,H*10
v, ~ tu (1) (/) m,, M., My, My, Mg, M,

oy dz |
Oy, ~ {100, HS ) |

Vekm ]
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Selection Cross-over Mutation

Genetic Algorithms

* A family of optimisation-search algorithms.

Ranking

 [wo parts: Environment + Evolution rrrrrroern < Environment CICITEIIIT  from [Abel et al. (23)]

Fitnesses Phenotypes

‘Charge Patterns +
' VEVs

ENVIRONMENT T .
. Fitness Functions

f « log-deviations of physical
| observables to measured SM
values

1 10,,10,,10,,3,, 1, 3, 4 5, /.

H, 1

a’booo

' Physical Observables |

;i o texture contributions

' 4 Superpotential |

Operators v = (H).

| o anomaly cancellation

" «  (O(1)-coefficient fine-tuning
m,, m., m, m,, mg ny, B AR

R %) d3 |
Oy, ~ V{0 HS |

Vekw ]
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Results - Scans (Perturbative Only)

E tat Full I iv.
n Fixed charges Ny .nv S. a.J = Models | A
Size | visited | scan spectra
2 10° Yes 0 0
_ 3 | 10l! 108 0 0
(1,1,1,1,1) 101,102,105,55{5 4 | 103 108 301 4
5 | 1016 10° 20213 289
2 108 Yes 0 0
_ 3 1010 Yes 98 1
5H
(1,1,1,2) | 101,102,104, 5%, 4 | 1012 108 18895 55
I B 5 10" 10° | | 320557 | 449
2 108 Yes 0 0
_ 3 | 1010 Yes 56 1
1,1,1.2 105,105,104, 52
(a y Ly ) 02) 037 04? 1,4 4 1012 108 11538 128
L 510 100 | 209175 | 1128 |
2 108 Yes 0 0
_ 3 | 1010 Yes 70 3
2 101,10,.1 H
(]-a]-ala ) 01,102, 03751,4 4 1012 108 8110 63
5 |10 | 10° | | 204148 | 500
2 108 Yes 0 0
_ 3 1010 Yes 0 0
2 10,,10-.1 H
(1)1717 ) 01? 037 04’51,2 4 1012 108 0 O
5 | 1014 108 0 0
2 | 10 Yes 8 1
_ 3 | 108 Yes 1218 18
1.1 10,,10,.10-. 5
(1,1,3) 01,102,103,555 | , | {40 Yes | 22734 81
5 | 1012 108 154532 234
2 106 Yes 0 0
_ 3 | 108 Yes 0 0
1,2.2 10,.10,,103, 54
(a . ) 01,102,103, 3,3 4 1010 Yes 0 0
5 | 1012 108 0 0




Results - Scans (Perturbative Only)

E tat Full I v,
n Fixed charges Ny .nv S. a.J = Models | 2%
Size | visited | scan spectra
2 | 107 Yes 0 0
_ 3 | 10! 108 0 0
(1,1,1,1,1) 101,102,105,55{5 4 | 103 108 301 4
5 | 1016 10° 29213 289
2 108 Yes 0 0
_ 3 1010 Yes 98 1
1,1,1.2 10,.10,.104, 54
( g +3 %) ) 1, 2 4594 4 4 1012 108 18825 55
D R 5 10" 10° | | 320557 | 449
2 108 Yes 0 0
_ 3 | 1010 Yes 56
1,1.1,2 105,105,104, 52
(1,1,1,2) 2,403, 104,914 | | 1012 || 108 11538
__________________ 510 10° | | 259175
2 108 Yes 0
_ 3 | 1010 Yes 70 3
1,1,1.2 101,109,103, 57
( 9 £y Ly ) 01) 027 3,914 4 1012 108 8110 63
5 |10t | 10° | | 204148 | 500
2 108 Yes 0 0
_ 3 1010 Yes 0 0
1,1,1,2 10,105,104, 52
() s Ly ) 01’ 037 4, 1,2 4 1012 108 0 O
5 | 1014 108 0 0
2 | 10 Yes 8 1
_ 3 | 108 Yes 1218 18
1.1 10,,10,.10-. 5
(1,1,3) 1,492, 103,933 | 4 | 1010 Yes 29734 81
5 | 1012 108 154532 234
2 106 Yes 0 0
_ 3 | 108 Yes 0 0
1,2.2 10,.10,,103, 54
( y &y ) 1, +Y2, 1U3,933 4 1010 Yes 0 0
5 | 1012 108 0 0

Total number of inequiv. spectra obtained against states visited

Number of viable charge patterns

200

1000
800+~
600

400+

5.0x 10’

1.0 x 108 1.5x108
Number of states visited by GA

2.0x108




Results - Scans (Perturbative Only)

E tat Full I v,
n Fixed charges Ny .nv S. a.J = Models | 2%
Size | visited | scan spectra
2 10° Yes 0 0
_ 3 | 10l! 108 0 0
(1,1,1,1,1) 101,102,105,55{5 4 | 103 108 301 4
5 | 1016 10° 29213 289
2 108 Yes 0 0
_ 3 1010 Yes 98 1
10,.104, 54
(1)17132) 101) 2 4594 4 4 1012 108 18825 55
D R 5 10" 10° | | 320557 | 449
2 108 Yes 0 0
_ 3 | 1010 Yes 56
1,1.1,2 105,105,104, 52
(1,1,1,2) 2,403, 104,914 | | 1012 || 108 11538
___________________ 510 10° | | 259175
2 108 Yes 0
_ 3 | 1010 Yes 70 3
1,1.1.2 101,10,.1 H
( sy Ly 4y ) 01) 027 O3751A 4 1012 108 8110 63
]S jaoe] a0t || 204148 | 500
2 | 108 Yes 0 0
_ 3 | 1010 Yes 0 0
1,1,1.2 10,,10-.1 H
() y L9 ) 01,103, 04’51,2 4 1012 108 0 0
5 | 1014 108 0 0
2 | 10 Yes 8 1
_ 3 | 108 Yes 1218 18
1,1 10,,10,.10-. 5
(1,1,3) DI IESEES g | 1010 Yes | 22734 81
5 | 102 || 10° 154532 234
2 | 10° Yes 0 0
_ 3 | 108 Yes 0 0
1,2.2 10,.10,,103, 54
( y &y ) 1, +Y2, 1U3,933 4 1010 Yes 0 0
5 | 1012 108 0 0

Total number of inequiv. spectra obtained against states visited

Number of viable charge patterns

200

1000
800+~
600

400+

5.0x 10’

1.0 x 108 1.5x108
Number of states visited by GA

Environment size

~ 0(10'
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Results - Model Example

Spectrum
101, 1029 1059 351,2; HZ,S’ HZIS

D515 P35 D12> DPy1> Pas

10



RGSU"ZS - MOdel Example Yukawa Textures

P5,104,1 P5,101,2P4,1 P41
SpeCt[um 7 up sector: (¢5,1¢1,2¢4,1 $5,197 24,1 ¢1,2¢4,1)
101, 102, 105, 351,2; HZS’ H45 P41 P1,204,1 P45
. . . . P5,103,5 P5,103,5 P5,103,5
¢5’1 ¢3’5 ¢1’2 ¢4’1 ¢4’5 down sector: (¢5,1¢3,5¢1,2 P5,103,5P1,2 ¢5,1¢3,5¢1,2)
P35 ?3,5 P35

10



10,, 10,, 10s; 351,2;

Spectrum

U
4,5’

d
H4,5

D515 P35 D12> DPy1> Pas

Optimise coefficients - ¢ = 0.554 and

(1.090 2.282 1.896\
0.961 2.027 1.979

\1.966 2.978 2.648 )
up-quark sector

(1.379 1.843 0.947
2.708 1.726 2.063
\1.530 2.526 0.680

down-quark sector

(1.064 2.051 1.707
1.183 2.628 2.262

\0.514 1.623 0.706 /
lepton sector

Optimising O(1) coefficients and VEVs using the ADAM optimiser

Loss Function

14

—— Sample 1

Sample 2
—— Sample 3
— Sample 4
—— Sample 5

0 200 400 600 800 1000 1200 1400
Step Number

10

Results - Model Example

Yukawa Textures

up sector:

down sector:

O5104.1
O5101,2P4.1
Pa,1

051035
519035012
O3 5

¢5,1¢1,2¢4,1
¢5,1¢%,2¢4,1
¢1,2¢4,1

51935
O5103.501 2
®3 5

Pa,1
®1 2041
Pa 5

O5.103.5
519035012
O35




RGSU"ZS - MOdel Example Yukawa Textures

¢5,1¢4,1 ¢5,1¢1,2¢4,1 ¢4,1
_ y J up SeCLolr. 5,1P1,2P4.1 5,1P1,2P4,1 1,2P4.1
101, 102, 105; 351,2; 4,5, H4’5 ¢4,1 ¢1,2¢4,1 ¢4,5
¢5,1, ¢3’5, ¢1’2, ¢4’1, ¢4,5 ¢5,1¢3,5 ¢5,1¢3,5 ¢5,1¢3,5
down sector: G5.103 5012 G5.193 5012 51935012
P35 @35 O35
Optimise coefficients - ¢ = 0.554 and .
Compute Quantities
(1.000 2.282 1.806\ (1379 1.843 0.947\  [1.064 2.051 1.707) — e e
0.961 2.027 1.979 2.708 1.726 2.063 1.183 2.628 2.262 Higgs VEV () = 174 Gev
\1.966 2.978 2.648 ) \ 1.530 2.526 0.680 \0.514 1.623 0.706 / 1 Quark | my (MeV) | mc (GeV) | m; (GeV)
up-quark sector down-quark sector lepton sector ' Mass 216 1.97 173
Optimising O(1) coefficients and VEVs using the ADAM optimiser : Quark M4 (MeV) Ms (MeV) Mp (GGV)
- = Sl | Mass 4.70 93.9 4.18
12 - |
) — sample s ;" Lepton me (MeV) | my, (MeV) | m, (GeV)
5101 ,
L% Mass 0.511 106 1.78
»w 8
6 0.970 0.242 0.00359
. , Vexm| =~ | 0.242  0.969 0.0447
0 200 400 600 800 1000 1200 1400 0.00733 0.0443 0.999

Step Number
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Results - Scans

Non-perturbative sector scan
eg. n=(1,1,1,1,1)

Env. || States | Full Inequiv.

No | Ne Size || Visited | Scan Models g-patterns
0 1 10° Yes 0 0

0| 2 | 1083 108 0 0

0| 3 | 10'® 103 0 0

0 | 4 | 10%2 108 22 2
1|1 ot 108 | | o | o0 |
1 | 2 | 106 103 0 0

1 | 3 | 10% 103 648 107

1 | 4 | 10% 103 7377 2154
2|1 |wM]| 108 | | o | o |
2 | 2 | 108 108 328 23

2 | 3 | 10% 103 6073 1490

2 | 4 | 10%7 103 7354 1708
3| 1 |10 108 | | % | 5 |
3 | 2 | 10%0 108 720 159

3 | 3 |10%® 103 892 149
4 |1 [10® | 108 | | 263 | 9 |
4 | 2 | 10% 108 2896 628

11



An Example:

ReSUItS N Scans 101, 10y, 105, B34, 534, 534, Hf's, His, ¢a5, ¢51, @, @

Non-perturbative sector scan iy (L1011 o)
e.g. n = (1,1,1,1,1) Yol1o-1-1) 2®
" " % % % % 2 9 9
Pa5051  Pis5P51P1 PasdPsi

N, | Ne Env. | States | Full Models Inequiv. up sector: @21,5(15%,1(1)1 ¢zl,5¢§,1q)% ¢z21,5¢5,1 ¢ |,

¢ Size || Visited | Scan g-patterns ®4,595.1 ¢4,5 ¢5,1P1 ®4.5

8 ; 11(;)193 108 Yes 8 8 $5,1P2 $5,1P2 ¢5,1P2

18 g down sector: G15051P1P2 Da5P51P1 P2 Pas5051P1 P2

0| 3 |10 10 0 0 - (I) -

0 | 4 | 1022 108 22 2 2 2 2
1| 1 1w 108 | | o | o |

1 | 2 | 106 103 0 0

1 | 3 | 10% 103 648 107

1 | 4 | 10% 103 7377 2154
2 1 10| 108 | | o | o0 |

2 | 2 | 108 108 328 23

2 | 3 | 10% 103 6073 1490

2 | 4 | 10%7 103 7354 1708
3| 1 |10 108 | | % | 5

3 | 2 | 10%0 108 720 159

3 | 3 |10%® 103 892 149
4 | 1 [10® ] 108 | | %3 | 9

4 | 2 | 10% 108 2896 628

11



An Example:

ReSUItS N Scans 101, 10y, 105, B34, 534, 534, Hf's, His, ¢a5, ¢51, @, @

Non-perturbative sector scan kiy— (L1011 o)
@ \110-1-1 (2
eg. n=(1,1,1,1,1)
Ga5081 35021 P1  Pasdsi
N, | Ne Env. | States | Full Models Inequiv. up sector: @21,5(/5%,1(1)1 ¢§,5¢§,1@% ¢z21,5¢5,1 ¢ |,
Size || Visited | Scan g-patterns ®4,595.1 ¢4,5 ¢5,1P1 ®4.5
9

8 ; 11(;)13 108 . 8 8 ¢5,1P2 ¢s5,1P2 P5,1P2

o | 3 | 108 108 0 0 down sector: G15P51P1P2  Pa5051P1 P2 Pa 5051 D1 P2

0 | 4 | 102 108 2 2 © ©2 ®;
11w o108 | | o | o e =0.77 /

16 8

i § 1820 188 628 187 1.403 1.701 2.414 1.389 1.737 1.554 0.608 0.708 2.567

Ll oa | 1o 108 o o154 2.465 2.805 1.150 0.564 0.500 2.995 0.658 0.675 2.658

i R e e e e 2.999 2.999 2.914 2.997 2.962 0.500 1.354 0.577 0.500

2 | 1 |10 10 0 0

2 5 | 1018 108 398 93 up-quark sector down-quark sector lepton sector

2 | 3 | 10% 108 6073 1490

2 | 4 | 10%7 103 7354 1708

3| 1 |10 108 | | % | 5 |

3 | 2 | 10%0 108 720 159

3 | 3 | 10% 103 892 149

4 |1 108 108 | | %3 | 9 |

4 | 2 | 10% 108 2896 628
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An Example:

ReSUItS N Scans 101, 10y, 105, B34, 534, 534, Hf's, His, ¢a5, ¢51, @, @

. 1
Non-perturbative sector scan (hiy— (L1011 o)
— (11111 @ \11 0-1-1 (2
e'g' N = ( 9 Lo Lol ) 9 9 9
Pa5051  Pis5P51P1 PasPsa
. 2 12 3 12 &2 42
NN Env. || States | Full Model Inequiv. up sector: 0159051 L1 Py5051P1 91505191 |
¢ ® | Size || Visited | Scan DA g-patterns ®4,595.1 ¢421,5¢5,1(I’1 ®4.5
0 1 10° Y 0 0
o | 9 | 103 | 108 . 0 0 P51 P2 ¢s5,1Po P51 P2
o | 3 |10 108 0 0 down sector: G15P51P1P2  Pa5051P1 P2 Pa 5051 D1 P2
0] 4 j102] 108 || 2 | 2 v v ®2
1 1 | 10t 108 0 0 e =0.77 |
1 | 2 | 1016 103 0 0
) 3 1020 108 648 107 1.403 1.701 2.414 1.389 1.737 1.554 0.608 0.708 2.567
) 4 1025 108 a7 5154 2.465 2.805 1.150 0.564 0.500 2.995 0.658 0.675 2.658
e e e T b R RS-y 2.999 2.999 2.914 2.997 2.962 0.500 1.354 0.577 0.500
2 L 10 10 0 0 up-quark sector down-quark sector lepton sector
2 | 2 | 108 | 108 398 23 P d P
23 8 \
2 | 3 |10 10 6073 1490 % [ Higes VEV () — 175 GaV
2 | 4 j107 ] 10° | | 7354 | 1708
3 1 | 1016 108 76 5 Quark my (MeV) | m. (GeV) | m; (GeV)
3 2 10% 10° 720 159 Mass 2.17 1.27 173
3 | 3 | 10% 103 892 149
4171 T 108 7 263 | 9 Quark mq (MeV) | mg (MeV) | my (GeV)
4 | 2 | 10% | 108 2896 628 0970 0.242 0.00362 Mass 4.75 93.8 4.18
[Vekm| >~ [ 0242 0.969  0.0449 Lepton me (MeV) | m, (MeV) | m; (GeV)
) 0.00739 0.0445 0.999 Mass 0.533 106 1.79




Conclusions

' We have constructed a GA environment that allows us to search for
' heterotic standard models with split bundles using flavour symmetries. '

- We have performed searches on the perturbative sector of the system and
i found a list of viable models + found examples of viable models with non-
perturbative insertions.

'- Guidance to top-down model building!
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Outlook

o Extension to the neutrino sector. R- |

parity violating terms, the y-term and
Weinberg operator. Neutrino mass
generation?

0 Possible to use RL?

0 Consistent heterotic line bundle
| Standard Models?

String perspective - guidance on
' systematic computation with non-
perturbative corrections?
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String model landscape (part of)?




