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|

- computatlon of Yukawa coupllngs IN heterotlc Ilne bundle standard models can be achleved but |t
- iIs HARD + done on a case-by-case basis [Constantin et al. 2402.01615]

e salient feature of these models: flavour symmetries £ [Anderson et al. 1202.1757]

J1Zn = U(l)" ie. qg~qg+n

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

* Goal: additional c onstralnts from flavour symmetrles from an EFT approach
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& computatlon of Yukawa coupllngs N heterotlc Ilne bundle standard models can be achleved but |t |
- I1s HARD + done on a case-by-case basis [Constantin et al. 2402.01615]

e salient feature of these models: flavour symmetries £ [Anderson et al. 1202.1757] ’
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F1Zn = UY' ie. qg~qg+n }

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

£ Goal addltlonal constralnts from flavour symmetrles from an EFT approach




4d ./ = 1 SUSY Standard Models oot oz

e These 4d /' = 1 SUSY Standard Models are inspired by heterotlc S|\/|S W|th spllt bundles

. Gauge symmetry - Ggp X £ | i ~ U(l)f‘l

- Forfield F: - Q/(F) ~ Q (F)+n——""

d

v

n \
[
’

n = (nl,nz, .« o I/lf)

,Specifies Split Bundle Structure Group

| H=SWUn) ... x Un))

» Charge pattern of matter and moduli fields in f#:

Symbol | SM rep | SU(5) rep | Charge Pattern in J | Notation | Description
Q7 (3,2); 10/ g = e, 10, LH quarks
Uz (3,1)_4 10/ g = e, 10, RH u quarks
er (3,2), 10! qg=e, 10, RH electrons
d; (3,1), 5! qg=e, + e 5,4 RH d quarks
L; (1,2)_3 5! qg=e, + e 5ab LH leptons
H; |(1,2)_; 5n q=e,+ e 5., Down-Higgs
H, (1,2)3 5y g = —€, — € 51 Up-Higgs
Ut (1,1)4 1! qg=e, — € 1, RH neutrinos
O (1,1), 1 qg=e, — € Dab Bundle moduli




4d ./ = 1 SUSY Standard Models oot oz

These 4d A = 1 SUSY Standard Models are inspired by heterotlc S|\/|S W|th spllt bundles

Gauge symmetry - Ggp X

For field F: Q #(F) ~ Q4(F)+n — P,

S
/n

~ (1)

Charge pattern of matter and moduli fields in £:

—1Specifies Split Bundle Structure Group

. H=SUmn)x..

Symbol | SM rep | SU(5) rep | Charge Pattern in J | Notation | Description
Q7 (3,2); 10/ g = e, 10, LH quarks
Uz (3,1)_4 10/ g = e, 10, RH u quarks
er (3,2), 10! qg=e, 10, RH electrons
d; (3,1), 5! qg=e, + e 5ab RH d quarks
L (1,2)_3 5! g = e, + € 5ab LH leptons
H; |(1,2)_; 5n q=e,+ e 5., Down-Higgs
H, (1,2)3 5y g = —€, — € 5519 Up-Higgs
Ut (1,1)4 1! qg=e, — € 1 RH neutrinos
O (1,1), 1 qg=e, — € Dab Bundle moduli

X Um))

 Different to traditional FN: |

discrete quotients

small SM charges

non-perturbative contributions |



Flavour Physics of Heterotic Standard Models with Split Bundles

Phenomenological
Considerations *

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

Avoid Fine-Tuning with O(1)-coefficients '

Yukawa Textures




Flavour Physics of Heterotic Standard Models with Split Bundles

Only 7 sectors to be searched

Phenomenological

Considerations n Charges

Mass and Mixing Hierarchies ,ﬁ (1, 1,1,1, 1) 10, | 105 | 105 51{{5

| o

Match Electroweak-breaking Scale (H) | 18; 182 igj g%i
10, | 10, | 103 | 51,

10, | 105 | 104 | 57,

Avoid Fine-Tuning with O(1)-coefficients '

(1,1,3) | 10; | 10, | 103 | 555
(1, 2, 2) 107 | 105 | 104 553
(1,4) -
|Optimise O(1)-coefficients and VEVs] (5) unsplit




Flavour Physics of Heterotic Standard Models with Split Bundles

Example inn = (1,1,1,2) with 354

10, 10, 10,
105 /14072050 G14013P32 O1LaG43032 2 2 2
” ~ €~ ~ €, ~ €~ ~ €
Vi e 10 (qn,mz,g G o ooy ) (an) ~ € (o) ~ €. (dr13) ~ €7 (s)
104 \Q1 4043032 O1.4P4.3 ®1 4
€6 €5 63 67 67 €5
_ _ _ y =15 4 2| vy =16 6 _4
91,2 D1 4 D9 3 U € € € > Ld € € €
] 105 /052021043 D320 P3.202,1P1 4 e’ € 1 0 0 €2
Y%~ 103 4,393 2021 D21 P2.1P1 4
105 \ ¢32021  05,014032 05 10T 4032

Yukawa Textures — > with choice of VEV powers



Flavour Physics of Heterotic Standard Models with Split Bundles
Example inn = (1,1,1,2) with 5,

_typicale ~ 0.4

102 /014059050 G14055032 14043032 Iy g g
y AV4273, AY4,3 73, AV4,3YS, ~ €”, ~ €, ~ €~ ~ €
Y AU 103 (¢1,4¢273¢372 ¢174¢i73 ¢1’4¢473 ) <¢4,2> <¢2,1> <¢1,3> <¢3,4>
104 \Q1 4043032 O1.4P4.3 ®1 4
€6 €5 63 67 67 €5
_ _ _ y =|.5 4 2| yv.=].6 _6 _4
91,2 D1 4 D9 3 U € € € > Ld € € €
] 105 /052021043 D320 P3.202,1P1 4 e’ € 1 0 0 €2
Y%~ 103 4,393 2021 D21 P2.1P1 4
105 \ ¢32021  05,014032 05 10T 4032

Yukawa Textures — > with choice of VEV powers



Flavour Physics of Heterotic Standard Models with Split Bundles
Example inn = (1,1,1,2) with 5,

_typicale ~ 0.4

105 /14072050 G14013P32 O1LaG43032 5 2 2
y ~ €”, ~ €, ~ €”, ~ €
Y AU 103 (¢1,4¢12173¢372 ¢174¢i73 ¢1’4¢473 ) <¢4,2> <¢2,1> <¢1,3> <¢3,4>
104 \Q1 4043032 O1.4P4.3 ®1 4
€6 €5 63 67 €7 €5
_ _ _ y =|.5 4 2| yv.=].6 _6 _4
91,2 D1 4 D9 3 U € € € > Ld € € €
] 105 /05,021043 D320 P3.202,1P1 4 e’ € 1 0 0 €2
Yo~ 103 4,393 2021 D21 P2.1P1 4
®3.2021 ¢%,1¢1,4¢3,2 ¢%,1¢%,4¢3,2

104

Yukawa Textures — > with choice of VEV powers

~ O( 109) choices
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Genetic Algorithms

» A family of optimisation-search algorithms. e
* Two parts: Environment + Evolution g < Environment S from [Abel ot al. (29)
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Selection Cross-over Mutation

Genetic Algorithms

* A family of optimisation-search algorithms.

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

Fitnesses Phenotypes

Fithess

| Charge Patterns +
| VEVs

ENVIRONMENT

’» 100’1019’106’ Sa,b’ 5c,d’ Se,f’ Sa,b’la,b te

 “« Superpotential |
' Operators '

oy wmE
@Yd Yd 10(1)5 5(])
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Selection Cross-over Mutation

Genetic Algorithms

* A family of optimisation-search algorithms.

Ranking
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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

Fithess
ENVIRONMENT e

' Fitness Functions

texture contributions

$ lOa’IOb’IOC’ Sa,b’ 5C,d’ Se,f’ Sa,b’la,b . ,‘

log-deviations of physical
observables to measured SM
values

| Physical Observables |

. ¢ Superpotential |

Operators (H). tan §

O(1)-coefficient fine-tuning

O, ~ Y¥10,,5710
Y, U (1) (/) m,, m., m, mg,, mg, n,

_ y(UD1( =HZ |

Vekw ]



Results - Scans



Results - Scans

Perturbative (Bundle Moduli) Scan

n Charges of 10 and 57 | ng <3 |ny =4 | ngy =
(1,1,1,1,1) | 10y | 105 | 105 | 547 — > 10 | > 550
10, | 10, [ 104 | 5% — > 10 | > 1200

10, | 103 | 104 | 57, — > 100 | > 350

LLL2) 0, 10, |10, | 55, | - - -
10, | 105 | 104 | 575 — — —

(1,1,3) |10, |10, | 103 | 557 — — —
(1,2,2) |10, |10, | 105 | 535% — — —




Results - Scans

Perturbative (Bundle Moduli) Scan

n Charges of 10 and 5 | ny <3 | ny =4
(1,1,1,1,1) 107 | 10, | 105 5 — > 10
10, | 105 | 104 5 44 — > 10
(1.1,1,9) 10, | 103 | 104 | 577, — | > 100
o 10, | 102 | 103 §i14 — - - Number of terminal states reduced by symmetry against GA runs
10, | 103 | 104 | 5% — — — er e -
(1,1,3) |10, |10, | 103 | 557 — — — |
(1,2,2) |10, |10, | 105 | 535% — — - ™
i Environment size ~ @(1017)5

7 Number of states visited by GA



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

— Sample 1
—— Sample 2
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— Sample 4
Sample 5

Results - Model Example
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Optimising O(1) coefficients and VEVs using the ADAM optimiser

1‘:7 —— Sample 1

Results - Model Example s

£ T camples
Spectrum VEVs g
Moduli VEV | Value (/M) g
10, 10, 105 (05.1) 0.05117908 §°
912 D12 912 (B3.5) 0.49406093 G -
51 (Pa5) 0.36864188 : .

; (@1,2) 0.1319671 g || [ [ .

¢5,1 ¢3,5 ¢4,5 ¢1,2 ¢4,1 (¢s1) 0.10001969 0 200 400 605(;epN3r(7)1(:)er 1000 1200 1400




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

g —— Sample 1
Results - Model Example ===
ge = oamiries
S 7
Spectrum VEVs :
Moduli VEV | Value (/M) 8
10,102 10, (d5,1) 0.05117908 g%
D12 912 9129 (¢35) 0.49406093 2 4
5f (Pa5) 0.36864188 ‘N
0 (b15) 0.1319671 P [ eeOe——
¢5,1 ¢3,5 ¢4,5 ¢1,2 ¢4,1 (¢s1) 0.10001969 0 200 400 6052epN3r(r)1(:)er 1000 1200 1400

Yukawa Textures

O5.1P4.1 O51P1 2041 D41
Yo ~ | 51012041 P51 ¢%,2¢4,1 O1.2041
D41 O1.2041 D45

D5,103,5 D5,103,5 D5,103,5
Yd ™ ¢5,1¢3,5¢1,2 ¢5,1¢3,5¢1,2 ¢5,1¢3,5¢1,2
¢3,5 ¢3,5 ¢3,5



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

g —— Sample 1
Results - Model Example Ee
§8- — Sample 5
2
Spectrum VEVs g
Moduli VEV | Value (/M) g
10, 10, 105 (05.1) 0.05117908 §°
912 D12 912 (B3.5) 0.49406093 G -
5H (Pa5) 0.36864188 -
4,5 (1.2) 0.1319671 i [ [ TR
¢51 ¢3,5 ¢4,5 ¢1,2 ¢4,1 (¢s1) 0.10001969 0 200 400 6osczepN3rcT)]c:)er 1000 1200 1400

Yukawa Textures Comput ntltles
(H ) = 174 O64GeV |

P51P41 51012041 Pan ‘,
Yy~ | @51012041 051072041 12041 {m, = (2.18MeV 1.27GeV 172.69GeV) |

D41 O1.2041 D45
05103 5 05103 5 051903 5

| my = (4.94MeV 100.25MeV 4.18GeV)|

YV, ~ ’ 0.974 0.225 0.004
d ¢5,1z3,5¢1,2 ¢5,123,5¢1,2 $5.193 5012  Vewr=0225 0973 0,043 |
P35 | looos 0o0s2 0990)



Conclusions & Outlook

e \WWe 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
found a list of viable models.

 Guidance to top-down model building!

o Extension with non-perturbative contributions.

© Extension to the lepton sector. R-parity violating terms, the u-term and
Weinberg operator. Neutrino mass generation?

O String perspective - similar flavour constraints in F-theory local models?



