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Fermion Masses and Mixings

Why do we have fermion mass LT @
hierarchies?
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Froggatt-Nielsen Mechanism

» Froggatt and Nielsen [1979] proposed using horizontal symmetries U(1) to
explain flavour structures
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Want to focus on heterotic
Eg X Eg on smooth CYs

| Intuition to how different ‘nuts and |

| bolts’ in a HE theory ‘interact’ to
give Standard Model + answer

other pheno questions.




U(1) symmetries from string theory

 |Low-energy effective theories have gauge symmetry
SUQB). xXSU2); xU(l)y X &
where & = U(1)"/Zn

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
He | (1,2)_3 down-Higgs 5 e, + € 50,
H* | (1,2); up-Higgs 51" —e, — € 5,
0 (1,1)0 pert. FN scalar 1 e, — €, 1
P (1,1)9 | non-pert. FN scalar 1 k= (k,..., k) 1
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U(1) symmetries from string theory

* Low-energy effective theories have gauge symmetry

SUB3). X SUQ), x U(L)y X &
where & = U(1 “ /n

1 - Discrete Quotients
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U(1) symmetries from string theory

* Low-energy effective theories have gauge symmetry

SUB), X SUQR), x U(l)y X &
where & = U(1 /n
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String Theory

Bottom- -up Approach

' . Use Charge patterns from si stnng theory

o Use symmetry patterns of known stnng
I as constraints of effective theory

|
| models - compute mass hierarchies

 Large number of possible patterns -

- Difficult - satisfy other
analyse using Machine Learning &

phenomenological properties
l (Higgs? Neutrlnos’?)' |
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Top-down Approach Bottom-up Approach
Downstairs Spectrum Downstairs Spectrum
Matter fields | 101, 103, 105, 513, 523, 545 Matter fields | 10y, 105, 105, 3534
Higgs fields Hss, H3p Higgs fields Hys, Hys
Moduls (I)la IR (I)f) MOdUZZ (I)l, (1)2
€b1,2, €b2,1> ¢1,4, ¢5,1> ¢2,3> ¢4757 §b5,1
¢2,57 ¢3,47 ¢4,37 ¢3,57 ¢5,37 ¢5,4
Yukawa Insertions Yukawa Insertions
P35 051 P21 P2 P35 P50 G15051  Di5051P1 Pas s
A"~ P21 Do P P25 Do A~ Gis051 D1 Pis02, P 0f5 051Dy
P35 P51 P25P2 P35 Ga5 P51 i P51 P P45
P21 P13 Pa3 P25 ®s5.1 Po ®5.1 Po ®5.1 Po
A% ~ D43 0 0 , AV~ | us 51 PL Py us sy PPy dus sy P Dy
P25 Paz 0 Py P, P, P,
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Examples
Top-down Approach

Downstairs Spectrum

Matter fields | 10y, 103, 105, 513, 523, Hus
Higgs fields Hss, Hss
Modulz Dy, .. <I>5

~01 2, sz 1s ¢14, ¢5 23, .

Yukawa Insertions

( O35 P21 P21 Lo P35 P51
AY ~

P21 Po D, @25 Po
O35 P51 P25P2 P35

P21 Pa3 a3 D25
Ad ~ ¢4,3 0 0 ,
Qa5 Ps3 0 Dy

257 ¢347 ¢437 ¢357 ¢537 ¢5

2 - a lot|of extra fie Is!

Adw(

Matter fields | 10y, 105, 105, 3534
Higgs fields H

Bottom-up Approach

Downstairs Spectrum

Modulz

Yukawa Insertions

, §,1 ¢421,5 ¢§,1 D1 Qa5 P51
D15 P51 D1 Bls 05, PT Bfsds1 P
Ga5 P51 Pis P51 Py P45

®s5.1 Po ®5.1 Po ®5.1 Po
Ga5 P51 L1 Py Q45 P51 P1 Do Py5 P51 Py Do
D, D, D,

)



Examples
Top-down Approach

Higgs ﬁelds
Moduls

Yukawa Insertions

O35 P21 P21 Lo P35 P51
A"~ ¢2,1 b, b, ¢2,5 b,
O35 P51 P25P2 P35

)

P43 0 0

) P21 P43 Pa3z P25
A% ~
P25 Ps3 0 Dy

B, O21, G14y D515 Poir—

257 ¢347 ¢437 ¢357 ¢537 ¢5

2 - a lot|of extra fie Is!
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Bottom-up Approach

Downstalrs Spectrum 3 - Charg 2 constraints! pownstairs Spectrum
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Higgs fields
Modulz

Yukawa Insertions
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Conclusions & Outlook

e Can construct viable models with fermionic hierarchies using U(1)
symmetries from heterotic string theory!
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Conclusions & Outlook
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Genetic Algorithms

e A family of optimisation-search algorithms.

* [Two parts: Environment + Evolution

Environment
' “0010101100” . m, = 0.002 . 0
? “0000100100” - m, = 0.03 - -1.18
/’ “1110010000” - m, = 150 - -4.88
I‘ Genotype Phenotype Fitness '

_,)C: HHHHHH '
P — O A A

= R —OC) R A
FEFEFEFFFRERF —>c S R ﬁ
A — O ) A

Selection Cross-over Mutation

Ranking

Environment

LT T TITTTTTIT] <= NN EEEE )
Fitnesses Phenotypes from Abel et al. (23)

Evolution

fithess

t “0010101100”

' Selection || “0000100100
| “0011100100”

“1110010000”
Mutation

Cross-over

—

“OO‘IO1><O‘I‘IOO” “00101 001007
00100” “00001 011007

“00001
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Bottom-up 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
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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'




Yukawa Textures

Bottom-up Example

¢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
/1.090 2.282 1.896\  [1.379 1.843 0.047\  (1.064 2.051 1.707) e S
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 ,
E 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



