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Matter fields: O Moduli fields: ¢A
Superpotential: Kahler potential:
W:Y[JK(¢)CICJCK—|- K:K;r}]atter(¢7$)CIC_vJ_l_...
holomorphic matter field
Yukawa couplings Kahler metric
(analytic computations (no analytic results,
possible) except in special cases)

To compare with physics masses and mixings we need both,
holomorphic Yukawa couplings and matter field Kahler meftric.

For example, up-quark Yukawa couplings:

W =Y3(¢)H'QU’ + - K =K (¢,0)Q'Q7 + K" (¢, $)U'T’
+k(¢,$)HUﬁu+...
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Compactification data:
® CY three-fold X with freely acting symmetry group I

e “Observable’ vector bundle V' — X, T' - equivariant, poly-stable,
with structure group SU(5), S(U(1)°), . . .

e ‘Hidden' vector bundle /' — X, I' - equivariant, poly-stable,
with structure group that embeds into Eig

e Possibly five-brane wrapping holomorphic curve C' C X

~

® Anomaly—Free: ChQ(V) —+ ChQ(V) — Ch2 (TX) — [C]

e Wilson line on X/T" to break from GUT to SM group

Outcome (for appropriate choices): MSSM + moduli + hidden sectors
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Calculating Yukawa couplings

matter fields <« bundle-valued harmonic forms 1-forms

! < V[EHl(X,U),

hol. Yukawa couplings
Yk NfXV]/\VJ/\VK/\Q

invariant under vy — vy + Ooy,
can be computed analyftically

with non-harmonic representatives
(using diff. or alg. methods)

U=V, NV, N2V* ...

matter field Kahler metric
K}I}]atter ~ fX vr A (;UVJ)

requires harmonic representatives

-> need Ricci-flat CY metric,
HYM connection on bundle,
harmonic bundle-valued forms

Computing K"2%eT has been the main problem since Ricci-flat metric,
HYM connection and harmonic forms are not known analytically.

Need to solve complicated diff. egs. on CY manifolds numerically.
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Neural networks

Function families Fp : R%» — R%"t constructed by function composition:

}ap’rh width
f(5) : (22) (1) : Rdo N Rdé
Ve
ayers

where 0 = ((91, .. .,(95), din — do, dout — d5 .

For example, fully connected: fwp)(x) = oc(Wx + b)
!

activation fct. weights biases

o(z) =0(2)z (RelLU)



Solving differential egs. with neural networks

Differential eq. p(D’g(x), Dg(x),g(x),z) =0 reX

Idea: Want to train neural net Fy so that is solves diff. eq., g >~ Fy



Solving differential eqgs. with neural networks

Differential eq. p(D’g(x), Dg(x),g(x),z) =0 reX

Idea: Want to train neural net Fy so that is solves diff. eq., g >~ Fy

o Select training set{z; € X |i=1,..., N} (with known distribution)

N
e Define loss function L(0) = %Z p(D* Fy(x;), DFy(x;), Fo(w:), :)|> + - - -
1=1



Solving differential eqgs. with neural networks

Differential eq. p(D’g(x), Dg(x),g(x),z) =0 reX

Idea: Want to train neural net Fy so that is solves diff. eq., g >~ Fy

o Select training set{z; € X |i=1,..., N} (with known distribution)

N

e Define loss function £(6) = %Z p(D*Fy(x;), DFy(x;), Fo(z;), x)|* + - -
1=1

e Perform gradient descent 6 — 0 — AVyL(0)

e Leads to minimum f, of loss function L



Solving differential eqgs. with neural networks

Differential eq. p(D’g(x), Dg(x),g(x),z) =0 reX

Idea: Want to train neural net Fy so that is solves diff. eq., g >~ Fy

o Select training set{z; € X |i=1,..., N} (with known distribution)

N

e Define loss function £(6) = %Z p(D*Fy(x;), DFy(x;), Fo(z;), x)|* + - -
1=1

e Perform gradient descent 6 — 6 — )T\VQL(H)

learning rate

e Leads to minimum f, of loss function L



Solving differential eqgs. with neural networks

Differential eq. p(D’g(x), Dg(x),g(x),z) =0 reX

Idea: Want to train neural net Fy so that is solves diff. eq., g >~ Fy

o Select training set{z; € X |i=1,..., N} (with known distribution)

N

e Define loss function £(6) = %Z p(D*Fy(x;), DFy(x;), Fo(z;), x)|* + - -
1=1

e Perform gradient descent 6 — 6 — )T\VQL(H)

learning rate

e Leads to minimum f, of loss function L

The neural net Iy, with those parameters is an approximate solution
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Solving diff. egs. on CYs M. Larfors, A. Lukas, F. Ruehle, R. Schneider, arXiv:2111.01436,
' cymetric package

e Ricci-flat metric on CY X

diff. eq. (Monge-Ampere) Ansatz loss
J?=kQAQ J=1J +aNN t S ans |l

e Hermitian YM (line) bundle metric on L — X

diff. eq. (HYM) Ansatz loss
J> AN00In(H) = 0 H:(ref) Lrvm = ||AB = ps||1 + - -
NN

e Harmonic L -valued one-forms on X

diff. eq. Ansatz loss
5LV:52V:O y = plred) —I—E’@ Lharmonic = ||ArLo — po|lt + -+

NN

Reference quantities are taken to be of “Fubini-Study’ type.
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Compactification data and low-energy spectrum

® Tefra-quadric CY X ¢ with symmetry I' = Zy x Zs

(NI NN NI\

Ly Ly L3 Ly Ly
-1 -1 0 1 17
0-3 1 1 1
0 2 -1-1 0
1 2 0 -1 -2

e Line bundle sum X « V =0y

particle associated cohomology
Ql’Q, U1’2, 1.2 il (X, Lg)
Q°, U°, E? H'(X, Ls)
D2, 12 HY (X, L, ® Ls)
D3, L° HY (X, Ly ® Ly)
HA HY (X, L, ® Ls)
H" HY(X,L;® L)

plus bundle, Kahler and complex structure moduli (all SM singlets)
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Structure of up-quark Yukawas (due to S(U(1)°) symmetry):

0 0 X\ cu Y
Y= 0 0 A |e«rank 2 K" = Ou
A3 Ay O 00 k&

The calculation, schematically:

0

Q
P
00 k%

Ricci-flat
meftric

|

HYM connection

on Lo

|

HYM connection
on L5

harmonic forms
VQl,Q7 Uy 1,2

|

HYM connection

on L5 ® L:

harmonic forms
VQB , Vu3

|

harmonic forms
VEu

YIJKNfXV[/\VJ/\VK/\Q

Then use Monte-Carlo integration on X fo evaluate

K}{l]atter ~ fX vr A (;UVJ)

11 neural
networks
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Numerical Yukawa couplings
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Numerical Yukawa couplings

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

— trained

0.015 - — reference

— canonical

0.010 -

Mass/(e™? [{H"))

0.005

0'000 o 1
||||||||||||||||||||||||||||

Remarks:
¢ Additional symmetry means two massive families are degenerate.

e By exploring compl. str. moduli space we can generate a hierarchy.

e Calculation with reference quantities is “not bad'.

e Assuming canonical normalisation gives result far off.
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Two options: 1) Construct non-Abelian bundles and generalise Yukawa
calculations to this case.
2) Deform line bundle models by switching on VEVs for
bundle moduli . <— present talk
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Search for viable heterotic Froggatt-Nielsen models

Searching (small) database of models we have found three viable cases.

Example:
Pir1 11>
P11
CY X €:-P'|1 1| with symmetry I' = Zy X Zs
P2 0
P10 2

Ly Lo Ly Ly Ls
(1 0 0 0—1\

0
1

0

Line bundle sum X <« V =

o O O N
oot =
_ o O =
r—tr—tyl—xo

This model allows for viable quark masses, charged lepton masses
and CKM matrix for suitable VEVs (¢) and (®P).



Conclusions




® Calculating Yukawa couplings in geometric string models is hard -
it requires the Ricci-flat CY metric and related quantities.

e For heterotic line bundle models, we have shown that these

quantities and the resulting Yukawa couplings can be calculated
numerically, using ML techniques.

® The resulting Yukawa couplings are not yet realistic. This requires
moving away from the line bundle locus fo non-Abelian bundles.

e We have taken some steps in this direction by studying heterotic
Froggatt-Nielsen models.

e We have identified a few viable models of this kind.
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e For heterotic line bundle models, we have shown that these

quantities and the resulting Yukawa couplings can be calculated
numerically, using ML techniques.

® The resulting Yukawa couplings are not yet realistic. This requires
moving away from the line bundle locus fo non-Abelian bundles.

e We have taken some steps in this direction by studying heterotic
Froggatt-Nielsen models.

e We have identified a few viable models of this kind.

¢ We need to understand how to perform the numerical computation
for non-Abelian bundles.

e We need to consider moduli stabilisation!

Thanks



