Modular Invariance (in flavor physucs)
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- motivations for modular invariance i

. a menu for the next talks

. some thoughts aloud
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fermion masses and mixing angles require (up tc
[fermion bilinears]

— __we¢C _ 1
- 6+6 masses Ly ==—%YO¥ 1L, = /\(CDIP)W(CDLP)

- 3+3 mixing angles
- 1+3 phases —
p my; =Y v

mvij = WU’U' 2//\
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Top-down Approach Vs Bottom-up Approach
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example: Isospin SU(2) in strong interactions m

. flavour symmetries of this type are necessarily broken

u C "
e.g. (d) (s) (IS) broken down
to U(1)s x U(1)y

largest U (3) 3

flavour symmetry  u® € t€

of the quark [up to anomalies]
sector d® s°b°




| symmetry breaking sector:
. Ty set of dimensionless, gauge invariant
scalar fields, charged under G

[T, stands for (T, )/A: where the scale A; has been set to 1]

Zqﬁ

Tg+m; " TaTg+..

. huge number of models: Gy continuous/discrete, global/local,.....
no baseline model in bottom-up approach




usual path: .
look for some SB sector
and adjust (74)

choose G, b assign f to Gr multiplets

the cruci

PR look for physically at
can we reverse the logic: motivated SRS

T € M = moduli space
parametrizes possible vacua

T € M = {lines of the plane
passing through the origin}

M ' , ~'
§ Lir(Yyr),0") = Lig(Y(T),9)
gy 44 flavour symmetry Gy
§0'=€(V) 2 action on matter fie_lds

YT

!

derived from M now



= M = {classes of conformally equivalent metrics o

2 i
(= - L
>~ @2 -

W1
tori (1)2
parametrized by M = {T=w— Im(t) > O}
1 )
lattice left atT+b
invariant by S ;5 ‘ T —> YT = € SL(2,72)
modular '- cT+d

transformations:

. M = {T—— Im(t) > O}

. Gr = 5L(2.2) unitary represe

' of the finite r SL(2,Zy)
J o'=(ct+d) Fe p(p(y) ) ,




~ N=15USY modular in

Yukawa interactions in N=1 global SUSY [extensionto =1 SUGRA a

5 — j d*xd?0 w(z, @) + h.c + kinetic terms

wiz, @) = Z Y, 1 (el . o) field-depende
~ Yukawa couplin
\

invariance of w(®) guaranteed by an holomorphic Y, _;

n o

l ky(n)_kll _"'_kln =0
' pxphix ... xph o1

form a linear <
of finite dime

modular forms
of level N and weight ky




Vg ;
(Vu) - (ct+d), p(y) (Vu) F
Vr / \‘ Ve/ ©

k, =+1 T

Ve

w(t,v) =myvY(t) v+ h.c.

modular form of leve
k=+4+2and p c3+1+

|

d(M,(I3)) =3
p=3

—Y3(7) 2x(r) —-Nh(7)

(ZH(T) —Y3(1) —Y2(7)
m(t)=m,
—Y,(7)

—N(r) 2Y3(7)
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class-inverting
automorphism

I’ >

a unique CP law consistent ,
%  [Novichkov, Penedo, Pet

WlTh fhe mOdUIGr group T— —T Baur, Nilles, Trautner al

$

[Im(z)> O]
[up to modular transformat

outer automorphism of SL(2,Z2) S-S T > T~1

. CP on matter multiplets (p(l) - Xcp go(l)*

[in such a basis] # g; = 9; on Lagran

CP invariance

. CP conserved < 7 imaginary or otherwise CP spontaneously broken
at the border of the fundamental by (1)
domain ‘



[Novichkov, Penedo, P§%§/ and Titov 1905.11970]
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automorphism
of SUSY algebra

SUSY

{0 @3} = 20134R, Qe 0  Qpe il

both in rigid and in local N=1 SUSY w — e'29 y

Example R =S2¢ SL(Z, Z) RT=T1 .[ZI\(I)glz.séstaomos-San
both signs allowe

w(Rt) = tw(7) minus sign ca

can be generalized?

W(]/T, H)/) — eizo-y W(T, 8) compensated by d2
r .

0, = e 2% d* 0

moreover phase of w(z, ) irrelevant in local SUS

G = K(z,7) + log|w(z)|?

still unexploited
in BU model building



Serguey Petcov
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fixed points joco T
Y Trp = Trp : >
w = ei23_n ST
Y transformation can be linearized F., Gherardi, Roma
, 2T
u=u(r) u(tpp) =0 ‘ u(yr) =e » u(r)

o0 Y o) O
in tferms of the new variables |

OTm(u)d w ) 0
m::(\u)=m..” +m.:.
close to the FP Y t -

we can expand ) _;2mn _n
m(u) in powersof u ™M 0)=e P Q¢(y)m

2
U+ ml.(j)u2 +..

exactly as in linearly realized ZV symmetries, spontaneously broken by u



' rank of mg-)) can be <3 » hierarchical |

. Example: N = 5and tpp = io0 Novichkov, Penedo an

¢~(3,k) decomposition @~1,B01,D '
P°~(3', k) under Z° p°~1,P1,
1 u u
mu) o< |u3 w2 ut
u? .
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mass
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Saul Ramos Sanchez



gy

. which is the most general framework including Iy ?

look for G,.; includin Y s = G 14 k |
new ’rr'ans;f)lr'ma‘rionsg e T ; (crrd) | p() v
leaving T invariant T g) T ©-0(9) @ ‘»

. consistency condition

Gf; iS a hormal
subgroup in G,

interesting case: modular group as outer automorpt
traditional flavour group

not all G; suitable to such
an extension

o e o Chen, Knapp-Perez, Ra
mOdel bUIldmg JUST born Ratz and Shukla, 2108.



. can be combined with CP
(and R-symmeftries)

unification of flavour, CP and
modular symmetries

. at fixed points, y tzp = 77p and
y becomes "traditional”:
enhanced traditional Gy,

. Gec; has a rich representation content

sector || fields | osc. modular 7”7 subgroup traditional A(54) subgroup
o, irrep s | ps(S) | ps(T) | n |fizrep r| pr(A) \ pr(B) \ pr(C)
0 ® 5y | no || 2701 | p(S) p(T) | =2/3 | 39
D5y |yes | 271 | p(S) p(T) | -5/3 | 34

weak point: G,.; requires additional flavons

. Gec; Shown to restrict the allowed Kahler potenti
. could it be that traditional G, are only an accident of orbifold description?
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i B

K = —hlog(—it + iT) + z e\ (it + i7) Pln=kD O+ [H (7, )P
Lp

H(yt,y?) = lct + d|?kH pD () H(z,7) pP*(y) ea

_ 0 ‘ flavour-universal
o minimal kinetic terms

[F.F. 1706.08749

Chen, Ramon-Sanchez,
Ratz 1909.06910]

Y(r) - ch,/ZT(T’ T_) Y(1) z1/? (tT)

any additional rule from TD

any p is allowed by EFT
no suppression for large p ‘ to control K?

lack of power counting e.g. asymptotic requirement such as

lim
ImTt-
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' field space Gﬂ SL(Z, ZN)

P Qcp(g) kcp Po (v)

. even in BU approach, some constraints apply

Pe (1) 00(9) P (r 1) = 0 (,(9))
X5Pon (XSSPt = 0, (ucp(9))
XSPpr (XS = py(uce (1))

' <

. but a large freedom still remains

. are there general rules from TD, that restrict this freedom?
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rigid
versus
local SUSY



w(d) S w(d)
K(®,3) 5 K(®,B) + £(P) + F (@)

rigid SUSY

. local SUSY G = K(®, ®) + log|lw(®)|?

modular invariance now requires

w(d) L elay o—F(®) w(P)
K(d,3) 5 K(®,®) + f(D) + F(®)

w(d) L ey (ct + d)~"w(P)

. a solution for the rigid case

can always be converted
into a solution for the loc
by shifting the matter w

unless a TD selection rule forbids it
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ﬁ String compactifications down to 4D naturally produc

. in a BU description the natural generalization of M
is Symplectic Modular Invariance

[Ding,
m
G =5Sp(2g9,R) K =U(g)

M={t € GL(g,0)|t* = 7, Im(7) > 0}

actionof Gon T

T >yt = (At + B)(Ct + D)1

I' =Sp(2g,7Z) Siegel modular group

-



T /Ga(n) = [gn

oM S det(CT+ D) M pl (y) @

. minimal Kahler potential

. superpotential

w(T, @) = D Vi, 1, @) ..o
n
invariance of w(®) guaranteed by an holomo

Y, ) =jr )Mo Y, (7)

. ky(’n)+k11 +"'+kln =O
. pxphx .. xph o1




. at genus M = {T = (2 2)‘ det(Im(t)) > 0, tr(Im(T)) > O}

[de Medeiros V nd
1906.02208]

73 =0 '=SL(2,Z) @ SL(2,7Z) M =~ 2 factoriz

73 # 0 M =~ generic Riemann surface of genus 2

. the finite Siegel modular groups I'; , are big: [ 5 & Sg| =
already I'; ; ® S¢ has no three-dimensional irreps

. rich pattern of invariant spaces, Ht = 7, having O, 1 or 2 cofr
here the flavour group can be restrict to the normaliz

[ N(H)={y €T|ly"'Hy = H}

Tasn o= Dlreon]

working hereT, , is projected into the smaller group S,xZ,

Orbifolds from Sp(4,Z) and  Nilles, Ramos-Sanchez, Trautner and Vau
their modular symmetries 2105.08078 :



_p(Zg, R)/U(9) spe

. HSS = Hermitian Symmetric Spaces

. HSS are Kdhler

. non-compact HSS as moduli space in sugra and compac:

connected Lie group

M =G/K

compact subgroup
Lie alggbra

G=VBA [VICV [VAlc

automorphism V+AeoV-—A

. flavour symmetry: a discrete subgroup I' of G
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duli fermion
mc()j g; mass
Y hierarchies
non
holomorphic

ries  ferms

rigid
versus
local SUSY




- CPinvariance in Sp(:

CP belongs to Out(T')
CPyCP 1 =u(y

‘ T>Tcp = —T"  up to In(I') [moduli]
{ " — det(Ct + D) *1 p'(y) o

0O 5 X, 50 (xp) [matter fields]

Y (y7) = det(Ct + D) “ py (y) Y (2)
CP
{ ya (T) N Ya(—T*) — /1% Xy Yb*(‘t') [modular forms]

X p" () X7 = x(I9 M py(u(y))

CP violation as a property of the vacuum

[Novichkov, Penedo, Petcov and Titov [Baur, Kade,
1905.11970] Vaudrevange
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N free rigid
SUSY in BL versus
models  gppro local SUSY




gy

. modular invariance “
. SUSsY - holomorphicity

=)

. non SUSY framework

compactification of 2
on a torus
SUSY not mandatory

Y(r)
modular forms
of level N and weight ky

form a linear space
of finite dimensio

hon-holomorphic
forms?

Y(r,7)

“accidental”
holomorphicity
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m%l g; mass
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symmetries terms "
Joao

Penedo

hon free rigid
sSUsYy in BL versus
models appro local SUSY



y Kobayashi, Shimizu, Takagi, Tanimoto, Tatsuis

Bl moduli stabilization Abe, Kobayashi, Uemura
) Ishiguro, Kobayashi and
what determines the value of 7 ?

. . O
- anthropic selection S
- cosmological evolution ~
- extrema of V(1) .
trema of V(z) at the border of th 1
extrema of V(7) at the border of the My
. A ) . CP-conserving %
fundamental region and along the Im(7) axis ? ] \
. . ' X | | \1, Re (T)
agrees with Michel's argument -1 % 72
Michel, L. (1971), Comptes Rendus Acad. Sci 272, 433. [Cvetic, Font, Ibanez, Lust and Quevedo,

f(=x) = f(x)

1. xzp =0 always an extremum of f(x)

\ / “A\o 205
-1.0 -0.5 0.0 0.5 1.0




3/2

Im 7
[E—

1/2

(x) = ax?®+bx*

minimum at x # 0 requires

'(I". 0)

[ ]
(0,0)

of (m,n) (0,n)

900

¢ (m,0)*

[Novichkov, Penedo and Petcov, 2201.02020]

Im 7

extrema at FPs are more natural that elsewhere

0.89¢

0.88}

0.87}

0.86}

(2,0)®
(3,0)®

. CP-violating minima from local SUSY

. what conditions are required on V(t)?

A

~0.49
Re 1

~0.48

—0.47
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m‘; g; mass
ar hierarchies
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moduli holomorphic stgpilization”

symmetries tferms

N freedo rigid
SUSY in BU versus
models  gpproa local SUSY
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A = 5 x 10°GeV ' [modulus VEV]



more

—— CP jere moduli fermion
| moduli and CP mass
hierarchies
te R hon moduli

m holomorphic stabilization

symmetries terms

Eclectic nos freedom rigid
Flavour SUSY in BU versus
Group models approach local SUSY













