Bottom-up modular invariance approach to flavour |

Gui-Jun Ding

University of Science and Technology of China

MITP AN A ~2»%.  Modular Invariance Approach to the

7/ 1) :,:.'~._\~— _/

TOPICAL ZI\\Sa¥»; . Lepton and Quark Flavour Problems:
WORKSHOP ; € ", from Bottom-up to Top-down

\) May 13 - 17, 2024

@ https:/findico.mitp.uni-mainz.de/event/350

1
L5

“-‘..-\
1)
[ |




Flavor puzzles in SM

» Hierarchical masses, e.g. % = (9(105) talk by Stephen King
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» Quark mixing vs lepton mixing

Quark mixings are small Lepton mixings are large
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U m - e BN e Quark and lepton mixing
matrices have distinctive
Vi=c| = ) vl =4 N ] structures!
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Flavor symmetry to flavor puzzle

The fundamental principle underlying the fermion masses and flavor mixing structure is unkonwn so far.
Symmetry can help to reduce the number of free parameters in the Yukawa coupling.

» Flavor symmetry: relate three families FESEERa il <> 2nd-family K== 3rd-family

Flavor symmetry(horizontal) talks by Stephen King,Myriam Mondragon

[reviews:Altarelli, Feruglio,
1002.0211; Ishimori, Kobayashi
at al, 1003.3552; King,
Luhn,1301.1340; King, Merle et
al, 1402.4271; King,1701.04413;
Xing,1909.09610; Feruglio,
Romanino, 1912.06028;
Almumin, Chen et al,
2204.08668; Ding,Valle,
2402.16963]
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Gauge symmetry(vertical)

* To make the Lagrangian invariant under flavor symmetry, Higgs-like fields “flavons” ®,, ®,, are needed

e Structure of Yukawa couplings arises from the vacuum alignment of flavons

* Flavons and the vacuum alignment make the models quite complicated



Modular symmetry

Modular symmetry SL(2, Z) is the geometrical symmetry of the torus T2

Torus T2 = C/ N w,,w,) 1attice Ay o) = Nqwg + Npwy [Feruglio, Romanino, 1912.06028]
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Up to rotations and dilations, the shape of a torus is parameterized by 7= w,/w;,Imz > 0

The lattice (torus) is left invariant by SL(2,7Z) modular transformation

modular generators:
@, a b\ o ar+b a b 1
= = SL(2,Z) =<y = a,b,c,deZ, ad-bc=1 _
[w{j (c dj(wlj::>r_)w cr+d (52) {y (c dj ) } 5:T = 7
Effective 4D theories are modular invariant: rrt-t+1
10D AD

S = Jd4£dﬁy Lyop = Jd4’1‘ Lea(p, Ti)
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Modular invariant SUSY theory

» The field transformation

Y > (et +d)7"

p(¥)

P

[Lauer, Mas, Nilles, 1989; Ferrara, Lust et al, Im(z)
1989; Feruglio, 1706.08749]

weight k € Z pis a unitary representation of I'y or I'y

» Superpotential

W=> Y.l

Modular invariance requires
|1 po (T)_)Yl1 .., (yr) = (cr+d)" pv(y)Yll .1, (7)
Ky =k, +k_+...+k , p,®p ®--Qp >1

Yukawa couplings are modular forms Y, , ; (7)

1/»’11 Vi, - - Y1,

« [y and Iy play the role of flavor symmetry groups

N 2 3 4 5
I'n 53 Ay Sa As
Iy, Sy A, =1 Sfl o SL( 7,) AL = SL(2,75)

o

S4, 4\/ AS . AS )

Octahedron Dodecahedron

lcosahedron

SN

C/i\ )
SL(2, Z) on torus T2

lR{

finite modular groups
[, =SL(2,Z)/£I'(N)
[, =SL(2,Z)/ T(N)

» Advantages:

(DNo flavons (except t) and complexity of
vacuum alignment;

(2No corrections from higher dimensional
operators in SUSY limit;

(3 significant reduction in the number of
parameters



Modular invariant flavor models

Are neutrino masses modular forms?

Ferruccio Feruglio (INFN, Padua and Padua U.) (Jun 27, 2017)

e-Print: 1706.08749 [hep-ph]

pdf ¢ DOI [= dte

@ reference search ) 244 citations

» Bottom-up models for lepton and quark [reviews: Kobayashi, Tanimoto, 2307.03384; Ding, King, arXiv:2311.09282]
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General finite modular groups: SL(2,Z)/normal subgroups

Normal subgroups ker(p) Finite modular groups I'/ ker(p) = Im(p)

Index | Label Additional relators Group structure GAP Id
6 | 12 T2 S, [6.1]
- - 5772 7. % 2, 22D, [12,1]
+I'(3) S T° Ay [12, 3]

I3 - ST-251° S, x Z 18, 3]

F 3

[3) Cil T [24,3)

24 — ~ 51 17]

1T (4) ST T° S 24, 12]

- SZ (ST-TST)? As % Zs 24,13

36 - S T-2ST? (Zs % Z3) % Zs 36, 6]

, - T® (ST-1S)2TST-TST? |

12 - T®,. ST-TST(ST-TS)°T2 Z7 % Zs 42,1}

- STt 20 48, 28]

- T®, ST'ST- GL(2.3) 48, 29|

s T 7 AxZi=5 18, 30)

- (ST-TST)? A, x Z, [18, 31]

- S*(ST-'ST)? T x Zs 18, 32]

- le? ST:iST_:i [{Z; b4 Zg) “ Zg) | Z:{ 18 331

5% -_ :FG (ST_IST)E (Z;; X Zu) x Zﬁ [_}151
60 | £1(5) S A; (60, 5]

~ - TV ST'ST-1 S, X Zs [72, 12]

"2 IET(6) [ 5% T°. (ST-TSTST-'S)°T™ A, X S 72,14

[Liu,Ding, 2112.14761;
Ding, Liu, Lu, Weng,
2307.14926; Arriaga-
Osante, Liu, Ramos-
Sanchez, 2311.10136]

The flavor symmetry can be general finite modular groups rather than I, and I



Minimal modular lepton model

Modular symmetry allows to construct quite predictive lepton models. The modular flavor symmetry
is modular binary octahedral group 20 which is the Shur double cover of S,

L | Ep Zie Sp) | TN | Hua [Ding, Liu, Lu, Weng, 2307.14926]
20 | 3 2/ 1| 3 1
Er | —1 6 o | 1 0

» Charged leptons
Wi = a (EE)LY;))l H,+ 3 (EELYZ(S))l Hy + (T*‘-’LY?E?))I i,

—aYy, —VRBYS) VBRYS) VaaY 4 Y]
=D My = | —aYy) +VEBYS) — Va8 - VERY)
WYy WYy 1Yy
» Neutrino mass : seesaw mechanism
W, = gHu(N°L); + A (NCNCY;Q))I Minimal #p: a, £, y, 0%/ A
100 -2V, 0 0
=> Mp=yg (0 0 1) v, My=| 0 V32 v [A
010 0 Y;,(?l) \/g Y2(,Q‘,lz)



Light neutrino mass
1 g% 1 g*v? 1 g*v?

- 2 , M2 = 5 2 ; M3 = 5 2
2v,2] A Va7 —V3Yys| A Va2 + V3Y,y| A

my

only depends on modulus T up to overall scale
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Neutrino mass spectrum is normal ordering
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Minimal: only 4 real couplings plus modulus 7 can explain 12 observables

(r) =-0.1921+1.08541, f/a=0.7159, y/a =87.4471,
av, =0.02881 MeV, g°v: /A =71.8888 meV

7 is the unique source breaking both modular and CP symmetries. All observables are within the 3o
regions

sin® g, = 0.3261, sin®@§,, =0.02182, sin®d,, =0.5063, 5., =1.34r,
o, =1.32687, ay =0.5401rz, m,/m, =0.004737, m /m_=0.05876,
m, =14.27 meV, m,=16.67 meV, m, =51.64 meV

.5/ v—rr+—r++—— T 0.60 | LI S Y R RN Comn o | L
T I ) . T 5 SR B B ) [ ] I’
D.0240 Lagca s a v oo v v awa iy s -
' s i 4
1.4 - 0.58 ]
().0232.~ ; . : ____’-—' ) | [ 4
I 0.56 -
e o 1.3} 1 & ]
th: 0.0224f ! : z ]
- 12F N 0.54 -
0.0216} | : : |
- 0.52 2
- 1.1 - r .
0.0208f | : i
L : 4 050-1 (AN Wl Rl i N S G L ] [ T B R S B
L I T T T RN T N T T T N T T | ) 1.30 1.32 1.34 1.36 1.38
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The effective neutrino masses:

m, =16.76 meV, mg, = 9.17 meV
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within the sensitivity of future OvBf3 experiments



Extension to quark sector

fy)ﬂ — ({:‘)11 {:‘)2) (J.j- E;"b :H(“'FI: {T(:?] fl Dr’ﬂ — ({f:1 Sr") b(:
20 2 1 2/ 1’ 2 1’
fo.'f A:Qﬂ .Ei.'Q” 3 — JE..',_rJ” 6 — ‘E"IQI} 6 — LE(J” —A:Q”
[m (3) T
nH}’ —n”}’{ﬁ}} : 0 :
ﬂfﬂ — n”“}al 4 (kg 1.1 I_”J Uy 4
I:> —B.Yan BuYad wYy”
nde — Yf}l BaYy +7 }f’i“} ;iy;“;
L[l ________ D_I Ed

The complex modulus tis common in both quark and lepton sectors, and its value is fixed by the

Iepton parameters

The quark masses and CKM mixing parameters can be well accommodated with )(5 = 6.4:
=0.0388, o7, =61.27°,
m, /m, =0.00243, m_/m, =0.00245, m, /m,=0.0510, m,/m, =0.0234

6% =0.229, 62

() =-0.1946 +1.0799i

=0.00393, 6,

The model uses 14 parameters to describe the masses and mixing of both quark and lepton sectors:
12 masses+6 mixing angles+4 CP phases.
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modular groups
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Universality of modular invariant models around fixed points

Many modular invariant bottom-up models differ in the level N, the representation p; and weight k; assignments

of matter fields.

» There are only 3 inequival

2

oo (T}

L

~ with+without CP sym.

a

Reir)

|~
w (ST

1
2

cx

ico (T)

i (S)

a

w* (TS)

with CP sym.

YoTo =To > 1, = i, e2™/3, joo

Fixed points of modular symmetry:

To v invariant under Residual sym. Gj
i S e z3
e2mi/3 ST A —ﬁ Z57
ioc T rHr+1 7%

[Feruglio, 2211.00659,2302.11580]

* At certain values of t, modular
symmetry is partially broken and
some residual symmetry remains.

ent modular fixed points in the fundamental domain

Lg e

2
¥

Imr

{ll —{IJ.:':. 0 0.5 1 15
Re



> Linearization of the residual transformation y, O(yo) = (coTo + do) ™ p(¥o)

. T—T ) g — CpT CP
To = i,e%™/3: y = 2D =(1-wky (u]g 2 0%, usu
T =T L > ] a0 — T
2T Yo cp
Top=1i0: u=e N ,0 =19y ) L P Q)P PO

The residual symmetry acts as traditional flavor abelian symmetry broken by the VEV of u
» Fermion mass terms in terms of new variable see talk by Joao Penedo

— .. Y\ by ::> m(you, you*) = Q" m(u, u*)Q modular invariance under residual
,Cm CDL m;; (u;u )CD] { m(u*,u) — m*(u,u*) Yo and CP

Expanding m;;(7) in powers of u in the vicinity of 7

o 0 10 01, * 20, 2 11, =« 02, +2
mij(u»u)—mo[xi,-+xl-,-u+xi,-u + X u” + xjuu +xicu +M

* The coefficients x;}, x;;’, x;;', ... are assumed to be of order one, normalization of modular form is

relevant. [Petcov,2311.04185]

* Invariance under the residual symmetry y, allows to fix the pattern of mass matrix

* Only need Q(y,) of LH leptons which are assumed to be irreducible triplet of Ty

* Universality: independent of level , the modular weight of matter fields and the kinetic terms

16



» The vicinity of T = i is preferred by neutrino oscillation  [Feruglio, 2302.11580]

2
T fass A&m;d Si]l2 912 Sillg 913 SiI]2 923 x = |U,|
ordering Matm
~i | kgeven m,(0,0) regular NO/IO O(1) O(2?) O(x%)  01) r r x)y Y,
-m.;l = mr;f Tao T Toz x | + @{Tz}
~1i | kg odd m,(0,0) regular 10 O(z) 3(1+0(z) O@*) 0O(1) Ty T

~i | kg odd m,(0,0) singular NO O@*) 11+0(@) 0@E=?) 001

b2

~ w NO/IO O(x) +(1+0(z)) 0% O?)

[Ding, Feruglio, Liu, 2402.14915]
The same universal behavior in Symplectic modular invariant theories near the fixed points.

 Charged lepton mass hierarchies require tuning the order one coefficients for T = i, they can be
naturally generated for T ~ e2™/3 joo, large lepton angles necessitates singlet assignment of LH
leptons, but predictivity is reduced somewhat. [Novichkov, Penedo, Petcov, 2102.07488 ]

e Predictive model for both charged lepton mass hierarchies and neutrino mixing without fine-tuning?
both quark and lepton sectors without fine-tuning?

Critical behavior similar to phase transition or cosmological evolution? [Feruglio, 2302.11580]
17
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Modular
GUT
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Modular GUTs

The symmetry group of modular GUT is GgyTt X 'y or GguT X I'y
* GUTs: connecting quarks and leptons R

* Modular symmetry: relating three families and Yukawa couplings are modular forms

» Candidates of GUT gauge group GgyT

[suG) < u@)]

SU@)c x SUB)L x SUB)x |

ISU(4)(; X SU(?)L X SU(Q)R

SU(S)C X SU(?)L X SU(Q)R X U(l)B—L

AN

SU(3)c x SU(2)L x U(L)y|

Modular GUT

19



Kobayashi, Shimizu, Takagi, Tanimoto,

Tatsuishi, 1906.10341;
Ding,King, Lu, 2108.09655;

Du, Wang, 2012.01397 S '
Ding,King, Lu, Qu,2206.14675 y
A ) » Anda, King, Perdomo,1812.05620;
4 | : .
» A‘\y Chen, Ding, King, 2101.12724

l  Zhao, Zhang, 2101.02266;
‘/ Sy King, Zhou, 2103.02633;
, Ding, King, Ya0,2103.16311;

Varzielas, King, Levy, 2309.15901

flipped
SU(5)

* )
Ding,Jiang,King, Lu, Qu, 2404.06520 :
Charalampous, King, Leontaris, Zhou, 2109.11379;

Du, Wang, 2209.08796 20



» GUTs unify the quark and leptons fields into few multiplets, the possible transformations of matter

fields under modular symmetry is quite limited.
3~ A4, ‘
111 B ”
+ T B .

ik | |-

SM: 3 X 6 = 18 multiplets

1691’691"~A4 e
~ Ay
» The modular symmetry can strongly constrain the GUT Yukawa couplings and thus enhance the
predictive power, but the complexity of GUT breaking to SM remains
M, = (ylﬂ H rz,}’lgﬁ 4 Hylzn) . M, :?l (ym L P ywn) .
SO(10) fermion 10 126 120 10 55126 | 29120
mass matrices: M, :’-f.l-: (y_ B 'H'y _)1""‘3’ Moy = (y —ird T Gy )*
M,, = vgY"™, M, =v Y™

r;,3andc, , : mixture of SO(10) Higgs multiplets into SM Higgs

 Modular GUT for flavor puzzle so far, the interplay of modular symmetry with proton decay, GW ?

21
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Kahler potential problem in modular symmetry

» Kahler potential potential not fixed by modular flavor symmetry

,’C — {_«”— + .{-.:,II.—.)—F{;-;J (L'Tl)l + Z t,,,-!:u.-r*l,-r‘zfi-(_h‘_ 4 #-T)—.t-,_.—l—u (E,T}r;rj—}rru;l '!-‘)1
n,r1,72

minimal Kahler potential non-canonical terms

many non-canonical terms on the same footing as the minimal Kahler potential

» Modifying Kdhler metric and kinetic terms [Chen, Ramon-Sanchez, Ratz, 1909.06910]

Ky =— = (—iT +17) 707 + AKY 10 :
[0, | 5 e
flavor universal flavor off-diagonal _ | , — ]
o 20_ 13 23 ]

* Go to canonical basis :
Ky, )K= ZII_JH_(T,T*) lel(r,r*) 105- _
Kye(r, 79K =711, ) Zye (1, 7%) %0 02 04 06 08 10

i3

m(t) = Zye(r,7)m(1)Zy(7,7*)  => sizable corrections to mixing parameters

23



Eclectic flavor group as a solution to Kahler potential problem

> Modular flavor symmetries from top-down approach (orbifold string compactification) gives
[Nilles, Ramos-Sanchez,

« Normal symmetries of extra dimensions =®traditional flavor symmetries
Vaudrevange, 2001.01736;

« String duality transformations =* modular flavor symmetries 2004.05200]
« The multiplicative closure of these groups is defined as the eclectic flavor group
Geclectic = Gtraditional - Gmodular see talk by Saul Ramos-Sanchez

» Traditional flavor symmetry vs. modular symmetry transformations

at + b
modular: riyr = cz+ 7 1/)1> (ct+d) o)y, y € SL(2,7)

. g9 g
flavor: 57, Y-p(@Y, gE Gy

Traditional flavor | Modular || Eclecticflavor || o Tha matter fields transform nontrivially under
symmetry symmetry Group )
both flavor and modular symmetries, the

@ @ Kahler potential is constrained
— / | ¢ Enhanced flavor symmetry at the modular
symmetry fixed points T = i, e2™/3, joo

* The notorious flavons reoccur to break

@ flavor symmetry

T distinguishes flavor symmetry from modular symmetry

Kahler potential

Vacuum problem
24
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» Consistency condition

v € SL(2,2)

>(em +d)”

[Nilles, Ramos-Sanchez, Vaudrevange,
2001.01736]

Y = Uy

ayer S

()0 =

SNS =1- (us)NS =1

p(NP@p (N =pWU (D) (cr+d)Fppg)y | T =1=@)"T=1
K_, (__/ (ST’ =1 - (usour)’ =1
9 p(uy(9))1 =p(v)p(g)p~ (7)Y 52T = TS2 > (ug)? o up= uy o (ug)?

= Uy (g)

—1
7 N, =4 (2) for T} (Ty)

Finite modular group Iy (I'y) must be a subgroup of the outer automorphism group of Gy

peclemlf — pj A F

(GyxTy)

canonical

kinetic terms modular forms

> Quasi-eclectic flavor symmetry: 1, (g) = [Chen, Perez, Hamud, | tradlim h r l
v g Sanchez, Ratz,Shukla, As % 3 |

GQuam eclectic — Gf X F

* Flavor symmetry and modular symmetry are commutable
* No constraint on the choice of Gf and Ty (Iy)

* Non-canonical Kahler potentials are suppressed by flavor symmetry

(G x T'y) 2108.02240] e

modular forms
+
canonical kinetic terms

25



» Eclectic flavor group can combine with CP: unification of
flavor, CP and modular symmetries

CP transformation: (x) <P, X, (zp)

Xe pi(9) X7 = pe(d').
Xy pi(S) X, = prl(giSTY).

Xo pp(T) X7 = pr(g2T ™), g 91,92 € Gy

» Possible eclectic flavor groups: a few G suitable to eclectic extension

Havor group  GAP Aut{Gy) finite modular cclectic Havor
Gy 1D groups Eronp
()s |8 4] 5 without P Sa GL(2,3)

with CP - -
Tog X &g [9, 2] GL(2,3) | without CP S YE)
with CP ".;;1 Xodaa [1“!“:. ITI
Ay [ 12, 3] 54 without OP Sy 59
54 55
with CP - -
T [24. 3] 54 without CP Sy GL(2,3)
with CP - -
A(27) [27.3] | [ 432,731 | | withouwt CP S5z A5
1 (1)
with CP 53 X Ba [103. 17]
GL(2.3) | [1296, 2891]
A(5d) [5d 8] [ [ 432, 731 ] | without CP 1" (1)
with CP GL(2.3) | [1296, 2591]

Automorphism of G
—

[Nilles,Ramos-Sanchez, Vaudrevange, et al, 2001.01736]

[Ding, Li, Lu,2405.xxxxx]

[Ding, Li, 2308.16901]
[Ding,King, Li, Liu,Lu, 2303.02071]

[Baur, Nilles et al,2207.10677]
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Modular inflation

e Come  Fresas o Accelerated expansion of the early universe

Nuclear Hislor microwave &gf:l'amxies . ]
o B favored by cosmic microwave background (CMB)

{

ends

e 0 , Sm— AR YS observations
o 2 Quarks | “‘ Qu:,r':)?onﬁl“l ",‘ S "’ “' Positrons "' s “ L— y '. ‘J A ].U

R [ | j‘ {85 el I R In (10 AS) = 3.044 £ 0.014 (68%CL) ,

» Big'g' ‘ \ | ' Age of | | Age of @ Stars e

P'Bangiﬂ } - 5‘: ‘ ions | atoms i a'nd e ns — 0.9649 i 0.0042 (GS%CL) \

‘.‘* G T Elecu::n: | He l | He ' | ‘ igald?nes !‘

S el O N A o r < 0.036 (95%CL) .
L | o Ag: scalar amplitude
Tempoatney 1% 07 108 300 10000 w0 a0’ “ar n.: spectral index
Energy (Gev) 10 10 0.1 10+ 10* 5 x 10° 3 x 10 23 x 109 .
r: tensor-to-scalar ratio
* Inflation can be realized by a slow-rolling scalar field (inflaton) [Planck Collaboration,1807.06211]
V(9)
b 5o SM cannot explain inflation!
-
(1) Modular inflation: modulus 7 plays the role of inflaton,
a plateau in the scalar potential is necessary
%

—r i . - O
inflation reheating

end 28



Modular invariant scalar potential of t

» The modular invariant effective action in SUGRA for T + S (dilaton) [Cvetic et al., Nucl. Phys. B 361 (1991);

Kahler potential: KK(1, 7,8, 8) = K(S,5) = 3In[—i(r — 7)], . :_ V8Tl
K(S, S‘) = —In(S + 5‘} + 0k(S, 5‘} j(T): j-invariant function

S)H(T)
n°(7)
Q(S) is technically arbitrary, P(j) is an arbitrary polynomial function of j(7)

=D V(r.9) = ARSI 2 RS [(AS.S) - 9HE)P +V(r,7)]

. - )
W(S.7) = Ay - H(7) = (j(r) = 1728)" 2§ (1) P (j(r) | M= 0,12,

Superpotential:

> Vacuum structure at fixed points T = i, e2™/3 = see talk by Nicole Righi
i
, E *orei [Leedom, Righi,Westphal,2212.03876]
= e
AN T rolls toward the fixed points
( ' V(;:n ’ ) 29
N i) >0 - ’



> Slow roll along the unitarct = e'? fromt =itor=e

1. ."III,-' .1|L 1 _I."l l i -r".u

21i/3

Hilltop-like inflation: V(@) = Vj [1 — Ca¢® — Cyg* — Cs¢® + .. ]

Invariant under:

= —¢

¢ = +/3/2Mp; In(tan(0/2))

For the power exponentsm = 0, n = 2, V(i) > 0,V(e?™/3) = 0,
the scalar potential reaches minimum at the unit arc along the

radial direction, can only roll along angular direction

14

Flat

platea

u for inflation

0.4

0.5
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1T= pew
1 — #=05m
— =087
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f = 0637

— I = (L6067

Im Tt

® 100

2
D
1.5 4
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1r /‘/_I" """ .. zi
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Ret

[Ding, Jiang, Zhao, 2405.06497;
King, Wang, 2405.xxxxx ]
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> Successful inflation can be reproduced, the tensor-to-scalar ratior < 107°

PRE =ounama T T o asET T
0,128 = 0126
My
0126 - 0124
. . — L 0.9733
(a) P(j) =1+ B(1 - j/1728) ’
' ' [ 09691 7 [ 0.9691]
0,124 ~ 0122
| 9649 ] [ 0.9649
009607 . - (0,907
0122 - 0120
[ 09565 1 [ 09565
01208 4 0 1 1 I 1 n AR - B AR A | Lol sl

24.16 24.24 24.32 24.40 2448 24.50

[Ding, Jiang, Zhao, 2405.06497;

24.10 24.20 24.30 24.40 24,50

King, Wang, 2405.xxxxx ] e —— T S

~0.085

L L

~0.105p~ -

0.9733 : ~0.090 L 0.9733
- B 09691 7 F 0.969]
0.9649 g - 0.9649

0.9607 1 < -0.100F  0.9607

(b) P(j) = 1+~ (1 —j/1728)  ~*F

Moos6s C  ().9565
1 -0.10sf
—0.114} ~ "
B 1  -onop
-0.117} 1 -onsf
| Eal SR WO (W BRTNEY 1 | R e T 7 KT T ) BT RTINS TN Y W W T O | gsfiupecg
29.120 29.136 29.152 29.168 29.184 29.12 29.13 29.14 29.15 29.16

A A

[other scenarios of
modular inflation, see
Guniji, Ishiwata,
Yoshida, 2208.10086;
Abe, Higaki, Kaneko,
Kobayashi, Otsuka,
2303.02947... ]
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General finite
modular groups

. o & \____/"' ) O X . o
holomorphicity \__/ \:/./L Universality

&

ﬁ\

duar g «t
.M oduiar "% ( " Modular GUT
inflation |

Eclectic flavor
group
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Non-holomorphic modular flavor symmetry

» Modular symmetry requires SUSY to protect holomorphicity of modular form

SusY WP  holomorphicity I

AT LAS\_?USY Searches” - 95% CL Lower Limits
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Y (7): Yukawa couplings=modular
form of level N and weight ky

ATLAS Preliminary
Vi=13TeV
Reference
-
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e
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A finite number of independent
modular forms at weight ky
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low energy SUSY is not observed so far!
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Y (7,7 ): non-holomorphic Yukawa couplings
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Harmonic (Laplacian) condition replacing holomorphicity

» From top-down, the effective interactions in the low energy expansion of the four-graviton amplitude
are non-holomorphic automorphic functions satisfying Laplace eigenvalue equations.

W, S N A "W—k\...f{ .
%/{( N — ( N > ( 2 [Green, Gutperle, hep-th/9701093; Green, Russo,

N s
VT S\ L~ TN Vanhove,1001.2535; Hoker,Kaidi,2208.07242]

9 1 i
 The bottom-up approach based on automorphic forms [Ding, Feruglio, Liu, 2010.07952]

* Automorphic forms coincide with the harmonic Maass forms for single modulus 1
> Harmonic Maass (@ modularity: Y (y1) = (¢t + d)*Y (1), v € T(N)

forms of level : e _ _ 4200 )
Nand weight k (2 harmonic condition: ALY (t) =0, A = —4y P 2iky P

A

@ growth condition: Y(t) = O(y%), y - +o

V(r)= 3 "ty + Y T -k —drny)g"

* Fourier expansion: L
P ne %Z"‘ RE%Z‘ [Qu, Ding, in
- /N , progress]
v =~
holomorphic non-holomorphic

» Transformation under modular group: ¥;(yt) = (ct + d)*p;;(y) Y;(v), v € SL(2,Z)
p(y) is unitary representation of I'y = I'/T(N) forodd k and Iy =T'/+I['(N) forevenk 34



Harmonic Maass forms of level 3

» Weight k harmonic Maass forms Y,.(k) (7) related with modular forms Y,.(z_k) (t) of weight 2 — k

2i* LV (1) o YR (), (22 - Y5 (1) « Y29 (1)
or " r ’ 21 OT " "
* weight 2 modular forms transforming as an A, triplet 3 [Feruglio, 1706.08749; Liu, Ding, 1907.01488]
£2(7) 1+ 12¢ + 36¢> + . .. I(r) = 3v2 L
(2) .\ — _ 1/3 2 n(7)
Y37 (T) = \/519(7)5(7) = —6¢ 7 (1+7¢+8¢"+...) 3n°(37)+n°(/3)
—92(7) —18¢%3 (1429 +5¢% + ... () = =70

Lifted to weight zero harmonic Maass forms

3 9q* Je 4 Qe BTy
( (0.7868+—q+i+...)+ Y — . +) \
T T mq 2mq
gqlf/% 7(] 8(]2 27q1,’3€ﬂy;’3 e—S':ry E—T'er
y.(0) _ 14+ L4 =1 4. 4+ 4 ...
o 22/3 ' ! ' 72 ' ' Q,faﬂz /3 42q SQE
27q7° (1 q Hq 9q=/2e ™V e Tem P ..
I S T S T 4. [Qu, Ding, in progress]
- (4+5+16+ )+ o ¢ Tap ]
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» Harmonic Maass forms coincide with modular forms for weight k > 3, negative weight Maass
forms and phenomenological implications in mass hierarchies and strong CP problem?

(4)

P ~e__ Yl

/(= _N (4)
."l Yl( R Y1( 2 . Y1(O)’ e Yl(z,)j Y1’ Y1(6)
! —4 —2) N0 4) (6) (6)
Y3()Y3() YB(O) Y3(2) Y Y317, Y3y
Y I | | | I >k,

-4 -2 0 2 4 6

» General comments and questions

* Origin of harmonic condition and the possible symmetry related?
e Possible top-down connection?

* Are harmonic Maass forms applicable to flavor puzzle?
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An example model based on A, modular symmetry

» field content and assignment

L

H

SUF(Q)L X L'T(ljy (2

;_1/2) (lvl) (231/2)

A,

3

ki

—2

[Qu, Ding, in progress]

» Neutrino masses arise from Weinberg operator (two-component formalism for fermions)

—L. = a(H e LYY )y + B(H LY ) + v(HT7°LY.")1 + hec. .
1 (—4 (—4)
—L, = QA(LLHE}; N1+ E(LLH% )1 + h.c.,
Lepton mass matrices
~{—2) ~—2) (—2) a4 ~(—4) -(—4) (—4)
aYg,” aYgs™ aYg, 23’3[,1 '+ gY 1|: } ~Ys5 —1 {’*-' | 02
Me=| avl9 vl av9 |v,  Mo=| _y§Y 2y, Ve |
Wy el Yl R CERNES PR A P

Adjusting a, 5,y for electron,

muon and tau masses

Neutrino masses and mixing described by

2

h g,
three parameters. g,x,l’ 37



» Best agreement with data is achieved at
B/a=125.743, v/a = 1574.04 , av = 3.62033 MeV |
g = 0.753046 + 0.3858557, (1) = 0.369080 + 0.961090¢, v*/A = 97.3898 meV

Predictions for lepton masses and mixing parameters

me/m, = 0.004737, m,/m,; = 0.05868. m, = 0.46965MeV ,
my = 21.0918 meV . mo = 22.7808 meV , ms = 54.3128 meV ,
sin® fy5 = 0.3070, sin?f;53 = 0.02224, sin® fyy = 0.4541

bop = 1.22527, a9 = 0.6667m, g = 1.38557, Y2, ~0

2.0 :

g Disfavored by 0vsg §
1.5 1 107 kamiano-zen | 3
o . ‘2
= 1.0 1 = |0 2|-LEGEND 1000 “ ‘;’
& 4 = tagmpinphbrs e =
S 18 E
0.5 ] 109 $
= z . .' E
] | =

0.0» Lot b b ¢ Lebembend d A 0 ¢ o ¢ 0 o o ¢+ ¢ | i 0.0~ g ppli lagtpiigag sl enie fiignan Ghy gt J.'»:‘ 4‘_' 4 l‘13 “.‘-' 2 - 1 S 1

040 045 050 055 060 0.40 045 050 055  0.60 10 1 Lo Lo
Sinlgl.% Si113933 Mppin/ €\



Summary

Modular flavor symmetry is a very interesting approach to address flavor puzzle
of SM, closely related to top-down. It was proposed for flavor, but not only for
flavor. There are still many aspects needing clarification and development

toward theory of flavor.

DO
IT
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