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Quark hierarchies

» Masses in the Standard Model [SM]
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Why so hierarchical ?



Quark hierarchies

» Cabibbo-Kobayashi-Maskawa [CKM] matrix

M, UZMuUR = diag(m,, m., m;)
My -> Vi MyVg = diag(mg, ms, my)
& 1+ & 11+ 17CKM
o G N
diagonal W-couplings diagonal masses

0.97 023 0.004
CkMmatrix — VCKM = gy, ~ 023 097 0.041
0.009 0.040 0.99

CKM also has hierarchical structure



Aim of this work

Understand the hierarchies in quark masses and CKM matrix

» Modular flavor symmetry

what if Yukawa couplings (masses) are modular form ?
Altarelli, Feruglio, 2010

Y=Y(@) > (ct+d)*p()Y (1)

* non-Abelian discrete symmetry

o

* Froggatt-Nielsen [FN] mechanism by residual symmetry

—> explain the quark hierarchies
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Modular group

» modular group I' & special linear group

a b

[ = SL(2,7) ={(C ’

) ‘ a,b,c,dEZ,ad—bc=1}
generators
1 1 —
S:(—O1 o)' T:(o 1) R:(ol —01)

S2=R, (ST)*=R?®=1, TR =RT

» action to modulus 7 : complex scalar withIm 7 > 0

rat+>b = T R
T— T->—1/T T-o1T+ 1 T>T
cTt +d /




Finite modular group I'y

» Congruence group I'(N) level N € N
=1 ger| (¢ 2= 1) mean]
ex) TN = (3 ID ET(N) @15 T+N

> finite modular group Iy :=T'/T'(N)
S2=R, (ST)3=R?=1, TR=RT, TN =1

=3 isomorphic to non-Abelian discrete symmetries for N < 5

~ / ~ / fad / ~ !
FZ — 53, F3 - A4; l_‘4- - S41 FS - AS *e-g- 1_‘4/215 =

S4
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[, = S, modular symmetry

Novichkov, Penedo, Petkov, Titov, 18’

> Representations under S, = S, /ZX%

* twosinglets 1,1’, one doublet 2 and two triplets 3, 3’

* there are Z5-odd representations denoted by 7 under S

» Modular form of rep. r and weight kK € N

is @ holomorphic function of T transforms as

rat+b»b
P =0 - o+ %Y@t

p(r): representation matrix of r
e the number of rep. is fixed for a given weight k

« one3atk =1,one2andone3 atk =2 andsoon



Residual Z% symmetry

Novichkov, Penedo, Petkov, 21’

SZ=R, (ST)3=R2=1, T =1
> AtT ~ [

T
Tisinsensitivetot>7+ 1 == 7! symmetry is unbroken

» Modular forms at Imt > 1

7! -charge
(1) \/EE(T) 1 2TIT
(@) ~ | er)? 2 e(t) ~ 2exp T K1
—1 0

powers of € < 1 is controlled by Z} charge

n
Froggatt-Nielsen [FN] mechanism (%) & e(t)”

natural and predictive realization of FN mech.
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Qu a rk h Ie ra rC h IeS see also models based on A, (2212. 13336),

[, (2301.03737), A, X A, X A, (2302.03326)
> masses and CKM matrix

(my, me, my) ~ (€%,€,1) my 1 1 2\ €~005
VCKM ~ 1 1 EZ p — 0’1
(mg, mg,my,) ~ €P(€%,€%, 1) me/tg e? €2 1) tg=v,/vy

* N = 4is the minimal number for the hierarchy with €

* ((0.1) deviations could be explained by modular forms

» representations of quarks forp =1
there is only one combination of reps. for the quark hierarchy *
ut=3 d°=1"P1 Pl Q=1B2
RH up quark RH down quark LH doublet quark

* assume no coexistence of Z5-even and —odd states in same quark
11



Yukawa couplings =3 E=1TDLDL Q=12

di d5 d§ 91 92
» modular transformation of quarks

we assume quarks transform as qr - (ct+d)” p(r)q

» modular invariant Yukawa couplings

—Lyp = Hy {alql (Ys(kul)uc>1 M (qz p e >1 e (qz 1 >1}

{,311'611 (Yl(fkdli)dic)l + P (qZYZ(dei)dic)l}

(--+); :singlet combination

a;, Bgi : O(1) coefficients

_Ldown =H

.&w

=1

kua = ku + kCIa’ kdai = kdi + kQa
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Canonical normalization

> modular invariant kinetic term

iqgy*o _
kinetic term q ,”_qk —> iqy*o,q
(=it +iT)"a : :
cahonical basis

Yukawa coup. y (v) (1) —>»  (2Imt)kr/2 yy)

» Whene(r) « 1

e(t) ~0.05 == t:=2Imt ~ 5 gives additional structure
another FN-like mechanism controlled by modular weights
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Yukawa structures
ky =2, (ka,ka, ka,)=(420), (kg kg, )= (24

> textures of Yukawa matrices t:=2Imt ~ 5, € ~ 0.06

e/t €/t €/t e’ 0 0
Yu"’ 63 € 62 Yd ~ Ezt EZ Ez/t
€ e3 1 t 1 1/t

* there are vanishing elements in Y; because thereisno 1" atk = 2,4

(m,, m.,m;) ~ (€3/t,e,1) m, 1 1/t €%/t
- VM ~ L1/t 1 €2
(mdr mS: mb) ~ (EZ/tZ,EZ, t)mt ez/t 62 1

* Cabbibo angle and my/mg are explained by powers of t

o |[Visen| ~ 0.04 > €2 ~ 0.004 are explained by Y.¥ ~ (1,10/+/3¢2)
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Fitted results

tanf = 36,7 = 2.5 + 2.2i, |a3z| = 0.0041 at GUT scale
S.Antusch, V.Maurer 1306.6879

aq —0.14 value  center  error
1 faz ) [ =17 2.8 2.7 1.3
EN az | = | p0.0074i 1.487 _1.422 0.095
o 069 m (_)..51.39 0.51:39 Q.Q(im
' 1.9935 1.9935 0.0087
B ) 3.946  3.946  0.014
111 —3.1 0.2282 (.2282 0.0001
1 L1 0.14 s12 | 02274 02274 0.0007
— [3221 — 1.6 3.945  3.942  0.065
|as] 5 _013 | 343 343 03
22 1.215  1.208  0.054

By 0.28

our model exp. error

* overall size of the coefficients is 0(0.001)

 complex phase is necessary in the coefficients ,
can be explained

* the sizes of coefficients are in [0.13, 3.1], ratio is 23 by another S;
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Quark and lepton hierarchies 113

u=19101 d°=191d1 Q=3

RH up quark RH down quark LH doublet quark

L=116p1 e =3
LH doublet lepton RH charged lepton

» masses and CKM /PMNS matrix

(mu; mC) mt) =~ (63; E; 1) mt

(md) mSImb) ~ (me; m‘u; m‘[) ~ (63, 62; E) mt/tﬁ

1 € €? 1 1 1
VCKM ~ € 1 € VPMNS ~ 1 1 1
e e 1 1 1 1

good agreement with the measured values
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Summary

» Modular flavor symmetry realizes

e generalized non-Abelian discrete symmetry

* hierarchical Yukawa matrix via Froggatt-Nielsen mechanisms

> S, model

* maybe minimal possibility to realize the quark hierarchy
* successfully explains the quark masses and CKM mixing
e S, X S5 can explain the 0(0.1) coefficients and spontaneous CPV

* we found S, model for both quarks and leptons

Thank you
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backups
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# of representations under S,

weight

{ )
S’

2
2
2

* reps. for odd weights are hatted ones

there are 2k + 1 independent modular forms at a weight k
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Yukawa matrices
» model forp =1

[ oYY [V )3 a [V,
—292[5@_(6)}1 V33 +V3ad [Yy Y3y + V3ay [Yy V5
\—200 D) 0 O - V3 G’ﬂ ) al Dﬁf(“] VAl )]
[ LYY 0 0

—_.-5531/ D/_;Yf) Jo =P [Yzéﬁ)} o —[323 [Y?f) 2

\ B B Ba[¥a )]s

Ole/TB(G)}l Oflﬂ/:gm)}g al{y(ﬁ)b
_QCQ{Y(())} (Q[Y(t’))} 4+ \/_ aY[ ay(ﬁ)]2 CEQ[ }2 + \/_ zy[ ?y 6)]'
—2 [Y?y 6)}1 cvg { zy(ﬁ } \/_@2[ } a:egy{ } \/_az[Y(ﬁ)}
..311}/%9) 0
B [Y; 9)]1 Baz| Amh ..-i92:3[}/é(5)]1

5 5
BoalVy Mo BoalVy ] fos [YQ(O)} 2

2 2




Modelforp =0 w=3 «¢-Teiol ¢=102
di d5 ds 791 92

ky =2, (ka,ka, ka,)=053,1), (kg kg,)= (44
tanf = 1.6,7 = 1.5 + 2.7i, |as| = 0.0013 at GUT scale

S.Antusch, V.Maurer 1306.6879

value center error
(04 -

1 al 0.27 2.9 29 1.3
(% —17 1560 1.508  0.095
|a | ag e—3.1l ) : i i o

3| 73 v | 05464 05464 0.0084

a3 —1.4 9.00  9.06  0.87
173 179 0.14

) gll —6.9 > 1011 0.994 0.013
_— [ P21 | = 8-%3 s19 ] 02274 0.2274  0.0007
laz| | B2z : 3.091  3.080  0.065

Bys 0.41

3.47 3.47 0.13

1.204  1.208  0.054

our model exp. error

* similar to the model for p = 1, but with tanfg ~ 1

* the sizes of coefficients are in [0.13, 6.9], ratio is 50

pA



S3 symmetry
the coefficients have the “hierarchy” structure

a; K ay, a3 P11 > B21, P22, P23

first low is smaller (larger) than others in up (down) quarks

» S3; model with another modulus 7,

d¢, qq: singlet 1 u€, g,: non-trivial singlet 1’
62 62 62 al 1 1 1 1811
» Yu ~( 1 1 1 Yd ~| € € €y
11 17 gy, a3 €2 €2 €2/ 51,822 B23

the hierarchy is explained by €,(7,) ~ 0.1
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Spontaneous CP violation

» from S,

2mTi |
e(1) ~ 2 exp (nTu) is a complex parameter

However, it induces unphysical phases in CKM matrix up to €

o spontaneous CP violation is not enough

» from S

CPV from €, ~ 0.1 does not physical phase up to €,

However, €2 ~ 0.01 (Z} neutral) is enough for CKM phase

=3 moderate CP violation from S;
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Inputs in the model for Q and L

We found the benchmark point which can exp

The values are given by tan 7 = 14.1755, 7 = 4.0(

0.8
4.4630 x
—0.¢

—3» coefficients are in [0.8, 6.1]

alues within 0.90.

x 1074,
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