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The Flavour Puzzle |

The flavour sector has many (13+7+2) parameters with peculiar patterns:
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The Flavour Puzzle Il

Quarks [PDG ’08] Leptons [NuFIT 1.2, NO|
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Great Recent Progress
in the Lepton Sector
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The Flavour Puzzle

Why do we have three generations?

Why are the SM fermion masses so vastly
different?

What is the origin of CP violation?

Why are the quark mixing angles rather small
and the leptonic mixing angles rather large?



Non-Abelian (discrete)
family symmetries

[for a recent review see King, Luhn 2013]

e.g8.: Zn> 3 symmetry of me

(tr| )bimaximal,
As, S4, T' 50(3) SU(3), . golden ratio,
trimaximal, ...

e.g.: 2y X Zz symmetry of m,




The Strong CP Problem

® QCD violates CP via

O -
Qv
LD 327T2GWG

® This term has two contributions

0 = 0 + arg det(M, M)
® Experiment tells us

<10~

[PDG '13]

® \Why is the cancellation so perfect?



3 Popular Solutions

1. Massless up-quark, but:
my (2 GeV) = 2.370F MeV

[PDG '13]

2. Axion solution

3. Spontaneous CP violation:
Topic of this talk
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The CKM Unitarity Triangle

1= F
1

-0.5
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0

(V(]]LKMVCKM)bd =0
Fit result:
o = (88.7 T 3.1)0

[UTFit Winter '13 SM Fit]

Accident or
sign of spontaneous
CP violation?
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Generalised CP |

® |n the Standard Model CP commutes with
internal symmetries

® This is in general not the case for arbitrary
symmetry groups

® First discovered in the 80's, recently regained
attention

[Ecker, Grimus, Neufeld '87, '88; ... Feruglio, Hagedorn, Ziegler '12; Holthausen,
Lindner, Schmidt '12; Chen, Fallbacher, Mahanthappa, Ratz, Trautner '14]



Consistency condition

[following the discussion in Holthausen, Lindner, Schmidt '12]

o

o
® A field transforms as
6 — plg)o
6~ U’
® Implying the consistency condition
Up(9)"U™" = p(u(g)) ,u € Out(G)



In terms of mass
matrices

® For the charged leptons

pT(gei) Mg Me p(ge,) = Mg M, with g., € G, < T x Hep
Ul cp (MIM.) Uecp = (MI M) with Uecp € Ge < T' x Hep .

(&

® For the (Majorana) neutrinos

p" (9v,) My, p(gu;) = M, with g,, € G, <T' x Hcp ,
U, cp My, Uy cp = M, with U,.cp € G, <T' x Hep .



Generalised CP I

[following the discussion in Holthausen, Lindner, Schmidt '12]

® A CPsymmetry is an outer automorphism of
the other symmetries

® Some examples:

For continuous symmetries outer automorphisms trivial or
/> apart from SO(8) with Out(SO(8)) = Ss

Out(As4) = Z2 (interchanges complex 1-dim. irreps)

Out(T') = Z, (will be discussed later)

Out(A(27)) = GL(2, 3)



Some recent approaches to
Family Symmetries and CP

[taken partially from Hagedorn (BeNe 2012)]

UT reflection Symmetry [Harrison, Scott '02, '04; Grimus, Lavoura '03; also Babu, Ma, Valle '02]

tri)(maximal mixing [Harrison, Scott '02, '04; Harrison (ICHEP12)]
SU(3) X CP [Ross, Velasco-Sevilla, Vives '04]

A(27) [Ferreira et al. '12]/A(6 nz) [King et al.]
S4 with CP [Mohapatra, Nishi '12]
Geometrical CP violation [Branco et al. '83; recently revived by de Medeiros Varzielas et al.]

T' with "Geometrical CP violation" [Chen, Mahanthappa '09, ...; Meroni, Petcov, MS '12;
Girardi, Meroni, Petcov, MS '13]

S, and accidental CP (sabu, kubo '04, '11]
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How to suppress the
strong CP phase?

[Antusch, Holthausen, Schmidt, MS '13]

® Step 1: Promote CP to be fundamental
0 =0
® Step 2: Break CP such that arg det (My Mg) =0

e Step 2a: Make My real with vanishing 1-3 element

® Step 2b: For Mq use (**' real elements)

0 x 0
Myg=|* 1x*x =«
0 0 =



The Phase Sum Rule

[Antusch, King, Malinsky, MS '10]

® \We parameterise the mixing matrices as, e.g.

c‘ll2 s‘er_i(ﬁl? 0
Ul = US,ULUL, with U = [ — 40105 e, 0| (UsMyMIUT = diag,)
0 0 1

® For mass matrices with vanishing 1-3 element:

d | [Antusch, King, Malinsky, MS '09] see also
u ' o Fritzsch and Xing; Masina and Savoy '06;
QR 015 — 015 ~ 90" ! 8 v

Harrison, Dallison, Roythorne, Scott '09]

® Simple solution (ignoring signs), e.g.

O x 0
Mg=|* ix x| , M, real = 6% =90°, 6% =0
0O 0 =



Discrete Vacuum
Alignment

[Antusch, King, Luhn, MS '11]

® Yukawas proportional to flavon vevs, e.g.
(¢) x (0,0,2)" or (¢) o (z,z,2)"

® Add term to W compatible with Z, symmetry

"
WDP(mAn_2 FAM >

® Solve F-term conditions (|Fp[=0) + CP symmetry*

“_

%ﬁq, g=1,...,n for

arg(<<b>)arg(w){ om L om

~q+~-, g=1,...,n for “+”

* We assumed here for simplicity that k and A are positive.
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Overview

[Antusch, Holthausen, Schmidt, MS '13]

e Symmetry of the Model

SU3)c x SU(2)r, x U(1)y x Ay X Zo X 73 x U(1)g
A\ -~ ) (\ ~~ y \ /
gauge sym. discrete family /shaping sym. R sym.

® Flavour model for quarks only (dr is A4 triplet)!

® 5singlet flavons & with real vevs, 4 triplets:

0 ) 0
(P1) ~ ( ) , (P2) ~ (1> ,  (@3) ~ ( ) , (p2) ~1i (1)
0 0

OO =
_ O O



Flavon Alignment

[Antusch, Holthausen, Schmidt, MS '13]

Study only one example for simplicity:

W = Ay (3 % 32) + Ora(r - 32) + Onis(B2 - 63) + 15 (64 + M})
1. Fix the possible vev direction in flavour space
Fji = 2(¢2);(¢2)r = 0, where i # j # k # i = ($2) ~ (0,1,0)
2. Fix the direction in relation to other vevs

Fél;Q = 0= (¢1) L <$2> and Fog;g = 0= (¢3) L <€52>

3. Fix the phase

Fp = 0= arg(gs) = 0,

77T7

e =

T
2



Coupling to Matter

[Antusch, Holthausen, Schmidt, MS '13]

® The effective superpotential reads

Wi = QidH, %d + Qo 21 % Pl diﬂd%
U 55 ” fufc — fc gtz
W, = Ql’UJlHup + QlUQHu A2 -+ Q2u2Hu K 4+ p
+ (Q2us + Qsﬂz)Hu% + Q3uz H,

® Giving the mass matrix structure

0 bd 0 Ay, bu 0
Mg= |0, icg dqg| and M, = | 0 ¢, dy
0 0 €d 0 d, Cu

u



Higher Dimensional
Operators |

[Antusch, Holthausen, Schmidt, MS '13]

We givea "UV > AN | > 1
completion” of the | ; o .

model giving full Nl SN

control over the - 4

effective operators! . |
TN




Higher Dimensional
Operators Il

[Antusch, Holthausen, Schmidt, MS '13]

1. Corrections to the flavon sector:

At least dimension seven, do not change the flavon
directions and phases

2. Corrections to the up-quark sector:

Suppressed (real) corrections to the 1-1, 1-2, 2-2
elements of M,

3. Corrections to the down-quark sector:
No corrections from higher-dim. operators!



Corrections from SUSY
breaking

® SUSY breaking might give corrections, e.g.
60 = 3arg(m;)
® Also LR sfermion mixing gives corrections

2 2
_ "MLr - Mrp

® |f SUSY breaking conserves CP and is close to
MFV, corrections are potentially small enough.
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Nelson-Barr Models

[Nelson '84; Barr '84]

Nelson-Barr models defined by two conditions:

1. At the tree level there are no Yukawa or mass terms coupling F fermions
to C” fermions, or C fermions to C fermions.

2. The CP-violating phases appear at the tree level only in those Yukawa
terms that couple F fermions to R = (C + C’) fermions.

In terms of a mass matrix including heavy vector-like fields:
Yvd 0
Mp ~
( (®) MT)

Yv4 and My real, <¢> complex



Relation to our
Model Class

[Antusch, Holthausen, Schmidt, MS '13]

In our model we have:

(00 0 (#f) 0 0\
0 0 (g3) (P1) (&) (&)
0 (¢5) O 0 0 (&)
v |va Ma, 0 000
N 0 (&) Ma, O 0 0
0 (&) 0 Ma, 0 0O
0 (¢5) O 0 My, (&)
\0 0 0 0 0 My,)

with a real determinant as well:

det M ~ vg MR, MR, My, M, (£3)(61)(d2)(03)



In Words

Nelson-Barr Our Class of Models

Real Yukawa Couplings Effective Yukawa Couplings
(apart from top)

Real "Messenger” Masses Real Messenger Masses
Complex Couplings between Real couplings but complex
light & heavy Fields Flavon vevs

Structure of Couplings Alignment of Flavon vevs
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Whatis T'?

® T'isthe double covering of Aa:
T'=<R,8,T|S*=R,R*=T°=(ST) =1,RT =TR >
® Seven representations:

1, 1,17, 2, 2/, 2", 3

® |n our basis, complex Clebsch-Gordan
coefficients, e.g.

(1—i) / /
75 7t T1ThH — ToX 2 C?1$2'f*t2x1)
Q| s D 1 T127
L2 2 x2 2 \/§ 1
3

ToX)



CP Transformations

[Girardi, Meroni, Petcov, MS '13]

® |n our basis, we find the CP transformations

1—-1*, 117, 1" —=1"", 3> 3*,
im/4 0 1 0 i 0
€ * / ) * 7 1 TE
2%( 0 e_m/4>2 : 2%(0 —i>2 , 2 %(O 1)2

® |n this basis couplings can be forced to be
complex, e.g.
MO = A\ [(2” x 2")1 x 1"
= CP[0]/O* = i = arg()\) = /4
® |n a different basis this might change, but physics
will not change!



What is physical?

® There are three sources for CP violation

e Complex Clebsch-Gordan coefficients of T'
e Complex coupling constants

® Complex (or real) vacuum expectation values

® Only the combination of the three is physical!



Vevs and phases in the
Lagrangian

Take an operator invariant under CP

Add two flavon fields to this operator, e.g.
LD )\03 (wlwﬂ)g

This product remains real if
. X, plla—m/2) - Y; o—i(a—m/4)
¢ — ( X2 ei(a-|-7r/4) ) w — Y2 e—ia

In this basis real vevs can introduce phases!
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Symmetries and
field content

[Girardi, Meroni, Petcov, MS '13]

® Symmetries:
Gam X (T x Hep) X Zg X Z: x Z3 x Zy x U(1)R

® Flavour model for leptons only

L E Es Ng H; H,
T 3 2 1”7 3 1 1

® Flavon fields without singlets:

0 3 0 ) ) 1 )
<¢>(0)¢o, <¢>(1)¢o, <¢>(0)¢o, <£>(




Yukawa and Mass
Matrices

[Girardi, Meroni, Petcov, MS '13]

® The effective superpotentials read

(&) (e) ) e
Wy, = =3 (Es Hd)l// (L¢)y + S <E3 Hd)l” (L ¢) 1/ ¢+ o2 e (E3 Hd)1~ L (¢ wﬁ)?»]l’

A A2 A2
yé;) N / yéel) M N / / !/
+tA2 (Ev'), Hq (L $), + FQ (Ey'), Ha[(W'¢")g L],
(e)
yA NN ~! py
+ N (Ew )1,Hdg <L¢)1f
Wy, = MNNE+ NN (Aap+ A3p) + yf(NL)l(HuPh + %(NL)l(Huﬁh

® Giving the Yukawa and Mass matrices

Qa 0 0 1 0 0 27 +X -7 7
Y.=| b ¢ 0|, Yo=u (00 1|, Mrg=]| -Z 27  —Z+X
0 d+ik e 0 1 0 -7  —Z+X @ 2Z



Neutrino Spectra

[Girardi, Meroni, Petcov, MS '13]

Q30 NO A NO B 10 A

my in 1073 eV [4.23, 4.66]  [5.56, 6.20] 45.7, 58,7
mo in 1077 eV [9.23, 10.17] [9.83, 11.20]  [46.3, 59.6.
ms in 1072 eV [4.28, 5.56]  [4.23, 5.74] 1.53, 1.98
> m; in 1072 eV [5.63, 7.04]  [5.77, 7.48] [10.73, 13.81]

Only three possible spectra: two with normal ordering, one with inverted ordering



NO

Jcp VS. Sin O

[Girardi, Meroni, Petcov, MS '13]
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Neutrinoless Double
Beta Decay

[Girardi, Meroni, Petcov, MS '13]

1
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Summary and
Conclusions |

® Solution to Strong CP problem with discrete
Symmetries but without Axions

® |ngredients:

e Fundamental CP symmetry
® Phase sum rule (right CKM unitarity triangle)
® Discrete symmetries to fix flavour directions and phases

® Messenger sector to control higher-dimensional operators



Summary and
Conclusions |l

® Combining CP and discrete symmetries can be
non-trivial
® (Consistent treatment needed
® Generalised CP does not have to be physical CP
¢ New phenomenology
® (Quark sector shows hints of spontaneous CP violation

® Experimental results for leptonic CP violation
needed!



Thank you for your
attention!



