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Lepton mixing from discrete groups

complete flavour group
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Since it worked so nicely last
time...

[Chen, Mahanpatra,
Feruglio, Hagedorn,

Ziegler, Ding, King, Luhn,
Steward, Ivanov, Lavoura,
1 3 Antusch, Spinrath, Meroni,

Petcov, de Medeiros
Varzielas, Leser, Ahn,

Kang, Kim,...]

use discrete symmetry groups
to predict leptonic CP phase(s)



CP Phase from Discrete Groups

* Take smallish group (A4, S,,
T',....) and assume © 5 is
generated at NLO

e TMI1, TM2,... [eq. King, Luhn 13]

* Impose CP on Lagrangian and

break it spontaneously. [Lee 73,
Branco 80]

e Can complex Clebsch-Gordon
coefficients be the origin of CP
violation?
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1 ] Group Theoreti1cal Origin of CP Violation d

Mu-Chun Chen!* and K.T. Mahanthappa? '

!Department of Physics € Astronomy,
University of California, Irvine, CA 92697-4575, USA
2 Department of Physics, University of Colorado at Boulder, Boulder, CO 80309-0390, USA

Abstract
We propose the complex group theoretical Clebsch-Gordon coefficients as a novel origin of CP violation.
This is manifest in our model based on SU(5) combined with the T group as the family symmetry. The
complex CG coefficients in T” lead to explicit CP violation which is thus geometrical in origin. The predicted
CP violation measures in the quark sector are consistent with the current experimental data. The corrections
due to leptonic Dirac CP violating phase gives the experimental best fit value for the solar mixing angle,

and we also gets the right amount of the baryonic asymmetry.
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Moo O i NN IR Ik vallls allR W P NONSUR N 2.1
Geometrical CP violation from non-renormalisable scalar potentials

Ivo de Medeiros Varzielas*
Fakultat fiir Physik, Technische Universitat Dortmund D-44221 Dortmund, Germany

2 .

De David Emmanuel-Costal

Departamento de Fisica and Centro de Fisica Tedrica de Particulas (CFTP), Instituto Superior Técnico,
Universidade Técnica de Lisboa, Av. Rowvisco Pais, 1049-001 Lisboa, Portugal

We j Philipp Leser?
This is Fakultat fiir Physik, Technische Universitat Dortmund D-44221 Dortmund, Germany
(Dated: April 18, 2012)
comple Wi S . . . .
e consider in detail the non-renormalisable scalar potential of three Higgs doublets transform-

CP vio ing as an irreducible triplet of A(27) or A(54). We start from a renormalisable potential that

spontaneously leads to a vacuum with CP-violating phases independent of arbitrary parameters —
due to geometrical CP violation. Then we analyse to arbitrarily high order non-renormalisable terms that
and we are consistent with the symmetry and we demonstrate that inclusion of non-renormalisable terms
and w

in the potential can preserve the geometrical CP-violating vacuum.

PACS numbers: 11.30.Hv, 12.60.Fr
Keywords: CP violation; Flavour symmetries; Extensions of Higgs sector
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PHYSICAL REVIEW D 86, 113003 (2012)
oL Oloal . . .
Goom et“rﬁi cal CP violal A supersymmetric SU(5) X T' unified model of flavor with large 0,3
Aurora Meroni,"* S.T. Petcov,"*" and Martin Spinrath'-*
Fakultit fiir Physik, Tech 'SISSA/ISAS and INFN, Via Bonomea 265, 1-34136 Trieste, Italy
2Kavli IPMU, University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa 277-8583, Japan
2Dd (Received 12 September 2012; published 3 December 2012)
Departamento de Fisica and Centr We present a SUSY SU(5) X T’ unified flavor model with type I seesaw mechanism of neutrino mass
Universidade Técnica generation, which predicts the reactor neutrino angle to be 6,5 = 0.14 close to the recent results from the
We | Daya Bay and RENO experiments. The model predicts also values of the solar and atmospheric neutrino
o ) mixing angles, which are compatible with the existing data. The 7’ breaking leads to tribimaximal mixing
i Fakultat fir Physik, Tech . . Lo . .
This is ’ in the neutrino sector, which is perturbed by sizeable corrections from the charged lepton sector. The
compld model exhibits geometrical CP violation, where all complex phases have their origin from the complex
) We Cons%der in fietaﬂ fﬁhe non Clebsch-Gordan coefficients of 7’. The values of the Dirac and Majorana CP violating phases are
CP vio mg is an 1r11redluciiblet triplet of predicted. For the Dirac phase in the standard parametrization of the neutrino mixing matrix we get a
spontaneously leads to a vacuuj o. ~ _ c ~ ° ¢ . . .
due to geometrical CP violation. Then value clos.e t090°: 6 = 77'( 2 —0.450¢ = 84?.3 , B¢ being Fhe Cabibbo angle. The neutrino mass spectrum
are consistent with the symmet can be with normal ordering (2 cases) or inverted ordering. In each case the values of the three light
and wd in the potential can preserve thd neutrino masses are predicted with relatively small uncertainties, which allows one to get also unambig-
uous predictions for the neutrinoless double beta decay effective Majorana mass.
PACS numbers: 11.30.Hv, 12.60.Fy
Keywords: CP violation; Flavour s DOI: 10.1103/PhysRevD.86.113003 PACS numbers: 14.60.Pq, 12.10.Dm, 12.15.Ff, 12.60.Jv
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Important Question for Model Building:

How can CP be defined consistently in a theory with a discrete
flavour symmetry?




Problem
consider the group A4:

s i =T — (ST)° = E)

consider a triplet X ™ 3 transforming as

et 0
S EE a0 0 | e, (T) = T5 =
Earaea-=0

and a non-trivial singlet { ~ 1g ( :013 (S) =

0
0
1

—
P
-

under the CP transformation y — y* £ — & gk

the A4 invariant
I=¢(xix1+ w?x2X2 + wxsxs) ~ 17

is mapped to sth. not invariant:
CP[I] = & (xixi +w’xaxs + wx3x3) ~ 1o

* CP extends the group A4 and forbids this invariant!?
* Isis possible to impose CP without enlarging the group?



How to define CP consistently

* Consider the vector made up out of all real(R), pseudo-real (P) and
complex (C) representations of a given model

g
¢ = ( PR, PPs PPy PO PO )
 under the group G it transforms as ¢ A p(g)o, g€ G@.

* the (reducible) representation p: G — U ( N ) is assumed to be
faithful and complex

* if not faithful then real symmetry group of theoryis G/ kerp
* 0 is homomorphism: 0 (a*b)=0 (a) 0 (b)

* definition implies the existence of matrix W

_ * here only Lorentzscalars, generalization

straightforward




How to define CP consistently

[Bernabeu, Branco,

* A generalized CP acts upon the vector
Gronau 86, |

T

where U is unitary, to leave the kinetic term invariant.
for gauge groups this has
been investigated by

CONSISTENCY CONDITION: (Grimus, Rebelo 95|
e If G is the complete symmetry group, CP has to close in G:

CP :
K 5 Ud*

¢ G
o

Up(g)*U™! € Imp Up(g)*o*




CP and the automorphism group

« The consistency condition Up(g)*U ™" € Imp defines an

automorphism
Pﬁ—p(g)* *Up(g)* U™ = p(g’)N1
u:G—>G
g€G u(g) =g €G

Up(9)*U " = p(u(g))

 the matrcies {U} furnish a representation of the automorphism group

p((aob)(g)) = pla(b(g))) = U(a)p(b(g))*U(a) ™! ﬁ

= U(a)Wp(b(g))W U (a) ™"
= U@WUb)po) V)" WU (e} tr(gob) = Ula)WU D)
remember p(g)* == Wp(g)W_l ne(l}t(rieclll): =W ene Uu ") =WU H(wyW!




CP and the automorphism group

Inverse Direction: : Each automorphism u of G may

be represented by such a matrix U.
Proof:

Up(9)* U = p(u(g))

Construct group extended by automorphism u (u=id)

G/:GX]QZn

0:{0,...n—1} - Aut(G)
(917 Zl) * (g27 22) —

u acts as conjugation within this group

(£,1) % (g,0) x (E,1)

Consider representation p’ : G/ —

= (u(g)v O)

(1) =u
(9102, (92), 21 + 22)

— U(M) inducedvia p’(g,0) = p(g)

p(u(g)) =

automorphism u is
represented by matrix

U(u) = ﬂ’((Eall))W

0
0
0

/

/

/

/

P
(
(
(

u(g),0)
(E,1)* (g,
(E,1))p (g,
(E,1))W

0)* (E,1)7")
0))p'((E,1))~"
p(g)* W'y ((E,1)~!
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CP vs. A,
outer automorphism group Z,, there is l]_ 1 1 12 1
one outer automorphism: T ( S, T) il ( S, TQ)‘ 1 9 1 W % 1
P
on 3-dim representation l3 ; W 1

W
IR0 Oyl 0 3 0 Gl
p3. (S)=83=| 0 -1 0 il RSN I Y
21 0 0 -1 0070 A4=<5,T|52=T3:(ST)3:E>

as long as the theory only contains 3-dimensional representations, :
there are 2 possibilities for [ ,0( g)* ol cm P

1 0 0 —
U=Us=| 0 0 1 U=13
0 1 0 "
Usp(T)*Us ™t = p(T?) p(T)* = p(T)
U : (S, T) — (S, TQ)‘ trivial map
3 — Uz3” 3 — 3F
outer automorphism inner automorphism




CPvs. Ay

the ,CP transformation® that is trivial with regard to A, runs into
trouble if one considers a non-trivial singlet ¢ ~ 14 in addition
to the triplet x ~ 3

if one would use x — x* and ¢ — ¢* one finds that the
invariant is mapped to sth. non-invariant

11“%%@ S%Wxx&hzé“wlz

with (¢¢)12 = D101 + W Pady + wsh3)

ﬁ (
this can be readily understood if one looks at how this ,CP
transformation‘ ® —=U @ * acts upon = (5 e & X)T

naive CP corresponds to U=1; p(T)
A, does not close under this CP: p( S)

Up(T)' U™ = p(I)" ¢ p(G)

; : ften overlooked in literature
the real flavour group is larger, this has to be . " i

, . : [Toorop et. al. 2011, Ferreira,
considered when constructing Lagrangian Lo oo



CP vs. A,

if one does not want to extend the group one therefore has
the options

U=

1 0
0 1
0 O
(5, T) —
X = Usx®

§— &

0
0 :
Us

(S,T2).

0 1 0
U=11 0 0] .
0 0 1j

trivial map
X — X

§—¢§

to fulfil the consistency condition

Note that complex VEVs of the
type (1,z,2*) conserve this CP

ol )



CP vs. A, - Application

 consider a triplet of Higgs doublets Y= (O St

* there is one phase-dependent term in the potential
f f P et S R Sl
As (x X)§1 (X X)3 + h.c. = X5 [(Xlxz) = (XQXS) B (X3X1) ] + h.c.
el

e the CPtrafoX — X  would restrict the phase to be zero

* even for non-vanishing phase, the VEV configuration ()i WALl A =T
can be obtained. [Toorop et. al. 2011]
* Spontaneous CP restoration!?
* This can be understood if one considers the CP transformation y — Usy*
* this is a symmetry of the potential for any phase of A < (
Us =

o O =
[ o) (e

* also the VEVs preserve the CP transformation
 therefore this CP is conserved in this case
 accidental CP transformations seem to be origin of ,calculable phases’

Q= =
N



Geometric CP violation in A (27)
A7) — (4 B|43 = B3 = (AB? = E)

automorphism group generated by

us : (A, B) — (ABAB, B?) up b (A, BYFSs (A BB
red blue
‘ JERRSEIE ARSNAD A - A BAB .. ABy A% B2 BN DANEE eSS

14 ‘ 1 1 1 1 1 Rl S RPa By ! 1 1
15,1 1 w w? 1 w w? 1 S T 1} 1
1g ! 1 w? w 1 w2 w 1l oo i ) 1 1
1, N 1 w w e e w? w 1] 1 Jh 1
15 ‘ 1 e 1l o 1 w w I g 1 1
14/ 1 1 w? w? w 1 e Gl ey 1 1
1~ i 1 w? 282 w w w e 1 1 1 1
dga1 1 W W w2 il 0 P 0 1 1
19 ‘ 1 w 1 w 1 a2 e g A 1 1
B3 3w 3w?
3* | 3 3uw? 3w



What are calculable phases?

 consider again a triplet of Higgs doublets H = (Hy, Hy, H3) ~ 3
which transforms as

D] TeE0"20

p(A)=1 0 0 o(B) =0 0w ol

1 0 0 0 w

SO RS R

)

* the potential only contains one phase dependent term

I = (H]H,)(HIHs) + (H}H3)(H3 Hy) + (HYHy ) (HI Ho)

* if coupling A , multiplying [ is positive, the global minimum is at |

(or a configuration that can be obtained by acting on this vacuum with a group element) 3
* if coupling A ,is the global minimum is at e BYee (i
(or a configuration that can be obtained by acting on this vacuum with a group element) V3

* These phases do not depend on potential parameters!
 can this be used to predict (leptonic) CP phases?
* can they be understood in terms of generalized CP?



Potential Dependence of Phases

O in general you expect two different kinds of vacua of a CP
conserving potential
O either VEV is real, conserves CP and phase does not depend
on potential parameters
O or VEV is complex, breaks CP and phase depends on

potential parameters
all parameters real

Example:
V =mie* o +m3(e> + ™) + M (0"0)? + da (0" + ™)
= m3A? + m5A% cos 2a + M\ A* + Ny A% cos da

o — Lz

invariant under @ — QO* ‘




What are calculable phases?

e The vacuum of the form (H) = %(1, w,w?) leaves invariant the CP
transformation 2
f ST B e
15 S ais R B a2 R [
OFES 0 g

* which is a symmetry of [+I*

* no surprise there, CP symmetric potential has CP symmetric ground

state

e for the other solution (H) =
leaves H invariant (H) = p(g)(H)*

* this was interpreted as geometrical CP violation

S

GEOMETRICAL 7-VIOLATION

G.C. BRANCO
Instituto Nacional de Investigacio Cientifica, Av. do Prof. Gama Pinto 2, Lisbon, Portugal

and

J-M. GERARD ! and W. GRIMUS
CERN, Theory Division, Geneva, Switzerland

(w?1,1) there is no group element that

[Branco, Gerard and Grimus
1984; de Medeiros Varzielas,
Emmanuel-Costa 2011;
Battacharyya, de Medeiros
Varzielas, Leser 2012]



Calculable Phases as a Result of an
accidental generalized CP transformation

O every automorphism corresponds to a generalized CP
transformation

automorphism group of A(27) is of order 432,
generated by wi : (4,B) - (ABA*, B’AB) wuy: (A, B) — (ABAB,B?)

O this allows one to search for CP transformation that
leaves (H) = %(aﬂ, 1,1) invariant and gives a real A ,

O indeed there is such a CP transformation:

H — UH CP,[(H)] = (H)

) 0 0 w?
U=[0 1 0 CP,I =1
w 0 0

u : (A,B) — (AB2AB, AB?A?) 1o <> 13, 15 < 19, 1g < 1g,



O

Calculable Phases as a Result of an

accidental generalized CP transformation

it seems that geometric CP violation can always be
explained as the result of an accidental generalized CP
symmetry of the potential

a symmetric potential can have a symmetric ground
state

phases are dictated by accidental CP symmetry

explains the independence from potential parameters

this setup might still be interesting for phenomenlogy:

if accidental symmetry only of potential, not of
Yukawas, it can be used to predict phases etc.

need groups with large outer automorphism group



Conclusions

Consistency Conditions should be kept in mind when
constructing models that contain CP and Flavour
Symmetries

generalized CP transformations may be interpreted as
furnishing a representation of the automorphism

group

geometrical CP violation seems to be a consequence of
(accidental) generalized CP symmetries of the potential

maybe automorphisms may be used in model building
more generally



