CP in Models with
Discrete Flavour
Symmetries

based odHEP 1304 (2013) 122 [arXiv:1211.69%&h Manfred
Lindner (HD) and Michael A. Schmidt (Melbourne)
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CP Violationand Flavour

H" CP Violation sdar only observean flavoursector
D" CPviolationin leptonsectomwithin exp reach

O flavoursymmetrieareonepossibleexplanatiorof the
flavourpuzzle

D" nonabeliandiscretesymmetriearemotivatedoy close
to maximalatmospherienixing

D" Goalof thistalk Clearup somessues
surroundingthe compatablilityof
CP anddiscretdlavoursymmetries
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Motivation

considerthe groupA,:

#, = S, T|S?= T3 =(ST)> =

consideratrigclet# # 3 trgnsformingas
1 0 0
(S)_Sg(&o )1 0 ( !gl(T)=T3(3}o
0 0 )1

#

anda non-triviakinglet $ # 13 ¢13 (S)=1 !13 (T)=" 2

underthe CPtransformation # " # $" &

the A4 invariant
— .Il 111 2ll 111 111 1 1]
=1 """+ #""o+ # 3" 3 |
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Is mappedo sth not invariant:

CP]= 1" "mimh+ a2 g il

¥ CPextendghe groupA4 andforbidsthis invariant??
¥ Isit possibldo imposeCPwithout forbiddingwantedcoupling®




How to defineCP consistently

¥ Considerthe vectormadeup out of all real(R), pseudo-real &Ryl

complex(C) representationsf agivenmodel
! Tl n n |l T n |l ) T
= R, Py "p:r "Cy g

G

¥ underthegroupG it transformsas | I'” #(g)!, g# G.

¥ the (reduciblg¢representation : G! U(N) isassumedb be
faithful andcomplex
¥' if not faithful then realsymmetrygroupof theoryis G/ ker"

¥ @B homomorphism@éa*b)%@6a)@ )

¥ definition impliesthe existencef matrixW | ! ' = W! or
"(9)= W"(g) W**

P:l(t,%)! ! (t"%)
‘ CP:I(t%)! ' (t," %)
C:l(t,%)! 1'(t %)
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How to defineCP consistently

' : [BernabeuBranco,
¥ A generalize@P CB actsuponthe vector Gronau 86]

L P ourn!

whereU is unitary, to leavahe kineticterminvariant.
for gaugegroupghis ha

beeninvestigatethy
CONSISTENCY CONDITION: [Grimus Rebelod5]

¥ If Gisthecompletesymmetrygroup gCPhasto closen G:

CP g

Syl
[s.a K
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Feruglio | T I #1 T
Hagedorn,’ U (g) U € Im

Ziegler 13]

>"(g)! = U"(g)'u*l




gCPandthe automorphisngroup

¥ Theconsistencgondition U"(g)' U** € Im" definesan
automorphism

!ﬁ_!(g) YUl(g)'U = 1(g)
u:G" G \

g! G

Ut(g) U *="!(u(9)

¥ the matrciedU}furnish arepresentationf the automorphisngroup

(2! B(g) = [(ab(g) = U@! (Kg) Ua) ﬁ

S V@WHEOW U@ © |y b= Ua)WU(b)
= U(@WU(b)! (g)' U(b) tw U Y(a)
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remember (g) = W* () W*t "BEEL v D HE wurigw




e
N

gCPandthe automorphisngroup

InverseDirection : Eachautomorphisnmu of G may Leen 11 L —
berepresente@y such amatrix U. Ut(g)'U == 1(u(g)

Proof
¥ Constructgroupextendedyautomorphisnmu (U"=id)

0:{0,....,.n—1} = Aut(G) (1) =u
" (01,22) ' (G2, 22) = (0172, (92), 21 + 22)

¥' U actsasconjugationwithin this group

(E, 1! (9,0)! (E, 1) * = (u(g),0)
¥ Considerepresentation' : G'! U(M) inducedvia ! *(g,0) = ! (Q)

¥ aut hisrmy i ' (u(9)) = '(u(9),0)
?eup(r)erzg:ﬁelf;run;rix = | !((E, 1)" (g,0)" (E, 1)" 1)

U(u) = '((E, 1)w = ' (B DI (0.00(E 1) *
y = | !((E, 1))W! (g)#W" 1) !((E, 1))

G#: G ><]QZ

MAX-PLANCK-INSTITUT FUR KERNPHYSIK
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Outerautomorphisngroup

¥ if U issolutionof uU!(g)'u" ! = ! (u(g)) thensois ! (g')U
¥ correspondso performingagCPtransformatiorfollowedby agroup

transformatiordescribedy @ &)
¥ Thegrouptransformatiorcorrespondso aninner homomorphismwhich
doesnot poseanynewrestrictions

¥ thereforeinterestinggCPtransformationgorrespondo

Out(G) % Aut( G)/ Inn(G)
Where |nn(@) = {u! Aut(G)|u(g) = AgA' ‘for someA! G}

¥' asidecontinuousgroups
Out(G) = E,Z, excepfor Out(SO(8)) = Sz
¥ outerautomorphisngroupsof smallgroupscanbemore

involved out(! (27)) # GL(2,3)
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DII

PhysicaCP Violation

sedalk by A. Trautner

not allgCPtransformationgorrespondo physicalCP
violation [Nishi 13, Chen et al. 14]

additionalrequirementthe squareof agCPtransformation
IS asymmetryransformation

| u*(g) = UUI(g)' (U@U') *=1(d)
CPhasto mapirr rto c.c irr r*
D" U block diagonaldhen et al. 14]
O u hasto beclass-inverting

' ACPHkeCOtrafosuseful

O to constructU(u)
O canbeusedio predictphases
t.f. talk by Trautne



outerautomorphisngroupis Z, generatetby

u:(S,T)# (S, T2).

S

outerautomorphisms
Interchange
representationand
conjugacylasses
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#, = S T|S2=T3=(ST)®= E




on 3-dimrepresentation

# &
1 0 O

13,(9=53( %o )1 0 13,(M)=Ts( B
0 0 )1
the consistencgondition us! (T)' U 1 = 1 (T2)

canbeeasilyseeno requirea 2-dnterchange u = Uz $ 3
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¥ this canbeeasilyeadoff, for morecomplicatedetupst
might not beso easy

¥ sketchof formalismdescribe@bove
¥' constructgroupextendedy outerautomorphismhereS,
¥' extragroupelemenfgivegnatrix U
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the ACRransformatiohat s trivial with regardo A, runsinto
troubleif oneconsiders non-triviakinglet $ # 15 inaddition
to thetriplet # # 3

if onewoulduse# " #' and$" ¢ onefindsthatthe
invariantis mappedo sth non-invariant

1! (Mg, (O, ' 1

with (¢¢)lz = J% . D101 + wngquz + we3ps

this canbereadilyunderstoodf onelooksat howthis ,CP
transformatio@aBs@8&actsupon 1 = ($,$ ,#)7

3

%S) =diag(l, 1, S3)

D" naive CReorrespondso U=1; %T) = diag(" ," 2 T
D" A, doesnot closeunderthis CP: [ "hc

Ul(T)Y'U *=1(T) ¥V 1(G) o
. - ortenoveriookedn literature
the realflavourgroupis largerthis hasto be Tooropet. al. 2011, Ferreirz

consideredvhenconstructind.agrangian Lavoura2011



Geometric CP violation i@ (27)

(27) = A,B|A®=B3=(AB)3=E

outerautomorphisngroupgeneratetby
u,: (A,B)" (ABAB,B ?) u;: (A,B)" (ABAZ B?AB)

red blue
N\

BABA ABA BA2BAB ABZ2ABA

=
[

A

1
!21
1
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What arecalculablephase®

¥' considemagainatriplet of HiggsdoubletssH = (H1,H2, H3) ! 3
whichtransformsas
' 1 O O
A)="0 0 1% B)="0" 03
0 0 "2

¥ the potentialonly containsone phasadependenterm
|1 (HyH2)(HyHs) + (HoH3)(HyH1) + (HgH1)(HgH2)

¥ if coupling@ymultiplyingl is positive the globalminimumiis at v

. . . . . . %l &= —(w?, 1
(or aconfigurationthat canbeobtainedbyactingon this vacuumwith agroupelemeny 3 7

¥ if coupling@yls negativethe globalminimum is at 0l &= (1,1 ,12)
or aconfigurationthat canbe obtainedbyactingon this vacuumwith agroupelemeny 3
¥ Thesghaseslo notdependon potentialparametelts

¥' canthisbeusedto predict(leptonig CPphase?
¥' cantheybeunderstoodn termsof generalize€P?
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PotentialDependencef Phases

D" In generalouexpectwo differentkindsof vacuaof a CP
conservingpotential

D eitherVEVisreal,conserve€P andphasedoesnot depend
on potentialparameters

D or VEViscomplexbreak€CPandphasedepend®n
potentialparameters

Example all parametergeal
Lm0 2 A 0P e At
= mSA% + m5A% cos2# + " 1A% + " , A% cos A#

invariantunder ! — !~ © = Ae'
C052 o = 2)\2771% + )\1777,% — 2)\2m%

) v/—m1? — 2m2? 4 —
V2V A1 + 222 V2020, — M

A=
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What arecalculablephase®

¥ Thevacuunof the form % &= 'V§(1,! ,! %) leavesnvariantthe gCP
transformation )
1 0 O
H! 1(BHH'=" 0 "2 0SS H
O O 11

¥ whichis asymmetrypf |+1*
¥ no surprisghere CPsymmetrigotentialhasCP symmetriground
state
¥ for the othersolution%i &= %(wz,l, 1) thereisno groupelementhat
leavedd invariant (H) = (¢)(H)*

¥ thiswadnterpretedasgeometricaCP violation
[Branco, Gerardnd Grimus

GEOMETRICAL T-VIOLATION 1984’ daViedeirosvarzielas
G.C. BRANCO Emmanuel-Costa 2011;
Instituto Nacional de Investigagio Cientifica, Av. do Prof. Gama Pinto 2, Lisbon, Portugal B att aCh aryywe M ede )S

VarzielasLeser 20

and

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



CalculablédPhaseasaResultof an
accidentagieneralize@Ptransformation

everyautomorphisntorresponds ageneralize@P
transformation

" this allows one to search §CPtransformation that
leaves g= %(MZ, 1,1)  invariant and gives @ijgal

Indeedthereis such agCPtransformation
[ H,J OH, O [ CPLHE = HS$

0 0 !2
. 0
o=80 1 o CP,I] =1
_ I 0 O Q: (A,B)—>(ABZAB,ABQA2)/

" potential invariantindera largesymmetry
O this CPlke trafodoesnot correspondo physicalCP
D" still fixesphases
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CalculablédPhaseasaResultof an
accidentagieneralize@Ptransformation

" asymmetrigotentialcanhaveasymmetriground
State

D phasearedictatedbyaccidentagCPsymmetry
D explainghe independencé&om potentialparameters

this setupis interestingor phenomenlogy

O if accidentasymmetrynly of potential, notof
Yukawad} canbeusedto predictphase®tc.
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needgroupswith largeouterautomorphisngroup
O noticethat shapingsymmetrieBavelargeouter

automorphisSngroups 1 41 — 137120576
mechanisnsimilarto vacuumalignmentmechanisms




TGandCP

A T 70 &
TO doubleoverofA; T = S, T|S*= T3=(ST)3=E

complexClebschGordoncoeffientsaasa possibleneworigin of CP
violatior?Chen,Mahanthapp#®9 ]

O vaguenotionsof CP 1:realityof couplingsvereused
D" VEVsassumedeal $#2= (1,1,1)v#, '$(=(0,0,1)V V,V¥) R

IL 17 = yTTI2+y,TTI® +he.
32! i

= Ve
20
12

+ Yug 200154155 T +@ ! DTiTo! 5+ T21L  +he.

#$

1 # mn
(A DTaTo (05! Tola)+ iT2 150 1qlg + T2 151 141, +
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TGandCP

D Only predictivescenario
O ImposeCP onLagrangianbreakit spontaneously

D" explicitbreakings basiddependenandthus not
predictive

O Usingthe generalize@Pformalismwecanseehat
thereis exacthone CPtransformationvhichforces
VEVsof tripletsto bereal
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p=

Cw o i o r#5 | #1p5y0" « u=conj(T?)!u
2; " diag(! I'">,17°1°)2, S sT) (1)

w224 | = 21i/3
# & #
1L 2 2

1 2", 3
#(S) = §§70 22 11 22 ( #HT)=%O0 "
22 11




TGandCP

whatdoesthe CPtrafo

Li" L 2" diag(t PRI 3 3

impIyI!L =y TTI2+ v, TT! P +hec.

for 321 j! _ " # " #3$
= Ve, T (W DTIT (31 1ol)+ T2 130 141 + T2 130 11, 4
%%( 12' !

+yU§ 2'13"'!'2

vlr

T2 ! : I 2 I#(
T200+@ ! D)TTol b+ T2l +he.

MAX-PLANCK-INSTITUT FUR KERNPHYSIK

4 “ arg(yc) = ! }arg(! 41 3i)
CPTT" = %222 (1T CPITT"¥= w(TT" ), ‘ 2 .
= | —arctan -
¥' evenif youphaseaotateT youcanonly makeoneof the 2 4
couplingseal,thereforeexplicitbreakingof CP arg(yu)='/4
¥' agreewvith recentfinding of [Chen et al. 14] 3
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Conclusions

Consistencyonditionsshouldbekeptin mind when
constructingnodelshat containCPand Flavour
Symmetries

generalize@Ptransformationsnaybeinterpretedas
furnishingarepresentationf the automorphism
group

O physicalCPdepend®n field content

geometricaCP violationseems$o be aconsequencef
(accidentglgeneralize@ P symmetriesf the potential

maybeautomorphismsnaybeusedin modelbuilding
moregenerally



