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CP Violation in Nature

 CP violation: required to explain matter-antimatter asymmetry
« So far observed only in flavor sector
« SM: CKM matrix for the quark sector
- experimentally established 6ckm as major source of CP violation
» not sufficient for observed cosmological matter-antimatter asymmetry
« Search for new source of CP violation:
 CP violation in neutrino sector
« if found = phase in PMNS matrix

* Discrete family symmetries:
* suggested by large neutrino mixing angles

* neutrino mixing angles from group theoretical CG coefficients
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Origin of CP Violation

« CP violation & complex mass matrices

— eP = _ )
Ur,i(My)ijQr.; + QL7j<MJ>jiUR,i — Qp ;(My)ijUri + Uri(M.,);;QL,;

« Conventionally, CPV arises in two ways:
 Explicit CP violation: complex Yukawa coupling constants Y

« Spontaneous CP violation: complex scalar VEVs <h> Y
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A Novel Origin of CP Violation ML-G.G., K. Mahanthappa

Phys. Lett. B681, 444 (2009)

- Reduce the number of parameters => non-Abelian discrete family symmetry

« e.g. A4 family symmetry & TBM mixing from CG coefficients

- Complex CG coefficients in certain discrete groups = explicit CP violation

* real Yukawa couplings, real Higgs VEV

« CPV in quark and lepton sectors purely from complex CG coefficients

« No additional parameters needed = extremely predictive model!
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A Novel Origin of CP Violation ML-G.G., K. Mahanthappa

Phys. Lett. B681, 444 (2009)

Basic idea Discrete
symmetry G

H-1 A3 <H> <H> <H> <H>
real coupling =Y — —J)— - —l— + _L— + _<L_
L Ri L R2 L Ri L R2

(L) (RiRy) C112 Y<Ap> Ci2! Y<Ai> | Cai' Y<A> | Cpo® Y<A3>

- Scalar potential: if Zs symmetric = (A1> = <(A2> = <Az> = <A> real | Cijk:
. . ] complex CG
- Complex effective mass matrix: phases determined by group theory | oefficients of
G
( L L2 )
C112  Cof! :;
M = ( )Y (A)
C2t G2t <
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Physical CP vs. Generalized CP Transformations

complex CGs => G and physical CP transformations do not commute

ul Generalized CP transformation:

OE) — Ucp O'(P x)

"y
ey
Taa,
--------
Taa,
e,
L

contains all
reps in model

Necessary Consistency condition:
Holthausen, Lindner, Schmidt (2013)

p(u@) = Ucp p@ Ucp' VgeG

=
Generalized CP GCP
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Physical CP vs. Generalized CP Transformations

complex CGs => G and physical CP transformations do not commute

Generalized CP transformation:

D) o Uep @( P x)

Necessary Consistency condition:
Holthausen, Lindner, Schmidt (2013)

p(u@) = Ucp p@)* Ucp' VYgeG

Generalized CP GCP
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Physical CP vs. Generalized CP Transformations

—_

. : : CP .
generalized CP transformation D) — Ucp @ (P x)
* Necessary consistency condition
p(u(g)) = Uep pi@)Ucp' VgeG Holthausen, Lindner, Schmidt (2013)

* Necessary and sufficient consistency condition M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz,
A. Trautner (2014)

physical CP
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Physical CP vs. Generalized CP Transformations

o~

* generalized CP transformation D (x) ,ﬁ Ucp (P x)

* Necessary consistency condition
p(u(g)) = UCP p(g)* (]CPJr Vg € G Holthausen, Lindner, Schmidt (2013)

* Necessary and sufficient consistency condition M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz,
A. Trautner (2014)

physical CP
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Three Types of Finite Groups

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)

there is a
u for which
no FS™ is 0

Type Il: u defines
yes a physical CP
transformation

group G with
automorphisms u

)
(o)
I — all FS' are
no class- — +1forau
Inverting
mvolutor_y non-BDA, class-
automorphism

inverting
automorphism
Type Il B groups G B:

Type | groups Gf: BDA

Type Il A groups Gy A:

generic settings based on
G do not allow for a
physical CP transformation

there is a CP basis in there is no basis in which
which all CG’s are real all CG’s are real
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A Novel Orlgln Of CP VIOlatlon M.-C.C, M. Fallbacher, K.T. Mahanthappa,

M. Ratz, A. Trautner, NPB (2014)

 For discrete groups that do not have class-inverting, involutory automorphism, CP is
generically broken by complex CG coefficients (Type | Group)

- Non-existence of such automorphism & Physical CP violation

CP Violation from Group Theory!

Discrete (flavor)
symmetry G

For further insights, see, M. Fallbacher,
A.Trautner, NPB (2015)

Type Il: one can
impose a physical
CP transformation

Type | groups Gr: Type Il A groups G a: Type Il B groups G g:

| generic settings based on Il there is a CP basis in there is no basis in which

Gy do not allow for a ! which all CG’s are real all CG’s are real
physical CP transformation |l

N .
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Examples

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)

* Type |: all odd order non-Abelian groups

group | Zs X 2y 17}
SG | (20,3) | (21,1)

- Type llIA: dihedral and all Abelian groups

group | Ss @R Ay Zis X 7ig } T
SG | (6,1) | (84) | (12,3) | (24,1) §

* Type IIB

group | | (s x ) % Za) % 24
SG | ;:; (144,120)
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Example for a type | group:

A(27)

e decay asymmetry in a toy model
e prediction of CP violating phase from group theory
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Toy Model based on A(27)

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)

* Field content fermions
field S X Y | ¥ é

A27) 1 1; 15| 3 3
U1) | gv—9s | qv—qz | 0 | g | gs

* Interactions (qv-q:#0

ﬁ;oy = FY S?i2j+ g\lJ X?i2j+ Hf{, Y?i\Pj+ Hg Yfi2j+h.c.

A
(F = fls) D=gE [0 A —
< G=g|0 0 1 )
¥\ 1 0 0 Hyy = hys | 0 0 0
) vt L e A I 0 0 W
.".o‘. ...................................................... W|th 1) = ezﬂ.i 3
“flavor” structures determined by arbitrary coupling constants:
(complex) CG coefficients f, g, hy, hs
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Toy Model based on A(27)

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)

- Particle decay Y — Y'Y

interference of

Y -—

|

with
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Decay Asymmetry

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)
- Decay asymmetry
'Y -vv) -T'(Y* - 00)
(Y = UU) +D(Y* — T0)

Sy ST0 =

a:Inﬂ[ﬂln1hr(FTH@l7H§>}+lnﬂLd]h1hr<GTB@(?H%)}
= |f]* Im [Ig] Im [hg hE] + |g|? Im [Ix] Im [w hy hE] .

A

Cone-loop integral Iy = I(Ms, MY)) one-loop integral 1, — I(My, MYD

* properties of €
* invariant under rephasing of fields
* independent of phases of f and g

* basis independent
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Decay Asymmetry

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)

- Decay asymmetry
Sy gy = |f|2 Im [Is} Im [h\y h;} + Q|2 Im [Ix} Im [0) hy h;}

- cancellation requires delicate adjustment of relative phase ¢ := arg(hy A3)
- for non-degenerate Msand Mx: Im [Is] + Im [Ix}

* phase ¢ unstable under quantum corrections
- for Im|[Ig] = Im [Ix] & If] = lg]

* phase ¢ stable under quantum corrections

- relations cannot be ensured by an outer automorphism (i.e. GCP) of A(27)

* require symmetry larger than A(27)
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Spontaneous CP Violation with Calculable CP Phase

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)

field X Y yA Y )y ¢
A(27) 11 13 18 3 3 ]-O
U1) | 29w | 0 |29y | qw | —qw || O

X,Z) : doublet
A(27) c SG(54,5): ¢ (¥,=% : hexaplet
) :  non-trivial 1—dim. representation

1= non-—trivial (¢) breaks SG(54, 5) — A(27)

== allowed coupling leads to mass splitting %5, > M?* (X +1ZI%) + [% @)y (X7 -1Z) + h.c.]

= CP asymmetry with calculable phases [ CG coeficient of SG(54,5) |

ey gy < Pyl Im [ w | (Im[Ix] —Im [Iz])  pecmmmnm—ennrmmonm—erma—-
1 Group theoretical origin |

_Of P violation:

M.-C.C., K.T. Mahanthappa (2009)

[ phase predicted by group theory j
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CP-Like Symmetries

1= outer automorphism us

XX, Z->7Z", Y>Y, Y- U,2 & 2-U,Y

0 w?
1 0
0 O

1= does not lead to a vanishing decay
asymmetry

= in general, imposing an outer
automorphism as a symmetry does
not lead to physical CP
conservation!

CP trans-
w CP-like symmetry formations
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Summary
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Summary

« NOT all outer automorphisms correspond to physical CP
transformations

- Condition on automorphism for physical CP transformation

pr(u@) = U, pr(8) U}, VgeGandVi

M.-C.C, M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner; NPB (2014)

cla_ss Inverting, physical CP
involutory .
: transformations
automorphisms
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Summary

 For discrete groups that do not have class-inverting, involutory automorphism, CP is
generically broken by complex CG coefficients (Type | Group)

- Non-existence of such automorphism & physical CP violation

CP Violation from Group Theory!

Discrete (flavor) M.-C.C, M. Fallbacher, K.T. Mahanthappa, M. Ratz,
symmetry G A.Trautner, NPB (2014)
For further insights, see, M. Fallbacher, A.Trautner,
NPB (2015)

Type II: one can
impose a physical
CP transformation

Type Il A groups Gyg aA: Type Il B groups Gy B:

generic settings based on
. Gy donot allow for a
% Physical CP transformation,

there is a CP basis in there is no basis in which
which all CG’s are real all CG’s are real
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Backup Slides
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CP Transformation

« Canonical CP transformation

o(x) <7 Nnee ¢ (Px)

[ freedom of re—phasing fields ]

. Generalized CP tranSformation gcrrnfﬁggzgesl,ol%gggs)chny (1981); Ecker, Grimus, Neufeld (1987);

D) > Uep (P x)

[ unitary matrix
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Generalized CP Transformation

iz getting w/ discrete symmetry G | G and CP transformations do not commute

= generalized CP transformation Feruglio, Hagedorn, Ziegler (2013); Holthausen, Lindner, Schmidt (2013)

= jnvariant contraction/coupling in A4 or T

(61, ® (x3 ®¥3), ] 1, € 9¢ (171 + W x2y2 + Wx3Y3)

(W= e2ri/3 )

= canonical CP transformation maps A4/T" invariant contraction to
something non—invariant

—_—

. - CP
w need generalized CP transformation CP: ¢ — ¢* as usual but

ES ES
X1 P 1 1 P )1
ES ES
X9 —> X3 & Y2 — Y3
X3 Xo y3 ¥y

Mu-Chun Chen, UC Irvine Discrete Flavor Symmetries and Origin of CP Violation Nu@Fermilab 2015 26



The Bickerstaff-Damhus automorphism (BDA)

- Bickerstaff-Damhus automorphism (BDA) u Bickerstaff, Damhus (1985)

prw@) = Uy pr(@)U. YgeGandVi (%)

\

[ unitary & symmetric ]

- BDA vs. Clebsch-Gordan (CG) coefficients

equivalent
existence of a

dBDA u ‘ (CP) basis in which

fulfilling (%) | all CG coefficients
are real
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Constraints on generalized CP transformations

1= generalized CP transformation

D) > Uep @( P x)

ISy COnS|S‘tency condition Holthausen, Lindner, and Schmidt (2013)
p(u@) = Uce p@) Ucp' VgeG

ISy further propertieS: M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)

(@) = U pr(g)' U, YgeGandVi <y | PhYSCAICP

transformations

e 1 has to be class—inverting
e in all known cases, u is equivalent to an automorphism of order two

bottom-line:
u has to be a class—inverting (involutory) automorphism of G
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Twisted Frobenius-Schur Indicator

- How can one tell whether or not a given automorphism is a BDA?

* Frobenius-Schur indicator:

1 1
FS(r) = > xn@) = G > tr o))

geG geG

+1, if r; is a real representation,
FS@r;) = 0, if r; is a complex representation,
-1, if r; is a pseudo—real representation.

 Twisted Frobenius-Schur indicator Bickerstaff, Damhus (1985); Kawanaka, Matsuyama (1990)
1
FSu(ri) = @ Z [pr,(g)] ap [prl(u(g))lga
geG
+1 Vi, if uis a BDA,
FS,(r;) = +lor -1 Vi, if u is class—inverting and involutory,

different from +£1, otherwise.

Mu-Chun Chen, UC Irvine Discrete Flavor Symmetries and Origin of CP Violation Nu@Fermilab 2015 29



CP Conservation vs Symmetry Enhancement

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)
= replace S ~ 1y by Z ~ 1g ~ interaction

LE =g {ZIS ® (WZ)I} +h.c. = (@) ZV¥% +h.c.

toy 1)1,

0 0 w?
G =g 1 0 O
0O w O

and leads to new interference diagram
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Some Outer Automorphisms of A(27)

up : lieoly, 14,015,101, 3->U,, 3
ug : lieoly, 191,156 1,3-U0,,3"
us : l1iolg,lgeoly,151;,,3-5U0,, 3
ug : 1o ly, 19015, 1560 1, 3->U,, 3
us : 1, 1", 3-U,3

- sample outer automorphisms of A(27)

 twisted Frobenius-Schur indicators R 1, 1; 1, 13 1, 1 15 1, 13 3 3
FS,® |1 1 1 0 0 0 0 0 0 1 i
FS,(R) |1 0 0 1 0 0 1 0 0 1 1
FS,®®|1 0 0 0 0 1 0 1 0 1 {1
FS,R)| 1 o o 1 0 0 1 0 0 1 1
FS,® |1 1 1 1 1 1 1 1 1 0 0

* none of the u; maps all representations to their conjugates

* however, it is possible to impose CP in (nhon-generic) models, where only a subset
of representations are present, €.9. () c {1,.15,17,3.3)

« CP conservation possible in non-generic models

+ e.9. some well-known multiple Higgs model Branco, Gerard, and Grimus (1984)
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CP Conservation vs Symmetry Enhancement

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)

= replace S ~ 1g by Z ~ 1g ~ interaction

L =g {Zlgea(?z)h] +he. = (@) Z¥3 +he.

1o
= different contribution to decay asymmetry: 839/—@\11 — gg_@y
() Mz =Mx
= total CP asymmetry of the Y decay vanishes if ¢ (i) [g] = |g’|
(i) ¢ =0

1= relations (i)—(iii) can be due to an outer automorphism

XSz, vy, \P_/\ U, & -5 U, ¥°
A

requires gy = —qy
. BUT this enlarges A(27) — SG(54,5) = A(27) = Z4

SG(54,5): group name from GAP library
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Example for a type |l A group:

T/

e CP basis and its complications
e generalized CP transformation
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(Generalized) CP Transformation for T

= unique outer automorphism

1, - Uy,l;
u : (S, T) > (S3,T? ~ 2, - Ujp 2"
— U3

iz twisted Frobenius—Schur indicators
R 10 1;, 1y 20 2; 2, 3
FS,(R) | 1 1 1 1 1 1 1

w 7, is a Bickerstaff-Damhus automorphism

w there is a basis in which all Clebsch—Gordan coefficients are real

basis can been found e.g. in Ishimori, Kobayashi, Ohki, Shimizu, Okada, et al. (2010)

1= 1, defines a physical CP transformation

1= invariance of £ under u restricts the phases of the coupling
coefficients

Mu-Chun Chen, UC Irvine Discrete Flavor Symmetries and Origin of CP Violation Nu@Fermilab 2015 34



Issues with the CP basis and other bases

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)
= 3 of T” is a real representation

1= however, in many T' bases (including the CP basis), 3 transforms
with complex matrices

1= need to describe a real 3—plet by complex field(s) and impose
‘Majorana—like condition’ ¢* = U ¢

1 0 O
witheg. U = [0 O 1 in the ‘Feruglio basis’ “Fefo basis” (2001)
0O 1 0

with the ‘Feruglio basis’ defined in Appendix A of Feruglio, Hagedorn, Lin, and Merlo (2007)

1= problems do not appear in the T” extension of the ‘Ma basis’ for A4

Ay basis can be found in Ma and Rajasekaran (2001)

1= proper CP transformation

P P o (L 00
]-i — ]-i* R 2i o 21'* R 3 — 0O 0 1 3*
0O 1 O
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Example for a type Il B group:

2(72)

e absence of CP basis but generalized CP transformation ensures
physical CP conservation

e CP forbids couplings
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Example of a type IIB group: 2(72)

1= presentation of £(72)

M* =N*=P = (M*P') =1, M* = N>,
PMPN'MPIN =1,

1= 6 inequivalent irreducible representations: 19_3, 2 and 8

1 character table

2

NPM P = MPN

MIN =NM

Cla C3a C2a C4a C4b C4c

1 8 9 18 18 18

>2(72) | 1 P M? MN N M
1o 1 1 1 1 1 1
1 1 1 1 1 -1 -1
1o 1 1 1 -1 1 -1
13 1 1 1 -1 -1 1
2 2 2 —2 0 0 0

8 8 -1 0 0 0 0

Mu-Chun Chen, UC Irvine
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Example of a type IIB group: 2(72)

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)
1= 3(72) is ambivalent, i.e. each conjugacy class contains with an
element g also its inverse element g1

1= jdentity is already class—inverting (and involutory)

1= twisted Frobenius—Schur indicators of identity

R 1p 1; 1o 13 2 8
FSuR) | 1 1 1 1 -1 1

A
w there is no CP basis no BDA

1= generalized CP transformation

—_— —_ —_

1, L1 29 2.8 L 8

ERCh)
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Example of a type IIB group: 2(72)

1= generalized CP transformation

, 51, 29 2.8 L 8

1= imposing this CP transformation as a symmetry enlarges the flavor
group by an additional Zsg factor to X(72) X Zso

iz gdditional symmetry generator acts trivially on all representations
except for the 2 on which it acts as Va = Uy Uj, = ~1

= this additional Zs forbids all terms which contain an odd number of
fields in the representation 2 such as

forbidden by additional Zg

Z D c 20(888)2)), ———
unusal feature of type Il B groups:
CP may forbid couplings rather than restricting the phases!
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Summary

Three exam p|es: M.-C.C, M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner, NPB (2014)

1= Type | group: A(27)
e generic settings based on A(27) violate CP!

e spontaneous breaking of type Il A group SG(54, 5) — A(27)
~ prediction of CP violating phase from group theory!

1= Type Il A group: T"
e CP basis exists but has certain shortcomings
e advantageous to work in a different basis & impose generalized CP
transformation
e CP constrains phases of coupling coefficients

i Type |l B group: Z(72)
e absence of CP basis but generalized CP transformation ensures

physical CP conservation
e CP forbids couplings
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