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Parametrization of lepton mixing

charged lepton and (Majorana) neutrino mass terms
62 Me, ab lb and Va My, ab Vb
cannot be diagonalized simultaneously

going to the mass basis

UgmlmeU —dlag(m mi,mQ) and UmeUV:diag(ml,mg,mg)

leads to non-diagonal charged current interactions

Z_W_UPMNS v With Upyns = UJU,/



Parametrization of lepton mixing

Parametrization (ppe)
UpMNS — ﬁ diag(l, 6ia/2, ei(ﬁ/%—d))

with
C12C13 512C13 s13e” %
0 — | —S12€23 — 0128238136i5 C12C23 — 812823813€i5 5$23C13
§12823 — 01262381367;5 —C12523 — 812023813€i5 C23C13

and Sij = sin (91'3', Cij = COS (91'3'
Jarlskog invariant Jop

* *
Jep = Im [UPMNS,HUPMNS,lSUPMNS,SlUPMNS,33}

1
= 3 sin 26049 sin 26053 sin 263 cos 613 sin 0
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Parametrization (ppe)
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and Sij = sin (91'3', Cij = COS (91'3'
Majorana invariant I

. 2
I = Im {UI%MNSJS (UPMNS,ll) }

—  sin? 013 cos? A1, cos? B3 sin I’



Data on lepton mixing

Latest global fits (Capozzi et al. ('13))

LBL Acc + Solar + KL + SBL Reactors + SK Atm
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Data on lepton mixing

Latest global fits (Capozzi et al. ('13))
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Data on lepton mixing

Latest global fits NH [IH] (capozziet al. (13))
best fit and 1 o error 3 o range
sin” 015 = 0.0234[9] Ty 00tey 0.0177[8] < sin® 615 < 0.0297[300]
sin® 15 = 0.30870 017 0.259 < sin” ;5 < 0.359

0.425[37) F0-029059]
137) Zo.02779] 0.357[63] < sin? fa3 < 0.641[59]

Sin2 923 =
[0.531 < sin® f53 < 0.610]

+0.33(24|
5= 1395 7 oo T 0<d<2m

o, B unconstrained



Data on lepton mixing

Latest global fits NH [IH] (capozzi et al. (13))

0.82 055 0.1
|Upnmns|| =~ | 0.40[39] 0.65 0.64[5]
0.40[2] 0.52 0.75[4]

and no information on Majorana phases

4

Mismatch in lepton flavour space is large!



General Idea

Interpret this mismatch in lepton flavour space as
mismatch of residual symmetries G, and G,

If we want to predict lepton mixing, we have to derive this
mismatch

let us assume that there is a symmetry, broken to G, and G.

this symmetry is in the following a combination of a

finite, discrete, non-abelian symmetry G and CP

(Feruglio et al. ("12,13), Holthausen et al. ('12), Grimus/Rebelo ('95))

[Masses do not play a role in this approach.]
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General Idea

ldea:

Relate lepton mixing to how G’y and C'P are broken
Interpretation as mismatch of embedding of different sub-
groups G, and G, into G and C'P

G &CP
v N\

neutrinos charged leptons
G, Ge



General Idea

ldea:

Relate lepton mixing to how G’y and C'P are broken
Interpretation as mismatch of embedding of different sub-
groups G, and G, into G and C'P

G &CP
Ve N\

neutrinos
_ charged leptons
assume 3 generations o _
_ _ distinguish 3 generations
of Majorana neutrinos



General Idea

ldea:

Relate lepton mixing to how G’y and C'P are broken
Interpretation as mismatch of embedding of different sub-
groups G, and G, into G and C'P

Gy &CP
v N\
neutrinos charged leptons
G, =72, xCP Ge=Zx with N >3

An example: Ut reflection symmetry (Harrison/Scott ('02,04), Grimus/Lavoura ('03))



General Idea

Gy & CP
v N\
neutrinos charged leptons
G, =72, xCP Ge=Zx with N >3

Further requirements

two/three non-trivial mixing angles =- irred 3-dim rep of G+

"maximize" predictability of approach



General Idea

Definition of generalized CP transformation (see e.g. Branco et al. ('11))

CP .
Qi — Xij(bj

with X is unitary and symmetric
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General Idea

Definition of generalized CP transformation (see e.g. Branco et al. ('11))

CP N
¢i — Xij@}

with X is unitary and symmetric;
apply C'P twice

¢C—ID>X¢*C—P>XX*¢:¢
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with X is unitary and symmetric.
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6 S8 xor 2 X770 and ¢ 2 20 S5 zx0*



General Idea

Definition of generalized CP transformation (see e.g. Branco et al. ('11))

CP N
¢i — Xij@}

with X is unitary and symmetric.
Realize direct product of Z, C G and C'P; Z generates Z,

XZ*—-—7ZX =0



General Idea

neutrino sector: Z, x CP preserved

neutrino mass term v, my qp Vs
IS invariant under v, — Z,3 v3
IS invariant under generalized CP transformation v, — X,z yg

charged lepton sector: Zn, N > 3, preserved

charged lepton mass term e me qb lp
IS invariant under [, — Qc.op!3



General Idea

neutrino sector: Z, x CP preserved

— neutrino mass matrix m,, fulfills
Zt'm,Z =m, and Xm,X =m}
charged lepton sector: Zn, N > 3, preserved
— charged lepton mass matrix m,. fulfills

QimlmeQe — mlme



General Idea

neutrino sector: Z, x CP preserved and generated by (v = 2, V')

X=0,9" and 7Z=9Q,z%9Q1
Z%%9 — diag (—1,1,—1) and €, unitary

charged lepton sector: Zn, N > 3, preserved

— charged lepton mass matrix m. fulfills

lelmeQe — mlme



General Idea

neutrino sector: Z, x CP preserved

— neutrino mass matrix m,, fulfills
74910 m, Q1249 = [QI'm,Q,] and [QTm,Q,] = [QTm,Q,]*
charged lepton sector: Zn, N > 3, preserved
— charged lepton mass matrix m,. fulfills

QimlmeQe — mlme



General Idea

neutrino sector: Z, x CP preserved

— neutrino mass matrix m,, is diagonalized by
2, (X, Z)R(0)K,
charged lepton sector: Zn, N > 3, preserved
— charged lepton mass matrix m,. fulfills

QimlmeQe — mlme



General Idea

neutrino sector: Z, x CP preserved
— neutrino mass matrix m,, is diagonalized by
QV (X7 Z>R(9)KV

charged lepton sector: Zn, N > 3, preserved and generated by

Qe = Q.Q%OT with Q. unitary
Q9 = diag (wy, wy', wi)

and n.#n, #n, and wy = 2/ N



General Idea

neutrino sector: Z, x CP preserved
— neutrino mass matrix m,, is diagonalized by
2, (X, Z)R(0)K,
charged lepton sector: Zn, N > 3, preserved
— charged lepton mass matrix m,. fulfills

QL (Qe)mimeQ(Q.) is diagonal



General Idea

neutrino sector: Z, x CP preserved

— neutrino mass matrix m,, is diagonalized by
QV (X7 Z>R(9)KV
charged lepton sector: Zn, N > 3, preserved

— charged lepton mass matrix m,. fulfills
QL (Qe)mimeQ(Q.) is diagonal

conclusion: PMNS mixing matrix reads

UPMNS:Q;EQVR(Q)KV in Z_W_UPMNSV



General Idea

Upnins = UQ,R(O)K,
3 unphysical phases are removed by 2, — Q.K,

Uparns CONtains one parameter 0

permutations of rows and columns of Upj; s possible

4

Predictions:
Mixing angles and CP phases are predicted
In terms of one parameter 6 only,
up to permutations of rows/columns




General iIdea: consistency conditions

We want to consistently combine G+ and the generalized

CP transformation ¢; C—P> Xijgbj*.

4

"closure" relations have to hold



General iIdea: consistency conditions

We want to consistently combine G+ and the generalized

CP transformation ¢; C—P> Xijgbj*.

4

"closure” relations have to hold:
assume ¢ transforms as 3-dim rep of G4, then

6 S8 xor G5 xarer E8 xarxre = (X1 AX) 6
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"closure" relations have to hold:
(X*AX)" = A" withingeneral A# A" and A, A’ € Gy
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General iIdea: consistency conditions

We want to consistently combine G+ and the generalized
CP transformation ¢; C—P> Xij®;

4

"closure" relations have to hold:

(X*AX)" = A" withingeneral A# A" and A, A’ € Gy

compare to relation for having direct product of Z, and C' P

(X*ZX) =Z



General iIdea: consistency conditions

fulfilling these conditions ensures a consistent theory, but can
lead to enlarged symmetry group

additional requirement in order not to change representation
content of G'¢ (Chen et al. (14)):

all representations transform into
complex conjugate under C'P



General iIdea: consistency conditions

fulfilling these conditions ensures a consistent theory, but can
lead to enlarged symmetry group

additional requirement in order not to change representation
content of G'¢ (Chen et al. (14)):

all representations transform into
complex conjugate under C'P

[mathematically: mapping induced via X has to be ’'class-
inverting’ automorphism (A’ ~ A™1)]



General iIdea: consistency conditions

fulfilling these conditions ensures a consistent theory, but can
lead to enlarged symmetry group

additional requirement in order not to change representation
content of G'¢ (Chen et al. (14)):

all representations transform into
complex conjugate under C'P

if not fulfilled or not possible to fulfill for G+

= constraints on representations

[S4 fulfilled;

A(48) not fulfilled in general, only for certain representations]



Study ofS, andC P

Generators in rep. 3': (w = e2m'/3)
-1 2 2 1 0 0 1 0
1
S=§ 2 -1 2 , T=| 0 w? 0 , U= 0 0
2 2 -1 0 0 w 0 1
which fulfill

S?=1, T°=1, U*=1,
(ST =1, (SU? =1, (TU)?* =1, (STU)*=1



Study of S, andC' P

A transformation X inrep. 3’ for Z = S'is

1 0 0
Xg = 0O 0 1
0O 1 0

XXT=XX*=1
(X*AXY =A , XZ*—-7ZX =0

which fulfills
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Study ofS, andC P

A transformation X inrep. 3’ for Z = S'is
1 0 O

Xgr = 0 0 1

0O 1 O

which fulfills
XXT=XX*=1

(X*AX) =A' | XZ*—ZX =0

Residual symmetry G, is generated by T'.



Study ofS, andC P

Maximal 653 and § from G, = Z3, Z = S and X3

(Harrison/Scott ('02,04), Grimus/Lavoura ('03), Feruglio et al. ('12,13))

2 cos 6 V2 2sin 6
1
UPMNS:% —cosf +iv/3sinf /2 —sinf — iv/3cosf
—cosfh —iy/3sinf /2 —sinf + iv/3cosb
2 1 1
Sin2913:§Sin29, Sin2912:2—|—60829’ Sin2923:§
and
in 260
|sind| =1 ]J(;p|:|sm | , sina=0, sinf=0




Study ofS, andC P

Maximal 653 and § from G, = Z3, Z = S and X3

(Harrison/Scott ('02,04), Grimus/Lavoura ('03), Feruglio et al. ('12,13))

Upvns =

2 cos 6 V2

1
% —cosf +iv/3sinf /2
—cosf —iv/3sinf /2

sin” 013 ~ 0.023 , sin® 65 ~ 0.341 ,

|sind| =1

and

Jop| ~0.0348 , sina=0 ,

2sin 6
—sin® — iv/3cos b K,
—sinf + 1v/3cosf

, 1
SlIl2 923 = 5

sinf =0 for 0~ 0.185



Study of S, andC' P

Maximal 0,5 and ¢ from G, = Z3, Z = S and X3/ (Feruglio et al. (12;13))
1.0

0.8+

0.6

0.4

0.2F
sin 03
0.0 e ‘ ‘ ‘
0.0 0.2 04 0.6 0.8 1.0
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Study of S, andC' P

Maximal 0,5 and ¢ from G, = Z3, Z = S and X3/ (Feruglio et al. (12;13))

o0

0.05¢ :

0.00

9=0
| 0=r/2

-0.05¢

. 2 |
D=n/3 SIn“ Oy

-0.10 ‘ o ‘
0.0 0.2 04 0.6 0.8 1.0
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Study ofS, andC P

Maximal 653 and ¢ from G, = Z3, Z = S and X3/ (Feruglio et al. ('12,13))

0.10

0.05}

000} =5

-0.05¢
0=nr/3

sin 913 ]
1.0

-0.10
0.0




Study of A(48) andC P

Generators in rep. 3: (w — e2m'/3)
(Miller et al. ("16), Fairbairn et al. ('64), Luhn et al. ('07))

1 0 0 ) 1 1—v3 1++3

a = 0 w 0 , c=§ 1++V3 1 1 -3 , d=a lca
0 0 w? 1—v3 1++/3 1

which satisfy

a>=1, ¢*=1, d*=1,

cd=dc, aca ™t =ctd!



Study of A(48) andC P

A transformation X in rep. 3 for Z = ¢? is (Ding/Zhou ('13))
1 0 0
Xz=d]| 0 0 1
0 1 0

which fulfills
XXT=XX*=1

(X*AX) ' =A , XZ"-ZX =0

Residual symmetry G, is generated by a.



Study of A(48) andC P

Angles and phases from G, = Z3, Z = ¢* and X3 (Ding/zhou ('13))

\%\/4—(\/5—%\/5)@820 V2 %\/4+(\/§+\/6)C0529
%\/44—(—\/54-\/6)60829 V2 \%\/4—(—\/54-\/6)00829
\/24—\/500829 V2 \/2—\/5(:0829

lUpmnsll =

Si-

4
8—(\/§—|—\/6)C082(9 7
V6(v/3 — 1) cos 20 | sin 20|

, |Jop| =

1
sin® 03 = D <4 + (V2 + V/6) cos 29) , sin? 615 =

1
sin®@os = — [ 1+ —
29 8 — (v/2 + v/6) cos 20 64/3



Study of A(48) andC P

Angles and phases from G, = Z3, Z = ¢* and X3 (Ding/zhou ('13))

) \%\/4—(\/5—%\/5)@820 V2 %\/44—(\/5—%\/6)00529
||UPMNS||:7 %\/44—(—\/54-\/6)60829 V2 \%\/4—(—\/54—\/6)60829

6
\/24—\/500829 V2 \/2—\/5(:0820
, 1+ 3 —2v2cos20 + (—1 + 1/3) sin 20
sina| = :
—4—|—(\/§—|—\/6)C082(9

sin 8 2 sin 20 |
sin | =

—4 + (24 +/3) cos? 20




Study of A(48) andC P

Angles and phases from G, = Z3, Z = ¢* and X3 (Ding/zhou ('13))

) \%\/4—(\/5—%\/5)@820 V2 %\/44—(\/5—%\/6)00529
||UPMNS||:% %\/44—(—\/54-\/6)60829 V2 \%\/4—(—\/54—\/6)60829
\/24—\/500829 V2 \/2—\/5(:0820

sin® 013 ~ 0.023 , sin® 65 ~ 0.341, sin®fy3 ~0.426 , |Jop|~ 0.0254 ,
and

sind| ~ 0.735 , |sina|~0.732 , |sinB|~1 for 6~ 1.437



Study of A (48) andC' P

Angles and phases from G, = Z3, Z = ¢? and X3 (Ding/Zhou ('13))

10—
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Study of A (48) andC' P

Angles and phases from G, = Z3, Z = ¢? and X3 (Ding/Zhou ('13))

1.0
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Study of A (48) andC' P

Angles and phases from G, = Z3, Z = ¢? and X3 (Ding/Zhou ('13))

0.10
0.05F

0.00

-0.05+

—0.1%:
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Study of A(48) andC P

Angles and phases from G, = Z3, Z = ¢* and X3 (Ding/zhou ('13))

1.0—

0.8-

0.6
0.4

0.2-

0.8.



Basics of leptogenesis
baryon asymmetry of the Universe is measured well

Y = "B TRB| (8.774+0.24) x10~ 1 (wWMAP (08), Planck ('13))
S
0

this asymmetry can be explained by decay of heavy
right-nanded neutrinos (Fukugita/Yanagida ('86))

the three Sakharov conditions are fulfilled (sakharov (67))
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Y = "B TRB| (8.774+0.24) x10~ 1 (wWMAP (08), Planck ('13))
S
0

this asymmetry can be explained by decay of heavy
right-nanded neutrinos (Fukugita/Yanagida ('86))

the three Sakharov conditions are fulfilled (sakharov (67))

C and CP violation:
Yukawa couplings of right-handed neutrinos provide
source of CP violation



Basics of leptogenesis
baryon asymmetry of the Universe is measured well

Y = "B TRB| (8.774+0.24) x10~ 1 (wWMAP (08), Planck ('13))
S
0

this asymmetry can be explained by decay of heavy
right-nanded neutrinos (Fukugita/Yanagida ('86))

the three Sakharov conditions are fulfilled (sakharov (67))

departure from thermal equilibrium:
Yukawa interactions of right-handed neutrinos have slow
enoughrateI' < H



Basics of leptogenesis
baryon asymmetry of the Universe is measured well

Y = "B TRB| (8.774+0.24) x10~ 1 (wWMAP (08), Planck ('13))
S
0

this asymmetry can be explained by decay of heavy
right-nanded neutrinos (Fukugita/Yanagida ('86))

the three Sakharov conditions are fulfilled (sakharov (67))

baryon number violation:

Majorana masses violate lepton number so that lepton
asymmetry is generated which is partially converted into
baryon asymmetry via sphaleron processes



Basics of leptogenesis

baryon asymmetry of the Universe is measured well

np —Ng

Y = = (8.774+0.24) x107t  (WMAP (08), Planck (13))

S 0
this asymmetry can be explained by decay of heavy
right-nanded neutrinos (Fukugita/Yanagida ('86))
the three Sakharov conditions are fulfilled (sakharov (67))
simplest scenatrio:

thermal leptogenesis in which asymmetry stems
from N; decay (with no flavour effects)



Basics of leptogenesis

baryon asymmetry of the Universe is measured well

np —Ng

Y = = (8.774+0.24) x107t  (WMAP (08), Planck (13))

S 0

this asymmetry can be explained by decay of heavy
right-nanded neutrinos (Fukugita/Yanagida ('86))

the three Sakharov conditions are fulfilled (sakharov (67))

simplest scenatrio:

Yz ~ 10 %en with ¢ CP asymmetry, n washout factor



Basics of leptogenesis

CP asymmetry ¢

P(Nl — Hla) — P(Nl — H*la)

Caa = =

diagrammatically: the CP asymmetry arises from
Interference of tree-level diagram

N
yp '\

la



Basics of leptogenesis

CP asymmetry ¢

P(Nl — Hla) — P(Nl — H*la)

Caa =

diagrammatically: the CP asymmetry arises from
Interference of tree-level diagram and one-loop diagrams




Basics of leptogenesis

CP asymmetry ¢

P(Nl — Hla) — P(Nl — H*la)

Caa =

computation of ¢ in case of unflavoured leptogenesis

Im (@Dygy ) p

1 3l
EZS—WZ ~ =~ ’

j#£1 (YDYI];)ll

;)

with Yp = ULYp and UL MpU% = diag(M;, My, Ms)



Leptogenesis in flavour models

leptogenesis has been studied in several models with A4 or
S, flavour symmetry

(Jenkins/Manohar ('08), H et al. ('09), Bertuzzo et al. ('09), Aristizabal Sierra et al. ('09))
G+ — G In charged lepton sector and m,. is diagonal

Gy — G, = Zy(xZs) in neutrino sector and My encodes
mixing, while Y has trivial flavour structure
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S, flavour symmetry
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G+ — G In charged lepton sector and m,. is diagonal

Gy — G, = Zy(xZs) in neutrino sector and Mpr encodes
mixing, while Y has trivial flavour structure

for generations in 3 and Y, invariant under G ¢ € vanishes
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If residual G, is broken at level ¢,
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le x ¢ for flavoured leptogenesis|



Leptogenesis in flavour models

leptogenesis has been studied in several models with A4 or
S, flavour symmetry

(Jenkins/Manohar ('08), H et al. ('09), Bertuzzo et al. ('09), Aristizabal Sierra et al. ('09))
G+ — G In charged lepton sector and m,. is diagonal

Gy — G, = Zy(xZs) in neutrino sector and Mpr encodes
mixing, while Y has trivial flavour structure

If residual G, is broken at level ¢,
e oc 2 for unflavoured leptogenesis

if C'P is also a symmetry of the theory, constraints on phases
and e.g. on sign of ¢ are expected



Leptogenesis in models with flavour aadP
Consider the following scenario
G+ & CP — G, In charged lepton sector and m,. Is diagonal

G: & CP — G, = Z3 x CP In neutrino sector and Mg
encodes mixing, while Y has trivial flavour structure

assume small breaking in Y, at level € which is real,
e.g. for our example G = S,

Yo tac 0 0
Y3 +6Yp = 0 0 Yo +be
0 Yo +ce 0

fit of reactor mixing angle requires 0.16 < 6 < 0.21



Leptogenesis iIn models with flavour aqaP

Result for e from IN; decays vs lightest neutrino mass my
e = M\ ~ 1.6 x 10~3; normal ordering and best fit values of Am?,
(Capozzi et al. ('13)) assumed
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Leptogenesis in models with flavour aadP
Consider the following scenario
G+ & CP — G, In charged lepton sector and m,. Is diagonal

G: & CP — G, = Z3 x CP In neutrino sector and Mg
encodes mixing, while Y has trivial flavour structure

assume small breaking in Y, at level € which is real,
e.g. for our example Gy = A(48)

Yo + (s +2t) e 0 0
0 _
YR 40Yp = 0 Yo+ (s —t —/3u)e 0
0 0 Yo + (s —t++/3u) e

fit of reactor mixing angle constrains 6: 1.40 < 6 < 1.48



Leptogenesis iIn models with flavour aqaP

Result for e from IN; decays vs lightest neutrino mass my
e = A* = 1.6 x 10~?; normal ordering and best fit values of Am;
(Capozzi et al. (13)) assumed

0.0000<-

0.0000:-

—0.0000:-

—0.0000<-

My

0.00 0.02 0.04 0.0€ 0.08 0.1C

Notice: phases in K, can change sign of ¢




Leptogenesis iIn models with flavour aqaP
We can understand this behaviour:
Look at Im <(YDY£))§1); for j = 2

2 (—1)F193 &2 (—t2 — 2tu + u? — V2(t%2 + u?) cos 20 + (t? — 2tu — u?) sin 29) +0(e?)
and for j = 3

4 (—1)k2q2 &2 (—t? + u?) sin 20 + O(e?)



Leptogenesis iIn models with flavour aqaP
We can understand this behaviour:
Now expand for § = n/2 + x up to «; for j = 2
2 (—1)k142 &2 (t2(—1 + V2 = 2r) +2tu(—142k) +u?(1+ V2 + 2/4;))4—(’)(/12)

and for j = 3
B(—1)M2 yge®(t —u)(t+u)r



Leptogenesis iIn models with flavour aqaP
We can understand this behaviour:

Now expand for § = n/2 + x up to «; for j = 2

2
2 (—1)k142 &2 (t\/—1+\/§—2ﬁ;—u\/1—|—\/§—|—2ﬁ;) + O(k?)
and for j = 3

suppressed by «

The loop function f(x;) acts as weighting factor of the different
contributions.



Conclusions & outlook

approach with flavour and CP symmetry strongly constrains
lepton mixing

results for Gy = S, or Gy = A(48) are encouraging

leptogenesis can be studied in this approach



Conclusions & outlook

continue study of different groups G (A(3n?) and A(6n?))
and CP:
new mixing patterns, consistent definition of CP, ...

explore more phenomena which involve CP phases:
Ov (3, electric dipole moments, phases of soft supersymme-
try breaking terms, CKM phase, ...

Thank you for your attention.
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