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L epton Mixing

Parametrization of mixing matrix Upn s

e X1 0 0
Upyvns = V(0i,0cp) - 0 eXxX2 0
0 0 1
and
C12C13 $12C13 si3 e t0CP
V(0ij,0cp) = —512C23 — €12523513 €10CP C12C23 — 12523513 €9CP $23C13
S12523 — C12C23513 €9CP —C12523 — §12€23513 €'0CP C23C13

with Sij = sin (97;3', C;; = COS (97;]'



Special Lepton Mixing Patterns ?

uT Symmetry

. . 1 .
sin® 015 free ., sin?fys = 5 sin? 613 = 0

Tri-Bimaximal mixing (TB mixing)
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Global Fits

Fogli et al. (May '12) at 3¢ level

Sin2 912 — 03071_882% . Sin2 923 = 04(1)1_834;(5) y Sin2 913 — 00251_88%8

Forero et al. (May '12) at 30 level

normal hierarchy
sin® 015 = 0.3270 02, sin®fy3 = 0497070, sin® 613 = 0.026795,)
iInverted hierarchy

sin® 015 = 0.3270°02 , sin® a3 = 0.531) 1, sin®613 = 0.02770015



Status of Flavor Symmetries

... you could ask

® whether they are still interesting for lepton mixing
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Status of Flavor Symmetries

... you could ask

whether they are still interesting for lepton mixing
My reply is
there are "new" patterns with 6,5 # 0, e.g. from A(96) and A(384)

sin? 012 /= 0.349 , sin® a3 ~ 0.349 (0.651) , sin” i3 ~ 0.045
sin® @15 ~ 0.337 , sin®#a3 ~ 0.424 (0.576) , sin® 63 ~ 0.011

and of course all "old" patterns are usually just leading order
results which are corrected in concrete models



Status of Flavor Symmetries

... you could ask
whether they are still interesting for lepton mixing

whether they are interesting at all



Status of Flavor Symmetries

... you could ask
whether they are still interesting for lepton mixing

whether they are interesting at all

My reply is

flavor symmetries are not only useful for mixing, because in all
extensions of the SM new particles and new interactions are
present which induce processes strongly constrained by
experiments, e.g.

p— ey with BR(p — ey) < 2.4 x 10712



Choice of Flavor Symmetry G ¢

In the following | assume G, to be

... hon-abelian,

... discrete,

.. finite,

.. global,

.. explicitly or spontaneously broken to particular subgroups,

.. of the form X x Zy (N > 3) with X non-abelian.



Lepton Mixing from Non-Trivial G ¢ Breaking
Idea:

Derivation of the lepton mixing from how G is broken
Interpretation as mismatch of embedding of different sub-
groups G, and G, into G

Gy
v N

neutrinos charged leptons
G, Ge



Lepton Mixing from Non-Trivial G ¢ Breaking
Idea:

Derivation of the lepton mixing from how G is broken
Interpretation as mismatch of embedding of different sub-
groups G, and G, into G

Gy
v N

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



Lepton Mixing from Non-Trivial G ¢ Breaking
Idea:

Derivation of the lepton mixing from how G is broken
Interpretation as mismatch of embedding of different sub-
groups G, and G, into G

Gy
v N

neutrinos charged leptons
Gy:Z2XZQ G€:ZN with N >3



Lepton Mixing from Non-Trivial G ¢ Breaking

Gy
e N\
neutrinos charged leptons
G, = Zy X Zs G.=Zn with N >3

Further requirements

Two/three non-trivial angles = irred 3-dim rep p ~ 3 of G

Fix angles through G, G. = 3 generations transform differently
under G, G,



Lepton Mixing from Non-Trivial G ¢ Breaking

Neutrino sector: Z, x Z, preserved
— neutrino mass matrix m,, fulfills
p(gy,i)Tm,/p(g,/,i) =m, Wwith i=1,2
Charged lepton sector: Zn, N > 3, preserved

— charged lepton mass matrix m. fulfills

p(ge)tmimep(ge) = mim.



Lepton Mixing from Non-Trivial G ¢ Breaking

Neutrino sector: Z, x Z, preserved and generated by

plgvi) = Qp(ge,) 90, with i =1,2
p(g,.:)"* = diag (£1,+1,£1) and €, unitary

Charged lepton sector: Zn, N > 3, preserved

— charged lepton mass matrix m. fulfills

p(ge)tmimep(ge) = mim.



Lepton Mixing from Non-Trivial G ¢ Breaking

Neutrino sector: Z, x Z, preserved

— neutrino mass matrix m,, fulfills
p(gu,) ™ [ my Q] p(gu,0)"* = [Q)m, Q] with i =1,2
Charged lepton sector: Zn, N > 3, preserved

— charged lepton mass matrix m. fulfills

p(ge)tmimep(ge) = mim.



Lepton Mixing from Non-Trivial G ¢ Breaking

Neutrino sector: Z, x Z, preserved

— neutrino mass matrix m,, fulfills
QOl'm,Q, is diagonal
Charged lepton sector: Zn, N > 3, preserved

— charged lepton mass matrix m. fulfills

p(ge)tmimep(ge) = mim.



Lepton Mixing from Non-Trivial G ¢ Breaking

Neutrino sector: Z, x Z, preserved
— neutrino mass matrix m,, fulfills
QOl'm,Q, is diagonal

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

p(ge) = Qep(ge) ™90 with Q. unitary

plge) 99 = diag (wt , Wi, w7 )

and n.#n, #n, and wy = 2™/ N



Lepton Mixing from Non-Trivial G ¢ Breaking

Neutrino sector: Z, x Z, preserved

— neutrino mass matrix m,, fulfills
QOl'm,Q, is diagonal
Charged lepton sector: Zn, N > 3, preserved
— charged lepton mass matrix m. fulfills

(P(ge)dmg)* [leimege} p(ge)dmg = [lelmege}



Lepton Mixing from Non-Trivial G ¢ Breaking

Neutrino sector: Z, x Z, preserved

— neutrino mass matrix m,, fulfills
QOl'm,Q, is diagonal
Charged lepton sector: Zn, N > 3, preserved
— charged lepton mass matrix m. fulfills

QImIm.Q. is diagonal

e (&



Lepton Mixing from Non-Trivial G ¢ Breaking

Neutrino sector: Z, x Z, preserved

— neutrino mass matrix m,, fulfills
QOl'm,Q, is diagonal
Charged lepton sector: Zn, N > 3, preserved
— charged lepton mass matrix m. fulfills
Qlmim.Q. is diagonal

Conclusion: ©,, . diagonalize m, and mim.

Upnns = QQ,



Lepton Mixing from Non-Trivial G ¢ Breaking

Upnmns = Q1
3 unphysical phases are removed by ), — Q. K,

Neutrino masses are made real and positive through €2, — Q, K,

Permutations of columns of €2, (2, are possible: 2., — Q. P,

4

Predictions:
Mixing angles up to exchange of rows/columns
Dirac CP phase d¢cp upto =
Majorana phases undetermined




Lepton Mixing from Non-Trivial G ¢ Breaking

Basis used in the following:

p(ge) iIs diagonal and thus 2. a permutation
p(gv.;) are non-diagonal and €2, is called V/

Choose p(g,.;)%9 to be



|dea of Composite Higgs Models

Assume strong sector with composite Higgs in order to resolve
hierarchy problem

Higgs VEV breaks electroweak gauge group

Higgs might be a pseudo Goldstone boson, then it is naturally light
(realization in 5D: gauge-Higgs unification)

SM fermions are part of the elementary sector

SM fermions get mass upon mixing with fermionic resonances ¥
of composite sector (idea of partial compositeness)

Generic form of Lagrangian:

»Ctot — £el + »Ccomp + £mzx



Composite Higgs Models

Lagrangian:
['tot — ﬁel + ['comp + Emzx
Assume

Lmiz INVariant under G'¢
L.; Invariant under GG,

Lcomp INVariant under G,

Degrees of freedom in elementary sector

3 LH lepton doublets [¢
3 RH charged leptons [%
3 RH neutrinos v4



Composite Higgs Models

¢ ~ 3 and v ~ 3 under non-abelian group X C G«
— L¢; contains Majorana mass term fixed by G, = Z> x Zo C X C G¢

1 /a | .
= <ulg Maﬁu§+h.c.) with M = V*MpVT, Mp diagonal

Charged lepton mass hierarchy through partial compositeness
— % ~ 1 under X

Distinct RH charged leptons through additional Zy symmetry
— Gy =X xZyand % ~ (1, wy)



Composite Higgs Models

Thus take

3 LH lepton doublets [¢ ~ (3,1) under (X, Zx)
3 RH charged leptons I% ~ (1,wy*) under (X, Zy)
3 RH neutrinos v ~ (3,1) under (X, Zy)

Assume linear coupling of elementary fields to fermionic
resonances ¥ of composite sector

)\Oﬁ
Al opo A

implies that W7 ~ 7, WP ~ %, VU3 ~vip under SMand Gy



Composite Higgs Models

We expect upon integrating out the resonances a charged lepton
mass matrix of the form
N, N

L lR B
\IJ
AL A/YZR < L>

M op =

For no G breaking the condensate has to vanish
For G broken to G, = Z\”’ instead we find

<\IJZBR\IJ?L> ~ babag U MWCXRML ,

since 19, U¢ 1%, U ve WS ~ Wl under Zy
which is the diagonal subgroup of Zx C X and the external Zy



Composite Higgs Models. Mass Matrices

Thus we generate a charged lepton mass matrix of the form

YirtTYVIL
Ml,aB ~ banH)\lL)\?R5a5 (%)

At the same time the Dirac neutrino mass matrix takes the form

[;aUH)\l o YL
RN
v,a3 ba B A

Then the light neutrino mass matrix is

. A 2(vor+71L)
My = bt 2, (1)

| - VMBlvT)

af

Result for lepton mixing, if b are universal: Upyvsg =V



Explicit Warped GHU Modéls. Setup

SU2) x U(1)Y SO(5)xU(1)X SO(4)xU(1)X
Z2xZ2xZN XxZN ZN(D)
GauVv Ga GalR

uv Bulk IR



Explicit Warped GHU Models. Symmetries

Additional symmetries G, G, vv and G, 1r
Ga — Zi,’) X ZI,%/ ) Ga,UV — ZI,%/ ) GCL,IR — Zé

for minimizing terms in bulk, on UV and IR brane

Examples of symmetries X x Zy

(X, ZNn) = (S4,%3) —  TB mixing

(X, Zn) = (45,7%5) —  Golden Ratio

(X, Zn) = (A(96), Z3) —  Mixing with sin® ;3 ~ 0.045
(X,Zy) = (A(384),Z3) —  Mixing with sin® 6,35 ~ 0.011



Explicit Warped GHU Models. Particles

Particle content (X = 0)

gl,a ~ (5737 1,&)3,&)3) ’ Se,a ~ (]-Oa 1,w]?;bfa,W3,W3) ’ 61/,04 ~ (1737 1,&)3, 1)

with

§l,a = Var (+—) Zaor (+-)

( Liar (—), Las (+)] ) [ o (+-) )
ge,a:

ﬁaL <_‘|‘) ( )
€Cal \——

€v,a = Var (—) \ [zzaL (+-), Lar (+—)} )



Explicit Warped GHU Models. Particles

Bulk uv IR
Grx G Gruv X Geuv | Grir X Gair
(17 _17 1,6&)3)
&l o (3,1, ws,w3) (—1,1,1, ws) (Wi, ws)
(_17 _17 1,6«)3)
e | (1, wp w3, ws3) (1,1, Wi, ws) (Wi, ws)
(1, —1,1, 1)
Sy,a (3,1,&)3,1) (_1717171) (w]rrifaawi%)

(—1,-1,1,1)




Explicit Warped GHU Models. Parameters

Bulk: Mass parameters ¢;, ¢, (. = 1,2,3) and ¢,
Lagrangian on IR brane
R ! l T T T T v o
(E) Z (mIR,a (Ll,aLLQ,aR + LaLLaR) + mIR,a VaLVaR + hC)

oa=e,u,T

which contains as independent complex parameters

l _
Mg o and mip , = Mg o(1 + da)

Lagrangian on UV brane

11—
5 VgRMUV,aBVBR + h.c.

with Myyv = V*muy VT and muv,. are free complex parameters



Explicit Warped GHU Models. Lepton Mixing

(/2 Js 0

X:S4 . V:UTB: — % % %
_ /1 i _ /1
6 3 2
cos O sinf0GR 0
in 0GR cos OGR 1
X=A -V =U, — SIN Y49 12 1
5 GR \/5 \/5 \/5
sin@%R COSO%R 1
V2 V2 V2

with tand$R =1/¢



Explicit Warped GHU Models. Lepton Mixing

1
X=A096) : V=—

—3(V3+1)
V3

> I 3(V3-1)
HWV3-1) 1 -3(vB+1)
1 1 1

1
X=A384) : V=—

| WAEVE 1 VR VR

1 1
J1- > 1 V1t %5

(;\/4+\@+\@ 1 5\/4\/5\@)



Explicit Warped GHU Models. Mixing Angles

To plot the effect of §, choose the parametrization

Sy, As i 6.=0,6,=356.=0
A(96), A(384) : 6.=108,0,=0,6-=0
A(96), A(384) : 8.=108,6,=0,6, =6

Fix parameters myvy o > 0 through

mo = 0.01eV, Am2,=759x10"°eV?, Am2 = 2.40x10"3eV?

sol atm
And all BKT zero, mip , =1, 03<miz <1, h=vg/fa=1/3

¢, = 0.52, ¢, = —0.365, ¢, from charged lepton masses



Explicit Warped GHU Models. Mixing Angles

S n2 017

0.6,
, A(96)
N |
e 0.5 A;:

As ,
5% I t/ *
RN 0.4

-l :
I M&k ¢ \o.
/ 0.2 Mwmm

-010 -005 000 005 010

J J J J J J J J J 7/




Explicit Warped GHU Models. Mixing Angles

S n2 03

A(384) 0.3 T iy, A(96)

%
010 -005 005 010

] J J J S S S S S S S

0




Explicit Warped GHU Models. Mixing Angles
... and the results for 63

Sy, As sin? 013 K 1073
A(96) : 0.04 <sin® 63 < 0.053[0.047]
A(384) : 0.01 <sin®63 <0.012

Easy way out of the tuning problem of ¢,,:
Z5 exchange symmetry on IR brane

Uo(2,R) & vo(z,R"), L1 o(z,R") <> Ly o(z,R), Lo (2, R") <+ Lo(z, R')

leads to |miy .| = 1 and |mfy .| =1



Explicit Warped GHU Models. LFV

With no BKTs the only source of flavor violation is

1
7 v rMUV,apVBR

Use KK decomposition

(ZN&?C )1 (R) )Mmﬁ(z I R(RING ()

to show that only heavy RH Majorana neutrinos are sensitive to
flavor violation

— LFV processes suppressed by the large mass of RH neutrinos



Explicit Warped GHU Models. BKTs

In general kinetic terms are present on branes
at the IR brane they are flavor diagonal due to Z](VD)

at the UV brane those of fields in 3 of X are flavor violating
most important is

EBKT = EL (Jf, R)(RZ;)Z@LL (Jf, R) Wlth Zl = Vdiag (2el7 73,ul7 QTZ)VT

Note Z, scale with value of wave function of L; at UV brane

(log —+5C>ZAZQ<%+5C>Z for ¢, =1/2+ 6,

— relevant suppression of LFV processes



Explicit Warped GHU Modéls. u© — e~

Z invariant model 02 = 3(Z1)ep
BR(u—ey)
10~11}
w MEGboundjé);
10712 . e
i % &
B sssssssssnssssssssossBgrasssnses v #__opeacuigbond
f ‘kﬁ 7
10_14§ A f
1071 :
i X
-16L__ e e = — T— — A
P 05 0.0 0.5 10”

J J J J J J J J S S/



Explicit Warped GHU Models: EDMs

Consider first the case without BKTs
Bulk mass parameters are real

Apply the following phase transformations

iV _.91
Cva = e Wb, o, Eou—e g,

l,v l,v 192:”

with mpy , = |mg ,le

Phases are then only present in UV localized Majorana mass
Use same argument as in the case of LFV processes

— EDMs are highly suppressed



Explicit Warped GHU Models: EDMs

Considering the dominant BKT we see
Z_;L(x, R)(RZAZ)@L[J(%, R)

remains untouched, i.e. does not acquire a phase

But subleading BKTs exist
ﬂR(z, R) (RZ,/)?:@VR(f, R)

In which the phases 6% appear

Still their contribution to EDMs is negligible



Model with Dirac Neutrinos

Just change the boundary conditions of 7, ;, contained in & ,

|:El,o¢L (_+) 3 LaL ("“")]
gl,a —
I>OCL ("'_)

Then we can write a Dirac mass term at the UV brane

VarMuv,apVsr + h.c.

with Myy = V*myy VT and muv,q free parameters

NB: Setup requires slight extension of auxiliary symmetry

Go=2Z5x2Zy, Gouv =25, Gair = Zs



Model with Dirac Neutrinos

Naively Dirac is in better shape than Majorana model,

but presence of lightish KK modes of 7, (+—)

... leads to a too large deviation of the gauge coupling Zv vy,
measured through invisible Z decay width

09y h*
T = 0 with h="2
dvr 2 fH

— h < 1/10 would be required

... can induce deviations of Up,ng from unitarity comparable to
experimental bounds (h = 1/3)

... leads to LFV processes like © — ev



Model with Dirac Neutrinos. p1 — e~y

with BKT, parameters similar to Majorana case, h = 1/3, ¢, = 1.33

BR(u—ey)
103
0l % £t e
= xe % Py Lo [ ]
10 ah . > tcwx.. 0:5. 4 A 3 " gx)“(;§. \ . o
& . e * L . oo
°_ & n 6 s °
A * og * A
. gl " s 4.,® » o MEG bound 2011
Ty 3 3
10_12§ . A A& '
- . expected MEG bound
—————————————————————————————————————————————N——————' _______________________________________
L
10714,
1016 62
-1.0




Conclusions

|ldea of predicting lepton mixing through non-trivial breaking of
flavor symmetry

Context of composite Higgs models very suitable for
Implementation of idea

Construction of explicit warped GHU models for Majorana and
Dirac neutrinos

Model with Majorana neutrinos successful; only assume |j,| < 0.1

(0%

9,
(6%

Model with Dirac neutrinos: lightish state leads to too large

92,

and deviation of Up ;g from unitarity
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