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Where Do We Stand?

 Exciting Time in v Physics: recent hints/evidences of large 613 from T2K, MINOS, Double
Chooz, Daya Bay and RENO

- Latest 3 neutrino global analysis (including recent results from reactor experiments and T2K):

Capozzi, Fogli, Lisi, Marrone, Montanino, Palazzo (2013, updated March 2014)

Parameter Best fit lo range 20 range 30 range
6m?/107° eV? (NH or IH) 7.54 7.32 — 7.80 7.15 — 8.00 6.99 — 8.18
sin® 612/107" (NH or IH) 3.08 2.91 - 3.25 2.75 — 3.42 2.59 — 3.59
Am?/1072 eV? (NH) 2.43 2.37 — 2.49 2.30 — 2.55 2.23 — 2.61
Am?/107? eV? (IH) 2.38 2.32 — 2.44 2.25 — 2.50 2.19 — 2.56
sin? 013/10~2 (NH) 2.34 2.15 — 2.54 1.95 — 2.74 176 -2.95
sin® 613/1072 (IH) 2.40 2.18 — 2.59 1.98 — 2.79 . 1.78 — 2.98
sin? 023 /1071 (NH) 437 4.14 — 4.70 3.93 — 5.52 3.74 — 6.26
sin? 623 /1071 (IH) 455 4.24 — 5.94 4.00 — 6.20 3.80 — 6.41
§/m (NH) 1.39 1.12 - 1.77 ©'0.00 - 0.16 ® 0.86 — 2.00 : —
§/m (IH) 1.31 0.98 — 1.60 £ 0.00 — 0.02 & 0.70 — 2.00 g —

= Evidence of 613 # 0 = no clear preference for hierarchy

= hints of B23 = /4

= expectation of Dirac CP phase 6 = Majorana vs Dirac
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Theoretical Challenges

() Absolute mass scale: Why my << my,d,e?
« seesaw mechanism: most appealing scenario = Majorana

« UV completions of Weinberg operators HHLL

» Type-l seesaw: exchange of singlet fermions AN P
\\ N //
M
Minkowski, 1977; Yanagida, 1979; / /
Glashow, 1979; Nr: SU(3)c x SU2)w x U(1)y
Gell-mann, Ramond, Slansky,1979; 1 O)
Mohapatra, Senjanovic, 1979; y 1 5 5
S,
» Type-Il seesaw: exchange of weak triplet scalar Y
A
Lazarides, 1980; Mohapatra, Senjanovic, 1980 A: SU(B)C X SU(Z)W X U(1 )Y //YA\\
~(1,3,2) : '
» Type-lll seesaw: exchange of weak triplet fermion 6 . R
\\\ YR //
vy Vs
_ 2R: SU(B)e x SU2)w x U(1)y /—\
Foot, Lew, He, Joshi, 1989; Ma, 1998 (1.3.0 i 0
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Theoretical Challenges

() Absolute mass scale: Why my << my,d,e?
« seesaw mechanism: most appealing scenario = Majorana

« GUT scale (type-l, Il) vs TeV scale (type-lll, inverse seesaw)
« TeV scale new physics (SUSY, extra dimension, U(1)) = Dirac or Majorana

(i) Flavor Structure: Why neutrino mixing large while quark mixing small?

* neutrino anarchy: no parametrically small number Hall, Murayama, Weiner (2000);
- near degenerate spectrum, large mixing de Gouvea, Murayama (2003)
- predictions strongly depend on choice of statistical measure
- still alive and kicking de Gouvea, Murayama (2012)

- family symmetry: there’s a structure, expansion parameter (Sﬂpm{ry effect)
« mixing result from dynamics of underlying symmetry

- for leptons only (normal or inverted)
- for quarks and leptons: quark-lepton connection < GUT (normal)
 Alternative?
* In this talk: assume 3 generations, no LSND/MiniBoone/Reactor Anomaly
¢ These scenarios have drastically different predictions
¢ precision measurements allow for distinguishing models
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Origin of Mass Hierarchy and Mixing

* In the SM: 22 physical quantities which seem unrelated

* Question arises whether these quantities can be related

* No fundamental reason can be found in the framework of SM

* less ambitious aim = reduce the # of parameters by imposing symmetries

« SUSY Grand Unified Gauge Symmetry
« GUT relates quarks and leptons: quarks & leptons in same GUT multiplets
- one set of Yukawa coupling for a given GUT multiplet = intra-family relations

« seesaw mechanism naturally implemented

* Family Symmetry
- relate Yukawa couplings of different families
* inter-family relations = further reduce the number of parameters

= Experimentally testable correlations among physical observables
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Origin of Flavor Mixing and Mass Hierarchy

« Several models have been constructed based on u | e t
« GUT Symmetry [SU(5), SO(10)] ® Family Symmetry Gr d | s o | SGUL(JST)sSyg(nlqg)try
« Family Symmetries Gr based on continuous groups: e | w T
- U(1) Ve | Vol |v,
- SUE) R
« SU(3) family symmetry
(T",SUQ), ...)

* Recently, models based on discrete family symmetry groups have been constructed

* A4 (tetrahedron) Motivation: Tri-bimaximal
T’ (double tetrahedron) (TBM) neutrino mixing
- S3 (equilateral triangle) Discrete gauge anomaly: Araki, Kobayashi, Kubo, Ramos-

Sanchez, Ratz, Vaudrevange (2008)
« S4 (octahedron, cube)
Anomaly-free discrete R-symmetries: simultaneous

solutions to mu problem and proton decay problem,

* As (icosahedron, dodecahedron)

e N\o7 naturally small Dirac neutrino mass, M.-C.C, M. Ratz, C.
Staudt, P. Vaudrevange, (2012); M.-C.C, M. Ratz, A.
* Q4 Trautner (2013)
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Tri-bimaximal Neutrino Mixing

* Tri-bimaximal Mleng Pattern L.Wolfenstein (1978); Harrison, Perkins, Scott (1999)

V23 VI3 0
Urps = | —/If6 /I3 — /12
-V1/6 V13 V12

$in? Oatm, TBM = 1/2 sin® 0o TRM = 1/3 sin 613 rM = 0.

+ General approach:
* PMNS = LO prediction (TBM, BM, ...) + corrections

* corrections: , , . .
higher order terms in super potential (family symmetry)

contributions from charged lepton sector (GUT symmetry)
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Non-Abelian Finite Family Symmetry A4

- TBM mixing matrix: can be realized with finite group family
symmetry based on A4 Ma, Rajasekaran (2001); Babu, Ma, Valle (2003); ..

* A4: even permutations of 4 objects
S:(1234) — (4321)

T: (1234) = (2314)

» Group of order 12
* Invariant group of tetrahedron
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Invariant Group of Tetrahedron

T: (1234) - (2314) S: (1234) —(4321)
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Tri-bimaximal Neutrino Mixing from A

- fermion charge assignments: Altarelli, Feruglio (2005)
41
I_ = 62 ~ 37 €R ™~ 17 HR ~ 1//7 TR ™~ 1
3

« SM Higgs ~ singlet under A4

* operators for neutrino masses: HHLL (&)  (n)
M (T T)
* two scalar (flavon) fields for neutrino sector:
§~3, n~l
1
A4 — Grgre : <5> =&A| 1 A4 — invariant: <77> = ul

1

* product rules:

303 =o' 1”@ P 3.

Mu-Chun Chen, UC Irvine Theory of Lepton Flavors Pheno 2014, Pittsburgh 10




Tri-bimaximal Neutrino Mixing from A

* Neutrino Masses: triplet flavon contribution Altarelli, Feruglio (2005)
1 200101 — a3 — a3
3s = 3 20303 — 1By — a3y 1 = a6 + a3 + azfe
20007 — a1 B3 — a3y

Neutrino Masses: singlet flavon contribution 1 — ayfy + asfs + asfs

* resulting mass matrix:

[ Zotu —Go & 2/3 1/¥3 0
M, = AML —& 2 u—& UrBMm = | —+/1/6 1//3 —1/y/2
=& u—E& 2% —/1/6 1/v/3 1/V2
2
VVTMVVV = diag(u + 3o, u, —u + 350);\)4—“

Form diagonalizable:
-- no adjustable parameters
-- neutrino mixing from CG coefficients!
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Tri-bimaximal Neutrino Mixing from A

« charged lepton sector -- without quarks Altarelli, Feruglio (2005)

- operators for charged lepton masses
(¢d)1er(1) + (€d)1 pr(1") + (£d)1rTR(1)
- scalar sector: flavon triplet for charged lepton masses

1 + Qa3 + a3 .

1 = 043ﬁ3 + 05162 + As — Gr: (¢) =doA | 0

1" = By + a1 B3 + 0

* resulting charged lepton mass matrix = diagonal

* leptonic mixing matrix = tri-bimaximal

VMNs = V;,LVV =71 -Urpm = Ursm
- seesaw realization with three RH neutrinos (N1, N2, N3) ~ 3
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Non-Abelian Finite Family Symmetry A4

- TBM mixing matrix: can be realized with finite group family
symmetry based on A4 Ma, Rajasekaran (2001); Babu, Ma, Valle (2003); ..

* A4: even permutations of 4 objects
S:(1234) — (4321)
T. (1234) — (2314)

» Group of order 12

* Invariant group of tetrahedron

* Problem: A4 does not seem to give rise to quark mixing
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Example: T" Family Symmetry

- SU(5) compatibility = Double Tetrahedral Group T M.-C.C, K.T. Mahanthappa (2007, 2009)

* In-equivalent representations of T’
Ad: 1,1, 1", 3 a vectorial representations for neutrinos|—. | TBM for neutrinos

. ' "
Other' 2’ 2 > 2 —_— spinorial representations for quarks —y (2 +] assignments for quarks

- Symmetries = 9 parameters in Yukawa sector = 22 physical observables
* neutrino mixing angles from group theory (CG coefficients)
- TBM: misalignment of symmetry breaking patterns
* neutrino sector: T' = Grst2, charged lepton sector: T = Gr
« GUT symmetry = contributions to mixing parameters from charged lepton sector

= deviation from TBM related to Cabibbo angle 6. ,consequence of Georgi-Jarlskog

\ ~ CG’s of
relations b1 =~ 0c/3v2 <€ SU(5) &T’ tan? 0o ~ tan’ 0o, rBM + %00 cos 9

* large 613 possible with one additional singlet flavon

M.-C. C,,J. Huang, J. O’Bryan, A.Wijiangco, F. Yu (2012); M.-C. C.,J. Huang, K.T. Mahanthappa, A.Wijiangco (2013)
Mu-Chun Chen, UC Irvine Theory of Lepton Flavors Pheno 2014, Pittsburgh 14




before B13 discovery

Sum Rules: Quark-Lepton Complementarity

Quark Mixing Lepton Mixing
mixing parameters best fit 30 range mixing parameters best fit 30 range
0%; 2.36° 2.25°-2.48° 6°3 42.8° 35.50- 53.5°
0%, 12.88° 12.75°-13.01° 6% 34.4° 31.5°- 37.6°
0%;3 0.21° 0.17°-0.25° B°%3 5.6° <12.5°
« QLC-I
Bc + B0 = 45° Raidal, ‘04; Smirnov, Minakata, ‘04
(BM)
B%s3 + B%23 = 45°
« QLC-II , ,
*
tan“Bso = tan“Bsol,BM + (Bc/ 2) * COS e Ferrandis, Pakvasa; King; Dutta,
Mimura; M.-C.C., Mahanthappa
(TBM) 0%3 = Oc/ 3\/2

- testing sum rules: a more robust way to distinguish different classes of models

measuring leptonic mixing parameters to
the precision of those in quark sector

Mu-Chun Chen, UC Irvine

Theory of Lepton Flavors

Pheno 2014, Pittsburgh

15




after B13 discovery

Sum Rules: Quark-Lepton Complementarity

Quark Mixing Lepton Mixing
mixing parameters best fit 3o range mixing parameters best fit 30 range
6% 2.36° 2.250-2.48° 0% 38.4° 35.10- 52.6°
0%, 12.88° 12.75°- 13.01° 0%2 33.6° 30.6° - 36.8°
6% 0.21° 0.17°- 0.25° 0%3 8.9° 7.50-10.20
« QLC-I
Oc + Bsol = 45° Raidal, ‘04; Smirnov, Minakata, ‘04
(BM) . .
0%s + B%3 = 45° | @ jnconsistent @ 20
« QLC-lI

tan?Osol = tanzesoI,TBM + (Bc/ 2) * cos Oe Ferrandis, Pakvasa; King; Dutta,

Mimura; M.-C.C., Mahanthappa
(TBM) 8813 = B/ 32 = Too small
» testing sum rules: a more robust way to distinguish different classes of models

measuring leptonic mixing parameters to the
precision of those in quark sector
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“Large” Deviations from TBM in A4

« Generically: corrections on the order of (6¢)?
- from charged lepton sector:
« through GUT relations
« from neutrino sector:

* higher order holomorphic contributions in superpotential

- Modifying the Neutrino sector: Different symmetry breaking patterns

* TBM: misalignment of M.-C.C, ]. Huang, ]. O’Bryan, A.Wijangco, F. Yu, (2012)
* A4 - Grst2 and A4 — Gt

« A4: group of order 12 = many subgroups

+ systematic study of breaking into other A4 subgroups

Mu-Chun Chen, UC Irvine Theory of Lepton Flavors Pheno 2014, Pittsburgh 17




“Large” Deviations from TBM in A4

« other A4 breaking patterns:

487

B 3.5° 9° 9.5° 10° 10.5°
ths

normal

deviations
correlated

Mu-Chun Chen, UC Irvine

(L0

(LLO)

(0,1~

(2,1.1)

(1,1,2)

(1L.2.1)

(1.-2.1)

(1L1.-2)

M.-C.C, ). Huang, J. O’Bryan, A.Wijangco, F. Yu, (2012)

50°

487

46°

44°

42°

- 010

400'

- (-2L1)

8° 8.5 9° 9.5° 10° 10.5°
63

inverted

non-maximal 023 => normal hierarchy
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Flavor Model Structure: A4 Example

* interplay between the symmetry breaking patterns
in two sectors lead to lepton mixing (BM, TBM, ...)

Gr e.g. A4

- symmetry breaking achieved through flavon VEVs
* each sector preserves different residual symmetry

« full Lagrangian does not have these residual
symmetries

 general approach: include high order terms in
holomorphic superpotential

* possible to construct models where higher order
holomorphic superpotential terms vanish to ALL

orders
charged lepton neutrino - quantum correction?
sector sector = uncertainty in predictions due to

e.g. Z3 e.g. 2o

subgroup of A4 subgroup of Ay Kahler corrections

Leurer, Nir, Seiberg (1993); Dudas, Pokorski,
Savoy (1995); Dreiner, Thomeier (2003);

¢ ®e> « (1,0,0) <Dy «(1,1,1)

Mu-Chun Chen, UC Irvine Theory of Lepton Flavors Pheno 2014, Pittsburgh 19




Kahler Corrections

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

+ Superpotential: holomorphic

1
Wleading — K(q)e)gf L? Rf Hd +

(D)o L7 H, L' H,

1
_) Weff — (Yve)gf L9 Rf Hd + Zﬁgf LI Hu Lf Hu order parameter

<flavon vev> / A ~ O¢

« Kahler potential: non-holomorphic

K = Kcanonical + AK

+ Canonical Kéhler potential Koo D (Lf>T 5y L9 + (Rf)T 5y B9

« Correction
- can be induced by flavon VEVs

AK = (L)' (AKL) L9 + (R (AKR);, R® - important for order parameter ~ 6c
- can lead to non-trivial mixing
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Kahler Corrections

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

+ Consider infinitesimal change, x :
K = Kenonical +AK = LT (1 —-22P)L

+ rotate to canonically normalized L:

L - L = (1-zP)L

= corrections to neutrino mass matrix

1
W, = §(L-Hu)T/<;,,(L-Hu)
1
~ [+ 2P)L - H) R [(1+ 2P)L - H,
~ (L' H) kL Hy +5(L - H) (PTr, + 5, P)L - H,
: 2 _
with K - UL = 2my,

Mu-Chun Chen, UC Irvine Theory of Lepton Flavors Pheno 2014, Pittsburgh
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Kahler Corrections

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

+ Consider infinitesimal change, x :
K = Kenonical + AK = LT(1—22P)L

+ rotate to canonically normalized L:

L - L' = (1—-zP)L
= corrections to neutrino mass matrix
m,(z) ~ m, +xP'm, +xm,P

= differential equation dm,

dx

= P'm,+m,P

- same structure as the RG evolutions for neutrino mass operator

- analytic understanding of evolution of mixing parameters
S. Antusch, J. Kersten, M. Lindner, M. Ratz (2003)

- size of Kahler corrections can be substantially larger (no loop suppression)
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Back to A4 Example

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

- Kéhler corrections due to flavon field:
» linear in flavon: can be forbidden with additional symmetries

» quadratic in flavon

.quadratic L(/’(’)) (L¢(')) +h.c.

4/\

(LD,)T(LD,) and  (L®.)(LD,)

6
quadratic i
AK = ;

» such terms cannot be forbidden by any (conventional) symmetry
» Kahler corrections once flavon fields attain VEVs

» additional parameters X 50 reduce predictivity of the scheme

» possible to forbid all contributions from RH sector as well as (L®,)"(L®.)
with additional symmetries in the example considered

Mu-Chun Chen, UC Irvine Theory of Lepton Flavors Pheno 2014, Pittsburgh 23




Back to A4 Example

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

 Contributions from Flavon VEVs (1,0,0) and (1,1,1)

- five independent “basis” matrices

1 0 0 0 0 O 0 0 0
P = 000, Iun-= 0 10|, P = 0 0 0
00 0 0 0 0 0 0 1

0 1 1 0 1 —i

PIV — 1 0 1 , PV = -1 0 1

1 1 0 i —1 0

« RG correction: essentially along Py = diag(0,0,1) direction due to y: dominance

- Kahler corrections can be along different directions than RG
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Enhanced 613

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

+ consider change due to correction along Pv direction

« Kahler metric:

ICL =1 — 2XP with Py = —.i (). i

- Contributions of flavon VEV: (D) =(,1,1) v

+ Corrections to the leading order TBM prediction (me < m, < m; )

V2 m
A3 ~ %V-E-S\/é !

mi + ms

« Complex matrix P = CP violation induced

- for the example considered: 5 ~ 7.‘./2
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An Example: Enhanced 613

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

-------
-
-
-
-
-
-
-
-
-
-

ky v /A* = (0.2)?

— Aelg all. 4

A(913 nurn.

0.00 0.02 0.04 0.06 0.08 0.10
(Al [GV]
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Corresponding Change in 812

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

O.4jx***w***w***w***w***x
03¢
o
N 0.2+
T
<
0.1r
ky v /A* = (0.2)?
0.0T s s s ! 7

0.00 0.02 0.04 0.06 0.08 0.10
(sl [GV]
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Corresponding Change in B23

M.-C.C., M. Fallbacher, M. Ratz, C. Staudt (2012)

[ T T T [ T T T [ T T T [ T T T [ T T T [

~1.4F

~1.6

~1.8¢
e 20+
£ [
<

—22¢

—2.4 ¢ :
ky v?/A* = (0.2)? |
- 26 T TS R S S B SR SRS B

0.00 0.02 0.04 0.06 0.08 0.10

[

m Le J
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A Novel Origin of CP Violation

Y

« Conventionally: e, )i( er
|
- explicit CP violation: complex Yukawa couplings ;

 spontaneous CP violation: complex Higgs VEVs

« Complex CG coefficients in discrete groups = explicit CP violation in quark and lepton

sectors (e.g. 6 # 0) M.-C.C, K.T. Mahanthappa, Phys. Lett. B681, 444 (2009);
M.-C.C, M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner, Nucl. Phys. B (2014)

« Conditions for a discrete group to admit real CG’s  Bickerstaff, Damhus, 1985

J automorphism u, such that M(R) = A@(R))* forallR ¢ G

equivalent
existence of a

dBDA u - (CP) basis in which

fulfilling (%) ~all CG coefficients
are real
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A Novel Origin of CP Violation

- more generally, 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

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

Type Il: one can
impose a physical
CP transformation

Type | groups Gr:

Type Il A groups Gyj a: Type Il B groups Gy B:

generic settings based on there is a CP basis in there is no basis in which
G do not allow for a which all CG’s are real all CG’s are real

physical CP transformation

Mu-Chun Chen, UC Irvine Theory of Lepton Flavors Pheno 2014, Pittsburgh 30




Three Types of Finite Groups

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

Discrete (flavor)
symmetry G

l

Type Il: one can
impose a physical
CP transformation

Type | groups Gr: Type Il A groups Gyg a:

generic settings based on there is a CP basis in
G do not allow for a which all CG’s are real

Type Il B groups Gy B!

there is no basis in which
all CG’s are real

physical CP transformation

v

Mu-Chun Chen, UC Irvine Theory of Lepton Flavors
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Three Types of Finite Groups

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

Discrete (flavor)
symmetry G

Type | groups Gr:

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

y

Mu-Chun Chen, UC Irvine

Type Il: one can

impose a physical
CP transformation

Type Il A groups Gif'a: Type Il B groups Gy g:
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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Three Types of Finite Groups

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

Discrete (flavor)
symmetry G

Type | groups Gi:

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

y

Mu-Chun Chen, UC Irvine

Type II: one can

impose a physical
CP transformation

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

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

Theory of Lepton Flavors Pheno 2014, Pittsburgh 33




Examples

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)
* Type I: all odd order non-Abelian groups

group Z5 X Z4 T7 A<27) Zg X Zg
SG | (20,3) | (2L,1) | (27.3) | (27,4)

* Type llA: dihedral and all Abelian groups

group 53 Qg A4 Zg X Zg T’ S4 A5
SG | (6,1) | (8,4) | (12,3) | (24,1) | (24,3) | (24,12) | (60,5)

* Type |IB

group 2(72) ((Zg X Z3) X Z4) X Z4
SG | (72,41) (144,120)
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Example for a type | group:

e decay asymmetry in a toy model
e prediction of CP violating phase from group theory

Mu-Chun Chen, UC Irvine Theory of Lepton Flavors Pheno 2014, Pittsburgh 35




Toy Model based on A(27)

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

* Field content
V

field S X Y] v |3
A(27) 1 1, 1; | 3 3
U1) |9qv—9s | gv—qgs | 0 | qv | g=

[QT—QE?EOJ

 Interactions

oﬁzoy =f [Slo ® (@2)10] 1, t8 [Xll ® (@2)12]

+ hy [Yl3 ® (YY) 16} . + hy [YIS ® (XX) 16} . + h.c.

1o

= Fv S?izj*' GY X?i2j+ Hf{, Y?i\Pj+ Hli] Yii2j+h.0.

_ A\ A A
(\F = f]13) 010 1 0 0
G = g 0 0 1 H\p/z = h\y/z 0 w? 0
0 w

0

g . A2mi/3
Mu-Chun Chen, UC Irvine Theory of Lepton Flavors with w :=pdns 2014, Pittsbyfgh 36




Toy Model based on A(27)

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

- Particle decay Y — P¥

interference of

)\
Hy
Y -
U
with
U
Hy,
Yy ——— - R ———
U

Mu-Chun Chen, UC Irvine Theory of Lepton Flavors Pheno 2014, Pittsburgh 37




Decay Asymmetry

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

eyugy = |[fI? Im [Is] Im[hyhi] +|gl® Im [Ix] Im [whyhi]

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

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

* phase ¢ stable under quantum corrections

* relations cannot be ensured by outer automorphism of A(27)

* require symmetry larger than A(27)
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CP Conservation vs Symmetry Enhancement

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)
= replace S ~ 15 by Z ~ 1g ~ interaction

DSft%y =g [le ® (?2)14]10 +hec = (G)Y ZY:Z +h.c.

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

and leads to new interference diagram

é

S

Ft
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CP Conservation vs Symmetry Enhancement

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

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

L = g’ {Zlg 03¢ (WZ)IJI + h.c. = (G’)U Z¢i2j+h.0.

toy
0
= different contribution to decay asymmetry: eg,_)w — gg_)@y
() Mz =Mx
= total CP asymmetry of the Y decay vanishes if < (i) |g| = |g’|
(i) ¢ =0

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

XS Z, vS5Y, ¥u U, & £ -5 U,Y°
/\

1 0 O
requires gy = —qy Uy, = |0 o® 0
. BUT this enlarges A(27) — SG(54,5) ~ A(27) = Z’ 0 0 ?

SG(54, 5): group name from GAP library
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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 Z ¥ ) ¢
A2T) | 1; | 13| 1g 3 3 1o
U) |29y | 0 |29y | qv | -qw || O

(X,Z) : doublet
1w SG(54,5): { (P,X¢ : hexaplet
) : non-trivial 1—dim. representation

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

== allowed coupling leads to mass splitting .., > M? (X +|Z]%) + [L (@) (X1 - 12Z1*) + h.c.}

V2

[ CG coefficient of SG(54, 5)

w CP asymmetry with calculable phases

—/

sy_wy o 1P byl Im [ @] (Im [Ix] ~Tm |Iz])  peesememsovemmsmmsmms oo
{ Group theoretical origin |
_of CP violation! |

[ phase predicted by group theory |

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

* Discrete family symmetries: correlations among observables

- Kéhler corrections induced (and determined) by flavon VEVs (with order
parameter ~ 6)

- similar in structure to RG corrections, but can be along different directions

- size of Kahler corrections generically dominate RG corrections (no loop
suppression, contributions from copious heavy states)

* non-zero CP phases can be induced
- additional parameters (Kahler coefficients) introduced

* robustness of model predictions diminished given the presence of these
potentially sizable corrections and new parameters

- theoretical understanding of Kahler corrections crucial for achieving precision
compatible with experimental accuracy
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Conclusion & Outlook

(Type |I) Discrete groups afford a new origin of CP violation:

baryonic leptonic

CP CP

violation violation

stringy
origin of

group—theoretic

e CP

violation

strong CP

problem baryogenesis
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BACK-UP SLIDES
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Origin of CP Violation

 CP violation & complex mass matrices

Ur,i(My.)i;Qr,; + @L,j (Mg)jiUR,i 2 Qr i(M.)ijUri + Ur:i(My)};QL,;
- Conventionally, CPV arises in two ways:
- Explicit CP violation: complex Yukawa coupling constants Y

- Spontaneous CP violation: complex scalar VEVs <h>

* A New Origin of CP Violation in discrete groups:

- complex CG coefficients
M.-C. C, M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)
M.-C. C., K.T. Mahanthappa (2009)

« Canonical CP transformation

- for a scalar field: p@) D> ncp ¢*(Px)

[ freedom of re—phasing fields ]
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Generalized CP Transformation

1= getting w/ discrete symmetry G

1= generalized CP transformation

Holthausen, Lindner, and Schmidt (2013)

= invariant contraction/coupling in A4 or T

(61, ® (x3 ®Y3)1, | 1, €9 (x131 + W’ x2y2 + wWx3Y3)

(W = e2ri/3 |

iz canonical CP transformation maps A4/T” invariant contraction to
something non—invariant

—_

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

%k

w5 [0 o\ s
%k %k

X9 —> X3 & Y2 — Y3
X3 X Y3 Y3

Mu-Chun Chen, UC Irvine Theory of Lepton Flavors
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How (Not) to Generalize CP

proper CP transformations CP-like transformations
r= map field operators to their own = map some field operators to
Hermitean conjugates some other operators
= violation of physical CP is = such transformations have
prerequisite for a non—trivial sometimes been called
0 “generalized CP
T (i —f) ‘2 — | (z — f) transformations” in the literature
Eiof = N (2
T (i —f) ‘2 + | (z — f) 1= however, imposing CP-like

transformations does not imply
physical CP conservation

= connection to observed B,
baryogenesis & ... = NO connection to observed

GF, baryogenesis & ...
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Physical CP Transformation

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

1= Not every outer automorphism defines a physical CP transformation!

proper CP transformations:
class—inverting automorphisms of G

CP trans-

formations
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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
FStr) = > xr(@® = el > trpr@)?)
geG geG

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

» Twisted Frobenius indicator Bickerstaff, Damhus (1985); Kawanaka, Matsuyama (1990)

1
FSu(ri) = @ Z [Pri(g)] B [pri(lL(g))]ﬂa

ge@@
+1 Vi, if u is a BDA,
FS,(r;) = +lor -1 Vi, if u is class—inverting and involutory,

different from =1, otherwise.
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Decay Asymmetry

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

I(Y — ®®) —T(Y* — Od)
€ =a — — —
Y=22 DY - 3d) +T(Y* — D)

5 Tm[ls] Im [tr (FT H\I,FH;)} +Im [Ix] Im [tr (GT H\I,GH;)]
= |fI* Im [Is] Im [hy h&] + |g]* Im [Ix] Im [w hy hE] .

@ne—loop integral ¢ = I1(Ms, My)) one-loop integral Ix = I(Mx, MYD

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

* basis independent
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Some Outer Automorphisms of A(27)

M.-C.C., M. Fallbacher, K.T. Mahanthappa, M. Ratz, A. Trautner (2014)
- sample outer automorphisms of A(27)

up 1ol 1y 15,1713, 3-5U,, 3
ug : 1o ly,lseolg, 1361,3->U,, 3"
us : l1iolg, lyoly,15017;,,3-5U,, 3"
ug : 1ol 1y ls,1561,3-U0,,3"
us : 1, 1,°,3-U,.3

 twisted Frobenius-Schur indicators

R b, 1, 1, 13 1, 1; 15 1; 13 3 3
FS,® |1 1 1 0 0 0 0 0 0 1 {1
FS,R) |1 0 0 1 0 0 1 0 0 1 1
FS, ® |1 0 0o 0 0 1 0 1 0 1 1
FS, ®#|1 0o 0o 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 (non-generic) models, where only a
subset of representations are present, e.g. {(r;y c{1o,15,17,3,3)
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