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Experimental success

m Measurements of neutrino mixing angles reach precision phase:

012 013 03
. . +1.1\° +0.46\° +1.4\°
Best fit values (+10): (33.6%1g)  (8.9370%8)  (38.477%)
Fogh, Lisi, Marrone, Montanino, Palazzo and Rotunno (2012)
Theory?

m Explanation for the (size of the) mixing.
m Predictions for the yet unknown parameters.

= Much work to do.
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Discrete symmetries and flavour model building
Kéahler corrections and their impact on predictivity

Conclusion
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Discrete symmetries and flavour model building

Discrete non-abelian symmetry Gg acting on flavour space:

L,‘ = UU Lj, R,‘ = V,‘j Rj.

eg Ay, S3, S, T/, A(3N?), ...
m SM singlet fields charged under Gg: flavons.
m Gr spontaneously broken by flavon VEVs.

= Mass terms generated as effective operators.
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Discrete symmetries and flavour model building

Discrete non-abelian symmetry Gg acting on flavour space:

L,‘ = UU Lj, R,‘ = V,‘j Rj.

e.g. A4, 53, 54, T/, A(3 n2),
m SM singlet fields charged under Gg: flavons.
m Gr spontaneously broken by flavon VEVs.

= Mass terms generated as effective operators.

Reality
TR Abicariness due to.

Angles, phases and masses ... choice of symmetry
completely determined ... flavon content
by flavour symmetry ... VEV pattern

... more to come
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An A4 example

m 4 irreducible representations: 1, 17, 17, 3. 4 ele 00

m The leptons:

(eR,uR,TR) ~ (1, 1”, 1,), L~ 3

m The flavons and their VEVs:

QV ~3 El/ ~1 (I)e ~3
(@) =(v,v,v) (&)=w (D) =(v.00)
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An A4 example

m 4 irreducible representations: 1, 1/, 17,

m The leptons:

Altarelli and Feruglio (2006)
. Ma (2004)

(eR,uR,TR) ~ (1, 1”, 1,), L~ 3

m The flavons and their VEVs:

b, ~3 & ~1 D~ 3
(@) =(v,v,v) (&)=w (2c)=(v.0,0)
m The superpotential:
Wy = S {[(LH) & (LA, © 2, + 2 [(LH) @ (LH), €
v — /\/\U u u 3S v 1 /\A u 1 v
A see-saw scale
he h,
We:—/\(L@‘I’) HdeR+ (L@ff’)ll Hd/LR-FW(L@‘I)ln Hymr.
A

cut-off scale
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An A4 example

m 4 irreducible representations: 1, 17, 17, 3. 4 ele 00

m The leptons:

(eR,uR,TR) ~ (1, 1”, 1,), L~ 3

m The flavons and their VEVs:

b, ~3 & ~1 b~ 3
(@v) =(v,v,v) (&) =w (D) =(/.0,0)
2 1
Vs oo
UTBM = _\/Lé %5 _]-\/LE « Harrison, Perkins and Scott (2002)
Ve V3 V2
012 013 023
TBM prediction: ~ 35.3° 0 45°
Best fit values (£10):  (33.611%)° (8.93794%%)" (38.477%)°
Fogli, Lisi, Marrone, Montanino, Palazzo and Rotunno (2012)
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An A4 example

m 4 irreducible representations: 1, 17, 17, 3. 4 ele 00

m The leptons:

(eR,uR,TR) ~ (1, 1”, 1,), L~ 3

m The flavons and their VEVs:

QV ~3 El/ ~1 (I)e ~3
(@) =(v,v,v) (&)=w (D) =(v.00)

m Higher—order corrections to the superpotential:

1
w, — W,,—i—O(ﬁ),

GOOD: more freedom. <= BAD: loss of predictive power.
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Kahler potential corrections

Espinosa and Ibarra (2004); Antusch, King and Malinsky (2008); Antusch, King and Malinsky (2009); Chen, MF, Ratz and Staudt (2012)

m Higher—order terms in the Kahler potential are inevitable:

1
L e e e e e — = =

K=|L"Li+R"R |+ | L' (AKL); L + R (AKR); Ry

' Correction terms :
: Contractions with the flavons like :
L mee)i(Led,),
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Kahler potential corrections

Espinosa and Ibarra (2004); Antusch, King and Malinsky (2008); Antusch, King and Malinsky (2009); Chen, MF, Ratz and Staudt (2012)

m Higher—order terms in the Kahler potential are inevitable:

N
K = L,-T Li+RTR |+ | LT (AKL; L+ R (AKR); Ry
__________ .
' Correction terms :
: Contractions with the flavons like !
L g Lee)iLee),
| When @, — VEV, Kinetic terms are re-normalised. 1
fl ey ———————— 1 _______________
avons—>
—— L' (1 + AKyey)i L+ R (1+ AKRlyey)s R

| non-diagonal matrices !

Canonical normalisation changes the mixing.
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Correction terms in the A; model

m Corrections linear in flavons can always be forbidden by abelian symmetries.

(Ce)il, (Laoldted.),.

m Quadratic terms cannot be forbidden.
(Lod,)(Led,);.
m An A4 example: Chen, MF, Ratz and Staudt (2012)

KD—(L@@ )3(L®¢ )3, +h.c

B, (B,)=(v,vy) V2 3\/_
TAQ 2

unconstrained
freedom < arbitrariness
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Analytic formulas

Masses

. | h
N ealies el (hesss Corrected angles and phases

Ki=LTL—|K =11 (1-2xP)L
infinitesimal I Hermitian

m Canonical normalisation: L — (1 + x P) L.

m Changes mass terms in the superpotential, e.g.

%LTml,L

w,

:%LT [m, +x (P"m,+m,P)] L.
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Analytic formulas

Corrected angles and phases

Masses
Naive angles and phases

Ki=LTL—|K =11 (1-2xP)L
infinitesimal I Hermitian

m Canonical normalisation: L — (1 + x P) L.

m Changes mass terms in the superpotential, e.g.
1
W, ~ ELT [my, +x (P"m, +m,P)] L,

dm,
dx

=P"m, +m,P, (for infinitesimal x).

Chen, MF, Omura, Ratz and Staudt (2013)
Antusch, Kersten, Lindner, Ratz and Schmidt (2005)

m Differential equations analogous to RGEs. i keien Undner and Rate (2003)
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The MATHEMATICA package

m Contains the pre-computed analytic formulas.

m The package can be found here:

http://einrichtungen.ph.tum.de/T30e/codes/KaehlerCorrections/

m Example: 0 {mues Moy My, me, my, me}

! !

kaehlerCorr[P;, Pgr, initial angles & phases, initial masses]

T T

(;i ii)i 7i)i) {arcsin (%)70,%7507737@0,271',277}
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http://einrichtungen.ph.tum.de/T30e/codes/KaehlerCorrections/

Example |

m Kahler correction of the form:

, .
AK:K}V—3\/§'LT —-i 0 i]L.
A2 . .
i —i 0
m This changes 613 by:
V2 my
Abi3~ k— 3WV6 ———
13 a A2 \/— my + m3
10
= 8
2 06 2
< v 2
T A ' K 22 =1-(0.2)
! —— 613 analytical )
< 2 - - - 013 numerical m3 = \//m% f Am%g
0 013 meas. 1o

0 0.02 0.04 006 008 0.1

m [eV]



Example

m Kahler correction of the form:

v2 1 mi+m
Abp ~ v — ——
2% K s 3 5
O T T T
— =5
'—N' V/2 1
< —10 K N1 (0.2)?
< —— Abh» analytical Sl

—15 |- - - A6f12 numerical
Ab12 meas. 1o

I I |
0 0.01 002 0.03 0.04 0.05
my [eV]

-20
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Conclusion

m Kahler corrections are inevitable in models with discrete flavour
symmetries.

m The corrections to the mixing angles can be sizable.

= It might be premature to exclude models only because of their
superpotential predictions.

m This introduces a considerable arbitrariness into flavour model building.

= Difficult to achieve theoretical precision comparable with experimental
precision without knowledge of the Kahler potential.
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Thank You!



Bibliography |

P. Harrison, D. Perkins and W. Scott, ‘Tri-bimaximal mixing and the neutrino oscillation
data’, Phys. Lett. B 530 (2002), 167, arXiv: hep-ph/0202074 [hep-phl, [inSPIRE].

S. Antusch, J. Kersten, M. Lindner and M. Ratz, ‘Running neutrino masses, mixings and CP
phases: Analytical results and phenomenological consequences’, Nucl. Phys. B 674 (2003),
401-433, arXiv: hep-ph/0305273 [hep-ph], [inSPIRE].

J.R. Espinosa and A. Ibarra, ‘Flavour symmetries and Kahler operators’, JHEP 2004
(2004), 010, arXiv: hep-ph/0405095 [hep-phl, [inSPIRE].

E. Ma, ‘A(4) symmetry and neutrinos with very different masses’, Phys. Rev. D 70 (2004),
031901, arXiv: hep-ph/0404199 [hep-phl, [inSPIRE].

S. Antusch, J. Kersten, M. Lindner, M. Ratz and M. A. Schmidt, ‘Running neutrino mass
parameters in see-saw scenarios’, JHEP 0503 (2005), 024, arXiv: hep-ph/0501272
[hep-phl, [inSPIRE].

[@ G. Altarelli and F. Feruglio, ‘Tri-bimaximal neutrino mixing, and the modular symmetry’,
Nucl. Phys. B 741 (2006), 215-235, arXiv: hep-ph/0512103 [hep-ph], [inSPIRE].

S. Antusch, S. F. King and M. Malinsky, ‘Third Family Corrections to Quark and Lepton
Mixing in SUSY Models with non-Abelian Family Symmetry’, JHEP 0805 (2008), 066,
arXiv: 0712.3759 [hep-ph], [inSPIRE].

HE S. Antusch, S.F. King and M. Malinsky, ‘Third Family Corrections to Tri-bimaximal Lepton
Mixing and a New Sum Rule’, Phys. Lett. B 671 (2009), 263-266, arXiv: 0711.4727
[hep-ph], [inSPIRE].

Maximilian Fallbacher — 13


http://dx.doi.org/10.1016/S0370-2693(02)01336-9
http://arxiv.org/abs/hep-ph/0202074
http://inspirehep.net/search?p=Harrison:2002er
http://dx.doi.org/10.1016/j.nuclphysb.2003.09.050
http://dx.doi.org/10.1016/j.nuclphysb.2003.09.050
http://arxiv.org/abs/hep-ph/0305273
http://inspirehep.net/search?p=Antusch:2003kp
http://dx.doi.org/10.1088/1126-6708/2004/08/010
http://dx.doi.org/10.1088/1126-6708/2004/08/010
http://arxiv.org/abs/hep-ph/0405095
http://inspirehep.net/search?p=Espinosa:2004ya
http://dx.doi.org/10.1103/PhysRevD.70.031901
http://dx.doi.org/10.1103/PhysRevD.70.031901
http://arxiv.org/abs/hep-ph/0404199
http://inspirehep.net/search?p=Ma:2004zv
http://dx.doi.org/10.1088/1126-6708/2005/03/024
http://arxiv.org/abs/hep-ph/0501272
http://arxiv.org/abs/hep-ph/0501272
http://inspirehep.net/search?p=Antusch:2005gp
http://dx.doi.org/10.1016/j.nuclphysb.2006.02.015
http://arxiv.org/abs/hep-ph/0512103
http://inspirehep.net/search?p=Altarelli:2005yx
http://dx.doi.org/10.1088/1126-6708/2008/05/066
http://arxiv.org/abs/0712.3759
http://inspirehep.net/search?p=Antusch:2007vw
http://dx.doi.org/10.1016/j.physletb.2008.12.013
http://arxiv.org/abs/0711.4727
http://arxiv.org/abs/0711.4727
http://inspirehep.net/search?p=Antusch:2007ib

Bibliography Il

El M.-C. Chen, M. Fallbacher, M. Ratz and C. Staudt, ‘On predictions from spontaneously
broken flavor symmetries’, Phys. Lett. B 718 (2012), 516-521, arXiv: 1208.2947 [hep-ph],
[inSPIRE].

e G.L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo and A. M. Rotunno, ‘Global

analysis of neutrino masses, mixings and phases: entering the era of leptonic CP violation
searches’, Phys. Rev. D 86 (2012), 013012, arXiv: 1205.5254 [hep-ph], [inSPIRE].

M.-C. Chen, M. Fallbacher, Y. Omura, M. Ratz and C. Staudt, ‘Predictivity of models with
spontaneously broken non-Abelian discrete flavor symmetries’, Nucl. Phys. B 873 (2013),
343-371, arXiv: 1302.5576 [hep-ph], [inSPIRE].

Maximilian Fallbacher — 14


http://dx.doi.org/10.1016/j.physletb.2012.10.077
http://arxiv.org/abs/1208.2947
http://inspirehep.net/search?p=Chen:2012ha
http://dx.doi.org/10.1103/PhysRevD.86.013012
http://arxiv.org/abs/1205.5254
http://inspirehep.net/search?p=Fogli:2012ua
http://dx.doi.org/10.1016/j.nuclphysb.2013.04.020
http://dx.doi.org/10.1016/j.nuclphysb.2013.04.020
http://arxiv.org/abs/1302.5576
http://inspirehep.net/search?p=Chen:2013aya

Example IlI

m Kahler correction of the form:

m This changes 6,3 by:

Aby; ~ K

L2 0 0 O
AK=r-—-LT{0 0 0]L.
A2
0 0 1
V_2 i 3+ 2m1 4/772
A2 12 ms—my M3 — Mo

10

—— Ab»3 analytical
- - - A6 numerical

Abys [°]

0.1

0.08

| |
0.04 0.06

my [eV]
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