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‘B Neutrino Mass and Mixing
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28/04/2008 Steve King,Pheno'08, Madison 2




Neutrino mass squared splittings and angles
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" Tri-bimaximal mixing (TBM)

Harrison, Perkins, Scott

2 1]
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ot data O, =33 5,0, =45 +10", 0, <13

* Current data is consistent with TBM

« But no convincing reason for exact TBM — expect deviations
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E Neutrino mass models roadmap

LSND True or False? Tiue " Sterile v or CPTV ?
v False Dirac _
Dirac or Majorana? -| Extra dims”?
l Majorana

Higgs Triplets, Loops, RPV, See-saw mechanisms

? Inverted .
Normal or Inverted" - Symmetry e.g. L, —L, -L, ?
l Normal
. No
Very precise TBM? *| Anarchy, see-saw, etc...
, Yes N
. 0 .
Family symmetry? > Alternatives?
: i Yes Degenerate T T 5
Hierarchical or deg? " LLYPE 1T See-saw:
| Hierarchy |

Type | see-saw?

GUTs and/or Strings?




B Why not Standard model?

1. There are no right-handed neutrinos V
2. There are only Higgs doublets of SU(2),

3. There are only renormalizable terms

In the Standard Model these conditions all apply so neutrinos
are massless, with v, , v, v_distinguished by separate lepton
numbers L, L, L,

Neutrinos and anti-neutrinos are distinguished by the total
conserved lepton number L=L+L +L,

To generate neutrino mass we must relax 1 and/or 2 and/or 3
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LSND True or False?

MiniBoone does not support LSND result

does support three neutrinos

%\N%R/\h

IN t

niIs talk we assume that LSND is false
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Dirac or Majorana?

Majorana masses

Dirac mass

— C
m v.v,

¥

— C
M RRVRVR

MgV, Vg

}

CP conjugate

> Violates L
Violates L., Lﬂ, L.

Neutrino=antineutrino

Conserves L
violates L, L ,L
J2i T
Neutrino antineutrino
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Dirac

Recall origin of electron mass in SM with L=(;fl, € H =(:0J
A[He, = 2,(H®)g e,
Yukawa coupling A, must be small since <H°>=175 GeV
m, = 4,(H°)~05MeV < 2, ~3.10°°
Introduce right-handed neutrino v with zero Majorana mass
ATH v = 4, (H%) Vv

then Yukawa coupling generates a Dirac neutrino mass

Why so small?

\% 0 ~ » -12
mLR:AV<H >~o.2 &V < 4, ~10% i dimensions
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B Flat extra dimensions with RH neutrinos in the bulk

2 2+0 o
_ _ +—___ Number of extra
M Planck M string R dimensions

e.g. for one extra dimension y the v, wavefunction spreads out over the
extra dimension, leading to a volume suppressed Yukawa coupling at y=0

)\/d4:cH(a;')L(:B)VR(:E,y =0)
Vg 1IN bulk

=M—A<HO>M

Planck

M Planck ) 101

y

>
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B Warped extra dimensions with SM in the bulk

Overlap
wavefunction of
Tev fe_rmlon_s with
prane  H1QQs gives
exponentially
suppressed Dirac
masses,
depending on the
fermion profiles

7y

Planck
brane

UV IR
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Majorana

Renormalisable

where A is light Higgs triplet with
AL =2 operator ﬂ«v I—LA

VEV < 8GeV from p parameter

Non-renormalisable 4, A o>2— c
AL =2 operator |\ LLAR = M <H VeLVeL weinberg

This Is nice because it gives naturally small Majorana neutrino
masses m,  ~ <H%>?/M where M is some high energy scale

The high mass scale can be associated with some heavy
particle of mass M being exchanged (can be singlet or triplet)

H H H H *Loop models
>l< M ‘RPV SUSY
L L L L

*See-saw mechanisms
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* Loop models

Introduce Higgs singlets and triplets with couplings to leptons

— LYk — fZ',‘H_F_'_l@'l' + §; 'H+l@'V' + h,i,'HOVZ'V'
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* RPV SUSY

Another way to generate Majorana masses is via SUSY

Scalar partners of lepton doublets (slepton doublets)
have same gquantum numbers as Higgs doublets

If R-parity is violated then sneutrinos may get (small)
VEVs inducing a mixing between neutrinos and
neutralinos y
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*Types of see-saw mechanism

P.Minkowski, Type | see-saw mechanism Type Il see-saw mechanism Lazarides,
Gell-Mann,

Magg,
Ramond, Uy Uy Mohapatra,
Slansky, | (M Uy % X Senjanovic,
Yanagida; X X N / Shafi
Mohapatra, | - g A7 HO .
Senjanovic,  H? . H° (N v ¥ Wetterich
Valle,... : Vo : ; (1981)
. . . v A0 «_| Heavy
| triplet
vV, Vi N
Y
— . 1% AV
M VRV ; :
2
[ Vu
m, = ﬂ‘AYA V]
A
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Normal or Inverted or Degenerate?

Type A /(zero In11)

Type B (non-zero 11)

Normal
Hierarchy

Inverted
hierarchy

Degenerate

Pseudo-Dirac
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Inverted or degenerate can be tested by
neutrinoless double beta decay

Inverted hierarchy is_107" ¢

/Approx. degeneracy
TESTABLE

iIs TESTABLE

Normal hierarchy is

NOT TESTABLE
90% CL (1 dof)
0% ke g e e
i 1073 1072 107! 1
lightest neutrino mass in eV
from: F. Feruglio, A. Strumia, F. Vissani ('02)
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How precise Is Tri-bimaximal mixing?

To answer this it is useful to parametrize the PMNS
mixing matrix in terms of deviations from TBM

SFK
T 1 1
S13 = Nk S12 = ﬁ(l +5), So3 = E(l + a)
0<r<0.22, —0.11<s<0.04, —0.12<a <0.13.

I = reactor a = atmospheric
\/5(1— l3) %(1 + ) %7“6_7;5
U~ 7(1+s—a+reﬁ) %31(1—%13—@ re’) ?(lJra)
7(1+s+a—rez) —ﬁ(1—§3+a+§r6) ﬁ(l—a)

If r,s,a are very small this probably requires family symmetry
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Sequent|a| Dom|nance SFK 98- (Basis Invariant ‘06)

| ) columns
Diagonal RH nu basis
X 0 0 A
AJRR — 0 Y 0O LR — (A B O)
0 0 Z

, AA" BB' CC'
See-saw == M = + n

X Y Z
Sequential /' ? \
dominance ==> Dominant Subdominant Decoupled

\
441 = O \/z 1 0
“42 — ‘-‘43‘% VT 1 3 \{i 1
Bi| = [Bs| =|Bs|, f ‘? V2
A'B = 0 V6 V3 V2

Constrained SD Tribimaximal HPS
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This implies a non-Abelian family symmetry

. Al = 0,
Need ( O Bl —) W|th 41 ‘4 ‘
v B 19 — 4131,
Ye=|A B Bi| = |Bz| =|B;s|,
A By - A'B = 0

2+ 3 symmetry (from maximal atmospheric mixing)

1+ 2 + 3 symmetry (from tri-maximal solar mixing)

Examples of suitable non-Abelian Family Symmetries:

SFK, Ross; Velasco-Sevilla; Varzelias - §J (3) A, } Discrete subgroups

| preferred by vacuum
SFK, Malinsky &(3) A4 alignment
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Family x GUT symmetry approach

Many models have been constructed:

Babu, Mohapatra, Chen, Mahanthappa, Ma,
Cheng,Everett, Ramond, Altarelli, Feruglio, King,
Ross, Varzielas,Velasco-Seuvilla, ....

N

Family |
symmetry @ GUT
e.g. SU(3)\A \\ symmetry

=
/ e.g. SO(10)

28/04/2008 Steve King,Pheno'08, Madison

21




GeuT

Wu@/zwh

U (4)ps x U (2) x (2
|

(@) x U (2) x U (2)g xU@Dg
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O(3), xOQ)g

SO(3)

A,

SE). xS3)r

S(3)
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e = o o L

Number of Models

Model predictions for 6,5 aibright and chen
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GUT relations
Class of models: 6, d»e .
Y < Y e

CKM
See-saw = GUT relation

m = VEW2 Y, MR‘1 YvT
d
12 N/ N/
\% e 3 3

MNS

C

eg. Y" = | &3 222 922 ye— | 88 2 2 . Ye=12323z2]. e~x0.05£~=0.15
392 =21 = 93=2 1 Roberts,Romanino,
Ross,Velasco-Sevilla
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Predictions for 0,,and 6,,

\
_\/En\/VLT
UMNS ;V I_V L

Cabibbo-like >
Tri-bimaximal

J

—

Bjorken; Ferrandis, Pakvasa; SFK

o o) o
., —35 = 0,,C0S0

Sum Rule SFK, Antusch,Masina

c.f. Cabibbo Haze analysis of Everett, Ramond with a "left-Cabibbo shift”

1

0

Upnins = VA W V(/l)z[(i/?:)e5 1 0

2 1
(113)e™ o} @ N
wo| L 1 1
NN
1 1 1
o 1 % G
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In terms of the MIXing matrix

[ \/E 1 )
| 3 5 0
1 (A/3e" 0 i A
Ugpne =V VT x| —(1/3)€° 1 Ol - —
MNS ( O ) O l \/6 \/é \/E
: : 1 1 1
Cabibbo-like — -
A = Wolfenstein \ \/6 \/ré \/5)
\/g (1-(2/6)coss) i(1+ (A13)coss) i(;A/?’:) e
3 J3 2
1 1 1
Upis = _%(14' (22/3)COS5) ﬁ(l_ (113)cosé) ﬁ
1 1 1
J6 J3 J2
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RGE corrections to sum rule
., ~ 35" + 0, C0So

T T T
—_—

- tan(P) =‘\-5-*0'--‘,x
36 Less than 1 degree
| tan(p) = 40 correction
E 358
& | tan(B) =30
e Boudjemma, SFK
356
<
tan(p) = 10
354 |
tan(f) =5
2 4 6 8 10 12 14 16
log,,(4/GeV)
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‘CanonicallKahIer corrections to TBM

0i5°]
60 ———
50 |
40 -
30 F
20 - beyond | beyond i sum
~ leading order Antusch, SFK, Malinsky leading order | |
approximation approximation ruie
10 - i
i 013 bl =0°
0_, IV | ST ,l--. i ) S T [ i SN S| L, ST L,--l M= ST =
-0.6 -04 -0.2 0.0 02 04 0.6 v
s C D
n = third family wavefunction correction S = 17Coso -+ 3

(highly model dependent — could be small)
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Experimental prospects to measure (r cos 9)

3o error in degrees

10 -

Project X

_—

Sin2642=1072

—S5SPL —T2HK —WBB

—BB350 —NFC

-NFO

0 90

180

270

True value of 4 [o]

36(

Antusch, Huber, SFK, Schwetz
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Ross, Vives, Velasco-Sevilla;

LHC Implications — for SUSY  antusch. se. waiinsiy

Observation: SU(3) or A,, family symmetry predicts
universal soft mass matrices in the symmetry limit

-'mé} X ™M i..: X -'mé.f oM i X m éc X ™M f\?c x 1

However Yukawa matrices and trilinear soft masses
vanish in the SU(3) or A,, symmetry limit

In the real world where SU(3) or A, is broken can
perform an expansion in powers of small Yukawa
coupling expansion parameters <~ 0.05.& = 0.15

If we iImpose CP symmetry spontaneously broken by
flavon VEVs can also solve the SUSY CP Problem




Recall Yukawa matrices, ignoring phases:

0 & &3 0 & &3 0 &8 &
Ye¢=|e322922|, Yi=|83222]|, Y= |&3322 322
3 92¢2 1 g2 i 322 1

Antusch, SFK, Malinsky
Under similar assumptions we predict at Mg+

L4+e%2 &% £ 1+ & g1
-m.QQ ey m—% et 1 4 g2 2 ; -m.-gzc ~ m.% Sl | + 2 72
et 2 140(1) g2 2 14+0(0)
1 L85 £7 g
m2e ~mi | et 142 &2 , Note strong third family non-
ed 2 14001) universality
14e*> &* g* 15 & gt
miramd| e 1462 g2 , maeamd| & 148 &
gl g2 14 0(1) gt g2 1+ 0(1)
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'Conclusion

Neutrino mass and mixing provides new insight into
the flavour problem

Precise TBM can be understood from the see-saw
mechanism with sequential dominance

This motivates a non-Abelian family symmetry

GUTs plus family symmetry leads to quark-lepton
relations leading to predictions for the reactor angle
and testable sum rules

Family symmetry can solve the SUSY flavour and CP
problems and implies third family squark and slepton
non-universality at the LHC
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