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Lecture 3

Survey of basic ideas on model building
Part 2: "Exceptional" models

- What if 6 is really ~maximal and 6,;~0
- Tri-Bimaximal Mixing (HPS)

Harrison-Perkins-Scott

- HPS from A4



® Still large space for non maximal 23 mixing

2-0 interval 0.32 <'sin20,; < 0.62
Maximal 6, theoretically hard

® 0,5 not necessarily too small
probably accessible to exp.

Very small 6, theoretically hard

"Normal" models: 6. large but not maximal,
0,5 not too small (6,5 of order A or A-?)

"Exceptional" models: 6, very close to maximal and/or 6

very small
or: a special value for 6,,, or....



What if 6.+ is really maximal? Would be challenging!

All existing models invoke peculiar symmetries (typically non
abelian, continuous or discrete)  Early models: Barbieri et al, Wetterich....

The most general mass matrix for 6,-= 0 and 623 maximal

is given by ~ B
(after ch. lepton diagonalization!!!): Ay )

m, = |y zw
Grimus, Lavoura..., Ma,.... VW 7

Neglecting Majorana phases it depends on 4 real parameters
(3 mass eigenvalues and 1 mixing angle: 6,,)

Note it is symmetric under 2 <-> 3 or u <->t exchange

Suggests a model based on 2 <-> 3 symmetry. Not easy!



Imposing a 2-3 perm. symmetry on L'm, L does not work,
because R L then produces a charged lepton mixing
that spoils 6,; max.

For simplicity, a 2x2 model of u <->t symmetry:

LTL—>{Z “} vflzwy = jz=w 0 1y = Li1 1
W Z W Z 0 z+w 42111
m' = VimU .
— UeTmTV

Charged lepton mass:

t
Rl @@l _,, Note: eignvls 0,2 "
b b mTm' = U, TmmU,

mim = |45 0% @ a = (a1 pHy| L Ue = %f{l 1}
a* b¥| (b b 11 2|-11

@ Thus Up yus= U.,7U,= 1 and there is no mixing!!




For example, in this SU(5) model the uw <->t symmetry on L

is badly broken Mohapatra, Nasri, Hai-Bo Yu '06
F ~ 5 (contains L) F, — F

T~10 h-~5 (h,R) — (h,R)

5~15 H~45 (H,H) < (~H,~H)

Superpotential: W =Y, FFS+Y.,TTh+ YsTFh+ YTFH.

X Y Y

Y Z W _
Y w7 u <->t symmetry breaking

A, E, E, ] OEg—Eg-/

A“Ie=Yg<il>—3Y:§<H>= B1 D1 D1 310 Dy —D2
c, F, F 0 F, -F

M, =Yys<S>=




As a result, for parameter
choices that fit masses, £ o.08f

0,5 is not necessarily “oosf
too close to maximal
0.3 o3 G ..:0.6 o7

sin‘a.,

FIG. 1: Scatter plot in the sin faz and sin” ;3 plane.

and 6,5 ~ o(Ac?)

Finally, it looks like a
"normal" model!

D



Similarly a symmetry v g <-> v is not sufficient:

Majorana: Af]}ek = P -\‘} Dirac: mf,) ~RL — {(’ Z[j
y X a

2
{a b} = (x+y)|® ab
yx||lab /v_ab bZ_

Not u <->t symmetric
Mixing not maximal

. pr, /1 D aallxy
See-saw: m., = m, MRR’”‘v - L b}{ i

Clearly a more elaborate broken symmetry is needed:
In some models, discrete broken symmetries are

used to make charged leptons diagonal and Dirac v masses

diagonal and u <-> t symmetric, while the perm. symmetry is
in the Majorana RR matrix

@

e.g. Grimus, Lavoura



An interesting particular case  Harrison, Perkins, Scott .
A simple mixing matrix compatible with My =1lyzw
all present data y Wz
< - - In the basis of diagonal ch. leptons:

2 1 |
J_ m =Udiag(m,,m,,m;)UT )
U= |2 - = 00 0| plr11 ,]4 22
6 3 2 ”13 ”12 ”11 . Il
{{"lf”'v=701-1+?111+g_211
- 0-1 1 111 21 1
V6 3 A2 IRl T S
1 |0 L | |2
- . —> — - — m, = —|1
Eigenvectors: i3 7 11 m, 7 i 177 |

Note: mixing angles independent of mass eigenvalues

@



- . Comparison with experiment:
2 1
J_ At 1o: Fogli et al ‘05
U= |= - = in20.. =1/3 : 0.290-0.342
46 3 .2 SIN“0,, = : 0.290-0.
11 1 sin%6,; =1/2 : 0.39-0.53
% A5 sin20,, =0: < 0.02

The HPS mixing is clearly a very good approx. to the datal!

V3 = —(—\ LtV )

2

Vy = L(v + v +vT)

B

Also called:
Tri-Bimaximal mixing



Two extremes:

® In anarchy all v mixing angles and mass ratios are random.
Apparent hierarchies are from fluctuations

® For the HPS mixing matrix all mixing angles are fixed to
particularly symmetric values

It is interesting to construct models that can naturally
produce this highly ordered structure

Models based on the A4 discrete symmetry (even permutations of 1234)

are very interesting Ma...;
GA, Feruglio hep-ph/0504165, hep-ph/0512103

Alternative models based on SU(3) or SO(3);
GB Verzielas, G. Ross King



A4 is the discrete group of even perm’s of 4 objects.
(the inv. group of a tetrahedron). It has 4!/2 = 12 elements.

An element is abcd which means 1234 --> abcd

C: 1=1234
C,; T=2314 ST=4132 TS=3241 STS=1423
C;: T2=3124 ST2=4213 T25=2431 TST=1342
C,, S=4321 TST=3412 TST2=2143

Thus A4 transf.s can be written as:
1,T,S, ST, TS, T2, TST, STS, ST?, T2S, T2ST, TST?

with: S2=T3=(ST)3=1 [(TS)3= 1 also follows]

X, X' in same class if

® C,, C,, C;, C, are equivalence classes [x' ~ gxg'] 8: 8OUP
element



Three singlet inequivalent represent’ns:

Recall:

S2 = T3 = (ST)? =

1. §=1,7T=1
I’:8=1,T=w
17: §=1, T= w?

The only indep. 3-dim represent’n is obtained by:

D =

An equiva

S'=z(2 -1 2
2 2

12 2

— 1_

1 0 O
0-1 0 I =
0 0 -1
ent form:
= VSV T =
(T-diag basis)

001

010

100

10 0

0 w? 0

0 0 w

2 1 .3
w _3exp1? —§+z7
w =1
1 +w+ (.1.)2 =0
2
w = T
(S-diag basis)
VVi = ViV = 1
N 11 1
1 2
— VTVT V = —
ﬁ lw o
2
1l o w




A4 has only 4 irreducible inequivalent represt'ns: 1,1°,1",3

Table of Multiplication: A4 is well fit for 3 families!
-IIX-|I=-III; -|IIX-III=-II;-IIX-III=-I Ch |ept0nsl~ 3
3x3=1+1'+1"+3+3 e, u, tc~1,1,1"

S/v (a1l-a21-a3)
T > (aza,,ay)

For 3,=(a;,a,,a;), 3,=(b,,b,,b;) we have in 3,x3.:

In the (S-diag basis) consider 3: (a;,a,,as)

1 = a;b; + asby + asbsg 3 ~ (agbs, azby, aby)

1" = a1b; 4+ washs + w?asbs 3 ~ (agby,a1bs, azb;)
1" = a1b; + w?ashy + wasbs

eg 1'= a]b]+ma2b2+m2a3b31—-> a;b:+wa,b;+w?a,b, =
= o [a,b,+wa,b,+w?a;b.]
@  while 1"is inv. under S



Under A4

lepton doublets / ~ 3

ec, us, t¢ ~ 1, 1, 1" respectively

gauge singlet flavons ¢, ¢', &, (') ~ 3, 3, 1,(1) respectively
driving fields (for SUSY version) ¢y, ¢'o, &y~ 3, 3, 1

Additional symmetries: broken U(1); symmetry (ch. lepton
masses) with e¢, u¢, t¢ charges (3 or 4,2,0)
and a discrete symmetry (dep. on versions) : for example

L. (ec, MC, T¢ )'> _i (ecl MCI T¢ )I [-> Il, q) -> q)l (Ea(l)’) > - (an)’)

The Yukawa interactions in the lepton sector are:
Ly = yee(¢l) + yup ()" + yr7°(@l) + za (1) + zal@'ll) + hc. + ...

@  Here is without see-saw (with see-saw is also OK: wait!)



Structure of the model
Ly = yee(pl) + yu ()" + y-7(pl)" + 2&(Ul) + za(¢'ll) + hc. + ...
shorthand: Higgs and cut-off scale A omitted, e.g.:

Ye€(0l) ~yee(@l)ha/A. 2 E(11) ~ 2, &(Lhylhy)/A?
Ye Ye Ye

N J N
<Y> - (L’O’O) 777-l='vd% Yu y“,w2 Yuw
@ = @ b v g
€ = u .

the blg plus of A4~ Spectrum free.

\ Diagonalized by U.:

o (a0 0 (L
Il‘ ¢ 12 ] — —
y = u 0 a d l — ﬁ ]. w w l —Vl—ldiag
0 d a 1 w W?

follows that U, p is the mixing matrix

f-l‘

A
@ From here i



m, in the basis of diagonal charged leptons is:

a0 a+2d/3 —d/3  —d/3
m\-’|1diag ~ V¥ adlV* = —d/3  2d/3 a-d/3
0da —d/3 a-d/3 2d/3
which in turn can be written as:
_(1 +d () 0 |
T y
v ’1(1 iag ~ U 0 a 0 U
0 0-a+d]
with:
J2/3 1/V/3 0

U=| -1/v6 1/V3 —1/V2
~1/V6 1/V3 +1/V2



The crucial issue is to guarantee the strict alignment

(¢) = (¢,0,0)
<90> — (’U,’U,’U)
) = wu

We have constructed two completely natural versions of

the model:
e a version in 5 dimensions
* a SUSY version in 4-dim (with more fields)

We first briefly discuss the 5-dim version



GA, Feruglio hep-ph/0504165
The model has 1 compactified extra dim. and 2 branes

(crucial issue: guarantee and protect the vev alignment)

oy o3
¢2 <¢>=V'(1,0,0) ¢2
0,7 <¢>=v(1,1,1) <> 6.
- 3
| ec different S
U(1) charges bulk l.
1" e for ec,uc,tc
, lead to the > lu hu
1"1¢ F, F
ch. lept. mass I' 2 h
hierarchy 1 d
*9 0 &
0 y I, 3 1



In lowest approximation the action is:
[ d4:z:dy{ iF 049, F, +iFy0"9,F + %(FQByFl _9,F,F, + hee. )]

— A’I(F1F2 + 71?2)

+ Vole)d(y) + Vi(¢',€)d(y — L)
+ [Yeef(oFy) + Y 1 (0Fy)" + Yo m°(0Fy) 4 h.c] 0(y)
_|_

S

a Z-parity has also been imposed

Z o ,
(fc, la Fa ¥ (,;9,, {) —_— (_'cha Zlv 'ZFa ¥, —¢, _6)

After integrating out of the F fields one obtains the required
effective 4-dim action

a Ly = yee (1) + yupt“(pl)" + y-7(pl) + 228 (1) + za(¢'ll) + hoc. + ...



In the flavour basis:
o, [ a+2d/3 —d/3 —d/3

vv

m, = T{‘ —d/3 2d/3  a—d/3
—d/3 a-—d/3 2d/3

m, = U diag(a+d,a,-a+d)UT (in units of v 2/A) and U=U

In terms of physical param.s (moderate normal hierarchy):

. ]_ .
mi? = |— Am?,,. ~(0.017 eV)?
i [ " 8cos? A(l — 27’)] Mt~ )

v 1 ¥
mol® = mZ,  ~(0.017 eV)2
ma 8c:082/_\.(1—2-r)Am"t'" (0.017 ev)

¢ 1 ¥
mal? — . m2. ~(0. V)2
|12 [1 i w— A= 27‘)] AmZ, ~(0.053 eV)

@ A moderate fine tuning is needed for r



D

A version with see-saw is also possible

vp Is a triplet of A4: v 3 No change for ch leptons
¢|(:?irac F o Mijorana o
wp = . A¥(v D)+ x (v v )+xg(erv V)

[Discrete parity Z: w,w?w? w?for [, v¢, ¢, € respectively]
AO0O
mVD ~ 1 MRR ~ 10 AD mv — vaTMRR-]mVD~ MRR-]
0D A

The mass matrix appears just as the inverse
of what was before, so that the mixing matrix is the same.

Eigenvalues are the inverse: one can produce inverse
hierarchy with realistic 6,,, 6,5 and very small 6,5



The model crucially depends (Y = (2,0,0)
on the precise vev alignment = ()

= (v,v,v)

The extra dimension with 2 branes
allows the decoupling of the ¢ and €,¢" potentials.

A discrete symmetry is also essential:

a separate continuous rotation symmetry on the 2 branes
would make any disalignment illusory.

An alternative in 4 dimensions is a SUSY model with driving
fields and a superpotential where all terms allowed by
symmetry are present (with added fields €', ¢, ', &;)-

In our models

® all terms allowed by symmetry are present

® all correct’'ns are under control and can be made
negligible

€/



The 4-dim SUSY version (written in the T-diag basis)
In this basis the ch. leptons are diagonal!

wy = Yee(iprl) + Yt (e1l) + v (or])" + (22§ + Fa8)(U) + (05l + hoc. + ...

One more singlet is needed for vacuum alignment

The superpotential (at leading order):

2

. Jw .
and the potential V=Y a; +m2|y)? + ..
The assumed simmetries are summarised here
Field | 1 [ e® | p® | 7° || hua |1 | 05 | €| € | @8 | 46 | &
Ay 301 11" 1 303 11 3] 3|1
Z3 w | w? | w? | w? 1 1 w | w | w 1 w | w
ULgl 1|1 11 ololololol2]2]2

@@ U 29 q 1



The driving field have zero vev. So the minimization is:

ow
39’93 1
ow

05
Apps
ow

.5
(& Tor

- 2q
= g€ -

ow | 29, o
T, Mer, + 5 (11 = ¢T2%73)
ow 2¢
o My (o — op.
oL, PT3 + 3 (o2 T1%T3)
ow 2g
ool Mer, + ?(WT?; — pT1915) =0
©o3 :
dw 2 = 9 2,
9o = 4§ + g58€ + 96&” + g3(wsy + 2¢s9053) =0
Solution:
er = (vr.0,0)
£ =0
£ = u
vs = (vs,vs.vg)

- 2q
= go& -

51+ (P51 — psaipss) = 0

sz T —5-(vs2 — ps1pss) = 0

291 2

G28psa + — - (ps5 — ps1pss) = 0

3

In the paper
w at NLO is also
studied



NLO corrections studied in detail

to m, 1st non trivial correction at o(1/A3)
LOis 1/A
to m, pa(Pres) () hubu S8 (orps) (U huhy  y5E(oriDhub,
LO is 1/A2 ’ ’
(1) — (vp+ dvr,dvr, dur)
to vevs (ps) — (vs +dvi,vs + dva,vs + dus)
LOis 1 (&) — wu
& — ouf Ovy, dvg, Ov;, du’ ~ o(1/A)

All observables get a correction of order 1/A

From exp (eg 6,,) must be less than 5%

-

D

s o w .- In particular 6,; < ~0.05,



Extension to quarks

If we take all fermion doublets as 3 and all singlets as 1, 1/, 1”
(as for leptons): Q;~3, uc,dc ~1, c¢s¢ ~ 17, tbc ~1"

Then u and d quark mass matrices are BOTH diagonalised by

1111

UUIUd~ ﬁ 1 w2 W
' 1 w w

As a result VCKM is unity: V= U, Uy ~ 1

So, in first approx. (broken by loops and higher dim operators),
v mixings are HPS and quark mixings ~identity

Corrections are far too small to reproduce quark mixings eg A
(for leptons, corrections cannot exceed o(\-2). But even those
G?re essentially the same for u and d quarks)



Note: it not possible to embed this in a GUT:
with these assighments A4 does not commute with SU(5)

If / ~ 3 then all 5bar ~3, so thatd<, ~ 3
if e, us, ¢ ~ 1, 1', 1" then all 10, ~ 1,1, 1"

Realistic quark mass matrices are not easy to obtain from
these assigments

For example, for u quarks at leading order:
m,~ 1.1+ 1.1"+ 1".1" ~a u,u,; +b (u,us+usu,)

or

Which implies |[m|=|m||

al0o0
] and maximal U5

mu~[00b
@ OboO



Conclusion

From experiment: a good first approximation

for quarks:

VCKM -

010
L0 0 1

and for neutrinos

2 1

f
-1 1 -1

J6 3 42
-1 1 1

6 32

1 0 0

J

All this is highly non trivial
but no real

illumination has
followed!!




D

Many models can reproduce the data.

"Normal"

models are simplest.

Normal models: 6,5 large but not maximal, 6,
not too small (6,5 of order A. or A2vs 6,,, 6,z ~0(1))
- Semi anarchy

- Inverse
In particu
- Normal

nierarchy
ar

nierarchy with suppressed 23 determinant

Well compatible with GUT's (simplest: SU(5)XU(1);
but SO(10) models are also viable)

Exceptional models: 6,; maximal or 6,5 very small
or also: all mixing angles fixed as in HPS (intriguing!!)
are peculiar but worth studying (eg A4).



