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Motivations

® Experiments indicate that neutrinos oscillate. This means:

o Neutrinos have mass.

» Flavour eigenstates are not the mass eigenstates.

The oscillation probabilities are dependent on sin” 26 and
Am?.

® SK Atmospheric v: 03 ~ 45° and Ami; ~ 2.4 x 1072 eV?
K2K in agreement.

# Solar neutrinos: SNO and SK prefer the LMA soln. with
(912 ~ 32° and Am% ~ 7.2 X 10_5 eV2.
KAMLand confirms.

® CHOOZ reactor expt.: 63 < 10°
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v-mass and the SM

(a) Dirac mass = Add vy to the SM

(b) Majorana mass = Lepton no. violation

(b) possible with SM fields through

LSM — ;;;g_czéjHH + h.c.

=11, H=

1, 7 generation index, lepton number violated above M
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r-mass matrix

LM = J\Z (0, HH + h.c.

< Hy>=v = Neutrino mass matrix

U2

J ](MX)
k~1land My ~ 10> GeV = m ~ 0.1 eV
a) My close to GUT scale
b) Charged lepton mass basis. Leptonic sector mixing from

neutrino mass matrix alone.
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v miXing angle

Two flavour case mixing matrix

cos) —sinb
[J —
sinf cosf
2 2
tan 20 — K12 _ (/4312//4322)

K11 — K929 dli

K11 — R22
dr =

K29
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RG running of ¥ mixing angle

RG evolution of k matrix:

dk
dln p

3
1672 = {—3¢2 + 2\ + 25}k — 5«{m(YﬁYl) + (Y'Y Tk}

go = SU(2) coupling, Y; charged lepton Yukawa coupling
matrix (diagonal)

S = Tr [3Y,'Y, + 3Y,'Y,; + VY]]

Y..q u, d sector Yukawa coupling matrices.
Equation linear in x: net effect of evolution is a multiplicative
change.
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Vertex correction diagrams

Landau gauge

RG and ¥ mixing  A. Raychaudhuri 13/11/2003 U Romal



Self-energy diagrams

Landau gauge
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RG running of other couplings

RG equations for the SM couplings are well known

The gauge and Yukawa couplings at the electroweak scale
are chosen as input parameters.

Caution required in choosing Higgs mass to fix the quartic
scalar coupling A. Unless myg > 150 GeV, RG evolution drives
A to negative values.

Neutrino mixing angle evolution is quite insensitive to this
choice.
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RG running of «

dk

167
" dlIn p

3
= {—3¢2 + 2\ + 25}k — §{K(YJYZ) + (YY) K}

= —3g5 + 2\ + 25, gives universal contribution while Y;
distinguishes between different elements.

dr 3
167T2dlnl,1u = Dk — 5(2)/12)/4311
dr 3
16W2dlnljﬁ = DRya — —(Y12 + }/22)“12
CZHJQQ 3
167T2d1nlu = Dligz — 5(2}/22)/{22
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RG running of x (contd.)

We take Y, =Y, and Y; = Y, or Y,,. To a good approximation:
%11(MX) — /4311(MZ) — 61/4311(MX)

k12(Mx) — k12(Mz) = a(l +1/2)Kk12(Mx)
Koa(Mx) — kKao(Mz) = a(l + 1)kaa(Mx),

Universal contribution: a ~ 0.7 for My = 10'® — 10" GeV
ro~ —(3Y2/167%) In(Mx /M) ~ Y2 ~ 107*

r determines the running of the mixing angle
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RG running of x (contd.)

Numerical check: Simultaneous one loop running of all the
coupled RG equations indicates that this parametrization
works extremely well, to order r? ~ 1075,

The size of r is controlled by 7 Yukawa coupling, and its
order-of-magnitude does not vary appreciably if M x Is altered
even by a few orders.
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Fine tuning gives large mixing

Recall
%12//122) de =

R11 — K22
: :
dr K99

tan 20 = 2(

To a good approximation dk tan 20 = 2k15 /Koo IS SCale
Invariant. Also

de(Myz) ~ dk(Mx) —r =dr(Mx)d, d=1—1r/dx(Mx).

Thus:
tan20(My) = tan20(Mx ) /0, where

o: fine-tuning parameter. Mixing angle enhancement ~ 1/4.
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Numbers: masses and mixings

Assuming mq ~ meo >> |my — mo|

Am?

m2

d/i(Mz) = 0.5

cos 20(Myz)
m = 0.5(m; +my), Am? = m? — m3, both at low scale. Also

d(Myz) = dr(Mx)6 >~ 1rd

Thus

Am(eV7) =107 [coszg(Mz)“ sl

2.2 eV
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Numbers: masses and mixings

Am?(eV?) =107 Los zg(MZ)] {2.2mevr

0 B tan QH(Mx)

tan 20(Mz) = tan 20(Mx)/ :>COSQ(9(MZ) sin 20(Mz)

tan 20(Mx) ~ 0.1 — 0.5 = 0(Mx) ~ (3° — 13°) ‘small’ initial
mixing: Am? <5 x 107* eV?

LMA admissible. (Tritium beta decay okay. WMAP r-mass
bound: uneasy!! (33)o,7?)

Atmospheric neutrinos or v,, — v, oscillation do not work
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3 S: 2-zero texture mass matrices

We consider two-zero texture neutrino mass matrices defined

In terms of six real parameters (No CP-violation)
Three different types are compatible with the present

experimental data

0 0
A — type: 0 x5

X1 I3

C — type:

X1
X3

L4

i) 0

X3 T4

1 X9 0

L9 0 X3

0 x3 24

RG and v mixing
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2-zero texture mass matrices

A-type = hierarchical mases
B-type = gquasi-degenerate mases
C-type = inverted-hierarchical mases

Zeros of x;; are unaffected by RG evolution: texture same at
the high and low scales.

Can significant RG evolution of mixing angles take place for
these textures?
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Quasi-degenerate masses

This is the B-type texture.
At high energy

| r1 xo 0 |
M= | 2, 0 x4
0 3 x4
At the low scale it becomes:
) T To 0 |
M =a | z, 0 r3(1+ %)
0 a3(1+35) xa(l+7) |

Universal scale factor a ~ O(1) does not affect mixing
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Quasi-degenerate masses

0 x3(1+4+35) xa(l+7)

Let
VIM,V = diag(mq, ms, ms),

Maki-Nakagawa-Sakata unitary matrix V' = Uy3U;3U72, Where
U,; are the standard rotation matrices.

o3 1S given by

2x3(1 + %)

tan 265, = (LT
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Quasi-degenerate masses

No resonant enhancement of tan 26,5 at the low scale

possible.
So, keep tan 26053 large for the whole scale of running, I.e.

After Us; rotation,

_ l l -
A l
Ml/23 = G [ TaCyg A1 0
ZEQSZQB 0 )\2 il
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Quasi-degenerate masses

A1~ —x3(1 + g), Ao ~ x3(1 + g)

For the next rotation U3, we set

l
279894 N \/§x2

tan 26, = ~ :
13 )\2 — I 1'3(1 + %) — X1

Bound on (V!).5 from CHOOZ = ¢!, — 0. Significant RG
evolution will demand a large tan 2675, which is possible if

T3 = I
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Quasi-degenerate masses

This and the smallness of r requires |zs|, |z4| < |x3] ~ |21].

| I1 $2/\/§ 0 |
Mi23,13 ~a | 2/V2 N 0
0 0 Ay

Next step is to diagonalize the (12)-block:

\/Z’EQ

)\1—371

l
tan 20, =

From the above tan 26!, is small; a direct contradiction of the
empirical requirement.
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Quasi-degenerate masses

Remaining possibility, tan 26,5 small and tan 265 large
throughout the energy range. Can there be a prominent RG
evolution of 8,57 YES!

In this case, |23 — 21| > V/2|z»| whence

2
. tan 26}, ~ \/_:L;Q
—T3 — I —5173(1 + 5) — I

Resonant enhancement of tan 26+, if rog ~ —2(x3 + x1). Thus,

L3 ~ —Iq

and, further, for significant running of 65, rzs > 2\/51332\
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Quasi-degenerate masses

Can these relations be satisfied?
For this texture, the mass eigenstates are quasi-degenerate:
my ~ me ~ —ms and

Am?

2 2 2
o~ 20T xy, AmE, ~ 24/2a° 1119

Am?2,  [Am?2 ~ 100 for LMA.

sol

There is no obstruction in achieving the desired ratio by
suitably choosing x5, x5, and x4. Since the relationships
amongst the x; are linear, they can all be scaled to achieve
the right absolute magnitudes of the mass splittings.
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Quasi-degenerate masses

Numerical check:
r1 = —1.799196, 5 = 9.0 X 10_6,333 —18and z, = 1.8 x 1073
(all in eV) (Note z1, x5 fine tuning!)

Scale | tan (923 sin 2(913 sin 26019 Amﬁtm (eVQ) Amgol (eVQ)

High | 0.9995 0.0 0.132 6.5x107° 3.5x1074

Low | 0.9995 0.0 0.907 3.2x107° 2.5%x107°

The effective Majorana mass parameter relevant for (65),, is
predicted in the 1 eV range.
Tritium beta decay bound satisfied.
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Hierarchical masses

This Is the A-type texture
At high scale:

M =

174

At low scale it becomes:

M =a 0

X1
X3

L4

RG and v mixing
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Hierarchical masses

After Usy; rotation,

0 — 2185 (1 + 5) T1Chs (1 + 5)
M£23 =a | —x15h(1+ %) A1 0
$10l23(1 + %) 0 )\2
203(1 + Z
tan 265, = s+ 5) .
ry(1417) — 29

Maximal mixing if: z4(1 +r) = x5

T T
)\1 N$2—£I33(1—|—§), )\QNZI32—|—CE’3(1‘|—§)
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Hierarchical masses

Next rotate by U3:

2$10l23(1 -+ %)

tan 20%, = N

tan 20!, — 0 implies:
vy + 23(1 + )\ > V2|z (1 + 2)\

The mass matrix Is now:

0 —x185(1+Z) 0
M£23 13 =@ | —z1893(1 + 5) A1 0
_ 0 0 Mo
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Hierarchical masses

The remaining (12)-rotation is

—2x185,(1 + 5)

tan 260!, = :
27y — r3(1 + %)

large tan 26, is (using sin 6%, ~ 1/+/2)

T T
72 —25(1+ ) < V2|z1 (1 + il

These are the requirements for compatibility with low energy
angles.

Can any of the angles have large RG running?
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Hierarchical masses

Several alternatives are possible.
Can 6,3 have large running? This requires:

2x3| < |1y — 22| = 7r|24],

Recall x5 ~ x4 |x2]| > |3

Hence |z, + x3| ~ |z2| and one cannot simultaneously satisfy
the conditions small 6,5 and large 6,5.

Radiative enhancement of #,3 not possible in this texture.

The remaining alternatives examined on a similar case by
case basis: Significant running of no angle is allowed.
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Inverted hierarchy case

This is the C-type texture. Here, at high scale:

i ry T2 I3 ]
MY=1 2, 0 a4
3 14 O
and at low energy:
I1 i 1133(1 -+ %)
M. =a To 0 r4(1+ %)
w3(1+5) wa(1+3) 0 ]
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Inverted hierarchy case

Maximal mixing in the (23)-sector at all energies.

Here again, a case by case examination shows that running
of 8,3 and/or 653 runs into inconsistency with the solar and
atmospheric mass-splittings.
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Beyond the SM: SUSY

In MSSM the RG equation for « is a little different.

Reasons: (a) Two Higgs doublets, (b) The quartic scalar
coupling X is determined by the gauge coupling, and (c)
sparticles can be in the internal lines of Feynman diagrams.
Upshot:

r~ —(Y?/87) In(Mx /My)

r IS of opposite sign from the SM.
Y, depends on tan § and can be larger than in SM. |r| can

become as large as ~ 1072.
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Beyond the SM: Extra Dimensions

Really only one model: fermions live in a brane, bosons in the

bulk. (Dienes, Dudas and Ghergetta)

(a) Power law corrections to coupling constants and (b)

unification scale is low ~ O(10 TeV).

For ¢ extra dimensions and compactification radius p;, " with

power law running above o ~ 1 TeV:

3V2\ X5 | [ My’
r o T (=) —1| ~107* (for 6 =1)
167'('2 ) Lo
9 d/2
X5 = —0
5.0(5/2)
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Conclusions

o

Two of the » mixing angles are large, unlike in the quark
sector. Could this be an RG effect?

2-flavour: Possible to get LMA modulo fine tuning.

Three classes of 2-zero three »r mass matrices examined.

» Atmospheric angle cannot be large due to running.

s Solar LMA can be. But only for one class of texture
(quasi-degenerate).

s Small CHOOZ angle cannot be obtained from a larger
one by RG.

Results similar for MSSM and one extra-dimensional
model.
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