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Neutrino Oscillations

The neutrino mass matrix is diagonalized by the rotation matrix Vp,ns, such that
the mass eigenstates evolve in time as

o —iE:t /1] |
Yi = Z e 7 Vppns Wi
]

Calculating transition probabilities in the ultra-relativistic limit, where
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leads to results (in the two neutrino approximation) like
Am?L
2 . 2
Py, = sin”(20) sin (1.27 =

where 6 is the mixing angle.
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Three Neutrinos

A general 3 x 3 neutrino mass matrix is diagonalize by a Pontecorvo-Maki-

Nakagawa-Sakata matrix of the type

(1 0 0)
Vemns = | 0 23 s23
\0 —s23 €23/

0-,3: atmospheric angle

013: reactor angle

01,: solar angle

/C13 0 513\
0O 1 O
\—s13 0 c13)

Am3,: atmospheric squared mass difference

Am?,: solar squared mass difference

/Clz 512 0\
—S12 ¢12 0

\ 0 0 1/
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Experimental Constraints

Experimental results are consistent with the following values of the mixing angles
and masses:

0.52 < tan? 0,3 < 2.1
tan? 013 < 0.049
0.30 < tan®0;, < 0.61
1.4x107° < Am3, <33x107° eV?

72x107° < Am?, <91x107° eV’
me < 0.84 eV

There is no direct measurement of the scale of neutrino masses.
From Table 1 (3 o values) hep-ph/0405172, M. Maltoni, T. Schwetz, M. Tortola,
J. W. F. Valle
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Bilinear R-Parity Violation

R-Parity and Lepton Number are violated by bilinear terms in the superpotential.

The three parameters €., €,,, €. have units of mass:
W = Wnssm + €;LiH,

These terms induce sneutrino vacuum expectation values < v; >= v;, which

contribute to the gauge boson masses:
02+ U5+ 08 05+ 03 = vF ~ (246 GeV)?
In the soft supersymmetry breaking potential the following terms are added:

veoft = vl + Bie;LiH,
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Neutralinos and Neutrinos

In basis (y°)! = (—iX, —iA®, Hi, H3,v,,v,, v.) the neutralino/neutrino mass
matrix is

- My 0 —38vg 38'vu —38'v1 —38'v2 —38'037
0 M> 3804 —38%u 38V1 3802 78U
—3¢'vy 3904 0 —u 0 0 0
My = %g’vu —%gvu —u 0 €1 € €3
—%g’vl %gvl 0 €1 0 0 0
—%g’vz %gvz 0 € 0 0 0
| —58'vs 3803 0 €3 0 0 0

and a neutrino 3 x 3 mass matrix is induced.
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Low Energy See-Saw

Low energy see-saw mechanism with three neutrinos

M o mT _

My = X —> Mepp = —m- M -m'
m 0 X

defining A\; = nv; + €;v,, which are proportional to the sneutrino vev’s v, the

effective mass matrix is
A2 AN, A,

Meff = ANy A2 AN~ ADNNA,
A A A2

and only one neutrino acquire mass at tree level

Mng + Mzglz ‘/_’\‘2
4 det(./\/lXO)

My, = Tr(mesr) =
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Neutrino Angles at Tree Level

The diagonalization VVTmefny = diag(0,0,m, ) is performed with two rotations:

1 0 0 | [cosBi3 0 —sinBs
V’y = |0 cos 923 — sin 923 X 0 1 0
_O sin >3 Ccos O3 . _sin 613 0 cos0Bq3 .

The atmospheric angle 0,3 and the reactor angle 6,3 are simple functions of the A;

A AN
tan,; = ——- tan 3 = :

Ar VAL +AZ

and the solar angle is undefined at tree level.
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Effect of loops

The neutrino mass matrix at tree level has the form,

and at one loop,

M;; - A/\z/\] + B(/\Z‘G]' + /\]'61') + C€i€j
For each individual loop we have,
/., W, : ~ A/\i/\]'
X+, XO, EZ ~ A/\i/\]' -+ B(/\iej -+ /\]'61') + C€Z’€]'

The first three loops renormalize the atmospheric mass. The second three loops
break the symmetry, inducing a solar mass.
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Neutralino Decays

In the presence of BRpV a neutralino
LSP is not stable:

T, I, e

W -

q

BR(x = nq'q)/BR(x — 74'q)

Ratios of BR are closely related to the
parameters.
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Split Supersymmetry

Based on work by,
M.A. Diaz, Pavel Fileviez-Perez, and Clemencia Mora
hep-ph/0605285
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Split Susy, Rp Conserved

All scalars except for one neutral Higgs boson /= are heavy, with a mass of the order
of n2. The higgsino mass and the Higgs-higgsino-gaugino vertices in the
supersymmetric lagrangian valid above 1 are,
. Hl HT
Lonsy = wH ioy Hy — —L (ga W”JrgB)H _d <g0 W“+gB)Hd

y — \/* \/—
The fine-tuned light Higgs is i = —cgion H) + sgH,,, and the equivalent couplings
in the effective lagrangian below 1 is given by,

Al 5\ = hlion /0 _ e s\ =
Loplit = — 7 (gucf W* +g;B> H, — \/52 (—gda“W“ +g£zB> H;

with the following matching conditions at the scale ::

gu(m) = g(m)sinf(m)  §;(m) = g(m)cos B(m)
gu(m) = g'(m)sinB(m)  gy(m) = g'(m) cos p(m)
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Running

The couplings ¢, 7, ¢/,, and g{i, run with their own RGE [Giudice, Romanino,
Nucl. Phys.B699, 65 (2004)]. In particular we have,

3u . cos2B) 0 Lo i
Shes ~ t 1 7¢-—3 In —
gd (mW) anﬁ(m)i + 64 772 ( 8 8 ) - n My
g N cos (23) . » 2 11
o ~ t 1— 9 3 In —
géz (mW) anﬁ(m) <\ 64 772 ( g +98 ) - n my
Definition: §* = &3 (mw) + g3(mw) , &% = &7 (mw) + &7 (mw) -
In this case, the neutralino mass matrix loops like
- My 0 Zg’ckv Zg“"s;sv
M. — 0 My gc/gv ——gsfgv
X' T | 1l 15 0 -
28 gl Z8CpY H
| 3spy —3%ser 0

> = tan f3

s = tan’ 3
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Split Susy, Rp Violated

The higgsino-lepton mixing and the Lepton-slepton-gaugino vertex in the
supersymmetric lagrangian valid above 1 are,
Ll
L
V2
Since the sleptons and the Higgs bosons mix, this time the fine-tuned light Higgs is
equal to

Lsusy = e;H ionL; — (gaaW“ + g’g) L;

h = —CﬁiO'zH;lk + SﬁHu — SiiO'QE;k
and the equivalent couplings in the effective lagrangian below : are given by,

a; . - ~ o)
ESPZit — —ﬁhTZOQ (—ng'aWa +8&B> Li

with the following matching conditions at the scale ::

~ ~

ai(m)ga(m) = g(m)si(m)  a;j(m)g(m) = g'(m)s;(m)

where the s; are the Higgs-slepton mixing angles.
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S.S. Low Energy See-Saw

In Split Susy the low energy see-saw mechanism is similar to the MSSM:

MO mT -1
MN:{ mo 0 }:meff:_meo

mT

but the mixing looks like,

i %g’c’ av 3gcgav 0 €
m = %g’c’ a0 2gcgav 0 €
1577 1~
| —28¢cpasv p8cpazv 0 €3 |

If we define A; = a;u + €;, which are related to the MSSM-BRpV parameters by
A\; = Ajvg, the effective neutrino mass is given by
Mlgzc M g/2 oo | A2 AA Az

2 : ~ AOAA;
MAs Ads A

and again only one neutrino acquire mass at tree level.
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S.S. Tree Level Results

The diagonalization VVTnfzeffVV = diag(0,0,m, ) is performed with two rotations:

1 0 0 cosfi3 0 —sinfy3]
V, =10 cosBy3 —sinbr; 0 1 0
0 sinby; cosby3 | sinfi3 0 cosf3 |

with the atmospheric angle 6,35 and the reactor angle 6,5 satisfying

tan 6r3 = —A_Z
2 2
3 \/ A5 + A3
and the solar angle is undefined at tree level. The tree level mass for the only
massive neutrino is:

Mlg —|_M gIZ /12
4det(/\/lX )

My = Tr(meff) 2\7\\2
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Higgs boson loop

The Higgs boson contribution to the mass matrix is,

. " 1
! h h g2 g2
AMY = ATT}(0) = ~ 1o Ek Gi'y. my. Bo(0; my, my,)
The loop can be represented by the diagram
0
Xk
ATT!(0) = - -
-

This diagram has the form,
Aﬁ?](O) = A/\i/\j + B(/\iej + /\]'61') + C€i€]'
generating a solar neutrino mass. To this diagram we need to add the Goldstone

boson contribution, which tends to cancel the Higgs contribution but not enough to
spoil the solution [See Davidson & Losada, Haber & Grossman]. - p.17/31



Higgs boson loop in detail

The Higgs boson loop in detail is,

~ 1
h
ATT;5(0) = 6472 Ek (ExAi + Fre;) (ExAj + Fee;) my Bo(0; my, my,)

and part of it can be represented by the diagram

0
N Xk Npo

v A W/.A'\W g
rTh J ~ ~ i
ATT;(0) = > T d 8cp 8ep} d T >

Ai&s —€j/1 h Ai3 — €i/ 1
with,
Ex = —(§55Nk2—§'s5Nk1)és — Nia(sp &2 — §'sp é1)
+(§cpNip—8 5Nk ) E3+Nis(§ep &2 — §'cpén)
1, . i
b = _;(gCﬁNk2_g/C;3Nkl)
. — p.18/31



A Split Susy Solution

The chosen Split Supersymmetry benchmark is:

M; = 50GeV, 1L =200GeV,
M, = 300 GeV, my = 120 GeV ,
tan 3 = 50,

and the BRpV solution is characterized by,

e1 = —0.104GeV, AM=1x10"°GeV,
e» = —0.0016 GeV, A = 0.0063 GeV
€3 = 0.214GeV, A3 = —0.0073 GeV .

The values of the neutrino observables in this scenario are,

Am2, =22 x10"%eV?, tan? O,em = 1.27,
Am? =82 x 107> eV?, tan” 0, = 0.55,
mee = 0.0036eV, tan? 013 = 0.0099 ,

within experimental bounds.
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Gaugino-Higgsino mass plane

BRpV and Split Susy parameters ssob- 1 % 1 7]
are fixed to the benchmark o L
values, except M, and u, which : R '
are varied. 200 et ]
Perturbative  expressions  for . | ; p _
the neutrino masses are, S 250 < & ]
A x (Ex A)|? _ , g _
My, = ¢ 3|4 200 — ' / —
Al I / ; ]
e — tan®g = 1121
L o3 (€-A)
Myy = A‘A‘2+ZB(€ A) +C—— 2 | IEISO 1zlao 2(1)0 2;0 - 12};0
M’ u (GeV)
with A = —620 GeV, B = —1.4 GeV, C = 0.25 GeV, and
0 0 0 | | 0 Beidy BeiAds| | Ce2 0 Ceres
MIT =0 AN AMAs|+ |Betds 0 Beshy [+| 0 0 0
_O A/\z/\g A/\% | _B€1A3 B€3/\2 2B€3A3_ _C€1€3 0 CG% i
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Gaugino-Higgsino mass plane

The eigenvectors at tree level are,

B g A
01 = R
€ X A
. Ax (ExA)
Oy = — R
A X (ExA)|
. A
3 = =
Al
The rotation matrix is,
011 | 021 | 031
Vepmns = | 012 | 022 | 032
013 | 023 | 033

2000— \ -~ | | _
[ 4 8% ]
L \\»' \‘\\)\\ -
RN \\,_1 .
i ! R
1500 — \ "&O ]
% B _Vg\\\ \\\\ T
Y1000 {— RS N tan%,3 = 1.50 —
I o, \ ]
o
L . . tan®0,, = 1.40
BOQ [y NG RSy -
—1 1 I 1 1 1 L ——1"’4'—/:1:‘1"1’ 1 1 1 1 I 1 1 1 | 1 _1_:
160 180 200 220 240
u (GeV)
C13C12 C13512 513
—8523513512 | —S23513512 1+ €23C12 | $23C13
—C23513C12 | —€23513512 — 523C12 | €23C13

from where the atmospheric, solar, and reactor angles can be obtained.
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Conclusions

Supersymmetry with Bilinear R-Parity Violation
provides a framework for neutrino masses and mixing
angles compatible with experiments.

In Split Supersymmetry with BRpV the Higgs boson
forms the only and crucial loop, and trilinear RpV
couplings are esentialy irrelevant.

Neutrino parameters can be extracted from collider
physics, specially from neutralino decays.
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Effect of the Decoupling

For simplicity, we assume all sneutrinos very heavy and neglect the running from .
The CP-even and CP-odd Higgs loops depend on the couplings:

0 0
Fl Fl
H A
0 0
F F,
= 1O} = —i (Qf'ca — S}!'sa) = Of"ys = (Qff'sp — Sil'cp)¥s
0 0
Fl Fl
h G
0 0
F F,
= zO?j”h =1 (Q?]”s(x - S?]”c(x) = O;?].”Gy5 = —(Q?j”cﬁ — S?].”sﬁ)yg;



Effect of the Decoupling

The loops involving the k" neutralino contribute with

m. o
o _ X vxH ~vxH p0kH vxh ~Vvxh p0kh

VXA AVXAROKA — AVXG AVXG ROkG
Oy O Bo Oy Ojic " Bo }

and in the limit of degenerate scalars and pseudoscalars:
vxH ~vxH vxh ~Vvxh VXA ~VXA vxG AvXG
Oy O + 0705 = 0077 = 0y~ 07™ =0
obtaining a cancellation between scalars and pseudoscalars. In Split Susy H and A
are decoupled. The contribution to the neutrino mass matrix is,

m. o
0 _ Xk vxh ~AvxhpOkh  ~vxG ~VvxG p0kG
AT, = — 2 O O7X B — O}XCO3XC B |

and in the limit of degenerate scalars and pseudoscalars:

vxh ~vxh vxG AVvXG VX VX VX VX
O O — O 70 = =2spcp(Qy S i + Qi Si”)

and the cancellation is incomplete. . p.24/31



Sugra: Three Neutrinos

Based on work by,
M.A. Diaz, Clemencia Mora, and Alfonso Zerwekh
Eur.Phys.J.C44,277(2005)
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Sugra Parameters at the GUT Scale

Sugra is characterized by the following parameters, all
defined at the GUT scale, except for tan 3 which is
defined at the SUSY scale:

mo: Universal scalar mass.
M j»: Universal gaugino mass.

tan [3: Ratio between vev's.
Ap: Common trilinear coupling.
sign(w): Sign of higgsino mass.

In BRpV we add ¢; and A; as input at the SUSY scale.
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Neutrinos in Supergravity

Solutions to neutrino physics in a Sugra model with
universal soft terms at the GUT scale, except for €; and
B;(= A;), which are free at the weak scale.

mSUGRA: tanf=10, A=—100 GeV, u>0

R80T

Input:

e1=—0.0004 GeV :
e,= 0.052 GeV 260
ez= 0.051 GeV

_70

tan®, ~ 0.52

250

M, , GeV

240

A= 0.022GeV? |
Ay= 0.0003GeV> *}
Az= 0.039GeV? @of——




Sugra: scanh on neutrino parameters

For a fixed sugra point in parameter space, ¢; and /\; are
randomly varied, accepting solutions with good masses

and mixing angles.

Spectrum:
m(x))=99 GeV
m(x;)=175GeV

m(t;)=376 GeV
m(by)=492 GeV
m(h)=111GeV
m(H>)=408 GeV

0.20

mSUGRA: tanf=10
m,=100 GeV
M, »=250GeV

u>0
E & A=-100 GeV  :
= + =
= T 4 E
I I I I |
0.02 0.05 0.10 0.20 0.50 1.00
K| (GeV)
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Sugra scenario predictions

Sugra benchmark predicts,

Am? = 2.7 x107°eV?, tan® Gym = 0.72,
Am?, =8.1x 107> eV?, tan” 6, = 0.55,
me = 0.0036 eV, tan? 013 = 0.0058

within experimental bounds.
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Atmospheric Mass
The atmospheric mass can be approximated as

3 2 2
Am3, &2 \/_(A/\ + Ce3)Ce;

. o ST , SETTTTTTTTT T
explaining  the =.t Fe) s LE Ak
quadratic depen- s T g o
dence of Am3, Pl SNehd g
on . and N T T P PN 0:|....|..Y..|....|-

d the mlld —-0.10 -0.05 (()(.::)OV) 0.05 0.10 —-0.10 -0.05 ?GOOV) 0.05 0.10
dn €z (L€ €3 (Ge
p)

dependence on
g SR AN ¢ SEFTTETTTTT N
: = 4f = 2 aE Y FaNe
A ~ 8eV/GeV* o S — AN
~ 3 E R S E
BN_l eV/GeV g 1;_ ] g 1;_ ]
) = AP IR B B oblov e b by by |

C~9eV/GeV?

-0.10 -0.05 0.00 0.05 0.10

A, (GeV?)

-0.10 -0.05 0.00 0.05 0.10

As (GeV?)
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Atmospheric Angle
The atmospheric angle can be approximated as
2C€2€3 (0) 2/\2/\3
tan 20,, =
ANt Cl@—a) |” s = e

tan 2923

30— llllllllllllllllll: S.O:IIIIIIIIIIILIIIIIII

2.55—1+ (af 3 2.5 N (O

|f 62 — 0 then g2 i o 2OF TS
c\z 1.5 % § c\cz: 1.5 Ny Y —

tan’0,; — 0, as £t & i3 g0k F % 3

0‘5;-————:'% ————————— £ — 0.5%" _____________ "i
seen in frame 2L N T 1 T

-0.10 -0.05 0.00 0.05 0.10 '-0.10 —-0.05 0.00 0.05 0.10
(a) €z (GeV) €5 (GeV)

RS TN 0 I o o e o o o o o o o o e e e R0 0 I o o o o o e e e e e
If th - A - )
en : (c) 3 - ()

as seen in frame 3%.°C ER 1 -

(b) 0-52“ --------------- * 0.55_ ___________________ ‘

0.0 0.0
-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10
A, (GeV?) As (GeV?) p.31/31
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