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R-violati_ng Superpotential

e The superpotential of the MSSM with lepton number violation is

W = p'H,Lr + \V*L L, Ef + X7 L,Q,D¢ + WCH.QAE (1)

where L; = (Hy, L;)

pr = (ko pi), 3h2* = A0k Xidk = \ijk \1Opg — pPe )'ig — )irq,

1 - X1 T
Ehr‘—AT’Ab""-hbJ

o =

W = pu'H,Li + M L;L;E° + N'L,QD¢ + h H,QU* (2)
)
and the soft SUSY breaking terms as _

Veost = mgHIH, + L"[i3);,L’ + B'H,L,
+ AH,QU+ ASL'QD° + A L;L,E* + h.c.

By % BPJ (3)
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Basis Invariants
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e 7 MNEN . % _
53]1% Lo i v _y )ik (5)

We calculate the neutrino mass matrix ele-
ments by:

e basis-independent calculation of one-loop di-
agrams propagating MSSM mass eigenstates

e bilinear R-parity violating masses are included
in the mass insertion approximation (~ masses

are small, can be done perturbatively)
L>  dived courbraiit on RPV from Y datz |

‘s Jeaw' vah._n{: +5

%‘;ms: HIX U'I
Il v)
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Iree level neutrino mass is non-zero if §,, # 0:

which gives a mass

mg* = ¥(6,)°Za3|ul* /m, (7)

}a

Figure 1: Tree-level neutrino mass in the mass insertion approximation
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Diagrams

® two scalar-fermion-fermion couplings at the
vertices of the loop

e two AL = 1 interactions

® loop can contain coloured or colour-singlet
charged or neutral particles

e either two gauge couplings, one gauge and
one Yukawa/trilinear, or two Yukawa /trilinear
couplings at the vertices

e neutral loop can only have two gauge cou-
plings
e charged loop cannot have two gauge cou-

plings as AL = 2 is forbidden on a charged
line.

e charged loop can have one gauge and one
Yukawa at the vertices. Need gaugino-lepton
mixing on fermion line.
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Figure 2: Schematic repteseﬂtatmn of one-loop diagrams contributing to
neutrino masses. The blobs indicate possible positions for R, interactions,
which can be trilinears (at positions II and VII) or mass insertions. The
misalignment between ji and 7 allows a mass insertion on the lepton /higgsino
lines (at points I, ITI, or VIII) and at the A-term on the scalar line (position
V). The soft R, masses appear as mass insertions at positions VI and IV
on the scalar line. Figure a) corresponds to the charged loop with trilinear
couplings A (or h,) at the vertices. Figure b) is the coloured loops with

couplings. Figure c;) is the neutral lﬁm with two
gauge aﬂd a Yw soupling am occurs if g_uggﬂgs mix mth
chareed lentons—that is 1f 0., :;é 0 999 alsa figure 3.
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No. || diagram position of R, 3 1672 msy sy [m,]? B
B a II VII Sk I e e,

.z N 3 II VII 30596309 (my,)? |
S C E A g25£3t5%mxmsgsy/4 2
4 b | I VII+II VIII 381037 + 62635%) (ma, )?RG |
5 ‘ ( II VI g 6;;11‘:”]:5# 6E(mﬂj hﬂ =¥ mﬂi hz) |
. R e I VII+II VIII (6,00 + 82,05*) (me, )*RE
F-y e § ¥ 0,0, (me; )" + (me,he)’)

8 | a ¥ 03" 05me, (hime, — him,,)

9 a IIT 'V 5;;6{;mg,jmei heh?

10 a 11T VIII 3287 ((me,hD) ™+ (me; h2)%)

11 a T Vi 105 (me, hl)? + 6165 (me, h)*

12 a 111 Vi1 85 0yme, (Me hl — me, )

13 a IIT VI (8502 hZhime,me, + 6%0° hihim, m,,)

14 d III IV (6502 (me,)? + 650'(m,,)?)

15 d IIT VIII 96303 ((m.,)” + (me,)?)

16 d T II1 9636 ((me,)” + (m?) ) |

17 d I VII gme,msysy (8,03 + 6505F)
3gma,msusy (0505 + G10%%)

18 d 111 VII zero for degenerate sleptons

19 c I VI+jv. VIl ggmggsy(ﬁiﬂt?; + 0:,0%) /4

20 d ry 96,67 ((me,)* + (me,)?)

21 d £ 1V 9(9,05(me,)* + 8,65 (me;)°)

Table 2: Estimated contributions to [m,]” from all the diagrams. In the
second two columns is the label of the diagram of figure 2, and the position
on the diagram of the two AL = 1 interactions. Column four is the “ba-
sis independent” estimated contribution to the neutrino mass matrix in the
flavour basis. All indices other than 7 and 7 are summed.
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Phenomenology
Neutrinos
Experiment | Am? (eV?) sin” 26 tan’ 6
~ Atmospheric | (2 — 5) x 1073 088-1 |-
MSW-LMA [ (2-70) x 10°° oy — % (2 — 40) x 107"
MSW-SMA | (0.4—1) x 1075 10% — 1072 | (1 —30) x 10~*
MSW-LOW [4x107°-2x1077]0.7 — 1 (1 —80) x 10!
Vacuum (1 —6) x 10710 0.5 — 1 (1—-190) x 10~*
Just-so | (4 — 10) x 10~12 B85 — 1 (3 — 30) x 10~
CHOOZ [>3x10° <o :

Table 1: Allowed mass squared differences and mixing angles for MSW-LMA,
MSW-SMA, MSW-LOW, Vacuum and Just-so oscillation solutions. Chooz
bound also shown. SNO data included.

The 3x3 rotation matrix from neutrino flavour
(f) to mass (m) eigenstates can be parametrised
by three rotations: me — R23(923)R13(913)R12(912).
Neglecting Majorana and Dirac phases,

Il

Vim

C12C13 C13512 513
—C23812 — C12513823 C12C23 — 512513523 (13523
523812 — C12C23513 —C12823 — C235128513 C13C23

(9)
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SoF—t R Model B

m,, = m08% 8% +m % (88 8% +6567) +m bipdl

(14)
where
m!Y = 8, *msysy
T S kT = | = mPOm®
o 1671" “” plmsusy = ‘g T o®
m® = 95
: 67r| B msusy
a = ﬁj Su and SB are unit vectors in {L'}
space.

5 and &g, are not required to be orthogo-
nal. An orthonormal basis would be ¢ , and ) B,

where

M.

S, = B — (6a - 5,)8

1L

(15)

So m,, can be written
m, = m,0,0) + mﬁB((SL(SJBL - 5ZB¢517&) + 777,}:-;(53&5]3l

cosp =0, - 0p.
m,, has two non-zero eigenvalues:
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e Hierarchical: AmZ, = m2 and Am?, =
m3

e Pseudo-Dirac: Am2,,, = m3, m3and Am?, =
m3 — ms.

SUppose (5‘1J, 53, 63) 1s rotated by an angle ~
with respect to (V33, Vas, Va3)

Q . .
e 65|*°msysy sin® p = (cos® ymy + sin® yms)
(16)
8 Mo
8,|°m (1 - ) =
i ’ 'msusy 167 COS? Ymsa + sin? Yms3
(17)
~ cosysiny(mg — mg3) a MaMs3
gl cosg'ym:-i— sin? yms \/16?!‘ (cos? ymgy + sin® yms)? (18
1 1 .
¥ |<5Ju = cosyV}3 + sin yVso (19)
1
1

5% , = —sinyVys + cosyVys (20)
e, |
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Hievarduica!  CHOOZ requires
spectrum Vg = cos Y62 — sinyd%, S 1.
E LMA ‘/:32 ~/ 1/\[
SO 0, = 71- siny, and 05, =~ 715(:057

V.3 is small due to a cancellation between 5‘3
al_’ld 5B_|_'

e SMA: both §5, and 03, may be small.

Cosmological attractive: would allow a BAU
produced before the electroweak phase tran-
sition to survive.

Primordial asymmetry stored in a conserved
quantum number to survive.

For B/3 — L. to be effectively conserved
before the phase transition,

By — pueB¢ $ 2 x 107"|u||B|  (21)

For 9, ~ 107%, 65 ~ 104, to generate the
atmospherlc and SMA solar masses, this is
satisfied for 56 <. dlordg $2x1072
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e For a hierarchical spectrum, for small values
of angle -y

cos® yms ~ sin® yms

o |6 ~ms = (Am2, V2 B de {5, 57)

@ |6B| ~ M9 — (Am )1/2..

solar

For all other values of ~

e ‘55‘ - (Amatm)l/z 6,._;{-;4* dﬂ{ ( ELL ) E\
e |6,| = (Am2, )1/2.

solar
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