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Basis independent neutrino masses in theRp violating minimal supersymmetric standard model
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We calculate the neutrino mass matrix up to one loop order in the minimal supersymmetric standard model
without R parity, including the bilinears in the mass insertion approximation. This introduces additional dia-
grams usually neglected in the literature. We systematically consider the possible new diagrams, and find a few
missing from our previous work. We provide analytic expressions for the mass matrix elements in the neutrino
flavor basis, which are independent of theHd2Li basis choice in the Lagrangian. We compare the contribu-
tions from different diagrams, and make ‘‘Lagrangian-basis-independent’’ estimates of when the new diagrams
need to be included. We briefly discuss the phenomenology of a toy model of bilinearR-parity violation.
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I. INTRODUCTION

The construction of a model which generates neutr
masses@1# requires some extension of the standard mode
possibility is the minimal supersymmetric standard mo
~MSSM! @2,3# without R parity. The quantum numberRp is
defined asRp5(21)L13B12S, whereL, B, S are the lepton
and baryon number and the spin of the particle, respectiv
@4#. In a generalRp nonconserving supersymmetric~SUSY!
version of the SM, the lepton number is not conserve1

which allows nonzero neutrino masses.
The main physical motivation for neutrino masses com

from the anomalous neutrino data from both solar and at
spheric neutrino experiments@5#. In the R-parity violating
(R” p) MSSM, one neutrino can acquire a tree level ma
through a seesaw effect from the mass matrix of the neu
nos and neutralinos@6#. In order that the rest of the neutrino
become massive, loop diagrams that violate the lepton n
ber ~by two units! must also be considered@7,8#. To generate
neutrino masses that fit experimental constraints we m
require thatDmsun

2 &1024 eV2, Dmatm
2 P@1023,1022# eV2.

For solar neutrino data there are several different possibil
for the relevant mixing angle~large or small mixing angle
solutions! while for atmospheric neutrinos the mixing ang
must be in the range sin22uatmP@0.85,1#.

The purpose of this paper is to provideexact, ‘‘basis-
independent’’ neutrino mass matrix elements, which
given in Appendix B. As far as we know this is the fir
basis-independent exact calculation of all the finite one-lo
diagrams that contribute to the neutrino mass matrix.
present complete analytic expressions for all of the diagra
and clarify how the neutrino mass matrix elements can
‘‘basis independent.’’ We discuss in detail when the differe
contributions to the neutrino mass matrix are relevant, id
tifying for both bilinear and trilinear contributions when the

1Baryon number is also in general not conserved; however,
will impose baryon number conservation by hand to avoid pro
decay constraints, see, e.g.,@9#
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must be included or can be neglected. We also place bou
on the new combinations of couplings constants that cont
ute to the neutrino mass. We discuss phenomenologica
sues for a toy model where theRp violation comes from the
soft SUSY breaking sector of the potential. We will discu
phenomenology in more detail in a subsequent publica
@10#.

In the remainder of this section, we review our notati
and previous work. In Sec. II we discuss what we mean
‘‘basis independent’’ neutrino mass matrix elements, w
we calculate, and how basis dependent it is. In Sec. III
discuss when the bilinears are important in the loop con
butions to neutrino masses. This is a detailed discuss
with generation indices, of results presented in@11#. In Sec.
IV we study the phenomenology of some simple biline
models. We conclude in Sec. V. Appendix A discusses wh
are the relevant diagrams that we include in our calculatio
In Appendix B the neutrino mass matrix elements are giv
in terms of MSSM parameters and basis-independent com
nations of coupling constants that parametrizeR” p . Addi-
tional Feynman rules for includingR” p in the mass insertion
approximation can be found in Appendix C. Numeric
bounds onR-parity violating parameters obtained from th
different diagrams are given in Appendix D.

In the MSSM, the down-type Higgs superfield and t
lepton doublet superfields have the same gauge quan
numbers, which means that they can mix if the lepton nu
ber is not conserved. Thus, we can construct a vectorLJ
5(Hd ,Li) with J:4.1. With this notation, the superpotenti
for the supersymmetric SM with theRp violation can be
written as

W5mJHuLJ1
lJKl

2
LJLKEl

c1l8JpqLJQpDq
c

1ht
pqHuQpUq

c . ~1!

We contract SU~2! doublets with«ab : «115«2250, «125
2«21521. TheRp violating and conserving coupling con
stants have been assembled into vectors and matrices iLJ

space: we call the usualm parameterm4, and identifyhe
jk

e
n
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5l4jk,2 andhd
pq5l84pq. We call the usualR” p masse i5m i .

Lower case roman indicesi , j ,k andp,q are lepton and quark
generation indices. We frequently suppress the capital
indices, writingmW 5(m4 ,m3 ,m2 ,m1). We also include pos-
sible Rp-violating couplings among the soft SUSY breakin
parameters, which can be written as

Vso f t5
m̃u

2

2
Hu

†Hu1
1

2
LJ†@m̃L

2#JKLK1BJHuLJ1AupsHuQpUs
c

1AJpsLJQpDs
c1

AJKl

2
LJLKEl

c1H.c. ~2!

Note that we have absorbed the superpotential param
into the A and B terms, e.g. we writeB4HuHd not
B4m4HuHd . We abusively use capitals for superfields@as in
Eq. ~1!# and for their scalar components.

In this notation where the Higgs boson joins the leptons
the fourth direction in$LI% space, the relative magnitude o
Rp violating and conserving coupling constants vary with t
choice of the Higgs direction.Rp violation can be understoo
geometrically: if all interactions in the Lagrangian agr
which direction is the Higgs boson~e.g.Ĥ5L̂4), thenRp is
a good symmetry. But if there is misalignment in$LI% space
between different couplings constants~for instancel8 ipq

Þ0 in the basis wherem15m25m350) thenRp is not con-
served. ThisR” p can be parametrized by basis independ
combinations of coupling constants@6,12–14#. These invari-
ant measures ofRp violation in the Lagrangian are analogou
to Jarlskog invariants which parametrizeCP violation.

Early work onR” p neutrino masses@7# used models where
the bilinear R” p could be rotated out of the mass term
(Bi ,m i ,m̃4i

2 , referred to as ‘‘bilinears’’! into the trilinear in-
teractions. Most subsequent analytic estimates@24# have fol-
lowed the calculation of@7# and neglected theR” p bilinear
masses in the loop contributions to the neutrino masses.
does not generate the complete set of one loop diagr
contributing to @mn# i j , so it is formally inconsistent. It
would be acceptable if neglecting the bilinear contributio
corresponded to neglecting loops suppressed by some
tional small parameter. However, the size of the bilinear
basis dependent, so what is neglected depends on the
choice, and this basis dependence of neutrino masses
caused some confusion in the literature.

In a previous paper@11#, we systematically analyzedDL
52 loop contributions to neutrino masses in the mass in
tion approximation@15#. This led us to identify new dia-
grams which have not been included in many analytic e
mates in the literature. We gave basis-independentestimates
for all diagrams using a common SUSY scale for allR-parity
conserving mass parameters, and calculated the neutral
diagram exactly~Grossman-Haber diagram!. We found that
Grossman and Haber had neglected diagrams in their ca

2We have changed convention with respect to factors of 2 inl
from our previous paper: we now putl/2 in the superpotential, with
l4i j 5he

i j .
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lation, suggesting that an exact basis-independent calcula
would be worthwhile. The mass insertion approximation
valid as we know experimentally that neutrino masses
small. It is a particularly transparent way to include the
linears, because theR” p Feynman rules can be read off th
Lagrangian, and all theR” p appears perturbatively in the nu
merator~‘‘upstairs’’! of each contribution. The relative con
tributions of different diagrams are easy to see. The m
point of our previous paper was that the issue of the ba
choice for calculating neutrino masses is transparent if
keep all contributions.

The bilinearR” p contribution to loops, as well as at the tre
level, has been included in@16–18#, where neutrino masse
are obtained, after the exact diagonalization of the mass
trices of all particles which propagate in theDL52 loops.
The bilinears mix standard model and SUSY particles, g
erating mass matrices of large dimension, so these result
partially numerical. They propagate tree-level mass eig
states in their loop diagrams. The discussion in Ref.@18#
includes gauge loops. Reference@17# has approximate diago
nalization formulas, calculated in the seesaw approximat
which is equivalent to the mass insertion approximation u
here; they have few diagrams and long mixing angle form
las, whereas we have more diagrams and only MSSM m
ing angles.

II. ISSUES OF BASIS

There is no unique interaction eigenstate basis for thY
521 fields~the components of theLi andHd superfields! in
the R” p MSSM. This means that the Lagrangian paramet
depend on an arbitrary choice of basis, or equivalently t
Lagrangians which differ by a rotation in$LI% space make
equivalent physical predictions. Observables cannot dep
on the choice of basis in the LagrangianL, so they must be
scalar functions of the vector and tensor parameters in$LI%
space. It is common in SUSY to study the dependence
physical observables on Lagrangian inputs. The basis de
dence of the Lagrangian makes this problematic inR” p mod-
els because a point in physical parameter space corresp
to different numerical inputs in different bases. So compar
results calculated in different bases is difficult.

The R” p in the Lagrangian can be parametrized in a ba
independent way by combining coupling constants, mas
and vacuum expectation values~vectors and matrices in$LI%
space! into scalar ‘‘invariants,’’ which are zero whenRp is
conserved. Physical observables can be expressed in term
these invariants and otherRp conserving quantities. For a
discussion of constructing invariants, see e.g.@12,11,14,19#.

Neutrino masses and mixing angles are measurable q
tities, so they must beindependentof the basis choice in the
Lagrangian. However, note that the mixing angles param
etrize the rotation between the neutrino and charged lep
mass eigenstate bases in lepton flavor space, so are defin
terms ofphysicalbases. This ‘‘basis dependence’’ cannot
avoided. We will therefore presentLagrangian basis inde-
pendentformulas for neutrino mass matrix elements@mn# i j
in the charged lepton mass eigenstate basis. The neu
masses and mixing angles can be computed from@mn# i j in
5-2
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BASIS INDEPENDENT NEUTRINO MASSES IN THERp . . . PHYSICAL REVIEW D 65 075025
this basis, so it contains all the measurable information.
first sight, it may appear self-contradictory to compute
called basis-independent formulas for mass matrix elem
@mn# i j which depend on the basis in which they are co
puted. The crucial point is that we want formulas for phy
cally measurable quantities, and we want those formula
be independent of the arbitrary choice of interaction eig
state basis in the Lagrangian. The@mn# i j are physical—they
can be calculated from the Maki-Nakagawa-Sakata~MNS!
matrix and the neutrino masses—and Lagrangian ba
independent.

The flavor basis can be written in terms of vacuum exp
tation values~VEV! and coupling constants, so neutrin
mass matrix elements in this basis are proportional to inv
ants. We list the four invariants relevant for neutrino mas
in Table I. The flavor basis is

Ĥd5
vW

v

L̂ i5
l i
•vW

ul i
•vW u

, ~3!

wherevW is the vector of vacuum expectation values in t
down-type Higgs sector and we impose the requirement

vW •l i
•l j

•vW }d i j . The lower case index labeling the matr
lk is the singlet lepton index:@lk# IJ5l IJk. So there are
three flavor eigenstates L̂ i in $LI% space: L̂J

i

5lJKivK /AvPlNPilNMivM ~no sum on i ).3 This corre-
sponds to the charged lepton mass eigenstate basis in
absence ofR” p . In this Rp-conserving casel4i j 5he

i j and
lki j50, where k,i , j :1.3. So l IJkv I5A2me

jk (I 54,J

5 j :1.3), vW •l i
•l j

•vW }d i j is the condition that the$eR
c % are in

the mass eigenstate basis, andl i
•vW are the charged double

eigenvectors. In the presence of bilinearR” p , the basis~3!
will not be exactly the charged lepton mass eigenstate ba
However, bilinearR” p masses are required to be small
neutrino masses, so the basis~3! is close to the charged lep
ton mass eigenstate basis. The smallness of suchdm

i terms is

3The capitalized index ordering onlNPi is becauseaW •l•bW

52bW •l•aW is an antisymmetric product. The transpose ofL̂ i is

2vW •l i /uvW •l i u.

TABLE I. The basis-independent invariants used to paramet
the R” p relevant for neutrino masses. They are zero ifRp is con-
served.dm anddB parametrize bilinearR” p . Note that these invari-

ants have signs: for arbitrary vectorsaW andbW , aW •l i
•bW 52bW •l i

•aW .

d m
i [

mW •li
•vW

umW uA2me
i

d B
i [

BW •l i
•vW

uBW uA2me
i

d l8
ipq[

lW 8pq
•l i

•vW

A2me
i

d l
i jk[

vW •l ilkl j
•vW

2me
i me

j
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crucial. We get basis independent formulas because we
clude theR” p masses as well as couplings in perturbati
theory. Our results are basis independent to or
(R” p coupling)2, and neglect higher order effects such as
difference between basis~3! and the exact charged lepto
mass eigenstate basis. We are also neglecting theR conserv-
ing contributions to squark and slepton flavor mixing mat
ces due toR-parity violating~RPV! parameters@20#, as their
effect is orderd4. This makes them irrelevant, since neutrin
masses are}d2. The R” p couplings which do not contribute
to neutrino masses at order (R” p coupling)2 should give the
most significant contributions to mn at order
(R” p coupling)4, as phenomenologically these couplings c
be larger.

A significant advantage of the basis-independent form
ism is that the neutrino masses can be computed in any
grangian basis, including those where the mass insertion
proximation is not valid. This could be easier than rotating
the ^ñ i&50 basis, because the VEV is a derived quant
calculated by minimizing the potential. For instance, co
sider a model where all theR” p is in BW andvW —that is, there is
a basis where all theR” p couplings other thanBi and^ñ i& are
zero. Clearly it is easier to evaluate invariants in this ba
than to rotate tô ñ i&50. The basis independent formalis
also makes it simple to compare results computed in dif
ent bases.

We include theR” p bilinears and theA1m tanb scalar
masses in the mass insertion approximation. This means
we treat all the R” p couplings and masses in perturbatio
theory, following the same approach as in Ref.@11#. We
propagate MSSM mass eigenstates~neglecting the scala
doublet-singlet mixing masses, which we include in the m
insertion approximation!.

The tree level neutrino mass is non-zero ifdmÞ0 @6#. The
diagram appears in Fig. 1 in the mass insertion approxim
tion. In the basis of Eq.~3!, it contributes a mass matrix

@mn# i j
tree52~mW •L̂ i !(

a

Za3* Za3*

mxa

~mW •L̂ j !, ~4!

which gives a massm3
tree5( i ,a(d m

i )2Za3* 2umu2/mxa
to the

neutrino

n̂3
tree5

d m
i

dm
L̂ i , ~5!

wheredm5A( i(d m
i )2, and the neutralino indexa runs from

1 to 4. The index ‘‘3’’ on Z corresponds to the interactio
eigenstateh̃u—see Appendix C for our conventions onZ.

e

FIG. 1. Tree-level neutrino mass in the mass insertion appr
mation.
5-3
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FIG. 2. Schematic representa
tion of one-loop diagrams contrib
uting to neutrino masses. Th
filled circles indicate possible po
sitions for R” p interactions, which
can be trilinears~at positions II
and VII! or mass insertions. The

misalignment betweenmW andvW al-
lows a mass insertion on the
lepton/Higgsino lines~at points I,
III, or VIII ! and at theA term on
the scalar line~position V!. The
soft R” p masses appear as mass i
sertions at positions VI and IV on
the scalar line.~a! corresponds to
the charged loop with trilinear
couplingsl ~or he) at the vertices.
~b! is the colored loops with trilin-
ear l8 or Yukawa hb couplings.
~c! is the neutral loops with two
gauge couplings, and~d! corre-
sponds to the charged loop wit
one gauge and a Yukawa cou
pling. This diagram occurs if
gauginos mix with charged
leptons—that is ifdmÞ0. See also
Fig. 3.
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Equation ~4! is equivalent to the usual formulamn
tree

5det@M (5)#/det@M (4)#, where M (5) (M (4)) is the R” p 535
neutralino and neutrino mass matrix~MSSM neutralino mass
matrix!, as can be seen by writingM (5) and M (4) in the
MSSM mass eigenstate basis with^ñ i&50.

Loop corrections to the neutrino mass matrix can be
vided into three categories. First, there are gauge and
Yukawa coupling loops which renormalize the mass
n3

tree—we neglect these because their effect is small@16#.
Second, there are loop corrections todm

i ~equivalently,m i

and/or^ñ i&) which can modify the direction ofn̂3—these we
partially compute and list in the Appendixes. They are ren
malization scale dependent, because they are loop co
tions to the tree mass. We are not interested in loop cor
tions to the tree mass, so we rotate these away. Thi
discussed in more detail in Appendix A. Finally, there a
finite loops which give mass to any neutrino. The third gro
has the most interesting loops, because they generate
for the two neutrinos who are massless at the tree le
Schematic representations of the one-loop neutrino mass
grams that we consider are reproduced in Fig. 2. This
slightly modified version of a figure from Ref.@11#. Each of
the four diagrams represents a number of Feynman diagr
This should be an almost4 complete set of one loop,DL
52 diagrams which generate mass matrix elements for

4We discuss in Appendix B why we neglect certain finite diagra
of the third type.
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neutrinos that are massless at tree level. The possible pl
on the diagram for the two required lepton number violati

interactions are labeledI . . . VIII. With the definition Ĥ}vW ,
lepton number violation is not possible at the charged lep
mass insertion in diagrams 2~a! and 2~d!. ~An sneutrino VEV
could provide lepton number violation at this point in a ba

where^ñ i&Þ0.!
In Appendix B we list all the possible loop diagram

giving exact formulas in a basis-independent way for ea
diagram’s contribution to@mn# i j . In Table II we summarize
the diagrams for the reader’s benefit and make basis inde
dent estimates by setting all the heavy masses to a un
scalemSUSY. The lists start with the canonical trilinear dia
grams, then the Grossman-Haber loop induced by the
bilinears, and finally all the additional diagrams which ari
when the bilineard m

i are included in the loops. For eac
diagram, labeled bya→d for the diagram category of Fig. 2
and by roman numeral identifying where theR” p should ap-
pear on the figure, we give an estimate of the diagram
terms of the invariants listed in Table I. We have added a f
relevant diagrams missing from the list in@11#.

To evaluate diagram 2~b! with R” p at points II and VII~this
is the usual colored trilinear diagram!, we identify the exter-
nal neutrino legs asL̂ i and L̂ j . At vertices II and VII sit
couplingslW 8sqDqp and lW 8tsQtr . ~The l8 indices are in the
quark mass eigenstate basis, and the matricesD andQ diag-
onalize the singlet and doublet squark mass matrices—
Appendix C.! The diagram is therefore

s

5-4
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@mn#k j523 (
s,q,p,r ,t,x,y

~ i L̂ k•lW 8sq!DqpQtr~ ilW 8ts
•L̂ j !~ iQyr* uÃd

yxuDxp* !~2umds
u!

3E d4k

~2p!4

i

k22mD̃
p
c

2

i

k22mQ̃r

2

i

k22mds

2
1~k↔ j !

52
3

16p2 (
s,p,r ,q,t,x,y

l8ksqDqpQtrl8 j tsl8Mss
vM

A2
Qyr* F ~lA!8Rxy

vR

A2
1

vu

A2
mRl8RxyGDxp* I ~mQ̃r

,mD̃
p
c,mds

!1~k↔ j !

~6!

52
3

16p2 (
s,p,r ,q,t,x,y

d l8
ksqd l8

j tsDqpDxp* QtrQyr* I ~mQ̃r
,mD̃

p
c,mds

!uÃd
xyuumds

u1~k↔ j ! ~7!

;2
3d l8

kspd l8
jps

8p2

umds
mdp

u

mSUSY
, ~8!

TABLE II. Estimated contributions to@mn# i j from all the diagrams. In the second two columns are the label of the diagram of Fig. 2
the position on the diagram of the twoDL51 interactions. Column four is the ‘‘basis independent’’ estimated contribution to the neu
mass matrix in the flavor basis. All indices other thani and j are summed.

No. Diagram Position ofR” p 16 p2mSUSY@mv# i j

1 a II VII d l
inkd l

jknmen
mek

2 b II VII 3d l8
iqqd l8

jqq(mdq
)2

3 c IV VI g2d B
i d B

j mxmSUSY/4

4 b I VII 1 II VIII 3(d m
i d l8

jqq
1d m

j d l8
iqq)(mdq

)2hd
q

5 a II VI d l
i jkmek

d B
k (mej

he
j 2mei

he
i )

6 a I VII 1 II VIII (d m
i d l

jkk1d m
j d l

ikk)(mek
)2he

k

7 a I V d m
i d m

j @(mej
he

j )21(mei
he

i )2#

8 a II V d l
i jkd m

k mek
(he

i mei
2he

j mej
)

9 a III V d m
i d m

j mej
mei

he
i he

j

10 a III VIII d m
i d m

j @(mei
he

i )21(mej
he

j )2#

11 a I VI d m
i d B

j (mej
he

j )21d m
j d B

i (mei
he

i )2

12 a III VII d l
j ind m

n men
(mej

he
j 2mei

he
i )

13 a III VI (d B
i d m

j he
j he

i mei
mej

1d B
j d m

i he
i he

j mej
mei

)

14 d III IV g@d B
i d m

j (mej
)21d B

j d m
i (mei

)2#

15 d III VIII gd m
i d m

j @(mei
)21(mej

)2#

16 d I III gd m
i d m

j @(mei
)21(mej

)2#

17 d I VII gmek
mSUSY(d m

i d l
jkk1d m

j d l
ikk)

3gmdk
mSUSY(d m

i d l8
jkk

1d m
j d l8

ikk)

18 d III VII zero for degenerate sleptons

19 c I VI1IV VIII g2mSUSY
2 (d B

i d m
j 1d m

i d B
j )/4

20 d I V gd m
i d m

j @(mei
)21(mej

)2#

21 d I IV g@d m
i d B

j (mej
)21d m

j d B
i (mei

)2#
075025-5
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FIG. 3. Some of the charged
g2l loops differ slightly from
Fig. 2~d!. The loops withR-parity
breaking at I,V and at I,IV are
shown here with the correct par
ticle labels.
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where Ãpr52@(Al8)RprvR1vumRl8Rpr#, and we work in

the down quark mass eigenstate basis:l8W st
•vW is diagonal.

The integrals I are listed in Appendix B. The last line corr
sponds to the last column of Table II. Note that we do n
divide by 2 when we symmetrize oni and j, because the
diagram withi↔ j is different. This agrees with@17,18#5 and
disagrees with@8#. It is clear in the mass insertion approx
mation that one should not divide by 2, because in one c
n i couples toD̃c and in the other case toQ̃. In the mass
eigenstate formalism, one can see that these are distinct
grams not included in the sum overp,r ,s by considering the
case where onlyl8132 andl8223 are non-zero.

In our previous paper we were unclear about whether
charged goldstone boson of SU~2! could mix with the$Ec%.
This was due to various sign discrepancies in the literat
As expected, the goldstone is pure SU~2!—so there is no
loop diagram propagating aWm that is proportional to a
gauge times a Yukawa coupling.

III. WHEN ARE THE BILINEARS IMPORTANT
IN LOOPS?

Bilinear contributions to loops have traditionally been n
glected, which intuitively seems reasonable if they a
‘‘small’’ in a ‘‘sensible’’ basis close to the MSSM mas
eigenstate basis. However, this apparently reasonable o
sight is confusing, because the size of what is neglected
pends on the basis choice. In this section we provide ba
independent conditions for when the bilinears can

5We thank E.J. Chun for a discussion of this point.
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neglected in the loops—assuming the mass matrix elem
are then calculated in a sensible basis where the bilinears
small. These are not hard and fast rules, but estimate
when the extra bilinear diagrams should be included.

A slightly different approach would be to consider th
relative size of all the diagrams, and catalogue all the perm
tations of which diagrams should be included and which
glected. For instance, it is possible that the trilinears are n
ligible with respect to the bilinear diagrams, or that thel
trilinear contributes only a small correction to thel8 trilin-
ear, and can be ignored. Here we assume that the trilin
contributions are always calculated, because they take l
effort. Then we ask whetherdB should also be included—
this is a few more diagrams. Finally we consider adding
dm contributions, which is many more diagrams. We do n
specifically discuss the case wheredm should be included bu
the dB contributions are insignificant, because thedB dia-
grams are relatively little work compared to the manydm
diagrams.

In our previous paper, we outlined three cases:
Case A: all the bilinear contributions to loop diagrams a

negligible. In this case the loop contributions to the neutr
mass matrix are the usual trilinear diagrams of Figs. 2~a! and
2~b!.

Case B:dm is negligibly small, butdB should be included.
In addition to the diagrams of case A, one should consi
the neutral Grossman-Haber loop of Fig. 2~c!, and possibly
the dB mass insertion to Fig. 2~a!.

Case C: Include all bilinearR” p contributions. There are
additional contributions to diagrams in Figs. 2~a!, 2~b!, and
2~c!, and new diagrams in Fig. 2~d! and Fig. 3.

We determine basis-independent criteria for when the
linears can be neglected in the loops by comparing our e
mates of the size of each diagram from the last column
Table II. A diagram should be included if its contribution
5-6
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BASIS INDEPENDENT NEUTRINO MASSES IN THERp . . . PHYSICAL REVIEW D 65 075025
of order of the trilinear loops—however, we want to avo
comparing bilinear loop corrections of the tree mass~which
are irrelevant!, with the trilinear loops contributing masses
neutrinos which are massless at tree level. So we disting
two cases:mtree&mloop, andmtree@mloop.

If mtree&mloop, we simply compare bilinear to trilinea
loop mass matrix elements. Sinced m

i is not large enough to
producemtree*mi j

loop , it is negligible in the loops, so we ar
in case A or B.

If mtree@mloop, we consider only the loop mass matr
for the neutrinos that are massless at tree level. We com
the bilinear and trilinear contributions to this sub-matr
Cases A, B, or C can arise ifm3

tree@mloop.

A. Case B—including the soft bilinearBi

We first consider whendB should be included in the
loops. The Grossman-Haber~GH! loop is of order6 mn

i j

;g2d B
i d B

j mx /(64p2), which is potentially large because it
proportional to gauge rather than Yukawa couplings. Re
that the canonical trilinear diagrams are of ordermn

i j

;d l8
i33d l8

j 33mb
2/(8p2mSUSY).

If the tree mass is small,mtree&mloop, then the
Grossman-Haber loop should be included if it is of order
trilinear loop. This will occur if

g

2
d B

j *d l8
jqpAhd

qhd
p, d l

jklAhe
khe

l , ~9!

or the condition to neglectdB can be roughly estimated as

d B
j !d l8

j 33hb ,d l
j 33ht ~mtree&mloop!. ~10!

Alternatively, if mtree@mloop, we are only interested in th
loop contributions to the mass of neutrinosn2 and n1 who
are massless at tree level: ifBW is aligned withmW , then the GH
loop is a correction to the tree-level mass, and can be
glected along with other such loops.BW can be decomposed i
components parallel and perpendicular tom:

BW 5BW'1BW i , ~11!

with BW i5(BW •mW )mW /umW u2. The part of the Grossman-Habe
loop proportional tod Bi

i d Bi

j is a loop correction to the tre

massmtree. Thed Bi

i d B'

j terms mixn tree with n2 andn1, so

induce a ‘‘seesaw’’ mass forn1 and/orn2 which is negligible
for mtree@mloop @see the related discussion following E
~18!#. The mass matrix from the GH loop forn1 and n2 is
therefore

@mn# i j }
d B'

i d B'

j

64p2
mx . ~12!

6We are neglecting flavor violation among the sneutrinos, wh

could induce a significant loop mass even ifBW .bmW @21#.
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This will be comparable to or greater than the trilinear loo
when

g

2
d B'

i 5
g

2 S d B
i 2

BW •mW

uBW uumW u
d m

i D *d
l

'8
jqpAhd

qhd
p, d l

jklAhe
khe

l .

~13!

We define d
l

'8
jqp

5d l8
jqp

2d m
j (lW 8qp

•mW )/umW u. This translates

roughly into the condition thatdB can be neglected in the
loops if

d B'

i !d
l

'8
i33

hb ,d l
i33ht ~mn

tree@mn
loop!. ~14!

B. Case C—includingµi

The tree-level neutrino mass is;( i(d m
i )2mx , so if d m

i is
relevant in the loops, thenmloop!mtree. The additional dia-
grams proportional tod m

i should be included if they induce
loop mass forn2 andn1 greater than or of order the trilinea
or GH loops.

We first consider the variousd m
i contributions to

diagrams ~a! and ~d! of Fig. 2 which are of order
;@d m

i (he
i )2#@d m

j (he
j )2#mSUSY. Generically the vector

(dm
t htht, dm

mhmhm, d m
e hehe) will not be aligned with

(dm
t ,dm

m ,d m
e ), so thedm bilinear contributions should be in

cluded if

d m
i ~he

i !2*d l
jklAhe

khe
l ,d

l
'8

jpqAhd
phd

q,

i , j ,k,l ,p,q not summed. ~15!

A rough guide to when thesedm corrections can be neglecte
is therefore

d m
j ht!d l

i tt ,d
l

'8
i33S hb

ht
D . ~16!

There are also bilinear loop contributions of the form

@mloop# i j ;@d m
i ~he

i !2#@d m
j #mSUSY ~ i , j P$t,m,e%!.

~17!

These initially appear more significant, because they are o
suppressed by two, rather than four, trilinears or Yukaw
However,mn

loop!mn
tree andn̂ tree}(dm

t ,dm
m ,d m

e ), so contribu-

tions of the form of Eq.~17! mix n̂ tree with n2 andn1. These
latter two neutrinos, which are massless at tree level, th
fore acquire a seesaw mass of order

@mloop# i j ;(
k

d m
i ~he

i !2mSUSY

~d m
k !2

udmu2mSUSY

3~he
j !2d m

j mSUSY

;@d m
i ~he

i !2#@~he
j !2d m

j #mSUSY

~ i , j P$t,m,e%!. ~18!
h

5-7
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SACHA DAVIDSON AND MARTA LOSADA PHYSICAL REVIEW D 65 075025
This is the mass matrix structure we considered before
~15!, and will make a significant contribution if Eq.~15! is
satisfied. So Eq.~15! is the condition for whendm bilinears
should be included in loops, or equivalently, Eq.~16! is a
rough estimate of when thedm loops can be neglected.

IV. PHENOMENOLOGY

In this section we briefly consider the constraints that c
be set onR” p couplings from solar and atmospheric neutri
data. We follow the approach of Refs.@22,23#, who set
bounds onR” p models corresponding to case A—mode
where the bilinears are negligible in loops and neutrino lo
masses are due to trilinear couplings. We discuss here a
model where theR” p is in the bilinears, and thedB loops
make a significant contribution to@mn# i j ~case B of the pre-
vious section!. We leave case C—wheredm should be in-
cluded in the loops—for a subsequent analysis@10#. We
would like to establish bounds on the different set of ba
independent combinations of coupling constants that con
ute to the neutrino mass matrix. These bounds are more
dicative of orders of magnitude than steadfast constraints
order to proceed we make the following assumptions. F
we use the results of Ref.@22#, which constrain a general 3
33 symmetric mass matrix from neutrino data consideri
atmospheric and solar neutrino experiments, the CHOOZ
periment and the constraint from neutrinoless double b
decay. The overall conclusion of this analysis is that the m
matrix elements should be constrained to be on the orde
u@mn# i j u&0.1 eV. Here we present our bounds allowi
each individual matrix element to take on the maximu
value of 0.1 eV. This simple approach can be extended
obtain bounds when we include combinations of contrib
tions to the neutrino mass matrix fromd m

i , d B
i , d l

i jk , for
any given model which contains theseR-parity violating
terms originally in the Lagrangian.

Secondly, we assume that each of the contributions fr
the diagrams that we have found is separately the un
contribution at a given time.7 In this way we are trying to
obtain theweakestconstraint on the basis-independent co
bination of coupling constants. That is we allow each se
rate contribution to take on its maximum value. We can th
choose from all of the bounds which is the strongest c
straint on a given combinations of coupling constants.
also assume, unless otherwise indicated, that all supers
metric mass scales are the same of ordermSUSY. The next
approximation we make is that when we sum over neutr
nos or charginos there is no suppression arising from
mixing angles. We also assume that the magnitude of
R-parity violating couplings constants to be generation bl
separately. That is, allBi to be of the same order of magn
tude, and similarly form i , l i jk , l i jk8 , but we do not suppose
beforehand thatR-parity violating coupling constants arisin
from different terms in the Lagrangian are also of the sa
order of magnitude. The numerical results for all diagra

7This may be incorrect in a poorly chosen basis, where differ
diagrams cancel each other@10#.
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are summarized in Appendix D.
As we can see from the tables in Appendix D the stro

gest bounds for the combination of basis-independent c
pling constantsd B

i d B
j arises from the Grossman-Haber di

gram:

d B
i d B

j ,3310210. ~19!

For d B
i d m

j the best bound comes from diagram 19, which
the neutral Grossman-Haber loop with onR-parity violation
at points I and VI:

d B
i d m

j ,7310210. ~20!

~We use tanb52 and a genericmSUSY;100 GeV for both
these bounds.! The strongest constraint ond m

i d m
j is from the

tree-level mass:

d m
i d m

j ,10212. ~21!

For comparison, we list the bounds which can be deriv
from the remaining diagrams in Appendix D.

A. Toy model

Suppose we only allow the presence of the bas
independent combinations of coupling constantsd m

i andd B
i .

A nonzero value ofd m
i can arise either from havingm iÞ0 or

^ñ i&Þ0, so this model could arise if all theR” p originates in
the soft SUSY breaking termsBi , which induces a misalign-
ment between the VEV and superpotential couplings.~This
would inducedl8;hbdm and dl;htdm , which we neglect
because we assume our model to be in case B, where co
butions of this size can be neglected.! This differs slightly
from the usual bilinear model, discussed in detail in@16–18#,
where theR” p originates in the GUT-scale misalignment b
tween mW and the trilinears, so thatBW becomes misaligned
with respect tomW while running down to the weak scale
From the results of Appendix D we see that the relev
contributions to the neutrino mass matrix will arise from t
tree level contribution plus diagrams 3 and 19. The up
boundd m

i &1026 from the tree level mass contribution en
sures that~for low tanb) the remaining diagrams, which in
principle contribute to the neutrino mass matrix throu
mass insertions ofd m

i in the loops, are negligible.
With these three contributions we can obtain neutr

masses in the phenomenologically interesting region wh
can simultaneously satisfy atmospheric and solar neut
data constraints. There are several ways to see this. The
mass matrix using our simple approximations is given by

mn
i j 5mSUSYd m

i d m
j 1a1mSUSYd B

i d B
j 1a1mSUSY

3~d B
i d m

j 1d B
j d m

i !, ~22!

where a1.g2/64p2. Certain subcases of this mass mat
can generate neutrino mass textures, which have been
lyzed in the literature, that can produce neutrino masses
mixing angles in accordance with present neutrino data. A
simple example, we see that if we setdB

350, and neglect the
t

5-8
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BASIS INDEPENDENT NEUTRINO MASSES IN THERp . . . PHYSICAL REVIEW D 65 075025
dmdB term in Eq. ~22!, then the structure of the neutrin
mass matrix corresponds to the one analyzed in case
Ref. @23#. In this case the neutrino mass matrix at one-lo
consists simply of the tree-level term plus a correction to
1-2 submatrix. The subcase analyzed in Ref.@23# had this
same structure but the loop correction was due to the trilin
diagram.

It is well known that the tree level contribution can giv
mass to only one of the neutrinos. Together with the lo
contributions one of the neutrinos will have a mass

mn3
5mSUSY(

i
ud m

i 1Aa1d Bi

i u2, ~23!

where we have used the decompositionBW 5BW'1BW i of Eq.
~11!.

The sub-mass-matrix for the remaining two neutrinosn1

andn2 is given by

mn
i j 5a1mSUSYd B'

i d B'

j . ~24!

Terms of the formd B'

i d m
i mix the heaviern3 and the lighter

(n1,n2). It can be seen from Eq.~18! that the seesaw mas
generated from this mixing is suppressed, given our cho
of SUSY parameters, compared to the direct loop contri
tion given in Eq. ~24!. So in this case, this model corre
sponds to case 1 of@23#. This simple example8 shows that a
hierarchical neutrino mass spectrum, which satisfies at
spheric and solar neutrino data constraints, can easily be
tained by takingudm1Aa1dBi

u;few31026 and d B'

i ;few

3102621025. This gives us a massless neutrino and t
massive neutrinos such thatDmatm;mn3

2 and Dmsolar

;mn2

2 . It is also possible to obtain other types of spectra

different input values.

V. CONCLUSIONS

There are many diagrams which can contribute to the n
trino mass matrix in the framework of the MSSM withoutR
parity. In general, in the literature only a few of these ha
been considered. In the present paper we have obtaine
full analytic expression for the different diagrams contrib
ing to the neutrino mass matrix fromR-parity violating bi-
linear and trilinear coupling constants. We have expres
each contribution in terms of basis-independent comb
tions of couplings. We have discussed the values of the v
ous couplings for which the separate diagrams make sig
cant contributions to the neutrino mass matrix. We ha
presented bounds on combinations of the basis-indepen
couplings constants from neutrino experimental data,
shown that a simple toy model of bilinearR-parity violation
can successfully accommodate the necessary mass-sq
differences to account for the neutrino oscillations.

8We leave a more detailed numerical analysis for future work
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APPENDIX A: RENORMALIZATION—WHICH
ARE THE FINITE LOOPS

In these appendixes we present the one loop contribut
to the neutrino mass matrix,excludingthe one-loop correc-
tions to the tree level mass, because we are interested in
one-loop masses for the neutrinos that are massless at
level. We identify these loops in Appendix A. In Appendix
we systematically list all diagrams and give the exact expr
sions that contribute to the neutrino mass, ordering them
the roman numerals that identify, in Fig. 2, where the tw
units of R” p are. The amplitudes in Appendix B are ‘‘basi
independent,’’ that is they are expressed in terms of inv
ants and MSSM parameters. Notice that the neutrino m
matrix elements areminus the amplitude for the diagram
@mn# i j 52Mi j (p250), so our formulas are for2@mn# i j .
We present theR” p Feynman rules in Appendix C. Appendi
D contains our numerical results for bounds placed on co
binations of basis-independent couplings constants from n
trino data.

We wish to neglect loop corrections to the tree level ma
because we do not need such accuracy and because we
to avoid the issue of renormalization. We therefore negl
all diagrams involving gauge bosons and those withR” p at I
and VIII. We initially expected the remaining loops to b
finite, because they could contribute mass to the neutri
who are massless at tree level. However, diagram 17@Fig.
2~d! with R” p at I and VII# is renormalization scale (Q2)
dependent. In this appendix we show that the offend
Q2-dependent diagram is a loop correction to the tree m

The tree mass matrix can be written

@mn# i j 5m3
tree~ ê3

tree! i~ ê3
tree! j ~A1!

whereê3
tree is the eigenvector associated withm3

tree . At one
loop, both the mass and eigenvector are modified:

@mn# i j 5~m3
tree1Dm3!~ ê3

tree1Dê3! i~ ê3
tree1Dê3! j .

~A2!

We do not want to include loops contributing toDm3 or Dê3.
We do not calculate gauge loops and diagrams withR” p at I
and VIII, which contribute toDm3. However, there are also
loop corrections which change the direction ofê3, that is
loop corrections to the angles in the rotation matrix whi
diagonalizes the 737 neutral fermion mass matrix. Thes
loops are included in our calculation, and we want to ident
them and throw them out.

We work in the mass insertion approximation, in the fl
vor basis where (L̂ l)

J}lJKlvK . This is the basis where th
charged lepton mass matrix is diagonal in the MSSM. So
care is required in determining the$v I%. For one-loop neu-
5-9
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SACHA DAVIDSON AND MARTA LOSADA PHYSICAL REVIEW D 65 075025
trino masses, it is sufficient to use the VEV$v I% that mini-
mize the tree level potential. To identify the one-loop corre
tions to the tree mass, we must use some one-loop choic
the $v I%. There are various possibilities, for instance, w
could use the VEVs that minimize the one-loop effecti
potential, or we could use the tree1 one-loop masses tha
mix neutrinos andh̃d

o with gauginos. We opt for the latter
because in such a basis it is easy to separate the loop co
tions to m3ê3

Tê3 from the loop massesm2 and m1. So we
choose a basis where there are no tree and one-loop
terms mixingw̃o with n i . This means that there will be sma
tree-level sneutrino VEVs which cancel the one-loopw̃on i
mass. These VEVs are formally of one loop order, so
irrelevant inside the loops, because their contribution wo
be of two loop order. The contribution of these sneutri
VEVs to the numerical value of the tree level mass is als
higher order effect and therefore negligible. The one pl
these VEVs must be included is in the one-loopn i b̃o mass,
where the tree level sneutrino VEV contribution~formally
one loop order! cancels the scale dependent part of the o
loop n i b̃o mass, but leaves a finiten i b̃o mixing. These can
contribute to the loop massesm2 and m1, as can loop con-
tributions tohdn i mixing.

We know that in the flavor basis at tree level the neutr
mass is given by Eq.~4!. The one-loop expression will be th
same, in our present basis, provided we identify them i of Eq.
~4! with the tree1 one-loop mass terms that mixh̃u

o with n i .
Since we are only interested in the lowest order contributi
to neutrino masses, we only include the tree level contri
tion to m3. Knowing the one-loop corrections allows us
identify the finite loops that generate massesm2 and m1:
these will be loops without mass insertions on the exter
legs, and loops with one mass insertion that mixes a neut
with h̃d or b̃o. The loops mixing a neutrino withh̃d or b̃o are
finite in our present basis, as we show in Appendix B, d
gram 17.

In summary, we identify the loops contributing to on
loop neutrino massesm2 and m1 to be those without mas
insertions on the external legs, and diagrams with a m
insertion on one of the legs that mixes a neutrino with theb̃o

or h̃d
o components of a neutralino. The remaining loop d

grams, with a mass insertion on both external legs, or a m
insertion mixingn i with w̃o or h̃u are corrections to the tre
mass.

APPENDIX B: BASIS-INDEPENDENT DIAGRAM
AMPLITUDES

In this appendix we write the contributions to the neutri
mass matrix@mn# i j from each diagram in terms of MSSM
parameters and invariants. The latter can be evaluated in
basis.

We list all imaginable diagrams, and explain why som
are zero or negligible. We write the MSSM parameters in
mass eigenstate basis~but neglectingA terms in the scalar
mass matrices!, with diagonal quark and charged lepton ma
matrices. See Appendix C for definitions of the matric
07502
-
for

ec-

ass

e
d

a
e

-

o

s
-

al
o

-

ss

-
ss

ny

e

s
s

Z, U, V, L, E, Q, andD which respectively rotate the neu
tralinos, negative charginos, positive charginos, doub
charged sleptons, singlet sleptons, down-type doublet qu
and singlet down quarks from the interaction to the m
eigenstate basis.

We define

Ãml52L̂M
mS ~lA! IMl

v I

A2
1m I

vu

A2
l IMl D , ~B1!

with L̂m5lm
•vW /ulm

•vW u, see Eq.~3!. Similarly we define

Ãd
ml52S ~l8A! Iml

v I

A2
1m I

vu

A2
l8ImlD . ~B2!

Notice that the indices onÃ andÃd are in the charged lepton
and down quark mass eigenstate basis, respectively.

We also define

I ~m1 ,m2!52
1

16p2

m1
2

m1
22m2

2 ln
m1

2

m2
2

, ~B3!

I ~m1 ,m2 ,m3!5E d4k

~2p!4

1

k21m1
2

1

k21m2
2

1

k21m3
2

5
1

m1
22m2

2 @ I ~m1 ,m3!2I ~m2 ,m3!#,

~B4!

I ~m1 ,m2 ,m3 ,m4!5
1

m1
22m2

2 F 1

m1
22m3

2 @ I ~m1 ,m4!

2I ~m3 ,m4!#2
1

m2
22m3

2

3@ I ~m2 ,m4!2I ~m3 ,m4!#G , ~B5!

I ~m1 ,m2 ,m3 ,m4 ,m5!5
1

m1
22m2

2 @ I ~m1 ,m3 ,m4 ,m5!

2I ~m2 ,m3 ,m4 ,m5!#. ~B6!

1. lÀl diagrams—Fig. 2„a…

Rp violation at~I,VIII !: this is a loop correction to the tre
mass, so it can be neglected.

Rp violation at ~I,VII ! and ~II,VIII ! ~diagram 6!
5-10
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~ I ,VII !1~ II ,VIII !5 (
a,l ,k,m,p,n,q

d m
i d l

q jnmen
he

numuÃkp

3EnlEpl* LqmLkm*

3
Za3* Za4*

mx
a
o

I ~men
,mẼl

,mL̃m
!1~ i↔ j !.

~B7!

Rp violation at ~I,VI ! ~diagram 11!

~ I ,VI !52 (
a,l ,p,r ,q

d m
i d B

m~he
j !2mej

ÃqpuBuumu

3Ejl Epl* LmrLqr* tanb
Za3* Za4*

mx
a
o

3I ~mej
,mẼl

,mL̃r
,mH2!1~ i↔ j !. ~B8!

Rp violation at ~I,V! ~diagram 7!

~ I ,V!52 (
a,l ,k

d m
i umu2~he

j !2me
j me

kd m
k sin2b tanb

3Ejl Ekl*
Za3* Za4*

mxa

I ~mej
,mẼl

,mH1!1~ i↔ j !. ~B9!

Rp violation at ~I,IV !. This is not possible, because the
is no Rp-violating mass involving twoEc.

Rp violation at~I,II !. This is not possible;R” p at II requires
three incident leptons.

Rp violation at ~II,VIII !. This is included withRp viola-
tion at ~I,VII !.

Rp violation at ~II,VII ! from l couplings~diagram 1!

~ II ,VII !52 (
l ,m,n,r ,p,q,s

d l
inmd l

r jnmen
ÃsqEmpEpq*

3Lsl* Lrl I ~men
,mẼp

,mL̃l
!1~ i↔ j !. ~B10!

Rp violation at ~II,VI ! ~diagram 5!

~ II ,VI !5 (
m,n,s,p,q,r

d l
i jndB

r uBumej
he

j Ãpqtanb

3EnsEqs* Lpm* LrmI ~mej
,mẼs

,mL̃m
,mH1!

1~ i↔ j !. ~B11!

Rp violation at ~II,V ! ~diagram 8!

~ II ,V!52 (
k,l ,m

d l
i jkdm

mumumej
he

j mem
tanb sin2b

3EklEml* I ~mej
,mẼl

,mH1!1~ i↔ j !. ~B12!

Rp violation at ~II,IV ! is not possible because there is
R” p mass between twoEc.
07502
Rp violation at ~II,III ! is not possible;R” p at II requires
three incident leptons.

Rp violation at ~III,VIII ! ~diagram 10!

~ III ,VIII !52 (
a,b,k,l ,m,q,p

d m
md m

j umu2he
i Ãpqhe

mmem

3EikEqk* Lpl* LmlVa2* Ua2* mx
a
1

3
Zb3* Zb4*

mx
b
o

I ~mem
,mẼk

,mL̃l
,mx

a
1!1~ i↔ j !.

~B13!

Rp violation at ~III,VII ! ~diagram 12!

~ III ,VII !5 (
a,k,l ,m,n,q,p

d l
jnmd m

mumuhe
i Ãqpmem

Va2* Ua2*

3mx
a
1LnlLql* EikEpk* I ~mem

,mẼk
,mL̃l

,mx
a
1!

1~ i↔ j !. ~B14!

Rp violation at ~III,VI ! ~diagram 13!

~ III ,VI !52 (
a,k,l ,m,q,p

d m
j dB

mumuuBuhe
i Ãqptanbhe

j mej

3Va2* Ua2* mxa

1 EikEpk* Lql* Lml

3I ~mej
,mẼk

,mL̃l
,mH1,mx

a
1!1~ i↔ j !. ~B15!

Rp violation at ~III,V ! ~diagram 9!

~ III ,V!5 (
a,k,n

d m
n d m

j umu2tanbmen
sin2bmej

he
j he

i

3EikEnk* Va2* Ua2* mx
a
1I ~mej

,mẼk
,mH1,mx

a
1!

1~ i↔ j !. ~B16!

Rp violation at~III,IV ! is not possible because there is n
R” p mass involving twoEc .

Rp violation at~IV,VIII ! is not possible for the same rea
son as~III,IV !—no diagram withEc leaving VII and arriving
at V can haveRp violation at IV, so no diagrams withR” p at
~IV, . . . ! are possible.

Rp violation at ~V,VIII ! is the same as~I,V!.
Rp violation at ~V,VII ! is the same as~II,V !.
Rp violation at ~V,VI ! is not possible, because we cann

put two units of lepton number violations on one charg
line.

Rp violation at ~VI,VIII ! is not possible becauseH1 has
no Rp conserving mass withEc.

Rp violation at ~VI,VII ! is not possible becauseH1 has
no Rp conserving mass withEc.

2. l8Àl8 diagrams—Fig. 2„b…

Rp violation at ~I,VIII ! is a loop correction to the tree
mass.
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Rp violation at ~I,VII ! and ~II,VIII ! from l8 couplings
~diagram 4!

~ I ,VII !1~ II ,VIII !53 (
a,l ,k,m,q,p,r

d m
i umu

Za3* Za4*

mxa

hd
kmdk

3d l8
j rkDklDql* Qpm* QrmÃd

pq

3I ~mdk
,mD̃l

,mQ̃m
!

13 (
a,l ,k,m,q,p,r

d m
j umu

Za3* Za4*

mxa

hd
kmdk

3d l8
irkDklDql* Qpm* QrmÃd

pq

3I ~mdk
,mD̃l

.mQ̃m
!. ~B17!

Rp violation at II and VII froml8 couplings~diagram 2!

~ II ,VII !523 (
l ,k,m,n,p,r ,s

d l8
i lpd l8

jnlmdl
Ãd

srDpkDrk* Qnm

3Qsm* I ~mdl
,mD̃k

,mQ̃m
!1~ i↔ j !. ~B18!
07502
Lepton number violation is not possible inside a squa
loop, so the only additional effect that bilinearR” p can have is
to induce squark flavor violation at V. We neglect this b
cause the squark flavor violation is small:d m

i d l8
ipqumuvu . If

we take mn& eV then this implies d m
i &1025, so

d m
i d l8

ipqumuvu&d l8
ipq GeV2, which is negligible. We differ

here from Ref.@20#, where this flavor violation due to the
bilinears is included, but bilinear lepton number violation
not.

3. The Grossman-Haber diagrams—Fig. 2„c…

Rp violation at ~I,VIII ! is a loop correction to the tree
level mass, so it is negligible.

Rp violation at ~I,VI ! and ~IV,VIII ! ~diagram 19!. We ne-
glected this diagram in our previous paper—the express
for the amplitude is lengthy. In the interaction eigenstate
sis, the incident neutrino can turn into an up-type Higgsin
down-type Higgsino~gaugino!, which subsequently turns
into a gaugino and up/down Higgs boson~an up- or down-
type Higgs boson and Higgsino! at the vertex II. In mass
eigenstate basis, these possibilities generate a numbe
terms:
~ I ,VI !1~ IV,VIII !5 (
a,b,l ,m

g2L jl*

4 cosb
d m

i umu
Za3*

mx
a
o

mx
b
o~Zb2* 2Zb1* g8/g!dB

mLmluBu$2@Za4* ~Zb2* 2Zb1* g8/g!sina

1~Za2* 2Za1* g8/g!Zb3* cosa1~Za2* 2Za1* g8/g!Zb4* sina#cos~a2b!I ~mh ,mx
b
o,mñ l

!

1@Za4* ~Zb2* 2Zb1* g8/g!cosa2~Za2* 2Za1* g8/g!Zb3* sina1~Za2* 2Za1* g8/g!Zb4* cosa#

3sin~a2b!I ~mH ,mx
b
o,mñ l

!2@Za4* ~Zb2* 2Zb1* g8/g!sinb1~Za2* 2Za1* g8/g!Zb3* cosb

1~Za2* 2Za1* g8/g!Zb4* sinb#I ~mA ,mx
b
o,mñ l

!%1~ i↔ j !. ~B19!
in
Rp violation at ~IV,VI ! ~diagram 3!

~ IV,VI !5 (
a,l ,m,k,n

g2d B
md B

n uBu2

4 cos2b
~Za2* 2Za1* g8/g!2mx

a
o

3Lil* LmlL jk* Lnk$I ~mh ,mñ l
,mñk

,mx
a
o !

3cos2~a2b!1I ~mH ,mñ l
,mñk

,mx
a
o !

3sin2~a2b!2I ~mA ,mñ l
,mñk

,mx
a
o !%. ~B20!
4. gÀl and gÀl8 diagrams—Fig. 2„d…

We also include here theg2l8 loop, with sleptons and
leptons replaced by squarks and quarks in Fig. 2~d!.

Rp violation at~I, VIII ! would be a loop correction to the
tree level mass, so is negligible.

Rp violation at ~I,VII ! ~diagram 17!. This diagram, with

the R” p at I removed, corresponds to a mass mixingw̃on, or
b̃n. It is naivelyQ2 ~scale! dependent—see the discussion
Appendix A. We want to show that in the basis wherew̃on

masses are zero at one loop, theb̃n mass is finite. The basis
5-12
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we want is where the tree levelw̃on mass (5g^ñ i&/2) cancels the loopw̃on mass—so in this basis theb̃n mass is
2g8^ñ i& / 21 loop5 g8Za1* (the w̃on loop)/gZa2* 1 the b̃on loop, which is finite.w̃on mixing gives:

~ I ,VII !52 (
a,k,l ,m

gLkl*

A2
mek

umud m
i
Za3* Za2*

mx
a
o

Lmld l
m jkB0~0,mek

,mL̃l
!

23 (
a,k,l ,m

gQkl*

A2
mdk

umud m
i
Za3* Za2*

mx
a
o

Qmld l8
jmkB0~0,mdk

,mQ̃l
!1~ i↔ j ! ~B21!

and b̃2n mixing gives

2 (
a,k,l ,m

mek
umud m

i
Za3* Za1*

mx
a
o

H g8Lkl* Lml

A2
dl

n jkB0~0,mek
,mL̃l

!22
g8Ekl* Eml

A2
d l

k jmB0~0,mek
,mẼl

!J
23 (

a,k,l
mdk

m i

Za3* Za1*

mx
a
o

H g8Qkl* Qml

A2
d l8

jmkB0~0,mdk
,mQ̃l

!22
g8Dkl* Dml

A2
d l8

jkmB0~0,mdk
,mD̃l

!J 1~ i↔ j !. ~B22!

Using B0(p250,m1 ,m2)5I (m2 ,m1)2 ln(m1
2/Q2)11, one can see that the finite contribution tob̃2n mixing, which can

contribute to the loop neutrino massesm2 and m1 is the sum of the above two expressions~B21!,~B22! with
B0(p250,m1 ,m2)→I (m2 ,m1):

~ I ,VII !52 (
a,k,l ,m

g8

A2
mek

d m
i umu

Za3* Za1*

mx
a
o

$2d l
m jkLkl* LmlI ~mL̃l

,mek
!22d l

k jmEkl* EmlI ~mẼl
,mek

!%

23 (
a,k,l ,m

g8

A2
mdk

d m
i umu

Za3* Za1*

mx
a
o

$2d l8
jmkQkl* QmlI ~mQ̃l

,mdk
!22d l8

jkmDkl* DmlI ~mD̃l
,mdk

!%1~ i↔ j !. ~B23!

R” p at ~I,V! ~diagram 20!. The particle labels in Fig. 2~d! do not apply in this case. The incidentn i mixes with a gaugino,
and the internal fermion line is a Higgsino, orn i mixes with h̃u and meetsw̃1 at II. The scalar incident at VII is anEc,

~ I ,V!52 (
a,b,l ,m

d m
i d m

mumu2
g

A2

Za3*

mx
a
o
$~Za2* 1Za1* g8/g!Ub2* Vb2* 1Za3* Ub2* Vb1* %

3mx
b
1mem

he
j sin2b tanbEjl Eml* I ~mx

b
1,mẼl

,mH1!1~ i↔ j !. ~B24!
pa
n

al
to

to
R” p at ~I,IV ! ~diagram 21!. The neutrino can mix with a
gaugino, then there are two possibilities, which we list se
rately. Firstly, the internal fermion line can be a Higgsino. A

Ã insertion on the scalar line ensures that the incident sc
at VII is an Ec. The second possibility is for the gaugino

interact withl ,L̃ at II. In this caseH1 andec are incident at
VII. A third possibility is that the incident neutrinon i could
also mix with h̃u , which meets aw̃ at II, and emits aHu

1 .

~An Ã mass insertion on the scalar line, andmx1 on the
fermion line, ensures thatEc andh̃d arrive at VII.! This third
possibility is a loop correction to the tree mass~the loop,
without the external mass insertion, is a contribution
m in i h̃u

o), so we do not include it:
07502
-

ar

~ I ,IV !15 (
b,a,l ,m,p,q,r

d B
r d m

i umuuBu
g

A2

3
Za3* ~Za2* 1Za1* g8/g!

mx
a
o

3he
j Ejl Eml* ÃpmLrqLpq* tanb

3Ub2* Vb2* mx
b
1I ~mx

b
1,mẼl

,mL̃q
,mH1!1~ i↔ j !.

~B25!

The second possibility gives
5-13
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FIG. 4. Feynman rules for
mass insertions on external leg
The left-hand column is a more
correct representation; we use th
abbrieviated notation of the cen
tral column in Fig. 2.
y

ate

ry-

n a

a
ing

on

ged
ngs

he

go-
~ I ,IV !25 (
a,m,n

d m
i d B

n umuuBu
g

A2

Za3* ~Za2* 1Za1* g8/g!

mx
a
o

3mej
he

j tanbL jmLnm* I ~mej
,mL̃m

,mH1!1~ i↔ j !.

~B26!

Rp violation at I and III~diagram 16!. There are two pos-
sible diagrams withR” p at I and III. Firstly the neutralino can
arrive as ah̃d at vertex II, where aw̃2 is absorbed. Secondl
the neutralino can arrive as a gaugino, in which case theh̃d

2

part of the chargino is absorbed,

~ I ,III !52(
ab

d m
i d m

j umu2
g

A2
sin2bhe

j mej

3H Va2* Ua1* mx
a
1

Zb3* Zb4*

mx
b
o

2Va2* Ua2* mx
a
1

~Zb2* 1Zb1* g8/g!Zb3*

mx
b
o J

3I ~mej
,mH

1 ,mxa

1 !1~ i↔ j !. ~B27!

Rp violation at III and VIII ~diagram 15!

~ III ,VIII !52 (
ab,k,l

d m
k d m

j umu2
g

A2
Lil* Lklhe

kmek
Va2* Ua1*

3mxa

1
Zb3* Zb4*

mxb

o
I ~mek

,mL̃l
,mx

a
1!1~ i↔ j !.

~B28!
07502
Rp violation at III and VII in g2l loop; as noted in
Ref. @11# this is zero if the sleptons are mass degener
~diagram 18!

~ III ,VII !5 (
a,k,l ,m

d m
k umud l

m jk g

A2
mek

Va2* Ua1* mx
a
1

3Lil* LmlI ~mek
,mL̃l

,mx
a
1!1~ i↔ j !. ~B29!

Rp violation at ~III,IV ! ~diagram 14!

~ III ,IV !52 (
a,l ,k

d m
j d B

k umuuBu
g

A2
Ua1* Va2* mx

a
1mej

he
j

3Lil* LkltanbI ~mej
,mL̃l

,mH1,mx
a
1!1~ i↔ j !.

~B30!

Rp violation at~IV,VIII ! and~IV,VII ! do not exist because
a doublet slepton must come out of II, so no particles car
ing a lepton number would arrive at VII.

Rp violation at ~IV,V ! and ~IV,VI ! do not exist because
there cannot be two units of a lepton number violation o
charged line.

Rp violation at~V,VIII ! and~V,VII ! do not exist because
doublet slepton must come out of II, so no particles carry
a lepton number would arrive at VII.

APPENDIX C: CONVENTIONS AND FEYNMAN RULES

We take all coupling constants to be real. Indices
Yukawa couplings andA are in order doublet(d) singlet (s):
he

ds . We work in the mass eigenstate basis of the char
leptons and down-type quarks, where the Yukawa coupli
are diagonal and only need one index.

The MSSM neutralino mass matrix is diagonalized by t
matrix Zm f , with flavor eigenstate indexf:1 . . . 4 corre-
sponding to (2 iB̃,2 iW̃o,h̃u

o ,h̃d
o). The first indexm is the

mass eigenstate index. The chargino mass matrix is dia
-

FIG. 5. Internal charged line

mass insertions. Appendix C clari
fies these Feynman rules.
5-14



.

BASIS INDEPENDENT NEUTRINO MASSES IN THERp . . . PHYSICAL REVIEW D 65 075025
FIG. 6. Feynman rules for tri-
linear and Yukawa interactions
For the quarks, replacel i jk

→l8 i jk , Ek
c→Dk

c , (eL) j→(qL) j ,
and so on.
nalized by matricesU andV: U* MV†5Mdiag , so the posi-
tive ~negative! mass eigenstates arexm

15Vm fc f
1 @xm

2

5Um fc f
2#, wherec f

15(2 iw̃1,h̃u
1) andc f

25(2 iw̃2,h̃d
2).

The doublet and singlet charged slepton~down-type quark!
mass matrices are separately diagonalized by matricesL f m
and Ef m (Qf m and D f m), with an index order flavor
eigenstate–mass eigenstate. We include theA term mixing
between doublets and singlets in perturbation theory~the
mass insertion approximation!.
07502
We use MSSM Feynman rules from@3#, with additional
Feynman rules to include theR” p interactions in Figs. 4, 5,
and 6. Line direction is superfield chirality.

For a Lagrangian

L5c̄~ i ]”2m!c, ~C1!

we fix the phase of the mass insertion to be2 i because
that
TABLE III. Numerical bounds on combinations of couplings constants under the assumption
only one diagram contributes to the neutrino mass matrix elements.
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i

p”2m
5

i

p”
1

i

p”
~2 im!

i

p”
1 . . . . ~C2!

The2 im i mass insertions on the external legs of the diagr
mix the incident flavor eigenstate neutrinon i with the h̃u

o

component of a neutralino. So the external leg propag
delivering a flavor eigenstate neutralinof to vertex II is

i

p”
~2 im i !(

a

iZa3* Za f*

p”2mx
a
o

5
i

p”
~2m i !(

a S Za3* Za f*

mx
a
o

D , ~C3!

where we have usedp250. This gives the Feynman rules o
Fig. 4.

The Rp-violating m i and Bi mass insertions, and theÃ
mass insertion, on internal charged lines are negative@by
SU~2! antisymmetric contraction#, so they effectively appea
in the amplitude with a negative sign:

i

p”2m1

~ i um i u!
i

p”2m2

5
i

p”2m1

2um i u

p”2m2

. ~C4!

~However, theR” p part of Ã is 2l i4im ivu /A25mei
m i tanb,

so it appears positive in the amplitude.!
The Feynman rule we quote in Fig. 5 for the mass ins

tion Bi also includes the effect of the soft massm4i
2 . The

minimization condition for the potential, in thêñ i&50 ba-
sis, implies thatm4i

2 52Bi tanb ~at arbitrary loop order!
@19#, so theR” p mixing betweenH2 andL is
lli

k,
a

be
d

r-

07502
or

r-

2Bi cosb1m4i
2 sinb52

Bi

cosb
. ~C5!

APPENDIX D: NUMERICAL BOUNDS

In this appendix we summarize the numerical bounds
each diagram. We emphasize that we make the assump
described in Sec. IV in order that the combination of co
plings constants are allowed the largest possible values.
easy to see that under these assumptions the integrals
appear in the expressions of Appendix B can be simply
placed by

I ~m1 ,m2 ,m3!→ 1

16p2

1

mSUSY
2

,

I ~m1 ,m2 ,m3 ,m4!→ 1

16p2

1

mSUSY
4

,

I ~m1 ,m2 ,m3 ,m4 ,m5!→ 1

16p2

1

mSUSY
6

. ~D1!

The results are given in Table III. For all bounds we u
umnu, mSUSY5100 GeV and tanb52. For diagram 14 thei
index ondm corresponds to the column, and thej index to the
row. The dashes indicate that there is no bound.
a

.
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