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Novel constraints onDLÄ1 interactions from neutrino masses
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We reanalyze the constraints imposed on lepton-number violating interactions by radiative contributions to
neutrino masses at the one- and two-loop levels in supersymmetric models withoutR parity. The interactions
considered are theDL51 superpotential operatorsl i jkLiL jEk

c and l i jk8 LiQjDk
c , and theDL51 soft terms

Ai jk L̃ i L̃ j Ẽk
c andAi jk8 L̃ i Q̃j D̃k

c . The two-loop contributions analyzed are those induced by the radiatively gener-
ated mass splitting between theCP-even andCP-odd sneutrino states. It is shown how the constraints on the
couplingsl i jk and l i jk8 coming from the one-loop analysis can be evaded. In such a case, the two-loop
contributions to neutrino masses become important. The combined one- and two-loop analysis yields con-
straints on the couplingsl i33 and l i338 that are rather difficult to escape. The two-loop analysis yields also
constraints onAi33 and Ai338 , which are not bounded at the one-loop level. More freedom remains for the
couplingsl i jk , l i jk8 , andAi jk , Ai jk8 , when j andk are first- or second-generation indices.

DOI: 10.1103/PhysRevD.66.115012 PACS number~s!: 12.60.Jv, 11.30.Fs, 14.60.Pq
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I. INTRODUCTION

As is well known, Rp-violating models@1,2# provide a
way to generate Majorana neutrino masses without havin
introduce new fields in addition to those present in the m
mal supersymmetric standard model~MSSM!. In general,
however, violations ofRp imply not only violations of the
lepton numberL, but also violations of the baryon numberB.
This situation is dangerous as it induces a too fast pro
decay. One way to deal with this problem is to assume thaB
is conserved, and thatRp is broken through the violation ofL
only. Such a choice is theoretically motivated in the cont
of unified string theories@3#. Lately, it has also received quit
some attention in studies of collider signatures@4–10#.

Among theRp-violating couplings that break onlyL, l i33

andl i338 seem particularly interesting. Indeed, in addition
giving among the largest contributions to neutrino mas
@10#, they lead to the production of charged@5# and neutral
sleptons@4–7,10# that may not be distinguished from neutr
and charged Higgs bosons@10#. It is therefore very importan
to determine how large a value for such couplings is allow
by existing experimental results. Direct searches of sparti
production and of particle or sparticles decays induced
these couplings do not constrain them very significantly~see
discussion in Ref.@9#!. Indirect probes lead to constrain
that can, in general, be evaded. This is because several
parameters are usually involved in their extraction, who
approximate vanishing, instead of that of the couplingsl i33

andl i338 , may be responsible for the lack of any signal.
Neutrino physics, in particular, is considered one of

most severe tests forRp-violating couplings. Hard bilinear
terms from the superpotential and soft bilinear terms are b
compelled to be tiny by the requirement that tree-level c
tributions to neutrino masses are&1 eV @11#. Similarly, it is
believed that for the one-loop contributions not to exceed
1 eV mark, the couplingsl i33 and l i338 must be&1024

21023. Nevertheless, irrespective of the mechanism cho
to keep the tree-level contributions small, the one-loop c
tributions can be sufficiently reduced by the requirement t
0556-2821/2002/66~11!/115012~10!/$20.00 66 1150
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the nearly vanishing parameters are the left-right mix
terms in the sfermion mass matrices, instead of the coupl
l i33 and l i338 . Furthermore, heavy third generation squa
masses may help suppress the one-loop contributions
duced by the couplingsl i338 . All in all, the possibility of
observing charged and neutral sleptons in incoming colli
experiments does not seem to be jeopardized by neut
physics, at least at the one-loop level@10#. It is in this spirit
that studies of such signals have been performed for r
tively large values of the trilinear superpotential couplin
l i33 andl i338 @5,6,9,10#.

There exist also two-loop contributions to neutrin
masses. They are usually ignored, since they are loop
pressed with respect to the one-loop contributions. Howe
once the one-loop contributions are reduced down to va
compatible with experimental observations, it is not possi
to neglect them anymore. The combinations of various
rameters entering in the calculation of the two-loop diagra
are different from those encountered in the calculation of
one-loop diagrams. Thus, it is possible that not all two-lo
contributions are affected by the one-loop constraints
that some of them are still rather large. It is therefore int
esting to investigate the two-loop contributions and to est
lish whether they induce additional constraints
Rp-violating couplings, possibly in combination with othe
supersymmetric parameters.

Some of the two-loop contributions, i.e. those prop
tional to the soft trilinearRp-violating couplingsAi jk and
Ai jk8 , were for the first time considered in Ref.@12#. In the
scenarios described there, one-loop contributions are ab
due to symmetries forbidding the lowest-orderRp-violating
superpotential operators. A related discussion can be foun
Ref. @13#.

In this paper, after a brief review of the one-loop cont
butions to neutrino masses in Sec. II, we analyze in detail
two-loop contributions that are induced by the radiative
generated splitting in the mass betweenCP-even and
CP-odd sneutrino states; see Sec. III. In particular, we g
approximated formulas for the contributions proportional
©2002 The American Physical Society12-1
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FRANCESCA BORZUMATI AND JAE SIK LEE PHYSICAL REVIEW D66, 115012 ~2002!
the couplingsl i338 andl i33 and for those proportional to th
couplingsAi338 andAi33. In Sec. IV we extract the constrain
that are induced on these couplings by the requiremen
neutrino masses&1 eV, making use of the combined on
and two-loop analysis. They turn out to be quite strong a
more difficult to evade than those obtained through the o
loop analysis only. Finally, we comment on the case of c
plings l i jk8 , l i jk , andAi jk8 , Ai jk , wherej andk are first- or
second-generation indices and we discuss whether modi
tions in our results are to be expected once the comp
two-loop analysis is performed. We conclude in Sec. V.

II. ONE-LOOP ANALYSIS

To begin with, it is useful to review the results obtained
the one loop. We leave aside the expression for the tree-l
contributions, which involve superpotential and scalar pot
tial bilinear couplings that we assume to be small at the
level.1 The superpotential terms relevant for this discuss
are

W52l lmn8 LlQmDn
c2

1

2
l i jkLiL jEk

c , ~1!

whereas theL-violating terms in the scalar potential have t
form

V5Ai jk8 L̃ i Q̃j D̃k
c1

1

2
Ai jk L̃ i L̃ j Ẽk

c . ~2!

The superpotential terms in Eq.~1! induce one-loop dia-
grams giving rise to neutrino mass terms, with quark-squ
exchange and lepton-slepton exchange. The largest cont
tions are due to bottom-sbottom and tau-stau exchanges
result of the calculation of these diagrams is well kno
@15#. Theb2b̃ diagram yields

mn,i i 85
3

8p2
l i338 l i 833

8 mbmb̃,LR
2

I ~mb̃1

2 ,mb̃2

2 ,mb
2!, ~3!

where mb̃1
and mb̃2

are the two sbottom eigenvalues, a

mb̃,LR
2 is the left-right entry in the 232 sbottom mass

squared matrix. The functionI (mb̃1

2 ,mb̃2

2 ,mb
2) is defined, for

example, in Ref.@12#, where also some of its limiting expres
sions are listed. It is used here in the approximat
mb /mb̃1

.mb /mb̃2
.0, see Appendix C. In the limitmb̃1

→mb̃2
[mb̃ , it reduces to 1/mb̃

2 . Similarly, thet2 t̃ diagram
leads to:

mn,i i 85
1

8p2
l i33l i 833mtmt̃,LR

2
I ~mt̃1

2 ,mt̃2

2 ,mt
2! , ~4!

1Bilinear terms can be generated radiatively at the one loop f
the trilinear terms. They give rise to neutrino mass terms at
two-loop level. These contributions are, however, smaller th
those presented in the next section.
11501
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where conventions as those for theb2b̃ diagram are
adopted. Notice that in both Eqs.~3! and~4!, no intergenera-
tional mixing terms among sfermions are assumed to
present.

As discussed also in Ref.@10#, realistically small values
for mn,i i 8 , i.e. not exceeding 1 eV, can be obtained if t
following are true.

~1! l i338 l i 833
8 and l i33l i 833 are small. Typically, to sup-

press theb2b̃ diagram, values as tiny as

U~l i338 l i 833
8 !S mb̃,LR

2

mb̃
2 D U&1028 ~5!

are needed. For this estimate the two sbottom mass eigen
ues were assumed to be of the same order of magnitude
mb̃1

.mb̃2
[mb̃ . Note that for mb̃,LR

2
;mb̃

2 , the product

(l i338 l i 833
8 ) is bound to be&1028. This constraint is eased t

the value&1026, if mb̃,LR
2

;mbmb̃ andmb̃.300 GeV. Simi-

lar considerations hold for thet2 t̃ diagram. A value only a
factor of 5 larger than that in the right-hand side of Eq.~5!

bounds from above the combination (l i33l i 833)(mt̃,LR
2 /mt̃

2).

~2! mb̃,LR
2 andmt̃,LR

2 are small. For couplingsl8 of O(1),
andmb̃1

.mb̃2
[mb̃ it is

Umb̃,LR
2

mb̃
2 U&1028. ~6!

A similar bound is obtained formt̃,LR
2 /mt̃

2 , when the cou-
plings l are ofO(1), andmt̃1

.mt̃2
[mt̃ .

~3! A tuning of phases in the parametersl8 andl allows
a near cancellation of the two contributions. Again, formb̃1

.mb̃2
.mb̃ , as well asmt̃1

.mt̃2
.mt̃ , we obtain

U~l i338 l i 833
8 1al i33l i 833!S mb̃,LR

2

mb̃
2 D U&1028, ~7!

wherea is

a5
mt

3mb
S mb̃

2

mb̃,LR
2 D S mt̃,LR

2

mt̃
2 D . ~8!

Notice that, if mb̃,LR
2

;mbmb̃ and mt̃,LR
2

;mtmt̃ , and both
products of couplingsl andl8 are ofO(1), anoverall scale
of the sbottom system 10 times larger than that of the s
system is required.

Of course, all three suppression mechanisms, or two
them, may concur to reduce the value of neutrino m
terms, therefore alleviating the severity of constraints o
tained when only one mechanism is acting. In the followin
we shall consider option~3! as the least likely among th
three possibilities listed above. Thus, we assume that
Rp-violating couplings are real, and although not necess
we also take them to be positive.

m
e
n
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FIG. 1. One-loop diagrams giving rise to a mass splitting between the statesñ i ,1 andñ i 8,2 , with i ,i 851,2,3. The first two diagrams ar
l8 induced, the third one,A8 induced.
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One observation that comes out clear from this disc
sion, and that is often not appreciated enough, is that
constraints from neutrino masses on the hard superpote
trilinear Rp-violating couplings,l and l8, depend strongly
on the details of supersymmetry breaking. This is the ob
ous consequence of the fact that the neutrino mass itse
strongly linked to supersymmetry and supersymmetry bre
ing in Rp-violating models.~See also the discussion in Ref
@5# and @14#.! This link, crucial at the one-loop level, wil
play an equally important role in the determination of co
straints for the soft trilinearRp-violating couplings,A and
A8, at the two-loop level.

III. SNEUTRINO MASS-SPLITTING AND TWO-LOOP
NEUTRINO MASSES

There are additional one-loop diagrams contributing
neutrino masses due to the exchange of sneutrino-neutra
ñ2x̃0, if a mass splitting for the two physical sneutrin
states exists at the tree level@16#.

As the neutral Higgs, for each generationi, sneutrinos
haveCP-even (ñ i ,1) andCP-odd components (ñ i ,2):

ñ i5
1

A2
~ ñ i ,11 i ñ i ,2!, ~9!

which get equal mass from the soft mass term forL̃ i :

V5mL̃i

2
ñ i* ñ i5

1

2
mL̃i

2
ñ i ,1ñ i ,11

1

2
mL̃i

2
ñ i ,2ñ i ,2 . ~10!

TheD-term contributions to the sneutrino masses are con
ered included in the three parametersmL̃i

2 . For simplicity, we

also assume these to be equal:

mL̃1

2
5mL̃2

2
5mL̃3

2
[mL̃

2 . ~11!

This is not an oversimplifying assumption, since it captu
the physics of most supersymmetric models at not too la
tanb. Nevertheless, it does simplify significantly the follow
ing formulas.

In general, due to the presence of bilinear terms in
superpotential and the scalar potential, theCP-even compo-
nentsn i ,1 , in general, mix with theCP-even Higgs fields,h
and H, and theCP-odd componentsn i ,2 , mix with the
CP-odd Higgs field, A. Thus, a mass splitting for th
CP-even andCP-odd states is, indeed, generated at the t
level. The two one-loop diagrams with exchange ofñ i ,1
11501
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2x̃0 and ñ i ,22x̃0, which would cancel each other if such
splitting would not exist, give then a finite contribution t
neutrino mass terms. Such one-loop contributions are stri
related to parameters involved also in the generation of
level contributions to neutrino masses@17#. Since we have
assumed that all bilinearRp-violating terms are small at the
tree level, we can safely neglect these contributions.~Tree-
level mass splitting for theCP-even andCP-odd states are
in general, present inRp-conserving models with right-
handed neutrinos@18#.!

Interactions such as those in Eqs.~1! and~2!, in contrast,
allow mass-splitting terms only at the one-loop level@19,10#.
It is these terms that are of concern for this paper and will
discussed in some detail hereafter. Of the relevant one-l
diagrams, only those with exchange of theb-quark and of
b̃-squarks are shown in Fig. 1. There is a corresponding
of diagrams with exchange of thet-lepton and oft̃-sleptons.
All these diagrams are quadratically divergent. Once the
finities are removed through a renormalization procedure,
finite parts, evaluated at the sneutrino scale itself, taken h
to be mL̃

2 , provide corrections to the elements of th
sneutrino mass matrix. For states with definiteCP s (s5
11,21), these become

mñ i i 8,s

2
5mL̃

2d i i 81e i i 8,s
2 . ~12!

These corrections are, in general, different for states w
differents. Indeed, the sneutrino interactions involved in t
diagrams of Fig. 1 are different for sneutrino states w
different s, as an inspection of the Lagrangian terms list
in Appendix A shows. Notice that no splitting is obtaine
from tadpole diagrams with virtual exchange ofb̃ and t̃
states. This is because the quartic scalar interactions indu
these diagrams,f̃ L* f̃ Lñ i* ñ i and f̃ R* f̃ Rñ i* ñ i ( f 5b,t), are equal
for sneutrino states with differentCP. Thus, the finite parts
of the tadpole diagrams give rise to small shifts in t
sneutrino mass terms that are identical for states with dif
ent CP and, therefore, irrelevant for our discussion. In t
following analysis, we neglect them altogether.

Once a splitting in mass for sneutrino states with differe
CP is generated, the one-loop diagram with neutralin
sneutrino exchange, shown in Fig. 2, can produce nonv
ishing contributions to neutrino masses. In this case, h
ever, since the sneutrino mass splitting terms are induce
the one loop, this is in reality a diagram arising at the tw
loop level. We postpone this discussion to a later point of t
paper and we proceed to the calculation of the diagram
Fig. 2, where the neutrino-sneutrino-neutralino vertices
2-3
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one-loop corrected. As Appendix A shows, this simply mea
that these vertices are now weighted by the elements of
orthogonal rotation matrices needed to obtain the sneut
mass eigenstates from the current eigenstatesñ i ,s . We de-
note the sneutrino mass eigenstates by the symbolña,s (a
51,2,3) and the two rotation matrices byOs:

ñ i ,s5(
a

Oia
s ña,s . ~13!

These two matrices are determined by the one-loop cor
tions e i i 8,s

2 . Because of the assumption in Eq.~11!, the new

statesña,s have mass:

mña,s

2
5(

k,k8
Oka

s mñkk8,s

2
Ok8a

s
5mL̃

2
1(

k,k8
Oka

s ekk8,s
2 Ok8a

s .

~14!

For the calculation of the diagram in Fig. 2, the moment
dependence in the loop-corrected part of the sneutrino m
terms must be reinstated back explicitly. For neutrino m
terms evaluated at vanishing momentum square, we obt

mn i i 8
5 i

g2

4 (
j ,a

~d jW̃1d j B̃tan2uW!

3E d4p

~2p!4

mx̃
j
0

p22mx̃
j
0

2 H Oia
1Oi 8a

1
~p2!

p22mña,1

2
~p2!

2
Oia

2Oi 8a
2

~p2!

p22mña,2

2
~p2!J , ~15!

whereg is the weak coupling constant,uW the electroweak
mixing angle, and the sum overj extends to the two gaugino
like neutralinos. These are assumed to be nearly pure ga
nos, so that the neutralino diagonalization matrix reduce
the unity matrix. An expansion of each term in the cu
bracket in powers of the correspondinge i i 8,s

2 , gives

(
a

Oia
s Oi 8a

s
~p2!

p22mña,s

2
~p2!

5
d i i 8

p22mL̃
2 1

e i i 8,s
2

~p2!

~p22mL̃
2
!2

1•••,

~16!

with the ellipsis denoting higher order terms ine i i 8,s
2 . Thus,

Eq. ~15! reduces to

FIG. 2. Contribution to the Majorana neutrino mass due to o

loop corrected statesña,s . The couplingsx̃ j
02n i2ña,s , indicated

here by a square, are given explicitly in Appendix A.
11501
s
he
o

c-

ss
s

n

gi-
to

mn i i 8
5 i

g2

4 (
j

~d jW̃1d j B̃tan2uW!mx̃
j
0

3E d4p

~2p!4

dmñ i ,i 8

2
~p2!

~p22mx̃
j
0

2
!~p22mL̃

2
!2

, ~17!

where the quantitiesdmñ i ,i 8

2 (p2), defined as

dmñ i ,i 8

2
~p2![e i i 8,1

2
~p2!2e i i 8,2

2
~p2!, ~18!

are nothing but the splitting in the mass of theCP-even and
CP-odd i i 8 sneutrino states, at the current eigenstate lev

A calculation of the diagrams in Fig. 1 yields results f
these sneutrino mass splitting terms that can be expresse
all generality, in terms ofB functions~see Appendix B!. To
show more explicitly their dependence on supersymme
parameters, we give here approximated expressions,
tained in the limit p250, separately for thel8- and the
A8-induced terms:

@dmñ i ,i 8

2
~0!#ul85

3

4p2
l i338 l i 833

8 mb
2lnS mb̃2

2
mb̃1

2

mb
4 D , ~19!

@dmñ i ,i 8

2
~0!#uA85

3

4p2
Ai338 Ai 833

8 ~mb̃,LR
2

!2S~mb̃1

2 ,mb̃2

2
!.

~20!

The first contribution has a mild logarithmic dependence
sfermion masses; the second has a power dependenc
them. The functionS(mb̃1

2 ,mb̃2

2 ) is defined in Appendix C

and has the limiting value21/(6mb̃
4) for mb̃1

→mb̃2
[mb̃ .

Similar contributions are obtained from diagrams witht2 t̃
exchange, induced by the couplingsl i33 and Ai33. The re-
sults for these diagrams can be read off those in Eqs.~19!
and ~20!, after removing the color factor 3, and making th
obvious replacements of couplings and masses. The ov
sneutrino mass splitting is then given by the sum of the t
contributions in Eqs.~19! and ~20!, plus the two contribu-
tions coming from diagrams witht2 t̃ exchange.

It is interesting to notice that the parametersmb̃,LR
2 and

l i338 l i 833
8 enter in two different contributions to the sneutrin

mass splitting. The same holds for the parametersmt̃,LR
2 and

l i33l i 833. Therefore, a suppression of the one-loop contrib
tions to neutrino masses through option~2!, among those
listed after Eq. ~4!, leaves @dmñ i ,i 8

2 (p2)#ul8 unaffected,

whereas if option~1! is chosen, andmb̃,LR
2 or mt̃,LR

2 are rela-

tively large, it is@dmñ i ,i 8

2 (p2)#uA8 to remain unsuppressed. A

for the size of these contributions to the sneutrino mass s
ting, if we take the approximationmb̃1

.mb̃2
[mb̃ and mt̃1

.mt̃2
[mt̃ , we get

-

2-4
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S ~dmñ i ,i 8

2
~0!!ul8

mL̃
2 D .1.331023~l i338 l i 833

8 !F ln~mb̃ /mb!

ln~100! G
3S 100 GeV

mL̃
D 2

, ~21!

S ~dmñ i ,i 8

2
~0!!ul

mL̃
2 D .1.331024~l i33l i 833!F ln~mt̃ /mt!

ln~56! G
3S 100 GeV

mL̃
D 2

~22!

for the l8 andl contributions, and

U~dmñ i ,i 8

2
~0!!uA8

mL̃
2 U.1.331026S Ai338 Ai 833

8

GeV2 D
3S mb̃,LR

2

mb̃
2 D 2S 100 GeV

mL̃
D 2

, ~23!

U~dmñ i ,i 8

2
~0!!uA

mL̃
2 U.4.231027S Ai33Ai 833

GeV2 D
3S mt̃,LR

2

mt̃
2 D 2S 100 GeV

mL̃
D 2

~24!

for the A8 andA contributions.
As we shall see, similar considerations hold for the n

trino mass terms obtained from Eq.~17!, once the expression
for the sneutrino mass splitting is substituted in, and the
tegral is performed. The exact analytic expression formn i i 8

is
cumbersome. We show here the expression obtained w
dmñ i ,i 8

2 (p2) is approximated bydmñ i ,i 8

2 (0). The results ob-

tained through this approximation are certainly not valid
evaluations in which factors ofO(1) are important. They
are, however, good enough for order of magnitude estima
We get

mn i i 8
.

g2

64p2 (
j

~d jW̃1d j B̃tan2uW!mL̃S dmñ i ,i 8

2
~0!

mL̃
2 D

3J~mx̃
j
0

2
,mL̃

2
!, ~25!

wheredmñ i ,i 8

2 (0) is given by the sum of@dmñ i ,i 8

2 (0)#ul8 and

@dmñ i ,i 8

2 (0)#uA8 in Eqs. ~19! and ~20!. The dimensionless

function J(mx̃
j
0

2
,mL̃

2), defined explicitly in Appendix C, is

positive definite and depends only on the ratioy[mx̃
j
0

2
/mL̃

2 .

Note that the critical proportionality to the neutralino ma
explicit in Eq. ~17!, is now hidden by the fact that a facto
mx̃

j
0 /mL̃ has been included in the functionJ. This is indeed

the product of the ratiomx̃
j
0 /mL̃ and the actual loop function
11501
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,

I 8(m1
2 ,m2

2), also given in Appendix C and also dependin
only on the ratioy. The reason for this replacement is that t
J function is very slowly decreasing fory*4.5, where it
reaches the maximum value.0.57. It is also very slowly
decreasing from this point down toy51, where it gets the
value 1/2. It has still the value;1/4 aty50.1, and it drops
to 0 asAy, for y→0.

As preannounced, this contribution to neutrino mass
split in two terms. The first, as the one-loop contributio
depends on the productl i338 l i 833

8 (l i33l i 833) but not on

mb̃,LR
2 (mt̃,LR

2 ). Because of this, and because of the mild
logarithmic dependence on scalar masses, it is less sens
to the details of supersymmetry breaking than the one-l
neutrino-mass contribution. The second, on the contrary
very sensitive to these details. It is directly proportional
Ai338 Ai 833

8 (Ai33Ai 833), which do not have any influence o
neutrino physics at the one-loop level.

The contribution to neutrino masses just calculated w
treated as arising from one-loop diagrams with one-loop c
rected vertices. That is to say, it is in reality a contributi
originating at the two-loop level. The corresponding diagra
is shown explicitly in Fig. 3, where the gray oval is any
the one-loop diagrams in Fig. 1. It is straightforward to s
that the procedure followed here and the direct calculation
the two-loop diagram are completely equivalent and lead
the same Eq.~17!.

Clearly, this equation does not exhaust all possible tw
loop contributions to neutrino masses, neither all those p
portional to the product of twol8 ~or l) couplings or of two
A8 ~or A) couplings. Equation~17! encapsulates only the
two-loop contributions that are induced by the one-loop g
erated splitting in the mass ofCP-even and CP-odd
sneutrino states.2 That is to say, the vertex corrections d
picted by a black box in Fig. 2 are only due to the correcti
to the mass of the different sneutrino states. Genuine ve
corrections for the interaction neutrino-sneutrino-neutrali
also due toRp-violating couplings, would give rise to two

2There exist also other diagrams, not belonging to the class
diagrams considered here, that depend on products of trilinear
plings l i338 l i 833

8 (l i33l i 833) but not onmb̃,LR
2 (mt̃,LR

2 ). See, for ex-
ample, the one-particle reducible diagrams that are obtained f
two juxtaposed one-loop neutrino-neutralino transitions. An e
mate of these diagrams shows that they give contributions to n
trino masses that are not larger than those considered here, at
in generic regions of the supersymmetric parameter space. We t
E. J. Chun for bringing this to our attention.

FIG. 3. Two-loop contribution to Majorana neutrino mass term
The gray oval indicates any of the one-loop diagrams in Fig.

generating a mass splitting for the sneutrino statesñ i ,1 and ñ i 8,2 .
2-5
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FRANCESCA BORZUMATI AND JAE SIK LEE PHYSICAL REVIEW D66, 115012 ~2002!
loop diagrams with a different topology. An example is e
plicitly shown in Fig. 4. The dependence on supersymme
couplings in this diagram is as that of the diagram in Fig.
when the gray oval stands for the first diagram in Fig.
Such a diagram should not spoil our estimate of the c
straints that neutrino masses induce onRp-violating cou-
plings. Other diagrams enter in the complete two-loop ana
sis, with the same topology as the diagram of Fig. 4.
complete calculation should, therefore, be performed.

IV. NUMERICAL ANALYSIS

We are now in a position to discuss the numerical imp
cations of our analysis. Equation~25! clearly bears what we
claimed earlier, i.e. that the two-loop contributions to ne
trino masses induced by the one-loop generated mass
ting betweenCP-even andCP-odd sneutrino states are qui
large. This remains so, even after the one-loop contributi
have been reduced as to avoid conflicts with experime
results.

First of all, the requirement that the neutrino mass ter
do not exceed the 1 eV mark induces a constraint on
fractional splitting in the mass ofCP-even andCP-odd
sneutrino states that is independent from theRp-violating
couplings that have actually induced it. Taking the valuey
51 for our numerical estimate, we obtain

S dmñ i ,i 8

2
~0!

mL̃
2 D &1028S 100 GeV

mL̃
D . ~26!

This constraint is rather difficult to evade. FormL̃
.100 GeV, a fractional splitting of a few GeV2 would re-
quire J(y);Ay;1024, resulting in 10 MeV weak-gaugino
masses, which are already excluded by present experim

In turn, constraints onRp-violating couplings can also b
derived, namely,

~l i338 l i 833
8 !F ln~mb̃ /mb!

ln~100! G S 100 GeV

mL̃
D &1025, ~27!

~l i33l i 833!F ln~mt̃ /mt!

ln~56! G S 100 GeV

mL̃
D &1024, ~28!

for the l8 andl couplings, and

FIG. 4. Another two-loop contribution to the Majorana neutri
mass.
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~Ai338 Ai 833
8 !S mb̃,LR

2

mb̃
2 D 2S 100 GeV

mL̃
D &1022 GeV2, ~29!

~Ai33Ai 833!S mt̃,LR
2

mt̃
2 D 2S 100 GeV

mL̃
D &1021 GeV2, ~30!

for the A8 andA couplings. Both sets of constraints depe
only linearly on the sneutrino scale. Those on the produ
l i338 l i 833

8 and l i33l i 833 have also a rather weak dependen
on the sbottom and on the charged slepton scale, res
tively.

If option ~2! is chosen to suppress the one-loop contrib
tion to the neutrino mass, i.e. if the left-right mixing terms
the sfermion mass matrices are very small, then Eq.~27!
bounds the productsl i338 l i 833

8 to be &1025 for mb̃

;300 GeV andmL̃;100 GeV. The productsAi338 Ai 833
8 re-

main unbounded. On the contrary, if the products of co
plings l i338 l i 833

8 are constrained by the one-loop contrib
tions to the neutrino mass terms, then only the produ
Ai338 Ai 833

8 are bounded by the two-loop analysis. They can

at most a few hundred GeV2, if mb̃,LR
2

;mbmb̃ , mb̃

;300 GeV, andmL̃;100 GeV. Formb̃,LR
2

;mb̃
2 and still

mL̃;100 GeV, the value of these products is reduced
;1022 GeV2.

Similar constraints hold for the product of coupling
l i33l i 833 andAi33Ai 833.

All the above discussion has been devoted toRp-violating
trilinear couplings with at least two third-generation indice
For couplingsl i jk8 and Ai jk8 with j 5kÞ3, the analysis fol-
lows the same pattern as that for the case withj 5k53. The
b quark and theb̃ squarks must be replaced by thed or s

quark and thed̃ or the s̃ squarks everywhere in the abov
equations. The constraints corresponding to those in Eq.~27!
on l8 products with j 5k52 are about 3 or 4 orders o
magnitude weaker than those forl i338 l i 833

8 , depending on the
particular value used for the mass of thes-quark. They are
completely lost forj 5k51. Therefore, if option~2! is cho-
sen to reduce the one-loop contributions to neutrino mas
the productsAi228 Ai 822

8 andAi118 Ai 811
8 as well asl i118 l i 811

8 re-
main substantially unsuppressed, whereas the bo
l i228 l i 822

8 &1022 is obtained. In contrast, if option~1! is se-
lected, the severity of both the one-loop constraints on thel8
products and the two-loop constraints on theA8 products
depends on the mechanism of supersymmetry break
More precisely, it depends on whether the left-right mixi
termsmf̃ ,LR

2 are proportional or not to the corresponding fe
mion massmf . In the former case, for a squark mass of 3
GeV, it is l i228 l i 822

8 &102321022, whereasl i118 l i 811
8 ;O(1)

are still allowed. The two-loop constraints in Eq.~30! on the
A8-products would still easily allow couplings of typeA8 as
large as 100 GeV or;1 TeV for j 5k52, and even larger
for j 5k51. Formf̃ ,LR

2 independent frommf , the results for

theA8 products are the same as in the case ofAi338 Ai 833
8 , the
2-6
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TABLE I. One- and two-loop upper limits onl i j j8 andl i j j ( i , j 51,2,3) induced by the requirement th
the neutrino mass terms do not exceed 1 eV. The numerical values used for quark and lepton mas
mb53 GeV, mb /ms540, ms /md520, andmt51.8 GeV, mt /mm520, mm /me5200. Squark masses ar

all fixed at 300 GeV, slepton and neutralino masses at 100 GeV. Different choices are made formf̃ ,LR
2 , from

the very small to the rather large, see text. A horizontal bar indicates that the correspondingl i j j8 or l i j j are
allowed to be even larger than 1.

mf̃,LR
2

&1028S mb ,mt

mf
Dmf̃

2 mf̃ ,LR
2

5mfmf̃ mf̃ ,LR
2

5mf̃
2

one-loop two-loop three-loop two-loop one-loop two-loop

l i338 ( f 5b) – 1022 1023 1022 1024 1022

l i228 ( f 5s) – 1021 1022 1021 1023 1021

l i118 ( f 5d) – – ;1 – 1023 –
l i33( f 5t) – 1022 1023 1022 1024 1022

l i22( f 5m) – 1021 1022 1021 1023 1021

l i11( f 5e) – – – – 1022 –
-
o

r

he
s
e

k

r
t

e

s

ing
en

r-

the

ch
-

constraints on thel8 products arel i228 l i 822
8 &102721026

and l i118 l i 811
8 &102521024. As already mentioned, the un

certainties in the upper bounds discussed here are due t
uncertainty in thes- andd-quark masses.

Constraints on the products ofl and A couplings with
indices j 5k52 or j 5k51 can be be obtained in a simila
way.

A summary of the upper bounds for each of t
Rp-violating couplings discussed so far is given in Table
and II. In particular, Table I lists the upper limits for th
couplingsl i j j8 andl i j j , Table II those for the couplingsAi j j8
and Ai j j . For the numerical calculation, the valuesmb
53 GeV, mb /ms540, ms /md520 were used for the quar
masses,mt51.8 GeV, mt /mm520, andmm /me5200 for
the lepton masses. The squark masses were fixed asmd̃1,2

5ms̃1,2
5mb̃1,2

5mq̃5300 GeV. Finally, mẽ1,2
5mm̃1,2

5mt̃1,2

5ml̃ 5100 GeV, andmL̃5mW̃5100 GeV were chosen fo
the sleptons and the neutralino masses. In both tables
constraints are given for different possible values ofmf̃ ,LR

2 :

mf̃ ,LR
2

&1028(mb /mf) mf̃
2 , which sufficiently suppresses th

one-loop contribution to neutrino masses;mf̃ ,LR
2

5mfmf̃ ; and
11501
the

I

he

mf̃ ,LR
2

5mf̃
2 . Note that the two-loop constraints onl andl8

couplings do not depend onmf̃ ,LR
2 , see Eq.~19!, and there-

fore are important only when option~2! is chosen to suppres
the one-loop contribution to neutrino mass, i.e. formf̃ ,LR

2

&1028mf̃
2 . The constraints onA and A8 couplings do not

depend onmf , but they depend onmf̃ ,LR
2 . For mf̃ ,LR

2
5mf̃

2 ,
they are completely flavor independent, see Eq.~20!. A hori-
zontal bar in both tables indicates that the correspond
coupling is completely unconstrained. That is to say, ev
values larger than 1, in the case ofl i j j8 or l i j j , and larger
than 1 TeV, in the case ofAi j j8 or Ai j j , are not in conflict with
the required smallness of neutrino masses.

Note that an overall increase by a factor of 3 in all sfe
mion masses, i.e.mq̃;1 TeV and ml̃ 5mL̃5300 GeV,
would affect the constraints on the products ofRp-violating
couplings, but it would not change the upper bounds on
l8 andA8 couplings. It can, however, weaken those forl i22,
Ai33, and Ai22 by one order of magnitude, whenmf̃ ,LR

2

5mf mf̃ .
The situation is more complicated for couplings in whi

only one indexj or k is 3, while the other is not. The con
e
TABLE II. Same as in Table I for the couplingsAi j j8 and Ai j j with i , j 51 –3. These constraints ar
obtained at the two-loop level. A horizontal bar indicates that the correspondingAi j j8 or Ai j j are allowed to be
even larger than 1 TeV.

mf̃,LR
2

&1028S mb ,mt

mf
Dmf̃

2 mf̃ ,LR
2

5mfmf̃ mf̃ ,LR
2

5mf̃
2

Ai338 ( f 5b) – 10 GeV 0.1 GeV
Ai228 ( f 5s) – ;1 TeV 0.1 GeV
Ai118 ( f 5d) – – 0.1 GeV
Ai33( f 5t) – 10 GeV 0.1 GeV
Ai22( f 5m) – 100 GeV 0.1 GeV
Ai11( f 5e) – – 0.1 GeV
2-7
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FRANCESCA BORZUMATI AND JAE SIK LEE PHYSICAL REVIEW D66, 115012 ~2002!
straints on the different products of couplings cannot be s
ply gleaned from the results presented here and requir
independent calculation. Not all diagrams in Fig. 1, for e
ample, contribute to the sneutrino mass splitting and the
teraction terms are more involved than those presente
Appendix A. Such a calculation goes beyond the scope
this paper and calls for an independent analysis. We can
guess that the constraints in these cases are less sever
in the casej 5k53, but probably more bounding than tho
obtained in the casesj 5k52 and j 5k51.

We would like to stress again that the constraints j
derived are up to coefficients ofO(1). The use of Eq.~17!,
instead of Eq.~25!, gives rise to small imaginary parts for th
neutrino mass terms. They are due to the analytic cuts
the loop functions for the diagrams in Fig. 1 have at largep2.
These aspects of the exact calculation, although interes
are inconsequential for our discussion. We have explic
checked that the order of magnitude of our estimates is,
deed, quite reliable.

V. CONCLUSIONS

We conclude this paper with the following observation
The smallness of neutrino mass is, indeed, one of the m
powerful constraints on some of theRp-violating couplings
involving third-generation indices. Contrary to what may
naively thought, the two-loop contributions to neutrin
masses are very important to constrain such couplings.
ring cancellations in which the phases of these coupli
play an important role, the complete one- and two-lo
analysis indicates that it is rather unlikely that the couplin
l i338 andl i33 are above the percent level. Such a constra
obtained from two-loop contributions to neutrino masses
irrespective of the value of the left-right mixing terms in th
sbottom and stau mass matrices. It can only become m
severe if these mixing terms are non-negligible and the o
loop contributions to neutrino masses are unsuppressed
the contrary, the soft trilinear parametersAi338 and Ai33,
which enter only in two-loop contributions to neutrin
masses, are rather weakly constrained. The most strin
upper bound, obtained for very large left-right mixing term
is only 0.1 GeV. They are completely unbounded from abo
for small left-right mixing terms. Some of the consequenc
that the constraints derived here have for collider physics
discussed in Ref.@10#.
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APPENDIX A: INTERACTION TERMS

In this appendix are listed the interaction Lagrang
terms needed for the calculations presented in the text. In
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limit in which the two lightest neutralinos are pure gaugino
the neutralino-sneutrino-neutrino interaction terms are

Ltree.2
g

A2
(
i , j

~d jW̃2d j B̃tanuW!

3$~ x̃ j
0!PLn i ñ i* 1 n̄ i PRx̃ j

0ñ i%

52
g

2 (
i , j

~d jW̃2d j B̃tanuW!

3$~ x̃ j
0!n i ñ i ,11 i ~ x̃ j

0!g5n i ñ i ,2%, ~A1!

where the fact that both neutrinos and neutralinos are M
rana particles was used. Once one-loop corrections to
sneutrino sector are included, the neutralino-sneutri
neutrino interactions terms can be expressed in terms of
mass eigenstatesñas (s511,21), defined in Eq.~13!, as

L1-loopuñ.2
g

2 (
i , j ,a

~d jW̃2d j B̃tanuW!$Oia
1~ x̃ j

0!n i ña,1

1 iOia
2~ x̃ j

0!g5n i ña,2%. ~A2!

At the tree level, the current eigenstatesñ is and the mass
eigenstatesñas coincide.

The Rp-violating terms obtained from the superpotent
in Eq. ~1! are

Ltree.2(
i

$l i338 ~ b̄RbL!ñ i1l i33~ t̄RtL!ñ i%1H.c.

52(
i

H l i338

A2
@ b̄bñ i ,12 i b̄g5bñ i ,2#

1
l i33

A2
@ t̄tñ i ,12 i t̄g5tñ i ,2#J . ~A3!

Note that both sets of couplingsl i338 andl i33 are taken to be
real. In other words, of the three options listed in the te
after Eq.~4!, option~3! is not considered likely to be the on
suppressing the one-loop contributions to neutrino mass

The sneutrino-sbottom-sbottom interaction terms and
sneutrino-stau-stau ones, respectively, proportional to thel8
andl couplings, and coming fromF-terms, are

Ltree.2(
i

$mbl i338 ~ b̃R* b̃R1b̃L* b̃L!ñ i

1mtl i33~ t̃R* t̃R1 t̃L* t̃L!ñ i%1H.c.

52A2(
i , j

$mbl i338 ~ b̃ j* b̃ j !ñ i ,1

1mtl i33~ t̃ j* t̃ j !ñ i ,1%. ~A4!

Again, the assumption of reall i338 and l i33 couplings was
made. Notice that no interaction terms for theCP-odd states
are generated byF-term contributions to the Lagrangian.
2-8
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Finally, contributions to the sneutrino-sbottom-sbotto
interaction terms and to the sneutrino-stau-stau ones, c
also from the scalar potential in Eq.~2!. They are

Ltree.2(
i

$Ai338 b̃L* b̃Rñ i1Ai33t̃L* t̃Rñ i%1H.c. ~A5!

Once the 232 sbottom mass squared matrix is diagonaliz
the first term becomes

Ltree52(
i

Ai338

A2
$@sin 2u b̃~ b̃1* b̃12b̃2* b̃2!1cos 2u b̃~ b̃1* b̃2

1b̃2* b̃1!#ñ i ,11 i @ b̃2* b̃12b̃1* b̃2#ñ i ,2%, ~A6!

whereu b̃ is the diagonalization angle of the 232 sbottom
mass squared matrix. A similar expression is obtained for
sneutrino-stau-stau interaction term in Eq.~A5!.

Note that, for the purpose of obtaining neutrino ma
terms induced by the splitting in mass for theCP-even and
CP-odd sneutrino states, it is sufficient to consider the eff
of sneutrino mass corrections on the neutralino-sneutr
neutrino interaction terms only. The inclusion of such corr
tions to the other interaction terms in Eqs.~A3!, ~A4!, and
~A6! is irrelevant for the calculation of neutrino mass term
induced by a nonvanishing splitting in the mass ofCP-even
andCP-odd sneutrino states.

APPENDIX B: SNEUTRINO MASS-SPLITTING TERMS

We list here the formulas obtained for the sneutrino m
splitting from one-loop diagrams:

@dmñ i i 8

2
~p2!# (1)uA852

3

4p2
Ai338 Ai 833

8 S mb̃,LR
2

mb̃2

2
2mb̃1

2 D 2

3@B0~p2,mb̃1

2 ,mb̃1

2
!1B0~p2,mb̃2

2 ,mb̃2

2
!

22B0~p2,mb̃1

2 ,mb̃2

2
!#, ~B1!
nd
.

y

a
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@dmñ i i 8

2
~p2!# (1)ul852

3

4p2
l i338 l i 833

8 mb
23@B0~p2,mb̃1

2 ,mb̃1

2
!

1B0~p2,mb̃2

2 ,mb̃2

2
!22B0~p2,mb

2 ,mb
2!#,

~B2!

where the functionB0(p2,m1
2 ,m2

2) is defined as@20#:

B0~p2,m1
2 ,m2

2!

5E dDk

ip2

1

~k22m1
21 i e!@~k1p!22m2

21 i e#
, ~B3!

whereD5422e anddDk5G(12e)(pm2)edDk.

APPENDIX C: LOOP FUNCTIONS

We list here the functions arising from loop integration

I ~m1
2 ,m2

2,0!5
ln~m2

2!2 ln~m1
2!

m2
22m1

2
, ~C1!

S~m1
2 ,m2

2!5
2

~m2
22m1

2!3 Fm2
22m1

21
m2

21m1
2

2
lnS m1

2

m2
2D G ,

~C2!

I 8~m1
2 ,m2

2!5
12y1y ln y

~12y!2
, y[S m1

2

m2
2D . ~C3!

They are, respectively, the functions obtained from
fermion-sfermion loop giving rise to the one-loop neutrin
mass contribution; from the sfermion-sfermion contributi
giving rise to the one-loop correction to sneutrino mas
proportional to theA8 and A soft parameters; and from th
sneutrino-neutralino loop giving rise to neutrino mass term

The functionJ(m1
2 ,m2

2) also used in the text is

J~m1
2 ,m2

2!5Am1
2

m2
2
I 8~m1

2 ,m2
2!. ~C4!
i,

.
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