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Novel constraints onAL =1 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 viRtpauty. The interactions
considered are thAL=1 superpotential operatove,jkLiLjEﬁ and )\i'jkLinDc, and theAL=1 soft terms
AL Ef andAf, L;Q;Df . The two-loop contributions analyzed are those induced by the radiatively gener-
ated mass splitting between tld-even andC P-odd sneutrino states. It is shown how the constraints on the
couplings A and }\i,jk 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 couplings;s; and \{55 that are rather difficult to escape. The two-loop analysis yields also
constraints onA;z; and A{33, which are not bounded at the one-loop level. More freedom remains for the
couplingshjy , )\i’jk, andAj , Ai’jk, whenj andk are first- or second-generation indices.
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[. INTRODUCTION the nearly vanishing parameters are the left-right mixing
terms in the sfermion mass matrices, instead of the couplings
As is well known, R,-violating models[1,2] provide a ;33 and \/33. Furthermore, heavy third generation squark
way to generate Majorana neutrino masses without having tmasses may help suppress the one-loop contributions in-
introduce new fields in addition to those present in the miniduced by the coupling/s;. All in all, the possibility of
mal supersymmetric standard mod&SSM). In general, observing charged and neutral sleptons in incoming collider
however, violations oR, imply not only violations of the  experiments does not seem to be jeopardized by neutrino
lepton numbet, but also violations of the baryon numi#@r  physics, at least at the one-loop ley&0]. It is in this spirit
This situation is dangerous as it induces a too fast protofhat studies of such signals have been performed for rela-
decay. One way to deal with this problem is to assumeBhat tively large values of the trilinear superpotential couplings
is conserved, and th&, is broken through the violation a&f Nis3 and\/35 [5,6,9,10.
only. Such a choice is theoretically motivated in the context There exist also two-loop contributions to neutrino

of unified String theoriegﬂ. Lately, it has also received quite masses. They are usua”y ignored' since they are |Oop sup-
some attention in studies of collider signatufés-10]. pressed with respect to the one-loop contributions. However,
Among theR,-violating couplings that break only, Ni33  once the one-loop contributions are reduced down to values
and\ 33 seem particularly interesting. Indeed, in addition to compatible with experimental observations, it is not possible
giving among the largest contributions to neutrino masse$o neglect them anymore. The combinations of various pa-
[10], they lead to the production of charggs] and neutral rameters entering in the calculation of the two-loop diagrams
sleptong4-7,10 that may not be distinguished from neutral are different from those encountered in the calculation of the
and charged Higgs bosof0]. It is therefore very important one-loop diagrams. Thus, it is possible that not all two-loop
to determine how large a value for such couplings is allowecontributions are affected by the one-loop constraints and
by existing experimental results. Direct searches of sparticlethat some of them are still rather large. It is therefore inter-
production and of particle or sparticles decays induced bysting to investigate the two-loop contributions and to estab-
these couplings do not constrain them very significa@ge  lish whether they induce additional constraints on
discussion in Ref[9]). Indirect probes lead to constraints R -violating couplings, possibly in combination with other
that can, in general, be evaded. This is because several oth&lpersymmetric parameters.
parameters are usually involved in their extraction, whose Some of the two-loop contributions, i.e. those propor-
approximate vanishing, instead of that of the couplings  tional to the soft trilinearR,-violating couplingsA;j, and
and\{s;3, may be responsible for the lack of any signal. A, were for the first time considered in R¢12]. In the
Neutrino physics, in particular, is considered one of thescenarios described there, one-loop contributions are absent,
most severe tests fdR,-violating couplings. Hard bilinear due to symmetries forbidding the lowest-ordey-violating
terms from the superpotential and soft bilinear terms are botBuperpotential operators. A related discussion can be found in
compelled to be tiny by the requirement that tree-level conRef.[13].
tributions to neutrino masses asgl eV [11]. Similarly, it is In this paper, after a brief review of the one-loop contri-
believed that for the one-loop contributions not to exceed théutions to neutrino masses in Sec. Il, we analyze in detail the
1 eV mark, the couplings\is; and \/3; must be<10"*  two-loop contributions that are induced by the radiatively
—10 3. Nevertheless, irrespective of the mechanism chosegenerated splitting in the mass betwe&@P-even and
to keep the tree-level contributions small, the one-loop conCP-odd sneutrino states; see Sec. lll. In particular, we give
tributions can be sufficiently reduced by the requirement thaapproximated formulas for the contributions proportional to
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the couplings\ /33 and\ 33 and for those proportional to the where conventions as those for the-b diagram are
couplingsA/;; andA;z3. In Sec. IV we extract the constraints adopted. Notice that in both Eq®) and(4), no intergenera-
that are induced on these couplings by the requirement dfonal mixing terms among sfermions are assumed to be
neutrino massess1 eV, making use of the combined one- present.

and two-loop analysis. They turn out to be quite strong and As discussed also in Ref10], realistically small values

more difficult to evade than those obtained through the onefor m,, ;;», i.e. not exceeding 1 eV, can be obtained if the
loop analysis only. Finally, we comment on the case of coufollowing are true.
plings \fji , Nij, andAjj,, Ajj, wherej andk are first- or (1) N33\ 33 and Njga\ir33 are small. Typically, to sup-

second-generation indices and we discuss whether modific%—ress theb—b diagram, values as tiny as
tions in our results are to be expected once the complete ’
two-loop analysis is performed. We conclude in Sec. V.

<108 (5)

2
m:

L B.LR

()\i337\i'33)( 2)

Il. ONE-LOOP ANALYSIS b

To begin with, itis useful to review the results obtained atare needed. For this estimate the two shottom mass eigenval-

the one loop. We leave aside the expression for the tree-levgles were assumed to be of the same order of magnitude, i.e.
contributions, which involve superpotential and scalar poten- . _ 2

L . mp.=n;. Note that for mé, ~mé, the product
tial bilinear couplings that we assume to be small at the tree b,l , b2 _ b g bLR b T P
level! The superpotential terms relevant for this discussiorfNisa\i 33 iS bound to bes10™". This constraint is eased to

are the value< 10", if rrr;I_R~ mymi andmp =300 GeV. Simi-
1 lar considerations hold for the—7 diagram. A value only a

W=~ N[k 1 QmDE— S NijkLiLES (1)  factor of 5 larger than that in the right-hand side of Es).

2 bounds from above the combinationi§3>\i,33)(m§LR/m%).

whereas thé -violating terms in the scalar potential have the  (2) m%,LR andmiLR are small. For couplings’ of O(1),

form andmg, =mg_ =n it is
V=A, L0Be SAuLLES 2 m;
= RAijk in kT 5 AijkkikjEke (3] bszR =108 (6)
My

The superpotential terms in Eql) induce one-loop dia-
grams giving rise to neutrino mass terms, with quark-squaria similar bound is obtained fom?  /m’, when the cou-
exchange and lepton-slepton exchange. The largest contribitings \ are of O(1), andnr. ~nv, =nr;.

tions are due to bottom-shottom and tau-stau exchanges. The ! 2
result of the calculation of these diagrams is well known

[15]. Theb—b diagram vyields

(3) A tuning of phases in the parametersand\ allows
a near cancellation of the two contributions. Again, fiag,

=mp, =g, as well asm; =, =n;, we obtain

2 ’ I’T’%,LR
(Nizgh;r 33T @Niza\iraz) >
m;

==\ ’ 2 2 2 2
M, ii 8772)\|33)\|’33mb”}5,LR|(n}El’mBZ’mb)’ 3 510*8, (7)

where Mp, and mp, are the two sbottom eigenvalues, and

mgLR is the leftright entry in the X2 shottom mass Whereais

. . 2 2 2\ : .
squared matrix. The functlot(rrl%l,mgz,mb) is defined, for m, mﬁ m§|_R
example, in Ref[12], where also some of its limiting expres- a=3o 5 - |- (8)
sions are listed. It is used here in the approximation b\ Mg LR m;
mb/rnglzmb/mgzzo, see Appendix C. In the Iimitrrb1

T

2
bR~ MpMp and me | .~m.m;, and both
products of couplingd and\’ are of O(1), anoverall scale

. . 2
— My, =mp, it reduces to h‘% Similarly, ther— 7 diagram Notice that, if my

leads to: of the sbottom system 10 times larger than that of the stau
system is required.
_ 2 2 2 2 Of course, all three suppression mechanisms, or two of
m, iir=——=N\jz3\jrzamm= I (m= ,m= m%), 4 ’ .
Pl g p2 BTN ALR (m;, o mme) @ them, may concur to reduce the value of neutrino mass

terms, therefore alleviating the severity of constraints ob-
tained when only one mechanism is acting. In the following,
IBjlinear terms can be generated radiatively at the one loop fronWe shall consider optioi3) as the least likely among the
the trilinear terms. They give rise to neutrino mass terms at thdhree possibilities listed above. Thus, we assume that all
two-loop level. These contributions are, however, smaller tharR,-violating couplings are real, and although not necessary,
those presented in the next section. we also take them to be positive.
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FIG. 1. One-loop diagrams giving rise to a mass splitting between the :s}tatesndli,,, , withi,i"=1,2,3. The first two diagrams are
N\’ induced, the third oneA’ induced.

One observation that comes out clear from this discus--,0 and'f/i,,—}o, which would cancel each other if such a

sion, and that is often not appreciated enough, is that thgplitting would not exist, give then a finite contribution to
constraints from neutrino masses on the hard superpotentigbutrino mass terms. Such one-loop contributions are strictly
trilinear Ry,-violating couplings\ and\’, depend strongly related to parameters involved also in the generation of tree
on the details of supersymmetry breaking. This is the obvijeve| contributions to neutrino massfk7]. Since we have
ous consequence of the fact that the neutrino mass itself igssumed that all bilinedR ,-violating terms are small at the
strongly linked to supersymmetry and supersymmetry breakiree level, we can safely neglect these contributigfisee-

ing in R,-violating models(See also the discussion in Refs. |evel mass splitting for th€ P-even andC P-odd states are,

[5] and[14]) This link, crucial at the one-loop level, will jn general, present irR,-conserving models with right-
play an equally important role in the determination of con-handed neutrinogL8].)

straints for the soft trilineaR-violating couplings,A and Interactions such as those in E¢) and(2), in contrast,
A’, at the two-loop level. allow mass-splitting terms only at the one-loop lef9,10).
It is these terms that are of concern for this paper and will be
[1l. SNEUTRINO MASS-SPLITTING AND TWO-LOOP discussed in some detail hereafter. Of the relevant one-loop
NEUTRINO MASSES diagrams, only those with exchange of theuark and of

There are additional one-loop diagrams contributing tob—squarks are shown in Fig. 1. There is a corresponding set

neutrino masses due to the exchange of sneutrino-neutralingf diagrams with exchange of thelepton and ofr-sleptons.

7—7%°, if a mass splitting for the two physical sneutrino AII_ t_hese diagrams are quadratically diyergent. Once the in-
states exists at the tree leval] finities are removed through a renormalization procedure, the

As the neutral Higgs, for each generatignsneutrinos finite parts, evaluated at the sneutrino scale itself, taken here

2 . .
haveCP-even {; .) andCP-odd componentsi ): to be.mt, provide .correctlons to .the e!ements of the
’ ’ sneutrino mass matrix. For states with defif@® o (o=
1 . 5 +1,—1), these become
vi=—=(vi++iv; _), €)
\/E m% :m%éiir‘i‘eﬁ, . (12)
i’,o i

which get equal mass from the soft mass termifor These corrections are, in general, different for states with
1 1 differento. Indeed, the sneutrino interactions involved in the
Vzmﬁ;i*;izi i”,}i’+7,i’++§m§_7,i,_7,i'__ (100 diagrams of Fig. 1 are different for sneutrino states with
: : : different o, as an inspection of the Lagrangian terms listed

oip Appendix A shows. Notice that no splitting is obtained

from tadpole diagrams with virtual exchange ofand 7
states. This is because the quartic scalar interactions inducing
these diagramd; T, v* v, andf:frv¥ v, (f=b,7), are equal
for sneutrino states with differeil@P. Thus, the finite parts
of the tadpole diagrams give rise to small shifts in the
o o i ) i sneutrino mass terms that are identical for states with differ-
This is not an oversimplifying assumption, since it capturessnt Cp and, therefore, irrelevant for our discussion. In the
the physics of most supersymmetric models at not too |arg?o|lowing analysis, we neglect them altogether.
tanB. Nevertheless, it does simplify significantly the follow-  once a splitting in mass for sneutrino states with different
ing formulas. . . CP is generated, the one-loop diagram with neutralino-
In general, due to the presence of bilinear terms in thgneytrino exchange, shown in Fig. 2, can produce nonvan-
superpotential and the scalar potential, @B-even Compo-  jshing contributions to neutrino masses. In this case, how-
nentsw; ; , in general, mix with theC P-even Higgs fieldsh  eyer, since the sneutrino mass splitting terms are induced at
and H, and theCP-odd componentss; _, mix with the  the one loop, this is in reality a diagram arising at the two-
CP-odd Higgs field, A. Thus, a mass splitting for the |oop level. We postpone this discussion to a later point of this
CP-even andCP-odd states is, indeed, generated at the tregaper and we proceed to the calculation of the diagram in
level. The two one-loop diagrams with exchange 19f, Fig. 2, where the neutrino-sneutrino-neutralino vertices are

The D-term contributions to the sneutrino masses are consi
ered included in the three parametm%. For simplicity, we
1

also assume these to be equal:

2 _ 2 2 __ 2
m; = mg,=mg =m;. (1)
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]

FIG. 2. Contribution to the Majorana neutrino mass due to one- 5 )

loop corrected statasa,(,. The coupllngs(j v, naya, indicated where the quant|t|e§m~ (p ), defined as
here by a square, are given explicitly in Appendix A. ) )
_,(pz)Efii/’+(p2)_Eii/,_(pz)a (18)
one-loop corrected. As Appendix A shows, this simply means
that these vertices are now weighted by the elements of the _ o
orthogonal rotation matrices needed to obtain the sneutringre nothing but the splitting in the mass of @&-even and

mass eigenstates from the current eigensﬁé;e,s We de- CP-oddii’ sneutrino states, at the current eigenstate level.

note the sneutrino mass eigenstates by the sympgl (a A calculation of the diagrams in Fig. 1 yields results for
. ) , these sneutrino mass splitting terms that can be expressed, in
=1,2,3) and the two rotation matrices B/ pring b

all generality, in terms oB functions(see Appendix B To
~ o~ show more explicitly their dependence on supersymmetric
Viie™ 2 OlaNa,o - 13 parameters, we give here approximated expressions, ob-
tained in the limitp?=0, separately for the.’- and the
These two matrices are determined by the one-loop corred’-induced terms:
tions Eﬁ’,a' Because of the assumption in EG1), the new

2 2
statesha » have mass: 3 Mg, M,
’ [5m~ (0)]|w—4 Nagh{ agmpin | (19
o 7T
m =2 Okam Ola —m~+2 Of€ti sOra- b
T kk/
(14

3
) ) o [5”‘P (0)]|A' |3ﬁ.'33(m LR)ZS(m" m~ )

For the calculation of the diagram in Fig. 2, the momentum 42
dependence in the loop-corrected part of the sneutrino mass (20)
terms must be reinstated back explicitly. For neutrino mass
terms evaluated at vanishing momentum square, we obtainThe first contribution has a mild logarithmic dependence on

g? sfermion masses; the second has a power dependence on
vi =g 2 (Ot 5j§tar‘26’w) them. The functiorﬁ(n%l,mgz) is defined in Appendix C

],a
and has the limiting value- 1/(6mg) for Mp, — M, =g .

Similar contributions are obtained from diagrams with 7

y f dp MO [ 050/.(p?

(2m)* pz—m)%o p2—m§ (p?) exchange, induced by the couplings; and A;3;. The re-
! &t sults for these diagrams can be read off those in EL®.
0.0, .(p?) and (20), after removing the color factor 3, and making the
_""‘+ , (15) obvious replacements of couplings and masses. The overall
pz—mﬁa (p%) sneutrino mass splitting is then given by the sum of the two

contributions in Eqs(19) and (20), plus the two contribu-
whereg is the weak coupling constant,y the electroweak tions coming from diagrams with— 7 exchange.
mixing angle, and the sum ovpextends to the two gaugino- |t s interesting to notice that the parametené L and

like neutralinos. These are assumed to be nearly pure gauglm)\ 133 €nter in two different contributions to the sneutrino
nos, so that the neutralino diagonalization matrix reduces to

the unity matrix. An expansion of each term in the curly Mass splitting. The same holds for the paramemer§R and

bracket in powers of the correspondié, , gives )§|33)\ 133 Ther_efore a suppression of the one-loop contribu-
7 tions to neutrino masses through opti®), among those
H 2
0%.0% (p?) 500 fﬁua(pz) listed after Eq.(4), leaves [8rr‘r (p )|\ unaffected,

T whereas if option(1) is chosen, anm R OF m R are rela-

¥ pml (p?) promZ (pi-mi)?
Na,o - L tively large, it |s[5rr‘r (p2)]|A, to remaln unsuppressed As

(16)
for the size of these contnbunons to the sneutrino mass split-
with the ellipsis denoting higher order termséf, . Thus,  ting, if we take the approximatiomy =mg,=mg and
Eq. (15) reduces to =nr_=nr, we get
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2
(5[‘]’]’;i‘i'(0))|)\r ~1.3x10 3 (N shg0) |n(m’6/mb)} /’-\\
N 33Vir33)| T, -~ ’ N
-~ 133\i739)| TIn(100) Dis oz
[ 100 Ge 2 o1 . X .
| . S0 :
m; Yi Xi ve
(5m% (0))], FIG. 3. Two-loop contribution to Majorana neutrino mass terms.
Vit ~1.3x1074(\, Nir3a) In(rrr,/mT)} The gray oval indicates any of the one-loop diagrams in Fig. 1,
m% 3$H33 In(56) generating a mass splitting for the sneutrino states andv;, _
100 GeW\? I’(m%,mg), also given in Appendix C and also depending
(—\/) (22) only on the ratioy. The reason for this replacement is that the
mg J function is very slowly decreasing foy=4.5, where it
, o reaches the maximum value0.57. It is also very slowly
for the A" and\ contributions, and decreasing from this point down to=1, where it gets the
5 ) l :
(5mvi i,(0))|A, Ail33Ai,'33 value 1/2. It has still the value-1/4 aty=0.1, and it drops

to 0 as\ly, for y—0.
As preannounced, this contribution to neutrino mass is
split in two terms. The first, as the one-loop contribution,

2 2
x<m5,LR) (100 GeV)Z 23 depends on the product{ss\/ 53 (Nisahirzg) but not on

m2 my m% LR (rréLR). Because of this, and because of the milder

b

s 21.3><10—6(
L

Ge\?

logarithmic dependence on scalar masses, it is less sensitive

(5m%i'i,(0))|A [ AisAias to the details of supersymmetry breaking than the one-loop
— | =4.2X107 | ———— neutrino-mass contribution. The second, on the contrary, is
m: Ge\?

very sensitive to these details. It is directly proportional to
m2. V2100 Gei? Ai’33A!’,33 (Aiga.Ai733), which do not have any influence on
( T,LR) ( \j (24) neutrino physics at the one-loop level.

The contribution to neutrino masses just calculated was
treated as arising from one-loop diagrams with one-loop cor-
for the A’ and A contributions. rected vertices. That is to say, it is in reality a contribution

As we shall see, similar considerations hold for the neu-originating at the two-loop level. The corresponding diagram
trino mass terms obtained from Ed.7), once the expression is shown explicitly in Fig. 3, where the gray oval is any of
for the sneutrino mass splitting is substituted in, and the inthe one-loop diagrams in Fig. 1. It is straightforward to see
tegral is performed. The exact analytic expressiomfgr, is that the procedure followed here and the direct calculation of

cumbersome We show here the expression obtained whdRe two-loop diagram are completely equivalent and lead to

2 _ the same Eq(17).
6m~ ,(P) is approximated bySm~ (O) Theresults ob Clearly, this equation does not exhaust all possible two-

tained through this approximation are certainly not valid forjgop contributions to neutrino masses, neither all those pro-
evaluations in which factors of(1) are important. They portional to the product of twa’ (or \) couplings or of two
are, however, good enough for order of magnitude estimates’ (or A) couplings. Equation(17) encapsulates only the

2
n-

: mg

We get two-loop contributions that are induced by the one-loop gen-
erated splitting in the mass o€P-even and CP-odd
2 5m~ (0) . | i
— 9 2 (8i5,+ Sitarf o) mr Vi’ sneutrino state$That is to say, the vertex corrections de-
i’ ' ) ! m% picted by a black box in Fig. 2 are only due to the correction

. to the mass of the different sneutrino states. Genuine vertex
xJ(m;(p,mt), (25 corrections for the interaction neutrino-sneutrino-neutralino,
! also due toR,-violating couplings, would give rise to two-

whereémg (O) is given by the sum qmm? (0)]|}\, and

[5w (O)]|A, in Egs. (19) and (20). The dlmenS|onIess There exist also other diagrams, not belonging to the class of
diagrams considered here, that depend on products of trilinear cou-
plings )\i’33}\i’,33 (Nja3\ir33) but not onmE’LR (miLR). See, for ex-
positive deflnlte and depends only on the ratie m~o/m~ ample, the one-particle reducible diagrams that are obtained from
two juxtaposed one-loop neutrino-neutralino transitions. An esti-

'mate of these diagrams shows that they give contributions to neu-
explicit in Eq. (17), is now hidden by the fact that a factor trino masses that are not larger than those considered here, at least

m~0/mt has been included in the functidh This is indeed in generic regions of the supersymmetric parameter space. We thank
the product of the ratmxro/m,_ and the actual loop function E. J. Chun for bringing this to our attention.

funct|on J(m~o m~) defined explicitly in Appendix C,

Note that the critical proportionality to the neutrallno mass,

115012-5
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y br m 2\ %100 Ge
V.- (Ai,33Ai,'33)< b'zLR) ( v)slo—2 Ge?, (29)
b m mg
1/ R bR
2
X | 2 &) °[100 Ge o

by ! (AizAirzd| —3 <10 Ge\?, (30)

L L 2 mp
A e
Xi by,

o . ~ for the A” and A couplings. Both sets of constraints depend
FIG. 4. Another two-loop contribution to the Majorana neutrino only linearly on the sneutrino scale. Those on the products
mass. N33\ [ 33 @nd Nizah 135 have also a rather weak dependence

. . . . on the sbhottom and on the charged slepton scale, respec-
loop diagrams with a different topology. An example is eX-tive

plicitlly ShO.WQr:.” I;ig. 4. Th.e deﬁﬁn?e?iﬁ 03. supersymlgwetgc If option (2) is chosen to suppress the one-loop contribu-
couplings in this diagram 1S as that of the diagram In 719. Syiq, 1 the neutrino mass, i.e. if the left-right mixing terms in

when the gray oval stands for the first diagram in Fig. 1. : :
. . ) the sfermion mass matrices are very small, then
Such a diagram should not spoil our estimate of the con; y &)

’ ! —5
straints that neutrino masses induce Rgrviolating cou- bounds the  productskis\; g3 10 be =10 , f?r M
plings. Other diagrams enter in the complete two-loop analy="300 GeV andmi ~100 GeV. The productzsA; s, re-
sis, with the same topo|ogy as the diagram of F|g 4. Amain unbounded. On the contrary, if the products of cou-

complete calculation should, therefore, be performed. plings N\{33\ 55 are constrained by the one-loop contribu-
tions to the neutrino mass terms, then only the products
IV. NUMERICAL ANALYSIS Ai’33Ai’,33 are bounded by the two-loop analysis. They can be
at most a few hundred GéV if mgl_R~mme, s,

We are now in a position to discuss the numerical impli- ol 5 i
cations of our analysis. Equatid@s) clearly bears what we ~300 GeV, andmg~100 GeV. Formy .~my and still
claimed earlier, i.e. that the two-loop contributions to neu-m;~100 GeV, the value of these products is reduced to
trino masses induced by the one-loop generated mass split 1072 Ge\~,
ting betweerC P-even andC P-odd sneutrino states are quite ~ Similar constraints hold for the product of couplings
large. This remains so, even after the one-loop contribution&izs\iraz andAizaA as.
have been reduced as to avoid conflicts with experimental All the above discussion has been devote&jeviolating
results. trilinear couplings with at least two third-generation indices.

First of all, the requirement that the neutrino mass termg=or couplings;, and Af; with j=k+#3, the analysis fol-
do not exceed the 1 eV mark induces a constraint on théows the same pattern as that for the case \vittk=3. The
fractional splitting in the mass o€P-even andCP-odd  p quark and théb squarks must be replaced by tHeor s
sneutrino states that is independent from Rgviolating 4,50k and théd or the's squarks everywhere in the above
couplings that have actually induced it. Taking the vayue g4 ations. The constraints corresponding to those ir(Z.
=1 for our numerical estimate, we obtain on N\’ products withj=k=2 are about 3 or 4 orders of

s 0) magnitude weaker than those fofy5\|, 55, depending on the
v _g[ 100 Ge particular value used for the mass of thguark. They are
— 7 |10 — . (26) completely lost forj =k=1. Therefore, if option2) is cho-

L sen to reduce the one-loop contributions to neutrino masses,
the productsA/,,A,,, and A/ ;A ; as well as\;\/,,, re-
=100 GeV, a fractional splitting of a few GéMWvould re- m’ainl SUbSt?Qt_ia”y gnsuppressed, wheregs the bound
quire J(y)~\/§~ 1074, resulting in 10 MeV weak-gaugino Ni2oN(15,<10 |§ obtained. In contrast, if optlo@) is se-
masses, which are already excluded by present experiment§Cted, the severity of both the one-loop constraints orthe

In turn, constraints oiR,-violating couplings can also be Products and the two-loop constraints on #é products
derived, namely, depends on the mechanism of supersymmetry breaking.

More precisely, it depends on whether the left-right mixing

mi

This constraint is rather difficult to evade. Famp

, In(mg /my)]{ 100 Ge termsm—fm are proportional or not to the corresponding fer-
(N3a\[133) In(100 K - \/)5105, (27)  mion masam;. In the former case, for a squark mass of 300
L GeV, it is N\ ,,<1073-10"2, whereas\|;;\/,;,;~O(1)
are still allowed. The two-loop constraints in E§0) on the
(Niadhirad) In(rrrT/mT)K 100 GeV) —10- 28 A'-products would still easily aIIQW couplings of typ€ as
13313 In(56) mt = ' large as 100 GeV or-1 TeV for j=k=2, and even larger
forj=k=1. Form%LR independent fronm; , the results for
for the N’ and\ couplings, and the A’ products are the same as in the casA@fA .5, the
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TABLE |. One- and two-loop upper limits oni’“- and\;j; (i,j=1,2,3) induced by the requirement that

the neutrino mass terms do not exceed 1 eV. The numerical values used for quark and lepton masses are:
m,=3 GeV, m,/mg=40, mg/my=20, andm.=1.8 GeV, m,/m,=20, m,/m=200. Squark masses are

all fixed at 300 GeV, slepton and neutralino masses at 100 GeV. Different choices are maréggorfrom

the very small to the rather large, see text. A horizontal bar indicates that the correspbfpptmgxij j are

allowed to be even larger than 1.

2 g Mp,M7} 5 2 2 2

rnf,LRslo ( m; )m? m; | g™ MeMt m; R M

one-loop two-loop three-loop two-loop one-loop two-loop
Naa(f=D) - 1072 103 102 104 10?2
Na(f=5) - 10t 102 10! 1073 107!
Npy(f=d) - - ~1 - 1073 -
Niza(f=17) - 102 1073 10?2 104 102
Nigo(f=p) - 10! 102 10! 1073 10t
Na(f=¢) - - - - 10° -

2

constraints on the\’ products are\/,,\/,,<10'—=10"° I_R:m?z. Note that the two-loop constraints anand\’

and\{y\/,,;=107°—10"“. As already mentioned, the un- couplings do not depend an? ., see Eq(19), and there-
certainties in the upper bounds discussed here are due to tf@e are important only when optid@) is chosen to suppress

uncertainty in thes- andd-quark masses. . _ the one-loop contribution to neutrino mass, i.e. fn%,LR
. Qongtramts on .the products af and A (_:ouph_ngs V.V'th <1078m?. The constraints o and A’ couplings do not
indicesj=k=2 or j=k=1 can be be obtained in a similar f 5 2 5
way. depend oy, but they depend om; . Formg .=mz,

A summary of the upper bounds for each of thethey are completely flavor independent, see @@). A hori-
R,-violating couplings discussed so far is given in Tables 1zontal bar in both tables indicates that the corresponding
and II. In particular, Table | lists the upper limits for the coupling is completely unconstrained. That is to say, even

couplings\};; andjj; , Table Il those for the couplings;;, ~ Values larger than 1, in the case Xf; or Ay;;, and larger

and A;;;. For the numerical calculation, the values, than 1 TQV, in the case wfi’“ orAi_“- , are not in conflict with
=3 GeV, m,/ms=40, mg/my= 20 were used for the quark the required smallness of neutrino masses.
massesm,=1.8 GeV, m,/m,=20, andm,/m,=200 for .Note that an Qverall increase by a factor of 3 in all sfer-
the lepton masses. The squark masses were fixetigas ~ Mion masses, i.emg~1 TeV and my=mi=300 GeV,
=g, = ”Tﬁl,fma:?’oo GeV. Finally, Mg, = =", would affect the constraints on the productsRyfviolating

#2 T2  couplings, but it would not change the upper bounds on the
=m;j=100 GeV, andmn; =my=100 GeV were chosen for ., ;. ;

. ndA lings. It can, however, weaken th
the sleptons and the neutralino masses. In both tables tﬁ\e andA’ couplings. It can, however, weaken thosexop,,

. . . . A nd A; ne order of magni whem?
constraints are given for different possible valuesrsf .: '?ﬁ’ni d Aizz by one order of magnitude, whemy, o
2 —8 2 . . . ’ =M M .
m; |g=10""(my/my) mz, which sufﬂuen;ly suppresses the  Thg sjtuation is more complicated for couplings in which
one-loop contribution to neutrino massey; .=m¢m;; and  only one index or k is 3, while the other is not. The con-

TABLE Il. Same as in Table | for the couplingﬂisi’jj and Aj;; with i,j=1-3. These constraints are
obtained at the two-loop level. A horizontal bar indicates that the corresponmngr Ajj; are allowed to be
even larger than 1 TeV.

m%,LRSlois(mbm—’fmT) m% m%,LR:mfm? m%,LR:m?z
Ais(f=Db) - 10 GeV 0.1 GeV
Al (f=s) - ~1 TeV 0.1 GeV
Ailll(f:d) - - 0.1 GeV
Aizs(f=7) - 10 GeV 0.1 GeV
Ao f= ) - 100 GeV 0.1 GeV
Ain(f=e) - - 0.1 GeV
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straints on the different products of couplings cannot be simlimit in which the two lightest neutralinos are pure gauginos,
ply gleaned from the results presented here and require dhe neutralino-sneutrino-neutrino interaction terms are
independent calculation. Not all diagrams in Fig. 1, for ex-
ample, contribute to the sneutrino mass splitting and the in- r 9 Sici— S

. . . -— w— Siatan6
teraction terms are more involved than those presented in tree 2 ZJ (9~ djgtandw)
Appendix A. Such a calculation goes beyond the scope of

this paper and calls for an independent analysis. We can only X{(X))PLvi v + viPrx{vi}
guess that the constraints in these cases are less severe than
in thg casg' =k=3, l?ut probably more bounding than those __9 E (85— Sigtanby)
obtained in the casgs=k=2 andj=k=1. 2 7]
We would like to stress again that the constraints just E— —_—
derived are up to coefficients ¢?(1). The use of Eq(17), XX v+ ysvivi -} (AL

instead of Eq(25), gives rise to small imaginary parts for the here the fact that both neutrinos and neutralinos are Majo-

neutrino mass terms. They are dug to' the analytic cuts tha} na particles was used. Once one-loop corrections to the
the loop functions for the diagrams in Fig. 1 have at Iap@e sneutrino sector are included, the neutralino-sneutrino-

These aspects of the exact calculation, although interesting, ing interactions terms can be expressed in terms of the

are inconsequential for our discussion. We have explicitly . ~ _ B ) .
checked that the order of magnitude of our estimates is, in"ass eigenstatas,, (o= +1,~1), defined in Eq(13), as

deed, quite reliable. g - ~
Litoogi2 = 5 2, (8~ 5tan b} Oia(X)) i, +

V. CONCLUSIONS +i0,(xX") ysviNa -} (A2)

We conclude this paper with the followmg observanons.At the tree level, the current eigensta@g and the mass
The smallness of neutrino mass is, indeed, one of the most

owerful constraints on some of tie -violating couplings & '9eNStatesla, c_oincide. . .
ﬁwolving third-generation indices. Igl%ntrary t(? wha![o ma?y be. The Rp-violating terms obtained from the superpotential
: Lo . “in Eq.(1) are
naively thought, the two-loop contributions to neutrino
masses are very important to constrain such couplings. Bar- L o=~ - -~
ring cancellations in which the phases of these couplings EtreeD_zi {Na3(PROL) Vi + Nigo 7r7 ) vip +H.C.
play an important role, the complete one- and two-loop
analysis indicates that it is rather unlikely that the couplings {)\i/33 o o
\{33 and \;33 are above the percent level. Such a constraint, =—2> {—=[bby ,—ibysbv; ]
obtained from two-loop contributions to neutrino masses, is ' V2

irrespective of the value of the left-right mixing terms in the Niaa o
sbottom and stau mass matrices. It can only become more + '—33[777/i,+—iry577/i'_] . (A3)
severe if these mixing terms are non-negligible and the one- V2

loop contributions to neutrino masses are unsuppressed. Q\Inote that both sets of couplingsss and\ 55 are taken to be
the contrary, the soft trilinear parametefgs; and Aizs,  real In other words, of the three options listed in the text

which enter only in two-loop contributions to neutrino afier Eq.(4), option(3) is not considered likely to be the one
masses, are rather weakly constrained. The most stringegfppressing the one-loop contributions to neutrino masses.
upper bound, obtained for very large left-right mixing terms,  The sneutrino-sbottom-sbottom interaction terms and the
is only 0.1 GeV. They are completely unbounded from abovesneutrino-stau-stau ones, respectively, proportional to.the
for small left-right mixing terms. Some of the consequencesnd couplings, and coming fror-terms, are

that the constraints derived here have for collider physics are

discussed in Ref.10]. ﬁtreeD—Ei oMo (BEBt BB,

ACKNOWLEDGMENTS +MNial(TRr+ 7E 7) i} +H.C.
The authors acknowledge the financial support of the L )~
Japanese Society for Promotion of Science. N ‘E; {MoA 5507 by wi 4
+MNigs(7F 7)1 4 ) (A4)

APPENDIX A: INTERACTION TERMS . . , .
Again, the assumption of real/;; and N33 couplings was

In this appendix are listed the interaction Lagrangianmade. Notice that no interaction terms for 8@-odd states
terms needed for the calculations presented in the text. In th@&re generated blg-term contributions to the Lagrangian.
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Finally, contributions to the sneutrino-sbottom-sbottom 3
interaction terms and to the sneutrino-stau-stau ones, com[eﬁm~ (PHIY] =~ —2)\i’33)\i',33m§><[80(p2,m% M)
also from the scalar potential in ER). They are 4m o

e Bo(p2 Mz ,me ) —2Bo(p?,mZ,m3)],
Etree:)_zi {Al3b} brri+ Ajgsr TRy} HH.C. (AD) 2

(B2)
Once the X 2 sbottom mass squared matrix is diagonalizedwhere the functiorB,(p?,m2,m3) is defined ag20]:
the first term becomes 5 2 2
Bo(p*,mz,m3)
Aiss T T kT 4D
Loe=— 2~ {[sin 205(b1b; ~b3by) + cos 25(bib, [ Lk ! @

im? (K2—m2+ie)(k+p)2—mi+ie]

xR V15, iTh*h —R*Hh. 1. -
2B In, o +ilba by =bibo v ) (A6) " WhereD=4—2¢ anddPk=T"(1— €) (mu?)d°k,
where 6, is the diagonalization angle of thex2 sbottom
mass squared matrix. A similar expression is obtained for the
sneutrino-stau-stau interaction term in E45). We list here the functions arising from loop integrations:

Note that, for the purpose of obtaining neutrino mass 5 5

terms induced by the splitting in mass for tB4>-even and (2 2 0):In(m2)_|n(ml) )
CP-odd sneutrino states, it is sufficient to consider the effect SR mi—m? '
of sneutrino mass corrections on the neutralino-sneutrino-

APPENDIX C: LOOP FUNCTIONS

neutrino interaction terms only. The inclusion of such correc- ma+m? [ m?
tions to the other interaction terms in EdA3), (A4), and S(m?,m3)= 2—m? >—Inl = .
(AB) is irrelevant for the calculation of neutrino mass terms (m3—mjy) m;
induced by a nonvanishing splitting in the mas<Cd?-even (C2
and C P-odd sneutrino states. 5
» o l=y+tylny n
I(m2m)=———", y=|— (C3)
APPENDIX B: SNEUTRINO MASS-SPLITTING TERMS (1-y) 2

We list here the formulas obtained for the sneutrino mas3dhey are, respectively, the functions obtained from the
splitting from one-loop diagrams: fermion-sfermion loop giving rise to the one-loop neutrino
mass contribution; from the sfermion-sfermion contribution

5 3 mg R 2 giving rise to the one-loop correction to sneutrino masses
[5rrrv__,(p2)](1)|A,= — —A,33A|,33 —’2 proportional to theA” and A soft parameters; and from the
! b, Mo, sneutrino-neutralino loop giving rise to neutrino mass terms.

, 2 , 2 2 The functionJ(m?,m3) also used in the text is
X[Bo(p ,mBllmBl)_'—BO(p 1m521m62)

2 2 mL,
_ZBO(pZ’mglymgz)], (B1) J(mg,m3) = FI (mg,m3). (CH
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