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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 tHg—L; 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 biRqgarity violation.
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[. INTRODUCTION must be included or can be neglected. We also place bounds
on the new combinations of couplings constants that contrib-
The construction of a model which generates neutrindite to the neutrino mass. We discuss phenomenological is-
masse$1] requires some extension of the standard model. /sues for a toy model where tli&, violation comes from the
possibility is the minimal supersymmetric standard modefsoft SUSY breaking sector of the potential. We will discuss
(MSSM) [2,3] without R parity. The quantum numbd, is phenomenology in more detail in a subsequent publication
defined asR,=(—1)-"3**25 whereL, B, Sare the lepton (10]. _ _ . _ _
and baryon number and the spin of the particle, respectively In the remainder of this section, we review our notation

[4]. In a generaR, nonconserving supersymmet(gsUSY) and _pre_vious work. In Sec_. Il we discuss _What we mean by
version of the SR/I the lepton number is not conserved “basis independent” neutrino mass matrix elements, what
which allows nonzéro Neutrine Masses "we calculate, and how basis dependent it is. In Sec. lll we

discuss when the bilinears are important in the loop contri-

The main physical motivation for neutrino masses comeg ) This i detailed di .
from the anomalous neutrino data from both solar and atmo—l-nIons to neutrino masses. This is a cetalled discussion,
: . . DR with generation indices, of results presentedlfi]. In Sec.
spheric neutrino experimen{$]. In the R-parity violating

IV we study the phenomenology of some simple bilinear

(R;) MSSM, one neutrino can acquire a tree level massygqels. We conclude in Sec. V. Appendix A discusses which
through a seesaw effect from the mass matrix of the neutriy o the relevant diagrams that we include in our calculations.

nos and neutrglino[ﬁ]. In prder that the (est of the neutrinos |, Appendix B the neutrino mass matrix elements are given
become massive, loop diagrams that violate the lepton nuM tarms of MSSM parameters and basis-independent combi-
ber (by two units must also be consider¢d,8]. To generate  4iions of coupling constants that parametrize. Addi-
neutrino masses that fit experimental constraints we musfy,4 Feynman rules for including, in the mass insertion
require thatAm?,<10"* eV?, AmZ,e[10 3,10 2] eV2. g o - :
‘sum ' atm o .. approximation can be found in Appendix C. Numerical
For solar neutrino data there are several different possibilitieg g nds onR-parity violating parameters obtained from the
for the relevant mixing anglélarge or small mixing angle gifferent diagrams are given in Appendix D.
solutiong while for atmospheric neutrinos the mixing angle | the MSSM the down-type Higgs superfield and the
must be in the range SiP0yy,c[0.85,1]. o lepton doublet superfields have the same gauge quantum
~ The purpose of this paper is to provigxact “basis-  pympers, which means that they can mix if the lepton num-
independent” neutrino mass matrix elements, which arger is not conserved. Thus. we can construct a vector
given in Appendix B. As far as we know this is the first —(y | .y with J:4.1. With this notation, the superpotential

basis-independent exact calculation of all the finite one-l0ogy, the supersymmetric SM with thR, violation can be
diagrams that contribute to the neutrino mass matrix. W&y itten as P

present complete analytic expressions for all of the diagrams,

and clarify how the neutrino mass matrix elements can be K

“basis independent.” We discuss in detail when the different W= ulH L+ TLJLKEIC—’_)\’JpqLJQng
contributions to the neutrino mass matrix are relevant, iden-

tifying for both bilinear and trilinear contributions when they +hfH,QpUg. 1)

We contract S() doublets withe ,5: £11=£,,=0, £1,=

!Baryon number is also in general not conserved; however, we™ €21= —1. TheR, violating ar_‘d conserving COUp"nQ con-
will impose baryon number conservation by hand to avoid protorstants have been assembled into vectors and matricesg in
decay constraints, see, e.[f)] space: we call the usual parameterw,, and identifyhfsk
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=\4k2 andhh%=\"4P9. We call the usuaR, masse;= u; . lation, suggesting that an exact basis-independent calculation
Lower case roman indicésj,k andp,q are lepton and quark would be worthwhile. The mass insertion approximation is
generation indices. We frequently suppress the capitalizedalid as we know experimentally that neutrino masses are
indices, Writing &= (w4, s, 2, 11). We also include pos- small. It is a particularly transparent way to include the bi-
sible R,-violating couplings among the soft SUSY breaking linears, because thig, Feynman rules can be read off the

parameters, which can be written as Lagrangian, and all th&, appears perturbatively in the nu-
merator(“upstairs”) of each contribution. The relative con-

m2 1 _ tributions of different diagrams are easy to see. The main
Vsoft:7uHEHu+ E|_J‘r[mf]JK|_KJr BJHuLJ+A“PSHquU§ point of our previous paper was that the issue of the basis
choice for calculating neutrino masses is transparent if we
JKI keep all contributions.
+APYL QDS+ T|_J|_KE;3Jr H.c. 2 The bilinearR;, contribution to loops, as well as at the tree
level, has been included [16-18, where neutrino masses
are obtained, after the exact diagonalization of the mass ma-
Hiices of all particles which propagate in tid =2 loops.
The bilinears mix standard model and SUSY patrticles, gen-
erating mass matrices of large dimension, so these results are
rtially numerical. - igen-
In this notation where the Higgs boson joins the leptons a: gttea; )i/n tl;eier: éilp L?aegr;)r;c;?agﬁéedtirsiiées\i/grl] :r;‘a%seélgen
the fpurth direction ir{L,} space, _the relative magnitude of includes gauge loops. Referer[dg] has approximate diago-
Ry, violating and conserving coupling constants vary with thepyjization formulas, calculated in the seesaw approximation,
choice of the Higgs directior, violation can be understood \hich is equivalent to the mass insertion approximation used
geometrically: if all interactions in thﬂe I:agranglan agréehere: they have few diagrams and long mixing angle formu-
which direction is the Higgs bosdie.g.H=L,), thenR, is  |as, whereas we have more diagrams and only MSSM mix-
a good symmetry. But if there is misalignment{in} space ing angles.
between different couplings constant®r instance\’'Pd
#0 in the basis wherg., = u,= u3=0) thenR, is not con-
served. ThisRk, can be parametrized by basis independent

Note that we have absorbed the superpotential paramet
into the A and B terms, e.g. we writeB*H,Hy not
B*u*H H4. We abusively use capitals for superfie[ds in
Eq. (1)] and for their scalar components.

Il. ISSUES OF BASIS

combinations of coupling constar{t,12—-14. These invari- There is no unique interaction eigenstate basis fortthe
ant measures @}, violation in the Lagrangian are analogous = —1 fields(the components of thie; andH4 superfieldsin
to Jarlskog invariants which parametrigé® violation. the R, MSSM. This means that the Lagrangian parameters

Early work onRR;, neutrino massel’] used models where depend on an arbitrary choice of basis, or equivalently that
the bilinear R, could be rotated out of the mass terms|agrangians which differ by a rotation ifi,} space make
(Bi,ui,m3 , referred to as “bilinearsy into the trilinear in-  equivalent physical predictions. Observables cannot depend
teractions. Most subsequent analytic estimf2d$ have fol-  on the choice of basis in the Lagrangidnso they must be
lowed the calculation of7] and neglected th&®, bilinear ~ scalar functions of the vector and tensor parameteis. jh
masses in the loop contributions to the neutrino masses. Thigpace. It is common in SUSY to study the dependence of
does not generate the complete set of one loop diagranghysical observables on Lagrangian inputs. The basis depen-
contributing to[m,];;, so it is formally inconsistent. It dence of the Lagrangian makes this problemati&jnmod-
would be acceptable if neglecting the bilinear contributionsels because a point in physical parameter space corresponds
corresponded to neglecting loops suppressed by some addi¢- different numerical inputs in different bases. So comparing
tional small parameter. However, the size of the bilinears igesults calculated in different bases is difficult.
basis dependent, so what is neglected depends on the basisThe R, in the Lagrangian can be parametrized in a basis
choice, and this basis dependence of neutrino masses hiaslependent way by combining coupling constants, masses
caused some confusion in the literature. and vacuum expectation valuegctors and matrices il }

In a previous pap€rll], we systematically analyzeflL spacg into scalar “invariants,” which are zero wheR,, is
=2 loop contributions to neutrino masses in the mass inseconserved. Physical observables can be expressed in terms of
tion approximation[15]. This led us to identify new dia- these invariants and othé®, conserving quantities. For a
grams which have not been included in many analytic estidiscussion of constructing invariants, see €1¢,11,14,19
mates in the literature. We gave basis-independstimates Neutrino masses and mixing angles are measurable quan-
for all diagrams using a common SUSY scale forRifparity  tities, so they must bsndependenbf the basis choice in the
conserving mass parameters, and calculated the neutral lod@agrangian However, note that the mixing angles param-
diagram exactlyGrossman-Haber diagramWe found that etrize the rotation between the neutrino and charged lepton
Grossman and Haber had neglected diagrams in their calctmass eigenstate bases in lepton flavor space, so are defined in

terms ofphysicalbases. This “basis dependence” cannot be
avoided. We will therefore presehfagrangian basis inde-
2We have changed convention with respect to factors of ® in pendentformulas for neutrino mass matrix elemeits, J;;
from our previous paper: we now phi2 in the superpotential, with  in the charged lepton mass eigenstate basis. The neutrino
AT=hll masses and mixing angles can be computed from;; in

075025-2



BASIS INDEPENDENT NEUTRI

NO MASSES IN THR,, . . .

PHYSICAL REVIEW D 65 075025

TABLE I. The basis-independent invariants used to parametrize Hi My, 22
the R, relevant for neutrino masses. They are zer®jfis con- V; —Pp— 3% —— V;
served.s, and dg parametrize bilineaR, . Note that these invari- Xa

ants have signs: for arbitrary vectasandb, a-\'-b=—b-\'-a.

FIG. 1. Tree-level neutrino mass in the mass insertion approxi-
mation.

s o sl B-\v
“ lulV2m; ° |B[V2m, crucial. We get basis independent formulas because we in-
o xaniLg SR UGN clude theR, masses as well as couplings in perturbation
5'xpqu—i (wsz theory. Our results are basis independent to order
V2m, 2mmy (Ry couplingy, and neglect higher order effects such as the

difference between basi8) and the exact charged lepton
mass eigenstate basis. We are also neglectin® ttenserv-
this basis, so it contains all the measurable information. Aing contributions to squark and slepton flavor mixing matri-
first sight, it may appear self-contradictory to compute soces due tdR-parity violating(RPV) parameter$20], as their
called basis-independent formulas for mass matrix elemenigffect is orders*. This makes them irrelevant, since neutrino
[m,]ij which depend on the basis in which they are com-masses are: 6. The R, couplings which do not contribute
puted. The crucial point is that we want formulas for physi-tg neutrino masses at orddRr( couplingf should give the
cally measurable quantities, and we want those formulas tghost  significant contributions to m, at order

be Independent of the arbltrary choice of interaction elgen(R Coup||ng)4 as phenomen0|og|ca”y these Coup“ngs can

state basis in the Lagrangian. The, ];; are physical—they pe Iarger

can be calculated from the Maki-Nakagawa-SakaS) A significant advantage of the basis-independent formal-

matrix and the neutrino masses—and Lagrangian basigsm is that the neutrino masses can be computed in any La-

independent. grangian basis, including those where the mass insertion ap-
The flavor basis can be written in terms of vacuum eXpecprommanon is not valid. This could be easier than rotating to

tation values(VEV) and coupling constants, so neutrlno < )=0 basis, because the VEV is a derived quantity,

mass matrix elements in this basis are proportional to 'nva”calculated by minimizing the potentlal For instance, con-

ants. We list the four invariants relevant for neutrino masses
in Table I. The flavor basis is sider a model where all trﬁp is in B ando—that i is, there is

a basis where all th®, couplings other thaB, and(v;) are

0 zero. Clearly it is easier to evaluate invariants in this basis
Ho= v than to rotate tq»;)=0. The basis independent formalism
also makes it simple to compare results computed in differ-
N ent bases.
[l=——, (3) We include theR, bilinears and theA+ u tang scalar
\'v] masses in the mass insertion approximation. This means that

we treatall the R, couplings and masses in perturbation
wherev is the vector of vacuum expectation values in thetheory, following the same approach as in Refl]. We
down -type Higgs sector and we impose the requirement thgiropagate MSSM mass eigenstaf@®glecting the scalar
v-NN.p sl The lower case index labeling the matrix doublet-singlet mixing masses, which we include in the mass

\¥ is the singlet lepton indexi\¥],;=\"¥. So there are insertion approximation _ .
three flavor eigenstates i in (L} space: [ The tree level neutrino mass is non-zerdjf+ 0 [6]. The
- L

. . - . : diagram appears in Fig. 1 in the mass insertion approxima-
_\JK [ -\ NPiy NM 3
=Nk INuph T AT oy (nosum oni).® This corre-  yion |n the basis of Eq(3), it contributes a mass matrix

sponds to the charged Iepton mass eigenstate basis in the
absence ofR,. In this R,-conserving case*/=h{ and
AKii=0, where K, j: 13 So Aky =2mk (1=49
=j:1.3),v-A"-N.pc§ is the condition that théeS} are in

the mass eigenstate basis, ardv are the charged doublet
eigenvectors. In the presence of bilindgy, the basis(3) ~ which gives a massng
will not be exactly the charged lepton mass eigenstate basigeutrino
However, bilinearR, masses are required to be small by
neutrino masses, so the bag$ is close to the charged lep-

ton mass eigenstate basis. The smallness of §yctbrms is

ARY ARSI
(p-Lj),

[m,]ij*®= (ﬁ-&@ (4)

Xa

tree

3 o(80)°Z% |M|2/mX0{ to the

“tree__ 5:u|:
3 _5_ i

"

©)

wheres
1 to 4. The index “3" onZ corresponds to the interaction

eigenstateh,—see Appendix C for our conventions dh

3The capitalized index ordering onNP' is becausea:\-b .= V2i(5},)% and the neutralino index runs from
=—Dp-\-a is an antisymmetric product. The transposeLbfis

—v-N/|o-ATl.
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Avg + vuug Avg + v, g

H : FIG. 2. Schematic representa-
tion of one-loop diagrams contrib-
uting to neutrino masses. The
filled circles indicate possible po-
. P, . sitions for R, interactions, which
I JIIT svirr . I \VIII can be trilinears(at positions Il
o and VII) or mass insertions. The
misalignment betweep andv al-
lows a mass insertion on the
oy Iy lepton/Higgsino linegat points I,
I, or VIII') and at theA term on
h,H,—A the scalar line(position V). The
¢) IV ,.-=7"==~. .VI soft R, masses appear as mass in-
’ * sertions at positions VI and IV on
I ! NVIIT the scalar line(a) corresponds to
~— —e the charged loop with trilinear
X couplingsh (or h,) at the vertices.
(b) is the colored loops with trilin-
ear ' or Yukawa h, couplings.
(c) is the neutral loops with two
gauge couplings, andd) corre-
d) IV .-=7=- . sponds to the charged loop with
K B one gauge and a Yukawa cou-
pling. This diagram occurs if
: gauginos mix with charged
v leptons—that is if5,, # 0. See also
: Fig. 3.

Vi

I
V; ———————— I/j

Equation (4) is equivalent to the usual formulan'®®  neutrinos that are massless at tree level. The possible places

14

=defM®]/defM@], whereM® (M@ is the R,5x5  oOn the diagram for the two required lepton number violating

neutralino and neutrino mass mattMSSM neutralino mass interactions are labeled. . . VIII. With the definition Hoo),
matrix), as can be seen by writing1® and M in the  lepton number violation is not possible at the charged lepton
MSSM mass eigenstate basis W{tﬁ)zo. mass insertion in diagrams& and 2d). (An sneutrino VEV

Loop corrections to the neutrino mass matrix can be di-could provide lepton number violation at this point in a basis
vided into three categories. First, there are gauge and tophere(7;)#0.)

Y:Jkawa coupling loops which renormallze t.he mass of |, Appendix B we list all the possible loop diagrams,
v3°“—we neglect these because their effect is sfifll.  giving exact formulas in a basis-independent way for each
Second, there are loop corrections &) (equivalently, ui  diagram's contribution tgm,];; . In Table Il we summarize
and/or{v;)) which can modify the direction of;—these we the diagrams for the reader’s benefit and make basis indepen-
partially compute and list in the Appendixes. They are renordent estimates by setting all the heavy masses to a unique
malization scale dependent, because they are loop corregcalemssy. The lists start with the canonical trilinear dia-
tions to the tree mass. We are not interested in loop correGgrams, then the Grossman-Haber loop induced by the soft
tions to the tree mass, so we rotate these away. This ijlinears, and finally all the additional diagrams which arise
discussed in more detail in Appendix A. Finally, there aré\ hen the bilinears' are included in the loops. For each
finite loops which give mass to any neutrino. The third grOUpdiagram, labeled byﬂ—>d for the diagram category of Fig. 2,

has the most interesting loops, because they generate m d by roman numeral identifying where tig should ap-
for the two neutrinos who are massless at the tree level, ' . . . .
ear on the figure, we give an estimate of the diagram in

Schematic representations of the one-loop neutrino mass dig- . . . .
grams that we consider are reproduced in Fig. 2. This is erms of the invariants listed in Table I. We have added a few

slightly modified version of a figure from Rdfl1]. Each of relevant d'agra”.‘s missing f.rom the I'SFHm]‘ .

the four diagrams represents a number of Feynman diagrams. To evaluate dmgrar_n@) W'th. R, at points I _and Vil(this

This should be an almdscomplete set of one loopAL IS the usual colored AtrlllnearAdlagranwe identify the exter-

=2 diagrams which generate mass matrix elements for thgal neutrino legs ag; andL;. At vertices Il and VII sit
couplings\"*D, and\'**Q,, . (The X\’ indices are in the
quark mass eigenstate basis, and the matiicaad Q diag-

“We discuss in Appendix B why we neglect certain finite diagramsonalize the singlet and doublet squark mass matrices—see
of the third type. Appendix C) The diagram is therefore
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TABLE II. Estimated contributions tpm,]" from all the diagrams. In the second two columns are the label of the diagram of Fig. 2, and
the position on the diagram of the twiol =1 interactions. Column four is the “basis independent” estimated contribution to the neutrino
mass matrix in the flavor basis. All indices other thaandj are summed.

No. Diagram Position oR, 16 m*mgysfm,]”

1 a IRV s\l "me me,

2 b IRY] 35,0%6,0%(my )2

3 c IV VI 928 585m msysy4

4 b LV + 11 VI 3(5),501%+ 8,810 (g )?h]

5 a Y 80“me, 8 §(me hl—me he)

6 a VI -+ 11 VI (8, 61%+ 81,51%) (mg )N

7 a IV 8,01 (Mg hl)?+(mg he)?]

8 a v 5;ik52mek(h;mei—hgmei)

9 a v 5'Mﬁlﬂmeimeih'ehje

10 a Vil 8, 81[(mg )+ (Mg hl)?]

11 a I VI 8, 0h(mg h)?+ 81,85(mhe)®

12 a 1 wvi 5‘;”52men(mejh{§— me he)

13 a 1 vi (6',36theh[emelmej+ 5{35'ﬂh;h'emejmel)

14 d Y gl655},(me)*+ 555, (me)?]

15 d I vl 96,,8,1(me)*+(me)?]

16 d Ll 96,,8,1(me)*+(Me)?]

17 d VIl gMme, Msysy(8}, 814+ 8,814
39 mdkmsusK‘si,ﬁik'k"' 5L5i>\krk)

18 d Vil zero for degenerate sleptons

19 c | VIHIV VI 9°MEys 05d)+5),55)/4

20 d Y 96,,8,1(me)*+(Me)?]

21 d I IV g[5L5{3(mej)2+ 81,85(mg)?]

[mJg=-3__ pE”Xy (il X" *)DgpQer (X' L) (iQ3 [AF(DX) (—mg |)

XJ' d*k i i + (ko))
<
(2m)* k2—m%'c) |<2—mér k2—m3 :

S

3 Jitse 1 MssUM JaxyUR U , .
=— 1672 spreqxy )\/kSquthr)\ Its) MSSEQ;r ()\A) nyﬁ +\/—%,LLR)\ Rxy D:p|(mér,m5;,mds)+(k<—>])
(6)
3 ksqqjts * * - - AXY .
T e ep iy SN PN DapDipQu Qi (M, msg, ) A M + (ke ) ™
kspojps
36,5P8 5% [my my
o A N s p (8)

7
872 Msysy
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Avg + vuur

F YR

[ L]

Vi

FIG. 3. Some of the charged
Avg + vy g g—\ 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-
v Lo-aol IV emmee. ticle labels.

4]

where AP = —[(AN")RPy o+ v urh ' RPT], and we work in  neglected in the loops—assuming the mass matrix elements
) - are then calculated in a sensible basis where the bilinears are
the down quark mass eigenstate baaiS’'-v is diagonal.  gma|l. These are not hard and fast rules, but estimates of
The integrals | are listed in Appendix B. The last line corre-when the extra bilinear diagrams should be included.
sponds to the last column of Table Il. Note that we do not A slightly different approach would be to consider the
divide by 2 when we symmetrize onand j, because the relative size of all the diagrams, and catalogue all the permu-
diagram withi < j is different. This agrees witfi.7,18° and  tations of which diagrams should be included and which ne-
disagrees with8]. It is clear in the mass insertion approxi- glected. For instance, it is possible that the trilinears are neg-
mation that one should not divide by 2, because in one casigible with respect to the bilinear diagrams, or that the
v; couples toD°® and in the other case tQ. In the mass trilinear contributes only a small correction to tRé trilin-
eigenstate formalism, one can see that these are distinct diaar, and can be ignored. Here we assume that the trilinear
grams not included in the sum ovpyr,s by considering the contributions are always calculated, because they take little
case where only'*2 and \'?2% are non-zero. effort. Then we ask whethesg should also be included—

In our previous paper we were unclear about whether théehis is a few more diagrams. Finally we consider adding the
charged goldstone boson of & could mix with the{E®}. 5, contributions, which is many more diagrams. We do not
This was due to various sign discrepancies in the literaturespecifically discuss the case whefgshould be included but
As expected, the goldstone is pure @l—so there is N0 the 5, contributions are insignificant, because thg dia-
loop diagram propagating #/* that is proportional t0 & grams are relatively little work compared to the masly
gauge times a Yukawa coupling. diagrams.

In our previous paper, we outlined three cases:
Case A: all the bilinear contributions to loop diagrams are
negligible. In this case the loop contributions to the neutrino
Il WHEN ARE THE BILINEARS IMPORTANT ;n(z)ss matrix are the usual trilinear diagrams of Figa) and
N LOOPS? Case B:9,, is negligibly small, butsg should be included.

Bilinear contributions to loops have traditionally been ne-In addition to the diagrams of case A, one should consider
glected, which intuitively seems reasonable if they arethe neutral Grossman-Haber loop of Figc)2 and possibly
“small” in a “sensible” basis close to the MSSM mass the 6z mass insertion to Fig.(3).
eigenstate basis. However, this apparently reasonable over- Case C: Include all bilineaR, contributions. There are
sight is confusing, because the size of what is neglected dexdditional contributions to diagrams in Figgag 2(b), and
pends on the basis choice. In this section we provide basi®(c), and new diagrams in Fig.(@ and Fig. 3.
independent conditions for when the bilinears can be We determine basis-independent criteria for when the bi-

linears can be neglected in the loops by comparing our esti-
mates of the size of each diagram from the last column of
SWe thank E.J. Chun for a discussion of this point. Table Il. A diagram should be included if its contribution is
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of order of the trilinear loops—however, we want to avoid This will be comparable to or greater than the trilinear loops
comparing bilinear loop corrections of the tree mashich  when
are irrelevant with the trilinear loops contributing masses to

neutrinos which are massless at tree level. So we distinguish . B-u
two Casesmtree<mloop andmt’ees> mioop, g BL:%( IB_ |§||M| >5JQP /hqh ; 5]k| /th
o

If m'"®e<m'°°P, we simply compare bilinear to trilinear
loop mass matrix elements. Smééf; is not large enough to

tree loop RN N N
Ipnrc():(:llg(;er:m;m , it is negligible in the loops, so we are We define 5Jqp 5Jqp 5L()\rqp.ﬂ)/|ﬂ|. This translates

If miree>m/°°P we consider only the loop mass matrix roughly into the condition thabz can be neglected in the
for the neutrinos that are massless at tree level. We compateops if
the bilinear and trilinear contributions to this sub-matrix. ,
Cases A, B, or C can arise fifig °®>m'°°P, 0, <0

(13

'33hb 5% (mireesmloor), (14)

A. Case B—including the soft bilinearB; B. Case C—includingy;
I

We first consider whensg should be included in the

- i The tree-level neutrino masssZ; (5 )2 , so if 5' is
loops. The Grossman-HabéGH) loop is of ordef m!

e B relevant in the loops, them'°°P< mtree The addltlonal dla—
~g?6p0km, /(647%), which is potentially large because itis rams proportional t@', should be included if they induce a
proportlonal to gauge rather than Yukawa couplings. Recal oop mass fow, and v, greater than or of order the trilinear

that the canonical trilinear diagrams are of ordef or GH loops
33.j33_2 . ' . . - L
~ 4, 5meb/(877 Msusy- We first consider the varlousﬁ'ﬂ contributions to

If the tree mass is smallm"®®<m'°°?, then the diagrams (@) and (d) of Fig. 2 which are of order
Grossman-Haber loop should be included if it is of order the_| s (he)2][51 (h! )2]mSUSY Generically the vector

trilinear loop. This will occur if (57 ThT 5Mhp,hM 5Zhehe) will not be aligned with
_ (6; ,5ﬁ,5z), so thed, bilinear contributions should be in-
5J>5‘qp\/hqh, s héhg, (9)  cluded if

8,(hy)2= s \/heRhe,é'pq\/hph :

i,j,kI,p,q notsummed. (15

or the condition to neglecég can be roughly estimated as

55<613%n,,61%n,  (mireesmloop), (10)

A rough guide to when thesg, corrections can be neglected
Alternatively, if m'"®®>m/°°P we are only interested in the js therefore

loop contributions to the mass of neutrines and v; who

are massless at tree levelHfis aligned withx, then the GH 5, hre 5.77 5|33 h_ 16
loop is a correction to the tree-level mass, and can be ne- h, (16
glected along with other such Ioopﬁ.can be decomposed in
components parallel and perpendiculanto There are also bilinear loop contributions of the form
B=B,+B, (11) [m'°°PL;~[8),(he)2I[8)Imsusy  (i,] E{T,,u,e})-( )
1

with By=(B-u)u/|u|?. The part of the Grossman-Haber These initially appear more significant, because they are only
loop proportional t05s‘5 is a loop correction to the tree suppressed by two, rather than four, trilinears or Yukawas.
massmt'®€. The 53”5 terms mix»'"®€ with v, and vy, S0 However,m,?°P<m\®® andp'"®®x (57, , 5%, 8%), so contribu-
induce a “seesaw” mass far, and/orv, which is negligible  tions of the form of Eq(17) mix »'"®® with »2 and»*. These

for m'"®e>m'°°P [see the related discussion following Eq. latter two neutrinos, which are massless at tree level, there-

(18)]. The mass matrix from the GH loop for; and v, is  fore acquire a seesaw mass of order
therefore
loo i iy2 (5/5)2
YRy [m'o°P];~ 2 5),(hy) Msusy 2 —
B, “B (12) k |8.1°Msusy

[m, ]jj e o
X (hy)?81,msysy

—m,.
64m? X

~[ 8, (hp)?1[(hL)25)]m
5We are neglecting flavor violation among the sneutrinos, which [ "( e J(he) “] SUsY
could induce a significant loop mass eveBi&bu [21]. (i,je{r,u,e}). (18
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This is the mass matrix structure we considered before Ecare summarized in Appendix D.

(15), and will make a significant contribution if E@L5) is As we can see from the tables in Appendix D the stron-
satisfied. So Eq(15) is the condition for whers, bilinears  gest bounds for the combination of basis-independent cou-
should be included in loops, or equivalently, E@6) is a  pling constantss 5} arises from the Grossman-Haber dia-
rough estimate of when th&, loops can be neglected. gram:

IV. PHENOMENOLOGY 5IB§{3<3X 1077 (19
In this section we briefly consider the constraints that carf-0 98, the best bound comes from diagram 19, which is

be set orRR,, couplings from solar and atmospheric neutrinothe neutral Grossman-Haber loop with Brparity violation

data. We follow the approach of Reff22,23, who set atpoints | and VI:

bounds onR, models corresponding to case A—models

where the bilinears are negligible in loops and neutrino loop

masses are due to trilinear couplings. We discuss here a tc{VVe use tafB=2 and a genericns sy~ 100 GeV for both

model wher('—:"thdRp IS 1N th.e bilinears, and théj loops these boundsThe strongest constraint ail 81 is from the
make a significant contribution fam, ];; (case B of the pre- tree-level mass: meom

vious section We leave case C—wher&, should be in-

cluded in the loops—for a subsequent analysis]. We sl sl <1012 (22)
would like to establish bounds on the different set of basis row

independent combinations of coupling constants that contribgor comparison, we list the bounds which can be derived
ute to the neutrino mass matrix. These bounds are more iffrom the remaining diagrams in Appendix D.

dicative of orders of magnitude than steadfast constraints. In

order to proceed we make the following assumptions. First, A. Toy model

we use the results of Ref22], which constrain a general 3 )
X 3 symmetric mass matrix from neutrino data considering; SUPPOSe we only allow the presence of the ibaS|s—
atmospheric and solar neutrino experiments, the CHOOZ esindependent combinations of coupling constaffsand 5 .
periment and the constraint from neutrinoless double bet& nonzero value ob, can arise either from having; #0 or
decay. The overall conclusion of this analysis is that the maséy;)# 0, so this model could arise if all thR, originates in
matrix elements should be constrained to be on the order afe soft SUSY breaking ternt; , which induces a misalign-
I[m,]ij|=0.1 eV. Here we present our bounds allowingment between the VEV and superpotential couplin@is
each individual matrix element to take on the maximumwould induceé, . ~h,é, and ,~h,5,, which we neglect
value of 0.1 eV. This simple approach can be extended thecause we assume our model to be in case B, where contri-
obtain bounds when we include combinations of contribu-butions of this size can be neglecte@his differs slightly
tions to the neutrino mass matrix frod, , &g, s, for  from the usual bilinear model, discussed in deta[li6—18,

any given model which contains theseparity violating  where theR, originates in the GUT-scale misalignment be-

terms originally in the Lagrangian. tween . and the trilinears, so tha8 becomes misaligned

Se_condly, we assume that each .Of the contributions f_rorovith respect toﬁ while running down to the weak scale.
the diagrams that we have found is separately the UNIQUErom the results of Appendix D we see that the relevant

cgntnburt]lon atka given “T“é-'” tﬂ's t\)/vay v_vedare taylng to contributions to the neutrino mass matrix will arise from the
obtain theweakestonstraint on the basis-independent COM-y o |oye| contribution plus diagrams 3 and 19. The upper

bination of coupling constants. That is we allow each sepag ;0 5LS10_6 from the tree level mass contribution en-

rate contribution to take on its maximum value. We can thenSures thatfor low tang) the remaining diagrams, which in

choose from all of the bounds which is the strongest con= " "~ X . .
) . L . rinciple contribute to the neutrino mass matrix through
straint on a given combinations of coupling constants. Wi . - -

in the loops, are negligible.

also assume, unless otherwise indicated, that all supersyr{'ﬂp—ass insertions of,

metric mass scales are the same of ontgpsy. The next With t.hetshe thrr]ee contntl)utl_onﬁ Wet cant.obtaln.neutrr;poh
approximation we make is that when we sum over neutrali"'2ss€s N the pnenomenologically INteresting region whic

nos or charginos there is no suppression arising from th an simultaneously satisfy atmospheric and sola_r neutrino
mixing angles. We also assume that the magnitude of a ata constraints. There are several ways to see this. The full

R-parity violating couplings constants to be generation bling™ass matrix using our simple approximations is given by

separately. .That is, aB; to be of’ the same order of magni- miyj:mSUSY5L§L+almSUS\ﬁiB‘S{a—i_almSUSY

tude, and similarly fog;, Njj, Ajj , but we do not suppose o o

beforehand thaR-parity violating coupling constants arising X(8gdl,+686,), (22

from different terms in the Lagrangian are also of the same

order of magnitude. The numerical results for all diagramsvhere a;=g?/64m2. Certain subcases of this mass matrix
can generate neutrino mass textures, which have been ana-
lyzed in the literature, that can produce neutrino masses and

"This may be incorrect in a poorly chosen basis, where differenfnixing angles in accordance with present neutrino data. As a
diagrams cancel each othdi0]. simple example, we see that if we 3%#0, and neglect the

8pol,<7x10 ™. (20)
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6,6 term in Eq.(22), then the structure of the neutrino ACKNOWLEDGMENTS
mass matrix corresponds to the one analyzed in case 1 of

: . . We would like to thank Eung Jin Chun, Herbi Dreiner and
Ref.[23]. In this case the neutrino mass matrix at one-loop . .
- : : Paolo Gambino for useful conversations. The work of M.L.
consists simply of the tree-level term plus a correction to the

1-2 submatrix. The subcase analyzed in 8] had this was partially suported by Colciencias-BID, under contract

same structure but the loop correction was due to the trilinear®: 120-2000.
diagram.

It is well known that the tree level contribution can give APPENDIX A: RENORMALIZATION—WHICH
mass to only one of the neutrinos. Together with the loop ARE THE FINITE LOOPS

contributions one of the neutrinos will have a mass In these appendixes we present the one loop contributions

to the neutrino mass matriexcludingthe one-loop correc-
tions to the tree level mass, because we are interested in the
one-loop masses for the neutrinos that are massless at tree
level. We identify these loops in Appendix A. In Appendix B
we systematically list all diagrams and give the exact expres-
sions that contribute to the neutrino mass, ordering them by
the roman numerals that identify, in Fig. 2, where the two
units of R, are. The amplitudes in Appendix B are "basis-

myszmsusvgi |8, + \/a_15iBH|2' (23)

where we have used the decompositds B, + By of Eq.
(12).
The sub-mass-matrix for the remaining two neutrinds

andv? is given by independent,” that is they are expressed in terms of invari-
- o ants and MSSM parameters. Notice that the neutrino mass
my)=a;Msysyg O - (24)  matrix elements areninusthe amplitude for the diagram,
[my]ij=—/\/lij(p2=0), so our formulas are for-[m,];; .

Terms of the forméiB 5' mix the heavien® and the lighter We pres_ent theR, Feynman rules in Appendix C. Appendix
LK D contains our numerical results for bounds placed on com-

(v',+%). It can be seen from Eq18) that the seesaw mass pjinations of basis-independent couplings constants from neu-
generated from this mixing is suppressed, given our choiC&ino data.
of SUSY parameters, compared to the direct loop contribu- \ve wish to neglect loop corrections to the tree level mass,
tion given in Eq.(24). So in this case, this model corre- pecause we do not need such accuracy and because we prefer
sponds to case 1 ¢23]. This simple exampfeshows thata 15 avoid the issue of renormalization. We therefore neglect
hierarchical neutrino mass spectrum, which satisfies atmay)| diagrams involving gauge bosons and those ighat |
spheric and solar neutrino data constraints, can easily be oBng viI1. We initially expected the remaining loops to be
tained by taking|5,,+ \a, 55 |~ fewx10™® and 65 ~few finite, because they could contribute mass to the neutrinos
X 10 ®—10"°. This gives us a massless neutrino and twowho are massless at tree level. However, diagraniFig.
massive neutrinos such thaxmatm~m§3 and Amgo,,  2(d) with R, at | and VII] is renormalization scaleQ@?)
~m?_. It is also possible to obtain other types of spectra fopezpendent. In this appendix we show that the offending
N Q~-dependent diagram is a loop correction to the tree mass.
different input values. The tree mass matrix can be written

V. CONCLUSIONS [m, Jij =m3°%(e§°%)i(e5°9); (A1)

There are many diagrams which can contribute to the neu- ~tree : . . tree
trino mass matrix in the framework of the MSSM withd®it wheree; " is the elgenvect_or associated witt} . Aft one
parity. In general, in the literature only a few of these havelooD’ both the mass and eigenvector are modified:
been considered. In the present paper we have obtained the
full analytic expression for the different diagrams contribut-
ing to the neutrino mass matrix frof-parity violating bi-
linear and trilinear coupling constants. We have expressed . o -
each contribution in terms of basis-independent combinalVe do not want to include loops contributingAang or Aes.
tions of couplings. We have discussed the values of the variVe do not calculate gauge loops and diagrams Wishat |
ous couplings for which the separate diagrams make signifi@nd VIII, which contribute taAms. However, there are also
cant contributions to the neutrino mass matrix. We havdoop corrections which change the direction & that is
presented bounds on combinations of the basis-independel@op corrections to the angles in the rotation matrix which
couplings constants from neutrino experimental data, andiagonalizes the X7 neutral fermion mass matrix. These
shown that a Simp|e toy model of bi|ine§pparity violation |OOpS are included in our calculation, and we want to identify
can successfully accommodate the necessary mass-squatg@m and throw them out.
differences to account for the neutrino oscillations. We work in the mass insertion approximation, in the fla-
vor basis wherel(;)?«\’Kly, . This is the basis where the
charged lepton mass matrix is diagonal in the MSSM. Some
8We leave a more detailed numerical analysis for future work. care is required in determining tHe,}. For one-loop neu-

[m,]i; = (MYee+Amg) (e5°%+ Aes);(€5°°+ Aes); .
(A2)
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trino masses, it is sufficient to use the VBV,} that mini- 7z U, Vv, L, E, Q, andD which respectively rotate the neu-
mize the tree level potential. To identify the one-loop correc+rglinos, negative charginos, positive charginos, doublet
tions to the tree mass, we must use some one-loop choice f@harged sleptons, singlet sleptons, down-type doublet quarks

the {v}. There are various possibilities, for instance, weand singlet down quarks from the interaction to the mass
could use the VEVs that minimize the one-loop effectivegigenstate basis.

potential, or we could use the tree one-loop masses that  \we define

mix neutrinos and~13 with gauginos. We opt for the latter,

because in such a basis it is easy to separate the loop correc-

tions to mgege; from the loop masses, andm,. So we Aml— _{m
choose a basis where there are no tree and one-loop mass

terms mixingw® with »; . This means that there will be small
tree-level sneutrino VEVs which cancel the one-losfy;
mass. These VEVs are formally of one loop order, so ar
irrelevant inside the loops, because their contribution would

()\A)IMIﬂ_i_MIﬂ)\IMI)’ (B1)

V2 T2

with LM=\"v/[\"-v|, see Eq(3). Similarly we define

be of two loop order. The contribution of these sneutrino v v
VEVS to the numerical value of the tree !evel mass is also a ,”A\g”: - ()\,A)um|_l+/_“ _“)\'Irm) ) (B2)
higher order effect and therefore negligible. The one place V2 V2

these VEVs must be included is in the one-logp, mass,

where the tree level sneutrino VEV contributiéformally ice that the indi ~ ~ in the ch |
one loop ordercancels the scale dependent part of the oneNOtice that the indices oA andA, are in the charged lepton

~ L~ . and down quark mass eigenstate basis, respectively.
loop v;b, mass, but leaves a finiteb, mixing. These can d g P Y

. We also define
contribute to the loop mass@s, andm;, as can loop con-
tributions tohyv; mixing.

We know that in the flavor basis at tree level the neutrino 1 mf mi
mass is given by Eq4). The one-loop expression will be the (my,my)=— =% ———ln—, (B3)
same, in our present basis, provided we identifyghef Eq. 167" mi—m; m3
(4) with the tree+ one-loop mass terms that g with v, .
Since we are only interested in the lowest order contributions d*K 1 1 1

to neutrino masses, we only include the tree level contribu- |(m1,m27m3):J
tion to m;. Knowing the one-loop corrections allows us to

identify the finite loops that generate masses and m;:
these will be loops without mass insertions on the external
legs, and loops with one mass insertion that mixes a neutrino
with hy or b°. The loops mixing a neutrino withy or b° are
finite in our present basis, as we show in Appendix B, dia- (B4)
gram 17.

In summary, we identify the loops contributing to one- 1
loop neutrino masses, andm; to be those without mass (Mg, My, M3,M,) = — 2[ ———[1(my,my)
insertions on the external legs, and diagrams with a mass my—my | M;—m;
insertion on one of the legs that mixes a neutrino withkihe

or h§ components of a neutralino. The remaining loop dia- —l(mg,my) )= ———
grams, with a mass insertion on both external legs, or a mass 23

insertion mixingr; with w® or h, are corrections to the tree
mass. | ’ X[1(mg,mg) = 1(mg,my)]|, (B5)

(2m)* K2+ m? k2+m5 k?>+m3

:Ei__mg[uml,mg)—l(mz.ms)],

APPENDIX B: BASIS-INDEPENDENT DIAGRAM
AMPLITUDES
(Mg, My, M3, My, Mg) = ———[1(My,mz,my,Ms)

In this appendix we write the contributions to the neutrino my—m;
mass matrix[mv]_ij fro_m each diagram in terms of MSS_M —1(my,ms,ms,ms)]. (B6)
parameters and invariants. The latter can be evaluated in any
basis.

We list all imaginable diagrams, and explain why some
are zero or negligible. We write the MSSM parameters in the
mass eigenstate badgisut neglectingA terms in the scalar Ry, violation at(l,VIIl): this is a loop correction to the tree
mass matriceswith diagonal quark and charged lepton massmass, so it can be neglected.
matrices. See Appendix C for definitions of the matrices R, violation at(l,VII) and(I,VIIl') (diagram 6

1. A—A\ diagrams—Fig. 2a)
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R, violation at(ILIll) is not possibleR, at Il requires
three incident leptons.
R, violation at(lll,VIIl ) (diagram 10

AVID+ALVID = > 8 5U"m, h)|u|ARP
a,l,k,m,p,n,q n

XEnIE;ILqu:m

z* z*, (mviy=— > 87} | ul*hAP%hIm,
a3 - - . . a,B,k,1,m,q,p
l(menimEmem)—i_(lHJ)-

m
Xo XExEqlpibmVa 2Ua2m +
(B7) -
R, violation at(l,VI) (diagram 11 fn OB I(me_,mg,,mg,m, )+ (i—]).
Xg
Vvh=— > 5L5§(hg)2mej7xqp|3||ﬂ| (B13)
a,l,p,r,q
R, violation at(lll,VII') (diagram 12
ZoaZos
XEj *ILmrL* tang ) )
ir=p ar m.o = > jnm gm AdP *
© (11, VI = S\ [ AP, VE,UE,
a,k,l,m,n,q,p
X1 JmMg My my-)+(i<j). B8
(M, Mg ML, M) + (i) (B8) xmy Lol g EwEpd (M ,me,,mg ,m, +)
R, violation at(l,V) (diagram 7 o). (B14)
(1L,V)= —D;k &', wl3(h)*mimis X sin g tang R, violation at(lll,VI) (diagram 13
7%.7%, a,vh=- > 5L5§‘|M|||3|hijqptanﬁhgmej
xEj — |(mej,m"E|,mH+)+(iHi)- (B9) cllmap
Xa

X Vi Uhmy EyEplgiLm
R, violation at(l,IV). This is not possible, because there ~ L
is n(;JRp-violating mass involving twde®. X1 (Mg, mg,,mg,my+,m, )+ (i<]). (B19
R, violation at(l,Il). This is not possibleR, at Il requires
three incident leptons.
Ry violation at(I,VIII'). This is included withR, viola- ) . -
tion at (I,VIl). (11,V) = E 87,0%| n|?tanBmg sir?Bmg hihg
R, violation at(Il,VIl') from X couplings(diagram 1

R, violation at(Ill,V) (diagram 9

X EER VA 2Ua2m +I(me,mE ,My+,m +)

- _ inmgrjn Asq *
(1, V1) |,m,r§p,q,s S5 me ASIE  EX +io]). (B16)
XLELy (Mg ,mz ,m; ) +(i<j). (B10) R, violation at(lll,1V ) is not possible because there is no
sitrl e, HE, I, P ‘ -
R, mass involving twoE,.
R, violation at(ll,VI) (diagram 5 R, violation at(IV,VIII') is not possible for the same rea-
son agll,IV )—no diagram withE® leaving VII and arriving
B iin or i at V can haver, violation at IV, so no diagrams witR, at
4 'Vl)_m]na'q’r Ox 5B|B|mejheA tang (IV,...) are possible.
R, violation at(V,VIIl ) is the same ad,V).
X EnSEa‘SL;ermI(me_,mgs,mtm,mw) R, violation at(V,VIl) is the same afl,V).
o : R, violation at(V,Vl) is not possible, because we cannot
+(i<]). (B11)  put two units of lepton number violations on one charged
line.

R, violation at(ll,V) (diagram 8 R, violation at(VI,VIIl ) is not possible becausd¢™ has

no R conserving mass witE®.
y . . N
(M,V)=— > 8%s™ ulmg him, tang sirtg R violation at (VI,VIIl') is not possible becaudé™ has
Kim F € e Em no R conserving mass WitE°®.

XEER (Mg ,mg ,my+)+(i<j). B12
kI Emil ( e ME, pe) t(e]) (B12 2. \'—\' diagrams—Fig. 2b)

R, violation at(ll,1V) is not possible because there is no R, violation at (I,VIII) is a loop correction to the tree
R, mass between twg*®. mass.
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Ry violation at (L,VIl) and (ILVIII') from X" couplings
(diagram 4

77
LVID+MVIN=3 > 8 u— hkmy
a,l,k,m r m K

24, P, )(
jrk =
X 8, DD g QpmQrmAL*

X1 (mg,,mp,mg )

i Zaslaa
+3 5! L
a,l,k%q,p,r ’L|M| my,

X ‘SlrkaIDEIQ;mQrmAgC|

X1 (mdk, mf,l.mém).

hkm,

(B17)

R, violation at Il and VII from\’ couplings(diagram 2

(MVIN==3 3 57600'myASD D5 Qum
I,k,m,n,p,r,s
X Qg (Mg, Mp, Mg )+ (i+=]). (B19)
21 * *
gLy Zys
LV +(IV, VI = ol =2 m o(Z%
(LVDHAVVIN= 2 e il (2

a

+(Z5,—2519'19)Zpsc0sa+ (23,

+[Z54(Z,

Xsin(a—B)1(my,m,

+(Z5—2

R, violation at(IV,VI) (diagram 3

g?sgog IBI?
(IVVD)= X —————(Zf,—

Z*.9'1g)’m,o
a,l;mk,n 4CO§,3 «9'/9) Xa

X Lﬁ LmILJ?\-kI-nk{I (my, ’ml’mk’sz)

X cog(a—B)+1(my M, 11T, M, 0)

X sirf(a—B)—(my,n, m;,.me)}.  (B20)

—Z319'/g)cosa—(Z7,

a19'19)Zasin BI1 (Ma, M0, MG )} + (= ).

PHYSICAL REVIEW D 65 075025

Lepton number violation is not possible inside a squark
loop, so the only additional effect that bilineldg can have is
to induce squark flavor violation at V. We neglect this be-

cause the squark flavor violation is smafl;, 5 '{’,qlulvu

we take m,= eV then this implies 5' <107% so
5;L5|)\F),q|/.l,|vu$5lpq GeV?, which is negI|g|bIe We differ
here from Ref[20], where this flavor violation due to the

bilinears is included, but bilinear lepton number violation is
not.

3. The Grossman-Haber diagrams—Fig. &)

R, violation at (I,VIII') is a loop correction to the tree
level mass, so it is negligible.

R, violation at(l,VI) and (IV,VIII') (diagram 19. We ne-
glected this diagram in our previous paper—the expression
for the amplitude is lengthy. In the interaction eigenstate ba-
sis, the incident neutrino can turn into an up-type Higgsino/
down-type Higgsino(gauging, which subsequently turns
into a gaugino and up/down Higgs bos@m up- or down-
type Higgs boson and Higgsiha@t the vertex Il. In mass
eigenstate basis, these possibilities generate a number of
terms:

2~ Z519'19) 88 L BH—[Z54(Z5— 219" 19)sIN

~Z319'19)Zpssinalcod a— B)I (my, o, )

019 19)Zgssina+ (23, 2719'19) Zg,c08a]

o) ~[Z5a(Zp2— 219" 19)SINB+(Z52— Z319'19) ZgscOSP

(B19

4.g—\ and g—\' diagrams—Fig. 2d)

We also include here thg—\' loop, with sleptons and
leptons replaced by squarks and quarks in Fid).2

R, violation at(l, VIII') would be a loop correction to the
tree level mass, so is negligible.

R, violation at(l,VIl) (diagram 17. This diagram, with
the R, at | removed, corresponds to a mass mixwity, or
bv. Itis naivelyQ? (scalé dependent—see the discussion in
Appendix A. We want to show that in the basis whergy
masses are zero at one loop, themass is finite. The basis
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we want is where the tree level®» mass Eg(v;)/2) cancels the loog°» mass—so in this basis thev mass is
—g'(v;)12+ loop= g'Z*,(theW°» loop)/gZ*, + theb®v loop, which is finitew°v mixing gives:

gLy ZuaZun i
(LVIN== > ——=m,|uls! Lm0 *Bo(0.me,, M)

allm 2T

a

-3 @m |l ZasZa “2Q 5By (0,mg,, Mg ) + (i) (B22)
aklm 2 . myo ™ o
andb— v mixing gives
ZosZo | 9" Ll 9'ENEmi
- 2 meluls, X [ B O Bol0me,mr) =2~ 2 51Bo(0me, e
Z33Zn1 | 9" QuQmi 9'DiDmi _; o
—32 Mo i — — [ A 51MB, <o,mdk,mal)—zTé'ﬁmBo(o,mdk,mal) +(ie]). (B22)
X

Using Bo(p?=0m;,m,)=1(m,,m;) —In(mé/Q?+1, one can see that the finite contributiontie- » mixing, which can
contribute to the loop neutrino masses, and m; is the sum of the above two expressiofB21),(B22) with
Bo(p?=0,m;,my)—1(my,my):

g, Za3zal i
(LVIhH)=- ;m \/Emekél w — [28Mk ¥ L m||(mtl,mek)—25';\JmE’k‘|Em,l(mE|,mek)}
a,K,l, Xa
Za3za1 jmk jkm
kE (mdkﬁ pl= {2807 Qmil (M, M) 20D Dyl (M5, mg)} +(i]). (B29)
X

a

R, at (1,V) (diagram 20. The particle labels in Fig.(®@) do not apply in this case. The incidet mixes with a gaugino,
and the internal fermion line is a Higgsino, ar mixes withh, and meetsv® at Il. The scalar incident at VIl is a&®,

g Za3
[,V)=— S5 2 Z%y+2519'19)U 5,V ot ZiaUl,
(1,V) a’%’m A2 |\/§ {(Z52+25.9'19) 2 Vit
><mX;memhgsinzﬁtanﬂE“Em(mX;,mgl,mH+)+(iHj). (B24)

R, at (1,IV) (diagram 2). The neutrino can mix with a , g
gauglno then there are two possibilities, which we list sepa- (1,1V);= IE 5E5',L|M||B|E
rately. Firstly, the internal fermion line can be a Higgsino. An praclmpar
A insertion on the scalar line ensures that the incident scalar Z¥A(ZF,+Z%,9'19)
at VIl is an E®. The second possibility is for the gaugino to

~ m
interact withl,L at Il. In this caseH ™ ande® are incident at Xa
VIl A thlrd .poE,S|b|I|ty. is that the~|nC|dent neutrmpi cou+ld > hfsE“E* Iﬁmerq pqtanB
also mix withh,, which meets awv at I, and emits &+ .

~ . . . * * ~ ~ i i
(An A mass insertion on the scalar line, ang+ on the XU,ezvﬁzmxgl(mx;'mE.'qu'mH”H'Hl)-
fermion line, ensures th&® andhy arrive at VII) This third (B25)
possibility is a loop correction to the tree magke loop,
without the external mass insertion, is a contribution to
,uiviﬁﬂ), so we do not include it: The second possibility gives
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i Mg i
. . P
Vi ——pp—t—ap——Pp— };, = Vi —Pp—simPp— | —m—g’lﬁ;ﬂ
o
FIG. 4. Feynman rules for
i Mys i mass insertions on external legs.
Vi Pt 10 = Vi et —ui%@ The left-hand column is a more
N Xox correct representation; we use the
he abbrieviated notation of the cen-
tral column in Fig. 2.
i My i
& X ) 3 H ) -
Vi P [0 = VU —Pp——Pp— [0 —ﬂiiﬁ—“lmxg
h
, g Z¥y(Z%,+Z%,9'1g) R, violation at Ill and VII in g—A\ loop; as noted in
(1L,IV),= >, 8,08 nl|Bl—= Ref. [11] this is zero if the sleptons are mass degenerate
amn V2 My (diagram 18
X mg h! imLE +(ie]).
Me,hetan BLjmLail (Me;, ML, M) + (1) ViD= S 5K u|s™kLm, vA,U%m -
(B26) s F N R

XLiLml (Mg, ,m ,m,+)+(i—j). (B29)
R, violation at | and Ill(diagram 16. There are two pos- WEmE e T :
sible diagrams withR, at | and IIl. Firstly the neutralino can R, violation at(lll,IV) (diagram 14

arrive as &y at vertex I, where av~ is absorbed. Secondly
the neutralino can arrive as a gaugino, in which caséﬁghe V)= — siskiullB ﬂu* V*.m. +m. hi
part of the chargino is absorbed, (1Y) gk w9el 1Bl 2 a2!lx, Mejlle

xLi’fLHtan,Bl(mej,mtl,mH+,mXZ)+(i<—>j).

o g . '
_ i qj 2 9 J
(LI)==2, 8,5,|ul oA, (B30)
- R, violation at(IV,VIIl ) and(IV,VII') do not exist because
VAU . me Zp3Zp4 a doublet slepton must come out of Il, so no particles carry-
@2=al™a  moo ing a lepton number would arrive at VII.
Xp R, violation at (IV,V) and (IV,VI) do not exist because
7% 4+ 7% o' o) Z* there cannot be two units of a lepton number violation on a
_VZzU22mX*( pt 2p19'19) 23 charged line.
« mXOB R, violation at(V,VIII') and(V,VIIl) do not exist because a
L o doublet slepton must come out of Il, so no particles carrying
X1 (me,myy,m, )+ (i =]). (B27)  alepton number would arrive at VII.

. . . APPENDIX C: CONVENTIONS AND FEYNMAN RULES
R, violation at Il and VIII (diagram 1%

We take all coupling constants to be real. Indices on
Yukawa couplings anéd are in order doublet() singlet (s):
VI =— 2 skl |M|2i ﬁLklhléme VE U, th. We work in the mass eigenstate basis of the charged
agkl HH J2 k leptons and down-type quarks, where the Yukawa couplings
are diagonal and only need one index.

 ZpaZps o The MSSM neutralino mass matrix is diagonalized by the
My H(Me,, M, M)+ (1 ). matrix Zn,¢, with flavor eigenstate indeX:1...4 corre-
Xp sponding to iB,—iW°hS,hS). The first indexm is the
(B28) mass eigenstate index. The chargino mass matrix is diago-
{ —p——— bk - i
“ # H > *-- L cosf3 FIG. 5. Internal charged line
mass insertions. Appendix C clari-
i fies these Feynman rules.
H~ - -~ E° —i S pe(me, tan B) sin 8
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". E; }'. .
Y; < INIPE v; % ihi By,

_ FIG. 6. Feynman rules for tri-
(er); hy linear and Yukawa interactions.

For the quarks, replace\j

o (BL)m o H — N1, ER—Dg, (e)j—(av);.

Y 2 and so on.
ih¥ sin 8

V; —Pp— DXLY . v; ¢
C C
e €r

We use MSSM Feynman rules frof], with additional
Feynman rules to include th, interactions in Figs. 4, 5,
and 6. Line direction is superfield chirality.

For a Lagrangian

nalized by matrices) andV: U* MVT= Mgiag, SO the posi-
tive (negativé mass eigenstates arg.=Vmisi [xm
=Untr |, wherey; =(—iw ", h}) and y; =(—iw~,hy).
The doublet and singlet charged slepialown-type quark
mass matrices are separately diagonalized by mattiggs
and Ef,, (Qfyn and D;,), with an index order flavor
eigenstate—mass eigenstate. We includeAherm mixing
between doublets and singlets in perturbation theoing
mass insertion approximation

L=y(ib—m)y, (CY

we fix the phase of the mass insertion to-be because

TABLE Ill. Numerical bounds on combinations of couplings constants under the assumption that
only one diagram contributes to the neutrino mass matrix elements.

Diagram Bound on combination of coupling constants
: 57 ~1Z
Tree — level 6:‘6“ <10 .
777 1 Pl 3
L ginkgitn |1 2.7 x 107 2.7 x 107 4.4 x 10°8
AT 2 2.7 x 10~7 2.7 x 10~7 4.4 x 10°%
3 4.4 x 10°° 4.4 x 10°° 7.1 x 10>
2 6§3,35’A?3 < 1.05 x 1073
J —10
3 .31?:363 < zsg X 10 _
4 (6{,5:\, + 6:‘63\1 Y<3.2x107".
/7 1 2 3
s §9853 1 0 3.2 x 10~3 1.2 x 10°°
. 2 3.2x10°° 0 1.2 x 10~°
3 1.2 x 10~ 1.2 x 10~° 0
/3 1 2 3
=% =5 =5
G oeikk L eieikk. |1 2.5 x 10 2.5 x 10 2.5 x 10
6 Budl ™ +8u0 ) = 2.5 x 107° 2.5 x 10~° 2.5 x 10°°
3 2.5 X 107° 2.5 x 10=° 1.0 x 1071
/3 1 2 3
;o 1 — == - == 7.1 x 107
igd
7 Sudi = 2 - —— — 7.1 x 104
3 7.1 x 10-% 7.1 x 1071 3.5 x 1077
8 The bounds can be obtained from the bounds of diagram5/(sin® 3).
/7 1 Pl 3
. 1 [— p— p—
igd
9 Suln = 2 - [ 9.3 x 10~ 2
3 —— — 9.3 x 10~ 2 3.5 x 10~
10 The bounds can be obtained from diagram 7 X tan @sin” 3.
11 The bounds can be obtained from diagram 7 X sin2 8.
12 The bounds can be obtained from diagram 5 X tan 3.
13 The bounds can be obtained from diagram 9 X tan Fsin° 3.
77 T 2 3
P i 1 - — = 1.2 x 1071 4.6 x 10~ 7
4 8 81y =
} (6u%p) 2 - — = 6.0 x 10~° 4.6 x 1077
3 - — — - — - 2.3 x 10"
15 The bounds here can be obtained from those diagram 20 x tan Bsin” 3.
16 The bounds here can be obtained from those diagram 20 X tan ;3.
% £133 ) 5233y —8
17a (5;‘451\ +5#5;\ ) =1.0 x 10
i ' 333 ¥ i33y . -9
17b (6,677 +61,6,°7) = 3.4 x 10
18 This diagram is non — zero only for non — degenerate sleptons.
Y] T sty — —10
19 (6:‘53+6,‘6’B)—6.7x 10
/7 1 Z 3
i 1 - — = 1.5 x 10— 7 5.7 x 1077
0 i) =
2 Oubi 2 1.5 x 10~ 7 7.5 X 10_° 5.7 X 107
3 5.7 x 1077 5.7 x 1077 2.8 x 107
21 The bound of diagram 14 on 6:‘6;3 applies to 6';‘6%3.
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i—+ (—|m)-—

Cc2
p-m p B p 2

The —iu; mass insertions on the external legs of the diagram

mix the incident flavor eigenstate neutring with the ﬁﬂ

PHYSICAL REVIEW D 65 075025

B

—B; cosB+m2.sin 8= .
| B 4| ﬁ COSB

(CH)

APPENDIX D: NUMERICAL BOUNDS

component of a neutralino. So the external leg propagator In this appendix we summarize the numerical bounds for

delivering a flavor eigenstate neutralifhto vertex Il is

ZoaZas
mXo
where we have usegf=0. This gives the Feynman rules of
Fig. 4.
The R,-violating u; and B; mass insertions, and the
mass insertion, on internal charged lines are negdtiye

SU(2) antisymmetric contractignso they effectively appear
in the amplitude with a negative sign:

VARVATEEN
—(— .)2 e ()Y
g me p V%

. (C3)

. [ = | i

p—my |b—m2'

(i i) (C4)

p—my p—m,

(However, theR,, part of A is —\!% uv, /y2= M, uitan B,
S0 it appears positive in the amplituge.

each diagram. We emphasize that we make the assumptions
described in Sec. IV in order that the combination of cou-
plings constants are allowed the largest possible values. It is
easy to see that under these assumptions the integrals that
appear in the expressions of Appendix B can be simply re-
placed by

| 1 1
(m11m21m3)_> 16772 m§USY’

I ) ! !
mqy,M,, M3, My)— y
1 2 3 4 16’772 mgUSY

1 1

|(m1,m27m3,m4,m5)—>16 5 - (D1)

i M3usy

The Feynman rule we quote in Fig. 5 for the mass inser-

tion B; also includes the effect of the soft masg; . The
minimization condition for the potential, in th@;)=0 ba-
sis, implies thatm3 = —B;tanB (at arbitrary loop order
[19], so theR,, mixing betweerH ™ andL is

The results are given in Table Ill. For all bounds we use
Im,|, msysy=100 GeV and ta=2. For diagram 14 the
index oné,, corresponds to the column, and fhiedex to the
row. The dashes indicate that there is no bound.
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