PHYSICAL REVIEW D 69, 013004 (2004
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In the generic supersymmetric standard model which has no global symmetry enforced by hand, lepton
number violation is a natural consequence. Supersymmetry, hence, can be considered the source of experimen-
tally demanded properties for the neutrinos beyond the standard model. With an efficient formulation of the
model, we perform a comprehensive detailed analysis dfathnion-scalarone-loop contributions to neutrino
masses.
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[. INTRODUCTION RPV “theories,” and, especially, between such a theory and
the unique general supersymmetric standard ma@siSM

Low-energy supersymmetr§SUSY) is the most popular [3,4]. The latter is thecompletetheory of SUSY without
candidate theory for physics beyond the standard moddgk-parity, one which admits all the RPV terms withaupri-
(SM). The most extensively studied version, called the mini-ori bias. In the GSSM, RPV terms come in many different
mal supersymmetric standard modBISSM), has an extra forms. In order not to miss any plausible RPV phenomeno-
ad hocdiscrete symmetry, calle® parity, imposed on the logical features, it is important that all of the RPV param-
Lagrangian. It is defined in terms of baryon number, leptoreters be taken into consideration. A clear listing and discus-
number, and spin as, explicitiR=(—1)*8"-*25 The con-  sion of all these is recently presented in R&f, under the
sequence is that the accidental symmetries of baryon numbéamework of the single-VEV parametrizatid®VP) [6,7].
and lepton number in the SM are preserved, at the expense ®he latter, summarized below, is an optimal choice of flavor
making particles and superparticles having a categoricallpases that helps to guarantee a consistent and unambiguous
different quantum numbeR parity. The latter is actually not treatment of all kind of admissible RPV terms with complete
the most effective discrete symmetry to control superparticllRPV effects on tree-level mass matrices for all states includ-
mediated proton decdyt], but is most restrictive in terms of ing scalars and fermions maintaining the simplest structure.
what is admitted in the Lagrangian, or the superpotentiaFollowing the formulation, we present here a complete list of
alone. all the neutrino masses contributions up to 1-loop level.

R parity also forbids neutrino masses in the supersymmet- A (Majorana neutrino mass term violates SM lepton
ric SM. However, the recent data from the solar and atmonumber by two units. The experimental evidence for neutrino
spheric neutrino experiments can be interpreted in terms ahasses comes in through indications of flavor oscillations,
massive neutrino oscillations. Thus, the strong experimentakhich requires mass mixings of the flavor states, v,,,
hints for the existence dMajorana neutrino masseR2] is  andv,. Hence, we want neutrino mass terms that have lep-
an indication of lepton number violation, and is, hence, sugton flavor violation (LFV). The latter is a generic conse-
gestive ofR-parity violation (RPV). Giving up R parity, a  quence ofR-parity violation. To put it in another way, the
tree-level neutrino mass can be generated through diagonatSSM in fact contains many couplings that has one unit of
ization of the neutrino-neutralino mass matrix. At the 1-loopLFV. Any combination of two of such couplings may be able
level, all three neutrinos will become massive. There is thero give rise to a neutrino mass term. Since the expected
no need to introduce extra superfields beyond what is resub-eV neutrino masses are essentially the strongest source
quired by the SM itself to describe neutrino phenomenologyof upper bounds on such coupling8] up to the present

There is certainly no lack of studies on various RPV mod-moment, we have no way to tell which particular combina-
els in the literature. However, such models typically involvetions of couplings do saturate the bounds and give a domi-
strong assumptions on the formRparity violation. In most  nant contribution to a neutrino mass term. In fact, each term
cases, no clear statement on what motivates the assumptioalso depends on a set oR{parity conserving SUSY or
taken is explicitly given. In fact, there are quite some con-MSSM parameters. We do not have much knowledge on the
fusing, or even plainly wrong, statements on the issues corsUSY parameters beyond some lower bounds on a set of
cerned. It is important to distinguish among the differentrelated experimental parametéraainly) from collider ma-

chines. In relation to the neutrino mass contributions dis-

cussed here, the set of SUSY parameters are typically taken
*Email address: skkang@phya.snu.ac.kr as fixed by one generic SUSY mass scale. Changing the lat-
"Email address: otto@phy.ncu.edu.tw ter of course changes the actually neutrino masses resulted.
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More importantly, it is not totally clear whether some phe-is used to obtain the results based on the use of MSSM
nomenological hierarchy among values of the differentstates. Our approach here may be a more direct and transpar-
SUSY parameters, may be together with some hierarchgnt alternative. Having results from both approaches also
among the values of the parameters with LFV, would notserving as a counter checking and helps to illustrate more
give a picture on the relative importance of the various neu€learly some of the subtle points involved. Referenté]
trino mass terms different from what one may expect fromalso has some very different emphasis in their discussion.
such the kind of highly simplified analyses. Thus, it would beHence, we consider the present study necessary to complete
useful to have a complete list of such neutrino mass termghe story of neutrino masses in GSSbt from R-parity vio-
without mucha priori assumption involved. lation). Moreover, our exact formulas, in terms of mass
Guided by theoretical prejudices or otherwise, many dif-eigenstates running inside the loop allow direct numerical
ferent pieces of such neutrino mass terms have been studiediculations of the neutrino mass results free from any ap-
[9,10] (see also Ref[11] for a more updated list of refer- proximation. We are also working on a detailed study of
ence$. More recently, there are attempts to give the moreradiative neutrino decay within the moddl9], to which the
complete story. In particular, Ref12], gives the general present paper also gives the necessary background.
formulas for neutrino mass contributions up to the full 1-loop |t should be emphasized here that it is not our intention to
level. However, the latter analysis is not formulated underdiscuss scenarios within the general model that could fit the
the SVP and any detailed discussion is limited to a scenariexperimental date. There being such a large number of lepton
where the “third generation couplings dominate.” Among number violating parameters within the GSSM, phenomeno-
the trilinear RPV couplings, this amounts to admitting only |ogically viable scenarios will not be difficult to find. The
nonzero\3s and\s3's, though all nonzero bilinear RPV  beauty of the GSSM in explaining the neutrino data is that
are indeed included. The maximal mixing result from Superthe parameters responsible will also give a rich collections of
Kamiokande may bring that wisdom of “third generation other experimental signals. More studies of various aspects
domination” under question. Referencgl0] and[13], for  of the model, and constraints from various SUSY and LFV
example, illustrate how ndfamily) hierarchy, or even an searches in the future may give much better guideline for
anti-hierarchy, among the RPV couplings may be preferredpicking the real interesting scenarios. The goal of the present
More important to our perspective here, the study has asstudy is to provide a useful better reference for such efforts.
sumption on theB; parameters and is interested in the nu- It should also be noted that we do not include here results
merical study of a specific high-energy scenario. Here, wef the gauge boson loop contributions. Such contributions
aim at a more detailed analytical study on the different piecetave been studie@ee, for example, the paper by Hempfling
of contribution instead. With the help of a more simple the-in Ref. [9]). They represent a small correction to the tree-
oretical framework, the SVP, we follow the basic approachlevel results which could be absoluted into a renormalization
of Ref.[12] and give a more transparent list of formulas, asof the tree-level lepton flavor violating parameters, as also
well as pushing on to give much more detailed analyticalpointed out in Ref[11]. Hence, we focus only on the finite
results of each individual neutrino mass term. 1-loop contributions that will give new structure to the neu-
The basic approach of Reff12] is to give each 1-loop trino mass matriXsame strategy was adopted in Refl]).
neutrino mass diagram in terms of effective couplings of theNamely, we focus on the fermion-scalar loop. Our formula-
mass eigenstates of various scalars and fermions running ition in terms of mass eigenstates for the fermions and scalars
side the loop, using a formula from the so-called “effectiveinside the loop allow us to identify explicitly the Goldstone
mixing matrix” method[14]. Details of all the admissible mode. Any Goldstone mode contribution is taken out from
RPV contributions to all the scalar, as well as fermion, masshe summation over mass eigenstates running inside the loop.
terms under the SVP framework are very manageftfed]. In fact, the Goldstone modes are of course unphysical and
The complete expressions, together with useful perturbativealculation of their contribution gauge dependent. The dia-
diagonalization formulas for the interesting elements of thegrams with the Goldstone modes only form gauge invariant
mixing matrices are listed in Reff4]. We use below exactly sets with the corresponding gauge boson and ghost diagrams
the same notation as presented in details in the latter refeadded together. If one wishes, one could take it that we are
ence, which is taken as the background of the present preloing the fermion-scalar loop calculation in the unitary
sentation. Our goal is to present the exact analytical expregtauge. The gauge choice does not matter, as we are focusing
sion for each neutrino mass term, and the approximaten the sector of physical scalar bosons and fermions only.
dominating result from each term under very mild assump4ncluding the Goldstone modes in our fermion-scalar loop
tion. The major part of the approximation is the perturbativecalculations would rather be inconsistent.
diagonalization formulas of the mass matrices, which are In Sec. Il below, we give a brief summary of the basic
well founded on the smallness of the neutrino masses. Thiarmulation of GSSM used. Readers are referred to REf.
approximation also helps to extract the major RPV parameteior details. Section Il then starts on the neutrino mass dis-
dependence of each mass term and, hence, is an importasussion. While the tree-level neutrino—neutralino mass ma-
target of the present study. trix is quite well known, we present some of the details here
There is actually a detailed analysis of all the neutrinofor completeness. The presentation also sets the stage for the
mass terms pretty much in the same spirit of present studgliscussion of the 1-loop contribution calculation. All the ba-
published[11]. The latter reference also essentially adoptedsics of the 1-loop analysis is presented in the latter parts of
the SVP framework. However, mass insertion approximatiorthe section. The next section discusses some details of the
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results in the way outlined above. Some of the detailed listpyt in the four dimensional vector space spanned by {/&
ing of individual terms are, however, left to the Appendixes. Explicitly, under the SVP, flavor bases are chosen such that:
In Sec. V, we present a brief discussion on the application o!|~/<|:i>an which implies [o=H: 215 (=Nojie= —\joi)

the results to numerical studies, while any detailed numerical . ) d/yr \
studies will be left for future publications. Finally, we con- _ (V2lvg)diagimy,my,ml; 3R (=hgi) = (V2/vo)

clude the paper with some remarks in Sec. VI. Xdiagmy ,ms,rpb}; 4/yiuk:(\/§/liu)v1c—:KM diagim,,mc,m},
wherev = 2(L,) andv,=2(H,). A point to note is that
the m;’s above are, conceptually, not the charged lepton
Il. BACKGROUND OF THE GSSM masses. The parametrization is optimal, apart from some mi-

Let us start with summarizing our formulation and nota-nor redundancy in complex phases among the couplings. We
tions here; readers are referred to Héf for more details.  Simply assume all the admissible nonzero couplings within
The most general renormalizable superpotential with théhe SVP are generally complex. The big advantage of the

spectrum of minimal superfields containing all the SM statesSVP is that it gives the complete tree-level mass matrices of
can be written as all the stategscalars and fermionshe simplest structuriet].

Following our notation above, the soft SUSY breaking
terms of the Lagrangian, can be written as follows:

W=gap uaHELo+ D QIARUE+ N 1 L5QTDY
Vo= EabBaHﬁtz
FEN L 2LBES |+ S OCDODE @ BB ALETIC + AD{ 80T C 1 AE e bEC
2 taBkampmk | T Mk ET E Fko + €ap[ A QT H U + AjHIQ Dy + AfHALEf ]
f e 1 e
where @,b) are SU?) indices, (,j,k) are the usual family +H.CH €5p| Al LFQPDE + EA{‘jkL?Lf’EE

(flavor) indices(going from 1 to 3. The fourL s, with the

a,B) indices as extended flavor indices going from 0 to 3, 1 e e nn i o oo
(e 5) domnd + AN UFDDE+H.c+QmEQ+U™m U

include the usual leptonic doublets and thg doublet. Four 2

doublet superfields with the same quantum number are

needed for gauge anomaly cancelation. The four areanot +D'TMAD+L ML +E™m2E+m? |H,|?

priori distinguishable. The rest of the superfield notations are ‘

obvious. Note thak is antisymmetric in the first two indices, Mo~ Mo. . Ma~

as required by the SU(2) product rules, shown explicitly + 5 BB+ 5-WW+ —=gg+H.c., @)

here withe,=—g,;=1. Similarly, A" is antisymmetric in
the last two indices from SU(3), though color contents are , ) ~
not shown here. where we have useHy in the place of the equivalerit,
Doing phenomenological studies without specifying aamong the trilinearA-terms. Note thaLTm%L, unlike the
choice of flavor bases is ambiguous. It is like doing SMother soft mass terms, is given by &4 matrix. Comparing

quark physics with 18 complex Yukawa couplings, instead ofith the MSSM casem? corresponds tan?, while m? s
" too d ok

the 10 real physical parameters. As far as the SM itself is . L . .
concerned, the extra 26 real parameters are simply reduf. Ve NEW Mass Mixings. _The other notations are ot_)wou_s: The
dant Theré is simply no way to learn about the 36 real Ioayvrmng of the soft terms in the above form makes identifica-
rameters of Yukawa couplings for the quarks in some generigon of the scalar mass terms straightforward. Recall that

flavor bases, so far as the SM is concerned. For instance, oﬁgly the doublet$l, andH, bear VEVs. TheA-terms in the

can choose to write the SM quark Yukawa couplings such;egsosneds line of Eq(2) hence do not contribute to scalar

that the down-quark Yukawa couplings are diagonal, while . . .
the up-quark Yukawa coupling matrix is a product (die The SVP formulation also gives the complex equations

conjugate of the CKM and the diagonal quark masses, and _
the leptonic Yukawa couplings diagonal. Doing that has im- B; tan,6'=mfm+,u3 Hi s 3
posing no constraint or assumption onto the model. On the

contrary, not fixing the flavor bases makes the connection . : :
between the parameters of the model and the phenomenE)e-ﬂeCt'ng the removed redundancy of parameters in a generic

logical observables ambiguous. L, flavor basis. They are nothing but the vanishing tadpole

In the case of the GSSM, the choice of flavor basis amon@quations. They give consistence conditions among the in-

the 4L 's is a particularly subtle issue, because of the fac;\[/_olved parameters that should not be overlooked. The equa-

that they are superfields the scalar parts of which could be [ons suggest that thg;’s are e,xpected- to be suppressed,
VEVs. A parametrization called the single-VEV parametriza-w'th Itzspect to thEBO’_ as th.e'“i S are, V\{'th_ res'pect tQeo.

tion (SVP) has been advocated since REf]. The central Them{ parameters in particular are missing in some of the
idea is to pick a flavor basis such that only one among theelevant discussions in the literature. From a different per-
L,’s, designated als,, bears a nonzero VEV. There is to say, SPective, one may tend to think that the parameters are simi-
the direction of the VEV, or the Higgs field, is singled larto ther~nfij parameters linked to soft flavor mixings. How-
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ever, fixingm; _in Eq.(3) leads to definite relations between (m)=—(M_ ENTM (M N =—eMm T
aB; and au; term, which may not be satisfied. The param- 5 )
etersB;, u;, and ﬁﬁm are not independent free parameters, - M7 cos’ B(M 1 oS O+ M Sir? by)

(pimg),
because of the fact that freely chosen values of the set of de( M) o
parameters in a top-down approach, in general, do not land @
the model automatically into the single-VEV basis. The tad-

; ; ; here
pole equations are incorporated completely into the scalar
mass matrices involved in our calculatioy. detl M) = ol — oM Mo+ MZsin 28
IIl. NEUTRINO MASSES X (M1 oS fy+M;Sin? 6y)] (8

The GSSM has seven neutral fermions corresponding t& equivalent in expression to the determinant of the MSSM
the three neutrinos and four, heavy, neutralinos. The heavgeutralino mass matrix.
states are supposed to be mainly gauginos and Higgsinos, but It is obvious that the &3 matrix (u;u;) has only one
there is now admittedRPV) mixings among all seven neu- nonzero eigenvalue given by
tral electroweak states. In the case of smal of interest, it
is convenient to use an approximate seesaw block diagonal- ,ué: |l ? [ w2+ | el > 9
ization to extract the effective neutrino mass matrix. Note
that the effective neutrino mass here is actually written in a/Ve can define
basis which is approximately the mass eigenstate basis of the

charged leptons, i.e., the basis is roughiy (v, ,v,). The ﬁ 0 Vlmol?+ | sl
tree-level result is very well-knowf9,10]. s s
* *
A. Getting the neutrinos among the neutral fermions Rs= ’:_2 | |'uj| | — ’ul’ui
We use the basis—(iB, —i%,R%° 12,12,19,19) to write f Fal s sVl ) 144

the 7x7 neutral fermion mass matridMy. Note thath] Hs o K2 _ Hiks
=19, while i is the charge conjugate of the Higgsihip. Hs Vipal*+mal®  wsvlpol*+|psl®
For small u;'s, we have ($,13,19)~(ve,v,,v,) [4]. The
symmetric, but generally complex, matrix can be diagonal- T

Then, we haveRl(uiu;)Rs=diagu3,0,0. Here, us and
I al?+ [ ws]? are taken as real and positive. With this result,
XTMNX=diag[MXg}- (4)  we can write the overall diagonalizing matikin the form

~( l4xa (MnlfT))( R, 04x3)

ized by using unitary matriX such that

Again, the first part of the mass eigenvaluds,o for n

. ) X _ —1.T\t i
=1-4 here, gives the heavy states, i.e. neutralinos. The last (Mp7¢) l3x3 O3xs €°Rs
part, ng for n=5-7, hence gives the physical neutrino ( R, eig(Mr:lgT)RE)) a
masses. = - i ,
- (M ENR, e'‘Rs

The mass matrix\ can be written in the form of block

submatrices whereR,, is a 4X4 matrix with elements all expected to be

M, £ of order 1, basically the diagonalizing matrix for thief,
( n ) , (5 block ande'¢ is a constant phase factor put in to absorb the
overall phase in the constant factor in the expression of Eq.
(7) so that the resulted neutrino mass eigenvalue would be
where M, is the upper-left K 4 neutralino mass matri¥,is  real and positive. The matriX contains the important infor-
the 3x4 block, andm? is the lower-right 3<3 neutrino  mation of the gaugino and Higgsino contents of the physical
block in the 7X7 matrix. In the interest of small neutrino neutrinos. This is given by the mixing elements in the off-
masses, a perturbatiyeeesawblock diagonalization can be diagonal blocks. Th& matrix in itself gives similar infor-
applied. Explicitly, the diagonalizing matrix can be written mation for the effective SM neutrino@lavor states The
approximately as latter matrix may be more useful in the analysis of neutrino
phenomenology.

N™ (o]

14

E m

laxca (M D

Z= —(M —1§T)T a3 : (6) B. Approach to 1-loop neutrino masses calculations
n

Following Ref.[12], we use the 1-loogrenormalized
The tree-level effective neutrino mass matrix may then bemass formula from the “effective mixing matrix” approach,
obtained as giving a fermion mass matrix as
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MNP(p?)=M(Q)+11(p?) i.e., the two-point functions involved are calculated by sub-
tracting the term proportional to the regulatde=2/(4—d)
— ye+In 4 of dimensional reduction. There is some ambi-
guity in the choice ofQ in the evaluation of the off-diagonal
L two-point functions. As pointed out in Hempfling's paper, the
Note that M(Q) is the DR renormalized tree-level mass effect of the ambiguity is of higher order. In the “effective
(matrix), while IT and> the contributions from 1-loop self- mixing matrix” approach[14], the equation is casted in the
energy diagrams with and without chirality flip. We have electroweak state basis instead to arrive at @@), which
upon seesaw block-diagonalization yields ELp). Now, p?
My fT) ( oM, 8¢

1
—E[M(Q)E(DZHE(pZ)M(Q)]- (12

5 is practically zero, as we are calculating only diagrams with
£ 0 s¢ S(m°) (p9), neutrinos on the external legs of the two-point functions. The
v (13) rest are only tree-level mass matrix entrigs My) coming
into the formula as mixing matrix elements between the neu-
where tralino and neutrino blocks. The result fan()(*) is however
Q-dependent. Apart from th@-dependence in the former set
) . 1 ) 5 of parameters, there is also ti@dependence coming up
SMy(p?) =TIn(P%) = 5[ MnZn(p%) + Zn(P?) Ma], from the calculation of the two-point functions under DR
scheme as in Eq17). Furthermore, there are the full set of
1 couplings involved in such calculations, which should be
5§(p2)=H§(p2)—§[2v(p2)§+ ES (PP +2 (PP M,], taken as running couplings at the sc&e In the straight
formal sense, the pole mass formula gives readIf®® that
1 is Q(-li?de;pendent. However, in the application to obtain
°(n2) = 2y_Z T(p2 2y T M (p9) and its subsequent use in any explicit calcula-
oM=L (P = 5 LE2e(PO+ PO E, (19 tions, some residuaD-dependence is difficult to avoid.
) o o Since we are interested in radiative neutrino mass genera-
with the explicit renormalization scaleQ(—)dependenge qf tion from superparticles, we may tak® as Mgysy, OF
the trlee-!evel parameters dropped. Seesaw diagonalization gfy,ghly the electroweak scale. Below the scale, the superpar-
M@ yields the 1-loop resul, ticles decouple and the neutrino mass terms can only be ex-
()= — M =T+ S(mO) — SEM ~L6T— EM 16T pressed in terms of five-dimensional operators of the SM.
2 n v n n Strictly speaking, one get the correct pole mass for the neu-
Jr5/\/1515/\/1“]\4;15 trinos only by running the operators to t_he _neutrino mass
scale through the corresponding renormalization group equa-
tions. However, such effects are minindls]. Apart from
yielding the neutrino mass matrix in the more interesting

M N(l)(pz):<

= — EMETHTT A TIM P+ EM T

1 1 flavor basis, Eq(15) also avoids the superficial singularity
+ §2V§M ST+ ESM ST reflecting the arbitrariness in the diagonalization of the mass
matrix with degenerate massless neutrinos at tree-level. Fur-
+EM ElHnM ;1§T, (15  thering, the MNSneutrino mixing matrix obtained from the

diagonalization of n,)(*) maintains a full unitary matrix.

where we have dropped the? dependence. As discussed  The full 7X7 neutral fermion mass matrix has four heavy
below, thep? should be taken as at the scale of the migs  and three very light mass eigenvalues, corresponding to the
itself. Hence, in the application here to calculate the neutrindeutralinos and neutrinos; and we are essentially only inter-
masses, the@? in (m,)*(p?) may be taken as practically ested in the neutrino states. For a general mass calculation at
zero. An important point to note here is that the and =, 1-loop, we must choose a renormalization prescription for
terms all cancel out and disappear from our final result foileach of the tree-level parameters appearing in the full mass
(m,)®). We refer the reader to Refisl 2,14 for further dis- ~ matrix My, and will have to worry about the renormaliza-
cussion on the merits of the approach and references to réon scale dependence issues of such parameters. The “effec-
lated works. tive mixing matrix” formula[cf. Eq. (15)] avoid the compli-

At this point, some remarks on the renormalization issuecation as the neutrino mass results depend onlypdn
are in order. The issue has been well-addressed in the papexplicitly, which is practical zero, as pointed out in Rief2].
by Hempfling and Hirsctet al. [9] on calculations starting The parameters involved in the neutrino mass generation are
from tree-level mass eigenstates. The analog formula to E4hen taken as running parameter at the scale of interest.

(12) above is, under th®R scheme, Renormalization scale dependence comes in only through the
3., part(refer to Ref.[14] for more details and the effect is
M p°'e=Mﬁ(Q)+AM(p,Q), (16) small. TheX,, part itself is mostly not very important, as can
be easily seen in Eq15).
where the 1-loop correction part is given as Our neutrino mass formulgEq. (15)] calls for a seesaw
type block diagonalization of the mass matiiy up to
AM(P,Q)=[AM(P)]ar=0> a7 1-loop order. The diagonalizing transformation corresponds
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to the matrixZ of expressior(6). The tree-level contribution, and NianzNﬁ*m. The direct 1-loop contributions is given
given by the first term in the formula, is obviously seesawpy!
suppressedby the neutralino mass scaléfhe second term

IT, gives the direct 1-loop contributions. However, there are

. . aem * 3 2
parts ofII, that involved o.ther suppression beyond the loop 1'[';‘”_ =— m}\/ﬁ ﬁ\mMX2Bo(p2,MXﬁ’M§m)'
factor. A typical example is the pure gaugino loop, or GH- ™ SIN” Oy
loop [20], diagram contribution which can be interpreted as (20

requiring seesaw induced Majorana-like “sneutrino” mass to _ ) i ) . )
give a nonvanishing resul]. They may be called pseudo- where the loop functioiB, is defined in the limit ofp*—0
direct 1-loop contributions. For the rest of the terms in Eq.by
(15), are indirect 1-loop contributions, which has part of the

. . . K 2 2 2
basic seesaw suppression going along. These include results Be(p?,m2, m2) = — m; n ml_ln my 1 21)
from 1-loop diagrams contributing to the off-diagonal blocks otP= My, My mi—m; m; Q%

of the My matrix, from3,, diagrams, as well as from dia-
grams contributing to the diagonal blogW, . The last one,  As will be shown explicitly below, this result is the gauge
given by the last term in the formula, gives no interestingloop contribution first discussed in R¢R0]. Note thatX is
features. It can be absorbed, for instance, into the tree-levghe matrix that diagonalizes the seven neutral fermions, as
result (first term) by replacing M,, there with the 1-loop discussed explicitly above. Among the seven fermioae-
corrected result. And, from the related calculations withinjevel) mass eigenstates denoted by the sum ovegre, con-
MSSM, we know that the correction is about g%4]. In  tributions from then=5-7 states are certainly negligible.
fact, the flavor conserving part of the contributions involving The sum ofm runs through the nine physical neutral scalar
3, is similarly uninteresting. However, the part of the latter states. The states, together with the unphysical Goldstone
with LFV may be of interest. mode, are obtained from the %00 neutral scalar mass-

To calculate explicitly the various neutrino mass contribu-squared matrix to be diagonalized By. We refer readers to
tions using the above formula, we need to have the effectivRef. [4] for details on the scalar sector. The set of coupling
couplings of the electroweak state neutral fermions to posvertices may also be combined to give contributions to the
sible scalar and fermion mass eigenstates running in thgelf energy functior®,,. We have
guantum loop. The neutral fermion themselves, together with
the nine neutral scalars of the model, give a class of neutral o
loop contributions. Obviously, the loop with the neutralino SN =— $Nﬁ*m/\/'$m31(p2.l\/lzo,l\/lé ), (22

X . : . : -
states dominates here. The effective couplings, to be given ! 877 Sir? 6y, ! Xn
below, involve diagonalizing matrix elements of the states
contributing to the states running inside the loop. For thewhere the loop functior; is defined by in the limit ofp?
fermion part, it is theX matrix discussed above. Similar —0 by
perturbative diagonalization expressions for all the other ma-
trices, those for the charged fermion, charged scalar, down- m3 my \2 m?
. . 2,02 2 T4 o2 2

squarks, as well as the neutral scalar sector are discussed in  Bi(p“,m7,m3) 2[1 In Q? ( z_mz) In
details in Ref[4]. We refrain from repeating the long list of vz
such formulas in this paper. Most parts of the notation used, 1
as will appear below, are quite easy to appreciate. Readers + >
interested in checking any details on the derivations of the
results, however, would need to use Rdfl extensively.

2 2
mi;+m
2. (23)

m3—mj
For the indirect 1-loop contributions, we need

C. Neutral loop contributions

For the neutral loop contributions, we start with the effec- 'Here we have all fermions involved being Majorana fermions.

tive interaction for the externaf’s with internal mass eigen- \ye compose the 4-spinob by W= ( if ) where we haveyg
states, —
=—io,yf. A mass term hasV'W =y g+ ¢y ¢ . For in-
00 10 stance, they ¥ part can be written agy{ Tio,y . The N
W (xn) m+H.C., vertex brings in a, while a matching/\/jLnm vertex brings in a

(18) YR = z,b[jiaz. With the proper handling of the fermion wavefunc-
tion, H!}‘ij has contributions proportional @/ A5, which is
equivalent to theVy, V. used here. Just for thé states, the use
of N, can only be seen as the intrinsic left-handed nature of the
states. However, the explicit use of their charge conjugate to com-
pose the 4-spinors and derive the effective couplings is necessary to
complete the formulation, say in the case of iif, for the
(19 charged loop discussed below.

1—
2

1+ys

Vs R
+Ninm 2

L=g, V(1)) N

where3 (17 vys) are the left(L) and right(R) handed projec-
tions. We have

1 .
NianZE[tanawxfn_ 30l[ P+ 2mT 1D 7ymls
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Unlike the case for the neutral loop result, tl:{éfij matrix

1
Noom= 5[tanowXs, — X5 [ D3, +iD 3], 24 R
onm= 5 L8N OwX1n = Xon 1D 2m 1D 7m] 9 written through theCf}, Cj,, coupled-vertices is not sym-

metric with respect to andj. Hence, an explicit symmetri-
R 1 . . s s zation has to be performed, as indicated above. The symme-
Niam=— E[tanewxm_xzn][pm""Dem]: trization also takes care of the asymmetry with respedt to
(25) andR, automatically. Similarly, for th& , part, we have

1
R _ Ty* S L imysS ®em * * 2 2
Nan_ 2X3n[Dlm+ iD gl ES” = m{cknmc}_nmﬁpcﬁmcﬁm}lgl(pzvMX; ,Mzm)
1 . .
- EX?4+a)n[D(S2+a)m_ID(S7+a)m]v (26) (IHJ) (31)

To go on to discussions of the indirect 1-loop contribu-
tions, we need the corresponding expressions offp,% for
the other four neutral fermions. These are given as follows,
with obvious notations,

1
—5tan awxgn[D?.m+ i ng]

nm: 2

N

1 .
+ 518N 0WXTa 1 ol D2+ ym™ 1P (74 ayml-

R Ye, *
(27) Conm=— Ev(k-%—Z)nD(k-%—Z)m’
The list of extra\VR" terms each combines with theR, to
give a neutral loop contribution tHl . L o Ve [
COnm: - U1nD 2m~ EU(kJrZ)nD(kJrS)mv (32)
D. Charged loop contributions
The effective interaction for the externg with (color- CR =—V,, DI,
les9 charged fermions and scalars inside the loop is given by hnm
— 1— Vs 1+ Vs B .|? =
£=0,¥ (1) Chin=— >+ Chn 5| Y (xo) b He Chm =0 39
(28)
ek Ly, pr
where Wnm™ \/5 2n™ 1m»
e * )\:kkh *
CiRr:m: _lv(i+2)nD|2m_ I_V(h+2)nD|(k+2)m1 L 1 * *
92 92 Ciinm= E[uzm'm Ui omls (34
CL U Dl U, D
inm In® (i+2)m g, 2n& (i+5)m R —tanaw * *
Bam= T[VznD 1mT 2V 20D (ks 5ymls
Nihk *
- g_U(h+2)nD(k+5)m' (29
2
) . L tan 6y * *
Here,VTMCUZdlag{MX;} where M. is the 5<5 charged Canm= W[Uznpszf Ukt 20D k+2yml- (35

fermion mass matrix. MatrixD' diagonalizes the mass-

squared matrix of eight scalars of unit negative charspee

Ref.[4] for detailg. The latter includes again the unphysical Combining ac®" with act gives half of the charged fer-

Goldstone mode to be dropped from the sum awer mion loop contribution, to the corresponding mass term; the
Charged fermion loop contribution to direct 1-loop neu- other half is given by flippind. andR. For instance, the’-B

trino mass could then be easily obtained as mass term, OHfil' is given by substitutingfgnm for CJ-an in

Eqg. (30), i.e., by acﬁ*mcénm combination, as well as the

2

c_ Fem R* oL 2 o *
HVij T 87 sir? 6 Cinmcianxn‘BO(pZ'MX; ’Mzm) comblnatloncgnmCian.
W There is also another type of contributions, namely the
(ie]). (30 quark-squark loops. The direct 1-loop part of such contribu-
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tions is among the most well discussed. We summarize therthe elements of the various mixing matrices. Such perturba-
here, under our notation, for completeness. We have tive diagonalizations have been illustrated to be very good
approximations, which also serve to illustrate well the role of

o _ @enNe ,re 0 2 2 a2 the various lepton flavor violating-FV) couplings involved
== 87 ik CinmCjnmMa, Bo(P™mg \MG ) (i]),  (see Refs[17,18 for other illustration
w (36) Note that we focus our discussions below only on the
parts of the results that are particularly interesting to our
where analytical study. For instance, in the
Nikn g+
Ci,an: - _ng' N ®em R R
_ o Tem Lz /RF ARF 2 \g2 2
” 0™ i g M (P Mg M)
, Nink__ g+
Cian: - ED(ms)m’ (37 ——

term, we focus on theVi; ,NVi,mM,0 part. That is, we will
n

and D¢ diagonalizes the 86 squark mass-squared matrix drop the common prefactar,,/8m sir* 6, and the loop in-
M3 . The structure is to be compared directly with thosetegral By from all the neutrino mass term results given be-
from the A-couplings above. FaE,,, we have low. The following discussions do not include tRe, part.
The results of the latter are left all to an appendix at the end.
They are included here mainly for completeness. It does not

a * 2 . . i ) Lo
5’”: ﬁ{ci,nl_mcj,nl_m+Ci,nRr:lean}Bl(pzyMﬁn,Mam) look like there is any important off-diagonal contribution,
™SI Ow while diagonal contributions, as discussed above, only rep-
(i=]). (3g) resenta universal correction to the tree-level result.

For the indirect 1-loop part, we need A Results forﬂﬂij and (Hg/\/t;lgT)i“j‘

R Yd, g The result here may be written in the form of a single

Conm="— Eka' term as
yd E[tanewxl _Xz ]ZM O[DS' 2 _|DS 7 ]

’ n * n n i+2)m i+7)m
Conm="— ED?"”””" (39) 4 W Pi+2) (i+7)

. X[D{i+2ym= 1D+ 7ym]
C& =0,

nm BB tar? B[ 1 o % M

N L _M—g 7 (18N6wX1n—Xan) M.
C\7Vnm: Epkm' (40 _

(n=1-4 dominatg. (42

2 2 *

Céﬁmz - ?tanﬁwD?kH)m, The scalar sum is dominated by=1,2, and 7 contributions.

We illustrate here only the dependence on Bygarameters
/2 and tang, with M4 denoting a generic mass parameter at the
ci =— “tang, D . (41  slepton scalé.Note that we write the final result in the form
Bnm 6 m such that the square bracketcontains a factor of order (&

- o .. pattern we stick to beloy so that the reader can have an
We get the indirect 1-loop contributions by combining

¢'RW*with ¢/LR in the same way as we do in the above

case of(colorlesg charged fermion loop. Note that we have [D§,);—iDf,7,]=[—Re®;)/M?]
—i[Im(B;)/MZ][tanBsin a—cosa]=—(B; /IM3)[tanB sin a—cosa]
IV. MORE DETAILED ANALYTICAL RESULTS from our perturbative formulas on ti2° elements. One may also

. . . L ) check the other pieces. Take time=2 piece, for example, we have
In this section, we give more explicit details of the neu-han [D§ 21— 1D 7y1]= — (B IM2)[tan cosa-+sinal; for m

trino mass terms obtained by applying the formulas in the_ 7 [D§. 27— 1D5 . 7y71=[— Im(B)) +i Re(B,)]/cospM?2
preceeding section. We list the result from different combi-—j(g /m2)(1/cosp). The extra factor of guarantees a cancelation
nations of interaction vertices and go on to illustrate the conyith the m=1 and 2 terms if the ra=7) “pseudoscalar” is mass
tent of these exact mass eigenstate results by extracting thgenerate with the latter “scalars,” aftang sina—cosaJ?
dominating piecés) in the mass eigenstate double sum.+[tang cosa+sinal?=1/coéB. Hence, to illustrate the generic
There, we give the “approximate” analytical results throughresult, we write the dominatingD ¢, o~ iD G 7)m result as
the use of perturbative diagonalization expressipfisfor — B, tanB/M2. This is used throughout the section.
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idea on the major parametershose before the square portional to a Majorana-like mass term. It is illustrated here
brackej affecting the scale of the neutrino mass. The resultin our expressions as a consequence of the cancelation be-
ant proportionality of the mass term here to the pro@®j&;  tweenD§ , o, D{j+ 2ym aNdi*D§ . 79D {1 7)m @S Well as be-

has been addressed and interpreted as the necessity fOI'LWEeanHZ)meJ—”)m a”deiw)meHz)m for each single
Majorana-like scalar mass insertion to complete the diagranm value, from our perturbative expressions for the mixing
in terms of complex scalars. When one follows such an inmatrix elements.

terpretation to consider the scalar inside the loop as complex Next, we come to thel( .M ;1§T)i'\j‘ part. The dominating
field with mass insertions put in on the line explicifgs  resyits from all the individual terms of the form have a com-

shown in Fig. 6 of Ref|5] for examplg, a proportionality on  mon proportionality to the combination of LFV parameters
BiB; would likewise be resulted. The different pieces in

the scalar sum, however, cannot be put together at this level. Biuj(tanp).

Each piece involves actually a different value M, and a

different loop integral from a physical scalar of different Again, the contribution mainly involves diagrams with a
mass running in the loop. In fact, if one naively takes a sumphysica) neutralino, together with a neutral scalar, running
over m without considering the loop integrals, a zero resultin the loop. As noted above, the lack of mass degeneracy
would be obtained for an3 D¢, with a#b. The lack of among the scalars is essential for a nontrivial result. Note
degeneracy among the scalar mass eigenstates is what makiat upon the necessary symmetrization not explicitly shown,
a nonzero result possible. This is a common feature for theve will have also theB;u;(tang) parameter combination
type of diagramgsee also Ref[18]). Interestingly enough, coming in.

for the present case under discussion, a pairwise degeneracyAll the different terms in this class have very similar
among the “scalar” and “pseudoscalar” parts of a complex structure. We discuss here only an illustrative term, and leave
scalar is enough to guarantee a null result. This is equivalerihe rest to Appendix A below. Let us take a look at the term
to the statement that the neutrino mass contribution is proH')iO(M ;1§T)4J_ . Itis given as

oMM, — M3 sin B cosB(M; cog B+ M, sir? 6y) 1 , _
M det( M,) Z[tangwxln_XZn]zMxﬂ'[D?i+2)m_ID?i+7)m][D§m_ID;m]
n

B u: tanB [ woM1M,— M3 sin B cosB(M; cos b+ M, sir? 6y) 1
=— |i/|2 et 7 (tan0wX1,—Xo0) "M 01, (43
s n

Note that from the general flavor structure of the model, onamion massMX;Z:mi but a less suppressed mixing of
I

expectll, , to have an expression S|m|Iarfb,,i_ above with U1(i+2)2(\/§MwCOSﬁ/M3)Mi- Dropping all the factors of

]
index j replaced by a 0, i.e.Jl},=(BBo/M)tar? g  order 1, we have all three terms giving contribution of
X(tanawxln_XZn)zMXO- Observing thaB,/cosg is a pa- roughly the same order of magnitude, all proportional to
n m;ui /Mg, whereMg again denotes a SUSY scale mass pa-
Mmeter here corresponds, more exactly, to a chargino mass.
This kind of feature is quite common in the charged loop
results below. We illustrate results by dropping all the order 1

rameter of the same order as the generic mass scale para
eterM2tang we do see an agreement here.

B. Resullts for the charged and color loops parameters and using the generic mass pararvkjeepre-
Similar to the neutral loop case above, each term in th&€Nting chargino as well as sICepton mass scale.
charged loop contributions to tH’s has a scalar part in- ~ There are six terms to thd, result. We mostly just list

J
volving D}, D Ib*m which would give a null result foa+b if ~ them, while drawing attention to particularly interesting fea-
summed ovem naively. The different loop integrals from tures. Note that the necessary symmetrization is not shown
the lack of scalar degeneracy is what guarantees nontrivi@<Plicitly,
results. The fermionic part is more interesting. For illustra-

tive purpose, we take an expression of the form _jv*_ M. Uy,D! pI* :_EmiMiBj tang
V{+2nM,-U1,. Heren=1 and 2 give the chargino state gy (1FANThx, TnEAMT(E2m e g, M3
contributions, with a largeM x; mass but a more sup- (44)

pressed V?wz)n mixing. The results are given by

(RR,/Mct)mipiUrn and Rg,/Mcz)MipiUzn, respectively.  The scalar part result here is mainly from},,
On the other hand, the=i+2 term involves a small fer- =B, tanB/M2.
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Ye, Ye, 7\|kh Nigp,
92 % VZ‘Hz)nM U2nD2mD(J+5)m 9 s V(h+2 M, U(q+2)nD(k+2)mD(p+5)m
42
Ye Ye, mim;puip; tan,B 45 _ Nikn Ajnp My (Mg bk (50
92 92 M3 43 92 Q2 M2 .
The scalar part result here is mainly frord! . .
o tan,@/l\/lpz y 2% This is the most well known part deSij result discussed
S extensively in the literature. Note again the extest term
Ve M . in the LR mixing (M&/)5,. Its contribution to neutrino
% MU+ 20D D s 5ym masses in the case pfk may be particularly interesting.
92 9 For the (I .M glgT)ﬁ part, we present the long list of

Ye, Nji MiMysey tans3 terms in Appendix B. In t_he_neutral loop counterpart above,
=————— (46)  we see that the class of indirect 1-loop result all involve the
92 92 Mg combinationB;u; tang. Here for the charged loop results,
we see the same parameter combination does give some im-
Here, the result is froom=i+2 which is interesting only at portant terms, but without the taEnfactor These are labeled
h=i; hence, only that is shown in the sum overltis the  as HCO(M gT)3]_part 1 andII® vo(My e —part 5
SUSY analog of the Zee diagram, discussed in Réf3,5].
For h#i parts the result is much further suppressby
anothery; .} /M?2 facton. The scalar part result is the same
as the previous case

[with correspondmglyio(/\/l JLEn 2] part] inside the Appen-

dix. In factor, these terms could easily dominate over the
direct 1-loop terms fromlI¢ over. They provide neutrino
mass contributions of ordds; u; IMZ.

Another type of interesting terms are given by those la-
beled asﬂfio(/\/l r:1§T) 1j—part 4[again with corresponding
o I o(M H€T)z; parf] andTI5 o(M , *€T);—part 10 inside

(symmetrization e appendix. We have, roughly, the results\;/

(47 92)(4iMa/M2) or (Nink/g2) (wimn/M?).
Most of the other terms are actually not very interesting.

We note here that the result is actually very sensitive to thd'hey typically involve further suppression from factors such
i« ] symmetrization. The dominant result in the expressioras (m; /MS)(yei /g,). However, one should note that for the
above is from the case with th¢-{2)th charged scalar run- |arge tan3 case, thé =3 part has an order 1 couplin@s-
ning in the loop. This is approximately tﬁe} slepton. The sentially ther Yukawa which renders the suppression not
symmetrization and the fact thm]h —\jin suggest a per- too strong. A careful numerical study will be necessary to
fect cancelation of the result in the limit of degenerate slepcheck if there could be a scenario where such term could
tons which correspond roughly to tfig andT; states. This play a role.

has also been discussed in some detail in F&f. The quark-squark loop results are much n’10re simple as a
class. In fact, parallel structure between thg coupling

terms and the\j, coupling terms can also be used to write

Nikh Aijh Mpith
—V* |V| U D! 'D —
g, (h+2n D (k2P +2)m= g " T

ye )\Ikh . . . .
LIV M,-U, D! D> down the results directly. In particular, for the indirect 1-loop
S gy gy (AN ol amT g Em part, we expected N/92)(ujmg, /MZ) or (N
~ _ 2 o ; ;
Ye, Nikn mth(MéL)Tk gz)(ﬂlmdh/MS) to mat(_:h _the 5|m|lar terms just discussed
= =, (48 above. We list the details in Appendix C.
92 02 Mg
where V. CONCLUDING REMARKS
5 J2My cosp We have listed and discussed the detailed results of all the
(Mé,_)jk=[AZ§ — potanBlm; s+ —— AkJ neutrino mass terms within the GSSM, up to 1-loop order.
92 i i
Our approach gives expression for exact results, each to be
\/EMWsin,B obtained through a double summation over the fermion and
———(miNy) (49)  scalar mass eigenstates running inside the loop. We further
92 give approximate expressions of each of these terms through

extracting the dominating pieces within the double summa-
gives the completé R mixing of I+ andT; states. The last tion and approximating the elements of the mass mixing ma-
part of the latter is a contr|but|on beyond the well known trices by perturbative diagonalization formulas. The validity
MSSM parts. of such perturbative diagonalizations are well founded on the
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experimental smallness of effects involving lepton flavorbly interesting scenario out the model. Numerical studies of
violation or R-parity violation. However, there are partial the latter will be published independently.

cancellations among pieces within the sum—a result of a

GIM type unit_ary cancellation also pointed out in Refs. ACKNOWLEDGMENTS

[17,18, rendering the approximate formulas agree only at

order of magnitude level with the summed exact results. The We would like to thank E.J. Chun for discussions, and
latter is also cross-checked through numerical calculationsy.-Y. Keum for making available some routines for numeri-

part of which is given in Appendix E for illustrative pur- cal matrix diagonalization. The work of O.K. has been par-
poses. We most probably have given the results in more ddially supported by the National Science Council of Taiwan

tails than necessary. However, we emphasize that our ignander Grants Nos. NSC 91-2112-M-008-042 and NSC 90-
rance about the nature of SUSY parameteRsparity 2112-M-008-051, and has benefitted from particle physics
violating or otherwise, says that imposing much theoreticaprogram activities and the support of the National Center of
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the others may be unwise. The detailed listing here is inBK21 program of the Ministry of Education in Korea and by

tended to provide a reference to later studies on any plauskorea Research Foundation Grant KR¥02-015-CP0060

APPENDIX A: DETAILS OF (I M ;*£")N TERMS
N -1
HviO(M n gT)4j ’

woM 1 M,—M2sinB cosB(M; cog by + M, sir 6y) 1 _ ,
— M det M) Z[tanawxm_in]zMXﬂ[D?Hz)m_'D?iw)m][pgm_'D;m]
n

B tanB| moM1M,— M2 sin B cosB(M; cos By+ M, sir? ) 1
= |i/|2 YN 7(1aN8Xan—Xo0)?M 01, (A1)
s n

This is exactly expressio@3) which we repeat.
N _
MM D)),

M2 cog B(M; co Oy + M, sir? 6y) 1 , ,
M detM,) Z[tanewxln_in]zng[waam_'D(Si+7)m][pim_'pgm]

— B tanB| M2 cog B(M; coS Oy + M, sir? fy) 1
- M2 de(M,) 4

(tan By Xp— Xon)2M 0| (A2)

Again, theH':iﬁ term has a structure similar to that Hf;'io (or H';‘ij) with the replacement diy(=1,) by h!.
IT, (M, €D o —part 1,

Mz cosBuogM coséy, 1 . )
Mi Xan[tanOywX1n—X2nIM (o[ DG 1 2)m= i D+ 7yml[ P im+ i Dol
det My) 4 ’

—Bju; tan[ Mz cosBuoM; cosby, 1
~ M g de(Mn) ngn(tan 0WX1n - X2n) M Xg . (AS)

IT, (M, €D o —part 2,

Mz cosBuoMq cosbyy, 1 . .
M de(Mn) ZX(4+a)n[tan0WX1n_XZH]MXg[D?i-%—Z)m_ID(Si+7)m][D(52+a)m+ID(S7+a)m]

Biujtang | Mz cosBuoM; coséyy 1
~ M§ de(/\/ln) Zx4n(tan9WX1n—X2n)MXg . (A4)
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Here, we have different terms far=0-3, among which we show only the=0 result. Thew=1-3 cases have obvious extra
suppressions from th)é(4+a)n matrix element and a smaller scalar mixing part. The former has an /e}imaﬂ factor while

the latter introduces me +ul ,u,)/M factor. The overaIH {# results are not too different from the previous ones above
either.

I, (M, "N y—part 1,

Mz cosBuoM,sinéy, 1

— M det M,) Ztan0WX3n[tan0WX1n_XZn]ng[D(SHZ)m_iD?iJr?)m][D?.m_l_iDZm]
BiujtanB| Mz cospuoM;sinby 1
~ Mg de(_/\/ln) Ztan 6WX3n(tan 0WX1n— in) ng (A5)
N —
I 5(M, ¢T)y—part 2,
Mz cosBuogM, sin by 1 ] )
M detM,) Ztanawx(4+a)n[ta”9wxln—in]ng[D?i+z)m—'D(Si+7)m][D(Sz+a)m+'D(S7+a)m]
BiuitanB| Mz cosBugM,siné,, 1
O Ii/lg o) 1 tan Oy X n(tan Oy X, — in)MXﬂ . (AB)
|
If one rotates thé&-ino andW-ino into a photino and &-ino, _ H(V:io(M ;1§T)4]-—part 3,
the photino would of course be decoupled from mass mix-
ings with the neutral fermions. The closely related structures Ca Nin .
of HfiW(Mn‘lgT)zj and H’jié(MglgT)lj reflect on that. ML g, — Ve 23aM - U1nDiics 2)mDom
One can certainly write the two part of the results together
*
through al'[':_i term with diagrams involving th&-ino part _ Nikn A4MnpnBy tanﬁc B4)
I - - 4+
only. However, to the extent that photino addno are not 92 M

mass eigenstates, there is really not much to gain. c .
I} o(M  *€T) yj—part 4,

APPENDIX B: DETAILS OF (IT;M ;'£")C TERMS

I17 (M *€7),;: Here, we introduce the order 1 con-  — ;4 ékh); VM U(p+2)nD(k+2)mD(p+5)m
stant,
oM Mp—MZsing cosB(M Cos' i+ M sirf 6y) Nikn Yen #iMa(MBEDE
4= del M,) TTn e owm o (89
X Mg (B1)

H(V:io(M ;lfT)q—part 5,
to simplify the expressions, given as follows.

c s N Cy Yey *
I (M 76 aj—part 1, AV G, fk+2>nMX;U1nD|(k+2)le(i+2)m
C y yei m,,ul,u,J y P
it M. g, V<*I+2)nM UlnDZmD Mg Cs- z—g—j%czp (B6)
(B2) s
TS (M 7 2€T) —part 2, I o(M 1T —part 6,
C4 ye yek % C4 ye yek "
MM 9, 0o V|+2)nM U(k+2)nD2mD(k+5)m i Mg g 9o V(k+2)nM UZnD(k+2)mD(|+5)m
Ye, -2/.L~,LL- tang Ye, Ye, pmimpu (MZ )
( %Cm (B3) Z_JLNCLI' (B7)
92 M3 92 92 Mg
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I o(M  H€7) 4—part 7,
C4 )\ihk ye

— i M U D! D
M]MS 9, g (p+2)n (h+2)nY (p+2)m" (k+5)m

Nink Yen /’ijh(MZRL):h

T ®9)

4+

HSF(M r;1§T)3j: Here, we need to use, in addition to
|

above expressions for the elements of the mixing matrix

Dl(,+2) B;/M?2 andD1(|+5)— I,u,/M and introduce the

order 1 constant

M2 cog B(M; cos Oy + M, sir? 6y)
det M,)

3= s (Bg)

to simplify the expressions. We also uge to denote a mass
parameter of théphysica) chargino mass scale. The results
are as follows.

c _
M, 5(M, 1eT) 5—part 1,
Cs, , Binj . Mc
MJlenM UlnDlmD(|+2)m Mg 3M_S- (B10)
c _
M, 5(M, ey g—part 2,
C; Ye . |
_M]M gvlnM -Uz,D3 D(|+5)m
Ye, mipipj - M
=—— —. B11
92 Mg 3Ms ( )

I H(M ") g—part 3,

C3 Nink, .
M]M 9, VlnlvI U(h+2)nD1mD(k+5)m

_ Nink A Mp s Micfe

B12
92 M2 (B12

3.
SW(M_lfT)zj and HSE(MglgT)lj: We have noted
above in the case oH the close similarity between
VW(M 1£T), and HVB(M 1£T),;. The story in the
C _
same here, betwedﬂiviw(/\/l SEN)y andIl, 5(M, LNy,
with some exception. Note that from comparing E@)
and (35), we can see that there is and extra ternCELm
without the matching partner iﬂ\BNnm. We list below all

results of theB-ino case, nameltI* 5(M , *€7);. Among
I

the 10 parts listed below, 1-7 have tii¢ino counterparts
in MMS5(M,%7),, to be given with an extra factor
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(— 1/tanéy) (M ,/M5,), which we do not list explicitly. Parts
8-10 have ndN-ino counterparts. We also introduce order 1
constants,

tanfy, Mz cosBugM, sin by,

1 \/E de(Mn) S ( )
to simplify the expressions.
C —
M g(M, 1eT)—part 1,
Cy Ve Ye M i
NIEYE M. 0, V(|+2)nM U2nD2mD2m~_ g_zM—gcl-
(B14)
C _
I, 5(M '€y —part 2,
Cy Ye
IEYE M, g (|+2)nM U(k+2)nD2mD(k+2)m
Ye, mB;uitan
- % . (B15)
S
C —
I, 5(M €7 —part 3,
C1 Nikn
Ve M. g, — Vi h+2)n|vI U2nD(k+2)mD2m
Nikh MjMninBgtanB
ZEJT v (B16
S
C —
I, 5(M, ey —part 4,
C1 Nikn *
KN g, VronMy “Ugps 23D (ks 2mP(p+ 2)m
2 *
Niep HiMa(ME+ i pen)
-0 Ve C1. (B17)
2 S
C _
I, 5(M '€y —part 5,
C, . Bu M
| 1] c
M Mg VZnM UlnD D(i+2)m2_ M§ 1M_S-
(B18)
C _
I, 5(M €7, —part 6,
Cy Ye . Ye, miuipn; M
Y] M, U LDl ~ PP s O
My |\/| 0> 2n 2n (i+5)m 0> Mﬁ 1Ms
(B19)
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c -1
TS 5(M , ¢T)y—part 7,

Cl ihk | |*
M M_s _gz ;nMX;U(h+2)nD1mD(k+5)m

Nink A MkMy

~ mePRTE e, (B20)

92 M3

T 5(M €T —part 8,

C,
IR 2V(k+2)nM UlnD(k+5)mD(|+2)m
_ M MO
M
C —
I, 5(M , €h)1j—part 9,
Cl yei
Mj M Zg Vk+2)n|\/I UZnD(k+5)mD(|+5)m

ZE M b
92 M2

T 5(M, '¢T)1—part 10,

C1_Nink

“Hig Ly, VeranMy “Utns 2nD{p-5ymD (e 5ym

2
Nink HiMMe,

~— ™ "oc,. (B23)

92 M3

APPENDIX C: DETAILS OF (.M ;*¢")° TERMS

HE”: Note that the necessary symmetrization is not

shown explicitly,

! ! 2 *
Nin jnp )\Jhp oD} e _MNikn Ajnp Mg, (MR pk
° 0, (pram=35 "o IR
(CY
where
V2My, cosp .
(M él_)pk: [Aar — potanBlmy 5kp+ P L 5AII(3p
. 92
V2Mysing
T, (M) (C2)

2C;. (B21)

2C;. (B22)
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(MM DR (M 1D —part 1,

Cys Nikn y%
_NchM—s 2 o kaD(h+3)m

2 \*x
N Yo, #iMg (MR Dbk
e — _ikh 7%h h—3304_ (C3
92 02 M:

M5(M €N a—part 2,

/
Cy Nink Yd,

NC/'LJM 9 O, dD D(k+3)m

2
Mo Ya, #iMa (MR

=T " 3C,. (CH
92 92 M3 ¢
D _
MMy €D,
N C1__ M 6, DD
HitangyM, g, o km i
~2
Nin #iMa, Mg, 3C
2& h kh 1 . (C5)
P m3 tanéy
D _
I, 5(M €7y —part 1,
! ! m ﬁ]z
N C1 Nikn d pd* _ Nikn i1y,
- CMJS_IVISEmdh km hm__g_M—g 1-
(C6)

T, 5(M, "N y—part 2,

2C, )‘i/hk
—’\|c,U«j3—MS 9 D(h+3)mD(k+3)m
2
Nink #iMa,Mp,,
L YO (7
92 M3 '

APPENDIX D: THE X, RESULTS

ET__ : We have a simple result here, given as
i

1 .
Z[tanawxln_ Xon’LD i+ 2ym= 1 DG+ 7yml[ D+ 29m

+iD{ s 7yml BB} tar? B[ 1

7 (tan OwX1n— Xon)?
M S

(n=1-4 dominatg (D1)

Efij : We list all the individual terms below,
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e | (anjﬁmﬂf)
UlnulnD(i+2)mD(j+2)m2—M2 : (D2)
S
~2
Ye, Ye; Y. Ut Dl D! Ye Ve, mEji (D3)
g 0> 2n¥2nY (i+5)mY (j+5)m— 9> 9 Mg!
Nink )\l*qu U b* _ p Nink @
d> O (h+2)n™~(p+2)n*~ (k+5)m (q+5)m g, gz’
(D4)
Ye, Ye (M3));
i * ¥ I O | RL/ji
_auln 20D (i +2)mP(j+5m= % —Mg , (DY)
Ye, Ye (M3))%
i I* [ & \VIRLjj
—Euzn TnD (i +5)mD (j +2)m= 9 —M§ , (D6)
A (M2 )i
JhkU D D' ﬂ MU VIR ki
0> 1in (h-l—2)n (i+2)m (k+5)m 9, Mg '
(D7)
)\lhkU U D" . D! _ Nink Mﬁ(MéL)Ej
gy ~(2nZ1nD g s)m (j+2)m_EM—g'
(D8)
Ve JhkU D" D zﬁﬁﬂ
gz 0> 2n (h-l—2)n (i+5)m~ (k+5)m g, 9> Ms,
(D9)
YoMy e Ve hn #n
J> O, (h+2)n~2n™~ (k+5)m (]+5)m 9, O M37
(D10)
Ye Ve, V* v N D Yei Ye, 5 (1D
g 9> i+2)nV(j+2)n¥2m g2 0> ij»
Alhk )‘Jpq I |*
9 Oa — Vi 2nVp+ 2)nD (ks 2)mP g+ 2)m
~2 *
)\ihk )\}khq mqu+,lLk Mq
"o oMz (012
ye Ye, N\ Betang
lkh * Jkl k
Vihi 23Dkt 2ymD o= — — — ,
92 9> (i+2)nY(h+2)n“ (k+2)m~“2m— 9, 9o Mﬁ
(D13
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e Ny D!yt D!
gz 0> (+2)nV(h+2)n* (k+2)m~2m
Ye i Br tan
SO RS 2/5'_ (D14)
92 92 Mg
ED .
Vij'
A |,n*k )\j,nq A i’n*k )\j,nq
——D%*, Dqom=3——, (D15
©g, g MM Tg, g,
)\.’* ! )\.’* !
. ikn Mjgn & ~3 ikn an. (D16)
92 92 92

APPENDIX E: SOME ILLUSTRATION ON THE VALIDITY
OF THE APPROXIMATE FORMULAS
THROUGH NUMERICAL CALCULATIONS

In order to see how well our approximated formulas of the
1-loop neutrino mass corrections work, we present here some
of the numerical neutrino mass values from the approxi-
mated formulas and compare them verses those from the
exact expressions of the corresponding neutrino mass terms.
We have a disclaimer to pronounce first. What we do here
are not numerical studies of phenomenological viable sce-
narios of neutrino masses generation within the model. We
make no attempt to choose parameters to fit any neutrino
oscillation data. Rather, we are choosing simple and quite
arbitrary input parameters, only to check and give an idea on
the validity of out analytical results. The practice also helps
to illustrate some theoretical issues behind the formulas. We
choose a set of convenient input parameters and compute and
list results from nine of the long list of neutrino mass terms.
While the results do give some idea on the relative strength
of the various terms, the readers should be warned that this is
only a consequence of a specific choice of inputs, which is in
no sense generic or particularly phenomenologically interest-
ing.

Our choice of input parameters is as follows. We take the
SUSY mass as around the scale of 100 GeV. In the exact
results calculations, however, we have to split the masses of
different superpartners to avoid unwanted special cancella-
tions. We will clarify on the latter issue below. We choose
input values that turned up mass eigenvalues for the SUSY
particles in the hundreds of GeV scale, details of which is
really not interesting. The value of tghis set at 3. The
parameters responsible for the lepton number violating effect
are simply taken to be the same numerically, at a value of
1074 Explicitly, \jjx=\{=10"% u;=10""* GeV, B;
=10 “ GeV2. The neutrino mass results are presented in
Table I, in which we show only contributions to th8,3)
elements of the effectiv€SM) neutrino mass matrix. The
upper part of the table corresponds to the results from the
approximated formulas while the lower part to those from
the corresponding exact expressions. In each part, the first
line corresponds to terms in Eq€2),(43),(B2), the second
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one to Egs.(B3),(B6),(B15 and the third one to Egs. TABLE |I. Some numerical results from the chosen neutrino

(B22),(49),(C1). mass terms(See text of Appendix E.
As one can see from the table, the difference between the :
two results for any specific contribution is within an order of Approximated formulageV)
magnltqde. One could not really expect a bgtter agreement 5 oo 150 935109 6.38x 108
than this. In fact, as discussed above and in some relatep78>< 10-10 4.38¢10°8 2 47% 10" °
earlier studied17,1§, the structure of the class of 1-loop .- o By
o 1.00x10°8 3.31x10°7 4.46x10°3

diagrams are such that there is a GIM-type unitarity cancel-
lation involved in the sum over mass eigenstates. Say, if all

the mass eigenstate fermions of the same quantum number Exact formulaseV)

are degenerate, the sum over the set of fermion mass eigen- g1x 10-° —3.45x10°8 1.45x10°8
states in a neutrino mass term will be proportional to thesg gz« 1010 —1.73x10°8 —3.94x10°°
mass matrix entry that a naive look at the Feynman diagram. 3 3. 10-9 6.90x 107 3.26x10°2

will suggest. In most cases, that is vanishing. Similarly, when
the set of the mass eigenstate scalars involved in a certainly

diagram is mass degenerate, the sum over the set of states

gives a vanishing result due to unitarity of the diagonalizing

matrix. Take Eq(B6) as an illustrative explicit example, the

exact expression of the neutrino mass contribution is proporfhe former is nothing but the vanishing+ 2,1) entry of the

tional to charged fermion mass matrix, while the latter is zero by uni-
C, Ve, . tarity of the matrixD' (for i#k). As discussed in Refs.
RN r Z‘k+z)nMX;U1nD|(k+2)le(i+z)m [1?,1@, the lack of mass degeneracy leads to first order vio-
s 92 lation of such unitarity cancellations, which explains the
% Bo(pz,Mz_ ,M% ). nonvanishing results. It also explains the not better than or-
Xn m der of magnitude agreement between our exact results, ob-

tained really summing over all the contributions from the

In case of mass degeneracy, one can factor out a ferm'o&ﬁerent mass eigenstates, and that from the approximate

summation formulas, which only extract the analytical form of the larg-
E v M U est term within such summgtions. _
~ T (k+2)nx, ~1n With the above explanation, we see that our approximate
formulas do work as well as they are to be expected. We
and a scalar summation emphasize again that the approximate formulas mainly serve
the purpose of illustrating the role of the lepton number vio-
S p! D! _ lating parameters in each of the neutrino mass contribution
= (k+2)m*~(i+2)m term.
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