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We give an analytical calculation of solar neutrino masses and mixing at one-loop order within bilinear
R-parity breaking supersymmetry, and compare our results to the exact numerical calculation. Our method is
based on a systematic perturbative expansidr-périty violating vertices to leading order. We find in general
quite good agreement between the approximate and full numerical calculations, but the approximate expres-
sions are much simpler to implement. Our formalism works especially well for the case of the large mixing
angle Mikheyev-Smirnov-Wolfenstein solution, now strongly favored by the recent KamLAND reactor neu-
trino data.
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I. INTRODUCTION 0.3<sirOy=<0.7, (5

Solar neutrino experiments, including the measurement of

the neutral current rate for solar neutrinos by the SNO Col- 1.2x10°° eV?<Amé;,,<4.8X10 % eV, (6)

laboration[1], provide solid evidence for solar neutrino con-

versions[2]. This has been recently confirmed by the first

results from the KamLAND experiment using reactan- These data have triggered a rush of theoretical and phe-

ti)neutrinos[3,4]. Combining the information from reactors nomenological papers on models of neutrino masses and

with all the solar neutrino data leads to the best fit ppiijt  mixings, most of which introduce a large mass scale in order
to implement various variants of the seesaw mechanism

tarf fso, = 0.46, AméOL:6.9>< 1075 eV?, (1) [8—10]. BrokenR-parity supersymmetry provides a theoreti-

cally interesting and phenomenologically viable alternative

confirming that the solar neutrino mixing angle is large butfor the origin of neutrino mass and mixifd1]. Here we

significantly nonmaximal. The @ region for 0 is focus on the simplest case of supersymmetry with bilinear
R-parity breakind 12]. In contrast to the seesaw mechanism,
0.29<tarf 5o, <0.86, (2)  here neutrino masses are generated at the electroweak scale.

Such low-scale schemes for neutrino masses have the advan-
based on a combination of all experimental data. Howevefgge of being testable also in accelerator experimgifs-
one finds a significant reduction of the allow&dhZ,, range.  17] through the decay properties of the lightest supersym-
As shown in Ref[5], the pre-KamLAND large mixing angle metric particle(LSP) if it is a neutralino[14—16, a slepton
(LMA) Mikheyev-Smirnov-Wolfenstein(MSW) region is  [17], or a top squark18,19.
now split into two subregions. At@[one degree of freedom  Supersymmetric models with explicit bilinear breaking of

(DOF)] one obtains R parity (BRPV) [20-27] provide a simple and calculable
framework for neutrino masses and mixing angles in agree-
5.1x10 ° eV2P<=Am3y <9.7x10 ° eV?, ment with the experimental dafa8]. In this model the at-
mospheric neutrino mass scale is generated at the tree level,
1.2x10 % eV’<=Ami, <1.9x10 * eV (3)  through an effective “low-scale” variant of the seesaw

mechanisnj11]. In contrast, the solar mass and mixings are
Altogether, the KamLAND results exclude all oscillation generated radiativelj28]. Tree-level neutrino masses within
solutions except for the large mixing angle MSW solution toBRPV models have been treated extensively in the literature.
the solar neutrino problelf6]. This paper is mainly devoted to the solar neutrino masses
On the other hand, current atmospheric neutrino data reand mixing. An accurate and reliable calculational method is
quire oscillations involving’,, < v, [7]. The most recent glo- now necessary in order to confront the model with the new

bal analysis give$2] experimental data from KamLAND and other neutrino ex-
periments. A complete one-loop calculation of the neutrino-

SiOr=0.5, Amiy=2.5X10"% eV?, (4 neutralino mass matrix has been givE28] but is rather
complex. On the other hand, approximations to the full one-

with the 30 ranges(1 DOP loop calculation which exist in the literatuf@9] have not
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been tested yet against the full calculation. Especially invukawa coupling times a singlet sneutrino vacuum expecta-
view of future experimental sensitivities we think such ation value in models with spontaneous breakingRparity
“benchmark” is important. [30].

In this paper we give an accurate determination of neu- Alternatively, the smallness of the may arise from suit-
trino mass and mixing within an analytical approximation able family symmetrie$33]. In fact, any solution to thex
and obtain formulas which can be rather simple, in someroblem[34] potentially explains also thee; problem”[35].
cases. For definiteness we will stick to the case of expliciln fact, a common origin for the; terms responsible for the
BRPV only. This is the simplest of alR-parity violating  explanation of the neutrino anomalies, and jheerm ac-
models. It can be considered either as a minimal threeeounting for electroweak symmetry breaking can be ascribed
parameter extension of the minimal supersymmetric standan@ a suitable horizontal symmetry that may also predict their
model (MSSM) (with no new particles valid up to some ratio, as in[33].
very high unification energy scale, or as the effective de- In addition we have the corresponding soft supersymme-
scription of a more fundamental theory in which the breakingtry breaking terms in the scalar potential,
of R parity is spontaneoug30—32. The latter implies the
absence of trilinearR-parity breaking parameters in the Veor=Viort €an( —BuHEHI+ B L?HD),  (8)
superpotentiat.

This paper is organized as follows. In Sec. Il we introducewhereB and the thred; have units of mass and M., we
the main features of the model and the relevant mass matrinclude all the usual mass and trilinear supersymmetry
ces and corresponding diagonalization matrices. In particusreaking terms of the MSSM.
lar, we identify the relevant Feynman graph topologies and
rules and derive approximate formulas for the couplings rel- B. Rotation matrices
ter\i/r?;tn:(;rsgestggmﬁéogi\g :‘;p:ig;?;?%mﬂf:: fcs)(r)ltirensgt- If the effective RP\_/ parameters are smaller_than th_e weak

' scale, we can work in a perturbative expansion defined by
tom quark-squark loop as well as for the charged scalar loop S
e £<1, whereé denotes a 4 matrix given by 36]

In Sec. Il we check the accuracy of our approximation for-
mulas by a comparison with a full numerical calculation, g’ Mou
studying first the role of the simplest bottom quark—bottom 1= 58
squark loop and then the charged scalar loop, before compar- 0
ing the sum of the two to the full numerical result. In Sec. IV

Ay,

. . o . . M
we give simplified approximation formulas for the solar §i2=—g—1MAi,
mass and solar mixing angle and conclude and summarize 24,
our results in Sec. V.
O E N M;UUA
§i3_ w 4AO i
Il. BRPV FORMALISM
M~u
In this section we introduce the main features of the §i4=—ﬁ/\i, ©)
0

model and the relevant mass matrices, and develop approxi-
mate formulas, first for couplings and then for the radiativ
contributions to the neutrino masses due to the exchange
bottom quarks and squarks, and due to charged scalars an
charged fermion loops. A= pvi+tuge . (10)

here Ay is the determinant of the X4 neutralino mass
datrix, M=>=g?M;+g'?M,, and

The neutralino/neutrino mass matrix is diagonalized by a
A. BRPV model 7X 7 rotation matrix\ according to
The minimal BRPV model we are working with is char- 1. diag
acterized by the presence of three extra bilinear terms in the N*MpoN ™" =Mpo (13)
superpotential analogous to theterm present in the MSSM: . ,
and the eigenvectors are given by
W:WYuk+8ab(_MH3HB+6i|-iaHg)' (@) Fionj Ui (12)

whereWy includes the usual MSSM Yukawa terms,is  using the b.asi$b=(—i)\’.,—i)\3,ﬁ'(1,,ﬁﬁ esVyu,vy). In this
the Higgsino mass term of the MSSM, aedare the three approximation, the rotation matrix can be written as
new terms which violatdR parity and lepton number. The

N* N* gT)

smallness ofe; may arise dynamicallythe product of a A*~ (13
—ViE vy

!Alternatively, such absence may arise from suitable symmetrieslere, N is the rotation matrix that diagonalizes the<4
[33]. MSSM neutralino mass matri¥,, is the rotation matrix that
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diagonalizes the tree level neutrino<3 mass matrix, and
&;<1 are the expansion paramet¢8$,37. The terms we

need are
0 0 bey 0
vig=| © 0 be, 0 (14
ayA| aA| ag|Al+be; ayA|
whereb=—1/u,
a:g’MzM a:_ngu a:M;vu a:_M;vd
17 20, 0 77 200 T TP 4A, T TP 4Ay
(15)

The'e parameters in Eq(14) are defined ag;=(V])"¢;,
and are given by

- €(AZ+A2) = Ao(A €, + A E,)

2 2 2 2 2
VAZ+ AZVAZ+AZ+ A2
Ae,— A€,
62: —1
VAZ+AZ
A€
€3= (16)

VAZE A2+ A2
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&'=aiA;, §’=a5A;+be;, (D)
and
2
g g%
aj= , a5=——u , (22
V24, 2uA

whereA | is the determinant of the’22 chargino mass ma-
trix.

In the BRPV model the charged Higgs fields mix with the
charged sleptons, forming an<@ mass matri{28], which
is diagonalized by a rotation matrXs+. The construction of
Rgs- to first order in smal(RPV) parameters is quite straight-
forward but lengthy. The interested reader can find the details
in Appendix A.

C. Approximate couplings

The relevant Feynman rules for the bottom quark—bottom
squark loops are, in the case of left bottom squarks,

On the other hand, the chargino/charged slepton mass ma-

trix is diagonalized with two different 85 mass matrices,

UMY~ t=Mm129 (17)

with the eigenvectors satisfying
Fri=Vijd . FL=Ujy; (18
in the basis ¢"=(—i\",Hieq.un.7n) and o~

=(—iN",H2,e_ ,u. ,7), and with the Dirac fermions be-

ing
Fri
Fr=| —].
Fii

To first order in theR-parity violating parameters, we have

( V vg;) ( U ugl
V=~ , U=~ iy
~Vrék Vi “Vife Vi

(19

) . (20

whereV({* andV}, diagonalize the charged lepton mass ma-

trix according toV{*M‘VE'=M{,.,. For the purposes of

our approximate formula, it is sufficient to takg=0,3,

because the mixing between right-handed leptons and chargi-

nos is suppressed with respecttoby a factor ofm, /Mgysy
[36,37]. Note that we can chood* =V§'=15,.5. We then
have

b
b

Fio

) (1= s) +(1+ vs5)

bnb bnb
with
~ ~ ~ 2g
OEinjb: - R?lthﬁ_ Rlbz —twN1,

32

~ ~ g 1 ~
O%ri]jb: R?lﬁ(f\/iz_ gtWMl) - R?zhb/\fi*sv

(23

wheret,,=tané,,. After approximating the rotation matrix
N we find that expressions similar to E@®3) with the re-
placementN—N are valid when the neutral fermion is a
neutralino. When the neutral fermid®® is a neutrino, the
following expressions hold:

R - ~ = 29 .
OEinjb% R?lhb(a3|A| Sirztbeir)+ Rf’z_twal|/\| i3,

32

- 1 . = .
OkF)eri]jb* ijlﬁ(gtwal_aZ)lA|5i’3+ R;)Zhb(a3|A|5i’3
+be), (24)
wherei’=i—4 label one of the neutrinoﬁ?k are the rota-

tion matrices connecting the weak and mass eigenstate bases
for the scalar bottom quarks. In the case of no intergenera-
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\ / + (’ <‘*J) FIG. 2. Bottom quark—bottom squark diagrams for solar neu-
trino mass in the BRPV model.

FIG. 1. Topologies for neutrino self-energies in the BRPV su-
persymmetric model.

o)
8

what appears in the numerical code. However, given the
smallness ofRp violating effects, the “insertion method”

proves to be a rather useful tool to develop an analytical
tional mixing in the squark SeCtORJk can be parametrized perturbative expansion and to acquire some simple under-

by just one diagonalizing anglé, . standing of the results.
The relevant Feynman rule for the charged Higgs boson

or slepton loops is E. Bottom quark—bottom squark loops

o+ The simplest contribution to the radiatively induced neu-
S- trino mass arises from loops involving bottom quarks and
gt JN squarks is given by28]
F? = i
i (0=~ Gﬂz 3 (opsPob
(1—vs) (1+s)
M +ORl— + OO mBo(OmE 7). (25)

e e _ o ~ Bo(0OmZ,m?) is the usual Passarino-Veltman function
where theOyj;, and Ogjj couplings are given in Appendix [38,39. This contribution can be expressed as being propor-

B in Egs. (BZ) (B3). tional to the difference of tw@, functions,
After approximating the rotation matricésandV in the -

char_gmo sector an_(zk/ in the neutralino _sector, we flnd_ap- ABglbzz Bo(0 mﬁ ,mZ )—Bo(0 mﬁ ,mZ ) (26)
proximate expressions for these couplings that we will use
below. These formulas are collected in E¢B3)—(B6) of ]

. as follows:
Appendix B.

~ N.m €€
D. Relevant topologies All=— 167 ZZSBCBhZABb 1ba) € +a3b(e dj3

We now give the structure of the mass matrices relevant

for the determination of solar neutrino masses and mixings. _ . a ag .

While in the BRPV model the atmospheric anomaly is ex- +€6i3)|Al+ as+ — 81363 AJ? (27)

plained at the tree level, the solar neutrino masses and mix- b

ings are both generated radiatively. In particular, the “solar

angle” has no meaning at the tree level due to the degenera yhere we have defined

of the two lightest neutrinos in this limit. g /1 g 2
Diagonalizing the tree-level neutrino mass matrix first and ag=— ( —tya— az) . a =— —tyay. (28)

then adding the one-loop corrections before rediagonaliza- \/E \/E 3

tion, the resulting neutrino/neutralino mass matrix has non-
zero entries in the neutrino/neutrino, the neutrino/neutralino, The different contributions can be understood as coming
and the neutralino/neutralino sectors. We have found that thigom the graphs corresponding to the first topology of Fig. 1.
most important part of the one-loop neutrino masses deriveghey are depicted in more detail in Fig. 2, where we have
from the neutrino/neutrino sector and that the one-loop inadopted the following conventionda) as before, open
duced neutrino/neutralino mixing is usually subdominant. circles correspond to smdR-parity violating projections, in-
The relevant topologies for the one-loop calculation ofdicating how much of a weak eigenstate is present in a given
neutrino masses are illustrated in Fig. 1. Here our convenmass eigenstatéb) full circles correspond tdR-parity con-
tions are as follows. Open circles with a cross inside indicateserving projections, an¢t) open circles with a cross inside
genuine mass insertions which flip chirality. On the otherindicate genuine mass insertions which flip chirality.
hand, open circles without a cross correspond to small The open and full circles should really appear at the ver-
R-parity violating projections, indicating how much of an tices since the particles propagating in the loop are the mass
RP-even/odd mass eigenstate is present in a gRpwwdd/  eigenstates. We have, however, separated them to better
even weak eigenstate. Strictly speaking these projections aidentify the origin of the various terms. There is another set
really coupling matrices attached to the vertices, and this i®f graphs analogous to the previous ones which corresponds
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to the heavy bottom squark. They are obtained from the pre- - R — 1
vious graphs by making the replacemebis-b,, s;—cj, Ciit=s:c; V2g'ay|A| gV, jzaiAs— T(gaz
and c;— —sp,. Note that for all contributions to the>22 2
submatrix corresponding to the light neutrinos the diver-
gence fromBO(O,mg,mgl) is canceled by the divergence +g'a;)|A|8j3|8is+h?| be+as|A|sis
from Bo(O,mg,mEz), making finite the contribution from
bottom quark—bottom squark loops to this submatrix, as it U3 : ~ N T L
should be, since the mass is fully “calculable.” _Cﬁjvv,k’» [bej+as|Alojs—V, j5(az 74
F. Charged scalar-charged fermion loops +bes)]t,
Another contribution to the radiatively induced neutrino
mass comes from charged scalar—charged fermion loops, B 1
given by[28] C:ﬂirl: =04 c;h, V)i 9V jsaiAs— —= (g2
j 3 v, v, \/5
T _ 1 cns ~cns
I(0)= - 752 2 (ORkOLih ) o
' . +9'ay)|A| 83| +s:h2V] o[ be;+aglA] )5
+O( L} ORkir) MBo(O,mc, 7). (29)
T L
The structure of the contribution from charged Higgs boson —V, js(@zAs+ bfa)]] '

or slepton loops is substantially more complex than that of

the bottom quark—bottom squark loop considered above. It

can be expressed as

ATl =2 [Cr2mAB 4 M ABY iy M AR 2
ij_l&TZ[ ij 0 ij 0 ij 0
+Cll "ABy T+ Cil ABy 2+CP ABg
+cﬁ’LzABS’L2+CS’T”ZABOG’WZ
+Co T nEABS T 2 ()], (30)
where
ABYY=By(0,m?,m%) —Bo(0,m2,m3),
X,Y=(G* H" Ly,Ly,71,72),
ABg =cZBo(0m?,m ) +87Bo(Om2 ,mé )
—Bo(0,m?,m>2),
ABngfflszczBo(O,mf,méi)+s§Bo(0,m§,mat)
—cZBo(0mZ,m? )~ Bo(OmZ,m? ),
(31)
and

1

—(ga
\/E(g 2

—c;h2V] o[be;+as| Al 83

H 7y T T oL
Cij TZ_SB®HR3 s;h,V, i3l 9V, jsaiAz—

+g'ay)|A]8;3

_VI,j3(a5A3+b63)]].

H*L pe T T AL
Cij = _SB®HL1thVV,i3VV,j1a1A3!

H L, a T T L
Cij = _SB®HL2thVV,i3VV,j2alA31

G*Ly_ V1 T \T AL
Cij —_Cﬁjhfgvy,isvv,jlall\sy

GiLz_ U2 T T L
C; “=- Cﬁjhrgvy,isvy,jzalf\s,

+~ ~ U3
G T T
C 1 Z_Cﬂjh‘rvv,if)’

T L
] gV, jzaiAs

1 .
——=(gayt+g'a))|A|dj3

V2

Ci(J;iHiTm:hfgziVI,iabaiAa- (32

The result of Eq.(30) can be represented graphically for

better understanding. The terms proportionah®"* come
from the graphs of Fig. 3. There is another set of four graphs
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s T o cry B 51 LSP. On the other hand, if the scalar tau is the LSP, both
v; ﬁﬁz MR v — g L \,? 5w bottom quark—bottom squark and charged scalar loops are of
G g9 9 approximately comparable magnitudes.
- - - d We have therefore constructed two different random scans
Al6; & T . g . ,
as(Aldsa + b I over supersymmetr{SUSY) parameter space. Both sets start
o B o A e with the following rather generous parameter rangds:
L e “‘fRE " y i ‘\\?Lg v from [0,1.2) TeV, |u| from [0,2.5] TeV, my in the range
o——g ¢ ——h, ks [0,1.0] TeV, Ag/my andBy/mg [ —3,3], and tang [2.5,10.
VT Vi, I o/Mo 0/Mo
38 1 I . All randomly generated points were subsequently tested for
af‘A3 T a1|Aldis agAs + be T as|A|dis + bé;

consistency with the minimizatioftadpole conditions of the
FIG. 3. Charged scalar contributions to solar neutrino masses i1i99s potential, as v_veII as _for phenomenological constraints

) _ T from supersymmetric particle searches. We then selected
the BRPV model: terms proportional thB,*". points at which(a) the lightest neutralino is the LSalled

~ set “Ntrl” in the following) or (b) at least one of the charged

corresponding tor,. These are found after making the re- sjeptons was the LSRealled set “Stau” in the following.
placements;— 7,, s;—C;, andc;— —s;. The diagrams in  Note that in the Stau sehy,<M, and largeu values are
the first row are the ones that are equivalent to those in thetrongly preferred.
bottom quark—bottom squark loop. They have as a charac- R-parity violating parameters are chosen in such a way
teristic feature the presence of twRp violating insertions  that neutrino oscillation data are reproduced approximately.
(open circle in the external legs. However, in contrast to As discussed in the Introduction, atmospheric neutrino ex-
the quark sectorR-parity violation can also appear in the periments require a near-to-maximal atmospheric mixing
charged internal lines running in the loops, since it occurs irangle gy , with Amf\TM in the range given in Eg5). On
the charged fermion sector. This explains the origin of thehe other hand reactor data constrain the electron-neutrino
second row in Fig. 3. The presence Bfparity violating  component in the third mass eigenstate to be small. And,
insertions in the internal lines of the second row in Fig. 3fina||y’ in combination with solar neutrino data, the Kam-
corresponds to the second topology in Fig. 1. The full dia4 AND data require asq, in the range given in Eq2) with
grammatic explanation of the rest of the terms appearing imméOL as given in Eq(3). The latter ranges belong to the

Eqg. (30) is given in detail in Appendix C. LMA MSW region indicated by a solar-only global analysis
of neutrino data given in Ref2]. For completeness we also
I1l. ANALYTICAL VERSUS NUMERICAL RESULTS include the (pre-KamLAND) low mass, low probability

(LOW) and vacuum-oscillatiofiVAC-)type solutions of the
'solar neutrino anomaly. In the following we will first discuss
the bottom quark—bottom squark and the charged scalar
loops separately, before considering a calculation taking into
account both loops in comparison to the full calculation.

In this section we check the accuracy of the approxima
tion formulas given in Secs. IIE and Il F. We do this by
comparing the results obtained with their use with a full
numerical calculation of the one-loop contributions to the
neutrino mass, whose details can be found in [R2§].

As will be explained in more detail below, the relative
importance of the various loops depends on the—currently A. Bottom quark —bottom squark loop
unknown—supersymmetric parameters. In order to reduce . ) )
the number of free parameters in the following we will adopt N Fig- 4 we show the ratio of the apptrOX|mate t% exact
the minimal constrained supergravilylSUGRA) version of ~ solar neutrino mass parameten§??"/m{”?“ versusAmgq,
the MSSM. As a rule of thumb it can be said that the bottomfor the case in which only the bottom quark—bottom squark
guark—bottom squark loop usually gives the main contribudoop is taken into account, both in the approximate and in the
tion to the neutrino mass matrix when the neutralino is theexact calculations. The horizontal bands indicate attainable

ER
&4 & 18 LOW
. FIG. 4. Ratio m2PP/mexact
<E>” L4 versusAm3q, in eV for the sets
12 Ntrl (left) and Stau(right), for a
1E calculation involving only the bot-
2 tom quark—bottom squark loop.
0.8 The vertical lines indicate the
0.6 90% C.L. regions for the LOW
04l and LMA solutions to the solar
L neutrino problem.
0% 107 10°
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g 2 , , ] 2
" < L
g e 3 E o
g 1.8 LOW — > 1.8 LOW —
< I & .
& 16f . o L6 .
< I B
g 14f — < L4r =
12k ] 12 ] FIG. 5. (MPP7m3*c) versus
1 - ] Am,, (eV?) for the sets Ntrl
L F (left) and Stauright), for a calcu-
081 N 08 7 lation involving only the charged
0.6 n 0.6 - scalar loop.
04 R 041 -
0'2_ | - 0.2 | .
10° 107 10° 107 10° 107 10° 107
2 2 2 2
Am'g, [eV'] Am', [eV]

neutrino mass values when the parameters are scanned fasmula is accurate for all points in the LMA MSW region,
indicated previously. As can be seen from the figure the apindicated by the right vertical band&], both for the Stau
proximate formula works quite well for points in both the and for the Ntrl sets. The only case where our analytic results
Ntrl and Stau sets, as long as the neutrino masses fall in thfives a poorer approximatigito better than a factor of)f
LMA MSW range indicated by the right vertical bands. Note the full numerical result is for the Ntrl set, when the neutrino
that the LMA MSW and LOW bands indicated in the figure mass fa”s in the LOW or VAC range, now Strong'y disfa_

correspond to the full analysis of solar data only, presented ijgreq by the KamLAND results. We have checked numeri-
Ref. [2]. The recent KamLAND reactor neutrino data rule cqly that for these very small neutrino masses all terms in

0‘# the LOW solution and restrict the LMA '\]f!SW tﬁ sorr1ne- Eq. (30) are of approximately equal importance and there are
what narrower ranges indicated in £8). One finds that the g hificant cancellations among terms, which leads to a less
mass values inferred from our present analytical approximaz,jiaple final result

tion are always within 10% or less of the exact numerical
calculation of the bottom quark—bottom squark loop. Larger
deviations show up only in the Ntrl set, for very small neu-
trino masses, which we trace to the neglect of the one-loop In supersymmetric models with MSUGRA-like boundary
neutrino/neutralino mixing terms in our approximate treat-conditions the bottom quark—bottom squark and the charged
ment. Although not strictly ruled out by a solar-only global scalar loops usually give the most important contribution to
neutrino data analysi®], these LOW- and VAC-type solu- the neutrino mass matrix. This is demonstrated in Fige®)
tions are now strongly disfavored by the latest KamLAND for the set Ntrl and in Fig. éright) for the set Stau. In both
reactor neutrino data. figures we show the ratio of the approximate to exact solar
neutrino mass parametemi‘s‘”/m‘j;‘act versus Am3g, in

eV?, where mispr is the approximate loop calculation in-

In Fig. 5 we show the ratio of the approximate to exactvolving the bottom quark—bottom squark and the charged
solar neutrino mass parameterréf“’r/mﬁ;(aCI plotted versus scalar loops, whilen‘i;a“is the exact numerical computation
Am3,, , for a calculation which takes into account only the taking into account all loops.
charged scalar loop in both the approximate and the exact In the region ofAméo,_ appropriate for the currently pre-

calculations. As can be seen from the figure the approximaterred LMA MSW solution to the solar neutrino problem,

C. Comparison with full calculation

B. Charged scalar loop

5 2rmmm
éE; 1.5F Low IZIG. 6. 2(m";‘§p'/m‘§;‘a°5 versus
=~ 16l Amgg, (eVe) for the set Ntrl
<& « Tt (left) and the set StauTright).
g 14 m;PP" is the sum of the bottom
1.21- quark—bottom squark and charged
1E scalar loops, Whilem‘j;‘aCt is the
- numerical result for all loops. In
0‘8__ the case of LMA the approxima-
0.6~ tion always works better than
041 10%. For the LOW solution the
- typical error is of the order of
0‘%0-8 107 10° 10%, while in extreme cases er-
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FIG. 7. (M3PPm3*@c) versus
Amdo, (eV?) for the sets Ntrl
(left) and Stau(right). Shown is
the result of the simplified ap-
proximation formula in Eq.(33)
for the bottom squark—bottom
quark loop and taking into ac-
count only coefficientsCy-7 ,
Cy=7, andC; in the charged
scalar loop.

4 3 @ 7 g 4

10* 107 10° 10° 10" 107 10 10° 107 10° 10° 10 10° 10?
2 2

2 2
AmSOL [eV7] AmSOL [eVT]

one finds that the approximate calculation reproduces tthHfrz in Eq. (30). We note in passing that E33), with
0 ) . ’

0 ; .
exact resu_lt b etter than 10% . Only in the set Nul one f'ndsappropriate replacements, allows us to estimate the typical
larger deviations, up to 25% in extreme cases, wh@Tg,

I X . contributions to the charged scalar loop within a factor of
lies in the LOW region, strongly disfavored by KamLAND. _ 3 "jovever, such an estimate will be biased toward a too
This is due to the larger errors in the bottom quark—botto

"small (large m,, for scalar tauneutraling LSPs.

squark calculation in this set for small neutrino masses as _ . L .
: In Fig. 7 we show a comparison of our simplified approxi-
discussed above. . ) ; .
mation formula, including the simple form of the bottom
squark—bottom quark loop and the three most important co-
efficients for the charged scalar loop, as discussed above, to
A. The solar mass the full numerical calculation including all loops. As one can
. S see, even the simplified version of our formula works sur-
First we note that for nearly all points in our random sets” "~ ! . X
we find thatm, <m,_. In other words, bilineaR-parity prlsmgly well in the LMA MSW regime, although the agree-
. v S st o ment with the full calculation is now less good for the LOW
breaking favors a hierarchical neutrino spectrum. Moreoveregion, as could have been expected from the results dis-
we have found numerically that the terms proportionaéto cussed previously.

><~ej in the self-energies in Eq27) give the most important
contribution tom, in the bottom quark—bottom squark loop B. The solar mixing angle

calculation at most points of our sets. If these terms are |n the basis where the tree-level neutrino mass matrix is

dominant one can find a very simple approximation for thegiagonal the mass matrix at one-loop level can be written as
bottom quark—bottom squark loop contrlbutlonrtgz. It is

IV. SIMPLIFIED APPROXIMATION FORMULAS

given by 015161 016162 016163
~ ~ = _\yOT 0)_ ~~ ~ ~ ~~
-~ (€247 m,=VTmVP=| c/ee; ciee Ci1€2€3
m, = sin(265)myAB 21— 33 ~~ ~~ 5 ~~
2 1672 N(266)Mp2 By w? 33 Ci€z€; Ci€z€y  ColA[“+Crez€s

+o, (34)
We have checked numerically that E§3) reproduces the -
result of the full approximate formula to high accuracy if where thee; were defined before in E¢16). The coefficients
m,,<0.3m,. Note also that E¢(33) holds only if the one- Co and ¢, contain couplings and supersymmetric masses.
loop contributions to the neutrino mass matrix are smaller>ce they cancel in the final expression for the angle their

than the tree-level one. This condition requires thatexact definition is not necessary in the following. The ellipsis
10 . . . stands for other terms which we will assume to be less im-
|e|°/|A|<1 approximately, i.e., the bilinear parametess

tb d with Note that h portant in the following(see the discussion at the end of this
must be suppressed with respecgtoNote that such a sup- subsectiop This matrix can be diagonalized approximately

pression could, in principle, be motivated by suitable ﬂavorunder the condition

symmetrieq 33].

Due to the more complicated structure of the charged sca- c |§|2
lar loop it is not possible to give a simple equation fo,y2 x= = S <1, (35)
similar to Eq.(33) for the bottom quark—bottom squark loop. Col A

However, form,_larger than(few) X 10 4, we have found . . I . .
v, 119 (few) i.e., if the one-loop contribution to the neutrino mass matrix

that the most important contributions to the charged scalag smaller than the tree-level contribution, as also discussed

, and  above for Eq(33). Then

H=7

loop are the terms proportional tAB?™, AB

013009-8
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P g
e} e}
§ 18F 4 § 18F .
~ B 1 i 3 i
b 1.6 — = 1.6+ —
%3 14} 1 %3 14l ] FIG. 8. (tafg3R/tarf 42"
= i ] & F ] versus taffgo, ®*2°t On the left
g lL2F . g lL2F . panel the darker region contains
N 1 7 4L ] over 90% of the points in our
- - - . sample. In the right panel the
0.8 N | 0.8 B 7] points in the region shown satisfy
0.6/ 7 0.6 ] the cut sin(Z5)AB2™>0.02.
041 - 0.4} -
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
2  Exact 2  Exact
tan Ogq; tan Ogq
Wa e e P 1 e Ved(ei+ed)
X — X - X -~ 2€3 2€3 3 1 2 2 3
|‘é|2 |‘é|2 |‘é|2 €20= — + - X+ O(x?),
2~2 w2y 2 4
o o . Ves(ei+es) l€]
~ - €2€1 €267 €2€3
m,=ColA|?| X—= X—= X . ~ = ~y oy~ ——=
TR R R | ee  VEEE) | Eeg-eVEEe
2,3~ ~= o
‘€€, €€ ‘ez€ €] ? e[ *
(3 G2, 363
2 [¢]? HE +0(3). (39

Knowing the eigenvectors we can write down the rotation
matrix that diagonalizem, ,
We now calculate the eigenvalues and eigenvectors of this

matrix as series expansions in the smxgtlarameter. For the
eigenvalues we get

VIFanV:dlaq mlam21m3)1 (40)

where
m;=0, €11 €12 €3
AP Vi=| €1 €2 e3]. (41
M, =XCo —= +O(x¥)=cq(€2+€3)+0O(x?), €31 €32 €33
<l The neutrino mixing matrix is then given by
M3=Co| A |2+ cie 2+ O(X?), (37) U=(VTVT)T. 42)

and for the first two eigenvalugthe third can also be easily ysing the fact thatU.; has to be small one can get the
obtained but it will not be necessary for the discussion of tth||0W|ng expression for the solar mixing ang|e:

solar mixing anglg

Ug

P 22 22 tar? 6SOL=U—2. (43
&=\ —= = = =3 ,..2,0 , el
€1 €1tes €1tes

Now using Eqgs.(41), (39 and substituting in Eq42) we
obtain the very simple expression for the solar mixing angle

€,=(€2,1,€22,€23), (38
~2
2 €1
where up toO(x?) we have tarf fso == (44)
€2
€1€3 1e1€3 VE%(TEEJ:E %) ) 3 This formula is a very good approximation if the one-loop
€217~ \/Lﬁ“L 2 ~4 X“+ O(x), matrix has the structure X ¢;, as is the case of the bottom
€3(e1ter) €] guark—bottom squark loofand to a lesser extent also for the

013009-9
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charged scalar loop, which has one coefficient with the samproximation is less accurate are those that are now ruled out

index structurg and ifm, >m, . This is illustrated in Fig. by the recent reactor neutrino data from KamLAND.

8. Let us finally discuss some possible caveats to the success
In the left panel we show a calculation comparing for all Of our approximate treatment. One is the assumption that

points in the set Ntrl the approximate to the exact solasupersymmetry breaking mass terms are flavor diagonal,

angle, while the right panel shows a subset of points usingvhich we have adopted, motivated by constraints from flavor

. o . . . changing processes. Although such terms could be included
the cut sin(Z;)AB,>*>0.02. Note that this cut is designed so in our approximate treatment, we have not done so, mainly

as to prefer points in which there is a sizable contribution t0y,e tg the fact that the resulting formulas would be much
the full one-loop neutrino mass due to the bottom quark-yqare complicated and, therefore, of very limited practical
bottom squark loop. For points at which the charged scalafge A second concern is that our sample points were all
loop dominates, Eq44) gives only a factor of 2 estimate of generated using MSUGRA assumptions for the soft breaking
the true ;olar angle. o ) masses. Clearly there are other possibilities to break super-
Note finally that Eq.(44) will fail completely if A,=A;  symmetry, and even though we expect that the bottom
and €,=¢€,, since thenes=0 [see Eq.(16)]. This is the quark—bottom squark loop and the charged scalar loop will

origin of the “sign condition” discussed if28]. still be well described by our approximation formulas, other
loops, which we did not take into account, might be more
V. DISCUSSION AND CONCLUSIONS important than those we have found in our data sets.

We have presented an approximate calculation of the neu-
trino mass matrix at one loop in supersymmetry with bilin-

early brokenR parity. The method is based on a systematic This work was supported by Spanish grant BFM2002-
perturbative expansion @&-parity violating vertices to lead- 00345, by the European Commission RTN grant HPRN-CT-
ing order. We have identified the bottom quark—bottom2000-00148, and the ESF Neutrino Astrophysics Network.
squark and the charged scalar loops as the most importam.H. is supported by a Spanish MCyT Ramon y Cajal con-
ones, at least in supersymmetric models with MSUGRA-liketract. W.P. is supported by the Fonds zurdeung der Wis-
boundary conditions. Taking into account only these loopssenschaftlichen Forschung of Austria, project No. J2095, and
we have given explicit formulas and discussed their validitypartly by the Swiss Nationalfonds. M.A.D. was supported by
as well as the accuracy with which they describe solar neu€onicyt Grant No. 1010974. J.R. was partly supported by the
trino mass and mixing parameters. This was done by comFCT (SFRH/BSAB/269/2002, Portugalith funds from the
paring our analytical results with the exact numerical calcuEU.

lation. We have found that for the case of the large mixing

angle MSW solution our formulas—even within the simpli- APPENDIX A: ROTATION MATRICES

fied form Eq.(33) and Eq.(44)—yield good agreement with o

the full numerical calculation, but are much simpler to In the basisHg ,H e/ ,u 7 e .up.7r), One can
implement than the full numerical one-loop calculation. Thewrite, to first order inR-parity violating parameters, the
only solar neutrino “solutions” for which our analytical ap- Goldstone rotation matrix as

ACKNOWLEDGMENTS

Cp Sg vilv vylv wvzlv 0 0 O]

Sg Cgs 0 0 0 0 0O

—Cpgvilv spuilv 1 0 0O 0 0 O

Re= —Cpvalv Sguylv 0 1 0 0O 0 O A1

—Cguglv spugly 0 0 1 0 0 O

0 0 0 0 0 1 0O

0 0 0 0 0 0 10

i 0 0 0 0 0O 0 0 1

where v2=v§+v5 to this order and taf=v,/vq, as usual. We have also used the shorthand notatig(s)

=cospB(sinp).
Neglecting the electron and muon Yukawa couplings, the rotation that diagonalizes the sleptons at the tree level is given by
(in the same basis as abgve
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1000 0 0 0 0
0100 0 00 O
0010 0 00 O
0001 0 00 O

R=10 000 ¢ 00 s|
0000 O 10 0
0000 0O 01 0
(0 000 -s: 00 c;

(A2)

After the rotationsR;Rg are performed, the charged scalar mass matrix is diagonalized up to Ripatity violating

entries. In the approximation where there is no intergenerational mixindgrvch~0, these are

0 0 0 0 0 0 0 0 T
0 0 Xu, Xu, Xu, 0 0 Xug,
0 Xy, O 0 0 00 ©
) 0 Xpy, O 0 0O 00 ©
AMge7= - ,
0 XHL3 0 0 0 0 O 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 Xjg, 0 O 0 00 O
where
XHLi:XHLiv S‘(HRi:XHRi (i=1,2),
s(HLszc?XuLs"'S?des: XHR3=_S;XHL3+C‘;XHR3
with
XHLi:SBXULi+CBXdLi’ XHR3:SBXUR3+CBXdR3 (|:1,3)
and

1 1 vi C c 1
2 i “p 2 B
XULi: Zgzvdvi_/.l,ei— Ethdvi5i3, XdLi__ U_d gm;— Méig-i— Zgzvuvi y

1 1
XUR :__hT(A703+E3Uu)1 XdR :__hT(lu’v3+€3vd)'
3 \/E 3 \/E

These mixings are removed with the rotation maRix given by

013009-11
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M1 0 0 0 0 0 O 0 T
0 1 Ou, Oy, Oy, 0 0 Oug,
0 O, 1 0 0 00 O
0 *®HL2 0 1 0 0 O 0
Rx= (A7)
0 Oy, 0 0 1 00 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
L0 ~Ong, 0 0 0 00 1|
in the small mixing approximation sif=0. Note that here we have defined
AXHLI S’(HRi
O =" "7 Onr=—75 7 (A8)
M= =M, M=~ My,

Putting everything together we get the final form of the charged scalar diagonalization RgRPR; which can be
expressed as

cp —$p vifv vyfv vsfv 0 O 0 7
Sp g Our, Om, Oy, 0 0 Opp,
) ! ) 2 0 0O 00 0
_SB HLL_CB? _CB HL1+SB?
) 2 ) 29 1 0O 00 0
_SB HLz_CB? _CB HL2+SB?
RyRR;=
Us U3
_SB®HL3_C;CB? _CB®HL3+C;SB? 0 0 c7 0 0 Sz
0 0 0
0 0 0
@, s ) L0 o0 0 0
_SB HR S;CB_ _CB HR _S;SB_ — 87 c7
L 3 v 3 v - (Ag)
I
where we have defined APPENDIX B: CHARGED HIGGS BOSON —-SLEPTON
COUPLINGS
@HL3=C”,.®HL3—S;®HR3, @HR3:$®HL3+ c;@HR3. The couplings of the fivégeneralized to include also the
(A10) three charged leptonsharginos to the eight charged scalars
crOuL, — 57QHR, Bt cOpr, — 59mR, . A 530H1L, — crep%s . B :ﬂ/eHLs —crep
e 230" &P z A g N ¢
v; 7L/ ~Hj v [ 7 g v v;i L Vi, oy vi WEB L, Vi
7 Vr \ Yy : J W.B ! * Vr ? T Rt T o 2 ' h L
e g hy 2 9,9 ke . VT g T e 9,9 r e
v B W Viis \ / Vi 0,53 0,3 v,i3
ang T (ag, a,l) |K|5,3 T Q%A3 T (az, a‘l) ‘Kl‘sﬂ
579y, + c:OxR, H*, 5:0n1, + c:Omp, gt o . A 85Om1, — crcp . A 8gOHL, — crept
oy N T e o g e
vy g A 'iy,, Y vj vy n?'h A ‘\Hdl/r Vi vy HTR%/ 5 \de,. Vi vj v, T}?’h A ‘}deT v
T T T T T T,
Vils Vi H Vi Vi Vi By ) Vi
aglAljs+ b8 T af Ay + be as|A|ds+ b8 T abAs + be b
FIG. 9. H* contribution toABEle. FIG. 10. 7, contributions toABg'fTl andABff*T“Z.
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Onr, N . 569HL, — cs%
&L »"L?\ﬁH;: T ‘H;lt + N H*L,,
vj Ve ,'g h‘;“ v , v vj Nz :'g h';‘ v, Vi _ FIG. .11. -(a) H carltLrlbutlon tc()BAiLB0 ; (b)
V,}’"jl Vlfm VVTﬂ % u?is e_ contribution toAB; "t andAB; .
(@  afAj ®  afAf T

(including Higgs bosons and sleptons of both chiraljteesd ~ whereV is the reduced X 2 chargino diagonalization matrix
seven neutralinogeneralized to include also the three neu-of the MSSM and’ =1,2. If the charged fermion is a lepton

trinos) are given by[28] we have
- <[ 9 g’ e =RE V] 383+ REs h,(De;+ag K] 6,3) 65
E?ji:Rsl hr/\/j7vi5_RE2 E-/\[jzmzﬂLﬁleViz N . 3 N N . . ) I
+[ Ry 81+ Rz 812+ R Sia]V29" ay | A Jj3-
N , . (B4)
+9NjVi1 —R%s hNjsVis—g \/E(REG-N]IVK%
For the right-handed couplings when the charged fermion is
St st a chargino we get

+ Rz Nj1Viat Rig Nj1Vis) (B1)

+ 1 . -
wherei labels charginosj labels neutralinos, an labels ~ ORijx= R _$(9a2+g’al)|A|5j3Ui’2+g(b€j

charged scalars, respectively. For the right-handed couplings
+ag|A[83) Uiy

the corresponding couplings are given by . .
_RE3 gVI,lei’l_RE4 gVI,jZUi’l

!

=g g
RIjK= Rey (—szuiz"' —=Nj1ili,— gNjslhis

V2 v2 R OV]jsUia+ RNV oU1 2, (B5)
+ RE; ij\/jzui3+ g_,-/\/]luis_g-/\/jsuil whereU is the s'econd X2 charginq rot'ation matrix of the
\/E \/E MSSM. Finally, if the charged fermion is a lepton, one has
+ RE: i]\fzu-fr g—,/\ﬁlu-4—g/\ﬂ6u-1 RIK=— ngi i(§]<’:12+9'<’:11)|/§| 8301~ 9V, j1aA;
\/E jeti \/5 jiti jeti i \/5 i i

(g g’ o[ 1 e
+RES(_M2M5+ —=Nj1lis—gNj7lhy ~R, _2(932+g ay)|A|8j382,— 9V, patA,

V2 V2 V2

s* — N o[ 1 o
+ Rig NA(Nj7lhio— Njslhis). (B2) —Rys _(ga2+g,al)|A|5]35i3_gVI,j3aliAi

V2

After approximating the rotation matricésandV in the

chargino sector andVin the neutralino sector we find the RS, hV] s(a5A;+be)— (D€ +as| A|53) 8]
expressions given in EqéB3)—(B6). Note that we have di-

vided them into the cases where the charged fermion is a (B6)
lepton or a chargino. For the left couplings when the charged

fermion is a chargino we have APPENDIX C: CHARGED SCALAR —CHARGED

FERMION LOOPS

!

g
— Vit —=aVitgaVin

V2 V2

|A| Sia, There are nine different terms contributing to the charged
scalar—charged fermion loop, as shown in B3§). All these
(B3)  terms give a finite contribution to thex22 submatrix corre-
sponding to the light neutrinos. In this appendix we will

4
cns _ pS™
Lijk_RkZ

w Gt
U -2~ OB
~ 0 [ N + v (OE v (O
v 27 \‘Hd 12 ”o‘g‘.cﬂ ~ ”o‘q‘tc
] Ve Ny 78 (3 FrLe HE P 7 HF
g hr Vi v Yy Y Vi 3 vy

W,B . . Vi
vT. vT —9 h; ® g hr
»jl 1,43 VVTjS w Vi T Vil
abAg oAy T T

(a2, 01)| K63

G*Ly

FIG. 12.G™ contribution toAB FIG. 13. G* contribution toABOGiTlTZ.
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* S G ,ﬁ-‘CfN _
. : ) vi oy, Tl,!; h\ Iy oy FIG. 14GHH ?r:d 7, contribu-
" W tions toAB; " 72,
afA3 T ang T bgj

explain with graphs the origin of the different terms. The plings. Notice that in Fig. 1b) there is a contribution pro-
conventions used were explained in Sec. Il F. portional tov 4, /v that does not belong to this term. We will

show below that it will contribute to thaBS “* term,

1. ABJ2™
4. ABG 1 and ABG k2

The terms proportional t& B> come from the graphs otL
of Fig. 3 as explained in Sec. Il F. The graphs contributing to thaB; ™ and AB
terms are related to those of Fig. 11. They are glven by Fig.
12 and by the term proportional tq /v in Fig. 11(b), for the
- case of the selectron. The terms proporuonaAB) L2 are
Now consider the terms proportional mBE' "t and easily obtained from these by replacing the correspondlng

AB§+T2 in Eq. (30). Of these terms, the ones which are slepton lines and couplings.

related to the charged Higgs boson mixing with staus can be cEn

understood as coming from the four graphs of Fig. 9. Asso- 5.AB;, ™"

ciated with these charged Higgs boson graphs are those re- \We now consider a more complicated term, the one pro-
lated to ther; mixing with charged Higgs boson. These are portional toABG 172 This term gives a finite ultraviolet

given in Fig. 10. contribution and comes from the diagrams of Fig. 13, to-
There is another set of four graphs correspondlng2t0 gether with the parts of the diagrams of Fig. 10 that are

that are obtained from those in Fig. 10 by replacing ~ Proportional tovs/v. Corresponding to the diagrams in Fig.
_>7-2, s;—C3, and c.——S.. These three groups of four 13 prOpOftlonal tQ]3/U there is another set W|th1 and T2
graphs, when combined, form a set which is ultraviolet finiteinterchanged in the usual way.

and account for the terms in E(®O) proportional toABH e

and ABE 72.

G*L,

2.AB" "™ and AB" "™

G.ABOGtHi;;TZ
Let us consider finally the last term in EO0), the one

proportional toA BSiH*TW. This term gives an ultraviolet

3.AB" 't and AB! L2 - i ; .
0 -an 0 _ finite contribution and comes from four diagrams. The first
We now turn our attention to the terms proportional totwo are those represented in Fig. 14 corresponding te an

ABH L and BH “2 which are related to the mixing of and a71 propagating in the loop. The other two are obtained
charged Higgs bosons with selectrons and smuons. The terrff®M these with the replacements

proportional toABO "1 come from the diagrams of Fig. 11. H*—G*, sz—cg,
The terms proportional ta Bg'f"z are easily obtained from ~  ~
these by replacing the corresponding slepton lines and cou- 1 T2, S (CY
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