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Abstract

We analyze the low energy features of a supersymmetric standard model where the anomaly-
induced contributions to the soft parameters are dominant in a scenario with bikaparity
violation. This class of models leads to mixings between the standard model particles and
supersymmetric ones which change the low energy phenomenology and searches for supersymmetry.
In addition, R-parity violation interactions give rise to small neutrino masses which we show to be
consistent with the present observation®2002 Elsevier Science B.V. All rights reserved.

PACS. 12.60.Jv; 14.60.Pq; 14.80.Ly

1. Introduction

Supersymmetry (SUSY) is a promising candidate for physics beyond the Standard
Model (SM) and there is a large ongoing search for supersymmetric partners of the
SM particles. However, no positive signal has been observed so far. Therefore, if
supersymmetry is a symmetry of nature, it is an experimental fact that it must be
broken. The two best known classes of models for supersymmetry breaking are gravity-
mediated [1] and gauge-mediated [2] SUSY breaking. In gravity-mediated models, SUSY
is assumed to be broken in a hidden sector by fields which interact with the visible particles
only via gravitational interactions and not via gauge or Yukawa interactions. In gauge-
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mediated models, on the contrary, SUSY is broken in a hidden sector and transmitted to
the visible sector via SM gauge interactions of messenger particles.

There is a third scenario, called anomaly-mediated SUSY breaking [3], which is
based on the observation that the super-Weyl anomaly gives rise to loop contribution to
sparticle masses. The anomaly contributions are always present and in some cases they
can dominate; this is the anomaly mediated supersymmetry breaking (AMSB) scenario.
In this way, the gaugino masses are proportional to their corresponding gauge group
B-functions with the lightest SUSY particle being mainly wino. Analogously, the scalar
masses and trilinear couplings are functions of gauge and YuRafuactions. Without
further contributions the slepton squared masses turn out to be negative. This tachyonic
spectrum is usually cured by adding an universal non-anomaly mediated contribution
m(z) > 0 to every scalar mass [4].

So far, most of the work on AMSB has been done assumiigarity (Rp)
conservation [5—7]; see [8] for an exceptidtiparity violation [9] has received quite some
attention lately motivated by the Super-Kamiokande Collaboration results on neutrino
oscillations [10], which indicate neutrinos have mass [11]. One way of introducing mass
to the neutrinos is via bilineaR-parity violation (BRpV) [12], which is a simple and
predictive model for the neutrino masses and mixing angles [13,14]. In this work, we
study the phenomenology of an anomaly mediated SUSY breaking model which includes
bilinear R-parity violation (AMSB-BRpV), stressing its differences to theparity
conserving case.

In BRpV-MSSM [15], bilinear R-parity and lepton number violating terms are

introduced explicitly in the superpotential. These terms induce vacuum expectation values
(vev's) v; for the sneutrinos, and neutrino masses through mixing with neutralinos. At tree
level, only one neutrino acquires a mass [16], which is proportional to the sneutrino vev
in a basis where the biline&-parity violating terms are removed from the superpotential.
At one-loop, three neutrinos get a non-zero mass, producing a hierarchical neutrino mass
spectrum [17]. It has been shown that the atmospheric mass scale, given by the heaviest
neutrino mass, is determined by tree level physics and that the solar mass scale, given by
the second heaviest neutrino mass, is determined by one-loop corrections [14].

In our model, the presence &p violating interactions gives rise to neutrino masses
which we show to be consistent with the present observations. Moreover, the low-
energy phenomenology is quite distinct of the conservagarity AMSB scenario. For
instance, the lightest supersymmetric particle (LSP) is unstable, which allows regions of
the parameter space where the stau or the tau-sneutrino is the LSP. In our scenario, decays
can proceed via the mixing between the standard model particles and supersymmetric ones.
As an example, the mixing between the lightest neutr%ﬁaﬁcharginof(f) andv; (z%)
allows the following decays

)Z?—) v Z*¥,
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Another effect of the mixing between the standard model and supersymmetric particles
is a sizeable change in the mass of the supersymmetric particles. For instance, the mixing
between scalar taus and the charged Higgs can lead to an increase in the splitting between
the two scalar tau mass eigenstates by a factor that can be as large as 10 with respect to the
Rp conserving case.

This paper is organized as follows. We define in Section 2 our anomaly mediated SUSY
breaking model which includes biline®-parity violation, stating explicitly our working
hypotheses. This section also contains an overall view of the supersymmetric spectrum in
our model. We study the properties of the CP-odd, CP-even, and charged scalar particles
in Sections 3, 4, and 5, respectively, concentrating on the mixing angles that arise from
the introduction of theR-parity violating terms. Section 6 contains the analysis that shows
that our model can generate neutrino masses in agreement with the present knowledge. In
Section 7 we provide a discussion of the general phenomenological aspects of our model
while in Section 8 we draw our conclusions.

2. The AMSB-BRpV modd

Our model, besides the usu&lp conserving Yukawa terms in the superpotential,
includes the following bilinear terms

Whilinear= —&ab (Mﬁdaﬁf + Eiiia ﬁ:), (1)

where the second one violat® and we takge;| <« |u|. Analogously, the relevant soft
bilinear terms are

Vsott= my, Hif* Hif +my, Hi*H + M7, L{* L
— eap(BRHS H? + Bie; LY HY), )

where the terms proportional # are the ones that violaté. The explicitR p violating
terms induce vacuum expectation valwgs = 1, 2, 3 for the sneutrinos, in addition to the
two Higgs doublets vev’s, andv,. In phenomenological studies where the details of the
neutrino sector are not relevant, it has been proven very useful to work in the approximation
where Rp and lepton number are violated in only one generation [18]. In these cases, a
determination of the mass scale of the atmospheric neutrino anomaly within a factor of
two is usually enough, and that can be achieved in the approximation \Rlpageviolated
only in the third generation.

In this work we assume thap violation takes place only in the third generation, and
consequently the parameter space of our model is

mo, m32, tanp, sign(u), €3, andm,_, (3

wherems,; is the gravitino mass andg is the non-anomaly mediated contribution to the

soft masses needed to avoid the appearance of tachyons. We characterize the BRpV sector
by thees term in the superpotential and the tau—neutrino masssince it is convenient to
tradevs by m,,_.
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In AMSB models, the soft terms are fixed in a non-universal way at the unification
scale which we assumed to byt = 2.4 x 106 GeV: see Appendix A for details. We
considered the running of the masses and couplings to the electroweak scale, assumed to be
the top mass, using the one-loop renormalization group equations (RGE) that are presented
in Appendix B. In the evaluation of the gaugino masses, we included the next-to-leading
order (NLO) corrections coming froma, the two-loop top Yukawa contributions to the
beta-functions, and threshold corrections enhanced by large logarithms; for details see [4].
The NLO corrections are especially important fdp, leading to a change in the wino
mass by more than 20%.

One of the virtues of AMSB models is that tI8J(2) ® U (1) symmetry is broken
radiatively by the running of the RGE from the GUT scale to the weak one. This feature
is preserved by our model since the one-loop RGE are not affected by the bikpear
violating interactions; see Appendix B. In our model, the electroweak symmetry is broken
by the vacuum expectation values of the two Higgs douligtaind H,,, and the neutral
component of the third left slepton doublies. We denote these fields as

17,0 .0
“Slx; +vat+ig H*t
Hd=<ﬁ[d d]>’ Huz(i p )

0 : 0
Hy 210+ v+ il
1R - ~i0
. LR +vs+
L3=(ﬁ["f e ]) @

The above vev's; can be obtained through the minimization conditions, or tadpole
equations, which in the AMSB-BRpV model are

0 2

1
9= (m%,d + Mz)vd — Buv, — pneszvz + §(32 +g/2)vd(vd —v2+ v%),

1
e = (mf, +1®+ e3)vu — Buvg + Baeavs — 2(g + %) (v — v +03),
1
tg = (m%3 + e%)v3 — (esvy + Bzezv, + é(gz + 8/2)1)3(”5 - v,f + v%), ®)

at tree level. At the minimum we must impo#: IS = zg = 0. In practice, the input
parameters are the soft masseg,, mpu,, andm,,, the vev'sv,, vy, andvz (obtained
frommgz, tang, andm,_ ), ande3. We then use the tadpole equations to deterndings,
and|u/.

One-loop corrections to the tadpole equations change the valye| dfy O(20%),
therefore, we also included the one-loop corrections due to third generation of quarks and
squarks [17]:

=10+ T,(0). (6)

wherer;, with i =d, u, are the renormalized tadpoIeS,are given in (5), and;(Q) are
the renormalized one-loop contributions at the s@@leHere we neglected the one-loop
corrections fors since we are only interested in the valueuof

Using the procedure underlined above, the whole mass spectrum can be calculated
as a function of the input parameterg, m3z/,, tang, signn), €3, andm,, . In Fig. 1,
we show a scatter plot of the mass spectrum as a function of the scalarmpdes
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Fig. 1. Supersymmetric mass spectrum in AMSB-BRpVigy, = 32 TeV, tang = 5, andu < 0. The values of
€3 andm,,, were randomly varied according to 10 < e3 <1 GeV and 106 < my, <leV.

m3/2 =32 TeV, targ =5, andu < 0, varyingez andm,,, according to 10° < e3 <1 GeV
and 10°® < m,_ < 1 eV. The widths of the scatter plots show that the spectrum exhibits a
very small dependence eg andm,,, . Throughout this paper we use this rangedpand
my, in all figures.

We can see from this figure that, ferg = 200 GeV, the LSP is the lightest neutralino
)Ef with the lightest charginofgzr almost degenerated with it, as iRp-conserving
AMSB. Nevertheless, the LSP is the lightest sﬁaltl for mg < 200 GeV. This last
region of parameter space is forbiddemip-conserving AMSB, but perfectly possible in
AMSB-BRpV since the stau is unstable, decaying iRte-violating modes with sizeable
branching ratios. Furthermore, the slepton masses have a strong dependenceN
plotted masses of the two staus, which have an appreciable splitting, the almost degenerated
smuons, and the closely degenerated tau-sneuttifibs. heavy Higgs bosons have also a
strong dependence amg and, for the chosen parameters, they are much heavier than the
sleptons. On the other hand, the gauginos show little dependencg, @s expected.

1 In fact, there are two tau-sneutrinos in this model, a CP-even and a CP-odd field that are almost degenerated;
see further sections for details.
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Bounds on BRpV parameters depend in general on supersymmetric masses and
couplings, as shown in [19]. In models with BRpV in only one generation it is possible
to estimate the bound an3 in a much simpler way: if we rotate the lepton and Higgs fields
such that the bilinear term in the superpotential is eliminated [20], a trilinear 1&im
generated

€3
,//Lz—i-e%

whereh; is the Yukawa coupling of the down quark of tith generation. Bounds on these
couplings can be found on [9]:

)‘éii =hg

(@)

mJR ng
100 GeV 100 GeV
and, considering the values of the Yukawa couplings, it is easy to see that these bounds are
satisfied for our choice; < 1 GeV.

3. CP-odd Higgs/sneutrino sector

In our model, the CP-odd Higgs sector mixes with the imaginary part of the tau-
sneutrino due to the bilinedp violating interactions. Writing the mass terms in the form

0
1 o o iopy2 | o
Vquadratic= E[(pd’ @us Vp ]Mpo <p§,’ ) 9)
‘~}i0
T
we have
2
2(0 2(0
mA( )s§ + MESz—j mA( )SﬁCﬁ — €3
2 2 .2
_ 2(0) 200) 2 v38 | V398 -2 € 4 V3B =2
= m, sgcp my Cg— U€ Eg—i—v—ggmgr _'U‘63§+ﬂ§mﬁf s
— €3 —pess + 2 Emg 2
(10)
with 2 =m>® + €2 + §¢203 andg? = g2 + ¢'2. Here,
20 _ Bu 20 _ 42 L o2p2 2
my~’ =—— and ms _ML3—|——gZ(vd—vu) (12)

sgcp 8

are, respectively, the CP-odd Higgs and sneutrino masses iR gheonserving limit

(€3 = v3 = 0). In order to write this mass matrix we have eIiminaﬁeﬁu, m%,d, and B3

using the tadpole equations (5). The mass matrix has an explicitly vanishing eigenvalue,
which corresponds to the neutral Goldstone boson.
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This matrix can be diagonalized with a rotation

A0 03
[ GO } =Rpo | ¢° |, (12)
ﬁ_?dd aiO

T

whereGO is the massless neutral Goldstone boson. Between the other two eigenstates, the
one with Iargesﬁi0 componentis called CP-odd tau-sneutrﬂﬁBd and the remaining state
is called CP-odd Higg4°.

As an intermediate step, it is convenient to make explicit the masslessness of the
Goldstone boson with the rotation

S cp 0
ﬁpo =| —cpr Sgr —z—jclgr , (23)
—5—30%;’ Z—js,gc,gr 7
where
1
| S — (14)

obtaining a rotated mass matrﬁPoMf,OI?;O which has a column and a row of zeros,

corresponding taG°. This procedure simplifies the analysis since the remaining22
mass matrix foA°, T)Odd) is

2 2
0 c 5 _
()+ 2m -+ pesy? ‘3‘ £ (—”3—A‘3m? —uegA—l)r
5h 5h

~2 Vg s Vr B
MPO = (15)
v3 %8 -2 1 -2 1
<£¥mﬁr —M€3Q)V ms =
We quantify the mixing between the tau-sneutrino and the neutral Higgs bosons through
: - 2y 2
sin? foga = | (7" p)] “+ |(57° )] (16)
If we consider theRp violating interactions as a perturbation, we can show that
Be m?(o) €S 2 v2
Sin? fodd = G ) + 33, 17)
V4

2(0 2(0)\2
Sﬁ( () l~)E))

indicating that this mixing can be large when the CP-odd Higgs bdSand the sneutrino
U, are approximately degenerate.

Fig. 2(a) displays the full sneutrino-Higgs mixing (16), with no approximations, as a
function of tang for m3;» = 32 TeV,u < 0 and 100< mo < 300 GeV. In a large fraction
of the parameter space this mixing is small, since it is proportional to the BRpV parameters
squared divided by MSSM mass parameters squared. However, it is possible to find a
region where the mixing is sizable, e.g., for our choice of parameters this happens at
tang ~ 15. As expected, the region of large mixing is associated to near degenerate states,
as we can see from Fig. 2(b) where we present the ratio between the CP-odd Higgs mass
m 4 and the CP-odd tau-sneutrino Maggad as a function of tag.
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Fig. 2. (a) CP-odd Higgs—sneutrino mixing and (b) ratio between the CP-odd Higgs mass and the sneutrino mass
as a function of tap for m3,» = 32 TeV,u < 0 and 100< mq < 300 GeV.

4. CP-even Higgs/sneutrino sector

The mass terms of the CP-even neutral scalar sector are

0
1 Xd

unadratic= E[xf}, XL(,)» ﬁio]Méo XL? s (18)
f)rO

T

where the mass matrix can be separated into two pieces

2(0 2(1
M2 =M + M%) (19)

The first term due t&Rp conserving interactions is

2(0 2(0
W03 1327 e~ dedun, O
2(0 2(0 2(0
MSE) ) — —mA( )slgclg — %g%vdvu mA( )cg + %g%vﬁ 0 , (20)

0 0 m2
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while the one associated to tiRgp violating terms is

21
M5y
ez 0 —pez+ 3820403
v2ed 20 c 200
—pez+ 3820403 M€3§—§—5—3§—§m§£0)—%8%vuv3 g+ 3g213
(21)
a1
4 (a)
T 0"
R=
©w o,
10
3f ,
10 & 45 Ay ¢ R P T L VIS 111
4 6 8§ 10 12 14 16 18 20
tanf3
2>P
Ewt (b)
“r E
£
LE
.1:
10 b g b by by by by g by by
4 6 8 10 12 14 16 18 20
tanf3
I>P
g
= 1 3
g :
af
10|
10 PN TR EE I A | | | N | |

4 6 8 10 12 14 16 18 20
tanf3

Fig. 3. (a) CP-even Higgs—sneutrino mixing; (b) ratio between heavy CP-even Higgs and tau-sneutrino masses

and (c) ratio between light CP-even Higgs and tau-sneutrino masses as a functio ébrtamng » = 32 TeV,
u < 0and 100< mq < 300 GeV.
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Radiative corrections can change significantly the lightest Higgs mass and, consequently,
we have also introduced the leading correction to its mass

34 JI—
Am o= 21 |n<m“m@>, 22)

X 2202y m?

with
2

Wo=1— 8 (23)

Gtz id
by adding it to the elemen5,]22.
Analogously to the CP-odd sector, we define the mixing between the CP-even tau-
sneutrino and the neutral Higgs bosons as

SIT Goven= (7 )2+ [[72%10)12 = 0[50 2+ ||} 2 (24)

In general, this mixing is small since it is proportional to tRe breaking parameters
squared, however, it can be large provided the sneutrino is degenerate eithet ovitti©.

In Fig. 3(a), we present the mixing (24) as a function ofgafor the input parameters
as in Fig. 2. Similarly to the CP-odd scalar sector, this mixing can be very large, occurring
either whenmpy ~ mgeven OF mj ~ myeven. In fact, we can see from Fig. 3(b) that the
peak in Fig. 3(a) for tag ~ 15 is mainly due to the mass degeneracy between the heavy
CP-even HiggsH® and the CP-even tau-sneutrif’®". On the other hand, the other
scattered dots with high mixing angle values throughout Fig. 3(a) come from points in
the parameter space where the light CP-even Hidgsd the CP-even tau-sneutringye"
are degenerated. We see from Fig. 3(c) that this may occur4$oahs < 15.

It is important to notice that the enhancement of the mixing between the tau-sneutrino
and the CP-even Higgs bosons for almost degenerate states implies th& garmgpdating
effects are possible even for smalb violating parameters§ < 1 GeV), and for neutrino
masses consistent with the solutions to the atmospheric neutrino anomalg (L eV).

5. Charged Higgs/charged septon sector

The mass terms in the charged scalar sector are

Hf
Hf
o
%

where it is convenient to split the mass matrix int8 aconserving part and Ap violating
one

Vquadratic= [Hu_, H; .7, fE]M%t (25)

M2 =M20 + M. (26)

The Rp conserving mass matrix has the usual MSSM form
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M2
mi(o)sg + ‘—]igzv,f mi(O)SﬁCﬁ + %gzvuvd 0 0
mi(O)Sﬁc,g + %gzvuvd mi(o)c% + %gzvg 0 0
= 0 0 M%B \/iihr(Arvd—/wu)
0 0 %hr(Arvd—uvu) A?1%3
(27)

whereh; is thet Yukawa coupling and

Mf3 = Mfs e B Y A L

8 27
~ 1 1
Mg, = Mg, — Zé’/z(vg —v3) + Ehfvg. (28)
The contribution due t®p violating terms is
M2
ﬂ€3;}_3 - %82')32, + %hg'{g, 0 Xur Xur
”%Ctzﬁ—z vsczzf 1,22
_ 0 ggmﬁ—,uegﬁg-i-zg U3 XdL XdR ,
XuL Xar €§+ %g%v% 0
Xur X4r 0 %h%v%— %g/zvg
(29)
with
1 1
XuL = Zrgzvdvs — ez — Ehfvdv& (30)
1
Xur =—ﬁhr(Afv3+63vu), (31)
V3 CB _ c 1
Xsz——ﬁmﬁ—ue;a,—ﬁ—l- ~g%v,v3, (32)
Vg S sg 4
X L e (uvs + esv0) (33)
dR = ——=h(Lv3 + €3vy).
V2

The complete matrngi has an explicit zero eigenvalue corresponding to the charged
Goldstone boso*, and is diagonalized by a rotation matig+ such that

HT H}

Gt HF

o | =Rg:| ¢ (34)
+ N -

‘Kl ‘L’Zr

= T

In analogy with the discussion on the CP-even scalar sector, we define the mixing of the
lightest (heaviest) stat{" (") with the charged Higgs bosons as

sir? 0, = ({5 |1,)” + (5] | 1), (35)
si? 65 = (2|5, )[* + (2 | 5 )[" (36)
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Fig. 4(a), (b) contains the mixing between the lightest (heaviest) stau and the charged
Higgs fields sirti?f2 as a function of tag for mzp = 32 TeV, u < 0, and 100<
mo < 300 GeV. In this sector, the mixing can also be very large provided there is a
near degeneracy between the staiﬁs fzi and H*. We can see clearly this effect in
Fig. 4(c), (d), where we show the ratio between the charged Higgs mgssand the
lightest (heaviest) stau mass, , . In Fig. 4(a) and (b) we also notice that large light stau—
charged Higgs mixing occurs at slight different value of gaompared with heavy stau—
charged Higgs mixing. Large light stau—charged Higgs mixing is found in Fig. 4(a) as a
peak at ta$ ~ 16, as opposed to large heavy stau—charged Higgs mixing, which presents a
peak at ta ~ 15. In Fig. 4(a) we notice that the mixing angle vanishes ataril1. This
zero occurs at the point of parameter space where the two staus are nearly degenerated, as
will be explained in Section 7.

Similarly, in the last figure, the exact value of {aat which the peak of the lightest stau-
charged scalar mixing occurs is somewhat larger than the analogous mixing for the CP-odd
sector sifyqg. This can be appreciated in Fig. 5(a) where we show the ratio betwe@lh sin
and sirfoqq as a function of tag for m3;» = 32 TeV, u < 0 and 100< mq < 300 GeV.

+ +
s E @] ' E : (b)
g F { s F {
1751 -1 7] -1 %
10 % 10 £
SF LF
0 = 10 =
aF A
10 10
-4 -4
10 10
5 10 15 20 20
tanf tanf3
10 10 2
E VE @& JE (d)
g s g sE
7 7 E
6 6 E
5 5
4 4 E
3 3E
2 ;. 2 E
1 , 1 E
0|IIIIIIIII|III Ozllllllllllll |
5 10 15 20 5 10 15 20
tanf tanf

Fig. 4. (a) Charged Higgs-light stau mixing; (b) charged Higgs—heavy stau mixing; (c) charged Higgs-light stau
mass ratio and (d) charged Higgs—heavy stau mass ratio as a functiongofolams,» = 32 TeV, u < 0 and
100< mg < 300 GeV.
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Fig. 5. (a) Ratio between the charged Higgs—stau and CP-odd Higgs—tau-sneutrino mixing angles and (b) ratio
between the CP-odd Higgs—tau-sneutrino and CP-even Higgs—tau-sneutrino mixing angles as a functn of tan
for mz/p =32 TeV,u < 0 and 100< mq < 300 GeV.

The peak of the charged sector mixing is located at the peak of the ratio. On the other hand,
the peak for the neutral CP-odd sector is located at the nearby zero of the ratio. The other
zero of the ratio near tgh~ 11 corresponds to a zero of the charged scalar sector mixing,
as shown in Fig. 4. For the sake of comparison, we display in Fig. 5(b) the ratio between
the CP-odd and CP-even mixings (8#aq/ Sinfever) as a function of tag. We can see

that most of the time the ratio is equal to 1 showing that the two neutral scalar sectors have
similar behavior with ta in contrast with the charged scalar sector. The points where this
ratio is lower than 1 correspond to the case where the CP-even scalar sector mixings are
dominated by the light Higgs and tau-sneutrino degeneracy which occurs for any value of
tang lower than 16, as shown in Fig. 3(c).

6. Theneutrino mass
BRpV provides a solution to the atmospheric and solar neutrino problems due to their

mixing with neutralinos, which generates neutrino masses and mixing angles. It was shown
in [14] that the atmospheric mass scale is adequately described by the tree level neutrino
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mass

lmlgz 1“28/2
tree 2
=—" = |A s 37

whereAq is the determinant of the neutralino sub-matrix ahe: (A1, Ao, A3), with
A = pv; +€vg, (38)

where the index refers to the lepton family. The spectrum generated is hierarchical, and
obtained typically withA; <« A2 ~ As.

As it was mentioned in the introduction, for many purposes it is enough to work with
Rp violation only in the third generation. In this case, the atmospheric mass scale is well
described by Eq. (37) with the replacemé@ﬁli2 — A%. In Fig. 6, we plot the neutrino
mass as a function of in AMSB-BRpV with the input parametersz,; = 32 TeV,u < 0,

5 < tang < 20, 100< mg < 1000 GeV and 10° < €3 < 1 GeV. The quadratic dependence
of the neutrino mass on is apparent in this figure and neutrino masses smaller than 1 eV
occur for|A| < 0.6 Ge\2. Moreover, the stars correspond to the allowed neutrino masses
when the tau-sneutrino is the LSP. In general the points with a small (latga)e located

in the inner (outer) regions of this scattered plot.

From Fig. 6, we can see that the attainable neutrino masses are consistent with the
global three-neutrino oscillation data analysis in the first reference of [10] that favors the
v — v, oscillation hypothesis. Although only mass squared differences are constrained
by the neutrino data, our model naturally gives a hierarchical neutrino mass spectrum,
therefore, we extract a naive constraint on the actual mass coming from the analysis of the
full atmospheric neutrino data,® < m,, < 0.09 eV [10]. In addition, we notice that it

~
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Fig. 6. Tau neutrino mass as a functionf for 5 < tang < 20, 100< mg < 1000 GeV,mz, = 32 TeV and
n<0.
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Fig. 7. Mixing between CP-even Higgses and sneutrino as a function of the tau neutrino mass.

is not possible to find an upper bound on the neutrino mass if angular dependence on the
neutrino data is notincluded and only the total event rates are considered.

In Fig. 7 we show the correlation between the neutrino mass and mixing of the tau-
sneutrino and the CP-even Higgses (siRp) for the parameters assumed in Fig. 6. As
expected, the largest mixings are associated to larger neutrino masses. Notwithstanding, it
is possible to obtain large mixings for rather small neutrino masses because the mixing is
proportional to theRp violating parametersz andvsz, and not directly oz o< m,, . In
any case, Fig. 7 suggests that large scalar mixings are still possible even imposing these
bounds on the neutrino mass. This is extremely important for the phenomenology of the
model because it indicates that non negligiBle violating branching ratios are possible
for scalars even in the case they are not the LSP.

7. Discussions

The presence oRp violating interactions in our model render the LSP unstable,
avoiding strong constraints on the possible LSP candidates. In the parameter regions
where the neutralino is not the LSP, whether the light stau or the tau-sneutrino is the
LSP depends crucially on the value of #anThis fact can be seen in Fig. 8 where we
plot the ratio between the light stau and the tau-sneutrino masses as a functioms of tan
for mz/2 = 32 TeV, 100< mg < 300 GeV, andu < 0. From this figure we see that the
tau-sneutrino is the LSP forB< tans < 14, otherwise the stau is the L3P.

2 of courseyng has to be small enough so that the slepton is lighter than the neutralino.
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Fig. 8. Ratio between the light stau and the sneutrino masses as a functionpofaams,, = 32 TeV,
100< mg < 300 GeV andu < 0.

When the stau is the LSP, it decays Wa violating interactions, i.e., its decays take
place through mixing with the charged Higgs, and consequently, they will mimic the
charged Higgs boson ones. Therefore, it is very important to be able to distinguish between
fli andH*. This can be achieved either through precise studies of branching ratios, or via
the mass spectrum, or both [21].

Measurements on the mass spectrum are also important in order to distinguish AMSB
with and without conservation oRp. In Fig. 9 we present the ratio between the stau
mass splitting in AMSB-BRpV and in the AMSBR = (m3, — m3z ) AMsB—BRpv/ (M3, —
mz)amsB, With €3 = v3 = 0 and keeping the rest of the parameters unchanged, as a
function of tang. In these figures, we took 100mg < 1000 GeV,m3,> = 32 TeV, and
(&) u >0, and (b)u < 0. Foru > 0 (Fig. 9(a)), the stau mass splitting is always larger in
the AMSB-BRpV than in the AMSB by a factor that increases whergtdecreases, and
can be as large a® ~ 10 for tang ~ 3! We remind the reader that, in the absence& pf
violation, the left—right stau mixing decreases with decreasing tdmus augmenting the
importance ofR-parity violating mixings. On the other hand, far< 0 (Fig. 9(b)), this
ratio can be as large as before at smallgabut in addition, the splitting can go to zero in
AMSB-BRpV near targ ~ 11, which also constitutes a sharp difference with the AMSB.
For both signs ofx the ratio goes to unity at large tgrbecause the left—right mixing in
the AMSB is proportional to taf and dominates over anfp violating contribution.

The behavior ofR at tang ~ 11 in Fig. 9(b) indicates that the two staus can be nearly
degenerated in AMSB-BRpV. In Fig. 10 we plot the ratio between the light and heavy
stau masses as a function of frfor m3z,, = 32 TeV, 100< mg < 300 GeV andu < 0,
observing clearly that the near degeneracy occurs a taril. In first approximation,
consider that the near degeneracy occurs whary — v, ~ 0 as inferred from Eq. (27).

In addition, the mixingX,r in Eq. (33) is also very small because it is proportionafito
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in Eq. (38), which defines the atmospheric neutrino mass, as indicated in Eq. (37). The
smallness of these two quantities implies that the mixiiyg in Eq. (31) is also small in
this particular region of parameter space, indicating that the right stau is decoupled from
the Higgs fields and thus originating the zero in the mixing angle, noted already in Figs. 4
and 5.

In order to quantify the stau mass splitting in our model, we present in Fig. 11 contours
of constant splitting between the stau massgeg,— mz,, in the planenz;> x mg in GeV
for u < 0 and several tgh. We can see in Fig. 11(a) that for small fas- 3 the stau
mass splitting in our model starts at,, — mz ~ 30 GeV, in sharp contrast with thep
conserving case where the biggest splittings barely goes over this value [7]. This is in
agreement with the results presented in Fig. 9(b). Furthermore, we can also see that there
is a considerable region in thes,» x mo plane, indicated by the grey area, where the
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Fig. 11. Contours of constant splitting between the light stau and heavy stau masses in thegppareng in
GeV foru < 0, tang = 3 (a), 15 (b) and 30 (c). The hatched area is theoretically forbidden; the grey area in (a)

and (b) is where the lightest stau is the LSP, while the small black area in (b) is where the tau-sneutrino is the
LSP.
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lightest stau is the LSP. For intermediary values ofdan 15, Fig. 11(b) shows that the

stau mass splitting goes to a minimum. This is a different behavior from the MSSM which
presents a mass splitting up to 10 times bigger as we have seen in Fig. 9(b). For this value
of tang we still have a small region where the lightest stau is the LSP (grey area) and, as a
novelty, a tiny region for small values ofz;» andmo where the tau-sneutrino is the LSP
(black area). For large values of tar= 30, the stau splitting mass shown in Fig. 11(c) is
similar to the MSSM one [7].

We have made below a series of three figures fixing the valug tad5 to study the
dependence omg of the mass spectrum and mixings in the scalar sector. This choice of
tang is such that we find a degeneracy among the masses, and consequently we obtain
large mixings in the scalar sector. We also chagg = 32 TeV andu < 0, while theRp
violating parameters were varied accordingto1@ €3 < 1 GeV and 106 < m,, < 1eV.

In Fig. 12(a) we plot tau-sneutrino mixing with the CP-odd neutral Higgs as a function
of mg for the parameters indicated above. We find quite large mixingafior 320 GeV.

In Fig. 12(b) we show the CP-odd Higgs and tau-sneutrino masses, which depend almost
linearly onmg. Moreover, the value ofig at which these two particles have the same mass
coincides with the point of maximum mixing.

The CP-even tau-sneutrino mixing with the CP-even Higgs is presented in Fig. 13(a) as
a function ofmg. There are two peaks of high mixing; the main oneigt~ 320 GeV and
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Fig. 12. (a) Mixing of the CP-odd Higgs and the sneutrino and (b) the CP-odd Higgs and sneutrino masses as a
function ofmg for m3,, = 32 TeV,u < 0 and tarp = 15.
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a narrow one atig &~ 180 GeV. These two peaks have a different origin, as indicated by
Fig. 13(b), where we plot the masses of the two CP-even neutral Higgs besoasdm g,

and the mass of the CP-even tau—sneum'uragen, as a function ofng. We observe that the

broad peak is due to a degeneracy between the tau-sneutrino and the heavy neutral Higgs
boson and the narrow peak comes from a degeneracy between the tau-sneutrino and the
light neutral Higgs boson. As expected, tH€ and7€V¢" masses grow linearly withzg,

contrary to the:® mass which remains almost constant.

In Fig. 14(a) we display the light stau mixing with the charged Higgs as a function of
mo. The maximum mixing, obtained atp ~ 550 GeV, is the result of a mass degeneracy
between the charged Higgs boson and the light stau. This can be observed in Fig. 14(b)
where we plot the charged Higgs masg+= and the light stau mass; as a function
of mo.

In a similar way, we show the heavy stau mixing with charged Higgs as a function of
mo in Fig. 14(c), where we observe a maximum for the mixingngt~ 200 GeV. This
large mixing is due to a degeneracy between the charged Higgs boson and the heavy stau
masses, as can be seen in Fig. 14(d). One can notice that all charged scalars show an almost
linear dependency of their mass on the mass paramgter



F. de Campos et al. / Nuclear Physics B 623 (2002) 47-72 67

t_ 08 ~1000 -
€ wE @ > [ ®
Y= S 80—
0.5 : % C
= ] -
0.4E- .. S 600 -
0.3 400 -
02 ; u
0.1E- % 200 [—
_0_IEI|III|IIIIIII|III|I 0_I|III|III|III|III|I
200 400 600 800 1000 200 400 600 800 1000
m, (GeV) m, (GeV)
~1000 =
% 900 -
= 2 swE-
- S 600 E-
= 500 =
= 400 =
B 300 =
B - 200 £
_1:I|III|IIIIIII|III|I 100:IIIIIIIIIIII|III|I
200 400 600 800 1000 200 400 600 800 1000
m, (GeV) m, (GeV)

Fig. 14. (a) Mixing of the charged Higgs with the light stau, (b) charged Higgs and light stau masses, (c) mixing
of the charged Higgs with the heavy stau, and (d) charged Higgs and heavy stau masses as a fungtfon of
mz;2 =32 TeV,u <0 and targ = 15.

As opposed to the scalar sector, where mixing between the Higgs bosons and sleptons
can be maximum, in the chargino and neutralino sectors the mixings with leptons are
controlled by the neutrino mass being very small. Despite this fact, the mixing in the
neutralino sector is sufficient to generate adequate masses for the neutrinos and give rise
to the neutralino decays mentioned in the introduction. Therefore, in the chargino sector
the BRpV-AMSB phenomenology changes very little with respect toRheconserving
AMSB. One of the distinctive features of AMSB that differentiates it from other scenarios
of supersymmetry breaking in the chargino-neutralino sector is the near degeneracy
between the lightest chargino and the lightest neutralino. This feature remains in BRpV-
AMSB as was anticipated in Fig. 1. Fars» = 32 TeV,u < 0, and 100< mg < 300 GeV,
we show in Fig. 15 the lightest chargino mass as a function of taie lightest chargino
mass has a small dependence orptaince its value varies only between 100 and 104 GeV.

As in Rp conserving AMSB, the mass differenmgy(f —mjo remains small.
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8. Conclusions

We have shown in the previous sections that our model exhibiting anomaly mediated
supersymmetry breaking and biline®&p violation is phenomenologically viable. In
particular, the inclusion of BRpV generates neutrino masses and mixings in a natural
way. Moreover, theR p breaking terms give rise to mixing between the Higgs bosons and
the sleptons, which can be rather large despite the smallness of the parameters needed to
generate realistic neutrino masses. These large mixings occur in regions of the parameter
space where two states are nearly degenerate. Our model also alters substantially the mass
splitting between the scalar taus in a large range oftan

The Rp violating interactions render the LSP unstable since it can decay via its mixing
with the SM particles (leptons or scalars). Therefore, the constraints on the LSP are relaxed
and forbidden regions of parameter space become allowed, where scalar particles like
staus or sneutrinos are the LSP. Furthermore, the large mixing between Higgs bosons
and sleptons has the potential to change the decays of these particles. These facts have
a profound impact in the phenomenology of the model, changing drastically the signals at
colliders [22].
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Appendix A. AM SB boundary conditions

The AMSB boundary conditions at the GUT scale for the gaugino masses are
proportional to their beta functions, resulting in

33 g2
M , A.l
1= £ 1a.2"3/2 (A.1)
2
Mp = 16”21713/2, (A.2)
P
M3 = 3167T2m3/2, (A.3)

while the third generation scalar masses are given by

88 4 0
m¥ = ——-¢%+ 8¢5+ 2By, | —— (1622 +md, (A.4)
25 3/2
m2
22 4 m3
2 _ /2
mp = < 2581 +8g3+ fbﬂfz> (1672)2 +mg, (A.5)
2
11 3 N . mg
2 4 4 4 /2 2
my = (—%gl ~ 582 +8g3+ fiBf, + fb,th) (16722 + m§, (A.6)
2
9, 3, m3
2 _ /2 2
myp = ( %81 - 582 + frﬂff> (1672)2 +mp, (A7)
2
198 mg
2 _ /2 2
2
99 3 N m3
2 4 4 /2 2
m, = (—a) — 582 +3fzﬂf,> 16727 T 0 (A.9)
2
99, 3 R L\ M3
2 _ 4 4 /2 2
de—( 0% —§g2+3fbﬂfb+ff,3f,> (16”2)2+m0. (A.10)
Finally, the A-parameters are given by
By, m3y2 B, m3p2 Br. m3j2
A, =282 = 2h 732 ey A1
"7 162 AT ©Tf, 1672 (A11)
where we have defined
N 13 16
i = 1612, = i - Eg% ~3G- TEH6rE+ 1) (n12)
3 2 7 16 , 2, 42
By, =167y = fo| — 15 — 3¢5 - 3g3+f, +6f; + /7 ) (A.13)

Br, = 16728, = ff<—gg% —3¢2 +3fb2+4f3>. (A.14)
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Appendix B. Therenormalization group equations

Here we present the one-loop renormalization group equations for our model, assuming
the bilinearR p breaking terms are restricted only to the third generation. First, we display
the equations for the Yukawa couplings of the trilinear terms

dhy _ 16 13

16n°— = = hy (6% +h — 85— 3¢5 — g1> (B.1)
dh 16 7

16722 — (613 + h? + 12 — —e§ — 3¢5 — =42 ), (B.2)
dt 3 9

162220 (452 1+ 302 — 362 — 3¢2 3
7 = e\ +ohp — 385 — 3871 |- (B.3)

The corresponding RGE for cubic soft supersymmetry breaking parameters are given by

dA 16 13
8712d—tU = 6h Ay +h Ap + = g5Ms + 3g3Ma + - giMa, (B.4)
dA 16 7
8?2 =6 Ap +hi Ay +h2Ac + Te3Ms+ 33Ma + geiMy. (BS)
dA
8ﬂ2d—lr = 4h? A, + 303 Ap + 3¢5 Mo + 3¢ M. (B.6)
For the soft supersymmetry breaking mass parameters we have
2
g, 2Mo _ o (m2, + M2 + M2 +A2)+h2 (2, + M3 + M3 + A2)
TR AL 0 U U D\" 0 D D
16 1 1
3 g5M3 — 3g5M) — 581M1 P 8%‘9’ (B.7)
dM? 16 16 2
82U =212 (m2, + M3+ MZ + AZ) — = g3ME — Zg2M? - = ¢3S,
dt 2 3 9 3
(B.8)
dM? 16 4
2¢Mp 52 2 2772 2
gr°— D =2n}, (m?%, + M5 + M3 + AZ) — Z8M3 - 9g1M1+38 1S, (B.9)
dM?
82— L = hF (mfy, + MF + M + A7) — 3g3M3 — gfMF — 3 L s, (B.10)
dM?
8% — & = 207 (miy, + ME + MR + A7) — 4¢E M7 + ¢1S, (B.11)
2
82" _ 312 (m%, + M% + MG + AG) — 3g5M5 — g2 M7 +2giS. (B12)
dt v\ m, 19} U U 82M2 175 81 :
dm?
29" H 2( 2 2 2 2 2( 2 2 2 2
1
—3g2M3 — g2M? — > g2, (B.13)
where

S=mé, —mb + M5 —2M} + M5 — M? + M3 . (B.14)
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For the bilinear terms in the superpotential we get

du
16012Z = 1u(3h% +3h% + h? — 3¢5 — g2), (B.15)
167293 _ 3302 4 12 — 3¢ — g2 B.16
dz_€3( U +hs —3g5—g7). (B.16)
and for the corresponding soft breaking terms
dB
8nZE =3h2 Ay 4 3h% Ap + h2 A, + 3¢5 Mo + g2My, (B.17)
872952 _ 312 o 4 124, 4 362Mp + ¢2M (B.18)
d[ — uAaU Tt 82 2 gl 1. .

Theg; are theSU(3) x U(2) x U(1) gauge couplings and thd; are the corresponding
soft breaking gaugino masses.
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