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Three-body decays of sleptons with general flavor violation and left-right mixing

Jonathan L. Feng,l Iftah Galon,” David Sanford,' Yael Shadmi,” and Felix Yu!

'Department of Physics and Astronomy, University of California, Irvine, California 92697, USA

2Physics Department, Technion-Israel Institute of Technology, Haifa 32000, Israel
(Received 13 April 2009; published 22 June 2009)

We determine the widths of three-body decays of sleptons, O =00, Cop, € " qqg, in the
presence of arbitrary slepton flavor violation and left-right mixing. These decays are important in
scenarios in which the lightest supersymmetric particle is the gravitino, a generic possibility in models
with gauge- and gravity-mediated supersymmetry breaking. Three-body decays have been discussed
previously, assuming flavor conservation and left-right mixing in only the stau sector. Flavor violation and
general left-right mixing open up many new decay channels, which provide new avenues for precision
mass measurements and may play an essential role in solving the standard model flavor problem. We
present results for toy models with two-generation mixing, and discuss the implementation of these results
in SPICE, a program that simplifies collider event simulations of flavor-violating supersymmetric models.

DOI: 10.1103/PhysRevD.79.116009

I. INTRODUCTION

Fermion masses are one of the least understood parts of
the standard model (SM). Even the charged fermion
masses span over 5 orders of magnitude from the top
quark to the electron, begging for a theoretical explan-
ation. The majority of these masses and mixing angles
are precisely constrained by experiment. Still, this wealth
of data does not conclusively single out any theory of
flavor.

In the near future, this may change dramatically with the
discovery of new particles at the weak scale. New particles
may only deepen the mystery, as would be the case if a
fourth generation were discovered. On the other hand, the
masses and mixings of the new particles may be governed
by the same principles that determine the SM fermion
masses. In this case, rather than extending the fermion
sector, the new particles will shed light on the existing
fermion spectrum.

Weak-scale supersymmetry provides examples of both
possibilities. In pure gauge-mediated models, for example,
squark and slepton masses are set by flavor-blind contri-
butions, with no connection to the SM fermion masses.
However, in gravity-mediated models and hybrid models
with both gauge- and gravity-mediated contributions,
squark and slepton masses may receive contributions that
are governed by flavor symmetries that also determine the
SM fermion masses [1-3]. The latter possibility leads to
nontrivial flavor effects in high-energy experiments [4-6],
opening the possibility for real progress on the SM flavor
problem at the Large Hadron Collider, as has been empha-
sized recently by many authors (see, for example, Refs. [7—
16]).

Here we study the implications of flavor violation for the
three-body decays of charged sleptons. Such processes are
most relevant for colliders in models with a gravitino
lightest supersymmetric particle (LSP) and a slepton
next-to-lightest supersymmetric particle (NLSP), a generic
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possibility in models with both gauge-mediated supersym-
metry breaking [17,18] and gravity-mediated supersym-
metry breaking [19-23]. We consider a situation where the
lightest particles are a gravitino LSP, several light sleptons,
and the lightest neutralino, with the masses of each light
slepton less than the mass of the lightest neutralino. This
results in the typical two-body decays of these light slep-
tons being highly suppressed or kinematically inaccessible,
leaving the three-body decays as the dominant decay
modes. In these cases, the three-body decays are also often
the last visible step in cascade decays of squarks and
gluinos, and so they impact nearly all supersymmetry
searches and studies.

Three-body slepton decays have been studied previously
in an important, flavor-conserving case, where the authors
considered éz — e77; and fix — w77, with the 7, a
mixture of left- and right-handed staus [24]. These decays
are characterized by two distinct channels: a ‘“‘charge-
preserving” channel £~ — € ¢~ €* with opposite-sign
leptons and a “charge-flipping” channel £~ — €7 ¢~ €~
with same-sign leptons. Flavor-conserving three-body de-
cays of squarks have also been considered [25], as have
flavor-conserving three-body decays with sneutrinos as
parent or daughter particles [26]. Our work generalizes
the charged slepton analysis to the case of arbitrary lepton
flavor violation (LFV) and arbitrary left-right mixing. In
the presence of general LFV, any three-body decay of 0, —
{i ; has up to 9 possible charge-preserving modes {ii_ —
€ €; €, and 6 possible charge-flipping modes ¢; —
(7;(3,:&,‘1, where €, €,, = ¢, w, 7. In addition, LFV and
left-right mixing bring additional complications that are
absent in the flavor-conserving case, including new pro-
cesses mediated by Higgs and Z bosons, new final states
with neutrinos and quarks, and new interference effects in
charge-flipping processes.

These complications are well worth confronting, how-
ever, as there is a wealth of information in these branch-
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ing ratios, which may shed light on the SM flavor problem.
These decays, if present, are also relevant more broadly,
for example, for supersymmetric searches and precision
mass measurements. For example, in the flavor-conserving
examples studied previously [24], the final states neces-
sarily contain 7 leptons. Since these decay with missing
energy, they degrade searches based on energetic leptons,
and they greatly reduce the prospects for precision
mass measurements. With LFV, however, even if the light-
est slepton is a stau, there may also be decay modes
with two electrons, two muons, or an electron and a
muon. Even if these branching ratios are suppressed, they
may be the more obvious signals at colliders, and they
may also provide better opportunities for precision
mass measurements. It is therefore of interest to know
the size of these branching ratios, and what deter-
mines them.

In the following three sections, we begin with a general
discussion of three-body decays and move gradually to
more specific scenarios and concrete calculations. In
Sec. II we present the new final states and new Feynman
diagrams that are relevant to three-body decays once gen-
eral flavor and left-right mixing are introduced. In Sec. III
we discuss these results in more detail and explain the
relative phenomenological importance of the various con-
tributing diagrams in particular scenarios. In Sec. IV we
then show concrete results in two toy models with two-
generation slepton mixing to illustrate our results. Finally,
in Sec. V, we present our conclusions and explain how our
results have been incorporated into SPICE, a publicly avail-
able computation package for generating supersymmetric
spectra and branching ratios in scenarios with arbitrary
slepton mixing.

We stress that, although we strive to give readers an
intuitive feel for our results by considering concrete cases
in the body of the paper, our analysis is valid for fully
general LFV and left-right mixing. The complete, model-
independent calculation is lengthy, but the full expressions
for all three-body decay modes are given in a series of
appendixes. Our conventions and notations are defined in
Appendix A. These are consistent with those of Ref. [27],
where full details may be found.

1
i1
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II. FLAVOR VIOLATION IN THREE-BODY
SLEPTON DECAYS

As mentioned in the Introduction, an important special
case of three-body slepton decays has been discussed
previously by Ambrosanio, Kribs, and Martin [24].
Motivated by pure gauge-mediated models, these authors
considered the flavor-conserving decays ér — e77; and
fir — m77;. These decays are mediated solely by neutra-
linos. The charge-preserving modes ¢; — {7; €, €, are
shown in Fig. 1, and the charge-flipping modes ¢ ;=
E}f;&; are shown in Fig. 2. The charge-flipping mode
is made possible by the Majorana nature of the neutralino,
and detection of the charge-flipping mode would provide
strong evidence that neutralinos are Majorana fermions.

In the presence of more general slepton mixing, the
gauge eigenstates ép, fir, T, €1, L1, and 7, mix to
form six mass eigenstates, 7 i» 1 =1,...,6, with increasing
mass, and the lepton-slepton-neutralino interactions are no
longer flavor diagonal. The neutralino diagrams of Figs. |
and 2 are then modified by the inclusion of 6 X 6 mixing
matrix factors at the interaction vertices.

In addition, new diagrams contribute. If the initial and
final state charged sleptons contain left-handed compo-
nents, there is the chargino-mediated decay to neutrinos
shown in Fig. 1. This decay requires neither flavor viola-
tion nor left-right mixing. There are also charge-preserving
decays mediated by neutral Higgs bosons and the Z boson,
as shown in Fig. 3. The Higgs bosons mediate decays to
same-flavor "€~ and ¢g pairs, and the Z diagram medi-
ates decays to same-flavor v», 7€~ and gg pairs.

Both the H, and Z diagrams are present independent of
LFV, but both require left-right mixing. In the case of the
Higgs-mediated diagrams, the Higgs couplings to sleptons
have the form H,{; €y, H,(;€,, and H, €}{p. The first is
generated by left-right mixing terms in the Lagrangian, and
thus clearly requires left-right mixing to be nonzero. The
other two come from D terms, and in the absence of left-
right mixing, they are flavor diagonal in the separate LL
and RR sectors, even with the presence of LFV in one or
both. Thus, in the absence of left-right mixing, the Higgs
coupling to sleptons is flavor diagonal in the six-

Vg Um

FIG. 1. Feynman diagrams for charge-preserving decays ¢ Pl {7; ¢, €, mediated by neutralinos and {7,7 — {7 j Vi, mediated by

charginos.
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FIG. 2. Feynman diagrams for the charge-flipping decays €; — (?f ¢, €,, mediated by neutralinos.

dimensional space of left and right sleptons and does not
contribute to three-body decays. Similarly, the Z couples to
the LL and RR sleptons separately, so in the absence of
left-right mixing, its couplings are also flavor diagonal.
Note, however, there are no photon-mediated diagrams at
tree level, as the photon couples with equal strength to the
left- and right-handed sleptons, and so its couplings are
always flavor diagonal. Also note that in the case of non-
zero left-right mixing but no flavor mixing, the H, and Z
diagrams exist, but their contributions are only appreciable
for certain mass orderings. Namely, only when neither of
the two mass eigenstates produced by left-right mixing
possess kinematically allowed two-body decays will the
three-body H, and Z contributions be relevant.

The charge-flipping decay is unaffected by the Higgs
and Z boson diagrams, but in the presence of flavor viola-
tion, the fermions in the final state may be interchanged.
This implies a new interference effect in the charge-
flipping mode which is absent in the flavor-conserving
case. In principle, there should also be a similar interfer-
ence term in the neutrino decay modes if neutrinos possess
Majorana masses, but such a term is negligible in the limit
of zero neutrino mass.

In summary, for charge-preserving decays to charged
leptons of different generations, the analysis of Ref. [24]
may be straightforwardly modified to the general case. The
only modification needed is the insertion of rotation ma-
trices from flavor eigenstates to gauge interaction eigen-
states. For charge-preserving decays to charged leptons of
the same generation, however, the Higgs and Z diagrams
introduce new contributions to the decay width. There are
also new charge-preserving decays to neutrinos, mediated

&q

by charginos and Z bosons, and to quarks, mediated by
Higgs and Z bosons. Finally, in the case of the charge-
flipping decays to like-sign leptons, the daughter leptons
may be interchanged and thus the decay width must in-
clude an interference term between these two diagrams;
however, there are no Higgs and Z contributions to this
mode and so there are no further interference terms.

III. ANALYTIC RESULTS AND QUALITATIVE
OBSERVATIONS

Given an understanding of the qualitatively new features
introduced by flavor and left-right mixing described in
Sec. 1I, we can now calculate the resulting decay widths.
The full results are lengthy and are given in the appendixes.
In this section, we summarize the results of our calcula-
tions and provide qualitative insight into the relative im-
portance of each contributing mode.

Our slepton interaction Lagrangian is

L= [T X (BUNPL + Bt PRI+ Vairls XaPL vy + Hee]
+il (€0, — 00,6020 + o) 6 R
+ o GGH +io ] T+ i 006, (1)

where the coefficients 3, y, {, and o contain gauge and
Yukawa couplings along with the mixing matrix elements
for sleptons, Higgs bosons, neutralinos, and charginos.
These coefficients are defined in Appendix A. Here, the
indices are summed over the six slepton, three lepton and
neutrino, four neutralino, and two chargino mass eigen-
states. We have kept only the terms relevant to the three-
body decays in question.

E;’Vkaq

FIG. 3. Feynman diagrams for charge-preserving decays mediated by Higgs and Z bosons. The Higgs scalar H, may be any of the

neutral Higgs bosons: h%, H°, A°, or (in Feynman gauge) G°.
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Our lepton interaction Lagrangian is

()
Lint = ):}‘_€k€k(h0 sinfy — H cosfy + iA%y’ sinB

_ 0.5 + ig
iGYy” cosB), Fcosdy
X Z,(1 = 2sin?0y) €, y*4,. )

The a1~nplituc~les for charge-preserving decays to charged
leptons €; — €; €, €, are

ﬁ - [‘) + m. ©
My = —ia(p) (Bl Pr + BiiPL) :
(P = pi)” = m)(2
X (BLimPL + B2 PRIV(D,), (3)
(2)
igd; 1
u(p)(Bi + b))
z= 2cosby (p; — PJ)Z 2 k j
X (ZSin 0W - PL)v(pm)(Skmr (4)
—la'f)ygf) sinfy
:]Vl ho = s
V2
1
X 3 M(Pk)v(Pm)5km, %)
(pi — pj)* —
zo-ﬁ) ygf) cosfy
M HO =
V2
1
X —— i(p)v(P) S, (6)
(pi - P/) - mH”
— zag‘:) yf) sinf3
MAO = -
V2
1 _
X 2 2 i(p )Y v(p)dim (1)
(pi - p]) - mA()
mﬁ‘:’)yf) cosf3
Mo =—L———
V2
1
X “““‘7?““*“(Pk)7 V(P (8)
(pi — py)

where the indices i, j, k, and m correspond to the subscripts
specifying the mass eigenstates of initial and final state
particles in the decay mode £; — fj_ ¢, €, and 8y, is the
Kronecker delta function. Here and throughout the rest of
this section we suppress these indices on matrix elements
and decay widths.

The overall decay width is given by

Tl — G e 6h) = dIMPE )

PS; spins
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: Z(Z My My + M, M,
PS; spins

-
647 m; Py

4
+ 3 My My, +2Re] Y MM,
a,b b=1

D)

- F~0 0 + 6km(FZZ + FHH + Q’FZ,\/O + ZFH 50 + Q’FZH)
(11

where [ ps, 18 the integral over three-body phase space
discussed in Appendix B which includes a sum over fer-
mion spins, and we use an intuitively obvious notation for
widths, so that, for example, I" ;00 is the partial width from

Za,bj\/lmj\/l

Xo

To develop a qualitative understanding of which matrix
elements are typically dominant and subdominant, we first
note that there is a suppression to the Higgs and Z modes
from left-right slepton mixing. In fact, the explicit Higgs
and Z couplings to sleptons depend on the left-right slepton
mixing squared,

T Zmz

4
+3 3 M
a b=1

@ 2 _ Mig
7

In particular, for u not significantly larger than the slepton
mass, this is roughly the same order as Yukawa suppres-
sion. We thus expect that, at the matrix element level, the
Higgs or Z radiated modes are generically suppressed by
two powers of left-right mixing relative to the neutralino
and chargino modes.

Second, to simplify phase space factors, we assume a
typical amount of mass squared splitting Am%/ m? = 5%;
we also neglect lepton masses when they are subdominant.
Under these assumptions, the difference in propagator
structure between the neutralino mode and that of the
Higgs and Z modes becomes apparent. The neutralino
propagator is inversely proportional to (p; — p;)*> —

mf?o ~m: — mf.(o, while the Higgs (Z) propagator is in-

€

versely proportional to (p; — p;)* —my , ~m? —
m%j — mj; , which simply reduces to —mj,; , if the slep-
ton masses are not too far above m . Thus, in models where
the lightest neutralino and light slepton masses are close,
the lightest neutralino pole contribution will be enhanced
over the Higgs and Z mass-suppressed contributions.
Conversely, as the slepton and neutralino mass scale grows,
the Higgs and Z contributions will drop off more slowly
than the neutralino contribution.

The three-body decays with two neutrinos or two quarks
have much the same form as above, with minor changes

(refer to the appendixes for details). These changes are as

116009-4
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follows: For the neutrino mode, 8L, — v, and B2, — 0,
and the lepton masses are set to zero, hence simplifying the
phase space calculation and removing the off-shell Higgs
contribution. For the quark modes, there is no off-shell
fermion intermediary, and the Higgs and Z modes are only
modified with adjusted couplings and quark masses. The
quark modes are, however, enhanced by the color factor
and a sum over light flavors. Because of these changes,
however, all of these modes are suppressed relative to the
dilepton mode by left-right mixing. The quark modes only
have contributions from the Higgs and Z diagrams, and
thus are suppressed by left-right mixing as noted above. In
the majority of models with a light slepton NLSP, the ¢
gauge eigenstates are generically lighter than the 7 L gauge
eigenstates; for such a model the neutrino modes are sup-
pressed since the neutrino only couples to £, gauge eigen-
states while the light sleptons are primarily 3 R states.
Indeed, in such a model

m 1/2
YVaik ~ (LZR) , (13)

¢

so the neutrino and quark decay widths are all suppressed
by (m2,/ m%)2 relative to the dilepton modes.
Finally, for the charge-flipping dilepton decay, the ma-

trix element is given by

(Br — b)) + my
(pi = pe)® — m%,
X (BoimPrL + BajmPr)v(Pw),

j\’l(~10) = —ii(p)(BLiPr + BiiPL)

(14)
(B — Bi) + my
M (~20) = _lu(pk)(ﬁalm aszL) 2 _ Xa
Xa ( p ) m/"/ﬂ
( ajkPL + Ba]kPR)U(pm)
(15)
My =M~ M), (16)

where the negative sign comes from Fermi statistics. The
decay width is then

T(l; = €€ 6,) = Cpu(Tyy + Ty —20y),  (17)
with
. (@) pg()*
ij 64m3m; m; Jps, sPmsabz= Rel M M ], 1o

and Cy,, is a phase space factor which has a value of 1 for
two outgoing leptons of different flavor and 1/2 for two
outgoing leptons of the same flavor due to indistinguish-
able particle statistics. I';; and I'y, both have the same
basic form as the result from [24], where the only change is
the insertion of flavor-mixing coefficients and, for I',,,

PHYSICAL REVIEW D 79, 116009 (2009)

interchange of €; and €,, between the two terms; the new
I'5; is presented in Appendix D 4. We find that this charge-
flipping decay width is of the same order of magnitude as
the charge-preserving dilepton mode, though the flavor
structure is markedly different: this is discussed in the
next section.

IV. TWO-SLEPTON MIXING: ILLUSTRATIVE
EXAMPLES

To validate our results and investigate their phenomeno-
logical implications, we examine some simple cases of
two-slepton mixing. In these examples we consider spectra
with fairly degenerate sleptons and the lightest neutralino.
The slepton-neutralino degeneracy is motivated by simple
gauge-mediated supersymmetry breaking scenarios with
not too many messengers. Larger splittings are, of course,
possible if there are many messengers or in other frame-
works, such as minimal supergravity. The sleptons are
taken fairly degenerate so that large mixing angles are
consistent with low-energy constraints and so may be
considered. We note, however, that these examples are
merely illustrative, and our results are valid in any chosen
framework with arbitrary mass splittings.

First, we consider ép — iz mixing parametrized by

€, _ [ cosfy, sinf, \[ é
(*?2) B (‘Sineu cost, )(ﬁ«) (19)

Figure 4 shows the flavor-violating decay widths {72_ —
{7 €~ €7 with electron and/or muon leptons as a function of
the mixing angle 6;,. Here both leptons are taken to be
explicitly massless and left-right slepton mixing is set to
zero, thereby cutting off the Higgs and Z modes. ¢, and ¢,
are assigned masses of 100 GeV and 105 GeV, respectively,
and the lightest neutralino is given a mass of 110 GeV
(heavier neutralino contributions are small in this case).

The left plot in Fig. 4, which shows the decay widths for
the charge-preserving channel, demonstrates the typical
structure of two-slepton mixing: all decay widths are at
most 7 periodic, the sleptons interchange roles (u~ — e~
and e® — u)at@,, = w/2,the e e and u~ ut modes
are equal at all mixing angles, and at §;, = /4 all decay
widths are equal. In contrast, the right plot in Fig. 4, which
shows the charge-flipping channel, demonstrates a differ-
ent flavor structure. Since the e~ = and p~ e~ modes, in
general, contribute to the same decay width, all widths are
7r/2 periodic. Also, the e”e¢™ and ™ u~ modes are again
equal at all mixing angles. In addition, note that the w~ e~
mode drops to zero at 6, = /4, because the charge-
flipping mode has two diagrams at tree level which cancel
at 0, = /4 for the u~ e~ mode. Then, as expected, the
e e  and u~ pu~ modes have decay widths that are half
the total width at 6, = 7/4.

Next we consider é; — 7 mixing, with massive leptons
and a mixing angle 6,3 given by

116009-5
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FIG. 4 (color online).
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Dilepton decay widths as a function of the mixing angle between a smuon and a selectron with left-right

mixing neglected. The left plot shows the charge-preserving channel; the right plot shows the charge-flipping channel. In both plots the
leptons are taken to be massless, mg = 100 GeV, mg = 105 GeV, and m L= 110 GeV.
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FIG. 5 (color online).
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Dilepton decay widths as a function of the mixing angle between a stau and a selectron with left-right mixing

neglected. The left plot shows the charge-preserving channel; the right plot shows the charge-flipping channel. Here the leptons are
both massive, my = 100 GeV, mg = 105 GeV, and mgo = 110 GeV.

€,)_ [ cosf3 sinf3\[é
((73 ) B ( —sinf3 cosf3 )( i')' (20)
Figure 5 shows the widths for {75 —{ €747, where the
leptons are electrons and/or taus. 7 1 and 7 3 have masses of
100 GeV and 105 GeV, and the lightest neutralino mass is
again 110 GeV. Left-right mixing is again neglected.

The first notable feature in Fig. 5 is the separation
between the e~ e and 7~ 7" modes: the e~ e™ mode is
almost unchanged numerically from the previous case,
while the 7~ 7% mode is suppressed by phase space con-
striction, as expected. Likewise, the 77 ¢~ and e 7
modes are also suppressed relative to the massless case,
but certainly less suppressed than the 7~ 7= mode. Note
that the total decay width is no longer constant because of
the nonzero tau mass.

V. CONCLUSIONS AND IMPLEMENTATION IN
SPICE

We have determined the decay widths of three-body
slepton decays, including both “charge-preserving™ pro-
cesses £ — € € €* and “charge-flipping” processes

¢~ — ¢ €€, in the presence of arbitrary LFV and arbi-
trary left-right mixing. Such processes are particularly
relevant in scenarios with a gravitino LSP and a slepton
NLSP, where they are typically the dominant decay of
some of the non-NLSP sleptons and are present as the
last step in many supersymmetric cascade decays.
Arbitrary 6 X 6 slepton mixing leads to many new dia-
grams and new decade modes, as well as new interference
effects. Our results are fully general, but we have illus-
trated them for two simple cases with two-generation LFV.
The branching ratios to new modes may be significant,
even accounting for low-energy constraints on LFV. The
new modes may substitute final state electrons and muons
for taus, potentially providing more obvious signals and
better prospects for precision mass measurements. In ad-
dition, the measurement of these branching ratios may help
pin down the supersymmetric flavor parameters and shed
light on the SM flavor problem. We note that our illustra-
tive examples have assumed fairly small slepton mass
splittings so that large mixing angles are consistent with
low-energy constraints. It is also possible, of course, that
the splittings are larger and the mixing angles are smaller.
The calculations presented here are valid in those cases as

116009-6
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well, and it would also be very interesting to determine
whether such small mixings may be established through
collider studies.

The full calculation presented here is lengthy, but has
been incorporated into SPICE: Simulation Package for
Including Flavor in Collider Events, a publicly available
code. SPICE takes as input a flavor-conserving model, such
as minimal gauge-mediated supersymmetry breaking, and
arbitrary lepton flavor-violating parameters, and generates
the full supersymmetric spectrum, complete with flavor-
violating branching ratios. The three-body decays dis-
cussed here are included in SPICE. Details on obtaining
and running SPICE are described in the SPICE user manual
[27].
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APPENDIX A: LAGRANGIAN

As given in Eq. (1), the relevant flavor-general interac-
tions for this study are given by the Lagrangian

Lt = [0 (ROBUPL + BoAP + Yairli XuPLvs
. (2) o 7 7 hEs
+ HC] + l{l] (€l 8M€j €,E)ﬂ€,)Z"‘

+ieDTTG (A1)
The coefficients are
1 % % f) ) A f)=
Bizli;c = \/—z(gOZ,a + gIOI,a)UI(c,i) - ygc )03,aU1(<+)3,i’ (A2)
2 0)x 14 0)*
B = —v20,,8'UY =305, UL, (A3
-g cosHLU,((‘i.)* +y sinﬁLU,(ﬂg;’i a=1

Yaik = { 0
! gsinf; U,((i.) + yg) costy Ul(cl?—S,i a=2,

(A4)

o_ & (D 7 1(0) :
g.. _7[Uc,i Uc,j - 281n29W5,-j],

A5
! 2 cosOy (A5)
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gm? sinfy
ij

o? = —[(gm—w(l —tan’fy)sin(8y, + B) —
2 myy cosf3

<00+ (st sinty +

gMmy,

O 7,0
U L A
2my cosB

gmy sinfy
- ct3,i~ ct+3,j

my, cos3

X (ueosty + Alsing,) U UL, + U, u) |

(A6)

gm3 cosﬁH)

0'53.) = [(gmw(l —tan’fy,) cos(0y + B) —
my cosB

2
X Ufel)* US? + <ngtan20W cos(fy + B)

8My,

(0 (0
Uu.5.U +—
2my, cosB

gmy cosfy
- ct3,i~ ct+3,j

my, cosB
gy - st 0T 0D, + 005,00 ]

ci J

(A7)

4 8y, i )% (€ £)x ¢
ol = 2 —<(u + Af tanlg)(UE’,i) U£+)3,j - U£+)3,iU£,/)')’

L me
(A8)
8my, OOyt 0.0
5 = o (wtang + ADWET UL, ;= UL, U).
w

(A9)

U% and UE”J are the slepton and sneutrino mixing matri-
ces, respectively. These relate the slepton and sneutrino
gauge eigenstates,

4 a = (EL’ la‘L’ 7-L’ éR’ Ia‘Rr 7~-R)Tr (AIO)

(A11)

v = (P, b, )0,

to the mass eigenstates ¢ ;» D; through the relations 7 ;=

Ul(.fyﬁga and 7; = UEZ)]L 7,. The mass eigenstates are de-

fined in order of increasing mass. The neutralino gauge

eigenstates §° = (—iB, —iW, fpg, JO)7T are related to the

mass eigenstates x? by x% = O 9. Similarly, the mixing
cosf;,

of the negative charginos is
()= (5, = )())
X2 —sinf; cosd; v, )
Finally, the neutral Higgs doublet is given by

() = (0n)+ Ja) * G5 %(50)
(A13)

(A12)
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where
_( cosfy  sinfy
Ry, = ( — sinfy cosﬁH) and (A14)
R — sinB  cosf3
B —cosBB sinB /)

These coefficients are consistent with those of Ref. [27],
where a more complete discussion may be found.

APPENDIX B: PHASE SPACE INTEGRATION

In the three-body decays {7,- —{ ififm> we label the
initial and final state particle masses m;, m;, my, and m,,.
We will maintain these indices throughout the appendix,
with i corresponding to the parent slepton, j to the daughter
slepton, k to the daughter fermion with the same sign as the
parent slepton, and m to the other daughter fermion. The
decay widths are the squared matrix elements integrated
over three-body phase space:

1
647 m; Jps,
1 Ef En
= dE dEm M|?
647 m; E; k M

m

PHYSICAL REVIEW D 79, 116009 (2009)

1
yi_2(1—x+r%)

+ ‘[xz — 4}%/\1/2(1 —x+ r%, r2, r?)] (B5)

and we have defined

[2 - )R> - )

m; m m
=t o=t =S (BO)
Rz—l—r2+rk+rm, B7)
Ax, y,z) =x>+ 2+ 22— 2xy — 2xz — 2yz.  (BY)

Throughout this work, we implicitly assume that the matrix
element squared has been averaged and summed over
initial and final state spins, respectively.

The squared matrix element has the form

|MP = M, M;, (B9)
a,b

where M, and M, are matrix elements corresponding to
Feynman diagrams with intermediate particles a and b. To

i — f dx [ dy| M|?, (B1)  evaluate the decay widths, we choose to integrate over y
256 analytically. The decay widths are then written in terms of
where the dimensionless quantities dimensionless integrals over x, which are performed

) ) numerically.

x = Ex and y= Ey (B2) In integrating over y, it is convenient to note that all
m; m; terms M, M, have a numerator that is either constant or

have limits linear in y and a denominator that is proportional to the
5 5 product of two propagators, each of which is either of the
y=1+rg—(r+r,, (B3)  form (I—x+rg—ry,) " or (x+y—1+r?—ri,b)*l,

where r,;, = m,;,/m;. We therefore define the following

xo = 2ry, (B4)  dimensionless functions of x:
J
Vi ydy k(x, rp,)

e Tp) = = B10

oo ra ) v I=x+r)0—x+r-r)(0-x+r-r) (A-x+r-r)1-x+r (B10)
dy (x,r2—1-1r2)

(1) 1) = a -, B11

FO 10 ) = _[ (1—y+rm—r2)(1—x+rk—rb) (l—x—i-r%—r,%) B11)

PO rem) =" yay = (14 73 = O 7 1) = K, 7). (B12)

v A=y+r2 =) —x+ri—r)
o dy Ix,x—1+r2—7r?)
g(l)(x’ Ty rb) = 2 B} b} b} = 2] 2“ (B13)
v ery—T1+r =)l —x+r;—rp) (1=x+r;—ry)
-+ d
g rpry) = | pd = k() + (1 —x =2+ 2)gV(u ), (Bl4)

v ()c-l-y—1+r§—r§)(l—x+rk—r%7

116009-8
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Vo dy

PHYSICAL REVIEW D 79, 116009 (2009)

I x = 1475 —ry) =l x— 1477 —71})

h(l)(xx rg) rb) =

B TS S iy ) ’
(B15)
V+ dy
h@ , . Y
(5 o 1) = (x+y—1+r—r2)(x+y—1+r—rb)
= l(x,x — 1+ =)+ —x—r}+r)hV(xr,r), (B16)
+ d —Vy_
(1) _ [ 4 Y B17
i 1) yf(x—i-y—l-i-rf—rg)z (s +x—1+r—r)(y +x—1+r—2)’ BI7)
) ¥+ ydy )
iDx, r,) = R P . gy =Illx,x—1+ r? -2+ (1 —x- rjz- + r2)iV(x, r,), (B18)
J
[

where general case of independent k and m is taken; for the
ye =y remaining widths, k = m is assumed to simplify the

k(x, rp) = ———5——, (B19)  expressions.

l=—x+r,—r p
Yotz 2. ¥*x° contribution
_ +

I(x,z) =In y_+z (B20) The neutralino width corresponds to the width given in

These functions will appear frequently in the decay
widths to be discussed below. The first function f contains
an extra factor in the denominator to conform to the
notation used in Ref. [24]. The other functions are simply
integrals over y with all relevant combinations of propa-
gators in the denominator and a numerator either constant
or linear in y.

APPENDIX C: T'(¢; — €; ¢, €;;)
1. Total width

For the charge-preserving case, the matrix elements for
all contributing modes are presented in Egs. (3)—(8). The
total decay width is

o !
PR 2 e +) = 2
Ll — 6, 65) @W%“&JMI 1)
1 4
= oMY, + p
647T3mi PS; (ahz] MX“ MX/; MZMZ
-3 My, M, + 2Re[z MM,
a,b b=
4
£ My My + S ]) )
a b=1 b b

= F-O 0 + 5km(FZZ + FHH + 21—‘ 0 + ZFH)(U + ZFZH)
(C3)

where &y, is the Kronecker delta function. For I'y 40 the

Ref. [24] with the addition of flavor-violating vertices. The
decay width is given by

; 6

51277

[

4
(f) (1)
hZ: Coanlap (€4

t=1la 1

where ¢ labels the coefficients and integrals, and a and b
label the neutralinos. The dimensionless integrals are de-
fined by

1;10) » [ dx(x — Zrk)(l —x+ rk)(R2 —x)f(x, 1, 1p),
aXp

(C5)

I<~20) o = TFaly fx+ dx(x = 2r)(R*> — x)f(x, 1o, 13,), (C6)

aXp

I(j)) W= =2r rb/ dx(x — 2rk)(l —x+ r%)f(x Far TD),

(€7
I(f? W= = 2rry fx+ dx(l — x + rk)(R2 —x)f(x, ry rp),

(C8)
I(*S")Xﬁ = 2r Pl alp '[x+ dx(l — x + r%)f(x T 1), (C9)

I(~60) W =2ryrp, fﬂ dx(l — x + rk)zf(x re 1), (C10)

with coefficients
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c
*0 0 IBazk a/metlebjm ﬁatk ajmﬂbzkﬁb/m’ (Cll)

2)
Cj(g 0 IBazk a]mezlebjm Bmk ajmﬁbzkﬁb]m’ (C12)

C(30) 0 _2Re[18a1k a/mlezk b]m lBazk ajm ikBll)j'm]’
(C13)

@ _
C;(g;(g = —2Re[ B a]mﬁbzkﬁb]m B a]mﬁblklgbjm]

(C14)
C;SU)”) = _4Re[18mk ajm lkajm (CIS)
aAp

6 *

ngg)/“/g = _4Re[ﬁa1k ajm sz%)jm] (C16)
3. ZZ contribution
The Z boson contribution to the decay width is
mi | 850 P& 0 0

Iy =—"x co 1), Cl17
2 5123 cos¢9 Z 2272z (€17

where the dimensionless integrals are
I(ZIZ) = /x+ dx(2x —2 — r%)i(z)(x, r)+[2-02+ r%)x
X_

~ 27+ 3+ AR 1), c1s)

I(ZZZ) =T [M dXi(z)(X, rz) +(x—3- r?)i(l)(x, rz),
X_

(C19)
and the coefficients are

C) = 8sin*gy, — 4sin0y, + 1, (C20)

CZ) = 8sin*0y, — 4sin’0yy. (C21)

4. HH contribution

The purely Higgs-mediated contribution actually con-
sists of several pieces with similar phase space structure.
Furthermore, it simplifies into the sum of contributions
from the real and pseudoscalar Higgs bosons, since the
interference term between a real scalar and a pseudoscalar
vanishes.

The width is given by

1
FHH = W(Choh(][hoho + CHOHOIr + 2ChOHOIhOHO
+ CAOA(‘ 4040 + CG"GOIGOGO + 2C o0l oGo)
(C22)

PHYSICAL REVIEW D 79, 116009 (2009)
where the dimensionless integrals are
Xt
Iy = f dxi®(x, ry ) + (x = B2 = 22i0(x, ry, ),
X_

(C23)

X
i, = [ ekt v )
X_

+(x— R - Zr%)h(l)(x, TH,» er)’ (C24)

X+
(4 H= / dxi®(x, rg)+(x—1+ r?)i(l)(x, ru.),

(C25)
Xt
4 H, = [ dxh(x, ry.ry,) t(x—1
+ rHhV(x, ryg,, ry,), (C26)
where a # b, and the coefficients are
Cpopo = 107y sing 2, (C27)
Cop = oDy cosoy|?, (C28)
Copo = —Re[af) O'S)*ygf)z sinfy cosfy |, (C29)
Cpop = oy sinBP, (C30)
Cooen = 105y cospl?, (C31)
Cpogo = —Re[o "y sinf3 cos B, (C32)
5. Zx" contribution
The width from the Z{° interference term is
2) 2
m; 8 Z
o, = i C(t) I(t) C33
2 512 cosfy bzl Z Zy, 2% (€33)
where the integrals are
W = o dx[2(1 — x + r)g®@(x, ry, 1)
Z/‘;B . k g Z b
+(2x —2R*+ 12 — 12 r%)g(l)(x rg )], (C34)
Xt
I(ZZ;? = rkrb[ dx[g?(x, rz, 1)
4 X_
—(1+x- rf)g(l)(x, rz )], (C35)
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3 e
I(Z;(g = rkr,,[ dx[g? (x, 7, 1))

+ (1= x =gV rpry)l  (C36)

I(ZA')O =r fx+ dx[(3 = 2x + r)gW(x, rz, )], (C37)

and the coefficients are

Chh = Re[(2sin6y, — DB}, AL, + 2sin’0y B}, BT, )

(C38)
C(ZQ;E = Re[(2sin’0y — 1)B}; B3, + 25in*0y B3, B )
(C39)
C(;;(b, = Re[2sin’0y B}, B, + (2sin>0y, — 1)B3, B1,]
(C40)
c¥, = Re[2sin?0y, B, B+ (2sin6y — )2, B2
zy WRbiklPbjm bik P bjmt
(C41)
6. HY" contribution
The width from the H %" interference is
() H@ (0 pH®
FH,\70 256\/_77-3 Z Z(Cho 0 hO O + CHO 0 HOXO
+ Carlioy + cg?o o loim): (C42)
where the dimensionless integrals are
1 = [ e )
+ (= R =2V (e rg, rp)] (C43)

IH(Z) =7y j‘“ dx(2x — R? — 2’%)8(1)(3@ TH, Tp), (C44)
“ b X_

Xt
IZ(I;O = rb[ dx[g?(x, ry . ry)
arthb X_

+ (x -1+ r?)g(l)(x’ err rb)]’ (C45)

1 =[xt = g, ) (ca6)

and the coefficients are

1 2) (€ *
Choy = Relo 7y sinb, (B} B3, + Bl

(C47)

PHYSICAL REVIEW D 79, 116009 (2009)

Cfo) 0 = Re[a-(Z) 2 ) SlneH(letlebjm + Bbtlebjm)]
(C48)

1 {4
C(Hg 7 _Re[o'ﬁ,))’;()COSHH(,Bb,th,m + Bblkﬁb]m)]

(C49)
CS()w P Re[tff)y;(f) COSHH(ﬁblthjm + Bb,kﬂb]m)]
(C50)

i o= = Re[o'y}" sinB(BLyBY: — BraBiin)) (CS1)

o = Re[a' 1V sinB(B) 8L, — BiuBri)] (C52)

ng 50 RC[O’S)y](f) COSIB(Bhtk b/m lleb]m)]
(C53)
¢
C(ng);g = _Re[af)yl(c)cosﬁ(lgbzkﬁb]m 1k18b]m)]
(C54)
7. ZH contribution
The ZH interference decay width is
5(2)
r —————————(Cyol” o + Cppl’
562 cosew( 20 zne T 2z
+ CZA(»I 740 + CZG”IZGO) (C55)
where

X
Iy = rkf T dx[hP(x, ry, ru,) — xhW(x, rz ry)]
X

(C56)
1551,, =ry jx+ dx(1 — r?)h(l)(x, Y2 Th,), (C57)
and
Cypo = —Re[(r( ) gf) sin@y (4sin?6y, — 1)], (C58)
_ (3),,(0) 02 _

Cpo Re[o-ll Yy cosby(4sin*fy, — 1)], (C59)
Czpo = —Re[aiy{ sinB], (C60)

Cyeo = Re[af) ygf) cosB]. (Co1)
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APPENDIX D: I'(¢; — €} €¢; ¢;,)
1. Total width

For the charge-flipping decay, the calculation is compli-
cated by the fact that the same-sign daughter leptons create
an interference term. It is convenient to break the matrix
element into two parts, as shown in Eqgs. (14)—(16). It is
correspondingly convenient to separate the decay width
into three terms:

T, — g;r(/)/:e;l) = Cp('yy + Ty —2I)), (DD
where
1
.. = § R () () D2
Y 647T3m,' []353 a,b=1 e[m M ] ( )

and Cy,, is 1 when the two outgoing leptons are of different
generations and 1/2 when they are of the same generation.

2. 11 width

From inspection of the matrix element, 3\45}') is identical
to M 7 except for the coefficients in the ajm vertex. Then
I’y is identical to I' ;o0 in the charge-preserving case with
the substitutions

1 —, 2= 2 _, pl=
xjm xjm’ xjm xjm’

(D3)

and with the identical substitutions for the complex con-
jugates, where x = a, b.

3. F22 width

From further inspection of the matrix elements, M

and M differ only in the interchange of the two outgoing
leptons. Thus I';, may be obtained from I';; with the
interchange k < m.

4.F21 width

The I';; width from the interference term is given by

1
Ty = ———— Re[ M M|
21 647T3ml' /;)53 % e[ :l

8 4
25673 > > ReDHLIGL] (D
e b a

t=1a,b=1

where the integrals are
m "
J).(g).((}3 = ,[x, dx{[2rr?,

— (1=t RO ),

= x(1+ 1) + RV (x, g, 1)}

(D5)

Iy = rirw [ dx(1 73— = ) ),
a%b x_

(D6)

PHYSICAL REVIEW D 79, 116009 (2009)

Xt
J(~30) 0 = Imlp f dx[sz(l)(x) ra» rb) - f(2)(x) Ta rb)];

D7)

X4
T = ey f dxfO(x, rgy 1) = 205005 1 )]
a X_

(D8)
I =17, [ dx(x = 22 (x, 1y ), (DY)
XaXp X_
S = it f S dx(R? = x0)fV(x ry ), (D10)
atb X_
Xy
Jg")x" = rarbf dx[(x — RY)fV(x, r,, rp)
ath x_
+ fO(x, 1y 1)) (D11)
Xy
Jgo))_(o = 2rkrmrarbf dxfV(x, r,, ry), (D12)
atb X_

and the coefficients are

n  _ plx
D)'(S);g - cllim a]lebszb]m + Bazm a]kaszbjm’ (D13)

pY® — 2% plx p2 ol
~0 b - (ﬁmmﬁa}klghzkﬁb/m (;m a;’k bikajm)’

(D14)

B _ pix
D;(g;(g — Paim ajkﬁbzkﬁbjm + lBalm a/kﬁbtkﬁbjm’ (D15)

@ _
D,\72X2 - (IBalm a]kathb]m+Batm ajk ikﬁijm)’
(D16)
()
Df(gf(g - _(Bazm a]lebtleb]m +Batm a/k ikBllu'm)’
(D17)
D)y = Bl BLBuBhim + BLinBLBha B (D18)
)‘(2)‘(2 aiml= ajkl= bik 2 bjm aim a]k bik = bjm’
(C) R #
D)'(g 0 _( 111im a/lebzleme +:Ba1m a/k ikﬁlzajm)’
(D19)
® _ #
D;(g)”(g - atm ajlebszbjm Lzzim a/lebthbjm (D20)

APPENDIX E: I'(¢; — €} v,
1. Matrix elements

The decay to neutrinos is mediated by charginos ¥, and
the Z boson, and so the matrix element is
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2
M = Z My- + My, (ED)
a=1
where
+
My, = a7 L
X (i’)/aijL)v(pm)
= i(’yfzikyajm)ﬁ(l’k)%PLv(pm)’
(E2)
ig{); 1
2 2cosby (p; — p,P — m}

X @(p)(pi + B)PLv(py). (E3)

2. Total width
The width is therefore

_ 13 [ | M2
641 m; Jps,
1 4
__ M. M
647 m; ,[ps_g(aybz_1 Xa =7 Xp
4
oMMy +2 Y Re[ﬂ\/lzj\/lji(;])

b=1
= FXTX/* + 5km(rZZ + 21—‘2/\7*), (E4)

Tl — € v,)

where the partial widths are defined below.

3. X_ X contribution
The chargino-mediated width is

m;

51277'3

a,

* *
1

—
=
*?

&‘

[ M

-7 X201 —x- ;’2)2
x[ T dx
0 1=-x)1=x—=r)(1-x—1r})
2
m; % *
= YaixYajmYbikYpim
5127 MZ:I J J

X fx+ dxx(1 —x)(1 —x — rf)f(x, Tar )

2
5 1 277_3 bZ: ’yZik’)/ajm ’y}?ik')/};jml,?;)"(; . (ES)

a 1

- is the same as [ (.0) o for the charge-

artp

preserving case, except the neutralino mass is replaced by
the chargino mass and lepton masses m; and m,, are set to
Zero.

Here the integral /-

PHYSICAL REVIEW D 79, 116009 (2009)

4. ZZ contribution
The Z-mediated width is

ni; X+
r,,=— de |7 dyM,M;
72 = 5563 /L X . yiMz
1 e®
=__1 A2 — 1)i®
51273 cosHW / 200 = Difx, rz)
+2(1 = x = r)iV(x, rp)]
A 5(2) 2 0
L I, E6
5127 |cosby | % (E)

Here again the integral is the same as the ZZ integral for
the charge-preserving case except the lepton masses m,
and m,, are set to zero.

5. Z)~ contribution

The Z-chargino interference term is

m Y+ *
P f Cax [ v,
(2)
m: g{ . Xy
__m s dx2(1 —
S et Rel 7)) |G

X g®(x, rpry) + 20— 1+ rjz)g(l)(x, rz, rp)]

. o
=—-_ Re[ L

51273 cosfy

Vit Y bjm ]125(;- (E7)

Here the integral / Zx; is the same as I(ZI;O for the charge-
b

preserving case, except the neutralino mass is replaced by
the chargino mass and lepton masses m,; and m,, are set to
Zero.

APPENDIX F: T(¢; — €} 4,4,
1. Matrix elements

The decay modes with daughter quarks are much the
same as those for daughter leptons except the neutralino
intermediary contribution is removed and the different
couplings are substituted. The matrix elements for the
up-type quarks are

3iglly 1
_I_
2 2COS€W (pl p1)2 u(pk)(lfl ﬁj
4
X (P L~ gSin29w)v(pm)6kW (F1)
M, - —310'5%1;(“) cosfy
V2

1

X 5 u(pk)v(pm)Bkm, (F2)
(pi = pj)* —
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—Sza'ﬁ)yi u) sinfy

M —
HO 7
1
X ( - p; )2 u(Pk)‘U(Pm)(Skm, (F3)
j
. e
¢\ =—+> "=
! V2
1
X _ 2 _ 2 ﬁ(Pk)YSU(Pm)5km, (F4)
(pi Pj) on
M 310’Ef)y§(“) sinf
6= —+ ">
¢ V2
1
X —2”(Pk)?’ v(p)Sim  (FS)
(pi — p))
J

where the factor of 3 is the color factor, and those for the
down-type quarks are

3Lg{] 1

_ .
z= 2cosby (p; — p;)* — m% u(p )i + P
2
X (g Sinzew - PL)U(pm)Bkm5 (F6)
30 sin,
\n = ——
" 2
1
X 5 u(pk)v(pm)fSkm, (F7)
(pi = pj)* —
i o
=
" 2
1
X 5 u(pk)v(pm)ékm, (F8)
(pi —pj))” —
R,
\n = —F
! 2
1
X 5 u(pk)v V(P) S (FI)
(pi = pj)* —
M —310'5?)y§{d) cosf3
0§\ - ="
¢ V2
1
X —zu(pk)y V(pp)Sim.  (F10)
(pi = p))
The total decay width is then
Tl =0 qiq)) =Tzz + Ty + 2Tz (F1D)
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2. Up-type quarks
The decay width to up-type quarks is

9m,~ (2)

51273
9

+ W (Ah()h(]]hoho

+ 2A 0017

hOHO
+ AGOGOI

2& (0 40
t t
ZAZZIZZ

=1

cosHW

+ AHOHOIHOHU

+ AAOAO
+ 2AAoGo

APA®
G() GO AV GO )

5(2)
2[— A0l
256273 cos@W( Znznt

+ A ol JHO + AZAOIZAO + AZGUIZGU)]
(F12)

with integrals from Appendix C, with quark masses sub-
stituted. The coefficients are

A = %sm“ﬂw — gsinzﬁw +1, (F13)

AD = %sm‘*ew — 3sin’y, (F14)

Ao = 1Py cosy |2, (F15)

Agon = 107y sing 2, (F16)

Ay = Re[a'(2) (3)*})2{)2 sinfy cosfy ], (F17)
Agopo = 1089y cos I, (F18)

Agn = 1oy sinB, (F19)

Ao = Re[a? oDy sinf cos B], (F20)
Az = —Re[oDy{" cost, Gsin’0y, — 1)) (F21)
Az = —Re[a')y sin0, Gsin*0y — )], (F22)
Az = —Re[ay1" cosg], (F23)

Azgo = —Re[a')y{ sinp]. (F24)
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3. Down-type quarks

The decay width to down-type quarks is

r;

2 pl) 0

13 13
ZBZZIZZ
=1

9ml‘
51273
9
_|_
2567 m;
+ ZBhOHOIZOH“
+ BGOGOIZOGO
2
2[ 985,(7)
25627 cosby,

2
gf,('i)
cosfy

- E;dkjk) =

(BhOhOIr

10RO + BHoHoIr

H() HO

p
+ BAOAUIAOAO

+ ZBA°G°I§0G0)

(BZhOIghO

+ Byl

7HO + BZAOIP

ZAO + BZGUISGO)],

(F25)

where, again, the integrals are equivalent to those defined
in Appendix C with quark masses substituted. The coef-
ficients are

(1]
(2]

[14]

B)) = Ssin*6y — dsin?Oy + 1, (F26)
By = Ssin'6y, — $sin’0y, (F27)
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@), (d)

Byoy = o)y sing |2, (F28)

By = 1oy cosfy 2, (F29)

Bjo = —Re[a oy sindy cosby]  (F30)
By = oy singl?, (F31)

Beogr = oy cosP2, (F32)

Byogo = —Re[o-ﬁ) 05.?)*y,({d)2 sinf cosB], (F33)

By = —Re[o)y(" sindy (Gsin>0y, — 1)), (F34)
By = Re[a?y cos, (sin’6y, — 1)], (F35)
By = —Re[oy{? sing], (F36)

By = Re[a)y{ cosB]. (F37)
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