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Abstract In MSSM scenarios where the gravitino is the
lightest supersymmetric particle (LSP), and therefore a viable
dark matter candidate, the stop 7; could be the next-to-lightest
superpartner (NLSP). For a mass spectrum satisfying mg +
my > mz > mg+mp+my, the stop decay is dominated
by the 3-body mode 1 — bW G. We calculate the stop
lifetime, including the full contributions from top, sbottom,
and chargino as intermediate states. We also evaluate the stop
lifetime for the case when the gravitino can be approximated
by the goldstino state. Our analytical results are conveniently
expressed using an expansion in terms of the intermediate
state mass, which helps to identify the massless limit. In
the region of low gravitino mass (mg < mj,) the results
obtained using the gravitino and goldstino cases turns out to
be similar, as expected. However, for higher gravitino masses
mg < mj, the results for the lifetime could show a difference
of O(100) %.

1 Introduction

The properties of supersymmetric theories, both in the ultra-
violet or the infrared domain have had a great impact in
distinct domains of particle physics, including model build-
ing, phenomenology, cosmology, and formal quantum field
theory [1]. In particular, supersymmetric extensions of the
Standard Model can include a discrete symmetry, R parity,
that guarantees the stability of the lightest supersymmetric
particle (LSP) [2,3], which allows the LSP to be a good can-
didate for dark matter (DM). Candidates for the LSP in the
minimal supersymmetric extension of the Standard Model
(MSSM) include sneutrinos, the lightest neutralino X? and
the gravitino G. Most studies has focused on the neutralino
LSP [4], while scenarios with the sneutrino LSP seem more
constrained [5].
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Scenarios with the gravitino LSP as the DM candidate
have also been considered [6-9]. In such scenarios, the nature
of the next-to-lightest supersymmetric particle (NLSP) deter-
mines its phenomenology [10,11].

Possible candidates for NLSP include the lightest neu-
tralino [12,13], the chargino [14], the lightest charged slep-
ton [15], or the sneutrino [16-19]. The NLSP could have
a long lifetime, due to the weakness of the gravitational
interactions, and this leads to scenarios with a metastable
charged sparticle that could have dramatic signatures at col-
liders [20,21] and it could also affect the Big Bang nucle-
osynthesis (BBN) [22-26].

Squark species could also be the NLSP, and in such a case
natural candidates for NLSP could be the sbottom [27-29]
or the lightest stop 7;. There are several experimental and
cosmological constraints for the scenarios with a gravitino
LSP and a stop NLSP that were discussed in [30]. It turns out
that the lifetime of the stop 71 could be (very) long, in which
case the relevant collider limits are those on (apparently)
stable charged particles. For instance the limits available from
the Tevatron collider imply that m;, > 220 GeV [31]." Thus,
knowing in a precise way the stop lifetime is one of the most
important issues in this scenario, and this is precisely the goal
of our work. In this paper we present a detailed calculation
of the stop lifetime, for the kinematical region where the 3-
body mode 7; — G W b dominates.? Besides calculating the
amplitude using the full wave function for the gravitino, we
have also calculated the 3-body decay width (and lifetime)
using the gravitino—goldstino equivalence theorem [32]. It
should be mentioned that this scenario is not viable within
the Constrained Minimal Supersymmetric Standard Model
(CMSSM). However, there are regions of parameter space

! The LHC will probably be sensitive to a metastable 7 which is an
order of magnitude heavier.

2 Qur calculation of stop lifetime improves the one presented in [30]
where an approximation was used for the chargino-mediated contribu-
tion that neglected a subdominant term in the expression for the vertex
X GW.
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within the Non-Universal Higgs Masses model (NUHM) that
pass all collider and cosmological constraints (relic density,
nucleosynthesis, CMB mainly) [33].

The organization of our paper is as follows. We begin
Sect. 2 by giving some formulas for the stop mass. In Sect.
2.1 we compute the squared amplitudes for the stop decay
with gravitino in the final state (f; — G W b) including
the chargino, sbotom and top mediated states. After care-
fully analyzing the results for the squared amplitude, we
have identified a convenient expansion in terms of powers
of the intermediate particle mass, which only needs terms of
order O(m;), O(m;m;). It is our hope that such expansion
could help in order to relate the calculation of the massive
and massless cases. In future work we plan to reevaluate this
decay using the helicity formalism suited for the spin-% case.
In Sect. 2.2 we compute the squared amplitudes for the stop
decay considering the gravitino—goldstino high energy equiv-
alence theorem that allow us to approximate the gravitino as
the derivative of the goldstino. We present in Sect. 3 our
numerical results, showing some plots where we reproduce
the stop lifetime for the approximate amplitude considered
in [30], and compare it with our complete calculation, we
also compare these results with the goldstino approximation.
Conclusions are included in Sect. 4; finally, all the analytic
full results for the squared amplitudes are in Appendices A
and B.

2 The stop lifetime within the MSSM

We start by giving some relevant formulas for the input
parameters that appear in the Feynman rules of the grav-
itino within the MSSM. The (2 x 2) stop mass matrix can be
written as

2 2

~5 Mp, Mg
Mg Mgy

where the entries take the form

1
M}, = M7 +m? + ¢ cos2p (4m%, —m%),

2
M3, = M3 +m? + gcos2,8 sin® Oy m%,
M%R =-—mi(A; +pncotpf) =—mX,. )

The corresponding mass eigenvalues are given by

2 2 1 2 2 1 2 A
m; =m; +§(ML+MR)+ZmZCOSZ,B—3 3)
and

2 2 1 2 2 1 2 A
mt~2=m,+§(ML+MR)+ZmZCOSZIB+Ev “)
where A2 = (M% — M12€ + %COS Zﬁ(Sm%V — szz))Z +

4 m12|A[ + u cot B|?. The mixing angle 6; appears in the mix-
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ing matrix that relate the weak basis (77, fg) and the mass
(m? =M )

M |
From these expressions it is clear that in order to obtain a
very light stop one needs to have a very large value for the
trilinear soft supersymmetry-breaking parameter [29,34]. It
turns out that such a scenario helps to obtain a Higgs mass
value in agreement with the mass measured at LHC (125-126
GeV) in a consistent way within the MSSM.

Following Ref. [35], we derived the expressions for all the
relevant interactions vertices that appear in the amplitudes for
the decay width (f; — GW b), whose Feynman graphs are
shown in Figs. 1-3. We shall need the following vertices:

eigenstates (71, 72), and it is given by tan6; =

.~ 1 .
Vi(titG) = —m(y”y“pv)(cos 0;Pr +sin6;Pr), (5)
Vb Wy =2y p, ©)
V27
- ~ 190K;
V(i W by) = —%(p +q) (7)
o 1
Va(bi b G) = —m(yv)/“%v)(ai Pr +b; Pp), (8)
Vs(i1 b x;") = —i(Si + Piys). )
Ve(x;” W G) = —;( - lPVpVM(Vl'PR — Ui Pr)
i «/iM 4 i i
—myy"y*(Viasin BPg + Upa COS,BPL)),
(10)

where 7] denotes the lightest stop, while ¢ is the top quark
and G denotes the gravitino. With b we denote the bottom
quark, while W is the gauge boson, X,~+ denotes the chargino
and Ei is the sbottom. With P and Pj, corresponding to the
left and right projectors, a; b;, S;, P; are defined in Appen-
dices A and B, as well the mixing matrices Vi;, Uj;, which
diagonalize the chargino factor.

For the case when the gravitino approximates the gold-
stino state, the interaction vertices that will appear in the
amplitudes for the decay width (ff — G W b) are the fol-
lowing:

M (cos0;Pr +sin0;Pr), (11)
5 \/ngé iR i PL),
m} —m?

2x/§Mm5

\71(fltG)=<

Va(bi b G) = (a; PR + bi PL), (12)

m,+
_\/ngg

whereas the vertices Vo (t b W), V(51 W b;),and Vs (i) b x5
remain the same as in the gravitino case.

Vo(x;" W G) = [py” (ViiPr — U1 P)], (13)
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2.1 The Amplitude for7; — G W b

The decay lifetime of the stop was calculated in Ref. [30],
where the chargino contribution was approximated by includ-
ing only the dominant term. Here we shall calculate the full
amplitude and determine the importance of the neglected
term for the numerical calculation of the stop lifetime. In the
following we need to consider the Feynman diagrams shown
in Figs. 1, 2, and 3, which contribute to the decay amplitude
for 71 (p) — G(p1) W(k) b(p2), with the momenta assign-
ment shown in parentheses.
The total amplitude is given by

M= M+ Mg + M, (14)

where M, ME,-» /\/l)c(_Jr denotes the amplitudes for top,

sbottom, and chargino ‘mediated diagrams, respectively. In
the calculation of Ref. [30], the chargino-mediated diagram
included only part of the vertex V( Xi+ W G). Here, in order
to keep control of the vertex Vg and therefore M;_Jr, we shall

split M; + into two terms as follows:

c  _ 0 'V
My = M+ R, (15)
where M?(_J, denotes the amplitude considered in Ref. [30],

which onl)l/ includes the second term of (10) (with two
gamma matrices), while M s includes the first term (with 3
gamma matrices). Then the averaged squared amplitude (14)
becomes

Fig. 3 Chargino mediated diagram

| MP =M P I MG, P+ MO P M 1P
+2 Re(M‘;(iI/Vl ot MIM; + M,TM%

v 40 R
MM+ MM+ Mgi/\/lxi+). (16)
From the inclusion of the vertices V; from each graph, we
can build each amplitude as follows:
M, = CtPt(QI)GuPu(At + Biys)(gh +my)

xyPep (k) PLu(p2), a7

M. = C P; (q2) ¥ uqh (ai P+ b PR) pPe (k) PLu(p2),
(18)

MO = CL P (q3) Wy Pep ()" (Vi Aiys)(gs+my)
X (Si + Piys)u(pa). (19)

My = Cpo Py py v (Ti + Qivs)ep (k) (g +my)

X(Si + Piys)u(p2). (20)
Here C; = §3. C; = S C0. = " and C,p = g7
We have defined g1 = p— p1, qé =p—k,andg3z = p— p2,
and €, (k) denotes the W polarization vector. Expressions for
Az, B;, a;, bi, ki, Vi, A;, Si, and P; are presented in Appen-
dices A and B. Then, after performing the evaluation of each
expression, we find it convenient to express each squared
amplitude as follows:

| My, *=C3, | Py, (qa) I* Wyap,. @1

where ¥, = (t, b s X/j ). The functions Py, (g,) correspond
to the propagators factors, thus, for the chargino, ¥, = Xi+’
we have

1
P+ (q3) = — 22)

93 —mi+ +ie

i

Similar expressions hold for the sbottom and the top contri-
butions, P;(q2) and P;(q1), respectively. The terms Wy, y,
include the traces involved in each of the squared amplitudes,

Wit = T Mpo Dy " 0" (A; + Byys) (g, + mi)y”
XPLp, PRy (¢ +mi)(A; = Byys)) 23)
Wi, = Te[ p7 07" Mpo Dyt a3 (R + Ziys)
xpy (R = Zjys) . 24)
WO, o= Tr[ My D77 (Vi + Aiys) (g + my)

XK
X (Si + Piys)p,
X(Sj = Piys)ds +mOVi = Ajys) | @9)

@ Springer
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W = Te[ Mg Dy py v (T + Qiys) (s + my)

X (S; + Piys)p,(S; — Pjys)

X(dy +mO Ty = Qjys)r"y7 p. 26)
For simplicity, we have written the completeness relations

for the gravitino field and the vector polarization sum of the
boson W as follows:

kpka

3
D epk, Mek(k, ) =

r=1

= Mg Q7)

Pupv)
1
_§<gua - %) <gv)» - pvg)k)VUV)L} = Dyy. (28)
m= m=

G G

—8po +

3
Z}m@hwami>-4m+mdxi(

=1

The functions Wy, y,, depend on the scalar products of the
momenta p, p1, p2,k, q1, g2, and g3. After carefully ana-
lyzing the resulting traces (handed with FeynCalc® [38,39])
we find that these functions can be written as powers of the
intermediate state masses, as follows:

Wmm=Wmm+memw+m%Wmm- (29)

Full expressions for each function w;y,,y,, Vi = 1,2, 3, are
included in Appendix A. Furthermore, we also find that the
interference terms can be written in a similar form, namely:

MLMW = Cy, Cy, Py (qa) Py, (q0) Wy, - (30)

Again, as in the previous case, the function Wy, y, includes
the traces appearing in the interferences, specifically we have

Wypoxgr = Tl‘l:Mpngwpypy“(Ti + Qivs)(gy +my)
X py(Si = Piys)(Sj — Pjys)
X(g5 +mOV; = Ay)7'e” |, 31)

Wij, = T Myo 17 p, PRy g, + mi) (A7 = Byys)

xp" D (Ri + Zi75) |. (32)

Wi = Tr[MﬂclﬁszVG(ql +mi)(A; — Byys)
Xpu D" (A + Viys) (g +my)
x(S; + PiVS)]7 (33)

3 Progress in automatic calculation of MSSM processes with gravitino
has appeared recently [36], some of our results have been checked by
the authors of Ref. [37] and they found agreement in the results (private
communication).

@ Springer

Wit = Te[ Mo Dy py " " (T + Qi) (g +my)
x(Si + Piys)p, Pry”
X (g +m)(A7 = Biys) . (34)

Wi, = T Moo pP(pu = ki) py(S; = Pivs)
X(43 +my) (A — Viys)
xD”mf+Lmﬂ, (35)

W5, = Te[Mpo D (p” = k)R + Zi5)
sz(si - PiVS)(Q3 +mx)
X(T}—-Qns)y“yppp”} (36)

It turns out that the functions Wy, y, can be expressed also
in powers of the intermediate masses:

Wy, = Wigy, + My, (Way,y, + My, Wiy, p,)
+m oy, Wiy, - 37

The Wjy,y,, Yj = 1,2,3,4, are as the wiy,y, 4-
momentum’s scalar products functions completely deter-
mined by the kinematics of our decay. We consider (29) and
(37) to be a useful way to present our results as well an easy
manner to compute complicated and messy traces. Then the
decay width can be obtained after integration of the 3-body
phase-space

AT m?

dxdy -

12
756 73 | M|~ (38)

andy =2Ew

The variables x and y are defined as x = 2 -
1

Numerical results for the lifetime t =
and discussed in Sect. 3.

F w111 be presented

2.2 The amplitudes f; — G W b with the goldstino
approximation

In this section we shall present the calculation of the stop
decay using the gravitino—goldstino high energy equivalence
theorem [32]. In the high energy limit (mg < m;) we could
consider the gravitino field (spin 5 particle) as the derivative
of the goldstino field (spin ( ) particle). We shall consider in
this section the same Feynman diagrams, Figs. 1,2, and 3, as
we used in Sect. 2.1, but with the proviso that the gravitino
field shall be described by the goldstino fields. Making the

replacement W — l\/; 1 0, W in the gravitino interaction
me

lagrangian, one obtains the effective interaction lagrangian
for the goldstino as is shown in [35]. The averaged squared
amplitude for the Goldstino is then written as
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| MO P=| M PP+ | M P+ | MO
+2Re (Mf*/\/tg’f + M7 TME, + ME*M%) . (39)
As in Sect. 2.1, we can build the amplitudes from the inclu-

sion of all the vertices into the expressions from each graph,
namely:

ME = C,Pi(q)¥ (A; + Biys)(¢, +mi)y” Pre,(ku(pa),
(40)

ME = C; P @)W (R + Ziyu(ppTes (), (4D)

MO, = C,+ P+ (g3)py” (Ti + Qiys)We, (k) (g +my)
X(Si + Prys)u(pa). (42)

Here the superindex “G” that appears in the amplitudes (40)—
(42) refers to the goldstino amplitudes. The constants appear-

~ m?—m?
ing in front of the amplitudes are C; = —g» (4«/%Mrr’zl~ >,
mlz)—mz_ d ~ mX-+ b .
CE = 82Ki ‘/ET’"G an CXi+ = _«/nga' We obtain

similar expressions to (21) for the squared amplitudes of the

goldstino case, namely:
| MG 1P=CJ | Py,(qa) P WS, (43)

where the function Wwa Va includes traces corresponding to
the goldstino squared amplitudes, which are given as follows:

W =Te[(p, +m) (A + Beys) (g, + moy” PLMyo py

X Pry” (g, +m)(A7 = Biys) . (44)
Wl5(,~;l§,~ = Tr[p"’p”Mpg
X(py +m)(Bi + Ziy)py(Bj — Zjys) |, (45)
WO, o = Tr[ Moo (p, +mg)py” (T, + Qivs) (g +my)

X (Si + Pyys)p,(S; — Pjys)(ds +my)

x(T; = Q;v5)77p. (46)
the functions Wfa Va depend on the scalar products of the
momenta p, pi, p2,k, q1,q2, and g3, these functions will
also be written as powers of the intermediate state masses,
namely:

G G G 2 G
Woava = Wivava T MV 2yaya T M9 W3yt (47)
All the full expressions for each function w Watra® Vi =
1,2, 3, can be found in Appendix B. Again, the interference
terms for the goldstino are also written in the form

GT 4G
M a M‘ph

= Cy,Cuy P}, @) Py @) Wy, (48)

The functions Wy, correspond to the traces involved in the
interference terms, i.e.

WG = Tx[ Mo py PRy @, +m) (A7 = Biys)

X(py +me)(B; + Zivs)p” (49)

WO = Te| Mo (py +me)py” (T + Qivs) (g +my)
x(Si + Prys)

X Py PRy () +m)(A; = Byys)) (50)

W, = Te[ My py(Si= Piys) (g5 +my) (T = Qivs)y” p

x(pl+mé)(Rj+ij5)p"]. (51)
The Wga ” functions also are expressed as powers of the
intermediate masses:

G G G
Wyawn = Wigay, T M (Woy, g, + My, W3y, y,)

+my, wf% o (52)

The full expressions for wfwa%, Vj = 1,2,3,4, can be
found in Appendix B.

3 Numerical results

The decay width is obtained by integrating the differential

decay width over the dimensionless variables x, y which
2
have limits givenby 2ug < x < 1+ug—pw withu; = ::—2

i

and

2—x (uéﬂw x4 1) + [x2 —apg ("“G—“W —x+ 1)
Y+ = s

2(,;(;, —x+1)
(53)
I+pc—nw py+ mg

r:/ / | M 2 dydx. (54)

206 y_ 256 73

After integrating numerically the expressions for the differ-
ential decay width, we obtain the values for the decay width,
for a given set of parameters. We consider two values for the
stop mass, m;, = 200 GeV and m; = 350 GeV, we also fix
the chargino mass to be m, + = = 200, 500 GeV, while the
sbottom mass is fixed to be m; b= = 300, 500 GeV.

In Figs. 4 and 5 we show the lifetime of the stop, as a
function of the gravitino mass, within the ranges 200-250
GeV for the case with my = 350 GeV, and 50-100 GeV
for m;, = 100 GeV. We show the results for the case when
one uses the full expression for chargino—gravitino—W vertex
(circles), as well as the case when the partial inclusion of such
vertex, as was done in [30] (triangles) and in the limit of the

@ Springer
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Fig. 4 Stop lifetime 1
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Fig. 5 Stop lifetime 2

goldstino approximation (squares). We noticed that for low
gravitino masses (m g — 0) the full gravitino result becomes
almost indistinguishable from the goldstino case, while the
partial gravitino result has also similar behavior. For large
gravitino masses (mg = mj, ) the results for the stop lifetime
using the full gravitino and goldstino approximation could
be very different, up to O (50 %) different.

On the other hand, the values for the stop lifetime using the
full gravitino and partial gravitino limit are very similar for
low gravitino masses, while for the largest allowed masses
the difference in the results is at most of order O (50 %). The
value of the lifetime obtained in all theses cases turns out
to be of order 107-10!2 s, which results in a scenario with
large stop lifetime that has very special signatures both at
colliders and has also important implications for cosmology,
as discussed in Ref. [30].

For instance, regarding the effect on BBN, the stop 71 has to
form quasi-stable sbaryons (f;gq) and mesinos (f]7), whose
late decays could have affected the light element abundance
obtained in BBN, while negatively charged stop sbaryons
and mesinos could contribute to lower the Coulomb barrier
for nuclear fusion process occurring in the BBN epoch. How-
ever, as argued in [30] the great majority of stop antisbaryons
would have annihilated with ordinary baryons to make stop

@ Springer

antimesinos and most stop mesinos and antimesinos would
have annihilated. The only remnant would have been neu-
tral mesinos which would be relatively innocuous, despite
their long lifetime because they would not have important
bound state effects. Further discussion of BBN issues of Ref.
[33] divide the stop lifetime into regions that could have an
effect, but the larges ones (which represent our results) do
not pose problems for the success of BBN. Then, regarding
the effect of late stop decay on the Cosmic Microwave Back-
ground (CMB), we have included some comments in the text,
to estimate the main effects. The arguments read as follows.
Very long lifetimes (r > 10'? s) would have been excluded if
one uses the approximate results of Ref. [40], which present
bounds on the lifetime t (for the case when stau is the NLSP)
using the constraint in the chemical potential ;1 < 9 x 107,
However, it was discussed in Ref. [41] that a more precise
calculation reduces the excluded region for lifetimes, ending
at about T ~ 10'! s—10'2 5. Thus, the region with very large
stop lifetimes could also survive. Specific details that change
from the stop decay (3-body) as compared with stau decays
(2-body), such as the energy release or stop hadronization,
will affect the calculation, but the numerical evaluation of
such an effect is beyond the scope of our paper.

4 Conclusions

In this paper we have calculated the stop 7| lifetime in MSSM
scenarios where the massive gravitino is the lightest super-
symmetric particle (LSP), and therefore is a viable dark
matter candidate. The lightest stop 7; corresponds to the
next-to-lightest supersymmetric particle (NLSP). We have
focused on the kinematical domain mg + m; > m; >
mg + myp + my, where the stop decay width is dominated
by the mode 7} — b W G.

The amplitude for the full calculation of the stop 3-body
decay width includes contributions from top, sbottom, and
chargino as intermediate states. We have considered the full
chargino—gravitino vertex, which improves the calculation
presented in Ref. [30]. Besides performing the full calcu-
lation with a massive gravitino, we have also evaluated the
stop decay lifetime for the limit when the gravitino can be
approximated by the goldstino state. Our analytical results
are conveniently expressed, in both cases, using an expan-
sion in terms of the intermediate state mass, which helps in
order to identify the massless limit.

We find that the results obtained with the full chargino
vertex are not very different from the approximation used in
Ref. [30], in fact they only differ approximately by 50 %.
The comparison of the full numerical results with the ones
obtained for the goldstino approximation, show that in the
limit of low gravitino mass (mg < mj, ) there is not a signif-
icant difference in values of the stop lifetime obtained from
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each method. However, for m 3 <m i the difference in life-
time could be as high as 50 %. Numerical results for the
stop lifetime give a value of order 10’—10'2 s, which makes
the stop behave like a quasi-stable state, which leaves spe-
cial imprints for LHC search. Our calculation shows that the
inclusion of the neglected term somehow gives a decrease
in the lifetime of the stop. However, it should be pointed out
that the region of parameter space corresponds to the NUHM
model.
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A Analytical expressions for amplitudes with gravitino
in the final state

In this appendix we present explicitly the full results for
the 10 wy,, 4, functions that arose from a convenient way to
express the large traces that appear in the squared amplitudes
(21), as well as the 18 wy, , functions in the interferences
(30) of the 3-body stop 7; decay with gravitino in the final
state. First, we shall present the contributions for the squared
amplitudes, then we shall present the interferences.

A.1 Top contribution

For the averaged squared amplitude of the top quark contri-
bution, the functions wi;;, Wo;s, and w3, are

daih
Wi = — g ( fandy (6m + 2hsm? = g)
3meG

+6 3y + 41 — 2f1(m% (—(4f5 + 3m3y))
+H@f+3my) + f47) + (af —2m?)

x(m%vmé + 3f3m%4, + 2f32)

+HAFE(fr = mE) = 2mfymLhsm? — 4f22m%v), (55)

8a2h1 2

Wait = Ty (g i = 2f2) = fi(4fs + 3miy)
meG
+3fsmiy + 217 + 219, (56)
daszh
Wit = s (mly (2 = m%) = 3fimiy = 2f3 + 21 f3).
3m2,m2 G
meG

(57)

The functions fi, f», and f3 are functions of the variables

x and y that were defined previously in Sect. 3, they are
2 2 2

mz m= ms=

fi==3y, =3t fi=F(=l—pg—uw+x+y),
2 2

with ug = ::—26 and puy = Z—g" We have also used in (55)—
il gl

(57) the substitutions 71y = (f — szmf’1 ), a1 = (A;— By)?,

a = A?—Btg,and@ = (A;+B;)2, with A; = cos 6;+sin 67

and B; = cos6; — sin 6;.

A.2 Sbottom contribution

For the averaged squared amplitude of the squark sbottom
contribution, the function w 15 18

8Dij1hah3((f2 = f3)* — a3m?)
- 3mym? '

W15, (58)

Here hp = o — f3 — mé and h3 = f12 — m%vmtgl We have
made in (58) the following substitution: a; Pr + b; P =
%(Rl‘ + Z;ys) such that Dij1 = RiR; + ZiZj,With R; =
a; +b;, Z; = a; — b;, Rj = aj +bj,ande =aj —bj,
and with a; = (sin 6, cos0;), b; = (cos ), —sint;) and
ki = (cos 67 cos 0, — cos 7 cos 0;).

A.3 Partial chargino contribution (M?ﬁ)

For the averaged squared amplitude of the chargino contri-
bution, the functions W2x+x+’ Vk=1,2,3,are as follows:

w(l)xlfrxlfr = —%((mg+f3)(2(mé+m%v)+4f3_q32)
+f2(_2m2@ —2f3+ q%) —2fi (m%; + f3)>, (59)
W(2)x.+x.+ _ 8 +32ij§)(h5 - fi— fz)’ )
i X 2 me
W Sy o

L=
i Xi 3m%‘,mé

with hy = 2mym?% + fi and hs = m? + 2 f3 + myy,, we
have also used the following substitutions: X;;1 = (S;S; +
PiPp)(ViVi=AiAj)—=(Si Pi+PiSj)(AiVi=ViAj), Lijp =
(SiSj + PiP)(ViV; — AiAj) + (SiPj + PiSj)(AVy —
Vihj), Zij3 = (8iS; + PiP)(ViVi + AiAj) + (SiPj +
PiS;)(A;Vi + ViAj), with V; = Viz sin 8 + U; cos B and
A; = Vjasin B — Ujp cos B. For the low-to-moderate range
of tan S we have

1 gomy sin ¢y, sinG;)
Slz—(—zcos p + S SMOL SN 62)

2\ 78 ¢ 2my sin B

1 gomy sin ¢y, sin@;)
Plz—(—zcos , - SsngLsinG;) 63)

2\ 78 ¢ 2my sin B

@ Springer
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where cos ¢, £sin¢; are elements of the matrix V that
diagonalize the chargino mass matrix, and expressions for
S> and P, may be obtained by replacing cos ¢; — —sin¢y,
and sin ¢ — cos ¢y in (62) and (63).

A.4 Full chargino contribution (/ﬁ X +)

For the averaged squared amplitude /\/l B of the chargino
contribution, the functions Wik x> Vk= 1 2,3, are:

Wiyt = 43 Pjha, (64)
_ Lbmg(Pyj1 + Pijp)
Yot = 3m%‘,
x(hs — fi = )Qf] = Smiym?), (65)
Wiyt = Pijaht, (66)

where we have defined

= s (21 — o) f = mE Qs +my)
G
—f3m m; )+h2(2f myy — ms; h6)
+fEEfrmE = 2mb)). (67)

With hg = 3m%‘,mé +2 f32, we have used the substitution
Vi1 Pr — Uj1 P, = T; + Q;ys in the first term of the interac-
tion vertex Vg( Xi+ W G), we have also made the following
substitutions in the functions (64)—(66):

Pij1 = (SiS; + PP)(TiTj + Qi Q) — (SiPj + PiS))
x(T; Q; + QiT)), (68)

Pijo = (SiS; + PiP)(TiTj + Qi Q)) + (Si Pj + PiSj)
x(T; Q; + OiTj). (69)

A.5 Interference terms

MO M + interference

For the interference term /\/l());F M 5> the W, 5.ty functions,
Vk=1,2,3,4,are

- . 1651]1
WlXiJrXiJr - 3m 2 (fl

+/i (4f2f3(2mé +f3—43)
—(mE & f3+myy) +2f)20m7 + miy)

(%8 f3 +2miy — g3) +417)

+4f3— q3))
+omiy (—=mZ Q2 fo — 4f3 = 2miy + q3)
+2mé + fogd) + fiaim? ). (70)

@ Springer

~ 16(Sij2 + Sij3)
Tarine = g2y
2 m>

(m2—am3 (f = 3miy)
+2mymE —2f3)
+2f1(fsmEhs + 2 frmiym? + £7))

— famYy (SmZhs + f2f3 = 3m%))

— 1R fam +md)), (71)
- 16S;;

+f1m% @4 f3 +my) +2£3(f3 = 2f2)

— 12+ fimd), (72)

In order to have control in the calculations with huge expres-
sions, we have made the following substitutions in the func-
tions (70)—(72):

Sijt = (SiSj + PiP)(TiVj+ QiAj) — (SiPj + P;S))

x(QiV; + T Aj), (73)
Sij2 = (8iSj + PiP))(TiAj + QiVj) — (SiPj + PiSj)
x(QiAj +T;Vj), (74)
Sij3 = (SiSj+ PiP)(TiNj + Qi Vj) + (Si Pj + PiSj)
x(QiVj+TiAj), (75)
Sija = (SiS; + PP)(TiVi+ QiAj) + (Si Pj + P;Sj)
x(QiVj+ TiAj). (76)

M())(Z M interference
. 1
1

For the interference term ./\/l0 M B the functions w
Vj=1,2,are

ixihi

Wixth = —%
P 3myme

—2f3 fa(m% + 3 f3 — my)
+2f5hs + f7Q2fs —my,))
—i—m%v(mtgbigl(mé(_2f2 Lafymd)
+2m‘(‘~; + f32) + fz(—fz(Zmé +6f3+ m%v)
+2 f3hs +2.£7))
HIEmE (= 2f2 +Af3 + miy) = 2mg, +2f7)

(= rilm2ondym? + £3)

+f3m2~), (77)
8771]2h2
Yot = 3, 2 — (my (m% hsm,I + f2(f3 = f2)
G
—ff mé+f1(f2_f3)f3)~ (78)
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In the functions (77) and (78), we have made the following
substitutions:

nijt = Rj(N;Si — ViP) + Zj(Ai P — Vi §), (79)
nij2 = Rj(NSi +ViP)+ Zj(Ai P +ViS)). (80)

/\/l,T/\/l?(+ interference
i

For the interference term M,TM?(+ the functions w
Vj=123,4,are ’

jtxit

2Qi1
Wit = 3m?

o (21 (2 s + 203 = 1)

wneé
— fam%hs + 233 f3 +my))

—fsmEhs + f3 2 f3 = 3myy))

+m (—myym% (=4 fr + 6 f3 + miy)

—Amiyml + f5(Q2f + HImy + 25— £)
+[EM%L (=42 + 10 f3 + 3m3y) + 4m% + 82 f3)
+f2(2f32(m2(~; +m3y)

+f2m%v(4mé —4fr +myy) + 4L fmyy +4£5)
—6fim%). 81)

49,
Wayt =33 3 :nz (—mtg(fz(f32 - Zm%vmé) + Zm%‘,m‘é)
WG

+/1 (fsmém?1 + m‘é('ﬂ%v - f3)
— o Q2 fs + m¥y) +2£3 f3)
+HME(RL — HImy + )+ f(fs = 2f)myy)

+2ftmi L — ), )
Wit = 3”‘2;:—:16(’"%}!9 - flmzé(fl —2f342m3%)

=3 f3mdy 420215 (my - £3)), ®3)
Waryt = _3’"2;;—22@<_m26m% (4f3m%V + ho)

(i + RS )

22 f3hs + fimy G+ 2f5) + SR fom +m))
(84

Here hg = 2f3 — m%‘, and hg = 3m%vm26 + f32. We have
made the following substitutions in the functions (81)—(84):
Qi1 = (Aj = B))(Si — P)(Ai + Vi), Qin = (A; — Bp)(Si —
P)(Ai — Vi), Qiz = (A7 + B)(Si — P)(A; — Vi), and
Qis = (A; + B (Si — P)(Ai + V).

./\/l;LM ;. interference
1

For the interference term M,T/\/l ;- the functions Wit Vj=
1,2, are

W 2 (All + A12)
lth 2
3meG

(2@ =2m2 + hy)
—2’"%"1,%1 (fs — 2mg) + m‘éhs

—4f30m% + f3) + A1) + 2.1 (m? (—m (fs — 2m3)
+fsmiymE + fafs(fs = ) + fmEm]

+ 2 (fsmE(fr = f3+ my)

—mlymt + fo(fs — fIm}y))

+mw( (m Q2> +miy)

+@fF —afsfa— fHmk

25— £)7) = 2mimt @m% — f + f3)
—fEm%Q2fr — hg))

4T (fr —m )), (85)
2 (A i
Worb; = (BmI%VmG 2 (f] (2f2 — m> (21’)’1 + hg))
+fi (m%(mz~ hy — f3)
+2fa(miym — fmiy + f7) = f7 Q23 +miy))

iy (m? (—m?, (2f2
+miy) =205+ 2f3f2+ f3) + 2mim]

Q- hy) + fﬁm%). (86)

with Aj; = (R; — Z,‘)At~ and Ajp = (Z; — Ri)B;.

~ w
./\/lxiJrM j, interference

For the interference term M}M ;.- the functions \TV/.X_+ i
Vj=1,2,are

~ 8f1C1]1
Yith T 3, 2 m

5 (241 (i m? + hs)

G
+h@mymE +mE —2f7)

QL —m%)) —mi(mE QS5+ my)

+mZ (£33 f3 + 4myy)

—2H(fs +m¥y) +2(f2 — ) f7)

— fomiy (mE (=3 f> + 4 f3 + 2miy)

+omt £ 222 = ) + fRnE —4fmd)).  (8T)

@ Springer
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16 f1 Cijzhz(—f3hsmtgl — fam3y + fi(f2+ £3)

2 .
3meG

W2Xi+l;,' ==
(88)

We have made the following substitutions in the functions

(87) and (88):

Cij1 =Ti(RjSi + ZjP) — Qi(R; Pi + Z;Si),

Ciio=Ti(R;jS;i + ZjP;))+ Qi(R; P; + Z; ;). (89)

MM o+ interference
1

For the interference term MTM o the functions W .
Vj=1,2,3,4,are:
~ 8Rij

2 4 2
Witgt = 3m%vm2~-(_mémfl (4 famy, + ho)
G

I’X

mtg(fzzm%v (SmZG +41)+ mzé (m%vmzé
—f3)hs + 2fzh5<m%vm2~ + £9)
+17 (m m (m +4f3) — 3m ahs
+fdmym?% +6mE) + f5 8 f3 — 4m?))
+2f1(m ( (2m (fs +m¥y)
+(fs = 2f)m%(f3 +my) + 22 7))
—2f2(fa = mZ)(fshs + fam3y))

— f3my (42 f)hs+ f7 6m —8 fom’ ))

(90)

8R;
—— (212 % (fs + 2m3) — 1)

W =
21 3mwmc~;

=2 f2(fshs + form3y))

—i—h5(mtg(f32 - m%vmzé) + fFm?

+fEmE (=22 + 6.3+ 3my)

+3mé +81213) — 6/7m), 1)

~ 8Ri3
W3[X,' - 2
3m G

(2f1( fm? hsmgl

+2om%(f3 = miy) =23 f7)

+m2Q2 fo(miym’ + f) — fim% +mlymb)

—f5miy (mE +2f>—4f3)

+f2 @ fam — 3m‘(‘~;)), (92)
8Ri4 4

3m%vmé ( iho

+mym + (B fa — 4 f3)my

+219) + 21 (f2@m%my — f3)

( m% (f3 2f2m%4/)

W4txi =

@ Springer

+ Q2 f3=miy) —mi(mE (myy =23 +2f>£3))
+f12(—6f2m% - mzémtgl + 3m‘é + 4f22)
+ fEmy k422 = 41). 93)

We have made the following substitutions in the functions
(90)=(93): Ryt = (A7 = Bp)(Si + P)(T; — Qi), Rip = (A; +
B;)(Si — Pi)(Ti + Qi), Riz = (Ay — By (Si + Pi)(T; + Qi),
and Riy = (A; + Bp)(Si — P)(T; — Qi).

B Analytical expressions for the amplitudes
for the goldstino approximation

In this appendix we present explicitly the full results for the
seven Wga Va functions that arose from the squared ampli-
tudes (43), as well as the eight wga " functions that appear
in the interference terms (48) of the 3-body stop 71 decay with
goldstino in the final state. First, we shall present the con-
tribution for the squared amplitudes, then we shall present
the interferences. We shall shown that the Wga v, and wgu "
functions are very compacts expressions, opposed to the
resulting functions in the gravitino case that we have pre-
sented in Appendix A. The approximation of the gravitino
field by the derivative of the goldstino field is good in the
high energy limit (mg < mj,), in the sense that in this limit
they behave similar and also in the simplification of the com-
putations.

B.1 Top contribution

For the averaged squared amplitude of the top quark contri-
bution, the resulting functions W i,V j=1,2,3, are

2a
F1or —4—1<f2(mW(6m +2hsm? — q}) + 6 fsm},
W

+4f3 ) —2f1 (_mG(4f3 + 3mw)

+H@f+3my) + fraD) + (qF

+3famdy +27)

+4f12(f2 — mzé) — Zm%vmélumtgl — 4f22m%v),
94)

2

2 2
— Zmé)(meG

- darm
Vo = —s < (miy (%, +m? =2 f2) — fi(4f3 + 3myy)
w
+3f3m¥y + 212 +213), (95)
2az3(m3, (f2 — mg) —3fsmyy, =215 +2f1/3)
W3 = ) .
myy

(96)

With a;, ap, and a3 defined previously in Appendix A.
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B.2 Sbottom contribution

We have for the averaged squared amplitude of the sbottom
squark contribution the \7/1 B function,

_ 4Djjrhohs3

1b;b; m%}[] ’

o7)
with D;jy defined previously in Appendix A.

B.3 Chargino contribution

For the averaged squared amplitude of the chargino contri-
bution, the resulting functions G'vjxfxgr, Vji=1,2,3,are

~ 443 Pij1
WlXi+X,~+ = ni%vj
215 =201/ +2HCH i — f3)
~Gfi+ fom)), 98)

Wt = 12mghsm? (Pji + Pip) (hs — fi = f2),  (99)
& 4Pijp
3yt = 2
x5 m2,

1212 =211 f3) + 212 f1(fi — f3)
~G i+ fmy),

(m20n3y m2 + £2) + 3 fam3y

(m2mdy m + fo) 43 fsm3y

(100)

where P;j1 and P;j; are defined in Appendix A.

B.4 Interference terms
M Mg’_ interference
1

For the interference term M,GTMg , the functions W i
i 13
Vj=1,2,are

w. . = 2t A)
1th; — 2
My

+miy (m7 m? + f3)
—fam% +m) + 217 (f» — mé))
2mg(Ait — M) (my, (fo —m2) + fE — f3f1)

Wh.7 =
2tb; 2
i mW

(=102 = m%) + fomiy)

(101)

(102)

Here Aj; and Aj; are defined above in Appendix A.

./\/lfj M;G interference
l‘ 1

For the interference term /\/l)(:JrT Mg , the functions W/C,;X o
i i i Pi

Vj=1,2,are:

ACi1m
G _ ij G 2, 2 5
WlX,-+l;,' B m%/v (mf(mw(hS - )+ AR —fi h5) ,
(103)
4Ci
WS ;= = (—mlhsmd by + f2 21 — m)
Xi Yi mW
—fi(fshsm? + fom3y)), (104)

with Cjj; and Cjjp defined above in Appendix A.
./\/I,GT./\/I)?Jr interference

For the interference term M,GTM%, the functions WjGtx 4
i i
Vj=1,2,3,4,are
G 4Rjpmg

wl%+ = m%v

+5 fsm¥y, —2f3) + fam3, 2 f> — 3hs)
—2fPm% + fi@f2(f3 + miy)

—3m%‘,h5mtg] )),

(mtg(m%v(4m2(~; —3fy+3m¥)

4R,
G i2 2 2 2 2
Worxt T 2, (m;(f3(2f3 +myy) —myms)

+ fam¥y (3hs — 2 f2)

+2fEmL — 4 fo(fs + mp)), (105)

4Rz m 4
W3szi+ = # <m%)v(mtg - )= fHQf3+ 3m%v) + 2f12> ,
(106)

R.
W‘(‘;’X,* = ﬁ(4(2f1(f1 — ) = Gfi+ fmi)2f — m%;)

+ahsm? ((F2+3fmiy +2f3(f3— f)), (107)

with Rij1, Ri2, Rj3, and Rj4 defined in Appendix A.
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