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1. Introduction

In many supersymmetric models there is a multiplicatively-conserved quantum number, R
parity, that guarantees the stability of the lightest supersymmetric particle (LSP). In order
to avoid the LSP binding to ordinary matter, it is usually assumed to have neither strong
nor electric charge [[l]. Candidates for the LSP in the minimal supersymmetric extension of
the Standard Model (MSSM) with gravity include sneutrinos, the lightest neutralino y and
the gravitino G. Light sneutrinos were excluded by searches for invisible Z decays at LEP,
and heavier stable sneutrinos would have been found in direct searches for the scattering
of astrophysical dark matter particles on ordinary matter [J]. Thus, most attention has

focused on the neutralino and the gravitino. Overlooked to some extent, a gravitino LSP
is in fact quite generic even in models based on minimal supergravity (mSUGRA) [B].

In the case of a gravitino LSP [ -[L{], the next-to-lightest supersymmetric particle
(NLSP) has a long lifetime, decaying with gravitational-strength interactions if supersym-
metry breaking is mediated by supergravity. The question of the identity of the NLSP then
becomes important. One generic possibility is that the NLSP is the lightest neutralino, in



which case the long-lived x would probably decay unseen, mainly via y — G+ v, with-
out being stopped beforehand [, ff]. This scenario is restricted mostly by the effects of
photodissociation processes on light-element abundances. Another generic possibility is the
lightest charged slepton, probably the lighter stau 71 in the MSSM with universal scalar soft
supersymmetry-breaking masses at the grand unification scale (the CMSSM) [, i, [, B
This leads to scenarios with a metastable charged sparticle that would have dramatic sig-
natures at colliders [[1, I, [J—[[4] and could affect drastically the cosmological abundances
of light elements.

Electromagnetic showers from the decay products of metastable particles can alter
the abundances of light elements by photo-dissociation and subsequent secondary reac-
tions [[[§—[q]. Moreover, hadronic showers can alter the amounts of baryons involved in
the Big-Bang nucleosynthesis (BBN) processes if the lifetime < 10° s [[§]. However, a more
significant effect can occur in the case of a negatively-charged particle, which can form an
electromagnetic bound state with a nucleus, and influence the BBN processes by lowering
the Coulomb barrier for nuclear fusion [[I9, (a catalytic effect). This has been studied
within the GDM in the case of a stau NLSP in some CMSSM and mSUGRA scenarios [21]|.

However, there are also other possible candidates for the NLSP, such as some sneu-
trino [f], B9 or squark species. Among the different squark species, a generic candidate for
the lightest is the lighter stop #; [R3], whose mass may be suppressed by large off-diagonal
terms in the stop mass matrix. This possibility would have interesting implications for
cosmology [24, RJ], although there are other possibilities. In this paper we study the fea-
sibility of scenarios with a gravitino LSP and a stop NLSP. Thus, we search for regions of
the MSSM parameter space where the ¢ is lighter than the supersymmetric partners of all
the other Standard Model particles, including the neutralino y. A previous study showed
that this is possible for large values of the soft trilinear supersymmetry-breaking param-
eter Ag, and the regions of the CMSSM parameter space where this happens have been
delineated ! [29]. In traditional scenarios with conserved R parity and a heavy gravitino,
these regions would have been discarded because they have a charged and coloured stable
particle. However, if the gravitino G is the LSP and therefore constitutes the dark matter,
one should explore whether some parts of these regions might survive.

There are several experimental and cosmological constraints on such a stop NLSP
scenario that must be taken into account. As discussed in more detail below, the lifetime of
the t; may be (very) long, in which case the relevant collider limits are those on (apparently)
stable charged particles. We interpret the limits available from the Tevatron collider as
implying that m; > 220 GeV B72.> We find no regions of the CMSSM parameter space

LCharge- and colour-breaking minima are possibilities in the large- A region [E], but a careful discussion
of their existence and the (meta)stability of the standard electroweak vacuum lies beyond the scope of this
work.

2The LHC will probably be sensitive to a metastable £; that is an order of magnitude heavier.

3Metastable stops could also be produced in the interactions of high-energy cosmic rays in the upper
atmosphere and, due to the long lifetime and low rate of energy loss, metastable stops would reach the
ground before decaying. Although in principle detectable, the production rate would be small at the
observed primary cosmic-ray energies < 10?° eV, because of the small production probability.



compatible with this and other experimental constraints on #; NLSP scenarios. However,
when we relax the CMSSM universality assumptions by considering non-universal soft
supersymmetry-breaking masses for the Higgs fields (NUHM models), we do find limited
regions of parameter space with a ¢; NLSP. Typical allowed values of the NUHM parameters
are my sy ~ 600 GeV, mg ~ 500 GeV, Ag ~ 2100 GeV, pu ~ 750 GeV, ma ~ 1400 GeV and
tan G ~ 10.

We then consider the cosmological constraints on such cases. As we show, the den-
sity of #; sparticles and antisparticles after cosmological freeze-out at a temperature of
several GeV is strongly suppressed by strong couplings in the annihilation processes. Sub-
sequently, at the quark-hadron transition these stops would have combined with quarks
into t1qq ‘sbaryons’ and £, ‘mesinos’ and the corresponding antiparticles. The late de-
cays of these stop hadrons could have affected the light-element abundances obtained
from Big-Bang nucleosynthesis, and negatively-charged antisbaryons and antimesinos could
have had dramatic bound-state effects. However, we argue that the great majority of
the stop antisbaryons would have annihilated with conventional baryons to make stop
antimesinos, and that most mesinos and antimesinos would subsequently have annihi-
lated [R§]. Any negatively-charged antimesinos would have decayed (relatively) rapidly
into neutral mesinos. These would have been (almost) the only metastable #; relic parti-
cles, and would be relatively innocuous, despite their long lifetimes, because they would
not have important bound-state catalytic effects on nucleosynthesis. Because of the low
density of #; after freeze-out following coannihilation and the subsequent cosmological evo-
lution, this limited region of stop NLSP scenarios within the NUHM framework seems to
be viable. We conclude our paper with a brief discussion how such a scenario could be
probed experimentally.

2. Stop properties

2.1 Stop masses, mixing and couplings

We start by giving some important formulae and making some crucial definitions. The
(2x2) stop mass matrix may be written as:

2 2
2 — My, Mgy (2.1)
t 27 2 ’ :
MLR MRR
where the entries take the forms:
Mg = M{2L +mi + ¢ cos 283 (4m}, — m%),
MEg = Mth +m7 + 2 cos 28 sin? O m% (2.2)
MER = —my(Ar + p cot B) = —mu Xy .
The corresponding mass eigenvalues are given by:
1 1 A
m%l =m? + §(M£2L + Mth) + ZWQZ cos23 — X (2.3)



and

1 1 A
mi = m? + §(M£2L + MEZR) + Zmzz cos 23 + > (2.4)
2
where A? = <Mt~2L - MEZR + £ cos2B(8mi, — 5m22)> + 4m?|A; + peot B2, The mixing
angle 0; between the weak basis (f7,fr) and the mass eigenstates (f1,%2), is given by

tan 0; = (mtg1 — M7 )/IM#g|. Tt is clear that obtaining a very light stop requires a very
large value for the trilinear soft supersymmetry-breaking parameter [25].
The interactions of the left and right antistops t~*L and f}} with the gravitino field i’u

and the top quark are given by [R9]:*

1 . o -
L= —m[‘tuVVﬂPRtavtE + W, Y Pt ot ), (2.5)

where the reduced Planck mass is given by M = M,/v/8n, with M, = 1.2 x 10 GeV.
The interaction lagrangian for t~1,2 is then:

1 . o .
L= ~an [V, v~y (sin 07 Pr+cos 0:Pp ) t Ot +W v y" (cos Oz Pr—sin 0;Pr) t 0,t5]. (2.6)

The corresponding Feynman rule for the vertex is:

- - 1
t1(p)VHt — ——— P (sin6; Pr + cos 0; Pr,). (2.7)

VoM

Similarly, the Feynman rule for the chargino-gravitino-W vertex is:
—\I v— m v
X7 U (k) — —WWW VM(ApiPr + ApiPr) (2.8)

Here Ar; = U}, cos 3, and Ag; = V;5sin 3, where V and U are the matrices that diagonalize

(2
the chargino mass matrix.

2.2 Stop decay modes and lifetime

There are several possible scenarios for stop decay, depending on the mass difference be-
tween the stop NLSP and the gravitino LSP Am = mj — mg, anticipating that a stop
NLSP must have mg > my from the direct search bound.

i) Case 1: Am > my, i.e. small me < my, —my. In this case, the stop can decay directly
into a top quark and a gravitino, and the rate for this dominant decay is

_1 1 2 2 2 .
= 487TW ng1 —mg— mt) + 4 sin 07 cos 0y my m@] (2.9)
2 2 212 2,2 2 2 212 g o]1/?
X (mgl + mé - mt) - 4m£1 mé:| |:(m£1 —|— mt — mé) — 4m£1mt:| .

This decay rate is similar to that for stau decay into tau plus gravitino [A], but in this
case m; cannot be neglected. Previous results are reproduced in the limits m; — 0
and 0; — 0.

“Note, however, that there is a typographical error in eq. (4.31) of ref. @] (p — ms2) should be
(# + m32).
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Figure 1: The stop lifetime as a function of mg for m; = 200,300,400 and 500 GeV (top to
bottom), shown for the case of the two-body decay ¢; — Gt, the dominant mode for mea < mg —my,
assuming zero stop mixing (red solid line) and maximal mixing (blue dashed line).

ii)

We show in figure [I| some typical numerical results for m; = 200,300,400 and
500 GeV (from top to bottom), mg < mj —my and m; = 171.4GeV [B{], for both
zero stop mixing (red solid line) and maximal mixing (blue dashed line) We see that
the stop lifetime is relatively insensitive to the stop mixing angle 95,5 but depends
sensitively on the sparticle masses, and ranges between 103 and 10° s. Clearly, this
is extremely long compared with the QCD hadronization time-scale, so that the stop
NLSP (unlike the ¢ quark) forms metastable hadrons, whose spectroscopy and phe-
nomenology we consider below. Moreover, this lifetime range is also very long on
the typical time-scales of collider experiments, which must therefore consider how to
search for these stop hadrons. Indeed, the stop lifetime fits into the range where the
cosmological effects considered in [[[6, [[§, [[d, B1] become important.

Case 2: mw + mp < Am < my. In this case, the dominant decays are into the
three-body final state t; — G + W + b. We identify three tree-level decay diagrams,
proceeding via t, b and chargino exchange. The amplitudes are

M, = CtPt(Ch)‘I’p p"[A; + Biys|(dh + my )y e, (k) Pr v(pa), (2.10)
M = C;. P, (02)9,, g5 [ai Pr, + biPr] pe, (k) v(p2), (2.11)

M+ = Oy P (93) 077, ()7 [Vi + Ais](ds + my)[Si + Piyslo(pa), (2.12)

where C; = go/2M, Gy, = 2goki /M, C\+ = my /M, and p is the initial stop four-
momentum. We define ¢ = p—p1, g2 = p—k and q3 = p— ps, with p1, k, p2 denoting

STypical values in the allowed stop NLSP region in the NUHM are 6; ~ 1.3.



the outgoing four-momenta of the gravitino, W boson, and b quark respectively, and
€p(k) denotes the W polarization vector. Expressions for Az, B;, a;, b, ki, Vi, Ay, Si
and P, are presented in the appendix.

Squaring and summing over final polarizations we obtain:
M = M+ MG + M 2+ 2ReMIM; + MM, + MIM 1] (213)

where the sums over sbottom and chargino indices are implicit. The individual
squared amplitudes can be written as:

My, [ = CF, 1Py, (40)]* W, (2.14)

where 9, = (¢, Bj, Xi ), and the functions Wy, ,, are functions of the scalar products
of the momenta p, p1, p2, k. The interference terms may be written as follows:

M, My, = C5, Cy, P} (da) Py, (26) Wi (2.15)

where the functions Wy, 4, can be written also in terms of the invariants. The func-
tions Py, (¢a) are propagator factors, e.g., for the top quark v, = t, and we have

1
P, = 2.16
+(q1) q%—mf—i—ie ( )
There are similar expressions for the sbottom and chargino contributions, P;(¢2) and

P,+(g3) respectively.

Detailed formulae for the functions Wy, ., and Wy, 4, are given in the appendix.
Using these, we calculate the decay width:

2
dar my -
b (217)

dedy 256

where the integration limits are (in the limit when we neglect the bottom quark
mass): 2ug < x < 14 pg — pw and y— < y < y4, where u; = m?/mtg1 and:

_ltpetpw —z
TG Rupyp——

(2 - 2) £ (& — 4pc)"/2). (2.18)

Integrating this equation numerically, we find that in significant regions of parameter
space the light stop has a lifetime of order 109 — 10 s or more. Typical results are
shown in figure f. Note that we can estimate the results by the following formula

Ts_body & 1072 GeV =857 (Am) (Am)? — m%,)*” (2.19)

As expected, the typical lifetimes are orders of magnitude longer than those in fig-
ure[l. They are also sensitive mainly to the sparticle masses, and relatively insensitive
to the stop mixing angle, as can be seen by comparing the red solid and blue dashed
curves, as well as being insensitive to the sbottom mixing angle ;, which is assumed
here to vanish.6

5Typical values in the allowed NUHM models discussed later are 0; ~ 0.04.
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Figure 2: The stop lifetime as a function of mg for m; = 200, 300,400 and 500 GeV, shown for
the case of three-body decays t; — GWb, the dominant mode for my, +my, < Am < my, assuming
zero stop mixing (red solid line) or maximal mixing (blue dashed line).

iii) Case 3: mp + Aqep < Am < myy +my. In this case, the real W of the previous case
must become virtual, and the dominant decays are four-body: t; — G+b+ qq or
fv. The decay rate for this case is further suppressed compared to Case 2, and we
estimate the stop decay rate as

Tibody ~ 10730 GeV 8571 (Am)® ((Am)? — m2)*?, (2.20)

which yields a lifetime of ~ 10?2 s when Am = 10GeV, for example. Thus, not
only might the stop decay after the release of the CMB, in which case there would
be important constraints from the absence of distortions in CMB spectrum, but it
might even have a lifetime longer than the age of the Universe, in which case there
would be stringent constraints from the negative results of searches for anomalously
heavy isotopes [l]. We have not explored these issues, in view of the tuning between
the stop and gravitino masses that would be required.

It is apparent from the above discussion that not only does the stop live long enough
to hadronize and pass through collider detectors, but it may also live long enough to wreak
cosmological havoc. We discuss each of these aspects in the following sections.

3. Spectroscopy of stop hadrons and their decays

The metastable stop would hadronize to produce both t;¢gq ‘sbaryons’ and ¢;§ ‘mesinos’
and their antiparticles, many of whose aspects are discussed in [B1]. On general QCD



principles and by analogy with the spectroscopy of charmed hadrons, one expects the
70 = tia, T+ =%d and T, = #15 mesinos to be the lightest stop hadrons. As was pointed
out in [BT], one can expect the T9 mesino and its antiparticle to be strongly mixed. Since
ms > mg > my, and since the T+ and TS mesinos, being charged, would acquire additional
electromagnetic mass corrections, we expect mz — mg, and mg. — mgo to be similar to
the measured values of the D, — Dt and Dt — D® mass differences, namely ~ 99 MeV and
~ 4.8 MeV, respectively [B7.

Correspondingly, since the T, — T° mass difference is expected to be comparable to
m,,, we would expect the T, mesino to decay weakly into TO% v with a lifetime similar to
that of the muon, namely ~ 2 x 107 s, whereas the T+ mesino would decay weakly into

TOetv with a lifetime .

Toy & Ty X <M> ~1.2 . (3.1)

Mz — Mg

These mesino lifetimes are also such that they would pass through a typical collider detec-
tor before decaying. In the early Universe, the TS would have decayed very quickly after
being formed at the quark-hadron transition, whereas the T*, if they survive, would have
decayed near the beginning of BBN, and so would not have affected its end results. More-
over, since the stable T° mesino would be neutral, it could not have catalyzed light-element
nucleosynthesis by bound-state effects. The only potential cosmological danger from the
mesinos would be the supersymmetric decays of the T9 into the G and conventional parti-
cles, as discussed in [RI], for example.

Turning now to the ¢; sbaryons, again by analogy with the charmed baryons, we
would expect the lightest state to be the ATJC = tyud, with the other sbaryons E%JF”L’O =
tl(uu ud, dd), :Jﬁ 0 = ﬁs(u, d) being heavier by amounts ~ Aqcp, ms — Mg, respectively.
Just like the T} mesino discussed above, these heavier sbaryons would have decayed in-
nocuously before BBN. For example, if the ¥7 — Az mass difference were similar to the
corresponding mass differences among charmed and bottom baryons, namely ~ 170 [@] to
190 MeV [B3, the Y7 would decay very rapidly via the strong interactions. If the 2% — A%
mass difference were similar to the corresponding mass difference among charmed baryons,
namely ~ 180 MeV, the E% = t1sd state would decay semileptonically with a lifetime
< 107% s into the Az, whereas the E;E = t1su state would decay semileptonically into the
E%"' = tyuu with a longer lifetime ~ 1072 s (because of the much smaller phase space
~ 15MeV for the decay). However, this decay would also occur by the beginning of BBN.
Thus, the cosmological dangers could potentially arise only from the supersymmetric de-
cays of the A% and its antiparticle, the A%, and dangerous catalysis effects could only be
due to bound states of the ATT.

We note in passing some similarities with and differences from the case of a metastable
charge -1/3 squark, such as the lighter sbottom, bi. In this case, we would expect the
lightest sbaryon to be the A% = byud. Its decays might cause cosmological problems,
but it could not cause dangerous bound-state effects. The nature of the lightest sbottom
mesino is not so clear. The fact that the d quark is heavier than the u quark would tend
to make the B® mesino heavier, but the electromagnetic corrections would add to the mass



of the B*. Experimentally, the situation with B mesons is ambiguous, mpgo — mp+ =
0.33 & 0.28 MeV. However, the likelihood is probably that the BT would be lighter, in
which case its antiparticle, the B~, would generate bound-state effects, unlike the 7.

4. Collider lower limit on the stop mass

As we have seen, the stop would have a very long lifetime in GDM scenarios of the type
considered here, and would hadronize before passing through a typical collider detector.
The relative production rates of mesons and baryons containing heavy quarks are not
established, and neither are the relative production rates of heavy-quark mesons containing
strange quarks. We assume for simplicity that half of the produced stops hadronize into
charged mesinos or sbaryons, and half into neutral stop hadrons. These would be produced
embedded within hadronic jets, but conventional QCD fragmentation ideas suggest that
the stop hadrons would carry essentially all the energies in these jets, with energy fractions
27: ~1- AQCD/mfl'

The typical energy loss as the stop hadron passes through a detector tracking system
would be very small. There would also be nuclear interactions, particularly in calorimeters.
In addition to the familiar charge-exchange reactions, these would also include baryon-
exchange reactions, whereby a stop mesino striking a nucleus would convert into a stop
sbaryon: T + (p,n) — (A7, X5) + nm, whereas the corresponding sbaryon-to-mesino con-
version would be essentially forbidden. It has been pointed out that the baryon-exchange
process would be almost 100 % efficient in converting heavy mesinos to sbaryons when they
traverse material with a thickness of 1 m or more [B1] (see also [B4]). We therefore assume
for simplicity that all of the stop hadrons emerging from calorimeters into muon detectors
are sbaryons, that half of them are singly-charged, and that this charge is independent
of the charge of the stop hadron at production. This would imply that just a quarter of
the produced stop hadrons would be singly-charged both at production and in the muon
detectors. Thus, only about 1/16 of the produced stop-antistop pairs would yield a clear
signature of a pair of oppositely-charged massive metastable particles.

We use here the limits set by direct searches for the pair-production of massive
(meta)stable charged particles at hadron colliders to set a lower bound on the stop mass.
Nunnemann [BJ] gives an upper limit from DO of about 0.1 pb from a search for the
pair-production of massive oppositely-charged particles, and a similar upper limit for the
pair-production of stops has been presented by CDF [27], which is used to set a lower limit
of 220 GeV for mz . Gallo [Bg] gives a DO upper limit on the production of neutral gluino
hadrons of about 0.5 pb. Again assuming that about a quarter of the stop hadrons are pro-
duced neutral and also appear neutral in the outer detectors, this limit gives a somewhat
weaker limit on mg . Therefore, we assume mj > 220 GeV [27).

5. Stop NLSP in the CMSSM

We now discuss the prospects for finding a stop NLSP in the CMSSM, i.e., the simplest
variant of the MSSM, in which the soft supersymmetry-breaking masses are universal at



the GUT scale. Thus, we have as free parameters mg, the universal soft scalar mass at
the GUT scale, my/,, the universal gaugino mass at the GUT scale, Ap, the universal
trilinear soft supersymmetry-breaking parameter at the GUT scale, tan (3, the ratio of the
two MSSM Higgs vevs, and the sign of u (where p is the Higgs mixing parameter). In
addition, unless we make additional assumptions, as may be motivated by supergravity
models, we must consider the gravitino mass mg as an extra free parameter, which is
chosen so that the gravitino is the lightest supersymmetric particle (LSP).

We search within the CMSSM for a set of parameters where not only is the stop the
NLSP, but also all the known experimental and phenomenological constraints on supersym-
metry are satisfied, including the b — sy decay rate [B7, BJ],” and the LEP lower bounds
on the masses of the chargino and the Higgs boson [[i]].® In view of the ambiguity in the
value of the hadronic contribution to the Standard Model value of the muon anomalous
magnetic moment, g, —2, we omit this observable in the present analysis. The By — putp~
constraint is significant only for large tan 8, whereas, as we see below, the regions that are
relevant to our search have relatively small tan 8 ~ 10.

We choose the sign of p to be positive, as our search indicates that negative p has
less chance of yielding a stop NLSP,? and assume m; = 171.4 GeV [B(] and my(my)MS =
4.25 GeV. Since my =~ 0.43my 5, in order to obtain my > m; > 220 GeV, we must set
myp % 520 GeV in the CMSSM (this is relatively independent of tan 3). However, the
LL and RR components of the m% mass matrix receive contributions of about Gm% /2 and
4mf /2 respectively, forcing one to consider large off-diagonal elements. These are of the
form myX; = —my(As + p/ tan 3), as seen in (2).!19 Low stop mass eigenvalues therefore
require a combination of high values of Ay and relatively low values of tan 8. In fact, as
we show explicitly below, only intermediate values of tan 8 have any chance of realizing
low stop masses without upsetting the remaining phenomenological constraints. At high
tan 8 the b — s7v constraint is not satisfied, and at low tan 8 the LEP Higgs mass bound
cannot be satisfied. Our only option therefore is large Ag. Our search in the CMSSM is
further complicated by the dependence of the Higgs mass on X;. For relatively small values
of [X¢[/my /s, the Higgs mass increases with increasing |X;|. However, for [Xi[/m;/, 2 2,
the Higgs mass begins to decrease rapidly [id]. In order to obtain a light stop, we need
| X¢|/my /2 ~ 6my/5/my, which is too large to have any chance of satisfying the Higgs mass
constraint.

In order to obtain a more comprehensive picture, we show in figure fj some contour plots

"We use BR(b — sv) = (3.54 + 0.417033) x 10™* for the present analysis. There is a new average of
the experimental measurements that yields BR(b — sv) = (3.55 & 0.247512) x 107* [E] Using the new
numbers more points would be excluded, but this would mostly affect our CMSSM plots in figure E, whilst
the NUHM figures would not be affected.

$We use the public Fortran code FeynHiggs [@] to calculate my,.

9Choosing the opposite sign of x would need to be accompanied by a switch in the sign of A;. Because
of the RGEs (at the two-loop level), this would require starting with an even more negative value of Ag.
Negative p may also be disfavoured by b — sv and g, — 2.

ONote that A; signifies the value of the trilinear term at the scale m;, which differs from its value Ao at
the GUT input scale. The running of A; depends, in part, on the value of m,,2, and tends to be larger for
larger my /5.

,10,



in (tan 3, Ag) planes for some fixed values of mg and m jo. In panel (a) we fix mg = 500 GeV

& 1s irrelevant here). The b — sv constraint,

which excludes large tan 3, is shown by the green shaded region. In the allowed region,

and my 5 = 400 GeV (the gravitino mass m

either the stop or the neutralino is the lightest sparticle in the spectrum. Above the thick
purple solid line, the stop is lighter, while below it the neutralino is lighter. We also plot
the m; = 220 GeV contour, represented by the orange solid line: regions above this line
have m7 < 220 GeV, and therefore are excluded. The Higgs mass constraint is represented
by two red lines, the dashed line is based on a likelihood analysis, and the dot-dashed
line on the face value of the Higgs mass limit, namely mj = 114.4 GeV (deprecated). The
constraints are satisfied only below the lines. We use the constraint determined by the
likelihood function in our analysis. We see in panel (a) that there is an overlap between
the stop NLSP region and the region allowed by the Higgs likelihood constraint. However,
the stop mass is around 150-160 GeV in this region, which is therefore excluded by the
lower bound on the stop mass. We also plot in figure f(a), the contour where the NLSP
would have a relic density of Q;h? = 4 x 1074, if it did not decay. This is shown by the thin
green line that lies below the neutralino-stop contour. The small value is a consequence of
the strong stop-antistop annihilation cross section.

When we increase my /,, for example to 450 GeV as in panel (b), both m, and mg,
are raised and neutralino-stop degeneracy is reached at higher Ag. We see that the m; =
220 GeV line is closer to the neutralino-stop degeneracy line, and if we kept increasing my /o
we would be able to find points where the stop is lighter than the neutralino and has mass
larger than 220 GeV. However, although the Higgs mass constraint also moves to higher
Ap, it moves slower than the previous two lines. As a result, there is no overlap region
where there is a stop NLSP and the Higgs mass bound is satisfied.

The first two panels in Fig ] already suggest that there are no allowed regions with a
stop NLSP and gravitino LSP in the CMSSM. Generalizing this observation, we first note
that, due to the nature of the RGEs in the MSSM, varying mg would have less effect than
varying m;jo. This is shown explicitly by panels (c) and (d) of figure B, which have the
same my /o = 400 GeV as in panel (a) but with mg = 450,550 GeV respectively. Going
from panel (a) to panel (c), the decrease in mg results in lower mj, and there is no longer
any overlap between the region allowed by mj and the region where the stop is the NLSP
With higher mg as in panel (d), we get heavier tr, and tgp, and hence we need higher X
and hence Ay in order to approach ¢; — x degeneracy. However, higher X; in turn has a
problem with the my constraint as described above. This illustrates our conclusion that,
indeed, a stop NLSP scenario is not possible within the CMSSM.

6. Stop NLSP in the NUHM

We next study the MSSM with non-universal Higgs masses (NUHM) [{3]. In the NUHM,
the soft supersymmetry-breaking masses in the Higgs sector, mq and my, are not necessarily
equal to the sfermion soft mass mg at the GUT scale. Using the radiative electroweak

symmetry breaking conditions, we can characterize the new parameters as p and m4 (the

— 11 —



Figure 3: The (tanf3, Ag) plane in the CMSSM, for (m;/5,mo) = (a) (400,500) GeV, (b)
(450,500) GeV, (c) (400,450) GeV, and (d) (400,550) GeV respectively. We use m; = 171.4GeV,
my(mp)MS = 4.25GeV, and g > 0. The neutralino stop degeneracy contour is plotted as the thick
solid purple line: above this line stop is lighter and the NLSP, assuming a light gravitino. The solid
orange line is the contour for m; = 220 GeV: above this line, the stop is too light. Large tan 3
is excluded by the b — sv constraint (green shaded region). The Higgs likelihood exclusion line
(preferred) is drawn as a dashed red line, while the face value mj = 114.4 GeV (deprecated) is the
dot-dashed line. Also plotted as the thin green line is the stop relic density Q;h? = 4 x 10~%. Note

the different Ay range for each plot.

pseudoscalar Higgs mass), both values being defined at the weak scale:

MZ _ m% + m% tan2ﬁ+ %(1 — tan2 ﬂ) + AE}) (6 1)
tan2 5 — 1+ Al(f) ’ .
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and
m%(Q) = mi(Q) +m3(Q) +21*(Q) + Aa(Q). (6.2)

Many different sparticles could be the NLSP in this model, in different regions of the
NUHM parameter space. These include the lightest neutralino yx, the lighter stau 71, the
selectron (smuon) g (fir), the lighter stop 1, the up squark (charm squark) @iz (¢g), and
the tau sneutrino 7. Thanks to the RGE, the sbottom tends to be heavier than the stau,
so unless we have non-universal soft scalar supersymmetry-breaking masses for squarks and
sleptons at the GUT scale, sbottom could not be the NLSP. The up and charm squarks
could be the NLSP for very large || and m4 [[H], where the Higgs soft mass-squared m? or
m3 become negative at the GUT scale. However, we discard this possibility, preferring to
impose a GUT stability constraint []. We also do not consider the other possible NLSPs
in this paper, and focus only on the stop.

In order to obtain a light stop, small || is preferred and, more weakly, large m 4. In
figure fl(a) we plot various masses as functions of u for the fixed values ma = 1400 GeV,
tan # = 10, Ay = 2100 GeV, mg = 500 GeV (in the region of the values studied previously
within the CMSSM) and m; /5, = 600 GeV (close to the minimum allowed so that m, >
mz, > 220 GeV). We see that there is a small range p ~ 730 — 770 GeV where the stop is
the NLSP and survives the phenomenological constraints. The stop relic density in this
region is (). h? ~ 1074, and the neutralino mass is about 250 GeV. We note that this region
is nearly excluded by the Higgs mass constraint. Indeed, if we had taken the LEP limit on
my, at its face value, this region would have been excluded. Panel (b) shows the spectrum
as a function of m 4, for = 750 GeV. Here we see that my, is a decreasing function of mu,
and there is a region where a stop NLSP is allowed, at m 4 ~ 1350 — 1500 GeV.

In figure | we show spectra as functions of (a) my 5, (b) mo, (¢) A and (d) tanf.
The lightest neutralino, which is bino-like in the cases shown, has a mass that depends
essentially on my/, only. We see that mj increases as my/y, mo or tan [ increases or
Ap decreases, while m; increases as my/y, Ag or tan3 decreases or mg increases. One
might attempt to increase my/, to obtain a heavier NLSP. However, if we want a stop
NLSP, in order to make the stop lighter than neutralino, we need to compensate the
increase in mg by (say) increasing Ag, but the constraint on m;/, would in turn render
it more difficult to satisfy the my constraint. We see allowed stop NLSP regions in panel
(a) for my/y >~ 595 — 605 GeV, in panel (b) for mg =~ 490 — 510 GeV, in panel (c) for
Ap ~ 2090 — 2110 GeV, and in panel (d) for tan g ~ 8 — 15.

It is well known that the Higgs sector is sensitive to the top sector. Therefore, it is
instructive compare with the result that would hold if m; = 172.7 GeV (an older experi-
mental value of m; that is still within one o of the present central value). We also adjust
m4 so as to improve the overlap of the constraints, with the result shown in figure [f. We
see that the Higgs likelihood constraint becomes as strong as the nominal my taken at
face value, which is at u ~ 770 GeV, and that there is only a tiny region allowed. Thus,
postulating a larger m; does not resolve the dilemma of the Higgs likelihood, even though
the face value of my, is lifted. The allowed region of y in panel (a) of figure f] is narrower
than in the corresponding panel of figure ], and shifted to larger values of . Likewise
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Figure 4: Sparticle masses in the NUHM as functions of (a) g with m4 = 1400 GeV, and (b) m4
with g = 750 GeV, both with tan 8 = 10, Ag = 2100 GeV, mg = 500 GeV and m; /5 = 600 GeV. We
plot the masses of the lightest neutralino (solid red), the second lightest neutralino (dashed red),
the lighter stau (purple solid), and the lighter stop (orange solid). In the shaded region, the stop
becomes tachyonic. The Higgs likelihood constraint is shown by the vertical dashed red line, and
the region to the left of this line is excluded. We also draw a horizontal dashed line at 220 GeV to
indicate the lower bound on the stop mass.

in panel (b), comparison with the corresponding panel of figure f| shows that the allowed
region is smaller and shifted to larger values of m 4.

We conclude that there are some small regions of the NUHM parameter space where
the ¢; is the NLSP, with a cosmological abundance that would correspond (in the absence
of stop decays) to a relic density Qt~h2 ~ 107%. Typical allowed values of the NUHM
parameters are my o ~ 600 GeV, mg ~ 500 GeV, Ag ~ 2100 GeV, u ~ 750 GeV, my ~
1400 GeV and tan 8 ~ 10. We now discuss the cosmological evolution of such a scenario.

7. Cosmological evolution of metastable stops

We expect the metastable stop squarks and antisquarks density to have frozen out after
coannihilation at a temperature Tp ~ mj /30 2 7GeV,"! when the age of the Universe
t ~ 107 s.2 One might have expected a primordial stop-antistop asymmetry compa-
rable to that for conventional baryons, but this would have been eradicated by stop-stop
annihilations. The remnant stops and antistops would not have decayed before the next

major event in standard Big Bang cosmology, namely the quark-hadron transition when

Note that the stop has a larger (co)annihilation cross section than does the neutralino, and hence
would have smaller freeze out temperature relative to its mass compared to the neutralino with freeze-out
temperature of my /20 to m,/25.

121f the stop-neutralino mass difference is also ~ 5GeV or smaller, which is quite possible in the allowed
NUHM regions found in the previous section, the stops would have been accompanied by a significant
admixture of metastable neutralinos, which we discuss later.
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Figure 5: Sparticle masses in the NUHM as functions of (a) my /s, (b) mo, (c) Ag and (d) tan 3,
with other parameter values specified in the legends.

t ~107% to 1077 s. At this point, they would have hadronized into sbaryons, antisbaryons
and mesinos.

Simulations and data from relativistic heavy-ion collisions indicate that the relative
abundances of hadrons produced at the transition may be modelled by assuming an effective
hadronic freeze-out temperature T ~ 170 MeV. We recall that all the heavier sbaryons
would decay into the lightest A% state, which is charged, whereas the mesinos would all
decay into the lightest 70 state, which is relatively harmless. The mass difference between
the Ay baryon and the B0 mesons is about 365 MeV, and we expect a similar separation for
the Az sbaryons and the T mesinos. Modulo spin and flavour counting factors, this would
suggest a suppression by a factor ~ 10 for the abundance of the sbaryons and antisbaryons
relative to the mesinos and antimesinos. This would suggest a priori an equivalent relic
density QAfh2 ~ 1075, which might have been large enough to change significantly the

subsequent abundances of light elements via bound-state effects. The E%’ state, which is
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Figure 6: Same as Fig [, but with m, = 172.7GeV.

relatively long-lived, would have an abundance about a factor of 3 lower than that of Az.
It has been argued recently that, following hadronization, stop hadrons hz would
capture each other and form bound states, leading to the further annihilation of stops [Rg].
The rate for this process is approximately ny, . (T/m;)Y/?m-2, where Np =~ Qp_pe/my and
(T/mz)'/? is the relative velocity in the capture process. The resulting abundance of stop
hadrons is determined by equating this annihilation rate to the Hubble expansion rate:

Mhg (T 1/2 - 8TN T? . (7.1)
m2 \'m; 3 Mp
This yields a relic hz number density
1/2
"h 2 My
—L ~80—=1 7.2
n, MP T3/2 ) ( )

where we use the estimate N = O(50). The hz number density is minimized by annihi-
lations at a temperature close to the formation temperature of the bound states, namely
T ~ 200 MeV, which yield

"5 1071, (7.3)
Ny
This corresponds to an effective thhz ~ 2 x107% and Chf = nhfmhf/n7 ~4x 10714 GeV
for mz, ~ 200 GeV. With this abundance, the late decays of stop hadrons would probably
not cause problems with light-element abundances, even after allowing for uncertainties in
the treatment of showers generated by hadronic decays.!3

13We note in passing that the mechanism of [@] ceases to reduce the T' abundance once the temperature
falls below about 10 MeV, i.e., after about 1073 s.
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However, the catalytic effects of bound states of the negatively-charged metastable
relic antisbaryons A% are potentially more dangerous, as emphasized above. Fortunately,
as we now show, their abundance would have been suppressed following hadronization
and before BBN, by annihilation with conventional baryons to produce T antimesinos and
conventional mesons. The rate for the annihilation of heavy baryons is approximately
npM,; 2. Since np > N and there is no velocity suppression for this annihilation process,
since ov — constant as T — 0, the rate for annihilation with nucleons would be much
larger than the capture process discussed in the previous paragraph. The abundance
of antisbaryons would remain in equilibrium until the annihilation rate

ny, _ 15x10717%
mi o m2

, (7.4)

where we use n = n,/n, = 6.1 x 1071%, became of the same order as the expansion rate
[87 (Unpe)/? 1.2 x 1074T3/2 (7.5)
3 Mp Mp ’ '
where we use €),, ~ 0.27 for the matter density as a fraction of the closure density today.
The rates ([4) and (7.5) become comparable when

) m% 2/3
P

The A% abundance would be suppressed by a factor exp(—2 x 10°) already by the time of
the onset of BBN at T~ 1 MeV, and the abundance of the dangerous /_\Ti state would be
driven to an extremely low value np . ~ (m;T)3/2e=m#/T by the time of freeze-out (7.§) of
annihilations with relic baryons.

The relative abundance of the less dangerous A% sbaryons would also have been
strongly suppressed, as its annihilations with conventional antibaryons would have con-
tinued in equilibrium down to temperatures T' ~ 20 MeV, when

(mpT)3/2e=me/T 8N T?
m2 N 3 Mp’
where N = O(10) is the number of relativistic degrees of freedom at 7" ~ 20 MeV.
Thus, during and after BBN, one must contend only with the neutral T mesinos and

(7.7)

their antiparticles, with which they mix [B]. Their decays are relatively innocuous, as
discussed above. In principle, they might also bind with deuterium to form superheavy
nuclei and thus could change the Helium abundance. However, we would not expect the
Helium abundance to be greatly affected: it is at the level of 24% of the baryon density and
hence has Qpch? ~ 0.01, whereas by the start of BBN the T mesino density would be down
at the 1076 level in the cases that we consider here, so the ratio of the number densities
(assuming a ~ 200 GeV stop mass) would be O(10%). We note also that the T mesinos
would react with conventional baryons to regenerate A%’ sbaryons after their annihilations
with antibaryons had frozen out, i.e., at T" < 20 MeV. However, this process could generate
a A% density of at most 1075, which would not be problematic.

This analysis therefore finds no cosmological problems with most of the small region
of NUHM parameter space discussed in section 6 where the stop is the NLSP.
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8. On the possibility of a metastable neutralino

The conclusion of the previous section may, however, be modified if the stop NLSP is
nearly degenerate with the lightest neutralino y, a possibility suggested by our analysis of
the NUHM parameter space. The y may decay either into the stop (or antistop) and some
other particles: x — #; + X, #} + X', or into G+ ~. The latter decay is very slow, being
of gravitational strength [A:

Gy LG me\" (1, G

F(X_)GW)_EM—I%m—é <1_m—> <§+W ) (8.1)
where Cy, = (O1y cos 0w + O?VX sinfy). The decay rate depends on mz, and for meg ~
1 —200GeV we get I'(x — Gv) ~ 10728 — 10734 GeV corresponding to lifetime of ~
10* — 100 s. If the lightest neutralino is almost degenerate with the stop, the two-body
decays xy — t1 +t, t; +t, which would be rapid but require a large mass difference
my — mg, > my, are not available. As we discuss below, the decays x — th+ X, f’{ + X’
may be very suppressed if the x and t; are sufficiently degenerate. If they are suppressed
sufficiently for the x lifetime to exceed about 1075 s, neutralino relics would be present
during and after hadronization, and the cosmology of the stops produced in their decays
would differ from that of the thermally-produced stops discussed in the previous section,
as we show below.

To show that the abundance of neutralino relics could indeed be significant, recall
that when the stop and neutralino are almost degenerate, i.e., m, — my, is less than the
freeze-out temperature ~ mg, /30, neutralinos are kept in thermal equilibrium through co-
annihilation processes [if] such as yX « t1.X’" where X, X’ are Standard Model particles.
We can approximate the neutralino relic density between the epochs of supersymmetric
freeze-out and relic decays by

Qy ~ - Q5 ~0.25QN1spP, (8.2)

Wl

modulo the Boltzmann factor from the mass difference. Here the factor 3 is due to colour,
corresponding to the ratio of the numbers of stop and neutralino internal degrees of freedom,
and QOnpsp = 2y + Q7 is the relic density one obtains from a standard coannihilation
calculation, which leads for near-degenerate y and t1 to QOnrsph? ~ 1.6 x 10~* and hence
QXhQ ~ 4x107°. Therefore the novel cosmology of the stops produced in neutralino decays
is potentially important.

If the y — t; mass difference is larger than about 1 GeV, the neutralino may decay into
three bodies, e.g., Y — t1+5+7, and into four bodies, e.g., x — t1+5+¢-+v and conjugate
modes, and also into the corresponding final states with s — d and/or £ +v — ¢+ ¢. By
analogy with the result of [@], the four-body semileptonic decay rate can be approximated
as:

1, Go|Vis|?
1007 (2m)>my m

X [4|gL|2(5m)10 — 8Re[gzgR]mt(5m)9 + 6|gR|2m%(6m)8)] . (8.3)

F(X — ;1§fu) = O(

,18,



where we allow for both #; and % modes and a factor of 3 for colour. We have neglected
the final-state fermion masses and use

g sin Oy . my
- 7 " - 4
JL 5 {cos 0y [Oxg t 3 cos o OXJ + sin Hth sinﬂox4} , (8.4)
g mg . 4 sin Oy
= 9 Jeos—"1 0, — sin g, 220w :
IR V2 {COS Y SiHﬁOx4 Sts cos Ow OXI} ’ (85)

where O is the neutralino diagonalization matrix O MyO = Mﬁ,iag. We see that the
last term in the square bracket in (B.J) is dominant, due to the large magnitude of m;.
Therefore, we can approximate further to obtain

G| Vis*lgrl*(9m)®

@rPmgm? (8.6)

~ 1
r (X — tlsﬁy) ~ (9(%)

For mj = 220 GeV and ém = 1GeV, for example, and including the ev, uv and du final
states, we estimate I'(x — 6,5/ f) ~ O(10726) GeV, i.e., a x decay lifetime ~ 102 s.

The partial decay time would be even longer for yet smaller dm, but it would be
necessary to take into account bound-state effects in the ;7 and ¢ channels, and even in the
full four-body final state. A naive scaling by (6m)® would yield a lifetime in excess of 1010 s
for dm ~ 0.1 GeV. It is therefore possible that the partial lifetime for x — ¢, + X, 4+ X
decays could exceed the partial lifetime for y — G+ ~ decays.

As already remarked, if the x lifetime exceeds about 10~° s, the ¢; decay products
appear after the quark-hadron transition, and the discussion of stop cosmology given in
the previous section must be modified. If 7, exceeds about 1073 s, the mechanism of 2§
becomes ineffective for reducing the abundance of stop hadrons produced in x decays, which
therefore remain comparable to QXh2 ~ 4 % 107%, and also annihilations with antiprotons
become ineffective for reducing the ATJC abundance. On the other hand, annihilations with

baryons remain effective for converting the dangerous A% sbaryons into relatively innocuous

70 mesinos for any y lifetime up to about 10 s. If Ty < Ty, the BBN/CMB constraints
on electromagnetic and hadronic stop decays are insensitive to 7,, and depend only on
-
decays should be evaluated with 77 replaced by 7,. Finally, if the partial lifetime for

If 7, > 77, the the BBN/CMB constraints on electromagnetic and hadronic stop

x —ti+ X, % + X decays exceeds that for y — G+ v decays, the x decay contribution to
the relic stop density is diluted by the ratio of the partial decay rates.
We therefore distinguish five metastable neutralino cases.

i) If r, < 1073 s, the residual suppression of the T° mesino density the mechanism
of [2§ may still be sufficient to evade the BBN/CMB constraints on electromagnetic
and hadronic stop decays.

ii) If 1073 s < 7, < 10 s, the the mechanism of [BY is ineffective, and the indirectly-
produced T° mesinos still have QXh2 ~ 4 x 107°. Since the neutralinos decay be-
fore the epoch when the light-element abundances constrain the electromagnetic and
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hadronic stop decays, these depend on the value of 77 in the usual way. The relic den-
sity of T9 mesinos respects the limit obtained in [[[§] by considering electromagnetic
decays, but not the hadronic limit given in [[[], which will be re-evaluated in [A7].

iii) The usual light-element abundance constraints also apply if 10* s < Ty < T4, and

the relic density of T° mesinos is again marginal.

iv) If , > 75, and 10* s simultaneously, the usual light-element abundance constraints
still apply, but they should be evaluated with 7 replaced by 7, + 73, . In addition,
we should consider also the effect of neutralino decay itself to the light element
abundance.

v) In both the last two cases, the scenario may survive more easily if the partial lifetime
for x — t1 + X, t% + X decays exceeds that for Y — G + 7 decays, in which case the
abundance of 70 mesinos is suppressed by the ratio of the partial decay rates.

9. Summary

The scenario of gravitino dark matter with a stop NLSP has rich phenomenology, for
both collider experiments and cosmology. Unfortunately this scenario is disfavoured in the
CMSSM and NUHM, due to the existing collider limits and the close relation between the
masses of the light stop and the light Higgs boson. However, we find that there could still
be a small allowed region, at least within the NUHM, with my /5 ~ 600 GeV, mg ~ 500 GeV,
Ag ~ 2100 GeV, pu ~ 750 GeV, m4 ~ 1400 GeV and tan 5 ~ 10.

Much of the discussion in this paper on the stop NLSP scenario could be applied as
well to a scharm or sup NLSP in more general MSSM models with a gravitino LSP. In
such a case, we expect that the Higgs constraint would be less stringent. Presumably the
late production of the NLSP would be less important since, with the light u,c quarks in
place of the heavy ¢t quark, two-body decay channels would probably be available, unless
the mass difference between neutralino and the NLSP is very small (less than m, ), in
which case the neutralino would decay directly into the gravitino. The case of a sbottom
NLSP would in this respect be intermediate between the stop and scharm cases. However,
as noted above, the lightest mesino would, in this case, probably be charged, and hence
capable of bound-state catalysis of dangerous light-element transmutations.

For a possible realization of models with a sup NLSP, see [i4], where one could get light
scharm and sup in the NUHM by assuming very high values for p and m 4, which would
mean violating the GUT stability constraint. Another possiblity would be to postulate
non-universality between the first two generations and the third, and between squarks and
sleptons. It is interesting to note that the suppression of the lighter squark eigenmass via
diagonalization is much less for sup than for stop, so it is not necessary to postulate large
Ap in these scenarios.

As Hamlet said: ‘There are more things in Heaven and Earth, Horatio, than are dreamt
of in your philosophy.” This comment certainly applies to supersymmetric phenomenology.
There are surely many important aspects of the stop NLSP scenario that we have overlooked
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in this paper, and many other NLSP candidates could be envisaged, beyond the stop, the
neutralino and the stau, which are the three options usually considered. If supersymmetry
is the ‘surprise’ most expected at the LHC, one should perhaps expect it to appear in an
unexpected way. The dominant signature might not be the ‘expected’ missing transverse
energy, but rather some brand of metastable charged particle, which could well have strong
interactions, like the stop considered here.
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A. Three-body stop decays

We present in this appendix some details of the calculation of the three-body stop decay,
using the following notations. For the top contribution, we introduce:

A; = %(cos 0; + sin 6;), (A1)

By

1
§(COS 0; — sin 6;). (A.2)

and for the sbottom contribution we introduce:

a; = (sin6y, cos 0;), (A.3)
b; = (cos 0y, —sin ;). (A.4)

We also define
ki = (cos 07 cos 0, — cos 07 cos 0;). (A.5)

In the chargino contribution we have:

Vi

1
§(VZ~2 sin 3 + Uja cos ), (A.6)

A;

%(‘fig sin 3 — Uja cos 3), (A.7)

and for the low-to-moderate range of tan 3 we have:

2my sin ¢, sin 07

g
251 = —gocos ¢r, + A8
! 92 oL \/§mw sin 3 (A.8)
gamy sin ¢y, sin 07
2P, = —g9 cos - A9
! 92 oL \/§mw sin 3 (A.9)
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where cos ¢, £sin ¢y are elements of the matrix V' that diagonalizes the chargino mass
matrix, and expressions for Sy and P» may be obtained by replacing cos ¢y, — — sin ¢, and
sin ¢;, — cos ¢, in the last equations.

For the square of the top contribution to the decay amplitude, we have:

4

Wy = —5—5 h[ha((A; + Bp)*m} + (A; — By)*qt)
winea
+ha((AZ — B )memy + (A7 — Bp)(fa —m%))],  (A.10)
where
hi = m?lm% — 2 (A.11)
hy = —2f1fs + 213 + miy(— fa + 3fs + m%), (A.12)
hs = =2miyai — 2(f1 — f3)(2f1 — 2f3 — 3miy). (A.13)

From the energies £y = p{ and Ey = k', we can define variables x,y by E; = mtglx /2
and Ey = mtgly /2. In turn, this allows to express all the inner products of momenta that
appear in the functions Wy; in terms of x and y. Then, ¢? = m (1 + 7 — z) and the
functions f; are given as follows:

mt~1
m2

fa = o, (A.15)
m2

fs = 2“ (=1=r —ro+2x+7y). (A.16)

2 /2 2 2
where 1 = mz/m7 | vy = my, /mg .
Similar expressions can be written for the square of the sbottom contribution to the
decay amplitude, namely:

= Z C%: C’gj Pg*i (QQ)P'gj (QQ)ngi'gj (A.17)
Z?]
where: 16 b
a;a; 304
Wig, == 55 (mimiy — fi)(@3mE — (a2.p1)*) pr.p2 (A.18)

3 myyms

and: g3 =m? (1+7r2—y), g2.p1 = fo — fs and pr.p2 = f2 — fs — mZ.
The square of the chargino contribution takes the form:

+|2 ZC +P Q3 P+(Q3)ijxf (Alg)
where
Woa s =32 om2m2 i )2 5 A.20
Xi xS T 3m2om2 ( mwmé+f3)[ fa(Eqyimemy + X2)i; f5) (A.20)
i Xj mymz

+p1.02 (M B(3)55 — 45 5(2)35)]
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and ¢3 = mzé—}—m%,v +2f3, fa= (m§1/2)(2 —x—y), fs5=13 —i—mG Also, we define Xyy;; =
(AiAj=ViVi)(SiSj+PiPy), Xayij = (AiAj+ViVy)(SiS;+ PiPj) — (AiVi+ViA;j) (Si P+ P;S;),
and X3y;; = (AiA; + V;V;)(SiS; + PiPj) + (AiV; + ViAj)(Si Py + P,Sj).

The interference between the top and chargino contributions leads to the following

expression for Wy, +:

2 2m,+
th+ == Q(TM mtTQi) + QmXZL (Tgl - mtT4i) - g(ngl - mtTﬁi) - 3Xl (T7z — mtTgl’) (A21)
The functions 7T; may be written as follows:
4 all 2 2
Ty = [—=2fim% + (fofs — mEf1f3)ha — 2f1 fofs(—f2 + 23+ m%)
meW

—2fymiy + famiy (f5 +2mEmZ ) — frmiy (263 + fofs +mEGfs — 2mZm3)
+miy (f3 — mEZm? Yhs + f7(2fafs — 2m% fa + mZ(4f3 + 2m% + miy))],

Ty = m‘*;;fjw [(F1 — f2)2fs +m2) M f1 — fofs)
iy (= fofd = f3(fs +m%) +mZ(fifs + fsm? +mEm? )],
Tys = 522 fFmd (= fo) + ol = m?)
amw

NSRS = 2ol = m 4+ mZm?)
—my (3 —m% m~)(2f2 f3—2mé)],

Tii = =2 [(fy ~ fo)mbfy — fafs) + miy (3 — mm? )
G"wW

Ty = m4o;r1: (=22 (f2 = mE)(fs +m%) + f3 fo(2fs +mE) — ffmZ (f2 +2f3)
G W

+f1fa(2f5 — 2mLfa — (2fs + mE)(mE — m?))
+m%vf2(—2f22 +5fafs + fa+ 2m~f2)

—miym? (2f2(f3 —m ) (f3+m )(f3+2m )
mwfl(fz(f:s —2m%) — m%(fs — 2m3 ) + 2miy (f3 — mEm? )],
Tsi = nj;%[ 2f1m (f3+m )+mwm J1(2f2 + f3)
a W

+f1f32fafs + mE(B3f2+ 2f3) + m7)

+f3(=miy f3 — mEm? (fs+miy) — fafs(2f3 +m% + miy))],

o= ot [f2-2m ot 2m) + Fofimd = )
G

+f1f3(2f5 — 2famE —mE +mEm? ),
— famiy (f2(2f2 — f3)—2m (f2 + f3)) —mZ m2 mw( 2f2+3f3+2m2~)],

Iy = 4~a4l 2mZ 7 + fa(fafs + fam + 2fomiy) — f1(3fafs + mE(fs + 2miy))],

,23,



where a1; = AgiAj+ Ay By, co; = Az A;— Ay By, azi = X3 A;+34, By, oy = X3 A;— 34 By,
with Asz; = V;S; — A; Py, Y3, = Vi.S; + A; P, and Ay, = VP, — A;S;, Yuy = Vi Py + A;S;. We
also denote hy = 2f3 +m~ —m , hs =3f3 +2m +mW

The interference between the top and sbottom contributions, W,; may be written as:

(f2q2-q1 — p.gam%)
th;, - 2 9o ¢ [m%d/yipl - flyikz] + D) [m%/VY2pi - flyéki]’ (A22)
i mémw 3mW

where

Yipi = 4 Zul(fi + fa)m% + (f — f3 = 2mZ)mZ |

—4 Z5[(fr + f2 — )mtmG]
Yiki = 4 Zu2f1(f2 —m )+f3( —mZ ) + miy(—fo+m%)]
—4Zy[(=f1+ f3 - mW)mtmg]a
Vops = 2t P n + ) + o (73 + 2y = o+ )
+m m*( 13 +f?ﬂn +mZ (27” +miy))
—f3(f3(m% +2m? ) + mZ(2m? + miy))
+mZfi(fa(fo+ f3 +m%) +mi (fa — fs — 3mZ%))]
F S (3 — fomi, (fs — )
G
+13 (f3+m +mw)+mt1(f3 G(mtl +mpy))
+magmy fi(— fz(f2 + f3 +m%) + 2mZmi )],
Yori = 4ZM —[(f5 = fofs —mEmZ ) (fs(=mZ +mi ) + miy (f2 — m%))
mg
—h(2f3 = 23 (fs + m¥ )+m Js(mg —mi)
+m@f2(2f3 - 2mgl miy) +ms (27”? +miy))
—2mZ fi(f2 — m%)]
VB fymemi(— 13 + (s + mE)md, + fa(fs + )
G

+fimgmi(—f3 + 3fafs + mE(f3 +mZ +miy) — 2fim%)),

and Z1; = Af25i + BEAE%’ Lo = Af25i — BEAE%’ Y = (ai + bl)/2, and As; = (CLZ' — bl)/Q

Finally, the interference between the chargino and sbottom contributions is given by:

2
—[Xlkij — ijngl-j] (A23)

Wty = 20X1pig =y Xopy] = 3

— 24 —



where

Xipij = _njzilﬂ;;/[( f1— f2+2f3+m2é+m%/[/)(h6+h7—m%f12)],
Xipij = _T:;MW (L (fs(fa+ f3) +m%(fa — 2fs) —m)

—f1f3(f3 = fa(3fs + m% — 2miy) + f3(2fs + m% +mF +miy))
+miy (f2 — f22(3f3 +m%) + (f5 +m%)’m?
+F2(2f5 = memi, + fa(mg +miy))];

4 09;j

Xopij = =5 —5-(= fo+ f3+mZ)[he + hr — fimZ],
ag'w
409

ij:—ﬁ( f2+ fa+mZ)[he + hr — fimZ],
M

and hg = f1f3(f2—[f3), hr = m%/{/(fZ(_f2+f3)+m2'“m?1)7 and o145 = I'1;; Vi — T35 Ai, 0255 =

G

Flijvi + ngin. We also define Fh‘j = 25]'Si + A5jpi, FZij = ESjPi + A5jSZ‘, with 25]', A5j
defined previously.
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