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We consider the process of associated stop-chargino production in the MSSM at LHC and show that, at
the simplest Born level, the production rate is dramatically sensitive to the choice of the benchmark points,
oscillating from potentially visible maxima of the picobarn size to much smaller, hardly visible, values.
Adopting a canonical choice of SM-type CKM matrices, we also show that in some visible cases the total

rate exhibits a possibly relevant dependence on tang.
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L. INTRODUCTION

Among the various processes that will be explored at
LHC, the single top production, represented in Fig. 1,
exhibits the interesting feature of providing the possibility
of measuring the CKM V,;, matrix element, that appears
already at Born level in the related cross ection, and for a
recent study of this process in the MSSM we defer to the
existing literature [1,2]. In a supersymmetric scenario, a
similar property characterizes the three processes of single
stop production, represented in Fig. 2 and called in this
paper, in analogy with the single top case, s-channel,
t-channel and associated stop-chargino production. As
stressed in a very recent work [3], from these processes
one could obtain a measurement of some of the CKM
SUSY-SUSY matrix elements that appear already at Born
level, i.e. a test of the usual SM-type assumptions. For this
process, in particular, the analysis of [3] considers one
special benchmark point (SPS5) and examines the poten-
tial effects of a deviation of the CKM matrix elements from
their SM-like values, finding sizable effects in the consid-
ered parameter range.

Previous papers have already considered the mixed stop
antisquark production [4] and the associated stop-chargino
production case [5]. In Ref. [5] the process has been
studied at NLO SUSY-QCD and LO electroweak level,
finding a rather sizable one-loop QCD effect, that depends
very strongly on the chosen value of tanf3, that appears at
Born level.

The calculations of [5] have been performed for a rather
special choice of parameters, in particular, using as input a
negative value u = —200 GeV. From recent experimental
analyses, the nowadays favored u value appears to be
positive if one assumes the most recent cosmological con-
straints on the dark matter relic density (see, for a very
recent discussion [6]). Given the fact that the tanS depen-
dence of the stop-chargino rate appears to be very strong,
we feel that it might be interesting to reconsider the analy-
sis of [5] starting from positive u values. More specifically,
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the aim of this paper is that of generalizing the analysis of
Refs. [3,5] to a wider class of SUSY benchmark points
with positive p. Our main goal is that of understanding the
kind of tan8 dependence that appears in the total rate. With

q t b
w
w
T b q q
(a) (b)
b w ]
\\ b i L e WA AV
99 t
e O t

g 0000990 )——>——t
(c) ()

FIG. 1. Born diagrams for single top production: (a) s-channel,
(b) t-channel, (¢’) + (c) associated production.
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FIG. 2. Born diagrams for single stop quark production. They

are in 1-1 correspondence with the diagrams of the previous
Figure.
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this aim, we shall only consider in this preliminary paper a
description given at Born level, and we summarize quickly
the results that we have obtained in Sec. II, essentially
devoted to the kinematics of the process, and in Sec. III,
where we show the main results of our study. A short final
discussion will be given in Sec. IV. In Appendix A, we
report the explicit form of the helicity amplitudes for the
process bg — 7,x; at Born level. In Appendix B, we give
the high energy limit of the one-loop electroweak
corrections.

II. KINEMATICAL DESCRIPTION OF THE
PROCESS

The starting point is the expression of the invariant
scattering amplitude for bg — 7,x; . In the notation of
[1] we shall therefore write (factorizing out the color
matrix elements), the s-channel and u-channel Born con-
tributions:

ABorn(s) = — gs 5 l_)c(/\/l_)[AlL(fa)PL
s — my

+ AR(T) PRI + my)fu(b) (1)

2 - -
ABom() = — _g,;g 5. (X7 NAFE,)P,, + AR(T,) Pg]

Iy
X (e.p;, u(b) 2)
where e# is the gluon polarization vector, ¢ = p, + p;,
s=(p, + pg)2, u=(p, — p)(l_—)2 and o, = %. The char-
gino states are y;, i = 1, 2 whereas 7,, a = 1, 2 are the
physical stop states obtained from a mixing of the chiral
fields 7,, n = L, R, such that

AFR(E,) = RuAPR(E,) (3)

with
RlL = R2R = C()Sgt RlR = _RZL = Sinc9, (4)

The basic couplings

em,;

e
AL(F )= ——7+ ALy )= — "1 7+
! ( L) Sw li ! ( R) \/EMWSW SinB 2 (5)
em
ARG = —=——TL—275"
(i) V2My sy cosB

involve the chargino mixing matrices Z;; defined in [7] and
controlling the gaugino-higgsino composition of chargi-
nos; note the direct sensitivity on tanB appearing in the
higgsino components.

Starting from the previous equations and decomposing
the Dirac spinors and the gluon polarization vector into
helicity states A,, A,, A,, one can easily derive the ex-
pression of the differential partonic cross section in terms
of the eight possible helicity amplitudes computed in
Appendix A (we retain the bottom mass, that cannot be
neglected in a MSSM coupling scenario):
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with 8 = z—ﬁ, B = 2—\;’5/, p, p' being the initial and final c.m.
momenta. The center of mass scattering angle 6 is defined
as the angle between the final stop squark and the initial
bottom quark.

This partonic cross-section gets simple expressions in
two limiting cases (a) at low energy (near above the
threshold /sy, = m, + m;), (b) at high energy (/s >

my, my):
(a)
Born agm B/ _ i
jla—e = gegrgliAr Gl +14KCIPL - ©)
(b)
dobor _ a.p” L(7 |2 Rz \[272 O
5 0p.pa + A g
d cosf 96SB [|A1 (ta)l |At (ta)l ]Sll’l 5

)

The low energy approximation is feeded by the helicity
amplitudes F, .., F___ and F,,_, F__, and only the
s-channel contribution (the u-channel contribution van-
ishes more rapidly at low energy because of an additional
B’ factor coming from the product e - p; ).

The high energy approximation is only feeded by the
u-channel amplitudes F_, ,, F, __. All the other ones are
mass suppressed (like m/./s or m?/s) by kinematical
factors or gauge cancellations between s and u-channel
amplitudes. All these properties can easily be inferred from
the detailed expressions listed in Appendix A. In
Appendix B, we have also written the expressions of the
one-loop electroweak corrections arising at logarithmic
level from the so-called Sudakov terms [8], valid only in
the very high energy limit.

It is remarkable that the information brought by this
partonic cross section takes the form of

|AF (71> + AR T, ®)
which, e.g. for the lighest stop quark 7;, reads
c0s 20| AL (7, + sin?0,JAL (i)

+ 2sinf, cos, AL (7, )AL (7R) + cos?6,|AR(T)I%,  (9)
which involves the 4 parameters 6,, ¢, r (that appear in the
chargino mixing matrices [7]), and tanf3.

A disentangling of these various elements could be
achieved if the polarization of the produced chargino could
be measured (for instance from its decay products [9]). At

low energy, A, = +1is fed F, . and F__, which only
depend on AR(7,) at & = 0 and only on AL(7,) at 0 = .
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Conversely, A, = — % is fedby F___ and F,,_ and only
depends on AX(7,) at & = 0 and only on AR(7,) at 6 = .
Athigh energy, A, = + 1 is only fed by F_, , and AX(7,),
whereas A, = —% is produced by F,__ and AL(7,). In
both limiting cases this would allow a good check of the
stop and chargino parameters. For the moment we shall
only concentrate in this paper on the cross-section and its
measurability at LHC.

II1. PHYSICAL OBSERVABLES

The physically meaningful quantities are obtained by
integrating over the angle with the available parton distri-
bution functions. As a first observable, we considered the
inclusive differential cross section, defined as:

do(PP — lr T+ X 1 COSO max
o( aXi ) = _ f dcosHng(T, cosh)

ds S

COS(gmi“
do—bg—»f X;
— 1
d cosf O (10)
where 7 = ¢, and L, is the parton process luminosity.
Vimax _
Lug(.cost) = [ dslbs(r/) + g(btr/x)] (11
Ymin

where S is the total PP c.m. energy, and i(x) the distribu-
tions of the parton i inside the proton with a momentum
fraction, x = ,/Se’, related to the rapidity j of the 7,x;
system [10]. The parton distribution functions are the
Heavy quark CTEQG6 set [11]. The rapidity and angular
integrations are performed after imposing a cut pr =
10 GeV (see [12] for more details).

At least in the initial LHC period, a more meaningful
quantity might be the integrated cross section. We consid-
ered here the integration from threshold to a variable final
c.m. energy and allowed it to vary up to a final illustrative
value of 2 TeV. Note that, moving to the one-loop level, the
Born equality between the final c.m. energy and the physi-
cally meaningful final invariant mass is lost. The relation-
ship between the two quantities can be obtained with a
specific dedicated analysis analogous to the one performed
in [12]. We expect from that reference that the difference
should not be large. This feature will be examined in de-
tails in a forthcoming paper.

In our calculation, we considered a number of bench-
mark points. Our choice priviledged some special cases of
couples of points whose main difference was the value of
tanS. For example the two points LS1 and LS2 defined by
us in [1] exhibit an almost identical spectrum of physical
masses, with tanf equal to 10 (LSI) and 50 (LS2). An
analogous situation, although with slightly larger mass
differences, characterizes the two points SU1 and SU6
[13]. To have a check of our calculation, we also consid-
ered the Snowmass benchmark point SPS5 [14] used in
Ref. [3] which has tan8 = 5. For our purposes, we varied
tan 3 within this point, moving to the final (allowed) value
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TABLE I. mSUGRA parameters for the benchmark points
LS1, LS2, SU1, SU6, and SPSS5. All masses are expressed in
GeV.

my mi, Ay tan sign(u)
LS1 300 150 —500 10 +
LS2 300 150 —500 50 +
SuU1 70 350 0 10 +
SU6 320 375 0 50 +
SPS5 150 300 —1000 5 +
SPS5a 150 300 —1000 15 +
SPS5b 150 300 —1000 40 +

of tanB = 40. The mSUGRA parameters associated with
these points are reported in Table I.

To have a feeling of the different relevant stops, chargi-
nos masses in the various benchmark points, we have
shown them in Fig. 3. As one sees, the mass spectra are
almost identical in LS1 and LS2, and roughly identical in
SUT and SUG6. In the next Figures, we show the results of
our calculation.

Figures 4—6 show the inclusive differential cross sec-
tions for the three pairs of points. For simplicity, we only
show the results that correspond to the lightest final pair
(7, x). We can anticipate the fact that in the three remaining
possibilities the distributions are greatly reduced, with the
possible exception of the combination of the lightest stop
squark and heavier chargino in LS1, L.S2 cases. As one
sees, in all considered cases the common feature is that of a
sensible dependence on tan. This is due to the combina-
tion of two quite distinct effects. First, the mass spectrum
and, as a consequence, the threshold for the production of a
Ty state clearly depend on tang. Of course, a high thresh-
old implies a strong reduction of the cross-section. This
kind of effect can be observed if we compare the bench-
mark points SU1 and SUG6 or also SPS5/SPS5a and SPS5b.
Secondly, an additional tanf-dependence enters through
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FIG. 3. Chargino and stop masses in the considered benchmark
points LS1, LS2, SU1, SU6 and SPS5.

093009-3



M. BECCARIA et al.
pp—t, x +X

°F LSI E
C A ]
Sr ]
m'\: :
o0 ]
S ]
3f ]
55k ]
X D
L r ]
2 7
1+ 5
P S R U RPN i e =S L ]
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

\'s [TeV]

FIG. 4. Differential distribution do/ds for producing the light-
est 7y final state at the benchmark points LS1, LS2.

the appearance of that parameter in the couplings AZ.L’R.
This second kind of effect can be observed clearly in those
cases where the variation of tan does not lead to large
changes in the threshold. Examples can be found in the
comparison between the benchmark points LS1 and L.S2 or
SPS5 and SPS5a.

A detailed analysis of these two cases is worth ones
while in order to understand why the cross section in-
creases with tanf in the first case (LS1/LS2) whereas it
decreases in the second one (SPS5/SPS5a). Starting with
LS1/LS2, we show in Fig. 7 the distribution do/ds for the
various helicity components as /s increases. In the peak
region, there are two dominant contributions with the
specific (sign of) helicity combinations — — + and — —
— whereas at higher energy, only the — + + term survives.
When tang is increased, the dominant channels tend to

pp—ot X +X

0.015 ‘
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do/ds [pb/TeV’]

0.005

FIG. 5. Differential distribution do/ds for producing the light-
est 7y final state at the benchmark points SU1, SU6
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FIG. 6. Differential distribution do/ds for producing the light-
est 7y final state at the benchmark points SPS5, SPS5a, SPS5b.

decrease slightly. They receive a mixed contribution com-
posed of a dominant gaugino coupling and a smaller higg-
sino one. The relative signs of the combinations are
responsible for the decrease of this term when tanf is
increased and the higgsino contribution grows. On the
other hand, there are two channels with helicities + + —
and + + + which are purely of higgsino origin. These are
quite small in LS1 but sizable in LS2. They are responsible
for the increase in the total do/ds. We do not show a
similar figure for the case SPS5/SPS5a, but the mechanism
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FIG. 7. Differential distribution do/ds for producing the light-
est 7y final state at the benchmark points LS1, LS2. We show all
the separate helicity channels and label the most relevant ones.
The labels show the sign of the helicities of the various involved
particles in the order b quark, gluon, chargino. An angular cut
| cosf] < 0.9 has been applied to better separate the various
lines. The dashed lines in the LS2 panel are those helicity
components which are enhanced by the large tanf value.
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is quite similar. The only difference is that now the + + —
and + + + amplitudes are much smaller due to a combi-
nation of various effects (different tan$3 and mixing matrix
elements). When tan g is increased from 5 to 15, the rise of
these amplitudes is unable to invert the (negative) trend due
to the leading amplitudes.

To make a more realistic analysis, we show in the next
Figs. 8—10 the values of the integrated cross sections. From
their inspection, two main conclusions can be, in our
opinion, derived. The first one concerns the magnitude of
the various rates. We assume, for simplicity, that a value of
one picobarn for the rate corresponds, roughly and for the
expected luminosity, to ten thousands events per year. In
this sense, we consider it as a reasonable experimentally
meaningful limit, leaving aside in this qualitative discus-
sion identification details. For rate values drastically below
the picobarn size, the process might still be “visible” but
hardly exploitable in our opinion for a meaningful parame-
ter analysis.

Keeping in mind our qualitative classification, we see
that the rates of the three point couples oscillate from a
maximum of the picobarn size (LS1, LS2) to a minimum of
~ 1072 picobarn (SU1, SU6), passing through an inter-
mediate stage of = 10~! picobarn (SPS5) (in fact, all our
results should be multiplied by a factor of 2, to keep into
account the conjugate state y ™ 7*, produced by an initial bg
pair, whose rate is essentially identical with that of y~7).
As one sees, the rate variations from one pair to another
one are of 1 order of magnitude. We should also say as a
check of our calculations, that our results for SPS5 repro-
duce essentially the corresponding SM type one (defined
“plain”) of Ref. [3].

The second main comment is that, in all three cases, the
variations of the rate with tan8 are not small. More pre-
cisely, they are of the relative 30% size for LS1, LS2 and of
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0.8

0.6

0.4

G [pb] (integrated up to \s)

0.2

il o Lo b b b b b b s b b b b b
3 04 05 06 07 08 09 1 11 12 13 14 15 16 17 18 19
Ns [TeV]

N

FIG. 8. Integrated cross section from threshold up to +/s for the
production of the lightest 7y final state. Benchmark points: LS1,
LS2.
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FIG. 9. Integrated cross section from threshold up to +/s for the

production of the lightest 7y final state. Benchmark points: SUT,
Sue.

the relative 60% size for SU1, SU6. In the case of SPS5, the
variation with tanf is the most drastic. Moving from
tanB = 5 to tan8 = 40 would change the rate by a factor
of 3 that would hardly escape an experimental detection.

We remark that this rather strong tan8 dependence is
observable despite the gaugino character of the lightest
chargino, a general feature of mSUGRA benchmark points
with a light stop. Moving onward to more general symme-
try breaking schemes, any point characterized by a light
stop and an higgsinolike lightest chargino would enhance
the discussed sensitivity. This would be precisely the case
of [5], since their choice of the parameters selects, as one
can easily check, a lightest chargino with a sizable higgsino
component.
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FIG. 10. Integrated cross section from threshold up to /s for
the production of the lightest 7y final state. Benchmark points:
SPSS5, SPS5a, SPS5b.
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A final possibly interesting question that we try to face is
the dependence of the rate on the assumed sign of the u
parameter (this could become relevant only if the existing
cosmological constraint were removed). To give a quanti-
tative example of the potential effects of a change in the
sign of u, we have redone some of our calculations chang-
ing the sign of the w value. Figs. 11 and 12 show the results
in the two “more observable” cases LS1/LS2 and SPS5/
SPS5a. The associated benchmark points with negative
u <0 (and the same |u|) are defined NLS1, NLS2,
NSPSS5, and NSPS5a. As one sees, the tanf3 dependence
is strongly enhanced in the two cases, increasing by almost
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FIG. 12. Differential distribution do/ds and integrated cross
section from threshold up to /s for the production of the lightest
fy final state. The benchmark points are NSPS5, NSPS5a, both
with u <O0.
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a factor 2 with respect to the positive w analysis, while the
size of the total rate is only slightly decreased, at least for
large tanB. Note that even with a negative w the lightest
chargino is still of essentially gaugino type due to the
natural |u| >> M, hierarchy, contrary to the case of [5].

IV. CONCLUSIONS

In conclusion, we have seen that the process of stop-
chargino production appears, in a light stop-chargino sce-
nario, to be a possible promising candidate for a ““spectro-
scopic” test of different SUSY scenarios and also,
possibly, for a measurement of tanf. In this respect, it
would represent an alternative possibility to those offered
by more conventional and direct measurements in the
Higgs sector. For instance, at LHC, tan 8 can be determined
from a study of the production process gg — bbH/A/h
which is the dominant Higgs boson production process at
large tanB [15]. From an analysis of the subsequent Higgs
decays (mainly H/A/h— 77— jj+ X or H/A/h—
77 — £j + X) performed at 30 fb~! it is possible to deter-
mine tan3 with a statistical error 4—25% and a systematic
error = 12% depending on the signal significance [16].

To complete this preliminary study, two main analyses
are still missing, The first one is a realistic experimental
discussion of the expected errors. To our knowledge, pre-
liminary experimental analyses of light stop-antistop pairs
production have been very recently provided [17]. In our
opinion, their extension to the stop-chargino case could be
interesting. The second one is a complete NLO theoretical
calculation, which would be justified by the presence of a
large tanf3 dependence at Born level. For what concerns
the NLO QCD analysis for a more general set of input
parameters, in particular, with u > 0, we think that the
analysis of [5] should be redone, but an essential point, in
our opinion, would be the additional and combined calcu-
lation of the one-loop electroweak effects, since a priori
the tanB dependence might be sensibly modified at this
level, particularly in a light stop-chargino scenario where
sizable electroweak logarithmic effects of Sudakov kind
shown in Appendix B might arise from one-loop diagrams.
Our group is already proceeding in the complete one-loop
electroweak calculation.

APPENDIX A: BORN LEVEL HELICITY
AMPLITUDES

The Born level helicity amplitude is

Faaa, = 2 NUHD (A1)
=y
where
Al(,) AT(7)
Ny = —g,—5, N] =2g,——5, (A2)
s — mb u — m;n
and

093009-6



SUPERSYMMETRY SPECTROSCOPY IN STOP-CHARGINO ...

R 0
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R .6
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H] = 5(1 +rp)(L = m)(1+ry)sing (AS)
R 0
HY = —p_ﬁm + 1)1 = m)(1 = ry)cos (A6)
p'Rsiné .0
}[;7,+++ = Wy (I + nr, —ry(n+rp)) sin
(A7)
'R sinf 0
H1, =L 1+ g, —r (n + ) sin. (A8
2,+—+ 2\/5 ( nry X(n b)) 2( )
'R sinf 0
.7‘[;”++7 _p i 1+ gry, + r(n+r)) cos
(A9)
'R sinf 0
5{57,+—— _ Pz\/E (1 +9r, +r,(n+r1) cos
(A10)
'R sinf 0
HI] = p2\/§ (I =nr,—r(n- ”b))COSE
(Al11)
'R sinf 0
5—[2,,+=—p2\/§ (l—ﬂrh_rx(n_rb))cosz
(A12)
'R sinf .0
3_[-2_+_ _P 7 (I =mry, +r(n—1) sin,
(A13)
p'Rsiné 0
HI = 5 (L= nry, + 1y (n = 1)) sing

(Al14)

The kinematical parameters R, r;,, and r,, appearing in the
above expressions are defined as
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R= \/(Eb + my)(E, +m,), (A15)
p
=_ P Al
Ty E, +m, (Al6)
!
ro=—2> (A17)

X EX+mX’

where E, and E, are the b quark and chargino c.m.
energies.

APPENDIX B: ONE-LOOP ELECTROWEAK
CORRECTIONS AT LOGARITHMIC LEVEL

From the general rules given in [8] we can already give
the expressions of these corrections due to the so-called
Sudakov terms. These expressions should only be valid in
the domain /s > m;, m,. At low energy, a dedicated
complete one-loop calculation is necessary and is under
way.

+ 26c%v
36s%,c

S
FS ) = FO (1) { (2108,
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