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1. Introduction

The search for supersymmetry [1, 2] is a central part of the physics program at the proton-
antiproton collider Tevatron with a centre-of-mass energy of V~S = 1.96 TeV and at the
proton-proton collider LHC, which started operation in 2010 at \fS = 7 TeV. In particular
squarks and gluinos, the coloured supersymmetrie particles, may be produced copiously in
hadronic collisions. The hadroproduction of top squarks (stops) [3] is an important special
case, since the strong Yukawa coupling between top quarks, stops and Higgs fields gives
rise to potentially large mixing effects and mass splitting [4], The same holds, albeit to
a lesser extent, for bottom squarks (sbottoms). Moreover, if the scalar masses in unified
supersymmetrie theories are evolved from universal values at high scales down to low scales,
the lighter of the stop mass eigenstates is generally driven to the lowest value in the entire
squark mass spectrum. The search for the lightest stop therefore plays a special role in the
quest to find signals of supersymmetry at hadron colliders.

Searches at LEP [5, 6] and the Tevatron [7]- [11] have placed lower limits on the lighter
stop and sbottom mass eigenstates in the range between about 70-200 GeV, depending
on the choice of supersymmetrie parameters. The LHC will extend the range of sensitivity
into the TeV-region [12, 13].

In the minimal supersymmetrie extension of the Standard Model (MSSM) [14, 15] with
R-parity conservation, stops are pair-produced at hadron colliders:

pp/pp —t\t\ + X and 22 + X (1.2)



where ¢i and i2denote the lighter and heavier mass eigenstate, respectively. The hadropro-
duction of mixed i1y2 or t2t1 final states is strongly suppressed since it can only pro-
ceed through electroweak channels or QCD-induced loop diagrams [3, 16, 17]. Sbottom
hadroproduction is described in a completely analogous manner, so we will focus our dis-
cussion on stops. We will, however, comment on potential differences between stop and
sbottom hadroproduction, and provide benchmark cross sections for shottom production
at the Tevatron and the LHC.

Accurate theoretical predictions for the stop-pair cross sections are crucial to derive
exclusion limits [7]-[11] and, in the case of discovery, can be used to determine the stop
masses and properties (see e.g. Refs. [18, 19, 20]). The cross sections for the stop-pair
production processes (1.1) have been calculated at next-to-leading order (NLO) in su-
persymmetric QCD (SUSY-QCD) [3]. The SUSY-QCD corrections significantly reduce
the renormalization- and factorization-scale dependence and increase the cross section
with respect to the leading-order (LO) predictions if the renormalization and factoriza-
tion scales are chosen close to the stop mass. Electroweak corrections have been calculated
as well [21, 22]. Although they can be sizeable at large invariant masses and large trans-
verse momenta, they are moderate for the inclusive stop cross section. The SUSY-QCD
calculation of Ref. [3] has been implemented in the public computer code Prospino [23]
and presently forms the theoretical basis for the stop mass limits obtained at the Tevatron.

A significant part of the large NLO SUSY-QCD corrections to squark hadroproduction
can in general be attributed to the threshold region [24, 3] where the partonic centre-of-
mass energy is close to the kinematic threshold for producing massive particles. In this
region the NLO corrections are dominated by contributions from soft gluon emission off
the coloured particles in the initial and final state and by Coulomb corrections due to
the exchange of gluons between the massive particles in the final state. The soft-gluon
corrections can be taken into account to all orders in perturbation theory by means of
threshold resummation. A considerable amount of work has recently been devoted to
the calculation of threshold logarithms for total gluino and squark cross sections [25] -
[30]. Final-state stops are excluded in these calculations and all other squark flavours, the
so-called light-flavour squarks, are treated as being mass degenerate, neglecting possible
mixing effects.

In this work, we extend the previous analyses of threshold resummation for the hadro-
production of gluinos and mass-degenerate light-flavour squarks at next-to-leading loga-
rithmic (NLL) accuracy [25, 27, 30]. Firstly, we consider the hadroproduction of stops
and non-mass-degenerate sbottoms. Secondly, we study the impact of NLO and NLL
corrections on the transverse-momentum distributions. Since theoretical predictions for
differential distributions are input to the experimental analyses, it is important to assess
how the shape of the distributions is affected by higher-order corrections. The thresh-
old resummation for transverse-momentum distributions has been studied extensively for
Standard-Model processes, see e.g. Refs. [31]-[37], but not yet for SUSY processes.

The paper is structured as follows. In section 2 we review the basic features of stop and
sbottom hadroproduction, and we briefly discuss the application of threshold resummation
to the transverse-momentum distribution. Section 2 also contains the specific stop-pair



formulae that enter the calculation of the resummed cross sections. State-of-the-art SUSY-
QCD predictions for stop hadroproduction at the Tevatron and the LHC, including NLO
corrections and NLL threshold resummation, are presented in section 3. We discuss the
impact of the NLO+NLL corrections on total cross sections and transverse-momentum
distributions and provide an estimate of the theoretical uncertainty due to scale variation
and the parton distribution functions. We conclude in section 4. The dependence of the
stop and sbottom cross sections on the choice of supersymmetrie parameters can be found
in the appendix, where also some predictions for specific benchmark scenarios are given.

2. Stop and sbottom pair production

Let us first review some basic features of the stop and sbottom pair-production cross
sections. At LO the hadroproduction of stop pairs proceeds through quark-antiquark
annihilation and gluon-gluon fusion:

qq —=tit-i  and (272 )
gg —t\ti and 122 m (2.1)

The corresponding Feynman diagrams are shown in Fig. 1. In contrast to the hadropro-

Figure 1: Leading-order Feynman diagrams for the production of stop pairs through quark-
antiquark annihilation (first line) and gluon-gluon fusion (second line).

duction of light-flavour squarks, no i-channel gluino-exchange graph occurs in the quark-
antiquark channel. In such a i-channel graph the initial-state quarks should have the same
flavour as the final-state squarks, but since top quarks are excluded as initial-state partons,
the gluino-exchange graph is absent.

The mass eigenstates ii and 12 are related to the weak interaction eigenstates ti and
ii through mixing: ii = ti cOS% + ir Singr and 2= ~th SiNo» + ir cosdf. The masses
nii , min and the mixing angle d. are obtained from diagonalizing the stop mass matrix
and are determined by Standard-Model and soft-supersymmetry-breaking parameters [4],
As mentioned in the introduction, mixed pairs 1112 or 1211 cannot be produced in lowest
order QCD since the gtt and ggtt vertices are diagonal in the chiral and in the mass basis.



The description of sbottom hadroproduction pp/pp —>b\b\ and &2 is completely
analogous to that of stop production. The only differences occur in the bb —bb channel,
where the initial-state bottom quarks do allow a i-channel gluino-exchange graph that
gives rise to extra contributions. As will be discussed below, these contributions lead to a
less-suppressed LO threshold behaviour than the s-channel gluon-exchange contributions.
However, we shall demonstrate in the appendix that their numerical impact on the hadronic
cross sections is negligible. Thus, for all practical purposes, the LO and higher-order cross-
section predictions obtained for stop-pair production apply also to sbottom-pair production
if the input parameters, i.e. masses and mixing angles, are modified accordingly

When decomposed into s-channel colour states, the LO partonic cross sections for the
subprocesses (2.1) read in generic notation:

22)
- 1) 03
qgq—itt, 8 12N 2s P (2:3)
. Lof (2.4)
M({iVR-1)s v2 I +R
a2nNc 25
HRFETT)s 3)

where as is the strong coupling, s the invariant partonic energy and Nc the number of
colours. The colour labels 1 and 8 refer to the familiar singlet and octet colour states
in SU(3), but all analytic results in this paper are derived for a general SU”"c)-theory
in order to make the colour structure more transparent. Also note that we use a generic
notation for the final-state particles and the associated kinematics: t can be either of the
two stop mass eigenstates, with m being the corresponding mass and B = y/l —4m2/s
the corresponding velocity

The expressions (2.4) and (2.5) for the gluon-gluon fusion cross section agree with
the corresponding expression for light-flavour squark production, cf. Ref. [24], However,
the quark-antiquark annihilation contribution (2.3) is different due to the absence of the
i-channel gluino-exchange graph. As a consequence, the LO cross section for qq — tt
proceeds through s-channel gluon exchange only and is proportional to 33, as opposed to 3
for other squark flavours. This B3 behaviour is the combined effect of the standard phase-
space suppression factor § and an additional P-wave suppression oc 2 near threshold: the
pair of scalar particles needs to be produced in a P-wave state to balance the spin of the
intermediate gluon.

Note that the LO cross sections (2.2)-(2.5) only depend on the mass m of the produced
stops and not on any other supersymmetrie parameters. At NLO, however, the stop mixing
angle Qj enters through corrections involving the tig vertex and the four-squark couplings.
As a result, already the analytical expressions for the t\t\ and (272 NLO cross sections



are different. Furthermore, virtual corrections involving squark and gluino loops introduce
a dependence of the stop-pair cross section on the masses of the squarks and the gluino.
The dependence on all these other supersymmetrie parameters turns out to be mild, as
illustrated in the appendix.

In the threshold region the NLO stop-pair cross section is dominated by soft gluon
emission, which leads to corrections oc log* (i = 1,2), and Coulomb corrections oc 1/R.
In the notation of Ref. [3] the threshold behaviour of the total NLO cross sections readsl:

(Ithr) _  7TQA(X2)
qoprit 48m2

2C*
+ oor @56)

and
+ A log2(8/72) - 4109(8/52) - log(8/52) log ]} (2.7)

Here ji denotes the factorization and renormalization scales, which we keep equal in this
analysis. The first line in both expressions contains the gluon corrections that can be
attributed to the final-state particles, while the terms in the second line, proportional to
either Cf = (N2—1)/(2NQ or Ca = Nccorrespond to initial-state radiation from a quark
or a gluon line, respectively The final-state radiation consists of two parts. The logarithmic
soft-emission terms are proportional to the colour charge of the final state [38, 25, 28, 30]
and are therefore absent for the singlet colour state and proportional to Ca for the octet
colour state. As a result, in the expression for the gluon-gluon fusion channel these terms
are multiplied by (N2 —A)/(N2 —2), which is the ratio of the colour-octet and the total
cross section at threshold (cf. [38]). The Coulomb corrections receive contributions with
colour factors Cp and the total colour charge of the final state. Note, finally, that the
threshold behaviour of the cross section is determined by QCD dynamics and does not
involve any supersymmetrie parameters other than the mass of the produced stops.

2.1 Threshold resummation for the total inclusive cross section

In this paper we shall improve the NLO prediction for the hadroproduction of stop and
sbottom pairs [3] by resumming the leading and next-to-leading threshold logarithms of
the form

a™logmR 2 m <2n 28)

1Ref. [3] contains a misprint in the log(8/32)-coefficient for the gg-channel. In Eq. (9) of [3] the coefficient
107/(367¢2) should be replaced by —155/(367+2).
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to all orders, and to next-to-leading logarithmic (NLL) accuracy. The resummation forma-
lism developed for heavy-quark production [39, 38, 40] can be applied directly to squark-
antisquark production as the colour structure is identical for both cases. The resummation
is performed in the space of Mellin moments (N-space) following the procedure outlined in
Refs. [25, 27, 30], where the hadroproduction of light-flavour squarks and gluinos at NLL
accuracy has been considered.

From the viewpoint of threshold resummation there is a notable difference between
the case of stops and light-flavour squarks, arising from the extra B2 suppression of the
quark-antiquark annihilation cross section o near threshold. In iV-space this effec-
tively produces an extra factor 1/N compared to the light-flavour squark case, resulting in
leading contributions oc \ogl(N)/N instead of logl(N). For the seemingly analogous case
of threshold resummation for the deep-inelastic structure function Fi1, which has a leading
behaviour of the type \ogl(N)/N as well, differences from the expected NLL resummation
structure were revealed in Refs. [41] and [42], However, the NLL resummation procedure
developed for light-flavour squarks applies to stop production as well. In the case of FI the
extra factor 1/N with respect to the N dependence of the structure function F2 arises due
to a special initial-state jet function [43, 44] associated with the longitudinal projection.
In contrast, in our case the logl(N)/N dependence arises from projecting onto the P-wave
final state, which does not depend on the initial state jet function. Moreover, at § (as) lead-
ing and subleading log(N)/N corrections can be computed from the one-loop calculations,
and they do exhibit the pattern expected from NLL threshold resummation. Finally, in
view of the different threshold behaviour of the qgq and gg channels one might worry about
the possibility that these channels mix in the NLL threshold resummation as a result of
soft-quark emissions, which is not the case for top-quark and light-flavour squark produc-
tion. However, we have checked that to NLL accuracy no such mixing occurs at 0(R3).
Based on these observations we are confident that the expressions of Refs. [25, 27, 30] can
be applied to inclusive stop-pair production as well.

The new elements that enter the NLL resummed cross section for stop pair production
are the LO partonic cross sections in iV-space (indicated by a tilde), decomposed into
s-channel singlet and octet colour states. They are given by:

+(N) = 0, (2.9)
a- - = Qs7r 1 Nc - 1 + .
© (AO; 64m2 N2 T-(|-7§IN+ 7/:9) ’ &2 10);
~(0) 1 N(N+3)+4 T(N + 1

> 16m2 NQN2—1) (N + 2)(N + 3) T(N + 5/2) ° J
-(0) _ =N o _ N(N+3)+4 r(N+1
gortt,8{ 2 ggrtnig 64m2 N2- 1 (N +2)(N+3) T(N+7/2) 1

The results for the gluon-gluon channels (2.11) and (2.12) agree with those presented in
[27] for light-flavour squarks and Nc = 3, and are reproduced here for completeness for
general SU(AKK). Note that the results in [27] include an additional factor 2rif from the
summation over the L and R squarks of rif light flavours.



2.2 Threshold resummation for the transverse-momentum distribution

Similar to the inclusive cross section, soft-gluon corrections can also dominate the transverse-
momentum distribution of the stops if the production takes place sufficiently close to the
edge of phase space. We now briefly review the general construction of threshold-resummed
transverse-momentum distributions (cf. [31]-[37]) and its application to stop-pair produc-
tion.

We start with the general framework applicable to the hadroproduction of a pair
of massive coloured particles. Assuming that one of the final-state particles carries a
transverse momentum pt, the minimal energy necessary to produce the system is 2rriT,
where the transverse mass rriT is defined by

(2.13)

For the py-distribution the dominant contributions originating from soft gluon emission
have again the structure (2.8), with the variable B replaced by (cf. [45])

(2.14)

Like in the case of the total inclusive cross section, the resummation of the logarith-
mic threshold corrections to py-distributions takes place in the space of Mellin moments.
However, in this case the Mellin transform is taken with respect to the scaling variable
Xj, = 4m”"/s, i.e.

for a generic partonic subprocess ij —Kkl.
In iV-moment space the resummed partonic py-distribution for the hadroproduction
of two massive coloured particles is given by

(2.16)

X AI(N+1, Q2,82) Aj(N+1, Q2,82) Aj_+kIJ(N + 1,Q2,82) ,

with Q = 2rriT representing the resummation scale and the index | indicating all possible
colour states of the hard scattering. To NLL accuracy, the coefficients Cij™ki,i{N,pT, R2)
are equal to 1 for all channels and colour structures. The functions A; and Aj sum the
effects of the (soft-)collinear radiation from the incoming partons. They are process- and
colour-independent, and are therefore a universal ingredient in all threshold-resummed
cross sections. Explicit expressions for the A; can for instance be found in Ref. [27]. The
function A\?7kIJ accounts for soft wide-angle emission and depends on the production
process and the colour channel. At NLL accuracy it is given by



The values of the coefficients follow from the threshold limit of the one-loop
soft anomalous-dimension matrix in the way described e.g. in Ref. [30]. If an s-channel
colour basis is used, the soft anomalous-dimension matrix for the py-distribution becomes
diagonal in colour space in the threshold limit Bx —=0, leading to the colour-diagonal form
of the resummation formula given in Eq. (2.16). This is similar to threshold resummation
for the total cross section, where the soft anomalous-dimension matrix becomes diagonal
in colour space in the corresponding threshold limit 8 —0. Since the threshold limit is
defined differently for the total inclusive cross section and the py-distribution, the values
of the -D-coefficients are different as well; in particular, the -D-coefficients now carry pt-
dependence.

For the stop-pair production processes we have

(2.18)
qu/gg"tt,s — —2Cr (Re LBT + |) + Ca /E/m Z) + ReLBT (219)
with
and
Bx = lim Bx = \/l —m?Im\ . (2-21)

These expressions agree with those obtained for heavy-quark production in the context of
joint resummation [37].

In addition to the soft radiative factor, the other new elements which have to be calcu-
lated in order to obtain resummed predictions from Eq. (2.16) are the colour-decomposed
LO pT-distributions in iV-moment space. They are obtained from

s -0 2.22
dpT ( )
N _ VAN

da[~S,8 _ a2# 2(N2- 1) p (2.23)
dpT SS N 2 BT
O]
gg->ti,i _ alm 2 pt M4+ pnr (2.24)
dpT s2 NQN2—1) BT my '

O] )

V>«.8 —4  agg-"t,i a2t Nc m4 + p”

~d A~ = ~ D . dr~ +~ w A PTRT ' ( }

Taking a Mellin transform of (2.22)-(2.25) with respect to the threshold variable Xj, one



finds

*> .,
@i (N) = 0, (2.26)
dpT

qqtt,8 ,jT _ Oif'K22 N2 1 T(N + 3) ffy ,

dpT 32 N2 T(N + 7/2) mf, ’ 1"
~0)
99-*ii,i i\ _ as7132 1 rGjVv + 2) pT(md+p4)
dpT 8 ive(ive- 1) r(iv + 5/2) mf, 1"
i- O J~(0) _ _
ss™hs”™n agwd/2 Ve r(iv+2) pT(m4+ ")
~ 2 - d ~ (A° + “ 32" ivAr Ll AT+ 7/12) — N —  +(2-29)

Having calculated the resummed partonic expression in iV-space, Eq. (2.16), the re-
summed hadronic py-distribution is obtained by the inverse Mellin transform

i_(res) i JAT
hih2™ Kl (x2tpt,H2) = Y1 i _N— (XT)~Nfi/h1(N +1,ii2)fj/h2(N+1,ii2)
dpT 13969 JCT 27i
da{le)
G; /Wi-V-I<, It (2.30)
where xy = 4m~/S is the hadronic scaling variable. The functions and fj/h2are the

Mellin moments of the parton distribution functions for the initial-state hadrons h\ and
h2- In order to retain the information contained in the NLO py-distributions [3], the NLO
and NLL results are combined through a matching procedure that avoids double counting
of the logarithmic terms in the following way:

7 (NLO+NLL) (NLO)
T SGopTRy - fOMMEpY et 7,65
+ X! (Xt) Nfi/hi(N + 1/X2) fj/h2(N + 1,/X2)
i,32999 CT
j=(res) ~(res)
2A .2
S 1\ B e PT. R 231
doT (1\,pt,p ) P NO (2.31)

where (da”” /dpx) |(nlo) represents the perturbative expansion of the NLL py-distribution
(2.16) truncated at the order of as associated with NLO. To evaluate the inverse Mellin
transform in Egs. (2.30) and (2.31) we adopt the “minimal prescription” of Ref. [46] for
the integration contour CT.

3. Numerical results

We present numerical results for the NLL-resummed cross sections and transverse-momen-
tum distributions matched with the complete NLO results for stop-pair production at the



Tevatron (V;? = 1.96 TeV) and the LHC (\/5 = 7 and 14 TeV). The matching procedures
for the total cross section and for the transverse-momentum distribution are described in
Ref. [30] and in Eq. (2.31), respectively. We use the notation NLO+NLL for matched
guantities in the following. The NLO corrections are calculated using Prospino [23], based
on the calculation presented in Ref. [3]. The QCD coupling as and the parton distribution
functions (pdfs) at NLO are defined in the MS scheme with five active flavours. The mass
of the stop is renormalized in the on-shell scheme and the SUSY particles are decoupled
from the running of ais and the pdfs. Since mixing enters explicitly only through higher-
order diagrams, the angle need not be renormalized and one can use the lowest-order
expression derived from the stop mass matrix.

As our default, hadronic total cross sections and transverse-momentum distributions
are obtained with the 2008 NLO MSTW pdfs [47] and the corresponding as(Mz) = 0.120.
The NLL corrections are convoluted with pdfs in Mellin space, derived with the program
PEGASUS [49] based on the MSTW parametrization at the initial factorization scale. For
the total hadronic cross sections, we have also used the method of Ref. [50] to evaluate
the NLL cross section with standard parametrizations of pdfs in s&-space. We find however
a much better numerical stability when the total NLL cross sections are evaluated with
Mellin-space pdfs.

Beyond LO the cross section does not only depend on the stop mass, but also on the
gluino mass nig, the average mass of the first and second generation squarks niq and the
mixing angle dj. For this reason we have adopted the SPSla’ benchmark scenario [51] for
our numerical analysis. Taking a top-quark mass of nit = 172.5 GeV [52] and as(Mz) =
0.120 the SPSla’ scenario corresponds to nig = 610 GeV, nig = 560 GeV, sin(20¢) = 0.932
and stop masses of = 367 GeV and m¢2 = 590 GeV [53]. However, in order to focus
on the mass dependence of the cross section and the NLO+NLL corrections, we vary the
mass of the stop while keeping the other SUSY parameters fixed. As shown in Ref. [3
and discussed in more detail in the appendix, the dependence of the cross section on the
additional SUSY parameters is small, justifying this procedure. Note that the numerical
results presented for stop production also apply to shottom production when the same
input parameters are adopted. In the appendix we show that the impact of bottom-quark
induced contributions to sbottom hadroproduction is negligible and present benchmark
predictions for the shottom cross section.

3.1 Results for the total cross section

Let us first discuss the scale dependence of the SUSY-QCD total cross-section prediction.
Fig. 2 shows the scale dependence in LO, NLO and NLO+NLL for t\ti production, using
mi = 200 GeV and 500 GeV at the Tevatron and LHC, respectively. Here and in the
following, we present results for the LHC operating at 7 TeV and at 14 TeV centre-of-mass
energy Note that the LO predictions are obtained with LO pdfs and the corresponding LO
values for a:s [47]. The renormalization and factorization scales are identified and varied
around the central scale go = from 8 = ;to/10 up to & = 5/xo- We observe the usual
strong reduction of the scale dependence when going from LO to NLO. A further significant
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improvement is obtained when the resummation of threshold logarithms is included, in
particular for stop production at the Tevatron and at the LHC running at 7 TeV.

Near the central scale 8 = m¢ the cross section is enhanced by the SUSY-QCD
corrections at NLO and NLO+NLL. The size of the K-factors i*nlo = ctnlo/*lo and
Knll = <7nlo+nll/<7nlo strongly depends on the stop mass and the collider, as is shown
in Fig. 3. At the Tevatron, where the cross section is dominated by (“-annihilation for
large stop masses, the NLO K-factor is moderate and ranges from roughly 1.2 to 1.03
for stop masses in the range between 100 and 300 GeV. A further enhancement by up to
7% is found for large stop masses when the NLL resummation is included. At the LHC,
the gg initial state is dominant and the QCD corrections are in general larger. For t\ti
and 1212 production at the LHC we consider the mass ranges 100 GeV < < 550 GeV
(lower horizontal axis) and 550 GeV < m¢2 < 1 TeV (upper horizontal axis). At 7 TeV we
find NLO corrections ranging from about 40% at the lower end of the stop mass range to
about 20% for stop masses near 1 TeV. The NLL resummation leads to a further increase
of the cross-section prediction of approximately 10% for stop masses in the TeV-range. At
14 TeV centre-of-mass energy the NLO corrections to stop production are significant and
increase the LO cross section by around 35% for moderate ;1 masses and by up to 40%
for ¢2 with rrif2 @ 600 GeV, while the impact of the NLL resummation is modest with
at most 5% further increase for stop masses in the TeV-range. The singularities at the
stop-decay threshold = mt+ nig = 7825 GeV originate from the stop wave-function
renormalization. They are an unphysical artefact of the on-shell approach of Ref. [3] and
could be removed by taking into account the finite widths of the unstable stops. Note that
the NLO cross sections for t\ti and 1212 production are not identical, even if the masses
are taken equal. The reason for this is that the stop mixing angle contributes in different
ways to both reactions at NLO, as discussed in section 2. Furthermore, while we vary
the mass of the stop particle that appears in the final state, the mass of the other stop,
which enters the loop corrections, is set to its SPSla’ value and thus differs for ¢ and ¢2-
However, numerically the difference between the two NLO total cross sections is moderate.
The NLL resummation does not involve any SUSY parameters apart from the stop mass
itself and thus affects the t\ti and 1212 cross sections in the same way. The NLL K-factors
have a tiny SUSY -parameter dependence, which enters through the ratio ctnto+ni11/2nio-

Predictions for the LO, NLO, and NLO+NLL total cross sections are shown in Fig. 4
and Tables 1-3 for t\t\ production at the Tevatron and tih/hfo production at the LHC
with 7 TeV and 14 TeV centre-of-mass energy In fact, the cross sections for t\ti and 1212
production at equal masses are indistinguishable on the scale of Fig. 4. We thus refrain
from showing additional plots for 1212 production. The results shown in Fig. 4 represent the
state-of-the-art SUSY-QCD predictions at NLO+NLL accuracy. The error bands include
the NLO+NLL scale variation in the range m~/2 < fi < 2 as well as the NLO pdf
uncertainty, added in quadrature. The pdf uncertainty is obtained with the help of the
90% C.L. MSTW error pdfs [48]. More detailed information is available in Tables 1-3.

In Table 1 we present results for t\ti production at the Tevatron. As discussed before,
we observe an increase of the cross-section prediction near the central scale when going from
LO to NLO and a further enhancement when NLL threshold resummation is included. The
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scale dependence in the range 2 <iji<?2 is reduced from about +50% at LO to
about £10% at NLO+NLL. The estimated pdf uncertainty is approximately 5%. We also
present cross-section predictions obtained with the CTEQ®6 pdf set [54] and an estimate
of the corresponding pdf error. The difference between the MSTW and CTEQ results is
particularly pronounced at large stop masses, ~ 300 GeV, where the cross sections
obtained with CTEQ pdfs are about 7% larger than the ones obtained with MSTW pdfs.
We observe that the CTEQ pdf error estimate of about 10% is roughly twice as large as
that of MSTW.

Results for t\t\ and 22 production at the LHC with 7 TeV are collected in Table 2.
Here the impact of the SUSY-QCD corrections at NLO is large, with the NLL resummation
adding a further enhancement of up to 10%. The scale uncertainty of the NLO+NLL
prediction is reduced to a level of about 10%. Unfortunately the pdf error is sizeable,
in particular at stop masses in the TeV-region, where we find a pdf error of about 20%
from MSTW. Also the difference between MSTW and CTEQ is significant for large stop
masses, with a 25% increase in the prediction for stop masses near 1 TeV when going from
MSTW to CTEQ pdfs. As before, we find a pdf error from the CTEQ analysis that is
about twice as large as that of MSTW and reaches 45% for m¢ w 1 TeV. Of course, the
large pdf uncertainty is not a specific feature of stop production. It rather generically
affects predictions for TeV-scale particle production at the LHC with 7 TeV centre-of-mass
energy, since these predictions are particularly sensitive to the gluon pdf at large x (see
e.g. Ref. [55]). The conclusion therefore is that more accurate pdf determinations are
needed in order to allow for a precise prediction of heavy-particle production during the
initial phase of the LHC at 7 TeV centre-of-mass energy

Going from 7 TeV to 14 TeV at the LHC, we observe in Table 3 a significant increase
in the predicted cross section of about a factor of 4 for stop masses around 100 GeV and
up to a factor of about 60 for masses in the TeV-region and MSTW pdfs. Just like at
7 TeV, the scale uncertainty of the NLO+NLL prediction is down to a level of about 10%.
The pdf uncertainty is more moderate than at 7 TeV, ranging from 3% at small masses
to about 10% at large stop masses for MSTW, and correspondingly from 3% to 20% for
CTEQ.

3.2 Results for the transverse-momentum distribution

Let us now turn to the discussion of the transverse-momentum distributions. Figure 5
shows a comparison between the LO, NLO and NLO+NLL distributions normalized to
unity. We use normalized distributions in order to be able to directly read off the NLO-
and NLL-induced changes in the shape of the distribution. As for the previous results, we
have used the stop mass as the central scale, n = m, in Figure 5. This is a possible choice as
we do not consider regions where pr » m and where a py-dependent scale would have been
mandatory As already observed in Ref. [56], the transverse momentum carried away by
hard gluon radiation in higher orders softens the NLO transverse-momentum distribution
with respect to the LO distribution. This effect is particularly visible at the Tevatron and
at the LHC with 7 TeV centre-of-mass energy The NLL soft-gluon resummation, on the
other hand, does not affect the shape of the distribution significantly. To elucidate the
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impact of the higher-order corrections more clearly, we display the transverse-momentum
dependence of the NLO and NLL K-factors in Figure 6, this time using the transverse
mass rriT = yJm 2 + pj, as the scale. The significant softening of the transverse-momentum
distribution at NLO at the Tevatron and the 7 TeV LHC is reflected in the variation of the
K-factor, with i”nlo dropping from roughly 1.8 at small pr to a value near one at pr ~ 2m.
In comparison, the impact of the NLL resummation is small. A similar behaviour, albeit
less pronounced, is observed at the LHC with 14 TeV centre-of-mass energy It would
be interesting to see if using NLO+NLL transverse-momentum distributions would affect
the experimental analyses, which so far have been based on LO Monte Carlo predictions.
In this context we recall that the shape of the stop rapidity distribution is not changed
significantly by higher-order corrections, see Ref. [56].

4. Conclusions

In this paper we have performed the NLL threshold resummation for stop and sbot-
tom hadroproduction, considering both the inclusive cross sections and the transverse-
momentum distributions. As the lighter stop and sbottom mass eigenstates are generally
predicted to be the lightest strongly interacting SUSY particles, the search for these parti-
cles plays a special role in the quest to find signals of supersymmetry at hadron colliders.

Results have been given for the Tevatron and for the LHC running at both 7 TeV and
14 TeV centre-of-mass energy Compared to the NLO predictions for the total cross section,
the NLL corrections lead to a significant reduction of the scale dependence and increase
the cross section by up to 10% for masses in the TeV range if the renormalization and
factorization scales are chosen close to the mass of the final-state particles. We have also
studied the SUSY parameter dependence of the stop and sbottom cross sections and find
small variations of at most 2%. The size of bottom-induced contributions to shottom pair
production is negligible numerically so that predictions obtained for stop-pair production
also apply to sbottom-pair production when the same input parameters are adopted.

Since pt cuts are used extensively in experimental analyses, which at present are based
on LO Monte Carlo simulations, it is important to investigate how the NLO+NLL matched
corrections affect the transverse-momentum distributions. We find that the NLO+NLL
corrections can change the shape of the pt distribution considerably and thus generally
cannot be taken into account by using a simple K-factor.

The NLO+NLL matched cross sections and pt distributions presented in this paper
constitute the state-of-the-art QCD predictions for stop and sbottom production and can
be employed to improve current and future searches at the Tevatron and LHC.
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Figure 3: The NLO and NLL K-factors for stop-antistop production at the Tevatron and the LHC
as a function of the stop mass. The scale has been set to the stop mass, i.e. * = mijk.
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Figure 4: Total NLO+NLL stop-pair cross section at the Tevatron and the LHC as a function
of the stop mass. The error band corresponds to the scale and pdf uncertainty of the prediction,
added in quadrature.
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m £l [GeV] 100
(<7 A<Tm)10 [pb]
(<7+ A<Tm)NLO [pb] 15.302°

(<7+ A(7m)nLO+NLL [pb] 15.9ii;|

ApdfNLO [%] +6.6
Knlo 1.22
Knil 1.03

pp —>t\t\ at VS = 1.96 TeV

MSTW2008

200

0% %b  (1-121036) X 10-2

0242062  (1-1S710.i?) X 10-2

n 970+0.014

U.ZOO 005  (1.24+751) x 10-2

+5.3

1.07

1.05

300

+5.3

1.03

1.07

100

10.3t7

14.7#;1

15.1111
+11
1.43

1.03

CTEQG6.6M

200 300
0.210i°;889 (1.20%g;|]) x 10-2
0.2491°:°c%  (1.23#g;ii) x 10-2
0.260+Q6M8 (1.31i0;74) x 10-2

+11 +11

1.19 1.10

1.04 1.07

Table 1. The LO, NLO and NLO+NLL cross sections for stop-antistop production at the Tevatron
12 < ji <2
Results are shown for two pdf parametrizations (MSTWO08 and CTEQ®6) with the corresponding

(a/S=1.96 TeV), including errors due to scale variation (A<tm) in the range

90% C.L. pdf error estimates.
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pp —titi at VS = 7TeV

MSTW 2008 CTEQ6.6M

m fi [GeV] 100 400 100 400
(cr £ AcrM)LO [pb] 3050“ 4 0.15670 044 265+1| El.lnlﬁ_*oo‘%ﬁ
(a £ Actm)nlo [pb] 416759  0.20970 03 384752 0.2021°;°

(a = Actm)nlo+nll [ph] 423"4g O hae%% 390+~ 0.209to ¢®

ApdfNLO [%] +3.9 +10 +3.4 +17
Knlo 1.37 1.34 1.45 1.70
Knll 1.02 1.04 1.02 1.04

PP —I2i2 at VS = 7TeV

MSTW2008 CTEQ6.6M

mt- [GeV] 600 1000 600 1000
(cr £ AcrM)LO [pb] (9M2if6) x 10-3 (9.64t4;*?) x 10-5 (6.6372;™) X 10-3  (6.7612;!) x 10-5
(a + Actm)nlo [pb] (1.231°*) x 10-2  (|.17fa20) x 10-4 (1.27+°i®) x 10-2  (1.501 024) x 10-4

(a + A<TM)NLO+NLL [pb]  (1.30%g;i[) x 10-2 (1.311°°®) x 10-4  (1.331°;13) x 10-2 (1.641°,°T) x 10-4

ApdfNLO [%] +15 +23 +26 +46
Knlo 1.36 1.22 1.92 2.21
Knil 1.06 1.11 1.05 1.10

Table 2: The LO, NLO and NLO+NLL cross sections for stop-antistop production at the LHC
(VS=7 TeV), including errors due to scale variation (A<tm) in the range 2 < ji < 2mj. Results
are shown for two pdf parametrizations (MSTWO08 and CTEQ®6) with the corresponding 90% C.L.
pdf error estimates.
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pp —t\t\ at VS = 14 TeV

MSTW2008 CTEQ6.6M

mfi [GeV] 100 400 100 400
(cr+ AcrMLO [pb] (1.35i°;2) x 103 L1R/¥08  (1.22i°0;3) x 103 140+0:49
(cr £ AcrM)NLO [pb] (1.75%°;]i) x 103 2.28%°%  (1.63i%*)) x 103 213+ -7

(cr + AcrM)NLO+NLL [pb]  (1.77t°;24) x 103 Q24921 (1.65%8:?1) x j03 2 1Q+0"0

ApdfNLO [%] +2.8 +6.2 +2.6 +8.6
Knlo 1.30 1.37 1.34 1.53
Knii 1.01 1.02 1.01 1.02

PP —>ht2at VS = 14 TeV
MSTW2008 CTEQ6.6M
mi2 [GeV] 600 1000 600 1000
(cr £ AcrMLO [pb] 0-IB)7:08  (6.13t11) x 10-3 0 1960048 (4.71i];7) x 10-3
('t Aamni0 [pb]  u.zoo_0QBl (7.638;0) x 10-3 Uzzo—eq (7.651°®8) x 10-3

(cr £ Aam)n1O+NLL [pb] O 242+Q'0R4 (7.98i°;3®) x 10-3 OY&=he 2 (7.97i°:%) x 10-3

© oo

ApdfNLO [%4 +8.3 +12 +13 +21
Knio 141 1.24 1.66 1.62
Knit 1.03 1.05 1.03 1.04

Table 3: The LO, NLO and NLO+NLL cross sections for stop-antistop production at the LHC
(VS =14: TeV), including errors due to scale variation (A<tm) in the range t0;/2 < n < 2 Results

are shown for two pdf parametrizations (MSTWO08 and CTEQ6) with the corresponding 90% C.L.
pdf error estimates.

- 20 -



0.0035

0.006
dpT|"m(PP ~ ¢l 1 + X)) [GeV]
0.0030
0.005 VS =7TeV
0.0025 B=mt = 500GeV
0.004
0.0020
0.003
0.0015
0.002 0.0010
0.001 0.0005 T e lo
; NLO
; NLO+NLL
0 0.0000
0 50 100 150 200 250 300 350 400 0 100 200 300 400 500 600 700 800 900 1000
PT[GeV Pt [GeV
0.0030
0.0025
0.0020
0.0015
0.0010
0.0005
0.0000
0 100 200 300 400 500 600 700 800 900 1000
Pt [GeV

Figure 5: Normalized LO, NLO and NLO+NLL transverse-momentum distributions for stop-
antistop production at the Tevatron and the LHC for * = mji.
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A. SUSY parameter dependence of stop and sbottom cross sections

In this appendix we shall investigate the dependence of the NLO+NLL stop and sbottom
cross-section predictions on the supersymmetrie model parameters that enter beyond LO,
i.e. the mixing angle and the masses of the light-flavour squarks and the gluino. In the
case of shottom production we shall in addition quantify the impact of the bottom-quark-
induced reaction channels bb —bkbk and bb/bb —bkbk/bkbk, involving contributions from
i-channel gluino exchange. It will be demonstrated that the contributions of these partonic
reaction channels are strongly suppressed numerically. Thus, for all practical purposes,
cross-section predictions obtained for stop-pair production also apply to sbottom-pair pro-
duction when the same input parameters are adopted.

As in the main body of the paper we choose the SPSla’ benchmark scenario [51] as our
default. The SPSla’masses and mixings relevant for stop and sbottom hadroproduction are
collected in Table 4. Note that the stop and sbottom masses predicted by the SPSla’and

SPSla’
mg; 367 GeV mbl 509 GeV nig 560 GeV
me 590 GeV mb2 549 GeV mg 610 GeV
sin 29j 0.932 sin 20i 0.652

Table 4: Masses and mixings for the SPSla’ benchmark scenario [51] obtained using SPheno [53]
with the Standard Model input parameters mt = 172.5 GeV and as(M z) = 0.120.

other commonly used benchmark scenarios are beyond the reach of the Tevatron searches,
as the corresponding production cross sections are too small. The SPSla’NLO+NLL cross
sections for stop and sbottom production at the LHC are collected in Table 5.

From the cross-section predictions one can
ONLO+NLL [pb]

conclude that only the lighter of the SPSla’ SPSla’
stop mass eigenstates might be detected LHC @7 TeV LHC @ 14 TeV
during the initial phase of LHC data taking titi 0379 371

at 7 TeV with 1 fb-1 of integrated lumino-
sity. Also a dedicated search for sbottom
production in SPSla’like scenarios will on- &8 4.23 x 10-2 0.611
ly be possible with higher LHC energies.
Therefore, to address the SUSY-para-
meter dependence and to study the impact
of bottom-quark-induced sbottom-pair pro-
duction, we consider two different scena-
rios that are within the reach of the Teva-
tron and the early LHC phase. As we did
in the main body of the paper, we use stop and shottom masses of 100 (200) GeV at the
Tevatron and 100 (400) GeV at the LHC, respectively, and present results for various choices
of the mixing angle and the light-flavour squark and gluino masses, see Table 6. Note that

hh 1.48 x 10~2 0.268

) 251 x 10~2 0.405

Table 5: NLO+NLL SUSY-QCD cross sections
for stop and sbottom pair production at the LHC
for the SPSla’ benchmark scenario. The MSTW
pdfs have been adopted and the scale has been set
to the mass of the particles produced.
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the NLL resummation only depends on the final-state particle mass. The dependence on
the other SUSY parameters enters exclusively through the NLO virtual corrections. The
numbers listed in Table 6 reveal that the dependence of the cross section on the mixing
angle, the gluino mass, and the light-flavour squark masses is small indeed, with variations
of at most 2% both at the Tevatron and at the LHC.

a{pp/pp  Tifi) [pb]

Tevatron (1.96 TeV) LHC @7 TeV LHC @ 14 TeV

mtl [GeVv] 100 200 100 400 100 400
SPSla’default 15.9 0.253 423 0.218 1.77 x 103 2.34
sin29i = —1 159 0.255 425 0.222 1.78 x 103 2.39

0 159 0.254 423 0.219 1.77 x 103 2.36

+1 159 0.253 423 0.218 1.77 x 103 2.33

rrig = 200 GeV  15.8 0.248 423 0.217 1.77 x 103 2.34
500 GeV  15.9 0.252 423 0.218 1.77 x 103 2.34

1000 GeVv  15.9 0.255 423 0.219 1.77 x 103 2.34

rrig = 200 Gev 158 0.251 421 0.214 1.76 x 103 2.29
500 GeV  15.9 0.253 423 0.217 1.77 x 103 2.33

1000 GeV  15.9 0.254 424 0.219 1.77 x 103 2.34

Table 6: The NLO+NLL cross sections for stop-antistop production at the Tevatron and the LHC.
We compare the SPSla’ default input for the stop mixing angle and the light-flavour squark and
gluino masses with various other choices for these SUSY parameters. Note that only one parameter
is changed at a time, while the others are kept at their default values. The MSTW pdfs have been
adopted and the scale has been set to the final-state stop mass.

Cross sections for b\b\ production are collected in Table 7. We compare the LO bottom-
quark-induced contributions with the LO and NLO+NLL predictions based on the stop-like
contributions that exclude bottom-quark initial states. Using the notation introduced in
Sect. 2and m2 = m; —ms., the LO bottom-quark-induced contributions read

/ m?s [1- cos(40¢)] s+ 2m~ I + cos(40¢) s+ 2mi \
\' 8(m~s+ ml) 3s 4 2Ncs )

/ mi+ smj (s+2m2)[3 + cos(4é")]J [ 1—B3+ 2m2/s\
\ Ncs2 8s o \1+/3+2m2/sJ

As these contributions depend on the gluino mass, we give results for nig = 200, 500 GeV
and 1 TeV. From the numbers presented in Table 7 it is clear that the bb —b\b\ channel is
always strongly suppressed, with cross sections well below 1% of the stop-like contributions.
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<ipp/pp 6161) [pb]

Tevatron (1.96 TeV) LHC @7 TeV LHC @ 14 TeV
mbi [GeV] 100 200 100 400 100 400
SPSla’ default
NLO+NLL 15.9 0.253 423 0.218 1.77 x 103 2.34
LO 12.6 0.227 305 0.156 1.35 x 103 1.67
LO 66-channel only 0.404 x 10~2 0.330 x 10-4 0.275 0.346 x 10-3 1.40 0.564 x 10-2

LO 66-channel only
with nig =200 GeV 0.986 x 10-2 0.870 x 10-4 0.659 0.667 x 10-3 3.35 0.111 x 10-1

500 GeV 0.454 x 10-2 0.399 x 10-4 0.309 0.408 x 10-3 1.58 0.665 x 10-2
1000 GeV  0.335 x 10-2 0.220 x 10-4 0.227 0.220 x 10-3 1.16 0.360 x 10-2

Table 7: The LO and NLO+NLL cross sections for sbottom-antisbottom production at the Teva-
tron and the LHC. We compare the default SPSla’ prediction for the stop-like contributions with
the LO contributions induced by bottom-quark initial states. The MSTW pdfs have been adopted
and the scale has been set to the final-state sbottom mass.

Bottom-quark-induced i-channel gluino exchange also leads to 6161 and 6161 final states.
The LO cross section for these processes is given by

©) _ aj7TCT 1 —Ncr [* \n 2mis —mi + (2m2s +2 m i) cos(46y
. »

bb-rbibi M s ol i S B “8(m_ + m=<s)

mi(l —cos(4”)) + 4smJ (s+ 2mi)(l - cos(49~b))\ » f1- B+ 2m2/s
ANcs(s +2m_) 8s J V1i+ 5+ 2m_J/s

with the identical expression for the charge conjugate process bb —=bib\. The corresponding
numerical results for 6161 production are listed in Table 8. Also the bijbk and processes
are suppressed by the small bottom-quark pdfs and never exceed the per-mille level with
respect to bkbk production.
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mbi [GeV]
SPSla’ default
rrig= 200 GeV
500 GeV

1000 GeV

a(pp/pp > 6161) [pb]

Tevatron (1.96 TeV) LHC @7 TeV

100 200 100 400
0.111 x 10~2 0.188 x 10-4 0.716 x 10-1 0.205 x 10-3
0.568 x 10~2 0.518 x 10-4 0.335 0.242 x 10-3
0.157 x 10-2 0.247 x 10-4 0.994 x 10-1 0.234 x 10-3
0.447 x 10-3 0.846 x 10-5 0.297 x 10-1 0.124 x 10-3

LHC @ 14 TeV

100
0.362
1.64
0.500
0.153

400
0.306 x 10~2
0.376 x 10-2
0.349 x 10-2
0.187 x 10-2

Table 8: The LO cross sections for &&1 production at the Tevatron and the LHC. The MSTW
pdfs have been adopted and the scale has been set to the final-state sbottom mass.
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