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Abstract A detailed study of top-quark polarizations and ¢7
charge asymmetries, induced by top-squark-pair production
at the LHC and the subsequent decays f — ¢ )Z?, is performed
within the effective description of squark interactions, which
includes the effective Yukawa couplings and another log-
arithmic term encoding the supersymmetry breaking. This
effective approach is more suitable for its introduction into
Monte-Carlo simulations and we make use of its implemen-
tation in MadGraph in order to investigate the possibilities
of the charge asymmetry Ac, measured at the LHC and con-
sistent with SM expectations, to discriminate between dif-
ferent SUSY scenarios and analyze the implications of these
scenarios in the top polarizations and related observables.

1 Introduction

The Standard Model (SM) of the electroweak and strong
interactions is the present paradigm of particle physics and
provides a very good description of all data collected so far at
hadron and lepton colliders [1], including the recent discov-
ery of the SM-like Higgs boson at the LHC [2,3]. However,
there are arguments against the SM being the fundamental
model of particle interactions [4], giving rise to the investiga-
tion of competing extended models. Among the alternatives
of physics beyond the SM, one of the most promising pos-
sibilities is supersymmetry (SUSY) [5-8], which leads to a
renormalizable field theory with precisely calculable predic-
tions to be tested in present and future experiments and whose
simplest realization at the electroweak scale is the Minimal
Supersymmetric Standard Model (MSSM) [9]. The MSSM
predicts the existence of superpartners for each SM parti-
cle: squarks/sleptons, gauginos and higgsinos are the part-
ners of quarks/leptons, gauge and higgs bosons, respectively.
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The Higgs sector contains two scalars doublets, with a spec-
trum that includes three neutral Higgs bosons (h, H, A) and
one charged Higgs pair (H¥) [10], with the lightest MSSM
Higgs boson & being completely consistent with the discov-
ered SM-like Higgs boson with mass myg, = 125.9 GeV
(seee.g. [11]).

In this work we focus on the properties of the top squarks,
the SUSY partners of SM top quarks. In particular, we con-
centrate on the top-squark decay channels involving neutrali-
nos, the fermionic neutral superpartners of the electroweak
gauge and Higgs bosons. Once produced, top squarks will
decay in a way dependent on the model parameters (see
e.g. [12]). If the decay channels into gluinos and quarks or
into other squarks and gauge or Higgs bosons are not kine-
matically allowed, the main decay channels of top squarks are
their partial decays into charginos and b quarks (f — b3 ™)
or into neutralinos and top quarks (f — 7 %°). Some of those
channels are expected to be always open, given the large
mass difference between quarks and top squarks, and that
the charginos/neutralinos are expected to be lighter than the
top squarks in the majority of SUSY-breaking models. In
the few cases in which these channels are closed, the top
squarks will decay through flavor-changing neutral chan-
nels [13—-15], or through three- or four-body decay channels
involving a non-resonant SUSY particle [16-21]. Here we
will concentrate on the top-squark decay channels involv-
ing neutralinos and top quarks, within the effective descrip-
tion developed in [22], more suitable for their introduction
in the Monte-Carlo programs used in experimental anal-
ysis. This computation combines the effective description
(which includes higher order terms) with the complete one-
loop description (which includes all kinetic and mass-effects
factors) and defines a new effective coupling. It includes a
non-decoupling logarithmic gluino mass term, which implies
a deviation of the higgsino/gaugino and Higgs/gauge cou-
plings equality predicted by exact SUSY. This deviation is
important and has to be taken into account in the experimen-
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tal measurement of SUSY relations. It is showed in [22] that
the effective description approximates the improved descrip-
tion within a 10 % precision, except in special uninterest-
ing corners of the parameter space, where the correspond-
ing branching ratios are practically zero. Whilst the results
in [22] apply the description only to squark decays, a more
recent work [23] expands the results of [22] by applying
those results to the production cross section of squarks at the
LHC. In [23,24], this effective description has been imple-
mented in MadGraph [25,26] MSSM framework [27], in
order to be applied to the partial decay widths of squarks
into charginos and neutralinos and compute the correspond-
ing cross sections.

After the discovery of the top-quark [28,29], top-quark
physics has entered the era of precision measurements.
Among the many measurements performed, the ¢7 forward—
backward asymmetry has received a special attention because
of a disagreement with respect to the SM predictions
[30-37]. The ¢t lepton-based asymmetries are above the
SM as well [38-41]. These discrepancies have motivated a
plethora of new physics explanations. However, most of the
present precision /7 measurements at the LHC exclude some
of the simplest forms of the new physics models proposed. In
this work we analyze some effects of SUSY in new physics
17 observables.

An important aspect of the top-squark phenomenology is
the possible contribution of the decay channel 7 — ¢ f(? to
new physics ¢f observables at the LHC [42-45], as charge
asymmetries or top-quark polarization. The presence of top-
quarks from this decay could mean non-zero polarizations
in the resulting final state at the LHC. Since the top-quark
decay occurs before hadronization, the polarization can have
important implications for the kinematic distributions of the
final particles, and hence on the search strategies for the
top squarks [45]. The longitudinal polarization of top-quarks
coming from top-squark decays into neutralinos depends on
the mass difference between the top-squark and the neu-
tralino, as well as on the mixing in both sectors, and can take
any value between —1 and 41, while the measurements of
ATLAS [46] and CMS [47] are in good agreement with the
SM prediction of negligible top-quark polarization. There-
fore, polarization studies may supply information as regards
different SUSY scenarios [48]. On the other hand, explana-
tions of the top quark forward—backward asymmetry Afrp
observed at the Tevatron [38,39,49-51], which exceeds the
SM predictions [30-34,36,37,52], must take into account
the measurements of the 77 charge asymmetry Ac at the
LHC [53-55] which are consistent with the SM expectations
and tightly correlated with Agg [56—64], given that both 77
observables could receive contributions from top-squark pair
production decaying into neutralinos and top-quarks. How-
ever, it is possible to have an excess in Apg and no excess
in Ac if some cancelation occurs [60,65—-68] or even exhibit
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differences in 77y production [69,70]. We will not try in this
work to search for particular SUSY scenarios which would
fit better the asymmetry Apg measured at the Tevatron and
analyze their Ac predictions at the LHC. Our purpose here
will be rather to look into the consistency of the proposed
SUSY scenarios with the SM expectations for the charge
asymmetries defined in [37] and then study the implications
of these scenarios on the top-quark polarizations and related
observables at the LHC, which may help to discriminate
between them and the SM. We put special emphasis on the
way the effective description of squarks interactions affects
these observables.

The paper is organized as follows. In Sect. 2 we review
the most relevant features of the effective description of
squark/chargino/neutralino interactions. The new physics ¢7
observables related to the top-quark polarizations and charge
asymmetries at the LHC are presented in Sect. 3. Section 4 is
devoted to the numerical analysis of 77 charge asymmetries
and top-quark polarization observables for several SUSY
scenarios, comparing these results to the SM predictions cal-
culated at next to leading order (NLO). In the end, the con-
clusions and final comments are summarized in Sect. 5.

2 Theoretical framework: effective description
approximation

Here we work within the MSSM framework. It is well known
that QCD corrections to the squark partial decay widths into
charginos and neutralinos can be numerically large, specially
in certain regions of the parameter space [71-74]. The com-
plete one-loop corrections to squark partial decay widths are
already available [74,75], but their complicated expressions
are not suitable for the introduction in Monte-Carlo pro-
grams used for experimental analysis. An effective descrip-
tion of squark/chargino/neutralino couplings, simple to write
and to introduce in computer codes, was given in [22]. This
description contains the large one-loop corrections from the
finite threshold corrections to the quark masses, but it also
contains higher order corrections including another logarith-
mic term which encodes the supersymmetry breaking. The
above effective description have been recently implemented
in MadGraph MSSM framework [23]. In this article we use
this implementation to discuss the effects of the radiative
corrections included in the effective description of squark
interactions on top polarization and top-quark asymmetries.
In the following we present the crucial expressions
of the effective approach which have been included in
MadGraph package [25,26]. We briefly introduce the
tree-level Lagrangian of interactions of the quark—squark—
chargino/neutralino and then, an extract of the analysis in [22]
depicting the effective description of the squarks interactions
is presented. The tree-level interaction Lagrangian between
fermion—sfermion—(chargino or neutralino) reads [74]
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Here we have adopted a compact notation, where f’ is
either f or its SU(2); partner for y, being a neutralino
or a chargino, respectively. Roman characters a, b... are
reserved for sfermion indices and i, j,... for chargino
indices, Greek indices «, 8, ... denote neutralinos, Roman
indices r, s ... indicate either a chargino or a neutralino.
For example, the top-squark interactions with charginos are
obtained by replacing f — ¢, f' — b, x, — x, . r =1,2.
The coupling matrices that encode the dynamics are given
by
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with Y7 and Y Ite’b the weak hypercharges of the left-handed
SU (2) 1 doublet and right-handed singlet fermion, and A, and
Ap are the Yukawa couplings.

In the effective description approach, following hints from
Higgs-boson physics [76-80], an effective Yukawa coupling
is defined as

et _ My mp(Q)
b v vi(l+ Amp)’
eff
2t = mit  m(Q) 3

v v+ Am)

with m,(Q) (¢ = b, t) being the running quark mass and
Amy is the finite threshold correction. The SUSY-QCD con-
tributions to Am, are
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where I (a, b, ¢) is the scalar three-point function at zero
momentum transfer,

I(a,b,c)
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The effective description of the squark interaction consists
in replacing the tree-level quark masses in the couplings
defined in Egs. (2) by the effective Yukawa couplings of
Eq. (3), and use this Lagrangian to compute the partial decay
width (see [22] for details). A Yukawa-improved decay width
computation has been defined in [22] and it showed that
the effective description using just the Yukawa threshold
corrections of Eq. (3) is not enough for the squark partial
decay widths description. The one-loop corrections develop
a term which grows as the gluino mass mg [81], which is
absent in the effective Yukawa couplings in Eq. (3). There-
fore, the QCD corrections to squark partial decay widths
produce explicit non-decoupling terms of the sort logmg. To
understand those terms a renormalization group analysis is
in order [22]. It is possible to construct an effective theory
below the gluino mass scale, which contains only squarks,
quarks, charginos, neutralinos and gluons in the light sec-
tor of the theory, and integrate out the gluino contributions.
We calculate the renormalization group equations (RGE) of
the gaugino and higgsino couplings, and perform the match-
ing with the full MSSM couplings at the gluino mass scale
mg. Only the logarithmic RGE effects have been considered,
neglecting the possible threshold effects at the gluino mass
scale. Since the effective theory does not contain gluinos,
only the contributions from the gluon have to be taken into
account. In [22], they showed that the effective description (6)
approximates the full one-loop computation to within 2-5 %
for large enough gluino masses (mg 2 1 TeV). The effects of
the new logarithmic terms are more visible in the gaugino-
like channels, where the Yukawa couplings play no role, and
the bulk of the corrections corresponds to the log terms. In
the higgsino-like channels their importance is less apparent.

Finally, a simple expression for the effective description
of squark/chargino/neutralino couplings is given by [22,23]:

2
T(0) = ¢ <04s(Q) )ﬂo o, (1 () logg) |
as(mg) T mg
-2

> eff _eff as(Q) \ Ao
)"b’[(Q) - )“b,t(Q) <av(mg)>

~ 510 (1+@10g g>, ©)

T mg

where S is the QCD B-function and 1°( Q) are the effective
Yukawa couplings, Eq. (3). Then, the effective description of
squark interactions consist of replacing the tree-level quark
masses and/or gaugino and higgsino couplings in Eq. (2) by
the effective couplings as giving above, Eq. (6).
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After introducing these expressions in computer codes
as MadGraph, a good description for squark decays into
charginos and neutralinos is accomplished, and then we are
able to compute any physical processes involving these ver-
tices, including the leading radiative corrections.

3 New physics ¢£ observables

It is well known that by studying the final states with top
quarks at the LHC and measuring the top-quark polarization
we are able to differentiate the allowed MSSM scenarios. One
possible scenario to explore is the case of the production of
two top squarks decaying into neutralinos and tops, pp —
f;i¥ — tix x, where x stands for x{, %9 and 7; for 7y, .

The resulting polarization of the top quark coming from
the top-squark decays, P;, reads [48]:

(A" )2 — AN )21

P = , (N
(A2 + (AL =240,40, 1>
where f]» are pure kinematic factors given by
Dy - S m
fr=m =L = m —E ®)
Dt - Py Pt Px

with m;, p;, and s; denoting the top mass, momentum and
longitudinal spin vector, respectively, and p, and m, the
neutralino momentum and mass, and Aﬁ ; are the neutralino
couplings defined in Eq.(2). In the rest frame of the decaying
particle these factor reduce to

2 .2 2
)»Z(m;,m,,mx 2m,mx 9
Yo mE o T oo m ©)
i 4 X f 1 X

and A(x, y, z) = x2+y?> +z% —2xy — 2yz — 2xz. By means
of these expressions the polarization of the top quarks can be
calculated at tree level and also in the effective approximation
of squark interactions.

The measured particle assessing top-quark polarization is
the electron coming from the semi-leptonic decay of the W
boson from t — bW — blv; [42,82-84]. The top-quark
polarization enters the lepton angular distribution in the fol-
lowing way [83]:

D=
1 dry 1 1+ =75 COS 0
— = (- pHA—Pip) —— o,
I'; d cos 6 2 (1 — By cos6y)

(10)

where 6; is the angle between the top-quark and the lepton
directions in the laboratory frame, and B, is the top-quark
velocity:
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being E; the total energy of the top quark. The effects from
original top-quark polarization, P;, are entangled with the
boost in the form of an effective polarization [83]:

peff _ P — B

C T I-PB 1

To measure the top-quark polarization one can define
an asymmetry in 6;. Because the 6; distribution is non-
symmetric, one has the freedom to define asymmetries with
respect to different angles, for example [45]

o) <m/4)—o0O > 7/4)
o <m/d) +o0O >m/4)’

o = 13)

where o is the integrated cross section.

Another option to characterize the asymmetry is using the
azimuthal angle. We define the following axes system: the
Z-axis is defined by the proton direction, and the X — Z plane
is defined by the top-quark direction and the z-axis, then ¢y
is the azimuthal angle of the lepton in this system. Because at
the LHC the initial state has identical particles, the Z-axis can
point in the direction of either proton, and it is not possible
to distinguish between ¢; and 2w — ¢; [48]. We can relate
6; to ¢; by using the spherical angles coordinates in this axis
system: the top-quark angular variables are (6;, ¢31 =0)and
the lepton ones are (él, (;ASI = ¢y), then

cos 6 = cos é, cos él + sin ét sin él cos ¢y, (14)

in this way the lepton distribution (10), after integrating over
0; and 6y, picks up a ¢; dependence. We define then the asym-
metry [45]

__o(cosgy > 0) —o(cos¢y <0)
P G(cosdy > 0) +o(cosgy <0)’

(15)

where o is the integrated cross section.
Besides, B;, Ag,, and Ag,, there are other top-quark-wise
observables characterizing the events, such as

E
=2, (16)
E;
E
W= —"1_ (17)
E + Ep

The ratios z and u, with E;, Ep, and E; being the lab-
frame energies of the top-quark, and the bottom-quark and
the lepton coming from its decay, respectively, are sensi-
tive to the top-quark polarization when the top-quarks are
highly boosted [85]. The distributions of these variables can
be explored using the MadGraph implementation contain-
ing the effective squark approximation [23], allowing us to
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acknowledge whether top-quark polarization observables are
sensitive to the effective approximation of squark interac-
tions. It worth mentioning that for our new physics scenario
the top-quark polarization is further affected by the under-
lying event kinematics: our top-quark came from an already
boosted system, the squark. Thus, the resulting top-quark
polarization has a dependence on the squark boost [45].

Finally, it is well known that the top-quark production at
the Tevatron is dominated by the gg annihilation, hence the
charge asymmetry will be reflected not only in the partonic
rest frame but also in the center of mass system of proton and
antiproton. The situation is more complex for proton—proton
collisions at the LHC, where no preferred direction is at hand
in the laboratory frame, thus lacking a natural definition for
the charge asymmetry given the symmetric nature of the
incoming protons. However, the parton distributions inside
the protons are not symmetric for quarks (mainly valence
quarks) and antiquarks (all sea quarks), meaning quarks usu-
ally carry more momentum than antiquarks. For a positive
(negative) charge asymmetry in gg — tf events, the top-
quark (top-antiquark) is more likely to be produced in the
direction of the incoming quark in the ¢7 rest frame, result-
ing in a broader (narrower) rapidity distribution of top-quarks
than of top-antiquarks in the laboratory frame. The difference
in the absolute values of the rapidities (y) of the top-quarks
and antiquarks, Aly;| = |y;| — |y;7l, is therefore a suitable
observable to measure the ¢7 charge asymmetry. Several pro-
cesses beyond the SM can alter this asymmetry [35,56,86—
93], either with vector or axial vector couplings or via inter-
ference with the SM. Hence the measurement of the charge
asymmetry provides a useful tool to test for the presence of
new physics that would be hidden in the ¢ invariant mass
(m,7) spectrum.

The charge asymmetry in ¢7 production at the LHC can be
defined as follows:

N(A[§| > 0) = N(Alg] <0)
N(AJE] > 0) + N(A[g] < 0)

AT () = (18)

where A|&| = |&,+)| — |&7¢-| and & is n or y, the pseudo-
rapidity (n = —logtan %) orrapidity (y = % In ?_FZ ) of top-
quarks and its semi-leptonic decay products, respectively.
Reference [37] argued that since most of the charge asym-
metry is concentrated at large rapidities, the statistical signif-
icance of any measurement will be enhanced, if the sample
is restricted to larger rapidities. Therefore, a complementary

asymmetry is defined by

Nyl > lyzD) = Nzl > [y
Nyl > 1yeD) + Nyzl > [y
ly: + yrl

with == > Yoo (19)

Ai(Yew) = AL(y) =

Moreover, a kinematic cut on

1 13
i = M (20)

’ Et + Et
can be used to enlarge the fraction of ¢g events, o (¢g), con-
tained in the total cross section, o;ptq1 = 0(qq) + 0(gg)
(see, for example [69]).

These asymmetries have been measured at the /s =
7TeV LHC. The SM prediction for them is around ~
10~2[37]. Current LHC experiments are not sensitive enough
to measure a non-null asymmetry, their results being com-
patible with the SM and zero at one standard deviation:

AL = 0.006 + 0.010 [54],
= —0.010 +0.019 [55],
=0.018 +0.022 (m,; > 600GeV) [54],
=0.01140.018 (B, ,; > 0.6) [55],
Ai(Yeu = 0.7) = 0.015 £ 0.025 [54].

The leptonic asymmetries are also compatible with zero but
at two standard deviations:

AL =0.023 £0.014 [53],
=0.009 +0.012 [55].

The new physics models trying to explain the deviation found
at Tevatron must have the complementary check against LHC
measured asymmetries.

4 Numerical analysis

We present the numerical analysis for fixed values of the
SUSY parameters and make plots by changing one parame-
ter at a time. However, we stress that our programs are able
to perform computations for any MSSM parameter space
point and they admit SLHA [94] input for easy interac-
tion with other programs/routines. For the SM parameters’
we use those given in [1], listed in Table 1. For the SUSY
parameters, we choose four different scenarios summarized
in Table 2. Here M| and M> are the U (1) and SU(2) gaug-
ino mass parameters, respectively, mg is the gluino mass,
Ay¢(f =1t,b, 7) denotes the trilinear Higgs-quark coupling,
W is the higgsino mass parameter, M4 is the pseudoscalar
mass, tan 8 is the ratio between the Higgs fields vacuum
expectation values and the last six rows correspond with the
soft-SUSY-breaking parameters in the squark sector. On one
side, because of the comparison with previous results and
for illustrative purposes, we choose a parameter set defined

! The most recent value for the top-quark mass is 173 +0.3 0.7 GeV
(value = stat £ syst) [95]. This value is very close to the ones used in
this work and it does not have any consequence in our results.
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Table 1 Parameters of the Standard Model as in [1]

Parameter ~ Description Present
Gr Fermi constant 1.1663787 x 1075 GeV~2
1/aem(mz) Inverse of electromagnetic  137.035999074
coupling constant
ag(myz) Strong coupling constant ~ 0.1184
Myop Top-quark mass 173.5 GeV
mé‘TS Bottom-quark mass 4.18 GeV
my Z boson mass 91.1876 GeV
my W boson mass 80.385 GeV

Table 2 SUSY parameters for the MSSM scenarios: Def [23],
mod™ [96], model 100267 [97] (pM SSM€) and LS. Masses and trilin-
ear couplings are in GeV

Parameter Def mod~ pMSSM¢ LS
M, 95.6 95.6 1018 310.9
M; 200 200 2462 650
mg 3000 1500 3368 3000
Ay 1630 —1890 3793 1700
Ap 1630 —1890 —1285 1700
A 1630 —1890 3827 0

m 300 200 1911 800
tan 8 10 20 43.02 10
My 500 700 3002 495.5
My, 1000 500 1115 1000
M, 1000 1000 1086 1000
Mg, , 1000 500 2554 1000
Mg, 1000 1000 2408 1000
Mél,z 800 1500 1100 1000
Mg, 800 1000 1624 700
Mg, , 1000 1500 2604 1000
Mg, 1000 1000 2829 1000
Mp | 1000 1500 3156 1000
M, 1000 1000 3024 1000

as Def [23]. This scenario has been largely explored in the
above reference within a very good accuracy of the effec-
tive approximation, namely that the effective approximation
provides a good description of the radiative-corrected squark
partial decay widths if the gluino mass is heavier than the top-
squark mass. On the other side, SUSY parameters are cho-
sen from a modification of the m!, . scenario as in [96] with
negative trilinear couplings (mod ™), and the model 100267
from [97] (p M SSM€). Finally, we define a new scenario with
relatively small masses for the squarks of the third genera-
tion in order to provide a scenario with top squarks capable
of being produced in the next run of the LHC and compat-
ible with the effective approximation used along this work.

@ Springer

We denote this parameter choice LS in our numerical analy-
sis, corresponding with a scenario with light squark. Even if
we present the input parameters for all the scalar sector, we
restrict ourselves in the numerical analysis to the case of third
generation squarks. With these input parameters, the central
values for the physical SUSY particle masses are given in
Table 3.

At present the ATLAS and CMS collaborations have
already put some stringent limits [98—105] on the masses
of gluino and squarks, specially of the first and second gen-
erations. Our top-squark mass parameter choices are larger
than the excluded ones; moreover, the exclusion limits would
be loosened by allowing the existence of several decay chan-
nels for the top squark. Besides, since we are interested in the
effective description of squark interactions, the gluino mass
is chosen preferably large to enhance the effects of the log-
arithmic terms. Note also that if the gluino decay channel is
open, it will be the dominant decay channel for squarks, ren-
dering the chargino/neutralino channels phenomenologically
irrelevant. Therefore our region of interest is

mg+mg > mg. 21

The analysis of the accuracy of the effective approxima-
tion was performed in [22], using the parameter set Def as
an example. We have additionally checked that the same
conclusions hold for the MSSM scenarios analyzed in the
present work, namely that the effective approximation pro-
vides a good description of the radiative-corrected partial
decay widths, if the gluino mass is heavier than the top-
squark mass (mz 2 1000GeV). We have also checked that
our SUSY parameters sets are compatible with present values
of the Higgs-boson mass [2,3]. We use a self-coded routine
containing the expressions of [106] for the computation of the
Higgs-boson mass at two-loop level. The results for the mass
of the lightest CP-even Higgs-boson mass for each scenario
are also included in Table 3.

Our aim is the phenomenological analysis of the MSSM
contributions to the top-quark charge asymmetries and top-
quark polarization at the LHC. In particular, we concen-
trate in the contributions coming from the decays of the
top squarks (7] and ;) into top quarks plus missing energy,
both at tree level and at one-loop order. Figure 1 shows
the generic Feynman diagrams contributing the most to
o(qq — (gx)(gx)). Here f denotes the squarks of the first
and the second generations. The left panel of Fig. 1 includes
the generic double resonant diagrams (6 (¢q — Gaq,; —
(gx)(gx))) and the right panel shows the single resonant
diagrams. Regarding the simulation procedure, we have gen-
erated 5 millions of events, by means of MadGraph, for each
one of the four SUSY scenarios described in Table 2 and also
5 millions of events for the 1 SM background, computed at
NLO.
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Table 3 Masses of SUSY

particles, in GeV Masses Def mod~ pMSSM¢ LS
mg 3000 1500 3368 3000
my, 718.8 835.7 1609 626.9
mg, 1086 1165 2848 1074
5o 91.7,176.3-334.6 87.9, 151.4-266.4 1017, 1906-2469 309.3, 629.5-824.6
mg+ 175.3, 3349 147.5-266.8 1905, 2469 629.3, 824.2
my 125.3 127.1 127.8 125.6
Fig. 1 Generic Feynman q q
diagrams contributing to —_ X
0(qq — (gx)(gx)) (a) double q B
resonant diagrams (b) single q e I
resonant diagrams , X _ |
g [ )
N ' q
N | ~
Ef* b N * | g q/:;
q /qr/l_<_ X
q &q\

(a)

Table 4 Branching ratios of 7; ; decays for different MSSM scenarios,
attree level. 7, — X stands for the sum of branching of all other possible
f decay channels

Branching ratio Def mod~ pMSSM¢ LS
BR(7| — 17)) 0.011 0.057 1 1
BR(7| — 1%9) 0.073 0.148 0 0
BR(f — 17)) 0.186 0.296 0 0
BR(7| — 1%)) 0.352 0.058 0 0
BR(71 — bx;h) 0.125 0.385 0 0
BR(71 — bj;) 0.251 0.056 0 0
BR(i — t3)) 0.030 0.010 0.029 0.030
BR(72 — 1%9) 0.048 0.045 0.051 0.019
BR(> — 1Y) 0.151 0.146 0.054 0.041
BR(> — t%)) 0.071 0.194 ~1077 0.008
BR(% — b)) 0.107 0.028 0.109 0.048
BR(% — b%)) 0.139 0.258 ~1073 0.042
BR(> — X) 0.454 0.319 0.757 0.812

First of all, we have computed the top-squark partial decay
widths in each scenario, focusing on reactions where both
f1 and 7, decay into a top-quark and the lightest neutralino
)Z?. Results for all the branching ratios at tree level are pre-
sented in Table 4. Note that the more convenient MSSM
scenarios for our purpose are pM SSM€ and LS. In these two
cases BR(f; — 1) is maximal, the other 7| decays chan-
nels being closed. For 7, all decays channels are open being
BR(7» — X) (X = f1h, 71 Z°, by W) maximal. In the Def
and mod™~ scenarios there exist other allowed decay chan-

(b)

nels for the top squarks and the 71, — ¢ )Z? are suppressed.
However, we choose these two other MSSM sets to have a
more complete phenomenological analysis and to arrive at
general conclusions.

The SUSY-QCD contributions we are interested in are
pp = I R = bbhlv il vy 37D, (22)
where p implies g, u, d, s, c initial states and / resume e and
u leptons. Besides, leptons in the final state appear only as
product of the top-quark decay chain t — bW — blv;. We
apply kinematic cuts on the transverse momentum p7 and
pseudo-rapidity n of the final leptons and b quarks, being
pr > 20 GeV and |n| < 2.5.

Relative deviation, § in %, of any quantity, R, is calculated
as:

Reff _ Rlree

§ = x 100. (23)

Rtree

Table 5 shows the results for the cross section o (pp —
bbll' + E%) in pb both in the SM (ET™S = vjvy) and in
the MSSM (ETSS = vy 30 7V) at the /s = 14 TeV LHC.
We use MadGraph for the computation. The values of the
cross section are given in each scenario both at tree level
and in the effective approximation. Besides, the results for

the fraction of surviving events above certain cut on p7'*

defined as prT“iss = Zi:vl, 30 piT are presented in the last two
columns. « is the fraction of events surviving a giving cut on
P, As expected, the cross section in all the MSSM sce-
narios is suppressed with respect to the SM one. The values

of the MSSM cross section are between 2 fb and 10~ fb,
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Table 5 Cross section of
pp — bbll' + EF'™ in the SM

o (pp — bbll' + EF') [fb]

K pmiss 200 Gev K pmiss >300 Gev

(EMiss = yyu) and in the SM 18.1 x 10° 1.02 x 1072 1.62 x 1073
A o _ -

MSSM (EF™ = vy 1) X{) for - yrggm Tree Eff Tree Etf Tree Eff

studied SUSY scenarios at the

+/s = 14TeV LHC. « is the Def 2.39 x 10~ 452 x 1074 0.76 0.75 0.55 0.53

fraction of events surviving a _ 3 3

giving cut on pIss mod 232 % 10 3.26 x 10 0.79 0.79 0.59 0.59
pMSSM® 2.76 x 1073 2.76 x 1073 0.81 0.81 0.62 0.62
LS 272 277 0.40 0.40 0.12 0.12

Table 6 Signal significances for the LS scenario, with S = os£ and
B =o0pL

LS signal significances

Significances £ =1300fb"! £ = 1000 fb~!
S/B 0.014 0.014

S/vB 1.39 2.54
S/S+B 1.38 2.53

S/v/ B+ (0.2B)?2 0.07 0.07

depending on the SUSY parameter choice. Clearly, the most
promising scenario for this analysis is LS, having a maxi-
mum value for the cross section of about 2 fb. The radiative
corrections can be large in some scenarios. For example, the
relative deviation § between the tree-level calculation and
the effective results is around 89 % and 40 % in the Def and
mod ™~ scenarios, respectively. However, the situation change
drastically for the other two scenarios, being the above rela-
tive deviation equal to or less than 1 %.

We complete the analysis presenting the results for /s =
14TeV and £ = 300 b1, the anticipated integrated lumi-
nosity that will be delivered by LHC in its first 10 years
of life [107], or £ = 1000 fb~! for the high-luminosity
LHC (HL-LHC) [108]. The LS scenario has the best sig-
nal to background relations of all the scenarios presented in
this work and its expected signal significances for the high-
est cut on p‘}‘iss are shown in Table 6. There are some recent
works very useful to identify K -factors that could be applied
to the MSSM cross sections: a K -factor of 1.25-1.3 [109]
can be estimated at NLO for top-squark production at the
LHC [109-113] and a K -factor of 1.8 [114] at next-to-next-
to-leading-logarithmic (NNLL) accuracy [114—-120] over the
NLO cross section, resulting in an overall K-factor of 1.4,
which has been considered for the calculations in Table 6.
We have also to take into account the K -factors for the SM
which can be extracted from the well-known NNLO+NNLL
QCD corrections to ¢7 production [121-125], estimating an
approximate K-factor of 1.1. The results for the HL-LHC
in Table 6 are close to the lower limits of signal observation
(around 3) and whilst they could be improved somehow if

@ Springer

one applies some more cuts optimized to reduce the SM con-
tribution, like a cut on the top-quark polarizations, it seems
difficult to increase sufficiently the signal significances to
achieve values near 5, considered as the signal discovery.
In that sense, in order to try to find scenarios with more
promising signal significances, one can imagine simplified
models [126-131] with only one neutralino and one stop
at low energies, whose masses should be much lighter than
in the four scenarios considered in this work. One example
of this kind of simplified models could be a modified LS
scenario with M; = 100 GeV and Mgz, = 375 GeV. This
choice of soft-SUSY-breaking parameters would give rise
to a supersymmetric spectrum with m = 99.3 GeV and

mj;, = 310 GeV. In this case, BR(#; - tf(?) = 1 and then
we would obtain o (pp — 1111 — bbll' + EF'%) ~ 150 b
at »/s = 14 TeV. If we consider a similar fraction of sur-
viving events around 10 % after applying cuts on p‘TniSS as in
Table 5 for the LS scenario, the resulting cross section would
be ~ 15 fb. Taking into account the K-factors mentioned
above for the SM background and the MSSM scenarios, the
expected signal significances for this simplified model would
be S/B ~ 0.7 (clearly larger than O(10 %) which is consid-
ered as the minimum value to have an observable signal) and
S/v/B + (0.2B)? ~ 3.4 for both total integrated luminosities
of 300 fb~! and 1000 fb~!. These significances would really
improve the results of Table 6 and show what class of sce-
narios could be testable at the LHC performing these search
strategies, which are out of the scope of this work. Anyway,
the effects of the effective squark approximation presented
and used here are practically negligible for this kind of sim-
plified models, depending on the SUSY parameter space.

4.1 Top-quark charge asymmetries

As widely argued in the literature, 77 charge asymmetries
could appear in proton—proton collisions at the LHC (see
for example [62] and references therein). In order to inves-
tigate them, we consider the cut-independent charge asym-
metries defined by Eq. (18), which are being used in current
analysis by ATLAS [54] and CMS [55]. Both experiments
are reporting charge asymmetries compatible with a zero
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Table 7 Top-quark charge asymmetries as a function of the rapidity (y) and the pseudo-rapidity (7), in %, for the SM and the MSSM scenarios for
B..ii > 0(B;i > 0.6) at the /s = 14 TeV LHC

Bzai > 0B > 0.6)

100 x A%(y)

100 x A%(n)

100 x AL (y)

SM pp — tt 0.229(0.275) 0.307(0.350) 0.195(0.214)

pp — 11370 Tree Eff Tree Eff Tree Eff

Def 0.354 (0.413) 0.191 (0.152) 0.508 (0.582) 0.332 (0.269) 0.334 (0.416) 0.202 (0.141)
mod~ 0.196 (0.165) 0.167 (0.237) 0.364 (0.384) 0.293 (0.437) —0.371 (—0.881) —0.316 (—0.637)
pMSSM¢ 0.052 (—0.069) —0.003 (—0.017) 0.059 (—0.057) —0.001 (0.018) —0.008 (—0.114) —0.026 (—0.122)
LS 0.013 (0.033) —0.028 (—0.017) 0.004 (—0.031) —0.050 (—0.068) 0.004 (0.001) —0.060 (—0.047)

value and consistent with the SM expectations. In Table 7
we present our results for the top-quark charge asymmetries,
calculated from Eq. (18), as a function of particle rapidity
(v) and the pseudo-rapidity (1) at /s = 14 TeV. Results are
given for the SM in pp — ¢t channel and for all the four
SUSY scenarios defined in the previous section. It is impor-
tant to remark here that the asymmetries are computed for
one model at a time, with the denominators at the same order
as the numerators.> Our SM values are computed using a
NLO approximation as included in MadGraph [132], they
are meant for the comparison to the MSSM predictions. At
this point we want to emphasize that a detail understanding
of the decay processes and experimental cuts in both mod-
els will be necessary to combine NLO level computations
in a consistent way. We only focused here on the impact of
the effective corrections on top-quark charge asymmetries
in several MSSM scenarios and we compare their results
with the SM predictions. Our computations are done with-
out any cut on the z-component of ¢7-system velocity, B, ,7,
and with a kinematic cut on B, ;;, requiring 8, ;7 > 0.6
(results within brackets of Table 7), which defines a region
of phase space where the physics beyond the SM effects on
the asymmetry may be enhanced [69]. All the MSSM predic-
tions, both at tree level and in the squark effective descrip-
tion approximation, are close to the SM ones, being the Def
and mod~ scenarios the most compatible ones with the SM
predictions. As expected the B, ;7 > 0.6 cut increases the
values of the asymmetries in most of the cases. The results
for the top-quark charge asymmetries are also sensitive to the
inclusion of radiative corrections through the analysis of the
effective approximations. For the case of Def (mod™) sce-
nario, when B, ,; > 0.6, the relative deviation 6 is about
—63% (43 %) for ALL(y), =53% (13%) for AL(y), and

—66 % (—0.28 %) for Alg " (y). Therefore, the top-quark

2 The most precise current predictions for the cut-independent ¢ asym-
metries in the SM at the 14 TeV LHC are A’C’(y) = 0.77 x 1072,

A’C’_(n) = 0.59 x 10~2 [37]. Our results are not comparable with the
previous ones.

asymmetries decrease strongly when radiative corrections
are included in the case of the Def set but, to the contrary,
in the mod™ scenario the situation changes a bit increasing
the values of A’C’ whilst Alg " (y) decreases. In the other two
scenarios, pMSSM€ and LS, the results of the deviations
are compatible with zero. However, the radiative corrections
can also be important, being § —75 % for A’C’ (y) and 7 % for
AZCJrF (y) inthe pM SSMF€ scenario, and around —100 % for

Algr (y) in the LS set. As a conclusion, the behavior of the
top-quark asymmetries with the inclusion of the radiative cor-
rections is strongly dependent on the SUSY scenarios, and it
must be taken into account in a phenomenological analysis.

Let us emphasize that the ¢7 charge asymmetry is a con-
sequence of Feynman diagram interferences. Thus, it is nec-
essary that at least two diagrams from the gg channel con-
tribute significantly, otherwise the asymmetry will be con-
sistent with zero. Needless to say, all contributions from the
gg channel, despite they interfere with each other, are sym-
metric, and hence cancel when accounted in the calculation
of Eq. (18).

First, we analyze the results for scenarios with the lowest
values of the asymmetry: pM SSM€ and LS. In these scenar-
ios, at tree level, more than 99 % of the ¢g contributions to
the total cross section comes from the double resonant dia-
grams as in Fig. la with ¢ — 7. When using the effective
approximation of squark interactions, the relative weight of
q g diagrams do not change and the mentioned diagram is by
far kept as the leading one. Then, for these scenarios there
is no chance of observing values of A7 differing from zero
regardless of the approximation used.

Second, the mod™ scenario gives a positive asymmetry a
bit larger than in the above two scenarios. In this case, the
diagrams as in Fig. la with § — 7] give a contribution of
43 % (48 %) to the gg cross section at tree level (in the effec-
tive approximation). The contribution with § — 17, is less
than 1.5 %. Correspondingly, 45 % (42 %) of the gg contri-
bution is absorbed by diagrams as in Fig. 1b, being ¢ — £
and [ — fl,z the squarks of the first and the second genera-
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Table 8 Top-quark charge
asymmetries A;;(Ycut), in %, for

A (Yo > 0.7) x 100

Yeur > 0.7 when m,; < 450GeV

mg > 2my m;; < 450GeV m;; > 450GeV
and m,; > 450GeV for the SM SM pp — 1i 0.304 0.301 0.424
in pp — tt and MSSM
scenarios at the /s = 14 TeV pp — tixd%? Tree Eff Tree Eff Tree Eff
LHC
Def 0.806 0.475 0.711 —0.195 0.792 0.509
mod~ 0.339 0.290 —0.607 —0.422 0.387 0.331
pMSSM°® —0.011 0.077 0.295 —0.125 —0.055 0.081
LS 0.048 —0.039 —0.126 —0.144 0.079 0.048

tion. These squarks in the mod ™ scenario are degenerate and
the physical masses are around 1.5 TeV, thus enhancing the
interference and, therefore, changing A’C’ towards values dif-
ferent from zero. In this scenario, the interference between 7
and f; diagrams is small. Summarizing, the main interference
comes from diagrams like in Fig. 1b with the first and sec-
ond generation of squarks in the internal line and the lightest
top-squark.

Finally, the Def scenario also has a different behavior of
the relative weights of the contributions to the gg cross sec-
tion. Diagrams of Fig. la with § — 715 give a 75% (81 %)
of the total cross section of the ¢g channel and split on 43 %
(55 %) for the #; and 32 % (26 %) for the 7, diagram at tree
level (in the effective calculation). In this scenario the larger
branching ratio of the decay 7, — ¢ )Z? in comparison to
the branching ratio of the 7; — ¢ f(? compensates the dif-
ference of each pair production cross section, allowing the
interference between each other. Diagrams as in Fig. 1b with
f — f1 in the internal line contribute in about 15 % (12 %)
to the ¢g channel cross section, evenly split between 7] and
f, and hence interfering between each other as well. The dia-
grams with f — f> contributes less than a 0.5 %. Therefore,
the asymmetry values arises from the interference between
the diagrams as in Figs. 1a and b with both squarks, 71 and 7,
and the lightest squark of the first and second generation. In
summary, the reasons to explain asymmetry values different
from zero in the MSSM are rather dependent on the SUSY
parametrization chosen.

Since most of the charge asymmetries are focused on large
rapidities [37], we also use the complementary definition of
asymmetry on Eq. (19) in our analysis. Table 8 summarizes
the results of A;7(Ycy) for the SM and our SUSY scenarios
with Yy = 0.7 and different cuts onm, 7.3 Recall that, by def-
inition, AtC{(y)lﬁz,rt'>0 = A;; (Yeur = 0). We see clearly that
the SM predictions are very dependent on the m,; cut, which
enhances almost a factor of 1.5 the value of the asymmetry

3 The current most precise prediction for A,;(Yey = 0.7) at the 14 TeV
LHC are: 0.75 x 1072 (m,; < 450GeV) and 1.21 x 1072 (m,; >
450GeV) [37].
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from m;; > 2m; to m;; > 450 GeV. LS and pM SSM¢ pre-
dictions also increase with the m,; cut, while Def and mod™
ones hardly change. The MSSM scenario most compatible
with the SM predictions is mod ~, while Def present results
of the same order of magnitude but no so close to the SM
ones. Clearly, for pM SSM® and LS scenarios the results are
at least one order of magnitude smaller, but also consistent
within the statistical uncertainties.

In order to find kinematic regions where the top-squark-
pair production via ¢g annihilation was comparable or even
dominant over gluon fusion, and thus the charge asymmetry
is capable to help in the search for SUSY, we show in Fig. 2
the behavior of the asymmetry A;7(Yy) for all the four SUSY
scenarios in comparison with the SM predictions, and for
different values of the m,; cut. Each bin of this figure contains
at least 0.01 % of the total number of simulated events (500
events). Large values of Y contain fewer events and are not
shown. With this set up the largest statistical uncertainty is
4.5 %. We can conclude to the following statements for each
scenario:

e Def: The tree and the effective approximation results are
very similar in this scenario and both predictions are
almost equal to the SM ones, specially for low values
of Yeyu. The m,; > 450GeV cut shows similar results as
the non-cut asymmetry.

e mod~: In this scenario there is no difference between
m;; > 2m; and m;; > 450 GeV cuts. In both cases and
for low values of Yy, the predicted asymmetry is close
to the SM ones. For Y, > 1.5, the asymmetry becomes
negative and could be distinguishable from the SM pre-
diction. Again, the results with m,; < 450 GeV are very
different from the other two cuts, and we obtain very
different results for the tree and the effective approxima-
tions, with the predictions of the latter very similar to the
SM results.

e pMSSM¢€: All the predictions in this scenario, in both
tree and effective approximations and for low values of
Yeut, are compatible with no asymmetries. The best region
in order to try to distinguish this scenario from the SM
is 1.5 < Yeur < 2.2, with m,; < 450 GeV, in which the
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Fig. 2 A,;(Y) vs. Yoy for the SM and all SUSY scenarios: a in the whole range of m,;, b for m,;; < 450GeV and ¢ for m,; > 450GeV at the
/s = 14TeV LHC

effective description provides a much larger asymmetry
than the SM one whilst the tree-level results are also large

but negative.

LS: For low values of Y, this scenario is also compati-
ble with no asymmetries, while in the effective approxi-
mation and for large values of Y the charge asymmetry
becomes negative for m;; > 2m; and m;; > 450 GeV.
The use of a cut in m,; also enhances the size of the
asymmetry for Y larger than 2. On the other hand, the
behavior of the asymmetry is very different if we con-
sider the tree-level results. In this case, the m,; cut does
not help and it is very difficult to differentiate the tree-
level results of LS from the SM predictions.

The main conclusion of this section is that all the SUSY
predictions of Ac are compatible with the SM ones. For low

values of Yy, it is hard to distinguish between the SM and
the SUSY results. On the other hand, for values of Yy >
1.5 the MSSM predictions are very different from the SM
ones. However, the statistical uncertainties in these cases are
so large that do not allow us to draw any conclusion. In other
words, we cannot make use of these Ac results in order to
discriminate between the SUSY scenarios proposed along
this work. Fortunately, the study of top-quark polarizations
may provide additional information, useful to differentiate
between scenarios as we will see in the next section.

4.2 Top-quark polarization

The longitudinal polarization of the top quarks coming from
top-squark decays into neutralinos may supply information
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Table 9 Polarization of top quarks, P;, coming from ; — ¢ )Z? decays
for the MSSM scenarios with tan 8 = 10, 30, 50

Py tan 8 = 10 tan 8 = 30 tan 8 = 50

fi > 130 Tree Eff Tree Eff Tree Eff

Def 0.17 0.39 0.27 0.44 0.29 0.44
mod ™ 0.83 0.87 0.89 0.93 0.90 0.94
pMSSM¢ —-098 —-095 —-096 —-093 —-096 —0.92
LS 0.32 0.44 0.43 0.52 0.44 0.53

as regards the SUSY scenario under study [133]. As is well
known, it also differs from the unpolarized SM pair-produced
top quarks. We investigate in this work if the inclusion
of the radiative corrections to quark—squark—gaugino cou-
plings [22] may change the final polarization state of the
top-quarks in the SUSY framework.

First of all, we show in Table 9 the expected longitudinal
top-quark polarization for each SUSY scenario, calculated
with Eq. (7). As explained in [45,48], the value and the sign of
polarization of tops coming from 7 » — ¢ )Z? decays depend
on the mixing of the top-squark sector, the nature of the neu-
tralino and the mass difference between the top-squark and
the neutralino. In all the SUSY scenarios evaluated in this
work, )Z? is a pure bino-like neutralino. Such bino-like neu-
tralino couples stronger to the right-handed (RH) than to the
left-handed (LH) components of the top-squark, enhancing
positive values of the polarization even though the LH com-
ponent of the top-squark was larger. Anyhow, whenever the
LH (RH) component of the top-squark is overwhelmingly
above the RH (LH) one, and the f, factor in Eq. (7) van-
ishes,* the polarization will have values of P, = —1 (+1).

In the pMSSMF® scenario, the lightest top-squark 7| is
mostly LH and therefore we obtain a top polarization very
close to —1, as shown in Table 9. The mod ™~ scenario repre-
sents a parametrization where the mixing in the top-squark
sector is maximal and the large mass difference between the
top-squark and the decay products induces f — 0. Due to
the fact that the bino-like neutralino couples stronger to the
top-squark RH component than to the LH one and f, — O,
we obtain large values of the polarization, ~ 0.8, in agree-
ment with results in [45] (see Fig. 3 therein). In Def and
LS scenarios the top-squark mixing has similar and large LH
components but with an important RH components which
contribute more to the top-quark polarization than the LH
ones. In these scenarios the values of the LH and RH cou-
plings (which are of the same sign) in Eq. (7) are rather simi-
lar. The increase of the polarization values for the LS scenario

4 This factor does not trivially vanishes for large mass difference
between the top-squark and its decays products. It also needs a rela-
tively small mass for the gaugino to be negligible.
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with respect to Def scenario lies on the difference between
the value of f> in Eq. (7). In the Def scenario f, — 0
meanwhile in the LS scenario f ~ 0.5. The denominator of
Eq. (7) for the LS scenario is smaller than for the Def sce-
nario and then the polarization is larger for the former than
for the latter. A small variation on the values of P, can also
be appreciated as a function of tan 3, since this parameter
slightly modifies both the top-squark and the neutralino mix-
ings, and consequently the LH and RH components of top
squarks and the nature of the lightest neutralino, )Z?.

These changes would also be reflected on the final lep-
tons angular distribution and hopefully measured through
the asymmetries defined as in Eqs. (15) and (13). Table 10
displays the predictions for the angular asymmetries, Ay, and
Ayg,, for the SM and the four MSSM scenarios studied here.
We have checked that our SM results agree with [83] under
the same cut conditions. In the last column of this table we
also include the values of P; for the decay ] — ¢ )Zf) with the
SUSY parameters as in Table 2. As already discussed, polar-
ization values different from O translate into sharply peaked
lepton distribution in ¢; -towards 0 and 27 - and 6; -towards
0- as can be observed in the left column of Fig. 3 where the
normalized distribution of both variables are presented for
the SM and all MSSM parametrizations. As expected, when
comparing to SM results larger asymmetries values for all
MSSM scenarios are obtained.

Figure 4 shows the normalized top-quark boost distribu-
tion, B; as in Eq. (11), for the SM and all MSSM scenarios.
Note that Figs. 3 and 4 only show the result in the effective
approximation. The tree-level results are not presented here
because they are indistinguishable in the plots. Top-quark
boost distributions are presented for 8, > 0.4 as it reflects
the characteristics of more than 99 % of the top-quark popula-
tion for any model or parametrization. We clearly see how in
Def, mod~, and pM SSMF¢ scenarios a large fractions of top
quarks (= 98 %) is emitted with 8; > 0.8, supporting further
the sizable values of the asymmetries obtained for those sce-
narios. The highly boosted top-quark populations smear the
possible changes in the asymmetries due to P; variations. For
example, in the Def'scenario, a change in P; of 4130 % due to
radiative corrections translates into a tiny ~ 0.4 %, ~ 1.06 %
change in Ay,, Ag,, respectively. Opposite, the LS scenario
shows the less boosted top-quark populations (Fig. 4), and
it has the smallest asymmetries (Table 10), hence the asym-
metries are more sensitive to P; variations. A P; change
of 37 % due to radiative corrections translates into a 1.3 %,
4.5 % change in Ay,, Ag,, respectively. Even though the LS
scenario gives the lowest asymmetries between our SUSY
scenarios, the predictions in the effective approximation are
a 40 % and 88 % larger than the SM values for Ay, and Ay,
respectively.

To asseses the effects of the radiative corrections, we
define the ratio of the corrected-to-tree-level distributions,
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Fig. 3 Normalized cross section distribution as a function of a the azimuthal angle ¢; and b 6; of the decay lepton for the SM and all SUSY
scenarios studied at /s = 14 TeV. The right panels show the factor d Ksysy/dx, Eq. (24)
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where x is a distribution variable. The right panels of Figs. 3
and 4 show the effects of the radiative corrections on the
@1, 01, and B, distributions. The radiative corrections change
slightly the angular distributions in the ¢; ~ w and 6, ~ 7
regions, up to a 10% for ¢; and a 20 % for 6;. The excep-
tion is the pMSSM® scenario whose dKsusy/d¢; and
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dKsusy/dO; (24) factors are ~ 1 in the whole range. As
for the B; distribution the d Ksysy/dB; (24) factor is ~ 1 for
all scenarios, except Def. For Def d Ksysy /dB; is ~ 1.05 for
0.7 < B: < 0.9 and 0.9 at the largest B; bin.

As mentioned in [48] and references therein, the measure-
ments of lepton angular asymmetries in the highly boosted
top-quark scenarios is a challenge at the LHC. Thus, dis-
tribution of u and z variables, defined as in Egs. (16)-(17),
may serve as a better discriminator for new physics scenarios

@ Springer
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Table 10 Lepton asymmetries for the SM in pp — 7 -first row- and
in the MSSM in pp — 1770} at the /s = 14 TeV LHC

Ay Ag P,

SM pp — i 0.6165 03134 0.0

pp — tf )Z? )Z? Tree Eff Tree Eff Tree  Eff
Def 0.9483 0.9522 0.8214 0.8301 0.17 0.39
mod~ 0.9689 0.9713 0.8824 0.8903 0.87 0.91
pMSSM¢ 0.9381 0.9390 0.7174 0.7214 —-096 —0.93
LS 0.8514 0.8626 0.5636 0.5892 0.32 0.44

enhancing top-quark transverse polarization. Figures 5 and 6
show the normalized distribution of the u and z variables for
the SM and the four MSSM scenarios in the effective descrip-
tion approximation of squark interactions, (a) without any cut
on fB; and (b) requiring a kinematic cut 8, > 0.8. We have
checked that larger kinematic cuts do not change the dis-
tribution. In agreement with [48], the pMSSM¢ scenario,
with the negative polarization, show the largest difference
with respect the SM with a shift on the u distribution about
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0.1 units toward lower values. The positively polarized top-
quark scenarios (LS, mod™—, and Def) differ from the SM
predictions only slightly in the range 0.7 < u < 0.95, a sit-
uation that worsens when the cut on B; is required. For the
z distributions, the positively polarized top-quark scenarios
are hard to distinguish between each other independently of
the B, cut, their shape resembles the SM one as the §;-cut is
increased. Regarding to the radiative corrections, the # and z
distributions are hardly affected. The ratio between the effec-
tive and tree-level distributions differ on a couple of units of
percent in boundary values of the variables: u,z ~ 0 and
u, z ~ 1. This ratio is close to 1 in the rest of the numerical
intervals of these two parameters. Therefore, these observ-
ables are unaffected by the higher order corrections in the
quark—squark—chargino/neutralino interactions.

Going back to the discussion as regards scenarios with
more promising signal significances (see paragraph just
above Sect. 4.1), we stress that the distribution of the
energy ratio z does not change significantly, in the context
of the radiative corrections to the quark—squark—chargino/
neutralino interactions.
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5 Conclusions

We have computed and analyzed the top-quark polarizations
and tf charge asymmetries, induced by top-squark pair pro-
duction at the LHC and the subsequent decays f; — ¢ f(?.
The computations have been performed with MadGraph,
including the effective description of squark interactions with
charginos and neutralinos for the MSSM case. We have
considered four different SUSY scenarios, as presented in
Table 2, and we have focused on the effects of the effec-
tive approximation of squark interactions in ¢7 charge asym-
metries and top-quark polarization observables as defined
in Sect. 3. We compare the results with the SM expecta-
tions, computed using the leading NLO QCD corrections as
included in MadGraph 5.

The SUSY contributions to top-quark charge asymme-
tries, Eqs. (18) and (19), are strongly dependent on the
SUSY scenarios, change significantly with the inclusion of
the radiative corrections and our estimations are of the same
order of the SM predictions (Tables 7, 8). Using a kinematic
cut Yoy > 1.5 enhances the SUSY contributions. Unfortu-
nately, they are still smaller than current experimental sensi-
tivity.

For the top-quark polarization studies, the radiative cor-
rections to the quark-squark-chargino/neutralino vertices
increase the value of the polarization of the top-quarks com-
ing from the squark decay, compared to the tree-level predic-
tion (Table 9). We have discussed in detail the behavior of
the top-quark polarization in all the SUSY scenarios studied
in this work, in which f(? is a pure bino-like neutralino. The
top-quark polarization varies between —1 and 1, depending
also on the mixing of the top-squark sector and the mass
difference between the top-squark and the neutralino. The
changes in the top-quark polarization induce a change in the
distributions and asymmetries of the lepton coming from top-
quark decays (Table 10). Because the top-quarks are highly
boosted (Fig. 4), the polarization effects are smeared in the
final distribution. The effects are more visible in scenarios
with less boosted top quarks (LS).

The discrimination power of the u and z variables,
Egs. (16) and (17), of MSSM scenarios against SM was also
tested. The scenario with negative polarization of the top
quarks, pM SSM¢€, shows the maximal discrimination power
against the SM independently of the kinematic cut applied
on the top-quark boost. In this analysis we find that the
inclusion of the higher order corrections through the effec-
tive description of the squark interactions does not change
strongly the u and z distributions obtained at leading order
(Figs. 5, 6).

We have found strong effects of the radiative corrections
on the top-quark polarization. One would welcome new top-
quark observables and strategies aimed at analyzing top-
quark polarization.
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