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Introduction
• The Higgs discovered at LHC - BSM?
• In SUSY, third generation squarks play important role in Higgs 

sector, mixing is important
• Search for 3rd generation squarks vital to understand the 

Higgs

• Harder than for light squarks : 
– gg- squark pair production drops rapidly with energy 
– squark/gluino production is much smaller than for light squarks
– decay involves top quarks, then generic ETmiss+jet search not 

applicable
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Current limits 
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are excluded at 95% C.L. for mχ̃01
< 150 GeV. Neutralino masses up to 320 GeV are excluded for

sbottom masses around 550 GeV. Sensitivity to scenarios with large ∆m (> 200 GeV) is mostly
obtained using the SR1 selections and, to a lesser extent SR2. The best sensitivity in the region
∆m<40 GeV for sbottom masses below 300 GeV is obtained with the SR3 selection.
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Figure 4: Expected and observed exclusion limits at 95% C.L. in the (mb̃1 ,mχ̃01
) plane obtained

taking in each point the signal region which gives the best expected CLs exclusion. The black,
dashed line shows the expected limit if theory uncertainties on the signal are neglected. The
yellow band shows the ±1 σ Gaussian equivalent uncertainty on the expected limit. The red
solid line shows the nominal observed limit, while the red dashed lines show its variation if
theory uncertainties on the signal are taken into account. Previous limits set by the ATLAS [19,
20], CDF [48] and D0 [49] are also shown.

9 Conclusions

In summary, we report results of a search for sbottom pair production in pp collisions at
√
s=

8 TeV, based on 12.8 fb−1of ATLAS data. The events are selected with large EmissT and two
jets required to originate from b-quarks. The results are in agreement with SM predictions for
backgrounds and translate into 95% C.L. upper limits on sbottom and neutralino masses in a
given MSSM scenario for which the exclusive decay b̃1→ bχ̃01 is assumed. Sbottom masses up
to 620 GeV are excluded for mχ̃01

= 0. Differences in mass above 40 GeV between the b̃1 and

the χ̃01 are excluded up to sbottom masses of 300 GeV. Neutralino masses up to 320 GeV are
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Top polarization
• Useful probe of new physics at collider : sensitive to 

helicity structure of production process
• SM 

– pair produced tops are unpolarized 
– Single production (polarization -1)

• SUSY
–  Top produced in decay of stops and sbottoms can take 

any value - depends on squark mixing and neutralino/
chargino content 4
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• At LHC production independent of squark 
mixing angle. BR and top polarization only 
way to extract info on mixing
– squark mixing important for Higgs 
– nature of neutralino/chargino important for 

dark matter

• Measure of top polarization 
– Correlation between top polar and angular 

distribution of decay lepton - not affected by QCD 
corections (Jesabek,Kuhn 1989)  or NP in decay 
(Grzadkowski 2001)

– Energy fraction of decay leptons (Berger et al 1207.1101)

– use boosted top and jet substructure
5
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Top polarization in 

6

One new aspect of the stop search phenomenology is the possible presence of a top quark with
possibly non-zero polarization in the resulting final state. Since the top quark decays before it
hadronizes, the polarization can have implications for the kinematic distributions of the decay
products and hence on the search strategies of the stop. If a stop is discovered, the top polarization
can play a role in determining the properties of the stop and light neutralino. In this paper, we
investigate the longitudinal polarization of the top quark that results from stop decay;

t̃1 → t χ̃0
i , (1)

where χ̃0
i , i = 1, 4 stand for the four neutralinos. It has been shown [41] that the fermions produced

in sfermion decays can have non-zero polarization, which can depend on the mixing in the sfermion
sector as well as the neutralino-chargino sector. It also depends on the velocity of the produced
top quark and hence on the mass differences.

Suggestions for using the polarization of heavy fermions as a probe of new physics models
abound in literature, (see Ref. [42] and references therein for a recent summary). For example, in
the R-parity violating MSSM, polarized top quarks can arise in the hadronic production of tt̄ pair
via a t–channel exchange of a stau/stop [43, 44] or in associated production of a slepton with a t
quark [45]. Different BSM explanations of the top forward-backward asymmetry observed at the
Tevatron, among them those involving t channel exchange of a color singlet and a color octet scalar,
can be discriminated using top polarization [46–49]. Similarly, use of the top polarization to probe
the mixing in the squark sector for the third generation squarks at e+e− colliders has been a subject
of a lot of detailed investigations [50, 51]. At the e+e− colliders the t̃it̃∗j production cross-sections
also depend on the mixing in the stop sector. The joint measurements of the cross-sections and top
polarization can then be used to reconstruct the parameters of the third generation squark sector.
Of course at a collider like the LHC, in an R-parity conserving SUSY scenario, the production
cross-sections do not depend on the mixing in the stop sector and hence it is only the polarization
which can provide a handle on it.

Some aspects of top polarization in stop decay and observables for its measurements for the
heavily boosted tops were discussed in [52]. Monte Carlo investigations of the top polarization
expected in the decay of a light stop quark (∼ 300–500 GeV) following direct stop pair production
for 14 TeV LHC, along with its possible measurements in the effective top rest frame with a view
to extract an effective top mixing angle, have been carried out in [53]. More recently, an observable
for top polarization in terms of the energy fraction of decay leptons, in events containing tt̄ pair
and missing ET was studied for a light stop ∼ 300 – 400 GeV, at the 8 TeV LHC [30]. Ref. [31] has
explored the possibility of getting information on the top polarization and hence on the stop mixing
angle at the 14 TeV LHC, including detector level effects, using the hadronic decay of the boosted
top and jet substructure methods for measurement of the top polarization [54]. Experimental
explorations of the top polarization at the LHC in tt̄ events, using the angular distributions of the
decay products of the top in the reconstructed top rest frame have now begun [55].

Top polarization is indeed a very useful observable as a probe of new physics at the LHC as it
is sensitive to the helicity structure of the production process and the bulk of top production at the
LHC happens via the SM processes which lead to unpolarized top quarks. Due to the large mass of
the top quark, its polarization is also amenable to experimental determination quite well through
a study of its leptonic decay products. There is a strong correlation between the polarization of
the top quark and the angular distributions of its decay leptons. This correlation is not affected
by higher-order corrections [56–58] or new physics contributions [59–65] to the decay. Angular

3
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• Polarization

7

polarized cross section. To this end, we define top polarization vectors Sa
that form, together with

the top momentum, an orthogonal set and are normalized to Sa · Sb
= −δab. We can then perform

the helicity projection using the identities [69, 70]:

u(pt,λ
�
)ū(pt,λ) =

1

2

�
δλλ� + γ5/S

a
τaλλ�

�
(/pt +mt) , (4)

v(pt,λ
�
)v̄(pt,λ) =

1

2

�
δλλ� + γ5/S

a
τaλλ�

�
(/pt −mt) , (5)

with τa the Pauli matrices. Since the transverse polarization is generally small, we will only

consider the longitudinal polarization vector S3
. Its spatial part is chosen to be parallel to the top

three-momentum, leading to

S3
=

1

mt

�
|pt|, Etp̂t

�
. (6)

Note that S3
is not a Lorentz vector, reflecting the fact that the top quark helicity is not a Lorentz-

invariant quantity. The top polarization is then defined as

Pt =
σ(+,+)− σ(−,−)

σ(+,+) + σ(−,−)
, (7)

where σ(+,+) (σ(−,−)) is the cross section for a positive (negative) helicity top quark. A negative

(positive) polarization therefore corresponds to a left-handed (right-handed) top quark. In [50]

it was shown for a top quark originating from the decay (1), the following expression for the

polarization holds

Pt(t̃1 → t χ̃0
i ) =

�
(GR

i )
2 − (GL

i )
2
�
f1

(GR
i )

2 + (GL
i )

2 − 2GR
i G

L
i f2

, (8)

where f1 and f2 are kinematical factors which in the stop rest frame reduce to

f1 =
λ

1
2 (m2

t̃
,m2

t ,m
2
χ̃)

m2
t̃
−m2

t −m2
χ̃

, f2 =
2mtmχ̃

m2
t̃
−m2

t −m2
χ̃

, (9)

with λ(x, y, z) = x2+y2+z2−2xy−2xz−2yz the Källén function. The quantities GL
i and GR

i are

the stop couplings to the neutralino χ̃0
i and a left- or right-handed top respectively. If we ignore

again mixing in the flavour sector and choose the mixing matrices to be real, they are given by [23]

GL
i = −

√
2g2

�
1

2
Zi2 +

1

6
tan θWZi1

�
cos θt̃ −

g2mt√
2MW sinβ

Zi4 sin θt̃ , (10)

GR
i =

2
√
2

3
g2 tan θWZi1 sin θt̃ −

g2mt√
2MW sinβ

Zi4 cos θt̃ ,

where g2 is the SU(2)L gauge coupling, θW is the weak mixing angle and MW is the W mass. The

polarization then depends on the SUSY parameters through the neutralino mixing matrix Z, the

stop mixing angle θt̃ and the ratio of the two Higgs vacuum expectation values, tanβ. Moreover it

is clear from Eq. (8) that the top polarization is affected by the masses involved and perhaps less

obviously by the stop boost. Let us now discuss these effects in turn.
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Figure 1: Dependence of the top polarization on the neutralino content in the stop rest frame.
The red thin lines correspond to right-handed stops, while the black thick lines correspond to left-
handed stops. Results are shown for pure as well as slightly mixed stops, and for different signs

of µ. We have taken Zi4 = �
�
(1− Z2

i1), � = ±1 to approximate the higgsino-content for a given

bino-content and have taken mt = 173.1 GeV, mt̃ = 500 GeV, mχ̃ = 200 GeV and tanβ = 10. The
plot on the right shows the behaviour for high bino-content.

even a slight change in the stop mixing angle has a large effect on the polarization. We observe that
the polarization for left-handed stops is not very sensitive to the exact neutralino content when it
is higgsino-like and that the polarization varies very rapidly from 1 to -1 for an almost pure bino.
Moreover, the maximum polarization Pt = ±1 cannot occur for a decay into a pure bino or higgsino
due to the mass effects in Eq. (8). This effect becomes more pronounced for smaller stop-neutralino
mass differences.

For a complementary perspective we show in Fig. 2 the dependence of the top polarization on
the stop mixing for a top quark that originates from a stop that is at rest. For both the pure bino
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Figure 2: Dependence of the top polarization on the stop mixing in the stop rest frame. The red
thin lines correspond to higgsino-like neutralinos, while the black thick lines correspond to bino-like
neutralinos. Results are shown for pure as well as slightly mixed neutralinos, and for different signs
of µ. We fix the parameters as in Fig. 1

state and the dominantly higgsino state, the polarization indeed behaves as one would expect from
Eq. (8). As in Fig. 1, we see that the polarization is very sensitive to small fluctuations in the bino

7
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Mass difference

• Kinematic effects can reduce significantly 
polarization, f1->0 for small Δm   (here in 
stop rest frame)

8

component for Zi1 ≈ 1. In this case, both terms in the GR
i coupling in Eq. 11 become relevant,

the first is suppressed by the stop mixing and the second by the higgsino mixing, hence the large

fluctuation in the polarization for small values of sin θt̃.

2.2 Masses

We have already seen that the stop and neutralino masses influence the polarization. This effect is
shown in Figure 3.

Figure 3: Dependence of the top polarization in the stop rest frame on the stop-neutralino mass

difference for a neutralino that is purely bino and different stop mixing. We have taken mt = 173.1
GeV, mχ̃ = 100 GeV and tanβ = 10.

We see that a small mass difference between the stop and the neutralino leads to a smaller

polarization due to the f1 and f2 functions in Eq. (9). For mass differences of 200-300 GeV, this

dependence is negligible. Note that the top originating from a completely mixed stop resembles a

right-handed stop because of the effect of the hypercharge mentioned in the previous section.

Figure 3 only shows the results for the pure bino case, where the function f2 does not contribute
to the stop polarization (8). We have seen in Figures 1 and 2 that masses can have more intricate

effects for mixed states due to the contribution of the f2 function.

2.3 Stop Boost

So far we have studied the top polarization in the stop rest frame. However, as we can see from

Eq. (6), the polarization vector S3
is not a Lorentz vector. Thus the polarization is frame-dependent.

We can quantify this effect using the stop boost

Bt̃ =
|pt̃|
Et̃

. (13)

The result is plotted in Figure 4, showing that the polarization is reduced with increasing stop boost.

Note that the polarization is obtained after integration over the top direction, hence depends only

on the boost. The helicity of the top quark is invariant under rotations about an arbitrary axis

and under a boost along the direction of the top quark. The overall boost of the top quark in the

laboratory frame depends on the boost of the stop, that of the top in the stop rest frame and the

angle of emission of the top with respect to the stop. The relationship between the polarisation

8
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Benchmark : LH stop m=520GeV

• Note: for higgsino LSP(µ<M1), BR for decay tχ2 
is as large as tχ1 and polarization is about the 
same 9

rapid transition between Pt = 1 → −1 in the region where one goes from a bino to a higgsino

LSP (M1 ≈ µ). Note, however, that as the LSP becomes almost pure bino, the top polarization

starts to deviate from −1. For example at M1 = 100 GeV, µ = −600 GeV the top polarization

is only Pt ≈ −0.73. This occurs because we are not dealing with a pure LH stop, indeed here

sin θt̃ = −0.127. Finally, the kinematic effects which lead to Pt → 0 show up at the boundary of

the grey region.

To be able to exploit the top polarization as an observable, the branching ratio for t̃1 → tχ̃0
1

must be large enough. The contours for this branching ratio are displayed in the right panel of

Fig. 6. Large branching ratios are found over most of the parameter space with two exceptions.

The first occurs near the kinematic limit where the three-body decay t̃1 → bW χ̃0
1 dominates and

the second occurs for low values of M1. The latter behaviour is a peculiarity due to the fact that

we have set M2 = 4M1. Thus for low values of M1 and of M2 the lightest chargino, which is

dominantly wino, drops below the mass of the stop and the decay t̃1 → bχ̃+
1 becomes dominant. If

in addition µ is small, the decay into the second chargino becomes possible as well.

In the region where the LSP is mostly higgsino |µ| < M1, the mass of the two lightest neutralino

and of the lightest chargino are of the same order. Thus the stop can decay into tχ̃0
1, tχ̃

0
2 as well

as into bχ̃+
1 . The chargino channel is only at the few percent level while the decay into the LSP

increases with the higgsino component reaching a maximum of 70%. An important fact to keep in

mind is that the two lightest neutralinos will have higgsino-components of similar magnitude. Thus

the polarization of the top in the two processes t̃1 → tχ̃0
1,2 is similar for the higgsino LSP. Thus

one can exploit both decay modes to measure the top polarization, as will be demonstrated below.

In the region where the LSP is a bino, M1 < |µ|, the branching ratio into the LSP is nearly 100%,

except for low values of µ, where the channels bχ̃+
1 (for |µ| < 500 GeV) and tχ̃0

2 (for |µ| < 380 GeV)

also become accessible.
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Figure 6: Contours of the top polarization in the top rest frame for µ < 0 and a dominantly LH

stop (left panel) with the LH parameters in Tab. 1. Branching ratios for t̃1 → tχ̃0
1 (right panel). In

the bottom right corner, the decay is not kinematically accessible.

For µ > 0, the polarization and the branching ratio contours have roughly the same behaviour,

so we do not illustrate this case. Rather, we consider a case where the light stop is still dominantly

left-handed but where the mixing angle is larger, sin θt̃ = −0.223, see the XLH parameters in

Tab. 1. The polarization and branching ratio contours are rather similar to the LH case we have

11
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Benchmark : RH stop 
m=508GeV

• For higgsino LSP, BR for decay tχ2 is similar 
to tχ1, so is polarization, however also 
decay into  bχ+( proportional top Yukawa) 10
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Figure 8: Contours of the top polarization in the top rest frame for µ < 0 and a mixed dominantly
RH stop (left). Branching ratios for t̃1 → tχ̃0

1 (right)
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Figure 9: Same as Fig. 8 for µ > 0 and dominantly RH stop.

small. However, in this case the top polarization is almost the same when one considers the decay
t̃1 → tχ̃0

1 or tχ̃0
2 as illustrated in Fig. 10. For the dominantly LH stop (left panel), the difference

between the polarizations in the two channels never exceeds 10% when M1 > µ which marks
the unset of the higgsino LSP region. For the RH stop (right panel) the difference between the
polarizations can reach 30% when M1 ≈ µ = 280GeV although both polarizations quickly become
almost equal as M1 is increased and thus the higgsino fraction of the neutralinos. The difference
between the top polarization in the two higgsino channels is purely a kinematic effect due to the
smaller mass splitting between the stop and the second neutralino. This effect is more pronounced
for the RH stop case simply because the mass of t̃1 is lower. Note that since the two lightest
neutralinos are almost degenerate the decay of the second neutralino into the LSP is accompanied
by soft leptons and has basically the same missing ET signature as the LSP. One can therefore use
both decay channels to determine the top polarization without being handicapped by small rates.

In the above, we have considered only the behaviour of the top polarization without worrying
about other constraints on the model. We briefly comment on the impact of these constraints.
For the bino case the relic density is typically much too large, it is however possible to bring it
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Top polarization
• For a higgsino-like chargino

• Dependence on sbottom mixing

• For a wino-like chargino : coupling only to LH sbottom and 
LH top  --> Pt=-1 for any mixing

12

Therefore, for large enough ∆m, we expect Pt � −1 in case of a pure wino-like chargino, ir-

respective of the sbottom mixing angle. (It should be noted however that in practice for the

range of parameters we will be considering all entries of the matrices U and V are non-zero and

will be taken into account.)

For a higgsino-like chargino, i.e. |µ| � M2, the mixing matrices U and V approach

U →
�

0 1

1 0

�
, V →

�
0 1

1 0

�
, (27)

and the resulting top polarization is

Pt =
((ht cos θb̃)

2 − (hb sin θb̃)
2
) f1

[(ht cos θb̃)
2 + (hb sin θb̃)

2 − ht hb sin 2θb̃ f2]
. (28)

Therefore, for a higgsino-like chargino, the top polarization depends on the sbottom mixing.

In the limit of pure LH or RH sbottoms we have

b̃L : cos θb̃ = 1 , Pt → +f1 , (29)

b̃R : cos θb̃ = 0 , Pt → −f1 . (30)

In other words, a wino-like chargino, whose interaction conserves chirality, couples to a left-

chiral sbottom and a left-handed top (recall that just like the W±
, a wino has only left-chiral

interactions) thus always giving a top polarization close to −1, similar to single top production

in the SM. The higgsino interaction, on the other hand, flips chirality and couples a right (left)

chiral sbottom to a left (right) handed top; the top polarization thus can vary from −1 to

+1 depending on the sbottom mixing angle and the bottom Yukawa coupling, which becomes

relevant at large tan β. This will be discussed in more detail in Section 6.

3.2 t̃ → tχ̃0 decays

For completeness we also summarize the case of stop decays into neutralinos, c.f. [26]. Analogous

to eq. (20), the average top polarization from t̃i → t χ̃0
n is given by

Pt =

�
(bt̃in)

2 − (a t̃
in)

2 �
f1

(bt̃in)
2
+ (a t̃

in)
2 − 2 bt̃in a

t̃
in f2

(31)

with the obvious replacement pχ̃−
j
→ pχ̃0

n
in eq. (21). Using eqs. (16), (17) and (3), the stop

couplings are written as

at̃1n = − 1√
2

�
Nn2 +

1

3
tan θWNn1

�
cos θt̃ − htNn4 sin θt̃

bt̃1n =
2
√
2

3
tan θWNn1 sin θt̃ − htN

∗
n4 cos θt̃ (32)

Substituting these in the expression for the polarization, eq. (31), one easily sees that in the

case of large mass differences between the stop and the neutralino (f1 → 1) a RH stop will lead

to Pt = −1 when it decays into a higgsino and to Pt = +1 when the decay is into a gaugino; a

LH stop will lead to the opposite polarizations.
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Top polarization

• At large tanβ, both Yukawa couplings 
contribute
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Figure 1: Top polarization in b̃1 → χ̃−
1 t decays as a function of the sbottom mixing angle, for

mb̃1
= 685 GeV. For the higgsino-like case µ = 350 GeV and M2 = 1000 GeV (in red), while for

the wino-like case M2 = 350 GeV and µ = 1000 GeV (in blue). The solid, dotted, and dashed

lines are for tan β = 10, 30, and 50, respectively.

In order to understand the dependence of Pt on the relative strength of the Yukawa cou-

plings, let us simplify eq. (20) for a completely higgsino-like chargino, cf. eq. (28). We get

Pt =

�
cos2 θb̃
sin2 θb̃

− h2
b

h2
t

�
f1

�
cos2 θb̃
sin2 θb̃

+
h2
b

h2
t

�
− 2

cos θb̃
sin θb̃

hb
ht
f2

(43)

Now recall that f1 � 1 away from the kinematic boundary, while f2 → 0. Hence, for

cos
2 θb̃/ sin

2 θb̃ > h2
b/h

2
t , Pt > 0 and for cos

2 θb̃/ sin
2 θb̃ < h2

b/h
2
t , Pt < 0. This effect is illustrated

in Fig. 2. Also, for a fixed value of cos θb̃, |Pt| decreases with increasing tan β.
The dependence on the available phase space, ∆m, is illustrated in Fig. 3. The left panel

shows the case of a higgsino-like chargino while the right panel shows the wino-like case. The

top polarization as described in eq. (20) is directly proportional to f1, which goes to zero when

∆m → 0 and, as a result, Pt → 0. This can very well be seen in both the higgsino-like

and the wino-like scenarios. Away from the kinematic boundary, f1 → 1 and f2 → 0. For

∆m > 100 GeV, f1 is very near 1 and the polarization approaches its limiting value. Here,

the contribution of the f2 eq. (28) is somewhat suppressed by the ratio of Yukawa couplings or

the sbottom mixing angle. Note also that in the higgsino case, for certain values of the mixing

angle, e.g. cos θb̃ = 0.5, increasing the value of tan β can flip the sign of the polarization, this

corresponds to the transition cos
2 θb̃/ sin

2 θb̃ = h2
b/h

2
t . Contours for the top polarization in the

cos θb̃ vs tan β plane are displayed in Fig. 4 for both small and large values of ∆m. In both

cases any value of Pt can be reached for any value of tan β, although for ∆m = 10 GeV and

small tan β the polarization changes very rapidly with the sbottom mixing angle as a result of

the kinematic factor f2 in the denominator of eq. (28).

To see whether there is any hope to actually measure this polarization, we also need to

14

Figure 3: Top polarization in b̃1 → χ̃−
1 t decays as a function of ∆m ≡ mb̃1

− mχ̃−
1
− mt for

various choices of cos θb̃; on the left for µ = 350 GeV and M2 = 1000 GeV (higgsino case), on
the right for M2 = 350 GeV and µ = 1000 GeV (wino case). Solid lines represent tan β = 10
and dashed lines are for tan β = 50.

Figure 4: Contours of top polarization in the cos θ versus tan β plane for the higgsino case with
µ = 350 GeV and M2 = 1000 GeV, for a fixed mass difference of ∆m = 10 GeV (left) and
∆m = 200 GeV (right).

below 50 fb for around 800 GeV, see the small inset in Fig. 6.
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Branching ratios

• For µ<M2, top/chargino dominant 
everywhere 14

Figure 5: Branching ratios of b̃1 as a function of cos θb̃ for mb̃1
= 685 GeV, on the left for the

higgsino case with µ = 350 GeV and M2 = 1000 GeV, on the right for the wino case with
µ = 1000 GeV and M2 = 350 GeV. The solid (dashed) lines represent tan β = 10 (50). The
remaining parameters are as for benchmark point bm-2 in Table 1.

Figure 6: Stop and sbottom pair production cross sections at the LHC with
√
s = 14 TeV,

computed at NLO with Prospino.
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Numerical analysis

• Many processes lead to tops in final state
– sbottom1,2 decays, stop decays etc..

• Sometimes final states hard to distinguish, e.g. in 
higgsino/wino case (decay of χ2,χ+ into LSP lead to 
soft decay products which can be missed)

• Will compute the net top polarization : include all 
relevant processes+BR + boost to lab frame

15

6.2 Benchmark scenarios

In a complete MSSM scenario, tops can also come from decays of stops, t̃1,2, and of the heavier

sbottom, b̃2. Some of these decays can be distinguished by their different signatures, for instance
b̃1 → t χ̃−

1 → tW χ̃0
1 versus t̃1 → t χ̃0

2 → t Zχ̃0
1 or t̃1 → t χ̃0

1. Others, like b̃1 and b̃2 both decaying

to t χ̃−
1 give identical signatures. It is hence necessary to consistently add up the polarizations

resulting from all processes which cannot be distinguished in the experimental analysis. In

particular, if the masses of the χ̃±
1 , χ̃

0
2 and χ̃0

1 are close to each other, as is typically the case

in higgsino or wino LSP scenarios, the χ̃±
1 and χ̃0

2 decays into the LSP will lead to soft decay

products which are likely to be missed. In such a case, the processes

pp → b̃1b̃
∗
1, b̃1 → t χ̃−

1

pp → b̃2b̃
∗
2, b̃2 → t χ̃−

1

pp → t̃1t̃
∗
1, t̃1 → t χ̃0

1,2 (44)

may all contribute to the tt̄+ Emiss
T signature, and the total or “net” top polarization relevant

for the experimental analysis will be a result of the stop and sbottom production cross sections,

their decay branching ratios and the relevant boosts for going from the rest frame to the lab

frame. (We neglect the t̃2 in eq. (44) because, in order to achieve mh ≈ 126 GeV, at least one

of the stops should be heavy and will thus have a very low production cross section.)

In this context, we remind the reader that the situation of only b̃1 being light and all other

3rd generation squarks heavy only occurs for b̃1 ∼ b̃R. For b̃1 ∼ b̃L, also the t̃1 will be close in

mass (or even lighter because of L–R mixing), because both their masses are governed by the

same mass parameter MQ̃3
.

For illustration and to allow a complete analysis, we present in Table 1 a set of 7 benchmark

points which exemplify different scenarios of stop/sbottom mass and mixing patterns and re-

sulting top polarizations. The production cross sections, branching ratios and top polarizations

Pt originating from different decay processes in the respective squark rest frame are listed in

Table 2. Moreover, Table 2 gives the net polarization �Pt in the laboratory frame, together with

the values for the polar angle and azimuthal angle asymmetries defined in eqs. (35) and (36),

summing over all processes that cannot be distinguished from b̃1 → t χ̃−
1 .

4

Since the dependence of the top polarization on the sbottom and stop masses and mixings is

most interesting for the higgsino scenario, most of our examples focus on this case. Concretely,

points bm-1 to bm-4 and bm-6 have µ = 350 GeV and M2 = 2M1 = 1000 GeV, as used earlier

in this paper, leading to a 97% higgsino LSP and a χ̃±
1 − χ̃0

1 mass difference of about 9 GeV;

bm-5 has a similar electroweak-ino pattern but for a lighter mass scale. The case of χ̃±
1 ∼ �W± is

exemplified in bm-7. For all points, the parameters in the squark sector are adjusted such that

mb̃1
≈ 650 GeV (to avoid kinematic effects on Pt) andmh ≈ 126 GeV. All our benchmark points

are for tan β = 10; we do not present specific points for large tan β because they would not add

any new features w.r.t. points bm-1 to bm-7. Note also that we have chosen our benchmark

points such that they lie (just) outside the current exclusion limits—prospects should be good

4Of course dedicated simulations would be necessary to decide whether or not specific processes can be

distinguished. This is however beyond the scope of this paper. Instead we generally treat b̃1 → t χ̃−
1 and

t̃1 → t χ̃0
1,2 as indistinguishable if the χ̃±

1 − χ̃0
1 mass difference is small, below about 20 GeV.
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Boost

• Reduction of polarization for boosted 
squark
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of the top calculated in the stop rest frame and that in the laboratory frame can, in principle,

depend on all these in a complicated manner. If, for example, as a result of the different boosts,

the top is at rest in the laboratory, the polarization information will be completely lost. However,

for interesting values of stop and neutralino masses the boost that the top obtains from stop decay

is somewhat lower than the boost of the stop itself and further the scalar nature of stop means that

the angular distribution of the top in the stop rest frame is uniform. These two facts ensure that

the reduction in the top polarization is not so drastic. Figure 5 shows the distribution of the stop

boost at the LHC with a CM energy of 8 and 14 TeV. We see that within the relevant range of

stop masses, the boost is fairly constant. Thus, the effect of the boost will reduce the polarization

for all stop masses, but the explicit mass dependence due to the boost is small.
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Figure 4: The dependence of the top polarization on the stop boost for a neutralino that is purely

bino (Z11 = 1) and different stop mixing is shown. We have taken mt = 173.1 GeV, mt̃ = 500
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component for Zi1 ≈ 1. In this case, both terms in the GR
i coupling in Eq. 11 become relevant,

the first is suppressed by the stop mixing and the second by the higgsino mixing, hence the large

fluctuation in the polarization for small values of sin θt̃.

2.2 Masses

We have already seen that the stop and neutralino masses influence the polarization. This effect is
shown in Figure 3.
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Figure 3: Dependence of the top polarization in the stop rest frame on the stop-neutralino mass

difference for a neutralino that is purely bino and different stop mixing. We have taken mt = 173.1
GeV, mχ̃ = 100 GeV and tanβ = 10.

We see that a small mass difference between the stop and the neutralino leads to a smaller

polarization due to the f1 and f2 functions in Eq. (9). For mass differences of 200-300 GeV, this

dependence is negligible. Note that the top originating from a completely mixed stop resembles a

right-handed stop because of the effect of the hypercharge mentioned in the previous section.

Figure 3 only shows the results for the pure bino case, where the function f2 does not contribute
to the stop polarization (8). We have seen in Figures 1 and 2 that masses can have more intricate

effects for mixed states due to the contribution of the f2 function.

2.3 Stop Boost

So far we have studied the top polarization in the stop rest frame. However, as we can see from

Eq. (6), the polarization vector S3
is not a Lorentz vector. Thus the polarization is frame-dependent.

We can quantify this effect using the stop boost

Bt̃ =
|pt̃|
Et̃

. (13)

The result is plotted in Figure 4, showing that the polarization is reduced with increasing stop boost.

Note that the polarization is obtained after integration over the top direction, hence depends only

on the boost. The helicity of the top quark is invariant under rotations about an arbitrary axis

and under a boost along the direction of the top quark. The overall boost of the top quark in the

laboratory frame depends on the boost of the stop, that of the top in the stop rest frame and the

angle of emission of the top with respect to the stop. The relationship between the polarisation

8
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σ(pp → b̃1b̃
∗
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σ(pp → t̃1t̃
∗
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BR(b̃1 → t χ̃−
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Figure 7: Lepton energy El (left) and transverse momentum p l
T (right) distributions for three

different polarizations. The dashed blue lines are for bm-2 with �Pt = −0.73, the full red lines
are for bm-5 with �Pt = 0.92, and the dotted black lines are for bm-6 with �Pt = 0.07.

Figure 8: Same as Fig. 7 but for b–jet energy Eb (left) and transverse momentum p b
T (right)

distributions.

momentum p b
T (right) distributions for bm-2, bm-5 and bm-6. Although the size of the effect is

smaller then for leptons due to the smaller value of κb, the b-jet distributions may still provide
interesting complementary information. In particular, the distributions get harder as the top
polarization changes from +1 to −1. Thus the loss of reach due to a softened lepton spectrum
in case of a negatively polarized top might be compensated to some extent by the harder b-jet
spectrum.

In Section 4 we also discussed that the azimuthal angle asymmetry Aφl
and the polar angle

asymmetry Aθl may also give us a quantitive measure for the top polarization. To illustrate this
point, we show in Fig. 9 the azimuthal angle φl (left) and polar angle θl (right) distributions
of the decay leptons for bm-2, bm-5 and bm-6. As expected, the distributions for φl peak at

22

mardi 14 mai 2013



Top polarization : impact on b 
distributions

19

Figure 7: Lepton energy El (left) and transverse momentum p l
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different polarizations. The dashed blue lines are for bm-2 with �Pt = −0.73, the full red lines
are for bm-5 with �Pt = 0.92, and the dotted black lines are for bm-6 with �Pt = 0.07.
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T (right)
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momentum p b
T (right) distributions for bm-2, bm-5 and bm-6. Although the size of the effect is

smaller then for leptons due to the smaller value of κb, the b-jet distributions may still provide
interesting complementary information. In particular, the distributions get harder as the top
polarization changes from +1 to −1. Thus the loss of reach due to a softened lepton spectrum
in case of a negatively polarized top might be compensated to some extent by the harder b-jet
spectrum.

In Section 4 we also discussed that the azimuthal angle asymmetry Aφl
and the polar angle

asymmetry Aθl may also give us a quantitive measure for the top polarization. To illustrate this
point, we show in Fig. 9 the azimuthal angle φl (left) and polar angle θl (right) distributions
of the decay leptons for bm-2, bm-5 and bm-6. As expected, the distributions for φl peak at
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Observables
• Asymmetries constructed from lepton angular 

distributions in the lab frame can probe the top 
polarization 
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total momentum of the top |�pt| and the top energy Et

βt =
|�pt|
Et

. (34)

As an example we consider the lab-frame polar angle θl of the lepton w.r.t. the top quark
direction. Due to the top boost, θl is smaller than its counterpart in the rest frame θl,rest. Thus,
the distribution of θl in the lab frame is more strongly peaked towards 0 for a stronger top
boost as well as for a more positively polarized top quark. One can then define a polar angle
asymmetry Aθl as

Aθl =
σ(θl < π/4)− σ(θl > π/4)

σ(θl < π/4) + σ(θl > π/4)
. (35)

In addition to the polar angle, one can study the azimuthal angle distribution. To this
end, we choose the proton beam direction as the z-axis and define the top production plane
as the x − z plane. Moreover, we identify the positive x component with the direction of the
top quark. At the LHC, since the initial state has identical particles, the z-axis can point in
the direction of either proton. This symmetry implies that one cannot distinguish between an
azimuthal angle φ and an angle 2π− φ. In the rest frame this variable does not depend on the
longitudinal polarization, but in the lab frame it picks up a dependence on θl,rest through the
top boost. For positively polarized tops it is peaked at φl = 0 and φl = 2π, with a minimum
at φl = π [13, 14]. It should be noted that nonzero pTt also causes the φl distributions to peak
near φl = 0 and φl = 2π, independent of the polarization state of the t quark. In other words,
the peaking at φl = 0 and 2π is caused by kinematic effects, even for an unpolarized top. It is
enhanced even further for a positively polarized top. For a completely negatively polarized top,
the pure polarization dependent effects can sometimes even overcome the peaking caused by
kinematical effects. The peaks of the distribution then shift a little away from φ = 0 and 2π.
More importantly they lie below those expected for the positively polarized and unpolarized
top. The relative number of leptons near φ = 0 and 2π is thus reduced progressively as we
go from a positively polarized to unpolarized to a negatively polarized top. For normalized
distributions the ordering is exactly the opposite at φ = π where the relative number of leptons
increases as we go from a positively polarized top to a negatively polarized top. This shape
then motivates the definition of the azimuthal angle asymmetry [14]:

Aφl
=

σ(cosφl > 0)− σ(cosφl < 0)

σ(cosφl > 0) + σ(cosφl < 0)
, (36)

where σ is the fully integrated cross section. Note that a higher top polarization or a stronger
top boost will result in a more sharply peaked φl distribution and thus yield a larger asymmetry.

It is also useful to consider energy observables. Although they are not completely indepen-
dent of an anomalous tbW coupling as mentioned above, they do carry information about the
top polarization. In fact, for a positively polarized top, the energy and the transverse momen-
tum distributions for the lepton are shifted to higher values as compared to the unpolarized
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Figure 9: Distributions of the azimuthal angle φl (left) and the polar angle θl (right) of the

decay lepton. The dashed blue lines are for bm-2 with �Pt = −0.73, the full red lines are for

bm-5 with �Pt = 0.92, and the dotted black lines are for bm-6 with �Pt = 0.07.

φl = 0 and φl = 2π for all the three cases, but the peaks are higher for a positively polarized

tops as compared to unpolarized or the negatively polarized ones. A similar situation is seen

for the distribution of the polar angle θl: the peaking is again in the direction of the top boost

and increases when going from negative to positive polarization. The specific values of the

asymmetries Aθl and Aφl
, defined by eqs. (35) and (36), are given in Table 2. The values of

both the asymmetries are the lowest for negative polarization and increase as the polarization

goes to 1, thus making them a measure of the polarization.

The above observables concerning angular distributions of the leptons are independent of

the anomalous tbW coupling. At LHC-14, however, the tops will be highly boosted and it may

not be easy to use the angular observables. The boost distribution of the tops for the three

benchmark points under consideration is shown in Fig. 10. The boost is of course independent

of the top polarization—the small differences in the boost distributions arise from the different
stop and sbottom masses for the three benchmark scenarios. The main point is that the tops

are typically highly boosted. In such a situation, the energy ratios u and z defined in eq. (37)

may give very useful information. (Recall that these observables can be however affected by

nonzero values of an anomalous tbW coupling.) A cut on the top boost βt can enhance the

dependence on the polarization.

Figure 11 shows the distributions of the energy ratio u for different cuts on βt. The dis-

tributions are weighted towards smaller values of u for negatively polarized tops, and towards

higher values of u for a positive polarization. The cut on the boost enhances the separation

of +ve and −ve polarization. The analogous distributions of the energy ratio z are shown in

Fig. 12. As expected from the discussion in Section 4, the behavior of z is opposite to that of u,
that is positive polarization favours low z values. A cut on βt again helps to better differentiate
between different values of polarization. Clearly, asymmetries similar to Aθl and Aφl

can be

constructed for u and z and may serve as an additional measure of the polarization.
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bm-2 bm-5 bm-6

MQ̃3
1300 582 850

MD̃3
572 1500 601.5

M1 500 200 500
µ 350 150 350
mb̃1

650 650 650
mb̃2

1330 1538 885
cos θb̃ 0.006 0.999 0.020
mt̃1 1236 634 820
cos θt̃ 0.85 0.996 0.96
mχ̃−

1
353 144 352

mχ̃0
1

343 126 343
mχ̃0

2
358 159 357

bm-2 bm-5 bm-6

σ(pp → b̃1b̃
∗
1) [pb] 0.137 0.137 0.137

σ(pp → t̃1t̃
∗
1) [pb] 0.002 0.157 0.033

BR(b̃1 → t χ̃−
1 ) 0.34 0.72 0.32

BR(b̃1 → t χ̃−
2 ) – 0.16 –

BR(t̃1 → t χ̃0
1) 0.33 0.27 0.47

BR(t̃1 → t χ̃0
2) 0.35 0.40 0.42

Pt (b̃1 → t χ̃−
1 ) −0.92 0.99 −0.98

Pt (b̃1 → t χ̃−
2 ) – −0.29 –

Pt (t̃1 → t χ̃0
1) 0.40 0.99 0.94

Pt (t̃1 → t χ̃0
2) 0.50 0.99 0.99

�Pt (total) −0.73 0.92 0.07
Aθl 0.14 0.80 0.47
Aφl

0.57 0.92 0.76
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Observables

• Azimuthal asymmetry
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Figure 9: Distributions of the azimuthal angle φl (left) and the polar angle θl (right) of the

decay lepton. The dashed blue lines are for bm-2 with �Pt = −0.73, the full red lines are for

bm-5 with �Pt = 0.92, and the dotted black lines are for bm-6 with �Pt = 0.07.

φl = 0 and φl = 2π for all the three cases, but the peaks are higher for a positively polarized

tops as compared to unpolarized or the negatively polarized ones. A similar situation is seen

for the distribution of the polar angle θl: the peaking is again in the direction of the top boost

and increases when going from negative to positive polarization. The specific values of the

asymmetries Aθl and Aφl
, defined by eqs. (35) and (36), are given in Table 2. The values of

both the asymmetries are the lowest for negative polarization and increase as the polarization

goes to 1, thus making them a measure of the polarization.

The above observables concerning angular distributions of the leptons are independent of

the anomalous tbW coupling. At LHC-14, however, the tops will be highly boosted and it may

not be easy to use the angular observables. The boost distribution of the tops for the three

benchmark points under consideration is shown in Fig. 10. The boost is of course independent

of the top polarization—the small differences in the boost distributions arise from the different
stop and sbottom masses for the three benchmark scenarios. The main point is that the tops

are typically highly boosted. In such a situation, the energy ratios u and z defined in eq. (37)

may give very useful information. (Recall that these observables can be however affected by

nonzero values of an anomalous tbW coupling.) A cut on the top boost βt can enhance the

dependence on the polarization.

Figure 11 shows the distributions of the energy ratio u for different cuts on βt. The dis-

tributions are weighted towards smaller values of u for negatively polarized tops, and towards

higher values of u for a positive polarization. The cut on the boost enhances the separation

of +ve and −ve polarization. The analogous distributions of the energy ratio z are shown in

Fig. 12. As expected from the discussion in Section 4, the behavior of z is opposite to that of u,
that is positive polarization favours low z values. A cut on βt again helps to better differentiate
between different values of polarization. Clearly, asymmetries similar to Aθl and Aφl

can be

constructed for u and z and may serve as an additional measure of the polarization.
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total momentum of the top |�pt| and the top energy Et

βt =
|�pt|
Et

. (34)

As an example we consider the lab-frame polar angle θl of the lepton w.r.t. the top quark
direction. Due to the top boost, θl is smaller than its counterpart in the rest frame θl,rest. Thus,
the distribution of θl in the lab frame is more strongly peaked towards 0 for a stronger top
boost as well as for a more positively polarized top quark. One can then define a polar angle
asymmetry Aθl as

Aθl =
σ(θl < π/4)− σ(θl > π/4)

σ(θl < π/4) + σ(θl > π/4)
. (35)

In addition to the polar angle, one can study the azimuthal angle distribution. To this
end, we choose the proton beam direction as the z-axis and define the top production plane
as the x − z plane. Moreover, we identify the positive x component with the direction of the
top quark. At the LHC, since the initial state has identical particles, the z-axis can point in
the direction of either proton. This symmetry implies that one cannot distinguish between an
azimuthal angle φ and an angle 2π− φ. In the rest frame this variable does not depend on the
longitudinal polarization, but in the lab frame it picks up a dependence on θl,rest through the
top boost. For positively polarized tops it is peaked at φl = 0 and φl = 2π, with a minimum
at φl = π [13, 14]. It should be noted that nonzero pTt also causes the φl distributions to peak
near φl = 0 and φl = 2π, independent of the polarization state of the t quark. In other words,
the peaking at φl = 0 and 2π is caused by kinematic effects, even for an unpolarized top. It is
enhanced even further for a positively polarized top. For a completely negatively polarized top,
the pure polarization dependent effects can sometimes even overcome the peaking caused by
kinematical effects. The peaks of the distribution then shift a little away from φ = 0 and 2π.
More importantly they lie below those expected for the positively polarized and unpolarized
top. The relative number of leptons near φ = 0 and 2π is thus reduced progressively as we
go from a positively polarized to unpolarized to a negatively polarized top. For normalized
distributions the ordering is exactly the opposite at φ = π where the relative number of leptons
increases as we go from a positively polarized top to a negatively polarized top. This shape
then motivates the definition of the azimuthal angle asymmetry [14]:

Aφl
=

σ(cosφl > 0)− σ(cosφl < 0)

σ(cosφl > 0) + σ(cosφl < 0)
, (36)

where σ is the fully integrated cross section. Note that a higher top polarization or a stronger
top boost will result in a more sharply peaked φl distribution and thus yield a larger asymmetry.

It is also useful to consider energy observables. Although they are not completely indepen-
dent of an anomalous tbW coupling as mentioned above, they do carry information about the
top polarization. In fact, for a positively polarized top, the energy and the transverse momen-
tum distributions for the lepton are shifted to higher values as compared to the unpolarized
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• Observables sensitive to top polarization 
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or negatively polarized case. Since top quarks produced from SM processes are either unpolar-
ized or negatively polarized, this feature of the El and plT distributions for positively polarized
top quarks can provide an effective discrimination against the SM background. Since the κb

and κl have opposite signs, the effect of top polarization on the energy and pT distributions
of the b–jet in the laboratory frame is exactly in the opposite direction to that for the lepton
distributions. In Ref. [28], this feature was employed in constructing a discriminator of top
quark polarization using the pT of the b–quark. Furthermore, the energy distribution can be
of particular use when the top quarks are highly boosted. In this case, the effect of the boost
on the angular distribution may mask the polarization and an accurate determination of the
angles (for asymmetries) may be difficult. It was shown in [29] that in a kinematic regime
where the tops are heavily boosted, the ratios

z =
Eb

Et
, u =

El

El + Eb
, (37)

are sensitive to the polarization state of the top quark. Here Et, Eb and El are respectively the
(lab frame) energies of the top quark, and of the b quark and lepton coming from its decay. The
analysis of [29] was at the LO parton level, but in practical applications one may also consider
Eb to be the energy of e.g. a b jet. Note that the ranges of z and u are given in principle by

0 ≤ z, u ≤ 1, (38)

although there will be a cut-off at high and low values due to the finite b quark and W boson
masses. In the collinear limit βt = 1, the normalized distribution 1

Γ
dΓ
dz can be in fact computed

analytically [29]. It is peaked at lower values of z for a positively polarized tops, and at high
values of z for negatively polarized tops. In case of the u distribution, which has to be computed
numerically, even in the βt = 1 limit, the peak is shifted by about 0.1 for Pt = −1 compared
to the unpolarized case; whereas for Pt = 1 the normalized distribution is weighted towards
larger values of u. One can of course define these observables for any value of a cut on the
top boost. However, at low boost values, both z and u are increasingly contaminated with
contributions that are independent of Pt, thus reducing their effectiveness as discriminators of
top polarization and/or new physics parameters. We will show later how these distributions
may be exploited for quantitative measures of polarization.
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Figure 11: Distributions of the energy ratio u, without cut on the boost (top), for βt > 0.8 (lower
left) and for βt > 0.9 (lower right). The dashed blue lines are for bm-2 with �Pt = −0.73, the full
red lines are for bm-5 with �Pt = 0.92, and the dotted black lines are for bm-6 with �Pt = 0.07.
The distributions show a strong dependence on the values of polarization considered.

polarization using the angular observables of the decay lepton.

In summary, we have shown that top polarization may provide a useful tool for the searches

for 3rd generation squarks, in particular in the context of natural SUSY with light higgsinos, a

scenario which is very difficult to resolve at the LHC.
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Conclusion

• Polarization dependent observables can be used to 
extract information on squark and  neutralino/
chargino composition once a signal is observed.

• Taking into account top polarization affects the reach 
in searches for squarks
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