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We used to wish
Long Decay chain

“Optimal” way of having both large production rate 
and many hard final state objects.
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We used to wish

- “Well known”, many studies in the past 2 
decades.

- If we are reasonably lucky and partners are not 
too heavy, this can lead to  early discovery.

Long Decay chain

“Optimal” way of having both large production rate 
and many hard final state objects.
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But, Nature may not go out of its way to be kind to us.
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What’s more likely?

But, Nature may not go out of its way to be kind to us.
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What’s more likely?

But, Nature may not go out of its way to be kind to us.

New physics in top physics, top rich final states!

Thursday, September 29, 2011



Top is special.

- mtop ≫ mu,d,c,s,b .

Top compositeness.

- Hierarchy problem and top partner.
Example: stop in SUSY, T’ in little Higgs, etc.

- Top sector less explored, can always surprise us.
Forward backward asymmetry. (CDF and Dzero)

- Top gives unique challenge: 
e.g., boosted tops Talks by Masetti, Spannowsky
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Top is special.

- mtop ≫ mu,d,c,s,b .

Top compositeness.

- Hierarchy problem and top partner.
Example: stop in SUSY, T’ in little Higgs, etc.

- Top sector less explored, can always surprise us.
Forward backward asymmetry. (CDF and Dzero)

- Top gives unique challenge: 
e.g., boosted tops Talks by Masetti, Spannowsky

Focus of this talk

Additional signals and related studies, see talks by 
Aguilar-Saavedra, Delaunay, Holdom, Ko, Parke, Servant, Spannowsky...

Thursday, September 29, 2011



In this talk: 

- Top partner

- Top rich channel in SUSY.

- Top AFB and polarization.
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Top partner
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Top partner.

- Hierarchy problem. 
The largest contribution: large top-Higgs coupling.

- Introducing top partners.
Example: stop in SUSY, T’ in little Higgs, etc.

- Another “standard” feature: a discrete parity
Good for precision test, flavor, CP.

R-parity, KK parity, T parity... 

Dark matter candidate, lightest stable neutral NP 
state.
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Signal of top partner.

-
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Search for top partner!"#$%&'()$'*)+'+#$*,"$'-,'

./01/2113 4-#,56#)'7#,8 21

For more recent studies,
J. Alwall, J. Feng, J. Kumar, S. Su, 1002.3366
T. Plehn, M. Spannowsky, M. Takeuchi, 1006.2833, 1102.0557 (boosted tops)
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Top reconstruction as bkgd veto
!"#$%&'"()*%+'*,"($-)$.-'/0%"+(1$2&*"3
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Top reconstruction
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Top rich channel in SUSY

Thursday, September 29, 2011



The most promising SUSY discovery 
channel.

t̃, b̃
ũ, d̃, ...

g̃

Ñ

Heavy squarks 

Light gaugino

≫ TeV
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Why considering heavy scalars?
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Why considering heavy scalars?

- On general round, scalar tends to be heavier.
From Kahler potential, hard to suppress its 
couplings to SUSY breaking. 

R-symmetry tends to protect gaugino mass terms.   
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Why considering heavy scalars?

- On general round, scalar tends to be heavier.
From Kahler potential, hard to suppress its 
couplings to SUSY breaking. 

R-symmetry tends to protect gaugino mass terms.   

- Examples: F-term SUSY breaking. 
With R-symmetry broken. But gauginos are 
sequestered (geometry, etc.) at tree level.

Gaugino mass from AMSB. 
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Zprime-ino mediation.

- Gaugino mediation through an extra U(1)’

Langacker, Paz, LTW, Yavin, 0710.1632, 
Verlinde, LTW, Wijnholt, Yavin, 0711.3214

2

A. Features of the Spectrum

We parameterize the hidden sector supersymmetry
breaking by a spurion field X = M + !2F . At the scale
!S , supersymmetry breaking is assumed to generate a
mass MZ̃! ! g2

z!(F/M)/16"2 for the fermionic compo-
nent of the Z̃ ! vector superfield.

We assume that all the chiral superfields in the visible
sector are charged under U(1)!, so all the corresponding
scalars receive soft mass terms at 1-loop,

m2
f̃i

!
g2

z!Q2
fi

16"2
M2

Z̃!
log

!

!S

MZ̃!

"

! (100 TeV)2 (1)

where gz! is the U(1)! gauge coupling and Qfi
is the U(1)!

charge of fi, which we take to be of order unity.
The SU(3)C " SU(2)L " U(1)Y gaugino masses can

only be generated at 2-loop level since they do not di-
rectly couple to the U(1)! gaugino,

Ma ! (2)

!
g2

z!g2
a

(16"2)2
MZ̃! log

!

!S

MZ̃!

"

! 102 # 103 GeV

where ga is the gauge coupling for the gaugino #̃a. It is
straightforward to verify that this is indeed the leading
U(1)! contribution to the gaugino mass. In particular, ki-
netic mixing induced by loops of visible sector fields does
not contribute significantly due to chiral symmetries.

The gravitino mass m3/2 ! F/MP depends strongly on
the scale of supersymmetry breaking. Requiring MSSM
gaugino masses $ 100 GeV and assuming

%
F , M and !S

to be of the same order of magnitude, we find
%

F ! 107#
1011 GeV. This is very di"erent from gauge mediated
supersymmetry breaking, where the lower scale (! 10 #
1000 TeV ) typically implies a gravitino much lighter than
the other superpartners. Here, the scale is constrained
logarithmically by the requirement of radiative symmetry
breaking. Therefore, the gravitino mass is exponentially
sensitive to the choice of model parameters.

We also expect contributions to gaugino masses
through gravity mediation of the order F/MP , which
could be of the same order as Eq. 2. However, its contri-
bution to scalar masses ! F 2/M2

P is negligible compared
with the Z !-mediation. Therefore, we expect the hierar-
chy between scalar and gaugino masses to be generic.

B. Symmetry breaking and fine-tuning

The U(1)! gauge symmetry must be broken by the sin-
glet’s VEV &S'. We assume this is triggered by radia-
tive corrections to the soft mass m2

S , especially through
Yukawa couplings to exotics. Therefore, successful ra-
diative breaking of U(1)! usually requires that those cou-
plings are not small. &S' is parametrically only an order

of magnitude smaller than MZ̃! . It is therefore reason-
able to first determine &S' ignoring the Higgs doublets,
and then to consider the Higgs potential for the doublets
regarding &S' as fixed.

To generate the electroweak scale !EW we must fine-
tune one linear combination of the two Higgs doublets
to be much lighter than its natural scale. The full mass
matrix for the two Higgs doublets is,

M2
H =

#

$

m2
2 #AH&S'

#AH&S' m2
1

%

&

m2
2 = m2

Hu
+ g2

z!QSQ2&S'2 + #2&S'2

m2
1 = m2

Hd
+ g2

z!QSQ1&S'2 + #2&S'2. (3)

Generically, one can tune various elements in M2
H to ob-

tain one small eigenvalue ! !2
EW. The up-type Higgs

mass term can be driven small or negative due to the
large top Yukawa coupling. One typically finds solu-
tions by tuning |m2

2| ( m2
1 ! g2

z!M2
Z̃!

/16"2. The tri-

linear term is smaller, AH ! #g2
z!MZ̃!/16"2 ! # " 10

TeV, so integrating out Hd will not shift the smaller
eigenvalue significantly. tan$ is well approximated by
tan$ = m2

1/AH&S' ! 10 # 100. There is a single Stan-
dard Model-like Higgs scalar, with mass in the range
140 GeV. The remaining Higgs particles are at a scale
of order ! 100 TeV. The Higgs mass is somewhat heav-
ier than the typical prediction of the MSSM, due to the
U(1)! D term and the running of the e"ective quartic
coupling from MZ̃! down to the electroweak scale.

It is possible to tune with all the parameters, such
as gz! and #, of the same order. In addition, there
is an interesting limit when gz! ( #. Generically,
we expect &S' ! MZ̃!/4". The singlino mass is !
g2

z!Q2
S&S'2/MZ̃! ! g2

z!MZ̃!/16"2 ( MZ̃! . Moreover,
since |m2

Hu
| ) g2

z!M2
Z̃!

/16"2, to fine-tune m2
2 ! !2

EW
we expect the parameters to be chosen so that the sin-
glet’s VEV is even smaller &S' ! (gz!/#)MZ̃!/4". There-
fore, it is possible to have the singlino be very light
mS̃ !

'

10"3 # 10"5
(

MZ̃! . In certain cases, the Z ! gauge-
boson, MZ! ! gz!QS&S', could even be light enough to
be produced at the LHC.

III. MODEL PARAMETERS AND
LOW-ENERGY SPECTRUM

The free parameters are gz! , #, the exotic Yukawa cou-
plings, the U(1)! charges, MZ̃! , and the supersymmetry
breaking scale !S. The charges are chosen to cancel all
the anomalies. A minimal choice, which also leads to a
light wino (M2 < M1,3), involves the introduction of 3
families of colored exotics (D) and two uncolored SU(2)-
singlet families (E). Normalizing the down-type Higgs
charge to unity, Q1 = 1, we are left with two independent
parameters, which we choose to be the up-type Higgs and
the left-handed quark charges, Q2 and QQ respectively.
Several additional constraints need to be satisfied by the
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Heavy scalar benefits.
- Better consistency with constraints: 

flavor, CP: ∝1/(16π2 m2squark)

-  Higgs mass: ≈ mZ2 + 3/(2π2) |yt mt |2 log[(mstop)/mt
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Figure 1: Contour plot of the Higgs quartic coupling renormalized at the supersymmetry breaking

scale m̃. The green band shows the range of the Higgs mass allowed by the supersymmetric

matching condition for the Higgs quartic coupling, in the case of Split Supersymmetry (right

panel, dashed curves) and of High-Scale Supersymmetry (left panel; the dashed and dotted curves

correspond to the cases of maximal and minimal stop threshold corrections). The di!erent

regions are defined in the text. The values of !3 and mt are fixed to their central values.

These correspond to the Split Supersymmetry contribution to the RGE of gt and " respectively,

see eq. (31), such that the dependence on the renormalization scale Q cancels out at leading

one loop order.

5 Results

Figure 1 shows the values of the Higgs quartic coupling " renormalized at a given high-energy

scale m̃, as functions of m̃ (horizontal axis) and mh (vertical axis).

The plane is divided in regions:

• The yellow middle region marked as “Metastable” corresponds to " < 0 at the high scale,

such that the SM vacuum is unstable, although its decay rate is smaller than the age of

the universe [14].

• The lower red region marked as “Unstable” is instead excluded because " at the high

scale is large and negative, triggering an exceedingly fast vacuum decay [14].

• The upper red region marked as “Non-perturbative” corresponds to a large Higgs coupling

violating the requirement of perturbativity. This region has already been completely

excluded by recent LHC data on Higgs searches.

8

Giudice and Strumia,  1108.6077
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3rd vs first two generations

- RGE.

same as 1, 2 gen.

t̃, b̃
ũ, d̃, ...

g̃

Ñ
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3rd vs first two generations

- RGE.

same as 1, 2 gen.
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5! 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 ! 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = "500 GeV, tan! = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the e!ects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three di!erent types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like !N1

LSP, nearly degenerate wino-like !N2, !C1, and higgsino-like !N3, !N4, !C2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable e!ects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan! with other model parameters held fixed will usually tend to lower !b1 and !"1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary

79

t̃, b̃
ũ, d̃, ...

g̃

Ñ

S. Martin
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5! 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 ! 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = "500 GeV, tan! = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the e!ects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three di!erent types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like !N1

LSP, nearly degenerate wino-like !N2, !C1, and higgsino-like !N3, !N4, !C2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable e!ects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan! with other model parameters held fixed will usually tend to lower !b1 and !"1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary

79

3rd gen.

1st, 2nd gen.

t̃, b̃
ũ, d̃, ...

g̃

Ñ

S. Martin
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Recent Models

- Langacker, Paz, LTW, Yavin, 0710.1632

- Verlinde, LTW, Wijnholt, Yavin, 0711.3214

- Acharya, Bobkov, Kane, Kumar, 0801.0478 

- Nakamura, Okumura, Yamaguchi, 0803.3725

- Everett, Kim, Ouyang, Zurek, 0806.2330

- Hackman, Vafa, 0809.3452

- Sundrum, 0909.5430

- Barbieri, Bertuzzo, Farina, Lodone, Rappadopulo, 
1004.2256
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A promising, and complicated, scenario.

• Multiple b, multiple lepton final state. 

• Good early discovery potential. 

• Challenging to interpret: top reconstruction difficult.

t̃, b̃
ũ, d̃, ...

g̃

Ñ

The Dominant channel

g̃

t, b

t̄, b̄

Ñ

t̃!, b̃!
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Our study.
2

Branching ratios
g̃ ! tt̄!0

1 g̃ ! bb̄!0
1 g̃ ! tb̄!+

1 + h.c.

A 1 0 0
B 0.5 0.5 0
C .08 0.22 0.7

TABLE I. Relevant branching ratios for the benchmark models con-
sidered in this paper. The models A and B have bino LSP. In Model
C, the lightest neutralino and lightest chargino are both winos. In all
models the first two generation squark masses are taken to be 8 TeV.
The third generation is taken to be somewhat lighter and is chosen to
generate the required branching ratios of the model.

The spectrum would have a stop much lighter than the other
squarks, and therefore gluino pair production always produces
four tops in the final state. Model B is designed to include
the decay channel g̃ ! bb̄!0

1, which will result if the sbot-
tom is also lighter than the first two generation squarks, and
mt̃ " mb̃. Model B is observably different than Model A,
while somewhat more difficult to discover. These models have
a Bino-like LSP. In Model C, the Wino is the LSP, and is ap-
proximately degenerate with the lightest chargino, which is
also Wino-like. It is designed to further include a chargino in
the decay chain, which allows the decay g̃ ! tb!+

1 . Since
the charged Wino is approximately degenerate with the wino
LSP, it appears only as missing energy; though if one focuses
on the signal events the chargino stub [7] can probably be seen
in the vertex detector.

The three models are taken as a basis for 3 seperate numer-
ical scans, where mg̃ and mLSP , are varied while the branch-
ing ratios are fixed, as shown in Table I. In particular, scans
in model A and model B varied mg̃ and mLSP = m!0

1
. while

scan in model C varied mg̃ and mLSP = m!0
1
# m!±

1
.

SIGNAL ISOLATION AND BACKGROUNDS

The relatively large b-jet and lepton multiplicity associated
with multiple top production provide for potentially striking
signatures that are easily distinguishable above the expected
SM background. By requesting multiple b-tagged jets and at
least one lepton, it is possible to achieve signal significance
S/

$
B > 5 for 1 fb!1 of integrated luminosity.

The most significant backgrounds from the SM for final
states with many b-jets, several isolated leptons and miss-
ing energy, are from top pair production, tt̄. The expected
cross-section at the LHC for 7-TeV center-of-mass energy is
" = 164pb (NLO) [8]. Also included in the analysis are a set
of SM backgrounds involving associated production of gauge
bosons with third generation quarks. These contribute less
significantly to the backgrounds than tt̄, but can contribute to
signals with high lepton multiplicity. All background sources
considered, and their respective cross sections are given in Ta-
ble II. With the exception of the tt̄ cross section, we increased

Process " [fb] "L1[fb] "1[fb] "2[fb]
bb̄+ #/Z + jets 4.69" 105 1.41" 104 34.0 107.8
bb̄+W± + jets 2.41" 104 5.39" 102 7.71 13.3
tt̄+ #/Z + jets 1.54" 103 7.69" 102 42.3 95.4
tt̄+W± + jets 2.25" 102 1.31" 102 14.3 27.6

tb̄+ #/Z + jets+h.c. 1.34" 103 8.09" 102 7.37 26.6
bb̄+ V V + jets 1.14" 103 2.33" 102 1.45 3.94

tt̄+ jets 1.60" 105 6.60" 104 2076.7 5905.6
V V + jets 1.03" 105 1.03" 105 108.6 377.7

Model A 1.19" 103 9.48" 102 403.8 508.1
Model B 1.19" 103 1.03" 103 505.2 703.1
Model C 1.19" 103 5.80" 102 300.5 420.5

TABLE II. Cross sections for production of signal and backgrounds.
The first column gives the total production cross section. The second
gives the cross section after the L1 triggers defined in PGS-4 (see
text). The remaining columns give the cross section after selection
cuts in Eq. 1 and Eq. 2, with an additional missing energy (MET)
requirement, #ET $ 100 GeV. The bb̄+jets and bb̄bb̄-inclusive back-
grounds have been considered, and after the applying the selection
cuts in Eqs. 1-2 and requiring at least one lepton, the number of
events are negligible in the {b, $} channels considered here. In this
table, we set mg̃ = 500 GeV and mLSP = 100 GeV.

all SM background cross sections by a factor of 2, to account
for possible K-factor from NLO corrections. Since the rel-
evant backgrounds for the channels considered end up small
(Table II), uncertainties in the cross section are not important.

All background event samples were produced with Mad-
graph v.4 [9], while the parton shower and hadronization were
done by Pythia 6.4 [10]. Additional hard jets (up to three)
were generated via Madgraph, while the MLM [11] matching
scheme implemented in Madgraph was used to match these
jets to the ones produced in the Pythia showers. The events
were then passed through the PGS-4 [12] detector simulators
with parameters chosen to mimic a generic ATLAS type de-
tector. The b-tagging efficiency was changed to more closely
match the expected efficiencies at ATLAS [13]. For b-jets with
50 GeV ! pT ! 200 GeV, which is typical of the b-jets in
the signal, the efficiency is approximately 60% for tagging a
b-quark.

The signal event samples, for gluino pair production and
decay, were produced using Pythia 6.4 and have been passed
through the same PGS-4 detector simulation. Basic muon iso-
lation was applied to all samples. To reduce the number of
backgrounds events are required to pass the L1-triggers as de-
fined by PGS. We also display the effect of two possible addi-
tional selection cuts, together with the additional requirement
%ET & 100 GeV,

cut-1 : nj(pT & 50GeV) & 4 (1)
cut-2 : nj(pT & 30GeV) & 4 (2)

in the last two columns of Table II. The second cut (weaker
than the first) is optimal for discovery signatures, such as the
same-sign dilepton signature, that have relatively small SM

Benchmark models

Simulation:                            Madgraph + pythia6 + PGS

Event selection: 

2

Branching ratios
g̃ ! tt̄!0

1 g̃ ! bb̄!0
1 g̃ ! tb̄!+

1 + h.c.

A 1 0 0
B 0.5 0.5 0
C .08 0.22 0.7

TABLE I. Relevant branching ratios for the benchmark models con-
sidered in this paper. The models A and B have bino LSP. In Model
C, the lightest neutralino and lightest chargino are both winos. In all
models the first two generation squark masses are taken to be 8 TeV.
The third generation is taken to be somewhat lighter and is chosen to
generate the required branching ratios of the model.

The spectrum would have a stop much lighter than the other
squarks, and therefore gluino pair production always produces
four tops in the final state. Model B is designed to include
the decay channel g̃ ! bb̄!0

1, which will result if the sbot-
tom is also lighter than the first two generation squarks, and
mt̃ " mb̃. Model B is observably different than Model A,
while somewhat more difficult to discover. These models have
a Bino-like LSP. In Model C, the Wino is the LSP, and is ap-
proximately degenerate with the lightest chargino, which is
also Wino-like. It is designed to further include a chargino in
the decay chain, which allows the decay g̃ ! tb!+

1 . Since
the charged Wino is approximately degenerate with the wino
LSP, it appears only as missing energy; though if one focuses
on the signal events the chargino stub [7] can probably be seen
in the vertex detector.

The three models are taken as a basis for 3 seperate numer-
ical scans, where mg̃ and mLSP , are varied while the branch-
ing ratios are fixed, as shown in Table I. In particular, scans
in model A and model B varied mg̃ and mLSP = m!0

1
. while

scan in model C varied mg̃ and mLSP = m!0
1
# m!±

1
.

SIGNAL ISOLATION AND BACKGROUNDS

The relatively large b-jet and lepton multiplicity associated
with multiple top production provide for potentially striking
signatures that are easily distinguishable above the expected
SM background. By requesting multiple b-tagged jets and at
least one lepton, it is possible to achieve signal significance
S/

$
B > 5 for 1 fb!1 of integrated luminosity.

The most significant backgrounds from the SM for final
states with many b-jets, several isolated leptons and miss-
ing energy, are from top pair production, tt̄. The expected
cross-section at the LHC for 7-TeV center-of-mass energy is
" = 164pb (NLO) [8]. Also included in the analysis are a set
of SM backgrounds involving associated production of gauge
bosons with third generation quarks. These contribute less
significantly to the backgrounds than tt̄, but can contribute to
signals with high lepton multiplicity. All background sources
considered, and their respective cross sections are given in Ta-
ble II. With the exception of the tt̄ cross section, we increased

Process " [fb] "L1[fb] "1[fb] "2[fb]
bb̄+ #/Z + jets 4.69" 105 1.41" 104 34.0 107.8
bb̄+W± + jets 2.41" 104 5.39" 102 7.71 13.3
tt̄+ #/Z + jets 1.54" 103 7.69" 102 42.3 95.4
tt̄+W± + jets 2.25" 102 1.31" 102 14.3 27.6

tb̄+ #/Z + jets+h.c. 1.34" 103 8.09" 102 7.37 26.6
bb̄+ V V + jets 1.14" 103 2.33" 102 1.45 3.94

tt̄+ jets 1.60" 105 6.60" 104 2076.7 5905.6
V V + jets 1.03" 105 1.03" 105 108.6 377.7

Model A 1.19" 103 9.48" 102 403.8 508.1
Model B 1.19" 103 1.03" 103 505.2 703.1
Model C 1.19" 103 5.80" 102 300.5 420.5

TABLE II. Cross sections for production of signal and backgrounds.
The first column gives the total production cross section. The second
gives the cross section after the L1 triggers defined in PGS-4 (see
text). The remaining columns give the cross section after selection
cuts in Eq. 1 and Eq. 2, with an additional missing energy (MET)
requirement, #ET $ 100 GeV. The bb̄+jets and bb̄bb̄-inclusive back-
grounds have been considered, and after the applying the selection
cuts in Eqs. 1-2 and requiring at least one lepton, the number of
events are negligible in the {b, $} channels considered here. In this
table, we set mg̃ = 500 GeV and mLSP = 100 GeV.

all SM background cross sections by a factor of 2, to account
for possible K-factor from NLO corrections. Since the rel-
evant backgrounds for the channels considered end up small
(Table II), uncertainties in the cross section are not important.

All background event samples were produced with Mad-
graph v.4 [9], while the parton shower and hadronization were
done by Pythia 6.4 [10]. Additional hard jets (up to three)
were generated via Madgraph, while the MLM [11] matching
scheme implemented in Madgraph was used to match these
jets to the ones produced in the Pythia showers. The events
were then passed through the PGS-4 [12] detector simulators
with parameters chosen to mimic a generic ATLAS type de-
tector. The b-tagging efficiency was changed to more closely
match the expected efficiencies at ATLAS [13]. For b-jets with
50 GeV ! pT ! 200 GeV, which is typical of the b-jets in
the signal, the efficiency is approximately 60% for tagging a
b-quark.

The signal event samples, for gluino pair production and
decay, were produced using Pythia 6.4 and have been passed
through the same PGS-4 detector simulation. Basic muon iso-
lation was applied to all samples. To reduce the number of
backgrounds events are required to pass the L1-triggers as de-
fined by PGS. We also display the effect of two possible addi-
tional selection cuts, together with the additional requirement
%ET & 100 GeV,

cut-1 : nj(pT & 50GeV) & 4 (1)
cut-2 : nj(pT & 30GeV) & 4 (2)

in the last two columns of Table II. The second cut (weaker
than the first) is optimal for discovery signatures, such as the
same-sign dilepton signature, that have relatively small SM
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sidered in this paper. The models A and B have bino LSP. In Model
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The third generation is taken to be somewhat lighter and is chosen to
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1, which will result if the sbot-
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proximately degenerate with the lightest chargino, which is
also Wino-like. It is designed to further include a chargino in
the decay chain, which allows the decay g̃ ! tb!+

1 . Since
the charged Wino is approximately degenerate with the wino
LSP, it appears only as missing energy; though if one focuses
on the signal events the chargino stub [7] can probably be seen
in the vertex detector.

The three models are taken as a basis for 3 seperate numer-
ical scans, where mg̃ and mLSP , are varied while the branch-
ing ratios are fixed, as shown in Table I. In particular, scans
in model A and model B varied mg̃ and mLSP = m!0
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The relatively large b-jet and lepton multiplicity associated
with multiple top production provide for potentially striking
signatures that are easily distinguishable above the expected
SM background. By requesting multiple b-tagged jets and at
least one lepton, it is possible to achieve signal significance
S/
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B > 5 for 1 fb!1 of integrated luminosity.

The most significant backgrounds from the SM for final
states with many b-jets, several isolated leptons and miss-
ing energy, are from top pair production, tt̄. The expected
cross-section at the LHC for 7-TeV center-of-mass energy is
" = 164pb (NLO) [8]. Also included in the analysis are a set
of SM backgrounds involving associated production of gauge
bosons with third generation quarks. These contribute less
significantly to the backgrounds than tt̄, but can contribute to
signals with high lepton multiplicity. All background sources
considered, and their respective cross sections are given in Ta-
ble II. With the exception of the tt̄ cross section, we increased
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bb̄+ #/Z + jets 4.69" 105 1.41" 104 34.0 107.8
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Model A 1.19" 103 9.48" 102 403.8 508.1
Model B 1.19" 103 1.03" 103 505.2 703.1
Model C 1.19" 103 5.80" 102 300.5 420.5

TABLE II. Cross sections for production of signal and backgrounds.
The first column gives the total production cross section. The second
gives the cross section after the L1 triggers defined in PGS-4 (see
text). The remaining columns give the cross section after selection
cuts in Eq. 1 and Eq. 2, with an additional missing energy (MET)
requirement, #ET $ 100 GeV. The bb̄+jets and bb̄bb̄-inclusive back-
grounds have been considered, and after the applying the selection
cuts in Eqs. 1-2 and requiring at least one lepton, the number of
events are negligible in the {b, $} channels considered here. In this
table, we set mg̃ = 500 GeV and mLSP = 100 GeV.

all SM background cross sections by a factor of 2, to account
for possible K-factor from NLO corrections. Since the rel-
evant backgrounds for the channels considered end up small
(Table II), uncertainties in the cross section are not important.

All background event samples were produced with Mad-
graph v.4 [9], while the parton shower and hadronization were
done by Pythia 6.4 [10]. Additional hard jets (up to three)
were generated via Madgraph, while the MLM [11] matching
scheme implemented in Madgraph was used to match these
jets to the ones produced in the Pythia showers. The events
were then passed through the PGS-4 [12] detector simulators
with parameters chosen to mimic a generic ATLAS type de-
tector. The b-tagging efficiency was changed to more closely
match the expected efficiencies at ATLAS [13]. For b-jets with
50 GeV ! pT ! 200 GeV, which is typical of the b-jets in
the signal, the efficiency is approximately 60% for tagging a
b-quark.

The signal event samples, for gluino pair production and
decay, were produced using Pythia 6.4 and have been passed
through the same PGS-4 detector simulation. Basic muon iso-
lation was applied to all samples. To reduce the number of
backgrounds events are required to pass the L1-triggers as de-
fined by PGS. We also display the effect of two possible addi-
tional selection cuts, together with the additional requirement
%ET & 100 GeV,

cut-1 : nj(pT & 50GeV) & 4 (1)
cut-2 : nj(pT & 30GeV) & 4 (2)

in the last two columns of Table II. The second cut (weaker
than the first) is optimal for discovery signatures, such as the
same-sign dilepton signature, that have relatively small SM
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models the first two generation squark masses are taken to be 8 TeV.
The third generation is taken to be somewhat lighter and is chosen to
generate the required branching ratios of the model.

The spectrum would have a stop much lighter than the other
squarks, and therefore gluino pair production always produces
four tops in the final state. Model B is designed to include
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proximately degenerate with the lightest chargino, which is
also Wino-like. It is designed to further include a chargino in
the decay chain, which allows the decay g̃ ! tb!+

1 . Since
the charged Wino is approximately degenerate with the wino
LSP, it appears only as missing energy; though if one focuses
on the signal events the chargino stub [7] can probably be seen
in the vertex detector.

The three models are taken as a basis for 3 seperate numer-
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The relatively large b-jet and lepton multiplicity associated
with multiple top production provide for potentially striking
signatures that are easily distinguishable above the expected
SM background. By requesting multiple b-tagged jets and at
least one lepton, it is possible to achieve signal significance
S/

$
B > 5 for 1 fb!1 of integrated luminosity.

The most significant backgrounds from the SM for final
states with many b-jets, several isolated leptons and miss-
ing energy, are from top pair production, tt̄. The expected
cross-section at the LHC for 7-TeV center-of-mass energy is
" = 164pb (NLO) [8]. Also included in the analysis are a set
of SM backgrounds involving associated production of gauge
bosons with third generation quarks. These contribute less
significantly to the backgrounds than tt̄, but can contribute to
signals with high lepton multiplicity. All background sources
considered, and their respective cross sections are given in Ta-
ble II. With the exception of the tt̄ cross section, we increased
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Model A 1.19" 103 9.48" 102 403.8 508.1
Model B 1.19" 103 1.03" 103 505.2 703.1
Model C 1.19" 103 5.80" 102 300.5 420.5

TABLE II. Cross sections for production of signal and backgrounds.
The first column gives the total production cross section. The second
gives the cross section after the L1 triggers defined in PGS-4 (see
text). The remaining columns give the cross section after selection
cuts in Eq. 1 and Eq. 2, with an additional missing energy (MET)
requirement, #ET $ 100 GeV. The bb̄+jets and bb̄bb̄-inclusive back-
grounds have been considered, and after the applying the selection
cuts in Eqs. 1-2 and requiring at least one lepton, the number of
events are negligible in the {b, $} channels considered here. In this
table, we set mg̃ = 500 GeV and mLSP = 100 GeV.

all SM background cross sections by a factor of 2, to account
for possible K-factor from NLO corrections. Since the rel-
evant backgrounds for the channels considered end up small
(Table II), uncertainties in the cross section are not important.

All background event samples were produced with Mad-
graph v.4 [9], while the parton shower and hadronization were
done by Pythia 6.4 [10]. Additional hard jets (up to three)
were generated via Madgraph, while the MLM [11] matching
scheme implemented in Madgraph was used to match these
jets to the ones produced in the Pythia showers. The events
were then passed through the PGS-4 [12] detector simulators
with parameters chosen to mimic a generic ATLAS type de-
tector. The b-tagging efficiency was changed to more closely
match the expected efficiencies at ATLAS [13]. For b-jets with
50 GeV ! pT ! 200 GeV, which is typical of the b-jets in
the signal, the efficiency is approximately 60% for tagging a
b-quark.

The signal event samples, for gluino pair production and
decay, were produced using Pythia 6.4 and have been passed
through the same PGS-4 detector simulation. Basic muon iso-
lation was applied to all samples. To reduce the number of
backgrounds events are required to pass the L1-triggers as de-
fined by PGS. We also display the effect of two possible addi-
tional selection cuts, together with the additional requirement
%ET & 100 GeV,

cut-1 : nj(pT & 50GeV) & 4 (1)
cut-2 : nj(pT & 30GeV) & 4 (2)

in the last two columns of Table II. The second cut (weaker
than the first) is optimal for discovery signatures, such as the
same-sign dilepton signature, that have relatively small SM
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TeV studied in Ref. [2]. However, we can roughly estimate
for Ecm = 8 TeV, the reach in gluino mass can be enhanced
by about a factor of 8/7. Top reconstruction was studied in
[2] and is difficult, but counting leptons and b-jets excess for
discovery is robust. The size of the counting signal provides
information on the gluino cross section, which in turn is corre-
lated with the gluino spin. Addition kinematical distributions
could also help to enhance the discovery reach. More careful
analysis, preferably with data driven approaches, will be nec-
essary to understand the background distribution in detail. We
urge experimentalists to focus attention on these channels.
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a valuable confirmation of a mutli-top signal.
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Can we understand what’s going on?

- bs and leptons, MET → tops?

- Several possibilities. 

- Careful reconstruction? 
Possible, but probably requires large 
statistics. 
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Direct reconstruction.
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Figure 1: Distributions of the lowest four values of separations, !R, between reconstructible partons
(which here we take as any first/second generation quark or b-quark) obtained using the Pythia
parton-level (truth) information for benchmark model A. For each event in the simulation, !R was
computed for all pairs of reconstructible objects, ranked, and the lowest four values binned into
histograms. The resulting distributions showing the lowest, 2nd, 3rd, and 4th lowest !R values
encountered are given for (a) four-top events of model A, and also (b) hadronic tt̄ decays. All
distributions are normalized to unity. The partons present in four-top events are significantly closer
to one another relative to those in SM tt̄ events, increasing the liklihood of overlap, as well as a
lower reconstruction e"ciency.

in four-top events is clearly visible. We see that the same b-quark can be combined with other
partons to form several “top candidates”. There can be no more than 4 top quarks present in the
event, and the vast majority of ’candiate’ combinations are incorretly chosen. Figure 2 (b) shows
the same information except that here we isolate only the distinct jet combinations of each event.
Degeneracies that arise are removed by keeping track of the mass di#erence mjjb ! mt for each
jet triplet, and choosing the set of triplets with the lowest average di#erence. From the figure, it
is clear that this approach gives a significantly more reasonable result. However, notice that the
number of reconstructed candidates drops dramatically as the top multiplicity increases, rendering
statistical analysis essentially impossible without a large integrated luminosity.

The study we perform here is not an actual reconstruction of the top quark. A true reconstruc-
tion involves positive identification of the top quark through statistical determination of the top
invariant mass. Instead, this study is an estimate of how many objects obtained from recombin-
ing final states can be consistent with a top quark. We expect this study, though not completely
precise, does capture the main e#ect of combinatorics and object merging. We observe that the
e"ciency for detecting one top quark as defined is approximately 48.5%, for two quarks " 16.7%,
three quarks " 1.5%, and for four quarks " 0.02%.

Further perfections of reconstruction techniques are certainly going to improve these results and
should be pursued. However, it is likely that to extract statistically significant information based
on a full reconstruction will still require large integrated luminosity.
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Direct reconstruction.
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Figure 2: As a demonstration of the combinatoric background, in figure (a), we show the observed
number of possible top ’candidates’ obtained for our benchmark model A. (a) We consider com-
binations with one b-jet and two light jets, where the invariant mass falls within the top mass
window, and where the combination satisfies a minimal set of selection criteria (see text). Due to
the combinatorics, the same b-quark can be combined with other partons to form multiple “top
candidates”. In (b) we show the resulting number of top candidates after attempts are made to
remove combinatorics by isolating distinct 3-jet combinations. For this basic study we only require
that events have at least 4 b-tagged jets.

5 Understanding multi-top final states

As we have demonstrated in the previous sections, new physics signals containing multiple tops
can be discovered at the LHC. By direct reconstruction, we expect to gather evidence that there
are indeed top quarks in the signal. However, there are many possible event topologies which
can contribute to our signal. In general, gluino can decay into third generation quarks through
g̃ ! tt̄ + Ñi, g̃ ! bb̄ + Ñi, and g̃ ! tb̄ + C̃!

i . Therefore, final states coming from gluino pair
production can involve from zero to four top quarks, with relative amounts determined by gluino
branching ratios. As we have argued in the introduction, measuring such branching ratios plays a
central role in understanding the properties of superpartners involved. For example, the relative
ratio of g̃ ! tt and g̃ ! bb could give us important information about the spectrum of the third
generation squarks. At the same time, significant decay branching ratio of g̃ ! tb strongly suggests
that either Higgsino or Wino (or both) is lighter than the gluino.

As demonstrated in the previous section, measuring the branching ratios by directly reconstruct-
ing top quarks su!ers from low e"ciencies. In this section, we will instead tackle this question from
a di!erent approach. We assume that the new physics signal has already been discovered in a set
of channels, particularly those with multiple leptons and multiple bottom quarks (Table 4). In
addition, there are a set of statistically significant experimental observables defined on the set of
signal events. This general approach can in principle be applied in practice with an arbitrary set of
experimental observables based on availability. Here, we will only use a limited set of experimental
variables

• 2 b-jets and either OS di-leptons, SS di-leptons, 3 leptons, 4 or more leptons
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Figure 1: Distributions of the lowest four values of separations, !R, between reconstructible partons
(which here we take as any first/second generation quark or b-quark) obtained using the Pythia
parton-level (truth) information for benchmark model A. For each event in the simulation, !R was
computed for all pairs of reconstructible objects, ranked, and the lowest four values binned into
histograms. The resulting distributions showing the lowest, 2nd, 3rd, and 4th lowest !R values
encountered are given for (a) four-top events of model A, and also (b) hadronic tt̄ decays. All
distributions are normalized to unity. The partons present in four-top events are significantly closer
to one another relative to those in SM tt̄ events, increasing the liklihood of overlap, as well as a
lower reconstruction e"ciency.

in four-top events is clearly visible. We see that the same b-quark can be combined with other
partons to form several “top candidates”. There can be no more than 4 top quarks present in the
event, and the vast majority of ’candiate’ combinations are incorretly chosen. Figure 2 (b) shows
the same information except that here we isolate only the distinct jet combinations of each event.
Degeneracies that arise are removed by keeping track of the mass di#erence mjjb ! mt for each
jet triplet, and choosing the set of triplets with the lowest average di#erence. From the figure, it
is clear that this approach gives a significantly more reasonable result. However, notice that the
number of reconstructed candidates drops dramatically as the top multiplicity increases, rendering
statistical analysis essentially impossible without a large integrated luminosity.

The study we perform here is not an actual reconstruction of the top quark. A true reconstruc-
tion involves positive identification of the top quark through statistical determination of the top
invariant mass. Instead, this study is an estimate of how many objects obtained from recombin-
ing final states can be consistent with a top quark. We expect this study, though not completely
precise, does capture the main e#ect of combinatorics and object merging. We observe that the
e"ciency for detecting one top quark as defined is approximately 48.5%, for two quarks " 16.7%,
three quarks " 1.5%, and for four quarks " 0.02%.

Further perfections of reconstruction techniques are certainly going to improve these results and
should be pursued. However, it is likely that to extract statistically significant information based
on a full reconstruction will still require large integrated luminosity.
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Similar results obtained with more sophisticated 
reconstruction: Gregoire, Katz, Sanz, 1101.1294
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A fitting method.

- Assuming 3 underlying topologies. 
Each topology predict different multiplicities of 
leptons. 

Generate events for each topology, used as 
templates.

- Treating the branching ratios as free parameters. 

- Fit the templates to the final signature counts to 
figure out the the branching ratios.

Acharya, Grajek, Kane, Kuflik, Suruliz, LTW, 0901.3367 
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Testing this idea.
Model parameters (TeV) Branching ratios

mg̃ mq̃1,2
mt̃1 mt̃2 mb̃1

mb̃2
mÑ,C̃ (g̃ ! tt̄) (g̃ ! bb̄) (g̃ ! tb)

A 0.65 8 1.3 8 2.5 8.1 0.1 0.92 0.07 0
B 0.65 4 0.8 0.93 0.87 4 0.1 0.71 0.27 0
C 0.65 4 0.64 0.9 0.72 4 0.1 0.52 0.47 0
D 0.65 4 0.63 0.9 0.72 4 0.1 0.09 0.22 0.69

Table 1: Model parameters and relevant branching ratios for the benchmark models considered in
this paper. The mass parameters are in TeV. The models A, B, and C have bino LSP. In Model
D, the lightest neutralino and lightest chargino are both winos. We have adopted the short hand
notation where we omit the explicit mention of the identity of the electroweak ino in the decay, as
it can always be inferred from the observable particle content.

is the neutral LSP, i.e., a bino-like LSP (Models A, B and C). We also consider the possibility of a
wino LSP, in which the neutral LSP is almost degenerate with the lightest chargino (Model D).

Model A is the simplest example of multi-top physics. It is designed to have only a single light
stop, and therefore always produces four tops in the final state. Model B and C are designed to
include the decay channel g̃ ! bb̄Ñ , with each model exhibiting a somewhat di!erent branching
ratio. In Model D, the wino LSP is approximately degenerate with the lightest chargino, which
is also wino-like. It is designed to further include a chargino in the decay chain. We will study
distinguishing it from the other channels. Since the charged wino is approximately degenerate with
the wino LSP, it appears only as missing energy.

In Table 1 and the rest of this paper, we will adopt a short-hand notation for gluino decay by
only including top and bottom quarks and not giving explicitly the electroweak-inos, as it should
be evident from the context.

3 Signal Isolation and Backgrounds

We begin by discussing the prospects for signal isolation above Standard Model background at
the LHC. The relatively large b-jet and lepton multiplicity associated with four-top production
provide for potentially striking signatures that are easily distinguishable above the expected SM
background. We find that by requesting " 3 b-tagged jets and at least one lepton, it is possible
to achieve signal significance S/

#
B > 3 for only 500 pb!1 of integrated luminosity. We will

demonstrate the discovery potential in three of the four benchmark models.
One of the important backgrounds from the Standard Model for final states with many b-tagged

jets, several isolated leptons and very high missing ET , is top pair production, tt̄. The expected
cross-section at the LHC for this background is ! = 833 pb (NLO+NLL result [32]). The tt̄
background event samples were produced using Pythia 6.4 [33].

We have also included in our analysis a set of SM backgrounds involving associated production
of W/Z bosons with third generation quarks. These contribute significantly to signals with high
lepton multiplicity, or same sign dileptons in the final state. As we will see, the latter case is a
particularly important discovery channel early on. The parton-level SM background event samples
were produced with Madgraph v.4.2.3 [34], with the exception of the tt̄ background which was
produced using Pythia 6.4. The tt̄ cross section was taken from [32], while the cross sections
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of W/Z bosons with third generation quarks. These contribute significantly to signals with high
lepton multiplicity, or same sign dileptons in the final state. As we will see, the latter case is a
particularly important discovery channel early on. The parton-level SM background event samples
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From the left Fig. 3, we see that using the correct mass hypothesis, we will be able to measure
the ratio Br(g̃ ! tt̄)/Br(g̃ ! bb̄) with good accuracy for an integrated luminosity of " 5# 10 fb!1.
In particular, we will be able to verify that in Model B, the gluino decay is dominated by g̃ ! tt̄
with a smaller but non-vanishing branching ratio for g̃ ! bb̄.

Next, we want to assess the e"ect of changing our assumptions of underlying spectrum. We will
assume that although the mass spectrum cannot be precisely measured, some crude estimates can
still be made based on kinematical variables such as Me! and rate. We will provide justifications
for this assumption later in this section. Therefore, we will consider cases where the gluino mass
only deviates from the underlying benchmark model by about 100 GeV. In particular, we use four
additional sets of alternative templates and carry out the same fit. The result in Model B is shown
in the right panel of Fig. 3. We see that using di"erent mass hypotheses does make a visible
di"erence. However, we observe that these di"erences are not big enough to dramatically a"ect the
information we will extract from our measurement of Br(g̃ ! tt̄)/Br(g̃ ! bb̄). In the case of 3-body
gluino decay under consideration, this ratio is proportional to (mb̃/mt̃)

4. Therefore, we see that
using di"erent mass hypotheses within this range will at most result in a factor two error in the
measurement of the ratio of the branching ratios, will induce at most " 20% shift in the inferred
ratio mb̃/mt̃.

Notice that incorrect assumptions about the underlying spectrum do not lead to significant
e"ects in the fitting when considering at least 1 fb!1 integrated luminosity of data. In all cases, we
can still extract a good estimate of the squark hierarchy and the nature of the LSP.

Similar studies are performed for benchmark Model C. The result for Model C is shown in
Fig. 4. Similar accuracies of the measurements are obtained with same integrated luminosity. In
particular, we observe that we should be able to distinguish Model B and C from these results alone
with about 5 fb!1 of integrated luminosity.
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provide for potentially striking signatures that are easily distinguishable above the expected SM
background. We find that by requesting " 3 b-tagged jets and at least one lepton, it is possible
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demonstrate the discovery potential in three of the four benchmark models.
One of the important backgrounds from the Standard Model for final states with many b-tagged

jets, several isolated leptons and very high missing ET , is top pair production, tt̄. The expected
cross-section at the LHC for this background is ! = 833 pb (NLO+NLL result [32]). The tt̄
background event samples were produced using Pythia 6.4 [33].

We have also included in our analysis a set of SM backgrounds involving associated production
of W/Z bosons with third generation quarks. These contribute significantly to signals with high
lepton multiplicity, or same sign dileptons in the final state. As we will see, the latter case is a
particularly important discovery channel early on. The parton-level SM background event samples
were produced with Madgraph v.4.2.3 [34], with the exception of the tt̄ background which was
produced using Pythia 6.4. The tt̄ cross section was taken from [32], while the cross sections
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Figure 9: Gluino production cross section obtained by summing the individual branching ratios.
We also show the theoretical cross sections at NNLO for gluino pair production for masses used
in the templates. Notice that at high integrated luminosity we can begin to rule out heavier mass
hypothesis

6 Conclusion

We have studied the LHC signals of pair produced light gluinos which decay dominantly through
g̃ ! tt + !, g̃ ! bb + !, and g̃ ! tb + !. We conclude that an early discovery of new physics in
this scenario is possible due to significant excesses expected in multi-lepton multi-bottom channels.
Measuring relative branching ratios of gluino decay into tt, bb and tb channels is essential to extract
information about the underlying model. The crucial step in such a measurement is identify top
multiplicity in the signal events. We show that direct reconstruction, while useful in gathering
evidence for the existence top quark in decay products, is not su!cient to measure the number
of top quarks in the event e"ectively. We proposed and studied a method based on fitting a set
of branching ratios to a collection of experimental observables, most of them inclusive counts.
E!ciencies for identifying a particular final state resulting from certain underlying decay topology
are estimated by simulating corresponding templates. We conclude that this method will allow us
to learn about gluino decay branching ratios with roughly 10 fb!1 of integrated luminosity. We
verified that, in combination with earlier information on the mass spectrum of gluino and the LSP,
we can obtain a reliable measurement by choosing appropriate mass hypotheses. We emphasize
that the main advantage of our method is that it allows us to use a large number of channels, many
of them with multiple leptons and bottoms, in which we expect to see excesses during the early
stage of LHC in models of this sort.

We showed that we can expect to gain enough information about the mass spectrum, in par-
ticular the mass gap Mg̃ " MLSP, from simple observables like e"ective mass and demonstrated
that, with our fitting method, it is also possible to obtain an estimate of the gluino production
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 Top AFB and polarization.
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Top AFB

- Motivated by potential experimental evidence.

- Many studies and models. 
Talks by Aguilar-Saavedra, Delaunay, Ko, Pecjak...
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My focus here

- Sensitivity of  measuring top AFB at (early) LHC.

- Potential of distinguishing possible models. 
Polarization and leptonic charge asymmetries. 

Tevatron and LHC.

D. Krohn, T. Liu, J. Shelton,  and LTW, 1105.3743
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Top AFB at the LHC.

- q qbar initial state is not symmetric.

- Asymmetry in c.m. frame can be defined as 

Tao Liu (UC@Santa Barbara)          Top Forward-Backward Asymmetry at the Tevatron and the LHC

12

Event-by-event Top Afb at the LHC

!  Quarks usually carry more momenta than antiquarks

!  => Define forward-backward asymmetry in an event-by-event way 

(Theta is defined in the cm frame, w.r.t. event boost axis)

!  pp is symmetric, but qqbar is not ... ... 

Wednesday, September 28, 2011
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Event-by-event Top Afb at the LHC
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(Theta is defined in the cm frame, w.r.t. event boost axis)

!  pp is symmetric, but qqbar is not ... ... 
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defined w.r.t. the boost of the event
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Our analysis

- Dileptonic channel.

- Reconstruction of ttbar, after shower and 
hadronization. 

- Selection cuts, adapted from CMS, 1010.5994.

- Looking at 450 GeV < mtt < 1.5 TeV. 
Non-resonant part, less model dependence. 

- Enhancing the qqbar relative to gg. 
|y(t)+y(tbar)| ≥ 2

- Further optimization of cuts possible. 

See also Aguila-Saavedra, Juste, Rubbo,1109.3710 
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Our analysis

- Reference models.

- Our simulation
Madgraph + Pythia + PGS.

Tao Liu (UC@Santa Barbara)          Top Forward-Backward Asymmetry at the Tevatron and the LHC

14

Reference Models

!  Reference models: (1) axial axigluon model GA, (2) left- and right-chiral 

axigluon models GL, GR, and (3) a flavor-off-diagonal W ′(Gresham, Kim, 

Zurek (2011))

!  Tools: MadGraph + Pythia + FastJet

Wednesday, September 28, 2011
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LHC @ 7 TeV, 5 fb-1

- Early LHC data sensitive to AFB.

- W’ model: low NP scale, larger signal.

1σ statistical error 
for 5 fb-1

Thursday, September 29, 2011



Top polarization as a probe of NP.

- New physics typically gives different top 
polarizations.

e.g. some AFB model prefers right-handed 
couplings.

- Direct measurement of polarization after 
accurate reconstruction.

Powerful, probably need larger statistics.

Talk by Parke
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Polarization: LHC

Tao Liu (UC@Santa Barbara)          Top Forward-Backward Asymmetry at the Tevatron and the LHC

!  The GR and W’ models can be distinguished from the SM at a 

C.L. > 3 sigma in the helicity basis 

!  The left- chiral, right-chiral models and the SM can be 

distinguished from each other at a C.L. > 2 sigma in the beam 

basis 20

Net Top Polarization at the 7 TeV LHC 

!  Select helicity basis as the polarization axis

!  Select beam basis as the polarization axis

Wednesday, September 28, 2011

Tao Liu (UC@Santa Barbara)          Top Forward-Backward Asymmetry at the Tevatron and the LHC

!  Measured by the angular distribution of its decay products 

!  Charged leptons - most sensitive to top’s polarization: k = 1, Pn = 1 for right-

chiral top and -1 for left-chiral top 

!  Convenient because charged leptons are easy to identify and measure

!  Net top polarization

18

Direct Measurement of  Top Polarization 

Wednesday, September 28, 2011

See our paper for more details
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Using leptons

- Charge leptons 
“follows” the 
direction of top. 
Probes AFB.

- (left) right-
polarizated top 
leads to 
(anti)boosted 
leptons. Probes 
chiral coupling.

red: RH,  blue: LH, black: SM

Thursday, September 29, 2011



Tevatron.

Tao Liu (UC@Santa Barbara)          Top Forward-Backward Asymmetry at the Tevatron and the LHC

22

 Lepton Charge Asymmetry at the Tevatron

!  The GL model is hard to 

distinguish from the SM

!  The other ones can be 

distinguished at a significance 

level ~ or > 2 sigma

W e d n e sd a y, Se p te m b e r 2 8 , 2 01 1Thursday, September 29, 2011



LHC

Tao Liu (UC@Santa Barbara)          Top Forward-Backward Asymmetry at the Tevatron and the LHC

24

 Lepton Charge Asymmetry at the 7 TeV LHC

!  7 TeV LHC, 5/fb of data

!  The GL model is not easy to distinguish from the SM

!  The other ones can be distinguished at a C.L. > or ~3 sigma

Wednesday, September 28, 2011Thursday, September 29, 2011



Conclusions. 

- Top rich final states are well motivated in search 
for BSM NP.

- In this talk 
Top partner.

Top rich channel in SUSY

Top AFB

- It has good early discovery potential.
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Basic selection cuts for gluino pair to
tops. 

Inclusive isolated lepton (muon, electron)  30 GeV
Lepton (muon, electron) plus jet (20 GeV, 100 GeV)
Isolated dileptons (mumu,ee)  15 GeV
Dileptons (mumu,ee) plus jet (10 GeV, 100 GeV)
Isolated dileptons (emu)  10 GeV

Isolated lepton (muon,electron) plus isolated tau (15 GeV, 45 GeV)
Isolated ditau 60 GeV
Inclusive isolated photon 80 GeV
Isolated diphoton 25 GeV

Inclusive MET 90 GeV
Inclusive single-jet 400 GeV
Jet plus MET (180 GeV, 80 GeV)
Acoplanar jet and MET (100 GeV, 80 GeV, 1<Dphi<2)
Acoplanar dijets (200 GeV, Dphi<2)

Thursday, September 29, 2011



Top partner reach, 14 TeV, 100 fb-1
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Figure 9: Contours of statistical significance for a fermionic top partner with 100 fb!1 of luminosity
in the mT ! mA plane, the left-handed panel with the cuts described in this section; the right-hand
panel with an additional cut on transverse mass MT (W ) > 220 GeV.

observability for an integrated luminosity of 100 fb!1, with 10!, 5!, and 1! contours shown.

In the left-hand panel we implement the cuts described in this section, while in the right-

hand panel we include an additional cut on the W transverse mass MT (W ) > 220 GeV. This

additional cut does not enhance the signal significance (S/
"

B) appreciably due to correlations

with other cuts, in particular mr
t . It does however improve the signal to background ratio

(S/B), and hence helps control systematic e!ects. We also note that the reach here is similar

to that obtained in the fully hadronic mode [18]. It is straightforward to extend our results

to the case of the scalar top partner decaying to tA0 (e.g. t̃R # t"0 in SUSY). As in the case

of the fermionic top partner, the crucial parameter controlling much of the kinematics is the

mass splitting "MTA=m
t̃
! m!0 . Given the same mass splitting, we expect the kinematics

will be quite similar to the case of fermionic T . 2 Therefore, we should expect any di!erence

in reach to be mostly due to the lower production cross section for the scalar top partner.

The reach, with and without a transverse mass cut, is shown in Fig. 10.

3. Remarks on Distinguishing a Scalar Top Partner from a Fermion

As argued above, the hadron collider signatures of a fermionic top partner are expected to be

very similar to those of scalar, making it challenging to directly measure the spin of the top

partner at the LHC. We discuss several approaches to tackling this problem in this section.

2There are some subtle di!erences [18], which we will comment on in Sec. 3. We do not expect such

di!erences to a!ect the discovery reach significantly.

– 14 –
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Testing this idea.
Model parameters (TeV) Branching ratios

mg̃ mq̃1,2
mt̃1 mt̃2 mb̃1

mb̃2
mÑ,C̃ (g̃ ! tt̄) (g̃ ! bb̄) (g̃ ! tb)

A 0.65 8 1.3 8 2.5 8.1 0.1 0.92 0.07 0
B 0.65 4 0.8 0.93 0.87 4 0.1 0.71 0.27 0
C 0.65 4 0.64 0.9 0.72 4 0.1 0.52 0.47 0
D 0.65 4 0.63 0.9 0.72 4 0.1 0.09 0.22 0.69

Table 1: Model parameters and relevant branching ratios for the benchmark models considered in
this paper. The mass parameters are in TeV. The models A, B, and C have bino LSP. In Model
D, the lightest neutralino and lightest chargino are both winos. We have adopted the short hand
notation where we omit the explicit mention of the identity of the electroweak ino in the decay, as
it can always be inferred from the observable particle content.

is the neutral LSP, i.e., a bino-like LSP (Models A, B and C). We also consider the possibility of a
wino LSP, in which the neutral LSP is almost degenerate with the lightest chargino (Model D).

Model A is the simplest example of multi-top physics. It is designed to have only a single light
stop, and therefore always produces four tops in the final state. Model B and C are designed to
include the decay channel g̃ ! bb̄Ñ , with each model exhibiting a somewhat di!erent branching
ratio. In Model D, the wino LSP is approximately degenerate with the lightest chargino, which
is also wino-like. It is designed to further include a chargino in the decay chain. We will study
distinguishing it from the other channels. Since the charged wino is approximately degenerate with
the wino LSP, it appears only as missing energy.

In Table 1 and the rest of this paper, we will adopt a short-hand notation for gluino decay by
only including top and bottom quarks and not giving explicitly the electroweak-inos, as it should
be evident from the context.

3 Signal Isolation and Backgrounds

We begin by discussing the prospects for signal isolation above Standard Model background at
the LHC. The relatively large b-jet and lepton multiplicity associated with four-top production
provide for potentially striking signatures that are easily distinguishable above the expected SM
background. We find that by requesting " 3 b-tagged jets and at least one lepton, it is possible
to achieve signal significance S/

#
B > 3 for only 500 pb!1 of integrated luminosity. We will

demonstrate the discovery potential in three of the four benchmark models.
One of the important backgrounds from the Standard Model for final states with many b-tagged

jets, several isolated leptons and very high missing ET , is top pair production, tt̄. The expected
cross-section at the LHC for this background is ! = 833 pb (NLO+NLL result [32]). The tt̄
background event samples were produced using Pythia 6.4 [33].

We have also included in our analysis a set of SM backgrounds involving associated production
of W/Z bosons with third generation quarks. These contribute significantly to signals with high
lepton multiplicity, or same sign dileptons in the final state. As we will see, the latter case is a
particularly important discovery channel early on. The parton-level SM background event samples
were produced with Madgraph v.4.2.3 [34], with the exception of the tt̄ background which was
produced using Pythia 6.4. The tt̄ cross section was taken from [32], while the cross sections

4

Thursday, September 29, 2011



Testing this idea.
Model parameters (TeV) Branching ratios

mg̃ mq̃1,2
mt̃1 mt̃2 mb̃1

mb̃2
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wino LSP, in which the neutral LSP is almost degenerate with the lightest chargino (Model D).

Model A is the simplest example of multi-top physics. It is designed to have only a single light
stop, and therefore always produces four tops in the final state. Model B and C are designed to
include the decay channel g̃ ! bb̄Ñ , with each model exhibiting a somewhat di!erent branching
ratio. In Model D, the wino LSP is approximately degenerate with the lightest chargino, which
is also wino-like. It is designed to further include a chargino in the decay chain. We will study
distinguishing it from the other channels. Since the charged wino is approximately degenerate with
the wino LSP, it appears only as missing energy.

In Table 1 and the rest of this paper, we will adopt a short-hand notation for gluino decay by
only including top and bottom quarks and not giving explicitly the electroweak-inos, as it should
be evident from the context.

3 Signal Isolation and Backgrounds

We begin by discussing the prospects for signal isolation above Standard Model background at
the LHC. The relatively large b-jet and lepton multiplicity associated with four-top production
provide for potentially striking signatures that are easily distinguishable above the expected SM
background. We find that by requesting " 3 b-tagged jets and at least one lepton, it is possible
to achieve signal significance S/

#
B > 3 for only 500 pb!1 of integrated luminosity. We will

demonstrate the discovery potential in three of the four benchmark models.
One of the important backgrounds from the Standard Model for final states with many b-tagged

jets, several isolated leptons and very high missing ET , is top pair production, tt̄. The expected
cross-section at the LHC for this background is ! = 833 pb (NLO+NLL result [32]). The tt̄
background event samples were produced using Pythia 6.4 [33].

We have also included in our analysis a set of SM backgrounds involving associated production
of W/Z bosons with third generation quarks. These contribute significantly to signals with high
lepton multiplicity, or same sign dileptons in the final state. As we will see, the latter case is a
particularly important discovery channel early on. The parton-level SM background event samples
were produced with Madgraph v.4.2.3 [34], with the exception of the tt̄ background which was
produced using Pythia 6.4. The tt̄ cross section was taken from [32], while the cross sections
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LHC at 14 TeV

As a final note, we add that the even for the correct mass template the ratio Br(g̃ ! tt̄)/Br(g̃ !
bb̄) is slightly underestimated in all cases. This is because the data actually contains a small
percentage of events in which the gluino decayed to first and second generation quarks. As those
decays looks most similar the decay into two b-jets, the fit tends to slightly overestimate Br(g̃ ! bb̄),
and therefore underestimating Br(g̃ ! tt̄)/Br(g̃ ! bb̄).
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Figure 5: Results for fits of ratio Br(g̃ ! tb̄+ t̄b)/Br(g̃ ! tt̄) for benchmark Model-D. The left panel
shows the result with correct mass hypothesis. In the right panel, the e!ciencies are calculated for
five di"erent mass templates show in the legend. The solid horizontal line gives the actual values
of the branching ratios. Errors are 1! and include errors for subtracting o" the tt̄ background.

The study of gluino decay for benchmark model D is presented in Fig. 5. In this case, we are
interested in ratio Br(g̃ ! tb̄ + t̄b)/Br(g̃ ! tt̄). For a wino-LSP model like Model D, we expect this
ratio to be large, which can indeed be experimentally verified with moderate luminosity, as shown
in the figure.

We finally consider how well we can chose our mass hypotheses based on available experimental
data. This is certainly an important issue since significantly wrong mass hypotheses lead to mis-
leading results. To begin with, we study the dependence of our result on the mass hypothesis in
more detail.

As the mass gap between the gluino and LSP is tightened, the events will have a harder time
satisfying the missing energy cut we imposed. This more significantly a"ects events of the form
g̃ ! tt+ "ET than g̃ ! bb+ "ET , since the tops will use more of the gluinos’ energy than the bottoms.
Thus a tighter mass gap used in our template underestimates the ratio of e!ciencies "tt̄tt̄/"tt̄bb̄, see
Figure 6. The fitter then adjusts for this low e!ciency by fitting more tttt events relative ttbb to
the signature counts

Br(g̃g̃ ! tt̄tt̄)

Br(g̃g̃ ! tt̄bb̄)
#

Br(g̃ ! tt̄)2

2Br(g̃ ! tt̄)Br(g̃ ! bb̄)
#

"tt̄bb̄

"tt̄tt̄
.

Thus, in Models B and C as we increase(decrease) the gluino mass in our templates we tend to
underestimate(overestimate) the branching ratio Br(g̃ ! tt̄)/Br(g̃ ! bb̄).

We see that the change in the mass gap between gluino and the LSP can account for most of
the variation in the fit result. For example, extrapolating from our study, if our assumption of
gluino mass is o" by more than 200 GeV, the result for benchmark Model B will indeed look similar
to that of Model C. However, since we expect to have significant excess in multiple channels, we
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Testing this idea.
Model parameters (TeV) Branching ratios

mg̃ mq̃1,2
mt̃1 mt̃2 mb̃1

mb̃2
mÑ,C̃ (g̃ ! tt̄) (g̃ ! bb̄) (g̃ ! tb)

A 0.65 8 1.3 8 2.5 8.1 0.1 0.92 0.07 0
B 0.65 4 0.8 0.93 0.87 4 0.1 0.71 0.27 0
C 0.65 4 0.64 0.9 0.72 4 0.1 0.52 0.47 0
D 0.65 4 0.63 0.9 0.72 4 0.1 0.09 0.22 0.69

Table 1: Model parameters and relevant branching ratios for the benchmark models considered in
this paper. The mass parameters are in TeV. The models A, B, and C have bino LSP. In Model
D, the lightest neutralino and lightest chargino are both winos. We have adopted the short hand
notation where we omit the explicit mention of the identity of the electroweak ino in the decay, as
it can always be inferred from the observable particle content.

is the neutral LSP, i.e., a bino-like LSP (Models A, B and C). We also consider the possibility of a
wino LSP, in which the neutral LSP is almost degenerate with the lightest chargino (Model D).

Model A is the simplest example of multi-top physics. It is designed to have only a single light
stop, and therefore always produces four tops in the final state. Model B and C are designed to
include the decay channel g̃ ! bb̄Ñ , with each model exhibiting a somewhat di!erent branching
ratio. In Model D, the wino LSP is approximately degenerate with the lightest chargino, which
is also wino-like. It is designed to further include a chargino in the decay chain. We will study
distinguishing it from the other channels. Since the charged wino is approximately degenerate with
the wino LSP, it appears only as missing energy.

In Table 1 and the rest of this paper, we will adopt a short-hand notation for gluino decay by
only including top and bottom quarks and not giving explicitly the electroweak-inos, as it should
be evident from the context.

3 Signal Isolation and Backgrounds

We begin by discussing the prospects for signal isolation above Standard Model background at
the LHC. The relatively large b-jet and lepton multiplicity associated with four-top production
provide for potentially striking signatures that are easily distinguishable above the expected SM
background. We find that by requesting " 3 b-tagged jets and at least one lepton, it is possible
to achieve signal significance S/

#
B > 3 for only 500 pb!1 of integrated luminosity. We will

demonstrate the discovery potential in three of the four benchmark models.
One of the important backgrounds from the Standard Model for final states with many b-tagged

jets, several isolated leptons and very high missing ET , is top pair production, tt̄. The expected
cross-section at the LHC for this background is ! = 833 pb (NLO+NLL result [32]). The tt̄
background event samples were produced using Pythia 6.4 [33].

We have also included in our analysis a set of SM backgrounds involving associated production
of W/Z bosons with third generation quarks. These contribute significantly to signals with high
lepton multiplicity, or same sign dileptons in the final state. As we will see, the latter case is a
particularly important discovery channel early on. The parton-level SM background event samples
were produced with Madgraph v.4.2.3 [34], with the exception of the tt̄ background which was
produced using Pythia 6.4. The tt̄ cross section was taken from [32], while the cross sections
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the LHC. The relatively large b-jet and lepton multiplicity associated with four-top production
provide for potentially striking signatures that are easily distinguishable above the expected SM
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demonstrate the discovery potential in three of the four benchmark models.
One of the important backgrounds from the Standard Model for final states with many b-tagged

jets, several isolated leptons and very high missing ET , is top pair production, tt̄. The expected
cross-section at the LHC for this background is ! = 833 pb (NLO+NLL result [32]). The tt̄
background event samples were produced using Pythia 6.4 [33].

We have also included in our analysis a set of SM backgrounds involving associated production
of W/Z bosons with third generation quarks. These contribute significantly to signals with high
lepton multiplicity, or same sign dileptons in the final state. As we will see, the latter case is a
particularly important discovery channel early on. The parton-level SM background event samples
were produced with Madgraph v.4.2.3 [34], with the exception of the tt̄ background which was
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Figure 3: Results for fits of ratio Br(g̃ ! tt̄)/Br(g̃ ! bb̄) for benchmark Model-B. The left panel
shows the result with the correct mass hypothesis. In the right panel, the e!ciencies are calculated
for five di"erent mass templates show in the legend. The solid horizontal line gives the actual values
of the branching ratios. Errors are 1! and include errors for subtracting o" the tt̄ background.

be close to a jet and therefore fail the isolation cut. b-tagging can also be a"ected. Numerical
simulation using an appropriate model, a template, of the underlying physics involved is therefore
unavoidable.

In practice, certain assumptions about the underlying model must be made in choosing a tem-
plate. We have already chosen the set of channels to include, based on information gained from the
type of study in the previous section. In addition, we have to choose the spectrum, the gluino mass
and LSP mass, to be used in the template. To begin with, we will first choose a template model
using the actual gluino mass and LSP mass as the underlying model. We will fit the underlying
branching ratios by using e!ciencies obtained by simulating this template and demonstrate such a
fit does give us accurate information of the underlying model. We will then simulate a set of di"erent
templates with di"erent mass hypotheses. We will show that for the variation of mass hypotheses
we have studied, the di"erence induced for the fit does not significantly a"ect our conclusion about
the underlying models. Of course, such a result still leaves the question of whether the range of
variation of mass parameters we have used is too optimistic. Later in this section, we will show
that indeed it is reasonable to expect we can get estimates of mass scales from other experimental
observables so that we can choose our mass hypothesis with an error within this range. For the
continuity of our presentation, we will present our result for the fits first. Then we will come back
to address the question of choosing the mass hypothesis in detail.

Our fit to Br(g̃ ! tt̄)/Br(g̃ ! bb̄) for benchmark model-B using the correct mass hypothesis is
shown in the left panel of Fig. 3. For this and all the other fits presented in this section, we have
required that for a channel to be included in our fits, there must be at least 1 signal event, and the
significance over the tt̄ background must be greater than 3.

We pause here to briefly describe how error bars are calculated in these and the other fits
presented in this section. Using large statistics for the template model, the statistical errors for
calculating the e!ciencies and for determining the number of events for a given signature are
assumed to be much smaller that the expected Gaussian errors from the LHC data. The only
errors we include here are statistical errors from the minimization procedure. Therefore, the 1!
error for a given branching ratio is given by the change in the branching ratio required to shift the
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Examples for heavy scalar. 

- F-term breaking, with R-symmetry preserved.  

r: additional R-symm breaking spurion

- Similar story for D-term breaking.
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Polarization: Tevatron

Tao Liu (UC@Santa Barbara)          Top Forward-Backward Asymmetry at the Tevatron and the LHC

!  Note: both semileptonic and dileptonic modes are included 

for the Tevatron analysis: 

!  Semileptonic mode: 5.3/fb; dileptonic mode: 5.1/fb

!  Selection cuts (CDF collaboration (2011))

!  The GL, GA models and the SM are not easy to distinguish

!  The other ones can be distinguished at 1~ 4 sigma
19

Net Top Polarization at the Tevatron 
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Spin correlation at the LHC

Tao Liu (UC@Santa Barbara)          Top Forward-Backward Asymmetry at the Tevatron and the LHC

!  Help distinguish s-channel and t-channel models

!  Top spin correlation

25

 Top Spin Correlation 

!  At 7 TeV LHC, 5/fb of data

!  The W’ model can be distinguished from the other ones at a C.L. > 6 sigma
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