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Theory Perspective of Top Production:



Outline
Top Resonances are EVERYWHERE!

Models, Models, and more Models

High Mass Resonances and Boosted Tops

Multi-top Signals

Outlook



The huge top mass affects the way 
we think about top in the context 

of physics beyond the Standard 
Model.

Many models predict that top is 
special in order to explain its mass.  

Still others give it a special role as 
a result of its mass.

Top is a very special Quark!



Specific Models

Before talking about the phenomenology of 
resonances that decay into tops, let’s run through 
some examples of theories that predict such 
objects.

These models attempt to solve an impressive array 
of problems, from explaining the large top mass, to 
solving the hierarchy problem.



Gauge Extensions:
Top Color & Top Flavor



Topcolor
The topcolor models explain the top mass and 
EWSB by introducing new dynamics for top.

A new strong force is broken (in some way) at the 
scale of a few TeV.   The residual low energy effect is 
a funny interaction for the top:

This new interaction causes a scalar bound state to 
form with the right charges to play the role of the 
Higgs!
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A Higgs Made from Tops
Top is heavy because the Higgs “remembers” that it is 
made out of tops.

Or in other words, the top Yukawa coupling is a 
residual of the strong topcolor force.

Variations of topcolor can either explain the top mass 
but not all of EWSB (top-color assisted technicolor) 
or the top mass and EWSB (top-seesaw).

A common feature is the need for those four top    
interactions to form a bound state Higgs.



How Topcolor Works
The interesting part for this talk is where that funny four 
top interaction came from.

Topcolor generates it by the massive exchange of a 
color octet and a color singlet vector particle.

So we invariably have a ~TeV mass gluon-like object (and 
often a Z’ too) which couples strongly to top!
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Topflavor
Topflavor proposes that there is a separate SU(2) 
interaction for the third family.

This can help explain the top mass in technicolor.  

It has also been used to increase the SUSY light 
Higgs mass by adding D-terms.

Its first order phase transition can generate the 
baryon asymmetry of the Universe.

The extra SU(2) group contains a Z’ and W’s which 
couple more strongly to the third family.

Chivukula, Simmons, Terning PLB331, 383 (1994)
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Extra Dimensions
and Compositeness



Randall Sundrum
Randall Sundrum models propose an extra dimension 
with a warped geometry:

They solve the hierarchy problem by confining the Higgs 
to an “IR” brane where the natural scale of physics is TeV.

The most popular models have the entire Standard 
Model in the bulk.  Thus, every SM particle becomes a 
“tower” of Kaluza-Klein modes.
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Couplings in RS
The way particles couple is given by the 
integral of their profiles in the extra 
dimension:

We can arrange the zero modes as we like:

Light fermions do best close to the UV 
brane to minimize precision EW 
corrections.

The top (at least tR) MUST live close to 
the IR brane in order to produce the 
observed top mass.

The warping results in KK modes 
always living close to the IR brane.

Top couples more strongly to KK modes!

gijk =
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From 5d to Composite
The AdS/CFT correspondance suggests 
that RS may actually be a weakly coupled 
way to describe a certain kind of strongly 
coupled four dimensional theory.

In that “dual” interpretation, the IR brane 
fields (Higgs and top) are composites 
formed when the strong theory confines.

In that picture, the top couples strongly to 
the KK modes because they are also 
composites.  There is a residual of the 
strong force that bound them.

Fundamental fields

Composites



A Composite 
Top?

More generally we can ask what kind of 
phenomena result when the top is a 
composite, resulting from some 
constituents bound together by some new 
force.

Since the top is colored, some of its 
constituents must be too.

We can imagine higher resonances (like 
the rho mesons of QCD).  They are 
probably colored as well.

We expect they must couple strongly to 
top.  It may be they couple very very 
weakly to other quarks.

Point-like SM particles

Weakly coupled
bare constituents?

Resonances?

Higher dimensional
operators

LHC?

...



KK Gluon
I will focus on color octet vectors which decay into top pairs.  The neutral 
bosons have very similar phenomenology, but usually smaller rates.

I can use the first KK gluon of Randall-Sundrum as an example:

It has large coupling to top and reduced coupling to light quarks.

Studies exist for masses from a few hundred GeV to a few TeV.

It has another interesting feature - it couples more strongly to the right-
handed top than the left-handed top.  So we can use it as a laboratory to 
study polarized tops coming from resonance decay.

It is produced as an s-channel resonance from a qq initial state:

q
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t

g1 and decays into tops...



Coupling to Quarks

In RS, there are parameters one can 
invoke to adjust the theory, and they 
leave an imprint on the couplings of 
quarks to the KK gluons.

For example, we can include IR-brane 
kinetic terms for the KK gluon, which 
diminish its coupling to IR brane fields.

The coupling is controlled by the quark 
wave functions, which are defined by a 
dimensionless parameter ‘c’.  (Their 
bulk mass is c k).
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FIG. 2: Coupling of the first KK gluon (with respect to the zero mode gluon coupling) with

!rIR = 0, 1, 5, 10, 20 (descending) to a fermion zero mode as a function of bulk mass parameter

c.

C. Holographic Higgs with Expanded Custodial Symmetry

The models with a custodial SU(2) symmetry or large IR boundary kinetic terms

(combined with the choices of the c’s motivated above) continue to be challenged by

the large top mass, which we saw did not allow Q3 to be pushed quite as far away as

was optimal for the lighter fermions. This results in corrections to the Z-bL-bL coupling

compared to those of light fermions which are slightly too large for the experimental

errors, and push in a direction unhelpful for AFB
b [17].

In [10], it was noticed that a subgroup of the custodial symmetry can protect the
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Cross Sections

Assuming the light quarks are mostly 
fundamental, the coupling to the first KK 
gluon is small but noticeable.

The cross section and branching ratios 
depend sensitively on the couplings, and 
thus reflect the underlying the 
parameters.

Model top quarks bottom quarks light quarks custodial partners !g1/Mg1

Basic RS 92.6% 5.7% 1.7% 0.14

!rIR = 5 2.6% 13.2% 84.2% 0.11

!rIR = 20 7.8% 15.1% 77.1% 0.05

O(3), N = 0 48.8% 49.0% 2.0% 0.11

O(3), N = 1 14.6% 14.6% 0.6% 70.2% 0.40

TABLE I: The branching ratios of g1 into tops, bottoms, light quarks (jets), and custodial

partners, as well as the total width !g1/Mg1 , for several di"erent RS scenarios in the limit

Mg1 ! mf .

the branching ratios into top quarks, bottom quarks, light quarks (jets) and exotic quarks

in several di!erent RS models. The total width also sensitively depends on the couplings,

and how many custodial partners are available as decay modes. The width is generally

large, owing to the strong couplings present, and it may be possible to reconstruct it

from the final state invariant mass distributions, which would also allow one to use it as

an additional source of information. The final column of Table I shows the total width

"g1/Mg1 for each model. Variations are typically around 5%, with the exception of the

model with an extra custodial partner, whose very strong coupling has a big e!ect on

the width. In fact, allowing too many additional custodial partners will rapidly drive

"g1 ! Mg1 , an indication of a break-down of perturbation theory. From Eq. (16), we can

infer that there can be at most four new custodial quarks whose masses are less than

Mg1/2.

In models with large boundary kinetic terms, g1 primarily decays into light quarks,

swamping the decay into tops, and its over-all width becomes much narrower. This fact,

combined with the enhancement of g1 production, allows for the possibility that one

could discover g1 in the dijet mode, against the large QCD background. To explore this

possibility, in Figure 8 we plot the invariant mass distribution of QCD dijets (with rough

acceptance cuts |!| < 1.0 and pT > 20 GeV to reduce the SM background). For Mg1 = 2

or 3 TeV, we can reconstruct a peak against the dijet background with ample statistics.
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FIG. 4: Cross section for pp ! g1 at the LHC, for standard RS with the SM in the bulk

(!rIR = 0), three models with large brane kinetic terms (!rIR = 5, 10, 20) and the model with a

larger custodial symmetry, in the cases when N = 0 or 1, of the additional KK custodial partner

quarks are light enough that g1 can decay into them.

magnitude. In addition, the model with IR boundary kinetic terms shows a rate which

is suppressed by a factor of about five, because while the boundary kinetic term slightly

enhances the coupling of the UV-localized bR, it more dramatically suppresses the coupling

to the IR-localized bL (c.f. Figure 2). Ultimately, one must include the SM background

and detector e!ciencies for a specific decay channel of g1. As a step in this direction, in

Figure 6 we plot the di"erential cross-section for both the pp ! tt and pp ! btt signals

and SM backgrounds with respect to the tt invariant mass, in the standard RS model
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Width and Interference

In RS, as can be expected in 
any composite model, the 
KK gluons are strongly 
coupled, and have relatively 
large widths (~10% x M).

The width may be directly 
measurable even with large 
LHC jet energy resolutions.

Interference with the 
continuum tt background 
tells us about the relative 
sign of the couplings.

scattering.

IV. INTERFERENCE

There is an intriguing feature of the fermion couplings to g1: the sign of the coupling

depends on the sign of the g1 wave function close to where the fermion is localized. As a

KK mode, the g1 wave function contains a node, and changes sign from one side of the

extra dimension to the other. As a result the UV fermions have a minus sign relative to

the zero mode gluon coupling, while the IR fermions have a plus sign. This sign should

be visible in the interference between s-channel gluon and KK-gluon production of tt, as

illustrated in Fig. 9.

To quantify this e!ect we propose an asymmetry parameter Ai. This parameter should

be positive or negative depending on the sign of the light quark coupling and be zero in

the Standard Model. We accomplish this with the definition

Ai = !
!

dm( d!
dm ! d!

dmSM
) ""(m!Mg1)

!
dm| d!

dm ! d!
dmSM

|
. (17)

Here m is the invariant mass in the tt distribution and Mg1 is the center of the resonance.

The logic of this choice is that: i. The SM contribution is subtracted to determine if

the interference is positive or negative; ii. the sign of the interference changes as the

resonance is crossed, hence the "-function; iii. As is well-known, a positive sign will

produce negative interference below the resonance and positive above due to the sign of

the resonance propagator 1/(s!M2
g1), hence the overall minus sign. With this definition

the sign of Ai will be that of the light quark coupling.

The normalization of the data with respect to the SM calculation is problematic. Since

+

+ g+ g !1/5g +4g

gg
(1)

FIG. 9: Graphs that interfere allowing measurement of the sign of the light quark coupling.
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FIG. 10: Invariant mass distribution of pp! tt in models with positive and negative coupling

to light fermions, along with the SM prediction.

the resonance will result in a much larger overall cross-section, one should not normalize

to the total number of events. We choose to normalize to the lowest-mass bin used in

calculating the asymmetry, which allows extraction of the normalization from data, while

retaining all available information in the region near the resonance.

We present values of Ai for several masses in the basic RS model in Table II. We

also show the value obtained by switching the sign of the light quark coupling. We have

included a crude estimate of the smearing by shifting the value of the top and anti-top 4-

momentum by a gaussian random number with width given by the ATLAS jet resolution.

Since the uncertainty in top reconstruction will be dominated by the jet uncertainty this

gives the correct order-of-magnitude for the smearing; we leave more refined estimates for

20
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High Energy Tops
To detect these resonances, 
we need to be able to 
reconstruct highly boosted 
top quarks.

At high pT, tops decay into 
more collimated jets of 
particles.  It can be challenging 
to identify them as tops.

Early studies relied on the 
“rare” events with enough 
well separated top decays, 
taking a hit in efficiency.
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Figure 6: Left: Fraction of events for certain numbers of distinct objects for events from decay
of a KK gluon, with mass (top to bottom) 2, 3, and 4 TeV as a function of pT for events in the
window mKK ! 500 GeV < mtt < mKK + 500 GeV. Right: SM tt̄ production using the same
cuts as the corresponding plot on the right. The line labeled “1 coll.” is the fraction of events
where at least one of the tops has all three decay products within the same cone. A cone size
of 0.4 has been used.
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Jet Mass?

 Baur, Orr,  PRD76, 094012 (2007)

Can we use the jet mass?

The jet mass grows with pT!

There is strong jet algorithm 
dependence:  kT jets tend to 
include more underlying 
event / nearby jet activity.



Jet Structure?

An interesting strategy is to 
look for internal structure 

inside collimated jets, to see 
the evidence for a boosted 

top decay buried inside.

Early results are promising.

Kaplan, Rehermann, Schwartz, Tweedie,  
PRL101, 142001 (2008)

Thaler, Wang, JHEP 0807:092 (2008)
Almeida, Lee, Perez, Sung,  Virzi, arXiv:0810.0934
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FIG. 2: Distribution of helicity angle for top jets, gluon jets,
and light quark jets for pT > 700 GeV. These distributions
are after the subjet requirement, top mass cut, and W mass
cut have been imposed.

To check the e!cacy of this method, we calculate the
e!ciency for correctly tagging a top jet, !t, and the e!-
ciencies for mistagging light-quark or gluon jets as tops,
!q and !g respectively. These are shown in Figure 3.
There are a few important qualitative observations one
can make about this plot. For very large pT the top-
tagging e!ciency goes down. This is because these jets
are so highly boosted that the calorimeter can no longer
distinguish the subjets. As pT goes below 900 GeV, the
top-tagging e!ciency also decreases. This is due to some
of the top jets becoming too fat for the initial R = 0.8
clustering. (This somewhat tight choice was made to
suppress the mistag e!ciency, which grows faster than
the top-tag e!ciency with increasing R.) Examples of
the sequential e"ects of the individual cuts are shown in
Table I. The clustering R’s and kinematic cuts can be
varied to increase the tagging and mistagging e!ciencies,
as desired for a particular S/

!
B goal.

pT (GeV) subjets mt mW !h

500-600 0.56 0.43 0.38 0.32

"t 1000-1100 0.66 0.52 0.44 0.39

1500-1600 0.40 0.33 0.28 0.25

500-600 0.135 0.045 0.027 0.015

"g 1000-1100 0.146 0.054 0.032 0.018

1500-1600 0.083 0.038 0.025 0.015

500-600 0.053 0.018 0.011 0.005

"q 1000-1100 0.063 0.023 0.013 0.006

1500-1600 0.032 0.015 0.010 0.006

TABLE I: Incremental e!ciencies for top, gluon, and light
quark jets passing the subjets, invariant mass, and helicity
angle cuts for jets in three di"erent pT windows.

One important concern is whether the Monte Carlo
generates the tt̄ and dijet distributions correctly. Jet
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FIG. 3: The e!ciencies for correctly tagging a top jet ("t),
and mistagging a gluon jet ("g) or light quark jet ("q). The
quark and gluon e!ciences are of order 1% and have been
scaled in the plot by a factor of 10 for clarity.

substructure in particular is strongly dependent on as-
pects of the parton shower (both initial state and final
state radiation), the underlying event, and the model of
hadronization. To approach these issues, we redid our
analysis using samples generated with various shower pa-
rameters, with the “new” pT -ordered dipole shower in
pythia, and with herwig v.6.510 [14]. We find a 50%
variation in !q and !g and a negligible change in !t. We
also ran pythia with multiple interactions and initial
state radiation turned o", individually and together. Ef-
fects on !q and !g are at the 10% level or less, indicating
that the QCD jet substructure relevant for top-tagging
is mostly controlled by final state parton branchings.

One might also be worried about whether, since we
are looking at multi-(sub)jet backgrounds, it would be
important to include full matrix element calculations.
However, since the events are essentially two jet events,
the substructure is due almost entirely to collinear ra-
diation, which the parton shower should correctly re-
produce [15]. To confirm this, we have also simulated
background events using madgraph v.4.2.4 [16]. Using
events with 2 " 4 matrix elements in a region of phase
space where 1 parton recoils against 3 relatively collinear
partons, we repeated our analysis without showering or
hadronization. The resulting mistag e!ciencies were con-
sistent with those from the pythia study to within 10%,
which provides justification for both the parton shower
approximation and the robustness of our algorithm.

One possible way to verify the Monte Carlo predic-
tions for jet substructure would be to use data directly.
Although boosted tops are not produced at the Tevatron,
there are plenty of hard dijet events. These could be used
to test the mistag e!ciency, tune the Monte Carlo, and
optimize jet-tagging parameters for the LHC. In addition,
at the LHC, the e!ciency of the top-tagging algorithm
can be calibrated by comparing the rate for tt̄ events
where one top decays semi-leptonically with the rate in



Four Tops at the LHC
The KK gluon is a perfect resonance decaying into top pairs.  But it was 
produced by a light quark initial state.  What happens when the coupling 
to light quarks is too small to use as a production mechanism?

A possible signature has color octet (and/or singlet) vectors which couple 
strongly to top quarks, and perhaps negligibly weakly to light quarks.  

A color octet vector can be pair-produced purely by QCD.  A color 
singlet needs to be “radiated” from a top quark.
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Lillie, Shu, TT 
JHEP 0804, 087 (2008)



Four Tops at the LHC
We just saw that the color singlet is 
produced by being “radiated” from a 
top pair.

The color octet can also be pair-
produced from a gluon-gluon initial 
state.

We either have one resonance plus a 
top pair, or two resonances.

In either case, the resonance decays 
practically 100% of the time to top 
quarks, leading to four top signatures!

color octet

SM four top rate:  a few fb.
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Four tops?
So the question is: can we actually 
reconstruct four tops at the LHC?

The combinatorics are highly 
challenging.

One study was able to show that the 
decay mode with two like-sign 
leptons can be seen against the 
background with a tight cut on HT.

Four top rates above about 50 fb 
were visible against the background.
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Future Directions?
If the top is composite, we might even be able to 
see its constituents directly.

If we imagine the highest energies the LHC can 
probe (over the course of its life-time), even more 
exotic phenomena can emerge.

For example, if we produce constituents in a 
regime where they are energetic and weakly 
coupled, maybe we can see them “hadronize” or 
even “shower”.  The result could be jets of high 
momentum top quarks.

Could the LHC even reconstruct such an event?  I 
have no idea, but it would be fun to try!

tR

tR

tR

tR

tR

???



Conclusions
Many interesting models lead to resonances that decay 
into top pairs.  They address a wide variety of deep 
questions faced by particle physics.
Top resonances challenge us to think about top in new 
regimes:

Highly Boosted tops can be collimated and hard to 
reconstruct as tops.
Multi-top processes have challenging combinatorics.

 Top may be our portal to physics beyond the SM!



Bonus Slides



Like-sign Top Resonances
A theory with color sextet 
bosons can decay into two like-
sign tops, producing a novel 
resonance structure.

Production can either be pairs 
of sextets, or single production 
from (say) a qq initial state.

Pair production leads to 4 top 
states, but with the opposite 
resonance structure as we had 
before for an octet.

FIG. 1: The cross sections of tt (dotted line) and tj (dashed line)
productions mediated by the diquark Higgs in s-channel at Tevatron

with ECMS = 1.96 TeV.

FIG. 2: The differential cross sections for tj (dashed line), tt (dotted
line), tj (dashed-dotted line) and tt (dashed-dotted-dotted line) as a
function of the invariant mass of final state Muiuj . The left peak

corresponds tom! = 600(GeV) and the right one tom! = 1 TeV.
The solid line is the standard model tt background.

mt = 172 GeV. Fig. 1 shows the total cross section of tt and
tu productions as a function of the diquark Higgs mass, with
ECMS = 1.98 TeV. The lower bound is found to be m! !
470 GeV.

Next we investigate the diquark and anti-diquarkHiggs pro-

duction at LHC with ECMS = 14 TeV. The differential cross
sections for each process withm! = 600 GeV and 1 TeV are
depicted in Fig. 2, together with the tt production cross sec-
tion in the standard model. We can see that the peak cross sec-

tions for the tt and tu productions exceed the standard model
cross section while the tt and tu cross sections are lower

than it. This discrepancy between the production cross sec-

tions of diquark and anti-diquark Higgs at LHC is the direct

evidence of the non-zero baryon number of diquark Higgs.

The charge of the lepton from leptonic decay of top quark or

anti-top quark can distinguish top quark from anti-top quark.

FIG. 3: Angular distribution of the cross section for m! = 600
GeV with Mcut = 550 GeV, together with the tt production in the
standard model. The same line convention as in the Fig. 2 has been

used.

Counting the number of top quark events and anti-top quark

events from their leptonic decay modes would reveal non-zero

baryon number of diquark Higgs.

The angular distribution of the final states carries the infor-

mation of the spin of the intermediate states. As shown in

Eq. (6), there is no angular dependence on the diquark Higgs

production cross section, because the diquark Higgs is a scalar

particle. On the other hand, the top quark pair production in

the standard model is dominated by the gluon fusion process,

and the differential cross section shows peaks in the forward

and backward region. Therefore, the signal of the diquark

Higgs production is enhanced at the region with a large scat-

tering angle (in center of mass frame of colliding partons).

Imposing a lower cut on the invariant massMcut, the angular

dependence of the cross section is described as

d!(pp ! uiuj)

d cos "
=

! ECMS

Mcut

dMuiuj

! 1

M2
uiuj

E2
CMS

dx1

"
2Muiuj

x1E2
CMS

fu(x1, Q
2)fu

"

M2
uiuj

x1E2
CMS

, Q2

#

"
d!(uu ! !ucuc ! uiuj)

d cos "
. (14)

The results form! = 600GeVwithMcut = 550GeV are de-
picted in Fig. 3, together with the standard model result. Here

the lower cut on the invariant mass close to the diquark Higgs

mass dramatically reduces the standard model cross section

compared to the diquark Higgs signal.

We now discuss the connection of the coupling fij to the

neutrino mass. Once the B # L symmetry is broken by

$!c% along the #c#c direction, right-handed neutrinos acquire

masses through the Yukawa coupling in Eq. (2) and their mass

matrix is proportional to fij . Therefore, fij is related to neu-

trino oscillation data though the (type I) see-saw mechanism

which unfortunately involves unknown Dirac Yukawa cou-

plings. When we impose the left-right symmetry on a model,
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