
“Vision From the Top” 



Tevatron is running at  
peak performance! 

The LHC era has just begun! 





mt = 173.1 ± 0.6 ± 1.1 GeV    (O. Brandt)                 
 Best measured quark mass! 

σ(tt)CDF = 7.5 ± 0.31 ± 0.34 pb   (F. Deliot) 
σ(tt)QCD = 6.93 ± 0.32 ± 0.14 pb  (Moch, Uwer et al.) 

            CDF: (J. Lueck)             D0:  (A. Heinson) 
σ(t)  = 2.3 ± 0.6 pb           3.84 ± 0.88 pb 
                Heroic efforts: 5σ sensitivity! 
           |Vtb| > 0.71            > 0.78  @ 95% CL 

Γt D0 ≈  2.05 ± 0.56 GeV          (A. Heinson) 

 A spectacular 
 “top” view : 

CDF The CDF Detector

! Silicon tracking

! Large radius drift chamber (r=1.4m)

! 1.4 T solenoid

!  Projective calorimetry (|!| < 3.5)

! Muon chambers (|!| < 1.0)

! Particle identification

! Silicon Vertex Trigger

All crucial for top physics!

June 3, 2010June 3, 2010 88M. Datta, FNALM. Datta, FNAL

!

Jet1

Jet2Lego view Jet3

Jet4

Plus much more … 
(Sorin, Datta, Harel) 



On top: Search for new physics at Tevatron: 
                                   (P. Sinervo) 

22!

Summary!

!! Top provides unique access to 

new physics!

–! Extensive searches for H+!

–! Now setting limits on BR ~ 0.1 for 

Higgs masses 100-150 GeV/c2!

–! Moving to more sophisticated 

models!

!! No evidence for high mass 

objects coupling to top!

–! Limits on t-tbar final state!
>! M

X
 > 820 GeV/c2 at 95% CL !

–! Limits on t-bbar final state!

>! M
W’

 > 731GeV/c2 at 95% CL !

!! Searches for 4th generation!

–! Limited by backgrounds!
>! M

t’
 > 335GeV/c2 at 95% CL !

!! Stop search!

!! Most of these analyses are based 

on 2-3 fb-1!

–! Analyses are starting to appear 

with 4-5 fb-1!

–! And have > 7 fb-1 on “tape”!

!! Most of these are background-

limited by top production and/

or SM processes!

–! Working to develop “next 

generation” studies!

University of Toronto 



Tremendous efforts by theorists:  
  Higher order radiative corrections to top production; 
     showering, merging … 
      (Cacciari et al., Moch, Uwer et al.; Nason; Worek; Kidonakis …) 

  b-flavor treatment for t-channel single top production 
        (Campbell, Maltoni et al.; Cacciari et al., Moch, Uwer et al.; White, …) 

  Improved PDF’s: NNPDF        (Guffanti et al.) 

   top-mass definition and extraction     (Corcella et al.)       

   Background processes are better understood 
           (Schumann, Cerrito)       Progress is continuously being made 

 both in theory and in experiments.  



W and Z events observed!  
       (Ecklund; Maettig) 

B-tagging, Etmiss impressive! 
       (Maes, Van Vulpen) 



(Maettig) 



LHC as a top factory: 
Mass, width, interactions,  
new channels … 

Theoretical descriptions … 

(Hirschbuel; Barrett; Loginov;  
Ghodbane; Wolf … 
Nason; Moch; Worek …) 



   new territory 

 new beauty  

 and unknowns   





The large mass right  
at the EW scale: 

mt ≈ v/√2 ≈ 174 GeV 
(as heavy as a gold atom) 

Pretty much in any new physics scenarios 
related to the EWSB, top quark will play a 
significant role. 



And far reaching: 
•   top needs partners for naturalness in EWSB. 
•   light stop may help with EW baryon genesis. 
•   top + partner may reveal dark matter signal.   

Theory Top role Top imprints

EWSB tt̄H gg → H, tt̄H; H → tt̄, ...

2HDM tt̄A, tb̄H± t → bH±; gg → A, bb̄H(A); gb → tH±, ...

SUSY t̃R light t → t̃χ; t̃ → tχ, ...

radiative EWSB mh light, tanβ large

Strong dynamics/ enhanced couplings ρ0,±
TC WW → tt̄, ...

Extra Dim GKK , gKK, Z
′

, W
′± ... → tt̄, tb̄

4th family/ t′, b′ t′, b′ → tX0, bX±, cX

Little Higgs naturalness TtH T → tA0

1
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t 

Plus top rare decays 



, 
, 

t, T 

t, T 

Z’, gkk, Gkk 

q,  
, Q 

, Z 

Plus top rare decays 

(Hou; Lessard; Steggemann 
Ferrari) 



Spin color parity (1, γ5) some examples/Ref.
0 0 (1,0) SM/MSSM/2HDM, Ref. [51, 52, 53]
0 0 (0,1) MSSM/2HDM, Ref. [52, 53]
0 8 (1,0) Ref. [54, 55]
0 8 (0,1) Ref. [54, 55]
1 0 (SM,SM) Z ′

1 0 (1,0) vector
1 0 (0,1) axial vector
1 0 (1,1) vector-left
1 0 (1,-1) vector-right
1 8 (1,0) coloron/KK gluon, Ref. [56, 57, 58]
1 8 (0,1) axigluon, Ref. [57]
2 0 – graviton “continuum”, Ref. [17]
2 0 – graviton resonances, Ref. [18]

Table 1: The BSM particles included in the topBSM “model”.

particles.

3.1.1 Color singlet

Let us start by considering a color singlet (pseudo-)scalar boson φ contributing to the tt̄
process gg → (φ →)tt̄. The Feynman diagram for this loop induced process is depicted in
Fig. 8. The spin-0 coupling strength to quarks,

gφqq = a1i
mq

v
+ a2

mq

v
γ5, (5)

is proportional to the quark mass mq. In analogy with the SM, v is the spin-0 field vacuum
expectation value and a1 and a2 are real proportionality factors for the parity even and
odd spin-0 particles, respectively. For the SM Higgs boson a1 = 1 and a2 = 0, while for a
pure pseudo-scalar a1 = 0 and a2 is non-zero.

We do not include scalar production by (anti-)quark annihilation, qq̄ → φ, because for
this cross section to be sizeable compared to the loop induced gluon fusion process, the
branching ratio for the scalar to tt̄ has to be small and can be neglected.

Since we are interested in scalars with strong couplings to the top quark, we neglect
all particles in the loop of Fig. 8 except for the most heavy quark, i.e., the top quark.
If the mass of the spin-0 boson is larger than twice the mass of the top quark, the loop-
induced gluon-gluon-(pseudo-)scalar coupling develops an imaginary part, which leads to a
peak-dip structure for the interference terms between the QCD background and the signal
[51, 52, 53].

The possibility to detect a signal in the tt̄ invariant mass depends on the width of the
spin-0 resonance. In general, a scalar particle couples also to the electroweak bosons. In
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Frederix and Maltoni, 0712.2355 



(a) (b)

(c) (d)

Figure 15: Normalized distributions for cosθ, where θ is the Collins-Soper angle, for spin-0
(a), spin-2 (b), vector (c) and axial-vector (d) resonances of mass MX . All plots were
produced using the CTEQ6L1 pdf set with µR = µF = MX .

The normalized cos θ distribution is independent of the mass of the resonance for a axial
vector, aR = −aL (see Fig. 15(d)), while for a pure vector resonance the dependence is
maximal Fig. 15(c). However, for heavy resonances, MX ! 800 GeV the difference between
the curves for the vector and the axial-vector is less then 8% which makes it challenging
to get any information about parity of the coupling from this distribution. In Ref. [34]
a similar polar angle has been studied. That polar angle is also sensitive to the chirality
of the coupling. However, the Collins–Soper angle used here has the advantage that it
minimizes the effects from initial state radiation.

20

Frederix and Maltoni, 0712.2355 
Barger, Han, Walker, hep-ph/0612016 

w.r.t. the SM couplings,  
5σ @ 10 fb-1 



Agashe et al. hep-ph/0612015;  
Barger, Han, Walker, hep-ph/0612016; 
Lillie, Randall, Wang: hep-ph/0701166. 

A Caution cont’d

Event topology different for highly boosted top quarks:

How many observable “objects"? a

Objects versus pT (top) ∆R =
p

∆η2 + ∆φ2 > 0.4:
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aB. Lillie, L. Randall, L.-T. Wang, hep-ph/0701166.

T. Han, UW-Madison – p.24/30

For MZ’ = 2 TeV,   θ ≈ 2 mt /MZ’  < 0.2   
            lepton/b NOT isolated, inevitable ! 

Much larger QCD backgrounds 
          (E. Chabert, J. Sjolin) 

                            Jet mass?          



(Atre, Carena, Han, Santiago) 
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FIG. 1: Comparison of pair production cross sections (in fb) for heavy quark versus its mass mQ at
the LHC with

√
s = 7, 10 and 14 TeV. Solid black curves are for pair production cross section with

factorization and renormalization scales scales to be µF = µR =
√

ŝ. The colored bands represent

the variation in cross section due to the different scale choices as described in the text.

with the left panels representing charged current channels and the right ones neutral current
channels. Fig. ?? on the other hand provides the production of X on the left and Y on the
right (recall that, due to their electric charge, they have only charged current channels). All
the curves correspond to a factorization and renormalization scale µF = µR = mW (mZ) for
CC (NC) processes with CTEQ6L1 parton distribution functions [? ]. The scale dependence
of our LO calculation is represented with bands that correspond to a scale variation up to
µF = µR = mQ. As an example, the single production of an X quark with κ̃ ∼ 1 is 100 fb
for mQ ≈ 1.5, 1.9, 2.4 TeV with

√
s = 7, 10 and 14 TeV, respectively.

Let us recall the advantages of single production versus pair production as shown in Ref. [?
]. The current bound from direct searches at the Tevatron experiments is mQ > 311 (270)
GeV at 95% C.L. for heavy up (down) type quarks produced in pairs and decaying via CC
(NC) interactions [? ]. This is unlikely to improve dramatically as the cross section falls off
sharply due to phase space suppression and decreasing parton luminosity at large x values.
Evidently the LHC with its substantially larger c.m. energy will be able to probe higher
quark masses in the pair production channel compared to the Tevatron. However, as at the
Tevatron, single heavy quark production has the advantage of less phase space suppression
and longitudinal gauge boson enhancement of order m2

Q/M2
V at higher energies compared

to pair production. Due to the participation of u, d valence quarks in the initial state with
the coupling strength given in Eq. (??), the cross section can be substantial and it falls
more slowly for a higher mass. This effect can be easily observed by comparing Fig. ??
with Figs. ??-??. To summarize, the large c.m. energy of the LHC coupled with the above
advantages of single production make this an ideal process for discovery of heavy quarks up
to very large mass values and very small couplings.

Several other interesting features regarding single production at the LHC can be observed
from Figs. ??-??. Heavy quarks are produced at a much higher rate compared to anti-
quarks with a larger difference for higher masses. This difference in the rates of Q and Q̄
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FIG. 3: U figures CC and NC.
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QCD Pair production 



(Atre, Carena, Han, Santiago) 

•  t-channel vector boson enhancement:  
       ln(s/M2

W )   

•  longitudinal gauge boson enhancement: 
       MQ/MW   

* Unique kinematics  Tevatron reach: 
600 GeV / 8 fb-1 

LHC reach: 
2 TeV / 10 fb-1 



Higgs models. We would expect these particles to show up naturally at an energy scale of

order 4πv, where v ≈ 246 GeV is the Higgs field vacuum expectation value.1.

A necessary requirement for a viable new physics model is the suppression of the dimension-

five and -six operators that are strongly constrained by the low energy data, such as elec-

troweak precision measurements, CP violation or flavor changing neutral currents. In ad-

dition, dangerous baryon/lepton number violating operators must be forbidden or strongly

suppressed. Motivated partly by these constraints and partly by being able to provide a

possible candidate for Cold Dark Matter, many new physics scenarios incorporate a discrete

symmetry under which the new physics particles carry the opposite charge to SM particles.

Typical examples are R-parity in supersymmetry, KK-parity in UED, or T -parity in Little

Higgs models [15, 16]. In such cases, assuming for minimality only a top partner (generically

denoted by T , unless otherwise specified) and a stable neutral particle which is the lightest

parity-odd state (A0), the predominant decay mode of the top partner is

T → tA0. (1.1)

leading to the following hadron collider signal:

pp → T T̄ X → tA0 t̄A0 X → tt̄ + E/T + X, (1.2)

where X represents the beam remnant and other possible hadronic activity, and E/T is the

missing transverse energy. It would be desirable to be able to distinguish between the different

top partners that can give rise to this signal at the LHC.

The LHC will be a “top factory”: About 80 million SM tt̄ events will be produced from

pure QCD, in addition to another 34 million single-top events from the weak charged-current

interaction for an integrated luminosity of 100 fb−1. This provides a great opportunity to

study properties of top quarks in detail. However, SM top quarks will also serve as a non-

trivial background for any new physics signal with top quarks in the final state. Identifying

such signals above the huge background has been the focus of several recent studies [17, 18,

19, 20]. In this article, motivated by the naturalness argument, we explore the signal of

Eq. (1.2), concentrating on the semi-leptonic mode for the tt̄ decays since the purely hadronic

top decay mode has been studied previously [18, 20], with modest success. We optimize the

kinematical cuts to separate the top partner signal from the SM backgrounds. In particular,

we propose a reconstruction method for the top quark mass that allows it to take unphysical

values to indicate the presence of physics beyond the SM. Furthermore, we comment on

possible methods of determining the spin of the top partner. Such measurements would be

crucial in distinguishing different underlying new physics scenarios, such as SUSY stop, or

fermionic top partner pair production in UED or Little Higgs models with T -parity. We

survey possible ways of getting relevant spin information for the new particle, and outline the

difficulties involved.
1Notice that exceptions to this argument are certainly possible. For example, in Twin Higgs models [14]

the particle that cancels the quadratic divergence of the SM top loop does not have the quantum numbers of

the top.

– 2 –

Quite general and well-motivated, there are top-partners: 
In SUSY:  t  (scalar) 
In Little Higgs: T (fermion) 
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Figure 1: Leading order QCD cross section for top partner pair production at the LHC, as a function
of its mass. The solid line corresponds to a spin-1

2
particle, the dashed line to a spin-0 state. The

two dashed horizontal lines indicate the cross sections for the SM background processes tt̄ and tt̄Z
with tree-level matrix elements. The left panel shows the results before T decay, and the right panel
includes the decay branching fractions to the semi-leptonic final state bj1j2 b̄!−ν̄ + E/T , before any
kinematical acceptance.

The rest of the paper is organized as follows. In Sec. II, we study the signal observability

by carefully examining the kinematics and optimizing the background suppression. In Sec. III,

we discuss the feasibility of spin and mass determination. We summarize and conclude in

Sec. IV.

2. Signal Observability

In this section, we present a viable method for discovering new physics in the tt̄ + E/T final

state as in Eq. (1.2). We assume for the purpose of the following discussion that the top

partner T is a color triplet under SU(3)C and a doublet under SU(2)L.

2.1 Production Rates at the LHC

The leading production mechanism for the top partners is via QCD interactions

qq̄, gg → T T̄ . (2.1)

In Fig. 1(a), we present the total leading order T T̄ production cross section at the LHC as

a function of the mass of the T . The solid line corresponds to a spin-12 particle; the dashed

line corresponds to a spin-0 state. αs is calculated at two loops, with the renormalization and

factorization scales set equal to
√

s/2, and using the CTEQ 4M parton distribution functions

[21]. We see from the figure a factor of 8− 10 difference between the scalar and the fermion

production cross sections. A factor of 4 comes from simple spin-state counting, and the

remainder is due to threshold effects.

– 3 –

* σ(TT) ≈ 8 σ(tt) 
~ ~ 

Dark matter  
connection 
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Figure 2: Transverse momentum distributions for the top quark from QCD tt̄ production (the top
curve), tt̄Z production (dot-dashed), and from T decays for mT = 1 TeV and mA = 800, 200 GeV,
respectively. For comparison, we include the pT of the fermionic T (long-dashed).

In our study, we simulate the SM tt̄ and tt̄Z backgrounds using PYTHIA [22], while we use

ALPGEN [23] for the W (→ !ν) bb jj background. We perform all calculations at parton level.

With the stringent acceptance cuts to be discussed below, we expect that all next-to-leading

order QCD effects, such as hadronization and initial and final state radiation, will not alter

our results appreciably.

2.2 Extracting Top Partner Signal

In this section we present our main results on separating signal events from backgrounds.

Although the SM backgrounds to the heavy top partner pair production and semileptonic

decay are substantial, there are many kinematical differences between them that can be

exploited. Moreover, we can take full advantage of the observation that the neutrino from W

decay is largely responsible for the E/T in the tt̄ and Wbbjj backgrounds, while it contributes

only a fraction of E/T in the signal.

A crucial parameter for the signal kinematics is the mass difference between T and A,

∆MTA ≡ mT − mA. (2.7)

The energy of the top quark from T decay is Et ≈ 0.5(1 + mA/mT )∆MTA in the rest frame

of the T . For a sufficiently large mass difference, the top quark can be very energetic. For

a small ∆MTA, however, the top quark has little kinetic energy and the signal kinematics
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Higgs models. We would expect these particles to show up naturally at an energy scale of

order 4πv, where v ≈ 246 GeV is the Higgs field vacuum expectation value.1.

A necessary requirement for a viable new physics model is the suppression of the dimension-

five and -six operators that are strongly constrained by the low energy data, such as elec-

troweak precision measurements, CP violation or flavor changing neutral currents. In ad-

dition, dangerous baryon/lepton number violating operators must be forbidden or strongly

suppressed. Motivated partly by these constraints and partly by being able to provide a

possible candidate for Cold Dark Matter, many new physics scenarios incorporate a discrete

symmetry under which the new physics particles carry the opposite charge to SM particles.

Typical examples are R-parity in supersymmetry, KK-parity in UED, or T -parity in Little

Higgs models [15, 16]. In such cases, assuming for minimality only a top partner (generically

denoted by T , unless otherwise specified) and a stable neutral particle which is the lightest

parity-odd state (A0), the predominant decay mode of the top partner is

T → tA0. (1.1)

leading to the following hadron collider signal:

pp → T T̄ X → tA0 t̄A0 X → tt̄ + E/T + X, (1.2)

where X represents the beam remnant and other possible hadronic activity, and E/T is the

missing transverse energy. It would be desirable to be able to distinguish between the different

top partners that can give rise to this signal at the LHC.

The LHC will be a “top factory”: About 80 million SM tt̄ events will be produced from

pure QCD, in addition to another 34 million single-top events from the weak charged-current

interaction for an integrated luminosity of 100 fb−1. This provides a great opportunity to

study properties of top quarks in detail. However, SM top quarks will also serve as a non-

trivial background for any new physics signal with top quarks in the final state. Identifying

such signals above the huge background has been the focus of several recent studies [17, 18,

19, 20]. In this article, motivated by the naturalness argument, we explore the signal of

Eq. (1.2), concentrating on the semi-leptonic mode for the tt̄ decays since the purely hadronic

top decay mode has been studied previously [18, 20], with modest success. We optimize the

kinematical cuts to separate the top partner signal from the SM backgrounds. In particular,

we propose a reconstruction method for the top quark mass that allows it to take unphysical

values to indicate the presence of physics beyond the SM. Furthermore, we comment on

possible methods of determining the spin of the top partner. Such measurements would be

crucial in distinguishing different underlying new physics scenarios, such as SUSY stop, or

fermionic top partner pair production in UED or Little Higgs models with T -parity. We

survey possible ways of getting relevant spin information for the new particle, and outline the

difficulties involved.
1Notice that exceptions to this argument are certainly possible. For example, in Twin Higgs models [14]

the particle that cancels the quadratic divergence of the SM top loop does not have the quantum numbers of

the top.
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Figure 3: Differential distributions for (a) the transverse momentum of the charged lepton pT (!), (b)
the missing transverse momentum pmiss

T = E/T , and (c) the effective transverse mass of the final state
system, respectively.

As recently suggested in [20], one may consider exploring the correlation between E/T

and M eff
T , which we present in Fig. 4 for (a) the QCD tt̄ background, (b) and (c) T T̄ pair

production with ∆MTA = 200, 800 GeV respectively. Two remarks are in order. First, the

correlation is more distinctive between the signal and background when the mass difference

∆MTA is large as seen in Fig. 4(b), namely M eff
T ∼ 2E/T ∼ 2mT . It tends to be very similar to

the tt̄ background distribution when ∆MTA ∼ mt as in Fig. 4(c). This less desirable situation

was not considered in [20] due to their parameter choice in favor of a dark matter candidate,

in the context of a particular model [15]. Second, due to the overwhelmingly large rate of the

tt̄ background, this correlation variable alone is not sufficient to separate the signal in the

semi-leptonic channel, as seen for the integrated rates by the color codes in Fig. 4.

There are other kinematical features that one could utilize to separate the signal from

the backgrounds. One such variable is the transverse angle between the t and t̄: We expect

t pairs from pure QCD production to be co-planar in the 2 → 2 scattering plane and thus
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Figure 7: The reconstructed mass of the leptonically decaying top quark in the complex plane (a)
for tt̄ background, (b) for mA = 200 GeV and (c) for mA = 800 GeV. Allowing this variable to take
on complex values serves as a pointer to new physics, an imaginary value is a signature of events with
new missing particles.

mass that is very different from mt. Therefore, this naive reconstruction procedure provides

us with an effective way to distinguish the signal from the tt̄ background. We encode the

effect of unphysical momentum solutions by allowing the reconstructed top quark mass mr
t

to carry an imaginary part (see Appendix B for details). In this case, a large unphysical, i.e.

imaginary, value for the reconstructed mass is a signature of events with missing particles

beyond a single massless neutrino.

The results for the reconstructed mr
t = m(b2!E/T ) are shown in the complex plane in Fig. 7.

As seen in Fig. 7(a), the reconstructed mass for the tt̄ background is highly concentrated near

mt on the real axis although there are still a small number of events that give an unphysical

top quark mass due to the energy-momentum smearing effects of the detectors. For the signal

events, it is spread out over a large region as seen in Fig. 7(b) and (c). We are thus motivated
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Figure 8: Signal-to-background ratio and the statistical significance (100 fb−1 integrated luminosity)
as a function of mA for a fermionic top partner of mass mT = 1 TeV.

this large background

70 GeV < mjj < 90 GeV, (2.17)

120 GeV < mr
t |had = m(b1jj) < 180 GeV, (2.18)

where two b-tags are required for reconstruction.

The choice of an E/T cut is more involved. As discussed previously , on the one hand

imposing an appropriate E/T cut will definitely help suppressing the background (tt̄Z in par-

ticular). On the other hand a large E/T cut will eliminate the signal for a small mass splitting.

Hence we optimize the search by making a variable E/T cut

E/T > 0.2 × ∆MTA. (2.19)

We also impose the reconstructed leptonic top mass cut detailed in Eq. (2.16).

In Fig. 8, we present the signal-to-background ratio and statistical significance as a func-

tion of mA for a fermionic top partner of mass mT = 1 TeV and with 100 fb−1 integrated

luminosity. We see that after imposing our proposed combination of cuts we have significant

signal observability for a mass of upto mA ≈ 750 GeV, which corresponds to ∆MTA ∼ 250

GeV. For an even smaller mass difference ∆MTA ∼ mt, it is still challenging to select out the

signal.

We now study the more comprehensive reach in the two-parameter mT -mA plane with

combined cuts. Our results are presented in Fig. 9 in the form of contour plots of signal
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Practically, the prompt decay  
            τ ≈ 10-25 s << 1/∧QCD 
makes the top the only “bare quark” ! 

How does this help to uncover new physics ?  



a. Spin, Helicity, Chirality 

History: 
UA1 
(1984) 

d ubar  W-  e- ν 

Table 3: Forward backward asymmetry of top quark in partonic c.m. frame. The cuts from Eqs.
(16, 18, 19, 23) and |yW ′| > ycut, where yW ′ is the reconstructed partonic c.m. frame rapidity. From
Eq. (27), the theoretical value of the forward backward asymmetry is 0.74. Add (23)

AFB W ′
L W ′

R

ycut Monte Carlo Reconstructed Monte Carlo Reconstructed

0 0.61 0.32 0.61 0.32

0.8 0.59 0.45 0.58 0.45

1.2 0.56 0.49 0.54 0.48

1.7 0.47 0.45 0.40 0.39

Table 4: Cross sections with the cuts from Eqs. (16), (18), (19), (23) and |yW ′ | > ycut, where yW ′

is the reconstructed partonic c.m. frame rapidity.

σ (fb) W ′
L W ′

R

ycut = 0 110 150

ycut = 0.8 55 78

ycut = 1.2 30 42

ycut = 1.7 7.6 9.9

4.2 W ′ chiral couplings from top spin correlation with lepton angle

We showed in the previous section that the top angular distribution cannot distinguish W ′
L,R cases.

This was because the spins and helicities of the initial and final states were the same. The chirality

of the W ′ coupling to SM fermions is reflected in the polarization of the top quark, which, as we

will show, can be measured using the angular distribution of the resulting lepton in the top center

of mass frame. A similar analysis was recently used to determine the polarization of like sign tops

from the decay of an exotic color state [25].

First, we give a physical argument for why the top quark polarization can be measured by using

q q̄′

W ′−

L : ν̄ #−

(a)

q q̄′

W ′−

R: ν̄ #−

(b)

Figure 9: Figs. (a) and (b) show the helicity states of the initial (q and q̄′) and final state (t and
b̄) particles for both the W ′

L and W ′
R cases. The single arrowed lines show the momentum of the

particle, and the double arrowed lines show the spin.

20

Table 3: Forward backward asymmetry of top quark in partonic c.m. frame. The cuts from Eqs.
(16, 18, 19, 23) and |yW ′| > ycut, where yW ′ is the reconstructed partonic c.m. frame rapidity. From
Eq. (27), the theoretical value of the forward backward asymmetry is 0.74. Add (23)

AFB W ′
L W ′

R

ycut Monte Carlo Reconstructed Monte Carlo Reconstructed

0 0.61 0.32 0.61 0.32

0.8 0.59 0.45 0.58 0.45

1.2 0.56 0.49 0.54 0.48

1.7 0.47 0.45 0.40 0.39

Table 4: Cross sections with the cuts from Eqs. (16), (18), (19), (23) and |yW ′ | > ycut, where yW ′

is the reconstructed partonic c.m. frame rapidity.

σ (fb) W ′
L W ′

R

ycut = 0 110 150

ycut = 0.8 55 78

ycut = 1.2 30 42

ycut = 1.7 7.6 9.9

4.2 W ′ chiral couplings from top spin correlation with lepton angle

We showed in the previous section that the top angular distribution cannot distinguish W ′
L,R cases.

This was because the spins and helicities of the initial and final states were the same. The chirality

of the W ′ coupling to SM fermions is reflected in the polarization of the top quark, which, as we

will show, can be measured using the angular distribution of the resulting lepton in the top center

of mass frame. A similar analysis was recently used to determine the polarization of like sign tops

from the decay of an exotic color state [25].

First, we give a physical argument for why the top quark polarization can be measured by using

q q̄′

W ′−

L : ν̄ #−

(a)

q q̄′

W ′−

R: ν̄ #−

(b)

Figure 9: Figs. (a) and (b) show the helicity states of the initial (q and q̄′) and final state (t and
b̄) particles for both the W ′

L and W ′
R cases. The single arrowed lines show the momentum of the

particle, and the double arrowed lines show the spin.

20

(Mahon, 
Head) 



Only top quark can help! 
Define a polar angle of a charge lepton  
in the top-rest frame, w.r.t the top momentum direction: 
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Figure 10: The leptonic angular distribution for a 1 TeV W ′ as a function of cos θ!â in the top
quark rest-frame, where we take â as the direction of the top 3-momentum in the partonic center-
of-mass frame. The solid (dashed) lines are the results without (with) smearing and cuts Add cut
Eq. (21).

direction of the top in the partonic c.m. frame. Using the reconstructed events we can find the

angular distribution of the lepton in the top rest frame. The results of this reconstruction are shown

in Fig. 10. The main effect of the cuts is to flatten out the distributions somewhat. Around cosθ ≈
−1 the lepton become soft and fails the transverse momentum cut. Hence the W ′

L distribution is

affected more by the cuts than the W ′
R cut. In spite of the effects of the cuts, we retain an excellent

ablility to tell W ′
L and W ′

R apart.

The previous physical argument for the lepton angular distribution explains why the W ′
L an-

gular distribution is more affected by cuts than the W ′
R distribution. If a decay product of the top

quark in the top rest frame is moving opposite the direction of the top in the partonic c.m. frame

frame, when that particle is boosted into the partonic c.m. frame frame it will be soft. Then cuts

on that particle’s transverse momentum will be more drastic. As can be seen if fig. 10, in the W ′
L

case the charged lepton prefers to moves against the direction of the top quark in the partonic

c.m. frame and in the W ′
R case the charged lepton prefers to move in the same direction as the

top quark in the partonic c.m. frame. The transverse momentum cut on the charged lepton will

suppress the cross section when cosθ!a ≈ −1. Hence, the transverse momentum cuts affect the

W ′
L angular distribution more than the W ′

R angular distribution.

Using the reconstructed events we can also determine the observable A defined in Eq. (35). The

results for A are given in Table 5 for both our signal and its interference with the SM W . Note that

after cuts A in the table is being defined by Eq. (35) but is no longer exactly the A in Eq. (34).

Once all the cuts have been applied we obtain a very good determination of the chirality of the

W ′.

23
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Figure 1: The partonic level process for a heavy W ′+ production at hadron colliders.

3 Signal for W ′ → tb at the LHC

At the LHC, the dominant parton-level subprocess for a heavy W ′ production is depicted in Fig. 1,

as labelled with the corresponding momenta

q′(p1) q̄(p2) → W ′+ → t(k1) b̄(k2) → W+(q2) b(k3) b̄(k2) → "+(k!) ν(kν) b(k3) b̄(k2), (5)

plus its conjugate process of W ′− production with a smaller rate. We wish to identify the signal

events with a very energetic charged lepton, two high-energy b-quark jets, and large missing energy

from the undetected neutrino.

3.1 W ′ production and decay

The partial width for W ′ decaying to a pair of fermions is

Γ(W ′ → q̄q′) = 3g2
2(gqq′

L

2
+ gqq′

R

2
)
MW ′

48π
, (mq = mq̄ = 0)

Γ(W ′ → tb) = 3g2
2(gtb

L
2
+ gtb

R
2
)
MW ′

48π

(

1 −
m2

t

M2
W ′

)(

1 −
m2

t

2M2
W ′

−
m4

t

2M4
W ′

)

, (mb = 0). (6)

Here and henceforth, we generically denote the W ′ with both left- and right-handed couplings gL

and gR, and set the gauge coupling strength to that of the SM SU(2), g2. The partial widths of

the W ′ to quarks is symmetric under R ↔ L. However, its decay to the leptons will depend upon

the lepton spectrum and flavor mixing for a given model. If assuming the SM particle content and

no heavy leptons (N, L) below the threshold MW ′ < ML + MN , then one only has

Γ(W ′
L → "νi) = g2

2glν
L

2 MW ′

48π
, (7)
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b. Charge, Parity, and CP 
Top is the only quark that its  
charge can be kept track of 
via leptonic decay, and thus 
can test  F-B symmetry (parity). 
E.g.: a vector resonance: 

4

FIG. 3: Normalization factor versus the resonance mass for
the scalar (dashed) with a width-mass ratio of 20%, vector
(dot-dashed) with 5%, and graviton (solid) 2%, respectively.
The region above each curve represents values of ω that give
5σ or greater statistical significance with 10 fb−1 integrated
luminosity.

butions, we show in Fig. 4(b) the expected SM tt̄ events
(solid) with 1σ statistical error bars in each bin for a 10
fb−1 integrated luminosity, along with a 5σ signal of a
chirally coupled vector summed with the tt̄ background
in the resonant region (dashed). Due to the large event
sample, the statistical significance is evident in the cen-
tral and forward region. The forward-backward asymme-
try in cos θ∗ can thus be constructed to probe the chiral
couplings of the particle to the top quark. With the
identification of the charged leptons, one may even form
kinematical triple products to test the CP properties of
the couplings [20]. As for distinguishing the other spin
states, it is a question of statistical significance. A nar-
row graviton may be relatively easy to confirm, achiev-
able with a few tens of fb−1 luminosity; a broad scalar
may require the highest luminosity, more than 300 fb−1.

In summary, we investigated two ways to reconstruct
semileptonic tt̄ events at high tt̄ invariant mass and
showed the utility of each in discovering new physics in
the form of integer-spin resonances. The angular distri-
butions of the top in the reconstructed CM frame reveal
the spin of the resonance, and relative contribution from
the initial states qq̄ or gg. The forward-backward asym-
metry and CP-odd variables can be constructed to fur-
ther differentiate models. Because SM top quark physics
is well predicted, high invariant mass top pair production
may provide an early indicator for new physics beyond
the Standard Model at the LHC.
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And possibly test CP asymmetry as well for tt-interactions: 

                  p p  t t  µ+ µ- ν ν b b X  
                  3% asymmetry achievable. 5σ at 10 fb-1. 

G. Valencia (Iowa State), TOP 2010, Brugge

Conclusions

• We have studied several T-odd correlations that illustrate 

the different possibilities in searching for CP violation in 

top physics

• We have estimated the asymmetries for the simple cases 

of anomalous top-quark couplings in both top production 

and decay, and a multi-Higgs model

• With these examples we have estimated the statistical 

sensitivity of the LHC and the Tevatron to the CP violating 

top-quark couplings

• The time is ripe for experimental studies of CP violation in 

top physics: any observation would signal new physics. We 

urge the collaborations to carry them out.

(G. Valencia) 

− − − 



c. Top flavors 
Non tb couplings of top are tiny in 
SM, and thus worth searching for. 

Anomalous couplings may come from effects 
of heavier particles.     (S. Willenbrock) 

7

Table 2
Some possible rare decays of the top quark into Standard Model particles, the Standard Model branching
ratio predictions [67], existing experimental constraints, and prospects for experimental measurements at
the LHC.
Decay Mode SM BR 95% CL Tevatron LHC Prospects 10 fb−1

t → bW ∼ 1 > 0.79 [68]∗ 0.998 [69]†∗

t → sW 1.6 × 10−3 (see above) (see above)

t → dW 10−4 (see above) (see above)

t → qZ (q = u, c) 1.3 × 10−13 < 0.037 [70] 6.5 × 10−4 [71]

t → qγ (q = u, c) 5 × 10−13 < 0.18 [72] 1.9 × 10−4 [71]

t → qg (q = u, c) 5 × 10−11 < 0.12 [72] 10−2 (1 fb−1) [9]

t → qh0 (q = u, c) 8 × 10−14 – 1.4 × 10−4 [73]
∗Assuming no appreciable FCNC or exotic particle decays for top. The lower limits for t → Wb thus
translate into limits on the sum of t → Ws and t → Wd. See the text for more details.
†Current estimates include only statistical uncertainties; the actual sensitivity is likely to be systematics-
dominated.

of possibilities, so this discussion will be limited to
charged Higgs decay t → H+b. Additional Higgs
SU(2) doublets are perhaps the most innocuous
additions to the Standard Model Higgs sector
from the point of view of precision electroweak
constraints, and arise naturally in the context
of supersymmetric and composite Higgs theories.
They inevitably result in physical charged scalars
in the spectrum, which inherit a large coupling
to the top. Provided the H+-t-b coupling is large
enough, and the mass of H+ is sufficiently smaller
than mt (less than about 150 GeV), top decays
can provide an excellent way to produce charged
Higgs bosons.

In a type-II two Higgs doublet model (such as
the MSSM), one Higgs doublet gives mass to the
up-type quarks, and one to the down-type quarks.
An important parameter for phenomenology is
the ratio of the vacuum expectation values of the
two doublets, tanβ = v1/v2. At tree level, the
H+-t-b vertex is enhanced for either very large
or very small values of tanβ. In the first limit,
the charged Higgs will dominantly decay into τ+ν
and in the second into jets, cs̄. The first appears
as an anomalously large branching ratio of top
into tau leptons, and the second as a set of top
decays for which the untagged jets have an invari-
ant mass inconsistent with a W boson decay.

Current limits from the Tevatron vary some-

what with the Higgs mass, but require (95% CL)
the branching ratios for t → H+b to be less than
15% when H+ → τν [83] or less than 30%− 10%
(as mH+ ranges from 90 GeV to 150 GeV) when
H+ → cs̄ [84]. At the LHC the expectation is
that with 100 fb−1, any mass less than 155 GeV
(for all tanβ) can be discovered [69].

4. TOP QUARKS IN NEW RESONANT
PRODUCTION

There are good reasons to suspect that the top
quark is only a tip of the iceberg and there is
a whole top sector and top dynamics which de-
scribes our microscopic universe, just waiting to
be discovered in near future experiments. One
generic possibility is that the top quark field cou-
ples to new particles more dominantly than the
other SM fields. Once these new degrees of free-
dom are produced they will, therefore, predomi-
nantly decay into SM top quarks. If the new par-
ticles are bosons, with appropriate gauge quan-
tum numbers, then the simplest decay process
would probably be into two top quarks. Thus,
a natural way to look for the top dynamics be-
yond the SM is in a form of resonant structure
in processes that involve top pairs. However,
due to the very high mass of the top, it is not
until very recently that one could directly test
whether tt̄ resonances exist in nature. Such a

(TH, Maltoni, Tait, et al. ) 



d. Baryon Number? 

Can we test B-violation at the LHC, the energy frontier? 
beyond the only experiments proton decay and n-n oscillation 

The baryon number is necessarily broken,  
because: 
Theory: B, L anomalous in SM; 
Observation: Matter-antimatter asymmetry. 

The top quark carries B=1/3,  
a possible chance to test B-violation. 
No concrete proposals yet … 

− 



•  Hard to imagine that top won’t lead 
the way for new physics discovery! 
Should be the “Top priority”! 

•  Efficient top event reconstruction 
•  Boosted tops for heavy resonances: 
   jets, b-tagging at high pT, isolation 

•  Control systematics: ISR/FSR 
      (both expt. and theo.)    
* Parton showering/merging, scale choice (theo.) 

Will keep us busy!  Realize our dreams! 



Gruuthusehof: 



New Symmetries: 


