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Top Turns to 20 ! 
Tevatron: Schwienhorst; Yao 
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New era for top quark physics has just begun ! 
280 million tt pairs + 100 million single t’s @14 TeV, 300 fb-1  

Top Rediscovered @ the LHC13  

Top pair production

18August 31    2015                                         Paolo SPAGNOLO - INFN Pisa                                                     LHCP 2015                                                                                                             

Top pair to di-leptons Top pair to lepton+jets

Number of hadronic jets for events containing one 
isolated muon and one isolated electron forming an 
invariant mass greater than 50 GeV.

=> top-pair cross section measurement
=> top mass measurement

Reconstructed hadronic top quark candidate mass for 
events containing 1 isolated muon (pT>30 GeV, |"|<2.4, 
passing medium identification), four jets (pT>30 GeV, |
"|<2.5), out of which 2 pass the tight b-tagging 
threshold.
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Top Cross-Section
ATLAS-CONF-2015-033

σtt (13 TeV) = 825 ± 49 (stat) ± 60 (syst) ± 83 (lumi) pb

See, the next three talks   
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• Its prompt decay much shorter than the QCD scale offers the op-
portunity to explore the properties of a “bare quark”, such as its
spin and mass.

Top quarks will be copiously produced at the LHC. The production and
decay are well understood in the SM. Therefore, detailed studies of the top-
quark physics can be rewarding for both testing the SM and searching for
new physics [3].

1.2. Top Quark in The Standard Model

In the SM, the top quark and its interactions can be described by

−LSM = mtt̄t +
mt

v
Ht̄t + gst̄γ

µT atGa
µ + eQtt̄γ

µtAµ (1.1)

+
g

cos θw
t̄γµ(gV + gAγ5)tZµ +

g√
2

d,s,b
!

q

Vtq t̄γ
µPLqW−

µ + h.c.

Besides the well-determined gauge couplings at the electroweak scale, the
other measured parameters of the top quark are listed in Table 1.1.

Table 1.1. Experimental values for the top quark parameters [4].

mt (pole) |Vtb| |Vts| |Vtd|

(172.7 ± 2.8) GeV > 0.78 (40.6 ± 2.6) × 10−3 (7.4 ± 0.8) × 10−3

The large top-quark mass is important since it contributes significantly
to the electroweak radiative corrections. For instance, the one-loop correc-
tions to the electroweak gauge boson mass can be cast in the form

∆r = −
3GF m2
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With the mt value in Table 1.1, the best global fit in the SM yields a Higgs
mass mH = 89+38

−28 GeV [4]. The recent combined result from CDF and D0
at the Tevatron Run II gave the new value [5]

mt = 171.4 ± 2.1 GeV. (1.3)

The expected accuracy of mt measurement at the LHC is better than 1
GeV [6], with errors dominated by the systematics.

To directly determine the left-handed V -A gauge coupling of the top
quark in the weak charged current, leptonic angular distributions and W

Top in the SM: 

On top,  
where we stand 
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With the mt value in Table 1.1, the best global fit in the SM yields a Higgs
mass mH = 89+38

−28 GeV [4]. The recent combined result from CDF and D0
at the Tevatron Run II gave the new value [5]

mt = 171.4 ± 2.1 GeV. (1.3)

The expected accuracy of mt measurement at the LHC is better than 1
GeV [6], with errors dominated by the systematics.

To directly determine the left-handed V -A gauge coupling of the top
quark in the weak charged current, leptonic angular distributions and W

Top in the SM: 

✔

On top,  
where we stand 

✔

✔✔ 

30-40% via direct production a few% 
0.5% by 
kinematics 30% fitted 

Snowmass top report: arXiv:1311.2028; 
Other ATLAS/CMS papers/talks. 

|Vtb| > 0.92;  Γt D0 ≈  2.00 ± 0.47 GeV 
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Top in the SM: 

✔

On top,  
where we stand 

✔
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30-40% via direct production a few% 
0.5% by 
kinematics 30% fitted 

Snowmass top report: arXiv:1311.2028; 
Other ATLAS/CMS papers/talks. 

Top Precision @ LHC 14 
Δmt < 600 MeV!   Connection to well-defined MS-bar mass?  

Δ(ttZ, tbW, ttH) ~ 10%  New scale: (v/Λ )2 à Λ ~ 1 TeV  

|Vtb| > 0.92;  Γt D0 ≈  2.00 ± 0.47 GeV 



The “Higgs mechanism” was designed to give W/Z 
masses. Thus: 

New Physics: Top Credits! 



The “Higgs mechanism” was designed to give W/Z 
masses. Thus: 

New Physics: Top Credits! 

Yet, the top quark already stole the show, and will 
continue to be on the “center stage”!  

Main production processes 
ggH& VBF& VH& nH&

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 10&

Pp&collisions&

SM2ggF,2PH,2bbH2theory2uncertainty:2~10%22
VBF,2VH,2ZH:22C3%2
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Due to the large Yukawa coupling: yt ≈ 1,  

                “Naturalness” argument: 
 ~ 90% cancellation à Λt (top partners) < 3 TeV  

New Physics: Top Rules! 

9!

Quantum corrections to the Higgs mass:!•  Higgs mass quadratically sensitive to quantum-corrections, 
mostly from top-loop: 

•  The large yt might determine the fate of our vacuum. 

Stefania Gori’s talk 



Top Partners: “Natural” Demand  
In SUSY:   
scalar top: t 
Partner’s partners: b,  g 

In Composite (or Little) Higgs:  
Fermionic partner: T …  

~ 

~ ~ 

There are also other incarnations for a “natural” theory: 
Twin Higgs etc., all with “top partners”. 

David Shih’s talk 



Top Connections 
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

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



•  Large mass à  
     Access to new decay channels 
•  Short life-time à  
     Direct probe for spin correlation &  
     other (bare-quark) quantum numbers (Qt, Bt …) 
•  Reconstructable à  
     leptonic, hadronic, top-tag …  
•  Large Yukawa coupling à  
     Portal to Higgs & EWSB sector 

New Physics: Top Tools 

Now some (incomplete) illustrative examples 
… 

Franceschini’s talk 
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SM:                              Probes: 

Top Decays 
-- Anything not “well-done” is “rare”. 

BR(t à s W) ~ 0.16%        LHC: only a loose bound. 
BR(t à d W) ~ 6.4x10-5        uhm …  
BR(t à b W*h) ~ 1.8x10-9   Higgs! Important to verify!  

BR(t à c g) ~ 5x10-12  
BR(t à c γ) ~ 5x10-14  
BR(t à c Z) ~ 10-14  
BR(t à c h) ~ 3x10-15  

SM unobservable! 
Discovery for flavor-violations; 
new light particles in loops … 

TH, R. Ruiz: arXiv:1312.3324 

Aguilar–Saavedraa, Onofre: 
arXiv:1002.4718 

arXiv:1311.2028 
B. Lemmer’s talk 

 gu→t  gc→t  uγ →t  cγ →t  Hu→t  Hc →t  Zq→t 

BR

17−10

15−10

13−10

11−10

9−10

7−10

5−10

3−10

1−10
1

ATLAS

CMS

SM

Extra Dimensions
Warped

2HDM (FV)

2HDM (FC)

(1 TeV Squarks)
MSSM

violating MSSM
R Parity

•  FCNC:'Complex'final'states'with'tough'background'modeling'

•  S>ll'far'above'SM'predic>on,'but'BSM'sensi>vity'close'

•  Limited'by'signal'and'background'modeling'

•  No'sign'of'devia>ons'from'the'SM'yet'

'

Conclusions

12'

95%$CL$exclusion$limits$

SM: 'Acta'Phys.Polon.,'B35:2695W2710,'2004,'hepWph/0409342'

BSM: 'Summary/extrapola>on'from'arXiv:1311.2028,'see'appendix'for'references'used'therein'
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SM:                              Probes: 

Top Decays 
-- Anything not “well-done” is “rare”. 

BR(t à s W) ~ 0.16%        LHC: only a loose bound. 
BR(t à d W) ~ 6.4x10-5        uhm …  
BR(t à b W*h) ~ 1.8x10-9   Higgs! Important to verify!  

BR(t à c g) ~ 5x10-12  
BR(t à c γ) ~ 5x10-14  
BR(t à c Z) ~ 10-14  
BR(t à c h) ~ 3x10-15  

BSM:                            NP Probes: 
BR(t à b H±) < 0.3%         Important to push forward! 

BR(t à b u e+) < 0.15% (CMS)      B-L reconstructable: 
                                                       m(jje) = mt; m(jj) ≠ MW 

SM unobservable! 
Discovery for flavor-violations; 
new light particles in loops … 

− − 
BR(t à t χ0 ) ?                   Not much room, but watch out. 

~ 

TH, R. Ruiz: arXiv:1312.3324 

Z. Dong et el.: arXiv:1107.3805 

Aguilar–Saavedraa, Onofre: 
arXiv:1002.4718 

arXiv:1311.2028 
B. Lemmer’s talk 
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Spin Correlations, Asymmetries 
in Top Production 

3

Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(m
t̃1
= 180 GeV, m

�̃

0
1
= 1 GeV)

TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

likelihood fit is used to extract the spin correlation from
the �� distribution in data. This is done by defining a
coefficient fSM that measures the degree of spin correla-
tion relative to the SM prediction. The fit includes a linear
superposition of the �� distribution from SM tt̄ MC sim-
ulation with coefficient fSM, and from the tt̄ simulation
without spin correlation with coefficient (1 � fSM). The
e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normaliza-
tion free with a fixed background normalization. The tt̄
normalization obtained by the fit agrees with the theoret-
ical prediction of the production cross section [71] within
the uncertainties. Negative values of fSM correspond to an
anti-correlation of the top and antitop quark spins. A value
of fSM = 0 implies that the spins are uncorrelated and val-
ues of fSM > 1 indicate a degree of tt̄ spin correlation
larger than predicted by the SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [102].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated un-
certainty is estimated by varying the relative normaliza-
tions of simulated b-jet, c-jet and light-jet samples. The
uncertainty due the choice of generator is determined by
comparing the default to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [71, 72] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1

= 1 GeV) normalized to
the NLO cross section including next-to-leading-logarithm cor-
rections [101] plus SM tt̄ production plus background is also
shown (solid green histogram). The lower plot shows those dis-
tributions (except for background only) divided by the SM tt̄ plus
background prediction.

The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
events, showered with PYTHIA, with varied amounts of
ISR and FSR. As in Ref. [42], the size of the variation is
compatible with the recent measurements of additional jet
activity in tt̄ events [103]. The Wt normalization is var-
ied within the theoretical uncertainties of the cross-section
calculation [86], and the sensitivity to the interference be-
tween Wt production and tt̄ production at NLO is stud-
ied by comparing the predictions of POWHEG-BOX with
the diagram-removal (baseline) and diagram-subtraction
schemes [85, 104]. As in Ref. [42], the uncertainty due
to the top quark mass is evaluated but not included in the
systematic uncertainties, since it would have no significant

Top pair spin correlation via l+l- 
observed by D0, ATLAS, CMS. 
 
Good agreement with SM excludes the 
stop pair contribution in mt – 190 GeV 

ATLAS: arXiv:1412.4742 
CMS-PAS-TOP-13-001 
C. Gerber’s talk 
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The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
events, showered with PYTHIA, with varied amounts of
ISR and FSR. As in Ref. [42], the size of the variation is
compatible with the recent measurements of additional jet
activity in tt̄ events [103]. The Wt normalization is var-
ied within the theoretical uncertainties of the cross-section
calculation [86], and the sensitivity to the interference be-
tween Wt production and tt̄ production at NLO is stud-
ied by comparing the predictions of POWHEG-BOX with
the diagram-removal (baseline) and diagram-subtraction
schemes [85, 104]. As in Ref. [42], the uncertainty due
to the top quark mass is evaluated but not included in the
systematic uncertainties, since it would have no significant

Top pair spin correlation via l+l- 
observed by D0, ATLAS, CMS. 
 
Good agreement with SM excludes the 
stop pair contribution in mt – 190 GeV 

Bernreuther, Heisler, Si: arXiv:1508.0527 
A set of charge asymmetries may be sensitive to NP. 

A set of spin correlation observables may be sensitive to NP. 

Aguilar-Saavedra et al., arXiv:1406.1798 

ATLAS: arXiv:1412.4742 
CMS-PAS-TOP-13-001 
C. Gerber’s talk 
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tion relative to the SM prediction. The fit includes a linear
superposition of the �� distribution from SM tt̄ MC sim-
ulation with coefficient fSM, and from the tt̄ simulation
without spin correlation with coefficient (1 � fSM). The
e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normaliza-
tion free with a fixed background normalization. The tt̄
normalization obtained by the fit agrees with the theoret-
ical prediction of the production cross section [71] within
the uncertainties. Negative values of fSM correspond to an
anti-correlation of the top and antitop quark spins. A value
of fSM = 0 implies that the spins are uncorrelated and val-
ues of fSM > 1 indicate a degree of tt̄ spin correlation
larger than predicted by the SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [102].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated un-
certainty is estimated by varying the relative normaliza-
tions of simulated b-jet, c-jet and light-jet samples. The
uncertainty due the choice of generator is determined by
comparing the default to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [71, 72] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1

= 1 GeV) normalized to
the NLO cross section including next-to-leading-logarithm cor-
rections [101] plus SM tt̄ production plus background is also
shown (solid green histogram). The lower plot shows those dis-
tributions (except for background only) divided by the SM tt̄ plus
background prediction.

The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
events, showered with PYTHIA, with varied amounts of
ISR and FSR. As in Ref. [42], the size of the variation is
compatible with the recent measurements of additional jet
activity in tt̄ events [103]. The Wt normalization is var-
ied within the theoretical uncertainties of the cross-section
calculation [86], and the sensitivity to the interference be-
tween Wt production and tt̄ production at NLO is stud-
ied by comparing the predictions of POWHEG-BOX with
the diagram-removal (baseline) and diagram-subtraction
schemes [85, 104]. As in Ref. [42], the uncertainty due
to the top quark mass is evaluated but not included in the
systematic uncertainties, since it would have no significant

Top pair spin correlation via l+l- 
observed by D0, ATLAS, CMS. 
 
Good agreement with SM excludes the 
stop pair contribution in mt – 190 GeV 

Bernreuther, Heisler, Si: arXiv:1508.0527 
A set of charge asymmetries may be sensitive to NP. 

A set of spin correlation observables may be sensitive to NP. 

Aguilar-Saavedra et al., arXiv:1406.1798 

Also important! Understand individual channels: 
t t-bar, t-channel t, s-channel t, and tW 

ATLAS: arXiv:1412.4742 
CMS-PAS-TOP-13-001 
C. Gerber’s talk 



New Resonances to Tops 
qq, gg à R*à t t 

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

11

Current 95% CL exclusion on color resonance: 2-3 TeV  

− − 

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



(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.
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Charged Resonance: 
WR

± remains to be a top contender for the 
LHC “di-boson” anomalies*, this tb channel 
should serve as a crucial test ! 

R 

Junjie Zhu’s talk;  
Dobrescu & Liu, arXiv:1506.06736 
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d u à W- à 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 ℓ−

(a)

q q̄′

W ′−

R: ν̄ ℓ−

(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.
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Top spin as a discriminator 
for W’L,R  chirality: 

Charged Resonance: 
WR

± remains to be a top contender for the 
LHC “di-boson” anomalies*, this tb channel 
should serve as a crucial test ! 

R 

d u à WL,R
- à tb à e-ν bb 

ẑ b
tW ′

L
+ :

W+
T

νℓ

ℓ+

.

.

(a)

ẑ b
tW ′

R
+ :

W+
T

νℓ

ℓ+

.

.

(b)

Figure 9: The helicity and spin correlations between the initial state qq̄′ and final state tb̄ for (a)
and (b) with W ′

L and W ′
R respectively. The single arrowed lines show the momentum of the particle,

and the double arrowed lines show the spin.

normalized using the cross section that was employed in the normalization of the corresponding

angular distribution in Figs. 8 (a) and (b). Again, the solid histograms are with the most stringent

W ′ rapidity cut and still follow the (1 + cos θt)2 curve most faithfully for cos θt ! 0.25 . For all

W ′ rapidity cuts, the cut of Eq. (23) tends to eliminate events where cos θt ≈ ±1. The additional

deficit or distortion in the high rapidity region for cos θt " 0.25 is due to the final state rapidity

cuts of Eq. (16).

This well-known distribution in Fig. 8 can be easily understood based on the argument of spin

correlations, as shown in Figs. 9 (a) and (b), for the W ′
L and W ′

R cases, respectively. Once again, the

single arrow lines represent the particle momenta and the double arrow lines the particle helicities.

For our process, the top quark is very energetic and its helicity state largely coincides with a fixed

chirality state. A W ′
L (W ′

R) should couple to left-handed (right-handed) particles and right-handed

(left-handed) antiparticles. Since the top quark spin is preferentially in the same direction as the

spin of the initial state quark, the top quark momentum will preferentially be in the same direction

as the initial state quark momentum. This argument works for both the W ′
L and the W ′

R cases.

This feature can be confirmed from our analytical expression in Eq. (24), where the symmetry

under gL ↔ gR is evident.

For a more general case, gL and gR may be both non-zero and non-equal. The relevant observable

to determine chiral couplings is the forward-backward asymmetry, defined by

AFB =
σ(cos θt > 0) − σ(cos θt < 0)

σ(cos θt > 0) + σ(cos θt < 0)
, (25)

which reflects the parity property of the interaction. Using Eq. (24),we find that in the partonic

c.m. frame

Âqq′

FB =
3

4
!

1 + x2
t /2
"

#

gtb
R

2 − gtb
L

2
$

#

gtb
R

2
+ gtb

L
2
$

#

gqq′

R

2
− gqq′

L

2$

#

gqq′

R

2
+ gqq′

L

2
$ . (26)

Convolving with the parton distribution functions and using the narrow width approximation for

19

Junjie Zhu’s talk;  
Dobrescu & Liu, arXiv:1506.06736 

− − − 

Repko, Frere; Si et al.   
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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 θℓâ 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 cos θ ≈
−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 cos θℓa ≈ −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

q̄

W
q′

W ′

ℓ+

b̄

t b

ν

k2

k1

q2

k3

kν

p1

p2

kℓ

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) → ℓ+(kℓ) 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 → ℓνi) = g2

2glν
L

2 MW ′

48π
, (7)

6

Top as a “Polarizer” 

I. Lewis et al.,  arXiv:1008.3508 



Non-Resonance t-channel Enhancement 

q,  
, Q 

, 
, 

Forward jet tagging: VBF kinematics 

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

W )   
 
•  longitudinal gauge boson enhancement: 
       MQ/MW   
 
* Unique kinematics Q à W q  



Top + Missing Particles 
In SUSY:   
scalar top: t à t χ0, t χ2,3

0 (Wχ±, Z/hχ0), b χ± (Wχ0) 
 
Partner’s partners: b à t χ± (Wχ0), b χ0, b χ2,3

0 (Wχ±, Z/hχ0) 
g à tt, bb …  
 

Final state signals: Missing ET + top-rich events 
        (n) tt + (m)V’s/h’s + MET 
 
Current search: No bounds for mχ0 > 250 GeV. 
“Compressed/stealthy SUSY” even more challenging ! 

In Composite (or Little) Higgs:  
Fermionic partner: T à t A0, b WH

±, t ZH/h 
Color-octet partner: GKK à tkk t 

~ 

~ 

~ 

(dark matter connection) 
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Well-known searches and results: 
      m(stop) > 700-800 GeV,  
but m(stop) ~ mt+mχ difficult ! 
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Top Partner à Top + Missing Particles: 
       Y à t X C. Chen et al.,  arXiv:1207.4794 

Y X GY Y XY t sample model and decay
JY , ISU(3) JX , ISU(3) coupling coupling Y → tX

i 0, 3 1
2 , 1 GaµY ∗

←→
∂µT aY XΓt Y ∗ MSSM t̃→ tχ̃0

1

ii 1
2 , 3 0, 1 Y G/ aT aY Y ΓtX UED tKK → tγH,KK

iii 1
2 , 3 1, 1 Y G/ aT aY Y X/ Γt UED tKK → tγKK

iv 1, 3 1
2 , 1 S3[G, Y, Y ∗] XY/ ∗Γt [12] Q⃗→ tχ̃0

1

Γ ≡ aLPL + aRPR , A
←→
∂µB ≡ A(∂µB)− (∂µA)B

S3[G, Y, Y ∗] ≡ T a
!

Ga
µ Y

∗
ν

←→
∂µY ν +Ga

µ Y
µ∗←−∂νYν −Ga

µ Y
∗
ν

−→
∂νY µ

"

Table 1: Quantum numbers and couplings of the new particles X and Y , which interact
with the SM top quark, t. In the last column, t̃ and χ̃0

1 are the scalar top and lightest
neutralino in the MSSM, respectively [10]. tKK, γKK, and γH,KK are the first-level Kaluza-
Klein excitations of the top, the photon, and an extra-dimensional component of a photon,
respectively, in universal extra dimensions (UED) [11]. Finally, Q⃗ is the vector superpartner
in a supersymmetric model with an extended gauge sector [12].

where Dµ = ∂µ − igTaGa
µ. Then the Y -Y -gluon interaction term is

LY Y G =
1

2
ig(Ta)ji

#

(∂µȲ ν
j − ∂ν Ȳ µ

j )(G
a
µYνi −Ga

νYµi)− h.c.
$

. (2)

The resulting Feynman rule is

Ȳ ρ
jq

Y σ
i

Gτ
b

p

= ig(Tb)ji ((q − p)τgσρ + pρgστ − qσgρτ ) . (3)

Likewise, the Y -Y -gluon-gluon interaction term is

LY Y GG = −
g2

2
(Gµ

b Ȳ
ν −Gν

b Ȳ
µ)TbTa(G

a
µYν −Ga

νYµ) . (4)

The resulting Feynman rule is

Ȳ ρ
k

Y σ
j

Gλ
d

Gτ
c

= −ig2
#

(TcTd + TdTc)kjg
τλgρσ − (TcTd)kjg

τσgλρ − (TdTc)kjg
τρgλσ

$

.

(5)

3

JY Limit on mY

0 >∼ 500 GeV

1/2 >∼ 650 GeV

1 >∼ 730 GeV

Table 2: Experimental bounds on the mass of particle Y for different spins, JY , under the
assumption mY ≫ mX . These estimates are based on the ATLAS results from Refs. [19].

the fermion and scalar is larger at small values of β, that is, when the mass of the Y is large.
This relative enhancement of the fermionic Y Ȳ production is particularly pronounced when
the Y particles are produced mostly near the threshold limit. Note that, although the curves
for the vector and scalar appear to be parallel on the logarithmic scale, their ratio varies
from about 34 to 16 in the mass range shown.

4 Current Bounds from the Tevatron and LHC

As Fig. 1 indicates, the top-quark partner, Y , decays to a top quark plus a neutral particle,
X . The discrete symmetry implies that X is stable and leads to missing-energy events.
Thus, the signal is tt̄ plus missing energy. Searches for supersymmetric scalar tops at the
Tevatron [16, 17] and the LHC [18–20] put constraints on the allowed parameter space for
the class of processes considered here. Additional, though generally weaker, bounds also
arise from general searches for signals with jets and missing energy [21].

Currently, the strongest constraints arise from scalar top searches at ATLAS using
4.7 fb−1 of data taken at

√
s = 7 TeV [19]. For mY ≫ mX , they put a lower bound

mY
>∼ 500 GeV on a scalar Y . By taking into account the different production cross sections

for scalars, fermions, and vectors (see Fig. 2), one can translate the results of Refs. [19] into
a limit of mY

>∼ 650 GeV for a fermionic top partner and mY
>∼ 730 GeV for a vector top.

The bounds are summarized in Table 2. It should be pointed out that the limits for
fermionic and vector Y are simple estimates from theoretical considerations. For more
robust results, a detailed experimental analysis of these scenarios needs to be performed.

For larger values of mX , that is, smaller mass differences mY −mX , the limits become
weaker. The excluded region in the mY –mX mass plane for scalar Y particles will be shown
in the next section (see Fig. 4).

5 Signal Observability at the LHC

As the previous section discusses, we consider new physics signals of the type tt̄ + E/ . For
the leading channel, in which the top quarks decay hadronically [3], the signal receives large
backgrounds from SM processes with multiple QCD jets. To suppress QCD backgrounds,

5
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Figure 2: Production cross sections for pp→ Y Ȳ at the LHC for 8 TeV (left) and 14 TeV
(right), as a function of the mass mY , for different Y spins. The leading SM backgrounds
are indicated by horizontal lines.

3 Color-Triplet Top-Partner Production

The dominant modes for production of the top partner in hadronic collisions are the QCD
subprocesses

qq̄ , gg → Y Ȳ . (6)

We restrict ourselves to the first- and second-generation quarks q = u, d, c, s and use the
CTEQ 6L1 parton distribution functions (PDFs) [13], with the factorization scale set to
mY . For mY ∼ 200–1000 GeV, the dominant subprocess is gg → Y Ȳ , which is about one
order of magnitude larger than uū, dd̄→ Y Ȳ . The channels cc̄, ss̄→ Y Ȳ are suppressed by
roughly one additional order of magnitude.

The total QCD production cross section at the LHC as a function of the mass of the Y
is shown in Fig. 2, for the cases in which Y has spin 0, 1/2, and 1. The plots include next-
to-leading order (NLO) and resummed next-to-leading logarithmic (NLL) QCD corrections
for the scalar Y [14] and NLO and NNLL corrections for the fermionic Y [15]. The QCD
corrections for vector Y production have not yet been calculated; we use the K-factor for
the scalar Y (1.77 at

√
s = 8 TeV, 1.56 at

√
s = 14 TeV), since the two cases share similar

leading-order Feynman diagrams.
The cross section for the fermion is about an order of magnitude larger than that of the

scalar, because of the fermion’s extra spin degrees of freedom and threshold effects. In the
s-channel, the scalar is produced as a p-wave with a velocity dependence of σ ∼ β3, whereas
the fermion is produced as an s-wave with σ ∼ β. Thus, the ratio of the cross sections of
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Figure 4: Expected statistical significance for model i, as a function of the masses of X
and Y . The left panel corresponds to

√
s = 8 TeV and L = 20 fb−1, while the right panel

corresponds to
√
s = 14 TeV and L = 100 fb−1. The dashed line shows the current exclusion

limit at the 95% confidence level from Refs. [19].

signal there is a plateau between 200 and 400 GeV in Fig 3. The cut E/ > 350 GeV
has been chosen because above 350 GeV the backgrounds are suppressed considerably.
In practice, we have applied either Cut(1) or Cut(2h), whichever produces the larger
statistical significance S/

√
B for a given parameter point (mY , mX). Here, S and B

denote the number of signal and background events after cuts.

• For
√
s = 8 TeV, we have used either Cut(1), or

Cut(2l) = Cut(1) plus E/ > 200 GeV and M ℓ,miss
T > 145 GeV,

or

Cut(2l’) = Cut(1) plus E/ > 300 GeV and M ℓ,miss
T > 185 GeV,

whichever results in the largest significance. Cut(2l) and Cut(2l’) have been optimized
for mY ∼ 400 GeV and mY ∼ 500 GeV, respectively.

Because the signal cross section is lower for
√
s = 8 TeV than for

√
s = 14 TeV, we

have lowered the E/ cut to ensure that a sufficient number of signal events passes.
However, the looser E/ cut also results in a larger background event yield, so that it is
advantageous to apply a stronger cut on M ℓ,miss

T to improve the signal significance.

Figure 4 shows the statistical significance that can be achieved with these cuts for model i
(scalar Y and fermionic X), for different values of mY and mX . The significance is deter-
mined according to S/

√
B if B > 10, whereas Poisson statistics is used for very low event

8

Y X GY Y XY t sample model and decay
JY , ISU(3) JX , ISU(3) coupling coupling Y → tX

i 0, 3 1
2 , 1 GaµY ∗

←→
∂µT aY XΓt Y ∗ MSSM t̃→ tχ̃0

1

ii 1
2 , 3 0, 1 Y G/ aT aY Y ΓtX UED tKK → tγH,KK

iii 1
2 , 3 1, 1 Y G/ aT aY Y X/ Γt UED tKK → tγKK

iv 1, 3 1
2 , 1 S3[G, Y, Y ∗] XY/ ∗Γt [12] Q⃗→ tχ̃0

1

Γ ≡ aLPL + aRPR , A
←→
∂µB ≡ A(∂µB)− (∂µA)B

S3[G, Y, Y ∗] ≡ T a
!

Ga
µ Y

∗
ν

←→
∂µY ν +Ga

µ Y
µ∗←−∂νYν −Ga

µ Y
∗
ν

−→
∂νY µ

"

Table 1: Quantum numbers and couplings of the new particles X and Y , which interact
with the SM top quark, t. In the last column, t̃ and χ̃0

1 are the scalar top and lightest
neutralino in the MSSM, respectively [10]. tKK, γKK, and γH,KK are the first-level Kaluza-
Klein excitations of the top, the photon, and an extra-dimensional component of a photon,
respectively, in universal extra dimensions (UED) [11]. Finally, Q⃗ is the vector superpartner
in a supersymmetric model with an extended gauge sector [12].

where Dµ = ∂µ − igTaGa
µ. Then the Y -Y -gluon interaction term is

LY Y G =
1

2
ig(Ta)ji

#

(∂µȲ ν
j − ∂ν Ȳ µ

j )(G
a
µYνi −Ga

νYµi)− h.c.
$

. (2)

The resulting Feynman rule is

Ȳ ρ
jq

Y σ
i

Gτ
b

p

= ig(Tb)ji ((q − p)τgσρ + pρgστ − qσgρτ ) . (3)

Likewise, the Y -Y -gluon-gluon interaction term is

LY Y GG = −
g2

2
(Gµ

b Ȳ
ν −Gν

b Ȳ
µ)TbTa(G

a
µYν −Ga

νYµ) . (4)

The resulting Feynman rule is

Ȳ ρ
k

Y σ
j

Gλ
d

Gτ
c

= −ig2
#

(TcTd + TdTc)kjg
τλgρσ − (TcTd)kjg

τσgλρ − (TdTc)kjg
τρgλσ

$

.

(5)

3

JY Limit on mY

0 >∼ 500 GeV

1/2 >∼ 650 GeV

1 >∼ 730 GeV

Table 2: Experimental bounds on the mass of particle Y for different spins, JY , under the
assumption mY ≫ mX . These estimates are based on the ATLAS results from Refs. [19].

the fermion and scalar is larger at small values of β, that is, when the mass of the Y is large.
This relative enhancement of the fermionic Y Ȳ production is particularly pronounced when
the Y particles are produced mostly near the threshold limit. Note that, although the curves
for the vector and scalar appear to be parallel on the logarithmic scale, their ratio varies
from about 34 to 16 in the mass range shown.

4 Current Bounds from the Tevatron and LHC

As Fig. 1 indicates, the top-quark partner, Y , decays to a top quark plus a neutral particle,
X . The discrete symmetry implies that X is stable and leads to missing-energy events.
Thus, the signal is tt̄ plus missing energy. Searches for supersymmetric scalar tops at the
Tevatron [16, 17] and the LHC [18–20] put constraints on the allowed parameter space for
the class of processes considered here. Additional, though generally weaker, bounds also
arise from general searches for signals with jets and missing energy [21].

Currently, the strongest constraints arise from scalar top searches at ATLAS using
4.7 fb−1 of data taken at

√
s = 7 TeV [19]. For mY ≫ mX , they put a lower bound

mY
>∼ 500 GeV on a scalar Y . By taking into account the different production cross sections

for scalars, fermions, and vectors (see Fig. 2), one can translate the results of Refs. [19] into
a limit of mY

>∼ 650 GeV for a fermionic top partner and mY
>∼ 730 GeV for a vector top.

The bounds are summarized in Table 2. It should be pointed out that the limits for
fermionic and vector Y are simple estimates from theoretical considerations. For more
robust results, a detailed experimental analysis of these scenarios needs to be performed.

For larger values of mX , that is, smaller mass differences mY −mX , the limits become
weaker. The excluded region in the mY –mX mass plane for scalar Y particles will be shown
in the next section (see Fig. 4).

5 Signal Observability at the LHC

As the previous section discusses, we consider new physics signals of the type tt̄ + E/ . For
the leading channel, in which the top quarks decay hadronically [3], the signal receives large
backgrounds from SM processes with multiple QCD jets. To suppress QCD backgrounds,
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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 (→ ℓν) 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

– 5 –

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 –
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Figure 3: Differential distributions for (a) the transverse momentum of the charged lepton pT (ℓ), (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

– 7 –
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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(b2ℓE/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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Y X GY Y XY t sample model and decay

s, ISU(3) s, ISU(3) coupling coupling Y → tX

i 0, 3 1
2 , 1 GaµY ∗←→∂µT aY XΓt Y ∗ MSSM t̃→ tχ̃0

1

ii 1
2 , 3 0, 1 Y G/ aT aY Y ΓtX UED tKK → tγH,KK

iii 1
2 , 3 1, 1 Y G/ aT aY Y X/ Γt UED tKK → tγKK

iv 1, 3 1
2 , 1 S3[G, Y, Y ∗] XY/ ∗Γt [34] Q⃗→ tχ̃0

1

Z Y GZZ ZY t sample model and decay

s, ISU(3) s, ISU(3) coupling coupling Z → Y t

v 0, 8 1
2 , 3 GaµZc←→∂µZbfabc Y T aΓ′tZa UED gH → tKKt

vi(a) 1
2 , 8 0, 3 Zc

G/ aZbfabc Za
Y ∗T aΓ′t MSSM g̃ → t̃t

vi(b) 1
2 , 8 0, 3 Zc

DG/
aZb

Df
abc (Za

D)
∗Y ∗T abLtL

+ Za
DY

∗T abRtR

N = 2

SUSY
g̃D → t̃t

vii 1
2 , 8 1, 3 Zc

G/ aZbfabc Za
Y/ ∗T aΓ′t [34] g̃ → Q⃗t

viii 1, 8 1
2 , 3 S8[G,Z,Z] Y Z/aT aΓ′t UED gKK → tKKt

Γ ≡ aLPL + aRPR , Γ′ ≡ bLPL + bRPR

A
←→
∂µB ≡ A(∂µB)− (∂µA)B

S3[G, Y, Y ∗] ≡ Ga
µ Y

∗
ν

←→
∂µT aY ν +Ga

µ Y
µ∗←−∂νT aYν −Ga

µ Y
∗
ν

−→
∂νT aY µ

S8[G,Z,Z∗] ≡ fabc
!
Ga

µ Zc∗
ν

←→
∂µZbν + Zb

µ G
a
ν

←→
∂µZcν∗ + Zc∗

µ Zb
ν

←→
∂µGaν

"

Table 1. Quantum numbers and couplings of the new particles, X, Y and Z, which interact with
the SM top quark, t. In the last column, g̃, t̃ and χ̃0

1 are the gluino, the scalar top and lightest
neutralino in the MSSM, respectively [4]. gKK, tKK, γKK, gH and γH,KK are the first-level Kaluza-
Klein excitations of the gluon, the top, the photon, and an extra-dimensional component of a gluon
and a photon, respectively, in universal extra dimensions (UED) [8–10]. g̃D denotes a Dirac gluino
in N = 2 supersymmetry [27, 28, 36]. Finally, Q⃗ is the vector superpartner in a supersymmetric
model with an extended gauge sector [34].

combinations in table 1. The top panel of the table (cases i−iv) reproduces the color-

triplet interactions constructed in ref. [35]. These form the basis for our current extended

theoretical framework including the color octet Z (cases v−viii). By default, the X and

Z are assumed to be self-conjugate, but we also explore the phenomenological differences

between the cases where Z is a Majorana fermion (case vi(a)) and a Dirac fermion (case

vi(b)), denoted ZD, which can arise in models with N = 2 supersymmetry [27, 28]. Also

shown in the table are the structure of the relevant couplings and examples for concrete

realizations of each case in a specific model. For fermions, we allow a general chirality

structure, specified by the parameters aL,R and bL,R.
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Figure 5. Exclusion limits and projected discovery reach for pp→ ZZ̄ → tt̄ Y Ȳ → tt̄tt̄XX̄ when
Z is fermionic, as a function of the masses of Z and X, with mY = (mZ +mX)/2. The left panel
corresponds to

√
s = 8 TeV and L = 21 fb−1, while the right panel corresponds to

√
s = 14 TeV

and L = 300 fb−1. Contours are labeled with σ values indicating the statistical significance.

4 Signal observability at the 14-TeV LHC

To obtain projections for
√
s = 14 TeV, we adjust the selection cuts in eqs. (3.1)–(3.3)

to obtain roughly the same signal efficiency as for
√
s = 8 TeV. Specifically, all cuts on

dimensionless variables are left unchanged, while the cut values for dimensionful variables

are scaled up by a factor of 1.1.2 We assume that, with this rescaled set of cuts, the

same percentage of SM background events is retained as at
√
s = 8 TeV with the original

set of cuts, eqs. (3.1)–(3.3). In other words, we estimate the SM background by scaling

the event numbers from ref. [11] by the ratio of the total cross sections for
√
s = 14 TeV

and
√
s = 8 TeV. The cross sections for the dominant SM processes, pp → tt̄W, tt̄Z and

pp→WZ,ZZ, are taken from refs. [42–44].

Using this procedure, we obtain the estimated reach of the 14-TeV LHC for the fermion-

scalar-fermion spin combination given in the right panel of figure 5. Our results are con-

sistent with figure 52 in ref. [22], although in that reference a different set of cuts has been

used and the scalar Y (stop) has been decoupled (that is, mY →∞).

The exclusion limits (for existing
√
s = 8 TeV data) and projected reach (for

√
s =

14 TeV) depend strongly on the spin of the Z, because of its impact on the cross section

σ(pp → ZZ). One can obtain approximate limits for scalar and vector Z particles by

rescaling the results in figure 5 by the relevant ratios of the cross sections shown in figure 3.

Here, it is assumed that spin correlations in the decay chain Z → tȲ /t̄Y → tt̄X have a

small effect on the experimental selection efficiency, so that they can be neglected. The

results are shown in figure 6. Note that one can obtain limits for the high-luminosity LHC

2Checking a range of points throughout the parameter space, we find that the signal efficiencies agree

to within 10%, which is within the overall uncertainty of our analysis.
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Y X GY Y XY t sample model and decay

s, ISU(3) s, ISU(3) coupling coupling Y → tX

i 0, 3 1
2 , 1 GaµY ∗←→∂µT aY XΓt Y ∗ MSSM t̃→ tχ̃0

1

ii 1
2 , 3 0, 1 Y G/ aT aY Y ΓtX UED tKK → tγH,KK

iii 1
2 , 3 1, 1 Y G/ aT aY Y X/ Γt UED tKK → tγKK

iv 1, 3 1
2 , 1 S3[G, Y, Y ∗] XY/ ∗Γt [34] Q⃗→ tχ̃0

1

Z Y GZZ ZY t sample model and decay

s, ISU(3) s, ISU(3) coupling coupling Z → Y t

v 0, 8 1
2 , 3 GaµZc←→∂µZbfabc Y T aΓ′tZa UED gH → tKKt

vi(a) 1
2 , 8 0, 3 Zc

G/ aZbfabc Za
Y ∗T aΓ′t MSSM g̃ → t̃t

vi(b) 1
2 , 8 0, 3 Zc

DG/
aZb

Df
abc (Za

D)
∗Y ∗T abLtL

+ Za
DY

∗T abRtR

N = 2

SUSY
g̃D → t̃t

vii 1
2 , 8 1, 3 Zc

G/ aZbfabc Za
Y/ ∗T aΓ′t [34] g̃ → Q⃗t

viii 1, 8 1
2 , 3 S8[G,Z,Z] Y Z/aT aΓ′t UED gKK → tKKt

Γ ≡ aLPL + aRPR , Γ′ ≡ bLPL + bRPR

A
←→
∂µB ≡ A(∂µB)− (∂µA)B

S3[G, Y, Y ∗] ≡ Ga
µ Y

∗
ν

←→
∂µT aY ν +Ga

µ Y
µ∗←−∂νT aYν −Ga

µ Y
∗
ν

−→
∂νT aY µ

S8[G,Z,Z∗] ≡ fabc
!
Ga

µ Zc∗
ν

←→
∂µZbν + Zb

µ G
a
ν

←→
∂µZcν∗ + Zc∗

µ Zb
ν

←→
∂µGaν

"

Table 1. Quantum numbers and couplings of the new particles, X, Y and Z, which interact with
the SM top quark, t. In the last column, g̃, t̃ and χ̃0

1 are the gluino, the scalar top and lightest
neutralino in the MSSM, respectively [4]. gKK, tKK, γKK, gH and γH,KK are the first-level Kaluza-
Klein excitations of the gluon, the top, the photon, and an extra-dimensional component of a gluon
and a photon, respectively, in universal extra dimensions (UED) [8–10]. g̃D denotes a Dirac gluino
in N = 2 supersymmetry [27, 28, 36]. Finally, Q⃗ is the vector superpartner in a supersymmetric
model with an extended gauge sector [34].

combinations in table 1. The top panel of the table (cases i−iv) reproduces the color-

triplet interactions constructed in ref. [35]. These form the basis for our current extended

theoretical framework including the color octet Z (cases v−viii). By default, the X and

Z are assumed to be self-conjugate, but we also explore the phenomenological differences

between the cases where Z is a Majorana fermion (case vi(a)) and a Dirac fermion (case

vi(b)), denoted ZD, which can arise in models with N = 2 supersymmetry [27, 28]. Also

shown in the table are the structure of the relevant couplings and examples for concrete

realizations of each case in a specific model. For fermions, we allow a general chirality

structure, specified by the parameters aL,R and bL,R.
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Figure 3. Production cross sections for pp→ ZZ̄ at the LHC for 8TeV (left) and 14TeV (right),
as a function of the mass mZ , for a vector Z (black solid), Dirac Z (blue dotted), Majorana Z (red
dashed), and scalar Z (green dot-dashed).

Direct production of Y Ȳ pairs was discussed in detail in ref. [35]. Here we consider

pair production of Z particles, which subsequently decay according to the decay chain in

figure 1. They can be produced with sizeable cross sections at the LHC, even for large

masses, mZ > 1 TeV, and lead to a distinct final state of four top quarks and missing

energy. The dominant modes for Z pair production at hadron colliders are the QCD

subprocesses

qq̄, gg → ZZ̄ , (2.1)

which are described at leading order by the diagrams in figure 2. The form of the gluon-Z
vertex is dictated by QCD gauge invariance and shown in table 1.

For the different Z spin assignments, the total QCD cross sections at the LHC are

shown in figure 3 as a function ofmZ . The values include next-to-leading-order (NLO) QCD

corrections for the scalar Z [37], and NLO and next-to-next-to-leading logarithmic (NNLL)

corrections for the Majorana fermion Z [38], with extrapolation to larger or smaller values

of mZ where necessary. For pair production of color-octet Dirac fermions and vectors, the

QCD corrections have not been calculated to the best of our knowledge. Therefore, we

simply assume that the K-factor for Dirac fermions is identical to the one for Majorana

fermions, and that the K-factor for the spin-1 case is the same as for the scalar case, since

scalars and vectors share the same diagrams.

As figure 3 shows, the cross section for fermion Z pairs is about one order of magnitude

larger than for the scalar case, because of the fermion’s larger number of spin degrees

of freedom and p-wave suppression of the scalar. The latter effect is most pronounced

near threshold, where the p-wave production has a velocity dependence of σ ∼ β3 =

(1 − 4m2
Z/ŝ)

3/2, whereas an s-wave leads to σ ∼ β. As a result, the difference between
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Figure 5. Exclusion limits and projected discovery reach for pp→ ZZ̄ → tt̄ Y Ȳ → tt̄tt̄XX̄ when
Z is fermionic, as a function of the masses of Z and X, with mY = (mZ +mX)/2. The left panel
corresponds to

√
s = 8 TeV and L = 21 fb−1, while the right panel corresponds to

√
s = 14 TeV

and L = 300 fb−1. Contours are labeled with σ values indicating the statistical significance.

4 Signal observability at the 14-TeV LHC

To obtain projections for
√
s = 14 TeV, we adjust the selection cuts in eqs. (3.1)–(3.3)

to obtain roughly the same signal efficiency as for
√
s = 8 TeV. Specifically, all cuts on

dimensionless variables are left unchanged, while the cut values for dimensionful variables

are scaled up by a factor of 1.1.2 We assume that, with this rescaled set of cuts, the

same percentage of SM background events is retained as at
√
s = 8 TeV with the original

set of cuts, eqs. (3.1)–(3.3). In other words, we estimate the SM background by scaling

the event numbers from ref. [11] by the ratio of the total cross sections for
√
s = 14 TeV

and
√
s = 8 TeV. The cross sections for the dominant SM processes, pp → tt̄W, tt̄Z and

pp→WZ,ZZ, are taken from refs. [42–44].

Using this procedure, we obtain the estimated reach of the 14-TeV LHC for the fermion-

scalar-fermion spin combination given in the right panel of figure 5. Our results are con-

sistent with figure 52 in ref. [22], although in that reference a different set of cuts has been

used and the scalar Y (stop) has been decoupled (that is, mY →∞).

The exclusion limits (for existing
√
s = 8 TeV data) and projected reach (for

√
s =

14 TeV) depend strongly on the spin of the Z, because of its impact on the cross section

σ(pp → ZZ). One can obtain approximate limits for scalar and vector Z particles by

rescaling the results in figure 5 by the relevant ratios of the cross sections shown in figure 3.

Here, it is assumed that spin correlations in the decay chain Z → tȲ /t̄Y → tt̄X have a

small effect on the experimental selection efficiency, so that they can be neglected. The

results are shown in figure 6. Note that one can obtain limits for the high-luminosity LHC

2Checking a range of points throughout the parameter space, we find that the signal efficiencies agree

to within 10%, which is within the overall uncertainty of our analysis.
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spin-0 Z spin-1/2 spin-1

8TeV (2σ with 21 fb−1) 900 GeV 1160 GeV 1290 GeV

14TeV (5σ with 300 fb−1) 1280 GeV 1650 GeV 1900 GeV

14TeV (5σ with 3000 fb−1) 1480 GeV 1860 GeV 2100 GeV

Table 2. The 2σ exclusion limit at 8TeV and 5σ discovery reach at 14TeV for a spin-0, spin-1/2
and spin-1 Z, assuming mX ! 200 (300) GeV for

√
s = 8 (14)TeV.

underlying theory. The kinematical distributions of the final-state particles can be used

to determine the masses, spins and couplings of the X, Y and Z particles. The analysis

of direct pair production of the color triplet Y , pp → Y Ȳ → tt̄XX̄, can already yield

valuable information about the properties of Y and the singlet X [35]. In this section, we

shall instead be concerned primarily with the determination of the properties of the color

octet Z from the process (1.1).

As in the previous sections, we shall focus on the same-sign lepton signature, where each

of the directly produced color octets decays through one leptonically and one hadronically

decaying top quark, ZZ̄ → tℓtℓt̄ht̄h + E/ or ZZ̄ → t̄ℓt̄ℓthth + E/ (where E/ denotes missing

transverse energy). Since this signal has small SM backgrounds, we shall neglect them

in the following, in order to highlight more clearly the differences between the various

scenarios in table 1. Of course, in a detailed experimental or phenomenological analysis,

the SM background contamination and its uncertainty will need to be accounted for, but

we leave this for future work.

5.1 Masses

The distribution of the invariant mass, mtt̄, of the top-antitop pair from the decay chain

Z → tt̄X (see figure 1) has a sharp endpoint at

(mmax
tt̄ )2 =

(m2
Z −m2

Y )(m
2
Y −m2

X)

m2
Y

. (5.1)

Even if one of the top quarks decays leptonically, the invariant-mass distribution of the

visible tt̄ decay products (bb̄jjℓ) still has the endpoint in eq. (5.1), but with a shallower

slope. In addition to measuring mmax
tt̄ , one could obtain information about mX and mY

from the process pp→ Y Ȳ → tt̄XX̄, using the observableMT2 or one of its variants [35, 45–

47]. By combining these observables, one could in principle determine mX , mY and mZ
independently, albeit with poor precision.

If instead one focuses on the all-hadronic decay channel of the top quark, so that all

top momenta can be reconstructed, one can take advantage of the kinematical method in

ref. [48], which gives relatively large errors in mX but fairly good precision for mZ and mY .

However, the separation of the four top quarks in a given event is a difficult problem, which

may be aided by the use of a top-tagging algorithm (see, for example, refs. [49, 50]). Firmer

conclusions will require a detailed simulation, which is beyond the scope of this paper.
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Top Remarks 
Top physics has entered a new exciting era!  
•  Hard to imagine that top won’t play a significant 

role in the new physics discovery! 
 
•  Precision top physics: 
  σ(tt), σ(t), mt, spin correlation/asymmetries, ttH… 
 
•  Boosted tops for new heavy resonances: 
     jets, b-tagging at high pT, top-taggers … 
 
•  Pursue the extreme kinematics:  
     tt + low MET,  high mtt 

It is the “Top priority”! 


