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Why Top Quarks?

• Natural new physics models always have 
non-trivial couplings between tops and new
physics:  Higgsless, LH, RS, SUSY, TC, ...  

2

• 163,000 top quark pairs and 76,000 single top 
events produced during the 7 TeV, 1 fb   LHC 
run.

-1
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Why Top Quarks?

• QCD corrections to top quark production known
beyond leading order!

E. Laenen, J. Smith, W. L. van Neerven, Nucl. Phys. B369, 
E. L. Berger, H. Contopanagos, Phys. Rev. D54,  
M. Cacciari, S. Frixione, M. L. Mangano, et al., JHEP 0809, 
M. Smith, S. Willenbrock, Phys. Rev. D54,
G. Bordes, B. van Eijk, Nucl. Phys. B435, 
J.Campbell, R.K.Ellis, Phys. Rev. D70 ... (much more)
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• Top (or top pair) decays with an isolated lepton 
in the final state is an efficient tag (84-92%).

ATLAS and CMS TDRs, 
Barger, Han and Walker, Phys. Rev. Lett., 100,...
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Dijet Invariant Mass Distributions

• Excess number of events above background at 
high invariant mass.

Earliest Signatures of New Physics
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Figure 1: Dijet invariant mass plots from the ATLAS (L) and CMS (R). Because the data
points generally follow the expected number of events generated by the SM, no hint of new
physics is found. These plots were the Þrst new physics results from the ATLAS and CMS
collaborations.

2 E! ective Operators

We are especially interested in contact operators with top quarks in which X can be hard
jet(s) and/or lepton(s). Using [13] as inspiration, we especially want to consider composite
operators whose initial partons are a smaller part of the protonÕs composition at TeVatron
energy scales but a larger part at early LHC scales. To make this clear, consider an example
with a new heavy top quark,T, which mixes with the top and light quarks. The production
process

g q T g t, (2)

can be generated from the contact operator

O1
vew

! 4
Gµ! Gµ! q t, (3)

where! is relatively large compared to LHC energy scales. Here g is a gluon,G the gluon Þeld
strength, and ! is the mass ofT. This process has also not been considered in the literature.
Recall, the gluon partons are a larger fraction of the protonat the LHC but smaller at the
TeVatron.

2.1 Operators for Two-Body Final States

We want to consider all possible e" ective operators which can produce top quarks in the Þnal
state of an event. The operators of interest are organized based on the initial partons in the
event as well as the number and type of the Þnal states. Suppose we consider events with
only two particles in the Þnal state; by assumption, one or both of those particles are top
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2 E! ective Operators

We are especially interested in contact operators with top quarks in which X can be hard
jet(s) and/or lepton(s). Using [13] as inspiration, we especially want to consider composite
operators whose initial partons are a smaller part of the protonÕs composition at TeVatron
energy scales but a larger part at early LHC scales. To make this clear, consider an example
with a new heavy top quark,T, which mixes with the top and light quarks. The production
process

g q T g t, (2)

can be generated from the contact operator

O1
vew

! 4
Gµ! Gµ! q t, (3)

where! is relatively large compared to LHC energy scales. Here g is a gluon,G the gluon Þeld
strength, and ! is the mass ofT. This process has also not been considered in the literature.
Recall, the gluon partons are a larger fraction of the protonat the LHC but smaller at the
TeVatron.

2.1 Operators for Two-Body Final States

We want to consider all possible e" ective operators which can produce top quarks in the Þnal
state of an event. The operators of interest are organized based on the initial partons in the
event as well as the number and type of the Þnal states. Suppose we consider events with
only two particles in the Þnal state; by assumption, one or both of those particles are top
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Plan

• Search for contact operators with invariant 
mass distributions involving top quarks.

• Today:  Focus on single top production.

• Reiterate:

Backgrounds known beyond leading order.
Impact electroweak model building.
Probe events at highest scales.

 

5
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Related Research Efforts

• “Simplified models” for early discovery at LHC

Bauer, Ligeti, Schmaltz, Thaler and Walker, Phys.Lett. B690,
Barbieri and Torre, Phys.Lett. B695,
Barger, Han, Walker, Phys.Rev.Lett. 100, 
Schmaltz, Spethman, arXiv:1011.5918 [hep-ph], ...

SLAC Topologies ’10 Workshop:  Wacker, Listani, Toro, Tait, Essig, 
Schuster... 

• Colored resonances searches with dijets. 

Han, Lewis, Liu, JHEP,  1012, 085...
Zhang, Berger, Cao, Chen, Shaughnessy, Phys. Lett. Rev. 105

6
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Similar Research Efforts

• Single Top papers 
(not for new physics @ early LHC)

Tait and Yuan, Phys. Rev. D63, 014018
Gopalakrishna, Han, Lewis, Si and Zhou, Phys. Rev., D82,
Barger, McCaskey, Shaughnessy, Phys. Rev., D81, ...

Etesami, M. Mohammadi Najafabadi, Phys. Rev. D81,
(SM production of single tops with FCNC couplings)

Schwienhorst, Cao, Yuan and Mueller, arXiv:1012.5132 [hep-ph]
Alioli, Nason, Oleari, JHEP 0909, 111, ...

• Single top early LHC studies
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Similar Research Efforts

• Single Top papers 
(not for new physics @ early LHC)

Tait and Yuan, Phys. Rev. D63, 014018
Gopalakrishna, Han, Lewis, Si and Zhou, Phys. Rev., D82,
Barger, McCaskey, Shaughnessy, Phys. Rev., D81, ...

Etesami, M. Mohammadi Najafabadi, Phys. Rev. D81,
(SM production of single tops with FCNC couplings)

Schwienhorst, Cao, Yuan and Mueller, arXiv:1012.5132 [hep-ph]
Alioli, Nason, Oleari, JHEP 0909, 111, ...

• Single top early LHC studies

This work:   Model independent search
to maximize reach to the highest scales.  

(fermionic/bosonic resonances)
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Single Top + Jet Final States

• Today:  Probe W’s and excited T’s.

W!

W!

t t

b

b

q! q!q

q

(b-tagging will be applied in later analysis.)

tg

T!

g

tgq

T!

q

g
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Single Top + W Final States

• Today:  Excited T’s and B’s.

(b-tagging will be applied in later analysis.)

tg

b

T!

W

g

B!

W

tb

• More final states w/top possible.  Corresponds 
to different physics to probe.

9
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Why Single Top is Good for New 
Physics Searches

10
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Why Single Top is Good for New 
Physics Searches

10

t t

b

b

q! q!q

q

W

W

g

b

W

b

t

Final state jets are 
boosted forward 
for SM processes
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Why Single Top is Good for New 
Physics Searches

10

t t

b

b

q! q!q

q

W

W

g

b

W

b

t

Final state jets are 
boosted forward 
for SM processes

• Signal jets are central.
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Why Single Top is Good for New 
Physics Searches

• Can potentially see new physics before SM 
single top observation!

11

SM single top production:  Jet not associated with top (dotted)
     1.5 TeV W’ signal x 10:  Jet not associated with top (solid)
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Rest of the Talk

• Current Bounds on B’, T’ and W’.

• Top + X Backgrounds

• Event Selection
(minimize the backgrounds)

• Future Efforts

• Preliminary Results

12
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Bounds on B’, T’ and W’s

13
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Current Bounds on W’

• Benchmarks:  TeVatron direct searches.

mW ! > 1.1 TeV (1)

1

• Aim for the current analysis to place stronger 
bounds.

(CDF result:  LR Symmetric Model.  W’ decay to e nu.)

mW ! > 1.1 TeV (1)

O1 =
gs

4! 1
Q

!
! µ! " a Gµ! qL (2)

O2 =
g

4! 2
Q

!
! µ! #$Wµ! qL (3)

" Rlj > 0.4 (4)

" Rjj > 0.4 (5)

MT =
!! "

i

pi

# 2

+ ET/ 2
# 1/2

+ ET/ > 600 GeV (6)

|%non" top jet| > 1.5 (7)

|%lepton| > 2.5 (8)

|%other jets| > 2.5 (9)

|%jets| > 2.5 (10)

! 1 = ! 2 = 500 GeV (11)

mW ! > 690 GeV (12)

1

(D0 result:  Sequential SM. )

14
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B’ and T’ Couplings

• Excited B’ and T’ couplings 
from effective operators:

15

• Assume:  Strong/colored physics generates effective
operators.  Negates loop suppression:

Current Bounds on B’ andT’ 

¥ Excited B’ and T’ from effective operators:

mW ! > 1.1 TeV (1)

O1 =
gs

4! 1
Q

!
! µ! " a Gµ! qL (2)

O2 =
g

4! 2
Q

!
! µ! #$Wµ! qL (3)

1

mW ! > 1.1 TeV (1)

O1 =
gs

4! 1
Q

�
σµ! λa Gµ! qL (2)

O2 =
g

4! 2
Q

�
σµ! �τ Wµ! qL (3)

1

g

q

N

q′ q′

Q′

mW � > 1.1 TeV (1)

O1 =
gs ! 2

16" 2

1
Λ

Q
!
#µ! ! a

2
Gµ! qL (2)

O2 =
gs ! 2

2
v2

M 3
q�

Q
!
#µ! $%Wµ! qL (3)

∆Rlj > 0.4 (4)

∆Rjj > 0.4 (5)

MT =
!! "

i

pi

# 2

+ ET/ 2
# 1/ 2

+ ET/ > 600 GeV (6)

|&non" top jet| < 1.5 (7)

|&lepton| < 2.5 (8)

|&other jets| < 2.5 (9)

|&jets| < 2.5 (10)

Λ1 = Λ2 = 500 GeV (11)

mW � > 690 GeV (12)

1

Current Bounds on B’ andT’ 

¥ Excited B’ and T’ from effective operators:

mW ! > 1.1 TeV (1)

O1 =
gs

4! 1
Q

!
! µ! " a Gµ! qL (2)

O2 =
g

4! 2
Q

!
! µ! #$Wµ! qL (3)

1

mW ! > 1.1 TeV (1)

O1 =
gs

4! 1
Q

�
σµ! λa Gµ! qL (2)

O2 =
g

4! 2
Q

�
σµ! �τ Wµ! qL (3)

1

g

q

N

q′ q′

Q′

q

q!

Q!

q!

W

"h# "h#

q

q!

Q!

q!!

W

"h# "h#

q

q′

Q′

q′′

W

〈h〉 〈h〉

mW � > 1.1 TeV (1)

O1 =
gs λ2

16π2

1
!

Q
!
σµν λa

2
Gµν qL (2)

O2 =
gs λ2

2
v2

M 3
q�

Q
!
σµν �τ Wµν qL (3)

O2 =
gs λ2

16π2

1
!

Q
!
σµν �τ

2
Wµν qL (4)

" Rlj > 0.4 (5)

" Rjj > 0.4 (6)

MT =
!! "

i

pi

# 2

+ ET/ 2

# 1/ 2

+ ET/ > 600 GeV (7)

|ηnon" top jet | < 1.5 (8)

|ηlepton | < 2.5 (9)

|ηother jets | < 2.5 (10)

|ηjets | < 2.5 (11)

! 1 = ! 2 = 500 GeV (12)

mW � > 690 GeV (13)

η ≡ nB − n øB

nγ
(14)

η ∼ 10" 10 (15)

1

O1 =
c1

! 2
1

(qc
L σ QL ) (l c

L σ χL ) (31)

O2 =
c2

! 2
2

(ec
R σ LL ) (l c

L σ χL ) (32)

h1,2 ! ei ! ei ! h1,2 = h1,2 (33)

h1,2 ! ei ! ei ! h1,2 = h1,2 (34)

O3 = "QL QL QL LL LL χL # (35)

τi $
1

κ4

! 4

M 5
i

(36)

Tdecayi
$ λ2

i (Mi Mpl)
1/ 2

!
κMi

!

" 2

(37)

OW ! =
g2

m2
W !

(bc
L σµ tL ) (qc

L σµ q!) (38)

mq" > 1.26 TeV (39)

mq" > 1.58 TeV (40)

g/m W ! (41)

mW = 80.3± (42)

mt = (43)

λ ! 4π λ (44)

3
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B’ and T’ Bounds

• Direct stringent bounds on the mass of exited 
quarks from ATLAS and CMS.

16

ATLAS
Phys. Rev. Lett. 105:161801 

CMS
Phys. Rev. Lett. 105:211801

O2 =
c2

! 2
2

(ec
R σ LL ) ( lcL σ χL ) (31)

h1,2 ! eiπ eiπ h1,2 = h1,2 (32)

h1,2 ! eiπ eiπ h1,2 = h1,2 (33)

O3 = "QL QL QL LL LL χL # (34)

τi $
1
κ4

! 4

M5
i

(35)

Tdecayi
$ λ2

i (Mi Mpl )1/ 2

!
κMi

!

" 2

(36)

OW ! =
g2

m2
W !

(bc
L σµ tL ) (qc

L σµ q!) (37)

mq" > 1.26 TeV (38)

mq" > 1.58 TeV (39)

3

O2 =
c2

! 2
2

(ec
R ! LL ) ( lcL ! " L ) (31)

h1,2 ! ei ! ei ! h1,2 = h1,2 (32)

h1,2 ! ei ! ei ! h1,2 = h1,2 (33)

O3 = "QL QL QL LL LL " L # (34)

#i $
1
$4

! 4

M5
i

(35)

Tdecayi
$ %2

i (Mi Mpl )1/ 2

!
$Mi

!

" 2

(36)

OW ! =
g2

m2
W !

(bc
L ! µ tL ) (qc

L ! µ q�) (37)

mq" > 1.26 TeV (38)

mq" > 1.58 TeV (39)

3

• Conventional to set suppression scale to:    

O1 =
c1

! 2
1

(qc
L ! QL ) ( lc

L ! " L ) (31)

O2 =
c2

! 2
2

(ec
R ! LL ) ( lc

L ! " L ) (32)

h1,2 ! ei ! ei ! h1,2 = h1,2 (33)

h1,2 ! ei ! ei ! h1,2 = h1,2 (34)

O3 = "QL QL QL LL LL " L # (35)

#i $
1
$4

! 4

M 5
i

(36)

Tdecayi
$ %2

i (M i Mpl )1/ 2

!
$Mi

!

" 2

(37)

OW ! =
g2

m2
W !

(bc
L ! µ tL ) (qc

L ! µ q�) (38)

mq" > 1.26 TeV (39)

mq" > 1.58 TeV (40)

g/m W ! (41)

mW = 80.3± (42)

mt = (43)

%! 4& % (44)

! = 2 mq" (45)

3

Baur, Hinchliffe, and Zeppenfeld, Int. J. Mod. Phys. A2, 1285 
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Top + X Backgrounds

17
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SM Backgrounds

(All backgrounds Alpgen and Madgraph simulated.)

• Always require:  Top decays to a final state 
with lepton.

top + jet signal top + W signal 

W + jets
W+ b bar
top + b bar

top + W
top + jets
t tbar

18
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Event Selection

• Require:  All background and signal events
reconstruct to a single top.

t

b

l

ν

W

• Severely reduces W + jet, etc... backgrounds

19

Visible particles

Fully reconstructable system:
Use W and top mass.

Accepted reconstructed W 
and top masses:

O1 =
c1

! 2
1

(qc
L ! QL ) (l c

L ! " L ) (31)

O2 =
c2

! 2
2

(ec
R ! LL ) (l c

L ! " L ) (32)

h1,2 ! ei ! ei ! h1,2 = h1,2 (33)

h1,2 ! ei ! ei ! h1,2 = h1,2 (34)

O3 = "QL QL QL LL LL " L # (35)

#i $
1

$4

! 4

M 5
i

(36)

Tdecayi
$ %2

i (Mi Mpl)
1/ 2

�
$Mi

!

�2

(37)

OW ! =
g2

m2
W !

(bc
L ! µ tL ) (qc

L ! µ q!) (38)

mq" > 1.26 TeV (39)

mq" > 1.58 TeV (40)

g/m W ! (41)

mW = 80.4 ± 2 GeV (reconstructed) (42)

mt = 172 ± 5 GeV (reconstructed) (43)

%! 4& % (44)

! = 2 mq" (45)

3

O1 =
c1

! 2
1

(qc
L ! QL) ( lcL ! " L) (31)

O2 =
c2

! 2
2

(ec
R ! LL) ( lcL ! " L) (32)

h1,2 → ei! ei! h1,2 = h1,2 (33)

h1,2 → ei! ei! h1,2 = h1,2 (34)

O3 = �QL QL QL LL LL " L� (35)

#i ∼
1
$4

! 4

M 5
i

(36)

Tdecayi
∼ %2

i (M iM pl)1/2

!
$M i

!

" 2

(37)

OW ! =
g2

m2
W !

(bc
L ! µ tL) (qc

L ! µ q!) (38)

mq" > 1.26 TeV (39)

mq" > 1.58 TeV (40)

g/m W ! (41)

mW = 80.4 ± 2 GeV (reconstructed) (42)

mt = 172 ± 5 GeV (reconstructed) (43)

%→ 4& % (44)

! = 2 mq" (45)

3
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Event Selection

• Require:  All leptons and jets separated.

• Define and implement:

Forces tops to be boosted.  

• On average:  Jet resulting from top decay 
 is closest to lepton. 

mW ! > 1.1 TeV (1)

O1 =
gs

4Λ1
Q

!
! µν " a Gµν qL (2)

O2 =
g

4Λ2
Q

!
! µν #$Wµν qL (3)

∆Rlj > 0.4 (4)

∆Rjj > 0.4 (5)

1

mW � > 1.1 TeV (1)

O1 =
gs

4! 1
Q

!
σµ! λa Gµ! qL (2)

O2 =
g

4! 2
Q

!
σµ! �τ Wµ! qL (3)

" Rlj > 0.4 (4)

" Rjj > 0.4 (5)

1

mW ! > 1.1 TeV (1)

O1 =
gs

4! 1
Q

�
! µ! " a Gµ! qL (2)

O2 =
g

4! 2
Q

�
! µ! #$Wµ! qL (3)

" Rlj > 0.4 (4)

" Rjj > 0.4 (5)

MT =
���

i

pi

�2

+ ET/ 2
�1/ 2

+ ET/ > 600 GeV (6)

1

20
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Event Selection

• Require:  Simulated calorimetry response
with Gaussian smearing:

21

are very similar to those of the tøt background. We will present results for two benchmark
scenarios for illustration

mT = 1 TeV , and mA = 200, 800 GeV. (2.8)

In Fig. 2, we show the transverse momentum distributions forthe heavy T (dashed line), for
the top quark from T decay for our two benchmark values, and from QCDtøt (solid line), and
tøtZ (dot-dashed line). ÀFrom this graph one can see that thepT spectrum of the heavyT has
the expected broad plateau near (0.3 − 0.6)mT . The pT spectrum of the top quark from T
decay for smallmA is similar to that of the T quark itself, while for the small mass di! erence
case (mA = 800 GeV), it is more similar to the tøt background.

To simulate the detector acceptance [24, 25], we Þrst imposethe basic cuts

p!
T > 20 GeV, |! ! | < 2.5, " R! > 0.3, (2.9)

E j
T > 25 GeV, |! j | < 2.5, E/ T > 25 GeV, (2.10)

E b
T > 30 GeV, |! b| < 2.5, " Rj , " Rb > 0.4, (2.11)

We adopt relatively small isolation cuts in order to accommodate the kinematics of a fast-
moving top quark from a heavy T decay. We simulate the calorimetry responses for the
energy measurements by adopting Gaussian smearing [24] with the following parameters:

" Ee

Ee
=

10%
√

Ee(GeV)
⊕ 0.7%,

" Ej

Ej
=

50%
√

Ej (GeV)
⊕ 3%. (2.12)

We do not separately smear the muon momentum. In the energy-momentum range of current
interest, the lepton resolutions should not make any appreciable di! erence in the results since
the dominant e! ect is from hadronic smearing. We require twotagged b-jets in the selection.
In our presentation of the discovery reach, we use ab-tagging e# ciency of [24, 25]

"b = 60%, (2.13)

which is appropriate for the range ofpb
T that we are interested in at low luminosity. In Fig. 3

we present some characteristic kinematical distributionsfor the signal and backgrounds with
basic cuts imposed. The transverse mass variableM e!

T is deÞned in Appendix A. The heavyT
signal generically leads to energetic decay products unless the mass di! erence" M T A becomes
very small. ÀFrom Fig. 3(b), we see that a large missing energy cut of #E T > 350 GeV could
be imposed to e! ectively remove thetøtZ backgrounds, but such a requirement will eliminate
the signal in the case of small mass splitting" M T A ∼ 200− 300, whereA0 only carries away
a small amount of kinetic energy∼ 0.5(1− mA /m T )(" M T A − mt ). As seen in Fig. 3(c), the
e! ective transverse mass does not provide more discriminating power than E/ T . There are
in principle other transverse variables one could use to distinguish signal from background,
such as the cluster transverse mass [26] (deÞned in AppendixA), or M T2 [27]. However, these
variables are largely similar, and unlikely to do signiÞcantly better than the E/ T and M e!

T

variables presented here.

Ð 6 Ð
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energy measurements by adopting Gaussian smearing [24] with the following parameters:
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!
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" 3%. (2.12)
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we present some characteristic kinematical distributionsfor the signal and backgrounds with
basic cuts imposed. The transverse mass variableM e!

T is deÞned in Appendix A. The heavyT
signal generically leads to energetic decay products unless the mass di! erence" M T A becomes
very small. ÀFrom Fig. 3(b), we see that a large missing energy cut of #E T > 350 GeV could
be imposed to e! ectively remove thetøtZ backgrounds, but such a requirement will eliminate
the signal in the case of small mass splitting" M T A $ 200! 300, whereA0 only carries away
a small amount of kinetic energy$ 0.5(1 ! mA /m T )(" M T A ! mt ). As seen in Fig. 3(c), the
e! ective transverse mass does not provide more discriminating power than E/ T . There are
in principle other transverse variables one could use to distinguish signal from background,
such as the cluster transverse mass [26] (deÞned in AppendixA), or M T2 [27]. However, these
variables are largely similar, and unlikely to do signiÞcantly better than the E/ T and M e!

T

variables presented here.

Ð 6 Ð

• Simplicity:  Do not separately “smear” muons.

ATLAS and CMS TDRs.
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Event Selection

• To minimize SM top + jet:

• Others:

SM single top production:  Jet not associated with top (dotted)
                           b-jet from top decay (solid)
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Backgrounds w/Cuts

top + jets backgrounds with 
all cuts and top reconstruction

top + W with all cuts, W 
and top reconstruction

7 TeV COM, CTEQ 5L PDFs  

23
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Preliminary Results

24
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W’ Results
Sequential W’ at 1.5 and 2 TeV

7 TeV COM, CTEQ 5L PDFs  

Future work:  Relaxation of         cut can potentially extend reach.
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B’ Preliminary Results

 (tW channel)

26

B’ excited quark at 2 and 2.5 TeV
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T’ Preliminary Results

2 and 2.5 TeV Excited T’ (t + jet channel) 2 TeV Excited T’ (tW channel)
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tgq

T!

q

g
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Future Directions

28
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Future Directions

• Count events of single top + large missing
energy.

• Tag:  Events for poor top reconstruction.

• Probes SUSY scenarios.
Han, Mahbubani, Walker, Wang, JHEP 0905:117

• Apply b-tagging and additional techniques 
used in dijet searches such as angular 
distributions.
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Conclusion

Because of high tagging efficiency and known 
backgrounds, single tops can be used to 

aggressively probe a variety of new physics 
beyond the SM.
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Thank you to the organizers for
an excellent conference!
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Additional Slides

32
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B’ and T’ Couplings

• Excited B’ and T’ couplings 
from effective operators:

33
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mW ! > 1.1 TeV (1)

1

(CDF result:  LR Symmetric Model.  W’ decay to e nu.)
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(D0 result:  Sequential SM. )
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Current Bounds on W’

• Suggest:  If no observation of  W’,  ATLAS and 
CMS expresses the bound in ratio of            
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