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Outline	


•  Wednesday:	



–  Lecture 1: Intro to top physics and its jargon. 	



•  Thursday:	


–  Lecture 2: SM top physics and the top mass	



•  Friday:	


–  Lecture 3: SM and top physics, the portal to physics searches	



•  Measuring top properties	



•  Searches for physics beyond the standard model using tops	
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(     ) 
Top quark and new physics	



Top pair production rate 
Top mass 
Single top production rate  
B(t→Wb) 
|Vtb|  
W helicity 
Top polarization 
Anomalous couplings 
Spin correlations  
Rare decays  
Top width 
    … 

•  Precise SM measurements	


–  Heaviest known elementary particle 

(large Yukawa coupling)	


•  Constraints on Higgs mass	


•  Unique window on bare quarks due to 

short lifetime	



–  Probe for QCD at scale >gauge bosons	



•  A window to new physics	


–  New physics - many models couple 

preferentially to top	



–  New particles may decay to top 	


–  Non-standard couplings	



•  In many new physics scenarios (e.g. 
SUSY) top is dominant BG	



•  Great tool to calibrate detector	


–  Jet energy scale, b-jet efficiency	





Properties of top pair production	


•  Very large LHC samples 

allow differential cross 
section measurements	



•  Most bins limited by 
systematic uncertainties	



•  Many differential 
kinematics examined	



•  Active interaction with 
generator and pdf 
community	



•  Improvement of models 
of great benefit to 
community for next LHC 
run – particularly for 
searches	



Differential Cross Section

• Enough data to

make a large

set of differential

cross-section

measurements.

• Vs. kinematics of

- tt̄ system

- top quark

- decay products

• Good agreement

with generators

tested.

• Most bins are

systematics

limited.
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Eur. Phys. J. C (2013) 73:2261, CMS-PAS-TOP-12-027, CMS-PAS-TOP-12-028
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Top Pair Production in Association with Jets

• Study additional

jets to test QCD

and MC generators.

• Extensive list of

quantities probed.

→ ISR/FSR variations

reduced.

Eur.Phys.J. C (2013) 72:2043

CMS-PAS-TOP-12-041
ATL-PHYS-PUB-2013-005
ATLAS-CONF-2012-155
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SM production of ttbar+Z/photon/W	


Top Pair Production in Association with Z,W and γ

Dilepton analysis tt̄V (V = W,Z)

Trilepton analysis tt̄Z

tt̄γ
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Phys. Rev. Lett. 110 (2013) 172002

ATLAS-CONF-2012-126

ATLAS-CONF-2011-153

σtt̄γ(p
γ
T > 8 GeV) = 2.0± 0.5 (stat)± 0.7 (syst)± 0.08 (lumi) pb

SM prediction = 2.1 ± 0.4 pb (LO + LO→NLO k-factor)

7 TeV

7 TeV
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Single top production	
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•  Single top in t-channel	

 •  Single top in tW-channel	



t-channel Production
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submitted to Phys. Lett. B
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= 80 ± 13 pb
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D0 update (9.7 fb−1):

σt = 3.07+0.54
−0.49
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Observation of Wt Production

• First observation of Wt

production by CMS.

σ = 23.4+5.5
−5.4 pb

6.0σ significance

• Evidence by ATLAS.
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LHC

Tevatron

Production of top quarks

3

Collider qq gg

Tevatron pp (1.96 TeV) ~85% ~15%

LHC pp (7 TeV) ~20% ~80%

tt pair production

single top production  

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

2. SINGLE TOP PRODUCTION 

 
 

66 pb 

1.05 pb 

Observation of single top production:  
 cross section � Vtb

2 

 study top-polarization and EWK top  
    interaction 
 
Test of non-SM phenomena: 

 4th generation 
 FCNC couplings 
 W� , H� 

 anomalous Wtb couplings 
 

2.08 pb 0.22 pb 

Signal � background discrimination: 
 Tevatron:  multivariate methods (neural networks, boosted  
    decision trees, matrix element method) 
 LHC:     cut-based or multivariate method  

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

2. SINGLE TOP PRODUCTION 

 
 

66 pb 

1.05 pb 

Observation of single top production:  
 cross section � Vtb

2 

 study top-polarization and EWK top  
    interaction 
 
Test of non-SM phenomena: 

 4th generation 
 FCNC couplings 
 W� , H� 

 anomalous Wtb couplings 
 

2.08 pb 0.22 pb 

Signal � background discrimination: 
 Tevatron:  multivariate methods (neural networks, boosted  
    decision trees, matrix element method) 
 LHC:     cut-based or multivariate method  

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

2. SINGLE TOP PRODUCTION 

 
 

66 pb 

1.05 pb 

Observation of single top production:  
 cross section � Vtb

2 

 study top-polarization and EWK top  
    interaction 
 
Test of non-SM phenomena: 

 4th generation 
 FCNC couplings 
 W� , H� 

 anomalous Wtb couplings 
 

2.08 pb 0.22 pb 

Signal � background discrimination: 
 Tevatron:  multivariate methods (neural networks, boosted  
    decision trees, matrix element method) 
 LHC:     cut-based or multivariate method  

s-channel

t-channel
tW-channel

Collider s-channel
σtb

t-channel
σtqb

tW-channel
σtW

Tevatron pp (1.96 TeV) 1.05 pb 2.08 pb 0.22 pb

LHC pp (7 TeV) 4.63 pb 64.6 pb 15.7 pb

LHC pp (8 TeV) 5.55 pb 87.1 pb 22.2 pb

only virtual q in pp

different PDF contribution
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First observation	


6.0 S.D. significance!	


Cross section: 23.4±5.5 pb	





Single top in s-channel	

Evidence for s-channel Production

• First evidence of s-channel production by D0.

• σ(pp̄ → tb+X) = 1.10+0.33
−0.31 pb

→ 3.7σ significance.
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arXiv:1307.0731 [hep-ex], submitted to Phys. Lett. B
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•  Tevatron legacy?	


•  Cross section: 1.10+0.33

-0.31 pb	



•  (A)NNLO: 1.06±0.04 pb	


•  Significance: 3.7 S.D.!!!	
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W helicity in top quark decay	


•  Helicity of W bosons very well-defined in standard model 	


•  No hadronisation: coupling of top quark to W directly propagated 

to angular distributions of leptons in ttbar events	



•  Sensitive variable: Angle between down-type fermion in W rest 
frame and W momentum in top rest frame: cos(θ*)	



•  Measurements determine fractions of longitudinally,                            
left, and right-handed W bosons	



Intrinsic top quark properties in ATLASL. Masetti  - 19/07/13 14

•Fractions of longitudinally, left- and right-handed polarised W’s
•Template fit and asymmetry measurement in angular distribution

•Lepton+jets and dilepton channels, full reconstruction

to the decay of the two produced W bosons. Each boson can decay either into a quark-

antiquark pair or into a charged lepton and a neutrino. The single-lepton and dilepton

topologies, both considered in the analyses presented in this paper, have one and two

isolated charged leptons in the final state. Only electrons and muons, including those from

τ decays, are considered here.

The Wtb vertex is defined by the electroweak interaction and has a (V −A) structure

where V and A are the vector and axial-vector contributions to the vertex. Since the W

bosons are produced as real particles in top quark decays, their polarization can be longitu-

dinal, left-handed or right-handed. The fractions of events with a particular polarization,

F0, FL and FR, are referred to as helicity fractions. They are predicted in next-to-next-

to-leading-order (NNLO) QCD calculations to be F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005,

FR = 0.0017 ± 0.0001 [4]. These fractions can be extracted from measurements of the

angular distribution of the decay products of the top quark. The angle θ∗ is defined as

the angle between the momentum direction of the charged lepton from the decay of the

W boson and the reversed momentum direction of the b-quark from the decay of the top

quark, both boosted into the W boson rest frame [5]. The angular distribution is:

1

σ

dσ

d cos θ∗
=

3

4

(

1 − cos2 θ∗
)

F0 +
3

8
(1 − cos θ∗)2 FL +

3

8
(1 + cos θ∗)2 FR . (1.1)

All previous measurements of the helicity fractions, performed by the CDF and DØ Col-

laborations [6–8] at the Tevatron, are in agreement with Standard Model predictions.

Information about the polarization of the W bosons can also be obtained through

complementary observables, such as the angular asymmetries, A+ and A−, defined as:

A± =
N(cos θ∗ > z) − N(cos θ∗ < z)

N(cos θ∗ > z) + N(cos θ∗ < z)
, (1.2)

with z = ±(1−22/3) for A±, allowing the dependence on FL and FR to cancel, respectively.

The asymmetries can be related to the helicity fractions by a simple system of equations [9,

10]. In the Standard Model, the NNLO values for these asymmetries are A+ = 0.537±0.004

and A− = −0.841 ± 0.006 [4].

In the presence of anomalous Wtb couplings the helicity fractions and angular asymme-

tries depart from their Standard Model values [5, 10]. In effective field theories, dimension-

six operators can be introduced which modify the Wtb vertex [11–13]. Coefficients con-

trolling the strength of these operators can be constrained by measurements of the helicity

fractions or the angular asymmetries.

This paper describes measurements of the W boson polarization in top quark decays

and the constraints on the Wtb vertex structure based on a data set recorded with the

ATLAS detector between March and June 2011 and corresponding to an integrated lu-

minosity of 1.04 fb−1. The helicity fractions were measured using two different methods.

The first compares the observed cos θ∗ distribution with templates for different W boson

helicity states obtained from simulation. The second method extracts angular asymme-

tries from an unfolded cos θ∗ spectrum corrected for background contributions. Limits on

anomalous couplings, generated by the aforementioned dimension-six operators, were set

using the combined result from the two measurements.
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tries from an unfolded cos θ∗ spectrum corrected for background contributions. Limits on
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Figure 2.5: Definition of the decay angle cos q in the rest frame of the W boson: q is the
polar angle between the momentum vector of the charged lepton (or d, s
quark) and the negative momentum direction of the b quark.

The normalized angular functions wi(q) (i = 0,�, +) reflect the angular dependence
of the different helicity states:

w0(q) =
3
4

sin2
q , (2.34)

w�(q) =
3
8
(1� cos q)2 , (2.35)

w+(q) =
3
8
(1 + cos q)2 . (2.36)

By using the helicity fractions fi introduced previously, Eq. 2.33 can be rewritten in
the following form:

w(q) =
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q) f0 +
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8
(1� cos q)2 f� +
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8
(1 + cos q)2 f+ . (2.37)

The fraction of W bosons with longitudinal polarization, f0, is given by [23, 24, 25]:

f0 ⇡ m2
t

2M2
W + m2

t
= (70.1± 1.6) % , (2.38)

where the current values [11] for the mass of the top quark, mt = 174.3± 5.1 GeV,
and for the mass of the W boson, MW = 80.425± 0.038 GeV, have been used. The
mass of the b quark has been neglected in this calculation as it is done only at the
Born level (mb ! 0). Due to the fact, that f0 is defined purely by the masses of the
involved particles, it is independent of the exact structure of the weak charged current
interaction as long as it is a linear combination of a vector and an axialvector current,
e.g. V � A or V + A.

In the standard model, i.e. in a pure V � A theory, the fraction f+ is suppressed by
chiral factors of order m2

b/m2
t , i.e. f+ =0 at the Born level. A next to leading order
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• Very sensitive to additional contributions: (BSM or “anomalous”) couplings - important test of 
Wtb structure

•  W helicity fractions measured from angular distributions:

• cos(θ*): in t rest frame - angle between down-type fermion momentum in W rest 
frame and W momentum in top rest frame 

• General vertex langrangian: 

in SM (LO):
F0=0.6902  
FL=0.3089  
FR=0.0009

W helicity in top decays

In the SM: VL = Vtb ≅ 1     VR,gL,gR are all =0 

Straightforward to interpret 
fractions  in terms of anomalous 
couplings:

simple polynomial dependence
Saavedra et al.
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to the decay of the two produced W bosons. Each boson can decay either into a quark-

antiquark pair or into a charged lepton and a neutrino. The single-lepton and dilepton

topologies, both considered in the analyses presented in this paper, have one and two

isolated charged leptons in the final state. Only electrons and muons, including those from

τ decays, are considered here.

The Wtb vertex is defined by the electroweak interaction and has a (V −A) structure

where V and A are the vector and axial-vector contributions to the vertex. Since the W

bosons are produced as real particles in top quark decays, their polarization can be longitu-

dinal, left-handed or right-handed. The fractions of events with a particular polarization,

F0, FL and FR, are referred to as helicity fractions. They are predicted in next-to-next-

to-leading-order (NNLO) QCD calculations to be F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005,

FR = 0.0017 ± 0.0001 [4]. These fractions can be extracted from measurements of the

angular distribution of the decay products of the top quark. The angle θ∗ is defined as

the angle between the momentum direction of the charged lepton from the decay of the

W boson and the reversed momentum direction of the b-quark from the decay of the top

quark, both boosted into the W boson rest frame [5]. The angular distribution is:

1

σ

dσ

d cos θ∗
=

3

4

(

1 − cos2 θ∗
)

F0 +
3

8
(1 − cos θ∗)2 FL +

3

8
(1 + cos θ∗)2 FR . (1.1)

All previous measurements of the helicity fractions, performed by the CDF and DØ Col-

laborations [6–8] at the Tevatron, are in agreement with Standard Model predictions.

Information about the polarization of the W bosons can also be obtained through

complementary observables, such as the angular asymmetries, A+ and A−, defined as:

A± =
N(cos θ∗ > z) − N(cos θ∗ < z)

N(cos θ∗ > z) + N(cos θ∗ < z)
, (1.2)

with z = ±(1−22/3) for A±, allowing the dependence on FL and FR to cancel, respectively.

The asymmetries can be related to the helicity fractions by a simple system of equations [9,

10]. In the Standard Model, the NNLO values for these asymmetries are A+ = 0.537±0.004

and A− = −0.841 ± 0.006 [4].

In the presence of anomalous Wtb couplings the helicity fractions and angular asymme-

tries depart from their Standard Model values [5, 10]. In effective field theories, dimension-

six operators can be introduced which modify the Wtb vertex [11–13]. Coefficients con-

trolling the strength of these operators can be constrained by measurements of the helicity

fractions or the angular asymmetries.

This paper describes measurements of the W boson polarization in top quark decays

and the constraints on the Wtb vertex structure based on a data set recorded with the

ATLAS detector between March and June 2011 and corresponding to an integrated lu-

minosity of 1.04 fb−1. The helicity fractions were measured using two different methods.

The first compares the observed cos θ∗ distribution with templates for different W boson

helicity states obtained from simulation. The second method extracts angular asymme-

tries from an unfolded cos θ∗ spectrum corrected for background contributions. Limits on

anomalous couplings, generated by the aforementioned dimension-six operators, were set

using the combined result from the two measurements.
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Figure 2.5: Definition of the decay angle cos q in the rest frame of the W boson: q is the
polar angle between the momentum vector of the charged lepton (or d, s
quark) and the negative momentum direction of the b quark.

The normalized angular functions wi(q) (i = 0,�, +) reflect the angular dependence
of the different helicity states:

w0(q) =
3
4

sin2
q , (2.34)

w�(q) =
3
8
(1� cos q)2 , (2.35)

w+(q) =
3
8
(1 + cos q)2 . (2.36)

By using the helicity fractions fi introduced previously, Eq. 2.33 can be rewritten in
the following form:
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The fraction of W bosons with longitudinal polarization, f0, is given by [23, 24, 25]:

f0 ⇡ m2
t

2M2
W + m2

t
= (70.1± 1.6) % , (2.38)

where the current values [11] for the mass of the top quark, mt = 174.3± 5.1 GeV,
and for the mass of the W boson, MW = 80.425± 0.038 GeV, have been used. The
mass of the b quark has been neglected in this calculation as it is done only at the
Born level (mb ! 0). Due to the fact, that f0 is defined purely by the masses of the
involved particles, it is independent of the exact structure of the weak charged current
interaction as long as it is a linear combination of a vector and an axialvector current,
e.g. V � A or V + A.

In the standard model, i.e. in a pure V � A theory, the fraction f+ is suppressed by
chiral factors of order m2

b/m2
t , i.e. f+ =0 at the Born level. A next to leading order
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W boson and the reversed momentum direction of the b-quark from the decay of the top
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All previous measurements of the helicity fractions, performed by the CDF and DØ Col-

laborations [6–8] at the Tevatron, are in agreement with Standard Model predictions.

Information about the polarization of the W bosons can also be obtained through

complementary observables, such as the angular asymmetries, A+ and A−, defined as:

A± =
N(cos θ∗ > z) − N(cos θ∗ < z)

N(cos θ∗ > z) + N(cos θ∗ < z)
, (1.2)

with z = ±(1−22/3) for A±, allowing the dependence on FL and FR to cancel, respectively.

The asymmetries can be related to the helicity fractions by a simple system of equations [9,

10]. In the Standard Model, the NNLO values for these asymmetries are A+ = 0.537±0.004

and A− = −0.841 ± 0.006 [4].

In the presence of anomalous Wtb couplings the helicity fractions and angular asymme-

tries depart from their Standard Model values [5, 10]. In effective field theories, dimension-

six operators can be introduced which modify the Wtb vertex [11–13]. Coefficients con-

trolling the strength of these operators can be constrained by measurements of the helicity

fractions or the angular asymmetries.

This paper describes measurements of the W boson polarization in top quark decays

and the constraints on the Wtb vertex structure based on a data set recorded with the

ATLAS detector between March and June 2011 and corresponding to an integrated lu-

minosity of 1.04 fb−1. The helicity fractions were measured using two different methods.

The first compares the observed cos θ∗ distribution with templates for different W boson

helicity states obtained from simulation. The second method extracts angular asymme-

tries from an unfolded cos θ∗ spectrum corrected for background contributions. Limits on

anomalous couplings, generated by the aforementioned dimension-six operators, were set

using the combined result from the two measurements.
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Figure 2.5: Definition of the decay angle cos q in the rest frame of the W boson: q is the
polar angle between the momentum vector of the charged lepton (or d, s
quark) and the negative momentum direction of the b quark.
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The fraction of W bosons with longitudinal polarization, f0, is given by [23, 24, 25]:
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t

2M2
W + m2
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= (70.1± 1.6) % , (2.38)

where the current values [11] for the mass of the top quark, mt = 174.3± 5.1 GeV,
and for the mass of the W boson, MW = 80.425± 0.038 GeV, have been used. The
mass of the b quark has been neglected in this calculation as it is done only at the
Born level (mb ! 0). Due to the fact, that f0 is defined purely by the masses of the
involved particles, it is independent of the exact structure of the weak charged current
interaction as long as it is a linear combination of a vector and an axialvector current,
e.g. V � A or V + A.

In the standard model, i.e. in a pure V � A theory, the fraction f+ is suppressed by
chiral factors of order m2

b/m2
t , i.e. f+ =0 at the Born level. A next to leading order
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of anomalous couplings in the effective Lagrangian
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Figure 6. Overview of the four measurements of the W boson helicity fractions and the combined
values. The error bars correspond to the statistical and total uncertainties.

with the top quark may exist at higher energies. New physics can be parameterized in

terms of an effective Lagrangian [11] above the electroweak symmetry breaking scale of

v = 246 GeV. After electroweak symmetry breaking, the Wtb Lagrangian [12, 55] is:

LWtb = −
g√
2
b̄ γµ (VLPL + VRPR) t W−

µ −
g√
2
b̄

iσµνqν

MW
(gLPL + gRPR) t W−

µ + h.c. , (6.1)

where PL (PR) is the left-handed (right-handed) chirality operator and

VL = Vtb + C(3,3+3)
φq

v2

Λ2
, VR =

1

2
C33∗

φφ
v2

Λ2
, gL =

√
2C33∗
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•  Combination of ATLAS 
and equivalent CMS 
measurement used to 
constrain anomalous 
couplings at tWb vertex	



•  Very consistent with SM	
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Intrinsic top quark properties in ATLASL. Masetti  - 19/07/13 15

•Original ATLAS result and combination with CMS interpreted in terms 
of anomalous couplings in the effective Lagrangian
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Figure 6. Overview of the four measurements of the W boson helicity fractions and the combined
values. The error bars correspond to the statistical and total uncertainties.
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Top asymmetries: forward-backward	



Top Forward-Backward and Charge Asymmetries

• New physics in top sector can alter angular distributions.

• Study forward-backward and charge asymmetries.

Att̄
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

Att̄
C =

N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)

 [GeV]ttm
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0.2 Unfolded
SM 
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ATLAS  Preliminary
= 7 TeVs

-1 L dt =  4.7  fb∫

Phys. Rev. D 87 092002 (2013) Phys. Lett. B 717, 129 (2012) ATLAS-CONF-2013-078

with ∆y = yt − yt̄

with ∆|y| = |yt|− |yt̄|

• Tevatron Att̄
FB measurements in tension with SM at ∼ 2.5σ.

• LHC Att̄
C measurements consistent with SM.

SARA STRANDBERG, STOCKHOLM UNIVERSITY P. 19 EPSHEP 2013, STOCKHOLM, JULY 22, 2013

•  New physics in production can alter angular 
distributions	



•  At Tevatron:	



   2.5 S.D. deviation from SM 	
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AFB details	

Top Forward-Backward Asymmetry at the Tevatron

fbA
-0.4 -0.2 -0 0.2 0.4 0.6 0.8
0

W. Hollik and D. Pagani, 
arXiv:1107.2606 (2011)

V. Ahrens et. al.,
arXiv:1106.6051v1 (2011)

D0 LJ**  0.060±     0.196 +0.018
 -0.026

)-1( 5.4 fb

CDF combined*  0.067±     0.201  0.018)±0.065 ±(
  syst)± stat  ±(

CDF DIL*
 0.158±     0.420  0.050)±0.150 ±(

)-1( 5.1 fb

CDF LJ  0.074±     0.158  0.017)±0.072 ±(

)-1( 5.3 fb

 of the Top QuarkfbA

(** submitted to a journal)

(* preliminary)

July 2011

• Updated measurement from

CDF in !+jets.

• Measured AFB deviate most

from SM at large Mtt̄.

CDF Note 10975

SARA STRANDBERG, STOCKHOLM UNIVERSITY P. 35 EPSHEP 2013, STOCKHOLM, JULY 22, 2013

•  AFB deviations largest at 
high m(ttbar)	



•  No effect at the LHC!!!	
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Asymmetry at the LHC?	



t

¯

t charge asymmetry : dilepton channel

ATLAS-CONF-2012-057, 7 TeV,
Lint =4.7 fb�1

measure lepton and top quark based
asymmetry

correct for detector e↵ects using calibration

use ME method to reconstruct t and t̄

4-momenta

Inclusive asymmetry results:

A

ll

c

= 0.023± 0.012 stat.± 0.008 syst. ,
SM : A

ll

c

= 0.004± 0.001

A

tt̄

c

= 0.057± 0.024 stat.± 0.015 syst. ,
SM : A

tt̄

c

= 0.0123± 0.0005

Largest systematics (more in Extra):

dilepton channel:

A

ll

c

: QCD, calibration (ee),
tt̄ modelling (eµ, µµ)

A

tt̄

c

: varying, QCD and tt̄ modelling

single lepton channel:

syst.< stat., main contributions to syst.:
jet energy scale and resolution
followed by lepton energy scale and
resolution, 6ET uncertainty and pile-up

7 / 25

Tyler Dorland |  HEP2013 - Top Pair Production Properties| 19 July, 2013

Top Charge Asymmetry - Results (dilepton)

>Full unfolded results to parton level

>Compared with Powheg parton level

>No significant deviations from the SM

CMS PAS TOP-12-004

15
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17 SM parameters do not constrain creativity	


•  SUSY in all it’s variations	



–  GMSB	



–  MSSM, CMSSM etc	



•  New strong interactions?	


–  Technicolor; excited quarks; compositeness; 

new “contact” interactions	



•  Exotica:	


–  Weird stuff: leptoquarks?	


–  New “forces”?	



–  New resonances (W-Z-like)	


–  More generations?	



•  Fourth generation (b’/t’)	



–  Gravity descending at the TeV scale?	


–  New resonances; missing stuff; black holes; 

SUSY-like signatures [Universal Extra 
dimensions]	



•   SUSY-inspired exotica:	


–  Long-lived massive (new) particles?	



•  Some true inspirations: “hidden valleys”?	
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src: H.Murayama 	





Little Hierarchy problem, Naturalness	
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mHiggs 
126 GeV 

BSM? 

t 

W 
Z 
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Motivation

● The CMS and ATLAS collaborations have observed a new boson 
with mass ~125 GeV 
● Fundamental scalar particles such as the Standard Model Higgs 
receive divergent corrections to their mass from other SM particles:

 

 

● Restricting fine tuning to the 10% level requires new physics which 
cuts off these divergent contributions [1]: 

3David Sperka: Search for t+b resonances with the CMS experiment
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Little Hierarchy problem, Naturalness	
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?	

 ?	





Little Hierarchy problem, Naturalness	
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mHiggs 
126 GeV 

BSM? 

t 

W 
Z 

If fine tuning <=10%: 
Restrictions: 
Λquarks ~< 2 TeV 
Λgauge ~< 5 TeV  



Little Hierarchy problem, Naturalness	
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Susy  	

 Susy	





Supersymmetry - in top sector?	


•  Solves hierarchy problem, 

GUT convergence and can 
add CP violation	



•  Dark Matter candidates 
available 	



•  Naturalness motivations can 
be interpreted to favor light 
stop 	


–  ttbar+MET, ttbar+X+MET 

signatures	



What%does%SUSY%do%to%solve%ques@ons%beyond%the%SM?*

• *Solves*the*hierarchy*problem*

• *Convergence*of*the*coupling*constants*

• *Can*provide*more*CP*violaJon*

• *Plausible*Dark*MaXer*candidate*in**
*models*with*Rcparity*conservaJon*

SUSY*&*ExoJcs* 70*HASCO*2012*

The*“Best”*candidate*for*dark*maXer*is*the*lightest*neutralino:**

€ 

˜ N 1  ( ˜ χ 1
0)
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& many more	





Example stop search in l+jets+MET	
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•  ATLAS-CONF-2013-037	


•  requires detailed understanding of 

top quark pair production at high 
missing ET 	


–  Analysis works in many signal regions, 

looking in boxes constrained by number 
of b-tags, transverse mass, MET, etc	



–  Sensitivity for stop depends on scenario 
considered, each region has strengths/
weaknesses	



–  Strong limits on stop mass	



•  Can exclude direct stop production with 
masses lower than 600 GeV (with some 
caveats on neutralino mass, etc)	



One signal 
region	





Little Hierarchy problem, Naturalness	
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W’
Z’	





W’ to tb	



•  analogue to single top s-
channel production	



•  Leptonic top decay:	


–  Final state of lepton+MET+2 b 

jets	



•  Mass reconstruction  also 
used in SM top physics, using 
W boson mass to constrain 
MET	


–  With additional top mass 

constraint	



•  Interpret in left and 
right handed W’ 
scenarios	
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Moriond / EW , 2-9 Mar 2013, La Thuile, Valle d'Aosta (Italy)C. Battilana (CIEMAT)

LHC

Tevatron

Production of top quarks

3

Collider qq gg

Tevatron pp (1.96 TeV) ~85% ~15%

LHC pp (7 TeV) ~20% ~80%

tt pair production

single top production  

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

2. SINGLE TOP PRODUCTION 

 
 

66 pb 

1.05 pb 

Observation of single top production:  
 cross section � Vtb

2 

 study top-polarization and EWK top  
    interaction 
 
Test of non-SM phenomena: 

 4th generation 
 FCNC couplings 
 W� , H� 

 anomalous Wtb couplings 
 

2.08 pb 0.22 pb 

Signal � background discrimination: 
 Tevatron:  multivariate methods (neural networks, boosted  
    decision trees, matrix element method) 
 LHC:     cut-based or multivariate method  
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s-channel

t-channel
tW-channel

Collider s-channel
σtb

t-channel
σtqb

tW-channel
σtW

Tevatron pp (1.96 TeV) 1.05 pb 2.08 pb 0.22 pb

LHC pp (7 TeV) 4.63 pb 64.6 pb 15.7 pb

LHC pp (8 TeV) 5.55 pb 87.1 pb 22.2 pb

only virtual q in pp

different PDF contribution
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W’ W 

src: B2G-12-010 PAS 



•  Differential cross sections now 
available for 8 TeV sub-set 	



•  Searches in tails of distributions 
ongoing for 8 TeV full sample	



•  Z’ scenarios interwoven with 
natural EXO solutions and AFB-
explaining models	



•  Mttbar distribution sensitive to 
many new physics scenarios	
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Motivation

● Many new physics models which explain the light 
Higgs mass introduce new particles which cancel 
the divergences of the top, gauge, and self-coupling 
loops

● Our search focuses on a heavy new charged 
guage boson, referred to as a W', which is predicted 
by many theories, for example:

● Little Higgs [1]
● Extra Dimensions [2,3]
● Extended Technicolor [4]
● Left-Right Symmetry [5]

● We perform a model independent search for a W' 
boson which to decays to a top+bottom quark pair  

 

 

4

W'

David Sperka: Search for t+b resonances with the CMS experiment

Z’ 

src: TOP-12-027 PAS 

Investigating ttbar invariant mass distribution	





Top resonaces physics motivation	
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 April APS 2012 Supriya Jain 2 

● The Standard Model (SM) predicts production of top-antitop pairs through 
the exchange of gluons 

                        Introduction

● But certain new models (beyond SM) also predict the production of top-antitop 
pairs through a massive resonance Z'

● Eg: “Topcolor-assisted technicolor” model which predicts a leptophobic Z'  
with strong couplings to the third generation: hep-ph/9911288: Hill, Parke, Harris  

Illustration only

70% 30%

•  Many new physics models predict extra 
exchange of massive particles in top quark 
production	


–  Would be observed in a peaked or general 

excess/dip in the top-antitop invariant mass 
spectrum	



–  Substantial number of theoretical models 	


–  Z’, colorons, axigluons, Randall-Sundrum/ADD 

gravitons, Pseudo-scalar Higgs to ttbar	



•  And many more	



•  Searches presented can be interpreted 
in any of these	


–  For general comparison,“Topcolor-assisted 

technicolor” model: hep-ph/991.1288: Hill, Parke, Harris 	



A Composite 
Top?

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

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

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

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

Point-like SM particles

Weakly coupled
bare constituents?

Resonances?

Higher dimensional
operators

LHC?

...sr
c:

 T
. T

ai
t 
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                    Event Selections

● Selections: 
● Leptons: two high-pT, isolated, oppositely-charged leptons (pT > 20 GeV)

- pseudorapidity |η| < 2.5 
● Missing transverse energy, MET > 30 GeV
● m(ll) > 12 GeV; in ee and mumu channels, veto 76 < m(ll) < 106 GeV
● N(jets) > =2, pT > 30 GeV, |η| < 2.5
● At least one b-tag (based on secondary vertex identification)

Z'

proton

       proton

●We choose “dileptons” decay mode (ee, mumu, emu)  

analysis strategy	


•  Searches in all available top decay 

channels	


–  Dileptons	



–  Semileptonic = lepton+jets	



–  Hadronic = alljets	


•  And in different regimes	



–  Close to 2x(top mass) threshold	


•  Sensitive to shape of SM M(ttbar) distribution 	


•  Conventional top physics techniques may be 

used	



–  More boosted	


•  Sensitive to more massive M(ttbar) BSM physics	


•  Dedicated reconstruction techniques may be 

necessary	
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≡
≡
t t →  −+ννbb

t t →  νqqbb
t t → qqqqbb

? 



All hadronic, boosted, 8 TeV	


•  Using boosted objects and jet 

pruning to identify substructure	


–  Full merged topology	



•  Cambridge-Aachen jets 	


–  ‘top jets’	


–  ‘W boson jets’	
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11 August 2011

All-Hadronic Analysis

18

• Fully merged, “type 1” : JHU top tagger
• Partially merged, “type 2” : U of W jet pruning with BDRS mass drop as a “W tagger”

Top candidate

Top candidates
W candidate

b candidate

• 2 jets, pT > 350 GeV
• Both jets are top tagged

• Not type 1 + 1
• Jet 1 pT > 350 GeV, top tagged
• Jet 2 pT > 200 GeV, W tagged
• Jet 3 pT > 30 GeV, form top 

mass with jet 2

CMS-PAS-EXO-11-006
CMS-PAS-JME-11-013

src: CMS-B2G-12-005 



All hadronic, boosted, 8 TeV	
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11 August 2011

All-Hadronic Analysis

18

• Fully merged, “type 1” : JHU top tagger
• Partially merged, “type 2” : U of W jet pruning with BDRS mass drop as a “W tagger”

Top candidate

Top candidates
W candidate

b candidate

• 2 jets, pT > 350 GeV
• Both jets are top tagged

• Not type 1 + 1
• Jet 1 pT > 350 GeV, top tagged
• Jet 2 pT > 200 GeV, W tagged
• Jet 3 pT > 30 GeV, form top 

mass with jet 2

CMS-PAS-EXO-11-006
CMS-PAS-JME-11-013

src: CMS-B2G-12-005 



All hadronic, boosted, 8 TeV	
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•  LLH fit to bumps in mass 
spectrum used to set 
limits	



src: CMS-B2G-12-005 



All hadronic, boosted, 8 TeV	
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src: CMS-B2G-12-005 

•  LLH fit to bumps in mass 
spectrum used to set limits	



•  Narrow (1.2%) Z’ limit: 	

 M(Z’) > 1.7 TeV	


•  Wide (10%) Z’ limit: 	

 M(Z’) > 2.35 TeV	


•  RS Kaluza-Klein gravitons: M(KKG) > 1.8 TeV	



•  95% CL upper limits on 
increased cross section at high 
mass:	


σNP+SM < 1.79 σSM for masses above 
1 TeV	





Semileptonic, threshold	
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•  Require only one lepton, >= 4 jets and 
split in b-tag multiplicity	



•  χ2 sorting used to select best jet combination 	



	



•  Using data-driven estimates for falling 
distribution of top pair mass spectrum above 
500 GeV/c2	



•  Systematic uncertainties take into 
account rate and shape changes for 
signal and background model	



src: CMS PAS B2G-12-006 



Semileptonic, boosted	


•  Resolved topologies 	



–  use standard lepton+jets selection 
(lepton, MET, 4 jets, b-tag) 	



–  with χ2 sorting 	


–  and constraints from top and W boson 

mass (including pT balance of tops)	



•  Boosted topologies 	


–  uses wide jet (r=1) as top candidate	



•  With selection on substructure to optimise 
for top quarks	



–  other side ‘normal’ ak5 jet, lepton, 
missing ET	
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src: ATLAS-CONF-2013-052 



Semileptonic, non-isolated	
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•  Multiple scenarios considered	


–  Worlds best limit on production of resonant 

ttbar:	


•  Z’ (width 1.2%):  m > 2.10 TeV	


•  Z’ (width 10%):   m > 2.68 TeV	


•  KK gluons: m > 2.69 TeV	



•  Resonances in low-mass region:	



 	

excluded with xsec > 1-2 pb!!	



src: CMS PAS B2G-12-006 



Vector like quarks intro	


•  Non- SM fourth generation	



–  Can enhance CP violation	



–  Heavy neutrino as DM candidate	



•  Vector-like fermions (non-
chiral fermions):	


–  Typical: exotic 4th generation 

top/bottom partner	


•  2HDM models	



•  Little Higgs models  	



•  Warped extra dimensions	



–  Not excluded by Higgs mass 
constraints/branching ratios	



•  Models benchmark for new 
physics decaying top-like:	


–  Extremely rich phenomenology 

with final states with multiple 
gauge bosons, b and t quarks:	



–  Current searches mostly pair 
production	
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Little Hierarchy problem, Naturalness	
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mHiggs 
126 GeV 

BSM? 

t 

W 
Z 

Motivation

● The CMS and ATLAS collaborations have observed a new boson 
with mass ~125 GeV 
● Fundamental scalar particles such as the Standard Model Higgs 
receive divergent corrections to their mass from other SM particles:

 

 

● Restricting fine tuning to the 10% level requires new physics which 
cuts off these divergent contributions [1]: 

3David Sperka: Search for t+b resonances with the CMS experiment
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3David Sperka: Search for t+b resonances with the CMS experiment

t’/b’	





Vector-like quark partners	


•  CMS: 1,2,3 lepton channels combined 	



–  1-lepton top quark partner analysis 
includes tagging of hadronic W bosons	



•  ATLAS: 4 separate channels including Z+b, 
multileptons and T to bW 1-lepton+jets with 
high b jet multiplicity (incl W tagging) 	
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CMS PAS B2G-12-015 
ATLAS-CONF-2013-060/018/051/056  
 
 



Vector-like quark partners	



•  For full LHC 8 TeV dataset	


•  typical 95% CL exclusion for 

masses are 650-800 GeV, 
depending on the decay channel	



•  CMS and ATLAS set limits in 
same space – presentation 
different but same message	



•  ATLAS also sets limit on 
bottom partners	
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CMS PAS B2G-12-015 
ATLAS-CONF-2013-060/018/051  
 
 



General search multi-leptons	



Limits on fourth 
generation, doubly 
charged Higgs (including 
Higgs triplets), various 
exotic neutrino models	



•  Full ATLAS 8 TeV dataset 
examined in 3-lepton final states 	


–  On- and off-Z boson regions	



–  Maximally one hadronic tau	



–  Several kinematic variables 
examined	



–  split by number of b tagged jets	



•  No excess above SM predictions	



ATLAS CONF-2013-070 
38	
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Baryon Number Conservation	


•  Baryon number conserved in Standard Model	



–  Small violation possible from non-perturbative effects	



	


•  Supersymmetry, Grand Unified Theories and 

black-hole physics naturally allow Baryon Number 
violation (BNV).	


–  stringent limits from precision measurements in 

nucleon, tau, HF mesons and Z bosons	


– Top decay (small BR) of type t to μbc not excluded	
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Search for BNV in tops	


•  Idea: should be visible as 

subtle increase of top 
events in lepton+jets with 
very low missing 
transverse energy	



•  Experimentally extremely 
challenging regime 	


–  Lepton	


–  5 jets	



– No MET	
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src: CMS PAS B2G-12-023 



Search for BNV tops	
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•  Construct chi2 requirement on hadronic top system and 
make tight cut on chi2 (<20) and MET (<20) Constrain low 
MET, low chi2 region from bulk 	



•  Fit to BR and selection efficiency instead of event counts	


 CMS PAS B2G-12-023 



Search for BNV tops	
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 CMS PAS B2G-12-023 

6 5 Signal search strategy

discussed above) in the tight selection, and e(T|B)tt̄ (e(T|B)tW ) is the efficiency for tt (tW) events to
pass the tight selection once the basic selection is passed.

All the quantities in the square brackets of Eq. 3 are functions of BR and can be expressed
in terms of the tt and tW cross sections (stt and stW , respectively), integrated luminosity, and
efficiencies for passing the basic and tight selections. If these variables are introduced, Eq. 3
becomes:

NT
exp =

⇣
NB

obs � NB
bck

⌘
2

64
1

1 + stW eB
tW(BR)

stt̄e
B
tt̄(BR)

⇥
eT

tt̄(BR)
eB

tt̄(BR)
+

1

1 + stt̄e
B
tt̄(BR)

stW eB
tW(BR)

⇥ eT
tW(BR)

eB
tW(BR)

3

75+ NT
bck (4)

In Eq. 4, eB
tt (eT

tt) indicates the efficiency of the basic (tight) selection for tt events. Similarly,
eB

tW (eT
tW) indicates the efficiency of the basic (tight) selection for tW events. Each of these four

efficiency values is a function of BR and of three (for tt events) or two (for tW events) efficiency
values, which correspond to the different decay modes:

eX
tt = 2BR(1 � BR)eX

BNV,SM + (1 � BR)2eX
SM,SM + BR2eX

BNV,BNV (5)

eX
tW = (1 � BR)eX

SM + BReX
BNV (6)

where X = B, T with B and T standing for basic and tight selection, respectively, and SM
(BNV) indicating the SM (BNV) decay mode of the top quark.

With the adopted approach the search is mostly sensitive to uncertainties in the ratio of eT
SM,SM

to eB
SM,SM, NB

bck and NT
bck.

The observable of the likelihood function used in this analysis is the yield in data for the tight
selection (NT

obs). The parameter of interest is BR. The other quantities that affect the estimate
of NT

exp are the ten efficiencies in Eq. 4, NB
bck, NT

bck and the ratio stW/stt. Many of these quanti-
ties are highly correlated because their uncertainties arise from common sources of systematic
uncertainties. These correlations are handled using the method presented in [29]. The j-th
source of systematic uncertainty is associated with a random variable uj distributed according
to a unit normal distribution, G(uj), that induces correlated shifts on the various quantities in
the likelihood functions. For a given quantity qi the shifts resulting from two distinct sources
of uncertainties are assumed to add linearly. In this approach the nuisance parameters in the
likelihood are the uj variables associated with each of the systematic uncertainties considered.

Other quantities in the likelihood function, like the cross section values stW and stt, are instead
assumed to be independent of each other. In these cases the quantity is a nuisance parameter
and is simply constrained by a lognormal probability density function rk(qk|q̃k, s̃k) describing
the probability of the true value qk for the parameter, given its estimated value q̃k, and its
estimated relative uncertainty s̃k.

With this approach, the likelihood function L reads:

L(data | BR, qi(uj), qk(q̃k, s̃k)) = P
⇣

NT
obs | NT

exp(BR, qi(uj), qk(q̃k, s̃k))
⌘
·’

j
G(uj) ·’

k
r(qk|q̃k, s̃k) ,

(7)
where P

⇣
NT

obs | NT
exp(BR, qi(uj), qk(q̃k, s̃k))

⌘
is the Poisson probability density function with ex-

pectation value NT
exp(BR, qi(uj), qk(q̃k, s̃k)), given by Eq. 4, evaluated at NT

obs.



Search for BNV tops	


•  Modeling of QCD multijet 

background derived in Z+jets 
events	



•  Fit to efficiencies and BR 	



•  Even in challenging e+jets 
channel decent data-MC 
agreement	



•  Limits on in µ (e) channels:	


•     BF< 0.016 (0.017) 	



•  First limit ever on BNV in top 
sector!	
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End of lecture three – questions?	
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MSSM vs SUSY	



16 

SUSY 

pMSSM 

MSSM 

N=1 

CMSSM 

NMSSM 
  Dirac 
gauginos 

singlinos 

U(1)’  
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Lepton Forward-Backward Asymmetry

• Att̄
FB measurement requires full reconstruction of tt̄ system.

• Alternativemethod based on y of

lepton from leptonic W decay.

A!
FB =

N(q!y! > 0)−N(q!y! < 0)

N(q!y! > 0) +N(q!y! < 0)

• A!
FB ≈ 0.5·Att̄

FB if no t polarization.

• Can also use events with jets out

of acceptance (3-jet bin).

CDF: A!
FB = 0.094+0.032

−0.029

D0: A!
FB = 0.047± 0.023(stat)+0.011

−0.014(syst)

• CDF result approximately 2σ

above SM prediction.

• D0 measurement consistent with

SM (and CDF) within errors. -10 0 10 20

Forward-Backward Lepton Asymmetry, %
-1bfDØ preliminary, 9.7

Production Level tagb3 jets, 1 

 tagsb2 ≥3 jets, 

 tagb4 jets, 1 ≥

 tagsb2 ≥4 jets, ≥

inclusive
ebber,Wrixione and B.R.FS.

, 029 (2002)06JHEP 

3/.D.F.: 8.2N/2χ
(with syst.)

CDF Note 10975

D0 note 6394-CONF

SARA STRANDBERG, STOCKHOLM UNIVERSITY P. 20 EPSHEP 2013, STOCKHOLM, JULY 22, 2013
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Top Forward-Backward and Charge Asymmetries

• New physics in top sector can alter angular distributions.

• Study forward-backward and charge asymmetries.

Att̄
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

Att̄
C =

N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)

 [GeV]ttm
0 100 200 300 400 500 600 700 800 900

CA

-0.1

-0.05

0

0.05

0.1

0.15

0.2 Unfolded
SM 
Axigluon m=300 GeV 
Axigluon m=7000 GeV 

ATLAS  Preliminary
= 7 TeVs

-1 L dt =  4.7  fb∫

Phys. Rev. D 87 092002 (2013) Phys. Lett. B 717, 129 (2012) ATLAS-CONF-2013-078

with ∆y = yt − yt̄

with ∆|y| = |yt|− |yt̄|

• Tevatron Att̄
FB measurements in tension with SM at ∼ 2.5σ.

• LHC Att̄
C measurements consistent with SM.

SARA STRANDBERG, STOCKHOLM UNIVERSITY P. 19 EPSHEP 2013, STOCKHOLM, JULY 22, 2013


