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Top quark precision measurements
❖ Two processes:  tt̅ and t-channel single top production

❖ Two interactions: strong (gtt vertex) and weak (Wtb vertex)

❖ Only one significant decay channel: W boson + b quark. 

❖ Measurements constrain both the strength of these couplings and 
their structure.

❖ Two languages:  EFT and anomalous couplings

❖ Precision measurements are based on production cross sections and 
angular analyses of decay products. 
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tt̅ cross section
Standard model production mechanisms 
for qq̅→tt̅ and gg→tt̅.

s-channel qq̅→tt̅ 
s,t, u-channel gg→tt̅.
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All measurements in good agreement 
with SM predictions. 

They can be interpreted in the 
framework of effective field 
theory
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tt̅  cross section and effective field theory

Andy Buckley et al., JHEP 1604 (2016) 015   arXiv:1512.03360v3 !4
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µu)

+
C(8)

qu

⇤2

�
q̄�µT

Aq
� �
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ū�µT

Au
� �

d̄�µTAd
�

<latexit sha1_base64="6ivbYYw7WprurdSbPUoFGlDLRtI="></latexit><latexit sha1_base64="6ivbYYw7WprurdSbPUoFGlDLRtI="></latexit><latexit sha1_base64="6ivbYYw7WprurdSbPUoFGlDLRtI="></latexit><latexit sha1_base64="6ivbYYw7WprurdSbPUoFGlDLRtI="></latexit>

Andy Buckley et al. (TOPFitter), JHEP 1604 (2016) 015   

Dimension 6 
operators leading to 
a modification of the  
production cross 
section.

The plots show 
constraints on their
Wilson coefficients
(or linear 
combinations).

All other coefficients 
constrained to zero 
in these plots. 



Kinematics of tt̅ production+decay
• Rapidity of tt̅ system
• Production angle in tt̅ rest frame
• Polar and azimuthal angle of W+ boson
• Polar and azimuthal angle of W- boson
• Polar and azimuthal angle of the fermion 

from W- decay
• Polar and azimuthal angle of the 

antifermion from the W+ decay.
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Decays are classified as dilepton (10.5%), lepton + jets 
(43.8%), and fully hadronic (45.7%, not used for 
precision measurement).  

Measurements are based upon distributions of 
observables — projections of the joint PDF for the 
production+decay process. Sensitive to the structure 
of the gtt vertex (production) and the  Wtb vertex 
(decay) !5



Spin correlations
LL+RR partons produce tt̅ pairs w/ opposite spins 
LR+RL partons produce tt̅ pairs w/ aligned spins
New physics can alter the spin correlation:

• Via exotic production mechanisms (Z’, heavy 
Higgs, SUSY)

• Via virtual effects (anomalous couplings) at the ggt 
vertex.   

Decay time of the top quark (10-25 s) shorter than the hadronization time (10-24 s) 
==> spin information is transferred to the decay products of the top quark. 

!6

Stephen J. Parke, arXiv:1202.2345

The weak decay of the top quark t→Wb is a  spin analyzer.
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(NLO)
Angle between decay product and spin axis, 
top rest frame. 



Old news: spin correlations established  in 2012 

φΔ
0 0.5 1 1.5 2 2.5 3

Ev
en

ts

0

100

200

300

400

500

600

700

800

900 data
 (SM)tt
 (uncorrelated)tt

single top
*+jetsγZ/

diboson
fake leptons

ATLAS
-1 Ldt = 2.1 fb∫

These correlations are established 
experimentally in 2012  using the 
distribution of ∆φ==> 

ni = fSMnspin + (1� fSM)nnospin

5.1 σ observation of spin correlations (ATLAS), 

Simplest observable is ∆φ, the difference in azimuth of two leptons in the laboratory 
frame:

• Does not require the reconstruction of full event kinematics
• Can easily be applied to top dilepton events, the cleanest sample of tt̅ events

fSM=1.30 ±0.14 +0.27-0.22 Phys. Rev. Lett. 108 (2012) 212001
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fSM factor has SM expectation of 1.0



Spin Correlations in 8 TeV data and limits on the mt1̃ 
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Phys. Rev. Lett. 114 (2015) 142001

• dilepton events used
• Spin correlation strength Ahelicity=(Nlike-Nunlike)/(Nlike+Nunlike) extracted
• Bounds on the mass of the lightest stop inferred.
• The search looks for right-handed tops from the lightest stop.

t

t̅

q

q̅

χ̃⁰t̃

t̃̅ χ̃⁰

Ahelicity = 0.38± 0.04 compare with

ASM
helicity = 0.318± 0.006 [Nucl. Phys. B 725 115 (2013)]

From cross section 
only, limits are 
weaker:

see 

Eur. Phys. J. C 74 
3109 (2014)

mt < mt̃1 < 191 GeV (95%)

mt < mt1 < 177 GeV



Spin correlations in all three directions

Simplest form.
beam direction

Top
 di

rec
tio

n

In the Zero Momentum Frame (ZMF), we 
identify three angles:
• Helicity angle θ
• Transverse angle, ⟂ production plane
• “R-axis angle”, third orthogonal direction
• All components of the tt̅ pair spin-density 

matrix measured in the analysis from ATLAS. 
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Spin correlation
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Spin correlations JHEP 12 (2015) 026 (mod) ± (stat+det) ±result 

(0.057) ± (0.072) ±0.296 
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CMS 8 TeV (dilepton analysis)
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 (8 TeV)-119.5 fbCMS PreliminaryCMS collaboration, PRD D 93 052007 (2016). The 
main reference and roadmap for this work is 
Bernreuther and Si PLB 725 (2013) 115, examining 
the effect of anomalous top chromo-magnetic and 
chromo-electric dipole moments.  

CPV:
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AΔϕ =
N ( |Δϕℓ+ℓ− | > π /2) − N ( |Δϕℓ+ℓ− | < π /2)
N ( |Δϕℓ+ℓ− | > π /2) + N ( |Δϕℓ+ℓ− | < π /2)

Ac1c2
=

N (c1c2 > 0) − N (c1c2 < 0)
N (c1c2 > 0) + N (c1c2 < 0)

Acos φ =
N (cos φ > 0) − N (cos φ < 0)
N (cos φ > 0) + N (cos φ < 0)

AP± =
N (cos θ*ℓ± > 0) − N (cos θ*ℓ± < 0)
N (cos θ*ℓ± > 0) + N (cos θ*ℓ± < 0)

ACPV = AP+ − AP−



Chromo-moments at the gtt vertex

The CMS analysis is sensitive 
to Re(μ̂t) and Im(d̂t) 

Dimensionless anomalous chromo-magnetic & electric dipole moment parameters.
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CMS PRD 93 052007 (2016)

Variable fSM ± (stat) ± (syst) ± (theor) Total uncertainty
ADf 1.14± 0.06± 0.13+ 0.08

� 0.11
+ 0.16
� 0.18

Acos j 0.90± 0.09± 0.10± 0.05 ±0.15
Ac1c2 0.87± 0.17± 0.21± 0.04 ±0.27
ADf (vs. Mtt ) 1.12± 0.06± 0.08+ 0.08

� 0.11
+ 0.12
� 0.15
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Re(μ̂) & Im(d)̂ from spin correlations (CMS)

Fit to Re(μ̂t) assuming all other parameters have SM values 
==>

    −0.053 < Re(μ̂t) < 0.042 (95%)

Using the asymmetry in cosφ ==>

   -0.053 < Re(μ̂t) < 0.026 (95%)

CP violation in tt̅ production? From ACPV=AP+-AP-     
   
    −0.068 < Im (d̂t)< 0.067 (95%) 
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Parameterization derived from
W. Bernreuther and Z.-G. Si, 
Phys. Lett. B 725, 115 (2013).

(Chromomagnetic moment is also constrained by differential cross 
section in CMS; see talk by Xin Chen in parallel session.)
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Latest word on spin correlations (ATLAS, 13 TeV)

The only  hint so far of an
anomaly in tt̅ production…
SUSY interpretation in progress
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The trend was present in past measurements

• Spin correlation in eμ channel.
• ∆φ distribution unfolded to parton level
• Absolute and normalized cross sections measured.
• fSM from normalized cross section
• Signal modeling uncertainties dominant
• Significant excess spin correlation observed:

Excess spin correlation 
increases  m(tt̅) but 
significance is limited 
by the sample size when 
divided into bins —> 



The Wtb vertex
The previous results are probes of the gtt vertex, assuming a SM Wtb vertex. 

Experiment also can probe the Wtb vertex, as we will show in the next slides. 

Language of anomalous 
couplings

Language of effective 
field theory
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W Boson Helicity Fractions

|t>

|WLbL>

|W0bL>

|W0bR>

|WRbR>

69%

31%} F0 =0.687(5)

FR=0.0017(1)

FL =0.311(5)
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Helicity fractions are 
determined  from an 
analysis of the angle θ* : 
angle between the W boson 
in the top quark frame and 
the charged lepton in the 
W frame. 
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(NNLO QCD) Phys. Rev. D 81, 111503 (2010) 
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Helicity fractions from tt̅ events (CMS)

PLB 762 (2016) 512 !16

• Lepton+jet events 
• Require 1 lepton (e or μ) + 4 jets events, two of which are b-tagged. 
• Reconstruct neutrino momentum, tt̅ system, angles θ* on hadronic and leptonic side
• Binned likelihood fit to θ* on leptonic side extracts helicity fractions. 
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Helicity fractions Anomalous couplings



Helicity fractions from  tt̅ events (ATLAS)
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• Lepton+jet events 
• Require 1 lepton (e or μ) + 4 jets events, at least one of which are b-tagged. 
• Kinematic fit (KLFitter, NIM A 748  18 2014) to reconstruct tt̅ system
• Binned likelihood fit to θ* from both leptonic & hadronic side used

• How is that possible?  ==> b-tagging on the hadronic side to identify (anti)fermion from W decay! 
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FL=0.299±0.008 (stat+bkg.norm)±0.013 (syst)
FR=-0.008±0.006 (stat+bkg.norm)±0.012 (syst)

Jet reconstruction and signal modeling 
dominant systematic errors.



Single top processes and the Wtb vertex
t-channel s-channel tW-channel

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
|tbVLV|f

ATLAS+CMS Preliminary
LHCtopWG

  from single top quark production
theoσ

measσ
| =  tbVLV|f

MSTW2008nnlo: NLO+NNLL theoσ
PRD 83 (2011) 091503, PRD 82 (2010) 054018,       
PRD 81 (2010) 054028       

 PDF⊕: scale theoσΔ
 = 172.5 GeVtopm

May 2018

 including top-quark mass uncertainty1 

: NLO PDF4LHC11 theoσ 2 

    NPPS205 (2010) 10, CPC191 (2015) 74
 including beam energy uncertainty3 

total  theo

 (theo)± (meas) ±| tbVLV|f
t-channel:

Wt:

s-channel:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 
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 )1−EPJC 77 (2017) 531  (20.2 fb
 0.024± 0.042 ±1.028 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combination 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 
 2CMS 13 TeV

 )1−PLB 772 (2017) 752  (2.3 fb
 0.02± 0.07 ±1.05 

 2ATLAS 13 TeV
 )1−JHEP 04 (2017) 086  (3.2 fb

 0.02± 0.09 ±1.07 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb  0.04− 0.13  −

 0.03+ 0.16  +1.01 
 1,3ATLAS 8 TeV

 )1−JHEP 01 (2016) 064  (20.3 fb
 0.03± 0.10 ±1.01 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 
 1,3LHC combination 8 TeV

CMS-PAS-TOP-15-019
ATLAS-CONF-2016-023,

LHCtopWG  0.04± 0.08 ±1.02 

 2ATLAS 13 TeV
 )1−EPJC 78 (2018) 186  (3.2 fb

 0.04± 0.24 ±1.14 

 3ATLAS 8 TeV
 )1−PLB 756 (2016) 228  (20.3 fb

 0.04±  0.20−
 0.18+0.93 
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Single top-quark production
November 2017

t-channel

tW

s-channel

ATLAS t-channel
086 (2017) 04 JHEP

531, (2017) 77 112006, EPJC (2014) 90 PRD

CMS t-channel
752 (2017) PLB 772

090, (2014) 06 035, JHEP (2012) 12 JHEP

ATLAS tW
arXiv:1612.07231

064, (2016) 01 142, JHEP (2012) PLB 716

CMS tW
PAS-TOP-17-018

231802, (2014) 112 022003, PRL (2013) 110 PRL

LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
228 (2016) PLB 756

ATLAS-CONF-2011-118 95% CL,

CMS s-channel
       7+8 TeV combined fit 95% CL×

CL 95% 027 (2016) 09 JHEP

58 (2014) PLB 736NNLO 
scale uncertainty

091503, (2011) 83 PRDNNLL  + NLO
054028 (2010) 81 054018, PRD (2010) 82 PRD

 contribution removedttW: t
 uncertaintysα ⊕ PDF ⊕scale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
,top= m

F
µ= 

R
µ

CT10nlo, MSTW2008nlo, NNPDF2.3nlo
VeG 65 =

F
µ and VeG 60 =  removalt veto for tb

T
tW: p

scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 

VeG = 172.5topm

stat  total

The Wtb vertex occurs both at production 
and decay in all single top processes. Direct 
measurement of |Vtb|
All consistent with SM value  |Vtb|=1



Helicity fraction measurements in single top t-channel
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fLV=VL

fRV=VR

fRT=gR

fLT=gL



Beyond helicity fractions in single top t-channel
Single top t-channel events have high (~90%) polarization along the spectator quark direction 
to the V-A structure of the weak interaction. This makes possible a unique set of measurements

|t>

|WLbL>

|W0bL>

|W0bR>

|WRbR>

|μνbL>

|μνbR> 69%

31%
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Helicity fraction measurements determine the relative strength of three 
categories (L,R, 0).  One can also separate four categories and determine 
a relative phase.  From there go to constraints on VR, gL, gR



Decay kinematics depend on 3 angles.

b q

q’

t
θ:     t decay polar angle
θ:   W decay polar angle
φ*: W decay azimuthal angle

θ*,φ*

W

l

ν
θ
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1
N

d3N
d cos θdΩ*
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1
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|A1, 1
2
|2 (1 + P cos θ) (1 + cos θ*)2

+
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4

|A−1,− 1
2
|2 (1 − P cos θ) (1 − cos θ*)2

+
3
2 ( |A0, 1

2
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2
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−
3 2

2
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2
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0, 1
2 ]

−
3 2

2
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2
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2 ]



Asymmetries in single top t-channel 

JHEP 04 (2017) 124
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Angular asymmetry
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Stat. uncertainty
Total uncertainty
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Asymmetry Angular observable Polarisation observable SM prediction
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1
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AFB cos ✓⇤`
3
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3
8

q
3
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16 (1� 3F0) �0.20
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3
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FB cos ✓⇤` cos�
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FB cos ✓⇤` cos�
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N⃗ (−ŷ)

T⃗ (x̂)

ŝt

p⃗ℓθ∗
ℓ

θN
ℓ

φ∗

ℓ(T )

φ∗

N

W (top rest frame)

lepton (W rest frame)

Spectator quark 
 (top rest frame)

Multiple angular asymmetries measured. 
All consistent with SM.
CP violation parameter:

If all other anomalous couplings zero and VL=1 

Im(gR) 2 [�0.18, 0.06] 95%C.L.

1
Γ

dΓ
d(cos θ*ℓ )dϕ*ℓ

=
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3

+
1

6
⟨T0⟩(3 cos2 θ*ℓ − 1) + ⟨S3⟩cos θ*ℓ

+⟨S1⟩cos ϕ*ℓ sin θ*ℓ + ⟨S2⟩sin ϕ*ℓ sin θ*ℓ
−⟨A1⟩cos ϕ*ℓ sin 2θ*ℓ − ⟨A2⟩sin ϕ*ℓ sin 2θ*ℓ }



Series of analyses from ATLAS
Double [JHEP 04 (2016) 023] and triple [JHEP 12 (2017) 017] differential decay rates.
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d⌦3

= amk,lM
m
k,l(✓, ✓

⇤,�⇤)

Mm
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p
2⇡Y m

k (✓1, 0)Y
m
l (✓2,�)

=
p
2⇡Y m

k (✓1,�)Y
m
l (✓2, 0)Decompose the 

differential 
decay rate into 

orthogonal 
functions and 

perform Fourier 
analysis.

Use Fourier 
techniques to 

deconvolve the 
detector. 
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[JHEP 12 (2017) 017] 

Triple differential cross section:



Helicity fractions & phases with no assumptions on other 
parameters

!24

f0+:  the fraction of b’s which are right-handed in events 
with longitudinal W’s

f0+ < 0.041 (68% CL)
f0+ < 0.085 (95% CL) unique measurement

f1+: the fraction of b’s which are right-handed in events 
with transverse W’s.

f1+ < 0.053 (68% CL)
f1+ < 0.120 (95% CL) 

+
1f
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f1=1-FL:    Also measured in standard W boson
polarization analyses.

δ-:            If nonzero, could signify CP violation
                in top quark decay. 

[JHEP 12 (2017) 017] 



Anomalous couplings with no assumptions on other parameters.
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• |VR/VL| < 0.23   (68% CL)
• |VR/VL| < 0.37   (95% CL)

• |gL/VL| < 0.19   (68% CL)
• |gL/VL| < 0.29  (95% CL)

• Tighter limits exist from b → sγ and from W helicity fractions in tt̅ 
events, but with assumptions on other parameters.
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[JHEP 12 (2017) 017] 



Triple-differential decay rate removes ambiguity from W-boson 
helicity fraction measurements in tt̅ events:
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The triple differential decay rate measurement [JHEP 12 (2017) 017]  eliminates the 
secondary, BSM solution of the standard helicity fraction measurement and does so 
without assumptions on any parameters of the Wtb vertex. 
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DRAFT

Helicity parameters Coupling ratios
Source �( f1) �(��)/⇡ �(Re

⇥
gR/VL

⇤
) �(Im

⇥
gR/VL

⇤
)

Statistical 0.022 0.013 0.030 0.027
Jets 0.029 0.007 0.039 0.009
Leptons 0.014 0.002 0.017 <0.001
Emiss

T <0.001 <0.001 <0.001 <0.001
Generator 0.027 0.006 0.030 0.010
Parton shower and hadronisation 0.004 0.003 <0.001 0.003
PDF variations 0.008 0.004 <0.001 <0.001
Background normalisation <0.001 <0.001 <0.001 <0.001
Multijet normalisation <0.001 <0.001 <0.001 <0.001
W+jets shape 0.015 0.005 0.007 0.009
Luminosity <0.001 <0.001 <0.001 <0.001
MC sample sizes 0.009 0.006 <0.001 0.013
Other <0.001 <0.001 <0.001 <0.001
Total systematic uncertainty 0.044 0.010 0.061 0.017
Total 0.049 0.017 0.068 0.032

Table 2: Statistical and systematic uncertainties in the measurement of helicity parameters f1 and ��, and of coupling
ratios Re

⇥
gR/VL

⇤
and Im

⇥
gR/VL

⇤
. Uncertainties from individual sources are estimated separately for shifts up

and down, and symmetrised uncertainties �( f1) and �(��), and �(Re
⇥
gR/VL

⇤
) and �(Im

⇥
gR/VL

⇤
) are given. The

statistical uncertainty is calculated by evaluating the likelihood including only the covariance matrix, V, arising
from the data statistics. The total uncertainty is calculated by including Vsyst in the likelihood calculation as well as
V. Finally, the total systematic uncertainty is computed by subtracting in quadrature the statistical uncertainty from
the total uncertainty.

11 Results687

In this section, measurements, limits and distributions obtained from a numerical calculation of the688

likelihood function (Eq. (9)) are shown in the space of the generalised helicity fractions and phases689

~↵ ⌘
n
f1, f +1 , f +0 , �+, ��

o
and P, or alternatively of the anomalous couplings VL,R, gL,R, and P. No ex-690

ternal constraints or assumptions are imposed on couplings. Values for parameters of interest can be691

obtained from likelihood profiles, or joint likelihood contours which show the correlations between the692

extracted parameters.693

Likelihood profiles and a joint likelihood contour for the quantities f +0 and f +1 are shown in Figure 9. The694

68% contours represent the total uncertainty in the measurement.695

The limit for f +0 , i.e. for the fraction of b-quarks that are right-handed in events with longitudinally696

polarised W bosons, is697

f +0 < 0.041 (68% CL) ,
f +0 < 0.085 (95% CL) ,

compared with the SM expectation of f +0 = 6 · 10�5. The limit for f +1 , i.e. for the fraction of transversely698

17th July 2017 – 21:01 29

Sources of systematic error:



New information on the ttZ, ttW± interactions
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CMS-PAS-TOP-17-005

Signal:  
dilepton (ttW)
trilepton, 4-lepton (ttZ)
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CMS ttZ & ttW analysis
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c̄Hu c̄u

c̄uW c̄uB

Naming scheme from JHEP 2014 (April, 2014) 110

CMS-PAS-TOP-17-005

(Likelihood contours assume all other Wilson coefficients are zero.)Discussed in more detail in the talk of Olga 
Bylund in parallel session 



Conclusions
❖ Measurement of tt̅, single top, ttZ and ttW processes are yielding precision information on 

gtt, Wtb, ttZ, ttW± interactions in a corner of the standard model not fully explored till now.

❖ All measurements consistent with the standard model, but hints of an anomaly at the 3.2 σ 
level in the ATLAS measurement of spin correlations at 13 TeV

❖ Measurements are now being cast in the form of constraints on Wilson coefficients of EFT 
operators.

❖ More precision to come with the full 13 TeV dataset, Run 3, and the HL-LHC

❖ Spin correlation measurement at 13 TeV with full dataset

❖ EFT approach becoming more common.

❖ More complete analyses of single top and tt̅ angular distributions

❖ Greater sensitivity to rare decay modes ttW and ttZ.

❖ Challenge: gain control over systematic errors.
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