
26.04.2019

Spin correlations: Status of spin correlations in pp ! tt̄

ALPS2019: Fourth Alpine LHC Physics Summit
22-27 Apr 2019, Obergurgl (Austria)

 1

Bora Isildak
on behalf of the CMS Collaboration

<latexit sha1_base64="42aKqPFHPbRWNFc9jb+J8i8R1cI="></latexit>



Introduction  and Motivation

Introduction  and MotivationBora Isildak /19 ALPS2019: Fourth Alpine LHC Physics Summit, 22-27 Apr 2019 
Obergurgl (Austria)  2



Introduction  and Motivation

Introduction  and MotivationBora Isildak /19 

Jacob Linacre - Moriond EW 201917/03/19

What’s special about spinning tops?
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‣ Top is an ideal quark for spin 
measurements! 

‣ decays before it can form bound states 

‣ spin information transferred to daughter 
particles 

‣ expect top spin observables to be well 
predicted by perturbative QCD 

‣ In the SM,      production is ~unpolarised 

‣ but the top spins are strongly correlated 

‣ rich structure of spin correlations 

‣ Top spin measurements are a powerful 
probe of new physics in      production 

‣ new mediator would change spin structure 

‣ sensitive to most dim6 EFT operators
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• Top quark decays before hadronization. 

• Spins does not decorrelate in this short time 

• and  the  decay  particles  carry  the  spin 
information
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• Top quarks produced by strong interaction are unpolarized but QCD causes top-
quark spins to be correlated at production.

• For low    invariant masses, the production is dominated by the fusion of pairs 
of gluons with the same helicities 

• There are BSM scenarios predicting polarized top quarks,  hence affecting the 
spin correlation.

• Therefore, it is highly important to measure the spin correlations of top quark 
pairs

• Two methods to measure top spin correlations

• Direct Measurement: Requires the reconstruction of the tt̄ system

• Indirect Measurement: Angle between two lepton ��(l�l+)

tt̄

experimentally  preferred 
because  lepton  angles 
have excellent resolution
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Spin Correlation Coefficient 

D = �2Acos' Acos' =
N(cos' > 0)�N(cos' < 0)

N(cos' > 0) +N(cos' < 0)
' = \

⇣
ˆ̀
+, ˆ̀�

⌘

Spin Correlation Coefficient 

c1 = cos ✓?`+ and c2 = cos ✓?`�

Ac1c2 =
N (c1c2 > 0)�N (c1c2 < 0)

N (c1c2 > 0) +N (c1c2 < 0)Chel = �4Ac1c2

✓⇤l+ and ✓⇤l� are the helicity angles

✓ measured in helicity basis (lepton angle in parent top’s
rest frame, relative to parent top’s direction in tt̄ CM
frame).

the variable ACPV
P = (AP+ �AP�) /2 measures pos-

sible polarization introduced by a maximally CP -
violating process.
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Correlation

indirect measurement of top spin correlation
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the NLO calculations. Correlations between the contents of
different bins, introduced by the unfolding process and
from the systematic uncertainties, are accounted for in the
calculation of the experimental uncertainties. The uncer-
tainties in the NLO predictions come from varying μR and
μF simultaneously up and down by a factor of 2. For Acosφ
and Ac1c2 , these scale uncertainties are summed in quad-
rature with the difference between the NLO predictions
from Ref. [4] when the ratio in the calculation is expanded
in powers of the strong coupling constant and when the
numerator and denominator are evaluated separately.
Using the relationships between the asymmetry variables

and spin correlation coefficients given in Sec. I, we find
Chel ¼ 0.278" 0.084 and D ¼ 0.205" 0.031, where the
uncertainties include the statistical and systematic compo-
nents added in quadrature. Similarly, the CP-conserving
and CP-violating components of the top quark polarization
are found to be P ¼ −0.022 " 0.058 and PCPV ¼
0.000 " 0.016, respectively. All measurements are con-
sistent with the expectations of the SM.
The NLO predictions for jΔϕlþl− j, cosφ, and c1c2 with

and without spin correlations in Table Vare used to translate
themeasurements into determinations offSM, the strength of
the spin correlations relative to the SM prediction, with
fSM ¼ 1 corresponding to the SM and fSM ¼ 0 correspond-
ing to uncorrelated events. The measurements of fSM are
shown in Table VI and are derived under the assumption that
the A matrix used for the unfolding is independent of spin
correlations. This is found to give conservative estimates for
the experimental uncertainties.
The dependence of each asymmetry on Mtt̄, jytt̄j, and

pT
tt̄ is extracted from the measured normalized double-

differential cross section, and the results are shown in
Fig. 4. The measurements are all consistent with the
MC@NLO predictions, and with the SM NLO
prediction for the Mtt̄ and jytt̄j dependencies. No compari-
son is made with the NLO prediction for the pT

tt̄ depend-
ence because the substantial effect of the parton shower on
the pT

tt̄ distribution means fixed-order NLO calculations
are not a sufficiently good approximation of the data.
Compared to the measurement of AΔϕ in Table V, the

differential measurement in bins ofMtt̄ (Fig. 4, top row, left

plot) has a significantly reduced (factor of 2.3) systematic
uncertainty associated with the top quark pT modeling.
When the acceptance correction is binned in a variable that
is correlated with the top quark pT (e.g.,Mtt̄), the top quark
pT reweighting affects the numerator and denominator in
the acceptance ratio similarly, leading to a reduction in the
associated systematic uncertainty. The inclusive asymmetry
measured from the projection in jΔϕlþl− j of the normalized
double-differential cross section is AΔϕ ¼ 0.095"
0.006ðstatÞ " 0.007ðsystÞ, which is converted into the
value of fSM ¼ 1.12þ0.12

−0.15 given in Table VI.

B. Limits on new physics

Anomalous tt̄g couplings can lead to a significant
modification of the polarization and spin correlations in
tt̄ events. A model-independent search can be performed
using an effective model of chromo-magnetic and chromo-
electric dipole moments (denoted CMDM and CEDM,
respectively). This study follows the proposal in Ref. [4].
For an anomalous tt̄g interaction arising from heavy-
particle exchange characterized by a mass scale M ≳ m t,
one can write an effective Lagrangian as

TABLE V. Inclusive asymmetry measurements obtained from the angular distributions unfolded to the parton level, and the parton-
level predictions from the MC@NLO simulation and from NLO calculations with (SM) and without (no spin corr.) spin correlations
[4,63]. For the data, the first uncertainty is statistical and the second is systematic. For the MC@NLO results and NLO calculations, the
uncertainties are statistical and theoretical, respectively.

Asymmetry variable Data (unfolded) MC@NLO simulation NLO, SM NLO, no spin corr.

AΔϕ 0.094" 0.005" 0.012 0.113" 0.001 0.110þ0.006
−0.009 0.202þ0.006

−0.009

Acosφ 0.102" 0.010" 0.012 0.114" 0.001 0.114" 0.006 0
Ac1c2 −0.069" 0.013" 0.016 −0.081" 0.001 −0.080" 0.004 0
AP −0.011" 0.007" 0.028 0 0.002" 0.001 & & &
ACPV
P 0.000" 0.006" 0.005 0 0 & & &

TABLE VI. Values of fSM, the strength of the measured spin
correlations relative to the SM prediction, derived from the
numbers in Table V. The last row shows an additional measure-
ment of fSM made from the projection in jΔϕlþl− j of the
normalized double-differential cross section as a function of
jΔϕlþl− j and Mtt̄. The uncertainties shown are statistical,
systematic, and theoretical, respectively. The total uncertainty
in each result, found by adding the individual uncertainties in
quadrature, is shown in the last column.

Variable fSM " ðstatÞ " ðsystÞ " ðtheorÞ
Total

uncertainty

AΔϕ 1.14" 0.06" 0.13þ0.08
−0.11

þ0.16
−0.18

Acosφ 0.90" 0.09" 0.10" 0.05 "0.15

Ac1c2 0.87" 0.17" 0.21" 0.04 "0.27

AΔϕ (vs Mtt̄) 1.12" 0.06" 0.08þ0.08
−0.11

þ0.12
−0.15

MEASUREMENTS OF tt̄ SPIN CORRELATIONS AND … PHYSICAL REVIEW D 93, 052007 (2016)

052007-9

(unfolded to the parton level)
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predictions obtained with the MC@NLO event generator and
from calculations at NLO in the strong and weak gauge
couplings for tt̄ production, with and without spin corre-
lations [4,63].

The measured asymmetries, obtained from the angular
distributions unfolded to the parton level, are presented
with their statistical and systematic uncertainties in Table V,
where they are compared to predictions from MC@NLO and
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FIG. 3. Normalized differential cross section as a function of jΔϕlþl− j, cosφ, cos θ⋆lþ cos θ
⋆
l− , and cos θ⋆l from data (points); parton-

level predictions from MC@NLO (dashed histograms); and theoretical predictions at NLO [4,63] with (SM) and without (no spin corr.)
spin correlations (solid and dotted histograms, respectively). For the cos θ⋆l distribution, CP conservation is assumed in the combination
of the cos θ⋆l" measurements from positively and negatively charged leptons. The ratio of the data to the MC@NLO prediction is shown in
the lower panels. The inner and outer vertical bars on the data points represent the statistical and total uncertainties, respectively. The
hatched bands represent variations of μR and μF simultaneously up and down by a factor of 2.
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the NLO calculations. Correlations between the contents of
different bins, introduced by the unfolding process and
from the systematic uncertainties, are accounted for in the
calculation of the experimental uncertainties. The uncer-
tainties in the NLO predictions come from varying μR and
μF simultaneously up and down by a factor of 2. For Acosφ
and Ac1c2 , these scale uncertainties are summed in quad-
rature with the difference between the NLO predictions
from Ref. [4] when the ratio in the calculation is expanded
in powers of the strong coupling constant and when the
numerator and denominator are evaluated separately.
Using the relationships between the asymmetry variables

and spin correlation coefficients given in Sec. I, we find
Chel ¼ 0.278" 0.084 and D ¼ 0.205" 0.031, where the
uncertainties include the statistical and systematic compo-
nents added in quadrature. Similarly, the CP-conserving
and CP-violating components of the top quark polarization
are found to be P ¼ −0.022 " 0.058 and PCPV ¼
0.000 " 0.016, respectively. All measurements are con-
sistent with the expectations of the SM.
The NLO predictions for jΔϕlþl− j, cosφ, and c1c2 with

and without spin correlations in Table Vare used to translate
themeasurements into determinations offSM, the strength of
the spin correlations relative to the SM prediction, with
fSM ¼ 1 corresponding to the SM and fSM ¼ 0 correspond-
ing to uncorrelated events. The measurements of fSM are
shown in Table VI and are derived under the assumption that
the A matrix used for the unfolding is independent of spin
correlations. This is found to give conservative estimates for
the experimental uncertainties.
The dependence of each asymmetry on Mtt̄, jytt̄j, and

pT
tt̄ is extracted from the measured normalized double-

differential cross section, and the results are shown in
Fig. 4. The measurements are all consistent with the
MC@NLO predictions, and with the SM NLO
prediction for the Mtt̄ and jytt̄j dependencies. No compari-
son is made with the NLO prediction for the pT

tt̄ depend-
ence because the substantial effect of the parton shower on
the pT

tt̄ distribution means fixed-order NLO calculations
are not a sufficiently good approximation of the data.
Compared to the measurement of AΔϕ in Table V, the

differential measurement in bins ofMtt̄ (Fig. 4, top row, left

plot) has a significantly reduced (factor of 2.3) systematic
uncertainty associated with the top quark pT modeling.
When the acceptance correction is binned in a variable that
is correlated with the top quark pT (e.g.,Mtt̄), the top quark
pT reweighting affects the numerator and denominator in
the acceptance ratio similarly, leading to a reduction in the
associated systematic uncertainty. The inclusive asymmetry
measured from the projection in jΔϕlþl− j of the normalized
double-differential cross section is AΔϕ ¼ 0.095"
0.006ðstatÞ " 0.007ðsystÞ, which is converted into the
value of fSM ¼ 1.12þ0.12

−0.15 given in Table VI.
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Anomalous tt̄g couplings can lead to a significant
modification of the polarization and spin correlations in
tt̄ events. A model-independent search can be performed
using an effective model of chromo-magnetic and chromo-
electric dipole moments (denoted CMDM and CEDM,
respectively). This study follows the proposal in Ref. [4].
For an anomalous tt̄g interaction arising from heavy-
particle exchange characterized by a mass scale M ≳ m t,
one can write an effective Lagrangian as

TABLE V. Inclusive asymmetry measurements obtained from the angular distributions unfolded to the parton level, and the parton-
level predictions from the MC@NLO simulation and from NLO calculations with (SM) and without (no spin corr.) spin correlations
[4,63]. For the data, the first uncertainty is statistical and the second is systematic. For the MC@NLO results and NLO calculations, the
uncertainties are statistical and theoretical, respectively.

Asymmetry variable Data (unfolded) MC@NLO simulation NLO, SM NLO, no spin corr.

AΔϕ 0.094" 0.005" 0.012 0.113" 0.001 0.110þ0.006
−0.009 0.202þ0.006

−0.009
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Ac1c2 −0.069" 0.013" 0.016 −0.081" 0.001 −0.080" 0.004 0
AP −0.011" 0.007" 0.028 0 0.002" 0.001 & & &
ACPV
P 0.000" 0.006" 0.005 0 0 & & &

TABLE VI. Values of fSM, the strength of the measured spin
correlations relative to the SM prediction, derived from the
numbers in Table V. The last row shows an additional measure-
ment of fSM made from the projection in jΔϕlþl− j of the
normalized double-differential cross section as a function of
jΔϕlþl− j and Mtt̄. The uncertainties shown are statistical,
systematic, and theoretical, respectively. The total uncertainty
in each result, found by adding the individual uncertainties in
quadrature, is shown in the last column.

Variable fSM " ðstatÞ " ðsystÞ " ðtheorÞ
Total

uncertainty

AΔϕ 1.14" 0.06" 0.13þ0.08
−0.11

þ0.16
−0.18

Acosφ 0.90" 0.09" 0.10" 0.05 "0.15

Ac1c2 0.87" 0.17" 0.21" 0.04 "0.27

AΔϕ (vs Mtt̄) 1.12" 0.06" 0.08þ0.08
−0.11
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predictions obtained with the MC@NLO event generator and
from calculations at NLO in the strong and weak gauge
couplings for tt̄ production, with and without spin corre-
lations [4,63].

The measured asymmetries, obtained from the angular
distributions unfolded to the parton level, are presented
with their statistical and systematic uncertainties in Table V,
where they are compared to predictions from MC@NLO and
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FIG. 3. Normalized differential cross section as a function of jΔϕlþl− j, cosφ, cos θ⋆lþ cos θ
⋆
l− , and cos θ⋆l from data (points); parton-

level predictions from MC@NLO (dashed histograms); and theoretical predictions at NLO [4,63] with (SM) and without (no spin corr.)
spin correlations (solid and dotted histograms, respectively). For the cos θ⋆l distribution, CP conservation is assumed in the combination
of the cos θ⋆l" measurements from positively and negatively charged leptons. The ratio of the data to the MC@NLO prediction is shown in
the lower panels. The inner and outer vertical bars on the data points represent the statistical and total uncertainties, respectively. The
hatched bands represent variations of μR and μF simultaneously up and down by a factor of 2.
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the NLO calculations. Correlations between the contents of
different bins, introduced by the unfolding process and
from the systematic uncertainties, are accounted for in the
calculation of the experimental uncertainties. The uncer-
tainties in the NLO predictions come from varying μR and
μF simultaneously up and down by a factor of 2. For Acosφ
and Ac1c2 , these scale uncertainties are summed in quad-
rature with the difference between the NLO predictions
from Ref. [4] when the ratio in the calculation is expanded
in powers of the strong coupling constant and when the
numerator and denominator are evaluated separately.
Using the relationships between the asymmetry variables

and spin correlation coefficients given in Sec. I, we find
Chel ¼ 0.278" 0.084 and D ¼ 0.205" 0.031, where the
uncertainties include the statistical and systematic compo-
nents added in quadrature. Similarly, the CP-conserving
and CP-violating components of the top quark polarization
are found to be P ¼ −0.022 " 0.058 and PCPV ¼
0.000 " 0.016, respectively. All measurements are con-
sistent with the expectations of the SM.
The NLO predictions for jΔϕlþl− j, cosφ, and c1c2 with

and without spin correlations in Table Vare used to translate
themeasurements into determinations offSM, the strength of
the spin correlations relative to the SM prediction, with
fSM ¼ 1 corresponding to the SM and fSM ¼ 0 correspond-
ing to uncorrelated events. The measurements of fSM are
shown in Table VI and are derived under the assumption that
the A matrix used for the unfolding is independent of spin
correlations. This is found to give conservative estimates for
the experimental uncertainties.
The dependence of each asymmetry on Mtt̄, jytt̄j, and

pT
tt̄ is extracted from the measured normalized double-

differential cross section, and the results are shown in
Fig. 4. The measurements are all consistent with the
MC@NLO predictions, and with the SM NLO
prediction for the Mtt̄ and jytt̄j dependencies. No compari-
son is made with the NLO prediction for the pT

tt̄ depend-
ence because the substantial effect of the parton shower on
the pT

tt̄ distribution means fixed-order NLO calculations
are not a sufficiently good approximation of the data.
Compared to the measurement of AΔϕ in Table V, the

differential measurement in bins ofMtt̄ (Fig. 4, top row, left

plot) has a significantly reduced (factor of 2.3) systematic
uncertainty associated with the top quark pT modeling.
When the acceptance correction is binned in a variable that
is correlated with the top quark pT (e.g.,Mtt̄), the top quark
pT reweighting affects the numerator and denominator in
the acceptance ratio similarly, leading to a reduction in the
associated systematic uncertainty. The inclusive asymmetry
measured from the projection in jΔϕlþl− j of the normalized
double-differential cross section is AΔϕ ¼ 0.095"
0.006ðstatÞ " 0.007ðsystÞ, which is converted into the
value of fSM ¼ 1.12þ0.12

−0.15 given in Table VI.

B. Limits on new physics

Anomalous tt̄g couplings can lead to a significant
modification of the polarization and spin correlations in
tt̄ events. A model-independent search can be performed
using an effective model of chromo-magnetic and chromo-
electric dipole moments (denoted CMDM and CEDM,
respectively). This study follows the proposal in Ref. [4].
For an anomalous tt̄g interaction arising from heavy-
particle exchange characterized by a mass scale M ≳ m t,
one can write an effective Lagrangian as

TABLE V. Inclusive asymmetry measurements obtained from the angular distributions unfolded to the parton level, and the parton-
level predictions from the MC@NLO simulation and from NLO calculations with (SM) and without (no spin corr.) spin correlations
[4,63]. For the data, the first uncertainty is statistical and the second is systematic. For the MC@NLO results and NLO calculations, the
uncertainties are statistical and theoretical, respectively.

Asymmetry variable Data (unfolded) MC@NLO simulation NLO, SM NLO, no spin corr.

AΔϕ 0.094" 0.005" 0.012 0.113" 0.001 0.110þ0.006
−0.009 0.202þ0.006

−0.009

Acosφ 0.102" 0.010" 0.012 0.114" 0.001 0.114" 0.006 0
Ac1c2 −0.069" 0.013" 0.016 −0.081" 0.001 −0.080" 0.004 0
AP −0.011" 0.007" 0.028 0 0.002" 0.001 & & &
ACPV
P 0.000" 0.006" 0.005 0 0 & & &

TABLE VI. Values of fSM, the strength of the measured spin
correlations relative to the SM prediction, derived from the
numbers in Table V. The last row shows an additional measure-
ment of fSM made from the projection in jΔϕlþl− j of the
normalized double-differential cross section as a function of
jΔϕlþl− j and Mtt̄. The uncertainties shown are statistical,
systematic, and theoretical, respectively. The total uncertainty
in each result, found by adding the individual uncertainties in
quadrature, is shown in the last column.

Variable fSM " ðstatÞ " ðsystÞ " ðtheorÞ
Total

uncertainty

AΔϕ 1.14" 0.06" 0.13þ0.08
−0.11

þ0.16
−0.18

Acosφ 0.90" 0.09" 0.10" 0.05 "0.15

Ac1c2 0.87" 0.17" 0.21" 0.04 "0.27

AΔϕ (vs Mtt̄) 1.12" 0.06" 0.08þ0.08
−0.11

þ0.12
−0.15
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predictions obtained with the MC@NLO event generator and
from calculations at NLO in the strong and weak gauge
couplings for tt̄ production, with and without spin corre-
lations [4,63].

The measured asymmetries, obtained from the angular
distributions unfolded to the parton level, are presented
with their statistical and systematic uncertainties in Table V,
where they are compared to predictions from MC@NLO and
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FIG. 3. Normalized differential cross section as a function of jΔϕlþl− j, cosφ, cos θ⋆lþ cos θ
⋆
l− , and cos θ⋆l from data (points); parton-

level predictions from MC@NLO (dashed histograms); and theoretical predictions at NLO [4,63] with (SM) and without (no spin corr.)
spin correlations (solid and dotted histograms, respectively). For the cos θ⋆l distribution, CP conservation is assumed in the combination
of the cos θ⋆l" measurements from positively and negatively charged leptons. The ratio of the data to the MC@NLO prediction is shown in
the lower panels. The inner and outer vertical bars on the data points represent the statistical and total uncertainties, respectively. The
hatched bands represent variations of μR and μF simultaneously up and down by a factor of 2.

V. KHACHATRYAN et al. PHYSICAL REVIEW D 93, 052007 (2016)

052007-8

Phys. Rev. D 93, 
052007 (2016) 

(unfolded to the parton level)

 8



CMS 8 TeV Results
)

CMS 8 TeV Results
)

Bora Isildak /19 ALPS2019: Fourth Alpine LHC Physics Summit, 22-27 Apr 2019 
Obergurgl (Austria)

predictions obtained with the MC@NLO event generator and
from calculations at NLO in the strong and weak gauge
couplings for tt̄ production, with and without spin corre-
lations [4,63].

The measured asymmetries, obtained from the angular
distributions unfolded to the parton level, are presented
with their statistical and systematic uncertainties in Table V,
where they are compared to predictions from MC@NLO and
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FIG. 3. Normalized differential cross section as a function of jΔϕlþl− j, cosφ, cos θ⋆lþ cos θ
⋆
l− , and cos θ⋆l from data (points); parton-

level predictions from MC@NLO (dashed histograms); and theoretical predictions at NLO [4,63] with (SM) and without (no spin corr.)
spin correlations (solid and dotted histograms, respectively). For the cos θ⋆l distribution, CP conservation is assumed in the combination
of the cos θ⋆l" measurements from positively and negatively charged leptons. The ratio of the data to the MC@NLO prediction is shown in
the lower panels. The inner and outer vertical bars on the data points represent the statistical and total uncertainties, respectively. The
hatched bands represent variations of μR and μF simultaneously up and down by a factor of 2.
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the NLO calculations. Correlations between the contents of
different bins, introduced by the unfolding process and
from the systematic uncertainties, are accounted for in the
calculation of the experimental uncertainties. The uncer-
tainties in the NLO predictions come from varying μR and
μF simultaneously up and down by a factor of 2. For Acosφ
and Ac1c2 , these scale uncertainties are summed in quad-
rature with the difference between the NLO predictions
from Ref. [4] when the ratio in the calculation is expanded
in powers of the strong coupling constant and when the
numerator and denominator are evaluated separately.
Using the relationships between the asymmetry variables

and spin correlation coefficients given in Sec. I, we find
Chel ¼ 0.278" 0.084 and D ¼ 0.205" 0.031, where the
uncertainties include the statistical and systematic compo-
nents added in quadrature. Similarly, the CP-conserving
and CP-violating components of the top quark polarization
are found to be P ¼ −0.022 " 0.058 and PCPV ¼
0.000 " 0.016, respectively. All measurements are con-
sistent with the expectations of the SM.
The NLO predictions for jΔϕlþl− j, cosφ, and c1c2 with

and without spin correlations in Table Vare used to translate
themeasurements into determinations offSM, the strength of
the spin correlations relative to the SM prediction, with
fSM ¼ 1 corresponding to the SM and fSM ¼ 0 correspond-
ing to uncorrelated events. The measurements of fSM are
shown in Table VI and are derived under the assumption that
the A matrix used for the unfolding is independent of spin
correlations. This is found to give conservative estimates for
the experimental uncertainties.
The dependence of each asymmetry on Mtt̄, jytt̄j, and

pT
tt̄ is extracted from the measured normalized double-

differential cross section, and the results are shown in
Fig. 4. The measurements are all consistent with the
MC@NLO predictions, and with the SM NLO
prediction for the Mtt̄ and jytt̄j dependencies. No compari-
son is made with the NLO prediction for the pT

tt̄ depend-
ence because the substantial effect of the parton shower on
the pT

tt̄ distribution means fixed-order NLO calculations
are not a sufficiently good approximation of the data.
Compared to the measurement of AΔϕ in Table V, the

differential measurement in bins ofMtt̄ (Fig. 4, top row, left

plot) has a significantly reduced (factor of 2.3) systematic
uncertainty associated with the top quark pT modeling.
When the acceptance correction is binned in a variable that
is correlated with the top quark pT (e.g.,Mtt̄), the top quark
pT reweighting affects the numerator and denominator in
the acceptance ratio similarly, leading to a reduction in the
associated systematic uncertainty. The inclusive asymmetry
measured from the projection in jΔϕlþl− j of the normalized
double-differential cross section is AΔϕ ¼ 0.095"
0.006ðstatÞ " 0.007ðsystÞ, which is converted into the
value of fSM ¼ 1.12þ0.12

−0.15 given in Table VI.

B. Limits on new physics

Anomalous tt̄g couplings can lead to a significant
modification of the polarization and spin correlations in
tt̄ events. A model-independent search can be performed
using an effective model of chromo-magnetic and chromo-
electric dipole moments (denoted CMDM and CEDM,
respectively). This study follows the proposal in Ref. [4].
For an anomalous tt̄g interaction arising from heavy-
particle exchange characterized by a mass scale M ≳ m t,
one can write an effective Lagrangian as

TABLE V. Inclusive asymmetry measurements obtained from the angular distributions unfolded to the parton level, and the parton-
level predictions from the MC@NLO simulation and from NLO calculations with (SM) and without (no spin corr.) spin correlations
[4,63]. For the data, the first uncertainty is statistical and the second is systematic. For the MC@NLO results and NLO calculations, the
uncertainties are statistical and theoretical, respectively.

Asymmetry variable Data (unfolded) MC@NLO simulation NLO, SM NLO, no spin corr.

AΔϕ 0.094" 0.005" 0.012 0.113" 0.001 0.110þ0.006
−0.009 0.202þ0.006

−0.009

Acosφ 0.102" 0.010" 0.012 0.114" 0.001 0.114" 0.006 0
Ac1c2 −0.069" 0.013" 0.016 −0.081" 0.001 −0.080" 0.004 0
AP −0.011" 0.007" 0.028 0 0.002" 0.001 & & &
ACPV
P 0.000" 0.006" 0.005 0 0 & & &

TABLE VI. Values of fSM, the strength of the measured spin
correlations relative to the SM prediction, derived from the
numbers in Table V. The last row shows an additional measure-
ment of fSM made from the projection in jΔϕlþl− j of the
normalized double-differential cross section as a function of
jΔϕlþl− j and Mtt̄. The uncertainties shown are statistical,
systematic, and theoretical, respectively. The total uncertainty
in each result, found by adding the individual uncertainties in
quadrature, is shown in the last column.

Variable fSM " ðstatÞ " ðsystÞ " ðtheorÞ
Total

uncertainty

AΔϕ 1.14" 0.06" 0.13þ0.08
−0.11

þ0.16
−0.18

Acosφ 0.90" 0.09" 0.10" 0.05 "0.15

Ac1c2 0.87" 0.17" 0.21" 0.04 "0.27

AΔϕ (vs Mtt̄) 1.12" 0.06" 0.08þ0.08
−0.11

þ0.12
−0.15
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the NLO calculations. Correlations between the contents of
different bins, introduced by the unfolding process and
from the systematic uncertainties, are accounted for in the
calculation of the experimental uncertainties. The uncer-
tainties in the NLO predictions come from varying μR and
μF simultaneously up and down by a factor of 2. For Acosφ
and Ac1c2 , these scale uncertainties are summed in quad-
rature with the difference between the NLO predictions
from Ref. [4] when the ratio in the calculation is expanded
in powers of the strong coupling constant and when the
numerator and denominator are evaluated separately.
Using the relationships between the asymmetry variables

and spin correlation coefficients given in Sec. I, we find
Chel ¼ 0.278" 0.084 and D ¼ 0.205" 0.031, where the
uncertainties include the statistical and systematic compo-
nents added in quadrature. Similarly, the CP-conserving
and CP-violating components of the top quark polarization
are found to be P ¼ −0.022 " 0.058 and PCPV ¼
0.000 " 0.016, respectively. All measurements are con-
sistent with the expectations of the SM.
The NLO predictions for jΔϕlþl− j, cosφ, and c1c2 with

and without spin correlations in Table Vare used to translate
themeasurements into determinations offSM, the strength of
the spin correlations relative to the SM prediction, with
fSM ¼ 1 corresponding to the SM and fSM ¼ 0 correspond-
ing to uncorrelated events. The measurements of fSM are
shown in Table VI and are derived under the assumption that
the A matrix used for the unfolding is independent of spin
correlations. This is found to give conservative estimates for
the experimental uncertainties.
The dependence of each asymmetry on Mtt̄, jytt̄j, and

pT
tt̄ is extracted from the measured normalized double-

differential cross section, and the results are shown in
Fig. 4. The measurements are all consistent with the
MC@NLO predictions, and with the SM NLO
prediction for the Mtt̄ and jytt̄j dependencies. No compari-
son is made with the NLO prediction for the pT

tt̄ depend-
ence because the substantial effect of the parton shower on
the pT

tt̄ distribution means fixed-order NLO calculations
are not a sufficiently good approximation of the data.
Compared to the measurement of AΔϕ in Table V, the

differential measurement in bins ofMtt̄ (Fig. 4, top row, left

plot) has a significantly reduced (factor of 2.3) systematic
uncertainty associated with the top quark pT modeling.
When the acceptance correction is binned in a variable that
is correlated with the top quark pT (e.g.,Mtt̄), the top quark
pT reweighting affects the numerator and denominator in
the acceptance ratio similarly, leading to a reduction in the
associated systematic uncertainty. The inclusive asymmetry
measured from the projection in jΔϕlþl− j of the normalized
double-differential cross section is AΔϕ ¼ 0.095"
0.006ðstatÞ " 0.007ðsystÞ, which is converted into the
value of fSM ¼ 1.12þ0.12

−0.15 given in Table VI.

B. Limits on new physics

Anomalous tt̄g couplings can lead to a significant
modification of the polarization and spin correlations in
tt̄ events. A model-independent search can be performed
using an effective model of chromo-magnetic and chromo-
electric dipole moments (denoted CMDM and CEDM,
respectively). This study follows the proposal in Ref. [4].
For an anomalous tt̄g interaction arising from heavy-
particle exchange characterized by a mass scale M ≳ m t,
one can write an effective Lagrangian as

TABLE V. Inclusive asymmetry measurements obtained from the angular distributions unfolded to the parton level, and the parton-
level predictions from the MC@NLO simulation and from NLO calculations with (SM) and without (no spin corr.) spin correlations
[4,63]. For the data, the first uncertainty is statistical and the second is systematic. For the MC@NLO results and NLO calculations, the
uncertainties are statistical and theoretical, respectively.

Asymmetry variable Data (unfolded) MC@NLO simulation NLO, SM NLO, no spin corr.

AΔϕ 0.094" 0.005" 0.012 0.113" 0.001 0.110þ0.006
−0.009 0.202þ0.006

−0.009

Acosφ 0.102" 0.010" 0.012 0.114" 0.001 0.114" 0.006 0
Ac1c2 −0.069" 0.013" 0.016 −0.081" 0.001 −0.080" 0.004 0
AP −0.011" 0.007" 0.028 0 0.002" 0.001 & & &
ACPV
P 0.000" 0.006" 0.005 0 0 & & &

TABLE VI. Values of fSM, the strength of the measured spin
correlations relative to the SM prediction, derived from the
numbers in Table V. The last row shows an additional measure-
ment of fSM made from the projection in jΔϕlþl− j of the
normalized double-differential cross section as a function of
jΔϕlþl− j and Mtt̄. The uncertainties shown are statistical,
systematic, and theoretical, respectively. The total uncertainty
in each result, found by adding the individual uncertainties in
quadrature, is shown in the last column.

Variable fSM " ðstatÞ " ðsystÞ " ðtheorÞ
Total

uncertainty

AΔϕ 1.14" 0.06" 0.13þ0.08
−0.11

þ0.16
−0.18

Acosφ 0.90" 0.09" 0.10" 0.05 "0.15

Ac1c2 0.87" 0.17" 0.21" 0.04 "0.27

AΔϕ (vs Mtt̄) 1.12" 0.06" 0.08þ0.08
−0.11

þ0.12
−0.15
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A meas = fASM + (1� f)Auncor

f 2 [0, 1]f =
N t

SM

N tt
SM +N tt

uncor
<latexit sha1_base64="wNfCZjPUeL8tONQep2Lah1jzs7k="></latexit>

(unfolded to the parton level)

Fit spin correlation strength as fraction fSM of the SM prediction
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(unfolded to the parton level)

• Dilepton distribution probes top spin in 3 dimensions 
• Leptons follow parent top spin (average polarization given by 

3-vectors B+/-)
• Relative lepton directions follow 3x3 matrix C of spin 

correlation coefficients

Jacob Linacre - Moriond EW 201917/03/19

Top quark polarisation

‣ Measured top quark polarisation (six B coefficients) consistent with zero for each axis 

‣ Measurements not yet sensitive to small level of polarisation in the SM 

‣ dominant uncertainty from JES (affects top rest frame reconstruction)
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Top quark polarisation

‣ Measured top quark polarisation (six B coefficients) consistent with zero for each axis 

‣ Measurements not yet sensitive to small level of polarisation in the SM 

‣ dominant uncertainty from JES (affects top rest frame reconstruction)
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Spin correlations

‣ Distributions for the correlation of top spins along each axis 
(probing diagonal of       matrix)
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‣ Ckk =0.30±0.02±0.03 ‣ Crr =0.08±0.02±0.02 ‣ Cnn =0.33±0.01±0.02

‣ Spin correlations along each axis consistent with SM expectations (NLO from                    )
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‣ Opening angle between the leptons                                has maximal 
sensitivity to the degree of alignment of the top quark spins
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‣   

‣ D=-(Ckk+Crr+Cnn)/3  

‣ D= -0.237±0.007±0.009 

‣ Comparing measurement to 
SM prediction yields 
fSM=0.97±0.05 

‣ most precise measurement 
to date (5% uncertainty) 

‣ dominant uncertainties 
from background and top 
pT modelling
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Leff is given in terms of chromo dipole couplings of the 
top quark to the gluon(s):

dimensionless chromo-moments:

In the presence of a small new physics (NP) contribution such that
Re (µ̂t) ⌧ 1, can be linearly expanded
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Leff ¼ −
~μt
2
t̄σμνTatGa

μν −
~dt
2
t̄iσμνγ5TatGa

μν; ð1Þ

where ~μt and ~dt are the CMDM (CP-conserving) and
CEDM (CP-violating) dipole moments, Ga

μν is the gluon
field strength, and Ta are the QCD fundamental generators.
It is usually preferred to define dimensionless parameters

μ̂t ≡ m t

gs
~μt; d̂t ≡ m t

gs
~dt; ð2Þ

where gs is the QCD coupling constant [4]. The parameters
μ̂t and d̂t correspond to the form factors in the timelike
kinematic domain and are therefore complex quantities,
here assumed to be constant. In general, both the real and
imaginary parts of μ̂t and d̂t can be determined, but the spin
correlations and polarization measured in this paper are
only sensitive to Reðμ̂tÞ and Imðd̂tÞ, respectively [4].
We begin with the determination of Reðμ̂tÞ using the

measured normalized differential cross section ð1=σÞðdσ=
djΔϕlþ l− jÞ. In the presence of a small new physics (NP)
contribution such that Reðμ̂tÞ ≪ 1, one can linearly expand
the normalized differential cross section as [4]

1
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"

SM

þ Reðμ̂tÞ
!
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"

NP
: ð3Þ

The predicted shapes of the SM and NP terms in Eq. (3)
are shown in Fig. 5. The NP term arises from interference
with SM tt̄ production, and therefore gives both positive
and negative contributions to the differential cross section.
To measure Reðμ̂tÞ, the SM and NP contributions to

Eq. (3) are parametrized by polynomial functions (shown in
Fig. 5), which are then used in a template fit to the
measured normalized differential cross section. We use
the projection in jΔϕlþ l− j of the measured normalized
double-differential cross section in bins of Mtt̄ to minimize
the systematic uncertainty from top quark pT modeling, as
for the extraction of fSM. The measurement is made under
the assumption that the A matrix is unchanged by the
presence of NP. Studies of the effects of our selection
criteria at the parton level show that this leads to
conservative estimates of the experimental uncertainties.
The fit is performed using a χ2 minimization, accounting
for both statistical and systematic uncertainties and their
correlations, with Reðμ̂tÞ as the only free parameter. The
systematic uncertainty arising from the choice of μR and μF
in the theoretical calculations from Ref. [4] is estimated by
repeating the fit after varying both scales together up and
down by a factor of 2. This constitutes the dominant source
of uncertainty. The proper behavior of the fit is verified
using pseudoexperiments. The result of the fit is Reðμ̂tÞ ¼
−0.006 % 0.024 and is shown graphically in Fig. 5. The

corresponding 95% confidence level (C.L.) interval
is −0.053 < Reðμ̂tÞ < 0.042.
The spin correlation coefficient D is also sensitive to

Reðμ̂tÞ, and the CP-violating component of the top quark
polarization PCPV is sensitive to Imðd̂tÞ. Studies of the
effects of our selection criteria at the parton level show that
the presence of anomalous top quark chromo moments has
no significant effect on the A matrix for either of these
variables, and we use this assumption in the derivation of
limits on Reðμ̂tÞ and Imðd̂tÞ.
For the D coefficient, Eq. (3) simplifies to D ¼ D SM þ

Reðμ̂tÞDNP [4]. Using the values from Table V, the relation-
shipD ¼ −2Acosφ, and takingDNP ¼ −1.712 % 0.019 from
Ref. [4], we find Reðμ̂tÞ ¼ −0.014 % 0.020, with the cor-
responding 95% C.L. interval −0.053 < Reðμ̂tÞ < 0.026.
The constraints on Reðμ̂tÞ from D are stronger than those
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FIG. 5. Top : theoretical prediction from Ref. [4] (points) and
polynomial parametrization (line) for the contribution from new
physics with a nonzero CMDM to the normalized differential
cross section ð1=σÞðdσ=djΔϕlþ l− jÞ, for Reðμ̂tÞ ≪ 1. Bottom :
normalized differential cross section from data (points). The solid
line corresponds to the result of the fit to the form given in Eq. (3),
and the dashed lines show the parametrized SM NLO predictions
for μR and μF equal to m t, 2m t, and m t=2. The vertical bars on the
data points represent the total uncertainties.
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djΔϕlþ l− jÞ. In the presence of a small new physics (NP)
contribution such that Reðμ̂tÞ ≪ 1, one can linearly expand
the normalized differential cross section as [4]

1
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"
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The predicted shapes of the SM and NP terms in Eq. (3)
are shown in Fig. 5. The NP term arises from interference
with SM tt̄ production, and therefore gives both positive
and negative contributions to the differential cross section.
To measure Reðμ̂tÞ, the SM and NP contributions to

Eq. (3) are parametrized by polynomial functions (shown in
Fig. 5), which are then used in a template fit to the
measured normalized differential cross section. We use
the projection in jΔϕlþ l− j of the measured normalized
double-differential cross section in bins of Mtt̄ to minimize
the systematic uncertainty from top quark pT modeling, as
for the extraction of fSM. The measurement is made under
the assumption that the A matrix is unchanged by the
presence of NP. Studies of the effects of our selection
criteria at the parton level show that this leads to
conservative estimates of the experimental uncertainties.
The fit is performed using a χ2 minimization, accounting
for both statistical and systematic uncertainties and their
correlations, with Reðμ̂tÞ as the only free parameter. The
systematic uncertainty arising from the choice of μR and μF
in the theoretical calculations from Ref. [4] is estimated by
repeating the fit after varying both scales together up and
down by a factor of 2. This constitutes the dominant source
of uncertainty. The proper behavior of the fit is verified
using pseudoexperiments. The result of the fit is Reðμ̂tÞ ¼
−0.006 % 0.024 and is shown graphically in Fig. 5. The

corresponding 95% confidence level (C.L.) interval
is −0.053 < Reðμ̂tÞ < 0.042.
The spin correlation coefficient D is also sensitive to

Reðμ̂tÞ, and the CP-violating component of the top quark
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effects of our selection criteria at the parton level show that
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limits on Reðμ̂tÞ and Imðd̂tÞ.
For the D coefficient, Eq. (3) simplifies to D ¼ D SM þ

Reðμ̂tÞDNP [4]. Using the values from Table V, the relation-
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Ref. [4], we find Reðμ̂tÞ ¼ −0.014 % 0.020, with the cor-
responding 95% C.L. interval −0.053 < Reðμ̂tÞ < 0.026.
The constraints on Reðμ̂tÞ from D are stronger than those
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FIG. 5. Top : theoretical prediction from Ref. [4] (points) and
polynomial parametrization (line) for the contribution from new
physics with a nonzero CMDM to the normalized differential
cross section ð1=σÞðdσ=djΔϕlþ l− jÞ, for Reðμ̂tÞ ≪ 1. Bottom :
normalized differential cross section from data (points). The solid
line corresponds to the result of the fit to the form given in Eq. (3),
and the dashed lines show the parametrized SM NLO predictions
for μR and μF equal to m t, 2m t, and m t=2. The vertical bars on the
data points represent the total uncertainties.
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Table 1
The contributions to the spin correlation coefficient Chel , defined in (14), for dilep-
tonic events at the LHC (7 and 8 TeV) and the scale choice µ = mt . The uncertainties
in parentheses result from scale choices µ = mt/2,2mt .

7 TeV Mtt̄ ! 2mt Mtt̄ " 450 GeV Mtt̄ > 450 GeV

CSM
hel (NLOW) expanded 0.310(6) 0.422(2) 0.203(8)

CSM
hel (NLOW) unexpanded 0.295(20) 0.417(10) 0.185(22)

CNP
hel 0.980(10) 0.972(14) 0.906(15)

8 TeV

CSM
hel (NLOW) expanded 0.318(5) 0.442(2) 0.205(8)

CSM
hel (NLOW) unexpanded 0.304(14) 0.435(5) 0.190(20)

CNP
hel 0.964(10) 0.949(13) 0.888(10)

Table 2
The SM and NP contributions to the spin correlation coefficient D , defined in (16)
and (17), for dileptonic events at the LHC (7 and 8 TeV) and the scale choice µ = mt .
The uncertainties in parentheses result from scale choices µ = mt/2,2mt .

7 TeV Mtt̄ ! 2mt Mtt̄ " 450 GeV Mtt̄ > 450 GeV

DSM (NLOW) expanded −0.223(4) −0.332(2) −0.120(6)

DSM (NLOW) unexpanded −0.212(12) −0.323(7) −0.110(15)

DNP −1.675(20) −1.670(17) −1.613(22)

8 TeV

DSM (NLOW) expanded −0.228(5) −0.336(2) −0.130(5)

DSM (NLOW) unexpanded −0.217(11) −0.330(6) −0.120(14)

DNP −1.712(19) −1.696(14) −1.653(20)

One may also define an asymmetry which, in the absence of
acceptance cuts, is determined by Chel:

Ah = Nℓℓ(Oh > 0) − Nℓℓ(Oh < 0)

Nℓℓ(Oh > 0) + Nℓℓ(Oh < 0)
= − Chel

4
. (15)

Next we consider the opening angle distribution for dileptonic
final states [53,54,5,6]:

1
σ

dσ

d cosϕ
= 1

2
(1 − D cosϕ), (16)

where ϕ = ̸ (ℓ̂+, ℓ̂−) and, as above, ℓ̂+ (ℓ̂−) is the ℓ+ (ℓ−) is
direction of flight in t (t̄) rest frame. If no acceptance cuts are
applied then

D = −3⟨cosϕ⟩ = DSM + DNP Re µ̂t for |Re µ̂t | ≪ 1. (17)

An associated asymmetry is

Aϕ = Nℓℓ(cosϕ > 0) − Nℓℓ(cosϕ < 0)

Nℓℓ(cosϕ > 0) + Nℓℓ(cosϕ < 0)
= − D

2
. (18)

Our results for the SM (at NLOW) and NP contributions to the cor-
relation coefficient D at the LHC (7 and 8 TeV) are given in Table 2.
As in the case of the SM predictions for the helicity correlation
CSM

hel , we give the predictions for DSM at NLOW both in the ex-
panded and in the unexpanded form.

The distributions (11), (13), and (16) may be used for 1-parame-
ter fits to the respective unfolded experimental distributions that
ATLAS or CMS may obtain from the existing 7 and 8 TeV dilep-
tonic data samples. In view of the results given in Tables 1 and 2
one may worry that a significant source of theoretical uncertainty
is how the higher-order SM contributions are taken into account.
As mentioned above, we advocate to use the expanded form of
the normalized distributions for fits to the unfolded data, as this
is in the spirit of perturbation theory. With which uncertainty
may Re µ̂t be measured? The highest sensitivity to this parame-
ter will certainly result from fits to these distributions, which is

an experimental task. For instance, CMS has reconstructed ∼9000
dilepton events (ℓ = e,µ) from the 7 TeV (5 fb−1) data [52]. As-
suming that the same selection efficiency applies to the 8 TeV
data, one expects ∼5 × 104 reconstructed dilepton events from
the 8 TeV (20 fb−1) data. These numbers suggest that a statisti-
cal error δ Re µ̂t below the percent level is feasible; the limiting
factor will be the systematic experimental and theoretical uncer-
tainties. A crude estimate may be done with the asymmetries
introduced above. They should be rather robust from the exper-
imental point of view, but contain, of course, less information than
the underlying distributions. Using for instance the asymmetry
(18), which has a rather large lever arm to Re µ̂t , and assuming
that Aϕ may be measured at 8 TeV with a combined statistical
and systematic uncertainty δAϕ = 0.03, then Re µ̂t may be ex-
tracted with an uncertainty δ Re µ̂t ≃ 0.04. Estimates of similar
order of magnitude were obtained, using different observables, by
[35–38].

3.2. Observables for tracing Re d̂t

A non-zero chromo-electric dipole moment Re d̂t induces CP-
odd transverse tt̄ spin correlations [49,54], for instance (St ×St̄) · k̂t

(where k̂t is the top-quark direction of flight in the tt̄ ZMF). These
correlations generate, in the dileptonic decay modes the following
CP-odd4 triple correlations [54]:

O1 = (ℓ̂+ × ℓ̂−) · k̂t, O2 = sign
(
cos θ∗

t
)
(ℓ̂+ × ℓ̂−) · p̂. (19)

The unit vectors ℓ̂+ , ℓ̂− that refer to the charged lepton direc-
tions of flight are defined as above (cf. below (12)), while p̂ is the
direction of one of the proton beams (i.e., the z axis) in the lab-
oratory frame. The factor sign(cos θ∗

t ), where cos θ∗
t = p̂ · k̂t , is the

sign of the cosine of the top-quark scattering angle in the tt̄ ZMF,
is required [49,54] because the gg initial state is Bose symmet-
ric. Without that factor, the second triple correlation in (19) would
have essentially no sensitivity to a non-zero Re d̂t .

The range of the correlations (19) is −1 ! O1,2 ! 1. Within the
SM, the distributions of O1,2 are symmetric around O1,2 = 0, i.e.,
the expectation values ⟨O1,2⟩SM = 0 if no acceptance cuts are ap-
plied or if these cuts are CP-symmetric. A non-zero Re d̂t induces
asymmetric distributions.

In the linear approximation, the expectation values of O1,2 are
directly proportional to Re d̂t :

⟨O1,2⟩ = c1,2 Re d̂t . (20)

Putting Re d̂t = 1, these expectation values, i.e. the coefficients c1,2
are given, for the LHC at 7 and 8 TeV, in Tables 3 and 4, respec-
tively, without and with a cut on Mtt̄ . In the computation of (20)
and (21) we have normalized to σLO .

Corresponding asymmetries are

ACP
i = Nℓℓ(Oi > 0) − Nℓℓ(Oi < 0)

Nℓℓ
= 9π

16
⟨Oi⟩, i = 1,2. (21)

This relation between ACP
i and the corresponding expectation value

of Oi holds if no acceptance cuts are applied, but is valid also if
cuts on Mtt̄ are made [54]. Our predictions for these asymmetries
are also collected in Tables 3 and 4.

4 As |pp⟩ is not a CP eigenstate, a classification with respect to CP is, strictly
speaking, not possible. However, as long as the acceptance cuts are CP-symmetric,
the SM contributions to the expectation values ⟨Oi⟩ are negligibly small. For a dis-
cussion, see [54,6].
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Table 1
The contributions to the spin correlation coefficient Chel , defined in (14), for dilep-
tonic events at the LHC (7 and 8 TeV) and the scale choice µ = mt . The uncertainties
in parentheses result from scale choices µ = mt/2,2mt .

7 TeV Mtt̄ ! 2mt Mtt̄ " 450 GeV Mtt̄ > 450 GeV
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hel (NLOW) expanded 0.310(6) 0.422(2) 0.203(8)

CSM
hel (NLOW) unexpanded 0.295(20) 0.417(10) 0.185(22)
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hel (NLOW) unexpanded 0.304(14) 0.435(5) 0.190(20)
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Table 2
The SM and NP contributions to the spin correlation coefficient D , defined in (16)
and (17), for dileptonic events at the LHC (7 and 8 TeV) and the scale choice µ = mt .
The uncertainties in parentheses result from scale choices µ = mt/2,2mt .

7 TeV Mtt̄ ! 2mt Mtt̄ " 450 GeV Mtt̄ > 450 GeV

DSM (NLOW) expanded −0.223(4) −0.332(2) −0.120(6)

DSM (NLOW) unexpanded −0.212(12) −0.323(7) −0.110(15)

DNP −1.675(20) −1.670(17) −1.613(22)

8 TeV

DSM (NLOW) expanded −0.228(5) −0.336(2) −0.130(5)

DSM (NLOW) unexpanded −0.217(11) −0.330(6) −0.120(14)

DNP −1.712(19) −1.696(14) −1.653(20)

One may also define an asymmetry which, in the absence of
acceptance cuts, is determined by Chel:

Ah = Nℓℓ(Oh > 0) − Nℓℓ(Oh < 0)

Nℓℓ(Oh > 0) + Nℓℓ(Oh < 0)
= − Chel

4
. (15)

Next we consider the opening angle distribution for dileptonic
final states [53,54,5,6]:

1
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d cosϕ
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(1 − D cosϕ), (16)

where ϕ = ̸ (ℓ̂+, ℓ̂−) and, as above, ℓ̂+ (ℓ̂−) is the ℓ+ (ℓ−) is
direction of flight in t (t̄) rest frame. If no acceptance cuts are
applied then

D = −3⟨cosϕ⟩ = DSM + DNP Re µ̂t for |Re µ̂t | ≪ 1. (17)

An associated asymmetry is

Aϕ = Nℓℓ(cosϕ > 0) − Nℓℓ(cosϕ < 0)

Nℓℓ(cosϕ > 0) + Nℓℓ(cosϕ < 0)
= − D
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. (18)

Our results for the SM (at NLOW) and NP contributions to the cor-
relation coefficient D at the LHC (7 and 8 TeV) are given in Table 2.
As in the case of the SM predictions for the helicity correlation
CSM

hel , we give the predictions for DSM at NLOW both in the ex-
panded and in the unexpanded form.

The distributions (11), (13), and (16) may be used for 1-parame-
ter fits to the respective unfolded experimental distributions that
ATLAS or CMS may obtain from the existing 7 and 8 TeV dilep-
tonic data samples. In view of the results given in Tables 1 and 2
one may worry that a significant source of theoretical uncertainty
is how the higher-order SM contributions are taken into account.
As mentioned above, we advocate to use the expanded form of
the normalized distributions for fits to the unfolded data, as this
is in the spirit of perturbation theory. With which uncertainty
may Re µ̂t be measured? The highest sensitivity to this parame-
ter will certainly result from fits to these distributions, which is

an experimental task. For instance, CMS has reconstructed ∼9000
dilepton events (ℓ = e,µ) from the 7 TeV (5 fb−1) data [52]. As-
suming that the same selection efficiency applies to the 8 TeV
data, one expects ∼5 × 104 reconstructed dilepton events from
the 8 TeV (20 fb−1) data. These numbers suggest that a statisti-
cal error δ Re µ̂t below the percent level is feasible; the limiting
factor will be the systematic experimental and theoretical uncer-
tainties. A crude estimate may be done with the asymmetries
introduced above. They should be rather robust from the exper-
imental point of view, but contain, of course, less information than
the underlying distributions. Using for instance the asymmetry
(18), which has a rather large lever arm to Re µ̂t , and assuming
that Aϕ may be measured at 8 TeV with a combined statistical
and systematic uncertainty δAϕ = 0.03, then Re µ̂t may be ex-
tracted with an uncertainty δ Re µ̂t ≃ 0.04. Estimates of similar
order of magnitude were obtained, using different observables, by
[35–38].

3.2. Observables for tracing Re d̂t

A non-zero chromo-electric dipole moment Re d̂t induces CP-
odd transverse tt̄ spin correlations [49,54], for instance (St ×St̄) · k̂t

(where k̂t is the top-quark direction of flight in the tt̄ ZMF). These
correlations generate, in the dileptonic decay modes the following
CP-odd4 triple correlations [54]:

O1 = (ℓ̂+ × ℓ̂−) · k̂t, O2 = sign
(
cos θ∗

t
)
(ℓ̂+ × ℓ̂−) · p̂. (19)

The unit vectors ℓ̂+ , ℓ̂− that refer to the charged lepton direc-
tions of flight are defined as above (cf. below (12)), while p̂ is the
direction of one of the proton beams (i.e., the z axis) in the lab-
oratory frame. The factor sign(cos θ∗

t ), where cos θ∗
t = p̂ · k̂t , is the

sign of the cosine of the top-quark scattering angle in the tt̄ ZMF,
is required [49,54] because the gg initial state is Bose symmet-
ric. Without that factor, the second triple correlation in (19) would
have essentially no sensitivity to a non-zero Re d̂t .

The range of the correlations (19) is −1 ! O1,2 ! 1. Within the
SM, the distributions of O1,2 are symmetric around O1,2 = 0, i.e.,
the expectation values ⟨O1,2⟩SM = 0 if no acceptance cuts are ap-
plied or if these cuts are CP-symmetric. A non-zero Re d̂t induces
asymmetric distributions.

In the linear approximation, the expectation values of O1,2 are
directly proportional to Re d̂t :

⟨O1,2⟩ = c1,2 Re d̂t . (20)

Putting Re d̂t = 1, these expectation values, i.e. the coefficients c1,2
are given, for the LHC at 7 and 8 TeV, in Tables 3 and 4, respec-
tively, without and with a cut on Mtt̄ . In the computation of (20)
and (21) we have normalized to σLO .

Corresponding asymmetries are

ACP
i = Nℓℓ(Oi > 0) − Nℓℓ(Oi < 0)

Nℓℓ
= 9π
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⟨Oi⟩, i = 1,2. (21)

This relation between ACP
i and the corresponding expectation value

of Oi holds if no acceptance cuts are applied, but is valid also if
cuts on Mtt̄ are made [54]. Our predictions for these asymmetries
are also collected in Tables 3 and 4.

4 As |pp⟩ is not a CP eigenstate, a classification with respect to CP is, strictly
speaking, not possible. However, as long as the acceptance cuts are CP-symmetric,
the SM contributions to the expectation values ⟨Oi⟩ are negligibly small. For a dis-
cussion, see [54,6].
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Table 1
The contributions to the spin correlation coefficient Chel , defined in (14), for dilep-
tonic events at the LHC (7 and 8 TeV) and the scale choice µ = mt . The uncertainties
in parentheses result from scale choices µ = mt/2,2mt .

7 TeV Mtt̄ ! 2mt Mtt̄ " 450 GeV Mtt̄ > 450 GeV

CSM
hel (NLOW) expanded 0.310(6) 0.422(2) 0.203(8)

CSM
hel (NLOW) unexpanded 0.295(20) 0.417(10) 0.185(22)

CNP
hel 0.980(10) 0.972(14) 0.906(15)

8 TeV

CSM
hel (NLOW) expanded 0.318(5) 0.442(2) 0.205(8)

CSM
hel (NLOW) unexpanded 0.304(14) 0.435(5) 0.190(20)

CNP
hel 0.964(10) 0.949(13) 0.888(10)

Table 2
The SM and NP contributions to the spin correlation coefficient D , defined in (16)
and (17), for dileptonic events at the LHC (7 and 8 TeV) and the scale choice µ = mt .
The uncertainties in parentheses result from scale choices µ = mt/2,2mt .

7 TeV Mtt̄ ! 2mt Mtt̄ " 450 GeV Mtt̄ > 450 GeV

DSM (NLOW) expanded −0.223(4) −0.332(2) −0.120(6)

DSM (NLOW) unexpanded −0.212(12) −0.323(7) −0.110(15)

DNP −1.675(20) −1.670(17) −1.613(22)

8 TeV

DSM (NLOW) expanded −0.228(5) −0.336(2) −0.130(5)

DSM (NLOW) unexpanded −0.217(11) −0.330(6) −0.120(14)

DNP −1.712(19) −1.696(14) −1.653(20)

One may also define an asymmetry which, in the absence of
acceptance cuts, is determined by Chel:

Ah = Nℓℓ(Oh > 0) − Nℓℓ(Oh < 0)

Nℓℓ(Oh > 0) + Nℓℓ(Oh < 0)
= − Chel

4
. (15)

Next we consider the opening angle distribution for dileptonic
final states [53,54,5,6]:

1
σ

dσ

d cosϕ
= 1

2
(1 − D cosϕ), (16)

where ϕ = ̸ (ℓ̂+, ℓ̂−) and, as above, ℓ̂+ (ℓ̂−) is the ℓ+ (ℓ−) is
direction of flight in t (t̄) rest frame. If no acceptance cuts are
applied then

D = −3⟨cosϕ⟩ = DSM + DNP Re µ̂t for |Re µ̂t | ≪ 1. (17)

An associated asymmetry is

Aϕ = Nℓℓ(cosϕ > 0) − Nℓℓ(cosϕ < 0)

Nℓℓ(cosϕ > 0) + Nℓℓ(cosϕ < 0)
= − D

2
. (18)

Our results for the SM (at NLOW) and NP contributions to the cor-
relation coefficient D at the LHC (7 and 8 TeV) are given in Table 2.
As in the case of the SM predictions for the helicity correlation
CSM

hel , we give the predictions for DSM at NLOW both in the ex-
panded and in the unexpanded form.

The distributions (11), (13), and (16) may be used for 1-parame-
ter fits to the respective unfolded experimental distributions that
ATLAS or CMS may obtain from the existing 7 and 8 TeV dilep-
tonic data samples. In view of the results given in Tables 1 and 2
one may worry that a significant source of theoretical uncertainty
is how the higher-order SM contributions are taken into account.
As mentioned above, we advocate to use the expanded form of
the normalized distributions for fits to the unfolded data, as this
is in the spirit of perturbation theory. With which uncertainty
may Re µ̂t be measured? The highest sensitivity to this parame-
ter will certainly result from fits to these distributions, which is

an experimental task. For instance, CMS has reconstructed ∼9000
dilepton events (ℓ = e,µ) from the 7 TeV (5 fb−1) data [52]. As-
suming that the same selection efficiency applies to the 8 TeV
data, one expects ∼5 × 104 reconstructed dilepton events from
the 8 TeV (20 fb−1) data. These numbers suggest that a statisti-
cal error δ Re µ̂t below the percent level is feasible; the limiting
factor will be the systematic experimental and theoretical uncer-
tainties. A crude estimate may be done with the asymmetries
introduced above. They should be rather robust from the exper-
imental point of view, but contain, of course, less information than
the underlying distributions. Using for instance the asymmetry
(18), which has a rather large lever arm to Re µ̂t , and assuming
that Aϕ may be measured at 8 TeV with a combined statistical
and systematic uncertainty δAϕ = 0.03, then Re µ̂t may be ex-
tracted with an uncertainty δ Re µ̂t ≃ 0.04. Estimates of similar
order of magnitude were obtained, using different observables, by
[35–38].

3.2. Observables for tracing Re d̂t

A non-zero chromo-electric dipole moment Re d̂t induces CP-
odd transverse tt̄ spin correlations [49,54], for instance (St ×St̄) · k̂t

(where k̂t is the top-quark direction of flight in the tt̄ ZMF). These
correlations generate, in the dileptonic decay modes the following
CP-odd4 triple correlations [54]:

O1 = (ℓ̂+ × ℓ̂−) · k̂t, O2 = sign
(
cos θ∗

t
)
(ℓ̂+ × ℓ̂−) · p̂. (19)

The unit vectors ℓ̂+ , ℓ̂− that refer to the charged lepton direc-
tions of flight are defined as above (cf. below (12)), while p̂ is the
direction of one of the proton beams (i.e., the z axis) in the lab-
oratory frame. The factor sign(cos θ∗

t ), where cos θ∗
t = p̂ · k̂t , is the

sign of the cosine of the top-quark scattering angle in the tt̄ ZMF,
is required [49,54] because the gg initial state is Bose symmet-
ric. Without that factor, the second triple correlation in (19) would
have essentially no sensitivity to a non-zero Re d̂t .

The range of the correlations (19) is −1 ! O1,2 ! 1. Within the
SM, the distributions of O1,2 are symmetric around O1,2 = 0, i.e.,
the expectation values ⟨O1,2⟩SM = 0 if no acceptance cuts are ap-
plied or if these cuts are CP-symmetric. A non-zero Re d̂t induces
asymmetric distributions.

In the linear approximation, the expectation values of O1,2 are
directly proportional to Re d̂t :

⟨O1,2⟩ = c1,2 Re d̂t . (20)

Putting Re d̂t = 1, these expectation values, i.e. the coefficients c1,2
are given, for the LHC at 7 and 8 TeV, in Tables 3 and 4, respec-
tively, without and with a cut on Mtt̄ . In the computation of (20)
and (21) we have normalized to σLO .

Corresponding asymmetries are

ACP
i = Nℓℓ(Oi > 0) − Nℓℓ(Oi < 0)

Nℓℓ
= 9π

16
⟨Oi⟩, i = 1,2. (21)

This relation between ACP
i and the corresponding expectation value

of Oi holds if no acceptance cuts are applied, but is valid also if
cuts on Mtt̄ are made [54]. Our predictions for these asymmetries
are also collected in Tables 3 and 4.

4 As |pp⟩ is not a CP eigenstate, a classification with respect to CP is, strictly
speaking, not possible. However, as long as the acceptance cuts are CP-symmetric,
the SM contributions to the expectation values ⟨Oi⟩ are negligibly small. For a dis-
cussion, see [54,6].
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Table 1
The contributions to the spin correlation coefficient Chel , defined in (14), for dilep-
tonic events at the LHC (7 and 8 TeV) and the scale choice µ = mt . The uncertainties
in parentheses result from scale choices µ = mt/2,2mt .

7 TeV Mtt̄ ! 2mt Mtt̄ " 450 GeV Mtt̄ > 450 GeV

CSM
hel (NLOW) expanded 0.310(6) 0.422(2) 0.203(8)

CSM
hel (NLOW) unexpanded 0.295(20) 0.417(10) 0.185(22)

CNP
hel 0.980(10) 0.972(14) 0.906(15)

8 TeV

CSM
hel (NLOW) expanded 0.318(5) 0.442(2) 0.205(8)

CSM
hel (NLOW) unexpanded 0.304(14) 0.435(5) 0.190(20)

CNP
hel 0.964(10) 0.949(13) 0.888(10)

Table 2
The SM and NP contributions to the spin correlation coefficient D , defined in (16)
and (17), for dileptonic events at the LHC (7 and 8 TeV) and the scale choice µ = mt .
The uncertainties in parentheses result from scale choices µ = mt/2,2mt .

7 TeV Mtt̄ ! 2mt Mtt̄ " 450 GeV Mtt̄ > 450 GeV

DSM (NLOW) expanded −0.223(4) −0.332(2) −0.120(6)

DSM (NLOW) unexpanded −0.212(12) −0.323(7) −0.110(15)

DNP −1.675(20) −1.670(17) −1.613(22)

8 TeV

DSM (NLOW) expanded −0.228(5) −0.336(2) −0.130(5)

DSM (NLOW) unexpanded −0.217(11) −0.330(6) −0.120(14)

DNP −1.712(19) −1.696(14) −1.653(20)

One may also define an asymmetry which, in the absence of
acceptance cuts, is determined by Chel:

Ah = Nℓℓ(Oh > 0) − Nℓℓ(Oh < 0)

Nℓℓ(Oh > 0) + Nℓℓ(Oh < 0)
= − Chel

4
. (15)

Next we consider the opening angle distribution for dileptonic
final states [53,54,5,6]:

1
σ

dσ

d cosϕ
= 1

2
(1 − D cosϕ), (16)

where ϕ = ̸ (ℓ̂+, ℓ̂−) and, as above, ℓ̂+ (ℓ̂−) is the ℓ+ (ℓ−) is
direction of flight in t (t̄) rest frame. If no acceptance cuts are
applied then

D = −3⟨cosϕ⟩ = DSM + DNP Re µ̂t for |Re µ̂t | ≪ 1. (17)

An associated asymmetry is

Aϕ = Nℓℓ(cosϕ > 0) − Nℓℓ(cosϕ < 0)

Nℓℓ(cosϕ > 0) + Nℓℓ(cosϕ < 0)
= − D

2
. (18)

Our results for the SM (at NLOW) and NP contributions to the cor-
relation coefficient D at the LHC (7 and 8 TeV) are given in Table 2.
As in the case of the SM predictions for the helicity correlation
CSM

hel , we give the predictions for DSM at NLOW both in the ex-
panded and in the unexpanded form.

The distributions (11), (13), and (16) may be used for 1-parame-
ter fits to the respective unfolded experimental distributions that
ATLAS or CMS may obtain from the existing 7 and 8 TeV dilep-
tonic data samples. In view of the results given in Tables 1 and 2
one may worry that a significant source of theoretical uncertainty
is how the higher-order SM contributions are taken into account.
As mentioned above, we advocate to use the expanded form of
the normalized distributions for fits to the unfolded data, as this
is in the spirit of perturbation theory. With which uncertainty
may Re µ̂t be measured? The highest sensitivity to this parame-
ter will certainly result from fits to these distributions, which is

an experimental task. For instance, CMS has reconstructed ∼9000
dilepton events (ℓ = e,µ) from the 7 TeV (5 fb−1) data [52]. As-
suming that the same selection efficiency applies to the 8 TeV
data, one expects ∼5 × 104 reconstructed dilepton events from
the 8 TeV (20 fb−1) data. These numbers suggest that a statisti-
cal error δ Re µ̂t below the percent level is feasible; the limiting
factor will be the systematic experimental and theoretical uncer-
tainties. A crude estimate may be done with the asymmetries
introduced above. They should be rather robust from the exper-
imental point of view, but contain, of course, less information than
the underlying distributions. Using for instance the asymmetry
(18), which has a rather large lever arm to Re µ̂t , and assuming
that Aϕ may be measured at 8 TeV with a combined statistical
and systematic uncertainty δAϕ = 0.03, then Re µ̂t may be ex-
tracted with an uncertainty δ Re µ̂t ≃ 0.04. Estimates of similar
order of magnitude were obtained, using different observables, by
[35–38].

3.2. Observables for tracing Re d̂t

A non-zero chromo-electric dipole moment Re d̂t induces CP-
odd transverse tt̄ spin correlations [49,54], for instance (St ×St̄) · k̂t

(where k̂t is the top-quark direction of flight in the tt̄ ZMF). These
correlations generate, in the dileptonic decay modes the following
CP-odd4 triple correlations [54]:

O1 = (ℓ̂+ × ℓ̂−) · k̂t, O2 = sign
(
cos θ∗

t
)
(ℓ̂+ × ℓ̂−) · p̂. (19)

The unit vectors ℓ̂+ , ℓ̂− that refer to the charged lepton direc-
tions of flight are defined as above (cf. below (12)), while p̂ is the
direction of one of the proton beams (i.e., the z axis) in the lab-
oratory frame. The factor sign(cos θ∗

t ), where cos θ∗
t = p̂ · k̂t , is the

sign of the cosine of the top-quark scattering angle in the tt̄ ZMF,
is required [49,54] because the gg initial state is Bose symmet-
ric. Without that factor, the second triple correlation in (19) would
have essentially no sensitivity to a non-zero Re d̂t .

The range of the correlations (19) is −1 ! O1,2 ! 1. Within the
SM, the distributions of O1,2 are symmetric around O1,2 = 0, i.e.,
the expectation values ⟨O1,2⟩SM = 0 if no acceptance cuts are ap-
plied or if these cuts are CP-symmetric. A non-zero Re d̂t induces
asymmetric distributions.

In the linear approximation, the expectation values of O1,2 are
directly proportional to Re d̂t :

⟨O1,2⟩ = c1,2 Re d̂t . (20)

Putting Re d̂t = 1, these expectation values, i.e. the coefficients c1,2
are given, for the LHC at 7 and 8 TeV, in Tables 3 and 4, respec-
tively, without and with a cut on Mtt̄ . In the computation of (20)
and (21) we have normalized to σLO .

Corresponding asymmetries are

ACP
i = Nℓℓ(Oi > 0) − Nℓℓ(Oi < 0)

Nℓℓ
= 9π

16
⟨Oi⟩, i = 1,2. (21)

This relation between ACP
i and the corresponding expectation value

of Oi holds if no acceptance cuts are applied, but is valid also if
cuts on Mtt̄ are made [54]. Our predictions for these asymmetries
are also collected in Tables 3 and 4.

4 As |pp⟩ is not a CP eigenstate, a classification with respect to CP is, strictly
speaking, not possible. However, as long as the acceptance cuts are CP-symmetric,
the SM contributions to the expectation values ⟨Oi⟩ are negligibly small. For a dis-
cussion, see [54,6].
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<latexit sha1_base64="yaABvyqkl6lCmsk+ofwz2HMEAmw="></latexit>

Re (µ̂t) = �0.014± 0.020
<latexit sha1_base64="jechh0GYyG55/L6o9nGHWuRexyM="></latexit>

corresponding 95% confidence level (C.L.) interval
is � 0.053 < Re (µ̂t) < 0.027

<latexit sha1_base64="4liDZYSETdrvsWQ0eP2ulk7MjTQ="></latexit>

Similarly PCPV is related to PCPV = Im(d̂t)PCPV
NP

<latexit sha1_base64="W2PAb9rQyke5qiYarVgJmMYnZY0="></latexit>

from W. Bernreuther, Z.G. Si / Physics Letters B 725 (2013) 115-122
PCPV
NP = 0.482± 0.003

<latexit sha1_base64="QjY4QY8+7dBCS9L9uVNbiKAUVAA="></latexit>

Im(d̂t) = �0.001± 0.034
<latexit sha1_base64="3s0irQZq1QM+FbvBj1B69Qghda8="></latexit>

with the corresponding 95% C.L. interval �0.068 < Im(d̂t) < 0.067
<latexit sha1_base64="0FpKxOQv4+iUY4hAX5lJMi+J6/8="></latexit>

for 13 TeV constraints, again see Afiq’s Talk at YSF!
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• Top quarks produced by strong interaction are unpolarized 
but  QCD  causes  top-quark  spins  to  be  correlated  at 
production.

• There are BSM scenarios predicting polarized top quarks, 
hence affecting the spin correlation.

• All  measurements  are  in  agreement  with  the  SM 
expectations, and help constrain theories of physics beyond 
the SM. 
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