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Measurement of tt̄ spin correlations are presented in event with top quarks produced in pp colli-
sions at the LHC. The data correspond to an integrated luminosities of 19.5 fb−1 at

√
s = 8 TeV

and 36 fb−1 at
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s = 13 TeV collected at CMS detector. The spin correlations are measured using
angular distributions of the leptons in tt̄ events via dileptonic channel. The spin correlations are
probed in two ways. The direct measurement is performed by exploiting the distributions in indi-
vidual top quark rest frames. The indirect one is performed by constructing the distributions in the
laboratory frame. Differential distributions provide both a test of the standard model of particle
physics and a measure for the deviations from the standard model that could help to understand
the possible signs of new physics.
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1. Introduction

The top quark is the heaviest known elementary particle with a lifetime of approximately
0.5 × 10−24 seconds [1]. It is expected to decay before top-flavored hadrons or tt̄ -quarkonium-
bound states can form [2] . Since the top quark decays before hadronization occurs, spins of the
tt̄ pair does not decorrelate in this short time [3]. As a result, spin information is carried by the
decay products. Top quarks that are produced mostly in pairs by strong interaction via gg→ tt̄
channel are unpolarized. However QCD causes the spins of top quarks to be correlated at this
pair production. On the other hand, many beyond the standard model (BSM) scenarios suggest a
polarized production of top quarks. In case of the presence of a new physics (NP), tt̄ correlation
may differ between standard model (SM) expectations and measurements. Therefore, it is highly
important to measure the spin correlations of top quark pairs.

2. 8 TeV Results

There are two methods to measure top spin correlations. Direct measurements require the
reconstruction of the tt̄ system, and indirect measurements use the distribution of φ (angle between
daughter leptons of each top quark). tt̄ differential cross section can be expressed in terms of the
lepton angles θl± as,

1
σ

dσ

d cosθl+d cosθl−
=

1
4
(1+B1 cosθl+ +B2 cosθl−−C cosθl+ cosθl−) (2.1)

where B1 and B2 are top quarks polarization in the chosen quantization axis, and C is the spin
correlation. In the 8 TeV analysis by CMS [4], the lepton angles θl+ and θl− are represented in
parent top quark’s rest frame, relative to parent top quark’s direction in tt̄ center-of-mass frame
as shown in Figure 1, and they are denoted as θ ∗l+ and θ ∗l− . The asymmetry related to cosθ ∗l is
measured as,

AP± =
N
[
cosθ ∗l± > 0

]
−N

[
cosθ ∗l± < 0

]

N
[
cosθ ∗l± > 0

]
+N

[
cosθ ∗l± < 0

] . (2.2)

where AP± is related to the SM polarization as P = 2AP = (AP+ +AP−), and the polarization associ-
ated to the maximally CP-violating process is PCPV = 2ACPV

P = (AP+−AP−). The spin correlation
coefficient Chel can be given as Chel =−4Ac1c2 , where c1 = cosθ ∗l+ and c2 = cosθ ∗l− . Ac1c2 is defined
as,

Ac1c2 =
N [c1c2 > 0]−N [c1c2 < 0]
N [c1c2 > 0]+N [c1c2 < 0]

. (2.3)

Another correlation measure D can be written in terms of the asymmetry related to cosφ as
D =−Acosφ where Acosφ is

Acosφ =
N[cosφ > 0]−N[cosφ < 0]
N[cosφ > 0]+N[cosφ < 0]

. (2.4)

The opening angle between two leptons in the lab frame, ∆φl+l− , an indirect way of spin
correlation measurement also studied. The asymmetry for ∆φl+l− variable is,
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A∆φ =
N
[∣∣∆φll

∣∣> π/2
]
−N

[∣∣∆φll

∣∣< π/2
]

N
[∣∣∆φll

∣∣> π/2
]
+N

[∣∣∆φll

∣∣< π/2
] . (2.5)

The final results are give at the the parton level by unfolding background subtracted distribu-
tions. TUNFOLD package is used to implement regularized unfolding method to correct detector
effects. The unfolded one dimensional differential cross-sections for cosθ ∗l+ , cosθ ∗l− , cosθ ∗l , cosφ

and ∆φl+l− are provided in Figure 2. Distributions are normalized to unity and is found to be in
agreement with the SM prediction. A summary of polarization and spin correlation coefficients
is also provided in Table 1. All values are consistent with the SM. The systematic uncertainties
in these measurements come from various experimental sources, reconstruction of the tt̄ system,
and unfolding procedure. The dominant experimental uncertainty in the asymmetry variables are
due to the jet energy scale uncertainties, the jet energy resolution, and the lepton energy scale
uncertainties.

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 ≳mt,
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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Table 1: Inclusive asymmetry measurements obtained from the angular distributions unfolded to
the parton level, and the partonlevel predictions from the MC@NLO simulation and from NLO
calculations with (SM) and without (no spin corr.) spin correlations. For the data, the first uncer-
tainty is statistical and the second is systematic. For the MC@NLO results and NLO calculations,
the uncertainties are statistical and theoretical, respectively [4].
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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.

<latexit sha1_base64="Nal5G2QLW/MzNR9GAhaXLgn6ixw="></latexit>

Polarization

AP± =
N

�
cos ✓?`± > 0

�
� N

�
cos ✓?`± < 0

�

N
�
cos ✓?`± > 0

�
+ N

�
cos ✓?`± < 0

�P± = 2AP±

Correlation

indirect measurement of top spin correlation

A�� =
N (|��`+`� | > ⇡/2) � N (|��`+`� | < ⇡/2)

N (|��`+`� | > ⇡/2) + N (|��`+`� | < ⇡/2)
<latexit sha1_base64="HDn7LWgooEjaoLN03ZuMFT3ZEqY="></latexit>
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Figure 1: θ ∗l± measured in helicity basis (lepton angle in parent top quark’s rest frame, relative to
parent top quark’s direction in tt̄ center-of-mass frame).

3. 13 TeV Results

In 13 TeV study, tt̄ production was probed in three dimension by using the basis illustrated in
Figure 3. tt̄ production can expressed as
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Figure 1: Differential cross section as a function of ∆φl+l− , cosφ, cos θ∗l , cos θ∗l+ cos θ∗l− (clockwise
from top-left to bottom-right) compared to parton-level predictions from MC@NLO (dashed red
lines), theoretical prediction at next to leading order with SM spin correlation (blue solid line), and
similar theoretical prediction without the spin correlation (dotted blue). The inner (outer) bars in the
data points represent statistical (total) uncertainties in the measurement. The hatched area in the
theoretical calculation represent scale uncertainty from the systematic variation of renormalization
scale (µR) and factorization scale (µF ) by a factor of two[3].

6

Figure 2: Differential cross section as a function of ∆φl+l− , cosθl+ (clockwise from top-left to
bottom-right) compared to parton-level predictions from MC@NLO (dashed red lines), theoretical
prediction at next to leading order with SM spin correlation (blue solid line), and similar theoretical
prediction without the spin correlation (dotted blue). The inner (outer) bars in the data points
represent statistical (total) uncertainties in the measurement [4].

1
σ

dσ

dΩ1dΩ2
=

1
(4π)2

(
1+B1 · ˆ̀1 +B2 · ˆ̀2− ˆ̀1 ·C · ˆ̀2

)
, (3.1)

where B1,2 are three-dimensional vectors that characterise the degree of top quark or antiquark
polarisation in each direction, and C is a 3×3 matrix that characterises the correlation between the
top quark and antiquark spins. Integrating over the azimuthal angles reduces the expression into

1
σ

dσ

d cosθ i
1d cosθ

j
2

=
1
4

(
1+Bi

1 cosθ
i
1 +B j

2 cosθ
j

2 −Ci j cosθ
i
1 cosθ

j
2

)
, (3.2)

where i, j represents the combinations of base vectors k̂, r̂, n̂. The above expression can be trans-
formed into single-cross, and the details of this transformation can be found in [5]. In total,
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CMS 13 TeV ResultsBora Isildak /19 ALPS2019: Fourth Alpine LHC Physics Summit, 22-27 Apr 2019 
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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
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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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‣ dominant uncertainty from JES (affects top rest frame reconstruction)
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Figure 3: Coordinate system used for tt̄ spin correlations 13 TeV.

tt̄ production cross section is measured in terms of the 15 coefficients at the parton. The 6 cosθ i
1

and cosθ i
2 to measure Bi

1 and Bi
2, the top quark and anti-quark polarization coefficients with respect

to each reference axis i. The 3 cosθ i
1 cosθ i

2 to measure Cii, the diagonal spin correlation coefficient
for each axis i. The 6 sums and differences cosθ i

1 cosθ
j

1 ± cosθ
j

1 cosθ i
2, to measure the sums and

differences of the cross spin correlation coefficients Ci j±C ji for each pair of axes i, j. Each of
these measured observables are given in Figure 4.

Adetailed study of tt̄ production spin density matrix offers a powerful probe for the top quark
chromomagnetic dipole moment (CMDM). Using the measured distribution and covariance ma-
trices, and their predicted dependence on the Wilson coefficient of the CMDM operator (CtG) di-
vided by the square of the new physics scale Λ2 [6, 7], the resulting constraints at 95% CL are
−0.07 <CtG < 0.16 TeV−2 which are the strongest constraints on CtG/Λ2 to date.

4. Summary

Top quarks produced by strong interaction are unpolarized but QCD causes top-quark spins
to be correlated at production. There are beyond the standard model (BSM) scenarios predicting
polarized top quarks, hence affecting the spin correlation. CMS have presented measurements of
tt̄ spin correlations using LHC pp collision data corresponding to an integrated luminosity of 19.5
fb−1 and 36 fb−1 at center-of-mass energies 8 and 13 TeV. All measurements are in agreement with
the SM expectations, and help constrain theories of physics beyond the SM.
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Figure 4 – Summary of measured 8 diagonal (left) and o↵-diagonal (right) coe�cients of the matrix C.

Figure 5 – Left: measured distribution 8 of the cosine of the angle between the lepton directions measured in their
parent top quark rest frames, sensitive to the spin correlation coe�cient D (related to the trace of the C matrix).
The prediction without spin correlations (uncorrelated) is strongly disfavoured. Right: summary of fSM results 8.

spin correlation coe�cient, and the results are shown in Fig. 4. The top quark polarisation
is also measured with respect to each reference axis, but the measurements are all consistent
with zero and not sensitive to the small level of top quark polarisation predicted in the SM.
The systematic and statistical uncertainties are of comparable size for most of the measured
coe�cients, and the dominant sources of systematic uncertainty are typically in the jet energy
scale and b quark fragmentation (which a↵ect the reconstruction of the top quark rest frame),
the background subtraction, and the tt̄ simulation modelling (ISR and FSR, µR and µF, and
top quark pT).

The measured coe�cients are converted into values of fSM using theoretical predictions at
NLO in QCD with EW corrections3 (all coe�cients are zero in the absence of spin correlations),
and the results are shown in Fig. 5 (right). The most precise measurement of spin correlations
comes from the distribution of the opening angle between the lepton directions ˆ̀

1 and ˆ̀
2 mea-

sured in their parent top quark rest frames, 1
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and D = �tr(C)/3. The measured cos' distribution is shown in Fig. 5 (left). From the D
coe�cient, CMS measures fSM = 0.97 ± 0.05. This is the most precise measurement of fSM

to date, indicating that the e↵ect of the worse experimental resolution of cos' compared to
|��``| is outweighed by the reduced theoretical uncertainties and the stronger dependence on
spin correlations of the direct observable.

Figure 4: Summary of measured diagonal and off-diagonal coefficients of the matrix C.
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