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Measurement of 7 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~! at /s = 8 TeV
and 36 fb~! at \/s = 13 TeV collected at CMS detector. The spin correlations are measured using
angular distributions of the leptons in 7 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 x 1072* seconds [1]. It is expected to decay before top-flavored hadrons or 7 -quarkonium-
bound states can form [2] . Since the top quark decays before hadronization occurs, spins of the
tf 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 — tf
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), ¢ 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 #7 system, and indirect measurements use the distribution of ¢ (angle between
daughter leptons of each top quark). #7 differential cross section can be expressed in terms of the
lepton angles 6= as,

1 do 1
G dcos B, dcos 6 = 1(1 + B cos 0+ + B cos 6~ — Ccos 6+ cos ;- ) (2.1

where By and B, 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 6+ and 6,- are represented in
parent top quark’s rest frame, relative to parent top quark’s direction in ¢ center-of-mass frame
as shown in Figure 1, and they are denoted as 6, and 6. The asymmetry related to cos ;" is
measured as,

N [cos 6} > 0] — N [cos 6}, < 0]
N [cos 6. > 0] +N [cos 6. < 0]

Aps = 22)

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 PFV = 245"V = (Ap+ — Ap-). The spin correlation
coefficient Cp; can be given as Cjep = —4A;¢,, Where ¢; = cos 0], and ¢; = cos 6" . A, is defined

as,

Nlcica > 0] —Ncica < 0]

Nlcica > 0]+ Nlcicr < 0] (2.3)

AClC2 =

Another correlation measure D can be written in terms of the asymmetry related to cos¢ as
D = —Acosp Where Acosg is

Ncos¢ > 0] —Ncos ¢ < 0]
Nl[cos¢ > 0]+ N[cos¢p < 0]

The opening angle between two leptons in the lab frame, A¢;+;- , an indirect way of spin

Acos ¢ = (24)

correlation measurement also studied. The asymmetry for A¢;+;- variable is,
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o V1180 > /2] N [Jagy | < /2]

N[|Ady| > /2] + N [|Ag;] < 7/2]
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 cos 9;1, cos 91*,, cos 0, cos @

2.95)

and A¢;+;- 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 ¢7 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.

Asymmetry variable Data (unfolded) MC@NLO simulation NLO, SM NLO, no spin corr.
Ay 0.094 £ 0.005 £ 0.012 0.113 £ 0.001 0.11029%% 0.202- 9%
Acosy 0.102 £ 0.010 4+ 0.012 0.114 4 0.001 0.114 £ 0.006 0

Acre, -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 .

AGPY 0.000 =+ 0.006 + 0.005 0 0

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].

t rest frame tt CM frame t rest frame

V/a
Figure 1: 6% measured in helicity basis (lepton angle in parent top quark’s rest frame, relative to

parent top quark’s direction in ¢f center-of-mass frame).

3. 13 TeV Results

In 13 TeV study, t7 production was probed in three dimension by using the basis illustrated in
Figure 3. #7 production can expressed as
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Figure 2: Differential cross section as a function of A¢;+;-, cos 6;+ (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 do

cdQdQ,  (4m)?
where By, are three-dimensional vectors that characterise the degree of top quark or antiquark
polarisation in each direction, and C is a 3 x 3 matrix that characterises the correlation between the
top quark and antiquark spins. Integrating over the azimuthal angles reduces the expression into

(14+By-61+By -l —0,-C-15), (3.1)

1 do 1

— - : 1+ B! cos 6! + Bl cos 8] — Cj;cos 0! cos Gj) , 3.2)
G dcosOidcos®) 4 < ! b S ! 2

where i, j represents the combinations of base vectors lAc, 7,7n. 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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{k,r,n} basis

k (top)
Figure 3: Coordinate system used for ¢ spin correlations 13 TeV.

tf production cross section is measured in terms of the 15 coefficients at the parton. The 6 cos 6}
and cos 95 to measure B’i and Bé, the top quark and anti-quark polarization coefficients with respect
to each reference axis i. The 3 cos 6{ cos 05 to measure Cj;, the diagonal spin correlation coefficient
for each axis i. The 6 sums and differences cos 6{ cos Glj + cos 911' cos 95, to measure the sums and
differences of the cross spin correlation coefficients C;; - Cj; for each pair of axes i, j. Each of
these measured observables are given in Figure 4.

Adetailed study of 7 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 (C;¢) di-
vided by the square of the new physics scale A2 [6, 7], the resulting constraints at 95% CL are
—0.07 < Gy < 0.16 TeV—2 which are the strongest constraints on C, / A? 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
1t spin correlations using LHC pp collision data corresponding to an integrated luminosity of 19.5
fb~! and 36 fb~! 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 diagonal and off-diagonal coefficients of the matrix C.
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