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In quark-pair production by the strong interaction, the
quark spins are entangled according to the short distance
dynamics of quantum chromodynamics (QCD) [1]. The
spin state is observable in angular correlations among the
quark decay products induced by the V-A nature of the
weak interaction, but is typically destroyed by the depo-
larizing effects of hadronization before the decay can pro-
ceed. The top quark is an exception to this rule. Because
of its large mass, the top-quark lifetime is shorter than
the fragmentation timescale, cutting off the long distance
QCD effects and transmitting the ¢ production config-
uration to the final state. Measurement of the tf spin
configuration is a first look at a bare-quark pair at pro-
duction. The measurement tests the fundamental predic-
tions of QCD [1-5] and could be a sensitive discriminant
of new physics coupled to top quarks [6, 7]. For example,
a tt resonance appearing as an excess in the tf invariant-
mass spectrum can be verified as a Kaluza-Klein graviton
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through measurement of the spin correlation as described
in Ref. [7].

Because final state charged leptons have the strongest
correlation to the top-quark spin, the tf spin correlation
is usually discussed in terms of the di-lepton final state
tt — (WHb)(W=b) — (fv)(#'v))bb [4]. This mode suf-
fers from a small branching ratio and poor definition of
the top-quark kinematics due to the presence of two un-
detectable neutrinos. A previous measurement of the ¢t
spin correlation was limited to a small sample of just six
events in this mode [8].

We report on a new measurement of the tf spin cor-
relation in pp collisions at 1.96 TeV with a data sam-
ple corresponding to an integrated luminosity of 4.3
fb~! collected with the CDF II detector at the Fermi-
lab Tevatron. We measure the spin correlation of pair-
produced quarks for the first time in the lepton plus
jets decay topology, t& — (WTb)(W~b) — (udb)({vb)
or tt — (WTb)(W~b) — (fvb)(udb) [9]. In this decay
mode, we take advantage of a large branching ratio com-
pared to the di-lepton channel and the well-constrained
tt kinematics in the lepton plus jets final state with only
one neutrino. The measurement relies critically on a new
technique for identifying the final state down-type quark
(d or s), which has the same spin-analyzing power as a
charged lepton. We expect the spin correlation measure-
ment to show the dominance of #f production via the
J=1 ¢q annihilation channel that occurs in ~85% of pp
collisions at the Tevatron [10].

We work in the helicity basis, where the spin-
quantization axis is defined as the direction of motion
of the ¢ (or ) quark in the ¢f rest frame. There are other
quantization axes which predict a larger value for the spin
correlation [3], but they do not provide any significant in-
crease in the statistical sensitivity of our approach, so we
work with the simpler helicity basis. A quark is called
right-handed (¢g)/left-handed (¢1,) if its spin is oriented
along/opposite to its direction of motion. In the ¢t rest
frame the quarks move back-to-back; thus the same-spin
states with J=1 are those with opposite helicity: tptr
and trtr. Near the energy threshold for ¢t production,
the opposite-helicity fraction is predicted in the standard
model (SM) to be ~67% for tt production via ¢g anni-
hilation, while for top quarks with large momenta com-
pared to the top-quark mass, helicity is approximately
conserved and this fraction rises to ~100% [1, 3]. Inte-
grating over all top-quark momenta according to the par-
ton distribution functions and adding the small (~15%)
J = 0 contribution from gluon-gluon fusion processes, we
expect to find an opposite-helicity fraction [1, 3]

O'(ERtL) + O'(ELtR)

o(trtr) +o(trtr) +o(trtr) +o(tLtr)
~ 0.70. (1)

Foug =

Fop is simply related to the spin correlation coeffi-
cient x that measures the fractional difference between
the number of events in which the top-quark spins are

aligned and the number of events in which they have
opposite directions: K = 2Fpyg — 1. We thus expect
K~ 0.40 [1, 3], while for uncorrelated spins, £ = 0.0 and
Fon =0.5.

In top-quark decays in the SM the V-A couplings fix
the angular distributions of the decay products according
to the polarization of the parent top quark via

1 dr 1
T'dcost; 2

(14 A;cosb;), (2)

where the positive/negative sign is used for right-
handed/left-handed quarks, and the helicity angle 6; is
defined as the angle between the spin-quantization direc-
tion and the momentum of the decay particle in the rest
frame of its parent top quark. In the V-A weak decay, the
spin-analyzing-power coefficient A; is equal to +1.0 for
the charged lepton or down-type quark, -0.41 for the bot-
tom quark, and -0.31 for the neutrino or up-type quark,
with the signs reversed for antitop-quark decays [3]. The
tt spin correlation connects the daughter helicity angles
on each side of the decay. The differential cross-section
in these variables is

1 d*o 1+ kA;Ajcosb; cos b
o d(cos®;)d(cos ;) 4 ’

(3)

where ¢ and j refer to top-quark and antitop-quark decay
products respectively [3].

For each of the four possible tf helicity states, we cre-
ate model templates for the distributions of cos6; cosfy
and cos#; cosfy, where the charged lepton [ is a decay
product from one top quark in the pair and the quarks d
and b are decay products from the other quark. We then
find the relative normalization of these model templates
that gives the best fit to a two-dimensional distribution
of these variables in the data. The model templates ac-
count for all acceptance effects and dilutions due to event
reconstruction, so that the parton-level value of Fpg fol-
lows directly from the template fit to the data.

CDF 1II [11] is a general purpose, azimuthally and
forward-backward symmetric detector. Charged-particle
directions and momenta are measured with a silicon
tracker [12] and a drift chamber [13] in a 1.4 T solenoidal
magnetic field. Electromagnetic and hadronic calorime-
ters [14] are located beyond the solenoid and allow for jet
and missing Er reconstruction. Beyond the calorimeter,
muon chambers [15] provide coverage for the pseudora-
pidity range || < 1.0. We use a cylindrical coordinate
system with its origin at the center of the detector and
the z-axis along the proton direction [16].

Lepton plus jets events are selected by requiring one
electron or muon with transverse momentum of at least
20 GeV/c and |n| < 1.0, missing transverse energy of
at least 20 GeV, and four or more jets with transverse
energy of at least 20 GeV and |n| < 2.0, at least one
of which must be tagged as a b jet by the presence of



a displaced secondary vertex [17]. This selection yields
1001 total candidate events, 224 of which have two tagged
b jets.

Non-tt backgrounds are well-constrained by precision
tt cross-section measurements [18], with a predicted to-
tal of 215 4 48 background events. Non-tf models are
checked against background-enriched sidebands with no
tagged b jets and are found to give very good represen-
tations of the normalizations and kinematics in all vari-
ables, including lepton and jet energies and angular dis-
tributions.

The helicity angles are determined in a complete re-
construction of the ¢ kinematics in ¢t — (Wb)(Wb) —
(vb)(udb), where we constrain M (fv) = M(ud) = 80.4
GeV/c?, the mass of the W boson, and M ({vb) =
M (udb) = 172.5 GeV/c?, the top-quark mass, and re-
quire any tagged b jets to be identified with b partons.
The constraints were chosen to be close to the world av-
erages in Ref. [19]. Each of the 24 possible jet-to-parton
assignments is evaluated using a x? comparison to the tt
hypothesis with the above constraints, and we choose the
assignment with the lowest x? value [20]. This procedure
correctly assigns all jets to the corresponding partons in
approximately 37% of events. All effects of angular ac-
ceptance and jet reconstruction and mis-assignment are
fully modeled by our simulated samples.

Down-type-quark identification relies on the V-A decay
correlation that tends to send the down-type quark in the
direction opposite that of the hadronically decaying W
boson in the top-quark rest frame. We therefore assign
the down-type quark as the jet that, in the W boson rest
frame, is closest to the bottom jet identified as coming
from the same top quark as the W boson [3]. Simulation
studies show that this algorithm correctly identifies the
down-type quark 60% of the time.

The same-helicity and opposite-helicity model tem-
plates are created with a customized version of the HER-
WIG event generator [21] that implements the angular
distribution of Eq. 2 for the charged lepton or down-type
quark, with a tunable choice of right- or left-handed top
quarks, and preserves all the other expected spin cor-
relations [22]. We create four different simulated sam-
ples, corresponding to the four possible top-quark-pair
helicity states: trtg, trtr, trtr, and tgtg. QCD in-
teractions respect both the parity symmetry (P) and
the combined symmetry of parity and charge conjuga-
tion (CP). Because C'P transforms trtg — trtp, we
can define the same-helicity (SH) model template shape
to be the symmetric sum of o(tgtg) + o(trty). Since
P transforms trty, — tptr, we let the opposite-helicity
(OH) model template shape be the symmetric sum of
O'(ERtL) + U(ELtR).

Figure 1 compares the SH and OH model templates af-
ter detector simulation, event selection, and reconstruc-
tion in the two distributions that we use for the mea-
surement, cosf;cosfy and cosf; cos . Our sensitivity
results from the SH model template being shifted towards
negative values of cos#; cos 64, while the OH model tem-

plate is shifted towards positive values, with the opposite
shifts occurring in the cos#; cos 8, distribution.
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FIG. 1: Distributions of the cos #; cos 04 and cos 0, cos 0, vari-
ables, after detector simulation, event selection, and recon-
struction, in our same-helicity and opposite-helicity simulated
tt samples.

We perform our measurement using a binned likelihood
fit to find the relative normalization of these model tem-
plates that gives the best simultaneous representation of
cos 0; cos 0 and cos 0; cos 0, in our data. The background
normalization is constrained to be close to the predicted
value, with a Gaussian uncertainty, but the same-helicity
fraction Fsy and opposite-helicity fraction Fpopy are al-
lowed to float freely. We do not require that Fsy and
Fopr be constrained to physical values between 0 and 1,
but we do require Fsy + Fog = 1. The fit runs over
all bins in a two-dimensional distribution of cos ), cos 8,
vs. cos ) cosf,. The expected statistical uncertainty for
Fop is approximately 0.23, corresponding to an uncer-
tainty for x of 0.46, and is independent of the actual value
of Foy and k.

Additional contributions to the uncertainty result from
incomplete knowledge of the background size and shape,
of the exact detector response, and of the parton distribu-
tion functions (PDF), and are estimated by performing
the measurement in simulated samples with reasonable



TABLE I: Systematic Uncertainties on For

Systematic Uncertainty
Generator dependence 0.060
JES 0.042
ISR/FSR 0.030
Background shape 0.023
Color reconnection 0.009
PDF 0.007
Parton shower 0.006
Background size 0.002
Total uncertainty 0.083

variations in the model assumptions. These systematic
uncertainties are shown in Table I. The largest uncer-
tainty, generator dependence, results from small biases
seen when testing with simulated samples created using a
range of generators, including HERWIG [21], PYTHIA [23],
ALPGEN [24], and MADEVENT [25]. Other significant
contributions come from the uncertainty of the jet en-
ergy scale (JES) during event reconstruction and uncer-
tainty in the amount of initial and final state radiation
(ISR/FSR) in our observed tt events. The small vari-
ation of Fpy with the assumed value of the top-quark
mass is not included in our systematic uncertainty; our
measurement assumes a mass of 172.5 GeV/c? for the
top quark.

The final result of our fit to the two-dimensional dis-
tribution cosd; cosfy vs. cos@; cosby is shown in Fig. 2.
This figure shows one-dimensional distributions of both
variables, with our data being compared to the sum of the
background model, same-helicity model, and opposite-
helicity model, with the model normalizations deter-
mined by our fit result. Assuming the top-quark mass
is 172.5 GeV/c?, we find an opposite-helicity fraction of

For = 0.80 £ 0.25 (stat) = 0.08 (syst)

Converting this to the spin correlation coefficient, using
R = 2FOH - 1, yields

k = 0.60 £ 0.50 (stat) +0.16 (syst)

This first measurement of the top-quark pair spin cor-
relation in the lepton plus jets decay channel agrees well
with the theoretical prediction of k ~ 0.40 [1, 3], although
the statistical uncertainty is still large. Simulated exper-
iments with larger datasets indicate that if the Tevatron
dataset reaches 15 fb~! before the end of the Tevatron
lifetime, the expected statistical uncertainty on x would
be reduced to 0.26. This technique can thus be applied
in future measurements with larger datasets collected at
the Tevatron and LHC to constrain the ## production
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FIG. 2: Distribution of the cos 0; cos 084 and cos 0; cos 0, vari-
ables in data compared to the sum of our background model,
the same-helicity model template, and the opposite-helicity
model template. The relative normalizations of the model
distributions are determined by our fit result.

spin structure or to connect with other anomalies that
may show up in the reconstructable tf kinematics of the
lepton plus jet sample.
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