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We present the first model-independent measurement of fl@thef W bosons produced in top quark
decays, based onlafb~! sample of candidat& events in the dilepton and lepton plus jets channels celiect
by the DO detector at the Fermilab TevatggnCollider. We reconstruct the anglé between the momenta of the
down-type fermion and the top quark in tHé boson rest frame for each top quark decay. A fit of the regultin
cos §* distribution finds that the fraction of longitudin®ll” bosonsf, = 0.425 £ 0.166 (stat.)£ 0.102 (syst.)

and the fraction of right-handed” bosonsf,. = 0.119 £ 0.090 (stat.)+ 0.053 (syst.), which is consistent at
the 30% C.L. with the standard model.

PACS numbers: 14.65.Ha, 14.70.Fm, 12.15.Ji, 12.38.QB81Be, 13.88.+e

The top quark is by far the heaviest of the known fermiongtion, almost always to & boson and & quark. We search
and is the only one that has a Yukawa coupling to the Higgsor evidence of new physics in the— Wb decay by measur-
boson of order unity in the standard model (SM). In the SM,ing the helicity of thel/ boson. A different Lorentz structure
the top quark decays via tHé — A charged-currentinterac- of thet — Wb interaction would alter the fractions 61
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bosons produced in each polarization state from the SM valmuons. The&+jets final state is characterized by one charged
ues 0f0.697+0.012[1] and3.6x 10~* [2] for the longitudinal  lepton, at least four jets, and large missing transverseggne
fraction f, and right-handed fractiofi,, respectively, at the (Zr). The dilepton final state is characterized by two charged
world average top quark mass, of 172.5 + 2.3 GeV [3]. leptons, at least two jets, and large. In both final states, at
In this Letter, we report a simultaneous measuremetfg of least two of the jets arkjets.
and f, (the negative helicity fractiorf_ is then fixed by the The /+jets event selection [14] requires an isolated lepton
requirementthaf_ + fo + f+ = 1). This is the first model- with transverse momentupy > 20 GeV, no other lepton
independentV boson helicity measurement. A measurementwith pr > 15 GeV in the event,Zr > 20 GeV, and at
of the W boson helicity fractions that differs significantly least four jets. In the dilepton channel, events are reduire
from the SM values would be an unambiguous indication ofto have two leptons with opposite charge and> 15 GeV
new physics|[4][6]. In addition, the model-independ&it and two or more jets. Electrons are required to have pseudo-
boson helicity measurement can be combined with measureapidity [15] |n| < 1.1 in the /+jets channel anth| < 1.1
ments of single top production cross sections to fully sgeci or 1.5 < |n| < 2.5 in the dilepton channel, and are identified
thetbW vertex [7]. by their energy deposition, isolation, and shower shaphben t
Measurements of the — sy decay rate assuming the ab- calorimeter, and information from the tracking system [14]
sence of gluonic penguin contributions have indirectly-lim Muons are identified using information from the muon and
ited theV + A contribution in top quark decays to less than tracking systems and must be isolated from jets, significant
a few percent/[8]. Direct measurements of the longitudinakalorimeter energy, and energetic tracks. They are redjtore
fraction (f. set to zero) foundfy = 0.85703% [9] and fo =  haveln| < 2.0. Jets are reconstructed using a cone algorithm
0.56 + 0.31 [1C]. Direct measurements ¢f. ( fo setto 0.7) with cone radius 0.5 [16] and are required to have rapidity
have foundf; = —0.02 £ 0.08 [11] andf; = 0.06 &+ 0.10 ly| < 2.5 andpr > 20 GeV. TheFr is calculated from the
[12]. The analysis presented here improves upon that reghort vector sum of calorimeter cell energies, corrected to agtou
in Ref. [12] by using a larger data set, employing enhancedor the response of the calorimeter to jets and electrons and
event selection techniques, making use of hadrbiiiboson  also for the momenta of identified muons.
decays, and introducing the model-independent analysis. We simulatett signal events withn; = 172.5 GeV for
The angular distribution of the down-type decay products ofifferent values off, with the ALPGEN Monte Carlo (MC)
the W boson (charged lepton @ s quark) in the rest frame  program|[17] for the parton-level process (leading ordad a
of theT¥ boson can be described by introducing the decay aneyTHiA [18] for gluon radiation and subsequent hadroniza-
gle 6* of the down-type fermion with respect to the top quarktion. We generate samples corresponding to each of the three
direction. The dependence of the distributiorcaf * onthe 1 boson helicity configurations by reweighting the generated
W boson helicity fractions, cos 6* distributions.
9 9 9 Backgrounds in the/+jets channel arise mainly from
wle) o 21 =) fo+ (L =ef f- + (147 fy, (1) W +jets production and multijet production. In the dilepton
wherec = cos 0*, forms the basis for our measurement. Wechannel, backgrounds arise from processes subhi&s+jets
proceed by selecting a data sample enriched ivents, re- or Z+jets. The MC samples used to model background
constructing the four vectors of the two top quarks and theievents with real leptons are also generated usirrgisEN and
decay products, and then calculatiewg 0*. The down-type PYTHIA. Both the signal and background MC samples are
fermions in leptonid? boson decays are the charged leptonspassed through @EANT3 [19] simulation of the detector re-
For hadronid? boson decays, we choos#®laboson daughter sponse and reconstructed with the same algorithms used for
jet at random to calculates 6*. Since this introduces a sign data. In the/+jets channel we estimate the numbég; of
ambiguity into the calculation, we consider onkos 6*| for ~ multijet background events from data, using the technigue d
hadroniclW boson decays. THewos 6*| variable does not dis- scribed in Ref.[[14]. We calculat®/,,,; for each bin in the
criminate between left- and right-handddbosons, but adds cos §* distribution from the data sample to obtain the multijet
information for determining the fraction of longitudindl’  cos #* templates.
bosons. These distributionsdns 8* are compared with tem- To increase the signal purity, a multivariate likelihood-di
plates for different? boson helicity models, accounting for criminantD [14] with values in the range 0 to 1 is calculated
background and reconstruction effects, using a binned-maxusing input variables which exploit differences in kineiosit
mum likelihood method. and jet flavor. The kinematic variables considered dig:
This measurement uses a data sample recorded with the Dcalar sum of the jeir values), centrality (the ratio of Hp
experiment|[13] that corresponds to an integrated lumiposi to the sum of the jet energiesy,. . (the distance im — ¢
of aboutl fb~! of pp collisions at\/s = 1.96 TeV. Events  space between the closest pair of jets multiplied by he
were selected by the trigger system based on the presenceaffthe lowest& jet in the pair and divided by th&r of the
energetic leptons or jets. The data sample consists@dn- W boson), the sum of all jet and charged lepton energjes
didate events from the lepton plus jetsi{ets) decay chan- the minimum dijet mass of the jet pairs; jmin, aplanarityA,
neltt — W+W-bb — (vqq'bb and the dilepton channel sphericityS [20], %1, and the dilepton invariant massy,. In
tt — WHW—bb — (vl'v'bb, wherel and¢’ are electrons or the dimuon channel, thg? of a kinematic fit to theZ — uu



5

top quarks must b&72.5 GeV. The four highespr jets in

DG, L=1fb™ each event are used in the fit, and among the twelve possible
jet combinations, the solution with the maximal probaiilit

'+' considering both the? from the kinematic fit and th&N,
values of the four jets, is chosen. Taes 0* distributions for
leptonic and hadroni®” boson decays obtained in thejets

data after the full selection are shown in Hib. 2(a) and (b).

100

Entries/0.05

50

Since the two neutrinos in the dilepton final state are not
e detected, the system is kinematically underconstrained:-H
0.2 0.4 0.6 0.8 1 . . . .
D ever, if m; is assumed, the kinematics can be solved alge-
braically with a four-fold ambiguity in addition to the two-
FIG. 1: Distribution of D for data (points with error bars), back- fold ambiguity in pairing jets with leptons. For each of the
ground (shaded histogram), and signal plus backgrounch(bje  two leading jets, we calculate the value @fs6* resulting
togram) in thee+jets channel. from each solution with each of the two leptons associated
with the jet. To explore the phase space consistent with the
measured jet and lepton energies, we fluctuate them acgordin
hypothesis¢% [21] is used instead dfr. to their resolution many times, and repeat the above praeedu
Since jets in background events arise mostly from lightfor each fluctuation. The average of these values is taken as
quarks or gluons while two of the jetsthevents arise frolh  cos 0" for that jet. Thecos 6* distribution obtained in dilepton
quarks, we form a neural network discriminant betweand  data is shown in Fig.]2(c).
light jets [22] with output valueNN, that tends towards one
for b jets and towards zero for light jets.. In thejets chan-
nels we use the average of the two lardélst values to form a
continuous variabléNN,) whose value tends to be large for
events and small for backgrounds, while in the dilepton ehan
nels theNN, values for the two leading jet®(,,, NN,,) are
taken as separate variables.
The discriminant is built separately for each of the five fi-
nal states considered, using the method described in Réfs. |

23]. We consider all possible combinations of the above vari Systematic uncertainties are evaluated in ensemble tgsts b
ables for use in the discriminant, and all possible requéne®  yarying the parameters that can affect the measurement. En-
on theD value, and choose the variables @ndriterion that  gemples are formed by drawing events from a model with the
give the best expected precision for flieboson helicity. The  harameter under study varied. These are compared to the stan
variables chosen and the requirement placedofor each  gardcos * templates in a maximum likelihood fit. The aver-
channel are given in Table I. An example of the distributionsage shifts in the resulting, and £, values are taken as the
of signal, background and data event®ins shown in Figlll.  systematic uncertainty and are shown in TdBle II. The total
We perform a binned Poisson maximum likelihood fit to systematic uncertainty is then taken into account in the- lik
compare the observed distribution of event®ito the sum of  lihood by convoluting the likelihood with a Gaussian with a
the distributions expected from and background events. In width that corresponds to the total systematic uncertairtig
the/+jets channels)V,,,; is constrained to the expected value mass of the top quark is varied b¥2.3 GeV, and the jet
within the known uncertainty, while in the dilepton charmel reconstruction efficiency, energy calibration, @nftagmen-
the ratio of the various background sources is fixed to the exation parameters by-1¢ around their nominal values. The
pectation from the cross sections times efficiency of thekin ¢z model uncertainty is studied by comparitigevents gener-
matic selection. The likelihood is then maximized with re- ated bypyYTHIA to the standardLPGEN samples, considering
spect to the numbers of and background events, which are samples with a different model for the underlying event and
multiplied by the efficiency for the> selection to determine ones in which only a single primary vertex is reconstructed.
the composition of the sample used for measuringthbo-  Effects of mis-modeling the background distributiorcirn 6*
son helicity fractions. Tablg | lists the composition of eac are assessed by comparing data to the background model for
sample as well as the number of observed events in the dataevents with lowD values. The uncertainty due to template
The top quark and” boson four-momenta in the selected statistics is evaluated by fluctuating the templates adagrd
(+jets events are reconstructed using a kinematic fit which iso their statistical uncertainties and repeating the fihtodata
subject to the following constraints: two jets must form thefor each fluctuation. Uncertainties due to jet resolutienfla-
invariant mass of th&” boson|[[24], the lepton and th&r to-  vor composition in the background, the modeling of M,
gether with the neutrinp, component must form the invariant variable, and parton distribution functions are all fouadée
mass of thé¥” boson, and the masses of the two reconstructeéess than 0.01 for botlfiy and £ .

To extractfy and f, we compute the binned Poisson like-
lihood L( fo, f+) for the data to be consistent with the sum of
signal and background templates at any given value for these
fractions. The background normalization is constraineldeto
consistent within uncertainties with the expected valueaby
Gaussian term in the likelihood. The fit also accounts for the
differences in selection efficiency for events with different
W helicity configurations [25].



TABLE I: Summary of the multivariate selection and numbersefected events for each of thefinal states used in this analysis. The
uncertainties are statistical only, except for the backgdoestimates in thee and . channels, in which systematic uncertainties arising from
imperfections in the MC model of the data are included.

e+jets utjets el ee L
Variables used in C,S, A Hr, C,S,Hr, C,S, h,mjjmin, A'S,Krmin, AS, Ry Mjjmin,
discriminantD h, k&"min! <NN1,> k"{TInin! <NN1,> k&"min! NNbl, NN},2 ET, Myee, NN},1 X2Zv Myee, NNz,1
Signal purity beforeD selection  0.38: 0.04  0.44+ 0.04 0.67 +£0.11 0.014 +0.004 0.024 + 0.006
Requirement oD > 0.80 > 0.40 > 0.08 > 0.986 > 0.990
Background afteD selection 21.1+4.5 33.0+5.2 9.9+25 2.2+0.9 4.8+34
Data events afteP selection 121 167 45 15 15
S 25; Dp,L=1fb* (@ . R L
$ o Lt F TAI_3LE II: Summ_ary of the major systematic uncertaintiesfgrand
£k = I 4 I f+ in the model-independent fit.
w 15? - \ Tt i i Source Uncertaintyfp) Uncertainty ()
10| | Tt Top mass 0.009 0.018
5i l + Jet reconstruction eff. 0.021 0.010
R B Jet energy calibration 0.012 0.019
1 05 0 05 1 b fragmentation 0.016 0.010
cose* tt model 0.068 0.032
E 60F Dot (O Background model 0.049 0.016
2 [ Template statistics 0.049 0.025
£ T Total 0.102 0.053
5 40

q_ol.27
% 02 04 06 08 i DB, L=1fb"
|cos6*| L
N £ B L
% 40: D@, L=1fb (© 08
o r r
£ o300 | [Tlhy | r
f= L
w S ‘ - 067
20F (- L
= \ 0.4
10; ! e -
07 -05 0 05 1 0.2
coso* L
Un
FIG. 2: Comparison of theos 6* distribution in data (points with r
error bars) and the global best-fit model (solid open histowy) for 02w b b b b b
(a) leptoniclV boson decays if+-jets events, (b) hadronid” boson -0. 08 1 12
decays in¢+jets events, and (c) dilepton events. The dashed open f,

histograms show the SM expectation, and the shaded histsgep-

resent the background contribution. FIG. 3: Result of the model-independdiit boson helicity fit. The

ellipses are the 68% and 95% C.L. contours, the triangledverithe
physically allowed region wherg, and f sum to one or less, and

The measured values ¢ andf are: the star denotes the SM values.

fo = 0.425+0.166 (stat.)= 0.102 (syst.) )

f+ = 0.11940.090 (stat.)+ 0.053 (syst.) but the difference is not significant as there is a 30% chance
of observing a larger discrepancy given the statisticalsssel
tematic uncertainties in the measurement.

If we fix f tothe SM value, we find

with a correlation coefficient 0£0.83. The inclusion of the
| cos 6*| measurement from hadroni®” boson decays im-
proves the uncertainties ¢ig and f,. by about 20% relative to
those obtained using only the leptonic decays. The 68%, and fo = 0.619 4 0.090 (stat.)+ 0.052 (syst.) (3)
95% C.L. contours from the fit, including systematic uncer-
tainties, are shown in Fig] 3. The data indicate fewer langit

dinal and more right-handddl” bosons than the SM predicts, f+ = —0.002 £ 0.047 (stat.)+ 0.047 (syst.) (4)

and if f; is fixed to the SM value we find
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