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2I. INTRODUCTIONHadron jets are powerful quantitative tools to study Quantum Chromo Dynami
s (QCD) in high energy physi
s.In e+e� 
olliders PETRA, PEP and LEP, and also in the ele
tron-proton 
ollider HERA, jet studies have beenundertaken extensively. These in
lude the measurements of the in
lusive variables, su
h as thrust, a
oplanarity andhadron energy 
ow, as well as the ex
lusive jet distributions, yielding a 
onsistent and pre
ise value of the QCD
oupling 
onstant �s(MZ) [1℄ . At the hadron 
olliders Tevatron and the LHC, QCD predi
tions for jets have been
ompared with the measured transverse momentum (pT ) distributions, and also with the multi-jet rates [2{4℄ assuminga jet algorithm [5{7℄. The theoreti
al framework for 
al
ulating the jet 
ross se
tions in hadroni
 
ollisions in thenext-to-leading order (NLO) a

ura
y has been in pla
e for well over a de
ade [8, 9℄, whi
h has been employed in theQCD-based analysis of the data.In 
omparison to the e+e� and the ep experiments, event shape variables have so far re
eived less attention in theanalysis of the data from the hadron 
olliders, though �rst results have been lately published on the measurement of thetransverse thrust and the thrust minor distributions [10℄ by the CDF 
ollaboration [11℄. Studies of the hadroni
 eventshapes in pp 
ollisions at the LHC have just started, initiated by the CMS 
ollaboration using the 
entral transversethrust and the 
entral transverse minor variables, where the term 
entral refers to the jets in the 
entral region ofthe dete
tor [12℄. This is followed by a similar analysis by the ATLAS 
ollaboration [13℄. The distributions in thesevariables have been 
ompared with a number of Monte Carlo (MC) simulations, with PYTHIA6 [14℄, PYTHIA8 [15℄and HERWIG++ [16℄ providing a good des
ription of the data. However, a ben
h-mark in this �eld, namely aquantitative determination of �s(MZ) at the LHC from the analysis of data on event shapes, is still very mu
h a workin progress.In this paper, we 
al
ulate the transverse energy energy 
orrelation and its asymmetry proposed some time ago [17℄as a quantitative measure of perturbative QCD in hadroni
 
ollisions. The analogous energy-energy 
orrelation (EEC)fun
tion measurements - the energy weighted angular distributions of the produ
ed hadron pairs in e+e� annihilation- were proposed by Basham et al. [18℄. The EEC and its asymmetry (AEEC) were subsequently 
al
ulated inO(�2s) [19, 20℄, and their measurements have impa
ted signi�
antly on the pre
ision tests of perturbative QCD and inthe determination of �s in e+e� annihilation experiments (for a re
ent review, see [21℄). Transverse EEC distributionsin hadroni
 
ollisions [17℄, on the other hand, are handi
apped due to the absen
e of the NLO perturbative QCD
orre
tions. In the leading order in �s(�), these distributions show marked sensitivities on the renormalization andfa
torization s
ales � = �R and � = �F , respe
tively, thereby hindering a determination of �s(MZ). We aim atremedying this drawba
k by presenting a 
al
ulation of the transverse EEC fun
tion and its asymmetry in O(�2s(�)),whi
h redu
es the s
ale-dependen
e to a few per 
ent.The paper is organized as follows. Se
. II 
olle
ts the de�nitions and some leading-order features of the transverseenergy-energy 
orrelation. In Se
. III, we present the numeri
al results 
al
ulated at next-to-leading order in �s anddemonstrate that the transverse EEC and its asymmetry are robust against variations of various parameters ex
eptfor �s, for whi
h we present the NLO results in the range 0:11 < �s(mZ) < 0:13 at the LHC (ps = 7TeV). We
on
lude in the last se
tion.II. TRANSVERSE ENERGY-ENERGY CORRELATION AND ITS ASYMMETRYWe start by re
alling the de�nition of the transverse EEC fun
tion [17℄1�0 d�0d� � RpsEminT dET d2�=dET d�RpsEminT dET d�=dET= 1N NXA=1 1�� Xpairs in ��2EATaEATb(EAT)2 ; (1)with �0 = Z psEminT dET d�=dET



3The �rst sum on the right-hand side in the se
ond of the above equations is over the events A with total transverseenergy EAT = Pa ETAa � EminT , with the EminT set by the experimental setup. The se
ond sum is over the pairs ofpartons (a; b) whose transverse momenta have relative azimuthal angle � to �+��. In addition, the �du
ial volumeis restri
ted by the experimental a

eptan
e in the rapidity variable �.In leading order QCD, the transverse energy spe
trum d�=dET is a 
onvolution of the parton distribution fun
tions(PDFs) with the 2 ! 2 hard s
attering partoni
 sub-pro
esses. Away from the end-points, i.e., for � 6= 0Æ and� 6= 180Æ, in the leading order in �s, the energy-weighted 
ross se
tion d2�=dET d� involves the 
onvolution of thePDFs with the 2! 3 sub-pro
esses, su
h as gg ! ggg. Thus, s
hemati
ally, the leading 
ontribution for the transverseEEC fun
tion is 
al
ulated from the following expression:1�0 d�0d� = �ai;bifa1=p(x1)fa2=p(x2) ? �̂a1a2!b1b2b3�ai;bifa1=p(x1)fa2=p(x2) ? �̂a1a2!b1b2 ; (2)where �̂a1a2!b1b2b3 is the transverse energy-energy weighted partoni
 
ross se
tion, xi (i = 1; 2) are the fra
tionallongitudinal momenta 
arried by the partons, fa1=p(x1) and fa2=p(x2) are the PDFs, and the ? denotes a 
onvolutionover the appropriate variables. The fun
tion de�ned in Eq. (2) depends not only on �, but also on the ratio EminT =psand rapidity �. In general, the numerator and the denominator in Eq. (2) have a di�erent dependen
e on thesevariables, as the PDFs are weighted di�erently. However, as already observed in [17℄, 
ertain normalized distributionsfor the various sub-pro
esses 
ontributing to the 2 ! 3 hard s
atterings are similar, and the same 
ombination ofPDFs enters in the 2! 2 and 2! 3 
ross se
tions; hen
e the transverse EEC 
ross se
tion is to a good approximationindependent of the PDFs (see, Fig. 1 in [17℄). Thus, for a �xed rapidity range j�j < �
 and the variable ET=ps, onehas an approximate fa
torized result, whi
h in the LO in �s reads as1�0 d�0d� � �s(�)� F (�) ; (3)where �s(�) = 1b0 log(�2=�2) �1� b1 log(log(�2=�2))b20 log(�2=�2) � ; b0 = 33� 12nf12� ; b1 = 153� 19nf24�2 : (4)In the above equation, nf is the a
tive quark 
avor number at the s
ale � and the hadronization s
ale � is determinedby the input �s(mZ). The fun
tion F (�) and the 
orresponding transverse EEC asymmetry de�ned as1�0 d�0asymd� � 1�0 d�0d� j� � 1�0 d�0d� j��� ; (5)were worked out in [17℄ in the leading order of �s for the CERN SPS p�p 
ollider at ps = 540 GeV. In parti
ular, itwas shown that the transverse EEC fun
tions for the gg-, gq- and q�q-s
atterings had very similar shapes, and theirrelative 
ontributions were found 
onsistent to a good approximation with the ratio of the 
orresponding 
olor fa
tors1:4/9:16/81 for the gg, gq(= g�q) and q�q initial states over a large range of �.III. NEXT-TO-LEADING ORDER RESULTS FOR THE TRANSVERSE EEC AND ITS ASYMMETRYWe have used the existing program NLOJET++ [9℄, whi
h has been 
he
ked in a number of independent NLOjet 
al
ulations [22℄, to 
ompute the transverse EEC and its asymmetry AEEC in the NLO a

ura
y for the LHCproton-proton 
enter-of-mass energy ps = 7 TeV. S
hemati
ally, this entails the 
al
ulations of the 2 ! 3 partoni
sub-pro
esses in the NLO a

ura
y and of the 2! 4 partoni
 pro
esses in the leading order in �s(�), whi
h 
ontributeto the numerator on the r.h.s. of Eq. (2). We have restri
ted the azimuthal angle range by 
utting out regions near� = 0Æ and � = 180Æ. This would, in parti
ular, remove the self-
orrelations (a = b) and frees us from 
al
ulating theO(�2s) (or two-loop) virtual 
orre
tions to the 2! 2 pro
esses. Thus, with the azimuthal angle 
ut, the numerator inEq. (2) is 
al
ulated from the 2! 3 and 2 ! 4 pro
esses to O(�4s). The denominator in Eq. (2) in
ludes the 2! 2and 2! 3 pro
esses, whi
h are 
al
ulated up to and in
luding the O(�3s) 
orre
tions.In the NLO a

ura
y, one 
an express the EEC 
ross se
tion as1�0 d�0d� � �s(�)� F (�) �1 + �s(�)� G(�)� : (6)



4It is 
ustomary to lump the NLO 
orre
tions in a so-
alled K-fa
tor (whi
h, as shown here, is a non-trivial fun
tionof �), de�ned as KEEC(�) � 1 + �s(�)� G(�) : (7)The transverse EEC asymmetry in the NLO a

ura
y is likewise de�ned as1�0 d�0asymd� � �s(�)� A(�) �1 + �s(�)� B(�)� : (8)and the 
orresponding K-fa
tor is de�ned asKAEEC(�) � 1 + �s(�)� B(�) : (9)The prin
ipal result of this paper is the 
al
ulation of the NLO fun
tionsKEEC(�) andKAEEC(�) and in demonstratingthe insensitivity of the EEC and the AEEC fun
tions, 
al
ulated to NLO a

ura
y, to the various intrinsi
 parametri
and the underlying event un
ertainties.We now give details of the 
omputations: In trans
ribing the NLOJET++ [9℄ program, we have repla
ed the defaultstru
ture fun
tions therein by the state of the art PDFs, for whi
h we use the MSTW [23℄ and the CT10 [24℄ sets.We have also repla
ed the kT jet algorithm by the anti-kT jet algorithm [7℄ for de�ning the jets, in whi
h the distan
emeasures of partons are given bydij = min(k�2ti ; k�2tj ) (�i � �j)2 + (�i � �j)2R2 ; diB = k�2ti ; (10)with R being the usual radius parameter. We re
all that the NLO 
orre
tions we are using [9℄ have been 
omputedin the Catani-Seymour dipole formalism [6℄. In parti
ular, it involves a 
ertain 
utting of the phase spa
e of thedipole subtra
tion terms and the numeri
al 
al
ulations require the generation of a very large number of events (wehave generated O(1010) events on the DESY-Theory PC Cluster) to bring the statisti
al a

ura
y in the NLO EECdistribution to the desired level of below a few per 
ent. We have assumed the rapidity range j�j � 2:5, have put a 
uton the transverse energy ET > 25 GeV for ea
h jet and require ET1 + ET2 > 500 GeV for the two leading jets. Thelatter 
ut ensures that the trigger eÆ
ien
ies for the LHC dete
tors will be 
lose to 100%. We have set the transverseenergy of the hardest jet as the default fa
torization- and renormalization-s
ale , i.e., �F = �R = EmaxT . We thenvary the s
ales �F and �R independently in the range 0:5EmaxT � (�F ; �R) � 2EmaxT to study numeri
ally the s
aledependen
e.The e�e
ts indu
ed by the underlying event, multiparton intera
tions and hadronization e�e
ts have been studiedby us using the PYTHIA6 MC [15℄. In Fig .1, we show a 
omparison of the transverse EEC and its asymmetryfor R=0.6 and R=0.4 with and without the underlying event e�e
ts (UE). In Fig .2, the results of the transverseEEC and its asymmetry at the hadron and parton level are presente for R=0.6 and R=0.4. To better display this,we show in Fig. 3 the normalized distribution of the hadronization fa
tor (left) and the underlying events fa
tor(right), from whi
h it is easy to see that both the hadronization and the UE e�e
ts are small. Typi
ally, the e�e
t ofhadronization on the transverse EEC is � 5% and from the underlying event � 6% for the jet-size parameter R = 0:6.The 
orresponding numbers are � 5% and � 2% for R = 0:4. The parameter spe
ifying the jet-size in the anti-kTalgorithm is 
hosen as R = 0:4 in the rest of this paper, as this 
hoi
e makes the transverse EEC distribution lesssensitive to the underlying minimum-bias events. Moreover, a smaller value of R indu
es smaller distortions on theEEC distribution for the smaller values of the angle �.An important issue is the e�e
t of the parton showers in the transverse EEC and the AEEC distributions. Theyare 
ru
ially important in the � ! 0Æ and � ! 180Æ angular regions, but their e�e
t is expe
ted to be small in the
entral angular range on whi
h we have 
on
entrated. We have 
he
ked this (approximately) by 
omparing the resultsin the LO a

ura
y with those from the parton shower-based MC generator PYTHIA6 [15℄, whi
h is a

urate in theleading log approximation and also in
ludes some NLO terms. Mat
hing the NLO 
omputations with the partonshower simulations in the 
omplete next-to-leading log (NLL) a

ura
y is the aim of several approa
hes, su
h as thePOWHEG method, pioneered and subsequently developed in [25, 26℄, whi
h would allow to quantitatively 
omputethe end-point region in the transverse EEC 
ross se
tion [27℄. Likewise, resummed perturbative te
hniques have beendeveloped in a number of dedi
ated studies for some event shape variables in hadroni
 
ollisions [10, 28℄, whi
h wouldexpand the domain of appli
ability of the perturbative te
hniques to a wider angular region in �.
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FIG. 1. (
olor online) Di�erential distribution in 
os � of the transverse EEC 
ross se
tion [(a),(b)℄ and its asymmetry [(
),(d)℄obtained with the PYTHIA6 MC program [15℄ with and without the underlying events atps = 7 TeV and the anti-kT algorithmwith two assumed values of the jet-size parameter R = 0:6[(a),(
)℄ and R = 0:4 [(b),(d)℄.In view of the pre
eding dis
ussion, we have restri
ted 
os� in the range [�0:8; 0:8℄ whi
h is sli
ed into 20 bins forthe presentation of our numeri
al results. We �rst show the dependen
e of the transverse EEC 
al
ulated in the NLOa

ura
y on the PDFs in Fig. 4 for the two widely used sets: MSTW [23℄ and CT10 [24℄, using their respe
tive 
entral(default) parameters. This �gure shows that the PDF-related di�eren
es on the transverse EEC are negligible, withthe largest di�eren
e found in some bins amounting to 3%, (but typi
ally they are < 1%). We also remark that theintrinsi
 un
ertainties from the MSTW2008 PDFs, taking the �rst 10 eigenve
tors of the PDF sets to evaluate thedistributions, are found negligibly small in the transverse EEC (at most a few per mill), while in the 
ase of CT10,these un
ertainties are somewhat larger but still below 1% in the EEC. The insensitivity of the transverse EEC 
rossse
tion to the PDFs provides a dire
t test of the underlying partoni
 hard pro
esses. In what follows, we will adoptthe MSTW [23℄ PDF set as it provides a 
orrelated range of �s(MZ) and the stru
ture fun
tions for the 
urrent rangeof interest for �s(MZ): 0:11 < �s(MZ) < 0:13.We next explore the dependen
es of the transverse EEC 
ross se
tion and its asymmetry on the fa
torization andthe renormalization s
ales in the range (�F ; �R) = [0:5; 2℄�EmaxT and display them in Fig. 5 for the transverse EECand Fig. 6 for the asymmetri
 transverse EEC. E�e
ts of the variations in the s
ales �F and �R on the transverse EEC
ross se
tion in the LO are shown in Figs. 5 (a), 5(
) and 5 (e), whi
h are obtained by setting the s
ales �F = �R,�xing �F = EmaxT and varying �R, and �xing �R = EmaxT and varying �F , respe
tively. The 
orresponding asymmetry
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FIG. 2. (
olor online) Di�erential distribution in 
os � of the transverse EEC 
ross se
tion [(a),(b)℄ and its asymmetry [(
),(d)℄obtained with the PYTHIA6 MC program [15℄ at the hadron and parton level at ps = 7 TeV for the indi
ated values of thejet-size parameter R.of the transverse EEC 
ross se
tions are displayed in Figs. 6 (a), 6 (
) and 6 (e). We note that the dominant s
aledependen
e in the LO arises from the variation of the renormalization s
ale �R. This is understandable as the LOmatrix element have no �R-
ompensating 
ontribution. The results obtained in the NLO are shown in Figs.5 (b), 5 (d)and 5 (f) for the transverse EEC and in Figs. 6 (b), 6 (d) and 6 (f) for the asymmetry. One observes signi�
antly lessdependen
e on the s
ales; in parti
ular the marked �R-dependen
e in the LO is now redu
ed. Typi
al s
ale-varian
eon the transverse EEC distribution in the NLO is found to be 2% - 3%, with the largest e�e
ts in some bins rea
hing5%. This s
ale-insensitivity in the NLO a

ura
y is 
ru
ial to undertake a quantitative determination of �s from the
ollider jet data.Having shown that the un
ertainties due to underlying events and the PDFs are negligible, and the s
ale dependen
eis mu
h redu
ed in the NLO, we present our results for the transverse EEC in the LO and the NLO a

ura
y inFig. 7(a), and the 
orresponding results for the transverse AEEC in Fig. 7 (b). We also 
ompute these distributionsfrom a MC-based model whi
h has the LO matrix elements and multiparton showers en
oded. To be spe
i�
, we haveused the PYTHIA8 [15℄ MC program and have generated the transverse EEC and the AEEC distributions, whi
hare also shown in Fig. 7(a) and Fig. 7(b), respe
tively. This 
omparison provides a pra
ti
ally 
onvenient way to
orre
t the PYTHIA8 MC-based theoreti
al distributions, often used in the analysis of the hadron 
ollider data, dueto the NLO e�e
ts. In Fig. 7 (
), we show the fun
tion KEEC(�) de�ned in Eq. (7) (denoted as NLO/LO in the
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FIG. 4. (
olor online) Dependen
e of the transverse EEC 
ross se
tion (a) and its asymmetry (b) on the PDFs at NLO in �s.Red entries 
orrespond to the MSTW [23℄ PDFs and the bla
k ones are 
al
ulated using the CT10 PDF set [24℄. The errorsshown re
e
t the intrinsi
 parametri
 un
ertainties in ea
h PDF set and the Monte Carlo integration un
ertainties.�gure) and another phenomenologi
al fun
tion in whi
h the NLO transverse EEC distribution is normalized to the onegenerated by the PYTHIA8 [15℄ MC program (denoted as NLO/PYTHIA). The 
orresponding fun
tion KAEEC(�),de�ned in Eq. (9), is shown in Fig. 7 (d). Here also we show the 
orresponding phenomenologi
al fun
tion in whi
hthe transverse EEC obtained in NLO is normalized to the ones generated by the PYTHIA MC. We remark that thee�e
ts of the NLO 
orre
tions are dis
ernible, both 
ompared to the LO and PYTHIA8 [15℄, and they are signi�
antin the large-angle region (i.e., for 
os� < 0). To summarize the NLO e�e
ts in the EEC distribution, they redu
e thes
ale-dependen
e, in parti
ular on �R, and distort the shape of both the EEC and AEEC distributions, providing anon-trivial test of the NLO e�e
ts.Having detailed the intrinsi
 un
ertainties from a number of dominant sour
es, we now wish to investigate thesensitivity of the transverse EEC and the AEEC on �s(MZ). In relating the strong 
oupling �s(�) at a 
ertains
ale relevant for the 
ollider jets, su
h as � = EmaxT , to the ben
hmark value �s(MZ), we have used the two-loop�-fun
tion and the expli
it formula for trans
ribing �s(�) to �s(MZ) 
an be seen in Eq. (4). Results for the transverse
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FIG. 5. (
olor online) Dependen
e of the transverse EEC on the s
ales �F , and �R in LO (a,
,e) and in the NLO (b,d,f) in �sfor the indi
ated values of the s
ales. Figs.(a) and (b) are obtained by setting �F = �R and varying it �F = �R = [0:5; 2℄�EmaxT ;(
) and (d) are obtained by �xing �F = EmaxT and varying �R, whereas (e) and (f) are derived varying �F with �xed �R = EmaxT .
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FIG. 6. (
olor online) Same as Fig. 5 but for the asymmetri
 transverse EEC.EEC and the AEEC are shown in Fig. 8 (a) and Fig. 8 (b), respe
tively, for the three indi
ated values of �s(MZ):= 0:11(blue), = 0:12 (red), = 0:13 (bla
k). The s
ale un
ertainties are in
luded only in the 
urve 
orresponding to�s(MZ) = 0:12, as it is 
lose to the 
urrent world average �s(MZ) = 0:1184 [29℄ and hen
e our fo
us on this value. Todemonstrate the intrinsi
 errors in the 
al
ulations of the transverse EEC and its asymmetry, we show the per
entagesize of the errors in the lower part of Fig. 8 (a) and Fig. 8 (b), respe
tively, for �s(MZ) = 0:12. Con
entrating
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FIG. 7. (
olor online) Comparison of the LO 
omputation (red entries), NLO 
al
ulation (blue entries) and the PYTHIA(bla
k entries) results for the transverse EEC (a) and its asymmetry (b). Fig. (
) displays the fun
tion KEEC(�) involving theratios NLO/LO (red entries) as de�ned in Eq. (7) and a phenomenologi
al fun
tion obtained by repla
ing the LO results by thePYTHIA MC results (bla
k entries). Fig. (d) shows the 
orresponding fun
tion KAEEC(�) for the transverse EEC asymmetryde�ned in Eq. (9) . The errors shown are obtained by adding in quadrature all the un
ertainties ex
ept the ones from s
alevariations, as des
ribed in text.�rst on the transverse EEC, we see that the bin-by-bin errors are typi
ally +2% and �6% (for j 
os�j � 0:6), andsomewhat larger for j 
os�j > 0:6. A part of this error is of statisti
al origin in our Monte Carlo based theoreti
al
al
ulations and is redu
ible, in prin
iple, with the help of a more e�e
tive importan
e sampling algorithm in theevent generation. However, a part of the error is irredu
ible, given the 
urrent theoreti
al (NLO) pre
ision. This isquanti�ed for the normalized integrated transverse EEC X-se
tion over the 
os� range shown in the �gures above,whi
h largely removes the statisti
al (bin-by-bin) error:�s(mZ) 0:11 0:12 0:13h 1�0 d�0d� i 0:092+0:001�0:005 0:101+0:001�0:005 0:111+0:001�0:005 :The 
omputational error on the transverse AEEC is larger, as shown in Fig. 8 (b) for �s(MZ) = 0:12. In parti
ular,the errors for the last four bins in the AEEC X-se
tion are large due to the intrinsi
ally small value of this 
ross-se
tionas 
os�! 0. However, in the region �0:8 � 
os� � �0:4, a 
lear dependen
e of the di�erential transverse AEEC on�s(MZ) is dis
ernible. This is also displayed for the normalized integrated transverse AEEC X-se
tion given below
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FIG. 8. (
olor online) Transverse EEC 
ross se
tion (a) and its asymmetry (b) with three values of �s(MZ) = 0:11 (blue),= 0:12 (red), and = 0:13 (bla
k). The bottom panel of the �gures demonstrate the size of errors (red) and deviations with thevalues of �s(MZ) = 0:11 (blue) and = 0:13 (bla
k) from the results evaluated with �s = 0:12.(in units of 10�3), in whi
h the last four bins 
ontribute very little:�s(mZ) 0:11 0:12 0:13h 1�0 d�0 asymmd� i 13:6+0:2�1:4 14:8+0:3�1:5 16:4+0:4�1:6 :Details of the 
al
ulations and numeri
al results for other values of the parameter R, 
uts on pTmin, and the
enter-of-mass energies for the LHC and the Tevatron will be published elsewhere.IV. SUMMARYTo summarize, we have presented for the �rst time NLO results for the transverse EEC and its asymmetry forjets at the LHC. These distributions are shown to have all the properties that are required for the pre
ision tests ofperturbative QCD. In parti
ular, they (i) are almost independent of the stru
ture fun
tions, with typi
al un
ertaintiesat 1%, (ii) show weak s
ale sensitivity; varying the s
ale from � = ET =2 to � = 2ET , the un
ertainties are less than5% with the 
urrent (NLO) theoreti
al a

ura
y, (iii) their dependen
e on modeling the underlying minimum biasevents for judi
ious 
hoi
e of the parameter R is likewise mild, ranging typi
ally from 2% to 5% as one varies fromR = 0:4 to R = 0:6, and (iv) preserve sensitivity to �s(MZ); varying �s(MZ) = 0:11 to 0.13, the transverse EEC(AEEC) 
ross se
tion 
hanges approximately by 20% (15%), and thus these distributions will prove to be powerfulte
hniques for the quantitative study of event shape variables and in the measurement of �s(MZ) in hadron 
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