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Soft gluon effects on lepton pairs at hadron colliders
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We consider the Collins-Soper-Sterman resummation formalism, which describes the vector boson trans-
verse momentum@y) distribution at hadron colliders, and extend it for the distributions of the decay leptons
by correctly including the effects of the polarization and the width of the vector boson. Numerous aspects of
the formalism are reviewed at tlﬁm(aé) level, including the matching of th@+ distribution and the value of
the total cross section. Detailed comparisons of sev@fals) fixed order(NLO) and resummed lepton
distributions are presented. The total rates and the distributions of the lepton charge asymmetry predicted by
the resummed and the NLO calculations are shown to differ when kinematic cuts are applied. We also show
how to test the rich dynamics of the QCD multiple soft gluon radiation, among others by measuring the ratio
Ress= 0(Qr> Q") 0i01a- [S0556-282097)07319-0

PACS numbgs): 12.38.Cy, 12.38.Qk, 13.85.Qk

[. INTRODUCTION However, as discussed above, different models of calcu-
lation make different approximations. Hence, a model can
give more reliable theory predictions than the others on some

Quantum chromodynamid€CD) is a field theory that is observables, but may do worse for the other observables. A
expected to explain all the experimental data involvingfew more examples are in order. To calculate the total pro-
strong interactions either perturbatively or nonperturbativelyduction rate of a weak boson at hadron colliders, it is better
[1]. Consider the weak bosaiw* andZ°) production at a to use a fixed order perturbation calculation, and a higher
hadron collider, such as the Fermilab-Tevatron. In the framegrder calculation is usually found to be more reliable than a
work of QCD the production rate of the weak bosons is|ower order calculation because it is usually less sensitive to
calculated by multiplying the constituent cross sectitiie  he choice of the scale for calculating the parton distribution
short-distance or perturbative physidsy the parton lumi-  ¢,nctions (PDF) or the constituent cross sectigimcluding
nosities (the long-distance or nonperturbative physif2]. the strong coupling constants). The former scale is the

This Prescrgtlg? 2f thﬁc(j)riet:(cr?lvt\:lﬁlcul?ﬁor; W?Srigr?ivint;o & actorization scale and the latter is the renormalization scale
accuracy 00(1/Q") and is known as the factorization theo- of the process. Unfortunately, a fixed order perturbation cal-

rem Of.QCD[3]' (Q is the invariant mass of the vector bo- culation cannot give reliable prediction of the distribution of
son) Since we do not yet know how to solve QCD exactly, .
QT when Q+ is small. On the contrary, an event generator

we have to rely on the factorization theorem to separate th . liabl diction f@- distribution in th
perturbative part from the nonperturbative part of the formal-can give more reliable prediction f@y distribution in the
ism for any physical observable. The short distance contriSMall Qr region, but it usually does not predict an accurate
bution can be calculated perturbatively order by order in th&€Vent rate. The general feature of the above two theory mod-
strong couplingrs. The long distance part has to be param-€ls is that a fixed order calculation is more reliable for cal-
etrized and fitted to the existing data so that it can later b&ulating the event rate but not the event shape, and an event
used to predict the results of new experiments. ThereforeJenerator is good for predicting the event shape but less re-
theoretical predictions that are compared to experimentdiable for the event rate.
data always has to invoke sorapproximationin the calcu- In this paper, we discuss another model of theory calcu-
lations based upon QCD. We refer to different prescriptiondation that can give reliable predictions on both the event rate
of calculations to be differeninodelsof theory calculations and the shape of the distributions. Specifically, we are inter-
which all originate from the one and only QCD theory. For ested in the distributions of the weak bosons and their decay
instance, to improve theory predictions on the event Shapep,roducts. This .model of ca!culanon is to resum a series of
such as the transverse momentu@;) distribution of the large perturbative contributions due to soft gluon emission
weak boson, the commonly used theory model is the everitredicted by the QCD theory. We present the QCD resum-
generator, e.gISAJET [4], PYTHIA [5], or HERWIG [6]. The ~ mation formalism for calculating the fully differential cross
event generator can also provide information on the particlé€ction of the hadronically produced lepton pairs through
multiplicities or the number of jets, etc. electroweak (EW) vector boson production and decay:
h,h,—V(—/1/5)X. We focus our attention on the Teva-
tron though our calculation is general and applicable for any
*Electronic address: balazs@pa.msu.edu hadronic initial stateh;h, and any colorless vector boson.
"Electronic address: yuan@pa.msu.edu For instance, the vector bosdhcan be one of the standard
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model(SM) electroweak gauge bosowg™ or Z°, the virtual  [NLO, O(asg)] calculation. As expected, the observables that
photony* (for producing the Drell-Yan pajror some exotic are directly related to the transverse momentum of the vector
vector boson such ag&’ and W' in the extended unified boson will show large differences between the resummed
gauge theories. and the NLO predictions. These observables are the trans-

At the Tevatron, about ninety percent of the productionverse momentum of the leptons from vector boson decay, the
cross section of the&v* andZ° bosons is in the small trans- back-to-back correlations of the leptons frath decay, etc.
verse momentum region, wher&®;<20 GeV (hence The observables that are not directly related to the transverse
Q2<Q?). In this region the higher order perturbative correc-momentum of the vector boson can also show noticeable
tions, dominated by soft and collinear gluon radiation, of thedifferences between the resummed and the NLO calculations
form Q;235_ 32 L el IN™(Q2/Q?), are substantial be- if the kinematic cuts applied to select the signal events are
cause of the logarithmic enhanceméfit. (,v,, are the co-  strongly corr'elated to thg transverse 'momt.entum'of the vector
efficient functions for a givem andm.) These corrections ©0son. Section IV contains our detailed discussion.
are divergent in th&;—0 limit at any fixed order of the ~ Since thisQr resummation formalism only holds in the
perturbation theory. After applying the renormalization Collins-Soper(CS) frame (a special rest frame of the vector
group analysis, these singular contributions in the IQw  Poson [14], we give the detailed form of the transformation
region can be resummed to derive a finite prediction for thd?€tween a four-momentum in the CS frame and that in the
Q- distribution to compare with experimental data. It was'aboratory framethe center-of-mass frame of the hadréns
proven by Collins and Soper in Rei8] that not only the andh,) in Appendix A. In Appendix B the analytical expres-
leading logs[9,10] but all the large logs, including the Sion for the NLO results are given b=4—2e dimensions.
sublogs in the perturbative, order-by-order calculations caf\PPendix C contains the expansion of the resummation for-
be resummed for the energy correlationeine™ collisions. ~ Mula up toO(as). Appendix D lists the values @%, B, and

For the production of vector bosons in hadron collisionsC functions(cf. Sec. 1) used for our numerical calculations.
two different formalisms were presented in the literature to We note that the resummation formalism presented in this
resum the large contributions due to multiple soft gluon raPaper can be applied to any processes of the type
diation: by Altarelli, Ellis, Greco, and MartinelifAEGM)  h;h,—V(—/1/,)X, whereV is a color neutral vector bo-
[11]; and by Collins, Soper, and Sterm&BS9S [7]. The son which couples to quarks and leptons via vector or axial
detailed differences between these two formalisms were diséector currents, that i¥ =ey,W=,Z° W’,Z’, etc. Through-
cussed in Ref[12]. It was shown that the AEGM and the out this paper, we tak¥ to be eitherW™ or Z° bosons,
CSS formalisms are equivalent up to the few highest powetnless specified otherwise.
of In(Q%/QZ) at every order inag for terms proportional to
Q;Z, providedag in the AEGM formalism is evaluated at
b3/b? rather than aQ?. A more noticeable difference, ex-
cept the additional contributions of ord€ 2 included in
the AEGM formula, is caused by different ways of param-

etrizing the nonperturbative contribution in the ldd re- To derive the resummation formalism, we use the dimen-
gime. Since the CSS formalism was proven to sum over njona| regularization scheme to regulate the infrared diver-
just the leading logs but also all the sublogs, and the piecgencies, and adopt the canonigalprescription to calculate
including the Sudakov factor was shown to be renormalizagne antisymmetric part of the matrix element in
tion group invarian{7], we only discuss the results of CSS p_gimensional space-timeThe infrared-anomalous contri-
formalism in the rest of this paper. _ bution arising from using the canonicgk prescription was
With the increasing accuracy of the experimental data oRgrefylly handled by applying the procedures outlined in Ref.
the properties oV~ andZ” bosons at the Tevatron, it is N0 [1g] for calculating both the virtual and the real diagrafns.
longer sufficient to only consider the effects of multiple soft™ e kinematics of the vector bosdh(real or virtua) can
gluon radiation for an on-shell vector boson and ignore thg,q expressed in terms of its invariant m@ssrapidityy, and
effects coming from the decay width and the polarization ofi.;nsverse momentu®; measured in the laboratory frame
the massive vector boson to the distributions of the decaythe center-of-mass frame of hadrdmgandh,). The kine-
leptons. Hence, it is desirable to have an equivalent resumy, otics of the leptorr’; is described byd and ¢, the polar
mation formalisn{13] for calculating the distributions of the and the azimuthal angles, defined in the CoIIir;s—Soper frame

decay leptons. This formalism should correctly include the[l4] which is a speci
. . , pecial rest frame of thé-boson[19]. (A
off-shellness of the vector bosdre., the effect of the width 1,16 qetailed discussion of the kinematics can be found in

and the polarization information of the produced vector bO'Appendix A) The fully differential cross section for the pro-
son which determines the angular distributions of the deca

Yuction and decay of the vector boson is given by the resum-
leptons.

. . . mation formula in Ref[13]:
In the next section, we give our analytical results for such

a formalism that correctly takes into account the effects of—

the multiple soft gluon radiation on the distributions of the o _ _ _ _
decay leptons from the vector boson. In Sec. Ill, we discuss "In this prescription,ys anticommutes with othey's in the first
the phenomenology predicted by this resummation formalfour dimensions and commutes in the othki8,17.

ism. To illustrate the effects of multiple soft gluon radiation, 2n Ref.[18], the authors calculated the antisymmetric structure
we also give results predicted by a next-to-leading ordefunction F; for deep-inelastic scattering.

IIl. THE RESUMMATION FORMALISM
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do(hih,—V(=/1/2)X)) 1 Q?
dQ?dydQd cos fd¢ res_48a-rS(Q2—M\2,)2+Q4F\2,/M\2,

1 i o ~
x{ Wf dzbe'QT'b§ Wii(by ,Q.X1 Xz, 6,6,C1,C2,Ca)W 5(5,Q,%1 %)

+Y(QT1Q!X11X2!01¢104)}- (1)

In the above equation the parton momentum fractions are defineci%eyQ/\E and x2=e‘yQ/\/§, where \/S is the
center-of-mas$c.m) energy of the hadrorts, andh,. ForV=W-= or Z°, we adopt the CERNM*e™ collider LEP line-shape
prescription of the resonance behavior, wily andI'y being the mass and the width of the vector boson. The renormalization

group invariant quantity’fvjﬂb), which sums to all orders iag all the singular terms that behave(a$2>< [1 or In(Q%/QZ)]
for Q—0, is

Wiic(b,Q,X1, Xz, 6, 6,C1,C,C3) = exp{ — S(b,Q,C1,Co)HViu 4L (Cia® fan, ) (X1)(Cicp® Foyn,) (X2) + (Cica® Faym ) (1) (Ci
® fom,) (X2) 197 + GR)(FE + TR (1408 0) +[(Cja® fan ) (X)) (Ciep® Fioyn,) (X2) — (Cica
@ Farn,) (X2)(Cip® Fioyn ) (X2)1(97 — GR) (2 — F3)(2 cos )}, 2)
where® denotes the convolution

1dé (X Cs Cs
(Cja®fam, ) (x)= Xlg_lcja g—l,b,MZFacl,Cz Fam,| €1.4= 57, ()

and theV, coefficients are given by

(4)

[Cabibbo-Kobayashi—Maskawa matrix elements e W=,
k=

5, for V=2°y*.

In the above expressiorjsrepresents quark flavors and ~ The explicit forms of theA, B, and C functions and the
stands for antiquark flavors. The indiceandb are meantto renormalization constantS; (i=1,2,3) are summarized in
sum over quarks and antiquarks or gluons. Summation oAppendix D.

these double indices is implied. In E(R) we define the In Eq. (1) the magnitude of the impact parameteris
couplingsf, g and g,  through the/1/,V and theqq’V  integrated from O to~. However, in the region where
vertices, which are written, respectively, as b=1/Aqcp, the Sudakov exponedt(b,Q,C,,C,) diverges
as the result of the Landau pole of the QCD couplingw)
Yl fL(1=ye) + fR(1+ 75)] at u=Aqcp, and the perturbative calculation is no longer

reliable. As discussed in the previous section, in this region
of the impact parameter spaéee., largeb or low Qy), a
prescription for parametrizing the nonperturbative physics is
necessary. Following the idea of Collins and Sof&r the

and

1Y,[90(1—v5) +gr(1+y5)].
I TABLE I. Vector boson parameters and couplings to fermions.
For example, forV=W", q=u, q'=d, /1;=ve, and The ff'V vertex is defined a$y,[g, (1—ys)+0gr(1+¥s)] and
/,=e", the COUp"ngEQE:fE:GFM\ZN/\/i and gé=f2R=0, sy=Ssin 6, (c,=cosé,) is the sine(cosing of the weak mixing
whereGr. is the Fermi constant. The detailed information onangle: sif(6,(Mz))ws=0.2315. Q; is the electric charge of the
the values of the parameters used in E@sand(2) is given ~ fermions chargeQ,=2/3, Qu=—-1/3, Q,=0, Q,-=—1), andTs
in Table I. The Sudakov expone&tb,Q,C,,C,) in Eq. (2) is the eigenvalue of the third component of the SY(8®nerator

is defined as (T4=1/2, TS=—1/2, T4=1/2, TS =—1/2).
— 22 V. My (GeV Ty (Gev) o Or
S(0,0.C1.Co = | 2 | Aae(ay.Coin| 2
(b.Q.C1,C)= ], , 2 (as(w),Cyin 7 y 0.00 0.00 9Qrsw/2 9Qrsw/2
1 W*  80.36 2.07 g/(2v2) 0

z° 9119 249 g(Ts—Qssh)/(2c,) —gQrsi/(2c,)

+B(as(u),Cq,C)) |. 5
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renormalization group invariant quantity;,(b) is written  be described by renormalon physfeg)]. Various sets of fits

as to these nonperturbative functions can be found in RefH.
~ ~ ~ NP and[22].
ij_(b):Wik_(b*)Wj?(b)' In our numerical results in the next section, we use the

— ] . ~ Ladinsky-Yuan parametrization of the nonperturbative func-
HereW;, (b, ) is the perturbative part aV;, (b) amican be tion (cf. Ref.[22)]):

reliably calculated by perturbative expansions, WW%E(b) Q

: : = J WD, Q,Qq, X1, Xp) = exp —g;b2—g,b? In| =—

is the nonperturbative part &/}, (b) that cannot be calcu- jk AT 001 A2 1 2 2Qo
lated by perturbative methods and has to be determined from

experimental data. To test this assumption, one should verify —0103b In(100x;x,) |, (7)
that there exists a universal functional form for this non-

perturbative functiorW;\'k—P(b). This is similar to the general where g;=0.11"333 Ge\?, ¢,=0.58"37 Ge\?, gs=-—
expectation that there exists a universal set of parton distri1.5f8j} GeV'l and Qy=1.6GeV. (The value
bution functiong PDF’s) that can be used in any perturbative bn—=0.5 GeV'! was used in determining the abogg's
QCD calculation to compare it with experimental data. In theand in our numerical resullsThese values were fit for

perturbative part ofV;; (b), CTEQ2M PDF[50] with the canonicail choice of the renor-
malization constants, i.eG;=C3;=2e™ ”E (y¢ is the Euler
_ b constant and C,=1. In principle, for a calculation using a
* 2’ more update PDF, these nonperturbative parameters should
V1+(b/bmay

be refit using a data set that should also include the recent
and the nonperturbative function was parametrizeddy  high statisticsz® data from the Tevatron. This is however

Ref. [7]) beyond the scope of this paper.
~ NP 2 In Eqg. (1), Wj sums over the soft gluon contributions
ij‘(b,Q,Qo,XLXz):eXF{—Fl(b)ln o2 —Fjn,(X1,0) that grow asQ7*x[1 or In@Q¥Q?)] to all orders inas.
Contributions less singular than those included Wy~
—Fin (x2,b)}, (6)  should be calculated order-by-orderdig and included in the
2 Y term, introduced in Eq(l). This would, in principle, ex-

_ . ) . tend the applicability of the CSS resummation formalism to
whereFy, Fjn, andFin, have to be first determined using o ya1yes ofQ+. However, as to be shown below, since the
some sets of data, and later can be used to predict the othgr B, C, andY functions are only calculated to some finite
sets of data to test the dynamics of multiple gluon radiationprder inag, the CSS resummed formula as described above
predicted by this model of the QCD theory calculation. Asjj| cease to be adequate for describing data when the value
noted in Ref.[7], F; does not depend on the momentum of Q; is in the vicinity of Q. Hence, in practice, one has to
fraction variables; or x;, while Fj;, andFy;,, in general  switch from the resummed prediction to the fixed order per-
depend on those kinematic variabfeBhe In(Qleg) depen- turbative calculation a®+=Q. The Y term, which is de-
dence associated with tife, function was predicted by the fined as the difference between the fixed order perturbative
renormalization group analysi§7]. Furthermore,F; was contribution and those obtained by expanding the perturba-
shown to be universal, and its leading behavierb?) can tive part of Wj\ to the same order, is given by

|
aS(C4Q)r

1dg (1dé «

X; X
Xq §1 Xo 52 n=1

: —219,¢ form,(£2,C4Q),

Y(QT,Q,X11X210!¢!C4): gl §2
®

fam,(£1,CaQRY| Qr,Q,

where the function:RgQ contain contributions less singular tively. This was illustrated in EqQA12) and (A13) of Ref.
than Q72X[1 or IN@Q%/Q?)] as Q;—0. Their explicit ex-  [12]. In our numerical results we includet(®, A®®, B,
pressions and the choice of the scalgare summarized in B, C®, andCt, which means we resummed the follow-
Appendix D. ing singular piece$12]:
Within the Collins-Soper-Sterman resummation formal- 1

ism Wi (b) sums all the singular terms which grow as —UzN—z{as(L+1)+a2(L3+ L)+ ad(L5+ LY+ o L7

NA=2 |nMA2/O2 ; d s S s
a2Q7 % INM(Q¥Q?) for all n and O<m=2n—1 provided that dQTt T
all theA™, B(M, andC("~ 1) coefficients are included in the +LO 4+ ad(L+1) +ad(L3+1L2) + ad(L5+LY
perturbative expansion of thk, B, andC functions, respec- +e (9

whereL denotes Ir@%/Qz) and the explicit coefficients mul-

®Here, and throughout this work, the flavor dependence of thdiplying the logs are suppressed. The lowest order singular
nonperturbative functions is ignored, as it is postulated in Fdf.  terms that were not included arerd(L+1)+ad(L3+
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L?)+---. Also, in theY term we includedR™™) andR® [cf. OTor (Ph) [*
Eq. (8)], which are derived from the fixed ordet, and o2 300001~
calculationg28,12. N

Before closing this section, we note that the results of the 20000 AN
usual next-to-leading ordéNLO), up toO(ag), calculation R
can be obtained by expanding the above CSS resummatio 10000 S~
formula to theag order, which includes both the singular \}«';':
piece and ther term. Details are given in Appendixes B and 0 Tt
D, respectively.

-10000
IIl. PHENOMENOLOGY .

As discussed above, due to the increasing precision of the 200901 -~
experimental data at hadron colliders, it is necessary to im- 01 05 1 s 10
prove the theoretical prediction of the QCD theory by includ- 075 (GeV)

ing the effects of the multiple soft gluon emission to all

orders inag. To justify the importance of such an improved  FIG. 1. TotalW* production cross section as a function of the
QCD calculation, we compare various distributions predictedarameteQs™ (solid curve. The long dashed curve is the part of
by the resummed and the NLO calculations. For this purpos#e O(as) cross section integrated fro@3™ to the kinematical
we categorize measurables into two groups. We call an odroundary, and the short dashed curve is the integral ftgm 0 to
servable to balirectly sensitiveto the soft gluon resumma- QT at O(as). The total cross section is constant within™20%

tion effect if it is sensitive to the transverse momentum of thehrough more than two order of magnitude @¥*".
vector boson. The best exgmple pf such an observable is tr}@gion which is near the boundary of the phase space.
transverse momentum distribution of the vector boson “Tg systematically analyze the differences between the re-
(do/dQy). Likewise, the transverse momentum distributionsylts of the NLO and the resummed calculations we imple-
of the decay leptondo/dpyr) is also directly sensitive to mented theO(a2) (LO), the O(ag) (NLO), and the re-
resummation effects. The other examples are the azimuthgummed calculations in a unified Monte Carlo package:
angle correlation of the two decay leptond¢”172), the  ResBogthe acronym stands feesummed vectoboson pro-
balance in the transverse momentum of the two decay legduction. The code calculates distributions for the hadronic
AN ) production and decay of a vector bosons via
tons  (p;’=pr?), or _the correlation  parameter p . _\i_,, /)X, whereh, is a proton andh, can be a

z=—ﬁ;1-ﬁ?zl[max(pil,p?)]z. These distributions typi- Proton, antiproton, neutron, an arbitrary nucleus or a pion.

cally show large differences between the NLO and the reP res_ently,\/ican l())e a virtual photon™* (for Drell-Yan pro-
summed calculations. The differences are the most dramatf/ction, W= or Z°. The effects of the initial state soft gluon
near the boundary of the kinematic phase space, such as tfaiation are included using the QCD soft gluon resumma-
Q. distribution in the lowQ; region and the&qs/l/_Z distri tion formula, given in Eq(1). This code also correctly takes
T T i ©into account the effects of the polarization and the deca
bution nears. Another group of observables is formed by P y

. L . . width of the massive vector boson.
those which aréndirectly sensitiveéo the resummation of the

ltiol # al diation. Th dicted distributi ¢ It is important to distinguish ResBos from the parton
multiple soft gluon radiation. The predicted distributions for g, \yer Monte Carlo programs likeAJET [4], PYTHIA [5],
these observables are usually the same in either the r

d h lculati ided th . BERWIG [6], etc., which use the backward radiation tech-
summed or the NLO calculations, provided that @e IS g6 23] to simulate the physics of the initial state soft
fully integrated out in both cases. Examples of indirectly

o " ! X X gluon radiation. They are frequently shown to describe rea-
sensitive quantities are the total cross sectipthe invariant  gonahy well the shape of the vector boson distribution. On
massQ, the rapidityy, and xg(=29%/S) of the vector e other hand, these codes do not have the full resummation

i idityy” i . ; :
boson, and the rapidity” of the decay lepton. However, in formula implemented and include only the leading logs and
practice, to extract signal events from the experimental datgome of the sublogs of the Sudakov factor. The finite part of
some kinematic cuts have to be imposed to suppress th@e nigher order virtual corrections which leads to the Wilson
background events. It is important to note that imposing thgefficient (C) functions is missing from these event genera-
necessary kinematic cuts usually truncate the range d@the o5 ResBos contains not only the physics from the multiple
integration, and causes dlffer.ent predictions from the reygf gluon emission, but also the higher order matrix ele-
summed and the NLO calculations. We demonstrate such gRents for the production and the decay of the vector boson

effegt in the distributions of the lepton charge asymmetryyth |argeQ,, so that it can correctly predict both the event
A(y”) predicted by the resummed and the NLO calculations ates and the distributions of the decay leptons.

We show that they are the same as long as there are no |, 5 NLO Monte Carlo calculation, it is ambiguous to
kinematic cuts imposed, and different when some kinematigreat the singularity of the vector boson transverse momen-
cuts are included. They differ the most in the large rapidity;,m distribution nea;=0. There are different ways to deal
with this singularity. Usually one separates the singular re-
gion of the phase space from the résathich is calculated
“Here ¢° is the longitudinal-component of the vector boson mo- numerically and handles it analytically. We choose to divide
mentumg* [cf. Eq. (A1)]. the Q; phase space with a separation sc@f”. We treat
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TABLE Il. List of PDF’s used at the different models of calculations. The values of the strong coupling constants used with the CTEQA4L
and CTEQ4M PDF's arer{")(M ) =0.132 anda{?)(M,0) =0.116, respectively.

Fixed order Resummed
O(ad) O(ag) 0O(ad) (1,0,0 (1,0, (2,1,2
PDF CTEQ4L CTEQ4M CTEQ4M CTEQ4L CTEQ4M CTEQ4M

the Q+ singular parts of the real emission and the virtualthe LO Q+ distribution is a Dirac-delta function peaking at
correction diagrams analytically, and integrate the sum ofQ+=0. In order to have a vector boson produced with a
their contributions up toQ3™. If Q;<Q3FP we assign a nonzeroQ+, an additional parton has to be emitted from the
weight to the event based on the above integrated result anditial state partons. This happens in the QCD process. How-
assign it to theQr=0 bin. If Q:>Q5%", the event weight is ever the singularity aQ+=0 prevails up toany fixed order
given by the usual NLO calculation. The above procedurdn as of the perturbation theory, and the transverse momen-
not only ensures a stable numerical result but also agredsm  distribution do/dQ% is  proportional to
well with the logic of the resummation calculation. In Fig. 1 Q;Zx[l or In(Q%/QZ)] at small enough transverse mo-
we demonstrate that the total cross section, as expected, risenta. The most important feature of the transverse momen-
independent of the separation sc@"in a wide range. As tum resummation formalism is to correct this unphysical be-
explained above, in th@;< Q3*’region we approximate the havior and render da/dQ% finite at zero Qt by
Q-+ of the vector boson to be zero. For this reason, we choosexponentiating th&+ singular logs.

$°Pas small as possible. We ugg°*=0.1 GeV in our nu- The CSS formalism itself is constructed to do even more
merical calculations, unless otherwise indicated. This divithan that. By including the regulaf contribution, it interpo-
sion of the transverse momentum phase space gives us prdates between the low and the highy; regions smoothly,
tically the same results as the invariant mass phase spapgovided that theA, B, C functions and ther contribution
slicing technique. This was precisely checked by the leptorare evaluated to all orders ing.> The Y piece is defined as
charge asymmetry results predicted iyRAD [24], and the the difference of the fixed order perturbative result and its
NLO [up to O(ag)] calculation within the ResBos Monte Q; singular (asymptoti¢ part which grows as
Carlo package. Q72X[1 or In@Q%Q?%]whenQ;—0. In theQ;<Q region,

To facilitate our comparison, we calculate the NLO andthe In@Q/Qy) terms are large and the perturbative distribution
the resummed distributions using the same parton luminosis dominated by these singular logs, that is the perturbative
ties and parton distribution functions, EW and QCD param-and the asymptotic parts are about the same. Consequently,
eters, and renormalization and factorization scales so thdibr low Q, the exponentiated asymptotic pieces, i.e., the
any difference found in the distributions is clearly due to theCSS piece, dominates over thepiece. In theQ;~ Q region
different QCD physics included in the theoretical calcula-the In@Q;/Q) terms are small, and the perturbative part is
tions. (Recall that they are different models of calculationsdominated by its other terms. The CSS and the asymptotic
based upon the same QCD theory, and the resummed calcterms cancel each other leaving the perturbative piece to
lation contains the dynamics of the multiple soft gluon radia-dominate the higlQ; region. The cancellation between the
tion.) This way we compare the resummed and the NLOperturbative and asymptotic pieces is always exagtdefi-
results on completely equal footing. The parton distributionshition) in the low Q+ region order by order imvg, and the
used in the different order calculations are listed in Table Il formalism is well defined for lowQ, no matter in which
In Table Il and the rest of this work, we denote by resummedbrder theA, B, C functions andY are known. On the other
(2,1,2 the result of the resummed calculation wAhandB  hand, the cancellation between the CSS and the asymptotic
calculated toa3 order,C to as, andR to a3 order, that is  pieces in the higi®); region becomes better if the asymptotic
with A2, B2 c(OD andR(*? included[cf. Appendix  piece is calculated in higher order ins. This is because the
D]. Similarly, resummed1,0,)) includesA®, B, c®  CSS piece contains logs in all ordgaf. Eq. (9)] while the
and R, and resummed1,0,0 includesA®), BW, c(®  asymptotic part only up to a fixed order 5. The above
without theY piece. Unless specified otherwise, hereafter wewill be clearly illustrated later in Fig. 2. Consequently, the
useA? B2 c©1) andR(12 in our resummed calcula- CSS formalism must break down fQ;=Q, sinceA, B, C
tion. In the following, we discuss the relevant experimentalandY are known only up to a finite order.
observables predicted by these models of calculations using Although the matching is built into the formalism, in
the ResBos code. Our numerical results are given for theractice it is still necessary to specify a matching prescrip-
Tevatron, app collider with VS=1.8 TeV, and CTEQ4 tion which provides a smooth transition between the re-
PDF'’s unless specified otherwise.

A. Vector boson transverse momentum distribution SStrictly speaking, this is only true when the energy of the collider
is much larger tha®, because the resummed and the perturbative

According to the parton model the primordial transversepieces are evaluated at differenvalues. The former depends gp
momenta of partons entering into the hard scattering arg@ndx, defined in Eq(1), however the latter depends gp and &,
zero. This implies that *, W* or Z° boson produced in [cf. Eq.(8)] in which the energy carried away by the emitted gluon
the Born level process has no transverse momentum, so thatalso included.
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FIG. 2. The low and intermedia®+ regions of theW" andz° distributions at the Tevatron, calculated in fixed or@s) (dotted
andO(aé) (dash-dotteld and resummedL,1,1) (dashedand(2,1,2 (solid) [cf. Table Ill]. The crossover occurs at 54 GeV for iBéas),
and at 69 GeV for the@(«3) W™ distributions. The matching between the resummed and the fixed order distributions becomes much
smoother aO(aé) than atO(ag). The situation is very similar for th2° boson.

summed and the fixed order perturbative results. In Fig. 1 weve described, the¥ piece plays an essential role in the
show the resummeil,1,) (resummation withA®"), B®)  matching between the resummed and the fixed o@jedis-
c® and R® included and the fixed ordeO(ag) Qr tributions which are dominated by thepiece wherQr is in
distributions for W* and Z° bosons. As shown, the re- the matching region. To emphasize this in Fig. 3 we show
summed(1,1,)) and the fixed order curves are close to eachthe ratio of theY piece to the total resumme@,1,1) cross
other for Q/2<Q;<Q, and they cross aroun@;~Q/2.  section. This ratio can be larger than one because the CSS
Based on this observation we adopt the following procedurgjece, which is the difference between the total resummed
for calculating the fully differential cross sect_ion cross section and th¥ piece, can be negative for large
dU/?QZdQTdy- For Qr values below the crossing points enoughQ,(=Q/2). As indicated, ther contribution is small
?_adtQ,Y) of the resummed and the fixed ordgr distri- 5 <30 GeV. At Q;=30 GeV it only contributes by
butions, as the function d@ andy, we use the resummed 44,1 2504 talo/dQ; . The total contribution of the' term
cross section, .and above it we use t2he fixed (_)rdgr p.erturb% fgo GeVdQT(d(r/dQT) is less than a percent. Therefore, in
tive cross section. The resultirty/d Q-d Q;dy distribution . : .
is continuous, although not differentiable with respecQtp the region 0fQr<30 GeV, the CSS piece dominates. We
’ can also define th&y factor as the ratio of th&/ pieces

right at the matching pointQT2(Q,y). The differential ot
cross sectionda/dQy, on the other hand, is completely calculgted at thQ(o.‘S+ ag) to that a.t theO(ay). The KI
factor is plotted in Fig. 4 as the function @ andy for W=

smooth since it has no specific matching point. Most impor- 0 X
tantly, the above prescription does not alter either the re2ndZ" bosonsfor Q=My). As shown, wherQr is between

summed or the fixed order perturbative distributions in the30 to 80 GeV, th&y factor is about 10% unless the rapidity
kinematic regions where they are proven to be valid. of theW andZ bosons become largee., [y|>2). Similarly,

To improve the theory prediction for th@ distribution,  in Fig. 5, we show theKp factor, which is defined as the
we also include the effect of some known higher orpir  ratio of the fixed order differential cross sections calculated
O(a?)] corrections to the Sudakov factf21], the Y piece  at theO(as+ a?) to that at theD(ag), as a function of),
[12], and the fixed order perturbative cross secfi?8]. As  andy for Q=M,,. As expected, whety| is large, i.e., near
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FIG. 3. The ratio of theD(as+ ) Y piece(solid curve,R™
and R@ included, and theO(ag) Y piece (dashed curveR®Y
included to the resummed?2,1,) distribution for W* and z°
bosons.
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the boundary of the available phase space Khdactor can
be large. The variation as a function @f; for Q+>50 GeV
is small, of the order of 10%.

In Fig. 2 we also show the resummé&{1,2 (with A(1:2),
B2, ¢ andR™*2 included and the fixed orde®(a2)
Q distributions. Joining these distributions at the triple dif-
ferential cross section level defines the resumrid@3) 0 and 20 GeV. Fixing the rapidity of the vector bosoV at
distribution in the wholeQ; region. As shown, while in Some valugy, and taking the ratio
O(ag) the matching takes place at low@f values leaving a
noticeable kink in the cross section, @(ag) the matching

FIG. 4. TheKy factor: ratio of theD(ag+ a?) Y piece(R™ and
R® included to theO(ag) Y piece(R™Y included. The curves are
plotted for Q=M and y=—2.0 (solid), —1.0 (long dash, 0.0
(short dash 1.0 (dash-dot andy=2.0 (dash-double-dot

occurs at largeQ+ values and is much smoother. This hap- do

pens because, as discussed above, the cancellation between m

the CSS and the asymptotic pieces becomes better. _ T71Q=0Qp.y=Y0
In summary, the CSS resummation formalism is con- R(Qr.Qo)= do ’

structed in such a manner that if tide B, C functions and m

the R coefficients were calculated to all order then the T1Q=my.y=y,

matching would be completely natural in the sense that the

resummed cross section would blend into the fixed order one

smoothly and no additional matching prescription would bewe obtain almost constant curveéwithin 3 percent for

necessary. However, in a practical calculation, becayd, Q=M *10 GeV (cf. Fig. 6 for V=W" andZ°. The fact

C, andY are only known to some finite order ing, the that the shape of the transverse momentum distribution

matching prescription described above is necessary. Usinghows such a weak dependence on the invariant 1Qaiss

this procedure, we discuss below a few other interesting rethe vicinity of the vector boson mass can be used to make the

sults calculated from the resummation formalism. Monte Carlo implementation of the resummation calculation
We find that in the resummed calculation, after taking outfaster. This weak dependence was also used in thé\DO

the resonance weighting factor Q%((Q?~MZ)?  mass analysis when assuming that the mass dependence of

+Q4F\2,/M\2,) in Eq. (1), the shape of the transverse momen-the fully differential W boson production cross section fac-

tum distribution of the vector bosow for variousQ values torizes as a multiplicative teri86]. Similarly, we define the

in the vicinity of My, is remarkably constant fd@; between ratio
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FIG. 6. The ratioR(Qt,Q,), with y,=0, for W* and Z°
bosons as a function ad@;. For W', solid lines: Q,=78 GeV
(upped and 82 GeV(lower); dashedQ,=76 GeV (uppe) and 84
GeV (lower); dotted:Qy= 70 GeV(uppe) and 90 GeMlower). For
Z° bosons; solid linesQ,=88 GeV (uppe) and 92 GeV(lower);
dashed: Q,=86 GeV (uppe) and 94 GeV (lower); dotted:
Q=280 GeV (upped and 100 GeMlower).

gitudinal momentum(along the beam pipe directipof the
neutrino, which is in the form of missing energy carried
away by the neutrino, this dependence cannot be incorpo-
rated in data analysis and the above ansatz cannot be realized
in practice for a precision measurementMfy,.® Only the

to study theQ; shape variation as a function of the vector Monte Carlo implementation of the exact matrix element cal-
boson rapidity. Our results are shown in Fig. 7. Unlike theculation (included in ResBoscan correctly predict the dis-
ratio R(Q7,Q,) shown in Fig. 5, the distributions of tributions of the decay leptons, such as the transverse mass

R(Q+,Yo) for thew™ andz® bosons are clearly different for of the W* boson, and the transverse momentum of the

any value of the rapidity,.

charged lepton, so that they can be directly compared with

To utilize the information on the transverse momentum oféXperimental data to extract the valueMfy. We comment
the W* boson in Monte Carlo simulations to reconstruct theOn these results later in this section.

mass of thew" boson, it was suggested in RgR5] to
predictQ(W™) distribution from the measure@(Z°) dis-
tribution and the calculated ratio @-(W") and Q(Z°)
predicted by the resummation calculatidis12], in which

Another way to compare the results of the resummed and
the NLO calculations is given by the distributions of
a(Q1> QMM oar, @s shown in Fig. 8. We defined the ratio
as

the vector boson is assumed to be on its mass-shell. Unfor-

tunately, this idea will not work with a good precision be-

cause, as clearly shown in Fig. 7, the ratio of Wé andZ°

b1f a high precision measurement were not required, then one

transverse momentum distributions depends on the rapiditi@uld choose from the twofold solutions for the neutrino longitudi-

of the vector bosons. Since the rapidity of thé" boson

nal momentum to calculate the longitudinal momentum of\Wie

cannot be accurately reconstructed without knowing the lonboson.
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FIG. 7. The ratioR(Qr,Yo), with Qo=M,,, for W* and Z°

bosons as a function @+ . or min (GeV)
~ Qmin )
Res= 7(Qr=0Q7) = ! JQ[F_W Tw’ FIG. 8. The ratioRcgs as a function ofQT" for W* and z°
Ototal Ototal J Q™" dQr bosons. The fixed ordefO(as) short dashedO(«?%) dashed
curves are ill-defined in the loW@; region. The resummegolid)
max curves are calculated fay,=0.38 (low), 0.58 (middle), and 0.68

whereQ+*"is the largesQ+ allowed by the phase space. In (high) Ge\? values.
the NLO calculation,o(Qr>QT") grows without bound
nearQT"=0, as the result of the singular behavioQ%/in , _ ,
the matrix element. The NLO curve runs well underithe re—f[Ion at the order obr§. As shown in th(_a figure, the curve )
summed one in the 2 GWQ$in<3O GeV region, and the is closer to the resummed curvg which provez that for this
Q. distributions from the NLO and the resummed calcula-"ang€ 0fQr the soft gluon effect included in thes calcula-
tions have different shapes even in the region wig@yes of tion is important for predicting the vector bos@y distribu-
the order 15 GeV. tion. In other words, in this range @, a vector boson is
With large number of fully reconstructetf events at the likely to be produced together with multiple soft gluons. On
Tevatron, one should be able to use data to discriminatéhe contrary, in the higi@Q+ region, it is more probable that
these two theory calculations. In view of this result it is notone or more hard jets accompany the vector boson.
surprising that the DO analysis of the; measuremenit26] MeasuringRcssin the low Q region(for Qr=Q/2) pro-
based on the exclusive measurement ®fW+1 jet)/  vides a stringent test of the dynamics of the multiple soft
o(W+0 jet) does not support the NLO calculation in which gluon radiation predicted by the QCD theory. The same mea-
the effects of the multiple gluon radiation are not included.surement ofRcss can also provide information about some
We expect that if this measurement was performed by depart of the nonperturbative physics associated with the initial
manding the transverse momentum of the jet to be largestate hadrons. As shown in Fig. 9 and in Rég], the effect
than about 60 GeV, at which scale the resummed and thef the nonperturbative physics on tRg distributions of the
NLO distributions in Fig. 1 cross, the NLO calculation W= andZ°® bosons produced at the Tevatron is important for
would adequately describe the inclusive data. Qq less than about 10 GeV. This is evident by observing that
To show that forQ; below 30 GeV, the QCD multiple different parametrizations of the nonperturbative functions
soft gluon radiation is important to explain the DO di28], do not change th@ distribution forQ>10 GeV, although
we also include in Fig. 8 the prediction for tigg distribu- they do dramatically change the shape @i for
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Q<10 GeV. Since forW* and z° production, the B. The total cross section

IN(Q%Qf) term is large, the nonperturbative function, as de-  Before we compare the distributions of the decay leptons,
fined in Eq.(6), is dominated by thé&,(b) term (or theg,  we examine the question whether or not @eresummation
parameter which is supposed to be universal for all Drell- formalism changes the prediction for the total cross section.
Yan type processes and related to the physics of the renom Ref. [27] it was shown that in the AEGM formalism,
malon[20]. Hence, the measurement®sscannot only be  which differs from the CSS formalism, tf@(«g) total cross
used to test the dynamics of the QCD multiple soft gluonsection is obtained after integrating their resummation for-
radiation, in the 10 Ge¥ Q<40 GeV region, but may also mula over the whole range of the phase space.

be used to probe this part of nonperturbative physics for In the CSS formalism, without including th€ and Y
Q+<10 GeV. It is therefore important to measuURgsgat  functions, the fully integrated resummed result recovers the
the Tevatron. With a large sample &f data at Run 2, it is O(ag) cross section, provided th& is integrated from
possible to determine the dominant nonperturbative functioizero toQ. This can be easily verified by expanding the re-
which can then be used to calculate W& bosonQr dis-  summation formula up t®(ag), dropping theC™) and the
tribution to improve the accuracy of thé,, and the charged Y pieces[which are of ordelO(«g)], and integrating over

lepton rapidity asymmetry measurements. the lepton variables. It yields
|
P2, do 09 5 5 (Q) W 2 QZ " Qz b ,
fo dQTW—§5(Q _Mv)[(l A In P2 +B | Sz || Jfjm, (X1, Q%) fign,(X2,Q7)

2
- ai?) (Q )[(Pjea@)fa/h )(x1,Q%) Fign, (x2,Q%)

+fj/hl(xvaz)(Pk_Hb(gfb/hz)(X21Q2)]+jqu (10)

whereP+ is the upper limit of theQ integral and we fixed the same as that predicted by the NLO calculation, provided
the mass of the vector boson for simplicity. To derive thethatC™) andY™® are included. However, this matching pre-
above result we have used the canonical set of @he scription would not result in a smooth curve for tQg dis-
(i=1,2,3) coefficientgcf. Appendixes C and P When the tribution at Qt=Q. The matching procedure described
upper limit Pt is taken to beQ, all the logs in the above above causes a smathbout a perceitdifference between
equation vanish and Eq10) reproduces the Born level theO(as) resummed and the NLO total cross sections. This
[O(ag)] cross section. Similar conclusion holds for higher difference indicates the typical size of the higher order cor-
order terms from the expansion of the resummed piece whefgctions not included in the NLO total cross section calcula-
C andY are not included. This is evident because the singution.

lar pieces from the expansion are given by The total cross section predicted from the various theory
calculations are listed in Table Ill. As shown in Table Ill, as
o 2n-1 2 far as the total rate is concerned, there is hardly any observ-
d(T 1 QT . .
— =— 2 mas In™ =5, able difference between the predicted results from the re-
dQt singular QT A=1 m=o0 Q summed (2,1, matched to the fixed order perturbative

O(ag) and the resumme(,1,2 matched to the fixed order

The integral of these singular terms will be proportional toperturbativeO(a3), although the latter gives a smoott@¢
In(Q%/P3) raised to some power. Again, f®r=Q all the  curve, as shown in Fig. 2.
logs vanish and the tree level result is obtained. Kinematic cuts affect the total cross section in a subtle

Including C™) and theY contribution changes the above manner. It is obvious from our matching prescription that the
conclusion and leads to a different total cross section, beresummecD(aS) and the fixed orde®(«ag) curves in Fig. 2
causeC® contains the hard part virtual corrections avid ~ will never cross in the higk region. On the other hand, the
contains the hard gluon radiation. Combining the resummedesummedD(«3) total cross section is about the same as the
(1,1,9 and the fixed orde©O(ag) distributions, the above fixed orderO(as) cross section when integratifi@gy from 0
described matching prescription provides us withQyxg) to Q. These two facts imply that when kinematic cuts are
resummed total cross section with an error@fa?), as made on theQ distribution with Qr<Q, we will obtain a
shown in Ref[12]. In practice this translates into less than ahigher total cross section in the fixed ord2fas) than in the
percent deviation between the resumn@(rg) total cross resummedO(aé) calculation. In this paper we follow the
section and the inclusive NLOD(«g)] calculation. This can CDF cuts (for the W* boson mass analysisnd demand
be understood from the earlier discussion that if the matchin@<30 GeV[47]. Consequently, in many of our figures, to
were done alQt equal toQ, then the total cross section be shown below, the fixed ord€(ag) curves give about
calculated from the CSS resummation formalism should b&% higher total cross section than the resummed ones.
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FIG. 9. Transverse momentum distributions " and z° . ‘ . .
bosons calculated with lowlong dash,g,=0.38 Ge\f), nominal 0 0.5 1 15, 2 25 3
(solid, g,=0.58 GeV) and high(short dashg,=0.68 GeV}) g, ¥

nonperturbative parameter values. The low and high excursions in

g, are the present one standard deviations from the nominal value FIG. 10. Lepton charge asymmetry distributiorig) Without

in the Ladinsky-Yuan parametrization. any kinematic cuts, the NLQlong dashef and the resummed

O(ag) (solid) curves overlap and the LO(short dashed

curve differs somewhat from them.(b) With cuts

(Qr<30 GeVp$+'”> 25 GeV), the effect of the differer® dis-
The CDF lepton charge asymmetry measuren{@e tributions renders the lepton rapidity asymmetry .distributions dif-

played a crucial role in constraining the slope of titd ratio ~ [crent: The two resummed curves calculated wgih=0.58 and

. . . 0.78 GeVf cannot be distinguished on this plot.

in recent parton distribution functions. It was shown that one

of the largest the?retlcar: uncertalndt_y Ir)btlm_é—énass dmia- charged particldeither vector boson or decay lepjors-
surement comes from the parton distributigBs], and the g ing P invariance’, the following relation holds:
lepton charge asymmetry was shown to be correlated with

the transverse mass distributif8il]. Among others, the lep- do do
ton charge asymmetry is studied to decrease the errors in the W(Y): W(_Y)'
measurement oM, coming from the parton distributions. " B

Here we inVeStigate the effect of the resummation on thq-lence, the Charge asymmetry is frequent'y written as
lepton rapidity distribution, although it is not one of those

C. Lepton charge asymmetry

observables which are most sensitive toGheresummation, do do
i.e., to the effect of multiple soft gluon radiation. d_y(y>0)_ d—y(y<0)
The definition of the charge asymmetry is A(y)= P e .
—=(y>0)+ -=(y<0)
do do dy dy
Aly)= dy, dy- For the charge asymmetry of the vector boswv{ or the
Y= N do’ charged decay lepton/(*), the fixed order and the re-
dy, dy_

"Here we ignore the smalC P-violating effect due to the CKM
wherey, (y_) is the rapidity of the positivelynegatively = matrix elements in the SM.
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TABLE IlI. Total cross sections opp— (W" or Z%X at the present and upgraded Tevatron, calculated in different prescriptions, in
units of nb. The finite order total cross section results are based on the calculations[27Ré&fhe Pert.O(ag) results were obtained from
Ref.[28]. The “@&" signs refer to the matching prescription discussed in the text.

Ecm. Fixed order Resummed,1,]) Resummed2,1,1) Resummed?2,1,2 Experiment
v (TeV) 0(ad O(as) ® Pert.O(ag) ® Pert.O(ag) @ Pert.O(a?) (Ref. [486])
w* 1.8 8.81 111 11.3 11.3 114 1150.7
w* 2.0 9.71 125 12.6 12.6 12.7
Z° 1.8 5.23 6.69 6.79 6.79 6.82 6.86.36
Z° 2.0 6.11 7.47 7.52 7.52 7.57

summedO(ag) [or O(aé)] results are the same, provided resummed results deviate at higher rapiditigg®|¢>1.5) 8
that there are no kinematic cuts imposed. This is because thihe deviation between the NLO and the resummed curves
shape difference in the vector boson transverse momentuindicates that to extract information on the PDF in the large
has been integrated out and the total cross sections are thapidity region, the resummed calculation, in principle, has
same up to higher order correctionsdsg. In Fig. 10a) we  to be used if the precision of the data is high enough to
show the lepton charge asymmetry without cuts fordistinguish these predictions. Figure (b0 also shows the
CTEQ4M PDF. The NLO and the resummed curves overlapnegligible dependence of the resummed curves on the non-
although they differ from th@(ag) prediction. perturbative parameteg,. We plot the result of the re-

On the other hand, when kinematic cuts are applied to théummed calculations with the nomingy=0.58 GeV, and
decay leptons, the rapidity distributions of the vector bosonavith g,=0.78 Ge\f which is two standard deviations higher.
or the leptons in the fixed order and the resummed calculathe deviation between these two curv@ehich is hardly
tions are different. Restriction of the phase space implies tha@bservable on the figurés much smaller than the deviation
only part of the vector boson transverse momentum distribubetween the resummed and the NLO ones.
tion is sampled. The difference in the resummed and the There is yet another reason why the lepton charge asym-
fixed orderQy distributions will prevail as a difference in the metry can be reliably predicted only by the resummed calcu-
rapidity distributions of the charged lepton. We can view thislation. When calculating the lepton distributions in a numeri-
phenomenon in a differerfa Monte Carlp way. In the rest cal O(ag) code, one has to artificially divide the vector
frame of thew™*, the decay kinematics is the same, whethet0son phase space into hard and soft regions, depending on,
it is calculated up td(as) or within the resummation for- for example, the energy or th@; of the emitted gluorie.g.
malism. On the other hand, th&" rest frame is different for dgq— W+ hard or soft gluon The observables calculated
each individual Monte Carlo event depending on the order oWith this phase space slicing technique acquire a dependence
the calculation. This difference is caused by the fact that th@n the scale which separates the hard from the soft regions.
Q- distribution of thew™ is different in theO(«as) and the ~ For example, when the phase space is divided byQhe
resummed calculations, and the kinematic cuts select differseparation, the dependence of the asymmetry on the scale
ent events in these two cases. Hence, even thougiQthe Q7" can be comparable to the difference in Béas) and
distribution of thew= is integrated out, when calculating the the resummed results. This means that there is no definite
lepton rapidity distribution, we obtain slightly different pre- prediction from the NLO calculation for the lepton rapidity
dictions in the two calculations. The difference is larger fordistribution. Only the resummed calculation can give an un-
larger |y”|, being closer to the edge of the phase spaceambiguous prediction for the lepton charge asymmetry.
because the soft gluon radiation gives high corrections there Before closing this section, we also note that although in
and this effect up to all order img is contained in the re- the lepton asymmetry distribution the NLO and resummed
summed but only up to order afs in the NLO calculation.  results are about the same fgf'| <1, it does not imply that
Because the rapidity of the lepton and that of the vectothe rapidity distributions of the leptons predicted by those
boson are highly correlated, large rapidity leptons mostiytwo theory models are the same. As shown in Fig. 11, this
come from large rapidity vector bosons. Also, a vector bosonifference can in principle be observable with a large statis-
with large rapidity tends to have low transverse momentumtics data sample and a good knowledge of the luminosity of
because the available phase space is limited toQgwWor a  the colliding beams.
W™ boson with largdy|. Hence, the difference in the low
Q7 distributions of the NLO and the resummed calculations
yields the difference in thg” distribution for leptons with
high rapidities. Since the invariant mass of th&= boson cannot be re-

Asymmetry distributions of the charged lepton with cuts constructed without knowing the longitudinal momentum of
using the CTEQ4M PDF are shown in Fig.(bp The ap- the neutrino, one has to find a quantity that allows an indirect

plied kinematic cuts ar®<30 GeV, p$+*”> 25. These are

the cuts that CDF used when extracted the lepton rapidity

distribution from their datd29]. We have checked that the 8as indicated before, here and henceforth, unless specified other-
ResBos fixed orderO(as) curve agrees well with the wise, by a resummed calculation we mean our resum@eds)
DYRAD [24] result. As anticipated, th©(a2), O(as) and  result.

D. Transverse mass distribution
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FIG. 11. Distributions of positron rapidities from the decays of
W"’s produced at the Tevatron, predicted by the resumfaetid)
and the NLO(dashed calculations with the same kinematic cuts as
for the asymmetry plot. 40

(pbiGeV) 50

determination of the mass of thg~ boson. In the discovery

stage of theV* bosons at the CERN SuperProton Synchro- 30
ton (pS) collider, the mass and width were measured us-
ing the transverse mass distribution of the charged lepton-
neutrino pair from theW* boson decay. Ever since the
early eighties, the transverse mass distribution,

79.5 80 80.5 81 81.5
my= \/2p$p$(l—cosA¢ey),_has been known as th_e .best my (GeV)
measurable for the extraction of bathy, andI'yy, for it is
insensitive to the transverse momentum of YWé boson. FIG. 12. Transverse mass distribution f&f* production and

The effect of the nonvanishing vector boson transverse maiecay at the 1.8 TeV Tevatron.

mentum on them; distribution was analyzef32,33 well

before theQ; distribution of theW* boson was correctly W™ boson mass with a precision of 30-50 MeV from the
calculated by taking into account the multiple soft gluon ra-distribution[30]. SinceMy is sensitive to the position of the
diation. Giving an average transverse boost to the vector balacobian peak33], the high precision measurement of the
son, the authors of Ref32] concluded that for the fictive W™ mass has to rely on the resummed calculations.

case ofl",=0, the end points of the transverse mass distri- The extraction oM,y from the transverse mass distribu-
bution are fixed at zerodo/dm?(m2=0)=do/dm?(m3?  tion has some drawbacks. The reconstruction of the trans-
=M3)=0. The sensitivity of then; shape to a nonzel@;  Verse momentunp’ of the neutrino involves the measure-
is in the order of((Q7/My)2)~1% without affecting the ment of the underlying event transverse momentum:
end points of then; distribution. Including the effect of the Py=— By — Pre®'— py"4™" & This resolution degrades
finite width of the W* boson, the authors in Ref33] by the number of interactions per crossing () [30]. With a
showed that the shape and the location of the Jacobian pe&kgh luminosity (~100 fo'!) at the 2 TeV Tevatron
are not sensitive to th€; of the W= boson either. The (TEV33)[34], N;_can be as large as 10, so that the Jacobian

nonvanishing transverse momentum of #& boson only  peak is badly smeared. This will lead to a large uncertainty
significantly modifies theny distribution aroundny=0. in the measurement d¥ly,. For this reason the systematic
Our results confirm that the shape of the Jacobian peak isrecision of them; reconstruction will be less at the high
quite insensitive to the order of the calculation. We show thQuminosity Tevatron, and aM,, measurement that relies on
NLO and the resummed transverse mass distributions in Fighe |epton transverse momentum distribution alone could be
12 for W= bosons produceg at the Tevatron W'Eh the kine-more promising. We discuss this further in the next section.
matic cuts:Q;<30 GeV, p$ '">25 GeV, and|y® |<3.0. The theoretical limitation on thi,, measurement using
Figure 12a) covers the fulllexperimentally interestingny  the my distribution comes from the dependence on the non-
range while Fig. 1) focuses on theén; range which con- perturbative sector, i.e., from the PDF’s and the nonpertur-
tains most of the information about thg= mass. There is bative parameters in the resummed formalism. Assuming the
little visible difference between thehapesof the NLO and PDF’s and these nonperturbative parameters to be indepen-
the resummedn; distributions. On the other hand, the right dent variables, the uncertainties introduced are estimated to
shoulder of the curve appears to be “shifted” by about 50be less than 50 MeV and 10 MeV, respectively, at the
MeV, because, as noted in Sec. 1l B, the total cross section§EV33 [36,37]. It is clear that the main theoretical uncer-
are different after the above cuts imposed in the NLO and théainty comes from the PDF’s. As to the uncertainty due to
resummed calculations. At Run 2 of the Tevatron, with largethe non-perturbative parametéesg.,g,) in the CSS resum-
integrated luminosity 2 fb™1), the goal is to extract the mation formalism, it can be greatly reduced by carefully
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study of the theQ+ distribution of thezZ® boson which is do

expected to be copiously produced at Run 2 and beyond. dpg®*
The M,y measurement at the CERN Large Hadron Col-  (p¥/GeV)

lider (LHC) may also be promising. Both ATLAS and CMS

detectors are well optimized for measuring the leptons and

the missingE+ [37]. The cross section of th&/* boson

production is about four times larger than that at the Teva-

tron, and in one year of running with 207h luminosity

yields a few times 10W— /v events after imposing similar

cuts to those made at the Tevatron. Since the number of

interactions per crossing may be significantly lowier av-

erageN,C=2) at the same or higher luminosity than that at

the TEV33[37], the Jacobian peak in the; distribution

will be less smeared at the LHC than at the TEV33. Further-

more, the nonperturbative effects are relatively smaller at the do
LHC because the perturbative Sudakov factor dominates. On  dp;*" 10
the other hand, the probed region of the PDF’s at the LHC  (pb/GeV)
has a lower value of the averagé~10 ) than that at the 8
Tevatron (10 2), hence the uncertainty from the PDF’s

might be somewhat larger. A more detailed study of this 6
subject is desirable.

25 30 35 40 45 50 55

E. Lepton transverse momentum

Due to the limitations mentioned above, the transverse
mass method may not be the only and the most promising

way for the precision measurement M, at some future 0 10 20 30 40 50
hadron colliders. As discussed above, the observableas p1%" (GeV)

used because of its insensitivity to the high order QCD cor-

rections. In contrast, the lepton transverse momentpf) ( FIG. 13. Transverse momentum distributionspsf from W*

distribution receives a larg@((Qr/Mw)) ~10%, perturba- and z° decays for the NLO(dashedl and the resumme®(a)
tive QCD correction at the orde#s, as compared to the (solid) calculations. Resumming the initial state multiple soft-gluon
Born process. With the resummed results in hand it becomesmission has the typical effect of smoothening and broadening the
possible to calculate thpT/ distribution precisely within the  jacobian peakat pS"=M,/2). The CDF cuts are imposed on the
perturbative framework, and to extract th&/~ mass W distributions, but there are no cuts on & distributions.
straightly from the transverse momentum distributions of the
decay leptons. . how that thep{. distribution is most sensitive to the PDF
~ Justlike in themr distribution, the mass of the/* boson ~ SNOW that Ty AISITBULON 1S MOSE SENSIIVE 10 the FLIS
is mainly determined by the shape of the distribution near th@nd the value of the nonperturbative parameter The pt
Jacobian peak. The location of the maximum of the peak iglistribution is more sensitive to the PDF choice, thanrthe
directly related to th&v* boson mass, while the theoretical distribution is. The uncertainty in the PDF causes an uncer-
width of the peak varies with its decay widlh, . Since the tainty in My of abogt 150 MeV, which is about three times
Jacobian peak is modified by effects of b@k andTl'y,, it ~ @s large as that using the; method[35]. A 0.1 GeV un-
is important to take into account both of these effects corcertainty ing, leads to abouAMy=30 MeV uncertainty
rectly. In our calculation(and in ResBoswe have properly ~from the p§ fit, which is about five times worse than that
included both effects. from the m; measuremeng35]. Therefore, to improve the
The effect of resummation on the transverse momentunMy, measurement, it is necessary to include #fedata
distribution of the charged lepton frolv™ andz® decays is sample at the high luminosity Tevatron to refit thes and
shown in Fig. 13. The NLO and the resummed distributionsobtain a tighter constrain on them from Qg distribution of
differ a great amount even without imposing any kinematicthe Z° boson. The DO study showed that an accuracy of
cuts. The clear and sharp Jacobian peak of the NLO distriAg,=0.01 Ge\f can be achieved with Run 2 and TeV33
bution is strongly smeared by the finite transverse momendata, which would contribute an error &M,<5 MeV
tum of the vector boson introduced by multiple gluon radia-from the pT/ [35]. In this case the uncertainty coming from
tion. This higher order effect cannot be correctly calculatedhe PDF’s remains to be the major theoretical limitation. At
in any finite order of the perturbation theory and the resumthe LHC, thepT/ distribution can be predicted with an even
mation formalism has to be used. smaller theoretical error coming from the nonperturbative
One of the advantages of using tbé distribution to de-  part, because at higher energies the perturbative Sudakov
termine My, is that there is no need to reconstruct fwe  factor dominates over the non-perturbative function.
distribution which potentially limits the precision of thmay It was recently suggested to extrédty from the ratios of
method. From the theoretical side, the limitation is in thethe transverse momenta of leptons producetVih and Z°
knowledge of the nonperturbative sector. Studies a{&%) decay [38]. The theoretical advantage is that the non-
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FIG. 15. The correlation between the lepton azimuthal angles
near the regiom ¢~ 7 for pp—(Z°—e*e )X. The resummed
(solid) distribution gives the correct angular correlation of the lep-
ton pair. The NLO(dashed linesdistribution nearA ¢= 7 is ill-
defined and depends @%°" (the scale for separating soft and hard
gluons in the NLO calculation The two NLO distributions were
calculated withQ$**=1.2 GeV (long dash and Q5°*=2.0 GeV
(short dash

ence in the azimuthal angles of the Ieptaﬁlsand/_’z from
the decay of a vector bosoh In practice, this can be mea-
sured fory* or 2°—/;/,. We show in Fig. 15 the differ-

ence in the azimuthal angles ef ande™ (A ¢e+ef), mea-
sured in the laboratory frame fa°—e*e™, calculated in
the NLO and the resummed approaches. As indicated, the
NLO result is ill-defined in the vicinity oA ¢~ 7, where the
multiple soft-gluon radiation has to be resummed to obtain
physical predictions.
perturbative uncertainties are decreased in such a ratio. On Another interesting angular variable is the lepton polar
the other hand, it is not enough that the ratio of cross sectior@ngle distribution cog*” in the Collins-Soper frame. It can
is calculated with small theoretical errors. For a precisionbe calculated for th&® decay and used to extract %ify, at
extraction of theV= mass the theoretical calculation must bethe Tevatron39]. The asymmetry in the polar angle distri-
capable of reproducing the individually observed transverséution is essentially the same as the forward-backward asym-
momentum distributions themselves. T mass measure- metry Az measured at LEP. Sinokg depends on the in-
ment requires a detailed event modeling, understanding afariant massQ and around the energy of e’ peak Arg
detector resolution, kinematical acceptance and efficiency ehappens to be very small, the measurement is quite challeng-
fects, which are different for th&/* andZ° events, as illus-  ing. At the hadron collider, on the other hand, the invariant
trated above. Therefore, the ral:io of cross sections can Onlbﬁass of the incoming partons is distributed over a range so
provide a useful check for th&/~ mass measurement. the asymmetry is enhancéfl5]. The potentials of the mea-
For Drell-Yan events or lepton pairs fro#f decays, ad- syrement deserve a separated study. In Fig. 16 we show the

ditional measurable quantities can be constructed from thgistriputions of cos*” predicted from the NLO and the re-
lepton transverse momenta. They are the distributions in thg ;.\ med results.

balance of the transverse momenigp(=| ﬁ+/1| —|ﬁ§2|) and
the angular correlation of the two lepton momenta

(z= —|3§1- ﬁ?zl[max(p/l,p?)]z). It is expected that these

T The resummation of the logs involving the transverse mo-
guantities are also sensitive to the effects of the multiple sofinentum of the vector boson does not directly affect the
gluon radiation. These distributions are shown in Fig. 14. Asshape of the longitudinal distributions of the vector bosons.
shown, the resummed distributions significantly differ from A good example of this is the distribution of the longitudinal
the NLO ones. In these, and the following figures #t  momentum of thez® boson which can be measured at the
decay distributions, it is un%Ierstood that trje following kine-Tevatron with high precision, and can be used to extract
matic cuts are imposedg% <30 GeV, p;7 *° >25 GeV, information on the parton distributions. It is customary to

and|y® ¢ |<3.0, unless indicated otherwise. plot the rescaled quantity xg=2q%\S, where
g=sinhfy) Q%+ QT2 is the longitudinal momentum of the
F. Lepton angular correlations Z° boson measured in the laboratory frame. In Fig. 17, we
Another observable that can serve to test the QCD theorplot the distributions predicted in the resummed and the
beyond the fixed-order perturbative calculation is the differ-NLO calculations. As shown, their total event rates are dif-

FIG. 14. Balance in transverse momentmpl:|ﬁ§1|—|ﬁ§2|

and angular correlatiop= — ﬁil- ﬁizl[max(pil ,p?)]2 of the de-

cay leptons fronz® bosons produced at the Tevatron.

G. Vector boson longitudinal distributions
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FIG. 16. Distribution of thee® polar angle cosf) in the
Collins-Soper frame fronzZ® decays at the Tevatron with cuts in-
dicated in the text.

FIG. 18. Rapidity distributiongresummed: solid; NLO: dashgd
of Z° bosons produced at the Tevatron with the kinematic cuts
given in the text.

ferent in the presence of kinematic cutdlthough they are | view of this large event rate, a careful study of the distri-
the same if no kinematic cuts imposgdhis conclusion is  pytions of leptons from the decay of the vector bosons can
similar to that of they” distributions, as discussed in Secs. provide a stringent test of the rich dynamics of the multiple
I1'B and Ill C. soft gluon emission predicted by the QCD theory. Since an
_Without any kinematic cuts, the vector boson rapidity dis-accurate determination of the mass of Wé boson and the
tributions are also the same in the resummed and the NLGst of parton distribution functions demand a highly precise
calculations. This is so because when calculatingytitBs-  nowledge of the kinematical acceptance and the detection
tribution the transverse momentu@y is integrated out SO efficiency of W* or Z° bosons, the effects of the multiple
that the integral has the same value in the NLO and thgyon radiation have to be taken into account. In this work,
resummed calculations. On the other hand, experimental cu{§e nhave extended the formalism introduced by Collins,
on the final state leptons restrict the phase space, so the dispper, and Sterman for calculating an on-shell vector boson
ference between the NLO and the resumn@g distribu-  tg include the effects of the polarization and the decay width
tions affects the vector boson rapidity distributions. Thisef the vector boson on the distributions of the decay leptons.
shape difference is very small at the vector boson level, agyr resummation formalism can be applied to any vector

shown in Fig. 18. bosonV whereV=y* W*,Z° W', Z’, etc., with either vec-
tor or axial-vector couplings to fermior{eptons or quarks
IV. DISCUSSION AND CONCLUSIONS To illustrate how the multiple gluon radiation can affect the

distributions of the decay leptons, we studied in detail vari-

With a 100 pb! luminosity at the Tevatron, around e ;
+ 0 ' ous distributions for the production and the decay of the
2x10° W= and 6x10° Z° bosons are produced, and the vector bosons at the Tevatron.

data sample will increase by a factor of 20 in the Run 2 era. One of the methods to test the rich dynamics of the mul-
tiple soft gluon radiation predicted by the QCD theory is to

di; 400 P measure the rati®cse= o(Q7> Q") diga for the W* and
ob) /3 Z° bosons. We found that, for the vector boson transverse

momentum less than about 30 GeV, the difference between
300 the resummed and the fixed order predicti¢egher at the
ag or aé orden can be distinguished by experimental data.
This suggests that in this kinematic region, the effects of the
multiple soft gluon radiation are important, hence, Qe
distribution of the vector boson provides an ideal opportunity
to test this aspect of the QCD dynamics. K¢ less than
about 10 GeV, the distribution d@; is largely determined
by the nonperturbative sector of QCD. At the Tevatron this
0 nonperturbative physics, when parametrized by &g.for
075 05 0250 025 05 07 W= and Z° production, is dominated by the parametgr

F which was shown to be related to properties of the QCD

FIG. 17. Longitudinak distributions ofz® bosons produced at Vacuum[20]. Therefore, precisely measuring tigg- distri-
the Tevatron. The NLQdashed curves overestimate the rate com- bution of the vector boson in the lo® region, e.g., from
pared to the resummédolid) ones, because kinematic cuts enhancethe amplez® events, can advance our knowledge of the non-
the low Q region where the NLO and resummed distributions areperturbative QCD physics.
qualitatively different. Without cuts, the NLO and the resummgd Although the rapidity distributions of the leptons are not
distributions are the same. directly related to the transverse momentum of the vector

200

100




56 SOFT GLUON EFFECTS ON LEPTON PAIRSTA . . 5575

boson, they are predicted to be different in the resummed and _do_ 10
the fixed order calculations. This is because to compare the der
theoretical predictions with the experimental data, some ki- (pbiGeV) 8
nematic cuts have to be imposed so that the signal events can
be observed over the backgrounds. We showed that the dif-
ference is the largest when the rapidity of the lepton is near
the boundary of the phase spa@e., in the large rapidity

region, and the difference diminishes when no kinematic 4
cuts are imposed. When kinematic cuts are imposed another
important difference between the results of the resummed 2

and the NLO calculations is the prediction of the event rate.
These two calculations predict different normalizations of
various distributions. For example, the rapidity distributions 25573 o125 IS 075 20

B 07 (GeV)

of charged leptonsy( ) from the decays ofV* bosons are
different. They even differ in the central rapidity region in  FIG. 19. Transverse momentum distribution of virtual photons
which the lepton charge asymmetry distributions are aboun pp—y*—e’e” events predicted by ResBgsolid curve and
the same(cf. Figs. 10 and 1)1 As noted in Ref[31], with ISAJET (histogram, calculated for the invariant mass range
kinematic cuts, the measurementMfy, is correlated to that 30 GeV<Q<60 GeV at the 1.8 TeV Tevatron.
of the rapidity and its asymmetry through the transverse mo-
mentum of the decay lepton. Since the resummed and thgy,,,4h not identicalwork [40] of which the conclusions
NLO results are dlf'fer'ent and thg former includes the mul-5 4 results, when they overlap, agree with ours.
tiple soft gluon emission dynamics, the resummed calcula-
tion should be used for a precision measuremen¥lgf. ACKNOWLEDGMENTS
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cant differences from the fixed order perturbation calcula-
tions in some kinematic regions. The details were discussed APPENDIX A: KINEMATICS

in Sec. Il Here we summarize some details of the kinematics for the

As noted in the Introduction, a full t tor, such ) : =
S NOeC In the introduction, & 1L SVent generator, suc lepton pair production process;h,—V(—/1/5)X. The

asISAJET, can predict a reasonable shape for various distri- boratorv(lab) f is th tor-of f fh |
butions because it contains the backward radiation algorith ora ory(lab) frame is the center-of-mass frame of the cok-
iding hadronsh; and h,. In the lab frame, the cartesian

[23], which effectively includes part of the Sudakov factor, . .
i.e., effects of the multiple gluon radiation. However, the coOrdinates of the hadrons are.
total event rate predicted by the full event generator is usuPh; ,n,(1a0)= VS/2(1,0,0£1), where S is the center-of-
ally only accurate at the tree level, as the short distance parnass energy of the collider. Transverse momentum resum-
of the virtual corrections cannot yet be consistently imple-mation is performed in the Collins-SopéCS) frame [14].
mented in this type of Monte Carlo program. To illustrate theThis is the special rest frame of the vector boson in which the
effects of the high order corrections coming from the virtualz axis bisects the angle between thg hadron momentum
corrections, which contribute to the Wilson coefficie@tsn phl(CS) and the negativk, hadron momentum- phz(CS)

our resummation formalism, we showed in Fig. 19 the pre{19].

dicted distributions of the transverse momentum of the Drell- T derive the Lorentz transformatioh’(lab—CS) that
Yan pairs byiSAJET and by ResBosour resummed calcula-  connects the lab and CS framés the active view point
tion). In this figure we have rescaled tl®JET prediction to p*(CS)= A*(lab—CS)p*(lab), we follow the definition of
have the same total rate as the ResBos result, so that thge cs frame. Since the invariant amplitude is independent
shape of the distributions can be directly compared. We ress the azimuthal angle of the vector bosomj), without
strict the invariant mass o_f the virtual _photo@_sto be be- loosing generality we start from a lab frame in whigy is
tween 30 and 60 GeV without any kinematic cuts on the,qrq First, we find the boost into a vector boson rest frame.
leptons. If additional kinematic cuts on the leptons are iM—Then. in the vector boson rest frame we find the rotation
posed, then the difference is expected to be enhanced, gsich brings the hadron momentuml(CS) and negative

discussed in Sec. lll C. As clearly shown, with a large dat . . o
sample in the future, it will be possible to experimentallyahadron momenturi-p,,(CS) into the desired directions.

distinguish between these two predictions, and, more inter- A boost by[%z —@(lab)/q® brings four vectors from the

estingly, to start probing the nonperturbative sector of thdab frame(with ¢,,=0) into a vector boson rest franiees).

QCD physics. The matrix of the Lorentz boost from the lab frame to the
After the completion of this work we noticed a similar rest frame, expressed explicitly in termsaf is
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q° -Qr © -q°

. Qf Q.q®

| T Ve © @
A’,f(lab—>rest)=6 0 00 ol

3 Qrq® (0%)?

q q°+Q 0 Q* q°+Q

whereQ=/(q%)2—Q2—(g%? is the vector boson invariant mass, and the transverse mass is defiteg=agQ?+ Q2.
After boosting the lab frame hadron momenta into this rest frame, we obtain

VS(a°Fa®  Qra®+QFa®  (£Q—a¥)(q°+Q)=(q%)?
PR, n,(rest = Aj(lab—restpy, p (1ab)=—-| — ,—6 °+a % O+ Q) )

and the polar angles qf)ﬁl(rest) and—pﬁz(rest) are not g“= (M coshy,Qt cos ¢y ,Q7 sin ¢y, M+ sinhy),
equal unlesQ;=0. (In the above expressions the upper 5

signs refers td, and the lower signs th,.) In the general B Q — My

Q;#0 case we have to apply an additional rotation in the Xb=— QM7 +n*+q-n"- ?qﬂ '

rest frame so that the-axis bisects the angle between the

hadron momentunp,, (CS) and the negative hadron mo- .
i i B i 2= (A nt =g )

mentum—py (CS). Itis easy to verify that to keqp, n, in My F -

the xz plane, this rotation should be a rotation around yhe

axis by an angler=arcco$Q(q’+M7)/(M(q°+ Q))].

Thus the Lorentz transformation from the lab frame to the
CS frame is A“(lab—CS)= A% (rest>CS)AN(lab—rest).
Indeed, this transformation results in equal polar anglesiere, g+= (1/ﬁl(q°i ad), y=(1/2)In(@@; /q.),
O, ,—n,=arctanQr/Q). The inverse of this transformation n”= (1#72)(1,0,0,1),n"= (1#2) (1,0,0-1) and the totally
that takes vectors from the CS frame to the lab frame is: antisymmetric tensor is defined a8'%*= —1.

q,
Y#zawﬂazaxﬂ. (A1)

APPENDIX B: O(as) RESULTS

A*(CS—lab)=[A*(lab—CS)]? To correctly extract the distributions of the leptons, we
have to calculate the production and the decay of a polarized
vector boson. Th®(ag) QCD corrections to the production

0 0 3
M7 9Qr 0 aQ and decay of a polarized vector boson can be found in the
1 QM+ M% 0 0 literature[41], in which both the symmetric and the antisym-
:QMT 0 0 QM ol metric p_arts of the hadronic tgnsor were calculated. Such a
5 5 0 calculation was, as usual, carried out in general numbgr (
a°Mr 9°Qr 0 gQ of space-time dimensions, and dimensional regularization

scheme was used to regulate infrar@d) divergences be-

The kinematics of the leptons from the decay of the vectora: ¢ it preserves the gauge and the Lorentz invariances.
; P y -7 Since the antisymmetric part of the hadronic tensor contains
boson can be described by the polar angland the azi-

muthal angle¢, defined in the Collins-Soper frame. The traqe_s_ with an c_)dq numbe_r s S, one has to choose a
; definition (prescription of yg in D dimensions. It was shown
above transformation formulas lead to the four-momentum

. . g in a series of paperfl 6] that in D #4 dimension, the con-
of the decay product fermiofand anti-fermion in the lab sistentys prescription to use is the 't Hooft—Veltman pre-

frame as scription. Since in Refl41] a different prescriptiof45] was
used, we give below the results of our calculation in the 't
Q(g* _ _ Hooft—Veltmanys prescription.
pr=7 64'5'” ¢ cospX*+sin 6 sin pY*+cos 02|, For calculating the virtual corrections, we follow the ar-

gument of Ref[42] and impose the chiral invariance rela-
tion, which is necessary to eliminate ultraviolet anomalies of
the one loop axial vector current when calculating the struc-
ture function. Applying this relation for the virtual correc-
tions we obtain the same result as that in Ref4] and[43].
where The final result of the virtual corrections gives

pF=g~—p,



T T
M BornMvirt + Mvirthom

as [ 4w u?
FE QZ

) 1
I'(l—e¢)

2

3 2 2
X _?_Z+7T -8 |MBom| f (Bl)

where e=(4—D)/2, n is the 't Hooft mass scale, and
Cg=4/3 in QCD. The four-dimensional Born level ampli-
tude is

dO'(hlh2~>V(~>/1/—/2)X) real emission
dQ?dydQ;d cos 6d¢

O(ag)

Q2
M2)2+QT2/M?Z 55

_ag(Q)Ck
- (2m)°S (Q*-

jl dé;

with z;=x, /¢, andz,=x,/&,. The dependence on the lep-

ton kinematics is carried by the angular functions

1
Lo=1+coS 6, Ap=5(1-3 cog 0),

1
Ay=sin 20 cosp,  A,=3 Sir? 6 cos 2p,

A3=2cosf, A,=sin 6 cos .
In the above differential cross sections-—1,...,4 with
A_1=Ly; and g' (gL+gR)(f +fR) for |——1012

G'=(g?—ga)(f2—f2) for i=3,4. The parton level helicity
cross sections are summed for the parton indiges in the
following fashion

>

=u,d,s,c,

aEb LanT:p= (cqu Tt LaaTeg T LacThe
+ LasTas+ LoqTogt LoaTog)-
The partonic luminosity functiong,, are defined as

Lap(€1,62,Q%) = fan (£1,Q%) Forn,(£2,Q),

wherefa,t11 is the parton probability density of partanin

hadronh,, etc. The squared matrix elements for the annihi-

lation subprocesgq— VG in the CS frame, including the
dependent terms, are as follows:

Tia=7 (T+<u,t>—<t+u>2e),
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|Mborn|2:

160" (g2 +aR)(FE+TRL
(QZ_M\2/)2+Q4F\2//M\2/ L R L R/~0

+(g7—gR)(fE—T3) A3l

where we have used the LEP prescription for the vector bo-
son resonance with madd,, and widthT'y,. The angular
functions areLy=1+cog 6 and A;=2 cosé. The initial
state spin average (1/4), and color average (1/9) factors are
not yet included in Eq(B2).

When calculating the real emission diagrams, we use the
same(’'t Hooft—Veltman vs prescription. It is customary to
organize theD(«a4d) corrections by separating the lepton de-
grees of freedom from the hadronic ones, so that

(B2)

JX e gl ab(§l=§21Q2)7;b(QT 1Q121122)Ai(67¢)1

In
s=(k+1)?, t=(k—q)? andu=(l—q)?, wherek, | andq

2

10
qq—=T§q—:mM—T%<T+<u,t>—<Q2+s>2e>,
e m (iAT?T (ut)(1—e),

; 1Q (Q2—u)t?+(Q2-t)u?
Tq?_EM_T T,.(ut)— Qz €,
U pa— —&(T (u,t) +Q3(u—t)e)
@yt My :

For the Compton subprocegq&—V(q, we obtain
1 2
T=55 (T+(su)=(stW)%),

2

-10
Too=Too™ 5y w2 (= WP+ Q7+~ (s+u)%e),
-1
T QTQ(Z(QZ—w 2 (@20 (s+u)e),

Tﬁg; Mg T.(s,u)—2u(Q?-s)

(Q2 t)(Q?s—su—u?)
Q2

6 )

2Q

.
UM, ——(2s(Q%—5)+ T, (s,u)—(Q*—t)ue).

qG

the above equations, the Mandelstam variables
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are the four momenta of the partons from hadroepsh, and
that of the vector boson, respectively, and X3(1-2,)+(1-25)6(1—121))e
T.(t,u)=(Q%—1)2+(Q?—u)2. All other relevant parton

level cross sections can be obtained from the above, and

summarized by the following rules:

+0

o
Qr

1 1
_ _ Seq=~z[(Z+(1-25))8(1~2,)— 8(1~2,) €]+ O —)-
i=-1,01,2 i=3,4 Q7 Qr
T¥=74 — T o=—7 As Q1—0, only the£, and .43 helicity cross sections sur-
aq aq qq . . O\ . .
T (u<—>t) To= — T (uet) vive as expected, since th&(ag) @fferen'ual cross section
Ga~ G Ga qG contains only these angular functiofts. Eq. (B2)].
Tos The qG
TGq__,TGq TGQ Toa:
APPENDIX C: EXPANSION OF THE RESUMMATION
FORMULA
with the only exceptions thatTGq G(u<—>t) and

Teq=Tas(u—t). These results are Consistent with the regu- In this section we expand the resummation formula, as
lar pieces of ther term given in Appendix E and with those given in Eq.(1), up toO(ag), and calculate th@+ singular
in Ref. [44]. piece as well as the integral of tk& «as) corrections from 0

In the above matrix elements, onIy the coefficientsCgf  to P;. These are the ingredients, together with the regular
and A5 are not suppressed Iy or QT, so they contribute pieces to be given in Appendix E, needed to construct our
to the singular pieces which are resummed in the CSS forNLO calculation.
malism. By definition we call a term singular if it diverges as  First we calculate the singular part at tB¢ag). By defi-
Q72X[1 or In@Q%Q3)] as Q;—0. Using the 't Hooft— nition, this consists of terms which are at least as singular as
Veltman prescription ofys we conclude that the singular Q{Zx[l or In(Q%/QZ)]. We use the perturbative expansion
pieces of the symmetricJy) and antisymmetric.43) parts of theA, B, andC functions in the strong coupling constant
are the same, and ag as

im T gd(stt+u—Q%)= lm Toed(s+t+u—Q?
QTHO QT—)O

Sqq>

Alag(p),Cy)= E( S(“)) AM(Cy),

lim Tggd(s+t+u—Q?)= lim T3 d(s+t+u—Q? B ]
B(as(m.Cl.Cz):gl (@) B™(C;,C,), (CY)

QTHO QT—PO
= SGC] ,

where

2

"2

o [as(p)|" c
Cia(z.b,,C1,Co)= %, (S—) CE?(z,b,u,C—l).

n=0 m™ 2
+46(1-2z9)

1
Sqq— QT{Zﬁ(l z;)0(1— 22)(

(1+222
X
1_22 +

The explicit expressions of tha(, B andC™ coeffi-
cients are given in Appendix D. After integrating over the
) —((1-zy) lepton variables and the angle betwdeandQ+, and drop-
+ ping the regular Y) piece in Eq.(1), we obtain

1+z,2
+6(1—2,) 1-27,

do

5Q7 ciQt
J dypndo(m)e S7OT eI, (XL j} ! i, | X2 ;

+1Hﬁ+O<QT1),

-3 8(Q%—My) 702 QT
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where we have substituted the resonance behavior by a fixddote thatag itself is expanded as
mass for simplicity, and defined, as [7]

A1 a? o (Mz) @ (QZ) 144 (Qz) /-L
=—7—>, for V=y*, s =5 - > —
(4] 9Q2 Y 2 2 O( 2 In Q2 +O(aS(Q ))
2
70732, 4 2 Vil?, for V=W, with Bo=(11Nc—2N;)/6, whereNc is the number of colors

(3 in QCD) andN; is the number of light quark flavors with
2 masses less tha@. In the evolution equation of the parton

T
o=z > [(1-4|Qj|sh)2+1]|V;|?, for v=2° distributions,

Here « is the fine structure constard,, (cy) is the sine

1+2%
(cosing of the weak mixing angledy, Q; is the electric PP (2)= CF( and
charge of the incoming quark in the units of the charge of the 1-z/,
positron(e.g., Qup=2/3, Qgown= — 1/3, etc), andVjy is de-
fined by Eq.(4). To evaluate the integral ovey=bQy, we
use the following property of the Bessel functions: 1
9 Propery Pl o(2)= 5[22+(1-2)7] (€2

dF(n)

f dnndo(n)F(n)=— f d7nJdi(n)
are the leading order Dokshitzer-Gribov-Lipatov-Altarelli-
which holds for any function F(7) satisfying Parisi(DGLAP) splitting kernels[49], and ® denotes the
[73:(n)F(7)]5=0. Using the expansion of the Sudakov convolution defined by
exponentS(b,Q,C;,C,)=5"(b,Q,C;,C,) + O(a?) with

5_(1) S(Q ) (1) %QZ P( ) f P(l X f 2
(b,Q,C;,Cy) = A (Cy)In? 2 (Pi @ fan) (X, u? )— Z Pi-al 2 an(€,19),
l
BY(C,,Cy)l —CgQZ
+ (C1.Cp)In Ci/bz ' and the double parton indexis running over all light quark

flavors and the gluon. In EqC2), the “+" prescription is
and the evolution equation of the parton distribution func-defined as

tions
dfin(x,u? ) _« (1) ! '
ot = S (P fam) (%) + O( ), AN FE= | d2EalF@OEm0 R
we can calculate the derivatives of the Sudakov factor and
the parton distributions with respect tp where
d as(Q%) CQ%7°
_— a—S(7/Q7,Q,C1,Cy) — (1) e -
d”]e T, 1:%2 7] A (C1)|n CiQ% @ B 0, |f X<O,
=11 i x=0

BY(C,,C,) |+0O(ad) and

is the unit step function anB(z) is an arbitrary function.
(1 ) After utilizing the Bessel function property and substitut-
(PjZa®Tan)(X,Q%) ing the derivatives into the resummation formula above, the
integral overn can be evaluated using

d ciQr) -2 as(Q )
dy i\ T2 T
+0(a§).

1, if m=0,

dnJd In" —|= .

For our numerical calculatiofwithin the ResBos Monte Carlo fO 71(7) (bo) [0= if m=1,2 andby=2e" ¢,
packagég we have consistently used the on-shell scheme for all the (€3
electroweak parameters in the improved Born level formula for in-

cluding large electroweak radiative corrections. In Yhe Z° case,

they are the same as those used in studyingZfhpole physics at where y¢ is the Euler constant. The singular piece up to
LEP [48]. O(ayg) is found to be
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do

Ols(Qz)[
dQ%dydQr|,

1
- S AQ-M3) e [, (X1, Q2) (Pie_5® Foyn,) (%2,Q2)

c: @?
+(PjHa®fa/hl)(X1,Qz)fﬁhz(xzsz)H' A(D(Cl)ln(?;gQ_% +B(l)(Cl,C2)}
2y5— 2y L » 1
X, (X1,Q) Fign,(X2,Q9) +j— k  +O %5, (CH

for arbitrary C; and C, constants. IfC; is not equal toC,b, then, whenQ+ is of the order ofQ, the arbitrary log terms
In(C2/(C3b3)) can potentially be larger than [B&/Q?). Therefore, to properly describe tg distribution of the vector boson
in the matching region, i.e., fadDt~Q, Eq. (C4) has to be used to define the asymptotic piec®@ts). This asymptotic
piece is different from the singular contribution derived from a fixed order perturbative calculafig} which is given by

d 1 agQ)
m QTHO:%&QZ_M\Z/) ZWQ_ZI_aST{[fj/hl(xlsz)(Pk_Hb(gfb/hz)(XZsz)
Q2
+(Pj—a®fam,) (Xx1,Q%) Fign, (%2,Q%) ]+ A(l)m(az +B(l)}
z
2y f— 2 4 i 2 1
XEim, (X1,Q) Fign,(%2,Q%) + ]~k +0O s 5,) (C5

whereA®=C andB")= —3C¢/2. Compared to the general results A1 (C;) andB™(C;,C,), as listed in Appendix D,
the above results correspond to the special casg, efC,b,. The choice ofC;=C,by=C3=hy=2e™ & is usually referred
to as the canonical choice. Throughout this work, we use the canonical choice in our numerical calculations.

To derive the integral of th®(as) corrections oveQr, we start again from the resummation form{izg. (1)] and the
expansion of the\, B, andC functions[Eq. (C1)]. This time the evolution of parton distributions is expressed as

fim(x,m?) = fjn(x,Q%) + f](/lr:(X,,U«Z) +0(ad),

with

2 2
fhoxud = 253 )In(%z)(P}Bamm)(x.QZ),

where summation over the partonic indeis implied. After substituting these expansions in the resummation formuléLEq.
and integrating over both sides with respecQ%J, we use the integral formula, valid for an arbitrary functie¢b):

1 P 2[2'6-5 _ifw
G fo dQ} | d?be®rPR(b)=5— | dbPrai(bPyF(b),

together with Eq(C3) to derive

2

1— +BW |n(g—$)})fj/hl(XLQz)fﬁhz(szQz)

d
ffd@% 7% 6<Q2—M€>{

o as(Q?)[1 (Q2
dQ%dydQ® S -

ZAM 2| =
2™ M pz

Q%) [Q?
01327T In( P_$> [(Pj—a® fan,)(%1,Q%) Fign,(X2,Q%) = fjn, (X1,Q*) (Pr_p® fiym,) (X2,Q%)]

2 _
+ O D0 ) (1, Q) i %22 Q) + iy (0 Q2N (0 oy )2, Q2]

P 12
+J;) dQTY(QTvQIXla)(Z)]! (CG)
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wherex;=€'Q//S and x,=e YQ//S. Equations(C5) and The constantsC;, C,, and Cs=pub were introduced
(C6) (together with the regular pieces, discussed in Appendixvhen solving the renormalization group equation Y .

E) are used to program th@(as) results as discussed in the C, enters the lower limitu=C,/b in the integral of the

beginning of Sec. lll. Sudakov exponertf. Eq. (5)], and determines the onset of
the nonperturbative physics. The renormalization constant
APPENDIX D: A, B, AND C FUNCTIONS C,, in the upper limitu=C,Q of the Sudakov integral,

) o specifies the scale of the hard scattering process. The scale
For completeness, we give here the coefficiént8, and  ,—c, /b is the scale at which thé functions are evaluated.
C utilized in our numerical calculations. The coefficients in The canonical choice of these renormalization constants is
the Sudakov exponent af&,21] C,=Cz=2e "e=b, and C,=C,=1 [7]. We adopt these
AD(Cy)=C choices of the renormalization constants in the numerical
1 F results of this work, because they eliminate large constant
67 2 5 b factors wit_hin theA, B, and_C f_unctions. _
A(Z)(Cl):CF[(_ _ _) Ne— —=N;— 8o |n(_°) } After fixing the renormalization constants to the canonical
36 12 18 Ci values, we obtain much simpler expressionsAé), B(1),
A andB®). The first order coefficients in the Sudakov
Czbo) exponent become
Cl !

3
B(l)(Cl,C2)=CF[—§—2|n(
AY(C)=Cgr, and BY(C;=by,C,=1)=—3Cg/2.

2
B (C,,C,)=Cg{ Cr T 3_35(3) +N¢| == 72 The second order coefficients in the Sudakov exponent sim-
' 4 16 36 plify to
3 3 Ne( 1 17 2
——+—§(3))+—(——W2+—) @i epyecd [T T Nl 2
48 ' 2 2\ 9 12 A(C1=Dbo)=Cr| | 35~ 75/ Nc— 1gN1 |,
67 w2 5 C,by
== —— (2) = =
|:<18 6 )NC 9Nf In( Cl ) B (Cl bo,C2 1)
b 3 (7 3 11 , 193
1 B, |n2(c—°)—|n2(cz)—§|n(cz)H, =Cel 7~ 16 3¢ TCeNe[ 367~ 75
1
3
where N; is the number of light quark flavorsn(;<Qy, +§§(3))
e.g.,Ny=5 for W= or Z° production, Ce=tr(t,t,) is the
second order Casimir of the quark representafieith t, 17
being the SUN:) generators in the fundamental representa- +CFNf( - qu 24
tion], Bo=(11INc—2N;)/6 and {(x) is the Riemann zeta
functlon,(na)nd§(3)~_l.202. For QCDN¢=3 andCg=4/3. The Wilson coefficient€() for the parity-conserving part
The Cj’ coefficients up tm=1 are of the resummed result are also greatly simplified under the
c canonical definition of the renormalization constants. Their
0 1) _ explicit forms are
Cj(k)<zybuuﬂc_2>_5]k5(l_z)l p
by, C
(1) -0 Zi_
CjG Z,b,M,C_Z =O,
B (2<1 )+ 2 8(1-2)(n? 8)]
=8l s(1-2)+ s 8(1—z)(7m"—
c@(z b, i &)=5< C (1(1—z)—im(“—b) PV (2) s >
jk My 1C2 ]k F 2 CF bo j—k and
1 _
+6(1—2) —Inz(—e 3/4) (1) _bO C1_ _1
b0C2 CJG Z,b,,LL—F,C_Z—bO —EZ(]._Z)
w23 : . . .
+ 2 16l As noted in Appendix C, the same Wilson coefficient func-

tions C;, also apply to the parity violating part which is

c 1 b multiplied by the angular functiol;=2 cosé.

C z,b,u, =2 = Z2(1-2)—In| = | P o (2)
jG 1 UUH 2 bo j<—G ’

Ca APPENDIX E: REGULAR PIECES

1)

—

where P} a(2) are the leading order DGLAP splitting ker- ~ TheY piece in Eq(1), which is the difference of the fixed
nels[49] given in Appendix C, and andk represent quark order perturbative result and their singular part, is given by
or antiquark flavors. the expression
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Y ,Q,X1,X5,0,0,C,) T,(u,—s)
(Q7.Q,%X1,X2,6,04,Cy 'Fi(u,s) [ Ao+ Ay]
_(19E [T dé o [es(CQ)" Q (Q%-W2+T_(u,t)
w by &=l } fam (£ C4Q) "o T.us 1]'

XRIB(Qr,Q.21,22,0,8) formy(£2,C4Q), (E1)

: _ u,s
R?Jz—rGJAf% +(s ) S(s+t+u—Q?)
wherez;=x;/§; (i=1,2). The regular functionﬁegg only

contain contributions which are less singular than

Q7 %X[1 or IN@QYQA)] as Qr—0. Their explicit expres- v Q_2 g(ZU(QZ—S) “1l41la
sions forh;h,—V(—/1/,)X are given below. The scale Qf M1\ Ti(u,s) 3
for evaluating the regular pieces &,Q. To minimize the
contribgtion of large logarithmic terms frpm highgr order 2Q2 [2s5(Q%-s)
corrections, we choosg,=1 when calculating th& piece. “oMe| T s +1| A0,
We define thejq’V and the/;/,V vertices, respectively, TETL T
as with
i1 7,9(1—¥5) +0gr(1+ vs)] — Q2( T, (tu)
rik= S(s+tt+u—Q?) —28(1—21)8(1—2,)
and QT
Q% 3 1+25
Py [fL(1—ys)+ fr(1+ys)]. X|Inl 52 2 —8(1-12) 1—7
Q? 2/
For example, forV=W", q=u, g’ =d, /;=v,, and 1422
/,=e", the couplingsg?=f2=GpM3/v2 andgi=fi= —8(1-2,) 12, [’
whereGg is the Fermi constant. Table | shows all the cou- *
plings for the general case. In E@E1), and

1| 2
R(allg_ ab [(9L+9R)(f +fR)Rab+(gL gR)

X (f2-fRRS"],

where the coefficient functior@?” are given as follows?

RiK=rik gyt T+(St'U) S(stttu=QY)| Aot A
QT (ut) | Q2
Qr T-(tu) 7t Mm%
2
RJk ]kA + (t v S(s+t+u—Q )[ Q ( © —1)A3
Q7\M
2Q% T_(t,u)

QTMT T+(t!u)

Q%Q%4 T, (u,s)

Gj_ ,Gj
Re'=r®o Tz —5
T

S(s+t+u—Q?3?)

ONote that in Ref[13] there were typos iR} andRS’.

2 2
rGi:Q [ ST S(s+t+u—Q?

Q% u s
_[Zi+(1_21)2]5(1—22)},

where T.(t,u)=(Q%—1t)?+(Q?—u)?. The Mandelstam
variabless,t,u and the angular functions,,.4; are defined

in Appendix B. TheV;, coefficients are defined by E®).
Fora=j andb=G: |V;g|?==|V/* where| andk are
light quark flavors with opposite weak isospin quantum num-
bers. Up to this order, there is no contribution from gluon-
gluon initial state, i.e.R§2=0. The remaining coefficient
functions with all possible combinations of the quark and

gluon indices(for exampleR*!, R®/, or RI®, etc) are ob-
tained by the same crossing rules summarized in Appendix
B.

Having both the singular and the regular pieces expanded
up toO(ag), we can construct the NLO Monte Carlo calcu-
Iation by first including the contribution from EC6), with

P, for Q+< Q5. Second, folQ+>Q3*®, we include
the O(as) perturbative results, which is equal to the sum of
the singulafEq. (C5)] and the regulafEq. (E1)] pieces up
to O(ag). [Needless to say that the relevant angular func-
tions for using Eqs(C5) and (C6) are £,=1+cos # and
Asz=2 cosé, cf. Eq. (B2).] Hence, the NLO total rate is
given by the sum of the contributions from both the
Qr<Q¥Pand theQ:>QFPregions.
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