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We present precision calculations of the procesSes — 4 fermions, in which the double resonaft W~
intermediate state occurs. Referring to this latter intermediate state as the signal process, we show that, by
using thevyrs Monte Carlo event generatorssww3-1.14 anckorALw 1.42 in an appropriate combination, we
achieve a physical precision on the signal process, as isolated with CERN LEP2 MC Workshop cuts, below
0.5%. We stress the full gauge invariance of our calculations and we compare our results with those of other
authors where appropriate. In particular, sample Monte Carlo data are explicitly illustrated and compared with
the results of the programacoonww of Denneret al. In this way, we show that the tot#physical and
technica) precision tag for th&VWsignal process cross section is 0.4% for 200 GeV, for example. Results are
also given for 500 GeV with an eye toward future linear colliders.
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The award of the 1999 Nobel Prize for physics to G. 't  More specifically, inyFsww3-1.13[13], the leading-pole
Hooft and M. Veltman, and the success of the predictions ofipproximation (LPA) is used to develop a fully gauge-
their formulation[1] of the renormalized non-Abelian quan- invariant YFS-exponentiated calculation of the signal pro-
tum loop corrections for the standard mofi2] of the elec- cesse”e” =W W~ +n(y)—4f+n(y), which features the
troweak interactions in confrontation with data of CERN exactO(«) electroweak correction to the production process
ete” collider LEP experiments, underscores the need t@nd theO(«?) LL corrections to the final-state decay pro-
continue to test this theory at the quantum loop level in thecesses. The issue is how to combine this calculation with that
gauge boson sector itself. This emphasizes the importance of KORALW-1.42 in Refs[14,15, for the corresponding com-
the on-going precision studies of the processe®™ plete Born-level cross section with YFS-exponentiated
—W*W~ +n(y)—4f+n(y) at LEP2 energieg3-5], as initial-state O(«®) LL corrections. In this connection, we
well as the importance of the planned future higher energyoint out that the LPA enjoys some freedom in its actual
studies of such processes in linear collide€) physics pro- realization, just as does the LL approximation in the precise
grams[6-9]. We need to stress that hadron colliders alsodefinition of the big logarithni, without spoiling its gauge
have considerable reach into this physics and we hope timvariance. This can already be seen from the book of Eden

come back to their roles elsewhdr)]. et al.[17], wherein it is stressed that the analyticity of tBe
In what follows, we present precision predictions for thematrix applies to the scalar form factors themselves in an
event selection¢ES) of the LEP2 Monte CarlgMC) Work-  invariant Feynman amplitude, without any reference to the

shop [11], for the processee’e —W*'W +n(y)—4f  respective external wave functions and kinematisainon
+n(y), based on our new exa€t(a) ;o4 Yennie-Frautschi- ~covariants. The classic example illustrated in R&7] is that

SuurafYFS)-exponentiated leading-logLL) O(«?) final-  of pion-nucleon scattering, with the amplitude
state radiatioFSR leading-pole approximatiofLPA) for- .
mulation, as it is realized in the MC progranisww3-1.14 M=u(p)[A(s,t) +B(s,t)(d1+d,) Ju(py), 1)

[12,13, in combination with our all four-fermion processes

MC event generatatORALW-1.42[ 14,15 so that the respec- where thep; are the nucleon 4-momenta, theare the pion
tive four-fermion background processes are taken into ac4-momenta,u(p) is the usual Dirac wave function of the
count in a gauge-invariant way. Indeed, gauge invariance is aucleon, and the invariant scalar functiohis,t) andB(s,t)
crucial aspect of our work and we stress that we maintain ibf the Mandelstam invariants=(p;+0;)?, t=(d,—qy)?

throughout our calculations. realize the analytic properties of tif@&matrix themselves in
Recently, the authors in Reffl6] have also presented the complexs andt planes. This means that whenever we
MC program results for the processes e —W'twW~ have spinning particles, we may focus on the analog8 of

+n(y)—4f+n(y), n=0,1, in combination with the com- andBin Eqg. (1) in isolating the respective analytic properties
plete background processes that feature the exact®Rd of the correspondin@matrix elements. We note that Stuart
correction. Thus, we will compare our results, where pos{18] has emphasized this point in connection with the pro-
sible, with those in Refg16] in an effort to check the overall duction and decay o pairs ine*e™ annihilation and in
precision of our work. As we argue below, the two sets ofconnection with the production and decay of singis in
results should agree at a level below 0.5% on observables"e™ annihilation. What this means is that, in formulating
such as the total cross section. the Laurent expansion of th8 matrix about its poles to
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isolate the dominant leading-pole tefthe LPA is then real- only their leading poles, without touching the';}; in the
ized by dropping all but this leading tejmwe may focus on | pA,, we also evaluate the; at the position of the respec-
only AandB, or we may insist that in evaluating the residuestjve |eading poles. Evidently, in the latter case, we must
of the poles in th&smatrix the wave functions and kinemati- maye an analytic continuation of the phase-space point origi-
cal covariants are also evaluated at the pole positions. Wheﬁhlly associated with the”;} to a corresponding such point

\I/_vFe>Afocus (;]nl?ll or; thte atrp]alogs :IétfandBl n fotrrr]nulatgzghthe for the respective pole positions. See Réf] for an illus-
» We shall reter o the result simply as the LSB. €N tration of such a continuation in the context of the YFS-
we also evaluate the wave functions and kinematical covari-

o C X . exponentiated exa(«) calculation for the production pro-
ants at the pole positions in isolating the poles in the analoggeSS inete —W W~ +n(y)—4f+n(y), and Refs.[5]
of A andB for the LPA, we shall refer to the respective resultf imilar illustration i thy text fytr@ .t'
as the LP4A. As Stuart stressed as well, both the LP#&nd or iS',rm ar Lusﬁra ion in the context o (@) correction
the LPA, are fully gauge invariant. to.e e —W"W~—4f. Having |solateq the approprlate re-
For the process under discussion, a general representatigfization of the LPA at the level of\1, it must still be de-
is [18] cided whether to treat the phase space used to integrate the
cross section exactly or approximately to match what was
‘ done for the{/;} in the case of the LPA In all of our work,
M=2 7/iAGaa), (2)  we stress that we always treat the exact phase space, both in
J the LPA, and in the LPA.
where {/j} are a complete set of kinematical covariants [N the context of YFS exponentiation, we realize the LPA
which carry the same transformation properties as degs as follows, as was briefly described already in Réf].
and the Lorentz scalafs),q,} are a complete set of Lorentz Taking the respective 4-fermion plusphoton process kine-
scalar invariants for the external 4-momenta.ef. In the  matics to be as given bihere,dr,, . 4 is the respective phase
LPA,, we make a Laurent expansion of the and retain  space differential with the appropriate normaliza}ion

e (pr) et (pa)—Fa(r) +Fo(ra) +FAr)+F5(r5)+ y(ky),....v(ky)

1 ()
Un:mf LR PH ST P SN SN ST oy
X E . z i |M£1r;)(plapZ!rlarZYrjll_!ré!kli"'!kn)|21
Ferm. spin Phot spin
and that of the correspondingy™ W~ production and decay process to be as given by
e (py)te (pa)—W (ay) +W(ay),
W (g0)—Fa(r) +Fa(r2), W (ap)—fi(rp)+Fa(rp),
1 ’ !
Un:mf d7nya(P1tP2ire,la,ry.rz,Ke,. Kp)
XX X [ MUBAPLP2 12 g K K| @
Ferm. spin Phot spin
|
in the context of YFS exponentiatidi9,20, we proceed 1 -
according to Refs[12,19,2Q, X WM(DQCT?M(ql,FlJz,kaH,---,kb)
M (P12, T 1,T 2,015 Ky, K 1 _ ;o
PPzl iz k) X B MBeca (02T 1T o K1, K,
LPA ) 2
— M P2, T, I, 01,15 Ky, K
LPA(P1,P2:M1,T2,71,1 5. Ky n) D(q)) =g2— M2,
_ (a),Aho .
Phot pzartitions Prog  (P1:P2:01,G2 K1, Ka) M2=(M§—iTwMw[1-T3/MG+O(a®],
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Q1=ri+r+Keqt-+Kkp, in Ref. [12], which treats the radiation in the production
process, and on that offsww3-1.13 andyFswws-1.14, in
go=ry+rot+ky 1+ +ky, (5  which the radiation from the decay processes is also treated.

In the LPA, case, the correspondirigf function isoff shell
so thatM? is the pole in the compleg? plane wherg is the  Let us discuss first the LRAcase and comment later on how
respectiveV 4-momentum, andil,, andl'\, are theon-shell  the corresponding results for the LPAase are obtained.
scheme mass and width, respectively. The residues ifgEq. Here, since th&U(2), X U(1) Ward-Takahashi identities
are all defined at?=M? with a prescription according to require[see Eq(47) in Ref.[22]]
whether we have LPAor LPA,, so that Eq(5) is our YFS

generalization of the formula in E@12) in the first paper in kM7 =0, k“MZ =i VM,
Ref. [5]: W . 9
MMi:t\/,uWM‘ﬁ ,

AV (M) AL (M)
M= I, (M1, M) —5 ST for u, denoting the squared boson masgso that, forV
Moz ! 2 =W, uyw=M32), we find thatB’ is SU(2), x U(1) invariant
n=0,1, (6) from the equations if9) and our result, Eq8), in Ref.[20].
From Eq.(8) it then follows that the infrared residuats{”,
whereD;=D(q;) andM?=M?2. We stress that, unlike what are alsoSU(2)_ X U(1) invariant. Here and ¢~ are ‘the
is true of the formula in Eq(12) in the first paper in Ref5]  usual unphysical Higgs fields in our general renormalizable
and in Eq.(6) here, in Eq.(5) n is arbitrary. The sum over gauges and we use the notation of HéR], so thatMi is
“photon partitions” is over all 10 possible attachments of  their respective amplitude for the emission of af Lorentz
photons to the six external fermion lines and the tWo index u and 4-momentunk, and MY is their corresponding
lines (one for theW production and one for th&/ decay, amplitude for the emission of ay with the same
respectively. We make the further approximation thet>  4-momentum, etc.
=M2, in the residues in Eq(5), always maintaining gauge  Introducing Eq.(8) into Eq. (7) gives
invariance, as explained. Equatiof® and (4) in Ref.[21] " -
then give us, in the presence of renormalization-group- Mipa(P1:P2:F 1,712,111 Ko kn)
improved perturbation theory, for the representation

) =" > m"™(py,pa.r1.Farh Ky, k).
M(LanA(plvp21r11r21r_‘;_1r21k17'--1kn) jZO ! (pl p2 bl n)

(10

Equation(2.13 in Ref.[19] and Eq.(7) in Ref. [21] then
give our n-photon differential cross section, foP=p;
+p,, P=0, as

=J_ZOM}“)(pl,pz,rl,rz,ri,ré,kl,...,kn), (7)

whereM(" is thejth virtual photon loop contribution to the
residues InMLPA, the identifications
, Tod%k

r @2%RaB’ oW
S i L gele

®)

where B’ is now, for the LPA case to be definite, then
shell virtual YFS infrared function, which reduces to that
given in Egs.(8) and (9) in Ref.[20] when we restrict our where we note that, when we only focus on the production
attention to the production process, aadis indeeda(0)  process in Eqcll), Ris the producedVWintermediate state;
when it multipliesB’ here. Let us keep this limit 0B’ in R=r,+r,+r;+r;. Using the second theorem of the YFS
mind, as we focus on the gauge invariancere$ww3z1.11  program[Eq. (2.15 in [19]], we get

-R->, kj)

MM (P1,Pa 112,01, 15 Ky, k) ,

o

S mp

n"=0

o|3rl d®r, d°; dr,
o 9 r’O ’ (1)
1 2 1 2

X

)

S m

n'=0

2

=§<kl>---§<kn>ﬁo+§1 S(ky)-S(ki_1)S(Ki 1 1) - S(kn) Ba(ki) +

n

+ 2, S(ki)Bn-1(ky, K-, K1, ko) + Bo(Ky, o), (12

where the real emission functi@(k) is given bySp,,4(k), the real emission infrared function in E@) in Ref.[20] for on
shell Ws, when we only focus on the emission from the production process as we did in[R&fE3. Since, in general,
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é(k) :éProd+§Decl+§De%+§Int ) (13
with
& oo [[Pr P2}t Ad Ad, S (P1 Ad)® (P A\ [Py Adp )
Prod 4m*[\kpy kp, kAq; kAgp kp: kAg kp, kAQ; kp: kAg;
A
( P2 41 ' (14)
kpZ kAql ('Aqi)ZZM\ZN
- a ry r Ad, I Ad, z
Spec,(K=—72 Qle(kr kr) QlQW(krl qu) QzQw(kr ~ kAq, P (15
=My
~ rpoorp)\? rp Ag, r, Ag;
SDeCQ(k):_ [Qle( 1 kré) QlQW( kr} qu) QzQW(kr " kAq, » )27M2' (16)
2" =My
1\ 2
g __ 2 (P 2" =« =z %
Slnt(k)_ 4#2(kp1 kp2 Qlkl‘ szrz Qlkl’l szr2> SProd SDec1 SDec2 (17)

is really composed of the scalar product of emission currentgomplete value o8(k) is used, then aW™* radiative effects

1t (K} with k,jf(k)=0, Eqg. (13) is alsoSU(2) X U(1)
invariant. Here
Ag;=analytical continuation ofg; to the pointqi2
=My, (18)

This analytical continuation, already described in R&g],

are contained in the respectiy#, residuals, in accordance
with the YFS theory in Ref[19], as the non-zero widths of

the Ws prevent any IR singularities when \& radiates a
photon in Eq.(4). In our work in YFsww3, as we indicate
below, we make the approximation of dropping all interfer-
ence effects between the production and decay stages and
between the two decay stages of E4). This means that we

does not spoil the gauge invariance, as we see from Eqﬁrop theS,., (k) in $(K) in Eq. (13) and in Eq.(19), so that

(13),(18). It follows that the hard-photon residug|g,} are
alsoSU(2) XU(1) invariant.
Substitutung Eq.(12) into Eq. (11) we finally get the

SU(2) X U(1)-invariant expression, which is the funda-

mental formula of our calculation,

2RaB’ +2aB

1 .
dULPAb e )4Jd4ye|y(p1+p2_ql_q2)+D

— 5 dskj —iykj g
X| Bot 2 e Y Bn(ky, ... kn)
n=1 j

dry dPr, d3r) dry Lo
GG "
where we have defined
L . ;
D= [ S He K oK KD
0
~ d3k
ZOIB:Jk—H max_ |k|)S(|() (20)

This shows that the paramet€f,,,<\/s is a dummy param-
eter on whichdo does not depend. In Eq19), when the

the YFS theory then determines the corresponding forms of

the YFS functions3,,, B’ andD as also having the respec-
tive interferences dropped. This approximation, which re-
sums a certain class of lar§é radiative effects, corresponds

to the YFS exponentiation of the/ production and decay
radiation in the LPA, neglecting of all interferences between
the production and decay stages and between the two decay
processes.

All of the above results extend directly to the calculation
when we use LPA amplitudes, as these are also gauge-
invariant by the gauge invariance of our leading poles in the
S matrix. Thus, the only change we must make is that the
respective residues must be calculated in the | P&ther
than in the LP4; for example, in Eqs(14)—(17), g; would
be used instead odq; , etc. We have done this, as we further
illustrate in the following.

Let us now comment on the issue of the pure FSR YFS
exponentiation for the decay processes treated in the LPA.
We proceed in analogy to what is done in ReX3] for the
MC yrs3for the respective FSR. Specifically, for both decay

residue amplitudes({,) , , we may have contributions to
the respective hard-photon residugls due to emission for

the final-state decay processes; in these we follow the proce-
dure, described in Ref$23,24], and already illustrated in
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Ref. [25], for including these contributions, using the samethe well-known soft plus virtual LL inital state radiation
YFS methods as we used above for radiative effects to thdSR) correction to the process at hand, that ha®{a) the
initial, intermediate, and final states. Here, we shall neglecéxpressiorf30]

all interference effects between the production and decay

processes as we explained above; this is analogous to ne-

glecting all interference effects between the initial and final StsrL=BInko+ =

states in theﬁn in Refs.[23,25. We note that it is possible to

retain these interference effects, as we have illustrated in tr\ﬁhereﬁz(Za/w)(L— 1) L:In(dmﬁ) andk, is a dummy
exactO(a) YFs-exponentiatedHWIDE MC in Ref. [26] for ’ '
wide-angle Bhabha scattering and, more recently, using th{s]é]oeﬁeC utsgget:qaet é:fa lgce:(?sl[ssg]mv\?glémsc[gsesdSl'ﬁ(cglsmjlulsgal In

new CEEX (coherent exclusive exponentiatjoexponentia-
tion theory in Ref[27], to all orders in« in the newkk MC ~ ONlY the parB Inko+ (alm)(w/3) of isg . has the coupling

[24,27) for the two fermion processes from théhreshold to  @(0) and the remaining part objsg , has the coupling

1 TeV. In this way we see that the use of Et9) to include g, =«(0)/(1-0.0371). ~ The  renormalization-group-

exponentiation of the FSR is fully realizable by the Monteimproved YFS theory implies, however, that0) should be

Carlo methods we already tested. We stress that, for the sanged for all the terms iM'sm - This is done invFswwa-

reasons we gave for the exponentiation of the complete pror 14 and results in the normalization shift(«(0)

cess, these FSR contributions to g are fully gauge in-  — 45 )/#] (1.5.—2), which is~—0.33% at 200 GeV. This
o

varllar:L . " . | explains most of the change in the normalizatioryesww3a
n e~current ver_5|9n_ oFFSww3, version 1.14, we a_so 1.14 with respect torrsww3-1.13. Moreover, it does not
drop theSpe terms inSin Eq. (13) and the corresponding  contradict the expected total precision tag of either version of
terms in the functiong,,, B’ andD, and include FSR using YFSwwa3 at their respective stages of testing. We stress that,
the programpHOTOS[28], which gives us a LLO(a?) real-  according to the renormalization-group equation, version
ization of the FSR in which finitg effects are represented 1.14 is an improvement over version 1.13 in that it better
as they are in thé@(«) soft-photon limit. This LL implemen- represents the true effect of the respective higher-order cor-
tation of FSR is fully gauge invariant. The ratios of the rections.
branching ratios(BRs) are then used to obtain th@(«) For the purposes of cross-checking with ourselves and
correction in the normalization associated with t&¥a) with Ref.[16], we also created a second scheme, sch@&ne
correction to the decay processes themselves. Evidentl§or the realization of the renormalization WFswws-1.14. In
these ratios of BRs are also gauge invariant. As we illustratéhis scheme, we put the enti®(«) correction from Refs.
below, for the corresponding non-factorizable corrections we¢30] at the coupling strengtix= «(0). Since the pure NL
use an efficient approximation in terms of the so-calledhardO(«) correction is only~ —0.006 at 200 GeV, scheme
screened Coulomb ansd29], which has been shown to be (B) differs in the normalization from schemdé by
in good agreement with the exact calculations for singly |n-~[a(0)/aG —1] (—0.006)x=0.0002, which is well below
clusive distributiong29]. This ansatz is gauge invariant.  the 0.5% precision tag regime of interest for LEP2. Thus,

We also point out that the current version 1.14 differsschemeB, which is used in Ref[16], is a perfectly accept-
from version 1.13 in Ref[13] in that it uses a different aple scheme for LEP2 applications. It gives us a useful ref-
renormalization scheme. Specifically, the scheme used iBrence point from which to interpret our comparison with the
version 1.13 is the so-calle@, of Ref. [30], in which the  results ofrRacoonww from Ref.[16], which we discuss be-
weak-scale coupling30] ag, is used for all terms in the |gw.
virtual correction, except those that are infrared singular, Having presented our gauge-invariant calculation as it is
which are given the couplinga=a(0). In the realized in the MCrrswwa-1.14, we will now turn to illus-
renormalization-group-improved YFS theory, as formulatedirating it in the context of LEP2 applications. Specifically,
in Ref.[21], all the terms in the amplitude that involve cor- we always have in mind that one will combine the cross
rections, in which the emitted photon of 4-momentkras  section from YFsww3 with that from the KORALW-1.42
k?—0, should have the coupling strength corresponding t¢14,15 MC, which is capable of calculating the nonresonant
a(0)—not just those that are IR singular. We therefore havédackground contribution in a gauge-invariant way. We can
introduced into YFswws3 this requirement of the do thisin two ways, which we will now briefly describe, and
renormalization-group-improved YFS theory to arrive at ver-we refer the reader to Refg31] for a more detailed discus-
sion 1.14. We refer to this scheme as our schéA)e Ac-  sion. In the first way, we start with LRAand we denote the
cording to the renormalization-group-improved YFS theory,corresponding cross section frorasww3-1.14 aso(Y,). It
it gives a better representation of the higher orders effectis corrected for the missing background contribution by add-
than does théG, scheme of Ref[30]. We stress that this ing to it a correctiomA o(K) from KORALW-1.42 to form
scheme(A) is also gauge invariant. The main effect of this
change in renormalization scheme between versions 1.13 and oyik=0(Yy) +Ac(K), (22
1.14 is to change the normalization of version 1.14 by
—0.3% to—0.4% with respect to that of version 1.{BL]. whereA o (K) is defined by

The generic size of the resulting shift in thiesww3 pre-
diction which we just quoted can be understood by isolating Ao(K)=o0(K1)—o(Kj). (23

af3 ™, 21
a2ttt 372 (1)
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TABLE I. The total WW cross sectiongw= o (K3), a(Y,) at the Born and ISR level, thef4correc-
tions 8,:=A(K)/ogom(Y) and theO(a) NL correctiondyy=Aa(Ya)/0gorm(Y) atE¢ m =200 GeV. The
numbers in parentheses are the statistical errors corresponding to the last digits of the results. All of the

results are without cuts.

No cuts oW (fb) 845 (%)
Final state Program Born ISR Born ISR S (%)
YFSWW3 219.793(16) 204.198(09) — — —-1.92(4)
v Wu* TV, KORALW 219.766(26) 204.178(21) 0.041 0.044 —
(Y=K)IY 0.01 (1)% 0.01(1)% — — —
YFSWW3 659.69(5) 635.81(3) — — —1.99(4)
UH/.L v KORALW 659.59(8) 635.69(7) 0.073 0.073 —
(Y=K)/Y 0.02 (1% 0.02(1)% — — —
YFSWW3 1978.37(14) 1978.00(09) — — —2.06(4)
udse KORALW 1977.89(25)  1977.64(21)  0.060  0.061 —
(Y=K)/Y 0.02 (1% 0.02(1)% — — —

Here, the cross sectian(K,) is the complete 4-fermion re-
sult from KORALW-1.42 with all background diagrams and

has the accuracy @[ (a/m)(I'w/My)]. We have checked
that the resultsry,x and o,y are numerically equivalent at

with the YFs-exponentiated(«°®) LL ISR and the cross sec- the 0.1% level of interest to us here. In the following we only
tion o(Kj) is the restricted CC03 Born-level result from show results from the former. For completeness, we also note
KORALW-1.42—again with the YFS-exponentiatéf«®) LL ~ that we sometimes identify o(Y)=0(Ya), o(Y>)

ISR. The result in Eq.(22) is then accurate ta[(a  =0(Yp), o(Y3)=0(K3), ando(K,) is to be identified as
/) (T'w/My)]. Alternatively, one may start with the cross the cross section froraRORALW-1.42 with the restricted on-
section for LPA , in YFsww3-1.14, which we refer to as Pole CCO3 Born-level matrix element with YFS-
a(Y,) ando(Yy) correspondingly, and isolate the respectiveexponentiatedD(a3) LL ISR. This latter cross section is a

YFS-exponentiated(«) correction, Ao (Y), which is miss-

ing from the cross sectionr(K;) as

Ac(Y)=a(Y))~o(Ya),

YFSww3-1.14, with the non-leading\L) non-ISRO(«) cor-

(29)

future option ofkorALw [10]. It would allow further com-

binations of yFsww3 and KORALW with the desired
O[(a/m)(T'\y/My)] accuracy. Such combinations would be

of use in cross-checks of our work.

) _ ) We now illustrate our precision predictions usingy .
where o(Y,) is the corresponding cross section from e have checked that the correctidr(K) is small,<0.1%

for c.m.s. energies-200 GeV. This is summarized in Tables

rections toﬁn, n=0,1, switched off. Then the cross section | and II, in which we compare the size of the correction
Ao(K), labeledd,s, with the size of the respective NL non-

oxy=0o(Ky)+Ac(Y))

(29)

ISR O(a) correction for the 4-lepton, 2-lepton—2-quark, and

TABLE Il. The total WW cross sections = o(K3), o(Y,) at the Born and ISR level, thef&orrec-
tions 8, =Ao(K)/ 0gorm(Y) and the®(a) NL correctionsiy,=Ao(Y,)/ ogor(Y) atEg m =200 GeV. The
numbers in parentheses are the statistical errors corresponding to the last digits of the results. All of the
results are with théare cuts of Sec. 4.1 of Refl1].

With cuts oV (fb) 845 (%)
Final state Program Born ISR Born ISR i (%)
YFSWW3 210.938(16) 196.205(09) — — —-1.93(4)
vt T, KORALW 210.911(26)  196.174(21)  0.041  0.044 —
(Y=K)/Y 0.01 (1% 0.02(1)% — — —
YFSWW3 627.22(5) 605.18(3) — — —2.00(4)
UE,LL v, KORALW 627.13(8) 605.03(7) 0.074 0.074 —
(Y=K)/Y 0.01 (1)% 0.02(1)% — — —
YFSWW3 1863.60(15) 1865.00(09) — — —2.06 (4)
udse KORALW 1863.07(25)  1864.62(21)  0.065  0.064 —
(Y=K)/Y 0.03 (2)% 0.02(1)% — — —
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FIG. 1. Distributions of the total photon ener¢®) and cosine of the hardest photon polar ar(glefor the ud+ mv,+n(y) final state.
The solid, open circle, star, and diamond curves correspond to the LL BARE, LL CAKQ) g O(a?) LL FSR BARE, and CALO
YFS-exponentiated results, respectively.

4-quark final states, with and without the cuts of Réfl] at  differential distributions of the improved normalization of
200 GeV. version 1.14 is to shift the normalization, as we discussed
Thus, in what follows, we shall ignordo(K), as our above. Thus, we do not repeat their presentation here. We
ultimate precision tag objectives0.5%, does not require refer the reader to the results in REE3] for an investigation
that we keep it. It will be analyzed in more detail elsewhereinto the size of the EWW NL (EW denotes electrowealand
[10]. Further, for the cross sectian(Y,) we have already FSR effects in the cases listed above insofarrsvw3z-1.14
presented, for version 1.13, in Figs. 1-8 of R&B|, for the  is concerned with the understanding that the shapes of the
cs/v, /=e", u~ final states, th&Vv* ~ angular distribu- distributions apply directly to version 1.14, but that the nor-
tions in theete™ c.m.s. system, th&® ™~ mass distribu- malization of the EW correction should be reduced by
tions, the distributions of the final-state lepton energies in the-0.3% to —0.4%. In general, we found in Refl13] that,
laboratory framde™ e~ c.m.s. framg and the final-state lep- depending on the experimental cuts and acceptances, both
ton angular distributions in the&/~ rest frame and their cor- the FSR and the EW corrections were important in precision
rections(relative to the Born levél The main effect on these studies of these distributions; this conclusion still holds for

BARE BARE
0.10 e l N 0.10 LA P
5 = do—do « (1) 18R + CC § = o
%% 4o Born o (2): ISR + 8CC b Born ]
b T (D= (2 1 005" i 7
o (1) =) _ i MP MY ~sMey
?w ] iﬁ?
9 OOHHH+ ﬁfﬂmnuu. ,
Qg? , : % “'“HHHHHHHHE
0.0 §+ff**v?¢1ryy;§$;§6qi9i111vv1991911vvv--vvv.--- $$$ 1
Yoty 2 ]
o9 1 =005 F %6 3
005 Mo, : %,

2o, "% p0ggeti2i0EET 40 098
@%% 010k , 222999 ot *Z“i’fﬂ*jé
@ q
Q@,Q ]
—0.10F cosbyy M_[GeV] 1

Ll [ NN ~0.15 , Lol [N 1 b

1.0 —0.5 0.0 0.5 1.0 775 0.0 825 85.0

FIG. 2. Effects of the screened Coulomb correctiS€Q on the distributions of the polar anglleft) and the invariant magsight) of
W™ in comparison with the usual Coulomb correcti@C) atE. ,, =200 GeV. As indicated the star, solid diamond, and large dotted curves
are the ISR-usual Coulomb correction, ISRscreened Coulomb correction, and their difference respectively, in the presence of YFS

exponentiation. Results are for teée”—W" W~ —udu v, channel. Theare cut is that of Sec. 4.1 of Ref11].
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TABLE lIl. Total cross sections for CCO3 fromacoonwwand  1/4(M,)=128.887,
YFsww3 at /s=200 GeV without cuts. The numbers in parentheses

are statistical errors corresponding to the last digits. for M,=91.1867 GeV, m,=175 GeV,
No cuts 7ot (fb) M,=150 GeV, ag(M,)=0.119, 27)
Final state Program Born Best
as well as
YFSWW3 219.77023) 199.995%62)
v T, RACOONWW  219.83640) 199.55146) M=80.350 GeV, I';=2.49471,
(Y=R)/Y -0.032)% 0.224)% (29)
YFSWW3 659.6407) 622.7119 I'y=2.08699 GeV.
udp” v, RACOONWW 659.5112) 621.0614)
(Y=R)/Y 0.022)% 0.274)% Other input parameters such as light quark masses are also as
YESWW3 1978.1821) 1937.4061) given in Eqs(1)—(7) of Ref.[11]. The masseM,, M are
udse RACOONWW  1978.5336)  1932.2444) the respective physical on-shell renormalized masses. As in

Ref.[11], in all of our numerical work, we use the approxi-
mation M?= MW—lFWMW for the respective complex pole
position.

version 1.14, of course. For example, in the lepton decay In Fig. 1(@) we see that the total photon energy distribu-
angle distribution, for the BARE acceptan@ARE denotes tions are different for the BARE and CALO cases but that
that the final charged lepton is not combined with any phothe NL non-ISR correction does not affect them strongly. In
tons both the FSR and the EW correction modulate the disFig. 1(b) we see that for both the BARE and CALO cases the
tribution, whereas for the CALO acceptance of Rgif3]  NL correction does affect the photon angular distribution
(CALO denotes that all photons within 5° of the final-state away from the beam directions, as we expect. Note that this
charged lepton are combined withibe FSR effect is almost is the NL correction implied by the YFS exponentiation of
nil whereas the EW correction effect remains at the level ofur exactO(«a) o4 correction. Finally, in Fig. 2 we show the

~ 2.0%. Here, we focus on the total c.m.s. photon energgffect in theW mass and angular distributions of using the
distribution[Fig. 1(a)], and the c.m.s. photon angular distri- Screened Coulomb correction from Rg29], as against the
bution[Fig. 1(b)]. We show these results both for the BARE usual Coulomb correction from Réf32]. The effect we see
and CALO acceptances, as defined in the 4-fermion sectiot$ @ 5 MeV shift in the peak position, associated with the
[11]. For definiteness and in the interest of being self-difference between the screened and usual Coulomb correc-
contained, we list the standard input parameter set that wions; we see almost no effect, as expected, associated with
use here and that is used in REF1], as it is given in Egs. this difference on thee™e™ c.m.s.W angular distribution.

(Y=R)/Y ~0.022)% 0.274)%

(1)—(7) of the latter reference: Since we calculate the finitpr n(y) corrections to these
distributions, these results are new. Indeed, in REf] it is
M;=91.1867 GeV, 1.(0)=137.0359895, shown that the results fromacooNnww and YFSWw3 (Besh

for the distribution in Fig. (a) differ by ~20% and, as we

G,=1.16637%K 10 ° GeV ?, (260 have the dominan(a?) LL corrections to this distribution

whereas in Fig. 20 in Refl1] the RACOONWW result only
has the exac®(«) Born result for the hard photon observ-
able, we expect that most of this discrepancy would be re-
moved if the dominan®(«?) LL corrections were included
the RACOONWW results. This has recently been confirmed
n Ref. [33], where the authors aRACOONwWwW show that,
When they include the latter corrections in their predictions

so that we uséll]

TABLE IV. Total cross sections for CC03 fromrswws and
RACOONWW at y/S=200 GeV with thebare cuts of Sec. 4.1 in Ref.
[11] (see the text The numbers in parentheses are statistical errorén
corresponding to the last digits.

With bare cuts o (fb) for the cos,, distribution in Fig. 1a), the discrepancy is
reduced to the level 0£5%. In summary, from the results in
Final state Program Born Best Ref.[13] and those presented here, we see that the FSR and
VESWWS 210.91823) 102.14763) E_W .correctio'ns are necessary fgr a precision study of the
. distributions in theW-pair production and decay process at
v uT T Y, RACOONWW 211.03439) 191.68646) LEP2 energies.
(Y=R)/Y —0.092)% 0.244)% We have made a detailed comparison between our results
_ YRSWW3 627.1807) 592.6419 and those from Ref.16] based on the prograRACOONWW
udu” v, RACOONWW  627.2212) 590.9414) in the context of the LEP2 MC Workshdi1]. A complete
(Y=R)/Y —0.012)% 0.294)% unpublished preliminary description of the respective results
YFSWW3 1863.4@21) 1826.8062) of this comparison has appeared in Héfl]. Here, we focus
udsc RACOONWW  1864.2835) 1821.1643 on the normalization comparison of the two calculations at
(Y-R)/Y —0.052)% 0.314)% LEP2 energies. We show in Table Il the comparison of the

RACOONWW and YFsSww3-1.14 results for the cross sections
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TABLE V. Total cross sections for CC0O3 fromacoonww and  energies must take these effects into account. As expected,
YFsww3 at y/s=500 GeV without cuts. The numbers in parenthesesthe percentage difference betweeRsww3-1.14 andRA-
are statistical errors corresponding to the last digits. COONWW remains below 0.5% at 500 GeV c.m.s. energy and
is somewhat larger than at 200 GeV c.m.s. energy.

No cuts oot (fb) In summary, we have presented two recipes for combining
Final state Program Born Best YFSwWw3 andKORALW-1.42 to arrive at a gauge-invariant cal-
culation of theWWpair production and decay in which the
YFSWW3 87.08711) 89.60732) YFS-exponentiated exadD(«a),.oq corrections are taken
v T, RACOONWW 87.13323) 90.01827) into account as well as thé&(«?) LL FSR and YFS-
(Y=R)IY —0.053)% —0.465)% exponentiated)(a®) LL ISR corrections to the background
YFSWW3 261.37734) 279.08697) processes. We have illustrated our calculation with several
udu v, RACOONWW 261.40070) 280.14986) sample MQ results ar_1d we haye compared our results on the
(Y=R)/Y —0.01(3)% —0.395)% cross-section normalization W|t.h.those on Rfgfl] at 200
VESWW3 783.9311) 868.1431) GeV. !n this way, a new precision tag of 0.4% has bee_n
idse RACOONWW 784.2G21) 871.6627) estabhshed for this normallzatlon,' WhICh represents a (;on3|d—
(Y=R)/Y —0.033)% —0.415)% erable improvement over the original resi®4] of ~2%

when NL non-ISR corrections are not taken into account.

as indicated, without cuts at 200 Gé¥e have looked at the
lower energies 184 and 189 GeV and the comparisons there
are similar, if not better In Table IV, we show the analogous  Two of us(S.J. and B.F.L.W.acknowledge the kind hos-
comparisons with the LEP2 MC Workshop cuts as describegitality of Professor A. De Rula and the CERN Theory
in Ref. [11]. Division while this work was being completed. Three of us
We see that for all channels considered, the two sets ofB.F.L.W., W.P., and S.J.acknowledge the support of Pro-
results agree to the level of 0.3%. This gives a total precisiofiessor D. Schlatter and of the ALEPH, DELPHI, L3, and
estimate of 0.4% for the theoretical uncertainty on the 2000PAL Collaborations in the final stages of this work. S.J. is
GeV c.m.s. energyWW signal cross-section normalization thankful for the kind support of the DESY Directorate and
when allowance is made for further possible uncertainties iZ.W. acknowledges the support of the L3 Group of ETH
the higher-order radiative corrections and the implementatioZurich during the time this work was performed. All of us
of the LPA[11]. This is a significant improvement over the thank the members of the LEP2 MC Workshop for valuable
originally quoted~2% for this uncertainty when the NL interactions and stimulation during the course of this work.
non-ISRO(a) corrections are not taken into acco(iB4]. An  The authors especially thank Professor A. Denner, Professor
effort to further reduce this 0.4% is in progress. S. Dittmaier, and Professor F. Jegerlehner and Dr. M. Roth
Finally, with an eye toward the LC projects, we have and Dr. D. Wackeroth for useful discussions and interactions.
made simulations usingrsww3-1.14 for a c.m.s. energy of This work was partly supported by the Maria
500 GeV. We show our results in Table V for the total crossSktodowska-Curie Joint Fund || PAA/DOE-97-316, The Eu-
section without cuts; here we again compare them to theopean Commission Fifth Framework contract HPRN-CT-
corresponding ones froRACOONWW [16]. The NL correc- 2000-00149, and the U.S. Department of Energy Contracts
tions are significant in these results. Precision studies at LOE-FG05-91ER40627 and DE-AC03-76ER00515.
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