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Multiple photon Monte Carlo simulation for polarized Md/ller scattering
with Yennie-Fraustchi-Suura exponentiation at high energies
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We present the theoretical basis and sample Monte Carlo data for the YFS exponddfiatediculation
of polarized Mdler scattering at c.m.s. energies large comparedng .2Both longitudinal and transverse
polarizations are discussed. Possible applications tdleMpolarimetry at the SLD are thus illustrated.
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I. INTRODUCTION the work of Ref.[9] for polarized Bhabha scattering and
obtain the required exa®@(a) matrix elements by crossing
The problem of high energy polarizede” —e e~ scat- transformations on the virtual and soft corrections in this
tering, Mdler scattering, is intimately connected with the latter reference. For the correspondi@a) hard brems-
ana'ogous prob|em of h|gh energye__)e"'e_ Scattering, Strahlung matrix element for Mler Scatte”ng, we find it
Bhabha scattering. Indeed, the two go into one another undéPnvenient to calculate it directly. These ex@nix) results
standard crossing transformations. While the latter procesd® then combined with our standard YFS Monte Carlo
has and continues to have substantial theoretical and expe _gtshcf)ds a? they pertalnbto_/ﬂlkgr s_catterlng(the} respe;]ctlve |
mental attentio1] due to its central role in the luminosity orm tactors are obtained via crossing from those al-
measurements at the CERN e~ collider LEP and SLAC ready inBHLUMI 1.xX) to yield the first ever realistic multiple
: . o photon Monte Carlo event generator for/No scattering
Linear Co_lllder(SLC), the fOrm?r process has traditionally with arbitrary initial beam polarizations. We call this new
only received moderate attentig@] due to a lack of an

X X . event generatoBMOLLR.
appropriate platform for detailed comparison between theory In what follows, we first review the relevant aspects of
and experiment.

o BHLUMI 1.xx insofar as our crossing transformations to the
Recently, the situation has changed somewhat due to th§gjier process are concerned. This is done in the next sec-

success of the SLC Large DetectBLD) Collaboration's  tion, In Sec. Ill, we present the respective crossed virtual and
measurement program for the famous left-right asymmetryoft corrections derived from Ref9]. In Sec. IV, we calcu-
AR for polarized electrons and unpolarized positrons in theate the desired hard bremsstrahlung correction. In Sec. V,
e"e” annihilation cross section in th&° resonance region we combine our results to creaioLLR and we present
[3]. Indeed, one method of measuring the incidentpolar-  sample Monte Carlo data to illustrate the corresponding mul-
ization utilizes the polarization dependence of thélleto tiple photon corrections. Comparisons with earlier analytic
scattering cross section for polarized electrons in the SLQvork in Refs.[10—12 as well as with recent SLD resulfS]
beam on a stationary polarized foil of known polarization-are also discussed in this section. Section VI contains some
so-called Mdler polarimetry. While this method of measure- summary remarks.

ment is not the primary method of measuring the S&C

polarization, it is use4] as an important cross check on the IIl. PRELIMINARIES

more accurate Compton polarimetry employed by the SLD |n this section we review the relevant aspects of our YFS
Collaboration in their high precisioA r studies. Accord- Monte Carlo methods as they pertain to the problem of ex-
ingly, radiative corrections to polarized Mer scattering at  tending oursHLUMI 1.Xx event generator in Ref7] to the
the below 1% precision level are now of some interest. InMigller process. In this way we also set our notation and
this paper, we present the first results on the Yennisdefine our kinematics.
Fraustchi-SuurdYFS) [5] exponentiated exa®(«) Monte More precisely, the problem we study herein is illustrated
Carlo approach6] to these corrections in analogy with the in Fig. 1, together with the respective kinematics:
results on the crossed Bhabha process presenfadhfor e +e —e +e +n(y) at c.m.s. energie§s~0.22 GeV,
example. so that we may work in the limin2/s<1. This corresponds
Specifically, we extend th@HLumi 1.xx Monte Carlo to the case of an SLC or LEP energy electron of energy 45.6
event generator in Ref7] to the crossed reaction of interest GeV incident upon an at rest electron in a polarized foil for
here. The extension involves introducing a new polarizedexample. In reality, the electrons in the foil would have some
matrix element int@HLUMI which is exact tdO(«) for arbi-  significant kinetic energy as well, so that we will allow the
trarily polarized incominge™ beams. To this end, we follow value ofs to vary in our eventual Monte Carlo simulation of
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T The YFS hard photon residuaEin (2),1=0,1, are given
k in Ref.[7] for BHLUMI 1.xx so that this latter event generator
e~ e~ calculates the YFS exponentiated ex@xtr) cross section

for Bhabha scattering using a corresponding Monte Carlo
realization of(1). In the next sections, we use crossing and
explicit Feynman diagrammatic methods to extend the real-
ization of (1) in BHLUMI 1.xx to the corresponding Monte
Carlo realization of the respective application df) to
Mdller scattering.

Ill. SOFT AND VIRTUAL CORRECTIONS AT O(a)

In this section, we present the required formulas for ex-
tending the exacO(a) Monte Carlo realization of the hard
&= o photon residuaj3, in BHLUMI 1.xx [7] to the corresponding

k Monte Carlo realization for the Mier process. We begin by
n ~ Yn recording the respective Born differential cross section.
Referring to the kinematics in Fig. 1, we define spin four-

P2

FIG. 1. The processe +e —e +e +n(y). The four-  yectors for the incidentbean) and target(foil) electrons in

momenta are indicated in the standard manmgris the four-

the corresponding incoming rest frames as

momentum of the incoming™, p; is the four-momentum of one

outgoinge™, etc.

$1=(0,P1;51(¢b1),P1,2),

this Mdller process. In Refl7], we have realized by Monte S,= (0P8 ), P2y2), (4)
Carlo methods the process +e”—e*e +n(y) via the
fundamental YFS formula where
o 20 ReB+2aBE ﬁ i{l)(l' d“y4 §,=cosp;X+ sing;y (5)
-0 =K (2m) and P, ,i=1,2, h=t,z are the polarizations of the incident
beam(i=2) and targeti =1) electrons along the transverse
X ex;{ iy( p1tpo—p;—ps— X ki|+D (h=t) and longitudinal i=z) directions when the incoming
) beam direction is taken as tlzeaxis for definiteness in the
_ d3p;d3p, usualx-y-z Cartesian coordinate system for the c.m.s. sys-
X Bn(Kyy..Kn) —o—0— (1)  tem. Herea, a=x,y,z is a unit vector in the direction as
P1P 2 usual and the angleg, are arbitrary. Accordingly(4) and

where the real infrared functioB and the virtual infrared

function B are

the usual connections

(5) represent an arbitrary incoming polarization state for the
Mdller process.

The respective Born differential cross section associated
with the incoming state represented B4 and (5) is well

given in Refs[5-8,13, and where we note

_ K=Ky d3K — known and can be obtained by the standard manipulations on
2aB J o S(k), the Born amplitude associated with Fig. 1. We get the result
0
~( K dogon/dQ2= I:poldc"_Born/dQ (6)
J dsk [e y-k— a(Kmax )] (2) for
i o _ a? (2412 $2+u? 282
for the standard YFS infrared emission factor doger/dQ = o —t o @
2s\ u t ut
= p1 pz
if Qs is the electric charge of in units of the position Fpoi= 1= P1,P2,A;— P1Po Ao 1+ o= 205 )
charge. Here, the ellipsis represents the remaining terms in 8

§(k) obtained from the one given by respective substitutions i,

of Q¢,p1,QY

pairs of the external fermion legs in Fig. 1 according to the

YFS prescription in Ref[5] (wherein due attention is taken ~A;=1—{t?/u’+ Uz/tz}/

to obtain the correct relative sign of each of the termS(|In)

according to this latter prescriptipmnd in Ref.[7], f=¢, 1
A /[

f =e

,p» with corresponding values for the other

1 s+t2 s2+u? 2s?
21 u? t2 ut

€)

s2+t?2  s?+u? 232)]

—2—+—2—+
2 t ut
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Here, the anglep,, ,, is the c.m. systenic.m.s) azimuthal for the hard photon residuaf; , i =0,1 for the Mdler pro-
scattering angle of the final electron 4-momentpjrin Fig. ~ cess. We start by discussing soft and virtQak) corrections
1. Here, we have defined the Mandelstam invariants in the remainder of this section; the respective hard brems-
strahlung correction is then presented in the following sec-
s=(p1+pPy)? t=(p1—py? u=(p;—psr3 (10 tion.
(P1P2) (=P (P1=P2) (10 As we implied above, in the YFS theory, there are already
and we note that it is sometimes convenient to represent thagublished explicit results in Ref§5—8,13 for the real emis-

A, h=zt as sion and virtual infrared function8 andB in the processes
et +e” —f+f, wheref is a fermion of charg€; in units of
A,=(7+c0Z 0 m)SiMPOe m/(3+C0S 0 m)? the positron charge. These results are realized explicitly for
Bhabha scattering in the Reff7]._Thus, here, we simply
A=sin*0. m/(3+cog0, m)2 (1)  perform crossing on the results fBrandB in BHLUMI 1.xx

) ) . in Ref. [7] to obtain the analogous function for the/Néo
where6; , is the corresponding c.m.s. polar scattering angleprocess. This completes our discussion of the soft real emis-
It is this Born distribution which we must introduce inth)  sjon and soft virtual corrections for Mer scattering.
and realize via our Monte Carlo methods in complete anal- Turning now to the hard virtual corrections, we refer to
ogy with our analysis for Bhabha scattering in R&fl. Here,  the corresponding results for the Bhabha process in[Ref.
we may note that this may be done by introducing the factotn this latter reference, th®(«) QED virtual corrections to
F pol iNto the Born distribution, th©(a°) contribution tog,, Bhabha scattering are presented in a helicity amplitude basis
in BHLUMI 1.xx in Ref.[7] after crossing that distribution to so that required polarization information is available upon
the Mdler process. We have done this. crossing these amplitudes to the/IMo process. Proceeding

We may now turn to the correspondi@(«) corrections in this way, we get the result

PlzPZZ (tzluz)(ém_ 5unpol) + (u2/t2)(5”3_ 5unpol)

F s _
pol 7 dgon/dQ)

— do -
5 5 *P=— " | 1+ Sunpor— 2a(Re B+ B) +

P1tPat ,
T F I At005(¢1+¢2_2§02c.m)(bl_5unpo|) ) (12
pol

where s, =(8,+ 83)/2, d,, &3 are obtained by crossing from outgoing and incoming states with four-momentwgmand
the corresponding corrections,, &;, respectively, for helicity h and with four-momentung’ and helicityh’, re-
Bhabha scattering given in Rgf] for the helicity ampli-  spectively,h,h’=4,—. The photon polarization vectors of
tudesM,, M as defined thereing,,,, denotes the unpolar- helicity h=+(—) for a photon with four-momenturk are
ized softtvirtual correction for Bhabha scattering given in then

Refs.[7, 9] crossed into the Mter channel, andiog,,/dQ

is the unpolarized Miger differential cross section at the (p—h|y#|k—h>
Born level given in(7). The superscript 1 loop 0B, indi- € (K= o (13
cates that it is computed through one-loop order. \/E(p|k)
This completes our discussion of the soft and virtual cor- ] )
rections for polarized Miter scattering at high energies. We Where we have defined the spinor product as
turn next to the har®(«) bremsstrahlung correction in the
following section. (plky=(p—|k+), (14
IV. HARD BREMSSTRAHLUNG AT O(a) for
In this section we complete our construction of the hard ; i
photon residuals needed for our realization of @) YFS (p—|k+)= (Putipy) VK VP (Ketiky) , (19
exponentiated cross section for polarized|lgo scattering \/D_+ vk
by computing the respectiv@(a) bremsstrahlung correction.
We begin by setting our calculational notation. where we requirep?=0. Here, v, =v%+v,, v,=0-2,

Specifically, we shall use the helicity amplitude methodsa=x,y,z, for all four-vectors v; here, our metric on
pioneered by the CALKUL Collaboratiofl4] as they were Minkowski space is such that*=(v°,v, Uy,U,). As usual,
realized by Xuet al. in Ref. [15]. Kleiss and Stirling[16]  the auxilliary four-vectorp may be chosen to simplify the
have developed an equivalent realization. This means that wespective amplitudes according to the pioneering methods in
write our external fermion wave functions ésh|,|q’'h’) for ~ Refs.[14, 15. We need to stress that, due to the required
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phase information for the transverse spin effects, we werwvill then allow us to computgd; in (1) by using this ratio,
unable to use the results in R¢fl7], which under other daBl/ngl|unp0|, via the standard YFS formula
circumstances could have been used together with crossing | — 81,4 Bl 81
to obtain the required fully polarize®(a) bremsstrahlung 2 B1={do™/do™"|unpol{da™/ (dQKAKAY, )| ynpol
correction to Mdler scattering. ~'S(k){dogom/dQ}. (16)
With these further notational conventions explicitly re-
corded, let us first note that, since the unpolarifa¢)  Using the identificationZ(hihshihzh,) for the respective
bremsstrahlung cross section for /Mo scattering, ri%ymn;nniﬂmgmglrlmtgdﬁelil;oitry rfheanlc?ctﬂrglinngca:ommég f\(/)vlijtrh_
dUBl/kod.deV'””pO" S available via crossing from Fhe four-momenttmp2 and helicitilhzto scatter to the final state
corresponding unpolarize®(a) bremsstrahlung correction in which the outgoinge™ with four-momentunp! has helic-
to Bhabha scattering in Reff7], what we need to calculate ity h', i=1,2, and in which the outgoing pthJton has four-
here is really the ratio of the polarized and unpolarigdd)  momentumk and helicityh.,, as we illustrate diagrammati-
bremsstrahlung cross sections for thelioprocess. This cally as the case=1 in Fig. 1, we find the basic result

Iy b ,hy(|'///é(_ +h1héhy)|2+ | 2Z(+— hihéhmz)

do®do®Y ynpo= 1—P1,Po,| 1— ,
% Ehi vhi/ ,hy|‘//g(hlh2h:’[héhy)|2

PP, Re >, A (+ —hih3h,).Z(—+hihjh )€ (41t ¢2)
+ . 17
2 I W oh |l Z(hihohihsho)|?
2 hi b h 72T 2T TRT,

Accordingly, our required formulas for completing our YE&a) exponentiated polarized Mer scattering calculation will be
complete when we list the formulas for the 12 independent nonzero amplitétigg h,hihsh.). We find the results

M(+++++)=—2iV2eds

(palpy) (3 (Pt[pi=) 1 (Pa#lpo—) 1 (patlpo—) 1 (P2tlpi—)
? (Palpa)* | ta (palk)(KIP2) ~ to (PalK)(KIP1) U1 (palk)(klp1) U0 (palk)(KIpz))’

M(++++—)=2iv2eds

(pilp2)* (3 “(Pimlpt) 1 = (Pomfpet) 1 (P pat)
" (palpa) Vo (KIp2)* (palk)*  to (palk)*(kIpa)*  us (KIp2)*(p1lk)*

1 —(pi—Ip2t)

" o (Klpyy* (p2k)* ) (18

| (p3lp}) <1<p1+|p1—> 1 (potlps=) 1 (patlps—) 1 (patlpi—)
M(————+)=—2ivVIeds, ~ e | = A AR AR ],
( ) 051 (palpDy* |2 (KIpa)(palk) o (KIpL)(PAIK) U (KIp2)(PiIK)  Uo (KIps)(polk)
. (P1lp2)* (1 —(p1—Ipi+) 1 —(p2—|pot) 1 —(pi—|po+)
M(————— = —2iv2els — =+ = — S ~ .
( ) 9% “(p.1p2) |t (palK*(KIPS*  to (KIp*(palk)* U (KIpD* (plK)
1 —(po|pi+)

U (klpy)*(palk)*

M+ —+——)=2iv2elu

(pilp2)* (i (Pi—lpit) 1 (Po—|p2t)
O (pilpa) \ti (klps)*(palk)* * to (kIpi)* (palk)*

M+ =+ —+)=—2iv2edu,

(p3lp1) (i (Pi+Pi=) 1 (Po*|P2—)
(P2lp)* \ta (Klp2)(palk)  to (k[p1)(p1lk)

M(—+—+—)=2iv2elu

(po+|p1—) (i (p1—|p1t) +£ (p2—|p2t)
Y (pstIpi—)* Lty (KIp2)* (palk)*  to (palk)* (KIpp)*
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(p1lp2)
® (pilp2)*

M(—+—++)=—2iV2edu

1 (p1t|p1—) +£ <pé+|p2_>)
t (P2l k)(klp2)  to (klp1)(pilk)/’

(palp1)* (1 ~(Pi=lpat) 1 —(po-lpat)
(palp1) o (palk)*(klpz)* Uy (pslk)*(K[p2)*
(p3lp2) (i<pi+|pz—> L1 ptlp)
(Palp2)* | Uo (Klp1)(palk) U (palk)(k|p)
(palp2)* (i (Pi—lpat) 1 (po[put)
(Palpz) | Uo (klp)*(pzlk)* Uz (palk)*(k|p1)*

(palp1) (i<pi+|pz—> L1 <pé+|p1—>>
(PalpD)* o (palk)(klpz) ~ U1 (KIp2)(pilk)/’

M(—++——)=2iv2edt;

M(—++—+)=2iV2edt,

M(+——+—)=—2iV2ed,

M(+——++)=2iv2edt;

where we have defined the invariants symmetric. The incoming longitudinal beam polarization,
P,,, will be taken at the 1993 value of 0.62 with the foil
So=(P1tP2)’ to=(P2—P2)% Uo=(P2—P1)?, polarization set atP,,=1 for definiteness-recently, higher
(19  beam polarizations, 0.8, have been attaifed Swartzt al.
$1=(p1+P2)?  ti=(pP1—pD%  U=(p1—p3)? in Ref.[2] for some discussion of the use BFIOLLR in the

: dard Th litudes for th lari nalysis of the SLD Miter polarimeter data We emphasize
Ihn "é sbtan ar nﬁlanner.ﬁ ese amplitudes for the POIanZefhat the polarization of any one beam enters the cross sec-
ard bremsstrahlung effect in Mer scattering then com- tions under discussion only linearly so that one may scale the

E'etg Orl]” spemﬁzaﬂ@ of Te lforwulas needer? to Calcu'?edthfespective effects in a straightforward way to other values of
har Op otgrééeg ugd, in ( ).dnl\jl IS Waé""l‘;‘; ave (lexten €d p,,. Finally, for completeness, we also discuss the input
the O(a) exponentiate onte CarBHLUMI 1.XX In transverse polarizations

Ref.[7] to our O(a) YFS exponentiated Monte Carlo calcu-
lation of polarized Mtler scattering at high energies. We P,=0.62, Py=1 P,=0, ¢=mlbi=12. (2

call the respective Monte Carlo event generaapLLR 1.0 ’ oo o

and it may be obtained from the authors upon request. In thg,,c, configurations are of possible interest in checking for a
next section, we illustrate it with some explicit Monte Carlo ossiple rotation of the originally longitudinal polarization
data in the kinematical regime relevant to the SLD measureq the transverse spin spael. Here, we want to illustrate
ment of their polarization via their KMier polarimeter. the size of the radiative multiple photon effects in both the

Before we end this section, we should like to point-outyansyerse and longitudinal aspects of the beam polarization
that the polarized hard bremsstrahlung results foflidéo space.

scattering presented in this section are thdldt@analoga of We summarize our Monte Carlo data in Table |. where we
the corresponding polarized hard bremsstrahlung results f){3ye simulated 810’ events per entry in this tablé.
Bhabha scattering given by Kleiss in R¢18]. Indeed, we What we see is that, for the longitudinal polarization, the

have checked that Kleiss’ prescriptions in REf8], when  hreqence of the polarization changes the radiative correction
applied to Mdler scattering, yield results entirely equivalent by 0.090-0.037% from its unpolarized value of9.850

to our formulas in this section. +0.027%, whereas, for the transverse polarization, this
change is—0.071*+0.047%, so that it is below thes2statis-
V. RESULTS tical error on our simulations. We need to stress that both of

dthese effects are below the total precision 0[749] on the

simulations. From Ref§10-17, we see that the overall size

of the radiative corrections to the SLD acceptance is gener-

ally consistent with the size of the effects discussed therein.
More precisely, for the purposes of our illustration, the W€ cannot r_nake a dire(_:t comparison with these references

electron in the stationary foil will be taken to be at regtin because their authors did not evaluate the hard bremsstrah-

the laboratory frame, with the beam electron travelling alongémg effect numerically. However, we have checked that our

In this section we illustrate various radiatively correcte
polarized Mdler scattering effects in the regime relevant for
the SLD Madler polarimeter measurements. We begin with a
brief review of the specific kinematics of interest.

the z axis with energy 45.6 GeV. The acceptance of the SL orn cross sections agree with those given in Table | of Ref.
Mdller polarimeter will bé taken. as 11] to the accuracy of this table and that our soft plus virtual

corrections agree with the results in Table | of Rdf0] at
6 mrad<,,<9 mrad, (200  the expected accuracy of 0.1%@ta), in view of the 0.1%
accuracy of the numerical results presented in that table.
where 6, is the respective laboratory scattering angle. For We can further conclude that, when issues of accuracy
simplicity we take the polarimeter detector to be azimuthallybetter than 10% are at issue in/N&y polarimetry in the
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TABLE I. O(«@) exponentiated results for the polarized Mo scattering into the SLD Méer polarimeter
acceptance at the SLC where the incom@igheam has energy 45.6 GeV and is incident on a stationary
target foil. The Born results are shown for comparison. The total cross sections in nanobarns are denoted by
owot(Nb) whereas the analogous cross sections in nanobarns into the polarimeter acceptance are denoted by
ayig(Nb). The transverse polarization results fayy(nb) are integrated only oveli0,7/2] and [,37/2] in
b3.m t0 produce a nonzero polarization effect. The errors indicated are purely statistical. Frorfi7Refs.
the total precision tag of the simulations+9.7%.

BMOLLR 1.0

Pi,=P;;=0 P,,=1, P,,=0.62,P;;=0 P1,=0, P1;=1, P»,,=0.62, ¢,=7l4
O(a)exp
2lai (Nb) 12837.74:-0.60 8003.31%0.30 12837.740.60
2loyig (nb) 4634.22+1.00 3064.020.64 2260.740.70
Born
21gyo; (Nb) 13496.752-0.016 8261.6540.026 13496.7580.035
2layig (nb) 5140.571.08 3395.41%+0.68 2509.740.75

SLD-type kinematical regime, the radiative corrections mustations are small and significantly less than the 0.7% total
be computed to the desired accuracy, as they enter at thgrecision of the calculations. The size of the radiative effects,
level of ~10% in the respective cross sections. ~10%, necessitates that they be computed with good preci-
sion in any discussion of Mker polarimetry with a precision

tag better than 10%. For the current SLD applicafiéh our
0.7% precision tag is adequate. A higher physical precision
could be obtained if needed via methods analogous to what
was done in arriving at version 2.xx eHLuMI in Refs.[8],

for example.

In summary, we have provided the first ever multiple pho-
ton Monte Carlo event generator with exddta) YFS ex-
ponentiation for polarized Mker scattering at high energies.
We look forward to its application in the precision/N&y
polarimetry at high energies.

VI. CONCLUSIONS

In this paper we have extended @HLUMI 1.xX Monte
Carlo event generator to the polarized IMo scattering pro-
cess at high energies with an eye toward the SLDI&fo
polarimeter. The result of this extension is the n&#w)
YFS exponentiated Monte Carlo event genersmoLLR
and it is available from the authors upon request.

Specifically, for the processe e —e e +n(y),
BMOLLR provides an event-by-event simulation in which the
final photon four-vectors are available together with the final
charged particle four-vectors, so that each event may be sub-
jected to arbitrary detector cuts as needed. The incoming
beams may be arbitrarily polarized so that the interplay be- Useful discussions with Dr. M. Swartz and Dr. R. Prepost
tween polarization and radiation may be investigated in deare acknowledged. We acknowledge the kind hospitality of
tail. We have illustrated such interplay and the size of theProfessor C. Prescott while this work was completed. This
radiative effects in the SLD NMker polarimeter acceptance work was partly supported by the Polish Government KBN
with sample Monte Carlo data. We find that longitudinal Grant No. 2P30225206 and by the U.S. Department of En-
polarization modulates the size of the radiative correctiongrgy Contracts DE-FG05-91ER40627 and DE-ACO03-
more than does transverse polarization but that both moduw#6ER00515.
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