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The production of a Higgs boson in association wittWdoson is the most likely process for the discovery
of a light Higgs boson at the Fermilab Tevatron. Since it decays primarily-qoark pairs, the principal
background for this associated Higgs boson production proce\AHaTs where thebb pair comes from the
splitting of an off mass shell gluon. In this paper we investigate whether the spin angular correlations of the
final state particles can be used to separate the Higgs signal frowmﬁmackground. We develop a general
numerical technique which allows one to find a spin basis optimized according to a given criterion, and also
give a new algorithm for reconstructing thi¢longitudinal momentum which is suitable for thiéH andWbb
processed.S0556-282(199)07019-9

PACS numbd(s): 14.80.Bn

[. INTRODUCTION For that reason we develop here a new method which allows
one to find a spin basis optimized according to a given cri-
At present, the existence of a neutral Higgs boson is certerion. This technique is completely general in the sense that
tainly the largest unresolved problem in the standard modet can be used for optimizing the spin basis regardless of
(SM). Its mass isa priori unknown, but direct searches and which or how many processes are being considered. We ap-
precision electroweak measurements constrain it to be 9fly our method towWH and Wbb processes, and suggest
<My<280 GeV at the 95% confidence levd]. At the  several possible strategies which could add new information
Fermilab Tevatron collider there is a possibility to search forin an experimental analysis. We also discuss one of the ma-
the SM Higgs boson using the decay maddiesbb [2], and  jor uncertainties related to our analysis, and that is \the
the most promising process is the associated Higgs bosgnomentum reconstruction. Our results indicate that the
production method which has been used in the literature can distort an-
o . gular distributions considerably, and is therefore inadequate
pp—W(—ev)H(—Dbb). (1)  for our purposes. Because of that, we propose a Y\eve-

) _ ) _ construction algorithm whose effects on angular distributions
The Fermilab search is extremely important, especially begre significantly less destructive.

cause the mass range which can be covered at the Tevatron The remainder of the paper is organized as follows. In
(100<My<130 GeV) is also one of the most challenging sec. Il we give all relevant definitions, describe the numeri-
regions for the CERN Large Hadron ColliddrHC) to look  cal method and suggest possible strategies for finding the
for the SM Higgs bosor3]. With a sufficiently large data optimal spin basis. In Sec. Ill we present our results for
sample the Higgs signal could be extracted from the backangular distributions, and show the effects which Whee-
ground by analyzing théob mass distribution. However, construction algorithm has on those. Conclusions are con-
given the fact that there are several large backgrounds t@ined in Sec. IV.
process(1), any technique which can provide additional
handles on distinguishing the signal from the background Il. ANGULAR CORRELATIONS
would be useful.

In this paper we investigate the possibility of using the In order to apply the generalized spin-basis analysjiso
spin angular correlations for separating the associated Higgyocesseq1) and (2) we first define the zero momentum
boson production from its principal background at the Tevaframe(ZMF) production anglg* (0= 6* <) as the angle
tron, theWberocess between the incoming up quark and theboson produced in

the qq’' —WX process(see Fig. 1, whereX is eitherH or

pp—W(—ev)g*(—bb). (2)  g*. The spin states fol are defined in its rest frame, where
In the case ok*e™ —ZH/ZZ in [4] it was shown that spin w*
angular correlations can provide useful information if good
spin bases are chosen. Since tte—WH/WDbb processes zero u 0
have the same spin structure, it is natural for one to ask a m%%léum 3

guestion as to whether a similar analysis would be useful for
distinguishing Eqgs(1) and (2) at the Tevatron. However,

because of the hadronic collider environment and also be-
cause of the complexity of thé/bbamplitudes, it is obvious FIG. 1. Scattering anglé* in the zero momentum frame. The

that in this case a numerical approach for finding the bestip quark comes from the proton beam more than 95% of the time at
spin basis is more appropriate than the approach usp8l.in the Fermilab Tevatron.

H (or bb)

0556-2821/99/6(®)/0930038)/$15.00 60 093003-1 ©1999 The American Physical Society



STEPHEN PARKE AND SINI® VESELI PHYSICAL REVIEW D 60 093003

+

we decompose its spin along the vec&w, which makes an e
angle ¢ with the X particle momentum in the clockwise di-

rection. TheX particle’s spin can be decomposed in a similar /
way. The relationship betweehand #* determines the spe-

cific spin basis in which one can calculate angular correla- xw =
tions among theVH and Wg* decay products in Egqgl) b ./
Sw //,’W+
H /

and(2). These correlations involve distributions of the angle
xw (xpp) that the charged Iﬂator‘o(quark) makes with the

spin vector of theV boson pb system. Figure 2 illustrates 4 .

the definitions for angle§ and yy .t / DR
In the case ok" e —ZH/ZZ— Il jets the procedure for

finding the optimal spin basis was based on separating the

polarized amplitudes foe"e”—ZH/ZZ [4]. In particular, it FIG. 2. Definitions for angleg and x, in the W rest frame.

was shown that a very good separation betweerZtieand

ZZ events can be obtained in th@nsverse basjsn which  bins for all ofn cos#* bins, while the total cog distribution

the longitudinal component of thiéH matrix element is zero is obtained by summing contributions over the entire #os

by construction. o range. In other words, if cas describes the spin vector @
Since the amplitude for the procegs' =WH has the (or bb system in the ith cos¢* bin, ando; is the corre-

same spin structure as the one ®fe”—ZH,” the trans-  sponding contribution to the cross section, we have
verse basis is also a good starting point for examining the

\Y

cosy distributions in thewH and Wbb processes. It is de- do :é doj(cosé;) @
fined by dcosy =1 dcosy
tano* In this way, by changing the cos¢ variables using multi-
tané{= ————, (3 dimensional maximization algorithm, one can easily vary the
V1= Bw definition of the spin basis until the optimal separation of the

. WH andWbb events is achieved.
whereBy is the ZMF speed of thé/ boson. Nevertheless, as  Tpe results of this procedure will clearly depend on which
a result of the complex nature of tlyg' —Wg* amplitudes  criterion is used for determining the best possible separation
and also of the fact that ipp collisions the center-of-mass of the signal and background. We investigate here two pos-

energy\/g is not fixed, the approach of Rg#] for finding sible criteria. The first one is based on distinguishing be-
the optimal spin basis is not practical for our purposes herdWeen the shapes of the ceslistributions for the two pro-
Because of that, instead of trying to separate polarized cro&£SSes, and the function which we decided to maximize is

sections forqq’ —WH/Wg*, we attempt to find the best given by
basis for processed) and (2) by distinguishing the cog
distributions directly, using a suitable multidimensional
maximization procedure.

The basic idea of our method is to divide the @bs
—cos¢ plane intonxXm regions, and to associate with each —
of those a histogram containing a distribution in goSA
specific spin basis is defined by choosing one of theécos

1 J d do-WH
— cos cos
OwWH Xd cosy X

1 do—WbE

d cosy

: ®)

cosy

f d cosy
Twbb
With this criterion the resulting spin basis tends to give gos
distributions which are asymmetric for thNgH signal events
and symmetric for th&Vbb background events.

The second criterion which we examine is based on maxi-

mizing the significancé&/ B, whereS andB correspond to
the number of events for the signal and background, respec-

!Note that in principle one could also look at correlations involv-
ing the azimuthal angleé of the charged leptonb-quark momen-

tum with respect to th&V (bE) spin vector. We have investigated

that possibility for various spin bases, but we found no evidencetively_
that those correlations could be used as a tool for distinguishing the ’
WH andWhbb processes. COSXmax dowy

2The spin structure for the procesd— WH can be found in Egs. Socf d COSX§cosy’ (6)
(4)—(6) in [4]. The full matrix element squared, including the decay €0SXmin X
of W boson, can be obtained from E@) in [6]. cosy dowr

3In general we do not know the up quark momentum direction. Bocj ™Y cosy UWbb_ @)
However, the up-quark comes from the proton beam more than COSXmin d cosy

95% of the time at the Tevatron, and therefore we will use the ) _ o o
proton direction instead of the up-quark direction in defining@os Once a particular spin basis is chosen and theyadistribu-
for the rest of this paper. tion for both processes is calculated using &g, we choose
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the anglesymin @nd x may iN Such a way so as to maximize the Y N R %
ratio S/+/B. Note that in the above coefficients of proportion- Optimal basis /
ality include the next-to-leading ordéNLO) K factors, our [\ = ~ Trensverse basis L7
assumptions on the integrated luminosity, dout&gging 05 7

efficiency, etc.

The main advantage of the method described above is that
it offers a systematic approach for investigating the possibil-
ity of using spin angular correlations to distinguish signal
events from the background, regardless of which or how
many processes are being considered. For example, even
though we are concerned here only with the leading order

Whbb process as the most important background for the as-

sociated Higgs boson production at the Tevatron, it would be

straightforward to include other backgrounds or the next-to- ,

leading order effects as well. Note however that calculation “10 A T T

of the angular correlations between the spin vector of an -1.0 -0.5 0.0 0.5 1.0

intermediate gauge boson and momenta of its decay products cosg"

requires the complete reconstruction of an event. That is a FIG. 3. The optimal basis for the shape criterigoints, to-

major difficulty in the case ofVH/Wbb production where —9gether with itsk=3 polynomial approximatioksolid line) and with

the longitudinal component of the neutrino is unknown. Thisthe transverse basis fgy=0.67 (dashed ling

issue will be discussed in more detail in the following

section. processes. The Higgs boson mass was set Mg
=120 GeV and the correspondirfgp mass range to 102
<Mpp,<141 GeV. In addition, we applied the following set

Il NUMERICAL RESULTS of isolation cuts and cuts on the rapidity and transverse mo-

Since the procedure outlined above requires large statighentum:
tics in order to make the errors @w/d cosy distributions as
small as possible, for the results presented in this paper we
generated about $@vents(for each procegsusing theve-

GAs algorithm[7].4 Calculations were done with=10 bins

along the cog* axis andm= 1000 bins along the c@saxis,

while the search for the optimal basis was performed using

the downhill simplex methoft10,11]. T

Even though the analysis described in the previous section ol | pﬁ >15 GeV,
can be performed for boti/ andbb sides of an event, we T
focus here only on the cqgy, distributions. The reason is Pel,|p,|>20 GeV. ()
that the correlations on th&/ side of an event are much
stronger and provide us with more distinguishing power for 1.50
separating th&VH andWbb processes.

All results shown in this paper are obtained for ¥ 1.25
production inpp collisions atyS=2 TeV, with the Martin-
Roberts-Stirling set RIMRSRY) parton distribution func-
tions[ ag(Mz)=0.113 [12]. In order to improve our lowest
order cross sections, instead of natural scates 1,,) we
used a somewhat lower scale pf=50 GeV[13]. At this

scale the NLCK factors are about 1.1 for botWH andWbb

0.0
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“Because of the large statistics and the large number of histograms

required by our method, Monte Carlo simulations which would in- 0.25 ]

clude all other background processes, or take into account next-to- __;_/, - i

leading order corrections, would have to be done using a parallel 0.00 B 11 | P T B

event generatdr3,9|. -1.0 -0.5 0.0 0.5 1.0
50n thebb side of the event we were unable to find a spin basis CcosXw

which would considerably improve the small difference between FIG. 4. Normalized cog, distributions for the polynomial ap-
the WH and Wbb processes that was obtained using the helicityproximation of the optimal basisolid lineg and for the transverse
basis. basis(dashed lines
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FIG. 5. Distribution of the number of events per bin in the
polynomial approximation of the optimal basis. The total number of

events forWH is 75, and forWbb is 260.

FIG. 7. Mp, distribution of the cross section. No smearing of the
b-quark jet energies has been performed here.

In particular, in Fig. 3 we compare the exact result obtained
by the maximization procedure to a polynomial wkhk-3
and coefficients

Note the|p]| cut is the missingEr cut and that the above
cuts do not include a cut on c@$ [14]. Our results indicate
that imposing the cog&" cut actually worsens our ability to

separate the two processes based on the shape of thgif, cos a;=0.2354,

distributions, and therefore we did not include it in the simu-

lations based on maximization of E@). On the other hand, a,=0.1808,

it is well known that this cut can improve tt& /B ratio by

about 1094 14]. Because of that, we take it into account for az=—1.442. (10

simulations based on the significance criterion.

We first discuss our results obtained with the shape criteThere we also show the transverse basis with a specific
rion. In this case we found that the optimal basis can be welthoice ofg8,y,=0.67, which is close to the averages of g
approximated by a polynomial of the form distributions for bothWH and Wbb processeg0.68 and

0.66, respectively The actual normalized cqgy distribu-
9) tions corresponding to the polynomial approximation of the
optimal basis and for the transverse basis are given in Fig. 4.

As expected, in the optimal basis thebb distribution is

k
cosé= >, a;(cosh*)? 1,
=1

S AL AL LR B nearly symmetric. Figures 5 and 6 illustrate what one might
i ] expect in terms of the number of events per bin in those two
C 5 bases. These results were obtained by multiplying \&tir
o 40 — ; . A
g - . cross sections by 4 to take into account contributions from
~ i ] the W™ production and the contribution from th&™ decays
42 30 [— WbB I into muons, by taking into account the NUOfactor of 1.1
o C ] for both WH andWhbb processes, and also by assuming the
0 = -
S 20 — —] TABLE |. Expected number of events at 10 fbfor the signal
S —
g r ] (WH) and the backgroundW/bb) as a function of the cog" cut.
L W ] . :
g L N Results shown are obtained for a 120 GeV Higgs boson.
g 10l —
- - cost ., S B s/\B
C | | ] 1.0 75 260 4.65
o 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-1.0 -05 0.0 05 1.0 0.9 70 198 4.97
cosxy 0.8 65 161 5.12
0.7 58 131 5.07
FIG. 6. Distribution of the number of events per bin in the 0.6 51 107 4.93
transverse basis. The total number of eventsWi is 75, and for 05 44 87 4.71
Whbbis 260.
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FIG. 10. The optimal basis for the significance criterion with
€0S62=0.8 (pointg, together with its approximation given by Eq.
(12 (solid line).

FIG. 8. My, distribution of cosyyy in the polynomial approxi-
mation of the optimal basis.

doubleb-tagging efficiency ofsf,:O.45 and integrated lumi- basis reduces the background drcosyy, much more effi-
nosity of 10 fbo' L. We would like to point out here that the ciently than the transverse basis, as can be seen by compar-

shape of thaVbb cosyyy distribution is significantly differ- N9 Figs. 8 and 9. However, at this point one should also
ent in the two bases being discussed. On the other hand, tH¥pserve that the main disadvantage of analyzing quantities
is not the case for th&/H process. Clearly, the difference in SUCh aso COSxy, is the inclusion of the statistical errors of
the shape of the cog distributions under the change of spin the entire cogy distribution, which may limit its potential

basis may provide an additional handle for separating th&/Sefulness in an experimental analysis with small statistics.
two processes. In our simulations based on maximizing the significance

Another interesting possibility of using angular correla- the number of events for both signal and background was
tions for distinguishing between the signal and the back©Ptained by summing all decay channels anzd under the same
ground is illustrated in Figs. 7—9. Instead of looking at@ssumptions as beforeK(factors of 1.1,€,=0.45, and
da/d cosyy, directly, we investigate thil, distributions of /£ dt=10 fb™*). As mentioned earlier, besides the cuts
the quantityo cosy,y. Those distributions vanish in the spin given in Eg.(8), here we also take into account a cut on
basis in whichdo/d cosyy is perfectly symmetric, because €0s¢” [14],
in evaluatingd( o cosyy)/dM,,, one effectively integrates

. . . . 1:50 T T T T T T T T T T T T T T T T
over cosyy.- This is precisely the reason why our optimal C | .
:_ Optimal basis _':‘
0.8 | T T T T I T T T I T T | L | T 1.25 L — — — Transverse basis /]
i — WH i C /1
_ ] = 1.00— —]
ey 0.6— — 2 L J
3 : ] s f ]
2 : 5075 =
= 04— — o F J
12 L 4 ® N i
=1 - 1 = 050 —
o - i - u
> | a - 4
= 02— —] v N
=
Q | 4 -
b5 K [ﬁ_h“_‘“—“——m——- 7 s —
o 0.0 i _hﬁ ] 0.00 C o0 0 | [ B | | [ | I
i ] -1.0 -0.5 0.0 0.5 1.0
- E COS Xy
— [ | 11 1 | | 11 1 | | | I T | | | I T | | 1 ]
0.2 . . . -
"~ 100 110 120 130 140 FIG. 11. Normalized cog,y distributions for the basis optimized
M,z [GeV] according to the significance criterion with cfs,=0.8 (solid
lines and corresponding results for the transverse befashed
FIG. 9. My, distribution of o cosyyy in the transverse basis. lines).
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COS Xy — 4

FIG. 12. Distribution of the number of events per hin in the

optimal basis (co$,,,,=0.8). Without cuts on cog, we have 65
events forWH and 161 events fowbb (S/+/B=5.12). With cuts

—0.6<cosyy<1.0 these numbers are reduced to 60 and 131, re-

spectively 6/\/B=5.24).

|cos#* |<cosb, .,

11

cosé= —0.857 sgncosf* )+ 0.391 co*.

FIG. 14. Normalized », distribution of the cross section
(W™* production).

(12

Normalized cogyy distributions corresponding to the opti-

mal basis are compared in Fig. 11 to the results obtained

which can increase the rat® /B by about 10%see Table Using the transverse basis. Figures 12 and 13 illustrate what
). Using the method described in Sec. II, and for any giverfan be expected in terms of the number of events per bin in

value of cos,,,, we were able to find a spin bagand a set those two bases. o
of cuts on cog) in which one could further improve this ~ Because of the fact that the longitudinal momentum of the

ratio by an additional 2—3 %. neutrino is unknown, reconstruction of an event involving a
Our results with co8,,,,=0.8 are shown in Figs. 10-13. W boson is the most important problem related to the calcu-
Figure 10 shows the optimal basis definition. In this case wétion of the spin angular correlations which we discussed in

found that it can be approximated by thTis paper. By assuming thel¢ is on shell, and using. and
p, which are actually measured, this component can be re-

constructed up to a twofold ambiguity for the solution of a

30 T T T T T T T T T T T T T T T T
C ! ! ! ] quadratic equation. The algorithm for choosing the correct
25 __ __ OB T T T T T T T T T T T T T T T T
g - ] _ I | | _
3 - . L J
B . — WH
~ [ — L e J
g 20 i Wbb . i Wbb i
8 - I 0.6 —
5 15 — N
s N ] & [
& [ ] = -
| o ] T 04—
5| ] S
A [ ] ° L
St ~ L I
- Al ~
] 02—
[ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ] -
0
-1.0 -0.5 0.0 1.0 -
COS Xy B
FIG. 13. Distribution of the number of events per bin in the 0'0_4' — '_2 0 2 4
transverse basis (c@s,,=0.8). Without cuts on cog, we have 65 Nw—TIE

events forWH and 161 events fowbb (S/\B=5.12). With cuts

—0.1<cosyw<1.0 these numbers are reduced to 54 and 110, re-

spectively &/\/B=5.15).

(W* production.
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1.50 T T T T T T T T T T T T T T T T 1.50 T T T T T T T T T T T T T T T T
- | | | ] - | | | ]
C True result N C True result N
[ — — — ny—n5 algorithm 7 [ — — — ny—mys algorithm ]
1235 — ______ n, algorithm . 125 — ______. n, slgorithm p
x 100 3 x 100 et A
8 N . p 8 I~ // ¢
g L : Ve f g r ! 7 ]
~ 075 — 7 - ~ 075 — —
5 L - 4 5 L 4
© - . o - .
Q L i Q L i
- 0.50 — -] - 0.50 — -]
025F" g — 0.25 —
0.00 ___I__I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ] 0.00 C 1 ]

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
coSXy coSXy

) o . FIG. 18. NormalizedNVH cosyyy distribution for the transverse
FIG. 16. NormalizedVH cosyy distribution for the basis op- basis. The true result is shown as the solid lines, while results ob-

timized according to the shape criterion. The true result is shown a8 ined using thep— 7 and 7, W reconstruction algorithms are
w bb v

the solid lines, while results obtained using thg— 7, and »,, W . - .
. . . lotted as dashed lines and short dashed lines, respectively.
reconstruction algorithms are plotted as the dashed lines and shd[}t P 4
dashed lines, respectively. . . .
P y solution forp? which results in a smaller absolute value for

. . . . . nw— Mpp- The advantage of usingy— 7y, instead ofy,, is
solution which has been used in the literatiitd] is based that its distribution is narrower. Furthermore, unlike thg

on the asymmetry of the neutrino rapidity distribution. From

Fig. 14 it can be readily seen that by choosing the |argepistribution, it is almo§t ident_ical fowwH and Wbb, which
(smallej solution forp? in the case ofN* (W~), one can means that our algorithm will work equally well for both

improve the probability of finding the corred¢ momentum. ~ PrOC€sses. . .
P P y g In order to investigate the effect that tiiéreconstruction

Nevertheless, we propose here that fqr Wit and Wbb .. algorithm has on cag,, distributions, we have repeated the
processes the reconstructlon algorithm IS pased on the d'Stréhlculations shown in Fig. dvithout cuts on co#g*) for the
bution of the glfference between tiW rapidity and the ra- polynomial approximation of the optimal basi&gs. (9)
pidity of the bb system(see Fig. 15 Since this distribution  and(10)] and for the transverse basis. Results given in Figs.
is peaked at zero, our prescription consists of choosing the

1.50 T T T T | T T T T | T T T T | T T T T
1.50 T T T T | T T T T | T T T T I T T T T T"ue result
True result 1.25 - = = Nw T .algorithm o~
1.25 — — — 9y~ &lgorithm 1 T 7, algorithm ',’ \\
R S e 7, algorithm K \

=

=}

S
—
=3
=}

1/c do/dcosxy
o
3
o

1/a do/dcosxy
o
~2
o
o
o
o)

0.50
fowmmmmm T 0.25 7 ™
. / ]
025— = C ]
C ] e ]
0.00 L0 10 | L1 | [ | L] 0.091.0' —05 ! IO.O 0.5 I 1.0
-1.0 -0.5 0.0 0.5 1.0
coSXy COS Xy

FIG. 17. NormalizedVbb cosyy distribution for the basis op- .
timized according to the shape criterion. The true result is shown as FIG. 19. NormalizedWbb cosyy distribution for the trans-
the solid lines, while results obtained using thg— 7, and , W verse basis. The true result is shown as the solid lines, while results
reconstruction algorithms are plotted as dashed lines and shoobtained using thepy— 7., and », W reconstruction algorithms
dashed lines, respectively. are plotted as the dashed lines and short dashed lines, respectively.
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16—19 show that the cogy distributions obtained using our Higgs boson search at the Tevatron.
prescription for reconstructing th& momentum are much Our simulations indicate that spin angular correlations
closer to the exact curves than are the ones obtained usiigay provide an additional handle on separating the signal
the 7, algorithm. Note that one of the reasons for the distorfrom the background. Still, there are several problems that
tion of the reconstructed cqg, distributions is the fact that Wwould have to be solved for a successful experimental analy-
in our calculations th&V width is taken into account, while Sis, and the largest one is certainly the event reconstruction.
the reconstruction algorithms assume an on-shell In this regard we proposed a n&Wreconstruction algorithm
Besides the issues related to the reconstruction ofthe Which significantly reduces effects related to #Memomen-
momentum, another problem which might affect experimen{um ambiguities. We hope that this algorithm can be further
tal analysis of the cog,, distributions is the mismeasurement improved upon.
of the b-quark momenta. We have simulated that by impos- The obvious extension of this work would involve includ-
ing a Gaussian distribution of relative errdusith the vari-  iNg NLO corrections, as well including the other background

ance of 5% on bothb andb momenta, and our results indi- PrOCesses. However, these calculations would be numerically
cate that these effects are small ' quite challenging, and before they are attempted a feasibility
' study of their usefulness should be completed.

IV. CONCLUSIONS
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