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The production of the SM Higgs boson 4 with intermediate mass at the proposed CERN LEP @ 
LHC ep collider in m(q) + lV*$g’($), -/q(q) --t Z’#q(q), and gy + qq$ events is studied. This is 
done for all possible (massive) flavors of the quarks g(q)) and using photons generated via Compton 
back scattering of laser light. We study signatures in which the Higgs boson decays to b6 pairs and 
the electroweak vector bosom W* and Z” decay either hadronically or leptonically. All possible 
backgrounds to these signals are~also computed. Flavor identification on b jets is assumed. Explicit 
formulas for helicity amplitudes of the above processes are given. 

PACS number(s): 14.80.Bn, 13.60.Fs, 14.65.F~ 
INTRODUCTION 

The Higgs sector is one of the most investigated parts 
of the standard model (SM) [1,2], yet it continues to be 
very elusive. So far the Higgs particle has evaded all 
searches. Nevertheless, a lower limit on the mass of the 
SM Higgs boson 4 of z 60 GeV was extracted from the 
lack of e+e- -+ 2” + ZO.4 events at the CERN e+e- 
collider LEP I (31. An up&r bound of e 1 TeV is ex- 
petted. This was derived by requiring the validity of per- 
turbation theory [4] and the unitarity of the model [5]. 
Therefore, if the SM Higgs boson 4 exists, we could ex- 
pect it to be discovered by the next generation of CERN 
high energy colliders: LEP II (6 = 160-200 GeV) 161 
and the Large Hadron Collider (LHC) (6 = lo,14 
TeV) [7]. 

LEP II will be able to cover the mass range M+ 
< 80-100 GeV. A Higgs boson with a larger mass should 
be searched for at the LHC. At LEP II 4 can be detected* 
through a large variety of decay channels, the most fa- 
vored being Z”4 --t (@,-)@a). A Higgs boson with 
mass M+ 2 130 GeV is clearly detectable at the LHC 
using the four-lepton mode’ 4 + Z’Z” -+ #K Be- 
cause of the QCD backgrounds typical of hadron col- 
liders, it is still controversial whether it is possible to 
detect an intermediate mass Higgs3 boson in the mass 

‘Present address: Cavendish Laboratory, University of Cam- 
bridge, Madingley Road, Cambridge, CB3 OHE, U.K. 

‘And produced via the Bjorken bremsstrahlung process 
e+e- + ZO‘ -i ZO$ [SI. 

‘With # produced via gg [S] or W*W+ and Z”Z” fusion 

POI. 
%a the associated production with a W* boson (decaying 

leptonically to IY) [11,12] or a tf pair (with one t decaying 
semileptonically to btu) [13,14]. 
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range 90 5 It44 5 130 GeV (where 4 mainly decays to b6 
pairs). In this mass range + can be searched for through 
the rare 77 decay mode and this relies on the fact that 
both a high luminosity and a very high diphoton mass 
resolution must be achieved at the LHC [15]. It is also 
unclear whether it is possible to cleanly detect the in- 
termediate SM Higgs boson in the 4 --f b6 channel using 
the b-tagging capabilities of vertex detectors (16,171. The 
main difficulties being the expected low signal rates after 
reconstruction, the necessity to have an accurate control 
on all the possible background sources and to achieve a 
very high b-tagging performance 1181. 

In the distant future, cleaner environments for study- 
ing the Higgs boson parameters will be the e+e- linear 
accelerators (6 = 350-2000 GeV) [19-231. 

At the Next Linear Collider (NLC), with & = 300- 
500 GeV [22], the Higgs boson can be searched for 
through a large number of channels over the whole in- 
termediate mass range 1241. The dominant production 
mechanism is the Bjorken reaction for ,& below 500 
GeV while the W*W* and Z”Z” fusion processes [25] 
will dominate at larger energies. At ,& 2 500 GeV 
1211 a heavy Higgs boson can be detected in the four;jet 
modes 4 + W*W+,Z”Zo --t jjjj [26,27] in addition 
to the 41 mode. At higher energies, ,& = l-2 TeV 
1231, the same search strategies still hold with the fusion 
mechanisms becoming the dominant ones. 

The conversion of the linear e+e- NLC’s into yy 
and/or ey colliders, by photons generated via Compton 
back scattering of laser light, will provide new possibili- 
ties for detecting and studying the Higgs boson [28]. In 
77 collisions two of the important channels will be the 
production of a heavy Higgs boson (up to = 350 GeV) 
by a. triangular loop of heavy fermions or W*, with the 
detection via the decay mode 4 + Z”Zo --t q$+1- at 
$G = 500 GeV 1291, and the process .-yy --f t@, which 
appears more useful than the corresponding e+e- one in 
163 01996 The American Physical Society 
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measuring the top Yukawa coupling tc++, at ,& = 1-2 
TeV [30]. The ey option at linear colliders can be ex- 
ploited for studying Higgs boson production via the pro- 
cess e-y --t v.W& at ,& = l-2 TeV and over the mass 
range 60 GeV 5 Mb ,$ 150 GeV (31,321, using the sig- 
nature W-q5 --t (jj)(bb) [33]. The cross section for the 
above process at such ,/%& is comparable to the fusion 
processes e+e- 3 &u,W**W+=* --f 0&,,$ and larger 
than the bremsstrahlung reaction e+e- + ZO* + Zob. 
Finally, it has been shown in Ref. [34] that the process 
ey --t eyy + e$ is the most important mechanism for 4 
production at && = 500 GeV, for IM, 2 140 GeV. 

Let us now consider the production of the SM Higgs 
boson at ep machines. This seems to be beyond the ca- 
pabilities of the DESY ep collider HERA [35], which has 
been primarily designed for providing accurate data on 
the proton structure functions in the small-x region, more 
than for Higgs boson searches [36]. In the future, another 
ep collider is contemplated, the CERN LEPBLHC accel- 
erator: it will combine an electron OI positron beam from 
LEP II and a proton beam from the LHC [7,37]. A de- 
tailed study on the detectability of an intermediate mass 
SM Higgs boson at such a machine has been presented 
in Ref. [38]. This is based on the W*WF and ZoZ” fu- 
sion processes [36,39,40], with r$ decaying to bi. It has 
been shown that it should be possible to detect 4 pro- 
vided that a high luminosity and/or an excellent b-flavor 
identification can be achieved. Only recently has the pos- 
sibility of resorting to back-scattered laser photons at the 
ep CERN collider been suggested [4g, searching for, e.g., 
7~ + p’W*+ events, with 4 + bb and W* + Iv or 
jj, which should give detectable Higgs boson signals if 
good &$I, invariant mass resolution can be achieved and 
efficient b tagging can be performed. 

The purpose of this paper is to study the following 
reactions at the LEP@LHC ep collider: 

P-Y --t dW’4 > (1) 

97 + Go4 I (2) 

577 -+ a4 1 (3) 

in the intermediate mass range of 4, for all possible 
(anti)flavors of the (anti)quarks q(q)), using laser back- 
scattered photons. We discuss their relevance to the de- 
tection of the SM Higgs boson and the study of its pa- 
rameters, with the Higgs boson decaying to b6 pairs and 
assuming flavor identification on its decay products. 

Although process (1) has already been studied in [41], 
and the part of the analysis devoted to it here largely 
overlaps that study, we decided nevertheless to include it 
for completeness and since, in principle, we can slightly 
improve the results previously obtained. In fact, since we 
consider heavy quarks we include additional Higgs boson 
bremsstrahlung off quarks in the amplitwies, even though 
these are suppressed with respect to contributions com- 
ing from diagrams involving bW+W- vertices. We also 
computed all the necessary rates for all the relevant back- 
grounds exactly, whereas these latter contributions were 
only estimated in [41). Reaction (3) has been analyzed in 
1421 for the minimal supersymmetric SM (MSSM) neu- 
tral Higgs bosom, b quarks and using bremsstrahlung 
photons but to our knowledge, neither the larger energy 
option available at LEP@LHC nor the possibility of using 
laser backscattered photons has been exploited. 

There are at least two important motivations for ana- 
lyzing processes (l)-(3) at the LEP@LHC collider. First, 
if the SM Higgs boson turns out to have an intermedi- 
ate mass greater than the maximum value that can be 
reached by LEP II and if the LHC detectors are not able 
to achieve the necessary performances for the predicted 
Higgs boson measurements [18], the ep CERN collider 
will be the first alternative option available for study- 
ing such a Higgs boson, as it will certainly be operating 
before any NLC. Second, although both the cross sec- 
tions and the luminosity at LEP@LHC are expected to 
be small if compared with the LHC ones, the CERN ep 
option will constitute the first TeV energy environment 
partially free from the enormous QCD background typi- 
cal of purely hadronic colliders. Moreover, processes (l)- 
(3) have the advantage, compared to the W*W+ and 
ZoZ” fusion mechanisms, that the additional heavy par- 
ticles W* and Z” (and also t, in principle) can be used 
for tagging purposes by searching for their decays, thus 
increasing the signal to background ratio. 

The plan of the paper is as follows. In Sec. II we 
give details of the calculation and the numerical values 
adopted for the various parameters. Section III is de- 
voted to the discussion of the results, while the conclu- 
sions are in Sec. IV. The helicity amplitudes for processes 
(l)-(3) are presented in the Appendix. 

CALCULATION 

Figure 1 shows all the Feynman diagrams at tree level 
contribution to the reactions (1) and (2) in the unitary 
gauge, where (q, q’, V) represent the possible combina- 
tions (d,u, W-), (u,d, W+), and (q, q, Z’), respectively 
[in the case of process (2) ‘only the tist eight diagrams 
of Fig. 1 contribute]. Figure 2 shows the Feynman dia- 
grams at tree level for process (3). All quarks have been 
considered massive, so diagrams with a direct coupling 
of 4 to the fermion lines have been taken into account. 

The amplitudes squared have been tiomputed by means 
of the spinor techniques of Refs. (43,441 and, as a check, 
also by the method of Ref. [45]. The matrix elements for 
the processes&y --f ?iW+4/%7 -+ lW-4 and q~ + ~Z’I$ 
can easily be obtained by trivial operations of charge con- 
jugation. All of the above amplitudes have been tested 
for gauge invariance. We were also able to “roughly”4 
reproduce, with appropriate couplings, hadron distribu- 
tions, and luminosity function of the photons, the results 
of Ref. (411 and of Ref. [42]. Moreover, since a simple 
adaptation of the implemented formulas (by changing 
photon couplings from quarks into leptons and setting 

*See footnote 9 below. 
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FIG. 1. Feynman diagrams contributing in lowest order to QT + p’V& where q(q’) represents a quark, V(V’) an external 
(internal) vector boson and r$ the SM Higgs boson, in the unitary gauge. In the case V = 2’ and q’ = p only the first eight 
diagrams of Fig. 1 contribute. 
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FIG. 2. Feynman diagrams contributing in the lowest order to g’r + q@b, where q represents a quark and C$ the SM Higgs 
boson, in the unitary gauge. 
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the quark masses equal to zero) allowed us to reproduce 

For the energy spectrum of the back-scattered (unpo- 

the computation of Ref. [33], we have checked our helicity 

larized) photon we have used [49] 

amplitudes in this way also. 
As proton structure functions we adopted the 

Harriman-Martin-Roberts-Stirling (HMRS) set B [46] 
(this was done in order to make comparison with already 
published work easier), setting the energy scale equal to 
the center-of-mass (cm;) energy at the parton level (i.e., 
p = G). The strong coupling constant a., which 
appears in the gluon initiated processes, has been eval- 
uated at two loops, for AQ,D = 190 MeV, with a mm- 
ber Nf = 5 of active flavors and a scale p equal to that 
used for the proton structure functions. We are cotident 
that changing the energy scale and/or distribution func- 
tion choice should not affect our results by more than a 
factd of 2. 

(4) 
where D(t) is that renormalization factor 

D(<)=(1-;-++E)+;+;-2(&z 1 

(5) 

and c = 4Eowo/m~,wo is the incoming laser photon en- 
ergy, and E. the (unpolarized) elwtron or positron en- 
ergy. In Eq. (4) I = W/EC, is the fraction of the energy 
of the incident electron or positron carried by the back- 
scattered photon, with a maximum value 

(6) 

typical values E N 4.8,~:~ -‘0.83,D(<) N 1.8. - 
In the case of q(g)y scattering from ep collisions, the 

In order to maximize w while avoiding e”e- pair creation, 

total cross section D is obtained by folding the subprocess 

one takes wn such that ‘$ = 2(1+ &I and one sets the 

cross section B with the photon F71e and hadronF,(,),, 
luminosities: 
where Q9~7 is the cm. energy at parton [i.e., q(g)y] 
level, while 

where Msna, is the sum of the final state particle masses. 
The multidimensional integrations have been per- 

formed numerically using the Monte Carlo routine VE- 
GAS 1481. 

To our knowledge, a detailed study, as for the cases 
of ey and ‘yy collisions [49], on the efficiency of the laser 
back-scattering method in converting e -+ 7 at ep collid- 
ers does not exist. In this paper we assume for the effec- 
tive yp luminosity the same as the ep one, therefore the 
conversion efficiency of electrons into backscattered y’s is 
one. For the discussions of the results we have adopted 
an overall total integrated luminosity C. = 3 fb-1 per 
year, the value of Ref. 1411. 

For the numerical part of our work, we have taken 
a$,,, = l/128 and sin26w E s$ = 0.23, while for the 
gauge boson masses and widths: Mzo = 91.175 GeV, 
rzo = 2.5 GeV, M,,,+ = MzocosBw s Mzocw, and 
l?w+ = 2.2 GeV. For the fermions we have rn, = 0.511 x 
1O-3 GeV, mp = 0.105 GeV, rn, = 1.78 GeV, rn, = 
8.0 x 1O-3 GeV, md = 15.0 x 1O-3 GeV, rn, = 0.3 GeV, 

‘We verified this in few cases by comparing the actual results 
to the ones obtained from the more recent set of structure 
functions MRS(A) [47]. 
I 

rn, = 1.7 GeV, ma = 5.0 GeV, and mt = 175 GeV 
[SO], with all widths equal to zero apart from rt u 1.58 
GeV, adopting its tree-level expression. All neutrinos 
have been considered massless: i.e., rn, = rn”,, = n, = 
0. The branching ratios (BR’S) of the Higgs boson were 
extracted &rn Ref. [51]. 

We have analyzed the processes (l)-(3) over the mass 
range 60 GeV ( M, < 140 GeV and for ep cm. en- 
ergy ranging from 0.5 to 3.0 TeV, with special attention 
devoted to the case ,& = 1.36 TeV, corresponding to 
the collision of an electron or positron beam from LEP 
II and a proton beam from LHC (411. 

RESULTS 

In Figs. 3-5 we present the dependence of processes 
(l)-(3) on the collider cm. energy, for a selection of 
Higgs masses: Mm = 60,80,100,120, and 140 GeV. Sum- 
mations over all possible combinations of (anti)flavors 
have been performed (the top contributions in the final 
states are included!), as well as the integration over the 
initial g/q(a) and y structure functions. A general fea- 
ture in Figs. 3 and 5 is the rapid increase of all the 
plots with &, especially for ,& > 1 TeV. This is be- 
cause for ,&much larger than the final particle masses, 

‘As a first approximation only combinations of two flavors 
within the same quark doublet have been computed for pro- 
cess (l), setting all Cabibbo-Kobayashi-Maskawa terms equal 
to one. 
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FIG. 3. Cross sections of process (1) as a function of &, 
for a selection of Higgs boson masses. The HMRS(B) struc- 
ture functions are used. 

FIG. 4. Cross sections of process (2) as a function of 6, 
for a selection of Higgs boson masses. The HMRS(B) struc- 
ture functions are used. 

FIG. 5. Cross sections of process;(3) as a function of ,&, 
for a selection of Higgs boson masses. The HMRS(B) struc- 
ture functions are used. 
TABLE I. Production crms sections for processes (l)-(3), 
at ,& = 1.36 TeV, with Mm = 60, 80, 100, 120, and 140 
GeV. The HMRS(B) structure functions are used. The errors 
are the statistical errors on the numerical calculation. 

f3 Cfi) 
J% (Ge”) 4’W’b PZ”4 PT4 
60 55.61f 0.34 6.13 zk 0.10 3.806 zk 0.058 
80 42.84f0.25 3.056 + 0.052 1.765 + 0.029 
100 34.53 * 0.14 1.581 f0.028 0.872 rt 0.013 
120 27.56 ho.11 0.798 rt 0.024 0.4513 + 0.0068 
140 22.048 zk 0.080 0.547+ 0.018 0.2419 i 0.0039 

fi = 1.36 TeV HMRS(B) 

phase space effects are quantitatively unimportant. The 
same effect is less evident in Fig. 4, since process (2) 
is affected by the s-channel structure of the correspond- 
ing Feynman diagrams, whereas [part of] these are in t 
channel for process [(l)](3). We also notice that the cross 
section for the process ep + W*c$X is much larger than 
that of ep + Z’&X. This is due to two reasons: first, 
the coupling &+?W- is larger than @“Z” and second, 
in process (1) there are additional diagrams (ix, 9-12 in 

Fig. l), some ofwhich (i.e., 11 and 12) we not suppressed 
by Yukawa couplings. 

In Table I we give the cross sections at the LEP@LHC 

cm. energy ,& = 1.36 TeV. To show the importance 
of the relative contributions of the various flavors enter- 

ing in the subprocesses (l)-(3), we give their separate 
rates in Table II at M+ = 60 GeV. For reaction (1) at a 
fixed ,&, increasing the Higgs boson ,mass reduces the 
top quark contributions, this ,is due to the limited phase 
space available, while the light flavors contributions (i.e., 
Q = u,d,s,c, and b) do not change significantly. For 
example, the top contribution to process (1) diminishes 
from 1.4% to 0.12% when &f+ increases from 60 to 140 
GeV, whereas the contributions from up (down) [stra
{charm}-initiated processes vary from x 53(35)[8]{3}% 
to z 64(29)[5]{2}%. For process (2) there is no sub- 
stantial phase ,space effect of this kind, since we can- 
not have top contributions here. Thus the numbers do 
not differ as much: they are e ‘74(16)[4]{5}(0.6)% to 

= 80(14)[3]{3}(0.33)%, with the numbers in the “brack- 
ets” () corresponding, to b contributions. For reaction 
(3), things change dramatically because, on the one hand, 
top lines are not connected to the initial state as in (1) 
and the phase space mppression due to the large top 
mass is important only if ,& < 1 TeV, and on the 
other hand, the Higgs boson always couples to the very 
massive top quark through the (- mt) Y&am coupling, 
in all Feynman diagrams at tree level. Because of this 
- mp coupling the very light flavors p = U, d, and .s give 

here completely negligible contributions, while c and b
fractions are suppressed by a factor of z (mt/m.)2 k lo4 
and u (rn&,)” u 1225, with respect to the top ones. 

Therefore, for process (3), the top contribution is by far 
the dominant one for ,& 2 1 TeV and all 4 masses.’ 

‘Whereas for 6 < 1 TeV the c contribution is the largest 
one: in this case the effect of the 47 electromagnetic cou- 
pling, which favors c quarks, is dominant on the Yukawa q.$ 
electroweak one, which favors b quarks. 
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The corresponding numbers at the LEP@LHC energy, 
varying M+ in the range 60-140 GeV, are zz 0.0016- 
0.0013 % for u, Ei: 0.0013-0.0011% for d, z 0.29-0.28 % 
for s, x 17-20% for c, zz. 14-21% for b, and z 69-58% 
for t quarks. 

Next, we checked if neglecting diagrams l-6 [and 9- 
101 of process (2)[(1)] inside the matrix elements, as 
done in Ref. [41], where all quark masses were set equal 
to zero, could be a source of err~r.~ In doing this we 
needed to apply some cuts to avoid collinear and soft 
singularities (in the couplings of the incoming photon 
to the outgoing quark gout) that would otherwise make 
OUT amplitudes divergent. To do this, we require, e.g., 
1 COS&,~,,~~ < 0.95 and IP,~“~ 1 > 3 GeV: restrictions 
which are reasonably compatible with eventual require- 
ments from the detectors.’ Setting again ,& = 1.36 
TeV and M+ = 60 GeV, we have found percentage dif- 
ferences only of the order of 1 in 1000 in the case of 
light flavor final states, and of = 2% for the contribution 
by + tW-$+c.c., in process (1). For reaction (2), differ- 
ences are appreciable only in the case of c and b quarks, 
these being z 3% and M 13%, respectively. These mass 
effects are approximately the same over the whole in- 
termediate M+ range. However, because of the relative 
flavor contributions of Tables II(a) and II(b), when one 
sums over all of these the effects are largely washed out. 
We also notice that the errors due to neglecting the quark 
masses are larger for process (2) than for (l), si&e in the 
latter there are also contributions (dominant with respect 
to the Higgs bremsstrahlung) coming from 7 + W+W- 
splitting whereas at tree level there is no corresponding 
7 + Z”Z” coupling. Obviously, taking into account the 
masses in process (3) is crucial, since there the Higgs is 
always produced through the Yukawa couplings 94. 

We know that in the niass range 60 GeV < Mb 5 
140 GeV the dominant Higgs decay mode is 4 -+ bb. 
The corresponding BR in the above interval varies tiprn 
z 0.85 at M+ = 60 GeV to M 0.38 at i”& = 140 GeV, 
where the off-shell W*‘WF decay channel begins to be 
competitive [51]. So, in order to maximize the number 
of signal events we look for the 4 --t b6 signature. We 
further require flavor identification of b jets, exploiting 
the possibilities offered by b-tagging techniques, to reduce 
the large QCD backgrounds. 

In processes (l)-(3) we have additional decaying 
particle& a W’ in gy --f g’W*$, a Z” in gr + gZ’$, 
and two t’s in the gy + tf4 contribution. So we expect 
the following possible final signatures”: 

‘We expect differences coming from phase space effects to 
be negligible for the light flavors u, d, 8, e, and b, since mp < 
,& for all of them. 

‘Since similar cuts were not listed in Ref. 1411, we were un- 
able to reproduce exactly the numbers there computed. 

“In principle, we also have t quarks in process (1) which 
could decay to bW pairs, but in practice, contributions in- 
volving top quarks are here generally quite small if compared 
to those of the other flavors and substantially negligible when 
we sum up all different combinations. 
TABLE II. Production cross sections for processes (l)-(3) 
in (a)-(c), respectively, at fi = 1.36 TeV, with M+ = 60 
GeV, for all different flavor combinations entering in the par- 
tonic subprocesses. The HMRS(B) structure functions are 
used. The errors are the statistical errors on the numerical 
calculation. 

fal 
\-~I 

Flavors CJ (fb) 
w, + dW+c$ + ti7 + dW-4 29.58 j: 0.15 
d?+uW-dt&++iW+~ 19.37 * 0.30 I. 
6-y + cw-$6 + $7 + cw++ 4.228 + 0.021 
c~‘sw+q5+~Y~w-$ 1.620 i 0.012 
l?+tW-++~+tw++ 0.7995 * 0.0033 
4 = 1.36 TeV HMRS (B) M+ = 60 GeV 

,,‘i = 1.36 TeV Hy(B) M+ = 60 GeV 

Flavors c (fi) 
uy + uz”c$ + iir + OZ”(J 4.535 * 0.097 
d-, -+ dZ”m C & -+ ~Z’d 0.982 * 0.025 -a 
sy -+ sz”4 f 3-y --t az”4 0.2707 * 0.0015 
c-f+cZ”(tl+~-+-‘zQ$b 0.3018 i 0.0012 
l,+bZ”++&y+&ZOc$ 0.03839 ct 0.00017 

fi = 1.36 TeV HM&S(B) MQ = 60 GeV 
c 

l?l.vr\rr ,J (fi) 
< lo-” 

;; + b&3 0.5188 z!z 0.0019 
97 + a 2.6192 zk 0.0049 

.& = 1.36 TeV HMRSfB) Mn = 60 GeV 

ep -+ W*&,X --t (lv,)(b@X , 

ep + Z’$X + (ll)(b6)X , (9) 

or 

ep --f W*c$X --f (jj)(b@X , 

ep + Z’c$X + (jj)(b&)X , (10) 

(where X represents the untagged particles in the fi- 
nal states) depending on whether the electroweak mas- 
sive vector bosom decay leptonically or hadronically, 
respectively. I2 As for process (3) we expect the signa- 
ture 

ep + gqq4X --f jj(b6)X 

for light quark contributions, and 

(11) 

“We know that in all processes (l)-(3) we can have ad- 
ditional b’s from t/Z’ decays or by/g7 fusion, but we as- 
sume that complications coming from the fact of taking in 
those events a wrong combination b& can be largely avoided 
if we restrict to keep bhvariant masses in the window 
IMb6 - M4j < 5 GeV (se: later on). 
“We do not exploit &re possible missing energy decays 

Zn --f YC in process (2). 
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ep + t@X -+ b6W*(b6)X 

for top quarks [with B(t + bW) z 11. 

(12) 

Therefore out of the z 56-22[6-0.61 initial femtobarns 
of reaction (1)[(2)] at & = 1.36 TeV and for A4+ = 60- 

140 GeV, assuming C. = 3 fb-‘, we expect = 99-18[11- 
< l] events for hadronic decays, and a 42-8[2-< I] for 
leptonic modes, whereas for reaction (3), starting from 
x 3.8-0.24 fb, we end up with = lo- < 1 events (7 of 
these come from t&$ production with IM+ = 60 GeV) per 
YGS. 

The irreducible backgrounds to the above signatures 
are ep + W*Z”X + W’(b6)X and ep + t&X + 
bbW*X for process (l), ep + zozox --t ZO(b6)X for 

(2), and ep + @Z’X -i qq(b6)X for (3). These are al- 
ways present, independently of the W*/Z’ decay modes 
in processes (l)-(2). In addition, multijet photoproduc- 
tion, W*+jets, Z”+jets and ttX + b6W*X production 
and decay events must be also considered. 

A few remarks concerning the ti;X background are 
needed here. We have mentioned earlier that we take 
the e + 7 conversion efficiency e (into back-scattered 
photons) equal to 1, which implies that all the incoming 
electrons are converted into photons and hence removed 
from the interaction site. This motivates us to consider 
7p initiated processes only, and not ep ones. Single-top 
production proceeds in 7p collisions through the pmtonic 
subprocesses q7 + q’W*‘7 + q’t6 + q’ta --f q’b6W* 
(i.e., via 7W* fusion) and gy + tbW,* + b6W+W- 
(i.e., via 7 + W+W- splitting and gy fusion), whereas 
in ep collisions it happens via e-g --t v,W**g + t6v,. 
While this latter process has a very large cross section 
(approximately 1200 fb at ,& = 1.36 TeV), the sum 
of the fist two gives rates generally at the level of one 
order of magnitude larger than the ones of the signal 
qW*$ + qW*(b6), for mt = 175 GeV (see below). 
Therefore, we would like to stress that it is extremely 
important that an efficiency c greater than rn 90% should 
be achievable, otherwise a non-negligible fraction 1 - E) 
of the single-top background proceedings via W L g fu- 
sion would enter in the experimental sample, inducing a 
strong suppression of the signal versus background ra- 
tio. In fact, the production rate of the qW*+ signal via 
bremsstrahlung photons is more than ten times smaller 
than the one via backscattered 7’s [41]. 

While b-tagging identification should drastically reduce 
the backgrounds where b quarks are not present in the 
final states, tbis requirement is not generally enough if 
they are. In this case, one has to look for invariant masses 
of the b6 pair in a window around Aa’+, since the most 
part of the signals lie within this region. In the case 

of top-resonant backgrounds (i.e., t&X and tfX) we can 
also exploit the cut, e.g., IM~w+qij - mtl > 15 GeV, 
which should be very effective in reducing hadronic W* 
decays since top peaks are quite narrow (in fact, rt = 
1.58 GeV for mt = 175 GeV). Finally, if the Higgs mass 
turns out to be close to the Z” mass, the precise absolute 
normalizations of the processes involving Mb6 resonances 
are needed. 

Assuming good b-tagging performances such that it is 
possible to drastically eliminate the non-b multijet photo- 
TABLE III. Prqduction cross sections for the background 
Processes discussed in the text. The HMRS(B) structure func- 
tions are used. The errors are the statistical errors on the 
numerical calculation. 

Background 
ep + w*z”x 

ep + t%X + b6W*X 

0 (fb) 
224.3 i 1.9 
535.3 i 5.1 

ep --t tfX + b6W*X 1114.7 + 1.4 
ep 7‘ z”zox 12.15 * 0.50 
ep --t qqzox 3714 5 91 

& = 1.36 TeV HMRS(B) 

production, W* + jets and Z” + jets background events 

[41], and that the M,a cut is sufficient to suppress the 
above processes in the case of 7*/g* + b6 splitting, 
we end up having to deal only with the backgrounds 
ep + W*Z’X 7‘ W+(b6)X, ep + tax + b6W+X, 
ep + Z’Z”X + Z0(b6)X, ep + tiX -i bbW*X, and 

ep + qqZ”X + qP(b6)X. Moreover, we should not forget 
that an additional drastic rejection factor on the multijet 
background comes from requiring that MjjfMlo,,,ri has to 
reproduce MW+ or Mzo for processes (l)-(2), and that 
M bw+bjj = mt for (3) when q = t (since this flavor is by 
far the largest partonic contribution at the LEP@LHC 
energy). 

In order to study the background rates, we have im- 
plemented their matrix elements in FORTRAN codes gen- 

erated by MADGRAPH [52] and HELAS [53].13 The total 
cross sections of these processes are displayed in Table 
III, at ,,& = 1.36 TeV, for the same 7 and g/q(@) 
structure functions and parameters employed for the sig- 
nal processes. We notice that backgrounds are in general 

much larger than the corresponding signals, both for the 
top-resonant cases (continuum backgrounds) and for the 
2” + b6 ones (discrete backgrounds). While in the for- 
mer case this happens because of the top-resonant peaks, 
in the latter we have that the qZ” coupling does not de- 
pend on the q mam (contrary to the Higgs one), so light 
quarks give large contributions here., This is especially 
evident in the case of the reaction ep + qqZ”. The rates 
for ep --t ZOZoX are of the same order of magnitude 
as the signal ep + Z”4X: in this case the contributions 
from Z” bremsstrahlung off quarks in the background (we 
do not have triple vector boson vertices in this case) are 
comparable to those of the signal in which 4 is emitted 
from a Z” line. 

However, in principle these very large rates should not 
be a problem since processes ep + W’Z’X, ep --t 
Z”Z’X, and ep --f qqZ”X are really important only 
when M+ zr A+, whereas ep + t&X + b6W*X and 
ep + tEX +_bbW*X are highly reduced when applying 

a cut in the bb-invariant rnam (i.e., &&,b e Mb) and even- 
tually, for W* hadronic decays, also the cut Mbw z mt 

13Since Process ep 7’ tEX + b6W’X was already studied in 
Ref. [54], we also checked that the helicities amplitudes we ob- 
tained reproduce the results of that Paper (for bremsstrahlung 
photons). 
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FIG. 6. Differential distributions in the invariant mass of 
the b&-pair M,,b for the ibX + b6W*X and tzX -+ b&W’X 
backgrounds, at 6 = 1.36 TeV. The HMRS(B) structure 
functions are used. 

can be used. In Fig. 6 we give the differential distribu- 
tions in the invariant mass A4”6 for those backgrounds in 
which the b6 pair does not come from a Z” resonance: 
i.e., fbX --t b6W*X and tTX + b6W*X (W* BR’s xe 
not included). For backgrounds containing a Z” + b6 
resonance, we naively assume that all the i&,6 spectrum 
is contained in the region IMb6 - Mzol 5 21’20 = 5 GeV. 

Since we are concentrating on bb-invariant masses in 
the A44 region, we require that P&E of all events is in the 
window lMar - Aa’+1 < 5 GeV, assuming that 10 GeV will 
be the mass resolution of the detectors. The ftactions 
of the total cross sections from t%X and tfX production 
which pass this cut are given by the area under the Mg, 
distributions of Fig. 6 between M.+ - 5 and M+ + 5 GeV, 
while we assume that th&e of the Z”-resonant b6 events 
am given by the formula [33] 

do(zo) = g(zo) ==40> 10 GeV - IM - Mzd) 
10 GeV (13) 

In using the above equation we tacitly assumed that the 
4 + bi; peaks are also all contained in a region of 10 
GeV around the 4 p01e.‘~ The number of signal (S) and 
background (B) events and their statistical significance 

(S/a) are given in Table IV, for the three processes 
(l)-(3) and the sum of their backgrounds separately, for 
the usual selection of C$ masses, after the A&g cut. BR’s 

‘%I fact, the Higgs boson width at M+ = 140 GeV is I’4 k 
0.01 GeV. 
TABLE IV. Number of signal (5’) and background events 
(B) and their statistical significance (S/a), for the pro- 
ces~es (l)-(3), at 6 = 1.36 TeV, in the window 
lMba - &I+[ < 5 GeV, for the usual selection of Higgs boson 
masses. Numbers correspond to hadronic (leptonic) decays of 
the W*/.t?‘s. The HMRS(B) structure functions are used. 
The symbol I‘-(’ indicates the case in which the ba&grounds 
do not constitute a problem in disentangling the signals. 

PrOCeSS s B SIG Mm (GeV) 
Q’w*b 99(42) 418(179) 4.84(3.14) 

1w O(O) 
75;:2, 0 

452(194) 

5(l) O(O) 
59;5, 0 

412(177) 

3(O) O(O) 
41Fl7) 196 

357(153) 

l(O) O(O) 
1 

18W 300;28) 

O(O) O(O) 
0 0 

-4-j 60 
- 

3.53(2.30) 
-(-I 80 

- 

2.91(1.88) 
-(O) 100 
0.14 

2.17(1.37) 
-P) 120 

l.lO(O.71) 
O(O) 140 

0 

of hadronic and leptonic Wb/Z0 decays, giving the sig- 
natures in Eqs. (9)-(12), are included both for processes 
(l)-(2) and for the backgrounds. We do not make any 
assumption about the W* decays when p = t in process 
(3) and on the second W* in tbX and tFX, treating them 
completely inclusively (i.e., such that W*‘s can decay ei- 
ther hadronically or leptonically). 

As criteria for the observability of a signal, we require 
a rate S > 6 events with a significance S/Y/% > 4 for 
the detect% of an isolated Higgs boson peak, while for 
the case of Higgs boson peaks overlapping with Z” peaks 
we require S 2 10 with S/v% > 6 [33]. Table IV shows 
the rates for the signal (S) processes q’W*& pZ”4 and 
q& and their backgrounds (B) separately, together with 
the corresponding significances, whereas Table V sum- 
marizes the results when one tries to make an “inclusive” 
analysis, summing the rates for signals and backgrounds. 
Apart from the case M+ 5 80 GeV for hadronic decays, 

the starting values of S/&? in both situations are gener- 
ally small. This happens because the largest signal (i.e., 
W*@X) has a huge background, whereas the other two 
signals (i.e., Z”C$X and @4X), even though virtually free 
from backgrounds, give very few events. 

TABLE V. Total number of signal (&) and background 
events (Bt,t) and their statistical significance (SW/~), 
after summing the numbers in Table IV in “inclusive” rates. 

St,t Bt0t St0tdiG M+ (GeV) 
120(44) 418(179) 5.87(3.32) 60 
84(33) 452(194) 3.95(2.37) 80 

64(26) 608(373) 2.60(1.35) 100 
43(18) 357(153) 2.28Q.46) 120 

W) 300(128) l.lO(O.71) 140 
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FIG. 7. Differential distributions in the invariant mass of 
the bEq,ir Mbs for the tax --t b&W’X and tfX -+ b&W+ 

backgrounds, at J”;;; = 1.36 TeV, after the cut 

IMbW--tbjj - mt [ > 15 GeV. The HMRS(B) structure func- 
tions are used. 

Therefore, it is clear already at this point that in the 
case of overlapping peaks it does not appear to be any 
possibility to disentangle the signals (see Tables I and 
III), even after a few years of running. However, when 
IM+ - Mp’( 2 5 GeV, region where only the continuum 
backgrounds are effective, one can exploit (in the case of 
hadronic W* decays) the restriction IMbw-,bji- 7nt] > 
15 GeV (for both the combinations bW+ and bW+, as- 
suming to tag the positive gauge boson). For this, in 
Fig. 7 we plot the differential distributions in Mb6 of 
the &X and tfX backgrounds, after applying the above 
MI,W cut. It is clear then how this cut turns out to be 
extremely useful in rejecting the continuum backgrounds, 
since their rates are now reduced of x 81% (for tbX) and 
of zz 97% (for tKX). If we insert these reduction factors in 
Tables IV and V (in which we have now to divide all E’s 

bi a factor of z 13, and multiply all S/ms by = m) 
the significances become larger than 4 over almost all the 
intermediate Higgs boson mass range (M+ < 120 GeV). 
At the same time, the reduction factor for W*q4X is 
just a few percent, since the corresponding distribution 
in Mbw is nearly flat (see Fig. 8): e.g., ‘approximately 
7% for M, = 60 GeV and 8% for M+ = 140 GeV. 

A few comments concerning the mass resolution, I&- 

M,,&l < 5 GeV, that we have used throughout this paper 
are worth mentioning at this point; In Ref. [38], a larger 
value was adopted. Here, the fact that we performed the 
analysis at the parton level would enable us to use for 
consistency a value of = 7 GeV [18] (which corresponds 
to a resolution between 11 and 12.3 GeV at the jet level). 
In addition, it has to be remembered that the real per- 
formances of a possible ep CERN collider are not pre- 
dictable at the moment, and it is not inconceivable that 
tbX - 

ttx 

w+x, M,= 60 Ge” 

wqx, M&40 Ge” ,,,.,,..., 

EC.,,,,= 1.36 Te 

100 150 200 250 300 350 400 

MW, (Ge’4 

FIG. 6. Differential distributions in the invariant mass 
of the bW-system Mw for the tax i b6W*X 
and tfX --f b6W*X backgrounds, and the signal 
W*+X --t W*(b6)X with Md = 60,140 GeV, at 6 = 1.36 
TeV. The HMRS(B) structure functions are used. 

by the time the LEP@LHC machine comes into operation 

further progresses in resolving the mass spectra can be 
achieved. Therefore, for the time being, we deliberately 
chose a smaller and more optimistic value. However, if 
eventually it turns out that such a performance will not 
be feasible, the rates for a worse mass resolution (say 10 
GeV) can be readily deduced from the ones given here. 
In fact, for the signals, due to the small Higgs width in 
the intermediate mass range, they remain practically un- 
changed. For the case of the discrete backgrounds we 
expect smaller significances only in the region around 
the 2” peak, where it is already impossible to disentan- 
gle Higgs signals for a mass resolution of 5 GeV. Finally, 
for the continuum backgrounds, the numbers would be 
roughly a factor 2 bigger (see Figs. 6 and 7). There- 

fore, an additional (overall) reduction factor of zz fi is 
expected, which should be compensated for by a year of 
extra running at the same luminosity, with respect to the 
case of higher mass resolution. 

So far we have assumed a 100% acceptance and detec- 
tion efficiencies for jJl’s in the final states, the same for 
b tagging. Tbis is obviously completely unrealistic, and 
before drawing definite conclusions a full analysis (includ- 
ing kinematical cuts, detector efficiencies, hadronization 
effects, etc.) should be done. We adopt here the set 
of kinematical cuts given in Ref. [38]. As the substan- 
tial part of Higgs signals would come from reaction (l), 
which furthermore is the most affected by competitive 
backgrounds [contrary to processes (2)-(3), which are vir- 
tually free from backgrounds in the region where Higgs 
signals can be disentangled, MQ # Mzo], we perform 
the study for the case W*I$X and for the corresponding 
(continuum) backgrounds. 
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If we assume as acceptance region the one defined 
by= transverse momentum p$ of at least 20 GeV, pseu- 
dorwiditv Inil less than 4.5. and separation ARi* = 
J* ‘, ^. ~. 

AT%,, + A’p,, > 1, for all the zth and jth b’s and jets of 

the signature bi$jjX, then the reduction factors for the 
W*$X signal and the tbX and tfX background rates 
me R z 16-7 (for A4+ = 60-140 GeV), c 14 and = 11, 
respectively. 

That means th&, on the other hand, the number of 
events is reduced to a few units per year (from c 3 at 
Mm = 140 GeV to zr 8 at MQ = 60 GeV, for hadronic 
W* decays) whereas, on the other hand, the effect on the 
significances is a reduction factor approximately equal 
to.4(2), for Mm = 60(140) GeV. Therefore, we would 
conclude that even though these selection criteria act in 
the direction of favoring the backgrounds, largely spoil- 
ing the effectiveness of the Maw+pij cut, nevertheless, 
the final values we obtain for S, B and S/e shouldn’t 
prevent the experimental feasibility of this analysis, but 
only imposing the requirement of accumulating a higher 
luminosity (in at least two years time), in order to clearly 
disentangle Higgs boson signals. In general, we would like 
to stress here that our choice of kinematical cuts could 
well be different from the one which will be at the end 
imposed by the real LEP@LHC detectors. At present, 
in fact, the acceptances of these latter have yet not been 
looked into, as even the most recent and complete studies 
on the argument only deal with simulations done for the 
LHC (see the ATLAS [55] and CMS [56] Technical Pro- 
posals). That is, we wonder if detectors designed for app 
machine will be the same and/or will work in the same 
configuration even when they will be set up around a dif- 
ferent kind of machine, an ep collider. Nothing prevents 
us then from thinking that by the time the LEP@LHC 
collider will be operating both the improvement in the 
detection techniques and the necessity to design ,the de- 
tectors in view of their best performances at an ep ma- 
chine could end up reducing the impact of the acceptance 
cuts on the event selection procedure. 

Concerning flavor identification, it is clear that high 
b-tagging performances and excellent not-b rejection are 
needed, at least as the ones expected at the LHC in the 
pp mode [18]. 

Before concluding, we notice here how processes like 
(l)-(3) could turn out to be extremely interesting if one 
considers their counterparts, e.g., in the minimal super- 
symmetric standard model (MSSM). Here quark-Higgs 
couplings proportional to tanp can enhance the signals 
up to N 1000 times for very large tan@.. This drastic 
enhancement happens when considering the contribution 
of diagrams involving the bremsstrahlung of the pseu- 
doscalar boson A0 off massive down-type quarks (i.e., 
b quarks: hence masses should be included). This oc- 
curs in all the Feynman diagrams of process (3), while 
it only happens for the suppressed graphs 1-6 [and 9,101 

“In the case of the signal no requirement is imposed on the 
spectator jet from the Q’ quark in (1). 
in (2)[(1)]. These latter contribute to the total rate at 
the level of % for the SM case but are the only surviv- 
ing ones for the MSSM (since the pseudoscalar boson A” 
does not couple to vector bosom at tree level). In ad- 
dition, in processes (l)-(3), once we substitute 4 by one 
of the MSSM neutral Higgses Ho, ho, and A” and we 
also include the flavor changing cases in which 4 +i H* 
and double Higgs productions in ~7 fusion (W* cf H* 
and Z” tf Ho, ho, A’), we will have a very rich labora- 
tory where all the fundamental interactions of the MSSM 
can be carefully studied. A complete analysis within this 
model is presented in the following paper [57]. 

SUMMARY AND CONCLUSIONS 

In summary, we have studied the production cross sec- 
tions of the SM Higgs 4 with mass in the range 60 GeV 
< M+ 5 140 GeV at a next-generation ep collider, with 
500 GeV 5 ,& < 3 TeV, through the partonic pro- 
cesses 

and 

for all possible (massive) flavors of the quarks q(q’), with 
incoming photons generated via Compton back scatter- 
ing of laser light. 

Special attention has been devoted to the case of the 
planned CERN LEP@LHC ep collider (with ,&~i: 1.36 

TeV), where signatures in which the Higgs decays to b6 
pairs were studied, exploiting the possibilities given by 
b-tagging techniques. 

We concluded that at this machine, apart from the 
case M+ M Mzo which is impossible to disentangle, Higgs 
signals should be detectable above all the possible back- 
grounds over the most part of the remaining intermedi- 
ate mass range, by searching for the hadronic decays of 
W*‘s in process (l), in particular after approximately a 
couple of years running at the luminosity L = 3 fb-’ if 
M+ < 120 GeV. Because of the fact that the leptonic de- 
cay channels of the W*‘s give small rates and that a cut 
in the invariant mass Mm is not applicable in this case, 
no possibility of detections exists if W* + &. There- 
fore, in this respect, we disagree with the conclusions 
given in Ref. (411. In the case of processes (2)-(3), af- 
ter the acceptance cuts here adopted we expect to get 
significant number of events only for a value of L much 
bigger than the one assumed here (more than an order 
of magnitude). 

In general, if the LHC detectors will not be able to 
achieve the necessary performances ,for all the foreseen 
Higgs measurements, then the LEP@LHC collider op- 
tion could provide interesting prospects of studying the 
SM Higgs boson parameters (i.e., Mm, I?.+, BR’s, etc.) in 
the intermediate mass range, in an environment partially 
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free !%xn the QCD background typical of pp/pp acceler- 
ators, especially if larger b-tagging performance and/or a 
high luminosity can be achieved, in advance of a possible 
future NLC. 
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APPENDIX 

In this section we present the explicit formulas for the 
h&city amplitudes of the signal processes we have stud- 
ied. Definitions of S, Y, and 2 functions and of other 

quantities (p, X, p, 7, etc.), which enter in the following, 
can be found in Ref. [58], With identical notation. 

Here, we introduce the definitions 

-bl = -ba = bB = 2b4 = 2b5 = 2bs = 2bT = 1 (Al) 

for the coefficients of the incoming or outgoing four- 
momenta, 

< , 

h(p) = ’ 
pa-M$ ’ D,(P) = h 0’2) 

* 
for the propagators, where V = W*, 2’ and Q = u or d, 

Ni = [4(p;. q$“2 , i = 1,2 (A3) 

for the gluon (i = 1) and photon (i = 2) normaliza- 
tion factor, where p;(pi) is the massless vector fow- 
momentum (any four-vector not proportional to pi), with 
i = 1,2 [43]~. The symbols ~~ and ~2 represent two light- 
like four-momenta satisfying the relations 

?+ = T2” = 0 , T:+T;=P:, (A4) 

(K&(,,) indicates the solid angle of TI(Z) in the rest 
frame of p4) [43], pa and p7 are antispinor four-momenta 
such that 

and 

c u(p;, x)ti(pi, X) = fit - rni , with i = 6,7 , (A6) 

A=* 

while 

Az u(pd, x)ti(pi, X) = bi + rni , with i = 4,5 . (A7) 

We also define the spinor functions” 
& = c c W({lh [i]; Ll)Y([il; @I; 1,1) > 
A=* i=5,7 

r-t;;(‘) = c c W([3]; [i]; l,l)Y([i]; [~];c~~,c;~) , 
x=* i=4/3(5,1) 

Y$’ = c c W([2]; 14; Ll)Y(I~l; (2); 1,1) , 
x=* i=4,6(5,7) 

y, = c Y({l};pz,X; l,l)Y(pz, x; (2); 1,1) , 
A=* 

3-g = fmY([3]; [ll;cp,“,cpR”) - !-mY([31; [ll;c~“,$,) , 

Y,pY = c Y(~3l;Pz,x;~,1)Y(P2,x;~~l;~pR,,~~”) 3 
,I=* 

3;; = yg - PV 
+Pz (P4 4 PS) , 
MV 

224 = q4; (2); 111; {2); 171; LU , 
2;; = Z([3]; [II; 121; (2);cp,“,cp,“; 131) I 

Ppy 
2;; = z;,“z - 2% M; (Yz + Y2 1 

z,p,“, = Z([3]; [l];(l); {2};&,c’L,; LI) I 

3@ pf = ZPV _ _ 
314 314 ;; (X4 - Y4) > 648) 

?&roughout this Appendix we adopt the symbol {X} to denote a set of h&cities of all external particles in a given reaction, 
CIA) to indicate the usual sum over all their possible combinations, and the symbol Ci++,,,,, to indicate a sum over j, k, 1,. 

with index i. 
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TABLE VI. SM Higgs boson 31 couplings to the gauge 
bosom W* and Zn. 

z”zo 
2, 
--+ Qvc,,. . . 

where V represents a gauge boson W+, Z” or .,, q = u OI 
d (u- and d-type quarks of arbitrary masses rn, and md,, 
respectively), and with the shorthand notations [x] = 
p,, A, (z = 1,. .4), (I) = CJ~, X, (z = 1, Z), and (2) = 
rz,-(r = 1,2). 

In the ‘following we adopt [i] = p;, X and [j] = pj, X’, 
whereas the couplings CR, CL, and 31 can be easily de- 
duced from Tables VI and VII. Also, we sometimes make 
use of the equalities 

1. Process dy-i uW-.jb 

In order to obtain from Fig. 1 the Feynman graphs of 
the process 
TABLE VII. SM right and left handed couplings (CR, CL) 
of w and d-type quarks to the neutral gauge bosons g, -/, Zn, 
to the charged W*k and to the Higgs boson 4, We have 
9: = -Q’s”& and gi = T,’ - Qqszw(~ = u,d), with 
(Q”,T”) = (+$,$) and (Qd,TQd) = (-$,-;) for quark 
charges and isospins. 

Z@ W” 
&, Q’;A &(&g;) &,(%l) &(W 

dhh) + -Y(PZ, b) + 4~3, As) + W-(~4) + I > 

(AlO) 

one has to make the following assignments: 

q I d , p’ = u , V(*) = W*(*) . (All) 

The corresponding matrix element, summed over final 
spins and averaged over initial ones, is given by 

where 

C-412) 
I 

dA’ = c c c c (-bibj)Y([3];[i];c~,,cu,,) x=* A’=* i=3,5,, j=1.4,6 
xm; liI; PI; (2)~ ,C~~,c~~;1r1)Z([~1;[11;{1};{2};CR,+,CL,+;1,1) , 

dA’ = c c c c (-bibi)Z([3];[i];[2];(2);c~~,cu,~;1,1) 
x=* A’=* i=3,2 j=1,4,6 

WM; lil;c;t,A!, PYlil; PI; (11; G%CR,* , CLWf i I,11 , 

&Ix’ = Agk A& ;z2 j=&kWZ([31; [il; [?I; (2);cuR,>cyL.,; ~1) 

xZ([il; liI; 0); {2};mw* ,c&,*; L1)Y([~l; [11;4,,cdLJ I 
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A$‘~= c c (-bi)Z([i]; [1];[21;(2);edR,,c~,;l,l) 
x=* ;=I,2 

x=* id&3 

x z([q; [l]; (1); {2); c&,* 9 a$,,,* ; 1,l) 

iUp’ = c c (2bi)Y([3];[i];cUR,,c~,) 
xc* i=3,5,7 

x 

L 
224 c Y([il;Pz,x’;1,~)Y~Pz,x’;[~l;~R,*,~~,*~ 

A’=* 
2. Process dy -+ dZ=‘+ 

The Feynman graphs for the process 

d&,X1) +-d&,&d + dba,Xd + Z”(P~ + +(Ps) 7 

(*15) 

can be obtained from Fig. 1 by setting 

* = Q’ = d , v(*) = zO(*) ,@16) 

Tbe formulas for the amplitude squared are practically 
the same as in the previous section, considering the first 
8 amplitudes only (i.e., &I,!“’ = 0 for i = 9,. ,12), with 
the relabeling: 
u-+d, W*+Z’, 

in Eqs. (A12)-(A14). 

(*17) 

3. Process 97 --t ua+ 

The Feynman diagrams for 

dPl,h) +7@2,W + 4P3,w fti(P4,h) +4(Ps) , 

(W 

are shown in Fig. 2, where q = u. The amplitude squared 
is 
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The expressions for the Tp”s are 

-cry) = D&Q + P&L(PI - p@4$%1 , -i$@’ = D&3 - PZ)D.JPI -P&@% , 

-i@ = Du(pa - pz)Du(p., + PS)&% , 

-g?) - r+3 - -iq @)(p,ctp4), i=l,..., 3, 

while the spinor functions are 

W”) 

~~(~~l;lil~~~l;(1);~“,~,~u,~;1~1)y(~~l;~4l;~~,,~u,,) I 

M$; = M,!‘}(ps ct ~4) , i = 1,. ,3 6421) 

By trivial relabeling and sign exchanges, it is possible to obtain from the above formulas the corresponding ones for 
the u-type quark initiated processes 

as for the charge conjugate reactions 

Finally, the same can be done for obtaining the h&city amplitudes for the g-initiated process 
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