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Search for the intermediate mass Higgs signal at TeV ep colliders
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The intermediate mass Higgs boson can be abundantly produced through the process e p —+
Hv at TeV e p colliders, which are realized by the laser backscattering method. We search for

the signature of W H —+ (jj ) (bb) plus missing transverse momentum, with and without considering b

tagging. We also analyze all the potential backgrounds from e p —+ W Zv, tV W e, ZZe, tbv,
and tte . With our selective acceptance cuts these backgrounds are reduced to a manageable level.
We Qnd that for the entire intermediate mass range 60 —150 GeV the Higgs boson discovery should
be viable. We also present detailed formulas for the helicity amplitudes of these processes.

PACS number(s): 14.80.Gt, 13.60.Fz, 14.80.Er

I. INTRODUCTION

The symmetry-breaking sector of the standard model
(SM) is the most mysterious part of particle theory. Even
for the simplest minimal SM the Higgs boson, which is re-
sponsible for symmetry breaking, has not yet been found,
and there is no theoretical restriction on its mass except
that unitarity implies an upper limit of about 1 TeV on
its mass. The discovery of the Higgs boson depends on
its mass, which determines the decay channel to search
for. For the heavy Higgs boson (m~ + 2mz) we can
use the geld-plated channel H ~ ZZ + A'A' to identify
it at hadronic colliders [1], and even the four-jet mode
of H ~ ZZ, WW ~ (jj)(jj) at e+e colliders [2, 3].
The present lower bound on m~ from the CERN e+e
collider LEP is about 52—53 GeV [4], which can extend
up to 60 GeV in the near future. There remains a mass
range of 60—140 GeV in which the Higgs boson, which
predominately decays into a bb pair, could be difficult
to identify because of the large hadronic background at
hadronic colliders. Recent studies showed that we can use
the rare photonic mode of an intermediate mass Higgs
(IMH) boson decaying into pp to search for the Higgs
boson in the direct gg -+ H [5] production, or in the
associated productions with a W boson [6] or tt pair
[7]. On the other hand, at e+e colliders, we can use
e+e m ZH m (ff)bb to identify the IMH boson up to
about 90—95 GeV at LEP II [8], and the whole interme-
diate mass range at Next Linear Collider (NLC) [8].

With the recent discussions of converting the linear
e+e colliders into pp or ep colliders by laser backscat-
tering method, they provide new physics possibilities of
detecting and probing the properties of the Higgs boson
[9]. With a 0.5 TeV e+e collider in the pp mode, the
Higgs production by photon-photon fusion via a trian-
gular loop of heavy fermions and W boson can be used
to discover a heavy Higgs boson (m~ ) 2mz) [9—11].
It was shown in Ref. [11] that a heavy Higgs boson of
mass up to about 350 GeV should be able to be identi-
fied in the decay mode of H ~ ZZ + qqA', which has

a sufficiently large branching &action and is free &om
the huge pp ~ WW background. It was also shown in
Ref. [11] that the detectability in general decreases for a
higher-energy machine. On the other hand, the process

ttH [12] is shown to be better than the corre-
sponding process, e+e ~ ttH, in the e+e collider for
the measurement of the Yukawa top-quark —Higgs-boson
coupling at v s = 1 —2 TeV.

Another interesting Higgs production process is ep —+
WHv [13,14] by colliding a photon beam with an elec-
tron or positron beam. The cross section of this process
is shown to be comparable to e+e —+ vv W' W* ~ vvH
at ~s = 1—2 TeV, and much larger than the Bjorken pro-
cess e+e -+ ZH for the IMH boson mass range. How-
ever, the backgrounds have not been fully analyzed. The
major backgrounds for the IMH boson search in the pro-
cess e p ~ W Hv come from e p —+ W Zv, WWe
and ZZe, in which the boson pair decays hadronically
into four jets in the final state. Also there are back-
grounds &om e p —+ btv —+ bbW v and e p ~ tte
bbWWe . With the b identification these backgrounds
can be much reduced; however, the b-tagging e%ciency is
uncertain so far. It is then the purpose of this paper to
investigate the feasibility of identifying the IMH boson
through the process e p —+ W Hv at TeV ep collid-
ers, with and without implementing the b tagging. This
paper is organized as follows: we will describe the cal-
culation of the signal and background processes includ-
ing the photon luminosity function in Sec. II, following
which the results will be presented with and without im-
plementing b tagging in Sec. III. We will then summarize
the conclusions and discussions in Sec. IV. We will also
give detailed formulas for the processes involved in the
Appendix.

IX. CALCULATION METHODS
A. Photon luminosities

We use the energy spectrum of the backscattered pho-
ton given by [15]
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The value for ( is chosen in such a way that the backscat-
tered photon will not produce the unwanted e+e pairs
with the incident laser photon. We choose ( to be 4.8, and
so x „0.83, D(() 1.8, and ~o ——1.25(0.63) eV for
a 0.5(1) TeV e+e collider. Here we have assumed that
the positron and the backscattered photon beams are un-
polarized. We also assume that, on average, the number
of the backscattered photons produced per positron is 1.

In addition, the photon is also known to interact via its
quark and gluon constituents [16]. This is referred to as
a "resolved" photon process. The gluons and quarks are
treated as partons inside the photon with the distribu-
tion functions P;g~(x) to describe the probability that the
parton i carries a momentum &action x. What we need
is the gluon distribution function to calculate some back-
grounds wherever the electron-gluon scattering also con-
tributes in the case of electron-photon scattering. How-
ever, the gluon parton distribution function inside the
photon has a large uncertainty because limited experi-
mental data are available. We choose the parametriza-
tion of Drees and Grassie (DG) [17] for the photon struc-
ture function, a scale Q = s/4, and A4 to be 0.4 GeV
for both the photon structure function and n, (evaluated
at the second order).

The subprocess cross sections o must be folded with
the luminosities to find the total cross sections. In the
case of electron-photon scattering, the cross section 0 is

&mBX
o.(s) = dx~ E~g, (x~)o-(s = x~s) .

&1min

For the electron-gluon scattering the total cross section
is given by

+mBx 1
o.(s) = dxg dx2 E~g, (xg) Ps)~(x2)

&1min &2min

x o'(s = xyx2S) .

H. eg m WFSu

The contributing Feynman diagrams are shown in
Fig. 1. This process has been calculated in detail in

FIG. 1. Contributing Feynman diagrams for the process
e pm TV Hv.

e p ~ W Hv ~ (jj)(bb)v, (6)

where there are four jets plus missing energy in the final
state. Two of the four jets are reconstructed at the TV

mass, and the other two can be reconstructed as a res-
onance peak at the Higgs mass. For this signature the
direct backgrounds are the R' Z, R' TV+, and ZZ pro-
ductions where W and Z decay hadronically into four
jets, especially if the Higgs mass is close to the W or Z
mass. These processes will be described next.

C. e p —+W Zv, W W+e, and ZZe

These processes have been calculated in Ref. [18].
There are in total 11 contributing Feynman diagrams in
the process e p ~ R' Zv, 18 in e p ~ W R'+e, and
6 in e p —+ ZZe, in the general Bg gauge, shown in
Fig. 2. The R' Z and R' R + productions are interest-
ing on their own in the subject of probing the triple and
quartic gauge-boson interactions [18]. The formulas for
the Feynman amplitudes of these processes are presented
again in the Appendix. The WW production starts with
a hugh cross section (see Fig. 4), but it was shown in
Ref. [18] that a transverse momentum p~(VV) cut on the
boson pair can reduce the TV W+ background substan-
tially, and only moderately on the signal and W Z. Also
we will show that the central electron vetoing method will
be very useful in further reducing the TVW background.
The W W+ background is reducible if 100%%uo b tagging

Refs. [13, 14]. For completeness, detailed formulas for
the matrix elements are given in the Appendix. We did
an independent calculation that agrees with their results.
The gluon parton inside the photon does not contribute
because the gluon does not couple to either initial or final
state particles. For the Higgs boson in the intermediate
mass range the signature, due to the dominate decay of
0 ~ bb and the hadronic decay of R', will be
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is used, since we can require a bb pair in the Anal state.
The W W+ background decaying into b and b is well
suppressed by the Cabibbo angle. Otherwise, if there is
no b tagging, we have to consider all these direct back-

groundss.

D. e p —+btv

The contributing Feynman diagrams are shown in
Fig. 3(a). This process was calculated in great detail in
Ref. [19]. The formulas for the matrix elements are also
given in the Appendix. Its cross section is of order 0.02—
0.1 pb for the energy range of gs, +,— = 0.5—2 TeV. The
t so produced will decay 100%%uo inta bW so that it can
mimic the signal because there are, therefore, a W and
bb pair plus missing energy due to the missing neutrino
in the 6nal state. However, the bb pair in this production
does not likely form a sharp peak but forms a continuum
background. The feasibility of detecting the bb pair reso-
nance peak &om the Higgs decay depends on whether the
Higgs peak stands significantly (e.g. , S/~R ) 4) above

the continuum, and whether there are enough events un-
der the Higgs peak. We did an independent calculation,
which agrees with the results in Ref. [19],with a full spin
correlation in the subsequent decay of t m bW . Here
we used a top-quark mass mq ——150 GeV and a bottom-
quark mass mp ——4.5 GeV to illustrate.

The gluon parton inside the photon also contributes
via electron-gluon scattering. Using the gluon distribu-
tion function described in Sec. II A, the contribution from
the electron-gluon scattering can be as large as 50%%uo at
gs,+,— ——2 TeV for DG, though it is only about 15%%uo at
1 TeV, and negligible at 0.5 TeV. We will show the con-
tribution &om this "resolved" photon process in Fig. 4
and in our Gnal results in the tables; otherwise this con-
tribution is left out in all the other figures.

E. e p —+tte

The contributing Feynman diagrams are shown in
Fig. 3(b), and the formulas for the helicity amplitudes
are given in the Appendix. This is also a potential back-
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TABLE I. Table showing the efFectiveness of various combinations of the cuts in Eqs. (7), (8),
and (9) for gs, +, = 1(2) TeV, with mq ——150 and m~ ——100 GeV. The cross sections are given
in units of fb. No branching fractions of the bosons are included. The numbers in the parentheses
are for gs, +, = 2 TeV.

Combinations

(a) No cuts 390 10400

ZZ

10

e pmbtv

55

e g —+ btv

8.1

tte

83

(200) (970) (19500) (6.8) (43) (160)

(b) Eq (7) 73 380 1960 2.7 7.2 79

(160) (930) (2960) (1.9) (79) (31) (150)

(c) Eqs. (7)

and (8)

73 380 900

(160) (930) (1800)

0.54

(0.24) (79)

7.2

(130)

(d) Eqs. (7), (8),

and (9)

250 510 0.19

(110) (560) (1000) (0.083)

20

(22)

2.4

(7.7) (22)

cos 0~, cos 0~, & 0. (9)

We also show the spectrum of cos 8v, cos 8v, in Fig. 6(c).
Actually, we could have been requiring cos 6I~, ( 0 and
cos8v, ) 0, i.e. , Vq going out in the "negative" (cos8 (
0) hemisphere and V2 going out in the "positive" (cos 8 )
0) hemisphere. We expect this additional acceptance cut
could further reduce backgrounds by a large amount [see

tively. We can see that the TVW, ZZ, btv, and tte
backgrounds statistically have both bosons in the same
hemisphere more often than in opposite ones, where the
hemispheres are defined as the two half spaces separated
by the plane that is perpendicular to the z axis and con-
tains the collision point. On the other hand, the events of
WZ and TVH tend to have the boson pair coming out in
an opposite hemisphere. Therefore, we can reduce back-
grounds by requiring the two bosons to come out in an
opposite hemisphere, i.e.,

Figs. 6(a) and 6(b)j. However, there are uncertainties in
determining which boson is Vq or V2 experimentally in the
case of no b tagging, and in the case of the backgrounds
&om ZZ and R'W, plus the situation when m~ overlaps
with mz or m~ then we could not determine which jet
pair forms V~ or V2. Therefore, we only employ the cut in
Eq. (9) in the angular distributions of Vj and V2 so that
we are safe &om the above uncertainties. We can see &om
Table I that the cut of Eq. (9) actually cuts more on WW,
ZZ, tbv, and ate than on WH and W'Z. We summarize
in Table I the effectiveness of various combinations of
cuts of Eqs. (7), (8), and (9). After all these cuts, we can
proceed to look at the invariant mass spectrum of the
two jets that comes &om the decay of the Higgs boson or
V2.

For the following we will consider two extreme cases:
(a) with 100%%uo efficient b tagging and (b) without b tag-
ging. In the real experiment the situation will be between
these two extreme cases. For 100%%up efficient b tagging the
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FIG. 6. The dependence of the difFerential cross section do/dcos8v on the cosine of angle between the positive z axis and
the direction of (a) boson Vq and (b) boson V2, and (c) the difFerential cross section of do/d cos8v, cos8v~ vs cos8v, cos8v~,
at gs, +, = 1 TeV. The acceptance cuts are pT (VV) ) 15 GeV and central e vetoing. No branching fractions of the boson
pair are included.
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R'We background drops because we can require a bb

pair in the final state and the decay of the R'R' pair into
the bb pair is strongly suppressed by the Cabibbo mix-
ing. Nevertheless, for the case of no b tagging we have to
consider all the backgrounds.

A. %Pith 100+0 efBcient 6 tagging

max(0, 10 GeV —~m~ —mz~)o. Z peak
10 GeV (10)

plus the continuum inbetween mJI + 5 GeV as the total
background B.

In Fig. 7, the continuum backgrounds ft. om tbv and
tte are rather Hat, and far below the Higgs or Z peak.
In this figure we show the Higgs peak for mH = 100 GeV,
which is already slightly higher than the Z peak. So we

Since the IMH boson predominately decays into a bb

pair (= 0.8—0.9) whereas the Z boson decays only 15%
into bb (but about 70% into jets), therefore b tagging can
reduce the WZ and ZZ backgrounds by a factor of 4—
5. Note that ep ~ e bbZ is an order o.~ suppressed.
As mentioned above, the R TV background is reducible
with 100% b tagging. The invariant mass m(bb) spec-
tra for the signal and various backgrounds are shown in
Fig. 7 for gs,+,— ——1 and 2 TeV, in which the branching
fractions of Vj —+ jj and V2 ~ bb are included. We use
B(Z, W —+jj ) = 0.7, B(Z ~ bb) = 0.15, and B(H + bb)
from Ref. [2]. As expected the bb pair from btv and
tte productions form continuum spectra, while those
&om WZv, ZZe, and TVHv form discrete sharp peaks.
These peaks, in collider experiments, actually spread out
due to the resolution of the detector, though the Higgs
width is very narrow for the intermediate mass range
that we are considering. We assume the peaks spread
out uniformly over a range of +5 GeV about the cen-
tral values (mz, mar, or m~). We also assume that the
Higgs peak is isolated if it is 10 GeV or more away f'rom
the Z mass. In this case, the signal S is simply the cross
section under the isolated peak, and the background B is
the continuum background with m(bb) falling inbetween
mH +5 GeV. On the other hand, if ~mH —mz~ ( 10 GeV,
the Higgs and Z peaks are overlapping. In this case, we
have to include the whole or part of the Z peak into the
background B. Naively, we can take a linear fraction of
the Z peak

expect when the m~ goes down to 60 GeV (LEP limit)
the Higgs peak will become higher because of the in-
crease in both o (ep ~ WHv) and B(H ~ bb) as m~
decreases. Hence, we expect the discovery of the Higgs
even with m~ mz to be viable by employing the b tag-
ging. On the other hand, when mH increases from 100
GeV the Higgs peak will decrease because of the decrease
in both 0 (ep -+ WHv) and B(H -+ bb); especially after
m~ = 140 GeV, B(H m bb) drops sharply. Fortunately,
at this range m~ & 100 GeV the Higgs peak should be far
away enough &om the Z peak, and the continuum back-
grounds are far below. Therefore, the discovery of the
Higgs boson depends only on the actual number of events
under the Higgs peak. In Table II, we show the cross sec-
tions in femtobarns for the signal S, various backgrounds,
total background B, and the corresponding significance
S/~B of the signal, for various values of m~ from 60 to
160 GeV at gs,+,— = 1(2) TeV, with an assumed in-
tegrated luminosity of 10 fb . We assume a signal of
six or more events with a significance greater than 4 for
the discovery of an isolated Higgs peak, whereas in the
case of the overlapping Higgs peak we require S & 10
with S/~B ) 6 for discovery. With this criterion the
Higgs boson can be discovered for m~ ——60—150 GeV
and marginally up to 160 GeV (see Table II) in the bb

decay mode, providing 100% efficient b identification.
The signal for m~ mz is slightly larger than the

background, so with a sufficient number of signal events
the Higgs discovery at the Z peak should be viable with-
out knowing exactly the absolute normalization of the Z
peak. For those Higgs masses away from the Z Inass the
continuum background is so small that the actual number
of signal events, which is the most important factor for
Higgs discovery, is large enough up to mH ——150 GeV.
But as mH increases from 150 GeV, B(H -+ bb) goes
down sharply &om 18% to 3.7% at m~ = 160 GeV, and
the number of signal events becomes marginal for discov-
ery. Especially after mH ——160 GeV, there are too few
signal events for discovery

So far we have assumed 100% acceptance and detec-
tion efBciencies for the jets decayed &om the boson pair.
If we take into account the overall acceptance and detec-
tion efficiencies, say 25% overall, the number of signal and
background events will decrease to 25%, and the signifi-
cance S/~B will be halved, even though we still have a
sufficient number of signal events and large enough S/~B
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TABLE li. Cross sections (fb) for the signal and various backgrounds, total background B, and
the significance S/ JB (integrated luminosity=lo fb ) of the signal for m~ = 60—160 GeV at
+8,~, = 1(2) TeV. Here the acceptance cuts are Eqs. (7), (8), and (9). The discrete backgrounds
are calculated using Eq. (10) and the continuum backgrounds are with m(bb) between m~ 65 GeV.
Also we assume 100'Fo b tagging, m& ——150 GeV, and the branching fractions of U& —+ jj and
V2 —+ bb are included.

mH Signal Discrete backgrounds

zz e g mtbv tte

Continuum backgrounds Total S/~a
10 fb

60 40 0.56 0.18 0.89 1.6 99

70

80

(72)

35

(o)

0

(o)

0

(o)

0

(o)

0

(o.34)

0.58

(o.4o)

0.12

(o.37)

0.10

(0.67) (1.4)

0.90 1.6

0.88 1.6

(0.74) (1.5)

(200)

90

(186)

89

(69) (0) (o) (o) (0.41) (o.32) (O.72) (1.5) (1s1)

90 0.035 0.56 0.083 0.83 25 21

(67) (52) (O) (0.015) (0.41) (o.2s) (0.70) (53) (29)

100 31 3.0 0.0047 0.52 0.074 0.78 4.4 47

(64) (6.9) (0) (0.0020) (0.41) (o.24) (0.66) (8.2) (71)

110 28 0.52 0.055 0.74 1.3 77

120

130

140

150

160

(59)

24

(5o.5)

17.5

(38)

11

(24.5)

5.3

(12)

1.0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(0)

0

(o)

0

(o)

0

(o)

0

(o)

0

(0.41)

0.50

(0.41)

0.48

(0.41)

(0.41)

0.46

(o.4o)

0.45

(0.21)

0.045

(0.18)

0.040

0.034

(0.13)

0.028

(0.12)

0.021

0.70 1.2

(0.58) (1.2)

0.64 1.2

(O.53) (1.1)

0.61

(O.51) (1.1)

1.0

(O.47) (O.99)

0.51 0.98

(0.62) (1.2) (168)

(148)

51

(»5)

(76)

16

(3s)

3.2

(2.4) (0) (0) (0) (o.39) (0.10) (0.46) (0.96) (7.8)

to cover the whole range of mH ——60—150 GeV, including
mH mg.

B. Without 6 tagging

If without b tagging there are several combinations of
the four jets in the final state, one way to select the events
is to pick out those that have two of the four jets recon-
structed at the W mass (Z mass for ZZ, but it is neg-
ligible), then take the other two jets for considering the
Higgs bosons. We assume this reconstruction can select
the signal and the relevant background events very eK-
ciently. We plot the spectrum of invariant mass of the
third and fourth jets in Fig. 8. We can see the following.

(i) The backgrounds from WZ and WW, after picking
out W (either Z for ZZ), form discrete peaks at either
the W or Z mass.

(ii) The background from btv ~ bbW v, after picking
out W, the remaining bb can only form a continuum.

(iii) For tte ~ bbWWe, after picking out the more
energetic W, we assume that we did not pick out the
jet pair from the other W. Therefore, the other two
jets (from bb) form a continuum invariant-mass spectrum.
Here we assumed this procedure is valid for our analysis,
though experimentally we might pick out any two of the
remaining four jets, or we might have picked out more
than two parton jets when they are close to one another.

(iv) For the signal, after picking out W, the bb will
form a discrete peak at mH.

The continuum backgrounds are rather Bat and far be-
low the W, Z, and Higgs peaks. So when the Higgs peak
is isolated it should be able to be discovered, provided
that it has a suf6cient number of events under the peak.
In Fig. 8 we show the Higgs peak for m~ = 100 GeV, and
the Z peak is about four times and the W peak is eight
times as high as the Higgs peak. The Higgs peak, for
the same reason mentioned in the last subsection, will
become higher when m~ decreases, and smaller when
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FIG. 8. The dependence of the differen-
tial cross section do /dm(j j) on the invariant
mass of the jj (coming from Vq) pair for the
signal and various backgrounds, with the ac-
ceptance cuts of pT (VV) ) 15(30) GeV, cen-
tral electron vetoing, and cos 6Ivy cos 8&2 ( 0)
at (a) gs i,— = 1 TeV and (b) 2 TeV. The
branching fractions of W Z, H ~ jj are in-
cluded. Here we did not assume b tagging.

m(g) (cev) m(jj) (cev)

TABLE ill. Gross sections (fb) for the signal and various backgrounds, total background B,
and the significance S/~H (integrated luminosity=lo fb ) of the signal for m~ = 60—160 GeV
at gs, +, = ](2) TeV. Here the acceptance cuts are Eqs. (7), (8), and (9). The discrete back-
grounds are calculated using Eq. (]0) and the continuum backgrounds are with m(bb) in between
m~ + 5 GeV. Also we assume no b identi6cation, m~ ——150 GeV, and the branching fractions of
Vz, V2 ~ jj are included.

mQ Signal Discrete backgrounds

ZZWH WZ WW tbv e g —+ tbv tte

Continuum backgrounds Total S/~B
10 fb-'

60 42 0.56 0.18 0.89 1.6 100

(79 5) (o) (o) (o.34) (o.4o) (0.67) (1.4) (210)

70 40 0 0.59 0.12 0.90 1.6 100

80

(77)

38

(o)

0

(o)

250

(o)

0

(o.39)

0.58

(o.37)

0.10 0.88 250

(0.74) (1.5) (200)

7.6

90

(74)

36

(0)

110

(490)

0.14 0.082

(0.41)

0.56

(0.32)

0.083

(o.72)

0.83

(49o)

110

100

(71)

33

(240)

14 0.011 0.52

(0.28) (0.036) (0.41) (0.28)

0.074

(o.7o)

0.78

(240)

15

(14)

110

(68)

30

(32)

0

(o)

0

(0.0048) (0.41)

0.52

(o.24)

0.055 0.74 1.3

(0.66) (33) (37)

83

120

130

140

150

160

(63)

25

(54)

19

(41)

12

(26)

5.6

(o)

0

(o)

0

(0)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(o)

0

(0.41)

0.50

(0.41)

0.48

(0.41)

0.47

(o.41)

0.46

(0.40)

0.45

(o.21)

0.045

(0.18)

0.040

(0.15)

0.034

(o.13)

0.028

(o.12)

0.021

(0.62) (1.2)

0.70 1.2

(0.58) (1.2)

0.64 1.2

(0.53) (1.1)

0.61

(0.51) (1.1)

0.55 1.0

0.51 0.98

(0.47) (0.99)

(180)

71

(160)

56

(120)

(8o)

17

(41)

3.5

(2.6) (0.39) (o.1o) (0.46) (0.96) (8.4)
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m~ increases. Here we also have the cases in which the
Higgs peak overlaps the Z/W peak or the Higgs peak is
isolated. We take the same treatment as in the last sub-
section for the signal S and background R, but here we
used the branching &actions of Vi —+ jj and V2 ~ jj,
and present the results in Table III. We assume a sig-
nal rate of six or more events with a significance greater
than 4 for the discovery of an isolated Higgs peak; when
the Higgs peak overlaps the W or Z peak, absolute nor-
malization of the W or Z peak is important and we re-
quire more signal events ( 10) with a larger significance
() 6) for the Higgs discovery in order to change the ab-
solute normalization of the W or Z peak by a significant
amount. With this criterion, from Table III we should
be able to discover the whole intermediate mass range of
60—150 GeV, and marginally up to 160 GeV.

The signal for mH m~ and mz is about 6 and
of the W and Z peaks, respectively (see Table III),

but there are still a suKcient number of signal events
to afFect the absolute normalization of the W and Z
peaks. When the Higgs peak is isolated &om the W or
Z peak, the Higgs discovery, which only depends on the
actual number of signal events, should be viable up to
about m~ ——150 GeV. However, as m~ increases from
150 GeV, B(H —+ jj) drops very sharply; therefore, the
number of signal events becomes marginal for discovery,
and after 160 GeV there are too few signal events.

Here we can also estimate the effect of the overall ac-
ceptance and detection efficiencies of jets, say 25% over-
all. We should still have a suKcient number of sig-
nal events and large enough significance to cover the
whole range of 60—150 GeV, except for m~ right at m~
where the significance goes down below 6 to 3.8 (5.5) at
i/s = 1(2) TeV, and for m~ = mz where the significance
goes down to 5.5 at ~s = 1 TeV. The first exception
should be cleaned up because m~ m~ will be cov-
ered with ease at LEP II. The second exception is only
slightly below our requirement of six, so a slight increase
in overall efficiency or i/s can solve.

IV. CONCLUSIONS AND DISCUSSIONS

(i) We have done a signal-background analysis of the
IMH boson search via the channel e p ~ W Hv —+

(jj)(bb)v with and without considering b identification,
in a TeV e p collider, in which the photon beam is real-
ized by the laser backscattering method. The contin-
uum backgrounds come &om e p —+ tbv —+ bbv and
tte + bbWWe, while the discrete backgrounds come
&om e p ~ W Zv, WWe, and ZZe . We showed
the results at both 1 and 2 TeV e+e machines, between
which the WHv production is large enough for IMH bo-
son discovery. However, at 0.5 TeV the WHv production
is too small for any realistic Higgs search.

(ii) With 100% 6 identification the discovery of a
Higgs boson for the whole range of m~ ——60—150 GeV
(marginally up to 160 GeV) should be viable at both
i/s, +,— = 1 and 2 TeV. With m~ mz, since the signal
is slightly larger than the background, the exact absolute
normalization of the Z peak is not important.

(iii) Without b identification the whole range of
mrs =60—150 GeV (marginally up to 160 GeV) should

be covered at both energies. With m~ m~ or mz
the background is several times larger; therefore, abso-
lute normalization of the W and Z peaks is important.
Fortunately, there are a suFicient number of signal events
to afFect the absolute normalization.

(iv) All the cross sections in the tables are assuming
that the jets are recognized with 100% efficiency. We
also tried to estimate the effect of 25% overall acceptance
and detection efBciencies. In this case, the signal and
background events go down to 25%, and the significance
S/~B is halved. As mentioned in the previous section,
even with these overall eKciencies, the whole range of
m~ ——60—150 GeV should be covered for both cases, with
and without considering b identification.

(v) In the real collider experiment, the 6-identification
eKciency will be somewhere between our two extreme
cases. Therefore, we expect the Higgs discovery should be
viable for the whole range of m~ =60—150 GeV between
gs,+, = 1 and 2 TeV inclusively, provided that the
absolute normalization of the W and Z peaks is known
to a certain accuracy. At i/s, +,— = 2 TeV, the search for
the IMH boson is actually doing a little better, though
not much, than that at 1 TeV because it has about twice
the signal, but also twice the discrete backgrounds, and
a slightly less continuum background.

(v) In estimating the continuum background we take
the invariant mass m(bb) or m(jj) in the interval m~ 6
5 GeV. Because of the limitations of the detector we may
not be able to achieve this resolution, then we have to re-
lax this stringent requirement to some extent. For exam-
ple, if we take m~+ 10 GeV, which is quite conservative,
the background coming &om the continuum increases by
a factor of 2, because the continuum background is rather
flat (see Figs. 7 and 8). In this case, the significance of the
isolated Higgs signal is reduced by i/2. From Tables II
and III we can see that even though the significance of
the signal (away from the W or Z peak) is reduced by
such a factor, it is still large enough for Higgs discovery.

(vi) In calculating the contribution &om the resolved
photon processes, we used the DG parametrization [17]
for the photon structure function. DG has a rela-
tively soft gluon spectrum. If we choose an LAC3 [20]
parametrization, which has a relatively harder gluon
spectrum, the contribution from the resolved photon pro-
cess is expected to increase by a factor of 2—3, even
though the continuum is still far below the Higgs-signal
peak (see Figs. 7 and 8), so this will not affect our con-
clusions.

(vii) The efFective ep luminosity might be less than the
original electron-positron luminosity [15]. This fact will
reduce our signal and backgrounds by the same amount,
but will reduce the significance of the signal, thus making
the discovery of the Higgs boson more diKcult. However,
this channel is still useful because in the future there will
be likely improvements in the machine design that can
optimize the effective luminosity.
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AP PENDIX.

In this appendix we present the matrix elements for processes e p —+ W Hv, W Zv, W W e, ZZe, tbv, and
tte, &om which explicit helicity amplitudes can be directly computed. To start with, we introduce some general
notation:

~. (f) = —gs (f) = (A1)

ga (f)
g(f)
qg (f)
g (f)

1 (ki, k2., ei, eg)

gvww

(T,gaz I

T3f—gz
2

eQg,
0,
a(f)+g (f)~' (&=~ ~Z)

I'x. (k ) = I'x.0(k ) (with X = p, W, Z, H),k2 —Mx2 + il'x. k2 mx '

(1 —()k k~

(k2 —m2v

(ki —k2) ei E'2 + (2k2 + ki) Eie2 —(2k] + k2) ' f2ei

(
ecoto~ for V = Z,
e for V=p.

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)

(A9)

(A1O)

Here Qy and Tsf are the electric charge (in units of the positron charge) and the third component of weak isospin
of the fermion f, g is the SU(2) gauge coupling, and gz = g/ cos 0w, zw = sin 0w, with 0w being the weak mixing
angle in the standard model. Dots between four-vectors denote scalar products and g p is the Minkowskian metric
tensor with goo = —gii = —g22 — g33 ——1; ( is a gauge-fixing parameter.

In Figs. 1 and 2, the momentum labels p; denote the momenta flowing along the corresponding fermion lines in the
direction of the arrows. We shall denote the associated spinors by the symbols u(p, ) and u(p;) for the incoming and
outgoing arrows, which is usual for the annihilation and creation of fermions, respectively. In Fig. 3 there is also the
creation of an antifermion (corresponding to an incoming arrow labeled by negative momentum —p, ), we shall denote
its associated spinor by v(p;).

1. e pmW Hv

The contributing Feynman diagrams for e (pi)p(p2) ~ W (ki)H(k2)v(qi) are shown in Fig. 1. We define a
shorthand notation

Ji" =u(qi)~"0 (e)u(»)D (» —qi)

then the helicity amplitudes are given by

(A11)

M = g mw sin0w Pg, (p2 —ki)1' ( —ki p2, e(ki) e(p2)) Jip

= —g miv sin 0w e(p2) . e(ki) k2 Ji
p2 —ki 2 —m2~

'

g mR sin 0w +iv (kl + k2) I (p2 pl qi (e2p) Jl) ep(kl)

M " = g miv sin 0w e(p2) . Ji k2 e(ki)

gmw' +Jr (kl + k2)e (ki)u(qi)ppg (e)
' '

2 $(p2)g (e)u(pl) ~

pl + p2

(A12)

(A13)

(A14)

(A16)

2. e pm' Zu

The contributing Feynman diagrams for e (pi)p(p2) ~ W (ki)Z(k2)v(qi) are given in Fig. 2(a). We define a
shorthand notation

J"= (q )~"g ( ) (p )D (p —q ) (A17)
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then the helicity amplitudes are given by

~(~)
~(~)

~(c)

~(d, e)

Wg, r.( —kl p2' e(kl) t(p2)) Pw (p2 —kl)Ip( —k2 pl —ql' e(k2) Jl),
= —gzwwg, wwI' (k2, kl; e(k2), e(kl))&w (kl+k2)1'p(»2 pl —ql &(»2) Jl)
= gzwwg&ww [2t(p2) e(k2)e(kl) Jl —e(P2) Jle(kl) . e(k2) —t(P2) t(kl)e(k2) Jl]
= g~wwI' ( —kl, p2, e(kl), e(P2))P~~(p2 —kl)

2 2 ~(k2)g (')"(») + u(ql)~(k2)g (~)
k 2 &&g (')u(»)

pl — 2 —m ql+ k2 2

= gzwwI' (k2, kl, e(k2), e(kl))Pw (kl + k2)u(ql)ppg (e) 2

'
2 $(P2)g (e)u(pl),

pl + P2 2 —m2

= -u(ql)&(kl)g (e)
'

k
'2™

2 P(P2)g'(e) ' „'2™
2 F(k2)g'(e)u(»)

= —u(ql) k(k2)g'(~) ' ', &(kl)g (e)
' '™,&(P2)g'(e)u(»)

(ql + k2)2 (pl + p2)2 —m2

= —g mwx~ tanow „e(kl) . t(p2) e(k2) . Jl
p2 1 mw

g mw+w tan gw 2 2 t(kl) ' e(k2) e(P2) ' Jlkl+ k2 2 —m2W

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)

(A24)

(A25)

(A26)

(A27)

3. e p —+W W+e

The contributing Feynman diagrams for the process e (pl)p(P2) ~ W (kl)W+(k2)e (ql) are shown in Fig. 2(b).
We can also de6ne a shorthand notation

Jv ——u(ql)p"g (e)u(pl) x D (pl —ql), where V = p, Z,

then the helicity amplitudes are given by

) —gvww g~ww &w (p2 k2)1' ( —kl, pl —ql, &(kl), Jv) I'p(P2, —k2, &(P2), &(k2)),
V=p, Z

) gVWW gpww» W (p2 kl)In(pl qli k2j JV1 &(k2)) Ip( kli p2j &(kl)1 &(P2)) 1

V=p, Z

kf~'& = ) gvwwg~ww [2e(kl) t(k2) e(P2) Jv (ke)1' Jv E(k2) . e(p2) —t(k2) . Jv e(kl) e(p2) ],
V=p, Z

~'"' = —u(ql)$(k2)g (e)
' ', P(k )g (e)

' '™,F(p )g'( ) (p )

~"= — (q )/(p. )g'( )
' '™, k(k )g ( )

' , k(k )g ( ) (p )
(ql —P2) —m,' (pl —kl)'

) gvwwD (kl + k2) I (kl k2 &(kl) e(k2))u(ql)p g (e) ' '
2 2 $(p2)g (e)u(pl),

V=p, Z Pl +P2 m

) gvwwD (kl + k2) I (kl, k2', e(kl), (ke))2( ul)q$( )P2g(e)
'

p g (e)u(pl)
V=p, Z ql —p2 2 —m2

gpwwIw (p2 k2)I (p2 k2 &(P2) &(k2))u(ql)ppg (e) '
k
', $(kl)g (e)u(pl)

Pl 1

= g~wwPw (p2 —kl) I' ( —kl p2 e(kl) ( t)P) 2( ul)$q(k ) 2g(e) 2 ppg (e)u(pl),ql+ k2 2

) g mw+~ 2 2 e(P2) e(k2) e(kl) ' Jv
1

(') —tanew for V = Z
p2 —k2 2 —m2 1 for V=p,

V=p, Z W

) g mwz~ „e(P2). e(kl) e(k2) Jv
p2 —kl 2 —m2 1 for V=p

V=g, Z W

(A28)

(A29)

(A30)

(A31)

(A32)

(A33)

(A34)

(A35)

(A36)

(A37)

(A38)

(A39)
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4. e p-+ZZe

The contributing Feynman diagrams for the process e (pi)p(p2) -+ Z(ki)Z(k2)e (qi) are the same as diagram (e)
in Fig. 2(b) with the W bosons replaced by Z bosons plus all possible permutations. In total it has six contributing
Feynman diagrams. They are given by

e pl p2

~'" = —u(qi) k(ki)g'(e) ' ', ,P(»)g'(e) ' ' 2™,k(k2)g (e)u(»)

~"= —u(qi)/(»)g'(e) ' '™,&(ki)g (e)
' ™,k(k2)g (e)u(»)

(qi —p2) —m, (pi —k2) —m,

plus those terms with (ki ++ k2).

(A4o)

(A41)

(A42)

5. e p —+the

The contributing Feynman diagrams for e (pi)p(p2) —+ t(ki)b(k2)v(qi) are shown in Fig. 3(a). We define the
shorthand notation

Jl" =u(qi)~"g (e)u(»)D (» —qi),

then the helicity amplitudes are given by'™.X" (t).(k.),

~l'l =u(k, )g, g (t) ' ', ', f(p. ) g'(t) v(k ),
(p2 —ki) 2 —m,

= —gsingvv P (ki + k2) u(k2)7 g (t)v(ki)l p(p2, pi —qi, e(p2), Ji),
sin Hiv e(p2) J, „„u(k2) (mi —mg) + (m, + mg)p v(ki),

2 2 ki+ k2 2 —m~~

2 2 ~(»)g'(') "(»)~w ("i+"2) u(k2)&Pgpi+ p2 2 —m2

(A43)

(A44)

(A45)

(A46)

(A47)

(A48)

The diagrams for the "resolved" photon process e g ~ tbv are the same as diagrams (a) and (b) in Fig. 3(a), with
the photon replaced by the gluon. The helicity amplitudes are the same except with the coupling g replaced by g„
and a difFerent color factor. The color factor to multiply the matrix element squared is 3 and 1/2 for the ep and the
resolved process, respectively.

6. e p —+tte

The contributing Feynman diagrams for e (pi)p(p2) ~ t(ki)t(k2)e (qi) are shown in Fig. 3(b). We also define the
shorthand notations

D
Jv~ ——u(k2)p"g (t)v(ki)D (ki + k2),

then the helicity amplitudes are given by

(A49)

~"= ). u(k2)/(»)g'(t)
k
™

k2 —p2 2 —m2
Yi

~'" = ) -(k.)j .g (t) ' ', '. f(p.)g'(t). (k.),
V=p, Z p2 — ] —mg'™,&(p.)g'() (p. )

(» i+».)'—

M" = ) u(qi) $(p2)g (e) 2
'2 /i', g (e) u(pi).

(q, —p2)' —m,'

(A5o)

(A51)

(A52)

(A53)
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The color factor to multiply the matrix element squared is 3 for this process.
These matrix elements are to be squared, summed over polarizations and spins of the Anal state gauge-bosons and

fermions respectively, and then averaged over the polarizations of the incoming photon and spins of the initial state
electron. Then the cross section o. is obtained by folding the subprocess cross-section cr in with the photon luminosity
function as

&max
o.(s) = dz F~],(x) o(s = xs),

Mfinal / ~

where

1 dkg dk2 dye 4 (4)( )
( Q) (2 )3kQ (2 )sko ( )s Q ( ~) ~ (pl +Pz kl kz gl) )

and Mg„~ is the sum of the masses of the final state particles.

(A54)

(A55)
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