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Measuring the top quark Yukawa coupling at a linear e1e2 collider
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The cross section for the reactione1e2→t t̄H depends sensitively on the top quark Yukawa couplingl t .

We calculate the rate fort t̄H production, followed by the decayH→bb̄, for a standard model Higgs boson
with 100 GeV<mH<130 GeV. We interface withISAJET to generate QCD radiation, hadronization and

particle decays. We also calculate the dominantt t̄ bb̄ backgrounds from electroweak and QCD processes. We

consider both semileptonic and fully hadronic decays of thet t̄ system. In our analysis, we attempt a full
reconstruction of the top quark andW boson masses in the generated events. The invariant mass of the
remainingb jets should show evidence of Higgs boson production. We estimate the accuracy with whichl t

can be measured at a lineare1e2 collider. Our results, including statistical but not systematic errors, show that
the top quark Yukawa coupling can be measured to 6–8 % accuracy with 1000 fb21 at Ec.m.51 TeV, assum-
ing 100% efficiency forb-jet tagging. The accuracy of the measurement drops to 17–22 % if only a 60%
efficiency forb tagging is achieved.

PACS number~s!: 14.80.Bn, 12.38.Bx, 13.85.Lg, 14.65.Ha
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I. INTRODUCTION
One of the most important challenges facing the next g

eration of accelerators is the untangling of the mechanism
electroweak symmetry breaking. In the optimistic scena
where a Higgs boson is discovered at the CERNe1e2 col-
lider LEP2, the Fermilab Tevatron, or the CERN Large Ha
ron Collider ~LHC!, a major goal of a high energye1e2

collider becomes the measurement of the Higgs boson
plings to the fermions and gauge bosons. These coupl
are uniquely predicted in the standard model~SM!, but can
be significantly different in extentions such as supersymm
ric models. A measurement of the Higgs boson couplin
can therefore discriminate between various alternatives to
standard model.

The couplings of the Higgs boson to the gauge bosons
be measured in a straightforward manner through the ass

ated production processes,e1e2→ZH, qq̄8→W6H, and

qq̄→ZH, and through vector boson fusion,W1W2→H and
ZZ→H. The couplings of the Higgs boson to fermions a
more difficult to measure, however. In the standard mod
the fermion–Higgs-boson couplings are completely de
mined in terms of the fermion masses. For a generic qu

Q, theQQ̄H coupling is given by

lQ52
MQ

v
, ~1.1!

where v5(A2GF)21/2 and so the top-quark–Higgs-boso
Yukawa coupling is much larger than any other Yuka
coupling.
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The processe1e2→t t̄H provides a direct mechanism fo
measuring the top-quark–Higgs-boson Yukawa coupl
@1,2#. This process proceeds mainly viag and Z exchange,
with the Higgs boson radiated from the top quark. This co
tribution is directly proportional tol t

2 . There is also a con-
tribution from the Higgs boson coupling to the exchangedZ,
but this contribution is subdominant and so does not up

the interpretation of thee1e2→t t̄H process as a measure
ment of the top-quark–Higgs-boson Yukawa coupling.

At a high energye1e2 collider with Ec.m.5500 GeV, the

processe1e2→t t̄H is sensitive to Higgs bosons in the ma
region 100 GeV;mH;130 GeV. The current limit onmH

from LEP2 ismH.95.2 GeV@3#. This Higgs boson mass
regime is favored by calculations comparing precision el
troweak data to standard model predictions@4#. In addition,
the lightest Higgs boson of supersymmetric models~which
for many models behaves indistinguishably from the S
Higgs boson! ought to have mass less than typically 1
GeV @5#. In the interesting 100–130 GeV mass region, t

Higgs boson will decay predominantly tobb̄ pairs and so the

final state of interest will bet t̄ bb̄. Since the top quark decay
to a W boson and ab quark, the final state will contain a
least fourb quarks plus twoW bosons. Although the rate i
small ~on the order of a few femtobarns!, the signature is
quite spectacular.

There are two major sources of background to thet t̄ bb̄
final state@6#. There is a large QCD background, comin

primarily from the processe1e2→t t̄ g* , with the gluon de-

caying to abb̄ pair. Thebb̄ pairs resulting from the gluon
©1999 The American Physical Society02-1
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splitting tend to peak at low values of thebb̄ invariant mass.
There is also an electroweak~EW! background, of which the

dominant contribution ise1e2→Zt t̄. Although the EW
background is formally smaller than the QCD background

is more problematic since theZ→bb̄ decay resonates in
close proximity to the expected Higgs signal. We comp
these backgrounds and estimate the resulting precision w
can be obtained onl t .

TheO(as) cross section fore1e2→t t̄H has been calcu
lated in Refs.@7,8#. In this paper, we work entirely with tre
level cross sections, for consistency with the backgrou
predictions. The dominant effect of QCD corrections will
to increase the precision of signal and background total c
section calculations, so that results from this paper can
appropriately rescaled once the QCD corrected backgro
rates are available.

Recently, Moretti has presented parton-level calculati
of both signal and background processes for the semilept
final state@6#. We have confirmed both his signal and bac
ground results at the parton level. In this paper, we ext
our programs to include parton showering, hadronization
particle decays. We consider both the semileptonic final s

e1e2→~bln!1~bqq̄8!1~H→bb̄!

and the fully hadronic final state

e1e2→~bq1q̄18!1~bq2q̄28!1~H→bb̄!.

In our approach, we rely on a full reconstruction of the va
ous top quark,W-boson and Higgs boson invariant masses
the events, which should lend confidence that the approp
signal and background processes are in fact being seen

Similar analyses of top quark Yukawa coupling measu
ments have recently been presented at conferences. A re

analysis of the signal and background fort t̄H production
and decay for both semileptonic and hadronic channels
been presented by Juste and Merino using a neural ne
proach@9#. An independent analysis is also being carried
by the authors of Ref.@10#.

The associatede1e2→QQ̄Hi process~for Q5t,b) is
also of interest in supersymmetric models@1,11,12#. In such
models, there are five Higgs bosons,Hi , which can be pro-
duced and the couplings of the Higgs bosons may di
significantly from those of the standard model. In particul
the coupling of at least one of the Higgs bosons to thb
quark may be enhanced. In addition, because of the tri-lin
coupling of the Higgs bosons to a scalar and a pseudosc

in such models thebb̄H production receives large resonan
contributions not present in the standard model. These m
els offer a rich phenomenology, but will not be consider
here.

In this paper, Sec. II contains a description of some of
calculational details. Section III presents results for a lin
e1e2 collider operating atEc.m.5500 GeV, while Sec. IV
shows corresponding results forEc.m.51 TeV. In Sec. V,
we present a discussion and some conclusions.
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II. CALCULATIONAL DETAILS

The starting point for our signal and background calcu
tions is the calculation of the corresponding squared ma
elements for the relevant subprocesses. For these, we us
computer programMADGRAPH @13# and theHELAS subrou-
tines @14#. We compute1

e1e2→t t̄H ~5 diagrams!,

e1e2→t t̄ bb̄ ~EW: 35 diagrams!,

and

e1e2→t t̄ bb̄ ~QCD: 8 diagrams!.

In the QCD contribution, we have takenas(MZ)5.118.
We notice that, with respect to Ref.@9#, our background
calculation includes theZ-boson spin correlation effects fo
the electroweak background. Moreover the dominant Q
background is fully simulated.2

The squared matrix elements are integrated via Mo
Carlo simulations over phase space, and the total cross
tions and distributions agree with the results of Moretti@6#.
Next, we interface our parton-level programs with the ev
generatorISAJET @15# to allow for parton showers, hadron
zation and particle decays. We neglect initial state brem
strahlung and beamstrahlung effects. For our analysis, th
effects should mainly lead to a small rescaling of both
signal and background production cross sections. We
neglect the spin correlation of the top quark between prod
tion and decay, but expect this to be a small effect as w

In our analysis, we use theISAJET toy detector simulation
programISAPLT. We assume calorimetry in the range24
,h,4, with cell sizeDh3Df50.130.262. We take the
electromagnetic energy resolution to be 0.15/AE% 0.01 and
the hadronic calorimeter resolution to be 0.5/AE% 0.02 (E in
GeV!. Calorimeter cells are coalesced in towers ofDR
5A(Dh)21(Df)250.5 using the jet finding algorithm
GETJET. Hadronic clusters withET( j ).15 GeV are called
jets. Leptons (e’s or m ’s! with pT of 5 GeV or more are

1Graphs involving the Higgs boson have been removed from
EW background to avoid double counting.

2Additional backgrounds can occur, for instance, from directt t̄
production where two or more light quark or gluon jets are radiat

The tree level cross section fort t̄ production is 561 fb~173 fb! at
Ec.m.5500(1000) GeV. A rough estimate including a factor of 0
for each extra QCD jet plus a probability of 0.01–0.001 for a lig
quark or gluon jet to fake a taggedb jet shows that this rate is wel
below the backgrounds we have calculated. In addition, the ba

ground fromt t̄ cc̄ production should be well below the backgroun

from t t̄ bb̄ production since the charm jets will have a much low
probability to be tagged as ab jet.
2-2
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FIG. 1. For t t̄H→ l 14b1 jets1E” T events, with mH

5120 GeV andEc.m.51 TeV, we plot distributions in~a! invari-
ant mass of non-b jets, ~b! invariant mass of non-b jets plus theb
jet which gives a mass closest tomt , ~c! isolated lepton plus miss
ing energy transverse mass, and~d! isolated lepton plusb jet plus
missing energy cluster transverse mass for theb jet which most
closely reconstructsmt .
01300
considered to be isolated if the hadronicET in a cone about
the lepton ofDR50.4 is less than 2 GeV. Jets are classifi
asb jets with a tag efficiency ofeb if they coincide with an
original b parton within an angleDR50.4.

FIG. 2. Energy distribution for the slowest of fourb jets in l
14b1 jets1E” T events at the NLC, atEc.m.5500 GeV.
at
FIG. 3. Distribution inbb̄ invariant mass for
the two remainingb jets after top quark mass
reconstruction, for the semileptonic events
Ec.m.5500 GeV. The signal is solid, while the
sum of EW and QCD backgrounds is dashed.
2-3
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FIG. 4. Distribution inbb̄ invariant mass for
the two correctly identified non-top-quarkb jets,
using generator information for semilepton
events, atEc.m.5500 GeV. The signal is solid
while the sum of EW and QCD backgrounds
dashed.
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III. OBSERVABILITY AT Ec.m.5500 GeV

A. Semileptonic channel

To examine events in the semileptonic channel, we
quire

one and only one isolatede or m with E.15 GeV,
E” T.15 GeV,
exactly four taggedb jets,
>2 non-b jets,
60,m~non-b jets!,90 GeV ~consistent withMW).
The number of events expected for 1000 fb21 of inte-

grated luminosity atEc.m.5500 GeV is shown before an
01300
-

after these cuts in the first two rows of Table I. For the tim
being, we takeeb51. Already at this stage we see a hu
reduction in the QCD background. The major QCD bac
ground reduction comes from the requirement of exactly 4b
jets in the final state: for this background, theb’s from g*

→bb̄ are usually relatively soft and not well separated
angle, so only rarely do we get four distinctb jets from this
process. The signal is already well in excess of backgro
for mH5100 and 110 GeV, and ranges from 3 to 33 eve
for themH values we have chosen. An integrated luminos
of order 1000 fb21 will be essential for this measurement
Ec.m.5500 GeV.
n

arlo
TABLE I. The l 14b1 jets1E” T final state atEc.m.5500 GeV: number of events for different selectio
cuts, assuming 103 fb21 of integrated luminosity andeb51. All energies and masses are in GeV.m(rec) is

the invariant mass of thebb̄ system remaining after reconstructing the top quark masses.m(ex) is the

invariant mass of thebb̄ system coming from the Higgs boson decay artificially selected using Monte C
information.Eb is the energy of the slowestb jet.

Channel H(100) H(110) H(120) H(130) t t̄ bb̄(EW) t t̄ bb̄(QCD)

Total 960 540 250 80 170 840
l 14b1 jets1E” T 33.6 19.3 9.8 3.2 6.7 4.6
Eb.25, m(rec).50 — 13.7 — — 4.2 0.9
Eb.40, m(rec).90 — — 2.2 — 0.35 0.05
Eb.45, m(rec).90 — — — 0.7 0.15 0.034
Eb.25, m(ex).85 — 11.2 — — 1.6 0.13
Eb.40, m(ex).90 — — 3.5 — 0.3 0.017
Eb.45, m(ex).95 — — — 1.0 0.034 0.017
2-4
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TABLE II. The l 14b1 jets1E” T channel atEc.m.5500 GeV: estimated error in the top quark Yukaw
coupling (dl t /l t), assuming 103 fb21 of integrated luminosity andeb51 (eb50.6).

Channel H(100) H(110) H(120) H(130)

l 14b1 jets1E” T 0.11 ~0.31! 0.17 ~0.46! 0.29 ~0.80! 0.79 ~2.2!
Eb.25, m(rec).50 — 0.18~0.49! — —
Eb.40, m(rec).90 — — 0.39~1.09! —
Eb.45, m(rec).90 — — — 0.74~2.05!
Eb.25, m(ex).85 — 0.17~0.47! — —
Eb.40, m(ex).90 — — 0.29~0.80! —
Eb.45, m(ex).95 — — — 0.52~1.46!
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At this stage, we can attempt to reconstruct some of
invariant masses that occur in these events. As an exam
we show various mass distributions in Fig. 1. These dis
butions were generated formH5120 GeV and Ec.m.
51 TeV; the results forEc.m.5500 GeV are qualitatively
similar. First, in Fig. 1~a!, the invariant mass ofall non-b jets
in the events~before imposing the 60–90 GeV cut liste
above! is shown. The invariant mass rises to a peak near
but slightly below,m(non-b jets)5MW . The peak occurs
belowMW mainly due to jet activity leaking out of our fixe
cone algorithm, so better jet reconstruction algorithms m
improve upon this. Some energy loss also occurs due
restricted detector acceptance. We impose the
,m(non-b jets),90 GeV cut to ensure events consiste
with a hadronicW-boson decay.

In Fig. 1~b!, we combine the non-b jets with theb jet
which most nearly reconstructs the top quark mass. The
tribution peaks sharply just belowmt , due in part to missing
neutrinos fromB-meson cascade decays, along with leaka
from the jet cones. In Fig. 1~c!, we attempt to reconstruct th
otherW→ ln decay. Beam and bremsstrahlung effects do
allow us to use the beam-beam center-of-mass energy to
strain thez component of missing energy, so we work i
stead with transverse mass. The transverse mass distrib
is shown, and peaks as expected just belowmT( l ,E” T)
5MW , with considerable smearing due in part toB and D
meson semileptonic decay contamination. Finally, in F
1~d!, we reconstruct thebl1E” T cluster transverse mass. W
pick one of the remainingb jets which most nearly recon
structs to<mt . The peak from the top quark decay is aga
visible. If our mass reconstruction algorithm has been s
cessful, then the remaining twob jets should reconstruct to
mH for our signal events, but to other values for backgrou
events.

At this point, we note that the energy distribution ofb jets
should vary considerably between signal and backgrou
This should especially hold true for the slowest~least ener-
getic! of the b jets. We plot in Fig. 2 the energy distributio
of the slowest ofb jets,Eb(slow), atEc.m.5500 GeV, after
the above cuts. The dashed histogram for the sum of
background processes peaks at lowEb(slow), while the
Eb(slow) distribution for the signal becomes increasing
harder for heavier Higgs boson masses. To gain some
provement in signal-to-background ratio (S/B), we will im-
pose
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Eb(slow).25, 40 and 45 GeV

for mH5110, 120 and 130 GeV.
After the above cuts and mass reconstructions, we plo

Fig. 3 the invariant mass of the remaining twob jets. The
signal histograms are solid, while the background is dash
For the mH5100 GeV case, the mass distribution pea
somewhat below 100 GeV with a rather broad smear. In
case, the distribution in energy forb jets from Higgs boson
decay is similar to the energy distribution ofb jets from top
quark decay, so our reconstruction algorithm often fails
select the correctb jets from Higgs boson decay. In addition
neutrinos fromB andD meson decay serve to further softe
the distribution. As we increase the Higgs boson mass
frames~b!–~d!, the signal distribution becomes harder a
sharper.

FIG. 5. For t t̄H→4b1>4 jets1E” T events, with mH

5120 GeV andEc.m.51 TeV, we plot distributions in~a! dijet
invariant mass closest toMW , ~b! invariant mass of dijet plusb-jet
combination closest tomt , ~c! invariant mass of remaining non-b
jets, and~d! invariant mass of remaining non-b jets plus remaining
b jet which gives a mass closest tomt .
2-5
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TABLE III. The 4b1>4 jets final state atEc.m.5500 GeV: number of events for different selectio
cuts, assuming 103 fb21 of integrated luminosity andeb51.

Channel H(100) H(110) H(120) H(130) t t̄ bb̄(EW) t t̄ bb̄(QCD)

Total 960 540 250 80 170 840
4b1>4 jets 32.8 19.7 8.8 3.2 5.8 4.7
Eb.25, m(rec).0 — 15.9 — — 4.4 2.3
Eb.40, m(rec).80 — — 2.0 — 0.89 0.12
Eb.45, m(rec).90 — — — 0.62 0.3 0.017
Eb.25, m(ex).75 — 13.2 — — 3.3 0.29
Eb.40, m(ex).90 — — 2.6 — 0.42 0.017
Eb.45, m(ex).90 — — — 0.86 0.31 ,0.017
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For comparison, we show in Fig. 4 them(bb) distribution
using generator information to select the correctb-quark jets.
These distributions may be approached, for instance, by
ing additional information such as the previously measu
Higgs boson mass in the reconstruction algorithm. For th
cases, the Higgs boson mass peak is more clearly define
is the peak in the background from theZ resonance.

Our results for this channel atEc.m.5500 GeV are col-
lected in Tables I and II. The columns labeled with the Hig

boson mass@H(100), etc.# are the signal fore1e2→t t̄H,

H→bb̄ followed by decays yielding fourb-quark jets plus a

lepton plus missing energy. The columns labeledt t̄ bb̄(EW)

andt t̄ bb̄(QCD) give the electroweak and QCD backgroun
respectively.
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The first row of Table I gives the total number oft t̄ bb̄
events before the top quark decays. In the second row
report the number of events reconstructed for the spec
channel. By placing cuts on them(bb) mass distribution,
some further improvement inS/B can be gained. We list in
the following rows of Table I the events expected after
lected cuts onEb(slow) andm(bb). After cuts, the remain-
ing number of events is between 1 and 34 for 1000 fb21.
Even with this optimistically high luminosity, there is les
than one remaining signal event formH5130 GeV.

In Table II, we show the resulting statistical precision f
the measurement ofdl t /l t , for eb51 and 0.6. The error is
calculated assuming a Poisson distribution for both sig
and background, and is given by
e

FIG. 6. Distribution inbb̄ invariant mass for
the two remainingb jets after top quark mass
reconstruction atEc.m.5500 GeV, for the had-
ronic final state. The signal is solid, while th
sum of EW and QCD backgrounds is dashed.
2-6
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FIG. 7. Distribution inbb̄ invariant mass for
the two correctly identified non-top-quarkb jets,
using generator information for hadronic even
at Ec.m.5500 GeV. The signal is solid, while the
sum of EW and QCD backgrounds is dashed.
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l t
5

1

AS
A11

2B

S
, ~3.1!

where S and B are respectively the number of signal a

background events. We have assumed thatG(H→bb̄) will
be known precisely from previous measurements at the L
and Next Linear Collider~NLC!, and so the signal rate fo

e1e2→t t̄H, H→bb̄ depends only onl t . If high efficiency
can be achieved onb-jet tagging, then already atEc.m.
5500 GeV the top quark Yukawa coupling can be me
sured to 11% formH5100 GeV. This decreases to 31%
only eb50.6 is achieved. The precisiondl t /l t becomes rap-
idly worse as mH increases beyond 100 GeV. FormH
5120 GeV and an integrated luminosityL, we find
01300
C

-

dl t

l t
;39%A1000 fb21

Leb
4

, mH5120 GeV. ~3.2!

It appears thatEc.m.5500 GeV is a poor energy for the mea

surement of thet t̄H Yukawa coupling unless the Higgs bo

son is;100 GeV. At this energy, thet t̄H system is close to
the phase space limit and the parent particles have little
netic energy, making the kinematic cuts and event rec
struction less effective than at higher energies. In additi
the number of events is too small to obtain a statistica
precise measurement for the heavier Higgs boson mass

B. Hadronic channel

The totally hadronic channel fore1e2→t t̄H has the ad-
vantage of initially higher rates than the semileptonic ch
a
TABLE IV. The 4b1>4 jets channel atEc.m.5500 GeV: estimated error in the top quark Yukaw
coupling (dl t /l t), assuming 103 fb21 of integrated luminosity andeb51 (eb50.6).

Channel H(100) H(110) H(120) H(130)

4b1>4 jets 0.11~0.31! 0.16 ~0.45! 0.31 ~0.86! 0.77 ~2.13!
Eb.25, m(rec).50 — 0.17~0.47! — —
Eb.40, m(rec).90 — — 0.50~1.39! —
Eb.45, m(rec).90 — — — 0.90~2.50!
Eb.25, m(ex).85 — 0.17~0.47! — —
Eb.40, m(ex).90 — — 0.36~0.99! —
Eb.45, m(ex).95 — — — 0.71~1.96!
2-7



n

HOWARD BAER, SALLY DAWSON, AND LAURA REINA PHYSICAL REVIEW D 61 013002
TABLE V. The l 14b1 jets1E” T final state atEc.m.51 TeV: number of events for different selectio
cuts, assuming 103 fb21 of integrated luminosity andeb51.

Channel H(100) H(110) H(120) H(130) t t̄ bb̄(EW) t t̄ bb̄(QCD)

Total 2420 2080 1690 1210 510 1900
l 14b1 jets1E” T 111 97 81 60 29 32
m(rec).60 104 — — — 28 24
m(rec).90 — 77 68 — 17 19
m(rec).100 — — — 47 15 18
m(ex).70 97 — — — 25 14
m(ex).90 — 68 67 — 7 10
m(ex).95 — — — 49 4 9
.
om
pi
e

:

ce

-
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e

nel due to the largeW boson hadronic branching fraction
However, in attempting mass reconstructions, a greater c
binatoric problem is presented since there will now be ty
cally four or more non-b jets in each event, in addition to th
four b jets.

For the hadronic channel, we make the following cuts
exactly zero isolated leptons withpT.5 GeV,
exactly four identifiedb jets,
>4 non-b jets .

We then attempt mass reconstruction. In Fig. 5~a!, we show
the invariant mass of the two non-b jets m1( j j ) that most
nearly reconstructsMW . Again, for illustration, we show
these results formH5120 GeV andEc.m.51 TeV; results
for Ec.m.5500 GeV are qualitatively similar. The resonan
from theW boson is evident. In Fig. 5~b!, we cluster the two
01300
-
-

jets from Fig. 5~a! with the b jet which most nearly recon
structsmt ; the distribution has the expected peak just bel
m1(b j j )5mt . In Fig. 5~c!, we plot the invariant mass ofall
the remaining non-b jets. In this case, we again have a pe
near m2(jets)5MW , but with significant smearing below
and above the peak. Likewise, in Fig. 5~d! we show the
invariant mass of the jets from Fig. 5~c! with the remainingb
jet which most nearly reconstructsmt . The distribution
peaks atmt , but again with significant smearing, especia
abovem2(b, jets)5mt . To be consistent with reconstructin
a second hadronicW and a second hadronic top quark, w
require only events with

60,m2(jets),90 GeV

and 125,m2~b, jets!,200 GeV.
f

FIG. 8. Distribution inbb̄ invariant mass for
the two remainingb jets after top quark mass
reconstruction, for semileptonic events atEc.m.

51 TeV. The signal is solid, while the sum o
EW and QCD backgrounds is dashed.
2-8
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FIG. 9. Distribution inbb̄ invariant mass for
the two correctly identified non-top-quarkb jets,
using generator information for semilepton
events, atEc.m.51 TeV. The signal is solid,
while the sum of EW and QCD backgrounds
dashed.
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The resulting event rates are listed in Table III, following t
same pattern explained in Sec. III A. After these additio
cuts, the surviving number of events in 1000 fb21 is surpris-
ingly close to the number of events expected in the semi
tonic channel.

At this point, we may apply the sameb-jet energy cuts as
in the semileptonic case, and plot the mass of the remain
b jets in the events. These results are shown in Figs. 6 a
for the remainingb jets and the exact reconstruction, respe
tively. As before, some improvement inS/B can be made by
adopting am(bb) mass cut. These are listed in Table I
along with the surviving number of events. In a similar fas
ion to the semileptonic case, we can then extract the e
measurements on the top quark Yukawa coupling, and th
are listed in Table IV foreb51 and 0.6. In the hadronic
channel, the results are very similar to the leptonic case,
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so will offer an independent confirmation of any sort of to
quark Yukawa measurement. Of course, the semilepto
and hadronic channel measurements can be combined to
prove the overall precision of the measurement.

IV. OBSERVABILITY AT Ec.m.51 TeV

A. Semileptonic channel

At Ec.m.51 TeV, the total event rates are significant
larger than atEc.m.5500 GeV. Since this energy scale is f
above the kinematic limit, there is only a modest sensitiv
of the total signal rate to the Higgs boson mass. AtEc.m.
51 TeV, the energy distribution of the slowestb jet is not
as distinctive as it was in theEc.m.5500 GeV, due mainly to
the high momentum of the parent particles that are produc
Hence, we drop theEb(slow) cut for this energy regime. We
a
TABLE VI. The l 14b1 jets1E” T channel atEc.m.51 TeV: estimated error in the top quark Yukaw
coupling (dl t /l t), assuming 103 fb21 of integrated luminosity andeb51 (eb50.6).

Channel H(100) H(110) H(120) H(130)

l 14b1 jets1E” T 0.07 ~0.19! 0.08 ~0.21! 0.09 ~0.24! 0.11 ~0.31!
m(rec).60 0.07~0.19! — — —
m(rec).90 — 0.08~0.22! 0.09 ~0.24! —
m(rec).100 — — — 0.11~0.31!
m(ex).70 0.07~0.19! — — —
m(ex).90 — 0.07~0.21! 0.07 ~0.21! —
m(ex).95 — — — 0.09~0.24!
2-9
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TABLE VII. The 4b1>4 jets final state atEc.m.51 TeV: number of events for different selection cu
assuming 103 fb21 of integrated luminosity andeb51.

Channel H(100) H(110) H(120) H(130) t t̄ bb̄(EW) t t̄ bb̄(QCD)

Total 2420 2080 1690 1210 510 1900
4b1>4 jets 51 48 38 27 12 19
m(rec).65 43 — — — 11 12
m(rec).75 — 39 — — 9 11
m(rec).90 — — 27 — 6 9
m(rec).95 — — — 19 5 9
m(ex).65 46 — — — 11 8
m(ex).75 — 41 — — 9 6
m(ex).90 — — 28 — 2 5
m(ex).95 — — — 21 2 4
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do adopt the remaining semileptonic cuts from Sec. III a
show the resulting signal and background rates in Table
After selection cuts, about 60 background events should
main while 60–110 signal events would be present, depe
ing on the value ofmH . We apply the same mass reconstru
tion algorithm as in Sec. III, and plot the invariant mass
the remainingbb pair in Fig. 8 and the mass of the correct
identifiedbb pair in Fig. 9. The mass reconstruction in Fig.
is far sharper than the corresponding plot at 500 GeV. In
case, the large kinetic energy of the parents is transferre
the daughter particles, and wrong mass reconstructions
come much more difficult. We may again apply am(bb)
mass cut, as listed in Table V, to improve theS/B ratio. The
01300
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corresponding precision on the top quark Yukawa coupl
measurement is listed in Table VI. Although the contributi
of the ZZH-vertex diagram increases atEc.m.51 TeV with
respect toEc.m.5500 GeV, it is still of the order of a few
percent and completely negligible in the determination of
error onl t .

From Table VI, we see that there will be roughly a 7–9
measurement ofdl t /l t in the leptonic channels with
1000 fb21 for eb51. These results are degraded to 19–24
if only eb50.6 can be achieved. For the measurement of
top quark Yukawa coupling,Ec.m.51 TeV is clearly far su-
perior toEc.m.5500 GeV formH.100 GeV.
f

FIG. 10. Distribution inbb̄ invariant mass for
the two remainingb jets after top quark mass
reconstruction in hadronic events atEc.m.

51 TeV. The signal is solid, while the sum o
EW and QCD backgrounds is dashed.
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FIG. 11. Distribution inbb̄ invariant mass for
the two correctly identified non-top-quarkb jets,
using generator information for hadronic even
for Ec.m.51 TeV. The signal is solid, while the
sum of EW and QCD backgrounds is dashed.
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B. Hadronic channel

Finally, we present results for the hadronic channel
Ec.m.51 TeV. For this case, we apply again the same cut
in Sec. III, but without the cut onEb(slow). The results are
given in Table VII. The reconstructedm(bb) and exact
m(bb) are shown in Figs. 10 and 11. The correspond
results after applying a cut onm(bb) are again listed in
Table VII and range from 20 to 50 events for 1000 fb21 of
data. The precision on the top quark Yukawa coupling
given in Table VIII. The precision ranges from 10% to 14
for eb51 and from 28% to 39% if onlyeb50.6 is achieved.

V. CONCLUSIONS

The processe1e2→t t̄H directly measures thet t̄H
Yukawa coupling. We have computed the signal and the
jor backgrounds for both the semileptonic and hadronic
cay channels usingISAJET to simulate gluon radiation, had
ronization and decays. In our analysis, we rely on a dir
reconstruction of theW, t and H masses in the events. A
Ec.m.5500 GeV, even with 1000 fb21 of integrated lumi-
nosity, only mH&110 GeV will give enough of an even
rate for a reasonable measurement of the top quark Yuk
coupling. At higher energies, the entire range ofmH
5100–130 GeV should be accessible.

Our final results indicate the statistical error that can
achieved on the measurement of the top quark Yukawa c
pling. Systematic errors will also be present, but these
depend in detail on properties of the machine and detec
so we do not attempt to estimate these. Our final results
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be quoted by combining the best measurement in the se
leptonic channel with the best measurement in the hadro
channel, as two independent measurements. We then fin
dl t /l t at Ec.m.5500 GeV and 1000 fb21,

mH ~GeV! eb51 eb50.6

100 0.08 0.22

110 0.12 0.32

120 0.21 0.59

130 0.44 1.22

TABLE VIII. The 4b1>4 jets channel atEc.m.51 TeV: es-
timated error in the top quark Yukawa coupling (dl t /l t), assuming
103 fb21 of integrated luminosity andeb51 (eb50.6).

Channel H(100) H(110) H(120) H(130)

4b1>4 jets 0.10~0.29! 0.11 ~0.30! 0.13 ~0.36! 0.17 ~0.48!
m(rec).65 0.11~0.30! — — —
m(rec).75 — 0.11~0.32! — —
m(rec).90 — — 0.14~0.39! —
m(rec).95 — — — 0.18~0.50!
m(ex).65 0.10~0.28! — — —
m(ex).75 — 0.10~0.28! — —
m(ex).90 — — 0.11~0.32! —
m(ex).95 — — — 0.14~0.38!
2-11
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while dl t /l t at Ec.m.51 TeV and 1000 fb21 is

mH ~GeV! eb51 eb50.6

100 0.06 0.17

110 0.06 0.18

120 0.07 0.19

130 0.08 0.22.

Our results qualitatively agree with those presented in R
@9#, if we assumeeb51. A high efficiencyb tag, along with
n-

.
ys

s,

01300
f.

of order 1000 fb21 of integrated luminosity, will be critical
for the top quark Yukawa coupling measurement.
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