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We demonstrate that expected efficiencies and purities for b tagging at the detectors at the Supercon-
ducting Super Collider and the CERN Large Hadron Collider may allow detection of the standard mod-
el Higgs boson in t7H production, with H — bb decay, for 80 S myu S 130 GeV, provided m, 2 130 GeV.

PACS numbers: 13.85.Qk, 14.80.Gt

Understanding the Higgs sector is one of the funda-
mental missions of future high energy colliders such as
the Superconducting Super Collider (SSC) and the
CERN Large Hadron Collider (LHC). However, op-
tions for detection of the standard model (SM) Higgs bo-
son H are limited if my lies in the low end of the inter-
mediate mass range, 80 Smy <130 GeV, ie., below the
region for which the gold-plated H— Z*Z— 4l is
robustly viable [1] but above the guaranteed mass reach
of the CERN e Ye ~ collider LEP-II. The most discussed
detection modes in this region rely on the rare yy decay
channel of the H [1,2]. Clearly, the establishment of vi-
able techniques for detection of the H in its main decay
mode in this mass region, H— bb, would be highly desir-
able. In this Letter, we demonstrate that if the top quark
is not too light, then expected b-tagging efficiencies and
purities at the SSC and the LHC may enable one to ob-
tain viable H signals in the bb decay mode when the H is
produced in association with ¢7.

A priori, many possible procedures can be envisioned
for detection of t7H events. Of these, we have examined
the four which appear to be most worthy of investigation.
In (1) we require that both ¢’s decay to /vb and search for
the H as a peak in the two-jet (2;) mass spectrum of //4j
final states without b tagging [3]. In (2)-(4) we require
that three or four b’s be tagged and look for a peak in the
2b mass spectrum. If only two b’s are tagged, there is lit-
tle gain against the enormous background from 7 related
processes which automatically yield two &’s in the final
state. By requiring that three or more b’s be tagged, such
backgrounds can be reduced to the same level as the irre-
ducible background from tfbb production. In procedure
(2) we require that both £’s decay to /vb and tag three b
jets. In procedures (3) and (4), we only require that one
(or both) of the #’s decay to /vb, and tag three or four b
jets, respectively. In comparing (3) and (4) we shall see
that tagging four (or more) b’s may prove preferable.
The event rate is reduced, but the signals are cleaner and
statistically not that much worse.

Regarding procedure (1), in which no b’s are tagged, it
is absolutely necessary to specifically demand four ener-
getic jets in the final state in order to eliminate ¢7 and 7g
backgrounds. The major backgrounds are then t7gg and
tiqg (g =u,d,s,c,b). An exact computation of t7gg is not
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currently available. In our study, we computed with ex-
act matrix elements the ¢7H signal, and the (7Z and tigq
backgrounds. For the cuts of Ref. [3], after multiplying
by an approximate QCD correction K factor of 1.6 the
resulting signal for my =100 GeV is of only marginal
significance (S/v/B ~4), even though the much larger
t1gg background was not included. Thus, our conclusions
for the 2/4j mode are considerably more pessimistic than
those of Ref. [3].

The only means for suppressing the large tf back-
grounds is to employ multiple b tagging. Indeed, if four
b’s are tagged, only the irreducible backgrounds from the
t1Z (with Z— bb) and ttbb processes would remain for a
sufficiently high purity of b tagging. In choosing canoni-
cal values for the b-tagging efficiency and purity we have
been guided by the results obtained by the Solenoidal
Detector Collaboration (SDC) [4].

We now outline our procedure at the parton level. To
trigger on the events of interest, we require that at least
one of the ¢ quarks decay to an isolated lepton (e or u).
At the parton level, the trigger lepton is required to have
pr=20 GeV and |n| <2.5 and to be isolated by AR
= 0.3 from all other jets or leptons. The W from the oth-
er ¢ quark is allowed to decay either leptonically or had-
ronically. If both W’s decay leptonically, then we allow
for either of the leptons to provide the required isolated
lepton trigger. Next, any b jet with || <2 and pr > 30
GeV is assumed to have a probability of 30% (indepen-
dent of pr) to be vertex tagged, provided there is no other
vertex within ARy =0.5. The probability to tag (.e.,
misidentify) a light quark or gluon jet as a b jet under
these same conditions is assumed to be 1%, while that of
mistagging a c¢ jet is taken to be 5%. Jets with pr below
30 GeV are assumed not to be tagged. Finally, in order
for a b jet to be included in our invariant mass distribu-
tions we require that it be separated from all other jets
(including other &’s) by at least ARc =0.7. This is exper-
imentally possible since the vertex of the b jet will be visi-
ble and a neighboring jet will be apparent via its energet-
ic charged tracks that do not track to the tagged b-jet
vertex.

Of course, it is quite possible that our assumptions re-
garding b-tagging efficiency and purity are too conserva-
tive. We shall also demonstrate how much easier H
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detection becomes if the b-tagging probability can be
brought up to 40% while decreasing the misidentification
probability to 0.5% over the stated kinematic range.

The final critical ingredient in our analysis is the mass
resolution that can be achieved for the combined mass of
two b jets. For a purely hadronic jet the SDC Technical
Design Report [4] quotes energy resolutions (depending
upon design and integration time) that are typically no
worse than SE/E =0.5/VE (GeV)+0.03 (leading to
roughly an 8% jet-pair invariant mass resolution for 30
GeV jets). For leptons the energy resolution is typically
of order 8E/E =0.2/VE (GeV)+0.01. The first step of
our parton-level analysis is to explicitly smear the ener-
gies of all leptons and jets using these resolutions. In par-
ticular, our m(bb) distributions will automatically reflect
the jet energy resolution. Since b jets have hard fragmen-
tation functions the above hadronic resolution may be
somewhat pessimistic for purely hadronic b decays.
However, semileptonic b decays will have worse resolu-
tion. For the result to be presented here, we have used
standard hadronic resolutions as a compromise.

Two distinct more detailed approaches to the semilep-
tonic b decays are possible. First, it might be experimen-
tally possible to greatly limit the presence of such decays
by requiring that a b vertex not have an associated lepton
with energy larger than some appropriate lower bound.
Our results would then be unaltered if the b-tagging
efficiency we employ is reinterpreted as including the
probability for a purely hadronic primary b decay. Alter-
natively, semileptonic decays can be explicitly included in
the analysis. We have done this without correcting for
the average missing neutrino momentum, i.e., by using
only the combined ¢ and / momenta in constructing the
bb mass for decays of this type. Keeping all other
efficiencies constant, one finds roughly a doubling in the
times (quoted later) required to see a signal of a given
statistical significance. However, if b— c/v decays are
retained, at least 5% would be added to the (30-40)%
tagging efficiency by explicitly looking for the associated
lepton [5]. In the case of 4b tagging, this would restore
much of the statistical significance obtained prior to in-
cluding b— clv decays. This type of analysis will be pur-
sued at greater length elsewhere [6].

We have employed the SM predictions for the H— bb
branching ratio. At my =280, 100, 120, and 140 GeV we
find B(H— bb) =0.857, 0.842, 0.748, and 0.437, respec-
tively. Not surprisingly, we will find that by my =140
GeV the branching ratio has fallen sufficiently that the H
detection in the bb mode becomes fairly difficult.

We use exact matrix element calculations for the signal
reaction t7H [7] (with H— bb), the irreducible back-
grounds t7bb and t7Z (with Z— bb), and the reducible
backgrounds tfcc (with one or two ¢’s mistagged as a b)
and 7 (g) (with one or two of the non-b jets mistagged as
a b). For all reactions we have included correlations in
the three-body decays of the top quarks. This turns out
to be important for the t7(g) background in which one or
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more of the mistagged jets comes from the decay of a W.
Uncorrelated decays would lead to a roughly 25% overes-
timate of this background.

All the production reactions we consider are dominated
by gg collisions. We have employed distribution func-
tions for the gluons evaluated at a momentum transfer
scale given by the subprocess energy. It is well known
that QCD corrections are substantial for gg initiated pro-
cesses. For example, for the gg— 7 process the QCD
correction “K”’ factor has been found to be of the order of
1.6 for our choice of scale [8]. Thus, rates for the t7H,
t1Z, tibb, and ticc processes have been multiplied by a
QCD correction factor of 1.6. In the case of t7(g) we
have incorporated the K factor as follows. We have gen-
erated events without an extra gluon (¢7 events) and have
also generated events with an extra gluon (¢7g events) re-
quiring that the pr of the extra gluon be > 30 GeV. For
this cutoff one finds o(tfg) ~0.60(tf). Thus, if the two
event rates are added together without cuts an effective K
factor of 1.6 is generated. Explicitly allowing for an ap-
propriate number of g events is important in properly
estimating the background from this source due to mis-
tagged non-b jets. Our procedure should yield an upper
limit on the number of events with an extra gluon having
pr>30 GeV and therefore potentially vertex taggable.
The gluon distribution functions we have employed are
those of Harriman, Martin, Stirling, and Roberts [9].
Results for other distribution function choices will be
presented in Ref. [6].

In our analysis we consider all pairs of tagged b jets (or
mistagged non-b jets) as potentially coming from the H
decay. Consequently, even the signal process has a com-
binatoric background arising from pairs in which one or
both of the b’s come from ¢ decays. The event rate for
the H signal is obtained by subtracting this combinatoric
background from the H peak in the m (bb) mass distribu-
tion. The background rate we employ includes this signal
combinatoric background as well as the full backgrounds
(including all combinatorics) for the true irreducible and
reducible backgrounds. The number of bb pairs that are
included in the combinatoric backgrounds is determined
on an event by event basis according to the appropriate
probabilities for tagging or mistagging b or non-b jets, re-
spectively.

We shall present results for two b-tagging scenarios
specified by giving (i) the efficiency for tagging a b jet,
eb-1ag; and (ii) the probability of mistagging a light quark
or gluon jet, emistag. In case (a) [(b)], we take (ep.raq,
€mistag) = (30%,1%) [(40%,0.5%)]. In both cases we have
taken the probability of mistagging a ¢ jet as being 5%.
(In fact, for mistagging probabilities of this general level
the rzcc background is not significant.) Case (a) we re-
gard as a lower bound, and case (b) we think is quite
achievable. For further comparison, we shall also give
SSC results at m, =140 GeV obtained using the pr-
dependent ey.ia5 values of Ref. [4] for pr > 20 GeV, for
€mistag =0.5%, 1%, and 1.5%.
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FIG. 1. Events per 1 GeV bin in m(bb) for signal plus back-
ground (solid) compared to background alone (dashes). Re-
sults for the SSC with L =10 fb !, and b-tagging efficiency and
purity given by (ep-tag,€mistag) =(30%,1%) (lower histograms)
and (40%,0.5%) (upper histograms), are shown for 3b tagging.
Note that the lower histograms for the former case have been
shifted downwards by 100 events per bin in order to clarify the
display. The Higgs-boson signals at m(bb) =80, 100, 120, and
140 GeV are displayed after removing the combinatoric back-
ground from the ¢7H reaction itself. See discussion in the text
for details.

In this Letter, we present results for procedures (3)
and (4) in which only one lepton is required for triggering
and either three (or more) or four (or more), respective-
ly, jets must be tagged as b jets. Procedure (2), in which
two leptons are triggered on and three jets are required to
be tagged as b’s, yields smaller statistical significance for
the Higgs-boson signals than procedures (3) and (4).

In order to give a rough idea of the levels of the
Higgs-boson signals and the various backgrounds we first
present plots of event rates as a function of m(bb) in
Figs. 1 and 2, for procedures (3) and (4), respectively, at
m, =140 GeV. In each figure, the two b-tagging (ep.tag,
emistag) cases of (30%,1%) and (40%,0.5%) are compared.
All jet energies have been smeared using the resolution
quoted earlier. Results presented are for the SSC with
integrated luminosity of L =10 fb ~!. Since the combina-
toric background from the ¢fH reaction itself is my
dependent, we have adopted the following procedure for
displaying all the Higgs-boson mass peaks on one plot.
For each my case, we have taken only the bins that lie
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FIG. 2. As in Fig. 1, except for 4b tagging. "Event numbers
are given per 5 GeV bin.

within * 10 GeV of the Higgs-boson peak in the m(bb)
distribution. From the event numbers in each of these
central bins we have subtracted an approximate combina-
toric background determined by averaging the distribu-
tion values for a representative set of bins immediately
below and immediately above the central bins. The
remainder in each of the central bins is then added to the
event number distributions coming from the sum of all
other processes. Thus, the upper (solid) histogram corre-
sponds to the sum of event rates given by

INGTH) — N GTH ) comp] + N (t7Z)
+NGH)+NGrg) +NGb) . (1)

NUTH)omb is roughly + of the average value of
N(tH) — N (tTH ) comb in the bins within £ 5 GeV of the
Higgs-boson peak. Also histogrammed is the event rate
for the (fZ+tt+tig+ttbb background. Additional
graphs of signal and individual backgrounds as a function
of m(bb) will appear elsewhere [6]. For now, we note
that similar plots for m, =180 exhibit quite dramatic
Higgs-boson peaks for all but my =140 GeV.

In order to quantify the observability of the Higgs-
boson signals, such as those illustrated in Figs. 1 and 2,
we have computed the number of SSC years required for
a 5o significance of the signal, defined by S=N(GTH)
— N(ttH ) comb, summed over bins within =35 GeV of a
given Higgs-boson mass peak. The background at each
value of my is computed as B=N{tH)comp+ N (tZ)
+N(7)+N(tig) + N(ttbb) summed over these same
central bins. Results for the SSC are given in Table I,
for b-tagging scenarios (a) and (b) and both 3b and 4b
tagging. Also given (in parentheses) is the associated
number of signal events (S). The associated number of
background events (B) can be obtained from the relation
B=S?%/25. So that trends can be clearly illustrated, we
have not made an arbitrary cutoff in the number of years
allowed for our entries. In addition, it should be kept in

TABLE I. Number of 10-fb ™! years (signal event rate) at
the SSC required for a So confidence level signal in four cases:
(D,(I1) 3b tagging with (ep-tag,€mistag) = (30%,1%),(40%,0.5%);
and (IID,(IV) 4b tagging with (ep-tag,emistag) =(30%,1%),
(40%,0.5%). m; and my are in GeV.

Case m\my 80 100 120 140
I 110 21(331) 35@411)  6.0(458) 29.1(845)
140 1.4(324) 3.0(512) 4.5(486) 22.4(954)
180 0.3(96)  0.8(175) 29(353)  13.6(747)
I 110 05(191) 1.00249) 1.6(275)  7.6(522)
140 03(170) 0.6(243) 1.1(266)  5.3(503)
180  0.1(48)  02(97)  06(171)  3.1(375)
I 110 10.8(135) 15.9(144) 33.0(186) 170.0(386)
140 3.5095) 50097 10.4(122)  55.0(247)
180 1.0(39)  1.7(45)  4.2(68)  25.5(160)
IV 110 2.4(94)  4.1(116) 8.6(153)  46.0(330)
140 0.6(54)  1.1(66) 2.6(96)  13.3(189)
180 02(23)  0.4(3) 0946  550110)
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mind that (at least at the SSC) the ultimate luminosity
that can be achieved and managed by the detectors might
be much larger than currently assumed.

From the table it is immediately apparent that for the
two larger ¢t masses, especially for m, =180 GeV, detec-
tion of the H using b tagging should be possible within a
few SSC years for the more optimistic scenarios, so long
as myS130 GeV. By myX140 GeV the H— bb
branching ratio has dropped to too small a value due to
the onset of the WW™* decay modes. The n, =110 GeV
entries illustrate the fact that H detection using b tagging
will be difficult for lighter top quark masses. The 7 (g)
background is much larger and the signal rates somewhat
smaller than for the larger m, values considered. We es-
timate that m, =130 GeV is the boundary below which
detection difficulty increases dramatically. On a statisti-
cal basis, 3b tagging is superior to 4b tagging. But this is
only true if the background shapes can be reliably simu-
lated by Monte Carlo techniques. In the absence of a re-
liable prediction for the background shape, 4b tagging
could prove the preferable procedure. Of course, the 3b
tagging and 4b tagging procedures are complementary
and the data should be analyzed in both ways.

For canonical luminosities the LHC is somewhat supe-
rior to the SSC for a given scenario. For instance, the
case I results for Vs =16 TeV and integrated luminosity
of L=100 fb~! at m, =140 GeV are No. of years
(S)=1.0 (402), 2.4 (669), and 4.6 (706), for my =80,
100, and 120 GeV, respectively. However, the efficiency
of b tagging at the LHC, given the many overlapping
events expected, may not be as great as assumed here.
Overlapping events will also reduce the probability that
the b’s from the Higgs-boson decay in a signal event will
be isolated by AR¢ from other jets.

The rapid worsening of H detectability in the r7bb
channel as we move from optimistic to pessimistic
(eb.tag,emis,ag) scenarios illustrates the importance of hav-
ing as good a vertex tagging capability as possible at the
SSC and LHC. Ability to employ a smaller minimum
value of ARc (for which there is good separation of the
calorimetric energy of a b jet from that of a neighboring
jet) would also be very beneficial.

To further define the b-tagging efficiency and purity
that will be required for observable signals, we also give
results obtained by employing the pr-dependent ep.iug
values of Ref. [4] down to pr>20 GeV. These €.t
values are somewhat lower than 30% for pr S60 GeV,
but reach —40% for pr=X 120 GeV. The numbers of
SSC years required for a 5o signal at m, =140 GeV for
emistag = (0.5,1,1.5)%, and for my =80, 100, 120, and
140 GeV, respectively, are (0.8,1.3,1.9), (1.8,3.1,4.5),
(3.3,5.4,7.5), and (12.1,20.0,29.8) for 3b tagging, and
(1.8,3.0,5.1), (2.8,4.0,6.1), (6.58.2,11.0), and (39.3,
48.3,63.4) for 4b tagging. Comparing the emistag=1%
numbers to those in Table I (rows I and III) for the uni-
form ep.tag =0.3 value, we see little change for 3b tagging
and some improvement for 4b tagging. The larger pr
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range and higher e,.1ag values at large pr at the very least
compensate for the smaller ep.ioz values at moderate pr.
Comparing results for the three €mistag Cases shows clearly
how critical the achievable b-tagging purity is. An aver-
age emistag Value significantly above 1% would make ob-
servation quite difficult for my = 100 GeV.

As a final remark, we note that although the lowest my
value studied is 80 GeV, the trends make it clear that
ttH — 1bbbb detection is, if anything, more viable at still
somewhat lower my values. This is in sharp contrast to
the H— yy discovery modes which rapidly deteriorate
[due to decreasing B(H — y¥)] for my < 80 GeV.

In summary, we have demonstrated that at the SSC
and LHC expected vertex tagging capabilities for a typi-
cal detector should be sufficient to allow H detection in
the (7H — IbbbbX final state for a range of larger m,
values and moderate my. The precise region of viability
depends critically upon the efficiency and purity of b tag-
ging, but, allowing for several years of running, should
extend at least from my =80 (and below) to my~110
GeV for m; =140 GeV. For m,~180 GeV and good
efficiency and purity, my values up to ~130 GeV can be
probed in just one SSC year.
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