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Extending the Higgs Boson Reach at the Upgraded Fermilab Tevatron
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We study the observability of a standard-model-like Higgs boson at the upgraded Fermilab Tevatron
via the modespp — gg — h — W*'W* — (vjj and ¢zfv. We find that, with c.m. energy of
2 TeV and an integrated luminosity &0 fo~!, the signal may be observable for the mass range
of 135 = m;, < 180 GeV at a(3 — 5)o statistical level. We conclude that the upgraded Fermilab
Tevatron may have the potential to detect a standard-model-like Higgs boson in the mass range from
the CERNe™ e~ collider LEP Il reach to 180 GeV. [S0031-9007(98)08153-8]

PACS numbers: 14.80.Bn, 13.85.Qk

The Higgs bosons are crucial ingredients in the standardie study in detail the observability of a SM-like Higgs
model (SM) and its supersymmetric (SUSY) extensionsboson at an upgraded Fermilab Tevatron for the modes
Sea_rchi_ng fo_r Higgs bosons has been one of the major PP — gg — h— W'W* = €vjj and (wlv, (1)
motivations in the current and future collider programs h B dii liah K .
since they most faithfully characterize the mechanism folVheré ¢ = e, u, andj is a light quark jet. In Fig. 1,

the electroweak gauge symmetry breaking. Experimenty® Show the cross section fafg — h versusm, with

at the e*e~ collider LEP Il wil eventually be aple PP &M energyy's = 2IeV- Along W“hhthe inclusive
to discover a SM-like Higgs boson with a mass aboufiOt@l Cross section (solid curve), we show thHe"W

105 GeV [1]. The CERN Large Hadron Colider (LHC) (dashes) andz Z  (dots) channels, as well as their
should be able to cover the full range of theoreticalVarous decay modes" W= — (v jj, vy andZ°Z" —
interest, up to about 1000 GeV [2]. €lvv,4€. (We have normalized our signal cross section

It has been discussed extensively how much the Fef® include next-to-leading order QCD corrections [8],
milab Tevatron can do for the Higgs boson search, 1@Nd we use the CTEQAM distribution functions [9].)
appears that the most promising processes continuousliy'® scale on the rlght—f_w?nd side g'VﬁS thfe nl;mber of
going beyond the LEP Il reach would be the electroweal€Vents expected fo30 b~ . We see that, for then,
gauge Higgs boson associated production [355]— range of current interest, there may be about 1000 events
Wh, Zh. The leptonic decays o, Z provide a good trig-  Produced forW”w* — £vjj and about 100 events for
ger, and — bb may be reconstructible with adequate VW~ — ¢#Cv. This latter channel has been studied at
tagging. It is now generally believed that for an upgradedn€ Superconducting Super Collider and LHC energies
Fermilab Tevatron, with c.m. energys — 2 TeVand an 110] and at a 4 TeV Fermilab Tevatron [4]. We find
integrated luminosity® (10-30) fo~!, a SM-like Higgs that at \/s = 2 TeV, after nontrivial optimization for

boson can be observed up to a mass of about 120 GeV [thje signal identification for Eq. (1) over the substantial
The Higgs discovery through these channels crucially de-

pends on theé-tagging efficiency and théb mass reso- 104 T

lution. It is also limited by statistics far, > 120 GeV. Vs = 2 TeV {10°

It may be possible to extend the mass reach to about 103 gg-h

130 GeV and slightly beyond [5]. On the other hand, ; WL - 4104 -

from the theoretical point of view, weakly coupled su- el 7= S

persymmetric models generally predict the lightest Higgs = :,/’/,/jj__‘_ ..... ZZ Tmeiy g8 5

boson to have a mass, < 150 GeV [7]. It would be of T L I U z

the greatest theoretical significance for the upgraded Fer- o ’ 7w Ty "J102 @

milab Tevatron to extend the Higgs boson coverage over 100 ';‘,/ _______ aw e =

this range. ) Jigt "
It is important to note that the leading production ot b e Mo e

mechanism for a SM-like Higgs boson at the Fermilab T 100

Tevatron is the gluon-fusion process via heavy quark 10-2 Ll o ! L !

triangle loops. Although the decay mode— bb in 100 120 140 160 180 200

this case would be swamped by the QCD background, my, [GeV]

the h — W"W" mode (whereW" generically denotes a FIG. 1. The Higgs boson production cross section via the

W boson of either on- or off-mass shell) will have an
increasingly large branching fraction fer, = 130 GeV

gluon-fusion process versus, at the 2 TeV Fermilab Teva-
tron. Theh — W*W* (dashed lines) an@*Z* (dotted lines)

and may have a chance to be observable. In this papeshannels and various subsequent decay modes are also depicted.
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SM backgrounds, it is promising to extend the Higgssuppressed by rejecting events with extra hard jets. We
boson reach at the upgraded Fermilab Tevatron with atherefore impose
integrated luminosity 080 fo~! to m;, =~ 135-180 GeV Jetveto pr; > 15GeV in|y;| <3. (5)

at a(3 — 5)o statistically significant level. Th :
s p . . . e QCD background in (2) has the largest rate. The
W*W* — € jj.—For this mode, we require the final yuqi in the signal is from av decay, while that in the

state to have an isolated charged lepton large missing QCD background tends to be soft and collinear. We thus
transverse energfr), and two hard jets. The leading impose the cuts on the dijet:

SM backgrounds are . . .
65 < m(jj) <95 GeV, o (jj) > 140%

i (2) 70 < m(jj) <90 GeV,  $(jj) > 160°,
pp — WZ(y") = Lvjj,  pp — tt — {vjjbb. for m;, = 140 and 160 GeV, respectively, where( ;)

. is the invariant mass of the dijet, and(jj) is the
The background processes are calculated with the full S pening angle of the two jets in the transverse plane. For

matrix elements at tree level. PN .
: my;, = 160 GeV, them( jj) distribution has a unique peak
To 'roughly S|mulate.the detector effects, we use theoecause both’ bosons are on shell, so the( jj) cuts in
following energy smearing: Eq. (6) would not significantly harm the signal. On the

pp — W + 2 QCD jets pp — WW — Lvjj, (©)

AE;JE; = 0.8/\/5 ® 0.05 forjets other hand, fom,, = 160 GeV, nearly half of the signal
e ! (3)  will be cut off by them(jj) cuts, making this region of
AE¢/E¢ = 03/\/E¢ ® 0.01 for leptons the Higgs mass more difficult to explore from this mode.

We have also examined other mass variables, such
s the W-boson transverse mas®r(W), dijet-lepton
invariant massn(jj€), and the cluster transverse mass

where® denotes a sum in quadrature. The basic accep;,
tance cuts used here are

pre > 15 GeV, Inel < 1.1; M, which are defined as
prj > 15 GeV, In;l < 3; (4) Mr(W) = \/(PT€ + Er)? — (pre + #r)2, @)
Br > 15GeV:  AR(j) > 03,  AR(jj)>07. Mg = \/p%(jjg) + m2(jj6) + By,

For the sake of illustration, we present our study mostly'h® Mr(W) develops a peak neatly for on-shell W
for m, = 140 and 160 GeV, and we will generalize decay. An upper cut on this variable belddy can help

the results to the fullm, range of interest. The cut '€move the background from redl decay as long as,

efficiency for the signal is about 35% (60%) fer, ~ is less than 160 GeV. The _cIu_ster transverse nidss

140 (160) GeV. would be the most characterlstlc variable for the signal.
Since there are only two jets naturally appearing inlt peaks nearm,, and yields a rather sharp end point above

the signal events, ther background can be effectivel)f ’;’73 vTvg ;L;g'lﬁ; ifr(;]l?(;\?v\i/r?gtgghtségr]T:ilt_;oliﬁcﬁ‘tground ratio

100 < m(jj€) < 120 GeV,  Fr <30GeV, 120 < Mc < 140 GeV,
35 < Mp(W) <55 GeV, 2.4 < AR(jj) < 3.5;

)
100 < m(jj€) < 130 GeV, Er < 50 GeV, 130 < M¢c < 170 GeV,
40 < M7 (W) < 90 GeV, 2.8 < AR(jj) <35,
for m;, = 140 and 160 GeV, respectively. ! We first impose basic acceptance cuts
We show the results progressively at different stages pre > 10 GeV, el < 1.1;
of the kinematical cuts in Table I. We see that, for an )
integrated luminosity of30 fb~!, the signal form, = pre > 5 GeV, Inel <25, (10)
140 GeV is very weak while that fom;, ~ 160 GeV can m(€€¢’) > 10 GeV, Er > 25 GeV.
reach 3o statistical significance. The cut efficiency for the signal is about 70%. We also

- W*W* — ¢w{v.—For the pure leptonic channel, we smear the lepton momenta according to Eq. (3), and veto
identify the final state signal as two isolated chargedhe hard central jets via Eq. (5) to effectively remove
leptons and large missing transverse energy. The leadinge 17 background. At this level, the largest background

SM background processes are comes from the Drell-Yan process fef r~ production.

pp— WHW™ — (wey, pp — ZZ(y*) — vll, However, 'this background can be essentiglly eliminated
_ _ L by removing the back-to-back lepton pair events by

pp — ti — {vlvbb, 9 requiring

PP — Z(y") =t 1T > (vl T, . @ (€0) < 150°. (11)
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TABLE I. h — W*W* — €vjj signal and background cross sections (in fb) #gr = 140
and 160 GeV, after different stages of kinematical cuts. A jet-veto cut in Eq. (5) has been
implemented for ther background.

o [fb] Basic cuts in (4) Cuts in (6) Cuts in (8)

my, [GeV] 140 160 140 160 140 160
Signal 23 49 8.8 21 2.2 15
Background

Wijj 6.5 X 10° 6.1 X 103 2.1 X 10 1.4 X 10? 5.5 X 10?
ww 1.3 X 10° 5.5 X 10? 2.4 X 10? 17 55

wZz 66 20 7.0 0.3 13
tt 0.4 0.1 0.0

S/B 0.1% 0.9% 1.4% 2.5%
S/v/B (30 fb~1) 0.6 2.4 1.0 3.3

The W*W* mass cannot be accurately reconstructed due In Fig. 3, we show the integrated luminosities needed
to the two undetectable neutrinos. However, both thdo reach3o and 50 significance versus:,. The dotted
transverse mas&/; and the cluster transverse madg,  curves are for thévjj mode and the dashed fé& (.
defined as We consider that these two modes have rather different
) systematic errors, so that we can combine the results for
My = 2\/PT(€€) + m2(te), (12) them quadratically. This is shown by the solid curves.
We see that, with an integrated luminosity &6 fo~!,
Mc = \/p%((?e) + m(6) + Er, one may be able to reach gt leasi@a signal):‘or135 =
yield a broad peak near,. We note that these transverse m;, < 180 GeV. Taking into account the previous studies
mass variables are very important for the signal identifi{3,5,6], we conclude that the upgraded Fermilab Tevatron
cation and for controlling the systematic error. with /s = 2 TeV and30 fo~! may have the potential to
In Fig. 2(a), we show theM¢ distributions for the detect the SM-like Higgs boson in the mass range from
{£vlv signal with m, = 140, 160, and 180 GeV along the LEP Il reach to 180 GeV. On the other hand, if there
with the leading backgrounds after the cuts in (10) ands only aboutl0 fb~! data available, the sensitivity to the
(11). Although the mass peaks M. are hopeful for Higgs boson search via the modes of Eq. (1) would be
signal identification, they are rather broad. We mayvery limited. A higher luminosity is strongly called for in
have to rely on the knowledge of the SM backgroundthis regard.
distribution. We hope that, with the rather large statistics Finally, a few remarks are in order. (a) In our
of the data sample, one may obtain a good fit foranalyses, we have not considered #ie— v, mode.
the normalization of the background shape outside théncluding this decay channel would increase the signal
signal region in Fig. 2(a), so that the deviation from therate by a factor oB/2 (9/4) for the €vjj (€7€v) mode.
predicted background can be identified as signal. SomBut the signal identification would be more challenging.

additional useful cuts are The other modes such a&*Z* — €€jj, ¢{vv and 4¢,
m(€€) < 80 GeV (70 for m;, = 140 GeV), (13)
1
Er < my/2, mp/2 < Mc < my,. T (:.) 200f (bl) l m:, - 160 GoV ]
The results at different stages of kinematical cuts are_ [ " “~uw ]
shown in Table Il. Because of the absence of thej 150
large QCD background in (2), this pure leptonic mode SLEZO

seems to be statistically more promising than theg;
mode. One may expect a more tham (40) effect
for m, = 140 (160) GeV with30 fo~!. It was pointed
out in [11] that some angular variables implement the
information for decay lepton spin correlations and are 03 , Lo 0
powerful in discriminating against the backgrounds. With 50 100 150 200 250 50 75 100 125 150 175 200
some further selective cuts on the angular distributions, Mo [GeV] Me [GeV]
we find that theS/B can be improved to about 8% and FIG. 2. The cluster transverse mass distributions #of»
21%, with the signal rates 2.6 and 3.3 fb faj, = 140  mode (a) for the signak, = 140, 160, and 180 GeV and
and 160 GeV, respectively. We show in Fig. 2(b) thethe leading SM backgrounds with cuts (10) and (11). With
PR . urther selective cuts, we show the event rates in (b) for SM
eyent rate distributions for the SM background (solid) a”({)ackground (solid lines) and background plus signal (dashed
signal plus background (dashes) foy = 160 GeV. The |ines) for m, = 160 GeV. The statistical error bars are also
statistical error bars on the background are also indicatedndicated on the background curve in (b).

do/dM, [f
-
]
3

|
Events/30f6'/10GeV
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TABLE Il. h — W*W* — ¢w€v signal and background cross sections in (fb) fgr = 140 and 160 GeV, after different stages
of kinematical cuts. The last column corresponds to the refinement of mass cuts and various angular distribution cuts. A jet-veto
cut in Eq. (5) has been implemented for tficbackground.

o [fb] Basic cuts in (10) @ (€€) < 150° Cuts in (13) Refined cuts

my [GeV] 140 160 140 160 140 160 140 160
Signall 7.3 10 7.0 9.9 6.3 9.1 2.6 3.3
Background

11474 2.7 X 10? 2.4 X 107 1.1 X 10? 1.4 X 10% 32 16
ZZ(y*) 24 18 1.8 1.8 0.3 0.1
Z(y") 3.9 X 102 0.0 0.0 0.0

17 0.2 0.1 0.0 0.0

S/B 1.1% 1.5% 2.7% 3.9% 5.6% 6.4% 8.0% 21%
S/+/B (30 tb~") 15 2.1 2.4 3.4 33 4.2 2.5 4.5

although smaller, may also be helpful to improve the We thank V. Barger, E. Berger, R. Demina, M. Drees,
signal observability. (b) Our results presented here ar@. Kamon, S. Mrenna, J.-M. Qian, S. Willenbrock, and
valid not only for the SM Higgs boson, but also for SM- J. Womersley for helpful comments. T.H. thanks the
like ones such as the lightest Higgs boson in SUSY at thé&spen Center for Physics for its hospitality during the
decoupling limit. If there is an enhancement from newfinal stage of the project. This work was supported in
physics forl'(h — gg) X B(h — WW,ZZ) over the SM  part by a DOE Grant No. DE-FG02-95ER40896 and in
expectation, the signal of Eq. (1) would be more viable part by the Wisconsin Alumni Research Foundation.
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