
VOLUME 80, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 9 FEBRUARY 1998

t

ecay.

1162
Enhanced Three-Body Decay of the Charged Higgs Boson
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If the charged Higgs bosonH1 exists withmH1 , mt 1 mb , the conventional expectation is that i
will decay dominantly intocs̄ andt1nt . However, the three-body decay modeH1 ! W1bb̄ is also
present and we show that it becomes very important in the low tanb region formH1 * 140 GeV. We
then explore its phenomenological implications for the charged-Higgs-boson search in top-quark d
[S0031-9007(97)05252-6]
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The discovery of the top quark at the Tevatron collide
[1,2] has generated a good deal of current interest
the search for new particles in the decay of the to
quark. In particular, top-quark decay is known to be
promising reaction to look for the charged Higgs boso
of a two-scalar doublet model and, in particular, th
minimal supersymmetric standard model (MSSM) [3]. In
the diagonal Cabbibo-Kobayshi-Maskawa (CKM) matri
approximation the MSSM charged Higgs boson coupling
to the fermions are given by

L ­
g

p
2 mW

H1f cotbmuiūidiL 1 tanbmdiūidiR

1 tanbm,in̄i,iRg 1 H.c., (1)

where tanb is the ratio of the vacuum expectation value
of the two scalar doublets and the indexi labels the quark
and lepton generation. This interaction implies a larg
H1tb Yukawa coupling when

tanb & 1 and tanb * mtymb , (2)

where one expects a large branching fraction fort !

bH1 decay (givenmt . mH1). Interestingly, the regions
tanb , 1 and *mtymb are favored by supersymmetric
grand unified theory (SUSY-GUT) models for a relate
reason—i.e., the unification of theb andt masses which
requires a large negative contribution from the top Yukaw
coupling to the renormalization group equation [4].

It should be noted that the perturbation theory limit o
theH1tb Yukawa coupling requires

0.2 , tanb , 100 , (3)

while the GUT scale unification constraint implies stricte
limits

1 # tanb # mtymb , (4)

which are also required if one assumes the perturbati
theory limit on the Yukawa coupling to remain valid up
to the GUT scale [5]. Without any GUT scale ansatz
however, the allowed region of tanb extends down to 0.2.
We shall assume only the particle content of the MSS
Higgs sector but no constraints from GUT scale physic
Our analysis will remain valid in any two-Higgs double
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model satisfying the coupling pattern of the MSSM a
given by (1), i.e., the so-called class-II models [6].

For mt . mH1 the dominant decay modes are usuall
assumed to be the two-body decaysH1 ! cs̄, t1n. The
corresponding widths are

Gcs ­
3g2mH1

32pm2
W

sm2
c cot2 b 1 m2

s tan2 bd , (5)

Gtn ­
g2mH1

32pm2
W

m2
t tan2 b . (6)

The leading QCD correction is taken into account b
substituting the quark mass parameters for Eqs. (1) a
(5) by the running masses at theH1 mass scale. Its
most important effect is to reduce the charm quark ma
mc from 1.5 to 1 GeV [7]. Consequently, the two rate
are approximately equal when tanb , 1; thetn scsd rate
dominates when tanb . 1 stanb , 1d.

In this note we shall consider the phenomenologic
implications of a very important three-body decay chann
of the Higgs boson, namely,

H1 ! b̄bW 1, (7)

where the bW1 comes from a virtualt quark [8].
The dominant contribution comes from the top-quar
exchange with a large Yukawa coupling ofH1 to the top
quark given by the first term in Eq. (1). One can easil
calculate the corresponding width as

dGb̄bW

dsb̄dsb
­

1

256p3m3
H1

√
3g4m4

t cot2 b

4m4
W sm2

t 2 sb̄d2

!
3 fm2

W ssW 2 2m2
bd 1 ssb̄ 2 m2

b 2 m2
W d

3 ssb 2 m2
b 2 m2

W dg , (8)

where sb̄ , sb , and sW are the 4-momentum squared
transferred to the corresponding particles satisfyingsb̄ 1

sb 1 sW ­ m2
H1 1 m2

W 1 2m2
b [9].

Figure 1 compares the three-body decay widthGb̄bW

with the two-body widthsGcs and Gtn over the charged
Higgs boson mass range 120–170 GeV at tanb ­ 1.
Gb̄bW is seen to be the dominant decay width formH1 *
© 1998 The American Physical Society
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FIG. 1. Comparison of the three-body decay widthGH1!b̄bW
(solid) with the two-body widths GH1!cs̄ (dashed) and
GH1!t1n (dots).

140 GeV, while the two-body decays dominate up to
mH1 ­ 130 GeV. The reason for this is the largeH1

Yukawa coupling totb̄, which is about 100 times larger
than those to thecs̄ and t1n channels. This can
overcome the extra suppression factors due to the gau
coupling of theW as well as the three-body phase spac
provided the off-shell propagator suppression factor is n
too large. The latter is ensured formH1 * 140 GeV.
Thus the three-body decay (7) is the dominant mode for

mH1 * 140 GeV and tanb & 1 , (9)

while thetn mode (6) dominates at larger tanb. Thecs̄
mode is relatively small at all tanb for mH1 * 140 GeV.
It may be noted here that the relative size of theH1 decay
widths at tanb ­ 1 (Fig. 1) would hold for all values of
tanb in the two-Higgs doublet model of type I [6].

This situation has a close parallel in the neutral scal
sector. For a neutral HiggsH0 whose mass is slightly
below the WW threshold a good detection channel i
WW p with Wp ! ,n. In this case the decayH0 ! W,n

is comparable toH0 ! b̄b [6]. A related decayH1 !

W1Zp with Zp ! bb̄ is not considered because for
multidoublet models there is noH1W2Z coupling [10].

The H6 search strategies in top-quark decay have
far been based on the distinctive features of the channe

t ! bH1 ! bt1n , (10)

t ! bH1 ! bcs̄ , (11)

vis-à-visthe standard model decay

t ! bW 1 ! bs,n, tn, q0q̄d . (12)

As we have seen above, however, this strategy is va
only up to mH1 . 130 GeV. For mH1 * 140 GeV the
cs̄ mode (11) is overtaken by

t ! bH1 ! bb̄bW1 ! bb̄bsln, tn, q0q̄d (13)

as the dominant decay mode for the low tanbs&1d region.
The distinctive feature of this new channel is evidentl
very different from those of the channels (10) and (11).
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In order to assess the impact of the new channel (1
let us summarize the main features of the currentH1

search program intt̄ decay. It is based on two strategies
(i) Excess oftt̄ events in thet channel, and (ii) their
deficit in the leptonics, ­ e, md channel with respect
to the standard model prediction from (12). The first i
appropriate for the large tanb region where thetn channel
(10) is the dominant channel of the charged Higgs deca
One can already get significant limits onmH1 for very
large tanbs*mtymbd from the CDF tt̄ data in the,t

and inclusivet channels [11,12]. This analysis can be
extended down to lower values of tanb at the Tevatron
upgrade and the LHC by exploiting the opposite states oft

polarization fromW6 andH6 decays [13]. Evidently this
type of analysis would not be affected by the new channe

The second strategy is based on a suppression of
leptonic se, md decay of the top due to theH1 channels
(10) and (11). [This is evident for thecs channel (11)
but should also hold for thetn channel (10) as well
since thee, m from t decay are expected to be soft an
hence suppressed by thepT cut used in the analysis.] The
experimental estimate of thett̄ cross section is based on
the ,, and , 1 multijet channels with ab tag, requiring
leptonic decay of at least one of the top quarks. Thus t
presence of theH1 channels (10) and (11) would imply
a decrease of thistt̄ cross section, while the experimenta
estimate [14],

stt̄sCDF 1 D0d ­ 6.511.3
21.2 pb,

stt̄sCDFd ­ 7.611.8
21.5 pb, (14)

is actually slightly higher than the QCD prediction o
stt̄ # 5.6 pb [15]. This has led to a significant lower
limit on mH1 at low tanbs&1d, assuming dominance of
thecs decay channel (11) [16,17]. Evidently this metho
will be valid only up tomH1 ­ 130 GeV. Beyond this
value the dominant charged Higgs decay channel in t
low tanbs&1d region is (13), which does not imply any
reduction in the leptonic decay of the top. Instead
implies an increase in theb-tagging efficiency due to
the multi-b final state. Since the CDF cross section i
largely based on theb-tagged events, the presence of th
decay channel (13) would imply an increase of this cro
section relative to the standard model prediction, inste
of a decrease. Thus it will go in the same direction a
the data.

Let us now look at the implications of the newH6

decay channel (13) on Tevatrontt̄ events more closely.
In Fig. 2 we show the branching fractions fort ! bH1

and H1 ! b̄bW decays over the low tanb region for
mH1 ­ 140 and 150 GeV. Also shown in the product of
these two branching fractions,

B ­ Bst ! bb̄bW d ­ Bst ! bH1dBsH1 ! b̄bWd ,

(15)

which is about the same for both values ofmH1 . We
see that this branching fraction lies in the range 5%–20
1163
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FIG. 2. Branching fractions fort ! bH1 (dashed lines) and
H1 ! b̄bW (solid lines) decays for low tanb. Heavy lines
and thin lines correspond tomH1 ­ 140 andmH1 ­ 150 GeV,
respectively. The dotted line corresponds to the produ
Bst ! bH1dBsH1 ! b̄bWd for mH1 ­ 140 GeV (the plot for
mH1 ­ 150 GeV is practically identical).

for tanb ­ 1 0.6. This corresponds to a probability of
about 10%–40%s.2Bd for the channel

t̄t ! b̄bb̄bWW , (16)

where one of the top quarks decays via anH6 and we
have made a first-order approximation inB. Thus the
2b and 4b final states occur with relative probabilities
1 2 2B and 2B, respectively, where the former also
includes a small contribution from the two-body decay
of theH6.

It should be mentioned here that the decay of theH6

into a neutral Higgs and a real or virtualW boson is
(whatever kinematically allowed) an additional source fo
a 4b final state such as (16). Within the MSSM this con
tribution can be significant over the low tanb region [8]
depending on the SUSY breaking parameters. Thus
three-body decay considered above constitutes a minim
contribution to the4b final state (16) generated by the de
cays of the charged Higgs boson.

We have studied the characteristic features of the abo
channel versus the standard model decay

t̄t ! b̄bWW (17)

via a parton-level Monte Carlo program. While the, and
n from W decay have very similar kinematic distributions
in the two cases, there is a clear difference in the numb
of tagableb quarks. The CDF SVX detector has a taggin
1164
TABLE I. Probabilities for different numbers of tagableb quarks per event and numbers of
b tags (per event) witheb ­ 0.24 (0.4) for theH6 signalsmH1 ­ 140 GeVd and the standard
model background.

No. of tagableb0syevent No. ofb tagsyevent
Probability (%) 1 2 3 4 $1 $2 $3

t̄t ! b̄bb̄bWW s2Bd 4.7 25.6 50.6 18.9 52.8 (74.2) 12.4 (31.8) (6.6)
t̄t ! b̄bWW s1 2 2Bd 13 87 · · · · · · 39.6 (60.9) 5 (13.4) · · ·
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efficiency ofeb ­ 0.24 perb satisfying

Eb
T . 20 GeV, jhbj , 2 , (18)

which takes into account the loss of efficiency due to th
limited rapidity coverage of the vertex detectorsjhSVXj &

1d [18]. This is expected to go up toeb ­ 0.4 per b for
run II as the rapidity coverage of the vertex detector is e
tended tojhSVXj ­ 2. Table I shows the probability dis-
tribution of the numbers ofb quarks per event satisfying
the tagging criterion (18) for the signal (16) and the stan
dard model background (17) channels. It shows that t
majority of the signal events are expected to contain 3–
tagable b quarks for mH1 ­ 140 GeV (similar results
hold for mH1 ­ 150 GeV). It also shows the probability
distribution for the expected numbers ofb tags per event
for the SVX tagging efficiency ofeb ­ 0.24, where we
have assumed that the uncorrelated probability for taggi
n out of N tagableb quarks isPN

n ­ s N
n den

b s1 2 ebdN2n.
The corresponding expectations for the run II efficienc
eb ­ 0.4 are shown in parentheses. The implications fo
the tt̄ events in theb-tagged, 1 multijet channel are dis-
cussed below.

As we see from this table the probability of inclusive
single s$1d b tag is 52.8% for the signal compared to
39.6% for the standard model decay, i.e., about1

3 higher.
Consequently, the measuredt̄t cross section will appear
larger than the standard model prediction bys1y3d 3

s2Bd, i.e., about 13% forB ­ 0.2. This could account
for at least part of the excess of the CDFtt̄ cross section
[14] over the standard model prediction. Even mor
significantly, the probability for inclusive doubles$2d
b tag is 12.4% for the signal compared to only 5% fo
the standard model decay, i.e., an excess of 150%. T
would imply an excess of doubleb tagged events over the
standard model prediction by3B, i.e., 60% forB ­ 0.2.
Again there seems to be an indication of such an exce
in the CDF data [19]. It should be remarked, howeve
that the excess is expected to appear in the$3 jet events,
but not in the 2 jet sample, except through fluctuations.
is therefore premature to link the reported excess to t
above mechanism. It is important to note, however, th
the size of the signal can have visible impact even at t
level of the existing limited data.

It should be noted here that one expects a 20-fold ri
in the number oftt̄ events in the run II, and the efficiency
of single and double tags to go up by a factor of 1.5 an
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,3, respectively. Thus one expects about 1000 sing
s$1d and 200 doubles$2d b-tagged events for CDF,
and similar numbers for D0 (in run II). Even with aB
of only 5%, this would correspond to an excess of,30
doubleb-tagged events, i.e., as2 3ds effect. Moreover,
the 6.6% efficiency for$3 b tags for the signal would
imply at least 10–12 tripleb tagged events forB $ 5%.
Finally, one should be able to get additional constrain
from the clustering of the reconstructedH6 mass.

Thus the three-body decay channel provides a visib
signature for a charged Higgs boson in top-quark dec
over its region of dominance, i.e.,mH1 * 140 GeV and
tanb & 1. This can be used to probe for anH6 at
the Tevatron run II over the mass range 140–150 Ge
and can be extended beyond 160 GeV at the LHC. W
conclude with the hope that this channel will play a
important role in the charged Higgs boson search progra
in the future.
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