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Enhanced Three-Body Decay of the Charged Higgs Boson
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If the charged Higgs bosoH " exists withmy+ < m; + m,, the conventional expectation is that it
will decay dominantly intacs and 7" »,. However, the three-body decay moHe — W*bb is also
present and we show that it becomes very important in the loys teggion formy+ = 140 GeV. We
then explore its phenomenological implications for the charged-Higgs-boson search in top-quark decay.
[S0031-9007(97)05252-6]

PACS numbers: 14.80.Cp, 12.60.Fr

The discovery of the top quark at the Tevatron collidermodel satisfying the coupling pattern of the MSSM as
[1,2] has generated a good deal of current interest igiven by (1), i.e., the so-called class-1l models [6].
the search for new particles in the decay of the top Form, > my+ the dominant decay modes are usually
quark. In particular, top-quark decay is known to be aassumed to be the two-body decdy$ — c5, 7" v. The
promising reaction to look for the charged Higgs bosoncorresponding widths are
of a two-scalar doublet model and, in particular, the

2
minimal supersymmetric standard model (MSSM) [3]. In T, = 3‘577’”'1; (m>cot B + m>tart B),  (5)
the diagonal Cabbibo-Kobayshi-Maskawa (CKM) matrix 327 miy
approximation the MSSM charged Higgs boson couplings 2
to the fermions are given by r, == m”; m>tart 8. (6)
g 32mmiyy
L = m H'[cotBmyiuidis + tanBmy;iiidir The leading QCD correction is taken into account by
v substituting the quark mass parameters for Egs. (1) and
+ tanBme; vitir] + H.C., (1) (5) by the running masses at tHié* mass scale. Its

most important effect is to reduce the charm quark mass
m. from 1.5 to 1 GeV [7]. Consequently, the two rates
are approximately equal when t8n~ 1; therv (cs) rate
€ominates when ta > 1 (tang < 1).

In this note we shall consider the phenomenological

where tar3 is the ratio of the vacuum expectation values
of the two scalar doublets and the indebtabels the quark
and lepton generation. This interaction implies a larg
H*tb Yukawa coupling when

tang <1 and tand = m;/m,, (2) implications of a very important three-body decay channel
where one expects a large branching fraction fer»  ©Of the Higgs boson, namely,
bH™ decay (givemnn; > my-+). Interestingly, the regions H" — bbWT, (7)

tanB ~ 1 and =m,/m; are favored by supersymmetric .

grand unified theory (SUSY-GUT) models for a relatedWhere the 5W* comes from a virtualr quark [8].
reason—i.e., the unification of tieand r masses which The dominant contribution comes from the top-quark
requires a large negative contribution from the top Yukawz£xchange with a large Yukawa coupling Bf" to the top

coupling to the renormalization group equation [4]. quark given by the first term in Eq. (1). One can easily
It should be noted that the perturbation theory limit onc@lculate the corresponding width as
the H"tb Yukawa coupling requires dUhw 1 3g*m* cot B
0.2 < tang < 100, 3 dspdsy,  256m3miy \dmiy(m? — sp)?
while the GUT scale unification constraint implies stricter
limits P X [md,(sw — 2m3) + (s5 — m} — m3y)
1 < tanB = m;/my, (4) X (sp — mp — my)], (8)

which are also required if one assumes the perturbatiowhere s;, s,, and sy are the 4-momentum squared
theory limit on the Yukawa coupling to remain valid up transferred to the corresponding particles satisfying+

to the GUT scale [5]. Without any GUT scale ansatz,s, + sy = my+ + miy, + 2m3 [9].

however, the allowed region of tghextends down to 0.2. Figure 1 compares the three-body decay widlthw
We shall assume only the particle content of the MSSMwith the two-body widthsl'., and I';, over the charged
Higgs sector but no constraints from GUT scale physicsHiggs boson mass range 120-170 GeV at@asn 1.
Our analysis will remain valid in any two-Higgs doublet I';,w is seen to be the dominant decay width feg+ =

1162 0031-900798/80(6)/1162(4)$15.00 © 1998 The American Physical Society



VOLUME 80, NUMBER 6 PHYSICAL REVIEW LETTERS 9 EBRUARY 1998

4 : : : . In order to assess the impact of the new channel (13)
let us summarize the main features of the currént
search program inz decay. Itis based on two strategies:
(i) Excess oft7 events in ther channel, and (ii) their
deficit in the leptonic(f{ = e, u) channel with respect
to the standard model prediction from (12). The first is
appropriate for the large tghregion where the v channel
(10) is the dominant channel of the charged Higgs decay.
One can already get significant limits emy+ for very
large tan3(=m;/m;) from the CDFf data in thefr
and inclusiver channels [11,12]. This analysis can be
extended down to lower values of t@nat the Tevatron
120 130 14;3 (Gevl)” 160 170 upgrade and the LHC by exploiting the opposite states of
A polarization fromW* andH = decays [13]. Evidently this
FIG. 1. Comparison of the three-body decay widith:—sw  type of analysis would not be affected by the new channel.
(solid) with the two-body widths I'y-—.; (dashed) and " 'The second strategy is based on a suppression of the
Lr—rey (dots). leptonic (e, u) decay of the top due to th#™ channels
_ _ (10) and (11). [This is evident for thes channel (11)
140 GeV, while the two-body decays dominate up topyt should also hold for ther channel (10) as well
mpy+ =130 GeV. The reason for this is the largé”  since thee, u from = decay are expected to be soft and
Yukawa coupling torb, which is about 100 times larger hence suppressed by the cut used in the analysis.] The
than those to thecs and 77» channels. This can experimental estimate of thé cross section is based on
overcome the extra suppression factors due to the gaugge ¢¢ and ¢ + multijet channels with & tag, requiring
coupling of theW as well as the three-body phase spacejeptonic decay of at least one of the top quarks. Thus the
provided the off-shell propagator suppression factor is Nopresence of thé/* channels (10) and (11) would imply

too large. The latter is ensured fai,- = 140 GeV. 3 decrease of thig cross section, while the experimental
Thus the three-body decay (7) is the dominant mode for estimate [14],

my+ = 140 GeV and  taB = 1, (©) o#(CDF + D0) = 6.5713 pb,

while the7v mode (6) dominates at larger t8n Thecs 0#(CDPF) = 7.6718 pb, (14)
mode is relatively small at all ta8 for mg+ = 140 GeV. . . . ' -
It may be noted here that the relative size of thé decay is actually slightly h|g_her than the QC.D predlct|on of
widths at tan3 = 1 (Fig. 1) would hold for all values of 01 = 5.6 pb [15]. This has led to a S|gn|f|c_ant lower
tang in the two-Higgs doublet model of type | [6]. limit on my+ at low tans(=<1), assuming domlr_1ance of

This situation has a close parallel in the neutral scalal’h.e s decr?\y channel (11) [16,17]. Evidently this met_hod
sector. For a neutral Higgtl® whose mass is slightly will be valid only up tomg- = 130 GeV. Beyond this
below the WW threshold a good detection channel is2/ué the dominant charged Higgs decay channel in the
WW* with W* — €. In this case the decay® — W low tan,8(§1) region is _(13), which does not imply any
is comparable td? — 5b [6]. A related decaydt — _redu_ctlon in the Ieptpnlc decay_of the_ top. Instead it
W*Z* with Z* — bb is not considered because for implies an Increase in thé—taggmg efficiency due_ to.
multidoublet models there is né* W~ Z coupling [10]. the multis final state. Since the CDF cross section is

The H* search strategies in top-quark decay have SJ)argely based on thé-tagged events, the presence of the

far been based on the distinctive features of the channelgecay Cha”r!e' (13) would imply an Increase O.f th'$ Cross
N N section relative to the standard model prediction, instead
t—bH" — bt v, (10)

of a decrease. Thus it will go in the same direction as
t — bH* — bes, 11) thedata. o
o . (11) Let us now look at the implications of the ned™
vis-a-visthe standard model decay decay channel (13) on Tevatran events more closely.
t—= bW = b(tv,7v,9'7). (12)  In Fig. 2 we show the branching fractions for— bH*

i )
As we have seen above, however, this strategy is vali@nd 7~ — bbW decays over the low tg8 region for
only up tomy: = 130 GeV. Formy- = 140 GeV the ™MH' = 140 and 150 GeV. Also shown in the product of

log(T) (keV)
N w
h W

N

~
(9

¢5 mode (11) is overtaken by these two bran?hing fractions, . L
{— bH® — bbbW* — bbb(lv,7v,q'y)  (13) B =B —bbbW) =Bl = bH)BH" = bbW),
as the dominant decay mode for the low (= 1) region. (15)

The distinctive feature of this new channel is evidentlywhich is about the same for both values mf;-. We
very different from those of the channels (10) and (11). see that this branching fraction lies in the range 5%—20%
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0.8 efficiency ofe, = 0.24 perb satisfying
E7 >20GeV, Il <2, (18)
0.6 which takes into account the loss of efficiency due to the
limited rapidity coverage of the vertex detectbysyx| =
w 0.4 1) [18]. This is expected to go up te, = 0.4 perb for
run Il as the rapidity coverage of the vertex detector is ex-
tended tdnsyx| = 2. Table | shows the probability dis-
0.2 tribution of the numbers o0b quarks per event satisfying
the tagging criterion (18) for the signal (16) and the stan-
dard model background (17) channels. It shows that the
0 0 majority of the signal events are expected to contain 3—4

tagable b quarks formgy+~ = 140 GeV (similar results
_ _ . _ hold for my+ = 150 GeV). It also shows the probability
FIG. 2. Branching fractions for — bH™ (dashed lines) and  gjstribution for the expected numbers loftags per event

H*™ — bbW (solid lines) decays for low ta@. Heavy lines . - _
and thin lines correspond tay+ = 140 andmy+ = 150 GeV, for the SVX tagging efficiency ok, = 0.24, where we

respectively. The dotted line corresponds to the produchave assumed that the uncprrelatederonbabiIity for tagging

B(t — bHY)B(H* — bbW) for my+ = 140 GeV (the plot for ~ n out of N tagableb quarks isP) = ())e;(1 — €,)¥ 7.

my+ = 150 GeV is practically identical). The corresponding expectations for the run Il efficiency
€, = 0.4 are shown in parentheses. The implications for

for tanB = 1-0.6. This corresponds to a probability of the:7 events in theb-taggedt + multijet channel are dis-

about 10%—-40%-=2B) for the channel cussed below.
it — bbbbWW , (16) As we see from this table the probability of inclusive

single (=1) b tag is 52.8% for the signal compared to
39.6% for the standard model decay, i.e., abblhligher.
Consequently, the measured cross section will appear

where one of the top quarks decays via Hii and we
have made a first-order approximation & Thus the

2b and 4b final states occur with relative probabilities larger than the standard model prediction fy'3) X

1 — 2B and 2B, respectively, where the former also (2B), i.e., about 13% forB = 0.2. This could account

g}ctlrl:gzsia small contribution from the two-body decaysfor at least part of the excess of the CloFcross section

It should be mentioned here that the decay of #he L,Ji-4r]1if?(;/:nrtlthihztanr%%gjbimoiilr ﬂ:ﬁﬂ ;:it\llzn. doﬁgleézr)nore
into a neutral Higgs and a real or virtudl boson is g 4 P y

i 0 i 0,
(whatever kinematically allowed) an additional source forb tag is 12.4% for the signal compared to only 5% for

) e . the standard model decay, i.e., an excess of 150%. This
a_4b flnal state suph as (16). Within the MSSM. this €O \vould imply an excess of doubletagged events over the
tribution can be significant over the low t@nregion [8]

> . 0 _
depending on the SUSY breaking parameters. Thus thstan_dard model prediction bw |'.e.,.60A) forB = 0.2.
gain there seems to be an indication of such an excess

three-body decay considered above constitutes a minima
contribution to thetb final state (16) generated by the de- '?l theh CDF data_l [19]. It SdhOUId be remark_ed, however,
cays of the charged Higgs boson. that the excess is expected to appear inzf3get events,

h L but not in the 2 jet sample, except through fluctuations. It
We have studied the characteristic features of the abovi(g therefore premature to link the reported excess to the
channel versus the standard model decay

- _ above mechanism. It is important to note, however, that
it — bbWW (A7) the size of the signal can have visible impact even at the

via a parton-level Monte Carlo program. While thand level of the existing limited data.

v from W decay have very similar kinematic distributions It should be noted here that one expects a 20-fold rise

in the two cases, there is a clear difference in the numbéen the number otz events in the run Il, and the efficiency

of tagableb quarks. The CDF SVX detector has a taggingof single and double tags to go up by a factor of 1.5 and

TABLE |. Probabilities for different numbers of tagakbequarks per event and numbers of
b tags (per event) witle, = 0.24 (0.4) for theH* signal(my+ = 140 GeV) and the standard
model background.

No. of tagableb’s/event No. ofb tagyevent
Probability (%) 1 2 3 4 =1 =2 =3
it — bbbbWW (2B) 47 256 506 189 528 (74.2) 12.4(31.8) (6.6)
it — bbWW (1 — 2B) 13 87 39.6 (60.9) 5 (13.4)
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