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ABSTRACT

We study the kinematic cuts which can be used to enhance the charged Higgs signal over the
W boson background, for my+ > mw, in the decay of a heavy top quark at LHC energy. With
suitable cuts it is possible to ensure a sizeable signal and a signal-to-background ratio 2 1 up
to mygs ~ m, - 20 GeV, which hold throughout the allowed coupling parameter (tang3) space
in the minimal SUSY model. Thus one should be able to search for the charged Higgs boson to
within 20 GeV of the parent top quark mass at the LHC/SSC colliders, i.e., up to 130 GeV for
my =~ 150 GeV, going up to 180 GeV for m, ~ 200 GeV.
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The results of the top search experiment at the Tevatron pp collider [1] as well as the By — B,
mixing data [2] suggest a heavy top quark of mass m; > 80 GeV. Moreover, the radiative
correction to the W, Z masses suggests a central value of top quark mass m, ~ 150 GeV with an
upper bound of about 200 GeV [3]. A top quark in this mass range is expected to be seen at the
Tevatron upgrade and produced more copiously at the LHC/SSC colliders [4]. Besides providing
direct evidence for top, this will enable one to search for new particles in the top quark decay;
the large top quark mass offers the possibility of carrying on the search to a hitherto unexplored
mass range. There has been a great deal of recent interest in the search for one such new particle,
i.e., the charged Higgs boson [5],[6] of the two-Higgs-doublet version of the Standard Model [7).
In particular it was shown in [6] that for m; ~ 150 GeV a systematic comparison of the top
signal in different decay channels provides an effective signature for charged Higgs bosons up
to a mass of my ~ 100 GeV at the Tevatron upgrade. For the theoretically most attractive
two-Higgs-doublet model of MSSM (minimal supersymmetric Standard Model) one expects an
observable signal throughout the allowed coupling parameter space. Thus one can probe the
charged Higgs mass up to about 100 GeV unambiguously for this model. This is already larger
than the charged Higgs discovery limit of 80-90 GeV at LEP-II [8],[9]. However, it 1s not
large enough considering the theoretical expectation of my > my in MSSM [7]. It should be
mentioned here that, unlike the neutral Higgs mass, the charged Higgs mass is insensitive to
the radiative correction from the heavy top quark, so that this tree-level bound remains valid
for most of the parameter space [9].

In view of the above discussion it is important to devise means of extending the charged
Higgs probe beyond 100 GeV without restricting ourselves to specific corners of the coupling
parameter space. This is of course not possible at the Tevatron upgrade, where both the signal
size and the signal /background ratio were seen to become marginal in the region of the coupling
parameter tan 8 ~ y/(m;/my) [6]. However, one expects a much larger size of the signal at
LHC/SSC due to the larger t cross-section and luminosity. For mg > 100 GeV, the increasing
gap between the charged Higgs and W boson masses offers the possibility of enhancing the
signal/background ratio by suitable kinematic cuts. As we shall see in this note, it is possible
to exploit the above two features to devise a viable charged Higgs signature which holds up to
my = my - 20 GeV and throughout the allowed coupling parameter space of MSSM. Thus it
seems possible to probe for the charged Higgs mass to within 20 GeV of the top quark mass at
these future hadron colliders, i.e., up to 130 GeV for m; ~ 150 GeV, going up to 180 GeV for
m,; =~ 200 GeV. This represents an important discovery limit, as it seems impossible to probe
the region my > my + m, at hadron colliders [10].

The essential features of the two-Higgs-doublet model are as follows. It contains two SU(2)

with vacuum expectation values (v.e.v.s)
< ¢ >=v/V2, <& >=uv/V2 (1)
which satisfy the W mass constraint
v: 4 ) = 0%, (v =246 GeV) (2)
This leaves one free parameter, i.e., the ratio of the two v.e.v.s

tcmﬁ = 'Ug/’Ul (3)




After absorbing the three Goldstone bosons one is left with five physical states - the neutral
scalars h®, H° and pseudoscalar A° along with the charged states H*. We shall be concerned
only with the charged states, i.e.,

H* = ¢f cos B — ¢ sin 3 (4)

The two-Higgs-doublet model represents a minimal extension of the Standard Model which
automatically satisfies the constraint of p = 1 at the tree level. Furthermore, the absence of
flavour changing neutral current at the tree level can be naturally ensured via the Glashow-
Weinberg theorem [11], which states that the tree-level FCNC mediated by Higgs bosons will
be absent if all the fermions of the same electric charge have Yukawa couplings to only one
Higgs doublet. A very important model automatically satisfying this constraint is the minimal
supersymmetric extension of the Standard Model (MSSM), where the up-type quarks have
Yukawa couplings to one Higgs doublet (¢,, say) while the down-type quarks and charged
leptons couple to the other. This model has received wide attention as it provides the most
economical solution to the hierarchy problem of the Standard Model. Moreover, it offers the
possibility of explaining the observed quark mass hierarchy m. 3> m, and m; > m,; in terms of
that of the v.e.v.s v, > v;. In this model, the Yukawa couplings of the physical charged Higgs
field of Eq. (4) to fermions are given by

g _
L= Tom Ht { cot BV; mytd;g,

=+ tanﬂ V;jmdjﬁ,;de
+ tanf myvilip } + h.c. (5)

where V;; are the KM matrix elements. One has identical charged Higgs couplings to the fermions
in the Eg superstring-inspired model [12] as well; but this model gives a less restrictive mass
bound (mg > 53 GeV) than the MSSM. We shall concentrate on the above coupling scheme of
Eq. (5) in view of the wide theoretical interest behind the underlying models. Besides, as shown
in Ref. [6], it is only for this coupling scheme that one can ensure an observable charged Higgs

signal throughout the allowed range of the coupling parameter tan3. This range is summarized
below [13]. '

The validity of perturbation theory implies upper bounds on the charged Higgs-fermion
couplings appearing in Eq. (5). Requiring the tbH* coupling in the first term to be bounded
by the strong coupling constant 4wa,(~ 1.5) gives a lower bound on tang, i.e.,

tanf > m, /600 GeV (~1/4) (6)

The size of this coupling can also be constrained by the charged Higgs exchange contributions
to By — B; mixing, b — sv decay and CP violation in K decay [13]. They give a slightly better
bound

tan3 > 0.4 (7)

for m; ~ 150 GeV and mg ~ 100 GeV. The perturbative limit on the tbH* coupling appearing
in the second term of Eq. (5) gives the upper bound

tanfB < 600 GeV/my (>~ 120) (8)
Thus the region of interest in the coupling parameter space is

0.4 < tanf < 120 (9)




While the lower bound holds for any two-Higgs-doublet model, the upper bound is specific to
those where the up- and down-type quarks have Yukawa couplings to separate Higgs doublets
like the MSSM *. It should be remarked here that we have adopted the most general definition of
MSSM implying only the minimal particle content [7]. The most predictive form of this model,
characterized by minimal set of SUSY breaking parameters at the grand unification point, leads
to a more restrictive range of the coupling parameter [15]

1 < tanf < myfmy (10)

However, we shall consider the more general range of the coupling parameter space given by Eq.
(9) above. In any case the most unfavourable region of this parameter space for the charged

Higgs signal (tan@ ~ y/m;/m;) occurs in the middle of the range (10), as we shall see below.

The size of the charged Higgs signal vs. the W boson background in top quark decay is
controlled by the relative decay widths of t — 8H* and ¢ — bW ™. In the diagonal KM matrix
approximation one gets, from Eq. (5),

2 2 .2
g m? m
i+ = m /\1/2( , m_g’ m_?) [(mf cot? B4+ mftanzﬂ) (m? + mf - qu) + 4mfm§] (11)

and the corresponding decay width into the W boson is

2 2 2
g m, m
= G N T T ot ) 4 o =2 (22

Ft—»bW"‘
64Tmim; "mi’ m?

Thus one gets the branching fraction
B(t = bHY) =T _on+/(Tomsrr+ + Limow+) (13)

From Eq. (5) one can also calculate the two significant charged Higgs decay widths, i.e.,

g my
I‘H+-—>‘J’+U = 327Tm%V mf_tanzﬁ (14)
Dot ez = 3g°my (m? cot? B+ m2tan?B) (15)
Hf=es = 30ame, ¢ s
and the branching fraction
B(H* — 7tv) = m2tan®B8/3(m? cot? 8 + mitan?B) + m2tan?p (16)

The effect of the QCD correction has been analyzed in detail in the second paper of Ref. [6]
following the formalism of Ref. [16]. The most significant effect comes from the H+ — ¢35
decay width. In the leading log approximation the QCD correction can be simply implemented
by replacing the quark mass terms appearing in the width of Eq. (15), or equivalently in the
Yukawa couplings of Eq. (5), by the running mass
~ In(2m,/A 33-331\.*_
me(mg) = my (E((?;//—A))) s (17)

where one has assumed the standard initial condition [16]

e(2m,) = m, (18)

!There are no more constraints on this parameter from the LEP data once the radiative corrections are taken
into account [14].




The initial values are chosen to be m, = 1.5 GeV and m, = 0.2 GeV. The quantity of phe-
nomenological interest is of course the resulting branching fraction of Eq. (16), which is clearly
insensitive to m;,.

The corresponding branching fractions for W decay are of course given by the universality
of W coupling to leptons and quarks, i.e., 10 % into each lepton pair and 70 % into hadrons
(including the small QCD enhancement of hadronic width by ~ 4 %). The striking difference
between the two sets of branching fractions makes it possible to separate the charged Higgs
and W contributions by comparing the relative size of the ¢ signal in different decay channels
[6]. Like W, the charged Higgs has also to be identified through its leptonic (i.e., tau) decay
to avoid the large QCD background. Thus it is the product of the two branching fractions (13)
and (16) that controls the size of the charged Higgs signal.

These two branching fractions are shown in Fig. 1 against the coupling parameter {ang.
The branching fraction for charged Higgs production ¢ — bH is shown for m; = 150 GeV (my
= 110, 130 GeV) and m; = 200 GeV (my = 160, 180 GeV), while the H — 7v decay branching
fraction is practically independent of my. The ¢+ — bH branching fraction becomes very small
around tanB ~ (m,/m;)/* ~ 6 where Eq. (11) has a minimum. This is partly compensated
by the maximal value of the H — 7v branching fraction in this region. As remarked in Ref.
[6], this compensation mechanism is typical of the coupling scheme of Eq. (5) and ensures a
viable charged Higgs signal throughout the allowed tanf space in this scheme for mgyg ~ my.
However, the compensation is no longer adequate as mg — m,. For instance, in the extreme
case of m; = 200 GeV (mpy = 180 GeV) one sees that the signal/background ratio for the 7
channel is only ~ 2 % around tan3 ~ 6. For the 27 channel, corresponding to 7-decay of both
t and t, one gains a combinatorial factor of 2 raising this ratio to ~ 4 %. Thus one needs a
background rejection factor of ~ 25 from kinematic cuts to have a viable charged Higgs signal
in this region. We shall see below that it is indeed possible to devise such kinematic cuts and
ensure a signal/background ratio 2 1 as well as a sizeable signal throughout the allowed tang
space.

The charged Higgs signal and the W boson background are estimated using a parton level
event generator program. The basic process of interest is ¢£ production through gluon-gluon
or quark-antiquark fusion followed by their decay into charged Higgs or W boson channels

(t — bH,bW), i.c., ]
gg or ¢ — tt — bb(HYH-, H*WT WtW) (19)

Here the first two terms in the parentheses represent the charged Higgs signal and the third one
the W background. This is followed by the charged boson decays

H >y (20a)
H - cs (20Db)

with the branching fractions of Eq. (16), and

10%

W — ev,uv,tv (21a)
0%
W — ¢ (21Db)
Finally, the 7 is to be observed in its muonic or hadronic decay channel
1% (22a)
T = VU,
64% (22b)

T — U q(?
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as a soft muon or a narrow jet (7-jet), accompanied by a significant amount of missing pr.
We shall largely concentrate on the hadronic decay channel of 7 and refer to it simply as the
7-channel.

The #t signal in the hard dilepton channel
tt— BWIW™ — bbl*ol~v, (£=e,p) (23)

(with pf > 20 GeV, say) can be used to normalize the W+W~ contribution since the charged
Higgs does not contribute to this channel. Then the WtW~ background in any other channel is
predicted by universality [Eqgs. (21),(22)]. A sizeable excess over this prediction will constitute
a charged Higgs signal, whose magnitude is also predicted by Eqgs. (13) and (14). Thus the
uncertainties associated with the # production are effectively factored out. One can see from
Fig. 1 that the predicted W+W = contribution to any channel would depend on my and ten3;
the maximal value obtained at tan3 ~ 6 corresponds to the Standard Model prediction {see
Figs. 3 and 4). However, this dependence drops out when normalized with respect to the hard
dilepton channel 2.

The results presented below are obtained using the structure functions and a, of Ref. [16].
We have also cross-checked them by using the corresponding QCD parameters of Ref. [17].
There is essentially no difference apart from a drop of overall normalization by a factor of ~ 2,
mainly due to a;. The normalization has of course no effect on the relative size of the signal
in different channels as mentioned above. For the same reason one expects the result to be
insensitive to higher-order QCD corrections. We concentrate below on the most viable channels

for the charged Higgs signal and the LHC energy of /s = 16 TeV.

27 channel
It corresponds to 7 decay of both the charged bosons of (19) followed by hadronic decay of 7
(22bj. We have chosen a minimal set of cuts

pl_j >10 GeV, pl... >20 GeV (24)

which come by default. Similarly we have chosen a minimal isolation cut of accompanying pr <
5 GeV within 0.4 rad of the 7 direction. They can be increased significantly without a serious
reduction in cross-section 3. This channel offers the best signal/background ratio because (i)
the signal gets contributions from both HH and HW terms and (ii) the latter is enhanced by a
combinatorial factor of 2. The disadvantage is that it is not possible to reconstruct the charged
boson masses because of the large number of neutrinos. Nonetheless one can separate the signal
from the background by exploiting the fact that as myz — m; the accompanying b-jet becomes
soft. Thus the WW background of (19) has two hard accompanying jets while the signal has
at least one soft jet.

Figure 2a shows the p’ distribution of the hardest accompanying jet for the signal and
background events for the most unfavourable coupling parameter tan3 = 6. For this choice the
signal is dominated by the HW term and consequently the peak value of the accompanying p?l is
not very different from the WW background. Note, however, that, in the region p?,-l < 30 GeV,
the background is doubly suppressed by the probability of each accompanying jet becoming
soft, while the signal is suppressed singly, Thus one can get a signal/background ratio >~ 1 by

*The observation of a #f signal in the hard dilepton channel below the level of standard model prediction is
in principle indicative of a charged Higgs boson. But it cannot be used in practice because of the uncertainty in
the production cross-section.

3The 2r background from Drell-Yan and Z decay can be readily distinguished by its azimuthally back-to-back
configuration and no missing pr normal to this 2r axis.




ensuring that there is no accompanying b-jet with p? > 30 GeV*. Figure 3a shows the resulting
signal and background over the allowed range of tenf at the LHC energy. It shows a viable
signal up to mg ~ m, - 20 GeV with a signal/background ratio 2 1 and a signal size 2 10 fb.
The latter corresponds to a minimum of 100(1000) events for an annual luminosity of 10(100)
fb1.

Figure 2b shows the p” distribution of the second hardest & jet for the signal and background
for tanf = 6. Although the background peaks at a mgmﬁcant]y higher value of pZ. ;2 compared
to the signal, there is a residual background left in the ;pj,2 = 0 region. This is due to the jet
folding algorithm which merges the b-jets emergmg within an opemng angle of 1/2 radian into
one. This limits the background suppression potential of a low p , cut. Figure 3b shows the
s:gnal and background over the allowed tang range with p7, < 20 GeV The lower set of curves
is evaluated with 10 < p , < 20 GeV to avoid the residual background at pﬂ = 0. Comparmg
Figs. 3a and 3b, we see tha,t the cut on the hardest jet corresponds to a smaller signal size but
better signal/ background ratio. Besides it seems to us simpler to implement experimentally.

7 + hard p channel

It corresponds to r decay of one of the charged bosons of (19) and muonic decay of the other.
Thus the signal comes only from the HW term and moreover loses the advantage of the com-
binatorial factor of 2 vs. the WW background. We choose a minimal set of cuts

pz——jet > 10 GCV: pﬁiss > 20 GCV, pf; > 20 GeV (25)

which have little effect on the cross-section. Supplementing this with the pfl < 30 GeV cut, we
get the signal and background curves shown in Fig. 4a.

While the signal size remains viable through the allowed tan3 range, the signal/background
ratio falls significantly below 1 in the neighbourhood of tan8 ~ 6.

7 + soft u channel

It corresponds to 7 decay of both the charged bosons of (19) followed by the muonic decay of one
7 (22a). The smaller muonic branching fraction of 7 results in a smaller signal size compared to
the 27 channel. Besides one has to include the soft g tail from the direct W — g decay, which
makes the signal/background ratio somewhat smaller as well. The cuts used are

Pr_j,, > 10GeV, pl.. >20GeV, pl=5—20GeV (26)

where the pi' cut is optimized to retain most the r-decay muons (~ 350 %) while minimizing
contamination from direct W decay (~ 10 %). Supplementing this with the pfl < 30 GeV cut,
we get the signal and background shown in Fig. 4b. Compared to the 27 channel of Fig. 3a,
one sees a smaller signal size and signal-to-background ratio. Nonetheless it could be viable for
charged Higgs search up to myg = m; - 20 GeV with the high luminosity option of LHC (= 100

F677).

7 + multijet channel

It corresponds to 7 decay of one of the charged bosons of (19) and hadronic decay of the other.
For tanf > 1, the signal/background ratio is identical to the = + hard u channel, while the
signal size is a factor of 7 higher [Eq. (21)]. The minimal cuts are

Pl > 10 GeV, >20 GeV, n; >2, pj,>40 GeV (27)

Priiss

“Identification of the b-jet is not necessary, since one expects only a tiny fraction of ¢t events to be accompanied
by a QCD jet of p¥ > 30 GeV [18]. Thus it is sufficient to ensure that there are no accompanying jets of p7 >
30 GeV.




The disadvantage of this channel, unlike the previous ones, is a significant background from
W + QCD jets even after the large pﬁ,;! cut. The advantage is the absence of neutrinos in
the decay of one of the two charged bosons. Thus one can reconstruct the W(H) mass from,
e.g., the transverse mass of the 7-jet and missing-pr system. Figure 6 shows this transverse
mass distribution of the W H signal and the WW background for the most unfavourable value
of tanf = 6. The background gets kinematically cut off at the W boson mass. Although the
effect of resolution smearing is not shown, one can check that with a AM,, = 10 GeV, less
than 1 % of the background spills over to the M;, > 100 GeV region. This would ensure a
signal /background ratio 2 1. With good b-jet identification one could also use the p¥ < 30 GeV
cut on the b-jets for suppressing the WW background. On the other hand one may need an
identified large pr b-jet to control the background from W+ QCD jets. Therefore, we have not
explored this possibility further. It is clear from Fig. 5, however, that the 7 + multijet channel
can give significant clues about the charged Higgs mass from the tail of the M, distribution. It
is therefore an important channel for the charged Higgs search, provided one can identify 7 in
a multijet environment.

It is evident from the above analysis that good 7-jet identification is crucial to charged Higgs
search via top quark decay at hadron colliders. We have not assumed, however, measurement
of 7 charge or polarization. If polarization measurement is available, then one can also use the
correlation between the 7 charge and polarization to separate the charged Higgs signal from the
W boson background as recently discussed in Ref. [19], since one expects 7 (77 ) from W — rv
and 75 () from H — 7v. Of course the polarization measurement may not reach the 2 %
accuracy required to probe through the full parameter space by itself. However, once the sample
of 7 events have been enriched by, e.g., the p_?l < 30 GeV cut, one needs no more than 20 %
accuracy in the polarization measurement to confirm the charged Higgs signal. A quantitative
analysis of this polarization effect is in progress.

In summary, we have tried to explore the prospect of charged Higgs search via top quark
decay at LHC/SSC and identify the most effective channel and kinematic cut for this purpose.
They are the 27 channel and a pr cut on the accompanying b-quark jets. They provide a sizeable
charged Higgs signal and a signal/background ratio 2 1 up to my ~ m, - 20 GeV, which hold
throughout the allowed range of coupling parameters in the MSSM. The calculations are done
for LHC energy; but of course what is true for LHC is even more true for SSC. Thus for the
MSSM the charged Higgs mass can be unambiguously explored to within 20 GeV of the top
quark mass - i.e., up to 130 GeV for m; ~ 150 GeV, going up to 180 GeV for m; ~ 200 GeV.
This means that a relatively heavy top may be bad news for the top quark search but a good
one for the charged Higgs boson.

It is a pleasure to thank Drs. G. Altarelli, H. Haber, B. Grzadkowski, Z. Kunszt and F.
Zwirner for discussions and R.M. Godbole for drawing my attention to Ref. [19].
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URE CAPTIONS

Branching fractions for ¢ — bH for m; = 150 GeV with my = 110 and 130 GeV (solid
upper and lower lines), and m; = 200 GeV with mgy = 160 and 180 GeV (dashed upper
and lower lines). The branching fraction of charged Higgs decay into 7 lepton is shown by
the dotted line. The allowed range of tanB(< 0.4} is indicated by the hatched line.

The distribution of 27 events in the transverse momentum of the accompanying b-jets:
2) hardest jet and b) second hardest jet. The normalizations of the charged Higgs signal
(solid lines) and the WW background (dashed lines) correspond to the most unfavourable
value of tanfB (= 6). The upper and lower sets of curves correspond to m; = 150 GeV
(mg = 110, 130 GeV) and m; = 200 GeV (mg = 160, 180 GeV) respectively in this and
the following figures. The energy is the LHC energy of /s = 16 TeV.

a) The charged Higgs signal (solid line) and WW background {dotted line) for the 27
channel with a p7 < 30 GeV cut on the hardest accompanying jet. In each set of curves
the lower solid (upper dashed) lines correspond to the higher Higgs mass.

b) Same as above with a p’ < 20 GeV cut on the second hardest jet (10 < pfz < 20 GeV
for the lower set of curves).

The charged Higgs signal (solid line) and WW background (dotted line) for
a) 7+ hard p(p? > 20 GeV) channel and

b) 7+ soft u(pl = 5-20 GeV) channel.

In each case there is a pT < 30 GeV cut on the hardest accompanying jet.

The distribution of the 7 + multijet events in the transverse mass of the 7-jet and the
missing pr system. The normalization of the charged Higgs signal (solid lines) and the
WW background (dashed lines) shown corresponds to the most unfavourable value of
tan3 = 6.
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