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Constraints on the charged Higgs sector from the Fermilab Tevatron collider data
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The top quark data in the lepton plushannel offers a viable probe for the charged Higgs boson signal. We
analyze the recent Collider Detector at Fermilab data in this channel to obtain a significant limit ldff the
mass in the large tghregion.[S0556-282(197)00211-1

PACS numbg(s): 14.80.Cp, 13.35.Dx, 13.85.Ni, 14.65.Ha

The discovery of the top quark signal at the Fermilabsubstituting the quark mass parameters by their running
Tevatron collide{1,2] has generated a good deal of currentmasses evaluated at tihé™ mass scal¢6]. The resulting
interest in the search of new particles in top quark decay. Thdecay widths are
large mass of the top quark offers the possibility of carrying

on this search to a hitherto unexplored mass range for these 92 2 mﬁ m\%\,

p_artlcles. In partlcular_the top q_ua_rk decay is known to pro- Fipw= 647Tm\2,\, m, ’mtz’ t2

vide by far the best discovery limit for such a new patrticle,

i.e., the charged Higgs bos$8] of the minimal supersym- X[ma(m2+mi)+(mé—md)2-2md], (4
metric standard modelMSSM). The signature of the

charged Higgs boson in top quark decay is based on its pref- g2

M
erential coupling to the channel in contrast to the universal A2 1’?’ o) [(mfcof B+ mitar?B)
W boson coupling. Thus a departure from the universality ot
prediction can be used to separate the charged Higgs boson X(m2+m2—m?2)—4m’m?], (5)

signal from theW background in

o=
PR B 4mm2m,

2
g My

t—bH(b brv. 1 = m?
(bW)—brv 1) | ST 32mmE, mZtar? 8, (6)
In particular, the top quark decay into thelepton channel 3q?
provides a promising signature for the charged Higgs boson s gTmy 2
in the region FHﬂcs_327Tm\2N(mcCOt2:3+mstanzﬂ), )
tang=m/my, (20 where denotes the usual Kallen functi¢8]. They clearly

_ ) show a large branching fraction fot—bH decay at
where tai denotes the ratio of the vacuum expectation val-tanz<1 and ta=m,/m,, while the branching fraction for
ues of the two Higgs doublets in MSSM. H— v decay is=1 at tap8>1. Thus one expects a large

In this note we shall a@lyze the recent Collider Detectorcharged H|ggs boson Signa' in top quark decay into the
at Fermilab(CDF) data ortt decay events in thé 7 channel,  channel(1) in the large tag region (2).

where/” denotese and 11 [2,4,9]. This channel has the ad-  |n the present analysis, we shall concentrate in the
vantage of a low background. As we shall see below, thganss-1 region, for which the charged Higgs boson decays
number oftt events in this dilepton channel relative to the dominantly intorv. The basic process of interesttispro-
/" + multijet channel gives a significant lower bound on theqyction via quark-antiquarkor gluon-gluon fusion, fol-

H* mass in the large tghregion(2). _ lowed by their decays into charged HiggsWrboson chan-
In the diagonal Kobayashi-Maskaw&M) matrix ap- pels: i.e.,

proximation, the charged Higgs boson couplings to the fer- L
mions are given by qg—tt—bb(W W~ ,W*H* H"H"). ®

g The most importantt signal is observed in thé + multijet
\/Emw channel[1,2]. It comes from theW* W~ final state with a
branching fraction of 24/81. The corresponding branching
+tanBm,v;/ g} +H.c., (3) fraction from this final state into th€ 7 channel is only 4/81.
However, there would be an additional contribution to the
where the subscripit denotes quark and lepton generation./ 7 channel from thav=H™ final states with a large branch-
The leading log QCD correction is taken into account bying fraction of 4/9, which is to be weighted of course by the
ratio I'y__p /Tt pw. Thus a comparison of the number of
tt events in the two channels leads to an upper limit on this
*Electronic address: guchait@theory.tifr.res.in ratio, which can be translated into a lower limit Bii mass
Electronic address: dproy@theory.tifr.res.in for a given tars.

L= H*{cotBm,;u;d;_+tanBmg;u;dig
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For a quantitative estimate of the above limit, we have to TABLE I. The efficiency factors for the’ channel correspond-
consider the various kinematic cuts and detection efficiencie#®g to the indicated kinematical and topological cuts. For\the/

[2,5]. Our analysis is based on a parton level Monte CarldProcess, the corresponding efficiencies from the CDF simulation are
Slmulatlon Oftt product|0n us|ng the quark and gluon struc- shown in pal’enthesis. The middle column shows the trlggel’lng,

ture functions of 7]. This is followed by the decays isolation, and identification efficiencies from the CDF simulation.
wt _wo Eff. p7”and geom. € €k, Jets,H; and &
t— b/v, t — bqq’ (9 Process €€l

and vice versa for the + multijet channel. The quark jets WW 0.16(0.13 0.93x 0.9 0.64(0.59

are merged according to the CDF jet cone algorithm ofwH(80) 0.19 X 0.87x 0.5 0.61

AR=(|]A 5%+ |A¢|?)Y?=0.7. The resulting final state is re- WH(100) 0.21 =0.36 0.62

quired to satisfy the CDF cuf&]: WH(120) 0.22 0.64

, WH(140) 0.22 0.65
pr>20 GeV, |[7,<1, E;>20 GeV, andn=3
(with EjT> 15 GeV, |7]j|<2). (10) The /= channel of our interest corresponds to the decays
. - . . wt _WT(HT)
We estimate the efficiency factor for these kinematic and t - b/v. T — brw (13)

topological cuts to be 52% fan,=175 GeV. This has to be

supplemented by the following CDF efficiency factors and vice versa, where thelepton coming fromW(H) decay
[2,5,8: has a definite polarizatioR,=—1(+1). It is identified in
Y, y y its hadronic decay mode as a thin jet containing one or three
€r=0.93, €y=0.87€5,=0.9, €,=0.4, €5,~0.85, charged prong$4,5]. This accounts for a branching frac-
(1D tion of about 64%[10]. The dominant contributions come

corresponding to lepton triggering, identification, and isola-lo™M

tion cut along with those due to SVX tagging and azi- r—mv(12%), pr(25%), a,v(15%), (14)

muthal gaps in the detector. The combined efficiency factor

is 12.8%, in reasonable agreement with the CDF estimate afdding up to a little over 80% of the hadrontcdecay. We

11.8%][ 2] including hadronization and a more exact detectorshall combine these three decay modes and scale up their

simulation. o sum by 20% to simulate hadronicdecay. The decay distri-
The measuredit cross section from this channel, includ- butions are simply given bj11]

ing SLT b tagging, is[2]

ar. 1
0=7.5+15 pb. (12 T dcow 2+ Prcosd). (19
This is 40—50 % higher than the next to leading order QCD dr, 1 m2—2m?

prediction form;= 175 GeV[9]. We shall use this cross sec- T deoss 2
tion for normalization. Thus our results will be independent v
of any theoretical model for thi cross section. It will only  whered is the direction of the decay hadron irrest frame
depend on the preferentiéd® coupling to ther channel relative to ther line of flight. It is related to the fractior of
vis-a-vis the universaW= boson coupling. It should be + momentum carried by the hadron:
noted here that the above cross section corresponds to the
WW contribution to thett cross section, represented by the
first term of Eq.(8), since any contribution from the other
terms would have very small detection efficiency for this
channel. These contributions should be included, of courselhis decay hadron momentum is refered to belowpas
in a more exact analysis along with the experimental uncer- The resulting final state is required to satisfy the CDF
tainity in o,, which can be best done by the CDF Collabo- kinematic cut{4,5],
ration. / T

An alternative normalization prescription is based on us- PT>20 GeV, [7,|<1, pr>15 GeV, |7]T|<1.2.(18)
ing the QCD prediction for thét cross section. In this case
one has to consider an additional constraint from the fact thafhe corresponding efficiency factors are shown in the first
the predictedVW branching fraction oft and hence thét column of Table | for theWW and WH contributions with
cross section in the hard + multijet channel goes down different charged Higgs boson masses. It includes the had-
rapidly at large tag in conflict with the experimental value ronic branching fraction of along with a factor of 0.8 due to
(12). On the other hand, there can be an enhancement of tlezimuthal gaps in the detector, resulting in 15%) loss to
tt cross section by mechanisms beyond the standard modgl(r) detection efficiency8]. The opposite polarizations of
(SM), which should not be ignored while probing beyond 7 coming fromW andH decays results in a somewhat larger
SM physics. Our normalization prescription has the advanefficiency factor for the latter, which increases further with
tage of incorporating the former automatically and makingincreasingH mass. The second column shows the CDF effi-
allowance for the latter. ciency factors for the lepton trigger, isolation, and identifi-

+———P = 1
m§+2m§ TCO§ y U plall ( 6)

2x—1-m?2 /m?
o= —————5— a7

2 2
1-m: /mg
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FIG. 1. The predicted cross sectighlo. of events for 110
pb~! luminosity) shown against tgh for differentH= masses. The FIG. 2. The 95% C.L. exclusion contour in the® mass and
95% C.L. limit corresponding to 7.7 events is shown as a dashegyng plane. The corresponding pseudoscalar mmagss indicated

line. on the right.

cation as well as the identification. These are expected to ¢, tan8=50. One may scale down the predicted cross sec-

be essentially process independent. The last column showg, by 3094 to account for the difference between the accep-
the efficiency factors for the topological and missigcuts  ance factors of the CDF simulation and ours. This would

[4,5]: correspond to an upward shift of the above galimit by
about 10 units for a giveid™ mass. Nonetheless it would
still represent a very significant constraint on the charged
Higgs boson mass in the large famegion.
H=p{+pi+E;+ > EL>180 GeV, (20) The mass limits of Fig. 1 for different values of farare
j converted into a 95% exclusion contour in thg,—tang
plane in Fig. 2. As mentioned above, a 30% reduction in the
B s J. P signal cross section would correspond to a rightward shift of
og, =Er/\/p7+pT+2 Ef>3 GeV2 (2D s contour by roughly 10 units in t#h The scale on the
. right shows the corresponding Higgs pseudoscalar mmss
For theWW contribution, the efficiency factors for the kine- from the MSSM mass relatiom’,. —ma=mg, at the tree
matic and topological cuts from the CDF simulatis] are  level [13]. The radiative correction to this mass relation is
shown in parentheses for comparison. For both cases they akgown to be no more than a few GeV. One sees from this
15-20% below our Monte Carl@VIC) estimates, which in- figure that a relatively light pseudoscalar massi,(
dicate an overall error of-30% in our MC result. <60 GeV) is disallowed for tg8=40. It is precisely in this
The product of the efficiency factors in the three columnsregion ofmy, and tar8 that one expects to get a significant
of Table | gives the overall acceptance factor for #ie  radiative correction t&R, (I'/T""®% from the Higgs sector of
channel. This is to be multiplied by the branching fraction ofMSSM [14]. Thus the so-called large tg@nsolution to the
4/81 for theWW contribution and 4/9 time§',_,,4/I';_pw  (so-called R, anomaly seems to be strongly disfavored by
for the WH. The resulting factor gives the correspondingthe above CDF data.
/'t cross section as a fraction of tlg of Eq. (12). Recently the CDF collaboration has obtained a limit on
Figure 1 shows the predicted cross section in the the charged Higgs mass in the largegamregion[15] on the
channel against tgh for several charged Higgs boson basis of their analogous data in the inclusivehannel. Thus
masses. The scale on the right shows the corresponding nurit-is instructive to compare the relative merits of the two
ber of events for the accumulated CDF luminosity of 110channels for probing the charged Higgs signal. The inclusive
pb~1. The prediction includes thé&/W contribution of 14 fo, 7 channel corresponds to a larger branching fraction than the
i.e., 1.5 events. The corresponding number from the CDF/r channel analyzed here. However, it is compensated by
simulation is 1.2 events,8]. It may be noted that the domi- much stronger experimental cuts, required to control the
nant contribution comes fro/W for tan3=5—10, where  background. Consequently, the final signal cross section in
thet—bH width has a pronounced dip. However, WaNis  the inclusiver channel is similar to that in the¢'r channel.
overwhelmed by thaVH contribution, when kinematically This can be seen by comparing the predicted cross sections
allowed, for taB=m;/my. The preliminary CDF data in the two channels in the region of {@r5—10. The rea-
shows four events in this channel against a background afon we get a much larger signal cross section in the large
2+0.4 [2,4,5. The corresponding 95% C.L. limit of 7.7 tanB region compared t¢15] and hence a stronger mass
events[10,17 is indicated in the figure. This implies ld™ limit is due to the different normalization procedure followed
mass limit of 100 GeV for taf=40, going up to 120 GeV in the two cases. We use tle cross section in th&Vw

Ne=2 (with E4>10 GeV, |5]<2), (19
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decay mode as measured via the lepton p#sjets channel  ton in the two caseBL6]. Thus the/~ channel withb tag-

for our normalization, while the QCD prediction for the in- ging is best suited for the charged Higgs boson search at the
clusivett cross section is used for normalization Ib]. The  Tevatron upgrade as well as the CERN Large Hadron Col-
former method is evidently more powerful in the large |iger (LHC).

tang region as discussed earlier. In summary, thet data in the” 7 channel is well suited to

It should be noted here that even with stronger cuts the,pe for a charged Higgs boson signal because of the small
number of estimated background events in the inclusive background. On the basis of the recent CDF data in this

chanlnlel are f!;/eStllrgesTrI]argfr:;aan Mer c_”e;)nnell, fcir channel we can already get a significant limit on tHé
equal luminosity5,15. Thus the/ channel will be clearly ._mass in the large tghregion. With a much higher luminos-

?t?/ expected at the Tevatron upgrade the probe can be ex-

cross sectiof9]. In particular the”’7 channel withb tagging tended over a significantly wider range bf" mass and

seems to be practically free from nontop quark@mkgrounéia "B

[4,5]. The main background in this case is from thelecay It is a pleasure to thank Professor M. Hohlmann of the
via the WW mode. This can be suppressed relative to theCDF Collaboration and Professor N.K. Mondal of DO for
H=* signal by exploiting the opposite polarizationsofep-  many helpful discussions.
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