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We study the contribution of the charged Higgs boson to the rare decay of the top tquark WZ
(g=d,s,b) in models with Higgs sectors that include doublets and triplets. Higgs doublets are needed to
couple a charged Higgs boson with quarks, whereas the Higgs triplets are required to generate the nonstandard
vertexHWZ at the tree level. It is found that within a model that respects the cust®dig?), symmetry and
avoids flavor-changing neutral currefECNC) by imposing discrete symmetries, the decay maodeb
+WZ can reach a branching ratiBR) of order 10 2, whereas the decay modes:(d,s) +WZ, can reach a
similar BR in models where FCNC are suppressed by flavor symmetries.

PACS numbe(s): 12.60.Fr, 13.35-r, 13.40.Hq, 14.80.Cp

INTRODUCTION m=mq+my+m;. The possibilities to satisfy this relation
depend on the final statgand the precise value of the top
The mass of the top quark, which is larger than any otheguark mass, which according to the Particle Data Gi@]p
fermion mass in the standard mod@M) and almost as is m;=173.8-5.2 GeV. For the case whenp=hb, the top
large as its scale of electroweak symmetry breakingjuark mass must satisfy,;=176.1+0.5 GeV, where the un-
(EWSB), cannot be explained within the SM]. This has certainty on the right-hand side is mostly due to the ambigu-
originated speculations about the possible relationship bty in the bottom quark mass, thus-bWZ can occur on-
tween the top quark and the nature of the mechanism resposhell only if m, takes its upper allowed valuéat 1o).
sible for EWSB. Several models have been proposed, whendowever, ifq=d or s, the decays— gWZ can occur even
such large mass can be accommodated or plays a significawhenm, takes its central value.
role. In the supersymmetricSUSY) extensions of the SM The value of BR{—bW2) predicted in SM is 5.4
[2], the large value of the top quark mass can drive the rax 10~ 7 [9], which is beyond the sensitivity of Tevatron Run
diative breaking of the electroweak symmetry; furthermore|| or even CERN Large Hadron CollideiLHC); thus its
within the context of SUSY grand unified theori€SUT’s)  observation would truly imply the presence of new physics.
the fermions of the third family can be accommodated inFor q=d,s the SM result is even smaller, since the ampli-
scheemes where their masses arise from a single Yukawade is supressed by the Cabibbo-Kobayashi-Maskawa
term [3]. On the other hand, in some top-condensd@®)  (CKM) matrix elements/,,. On the other hand, the decay
models[4] it is postulated that new strong interactions bind modet—qWZ can proceed through an intermediate charged
the heavy top quark into a composite Higgs scenario. Higgs boson that couples to botg and WZ currents, and
From a more phenomenological point of view, it is alsothus can be used to test the couplings of Higgs sectors be-
intriguing to notice that the top quark decay seems to bgond the SM[10].
dominated by the SM modet{-bW), not only within the The construction of extensions the Higgs sector of the SM
SM but also in theories beyond it, which makes the top quarknust satisfy the constraints impossed by the successful phe-
decay width almost insensitive to the presence of new physhomenological relationpzmsv/mﬁcose\,v:l, which also
ics; unless the scale of new physics is lighter than the topneasures the ratio between the neutral and charged current
quark mass itself, such that new states can appear in its dgouplings strength. At tree level this relation is satisfied natu-
cays. This is the case, for instance, in the so-called two Higggally in models that include only Higgs doublets, but in more
doublet model II(THDM-III) [5], where the flavor chang- general scenarios, there could be tree-level contributions to
ing modet—c+h can be important for a light Higgs boson ,—1. Since the vertetdWZ arises at tree level only for
(h), orin SUSY models with light stop quark and neutrali- Higgs bosons lying in representations higher than the usual
nos, in whose case the deday t + x° can also be relevant. SM Higgs doublet, there could be violations of the con-
But in general, the rare decays of the top quark have undestraints impossed by the parameter. However, tree level
tectable branching ratioBR’s); for instance, the flavor- deviations of the electroweak parameter from unity can be
changing neutral currenfFCNC) rare decayst—cV  avoided by arranging the nondoublet fields and the vacuum
(V=1v,2Z,9) have a very small BR in the SM, of the order expectation valueVEV’s) of their neutral members, so that
1011 [6], and are out of reach of present and future collid-a custodialSU(2), symmetry is maintained11]. On the
ers. A similar result is obtained in several extensions of thether hand, a generic coupling of the charged Higgs boson
SM; for instance in the two Higgs doublet mod€él-HDM),  with fermions may be associated with the possible ap-
minimal SUSY extensions of the SIMSSM) and left-right  pearence of FCNC in the Higgs-Yukawa sector. FCNC are
models, to mention some cadéq. automatically absent in the minimal SM with one Higgs dou-
The rare decay—qWZ(q=b,s,d), may be above the blet, however in multiscalar models large FCNC can appear
threshold for the production of a reél Z state, provided that if each quark flavor couples to more than one Higgs doublet
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[12]. FCNC can be avoided either by impossing sadéoc  mediate charged Higgs, neglecting the SM contribution,
discrete symmetry to the Yukawa Lagrangian, i.e., by couwhich is a good approximation since the corresponding BR
pling each type of fermion only to one Higgs doublet; or by is very suppressed. To calculate the amplitude one also needs
using flavor symmetries. The former case is used in the sao take into account the finite width of the intermediate
called two Higgs doublet models | and I, whereas the lastharged Higgs boson with momentupy, massmy, and
one is associated with model Ill, here FCNC'’s are only supwidth I"y,, for this we shall use the relativistic Breit-Wigner
pressed by some ansatz for the Yukawa matrices, for inform of the propagator in the unitary gauge. Then, the am-
stance the Li-Sher oneY();; = vym;m;/my,, whose phenom- plitude can be written in general as
enology was studied ifil3,14.

In this Rapid Communication we shall consider, in a very _ —i
general setting, the contribution of a charged Higgs boson to M=A[u(pg)(a+ b)’sN(Dr)](ﬁ) [Quren €z "],
the decayt—qWZ and present the results in terms of two H™ Mh
factors that parametrize the doublet-triplet mixing and the )
nonminimal Yukawa couplings, respectively. Then, we dis- - ,
cuss the values that these parameters can take for specifi'eremy=my+(i/2)I'y; a,b, andA are constants related
extensions of the SM, when the constraints from both thd® the parametera and 7,4 previously mentioned
custodial symmetry and FCNC are satisfied, and present the

predicted values for BRt(-qW2). a=m;cotS+mgtanp,
THE DECAY t—qWZ b=m cotg—mgtang, 4
We are interested in studying the contribution of charged 2
Higgs boson to the rare decay of the top quarkqWz = ——=— g CoSa sina.
(g=d,s,b), within the context of models with extended 22 Cosby,

Higgs sector that include additional Higgs doublets and trip-

lets. The charged Higgs will be assumed to be the lightest TO calculate the partial decay width of this decay, we

charged mass eigenstate that results from the general mixirﬁcﬁba” perform a numerical integration of the expression for

of doublets and triplets in the charged sector. the squared amplitude, over the standard three-body phase
Higgs doublets are needed in order to couple the charge#Pace, namely

Higgs with quarks; the vertesgH= will be written as fol-

lows: It w2 1 1
. -
f (27)% 32m?

JI/\_/1|2ds dt (5)

i

_9 7Mtq COSa[ (M, cot B+ mg tan3) _

22my | M|? denotes the squared amplitude, averaged over initial
spins and summed over final polarizations, it has the form

+(m¢cotB—mgtanpB) ys], ()

which can be considered as a modification of the result ob-
tained for the Yukawa sector of the general THDM, where
cosa is included to account for the doublet-triplet mixing;

|AI2[(a%+b?)(m{+m;—s)+(a?—b?)2mmg]

-
M (o) 24 T

tang is the ratio of the VEV’s of the two scalar doublets. s—m3,—m3\?
The charged Higgs coupling to the quarks is also determined x| 2+ T\Nmz) (6)
by the parametersy,,, which is equal to the CKM mixing
matrix only for model-Il, i.e.,n{'q=vtq; however, in the  The integration limits are
general cas€THDM-III ), one can havey, >V [5].
On the other hand, we require a representation higher than (My+myp)2<s<(m,—my)?, 7)
the doublet, in order to obtain a sizeable coupli@/Z at
tree level, which is written as and
igmy “<t<t?
— cost,, sinag,, - 2 U stst, ®
where
In order to evaluate the decay-qWZ we shall write a
general amplitude to describe the contribution of the inter- 1
t*=mZ+ms— Sol(s+ m{—m?)(s+m;—mg)
This is justified by our explicit analysis of the Higgs potential for + )\llz(samtz 1m§))\1/2(5:m§ vm\z/v)], 9
several models with Higgs doublets and triplets, which will be pre-
sented elsewhere. and\(X,y,z) = (x+y—2z)?—4xy.
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FIG. 1. Branching ratio for the decay-bWZ as a function ofny for cosa sin a=% (upper curvesand sine=0.04 (lower curve$; and
for tang=m,/m, (solid curve$ and tan3=2 (dashed curvesit is also assumed thaj,=V,,. The line indicate the SM prediction.

The branching ratio for this decay is obtained as the ratias well as the bosonic mod¢—WZ
of Eq. (5) to the total width of the top quark, which will

include the modes—qgW andt—qH; the expressions for
the widths are 9?m m2, 2 m2 2 m2,
F(H*—>W*Z)= sm2a I+ = | +| = | 2=
T(t—qW"=——=V, | 1- = | | 1+2—
V2 m; m; 2 mg m3
"2 54105
|1 2a4( 2w 5 10 mg mH mH
3w\ 3 2| (10 2
v (13)
and ( mé, 0529
F(thH+)=g—27h coSafa’[ (m+mg)?—m3]
128rm2m, v RESULTS AND CONCLUSIONS

2 2 .
D2 (e — M )2— m2 T\ L2 1’_q'_H _ In order to present the results for the madebWZ, e,
[(me=mg) il mt2 mt2 g=Db, we shall assume that the top quark mass takes its up-
11 per allowed value, and will consider a Yukawa sector similar
(1D to the model-ll, in whose case the factgy, is equal to the
On the other hand, the Higgs width will include the fermi- CKM matrix element/y,(=1); the results are shown for two
values of tarB (2, andm,/m,) which are acceptable for

onic decays intdH—cs andH— rv.; adding them we ob- GUT-Yukawa unification. For the factor cassina, which is
part of the constanf, we shall consider first the valug,

tain
2 which corresponds to the maximum value that can be ex-
T(H*—ff)= 9 mH2 cofa[ 37c4(MZ col B+ mZ tarf B) pected to arise in an scenario where the custodial symmetry
32mmy, is respected, for instance in a model with one Higgs doublet
and two Higgs triplets of hypercharges 0 and 2, respectively,

+mZtar 8] (120 where one can align the VEV's to respect the custodial sym-
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FIG. 2. Branching ratio for the decay-sWZ as a function ofm, for cosa sin a=% (upper dashed and solid cuivand sina=0.04
(middle curve; and for tand=m;/mj, (solid curvg and tan3=2 (dashed curvgstaking alson,=1.

metry and obtaining =1 [11].2 On the other hand, to con- We conclude from our results that there exist a region of
sider a model without a custodial symmetry, we take theparameters where it is possible to obtain a large BR for the
value sine=0.04, which corresponds to the maximum valuedecayt—bWZ Moreover, formy=162 tom,=182 GeV,
that is allowed by the experimental error in theparameter  cosa sina=3, and tan3=m,/m, we obtain a BR larger than
[15]. With all these considerations, we shown in Fig. 1 ourthe one predicted by the SM. Furthermore, the maximum
results for the BR of the decay~bWZ we notice that it  yalue for the BR, of order 1%, seems factible to be de-
can reach a maximum value of order 780 2. tgcted at the future CERN LHC, where abouf 16p quark
For the decays into the light quark_s, still working within airs could be produced, and one would havé énts of
the framework of model I, we obtain a very suppresseGperest with only one top quark decaying rarely, if we also

result, where we are taking now the central value for the OB clude the decays of the/ and Z into leptonic modes, to
quark mass, namely, far>sWZwe get a maximum value allow a clear signal, one would end with about X B0*

— 6 . _1

Ior trlez_E}R tOf é)\r/sir 1.95t10 |Ior S'nacosﬁ_z ?jn?h events, which is interesting enough to perform a future de-
ar?ﬁ—  fort— We get results even smaller an US tailed study of backgrounds; however this is beyond the
uninteresting. On the other hand, if we consider a model Wltf’gcope of present work. On the other hand, we observe from

a Yukawa sector Qf the type THD.M'”I’ the couplmg of the Fig. 2 that even within models without a custodial symmetry
charged Higgs with the quarks is not determined by theun sin0—0.04, it is possible to get BR for the decay
CKM mixing matrix, then the couplingsdH ™ andtsH™ 5wz Jarger than the SM result, or the result obtained
may not be suppressed. Although in model Il there can bgyithin models where sincosa=2 depending on the value
dangerous FCNC, it happens that such effects have not begp tang; in some cases it can reach BR of order %30 3.
tested by top quark decays, and thus can give large and de- |, conclusion, we find that the decay:qWZis sensitive
tectable effect$14]. For the parameter we take the same 5 the contribution of new physics, in particular from a
values of the previous case, assuming a}%?jam wegeta  charged Higgs boson, which makes this mode an interesting
maximum value for the BR of order 1.3110™° for botht arena for testing physics beyond the SM.

—(d,s)+WZ, as shown in Fig. 2.
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