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ABSTRACT 
We present a detailed study of the decays of the charged Higgs boson H+ 

within the Minimal Supersymmetric Standard Model. We find that the 

supersymetric mode t~ can dominate the ll+ decays in a wide range of the 

model parameters due to the large Yukawa couplings_and mixings of t and 
t. Compared to the conventional modes r+v, and tb, this mode has very 


distinctive signatures. This could have a decisive impact on H+ searches 

at future colliders. We find also that the QeD corrections to the tD 

mode are significant, but that they do not invalidate our tree-level 

conclusion above. 


In the Minimal Supersymmetric Standard Model(MSSM)[3J two Higgs doublets 
are necessary, leading to five physical Higgs bosons h~H:Aoand H±[4,5J. In 
this article we present a detailed study of the H± ,decays within the MSSM 

[1,2J. If all supers~netric(SUSY) particles are heavy enough, the H+decays 

dominantly into tb; the decays H+---+ 7: + v and/or H+---+W+h 0 are dominant 
below the tb threshold [4,6J. If the decays into charginos and neutralinos 

H+--+Xk+XjO are kinematically allowed, they can be important in a sizable 

region of the MSSM parameters [1J. Here we extend these studies by 

including also the SUSY modes H+---+tibj(i,j=1,2). Here ti<bj) are the scalar 

top(scalar bottom) mass eigenstates which are mixtures of tL and tR (bL and 
,., 
bR) . 

The lighter stop tl can be much lighter than the other SQuarks and even 

lighter than the t Quark due to large t-mixing being proportional to the top 

Yukawa coupling ht and the t-mixing parameters At and Jl [8J. Similarly the 

lighter sbottom bl can also be lighter than the other SQuarks. In the case of 

large t- and b-mixings one also expects the H+tb coupling to be large since it 

*This article is based on Refs.[1,2J. 
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is essentially proportional to the Yukawa couplings ht,b and the SQuark-mixing 

parameters At,b and /1. Here we show explicitly that the mode tE can indeed 

dominate the H+ decay in a wide range of the MSSM parameters as is expected by 

the observation above. 

In the MSSM the properties of the charginos Xi ± (i=1,2) and neutralinos 

Xj (j=l, ... ,4) are completely determined by the parameters M, /1 and tan/3 

=V2/vl, assuming M'=(5/3)tan2 ew M. Here M(M') is the SU(2) (U(l» gaugino 

mass, /1 is the higgsino mass parameter, and vl(v2) is the vacuum expectation 

value of the Higgs Hi(HZ)[3]. Here mx";( mx1 and mx~(" .(m X4 ' To specify the 

SQuark sector the additional (soft SUSY breaking) parameters MQ,Mij,Mff (for 

each generation), and A(for each flavor) are neccesary. The mass matrix for 

stops reads[5]: 

(1) 

with rn~L = AfJ +1n~ cos 2(3(J( - et sin
2 Ow) +m: (2) 

2 M2 + 2 2 a . 2 () 21nin = (; 1nz cos ,.,et SIn w + m t (3) 

atmt = -mt( At + fLcot (3). (4) 

Here notice our sign conventions of /1 and A; for /1 we use the sign 

convention of ref.3. For the b system analogous formulae hold but with MU2 

replaced by M02 in eq.(3), and instead of ~.(4) 

(5) 

bL-bR mixing may also be important for large Ab' /1 and tan /3. Analogous 

formulae hold for the sleptons I and 11, e.g. for v=v e, /.l, 't" 

2 212 
m ii = ML + "2 1nz cos 2fJ. (6) 

The masses and couplings of the Higgs bosons H± ,Ho ,h ° and A 0, including 

radiative corrections, are fixed by l11Ao,tan/3 ,mt,MQ,Mu,MI5,At ,Ab and /1. HO(hO) 

and AO are the heavier(lighter) CP-even and CP-odd neutral Higgs 
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bosons, respectively. For the radiative corrections to the h
O 

and H
O 

masses 

we use the formulae of Ref.g. For ~+ we take the tree-level relation ~1+Z= 

mAo Z + mWZ, because in all cases considered here the radiative corrections to 

~+ turn out to be very small. 

In the following, we take for simplicity MQ =MU =M5 (for the third 

generation), ME = MQ (M[ being a common soft-SUSY-breaking mass of all 

sleptons), and At=Ab=A t • Thus we have 1Dt[+ ,mt,M, Jl ,tan /3 ,Mij, and A as free 

parameters of the MSSM. The theoretical and experimental constraints for the 
MSSM basic parameters are described in Ref.1. 

We calculate the widths of all important modes of H+ decay: H+-+tb, c; + V , 

cs, t~j' Xk+ X7, W+h 0, 1+ v. Formulae for these widths are found in [4J. As 

the SQuarks of the first two generations are supposed to be heavy, these 
decays will be strongly phase-space suppressed. Even if they were 
kinematically allowed, they would have a rate at most comparable to that of 

H+-+l+ V (see Fig.2 below). Loop induced decay modes such as W+Z 
o 

and W+ l' 

are negligible[10]. The modes W+H 
o 

and W+A 
o 

are kinematically forbidden in 
the parameter region considered. In order not to vary too many parameters, 

in the following we fix Dlt=15(X;eV and Jl =30(X;eV, and take the values of M 

and tan /3 such that mx~ .::::. 5(X;eV. 

In Fig.1 the contour lines for the branching ratio B(tt)=2: i,j=l,zB(H+-+ 

titj) are plotted in the A-MQ plane for (a) ~+=40(X;eV, tan /3 =2, M=12(X;eV, 

and (b) ~+=20(X;eV, tan /3 =12, M=ll(X;eV. In. the plots we have also required 

mtl,bl,l> mif (.:::: 5(X;eV). As can be seen the branching ratio B(tt) can be 

larger than 70% in a sizable region. In this region this decay mode is much 
more important than the conventional decay modes. 

In Fig.2 we show the /3 dependence of the important branching ratios for (a) 
MQ=85GeV, A=-25(X;eV, tan /3 , M=12(X;eV, and (b) MQ=136GeV, A=-260 GeV, tan /3 

=12, M=ll(X;eV. In these two cases we have: (a) mtl=ll6GeV, mtz=209GeV, 

JDbt81GeV, JJJf)2=102GeV, mXt =94GeV, and (b) mtl=61GeV, mtz=272GeV, mb1=62GeV, 

JJJbz=193GeV, mx 1+ =98GeV. We see that in both cases above the tIt! threshold the 
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t~ mode dominates over the conventional modes t + v (below the tb threshold) 
and tb(above it). This is particularly remarkable in the case of Fig.2a, where 
the tb mode is disfavoured by phase space compared to the tb mode ( mtl + IDbl = 

197GeV> mt + IDb =155GeV). 

The reason for the dominance of the 'it mode is as follows: The modes tb 

and 'it (whose couplings to H+ are essentially,....., htcos8 + hbsin8 and 

,.....,(A- /1 tan/3 )htcos8 + (A- /1 cot 8 )hbsin8, respectively) can be strongly 

enhanced relative to the other modes due to the large Yukawa couplings ht,b' 
~~ -

In addition, the tb mode can be strongly enhanced relative to the tb mode in 
the case the q-mixing parameters A and /1 are large. In this case 1:1 and hI 
tend to be light. 

Quite generally, B(tt) depends on the parameters MQ,A,mt, /1, tan/3 and 

more weakly on M. For a given ffiH+ the strongest dependence is that on MQ to 

which mt and fib are sensitive (see Fig.l). B(tb) can be quite large in a 

substantial part of the parameter region kinematically allowed for the t£ 
mode. We find that the dominance of the t~ mode is fairly insensitive to 
the assumption MQ = Mr. As seen in Fig.l the dependence on A is also strong. 

Concerning the assumption At=Ab=A L, we have found no significant change of 

B(1.6) as compared to Fig.2, when we take Ab,L/At = ±O.5,±1,±2 keeping At=A. 

The dependence of the H+tt couplings (and B(tt» on the parameters /1, tan /3 

and ITIt is essentially given by the terms (A- /1 tan/3 )htcos/3 and (A- /1cot/3) 

hbsin /3 as mentioned above, where htcx:::mt. Hence the dominance of the tb mode 

becomes more pronounced as m,:t and/or II increase. We also find that B(tb) IS 

near ly invariant under (/1 ,A)--+( - /1 ,-A) . 

As for the signatures of the H+ dcay, typical tb signals are shown in 

Table 1. They have to be compared with the conventional tb signals H+--+tb 

--+(W+b)b --+ ff'bb, i.e. 4 jets(j's) or 2 j's + i isolated charged lepton 

(1+) + missing energy-momentum (.p). Note that B(1:1--+ cxi ) .::::: 1 if mt}< 

mx}+,T,'V,bl and mX1o< mtl< mx:t + mt.W (in cases (a)-(d), and BCtl--+ cX! ) 
.::::: 0 otherwise (in cases (e) (h»)[ll]. As seen in Table 1, the tb signals 

have general features which distinguish them from the tb signals: (i) more p 

4 



due to the emission of two LSP's (i.e. xi's) and hence less energy-momentum 

of jets and the isolated 1+ in case of a short decay chain, or (ii) more jets 
and/or more isolated l±'s in case of a longer decay chain. Moreover, 
depending on the values of the MSSM parameters, the tE signals could have 
remarkable features as see in Table 1: (i)the semileptonic branching ratio of 

H+ decay with an isolated 1+ can vary between ....... a (e.g. in case B(H+-+ tlbl-+ 

cX10bxlO) ....... 1) and ....... 1 (e.g. in case B(H+-+ iIbl-+(bl+v)(bxlO)-+ bl+vXlo 


bX10) ~ 1); (ii)production of a single "wrong"-sign 1- in H+ decay (e.g. In 

case (d,h) or same-sign dileptons 1+1'+ (e.g. in case (h), which could 

yield same-sign isolated dilepton events e+e-(or 'Y 'Y) -+ H+H--+ (1-1' - or 

1+1'+) + j's +~; and so on. The identification of the sign of charged leptons 

and the tagging of b- ans c-quark jets, ho 
, Z 

o 

and W± would be very useful 

[4,12J in discriminating the tb signals from the tb signals as well as in 
suppressing the background. 

The ideal place for H± search would be an e+e-(or 'Y 'Y) collider[ 4, 12J. If 

the t£ mode dominates the H+ decay, it decisively influences the signatures. 
If t and b are relatively light, they will most likely be discovered first in 

pair production either at LEP200 or a linear e+e- collider at a higher energy. 
At hadron colliders it is in general difficult to detect the H±[4J. However, 
if t and b were discovered first, the situation might in~rove since the tb 
mode could provide also here additional (distinctive) signatures for H+. 
Clearly it is necessary to perform a detailed Monte Carlo study to separate 
the signals from the background. Such a study is , however, beyond the scope 
of this article. 

So far we have not included QeD radiative corrections. The standard QeD 

corrections are negative and very large for the width of H+-+ cs[13J. In 
our case this mode is negligible. They can be large (+10% to -50%) for the 

width of H+-+ tb[13]. This suggests that the QeD corrections to H+-+ rb 
could also be large. Therefore it should be examined whether the tree-level 
result shown above remains valid after including the QeD corrections. In 

Ref.2 we have calculated the 0 ( a s) QeD corrections to the width of H+-+ 
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t~j within the MSSM. We have obtained the complete 0 (as) SUSY-OCD corrected 

width in the DR renormalization scheme(i.e. the MS scheme with dimansional 
reduction) including all Quark mass terms and QL-QR mixings. We have found 

that the corrections to the t6 width are significant but that the t~ mode is 
still dominant in a wide parameter range (as seen in Fig.3 for example)[2J. 

We have shown that the SUSY mode tb can be the most important H+ decay 
channel in a large allowed region of the MSSM parameter space due to large 
t and b Quark Yukawa couplings and large t- and b-mixings. The t6 mode has 
very distinctive signatures as compared to the conventional modes 't + v and 
th. This could decisively influence the H± search at future colliders. We 
have also shown that the OCD corrections to the t6 mode are significant, 
but that they do not invalidate our tree-level conclusion above. Finally, 
we can also expect similar in~lications for the neutral Higgs boson search 

scince the structures of the couplings of the neutral Higgs bosons (Ho,hOand 

AO) to tf and bb are essentially the same as those of the H+ to t6. 
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Table 1 :The typica.l ib signals of the H+ decay in comparison to the conventional 
tb signals. The decay chains (a - d) are possible only if rni < 111. -+ 1- v- b- and 

-- 1 Xl" ,} 

rnx~ < mil < 1nx? + 1nt,W- The chains (f h) a.re possible if 1nil > 1nxi; (e) is 

possible if 1ni) > 111x? +mt- P,J, l±, Z(*), and f denote luissing energy-momentum, 
jet, isolated charged lepton, real (or virtual) ZO boson, and (q, l±, 1/), respectively. 

TypIcal decay chaIns 

I H+ {~I" - bxt - b(J i'x~)
(1) - b, _ txt _ (bW-)(J i'x?) - b(Ji')!i'x? 

Signatures 

2 fs + P(more P, less b nctivily) 

4 j'a + Pi 2 j's + Pi 2 j's + 1+ (- +P(zO or ,,0 

emission; more b activity if hO or ZH - bhi 

less b activity iC '.0 or ZH _ 1+ 1- or vii) 


4 j's + Pi 2 fa + Pi 2 j'a + (+ (- +P(ZO or hO 

emission; more b activity if hO or ZO - bb; 

less b activity if hO or ZO - (+ (- or vii) 


6 fs + it; 4j'" + If: + Pi 2 j's + 1+ 1'- +P 

(tl wrong" -sign single lepton 1- i less b activily) 


I{ fa + P; 2 fa + (+ + P(more p) 

4 j'a + Pi 2 j's + 1+ +P(more p) 

6 fs + Pi 4 fs + 1+1- +Pi 4 fs + 1+ +Pi 4 j's + Pi 
2 j'a + 1+ 1-1'+ +;i 2 j's + (+ + ; (ZO or hO emission; 
more b ac.itivity if hO or ZH - b~i trilepton) 

8 j's + Pi 6 j's + If: +Pi 4 j's + 1+ I'f: +Pi 

2 j's + (+1'+1"- +p("wrong"-sign single lepton 1-; 

same-sign dileplon; lrileplon) 
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Figure Captions 

Fig.l: Contour lines of D(tb) in the A - 1\1{) plane for (711' 11+ (GeV), 111.t (GeV), 1\1 
(GeV), It (GeV), tau 13) ~ (400, 150, 120,300,2) (a) and (200, 150, 110,300, 12) 

(b) . The contour of B(lb) = 0 (dotted line) corresponds to that ofmi! + 11lb! = 
m.//+. The shaded area is excluded by the LEP bounds 711. ","" > 45 GeV and the

9, ,1/ "'V 

requirement m.L.,b!} > 1nx~(~ 50 GeV). 

Fig.2: The rn.lJ+ dependence of all important. branching ratios of the H+ decay for 
(mt (GeV), M (GeV), It (GeV), tan,B, lv/a (GeV), A (GeV)) = (150, 120,300, 
2, 85, -250) (a) and (150, 110, 300, 12, 136,_ -260) (b). The sum over all n!ass 

eigenstates and/or flavonrs is taken for D(tb),D(X+XO), and D(l+;j). D(i1b1•2 ) 

are also shown sepa.rately. The arrow shows the tb threshold. 

Fig.3: The mH+ dependence of the tree-le'yel width rtree(Lti£j) (dashed 
line), the corrected width r corr( L!ibj) (solid }ine) , and the tree-
level branching ratio Btree(H+--+Lt.{bj) - Btree(tb) (short-dashed line) 
for (mt(pole) ,!i,ll, tan /3 ,MQ,A) = (18((;eV, 12((;~V , 3 0((; eV ,2 , 25((;eV , -650 
GeV). r tree(tibj) (dashed lines) and r corr(tibj) (solid lines) are 
separately shown for (i,j)=(I,I) and (1,2). 
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