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Abstract

We analyze the ratio of branching ratiBs= BR(H — bb)/BR(H — t 1) of Higgs boson decays as a discriminant quantity
between supersymmetric and nonsupersymmetric models. This ratio receives large renormalization-scheme independen
radiative corrections in supersymmetric models at largg tavhich are absent in the Standard Model or Two-Higgs-doublet
models. These corrections are insensitive to the supersymmetric mass scale. A detailed analysis in the effective Lagrangiar
approach shows that, with a measurement-21% accuracy, the Large Hadron Collider can discriminate between models if
the CP-odd Higgs boson mass is below 900 GeV. AseLinear Collider at 500 GeV center of mass energy can discriminate
supersymmetric models up to a CP-odd Higgs mass b8 TeV.
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The existence of the scalar Higgs boson of the be open: whether it is the Higgs particle of the
Standard Model (SM) is still waiting for experimental minimal Standard Model (SM) or whether there is
confirmation. Last LEP results, suggesting a light an extended Higgs structure beyond the SM. In this
neutral Higgs particle with a mass about 115 GeV Letter we approach this question by investigating
are encouraging [1], but we will have to wait the the neutral Higgs sector of various types of models.
news from the hadron colliders, the upgraded Fermilab In many extensions of the SM the Higgs sector is
Tevatron or the upcoming Large Hadron Collider enlarged, containing several neutral Higgs bosons as
(LHC) at CERN, to see this result either confirmed well as charged ones [4]. At present, supersymmetric
or dismissed. For intermediate masses above the LEP(SUSY) models have become the theoretically favored
limit and below 180 GeV there is a chance for the scenarios, with the Minimal Supersymmetric Standard
Tevatron [2], but for higher masses up to 1 TeV Model (MSSM) as the most-predictive framework
one needs the LHC [3]. However, even if a neutral beyond the SM [5]. The Higgs sector of the MSSM
scalar boson is discovered, the question will still contains two Higgs doublets. Its properties at the

tree-level are determined by just two free parameters,
conventionally chosen as the ratio of the vacuum
~ E-mail addresses: guasch@particle.physik.uni-karlsruhe.de expectation valuesvevs) of each doublet, tah =
(3. Guasch), hollik@particle.physik.uni-karlsruhe.de (W. Hollik), ~ v2/v1, and the mass of the CP-odd neutral Higgs
siannah@particle.physik.uni-karlsruhe.de (S. Pefiaranda). bosonMuo. This simple structure is known to receive
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existence of a light neutral scalar boson with mass  Another theoretical point of view is of interest:
below 130 GeV. It is also well known that the SUSY when one finds large radiative corrections to a certain
one-loop corrections to the tree-level couplings of process (e.g. H> bb), one may wonder if their effects
Higgs bosons to bottom quarks can be significant for would be absorbed by a proper redefinition of the
large values of tafi, and that they do not decouple in parameters in some renormalization scheme, such
the limit of a heavy supersymmetric spectrum [7-14], that these effects disappear. Since the ratio (1) only
opposite to their behaviour in electroweak gauge depends on the ratio of the masses, there is no other

boson physics [15].

These one-loop corrections can be translated di-

rectly into a redefinition of the relation between the
b-quark Yukawa coupling (entering production and

parameter (e.g. tag#) that could absorb these large
corrections.

The partial decay width™"(h — bb) of the light-
est supersymmetric neutral Higgs particle has been

decay processes) and the physical (pole) mass of thethe subject of several studies in the literature. Besides

b-quark, with important phenomenological implica-
tions, e.g., for the branching ratios of SUSY Higgs-
boson decays into heavy fermions.

Following this path we consider in this letter the
ratio of branching ratios of a neutral Higgs boson H,

BR(H — bb)

R=——— —
BRH— tt17)

1)
analyzing in detail the Yukawa-coupling effects and
their phenomenological consequences. In the SM,
after accounting for the leading QCD corrections,
one haskRSM = 3m2(My)/m2, wheremp(Q) is the
b-quark running mass based on the QCD evolution,
andm- is thet-lepton mass. FoMpy = 115 GeV we
haveRSM ~ 8. Some other, small, QCD contributions
are neglected here. Actually, the result for the leading

the complete one-loop corrections [16], comprehen-
sive studies of the one- and two-loop SUSY-QCD cor-
rections are available in Refs. [8,17], respectively. Im-
plications for Higgs-boson searches from SUSY ef-
fects in the hb vertex (together with their effective

Lagrangian description) can be found in [9,10]. The
decoupling properties of the SUSY-QCD corrections
to I"(h — bb) have been extensively discussed in [13].
The effects oBBR(h — t71~) were presented in [18].

Analyses of the observabR can be found in [11,19].

In the MSSM, the Higgs boson couplings to down-
type fermions receive large quantum corrections, en-
hanced by tag. In the case of thebH' vertex,
these corrections have been resummed to all orders
of perturbation theory with the help of the effective
Lagrangian formalism in Ref. [9]. The effective La-
grangian of the MSSM Higgs couplings to down-type

QCD corrections is much more general in the sense fermions can be written as follows:

that it is valid for any Higgs model in which the Higgs
sector follows the family structure of the SM, like the
Two-Higgs-Doublet-Model (2HDM) of types | and I,
or the MSSM as far as the Standard QCD correction is
considered.

The ratio (1) is very interesting from both the
experimental and the theoretical side. It is a clean

observable, measurable in a counting experiment, with

only small systematic errors since most of them are
canceled in the ratio. The only surviving systematic
effect results from the efficiency af and b-tagging.
From the theoretical side, it is independent of the
production mechanism of the decaying neutral Higgs
boson and of the total width; hence, new-physics
effects affecting the production cross-section do not
appear in the ratio (1). For the same reason, this
observable is insensitive to unknown high order QCD
corrections to Higgs-boson production.

Lefi = ho(—eij H{L! BR + Ag H5L' BR), @)

where H1 and H» are the two Higgs-doublets of
the MSSM, L is the SU(2). fermion-doublet,Br is

the right-handed down-type fermichand iy, is the
b-quark Yukawa coupling, related to the correspond-
ing running mass at the tree level by= mp/v1. H2 is

the doublet responsible for giving masses to the up-
type fermions, and the second term in (2) only appears
when radiative corrections are taken into account (en-
coded in the quantity\g) due to breaking of SUSY.
On the other hand, in the most general 2HDM such
terms are permitted also at the tree level. However,
they would lead to large Flavour Changing Neutral

3 Here, and in the following, we use the third generation quark

notation as a generic one.



J. Guasch et al. / Physics Letters B 515 (2001) 367374 369
Currents in the light-quark sector of the model, and 5””‘“_%““? ; "j’;" ;
.« . . L,~ S\Or "R~ NI A
hence they are usually explicitly forbidden by a pos- b o N b N b
tulated ad-hoc symmetry, which leads to the so called > >
2HDM of type | and type Il.

@
N:;y
=

Given the effective Lagrangian (2), with the vey i b B
of the Higgs doublef;, the b-quark mass is given By RN RN
123 ‘l/ \\ br by, lll o \ br
mp = hp(v1 + Agv2) = hpv1(1+ Agtang) W, B i, i
= hbvl(l + AI’Hb) (3) b —mpptan
RN b, -<8~_b
We now can relate the known quark mass to the o Ny b, ’,’/ W .
Yukawa coupling via X X
H H, B B
pp="0__ 1 _ _mb 1 (b)
vi 1+ Amp  vcosf 1+ Amp’ _ , o
1/2 Fig. 1. Diagrams contributing tamyp, Eq. (5). The cross means a
V= (Ul + v2) (4) mass insertion, and the cross with a circle the coupling WithThe

. ) diagrams contributing ta\m are those equivalent to (b).
Amp is a nondecoupling quantity that encodes the

leading radiative corrections. The expression (3) con-
tains the resummation of all possible fanhanced 1
corrections of the typéo s tang)” [9]. Similarly to E[CbI(Mb , My, 1) + 52 I(Mp,, M1, W]
the b case, the relation betweeny and thet-lepton 2
Yukawa couplingi. is also modified by a quantum [sb [(Mp,, M1, 1)
correctionAm., in analogy to (4). 2

The explicit form of Amyp and Am . at the one-loop b I(MBZ’ M, M)]>> } ©)
level can be obtained approximately by computing
the supersymmetric loop diagrams at zero external
momentum Ysuysy > mp, m<), as given in Fig. 1 for
Amyp. The dominant diagrams are those of Fig. 1a, but

The diagrams contributing tam are those equiva-
lent to Fig. 1b replacing b> 7, b — 1, T — ;. Ex-
plicitly, they read

in order to have a precise evaluation we are including a
the entire set in our result, which is given by Am=ptang, -} - 2 = ( 1My, M2, )
2ag 1
Amb—utanﬁ{ MgI(Mb1 Mg, , My) +E[Cil(Mfl,Mz,M)+S$I(M52,Mz, M)])
T M My
+E t1 (Mg, My, 1) +T I(Mz,, Mz,, M1)
‘w
+ 2 (M2 (12 1 M. 1
ar g\ e e K 1R I (May, My, ) + 531 (M, M1, )]
2
+ ¢ [(Mg,, M2,
. ¢ 1My, M2, )] — [s21(Mz,, M1, p) + ¢ 1 (Mz,, M1, u)])}.
2 2
+ E[Cb I (M, , M2, ) + s I (Mg, M2, M)]) (6)
M In the above expressions we have introduced short-
ey ( (M, , My, M1) hand notations for the functions of the Weinberg an-
gle sw = sinby, cw = coshyy, the top quark Yukawa
coupling
4 Notice that in the case of vanishing tree-level Yukawa coupling, 2
the bottom quark mass would be generated by the nondecoupling Yi= 8 my

terms likeAg in (3) [20]. 87'rm\2N sinﬁz’
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and sine and cosine of the sfermion mixing angigs
ct,b, ands-, c. For further conventions and notation
see Refs. [7,15]. The fine structure constaatsand
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_ . . Amp
A%b:  Capp = —ikpsing(1 - —2
Abb b ﬂ( tanﬂ2>
= —imptanB Aapp.

9)

o, have to be evaluated at the SUSY mass scale. The

function! is given by

I(a,b,c)

_a®b?In(@?/b?) + b2c?In(b?/c?) + c%a®In(c?/a?)
B (a2 — b?) (b2 — c?)(a? — c?) '

)

Although partial results for the expressions (5) and (6)
have been given several times in the literature [9-12],

Notice that, althoughAmyp is basically a non-
decoupling quantity, the CP-even mixing angle be-
haves as tas — —1/tang in the decoupling regime
of the MSSM Higgs sector (i.el,0 > Mz) and the
h%b coupling reaches the SM valu@pp — mp/v.
A very detailed analysis of this decoupling behaviour
(at one-loop order) can be found in Ref. [13].

Now we analyze the deviation of the ratio (1)
from the SM value, caused by the SUSY radiative

the subleading terms have not been given so far in a corrections, for each of the MSSM neutral Higgs

complete versior’. We have checked the results in (5)
and (6) using~eynArts 3 andFormCalc [21].

If we impose that all the SUSY masses, and also RMSSM(¢) 1 3C(2pbb B <A¢,bb>2

the supersymmetric Higgs mass parameterare
approximately of the same scaldgysy,

M(f =1,b,% D) ~ Mg~ My~ Mz~ ju~ Msusy,

we find that
. as a 11 s\%v)
Amp == Si tan — - ——= |3+ ——
np gr(ﬂ) :3{37_[ 167'[‘9\%\/( 9 C\%V
Yt At }
87 Msusy )’

. o S2
Am >~ — sign(p) tanB T6x 2 (3 - %) (8)

bosonsp = h, H, A, in terms of the quantity

= (20)
RSM RSM Cczb’r’t

which is a function depending only on tgn tanc,
Amp and Am., and encoding all the genuine SUSY
corrections. The contributions from QCD are the same
as in the SM, and they cancel in (10). Differences
in the electroweak corrections can occur only from
loops with Higgs patrticles, and they can usually be
neglected. In a MSSM-like Higgs sector, the Higgs-
boson loop contributions are very small compared to
the rest of the corrections. Large corrections from the
Higgs boson sector can only arise in models in which
the splitting between the Higgs bosons masses is much

larger than that of the MSSM.If this situation were

Ad)TT

Notice that these two quantities are independent of the 1o pe found in the experiments, the MSSM would be

SUSY mass scal®/sysy since they only depend on
tang and the ratiod;/ Msysy.

From the effective Lagrangian (2), the b-quark cou-
pling to each of the MSSM neutral Higgs bosons [10]

is also derived:
Amp
tang tana

Anbb,

h%bb: Chbbzhbsino{(l—

mp Sina
"~ vcosp

— Amptan
HbD:  Chpp= —hbco&x<1+ M)
tang

mp COSy
=— Axpb,
v cosB

5 Notice a sign difference itm - with [10].

excluded without any further analysis. Moreover, the
contributions from the Higgs sector are very similar
for the ¢pbb and¢dtt vertices, and they will mostly
cancel inRMSSM(4). The genuine SUSY corrections,
on the other hand, present sizeable differences be-
tween thepbb anddtt couplings, even in the case
of similar squark and slepton spectra:

e the SUSY-QCD corrections mediated by gluinos is
only present inAmyp [1st term in (5)], yielding the
by far dominant contribution to (10);

o there exists a contribution from the chargino sector
to Amyp resulting from mixing in the stop sector
[2nd term in (5)], whereas a corresponding term is

6 A similar situation in theltH™ coupling can be seen comparing
the SUSY Higgs sector contributions [7] with the 2HDM ones [22].
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not present inAm. due to the absence sneutrino
mixing;

e the contribution from th& loops is differentin both
cases because of the different hypercharges.

In the following we concentrate on the case of the
lightest CP-even Higgs bosorf.irhe ratioR defined
in (1), written in terms of the nondecoupling quantities
Amp andAm~ and normalized to the SM value, reads

RMSSMpy (14 Am<)?(— cote Amp + tanp)?
RSM " (14 Amp)2(— cota Am~ + tang)?’
(11)
In Fig. 2 we present numerical results for the
expression (11). The SUSY spectrum has been taken
to be around B TeV, namely

Mg = My, = My, = Mz, = Mz = [u| = Ap
— Ar = |A =15 TeV,

and we assume the usual GUT rglatich
5/3Mas3,/c3, and maximal mixing in thé andt sec-
tor, 6 = £z /4. Our convention here i3 : < M ;

f f2'
The rest of the parameters are fixed bylﬁlé(Z)zL

symmetry. As a consequence, a certain splitting of or-

der~ 15% is generated in the sfermion sector. Never-
theless the approximate expressions (8) give an accu-
racy better that 10% ihm . and in Amy, for A; > 0.
For A; < 0 the approximation foAmp is much worse,
giving deviations of~ 23% for large tar8. For def-
initeness, we also list the following values used for
the SM parametersiu; = 175 GeV,mp = 4.62 GeV,

m~ = 1777 GeV [23]. The CP-even mixing angle
is computed including the leading corrections up to
two-loop order by means of the progrefaynHiggs-
Fast [24].

The decoupling behaviour withf,0 becomes ap-
parent in Fig. 2a. We also clearly see in Fig. 2 that
RMSSM(p) deviates significantly from the reference
value RSM. In some favorable cases, i.e. sméiho,
large tarB, © < 0 and A > 0, the ratio (11) can be
as large as two. Clearly, a moderate-precision mea-
surement of this quantity would give clear signs of
a Higgs boson belonging to a SUSY model. For the
LHC we estimate that this quantity can be measured
to a 21% accuracy. By looking at the associate WW-
fusion Higgs boson production gg¢ W*W* — H, the
BR(H — tt17)/BR(H — vv) is measurable with an
accuracy of order 15% [25]. On the other hand, for the

s B 515 (2001) 367-374 371

2.4+

u<0 A>0
<0 A<0
-==- >0 A<0
—-— w0 A>0

2.2+

tanB=50

200 1000

M A0=500 GeV u<0 A>0

v
--=- w>0A<0
—-— w>0A>0

0.8

10 20 30 40

tanf

(b)

Fig. 2. Deviation ofRMSSM(p) with respect to the SM value, as a
function of (a)M 0, and (b) tarB, for various choices of the SUSY
parameters. The light-shaded region shows ##1% deviation
with respect to the SM, and the dark-shaded onettf&%.

associated Higgs-boson production with a top quark
(pp— ttH) the ratioBR(H — bb)/BR(H — yvy) can

be performed with a similar precision [26]. From
these two independent measurements one determines
R with the error quoted above. If one were able to
make both measurements using the same Higgs-boson
production process, the error might be decreased. The
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+21% deviation region is marked as a light-shaded re- SUSY nature of the Higgs boson only if CAis
gion in the figures. As for a futurete™ Linear Col- lighter that~ 900 GeV. This means that the heavier
lider (LC) running at 500 GeV center-of-mass energy, MSSM Higgs bosons H§ A® and H" will also be
the simulation shows that the ratio of the effective produced at high rates at the LHC. Then, it would be
Yukawa couplingshp/h<(= ~/R), can be measured more useful to move our attention ®MSSM(H/A)
with an accuracy of Z% [27]. The corresponding (corresponding Eqgs. (9) and (10)). We have checked
band of+5.4% accuracy in (11) is shown as a dark- that this quantity is very insensitive to tanand so to
shaded region. Mpo. Its numerical value is very close for both types
We can now find the regions in th@ang, Mao) of heavy neutral Higgs bosons. We show the result
plane in which each experiment can be sensitive to of this analysis in Fig. 4. A deviation of 21% with
the SUSY nature of the lightest Higgs boson. We respect to the SM value is guaranteed for any scenario
show these regions in Fig. 3a for a4% accuracy  with tang 2 20; hence, the SUSY nature of the Higgs
measurement, and in Fig. 3b for a 21% one. We sector can be determined with a moderate-precision
see that with a 5.4% measurement one can havemeasurement.
sensitivity to SUSY forM o up to~ 1.8 TeV in the To summarize, we have proposed the observable
most favorable scenario. In less-favored scenarios the R = BR(H — bb)/BR(H — tt1~) to discriminate
sensitivity is kept up taM 0 ~ 800 GeV, but there  between SUSY and non-SUSY Higgs models. This
exists also large regions where one is sensitive to observable suffers only little from systematic uncer-
SUSY only up toMo0 ~ 500 GeV. However, all these  tainties, and is a theoreticaltyean observable. In the
masses are well above the threshold production of the MSSM, R is affected by quantum contributions that do
heavy Higgs patrticles for a 500 GeV LC. We stress notdecouple even in the heavy SUSY limit. By assum-
once again that these conclusions are independenting a+5.4% measurement of this ratio for the lightest
of the scale of the SUSY masses. As long as a Higgs boson, to be made at a 500 GeV LC, one is sen-
21% accuracy is concerned, feasible, e.g., at the sitive to the SUSY nature of the lightest Higgs boson
LHC, the regions sensitivity are of course much hO forvalues of the R mass up to B TeV. A less pre-
smaller (Fig. 3b). In this case one can probe the cise measurement &@t21% accuracy, feasible at the

1800 . 900 ; . . .
1600 | ] 800 | -
MSSM SM MSSM SM
100 | IR (h)/R" -11>0.054 ] 200 1 IR (h)/R™=11>0.21 |
1200 F |7 H<O0A>O ] 600 |
—_ [ | L<0A <O —
2 ---- u>0A,<0 E
S 1000 F |00 1 Sswr
E< 24.
400 F
300 |
200 |

100
1

(@ (b)

Fig. 3. Sensitivity regions oni?'\"ss""/RS’VI with (a) 5.4% uncertainty in the measurement; (b) 21% uncertainty.
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10

u<0 A>0
e 10 A <O
---- w>0A<0
—-— uw>0A>0

RMQSM(H//\)/RQM

tanf

Fig. 4. Deviation ofRMSSM(H/A) with respect to the SM value, as
a function of targ for various choices of the SUSY parameters. The
shaded regions are as in Fig. 2.

LHC, is sensitive to SUSY only iM,0 < 900 GeV.

In this latter case the measurementofor the heavy
Higgs bosons Aand H is possible and can give clear
evidence for, or against, the SUSY nature of the Higgs
bosons. Further confirmation can be obtained by corre-
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