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Abstract. The status of the evaluation of the MSSM Higgs sector is reviewed. The phenomenological
impact of recently obtained corrections is discussed. In particular it is shown that the upper bound on
mp, within the MSSM is shifted upwards. Consequently, lower limits on tan 3 obtained by confronting
the upper bound as function of tan 3 with the lower bound on m, from Higgs searches are significantly
weakened. Furthermore, the region in the M a—tan 8-plane where the coupling of the lightest Higgs boson
to down-type fermions is suppressed is modified. The presently not calculated higher-order corrections to
the Higgs-boson mass matrix are estimated to shift the mass of the lightest Higgs boson by up to 3 GeV.

1 Introduction

A crucial prediction of the Minimal Supersymmetric Stan-
dard Model (MSSM) [1] is the existence of at least one
light Higgs boson. The search for this particle is one of
the main goals at the present and the next generation of
colliders. Direct searches at LEP have already ruled out a
considerable fraction of the MSSM parameter space, and
the forthcoming high-energy experiments at the Tevatron,
the LHC and a future Linear Collider (LC) will either dis-
cover a light Higgs boson or rule out the MSSM as a viable
theory for physics at the weak scale. Furthermore, if one or
more Higgs bosons are discovered, their masses and cou-
plings will be determined with high accuracy at a future
LC. Thus, a precise knowledge of the dependence of the
masses and mixing angles of the MSSM Higgs sector on
the relevant supersymmetric parameters is of utmost im-
portance to reliably compare the predictions of the MSSM
with the (present and future) experimental results.

We recall that the Higgs sector of the MSSM [2] con-
sists of two neutral CP-even Higgs bosons, h and H (my, <
myr ), the CP-odd A boson, and two charged Higgs bosons,
H=*. At the tree-level, M, tree AN MA tree can be calcu-
lated in terms of the Standard Model (SM) gauge cou-
plings and two additional MSSM parameters, convention-
ally chosen as M4 and tan 3, the ratio of the two vac-
uum expectation values (tan 3 = va/v1). The two masses
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are obtained by rotating the neutral CP-even Higgs boson
mass matrix with an angle «,

2,tree __
Migiges = (1)

M%sin® 3 + M%cos® 3 —(M3 + M%)sin 8 cos 3
—(M3% + M2)sinB cos3 M3cos? 3 + MZsin>3 |’

with « satisfying

M‘%H_M% —E<a<0.

tan2a = tanQﬂm, 9

(2)

In the Feynman diagrammatic (FD) approach the
higher-order corrected Higgs boson masses are derived by
finding the poles of the h, H-propagator matrix whose in-
verse is given by

(AHiggsr1 =

— p2 - m%—I,Atree + 2HH(p2)
Snu (%)

(3)
Sni (p%).
p2 - m%,tree + Ehh(pQ) ’

where the 5 (p?) denote the renormalized Higgs-boson self-
energies, p being the momentum flowing on the external
legs. Determining the poles of the matrix Apiggs in (3) is
equivalent to solving the equation

[pz — M tree + EAhh(PQ)} [PQ — M3 tree + EAHHW)}
_ [ﬁhH(pQ)r ~0. (4)

The status of the available results for the self-energy
contributions to (3) can be summarized as follows. For
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the one-loop part, the complete result within the MSSM
is known [3-6]. The by far dominant one-loop contribu-
tion is the O(ay) term due to top and stop loops (o =
h?/(4m), h; being the superpotential top coupling). Con-
cerning the two-loop effects, their computation is quite
advanced and it has now reached a stage such that all the
presumably dominant contributions are known. They in-
clude the strong corrections, usually indicated as O(oyas),
and Yukawa corrections, O(a3), to the dominant one-loop
O(ay) term, as well as the strong corrections to the bot-
tom/sbottom one-loop O(ay) term (a, = hi/(47)), i.e.
the O(apas) contribution. The latter can be relevant for
large values of tan 8 . Presently, the O(a ) [7-11, 38],
O(a?) [7, 12, 13, 38] and the O(apa) [14] contributions
to the self-energies are known for vanishing external mo-
menta. In the (s)bottom corrections the all-order resum-
mation of the tan 3 -enhanced terms, O(ap (s tan §)™), is
also performed [15, 16].

In this paper we are going to present, in view of the
recent achievements obtained in the knowledge of the two-
loop corrections, updated results for various quantities of
physical interest. In our analysis we employ the latest ver-
sion of the Fortran code FeynHiggs [17,18], namely Feyn-
Higgs1.3, that evaluates the MSSM neutral CP-even Higgs
sector masses and the mixing angle.

The paper is organized as follows: in Sect.2 we give a
brief summary of recent theoretical improvements in the
MSSM Higgs sector and describe the corresponding modi-
fications in the code FeynHiggsin order to comprise all ex-
isting higher-order results. We compare the results for my,
obtained employing different approximations in the treat-
ment of the two-loop corrections. In Sect.3 we present
the results for the phenomenological implications of our
improved knowledge of the two-loop contributions to the
Higgs boson self-energies. Section 4 contains a discussion
of the presently unknown contributions in the prediction
for the C’P-even Higgs-boson masses of the MSSM, and an
estimate of their possible numerical importance is given.
Finally, in Sect.5 we draw our conclusions.

2 Recent improvements in the MSSM Higgs
sector and implementation in FeynHiggs

In order to discuss the impact of recent improvements in
the MSSM Higgs sector we will make use of the program
FeynHiggs [17,18], which is a Fortran code for the evalua-
tion of the neutral CP-even Higgs sector of the MSSM in-
cluding higher-order corrections to the renormalized Higgs
boson self-energies. The original release included the well
known full one-loop corrections [3-6], the two-loop lead-
ing, momentum-independent, O(aza;) correction in the
top/stop sector [8,9,11] as well as the two-loop leading
logarithmic corrections at O(a?) [19,20]. By two-loop mo-
mentum-independent corrections here and hereafter we
mean the two-loop contributions to Higgs boson self-
energies evaluated at zero external momenta. At the one-
loop level, the momentum-independent contributions are
the dominant part of the self-energy corrections, that, in
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principle, should be evaluated at external momenta equal
to the poles of the h, H-propagator matrix, (3).

The new version of FeynHiggs contains a modification
in the one-loop part due to a different renormalization
prescription employed and includes also several new cor-
rections to the Higgs boson self-energies that have recently
been calculated. These changes are described in the follow-
ing subsections.

With the implementation of the latest results obtained
in the MSSM Higgs sector, FeynHiggs comprises all avail-
able higher-order corrections and thus allows the presently
most precise prediction of the masses of the CP-even Higgs
bosons and the corresponding mixing angle. The latest
version of FeynHiggs, FeynHiggsl.3, can be obtained from
www.feynhiggs.de.

2.1 Hybrid renormalization scheme
at the one-loop level

FeynHiggs is based on the FD approach with on-shell re-
normalization conditions [9]. This means in particular that
all the masses in the FD result are the physical ones,
i.e. they correspond to physical observables. Since (4) is
solved iteratively, the result for m;, and mpy contains a
dependence on the field-renormalization constants of h
and H, which is formally of higher order. Accordingly,
there is some freedom in choosing appropriate renormali-
zation conditions for fixing the field-renormalization con-
stants (this can also be interpreted as affecting the renor-
malization of tan 3). Different renormalization conditions
have been considered in the literature, e.g. (%’ denotes
the derivative with respect to the external momentum
squared):

1. on-shell renormalization for Yz, 34, ZA';X, Yaz, and
dv1/v1 = dva/va [6] o

2. on-shell renormalization for X, X4, X4, and dv; =
5'Ui,diwi = 1, 2 [5, 21}

3. on-shell renormalization for X Z, b)) 4, DR renormaliza-

tion (employing dimensional reduction [22]) for 67},
0Zpy and tan g [18].

Versions of FeynHiggs previous than the 1.2 release were
based on type-1 renormalization conditions, thus requiring
the derivative of the A boson self-energy. The latest ver-
sions employ instead the hybrid DR/on-shell type 3 con-
ditions [18]. The choice of a DR definition® for §Z,,0Zy
and tan 3 requires to specify a renormalization scale Q? at
which these parameters are defined. This scale is set to m?
in FeynHiggs, but can be changed by the user. These new
renormalization conditions lead to a more stable behavior
around thresholds, e.g. M4 = 2m;, and avoid unphysi-
cally large contributions in certain regions of the MSSM
parameter space (a detailed discussion can be found in
[23]; see also [24]).

1 A minimal definition for tan 8 and the field renormaliza-
tion constants was already employed in [4], in the analysis of
the one-loop (s)top—(s)bottom contribution to the Higgs boson
self-energies.
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2.2 Two-loop O(a?) corrections

In the previous version of FeynHiggs the two-loop O(a?)
corrections were implemented in a simplified form, taken
over from the result of [19,20], obtained with the renor-
malization group (RG) method. The latter result included
the two-loop leading logarithmic corrections, proportional
to the square of t = log (M3ygy/m?) (where Msysy is
a common scale for the soft SUSY-breaking parameters),
while the next-to-leading logarithmic terms, linear in t,
were not totally accounted for.

Recently, the two-loop O(a?) corrections in the limit
of zero external momentum became available, first only for
the lightest eigenvalue, mp, and in the limit M4 > My
[12], then for all the entries of the Higgs propagator ma-
trix for arbitrary values of M4 [13]. They were obtained in
the effective-potential approach, that allows to construct
the Higgs boson self-energies, at zero external momenta,
by taking the relevant derivatives of the field-dependent
potential. In this procedure it is important, in order to
make contact with the physical M4, to compute the ef-
fective potential as a function of both CP-even and CP-
odd fields, as emphasized in [11]. In the evaluation of the
O(a?) corrections, the specification of a renormalization
prescription for the Higgs mixing parameter p is also re-
quired and it has been chosen as DR. In FeynHiggsl.3,
which includes the complete two-loop O(a?) corrections,
the corresponding renormalization scale is fixed to be the
same as for 675,072y and tan (3.

The availability of the complete result for the mo-
mentum-independent part of the O(a?) corrections allows
us to judge the quality of results that incorporate only the
logarithmic contributions. In Fig.1 we plot the two-loop
corrected my, as a function of the stop mixing parameter,
X: = A; — p/tan B, where A; denotes the trilinear soft
SUSY breaking Higgs—stop coupling. We use the follow-
ing convention for the stop mass matrix (see (5) on top of
the next page) For simplicity, the soft SUSY breaking pa-
rameters in the diagonal entries of the stop mass matrix,
Mz, , Mg, , are chosen to be equal, M, = M;_ = Msusy.
For the numerical analysis Mgysy, as well as M4 and p,
are chosen to be all equal to 1 TeV, while the gluino mass
is mzg = 800 GeV, and tan 3 = 3. If not otherwise stated,
in all plots below we choose the trilinear couplings in the
stop and sbottom sectors equal to each other, A, = Ay,
and set My = Mgusy, where My is the SU(2) gaugino
mass parameter (the U(1) gaugino mass parameter is ob-
tained via the GUT relation, My = 5/3 s, /c, Ma).

The solid and dotted lines in Fig. 1 are computed with
and without the inclusion of the full O(a?) corrections,
while the dashed and dot-dashed ones are obtained in-
cluding only the logarithmic contributions. In particular,
the dashed curve corresponds to the result of [19], ob-
tained with the one-loop renormalization group method.
The dot—dashed curve, instead, corresponds to the lead-
ing and next-to-leading logarithmic terms that, within this
simplifying choice of the MSSM parameters, can be easily
singled out from the complete O(a?) result. As mentioned
above, the two approximate results agree with each other
in the terms proportional to ¢2, whereas they disagree in
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Fig. 1. Two-loop corrected my, as a function of X; in various
steps of approximation. The relevant MSSM parameters are
chosen as tan 3 = 3, mP°'° = 174.3 GeV, Mz, = Mz, = Ma =
p = 1TeV and mz = 800 GeV. The meaning of the different
curves is explained in the text

the terms linear in ¢, giving rise to the difference between
the dashed and dot-dashed curves. In fact, as long as one
is only concerned about the leading logarithmic terms,
it is correct to use in the renormalization group equa-
tions (RGE) for the Higgs quartic couplings the one-loop
B-function as is done in [19]. Moreover, the exact defini-
tion of the various parameters in the one-loop part is not
important. Instead, when the next-to-leading logarithmic
terms are examined the two-loop S-function has to be em-
ployed, giving rise to additional single logarithmic terms
at the two-loop order. Furthermore, the results from [19]
are valid under the assumption that the one-loop part of
the corrections is written in terms of running SM para-
meters in the MS renormalization scheme, whereas the
one-loop computation in FeynHiggs employs on-shell pa-
rameters. As discussed in [10, 20, 25, 26], this amounts to
a shift in the two-loop corrections that also affects the
next-to-leading logarithmic part of the O(a?) results.
From Fig. 1 it can also be seen that, for small X;, the
full O(a?) result is very well reproduced by the logarith-
mic approximation, once the next-to-leading terms are
correctly taken into account. On the other hand, when
X, is large there are significant differences, amounting to
several GeV, between the logarithmic approximation and
the full result. Such differences are due to non-logarithmic
terms that scale like powers of X;/Mgugy. It should be
noted that for more general choices of the MSSM para-
meters the renormalization group method becomes rather
involved (see e.g. [27], where the case of a wide splitting
between M;, and M;, is discussed), and a suitable next-
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to-logarithmic approximation to the full result is much
more difficult to devise.

2.3 Two-loop sbottom corrections

Due to the smallness of the bottom mass, the O(a) one-
loop corrections to the Higgs boson self-energies can be
numerically non-negligible only for tan 3 > 1 and sizable
values of the p parameter. In fact, at the classical level
hy/hy = (my/my) tan B, thus tan 8 > 1 is needed in order
to have ap ~ a4 in spite of my < my. In contrast to the
O(ay) corrections where both top and stop loops give siz-
able contributions, in the case of the O(«y) corrections the
numerically dominant contributions come from sbottom
loops: those coming from bottom loops are always sup-
pressed by the small value of the bottom mass. A sizable
value of p is then required to have sizable sbottom—-Higgs
scalar interactions in the large-tan 3 limit.

The relation between the bottom-quark mass and the
Yukawa coupling hp, which controls also the interaction
between the Higgs fields and the sbottom squarks, reads
at lowest order my, = hyvy/ \/2. This relation is affected
at one-loop order by large radiative corrections [15], pro-
portional to hyvg, giving rise in general to tan G-enhanced
contributions. These terms proportional to vs, often in-
dicated as threshold corrections to the bottom mass, are
generated either by gluino—sbottom one-loop diagrams, re-
sulting in O(apa;) corrections to the Higgs masses, or by
chargino—stop ones, giving O(apa;) corrections. Because
the tan f-enhanced contributions can be numerically rel-
evant, an accurate determination of h;, from the experi-
mental value of the bottom mass requires a resummation
of such effects to all orders in the perturbative expansion,
as described in [16].

Concerning the sbottom corrections to the renormal-
ized Higgs boson self-energies, the version 1.2.2 of Feyn-
Higgs included the full one-loop contribution, improved
by the resummation of the tan S-enhanced effects in the
relation between hj and m; according to the effective La-
grangian formalism developed in [16]. This takes into ac-
count the O(ap(a, tan 3)™) corrections to all orders in n.
Numerically this is by far the dominant part of the con-
tributions from the sbottom sector.

Very recently, the complete two-loop, momentum-
independent, O(apa;) corrections (which are not included
in the O(ap(astan §)™) resummation) have been com-
puted [14]. The result obtained makes use of an appropri-
ate choice of renormalization conditions on the relevant
parameters that allows to disentangle the genuine two-
loop effects from the large threshold corrections to the
bottom mass, and also ensures the decoupling of heavy
gluinos. The complete momentum-independent O(apas)
corrections have now also been implemented in Feyn-
Higgsl.3.

M2 — <M£2L +m? + cos 2f3 (% — %S%V)M%
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Fig. 2. The result for the lightest CP-even Higgs-boson mass
in the MSSM, my,, as obtained with the program FeynHiggs is
shown as a function of tan 8 for M4 = 120 GeV, y = —1 TeV,
MEL = MER = MZ_;R = mg = 1 TeV7 At = Ab = 2 TeV. The
meaning of the different curves is explained in the text

To appreciate the importance of the various sbottom
contributions, we plot in Fig. 2 the light Higgs mass my,
as a function of tan (3. The SM running bottom mass
computed at the top mass scale, my(m;) = 2.74 GeV,
is used in order to account for the universal large QCD
corrections. The relevant MSSM parameters are chosen as
Ma = 120 GeV, p = =1 TeV, My, = M;, = M;, =
mg =1 TeV, Ay = Ay = 2 TeV (where M, is a soft
SUSY breaking parameter in the sbottom sector). The
dot—dashed curve in Fig. 2 includes the full one-loop con-
tribution as well as the two-loop O(ayas +a?) corrections
(the latter being approximately tan S-independent when
tan 3 is large). The dashed curve includes also the resum-
mation of the tan S-enhanced threshold effects in the rela-
tion between h;, and my. Finally, the solid curve includes
in addition the complete O(aps) two-loop corrections of
[14]. In the last two curves, the steep dependence of my,
on tan 4 when the latter is large is driven by the sbottom
contributions. We see that, although the tan S-enhanced
threshold effects account for the bulk of the sbottom con-
tributions beyond one-loop, the genuine O () two-loop
corrections can still shift my, by several GeV for large val-
ues of tan 8 and pu 2.

2 In the region of large tan 8 the bottom Yukawa coupling re-
ceives large corrections, see (8) below. For the parameter range
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3 Phenomenological implications

The improved knowledge of the two-loop contributions to
the Higgs-boson self-energies results in a very precise pre-
diction for the Higgs-boson masses and mixing angle with
interesting implications for MSSM parameter space anal-
yses. In this section we are going to discuss possible im-
plications on the upper limit on m; within the MSSM
and on the corresponding limit on tan 3 arising from con-
fronting the upper bound on my, with the lower limit from
Higgs searches. We furthermore investigate the modifica-
tions that are induced in the couplings of the lightest Higgs
boson to the down-type fermions.

3.1 Limits on my and tan 3

The theoretical upper bound on the lightest Higgs-boson
mass as a function of tan 3 can be combined with the re-
sults from direct searches at LEP to constrain tan 3. The
diagonalization of the tree-level mass matrix, (1), yields
a value for mp tree that is maximal when M4 > Mz,
in which case m,zwree ~ M2 cos? 23, which vanishes for
tan 8 = 1. Radiative corrections significantly increase the
light Higgs-boson mass compared to its tree-level value,
but still my, is minimized for values of tan 8 around one.
Thus, in principle, the region of low tan 8 can be probed
experimentally via the search for the lightest MSSM Higgs
boson [28]. If the remaining MSSM parameters are tuned
in such a way to obtain the maximal value of my, as a func-
tion of tan 8 (for reasonable values of Mgsygy and taking
into account the experimental uncertainties of m; and the
other SM input parameters as well as the theoretical un-
certainties from unknown higher-order corrections), the
experimental lower bound on mj; can be used to obtain
exclusion limits for tan 5. While in general a detailed in-
vestigation of a variety of different possible production and
decay modes is necessary in order to determine whether
a particular point of the MSSM parameter space can be
excluded via the Higgs searches or not, the situation sim-
plifies considerably in the region of small tan 3 values.
In this parameter region the lightest CP-even Higgs bo-
son of the MSSM couples to the Z boson with SM-like
strength, and its decay into a bb pair is not significantly
suppressed. Thus, within good approximation, constraints
on tan 3 can be obtained in this parameter region by con-
fronting the exclusion bound on the SM Higgs boson with
the upper limit on my, within the MSSM. We use this ap-
proach below in order to discuss the implications of the
new my, evaluation on tan 3 exclusion bounds.
Concerning the upper bound on my, within the MSSM,
the one-loop corrections contribute positively to m,%. The
two-loop effects of O(ayas) and O(a?), on the other hand,
enter with competing signs, the former reducing m,% while
the latter giving a (smaller) positive contribution. The ac-
tual bound that can be derived depends sensitively on the

shown in Fig. 2 the quantity Ay, defined in (8), is negative but
does not get close to —1, |Ap| < 0.6. Thus, the perturbative
treatment in Fig. 2 seems to be justified

ma:
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tanf3
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Fig. 3. The result for the lightest CP-even Higgs-boson mass,
mp, as a function of tan( in the mj;™* scenario. The dot-
ted curve has been obtained with a renormalization-group
improved effective potential method, using the code subh-
poledm. The dashed curve corresponds to the result obtained
with FeynHiggsl.0, while the full curve shows the result of
FeynHiggsl.3, where the improvements described in Sect. 2
are included. The dot-dashed curve, also obtained with Feyn-
Higgsl.3, employs m: = 179.4 GeV and Mgsysy = 2TeV. The
vertical long-dashed line corresponds to the LEP exclusion
bound for the SM Higgs boson of 114.4 GeV
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precise value of the top-quark mass, because the domi-
nant one-loop contribution to m?, as well as the two-loop
O(ayas) term, scale as m}. Furthermore, a large top mass
amplifies the relative importance of the two-loop O(a?)
correction, because of the additional m? factor.

In order to discuss restrictions on the MSSM parame-
ter space it has become customary in the recent years to
refer to so-called benchmark scenarios of MSSM parame-
ters [29,30]. The m* benchmark scenario [29] has been
designed such that for fixed values of m; and Msysy the
predicted value of the lightest CP-even Higgs-boson mass
is maximized for each value of M4 and tan (3. The value
of the top-quark mass is fixed to its experimental central
value, m; = 174.3 GeV, while the SUSY parameters are
taken as (referring to their on-shell values according to the
FD result as implemented in FeynHiggs):

MSUSY = 1TeV,
X{P =2 Msuysy,

w=—200GeV, M, =200GeV,

Ap = Ay, mz=0.8Msusy , (6)
and we will investigate below the case M4 =1 TeV.

In Fig.3 we plot m; as a function of tan( in the
mp** scenario. The dashed and solid curves correspond
to the result obtained with the previous (used for the
LEP evaluations so far [28]) and the latest (which will
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be used for the final LEP evaluations [31]) versions of
FeynHiggs, respectively. The two versions, FeynHiggsl.0
and FeynHiggsl.3, differ by the recent improvements ob-
tained in the MSSM Higgs sector which are described
in Sect. 2. For comparison, also the result obtained with
a renormalization-group improved effective potential
method is indicated. The dotted curve in Fig.3 corre-
sponds to the code subhpoledm [16, 19, 26] in the m}*** sce-

nario, for a f mixing parameter XM5 = /6 Mguysy [19, 26].
It deviates from the result of FeynHiggsl.0 by typically not
more than 1 GeV for tan § > 1. The LEP exclusion bound
for the mass of a SM-like Higgs [32], M3M > 114.4 GeV,
is shown in the figure as a vertical long—dashed line. As
can be seen from the figure, the improvements on the the-
oretical prediction described in Sect. 2, in particular the
inclusion of the complete momentum-independent O(a?)
corrections into FeynHiggs, gives rise to a significant in-
crease in the upper bound on my as a function of tan 3.
Comparison of this prediction with the exclusion bound
on a SM-like Higgs shows that the lower limit on tan 3 is
considerably weakened.

Concerning the interpretation of the results shown in
Fig. 3, it should be kept in mind that in the m}'** bench-
mark scenario m; and Msysy are kept fixed, and no the-
oretical uncertainties from unknown higher-order correc-
tions are taken into account. In order to arrive at a more
general exclusion bound on tan 8 that is not restricted to a
particular benchmark scenario, the impact of the paramet-
ric and higher-order uncertainties in the prediction for my,
has to be considered [33]. In order to demonstrate in par-
ticular the dependence of the tan 8 exclusion bound on the
chosen value of the top pole mass, the dot—dashed curve in
Fig. 3 shows the result obtained with FeynHiggsl.3 where
the top-quark mass has been increased by one standard de-
viation, o, = 5.1 GeV, to m; = 179.4 GeV, and Mgusy
has been changed from 1 TeV to 2 TeV. It can be seen
that in this more general scenario no lower limit on tan 3
from the LEP Higgs searches can be obtained.

Constraints from the Higgs searches at LEP do of
course play an important role in regions of the MSSM pa-
rameter space where the parameters are such that my, does
not reach its maximum value. Also in this case, however,
the remaining theoretical uncertainties from unknown
higher-order corrections (see Sect.4 below) have to be
taken into account in order to obtain conservative exclu-
sion limits.

3.2 Higgs couplings to fermions

The tree-level couplings of the lightest CP-even Higgs bo-
son to the up-type and down-type SM fermions read, re-
spectively:

ru tem, —Cosu
h 2sy My, sing '
d temg sina

— e ™)

h ™ 9 sw My cosf3 ’

where the factors involving o and 3 reflect the changes in
the MSSM compared to the SM couplings. In the limit of
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My > My, o ~ —m/2 so that the SM limit is recovered.
For the lightest CP-even Higgs boson the decay to two bot-
tom quarks is usually the main decay mode, while the de-
cay to 7 leptons has usually the second largest branching
ratio. However, these channels are also most significantly
affected by loop corrections, which can change the situa-
tion described above quantitatively and even qualitatively.
The two main sources (besides the SM QCD corrections)
are the Higgs-boson propagator corrections and the cor-
rections modifying the relation between the bottom quark
or 7 lepton mass and the corresponding Yukawa couplings.

Concerning the former, it has been shown analytically
[21,34] that the momentum-independent contributions
coming from the Higgs-boson propagator corrections can
be incorporated by replacing the tree-level angle « in (7)
with an effective angle a.g, which diagonalizes the Higgs-
boson mass matrix including the self-energy corrections
evaluated at zero external momentum. Due to the effect
of the higher-order corrections, ae.g ~ 0 is possible, i.e.
the coupling of the lightest Higgs boson to the down-type
SM fermions can vanish.

The other potentially large corrections to the I¢ cou-
plings come from the tan S-enhanced threshold effects in
the relation between the down-type fermion mass and the
corresponding Yukawa coupling [15], already mentioned
in Sect.2.3. A simple way to take into account these ef-
fects is to employ the effective lagrangian formalism of
[16, 35], where the coupling of the lightest Higgs boson to
down-type fermions (expressed through the fermion mass)
is modified according to

(th) _ 1emyg  Sin Qe
et 25y My cospf

Ay
1+Ad

x |1 — (1+ cot aegr cot B)| , (8)
where A, contains the tan S-enhanced terms, and other
subleading (i.e. non tan 8-enhanced) corrections have been
omitted. In the case of the coupling to the bottom quarks,
the leading contributions to A, are of O(a,) and O(ay),
coming from diagrams with sbottom—gluino and stop—
chargino loops, respectively. In the case of the 7 leptons,
the leading contributions are of O(a;), coming from
sneutrino—chargino loops. The terms containing A, in (8)
may be relevant for large tan § and moderate values of
My. When M, is much bigger than My, the product
cot aegr cot B tends to —1, and the SM limit is again re-
covered.

The effects of the higher-order corrections to the
couplings of the lightest Higgs boson to the down-type
fermions appear very pronounced in the “small aeg” sce-
nario [29], corresponding to the following choice of MSSM
parameters:

my = 174.3 GeV, MSUSY = 800 GeV,
X[P = 1100 GeV, My = 500 GeV,
Ab = At7 (9)

In the upper row of Fig.4 we show the ratio sin® ceg /
cos? 8 in the M4tan 3 plane, evaluated in the “small

p = 2.5 Msuysy,
mg = 500 GeV .
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e’ scenario. As explained above, replacing « by aeg in

the tree-level couplings of (7) gives rise to regions in the
M s—tan 3 plane where the effective coupling of the lightest
Higgs boson to the down-type fermions is significantly sup-
pressed with respect to the Standard Model. The region
of significant suppression of sin? aeg /cos? 3 as evaluated
with FeynHiggsl.0, i.e. without the inclusion of the sbot-
tom corrections beyond one-loop order, is shown in the up-
per left plot. The upper right plot shows the corresponding
result as evaluated with FeynHiggsl.3, where the O(apa)
and O(ap(as tan §)™) corrections as well as the new O(a?)
ones are included. The new corrections are seen to have
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Fig. 4. Regions of significant suppression of the coupling of
h to down-type fermions in the Ma—tan S-plane within the
“small aer” benchmark scenario. The upper left plot shows
the ratio sin” aesr/ cos® B as evaluated with FeynHiggs1.0 (i.e.
without O(apas) and O(aw(as tan 8)™) corrections), while the
upper right plot shows the same quantity as evaluated with
FeynHiggsl.3 (i.e. including these corrections). The plot in the
lower row shows the ratio I'(h — bb)mssm / I'(h — bb)swr, i.e.
the partial width for h — bb normalized to its SM value, where
the other term in (8) and further genuine loop corrections are
taken into account (see text)

a drastic impact on the region where sin? aeg/cos? 3 is
small. While without the new corrections a suppression of
70% or more occurs only in a small area of the M 4—tan -
plane for 20 < tan 5 < 40 and 100 GeV < M4 < 200 GeV,
the region where sin? ag /cos? 3 is very small becomes
much larger once these corrections are included. It now
reaches from tan 8 2 15 to tan 8 > 50, and from M,y =
100GeV to My < 350GeV. The main reason for the
change is that the one-loop O(«y,) corrections to the Higgs-
boson mass matrix, which for large tan 8 would prevent
et from going to zero, are heavily suppressed by the re-
summation of the O(ay (s tan 3)™) corrections in the bot-



140

tom Yukawa coupling. This kind of suppression depends
strongly on the chosen MSSM parameters, and especially
on the sign of p.

In order to interpret the physical impact of the ef-
fective coupling shown in the upper row of Fig.4, the
Ay terms in (8) as well as further genuine loop correc-
tions occuring in the h — bb process have to be taken
into account. The effect of these contributions can be seen
from the plot in the lower row of Fig.4, where the ratio
I'(h — bb)mssm / T'(h — bb)gu is shown, which has been
evaluated by including all terms of (8) as well as all fur-
ther corrections described in [34]. The region where the
partial width I"(h — bb) within the MSSM is suppressed
compared to its SM value is seen to be somewhat reduced
and shifted towards smaller values of M4 as compared to
the region where sin? aeg / cos? 3 is small.

4 Estimate of the theoretical accuracy
of the Higgs-boson mass determination

The prediction for my in the MSSM is affected by two
kinds of uncertainties, parametric uncertainties from the
experimental errors of the input parameters and uncer-
tainties from unknown higher-order corrections. While
currently the parametric uncertainties dominate over
those from unknown higher-order corrections, as the
present experimental error of the top-quark mass of about
45 GeV induces an uncertainty of Amy, ~ +5 GeV [33], at
the next generation of colliders m; will be measured with a
much higher precision, reaching the level of about 0.1 GeV
at an ete” LC [36]. Thus, a precise measurement of my,
will provide a high sensitivity to SUSY loop effects and
will in this way allow a stringent test of the MSSM, pro-
vided that the uncertainties from unknown higher-order
corrections are sufficiently well under control.

Given our present knowledge of the two-loop contri-
butions to the Higgs-boson self-energies, the theoretical
accuracy reached in the prediction for the CP-even Higgs-
boson masses is quite advanced. However, obtaining a
complete two-loop result for the Higgs-boson masses and
mixing angle requires additional contributions that are not
yet available. In this section we discuss the possible effect
of the missing two-loop corrections, and we estimate the
size of the higher-order (i.e. three-loop) contributions.

4.1 Missing two-loop corrections

It is customary to separate the corrections to the Higgs
boson self-energies into two parts: i) the momentum-inde-
pendent part, namely the contributions to the self-energies
evaluated at zero external momenta, which can also be
computed in the effective potential approach; ii) the
momentum-dependent corrections, i.e. the effects induced
by the dependence on the external momenta of the self-
energies, that are required to determine the poles of the
h, H-propagator matrix.

All the presently known two-loop contributions are
computed at zero external momentum, and moreover they
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are obtained in the so-called gaugeless limit, namely by
switching off the electroweak gauge interactions. The two
approximations are in fact related, since the leading
Yukawa corrections are obtained by neglecting both the
momentum dependence and the gauge interactions. In or-
der to systematically improve the result beyond the ap-
proximation of the leading Yukawa terms, both effects
from the gauge interactions and the momentum depen-
dence should be taken into account.

In the limit where the momentum dependence and the
gauge interactions are neglected, the only missing contri-
butions are the mixed two-loop Yukawa terms, O(azayp),
and the O(a?) corrections (and analogous contributions
proportional to the Yukawa couplings of the other fer-
mions and sfermions, which however are expected to give
significantly smaller contributions than the third gener-
ation quarks and scalar quarks). As in the case of the
O(apas) corrections, they can be numerically relevant
only for large values of tan 3 and of the u parameter. Con-
cerning the O(ayay) corrections, although their computa-
tion is not yet available, it is plausible to assume that the
most relevant contributions are connected to the thresh-
old effects in the bottom mass coming from chargino—
stop loops [16], which are actually already implemented
in FeynHiggs as an additional option. An estimate of the
O(a}) corrections for a simplified choice of the MSSM
parameters is presented in [14]. According to that discus-
sion, their effect can be at most comparable to that of the
genuine O(apas) corrections, the latter being exemplified
in Fig.2 by the difference between the dashed and solid
curves.

To try to estimate, although in a very rough way, the
importance of the various contributions we look at their
relative size in the one-loop part. There, in the effective
potential part, the effect of the O(a;) corrections typi-
cally amounts to an increase in my of 40-60 GeV, de-
pending on the choice of the MSSM parameters, whereas
the corrections due to the electroweak (D-term) Higgs—
squark interactions usually decrease my by less than 5
GeV [4]. Instead, the purely electroweak gauge corrections
to my, namely those coming from Higgs, gauge boson and
chargino or neutralino loops [6], are typically quite small
at one-loop, and can reach at most 5 GeV in specific re-
gions of the parameter space (namely for large values of
w and My). Concerning the effects induced by the depen-
dence on the external momentum, as a general rule we
expect them to be more relevant in the determination of
the heaviest eigenvalue mpy of the Higgs-boson mass ma-
trix, and when M4 is larger than M. Indeed, only in this
case the self-energies are evaluated at external momenta
comparable to or larger than the masses circulating into
the dominant loops. In addition, if M4 is much larger
than Mz, the relative importance of these corrections de-
creases, since the tree-level value of my grows with M4.
In fact, the effect of the one-loop momentum-dependent
corrections on my amounts generally to less than 2 GeV.

Assuming that the relative size of the two-loop con-
tributions follows a pattern similar to the one-loop part,
we estimate that the two-loop diagrams involving D-term
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interactions should induce a variation in mj of at most
1-2 GeV, while we expect those with pure gauge elec-
troweak interactions to contribute to my not very signifi-
cantly, probably of the order of 1 GeV or less. Given the
smallness of the one-loop contribution it seems quite un-
likely that the effect of the momentum-dependent part
of the O(azas) corrections to my, which should be the
largest among this type of two-loop contributions, could
be larger than 1 GeV. As already said, the situation can,
in principle, be different for the heavier Higgs-boson mass.
However, the corrections to my; are relatively small in gen-
eral and at one-loop level for most parts of the MSSM pa-
rameter space the momentum-dependent corrections are
not particularly relevant. The momentum-dependent cor-
rections turn out to be more relevant in processes where
the H boson appears as an external particle, see [37].

Another way of estimating the uncertainties of the kind
discussed above is to investigate the renormalization scale
dependence introduced via the DR definition of tan 3, s,
and the Higgs field renormalization constants. Varying the
scale parameter between 0.5m; and 2m; gives rise to a
shift in my, of about £1.5 GeV [23], in accordance with
the estimates above.

4.2 Estimate of the uncertainties
from unknown three-loop corrections

Even in the case that a complete two-loop computation of
the MSSM Higgs masses is achieved, non-negligible uncer-
tainties will remain, due to the effect of higher-order cor-
rections. Although a three-loop computation of the Higgs
masses is not available so far, it is possible to give at least
a rough estimate for the size of these unknown contribu-
tions.

A first estimate can be obtained by varying the re-
normalization scheme in which the parameters entering
the two-loop part of the corrections are expressed. In fact,
the resulting difference in the numerical results amounts
formally to a three-loop effect. Since the O(azas + o)
corrections are particularly sensitive to the value of the
top mass, we compare the predictions for m; obtained us-
ing in the two-loop corrections either the top pole mass,
mP°® = 174.3GeV, or the SM running top mass 7, ex-
pressed in the MS renormalization scheme, i.e.

pole
my

14+4as(my)/3m — ap(my)/2m

my = mt(mt)g/[T& >~ (10)

Inserting appropriate values for the SM running cou-
plings as and ¢ we find m; = 168.6 GeV. In Fig.5 we
show the effect of changing the renormalization scheme
for m; in the two-loop part of the corrections. The rele-
vant MSSM parameters are chosen as in Fig. 1, i.e. tan § =
3, Msusy = Ma = pp = 1TeV and mgz = 800 GeV. The
dot—dashed and dotted curves show the O(azas) predic-
tions for my, obtained using mP°' or my,, respectively, in
the two-loop corrections. The solid and dashed curves, in-
stead, show the corresponding O(aas + o?) predictions

141

130 r——

120

110 — —
s L i
] L i
o L ]
=100 — —
€ L i
i === O(a, a), mtpOIe i
90 — —
L o, a), m™" .
T —— O(q,a + atz), mtpole ]
80 j 77777 O(Gt as + atZ)’ mtrun i
Coovoo b v b b b o by

-2000 -1000 0 1000 2000

X, [GeV]

Fig. 5. my as a function of X, using either mi’c’le or my: in

the two-loop corrections. The relevant MSSM parameters are
chosen as tan3 = 3, Msusy = Ma = p = 1TeV and mz =
800 GeV. For the different lines see text

for my. The difference in the two latter curves induced
by the shift in m;, which should give an indication of the
size of the unknown three-loop corrections, is of the order
of 1-1.5 GeV. However, as can be seen from the figure,
the effect of the shift in m, partially cancels between the
O(ayas) and O(a?) corrections and there is no guarantee
that such a compensating effect will appear again in the
three-loop corrections.

An alternative way of estimating the typical size of the
leading three-loop corrections makes use of the renormali-
zation group approach. If all the supersymmetric particles
(including the CP-odd Higgs boson A) have mass Msysy,
and 8 = /2, the effective theory at scales below Mgysy
is just the SM, with the role of the Higgs doublet played
by the doublet that gives mass to the up-type quarks. In
this simplified case, it is easy to apply the techniques of
[19,20] in order to obtain the leading logarithmic correc-
tions to my, up to three loops (see also [38]). Considering
for further simplification the case of zero stop mixing, we
find:

3oy M2 3 t
(Amp)" = ==ty {1 + (8 a; — 2as> - (11)

(B 5. BB
6as 4ozsozt 64at =2t

where t = log (M&;sy /M), My is defined in (10), oy
and as have to be interpreted as SM running quantities
computed at the scale Q = T, and the ellipses stand
for higher loop contributions. It can be checked that, for
Msuysy = 1TeV, the effect of the three-loop leading log-



142

arithmic terms amounts to an increase in my of the or-
der of 1-1.5 GeV. If Mgysy is pushed to larger values,
the relative importance of the higher-order logarithmic
corrections obviously increases. In that case, it becomes
necessary to resum the logarithmic corrections to all or-
ders, by solving the appropriate renormalization group
equations numerically. Since it is unlikely that a com-
plete three-loop diagrammatic computation of the MSSM
Higgs-boson masses will be available in the near future, it
will probably be necessary to combine different approaches
(e.g. diagrammatic, effective potential and renormaliza-
tion group), in order to improve the accuracy of the theo-
retical predictions up to the level required to compare with
the experimental results expected at the next generation
of colliders.

To summarize this discussion, the uncertainty in the
prediction for the lightest CP-even Higgs boson arising
from not yet calculatated three-loop and even higher-order
corrections can conservatively be estimated to be 1-2 GeV.
From the various missing two-loop corrections an uncer-
tainty of less than 3 GeV is expected. However, it is ex-
tremely unlikely that all these effects would coherently
sum up, with no partial compensation among them.
Therefore we believe that a realistic estimate of the un-
certainty from unknown higher-order corrections in the
theoretical prediction for the lightest Higgs boson mass
should not exceed 3 GeV.

5 Conclusions

In this paper we have discussed the phenomenological im-
pact of recently obtained results in the MSSM Higgs sec-
tor. The new corrections have now been implemented in
the code FeynHiggs, which in this way provides the cur-
rently most precise evaluation of the masses and mixing
angles of the CP-even MSSM Higgs sector. We have ana-
lyzed the effects of these new contributions by comparing
the results obtained with FeynHiggsl.3, the newest ver-
sion of the code that incorporates all these effects, with
those derived with previous versions in which the two-loop
O(a?) corrections were implemented via a renormaliza-
tion group method and the sbottom corrections beyond
one-loop were not taken into account.

As a result of these improvements the lower limits on
tan S that can be derived by combining the theoretical
upper bound on my with its experimental lower bound,
are significantly weakened. We have also shown that, if
the top-quark mass is increased by one standard deviation,
the constraint on tan 3 completely disappears if the other
MSSM parameters are such that my takes its maximum
value as a function of tan 3.

Concerning the coupling of the lightest Higgs boson
to the down-type fermions, that is related to the angle
that diagonalizes the Higgs boson mass matrix including
higher order corrections, we have shown that the area in
the M s—tan B-plane where its value gets suppressed by
70% or more with respect to the SM one is significantly
modified.
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Finally, we have given an estimate of the uncertain-
ties related to the various kinds of two- and three-loop
contributions to the Higgs boson masses that are still un-
known. Since it is extremely unlikely that all these effects
would coherently sum up, the uncertainty in the theoret-
ical prediction for the lightest MSSM Higgs boson mass
from unknown two- and three-loop corrections should not

exceed 3 GeV.
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Note added in proof: While finalizing this paper, [39]
appeared, containing the two-loop result for mj obtained
from the full two-loop effective potential of the MSSM [40].
The contributions included in [39] that go beyond the ones
discussed in this paper, namely momentum-independent
contributions for non-vanishing gauge interactions and D-
term Higgs—squark interactions, turn out to yield a shift
in mp of 1 GeV or less in the numerical results given in
[39], thus confirming our estimate discussed in Sect.4.1.



