
VOLUME 70, NUMBER 10 PHYSICAL REVIEW LETTERS 8 MARcH 1993

Implications of b .- sp Decay Measurements in Testing the Higgs Sector of the
Minimum Supersymmetric Standard Model

V. Barger, M. S. Berger, and R. J. N. Phillips~ ~

~ ~Physics Department, Uniuersity of Wisconsin, Madison, Wisconsin 58706
~ ~Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 OQX, England

(Received 16 November 1992)

The observation that the 6 ~ sp decay rate is close to the standard model value implies a large
mass for the charged Higgs boson in the minimum supersymmetric standard model (MSSM), which
nearly closes the t —+ bH+ decay channel. For m& ——150 GeV, the parameter region m& & 130 GeV
is excluded; this largely preempts searches at the CERN e+e collider LEP II and also partially
excludes a region that would be inaccessible to MSSM Higgs boson searches at LEP II and at the
Superconducting Super Collider and the CERN Large Hadron Collider.

PACS numbers: 12.15.Cc, 13.40.Hq, 14.80.Gt

In the minimum supersymmetric standard model
(MSSM), the inclusive b ~ sp branching fraction is very
sensitive to charged Higgs boson loop contributions, since
they interfere constructively with the standard model
(SM) W-loop amplitude and both receive a strong QCD
enhancement; this offers a constraint on charged Higgs
parameters [1, 2]. The present experimental upper limit
B(b ~ sp) ( 8.4 x 10 4 from the CLEO collaboration
[3] already implies severe constraints [4] on the charged
Higgs boson mass mH+ [2] for given top quark mass mt
and model parameter tan P = v2/vi, the ratio of the two
vacuum expectation values appearing in the MSSM. In
the present Letter we point out that these constraints al-
most close the interesting decay channel t ~ bH+ (the

basis of all viable H+ studies at hadron colliders [5—9])
and exclude most of the (rnid, tan P) parameter region
accessible to LEP II Higgs boson searches. They also
partially exclude a parameter region believed to be in-
accessible to combined LEP I, LEP II, and SSC/LHC
searches [6—9]. These important constraints will become
even more far reaching when more precise theoretical cal-
culations are made and a more accurate determination
of B(b ~ sp) becomes possible, for example at future B
factories.

For calculating QCD enhancements of the b ~ sp
decay amplitudes, we use the prescription of Grinstein,
Springer, and Wise [10 . The relevant operator arising

!
from the dominant tW+ and tH+ loop contributions at
scale mb has the form

c7(mb) = er, (Mw) 8
n, (rnb)

c7(Mgr) ——cs (Mw) 1
3 513 , M

where for the MSSM

1 1
c7(Mw) = —-&(~) —B(y)—,A(y),2 6 tan2 P

1 1
cs(Mw) = D(x) —E(y)——— D(y)2 6 tan2 P

(2)

(4)

where a is the electromagnetic coupling. The phase-
space factor p and the QCD correction factor A for
the semileptonic process are given by p = 1 —8r +
8r —r —24r ln(r) with r = m, /mb and A = 1—
s f (r, 0, 0)cr, (rnb)/7r with f (r, 0, 0) = 2.41 [11]. Note
that the m5b dependence of the partial widths cancels
out in Eq. (4), and also the Cabbibo-Kobayashi-Maskawa

with z = (rn&/Mw), y = (m&/mH~) The functi. ons
A, B, D, and E are defined in Ref. [10]. The ratio of
I'(b —& sp) to the inclusive sernileptonic decay width is
then given by

matrix elements cancel to a good approximatio n.
ignore charm quark contributions ( 0.1% in the am-
plitude). We evaluate the b ~ sp branching fraction
from Eq. (4) using the accurately determined semilep-
tonic branching fraction B(b —+ cev) = 0.107 and the
estimate n, (Mrv)/a, (mb) = 0.548 based [12] on a three-
loop formula with mb = 4.25 GeV.

The B(b ~ sp) results depend sensitively on both
mrs+ and tang. The MSSM sets a lower bound rn~~ ——

M~ + m& ) M~ at tree level; with one-loop radiative
corrections for Msvsv = 1 TeV and experimental lim-
its on m~ ) 40 GeV this bound becomes approximately
mH+ ) 90 GeV, well above the I EP detection limits for
H+. There are bounds mt/600 ( tan p ( 600/rnb from
requiring Yukawa couplings to remain perturbative [2]
and tan P ( 85 from the proton lifetime [13]. There are
also constraints from low-energy data (principally B B, -
D D, K-K mixing) t-hat exclude low values of tan P [2,
14] but these are less stringent than the b ~ sp constraint
of present concern.
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FIG. 1. Calculated dependence of the inclusive branching
fraction B(b —+ sp) on tan P in the MSSM, with various values
of m~+, for m& ——150 GeV. The shaded area is excluded by
the CLED bound B(b ~ sp) & 8.4 x 10

Figure 1 shows the dependence of B(b —+ sp) on tan P
for mq ——150 GeV, with various choices of mH+. We see
that the CLEO bound B ( 8.4 x 10 not only excludes
small values of tan P for any mrr~, but also excludes a
range of lower mH+ values (mH~ & 155 GeV in the mt ——

150 GeV case shown) for any tan P. However, this lower
limit on mH+ depends quite sensitively on the theoretical
calculation as discussed below.

Figure 2 translates the 6 ~ sp bound into the
(mH~, tanP) plane for mt ——150 GeV and compares
it with the bounds from perturbativity, proton decay,
and the MSSM m~+ formula. The bound is beyond the
threshold mH+ ——m& —mp, so that the decay mode
t ~ bH+ is closed. As m~ is reduced, the 6 ~ sp
bound and the t ~ bH+ threshold move left toward the
MSSM constraint on mH~ (that we have calculated from
the one-loop mass formula [15] plus LEP limits on m~
I16]). For mt & 130 GeV the b —+ sp bound overtakes
the t ~ 6H+ threshold and this decay mode becomes
marginally open, in our present calculations. At mq 95
GeV, the threshold crosses the MSSM bound and the
t ~ bH+ decay becomes closed once more.

Figure 3 translates the 6 —+ sp bound into the
(m~, tan P) plane, where coverage of the MSSM is usu-
ally discussed [6—9]. The area below and to the left of the
6 ~ sp curve is excluded. The boundary of the region
accessible to e+e ~ Zh, Ah searches at LEP II is below
and to the left of the dashed curve; we see that a large
part of this LEP II range is preempted. Heavy shading
shows the area of parameter space that appears to be in-
accessible to MSSM Higgs boson searches at LEP I, LEP
II, and SSC/LHC (reproduced here from Ref. [9]);we see
that this inaccessible region is already partially covered
by the 6 ~ sp bound. With further improvements in

FIG. 2. Comparison of the b —+ sp bound with other
bounds from perturbativity, proton lifetime, and the MSSM
mass formulas, in the (mH+, tan P) plane, for mt ——150 GeV.
The threshold for t —+ bH+ decay at m~+ = m& —mp is also
shown. Shaded areas are excluded by one or more bounds.

measurements of B(b ~ sp), the coverage of the MSSM
may in fact be complete after all.

The 6 —+ sp bound of Pig. 3 also leads to an interesting
possible correlation between mq and the lighter CP-even
Higgs boson mass mh, if we inject an additional theoreti-
cal requirement on Yukawa couplings A&(MG) = A (MG)
from SUSY-GUT unification following Refs. [12, 17].
Given mt & 175 GeV, the authors of Ref. [12] find just
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FIG. 3. Comparison of the b ~ sp bound in the
(m~, tan P) plane, with the region accessible to LEP I and
LEP II searches (lightly shaded) and the region apparently
inaccessible to LEP I, LEP II, and SSC/LHC MSSM Higgs
boson searches (heavily shaded vertical region) for mz ——150
GeV.
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two solutions for P, namely, sin P = 0.78(mt/150 GeV)
and tan p & mt/mb. For mt ——150 GeV, the first so-
lution gives tan P = 1.25 for which the b —+ sp bound
allows only the limited range 68 ( mh ( 76 GeV [assum-
ing a squark mass scale of order 1 TeV as in Ref. [9]; this
range shifts up (down) by approximately 10 GeV when
the SUSY scale is increased (decreased) by a factor 2];
such an observed correlation of mg with mq would sup-
port this solution. Note that threshold corrections to the
Yukawa coupling unification constraint could shift this
predicted Higgs mass range somewhat. For the large-
tanP solution, the b ~ sp bound does not effectively
constrain mh.

The above analysis has neglected various theoretical
uncertainties. The leading-log form in Eq. (1) is ob-
tained by truncating the anomalous dimension matrix to
three operators. This truncation was initially estimated
to introduce a theoretical uncertainty of at most 15% to
c7(mb) in the standard model [10]. Subsequent calcu-
lations by Cella, Curci, Ricciardi, and Vicere [18] and
especially Misiak [19] of the previously unknown entries
in the anomalous dimension matrix demonstrated that
the effects were of order —5%. This uncertainty should
be reduced somewhat in the MSSM where the charged
Higgs contribution increases the leading-order result as
in Eqs. (2) and (3). Recently Misiak [20] has also cal-
culated the next-to-leading log corrections and found a
—5% to —10% change in c7(mb) for n, (Mz) in the range
0.110 to 0.123; this contribution is not included in our
analysis. The lower limit on the charged Higgs mass is
sensitive to these uncertainties as can be seen in Fig. 1.
The leading-log result in Eq. (1) is obtained by integrat-
ing out the top quark (and the charged Higgs boson) at
the mass of the W. Recently the leading corrections have
been obtained when the top quark is integrated out at a
scale larger than M~ [21]. These corrections enhance
c7(mb) by as much as 7%. This enhancement partially
compensates for the reductions enumerated above.

We have neglected any other sources of FCNC in the
supersymmetric model to the 6 —+ sp decay rate. This
was investigated thoroughly in Ref. [22] under the tight
assumptions of minimal N = 1 supergravity with radia-
tive breaking of the electroweak symmetry and more re-
cently in Ref. [23] with more relaxed assumptions. Only
for larger values of tan P (& 10) and relatively light su-
persymmetric particles are the chargino and gluino con-
tributions comparable to the standard model rate. These
additional contributions can add constructively or de-
structively to the amplitudes we have considered here.
Only if extra contributions conspire to reduce the decay
rate can the bounds in this paper be evaded.

We thank J. L. Hewett and T. Rizzo for discus-
sions. This research was supported in part by the Uni-
versity of Wisconsin Research Committee with funds
granted by the Wisconsin Alumni Research Foundation,
in part by the U.S. Department of Energy under Con-

[1)

[2)

[4)

[5)

[6]

[8]

[9]

[10]

[11]

[12]

[14]
[15]
[16]

[17]

S. Bertolini, F. Borzumati, and A. Masiero, Nucl. Phys.
B294, 321 (1987); T. G. Rizzo, Phys. Rev. D 38, 820
(1988); B. Grinstein and M. B. Wise, Phys. Lett. B 201,
274 (1988); R. Grigjanis, P. J. O'Donnell, M. Suther-
land, and H. Navelet, ibid 213., 355 (1988); 286, 413
(1992); W. -S. Hou and R. S. Willey, ibid 202. , 591
(1988); T. D. Nguyen et al. , Phys. Rev. D 37, 3220
(1988); D. Ciuchini, Mod. Phys. Lett. A 4, 1945 (1989);
J. L. Hewett et al. , Phys. Rev. D 39, 250 (1989).
V. Barger, J. L, Hewett, and R, J. N. Phillips, Phys. Rev.
D 41, 3421 (1990).
CLEO Collaboration, report by D, Kreinick at the Car-
leton Beyond the Standard Model Conference, Ottawa,
Canada, June 1992 (to be published).
J. L. Hewett and R. J. N. Phillips, in Proceedings of
the Top Quark Workshop on High-Energy Physics with
Colliding Beams, Madison, WI, November 1992 (to be
published) .
See Research Directions for the Decade: Snowmass 1990
(World Scientific, Singapore, 1992); Proceedings of Large
Hadron Collider Workshop at Aachen, 1990, edited by G.
Jarlskog and D. Rein (CERN Report No. 90-10); GEM
Letter of Intent, B. Barish and W. Willis et al. , GEM Re-
port No. TN-92-49 (unpublished); SDC Technical Design
Report No. SDC-92-201 (unpublished).
Z. Kunszt and F. Zwirner, CERN-TH. 6150, 1991 (un-

publisheded)

.
H. Baer, M. Bisset, C. Kao, and X. Tata, Phys. Rev. D
46, 1067 (1992); H. Baer, M. Bisset, D. Dicus, C. Kao,
and X. Tata, Florida State Report No. FSU-HEP-920724
1992 (to be published).
J. F. Gunion et al. , Phys. Rev. D 46, 2040 (1992);
J. F. Gunion and L. H. Orr, ibid. 46, 2052 (1992);
J, F. Gunion, H. E. Haber, and C. Kao, ibid. 46, 2907
(1992); R. M. Barnett et aL, University of California
Davis Report No. UCD-92-14, 1992 (to be published).
V. Barger, K. Cheung, R. J ~ N. Phillips, and A. L. Stange,
Phys. Rev. D 46, 4914 (1992); V. Barger, M. S. Berger,
R. J. N. Phillips, and A. L. Stange, ibid. 45, 4128 (1992).
B. Grinstein, R. Springer, and M. B. Wise, Nucl. Phys.
B339, 269 (1989).
N. Cabibbo and L. Maiani, Phys. Lett. 79B, 109 (1978);
M. Suzuki, Nucl. Phys. B145, 420 (1978); N. Cabibbo,
G. Corbo, and L. Maiani, ibid B155, 93 (1979)..
V. Barger, M. S. Berger and P. Ohmann, University of
Wisconsin —Madison Report No. MAD/PH/711, 1992 (to
be published).
J. Hisano, H. Murayama, and T. Yanagida, Tohoku Uni-
versity Report No. TU-400, 1992 (to be published).
A. J. Buras et al. , Nucl. Phys. B337, 284 (1990).
A. Brignole et al. , Phys. Lett. B 271, 123 (1991).
ALEPH Collaboration, Phys. Lett. B 265, 475 (1991);
DELPHI Collaboration, ibid. 245, 276 (1990); L3 Col-
laboration, ibid. 251, 311 (1990); OPAL Collaboration,
Z. Phys. C 49, 1 (1991).
S. Kelley, J. L. Lopez, and D. V. Nanopoulos, Phys.

tract No. DE-AC02-76ER00881, and in part by the Texas
National Laboratory Research Commission under Grant
No. RGFY9273.

1370



VOLUME 70, NUMBER 10 PH YSICAL REVIEW LETTERS 8 MARcH 1993

Lett. B 274, 387 (1992); J. Ellis, S. Kelley, and
D. V. Nanopoulos, Nucl. Phys. B373, 55 (1992); H. Ara-
son, D. J. Castano, B. Keszthelyi, S. Mikaelian, E. J.
Piard, P. Ramond, and B. D. Wright, Phys. Rev. Lett.
67, 2933 (1991); P. Ramond, University of Florida Re-
port No. UFIFT-92-4 (to be published); H. Arason,
D. J, Castano, E. J. Piard, and P. Ramond, University
of Florida Report No. UFIFT-92-8 (to be published);
G. Anderson, S. Dimopoulos, L. J. Hall, and S. Raby,
Ohio State Report No. OHSTPY-HEP-92-018, 1992 (to

be published) .
[18] G. Cella, G. Curci, G. Ricciardi, and A. Vicere, Phys.

Lett. B 248, 181 (1990).
[19] M. Misiak, Phys. Lett. B 269, 161 (1991).
[20] M. Misiak, Zurich Report No. ZH-TH-19/22, 1992 (to be

published) .
[21] P. Cho and B. Grinstein, Nucl. Phys. B365, 279 (1991).
[22] S. Bertolini, F. Borzumati, A. Masiero, and G. Rido1fi,

Nucl. Phys. B353, 591 (1991).
[23] N. Oshimo, Report No. IFM 12/92, 1992 (unpublished).

1371








