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b-physics signals of the lightestCP-odd Higgs boson in the next-to-minimal supersymmetric
standard model at large tanb

Gudrun Hiller*
Ludwig-Maximilians-Universita¨t München, Sektion Physik, Theresienstraße 37, D-80333 Mu¨nchen, Germany

~Received 1 May 2004; published 19 August 2004!

We investigate the low energy phenomenology of the lighter pseudoscalarA1
0 in the NMSSM. TheA1

0 mass
can naturally be small due to a globalU(1)R symmetry of the Higgs potential, which is only broken by trilinear
soft terms. TheA1

0 mass is further protected from renormalization group effects in the large tanb limit. We
calculate theb→sA1

0 amplitude at leading order in tanb and work out the contributions to rareK, B and

radiativeY decays andB-B̄ mixing. We obtain constraints on theA1
0 mass and couplings and show that masses

down toO(10) MeV are allowed. Theb-physics phenomenology of the NMSSM differs from the MSSM in the
appearance of sizable renormalization effects from neutral Higgs bosons to the photon and gluon dipole

operators and the breakdown of the MSSM correlation between theBs→m1m2 branching ratio andBs-B̄s

mixing. For A1
0 masses above the tau threshold theA1

0 can be searched for inb→st1t2 processes with
branching ratios&1023.

DOI: 10.1103/PhysRevD.70.034018 PACS number~s!: 13.20.He, 13.90.1i, 14.80.Cp
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I. INTRODUCTION

Sizable flavor changing neutral current~FCNC! effects in
meson decays arise in the minimal supersymmetric stan
model~MSSM! at large tanb, e.g.,@1–6#. In this model, the
amplitude of exchanging neutral Higgs bosons betw
down-type fermionsf, i.e. down-type quarks or charged le
tons,

(
S5h0,H0,A0

~gf̄ f S!2

mS
2

}2
cos2~b2a!

mh0
2 2

sin2~b2a!

mH0
2 1

1

mA0
2

50, ~1!

vanishes. Here,mS , gf f S̄ denote the Higgs boson masses a
couplings to a fermion pair, respectively, anda is the scalar
mixing angle. Equation~1! implies that the Wilson coeffi-
cients forb→s,1,2 decays from scalar and pseudosca
boson exchange in the MSSM at large tanb are equal with
opposite sign@2,3#. If the relation is broken, interesting e
fects via operator mixing are induced@7#. In particular, the
dipole operators responsible forb→sg and b→sg decays
receive sizable contributions from the neutral Higgs boso
Furthermore, specific contributions toB-B̄ mixing from sca-
lar exchange arise. This happens in the presence of m
Higgs bosons, such as in the next-to-minimal supersymm
ric standard model~NMSSM!.

The NMSSM is the MSSM extended by a singletN, with
the superpotential@8,9#

W5QYuHuU1QYdHdD1LYeHdE1lHdHuN2
1

3
kN3.

~2!
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The physical NMSSM Higgs sector consists of three sca
h0,H1,2

0 and two pseudoscalarsA1,2
0 . As in the minimal

model, tanb5vu /vd denotes the ratio of Higgs double
vacuum expectation values~VEVs! vu5^Hu

0&5v sinb and
vd5^Hd

0&5v cosb, where v5A2mW /g.174 GeV. The
Higgs potential

Vhiggs5Vso f t1VF1VD , ~3!

where

Vso f t5mHd

2 uHdu21mHu

2 uHuu21mN
2 uNu22~lAlHdHuN

1H.c.!2S 1

3
kAkN

31H.c.D , ~4!

VF5ulu2~ uHdu21uHuu2!uNu21ulHdHu2kN2u2,
~5!

VD5
g21g82

8
~ uHdu22uHuu2!1

g2

2
uHu

†Hdu2, ~6!

has a globalU(1)R symmetry in the limit of vanishing sof
terms Ak ,Al→0 @10#. If this symmetry is broken only
slightly, the model naturally contains a light pseudoscalar.
mass is given as

mA
1
0

2
53kxAk1OS 1

tanb D ~7!

wherex5^N& denotes the VEV of the singlet. Note that
smallAk remains small under renormalization group runni
and thus protectsmA

1
0.

Lower bounds onCP-odd scalar masses are not ve
stringent and can be as low as;100 MeV @11#. Since the
coupling h0A1

0A1
0 is not suppressed, the scalar Higgs bos
©2004 The American Physical Society18-1
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predominantly decays into lighter pseudoscalars. This
important consequences for the Tevatron and LHC Hi
boson searches@10,12#.

The motivation for this work is to find out how and t
what extend the NMSSM would signal itself in rareb decays
and, at the same time, whether existing data provide alre
bounds on the NMSSM parameter space. We employ
large tanb*30 and smallAk!mW ,x limit and no flavor or
CP violation other than in the CKM matrix~‘‘minimal flavor
violation’’ !. Since a smallAl is not stable under radiativ
corrections, we do not expand in smallAl and keep it finite.
Our study is based on mostly generic features of
NMSSM. Specific analyses of the NMSSM particle spectr
and parameter space have been carried out in a grand un
theory~GUT! framework@13# at large tanb @14#, with gauge
mediated SUSY breaking@15# and with anomaly mediation
@16#. For Higgs boson production in rareb decays in other
models, see e.g.,@17,18#.

This paper is organized as follows: In Sec. II we calcul
the amplitude forb→sA1

0 decays at large tanb. We discuss
the NMSSM parameter space in Sec. III. Phenomenolog
bounds from FCNC decays,B-B̄ mixing andY decays are
worked out in Sec. IV. In Sec. V we investigate the impact
semileptonic and radiative rareb decays. We also analyz
how much the MSSM tree level relation, Eq.~1!, is broken
by loop corrections. We conclude in Sec. VI. Feynman ru
and the NMSSM particle spectrum at large tanb and auxil-
iary functions are given in Appendixes A and B. In Append
C we give decay rates of theA1

0 andb-decay branching ra
tios.

II. b\sA1
0 AMPLITUDE AT LARGE tan b

The amplitude for a FCNCb→s transition into the light-
estCP-odd scalarA1

0 in the NMSSM is induced at one loop
In the large tanb limit, only two diagrams remain to be
calculated, which are shown in Fig. 1.~We neglect the
strange quark mass.! Feynman rules are given in Append
A 1; see also@19# for the MSSM and@20# for the NMSSM.

The stop chargino wave function correction is identical
the corresponding one in the MSSM. Since the coupling
theA1

0 to down-type fermions is of the order of (tanb)0, the
one-particle reducible~1PR! diagram contributes to theb
→sA1

0 amplitude at order tanb. The vertex correction shown
in Fig. 1 is the only 1PI diagram linear in tanb because~i!
the H6W7A1

0 coupling is 1/tanb suppressed since theA1
0 is

predominantly the gauge singlet~the H1H2A1
0, W1W2A1

0

vertices are forbidden byCP!, ~ii ! the coupling of theA1
0 to

FIG. 1. The leadingb→sA1
0 diagrams at large tanb in the

NMSSM.
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up-type quarks is 1/tan2b, ~iii ! the coupling of theA1
0 to

up-type squarks is 1/tanb which can be seen from the F-term
contributionu]W/]Huu2 and~iv! the only tanb enhancement
comes from thebRt̃ LH̃d or bRtLHd vertices.

We obtain the amplitude

iA~b→sA1
0!524

GF

A2
VtbVts* CA

1

16p2
s̄LbRA1

0 ~8!

where

CA52 i
tanbmb

A2
F2

d2

x (
i 51,2

Xi

1lmtsinu t̃cosu t̃ (
l , j 51,2

Yl j G ~9!

andd2 parametrizes theA1
0b̄b coupling; see Eq.~A4!. The

X,Y terms in Eq.~9! result from the wave function and ver
tex correction, respectively. They are written as

Xi5mx i
Ui2$A2mWVi1@2D3~yc,i !1D3~y1,i !cos2u t̃

1D3~y2,i !sin2u t̃ #2mtVi2sinu t̃cosu t̃@D3~y1i !

2D3~y2i !#%, ~10!

Yl j 5Vj 2Ul2F S y1 jU j 2Vl22
mx l

mx j

Ul2Vj 2D D2~y1 j ,zl j !

2S y2 jU j 2Vl22
mx l

mx j

Ul2Vj 2D D2~y2 j ,zl j !G ~11!

where

yk j5
mt̃ k

2

mx j

2
, yc j5

mc̃
2

mx j

2
, zl j 5

mx l

2

mx j

2
~12!

and mt̃ k
,mc̃ ,mx l

denote the stop, scharm and chargi

masses. The stop mixing angleu t̃ , the chargino mixing ma-
tricesU,V and the loop functionsD2 ,D3 are defined in Ap-
pendix B. We used unitarity of the Cabibbo-Kobayas
Maskawa~CKM! matrix and neglected squark mixing oth
than for stops and mass splitting between the first two g
erations. Theb→dA1

0 amplitude is obtained by replacings
by d everywhere in Eq.~8!. Thes→dA1

0 amplitude is given
correspondingly with also changingmb to ms in Eq. ~9!.
Note that our calculation holds forud6v/xu,tanb; see Ap-
pendix A. e.g., for larger values ofd2v/x the A1

0 loses its
mostly singlet nature and moreb→sA1

0 diagrams need to be
calculated.

The coupling CA vanishes if the super Glashow
Iliopoulos-Maiani ~GIM! mechanism is active, that is if ei
ther all squark masses are degenerate ormc̃5mt̃ 1

and u t̃

50 ~or p) or mc̃5mt̃ 2
and u t̃5p/2. We estimate the ge

neric size ofCA with order one stop mixing as
8-2
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uCAu.OS d2tanbmbmt

mx

x D1O~l tanbmbmt!. ~13!

Sincelx is the NMSSMm term which sets the mass sca
for the charginos, both terms are of comparable size.

III. VIABLE POINTS IN THE NMSSM PARAMETER SPACE

The relevant NMSSM parameter space consists ofl,k
from the superpotential, the soft breaking termsAl ,Ak , the
gaugino massm2, stop and scharm masses, the stop mix
angleu t̃ and tanb. We evaluate all parameters at the ele
troweak scale.

The dimensionless couplingsl andk run towards smaller
values, e.g.,l21k2&0.6 at the electroweak scale forl,k
&2p at the high, GUT scale@21#. We useulu,uku<1. Simi-
lar to the MSSM, electroweak symmetry breaking at la
tanb requires@14#

mHu

2 52~lx!22
mZ

2

2
~14!

and therefore the product ofl and x should not exceed
;O(1) TeV to avoid fine-tuning. On the other hand, t
chargino mass scale is driven bylx, which should be at leas
O(100) GeV by experimental search limits. We assume
singlet VEV x to be of the order of the Fermi scalev, or at
least not smaller than 100 GeV and not bigger than 3 TeV
x exceeds this value, its relation to the other VEVs becom
unnatural and the model does not give a solution to them
problem@8#. Hence, the size ofl is bounded from below as
ulu*few31022 @15,21#. Further, the extremization cond
tion

mHd

2 52l2~x21v2!1mA
21

mZ
2

2
~15!

where we defined

mA
2[l~Al1kx!x tanb ~16!

implies some cancellation among the tanb enhanced terms
as @14#

Al1kx;
O~100–1000 GeV!

tanb
. ~17!

Note that mA sets the scale for the heavy Higgs boso
A2

0 ,H2
0 andH6; see Appendix A.

The NMSSM is further constrained by non-observation
Higgs bosons and superpartners. At large tanb, the mass of
the lightest scalar at tree level is given as

mh0
2 .mZ

22
l4v2

k2
~18!

where we expanded Eq.~A7! in mZ
2/4k2x2!1 andl2v/k2x

!1. In this approximation alsomH
1
0

2 .4k2x21l4v2/k2 and

the scalar mixing angleu is small. Like in the MSSM, theh0
03401
g
-

e

e

If
s

s

f

tree level mass cannot be bigger than theZ mass because th
raising of its upper bound in the NMSSM is suppressed
large tanb. To be phenomenologically viable,mh0 has to be
lifted by radiative corrections above the current search li
as in the MSSM@22#. We require the scalar tree level mass
be bigger than 89 GeV, which favors smalll or l/k less than
1. We allow for um2u<1 TeV and check that the chargino
are heavier than 90 GeV. We treat the pseudoscalar ma
mA

1
0 and mA

2
0 with mA

2
0*130 GeV as free parameters, i.

adjustAk and Al accordingly. The squark masses and st
mixing angle are effective parameters withmt̃ 1

.90 GeV

andmt̃ 2
,mc̃;1 TeV and we do not relate them to fundame

tal parameters in the Lagrangian.
The down-type fermion-A1

0 vertex is proportional to
d2v/x; see Eq.~A9!. From Eqs.~16! and ~17! we obtain

v
x

d25
v
x F23

klx2

mA
2

tanb11G.63
kvmx

mA
2

tanb ~19!

where the second equation is a good approximation for
too large mA&500 GeV. It then gives a lower bound o
ud2v/xu. In particular, for tanb530, mA&500 (200)
(130) GeV and the ranges of parameters given in the pre
ing paragraphs, we obtainud2v/xu*0.1 (1)(3). For larger
values ofmA cancellations between the two terms in Eq.~19!
are possible. Note that the tanb factor is only a formal en-
hancement, since it is canceled by the one inmA

2 . We find
that ud2v/xu<62 (16) formA>500 (1000) GeV. Note tha
the smallAl!kx limit with d2.22 makes its hard to sat
isfy Eq. ~17!.

IV. PHENOMENOLOGY OF THE LIGHT A1
0

We work out constraints on the mass of theA1
0 in the

NMSSM at large tanb from A1
0 production in rare decays

~Sec. IV A!, B̄-B mixing ~Sec. IV B! andBs→m1m2 decays
~Sec. IV C!. We make use of theb→sA1

0 amplitude calcu-
lated in Sec. II. We scan the parameter space in the reg
discussed in Sec. III. All FCNC bounds can be evaded b
sufficiently tuned-in super GIM mechanism; see Sec. II.
quantify this, we demand in our numerical analysis for t
mass splittingmt̃ 2

2mt̃ 1
.50 GeV while varyingmt̃ 1

and for

the stop mixinge,u t̃,p/22e or p/21e,u t̃,p2e with
e50.05. Bounds from other processes are discussed in
IV D.

Many experimental constraints we use here apply onl
theA1

0 is sufficiently stable, i.e., leaves the detector as mis
ing energy. This happens if the pseudoscalar width is sma
than EA /(mA

1
0d), whered;O(10) m is the size of the de

tector andEA the A1
0 energy in the laboratory frame. W

work out bounds onmA
1
0 as a function ofud2v/xu. If this

coupling gets smaller, the pseudoscalar decay rate decre
and a heavier Higgs boson will become missing energy
vice versa. For decay rates of theA1

0, see Appendix C.
For Higgs boson masses below 2mm only the e1e2 and

gg decay channels are relevant.~The A1
0→p0g decay is
8-3
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FIG. 2. Constraints on theA1
0

mass as a function ofud2v/xu at
tanb530 in the NMSSM. Shaded
regions are excluded. The left bo
tom corner is excluded by rareK
decay; see Eq.~21!. The triangular
region to the lower right is ob-
tained from radiativeY(1s) de-
cays; see Eq.~35!. The region to
the left of the vertical dashed blu
lines can only be reached ifmA is
bigger than the value indicated
see Sec. III. Constraints from
Dmd are given formA>500 GeV
and mA>1000 GeV. We also
show the missing energy cond
tion for B→K decays given in Eq.
~20! ~dashed green line!. The ver-
tical dashed lines indicatemA

1
0

52mm and 3mp .
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forbidden byCP and angular momentum conservation a
the A1

0→p0gg decay is suppressed with respect to the
electron mode by phase space and powers ofa.! The gg

mode can compete withA1
0→ f f̄ decays only near the di

muon threshold. This weakens the missing energy bound
that region.

The point we want to make is to show that in the NMSS
A1

0 masses in the GeV range and below are not ruled
This is summarized in Fig. 2. For details see the followi
subsections. All experimental bounds are taken at the 9
confidence level. The requisiteb→A1

0 branching ratios are
given in Appendix C. We recall that our approximatio
breaks down ifud6v/xu approaches tanb.

A. Rare K and B decays

If the Higgs boson is light enough, it can be produced
b→sA1

0 or s→dA1
0 processes. We analyze what bounds ex

depending on the mass of theA1
0.

1. 2meËmA1
0Ë2mµ

When produced in rareB-meson decays theA1
0 decays

outside of the detector if

mA
1
0&17 MeV/ud2v/xu. ~20!

In this region the CLEO boundB(B→KS
0X0),5.331025

@23# applies. There is a similar missing energy bound fro
BaBar B(B2→K2nn̄),7.031025 @24#.1 We find that
masses in the range given in Eq.~20! are disfavored since th

1The experimental cut on theK momentumupW Ku.1.5 GeV is no
restriction for lightmA

1
0!mB discussed here.
03401
-

in

t.

%

t

B→KA1
0 decay@see Eq.~C5!# would happen too rapidly for

most of the parameter space, although cannot rigorously
excluded. We stress that the size of the couplingCA can be
quite large@see Eq.~13!# and alreadyB(B→XsA1

0),1 cuts
out a fraction of NMSSM points.

Rare decays intoe1e2 constrain Higgs boson masses b
low the muon threshold. However, the measurements of
inclusive B→Xse

1e2 branching ratios contain cuts on th
di-lepton massmee*2mm @25,26#. In the analysis ofB
→K (* )e1e2 decays Belle appliesmee.0.14 GeV @27#,
whereas BaBar@28# has no cut, but the efficiency is low in
that region due to conversion photons. Likewise, measu
ments ofK1→p1e1e2 decays employ a high mass trigg
@29#. Since also close to 2mm the two-photon decay of theA1

0

becomes sizable, we do not take thee1e2 data into account.
The boundB(K1→p1A1

0),4.5310211 @30# is appli-
cable if theA1

0 becomes sufficiently stable to escape the
tector. This happens for masses

mA
1
0&5 MeV/ud2v/xu ~21!

which then are excluded. TheK-decay bound is five order
of magnitude better than the one fromB→K decays, because
the CKM and mass suppression of theK→pA1

0 decay rate is
compensated by the difference in lifetim
uVtd /Vtsu2(mK /mB)3t(K1)/t(B1).0.24 @31#; see Eq.~C5!
and itsK→p counterpart.

2. 2mµËmA1
0Ë2mt

A1
0 decays into a muon pair are included inB

→Xsm
1m2 signals. Comparison of theB→XsA1

0 branching
ratio @see Eq.~C4!# with the dataB(B→Xsm

1m2)<10.4
31026 @7,25,26# shows that this is very unlikely. The sam
happens inK→pm1m2 decays, which formA

1
0,mK2mp
8-4
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can hide a pseudoscalar decaying into muons. WithB(K1

→p1m1m2)<10.431028 @31# only a tiny number of
points survives the scan. All allowed points are at the G
boundaryu t̃.p/2, which is set by our value of the cutoffe.

Above the 3p threshold sizable hadronic decays open
~The A1

0→2pg decay is suppressed with respect to t
dimuon channel by phase space anda, whereasA1

0→2p
decay is forbidden byCP invariance.! For theA1

0 decaying
hadronically into a strange final state we useB(b→sg)
,9% @32#. This thins out the NMSSM model space fo
3mp,mA

1
0,2mt , but cannot exclude this region.@We use

B(b→sA1
0).B(b→dA1

0).#

3. 2mtËmA1
0›mB

If the A1
0 is above the tau threshold, most of the time

decays intot1t2 because its coupling tocc̄ is tan2b sup-
pressed. Similar to the constraint on the hadronically dec
ing pseudoscalar~see Sec. IV A 2, the mildly model
dependent boundB(B→Xst

1t2),5% @33# is not a
challenge to the lightCP-odd Higgs scenario.

B. NMSSM neutral Higgs contributions to B-B̄ mixing

We calculate the contribution toB-B̄ mixing from pseu-
doscalarA1,2

0 and scalarh0,H1,2
0 Higgs boson exchange in th

NMSSM at large tanb. It arises at two loop order from
double insertion of the FCNCsb̄-Higgs vertices such as gen
erated by the diagrams in Fig. 1 for theA1

0 and an interme-
diate boson propagator. The dominant diagrams induced
the heavy Higgs bosons; i.e., the ones other than the ligh
CP-odd scalar are the wave function corrections contri
tions with A2

0 ,H2
0 exchange—see the Feynman rules in A

pendix A 1. They can compete with one-loop contributio
such as the standard model~SM! box diagrams due to thei
tan4b enhancement. Contributions fromh0,H1

0 are sublead-
ing in tanb. We use an effective Hamiltonian (q5d,s)

H e f f
DB525

GF
2mW

2

16p2
~VtbVtq* !2(

i
CiQi ~22!

where some of the relevant operators are written as~see,
e.g.,@6#!

QVLL5~ q̄LgmbL!~ q̄LgmbL!, ~23!

Q1
SRR5~ q̄LbR!~ q̄LbR!, ~24!

Q1
SLR5~ q̄RbL!~ q̄LbR!. ~25!

The SM contribution is in the coefficientCVLL. The A2
0 ,H2

0

masses are degenerate at large tanb and their respective con
tributions toQ1

SRRcancel each other just like in the MSSM
see Eq.~1!. They do, however, contribute to the operat
Q1

SLR at ordermq /mb , and are important forBs mesons.
@This is the well-known double penguin~DP! contribution of
the MSSM@5,6#.#
03401
.

t

y-
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We obtain, at order tan2b/mA
1
0

2
in the NMSSM fromA1

0

boson exchange,

C1
SRR~m t!52

1

4p2

CA
2

mW
2 mA

1
0

2 ~26!

at the high, electroweak~matching! scalem t . Finite widths
effects are neglected. We define the size of theBq2B̄q mass
differenceDmq with respect to its SM value as

Dmq

~Dmq!SM
511 f q ~27!

where

f q5
P̄1

SLL

S0~m t!
C1

SRR~m t! ~28!

and S0(m t)52.38 and P̄1
SLL520.37 @6#. In Eq. ~28! the

NMSSM contribution toDmd by neutral Higgs boson ex
change in themq50 limit has been given. To be in agree
ment with data we requiref d.20.6 (f d is negative!. This
includes 20% uncertainty and allows for cancellations
tween theA1

0 contribution and the charged Higgs boson
chargino boxes and the double penguins. We assume sim

sizes as in the MSSM, where20.2& f d
H6

1 f d
x6

1 f d
DP&0.4

@6#. We find constraints for larger values ofud2v/xu and
mA>500 GeV, which are displayed in Fig. 2 for tanb
530. The other branch with 11 f d,0, where the NMSSM
correction is larger than the SM box gives very similar co
straints and is not shown. The leadingA1

0 contribution toB-B̄
mixing is universal in minimal flavor violation,f d5 f s , since
we neglect light quark masses.

C. Bs\µ¿µÀ decays

We work out the contributions toBs→m1m2 decays
from neutral Higgs boson exchanges in the large tanb limit
of the NMSSM. With the effective Hamiltonian

He f f52
GF

A2
VtbVts* (

i
CiOi ~29!

where

OS5
e2

16p2
s̄LbR,̄,, OP5

e2

16p2
s̄LbR,̄g5,, ~30!

we obtain, at the electroweak scale~in parentheses is given
the particle that induces a particular Wilson coefficient!,

CS5CS~H2
0!52CP~A2

0!, CP5CP~A1
0!1CP~A2

0!
~31!

where
8-5
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CP~A1
0!5mbm,tanb

v

4mW
2 sin2uW

S vd2

x D 1

mBs

2 2mA
1
0

2

3F2
d2

x (
i 51,2

Xi1lmtsinu t̃cosu t̃ (
l , j 51,2

Yl j G ,
~32!

CP~A2
0!5mbm,tan3b

1

4mA
2mW

2 sin2uW
(

i 51,2
Xi . ~33!

The expressions forX andY are given in Sec. II. Our resul
for the A2

0 ,H2
0 contributions agrees with the correspondi

MSSM calculations@3#. Note that the contributions fromA2
0

andH2
0 are equal with opposite sign. Similar toB-B̄ mixing

discussed in Sec. IV B, the scalarsh0 and H1
0 contribute at

subleading order in tanb.
The coefficientsCS,P are model independently con

strained by data on theBs→m1m2 branching ratio. With
B(Bs→m1m2),5.831027 @34# we obtain, at the scalem
5mW ,

AuCSu21uCP1d10u2<1.3FB~Bs→m1m2!

5.831027 G 1/2F238 MeV

f Bs
G .

~34!

Here,d10 stems from the operatorO10} s̄LgmbL,̄gmg5,, see
@7# for details. We find withd10

SM520.095,2 at tanb530,
the upper limits ud2v/xu&42(16) for mA
5500(1000) GeV, which are weaker than the correspond
Dmd ones. The expressions for the CKM suppressedBd
→m1m2 decay are readily obtained. Its experimental co
straint is not as good as theBs one, but we can cut out bot
mA

1
0.mBd

andmA
1
0.mBs

.

D. Non-FCNC bounds

The bounds from radiativeY decays apply if theA1
0

leaves the detector unseen@31,36#. As a result of the larger
boost, the critical width to do so is larger than inB-meson
decays bymY /mB . We useB„Y(1s)→A0g…,1.331025

@36# and obtain, with Eq.~C7!,

ud2v/xu&3.7 for mA
1
0&23 MeV/ud2v/xu,2mm .

~35!

Furthermore, we get an upper boundud2v/xu&100 from
B„Y(1s)→A1

0g…,1.
Mass bounds from hadronic collisions are not better th

few to 200 MeV and astrophysics givesmA
1
0*0.2 MeV @31#,

which contain some model dependence.

2Supersymmetry~SUSY! effects are not tanb enhanced inO10

and are small with minimal flavor violation@35#.
03401
g
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V. IMPLICATIONS FOR b\sø¿øÀ AND b\sg,g

Similar to the operatorsOS,P discussed in Sec. IV C, the
NMSSM Higgs sector also induces contributions
4-fermion operators with quarks and leptons (f denotes a
fermion!

O L
f 5 s̄LbRf̄ Rf L , O R

f 5 s̄LbRf̄ L f R ~36!

where

CL,R
f 5

e2

16p2

mf

mm
~CS7CP!. ~37!

These couplings arise in the NMSSM at large tanb, where

CS2CP522CP~A2
0!2CP~A1

0!, CS1CP5CP~A1
0!.

~38!

This is different from the MSSM, where theA1
0 contribution

is absent and the sum ofCS and CP and henceCR
f vanish.

We discuss corrections to this tree level statement in S
V A. All Wilson coefficients refer to the Hamiltonian in Eq
~29! and are evaluated at the scalem5mW unless otherwise
stated.

The constraint given in Eq.~34! implies, for the Wilson
coefficients forb quarks~we update the findings of Ref.@7#
with the improvedBs→m1m2 bound@34#!,

AuCL
bu21uCR

b u2&0.03. ~39!

The operatorsOL,R
b enter radiative and semileptonic rareb

→s decays at one loop@7,37#. With the bound in Eq.~39! the
new physics effect fromO L

b is small, at the percent level@7#.
However, the renormalization effect induced at leading
by O R

b can be large for the photon and gluon dipole operat
O7 andO8, which can be written as

O75
e

16p2
mbs̄LsmnbRFmn,

O85
gs

16p2
mbs̄LasmnTab

a bRbGamn. ~40!

To be specific, we normalize their coefficients to the ones
the SM, and denote this ratio byj, such thatjSM51. With
~see@7# for details!

j7~mb!50.51410.450j7~mW!10.035j8~mW!22.319CR
b ,

~41!

j8~mb!50.54210.458j8~mW!119.790CR
b ~42!

and Eq.~39! corrections of up to 7% and 59% toj7 andj8
are possible. This has impact on the extraction of Wils
coefficients inb→sg, b→sg and b→s,1,2 decays@7#.
For a full analysis of these decays, also the matching con
butions toC7,8 from neutral Higgs loops in the large tanb
NMSSM have to be calculated. Note that tanb enhanced
8-6
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FIG. 3. The correlation be-
tween CS1CP and
AuCSu21uCP1d10

SMu2 in the
NMSSM for tanb530, mA

5500 GeV andmA
1
050.1,1 and

10 GeV. Also shown is the experi
mental upper bound given in Eq
~34! ~dashed line!.
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corrections to theb-quark mass, CKM elements and FCNC
from non-holomorphic terms arise@1,5,6#. We leave this for
future work.

A. Estimates ofCS¿CP and CR
b

We work out the NMSSM reach inCS1CP by taking into
account all constraints discussed in the previous Secs. III
IV. The value ofCS1CP can saturate its upper bound give
in Eq. ~34! for large ranges of the parameter space. If theA1

0

gets very light, however, theb→sA1
0 coupling CA has to

decrease andCS1CP is small; e.g., formA
1
0510 MeV is

uCS1CPu<0.06. For intermediate masses theA1
0 contribu-

tion dominates over the one from the heavy pseudosc
that is uCPu@CS and uCR

b u.uCL
bu&0.024. This is illustrated

in Fig. 3, where we showCS1CP as a function of
AuCSu21uCP1d10

SMu2}AB(Bs→m1m2) @see Eq.~34!# for
mA5500 GeV and different values ofmA

1
0.

In the MSSM the size ofCS1CP is driven by the relation
Eq. ~1!, which is not protected from radiative corrections.
study their size we employ the two-loop calculation encod
in FEYNHIGGS v. 2.02 @38#. By scanning the MSSM param
eter space we find

UCS1CP

CS2CP
U

MSSM

,0.2

or

uCS1CPuMSSM,0.08

and
03401
nd

ar,

d

uCR
b uMSSM,1.331023. ~43!

The smallness ofCS1CP is a feature of the Higgs sector o
the MSSM. It holds also with flavor violation beyond th
CKM matrix. As a result, the logarithmic renormalization
the dipole operators from neutral~pseudo!scalars is tiny in
this model. For example, consider additional right hand
currents, which induce contributions to the helicity flippe
operatorsO i8 , i.e. the ones obtained fromOi with right R
and left L chiralities interchanged. In this case,CS82CP8
mixes onto the flipped dipole operatorsO 7,88 , but CS85CP8 in
the large tanb MSSM @5#.

VI. CONCLUSIONS

We investigated the phenomenology of the light pseu
scalar A1

0 which lives in the NMSSM spectrum at larg
tanb. TheA1

0 has suppressed gauge interactions but cou
to Higgs bosons and down-type matter. We calculated thb
→sA1

0 amplitude at leading order in tanb. Based on this, we
estimated the NMSSM contributions to rareK, B and radia-
tive Y decays with theA1

0 in the final state,Bs→m1m2

decays andB-B̄ mixing. We showed that low energy dat
provide constraints on theA1

0 mass and couplings, but leav
masses down toO(10) MeV viable; see Fig. 2. TheA1

0 pre-
dominantly decays intot1t2 for 2mt,mA

1
0,2mb , light

hadrons for 3mp,mA
1
0,2mt and e1e2or gg for 2me

,mA
1
0,2mm . In the latter range, theA1

0 can live long

enough to leave detectors undecayed, depending ond2v/x.
For masses within 2mm,mA

1
0,3mp the A1

0 decays mostly

into muon pairs. Like the one fromB→K decays given in
8-7
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Eq. ~20!, this mass range has very tight FCNC constrai
~see Sec. IV A 2!, but is not ruled out.

TheA1
0 can be searched for with improved measureme

of Y decays orB→K plus missing energy. The latter needs
high K momentum cut to suppress theB→Knn̄ background.
For mA

1
0 above theC8 mass the pseudoscalar can be seen

b→st1t2 decays. The required sensitivity for e.g. theB
→Xst

1t2 branching ratio is B(B→Xsm
1m2)mt

2/mm
2

&1023.
The NMSSM has different implications forb physics than

the MSSM. In particular, the leading log neutral Higgs co
tribution to radiativeb→sg andb→sg decays is tiny in the
latter, but can reach experimental upper limits in the form
see Sec. V A. Furthermore, the MSSM correlation betwe
the Bs→m1m2 branching ratio andBs-B̄s mixing @39#
breaks down due to the additional pseudoscalar. For
ample, for smalluCS /CPu the lighterCP-odd Higgs boson
dominates theBs→m1m2 rate, which can be anything up t
the experimental bound; see Fig. 3. At the same timeDms is
near its SM value because the leadingA1

0 contribution is
independent of the light quark flavor and constrained
Dmd , and the double penguin fromA2

0 is suppressed. This i
in contrast to the MSSM, where a SM-likeDms implies an
upper bound onB(Bs→m1m2).
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APPENDIX A: HIGGS SPECTRUM AND COUPLINGS

We give the tree level Higgs spectrum, mixing angles
the minimal flavor andCP violating NMSSM at large tanb
andAk!mW ,x. The mass matrices in gauge eigenstates
be seen in@9#.

The mass eigenstates of the pseudoscalar mixing ma
can be written as

S A1
0

A2
0D 5S cosg sing

2sing cosg D S A0

NI
D ~A1!

where NI5Im N/A2, A05A2(sinb Im Hd
01cosb Im Hu

0)
and the Goldstone boson is given asG05A2(cosb Im Hd

0

2sinb Im Hu
0). The mixing angle and masses read as

g5
p

2
1

v
x tanb

d21OS 1

tan2b
D ,

i.e. sing.1, cosg.2
v

x tanb
d2 ~A2!

and

mA
1
0

2
53kxAk , mA

2
0

2
5mA

2 ~A3!

where we defined

d75
Al72kx

Al1kx
~A4!

andmA
2 is given in Eq.~16!.

The scalar mass matrix can be diagonalized analyticall
the large tanb limit by first decoupling the heaviest state an
then rotating the remaining 232 block by the angleu along
the lines of Ref.@21#. The result can be written as
S h0

H1
0

H2
0
D 5A2S 1

tanb S cosu2
v
x

d1sinu D cosu 2sinu

1

tanb S sinu1
v
x

d1cosu D sinu cosu

1
21

tanb

2v
x tanb

d1

D S ReHd
02vd

ReHu
02vu

ReN2x
D ~A5!
at
with the mixing angle and scalar masses

tan 2u5
4l2vx

4k2x22mZ
2

~A6!

mH
2
0

2
5mA

2 , mh0,H
1
0

2
5

1

2
@4k2x21mZ

2

7A~4k2x22mZ
2!2116l4x2v2#. ~A7!
The mass of the charged Higgs boson is given as

mH6
2

5mA
21mW

2 2l2v2. ~A8!

Feynman rules

Feynman rules can be read off the Lagrangians given
leading order in tanb. Note thatA2

0.2AMSSM
0 in this limit.

Couplings to up~u! and down~d! type fermions:
8-8
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L A
i
0d̄d52 i

gmd

2mW
S v

x
d2A1

0 ,tanbA2
0D d̄g5d, ~A9!

L A
i
0ūu52 i

gmu

2mW

1

tanb S v
x tanb

d2A1
0 ,A2

0D ūg5u,

~A10!

L(h0,H
i
0)d̄d52

gmd

2mW
S S cosu2

v
x

d1sinu Dh0,

3S sinu1
v
x

d1cosu DH1
0 ,tanbH2

0D d̄d,

~A11!

L(h0,H
i
0)ūu52

gmu

2mW
S cosuh0,sinuH1

0 ,2
H2

0

tanb D ūu.

~A12!

Couplings to charginos:

L A
1
0x1x251 i

l

A2
A1

0x̄ i
1@Ui2Vj 2L2U j 2Vi2R#x j

1

~A13!

whereL,R5(17g5)/2 are chiral projectors.

APPENDIX B: CONVENTIONS, LOOP FUNCTIONS

The chargino mass matrix is written as (mMSSM52lx)

Mx65S m2 A2mWsinb

A2mWcosb 2lx
D . ~B1!

It is diagonalized by the orthogonal matricesU,V ~we do not
include beyond CKMCP violation!:

UMx6VT5diag~mx1
,mx2

!. ~B2!

The stop mixing matrix is given as

S t̃ 1

t̃ 2
D 5S cosu t̃ sinu t̃

2sinu t̃ cosu t̃
D S t̃ L

t̃ R
D . ~B3!

Here, t̃ 1,2 are the mass andt̃ L,R the gauge eigenstates.
The loop functions are defined as

D2~x,y!5
x ln x

~12x!~x2y!
1~x↔y!, D2~1,1!52

1

2
,

~B4!

D3~x!5
x ln x

12x
, D3~1!521. ~B5!
03401
APPENDIX C: DECAY RATES

The rate of the light NMSSM pseudoscalar into dow
type fermions is given as

G~A1
0→ f̄ f !5

1

4p

GF

A2
S v

x
d2D 2

mA
1
0mf

2A124
mf

2

mA
1
0

2 r

~C1!

wherer 51 for leptons andr 5NC for quarks. The decay rate
into up quarks is 1/tan4b suppressed. The rate into two ph
tons reads as

G~A1
0→gg!5

a2

8p3

GF

A2
mA

1
0

3 U(
i

I iU2

~C2!

where for i 5e,m,t and d,s,b loops I i

5rQi
2k iF(k i)d2v/x, k i5mi

2/mA
1
0

2
and Qi is the charge of

the fermion. The functionF(k) can be seen in@40#. It as-
sumes the limits

kF~k!55
0 for k!1,

2
1

2
for k@1,

2
p2

8
for k5

1

4
.

~C3!

Higgsino loops contribute as I x̃

5A2Ui2Vi2lmW /mxkx̃F(kx̃). It follows from Eq.~C3! that
nearmA

1
0<2mm thegg rate is dominated by the muon loop

Contributions from up-type quarks are suppressed
1/tan4b.

The decay rates for inclusive and exclusiveb→sA1
0

FCNCs read as

G~B→XsA1
0!5

GF
2 uVtbVts* u2

210p5
uCAu2

~mb
22mA

1
0

2
!2

mb
3

, ~C4!

G~B→KA1
0!5

GF
2 uVtbVts* u2

210p5
uCAu2

upW Ku

mB
2

u f 0~mA
2 !u2

3S mB
22mK

2

mb
D 2

, ~C5!

where the form factorf 0 parametrizes the matrix element
8-9



n

,

GUDRUN HILLER PHYSICAL REVIEW D 70, 034018 ~2004!
^K~pK!us̄LbRuB~pB!&5
1

2 S mB
22mK

2

mb
D f 0„~pB2pK!2

….

~C6!

Here, pW K denotes the three momentum of the kaon a
f 0(0);0.3–0.4@35#.

The branching ratio for radiativeY decays is given as
e.g.,@18#,
c

. D

. D

ka
.

ka

ys

F

. D
,

o

.
et

l.
i,

03401
d

B~Y→A1
0g!

B~Y→m1m2!
5

GFmY
2

4A2pa
S v

x
d2D 2S 12

mA
1
0

2

mY
2 D F ~C7!

where F;1/2 includes QCD corrections andB(Y(1s)
→m1m2)5(2.4860.06)% @31#.
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