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

Gudrun Hille?
Ludwig-Maximilians-UniversitaMunchen, Sektion Physik, Theresienstralze 37, D-80338ckkn, Germany
(Received 1 May 2004; published 19 August 2p04

We investigate the low energy phenomenology of the lighter pseudosk%tlarthe NMSSM. TheA(f mass
can naturally be small due to a glok&(1); symmetry of the Higgs potential, which is only broken by trilinear
soft terms. TheA‘l) mass is further protected from renormalization group effects in the largé Lamt. We
calculate theb—>sA‘f amplitude at leading order in tghand work out the contributions to rat¢ B and
radiativeY decays an®-B mixing. We obtain constraints on tlmél’ mass and couplings and show that masses
down toO(10) MeV are allowed. The-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 betweeBgheu™ u~ branching ratio anch-gS
mixing. For A masses above the tau threshold &g can be searched for ih—s7" 7~ processes with
branching ratioss 103,
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[. INTRODUCTION The physical NMSSM Higgs sector consists of three scalars
h(’,Hfl’,2 and two pseudoscalanegyz. As in the minimal
Sizable flavor changing neutral currdiCNC) effects in  model, tan3=v,/v4 denotes the ratio of Higgs doublet
meson decays arise in the minimal supersymmetric standakghcuum expectation valug¥/EVs) v,=(H%=uv sing and

model(MSSM) at large tarB, e.g.,[1-6]. In this model, the vg=(HS)=v cosB, where v=\2m,/g=174 GeV. The
amplitude of exchanging neutral Higgs bosons betweeniggs potential
down-type fermiong, i.e. down-type quarks or charged lep-

tons, Vhiggs: Vsoftt VE+Vp, (©)
(giis)® _coS(B—a) siP(-a) 1 where
o — — _
2 2 2 2
S=IPHOAS S Mho Mho  Mao Viore=Miy [ Hal 2+ mi [Hy2+mINIZ= (NAHGHN
+H.c)— §kAkN3+H.c. , 4)
vanishes. Herang, gt:s denote the Higgs boson masses and
couplings to a fermion pair, respectively, ands the scalar Ve= N2 HA2+ TH A2 N2+ INHAH . — KN2I2
mixing angle. Equatior(1) implies that the Wilson coeffi- F=IMA(Hal "+ [HUINI+ [N HGH, i 5)
cients forb—s¢* ¢~ decays from scalar and pseudoscalar
boson exchange in the MSSM at large aare equal with s 1o )
opposite sigr{2,3]. If the relation is broken, interesting ef- Vo 9°+g ([Hg|2=H |2 + g—|HTH 2 ®)
fects via operator mixing are inducéd]. In particular, the D 8 d u 2 utidle

dipole operators responsible for—sy and b—sg decays
receive sizable contributions from the neutral Higgs bosonshas a globalJ(1)g symmetry in the limit of vanishing soft
Furthermore, specific contributions B3B mixing from sca-  terms A, ,A,—0 [10]. If this symmetry is broken only
lar exchange arise. This happens in the presence of mosdightly, the model naturally contains a light pseudoscalar. Its
Higgs bosons, such as in the next-to-minimal supersymmemass is given as
ric standard modelNMSSM).

The NMSSM is the MSSM extended by a singhtwith

2
the superpotentidis,9d] mA2= 3kxA+O (7)

1
W)

1 wherex=(N) denotes the VEV of the singlet. Note that a
W=QY,H,U+QYyHsD+LYH4E+NHqHN— §kN3- small A, remains small under renormalization group running
2) and thus protecthcl).
Lower bounds onCP-odd scalar masses are not very
stringent and can be as low as100 MeV [11]. Since the
*Email address: hiller@theorie.physik.uni-muenchen.de coupling hoAgA‘f is not suppressed, the scalar Higgs boson
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/'f;_é-t:\\ up-type quarks is 1/t&@, (iii) the coupling of theA? to
b 77T N s up-type squarks is 1/tghwhich can be seen from the F-term
T A — M contribution| §W/ dH |2 and(iv) the only tan3 enhancement
; X comes from thébgt, Hy or bgt, Hy vertices.
i We obtain the amplitude
PoAY
| iA(b—s °)——4%v VEC a5, Al ®)
FIG. 1. The leadingb—sA? diagrams at large tg8 in the Al J2 it A g2 R
NMSSM.
where
predominantly decays into lighter pseudoscalars. This has
important consequences for the Tevatron and LHC Higgs tanBmy|  S5_
boson searchd40,12. Ca=-1 T X s Xi

The motivation for this work is to find out how and to
what extend the NMSSM would signal itself in revelecays )
and, at the same time, whether existing data provide already +Amsin 570031%' Zl 5 Yij
bounds on the NMSSM parameter space. We employ the e
large tan3=30 and smallA,<my,,x limit and no flavor or
CP violation other than in the CKM matrig'minimal flavor
violation”). Since a smallA, is not stable under radiative
corrections, we do not expand in smAll and keep it finite.

Our study is based on mostly generic features of the v _ oy ¢ 5m vv.1—D )4 Da(V+:)COLE
NMSSM. Specific analyses of the NMSSM particle spectrum b 2{V2MuVial = DoY) +Da(Yay) ‘

©)

and §_ parametrizes thé‘ggb 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

and parameter space have been carried out in a grand unified +Da(Yo,)sir6;]— m,Vi,sin 6;:cos6;[ Da(yq;)
theory(GUT) framework[13] at large targ [14], with gauge '
mediated SUSY breakinpl5] and with anomaly mediation —Ds(y2)1}, (10

[16]. For Higgs boson production in ratedecays in other
models, see e.g[17,18.
This paper is organized as follows: In Sec. Il we calculate Yij=Vj2Uz
the amplitude forb—>sA2 decays at large tgB. We discuss
the NMSSM parameter space in Sec. Ill. Phenomenological ( m

— X
bounds from FCNC decay®-B mixing andY decays are YoiUj2Vio— m—|U|szz
worked out in Sec. IV. In Sec. V we investigate the impact on i
semileptonic and radiative rate decays. We also analyze
how much the MSSM tree level relation, Ed), is broken

m

X
Y1jUj2Via— m—U|2Vj2 Da(y1j,zj)
Xj

Da(Ya azlj)l (13)

where

by loop corrections. We conclude in Sec. VI. Feynman rules m2 2 m2
and the NMSSM particle spectrum at large fand auxil- o :E . 12)
iary functions are given in Appendixes A and B. In Appendix Y= 2 Yei m2’ gl m2 (
C we give decay rates of th&9 andb-decay branching ra- X X X
tios. and m; ,mg,m, denote the stop, scharm and chargino
0 masses. The stop mixing angke, the chargino mixing ma-
Il. b—sA; AMPLITUDE AT LARGE tan B tricesU,V and the loop function®,,D5 are defined in Ap-

pendix B. We used unitarity of the Cabibbo-Kobayashi-
Maskawa(CKM) matrix and neglected squark mixing other
In the large tar limit, only two diagrams remain to be than for stops and mass splitting between the first two gen-
calculated, which are shown in Fig. IWe neglect the €rations. Theo—dA; amplitude is ob(t)alned.by replacirg
strange quark magsFeynman rules are given in Appendix Py d everywhere in Eq(8). Thes—dA; amplitude is given
A 1; see alsd19] for the MSSM and20] for the NMSSM. ~ correspondingly with also changingy, to m in Eg. (9).
The stop chargino wave function correction is identical toNote that our calculation holds f¢p..v/x|<tangs; see Ap-
the corresponding one in the MSSM. Since the coupling opendix A. e.g., for larger values af_uv/x the A? loses its
the A2 to down-type fermions is of the order of (t@)°, the ~ mostly singlet nature and moke—sA] diagrams need to be
one-particle reduciblé1PR diagram contributes to the  calculated.
—sA? amplitude at order tai. The vertex correction shown ~ The coupling C, vanishes if the super Glashow-

The amplitude for a FCN®— s transition into the light-
estCP-odd scalaiAy in the NMSSM is induced at one loop.

in Fig. 1 is the only 1PI diagram linear in tghbecausei) lliopoulos-Maiani(GIM) mechanism is active, that is if ei-
the H*W* A coupling is 1/tar8 suppressed since tg is  ther all squark masses are degeneratempen;, and 6
predominantly the gauge singléhe H"H A, WrW~A? =0 (or m) or mg=nmy, and 6;=m/2. We estimate the ge-

vertices are forbidden bgP), (ii) the coupling of theAd to  neric size ofC, with order one stop mixing as
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tree level mass cannot be bigger than Zhmass because the
+O(Ntanpmpmy).  (13)  raising of its upper bound in the NMSSM is suppressed by
large tans. To be phenomenologically viable),e has to be

Since\x is the NMSSMu term which sets the mass scale lifted by radiative corrections above the current search limit

m)(
|Cal=0 &tanfmym;— =~

for the charginos, both terms are of comparable size. as in the MSSM22]. We require the scalar tree level mass to
be bigger than 89 GeV, which favors smalbr \/k less than
IIl. VIABLE POINTS IN THE NMSSM PARAMETER SPACE 1. We allow f0r|m2|$1 TeV and check that the Charginos

are heavier than 90 GeV. We treat the pseudoscalar masses
The relevant NMSSM parameter space consists. &  m,o and M with ma0=130 GeV as free parameters, i.e.
1

from the superpotential, the soft breaking terfs Ay, the adjustA, and A, accordingly. The squark masses and stop

gaugino massn,, stop and scharm masses, the stop m'X'ngmixing angle are effective parameters wimg1>90 GeV

angle ¢; and tang. We evaluate all parameters at the elec-
troweak scale. andrrrz,mg~ 1 TeV and we do not relate them to fundamen-

The dimensionless couplingsandk run towards smaller tal parameters in the Lagrangian.
values, e.g.\2+k?<0.6 at the electroweak scale fark The down-type fermio] vertex is proportional to
<27 at the high, GUT scalg21]. We use/\|,|k|<1. Simi-  d_v/x; see Eq(A9). From Egs.(16) and(17) we obtain
lar to the MSSM, electroweak symmetry breaking at large

tang requires[14] v 3k xzt 1 +3kvmxt 19
m2 ; *_; - mi anB - = i anﬁ ( )
z
mﬁu=—(xx)2—7 (14

where the second equation is a good approximation for not
and therefore the product of and x should not exceed too largem,=500 GeV. It then gives a lower bound on

~O(1) TeV to avoid fine-tuning. On the other hand, the|5—v/x|' In particular, for tars=30, m.ASSQO (200)
chargino mass scale is driven Ry, which should be at least (130) GeV and the ranges of parameters given in the preced-

O(100) GeV by experimental search limits. We assume thé"9 paragraphs, we qbta||r£_v/x|20.1 (1)(3). qu larger
singlet VEV x to be of the order of the Fermi scade or at values Of.mA cancellations between thg two terms in L)
least not smaller than 100 GeV and not bigger than 3 Tev. I£"€ Possible. Note that the tanfactor is only a formal en-
X exceeds this value, its relation to the other VEVs becomebancement, since it is canceled by the onerif. We find
unnatural and the model does not give a solution toghe that|d-v/x[<62 (16) form,=500 (1000) GeV. Note that

problem[8]. Hence, the size of is bounded from below as the smallA,<kx limit with 5_=—2 makes its hard to sat-
IN|=fewx 10 2 [15,21]. Further, the extremization condi- 18Ty EQ. (17).
tion
" IV. PHENOMENOLOGY OF THE LIGHT Ag
mz
m = — N2 +0?) +ma+ > (15 We work out constraints on the mass of tA§ in the
NMSSM at large tagB from A‘l) production in rare decays
where we defined (Sec. IV A), B-B mixing (Sec. IV B andBs— u* 1~ decays
2 (Sec. IV Q. We make use of the—sA? amplitude calcu-
Ma=A(Ay+kx)xtans (16) lated in Sec. Il. We scan the parameter space in the regions

implies some cancellation among the farenhanced terms discussed in Sec. lll. All FCNC bounds can be evaded by a

as[14] sufficiently tuned-in super GIM mechanism; see Sec. Il. To
quantify this, we demand in our numerical analysis for the

O(100-1000 GeYy mass splittingmz— m;, >50 GeV while varyingw*ql and for

Ayt kx~ tan ' (17) the stop mixinge< ;<m/2— € or w/2+ e< ;<7 — e with

€=0.05. Bounds from other processes are discussed in Sec.
Note thatm, sets the scale for the heavy Higgs bosonslV D.

AS,HS andH*; see Appendix A. Many experimental constraints we use here apply only if
The NMSSM is further constrained by non-observation ofthe Aj is sufficiently stable, i.e., leaves the detector as miss-
Higgs bosons and superpartners. At large@athe mass of ing energy. This happens if the pseudoscalar width is smaller

the lightest scalar at tree level is given as than EA/(mAgd), whered~©O(10) m is the size of the de-

42 tector andE, the A‘i energy in the laboratory frame. We
2 _ o MNU° work out bounds orm,o as a function of| 6_v/x|. If this
myo=m3 > (18 A v
k coupling gets smaller, the pseudoscalar decay rate decreases,

where we expanded EGA7) in m§/4k2x2<1 and 2o /K2x and a heavier Higgs boson will become missing energy and

hi S lsan’ K24\ 40 2/k2 and vice versa. For decay rates of tA§, see Appendix C.
<1. In this approximation alseno=4k™x"+\"v an For Higgs boson masses belown? only thee"e™ and

1
the scalar mixing anglé is small. Like in the MSSM, th&° vy decay channels are relevarihe A§—> w%y decay is

034018-3



GUDRUN HILLER

10 T T T

PHYSICAL REVIEW D 70, 034018 (2004

-
m,>500GeV

-~

m,>200GeV |

-
m,>130GeV

3my
s
0]
@)

— 0.1

—
=8
g

001 L PN

/ FIG. 2. Constraints on tha?
/ : mass as a function dfs_v/x| at
/ - tanB=30 in the NMSSM. Shaded
/ regions are excluded. The left bot-
] tom corner is excluded by rat¢
], decay; see Ed21). The triangular
region to the lower right is ob-
tained from radiativeY (1s) de-
cays; see Eq(35). The region to
A the left of the vertical dashed blue
lines can only be reachedifi, is
bigger than the value indicated;
see Sec. lll. Constraints from
Amy are given formy=500 GeV
and m,=1000 GeV. We also
show the missing energy condi-
tion for B— K decays given in Eq.
(20) (dashed green lineThe ver-
tical dashed lines indicatenAg

/
/ exch. for

//4“|"‘4A > 1000 Ge,

’ :

0.01

10 v/x|

=2m, and 3an_.

forbidden byCP and angular momentum conservation andB—>KA2 decay[see Eq(C5)] would happen too rapidly for
the A2—> m%yy decay is suppressed with respect to the di-most of the parameter space, although cannot rigorously be

electron mode by phase space and powers.0fThe yy
mode can compete Witw\gﬂff decays only near the di-

excluded. We stress that the size of the coupliiygcan be
quite large[see Eq(13)] and already3(B— XA <1 cuts

muon threshold. This weakens the missing energy bounds igut a fraction of NMSSM points.

that region.

Rare decays inte*e~ constrain Higgs boson masses be-

The point we want to make is to show that in the NMSSMlow the muon threshold. However, the measurements of the
A? masses in the GeV range and below are not ruled oufnclusive B—Xce"e" branching ratios contain cuts on the
This is summarized in Fig. 2. For details see the followingdi-lepton massmec=2m, [25,26. In the analysis ofB
subsections. All experimental bounds are taken at the 90%>K(*)e*e” decays Belle appliesn,.>0.14 GeV [27],

confidence level. The requisi%Ag branching ratios are

whereas BaBaf28] has no cut, but the efficiency is low in

given in Appendix C. We recall that our approximation that region due to conversion photons. Likewise, measure-

breaks down if §.v/x| approaches taf.

A. Rare K and B decays

ments ofK " — 7*e*e” decays employ a high mass trigger

[29]. Since also close tor, the two-photon decay of thi?

becomes sizable, we do not take #iee™ data into account.
The bound B(K*™— 7"A9)<4.5x10 ! [30] is appli-

If the Higgs boson is light enough, it can be produced incapje if theA? becomes sufficiently stable to escape the de-

b*)SAg or S*)dAg
depending on the mass of tlﬁ@.

1. 2me<mAg<2mu

When produced in rar®-meson decays thA‘f decays
outside of the detector if
Mao=17 MeV/|5_v/X|. (20)

In this region the CLEO bound(B—K2x°%)<5.3x10°°

processes. We analyze what bounds exXistactor. This happens for masses

Ma0=5 MeV/|s_v/X| (22)
which then are excluded. ThHé-decay bound is five orders
of magnitude better than the one fr@dr-K decays, because
the CKM and mass suppression of the-» TrA? decay rate is
compensated by the difference in lifetime
|Vig/ Vil (Mg /mg)3r(K )/ 7(B*)=0.24[31]; see Eq(C5)
and itsK— 7r counterpart.

[23] applies. There is a similar missing energy bound from

BaBar B(B™—K »v)<7.0x107° [24]) We find that
masses in the range given in Eg0) are disfavored since the

The experimental cut on thé momentum|py|>1.5 GeV is no
restriction for IighthclJ< mg discussed here.

2. 2mu<mA2<2m,

Ag decays into a muon pair are included iB
—Xeut u” signals. Comparison of tHB—>XSA(1) branching
ratio [see Eq.(C4)] with the dataB(B—X.utu~)<10.4
X 108 [7,25,26 shows that this is very unlikely. The same
happens ilK—mu™u~ decays, which fomao<my—m,,
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can hide a pseudoscalar decaying into muons. itk * We obtain, at order t&m?/mio in the NMSSM fromAg
7 utn)=<10.4x10°8 [31] only a tiny number of !

points survives the scan. All allowed points are at the GIM

boundaryf;= /2, which is set by our value of the cutaff
Above the 3r threshold sizable hadronic decays open up. CSRR ) = —

(The A2—>27-r7 decay is suppressed with respect to the

dimuon channel by phase space amd WhereasA(l)—>27r

decay is forbidden bCP invariance) For theA} decaying 4t the high, electroweatmatching scaleps, . Finite widths

hadronically into a strange final state we uB€bh—sg) : ;
. ! effects are neglected. We define the size ofBhe B, mass
<9% [32]. This thins out the NMSSM model space for differenceAmqgwith respect tc; its SM \I/ZaIue aGs 4

3m,< mA2<2mT, but cannot exclude this regiofWe use

boson exchange,

1 Ci

2
472 m\ZNm A0
1

(26)

0 0
B(b—sA{)>B(b—dA7).] Am, et @7
(Amg)sm d
3. 2m,<mAg5mB
If the A? is above the tau threshold, most of the time it Where
decays intor" 7~ because its coupling toc is tarf3 sup- L
pressed. Similar to the constraint on the hadronically decay- f = P1 CSRR 1) (28)
ing pseudoscalar(see Sec. IVA2, the mildly model- AT Sy (py) L M
dependent boundB(B— X" 77)<5% [33] is not a
challenge to the ligh€P-odd Higgs scenario. and So(u) =2.38 andﬁf""z —0.37[6]. In Eq. (28) the
NMSSM contribution toAmy by neutral Higgs boson ex-
B. NMSSM neutral Higgs contributions to B-B mixing change in them,=0 limit has been given. To be in agree-

o — ment with data we requiré;>—0.6 (f4 is negative. This
We calgulate the corgtnboutlop tB-B mixing from PS€U-includes 20% uncertainty and allows for cancellations be-
doscalar; , and scalah”,H; ; Higgs boson exchange inthe yyeen theA? contribution and the charged Higgs bosons,
NMSSM at large ta. It arises at two loop order from chargino boxes and the double penguins. We assume similar
double insertion of the FCNEb-Higgs vertices such as gen- gj,es as in the MSSM, where 0.2sfg'i+f§i+fgpso.4

erated by the diagrams in Fig. 1 for thq and an interme- (6] "we find constraints for larger values p6_v/x| and
diate boson propagator. The dominant diagrams induced bﬁﬁABSOO GeV, which are displayed in Fig. 2 for tan

the heavy Higgs bosons; i.e., the ones other than the lightest 35 The other branch with#f4<0, where the NMSSM
CP-odd scalar are the wave function corrections contribu- '

tions with A% HC exchande.—see the Fevnman rules in A _correction is larger than the SM box gives very similar con-
pendix A 1 'I"héy can cogmpete with ong—loop contributior?sStra.mts. and_ls not s_how_n._ The Ieaduhg con_tnbunon toB—B
) . - “mixing is universal in minimal flavor violatiorf = f¢, since
such as the standard mod&M) box diagrams due to their we nealect liaht auark masses
tarf 3 enhancement. Contributions fron?,H? are sublead- g ghta '
ing in tanB. We use an effective Hamiltoniam€d,s) B
C.B—p*Tp~ decays

We work out the contributions tB.—u™ u~ decays
from neutral Higgs boson exchanges in the largegdimit
of the NMSSM. With the effective Hamiltonian

GZm3,
Héﬁ:2=?w<vmvrq>22i CiQ (22)

where some of the relevant operators are written(sze, G
F

e.g.16) Hegr= — ﬁvtbv:;Ei c.o, (29
QVt=(qLy,bL)(aLy*by), (23)
- - where
QIRR= (aLbr)(aLbr), (24) . .
e — — — —
— — Os= s bprll, Op= S| brf sl 30
SLR_ (grby ) (q br)- (25 SRETSEREL P Tgp2t ROt (30

The SM contribution is in the coefficie@""". The A9, H) e obtain, at the electroweak scdla parentheses is given
masses are degenerate at largedamd their respective con- the particle that induces a particular Wilson coefficient
tributions toQ3 R cancel each other just like in the MSSM;
see Eq.(1). They do, however, contribute to the operator Cs= Cs(HS)=—Cp(A8), CP:CP(AE)-"CP(A(Z))

1 R at ordermy/my, and are important foBs mesons. (31)
[This is the well-known double pengui{®P) contribution of

the MSSM[5,6].] where
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V. IMPLICATIONS FOR b—s¢*¢~ AND b—sy,g

o v vo_ 1
Cr(AD)=mpmtans Am2sirty,, | X )mé —m2, Similar to the operator®s p discussed in Sec. IV C, the
s A NMSSM Higgs sector also induces contributions to
5. 4-fermion operators with quarks and leptorfs denotes a
X[ —— > X,+Amsin@icost; > Y“l, fermion)
X i=1.2 1j=1,2
(32 Ol =s.bgfrf , Of=sbgf fr (36)
1 where
Cp(A)=mm tartg———— X . (33
R B4mim5Vs"‘2”Wz’2 | Clam o ™ (cercp) (37)
L,R 1672 m, S P)-

The expressions faX andY are given in Sec. Il. Our result
for the AO,Hg contributions agrees with the corresponding These couplings arise in the NMSSM at large garwhere
MSSM calculationg3]. Note that the contributions fro)

anng are equal with opposite sign. Similar BB mixing
discussed in Sec. IV B, the scalar$ andH? contribute at
subleading order in taf. This is different from the MSSM, where th&) contribution
The coefficientsCgp are model independently con- is absent and the sum @f5 and Cp and henceCf; vanish.
strained by data on thBs—u " u~ branching ratio. With Wwe discuss corrections to this tree level statement in Sec.
B(Bs—u " n")<5.8x10" 7 [34] we obtain, at the scale. /A, All Wilson coefficients refer to the Hamiltonian in Eq.

Cs—Cp=—2Cp(A) —Cp(A)), cs+cp=cp<A2>.(
38)

=My, (29 and are evaluated at the scale= myy unless otherwise
y stated.
- 5 B(Bs—u u) 238 MeV The constraint given in Eq.34) implies, for the Wilson
VICg*+[Cp+ 81d°<1. 5 e 107 fa : coefficients forb quarks(we update the findings of Réf7]

with the improvedB,— u* 1~ bound[34]),

39 JICP2+]ch?=<0.03. (39)

Here, 6, stems from the operat@d; oS, y,b € y"ysl, €€ The operator<)P , enter radiative and semileptonic rae
[7] for details. We find withs%y'= —0.0957 at tang=30,  _,g decays at one lodf7,37]. With the bound in Eq(39) the
the upper I|m|ts. |6_vIx|=42(16) for  my ~ new physics effect fron(OE is small, at the percent levEr].
=500(1000) GeV, which are weaker than the correspondingyowever, the renormalization effect induced at leading log

Amd+on_es. The expressions for the CKM suppresggd y 9b can be large for the photon and gluon dipole operators
—u " u~ decay are readily obtained. Its experimental con-O7 and Og, which can be written as

straint is not as good as tii, one, but we can cut out both
MA0=Mg,, and MA0=Mg_. o e _ b
[P MpSL 0 4, DR,

D. Non-FCNC bounds

The bounds from radiativel’ decays apply if theA‘l) R a auwy
leaves the detector unsef31,36. As a result of the larger Os_ﬁmbSL“UWTQBbRﬁG " (40
boost, the critical width to do so is larger than BAmeson
decays bymy/mg. We useB(Y(1s)—A%y)<1.3x10°°  To be specific, we normalize their coefficients to the ones in
[36] and obtain, with Eq(C7), the SM, and denote this ratio & such thatzSM=1. With

(see[7] for detailg
|6_vix|=3.7 for M0=23 MeV/|5_v/x|<2m,,.

(35) £,(my) = 0.514+ 0.450,(myy,) +0.0355(my) — 2.319C8,
Furthermore, we get an upper bouhé v/x|<100 from (42)
B(Y(1s)—A%y)<1.

Mass bounds from hadronic collisions are not better than
few to 200 MeV and astrophysics gives0=0.2 MeV[31],  and Eq.(39) corrections of up to 7% and 59% &g and &g
which contain some model dependence. are possible. This has impact on the extraction of Wilson

coefficients inb—sy, b—sg andb—s¢ "¢~ decays[7].
For a full analysis of these decays, also the matching contri-
2SupersymmetrySUSY) effects are not tag enhanced in0;,  butions toC; g from neutral Higgs loops in the large t@n
and are small with minimal flavor violatiofB85]. NMSSM have to be calculated. Note that @arenhanced

£g(My) =0.542+ 0.4584(myy) + 19.79@5 (42)
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T T
m,, =10 GeV
mAA1=1.O GeV f
1.5 - ma, =0.1GeV o

0.5

FIG. 3. The correlation be-
tween CstCp and
VIC2+[Cot+ &SV in the
NMSSM for tanB=30, m,
=500 GeV andmAclJ=0.1,1 and
10 GeV. Also shown is the experi-
mental upper bound given in Eg.
(34) (dashed ling

-0.5

15
0 0.2 0.4 0.6 0.8 1 1.2 1.4 16
2 M .2.1/2
( | Cs | + l Cp+ 810 | )
corrections to thdé-quark mass, CKM elements and FCNCs |CIFJQ|MSSM< 1.3X10°8. (43

from non-holomorphic terms arigé,5,6]. We leave this for

future work. The smallness o€+ Cp is a feature of the Higgs sector of

the MSSM. It holds also with flavor violation beyond the
A. Estimates of Cg+Cp and C} CKM matrix. As a result, the logarithmic renormalization of

We work out the NMSSM reach i@+ Cp by taking into th_e dipole operators from neutr_ﬁbseud@s(_:alars is tiny in
account all constraints discussed in the previous Secs. Il ant(!i“s model. For .example, co_nsujer additional r_|g_ht h_anded
IV. The value ofCo+ Cp can saturate its upper bound given currents, which induce contributions to the helicity flipped

. P 12 . . . .
in Eq. (34) for large ranges of the parameter space. Imﬁe operatorsO; ,_|.e.._the_ones obtained fror@i with ”,ght I,?
gets very light, however, the—sA} coupling C, has to aqd left L ch|ral_|t|es mt_erchanged. In, this Cas,é:’s_,c.”
decrease an€g+Cp is small; e.g., formyo=10 MeV is ~ MXes onto the flipped dipole operatafs; g, butCg=Cp in

1

) ] ) the large ta8 MSSM [5].
|Cs+Cp|=<0.06. For intermediate masses thA& contribu-
tion dominates over the one from the heavy pseudoscalar,

that is|Cp|>Cg and |Ch|=|CP|<0.024. This is illustrated VI. CONCLUSIONS

in_Fig. 3, where we showCs+Cp as a function of We investigated the phenomenology of the light pseudo-
VICd?+|Cp+ 850" VB(Bs—pT1™) [see Eq.(34)] for  scalar A2 which lives in the NMSSM spectrum at large
m,=500 GeV and different values ofi,0. tanB. TheA? has suppressed gauge interactions but couples

In the MSSM the size o€+ Cp is driven by the relation to Higgs bosons and down-type matter. We calculatedbthe
Eqg. (1), which is not protected from radiative corrections. To —sA? amplitude at leading order in tgh Based on this, we
study their size we employ the two-loop calculation encodedstimated the NMSSM contributions to rafe B and radia-
in FEYNHIGGS v. 2.02[38]. By scanning the MSSM param- tive Y decays with theA? in the final stateBs— u™ ™

eter space we find decays and-B mixing. We showed that low energy data
provide constraints on thag mass and couplings, but leave
<0.2 masses down t@(10) MeV viable; see Fig. 2. ThAg pre-
MSSM dominantly decays intar" 7~ for 2mT<mAr1)<2mb, light

hadrons for an<mA<1><2mT and ete or yy for 2m,

Cs+Cp
CS_ Cp

or
<muo<2m,. In the latter range, the\{ can live long

|Cs+ Cp|wmssm<0.08 enough to leave detectors undecayed, depending_ax.
For masses within &, < MA0< 3m,, the A? decays mostly

and into muon pairs. Like the one froB—K decays given in

034018-7



GUDRUN HILLER PHYSICAL REVIEW D 70, 034018 (2004

Eq. (20), this mass range has very tight FCNC constraints APPENDIX A: HIGGS SPECTRUM AND COUPLINGS

(see Sec. IV A 2 but is not ruled out. We give the tree level Higgs spectrum, mixing angles in
The A can be searched for with improved measurementghe minimal flavor ancCP violating NMSSM at large tag

of Y decays oB—K plus missing energy. The latter needs aand A, <m,,,x. The mass matrices in gauge eigenstates can

high K momentum cut to suppress tBe-Kvv background. be seen ir{9].

For myo above thel’ mass the pseudoscalar can be seen in The mass eigenstates of the pseudoscalar mixing matrix

b—sr* 7 decays. The required sensitivity for e.g. tBe can be written as

—Xs7'7" branching ratio is B(B—Xeut T )mi/m? (Ag cosy siny\/A°

-
The NMSSM has different implications férphysics than A Ni

the MSSM. In particular, the leading log neutral Higgs con-where N,=ImN/y2, A%=2(singImHJ+cosgIimH?)

tribution to radiativeb— sy andb—sg decays is tiny inthe 3,4 the Goldstone boson is given @8= \2(cosBIm Hg

latter, but can reach experimental upper limits in the former;_ sinBImH®). The mixing angle and masses read as

see Sec. VA. Furthermore, the MSSM correlation between !

the Bc—u " u~ branching ratio andBs-Bg mixing [39] ™ v 1

breaks down due to the additional pseudoscalar. For ex- 7:§+W5—+O<tanz’8)'

ample, for small|Cs/Cp| the lighter CP-odd Higgs boson

dominates th&,— u ™ u~ rate, which can be anything up to ) ) v

the experimental bound; see Fig. 3. At the same thme, is I.e. siny=1, cosy=— xtang

near its SM value because the leadiA§ contribution is

independent of the light quark fl%vor and constrained byand

Amy, and the double penguin fro, is suppressed. This is 2 _ 2 _ 2

in contrast to the MSSM, where a SM-likem, implies an Ma? SkxAc, Mag=Ma (A3)

upper bound oBB(Be—u* 7).

. (A1)
—siny cosy

5 (A2)

where we defined
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group. the lines of Ref[21]. The result can be written as
|
! 0 2 8. Si 0) cosé siné
——| cosf— =5, sin -
tan
ho k X ReH%— vg
1 v .
HY | =2 tanB sin 6+ ;5@050) sind  cosé ReH)—v, (A5)
HY PR ReN—x
1 — 5.
tang xtang
|
with the mixing angle and scalar masses The mass of the charged Higgs boson is given as
2
tan 20= _Aox (AB) mZ - =ma+mg—\%?. (A8)
4k?x%—m3

Feynman rules

1
2 _ 2 2 _ = 2,2 2
Mhg=Ma» Mho o= o L4k M Feynman rules can be read off the Lagrangians given at
3 S S— leading order in tap. Note thatAd=— A ssyin this limit.
F V(4k22—m3)?+ 16\ X ?]. (A7) Couplings to up(u) and down(d) type fermions:
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L p%a=— |Zgrrnn:\,( 5 A(l),tan,BAO)dySd (A9)
o .gmg 1 0 0|7
£ A= IZmW tang | xtang 0-A1Az|U7sU,

(A10)

U ) 0
cos&—;é}sm& h",

_ gmy
[,(hO,Hio)dd: - m

v I
x| sing+ 5+cosa> HY ,tan,BHg) dd,

(A11)
0
. gm, . 0 H2 —
L0 1Oyuu= ~ m(cosaho,sm OHY, — tan,B) uu.
(A12)
Couplings to charginos:
EAcl)X*X = 'EAl)ﬁ [UiaVjol = U12V|2R]X1
(A13)

wherelL,R= (1% y5)/2 are chiral projectors.

APPENDIX B: CONVENTIONS, LOOP FUNCTIONS

The chargino mass matrix is written agyissy= — AX)

m, \/Emwsin B

M, ==
X\ J2mycosB —AX

(B1)

It is diagonalized by the orthogonal matriddsV (we do not
include beyond CKMCP violation):

UM,-VT= diagm,,m,.). (B2)

The stop mixing matrix is given as
1, cosf; sind;\ [T,
T,) \-—siné; coso;) |1,

Here,Tlvz are the mass anﬂfj_'R the gauge eigenstates.
The loop functions are defined as

) . (B3)

xIn
D,(x,y)= m+(X<—>Y), Dz(l,l):—z,
(B4)
X Inx
Da(X):m, D;(1)=—-1. (B5)

PHYSICAL REVIEW D70, 034018 (2004

APPENDIX C: DECAY RATES

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

16 2 / m?
F( ) onmf2 1—4—2fr
\/— mAg

wherer =1 for leptons and = N for quarks. The decay rate
into up quarks is 1/téhB suppressed. The rate into two pho-
tons reads as

F(A‘l)—>f_f)—

(A —aZGF3Z|2 c2
( 1—>77)—8773J§m,\2 2 i (C2
where  for i=eu,r and d,s,b loops |,

=rQ?kiF (ki) 6_v/X, Kj=m /on and Q; is the charge of

the fermion. The functiorF(«) can be seen if40]. It as-
sumes the limits

0 for k<1
1
— = for «>1
kF(k)= 2 (C3
w? ¢ B 1
- ? or k= Z
Higgsino loops contribute as 15

=\2U;,VioAmy/m, k5F («3). It follows from Eq.(C3) that
nearmAgs2mM the yv rate is dominated by the muon loop.
Contributions from up-type quarks are suppressed by
1itarf B.

The decay rates for inclusive and exclusitbe-sA?
FCNCs read as

2 2 (mZ—m?2)2
I'(B—X Ao _ GF|thV?S| 2 b Ag ca
( — Ag l)_ 210775 | Al mg ’ ( )
GE|Vip V35l 2|pK| 2012
I(B—KAY)= —|CA| — [ fo(m3a)]
mB
2 2\ 2
mg—m
x( 8 K) , (Ch
m

where the form factof , parametrizes the matrix element
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_ 1 mé—mﬁ 5 0 2 2 mzo
(K(pK)[sLbr|B(Pg)) = 5| —— | fol(P—PK)?)- BY—-Ay) _ Gemy (z 5 ) 1- e e

b + - - 2

(C6) BY—=u un ) 427mal\X Y

Here, 5K denotes the three momentum of the kaon and
f,(0)~0.3-0.4[35]. . .

The branching ratio for radiativd’ decays is given as, "WNe'® F~1/2 includes QCD corrections ané(Y (1s)
e.g.,[18] —u " )=(2.48-0.06)%[31].
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