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Search for the lepton flavor violating decayA0ÕH 0\tÁµÂ at hadron colliders
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Institut de Physique Nucle´aire, UniversitéLyon I, 4 rue E. Fermi, F-69622 Villeurbanne Cedex, France
~Received 12 August 2002; published 7 February 2003!

In the two Higgs doublet model type III and in several other extensions of the standard model, there are no
discrete symmetries that suppress flavor changing couplings at the tree level. The experimental observation of
the nm –nt flavor oscillation may suggest the non-conservation of the lepton number. This would lead to the
decay of the typeA0/H0→t6m7. We determine the present low energy limit on lepton flavor violating~LFV!
couplings from the muong22 measurement and discuss the prospects for detecting lepton flavor violating
decays at the Fermilab Tevatron and at the CERN Large Hadron Collider. The achievable bounds on the LFV
coupling parameterltm are presented.
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I. MOTIVATION

In the standard model~SM!, lepton flavor is conserved
separately for each generation. The diagonalization of
up-type and down-type mass matrices ensures the diago
ization of the Higgs-fermion coupling matrices@1#: the inter-
action term of the neutral fields in the SM can be written

LY52hi j c̄ ic jf. ~1!

The spontaneous electroweak symmetry breaking gives
mass matrix

Mi j 5hi j ^f&. ~2!

Diagonalizing Mi j also diagonalizes the Yukawa couplin
matrix hi j . The severe experimental limits on the existen
of flavor changing neutral currents place stringent constra
on the flavor changing sector of extended models@2# where
lepton flavor violation~LFV! may appear at the tree level o
may be induced at higher orders. In the minimal supersy
metric standard model~MSSM! the flavor problem is related
to the soft supersymmetry breaking mass terms. In the b
where the lepton mass matrix is diagonalized, if there
non-zero off-diagonal matrix elements in the slepton m
matrix, LFV is introduced via loop contributions involvin
slepton mixing. There are many ways to avoid LFV, for e
ample gravity @3# or gauge-mediated@4# supersymmetry
breaking, or flavor symmetries@5#. In the minimal supergrav-
ity ~SUGRA! model the supersymmetry breaking mass ter
have a universal structure at a high scale of the order of
Planck scale. However, LFV effects can be induced by ra
tive corrections@6#. Large LFV effects can arise in supe
symmetric models~SUSY! with a right-handed Majorana
neutrino@7–10# and in SUSY withR-parity violation @11#.

*Electronic address: ketevi@bnl.gov
†Electronic address: deandrea@ipnl.in2p3.fr
‡Electronic address: delsart@ipnl.in2p3.fr
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In general, in models with several Higgs doublets, t
up-type quarks and the down-type quarks can simultaneo
couple to more than a single scalar doublet. As a result,
same operators do not diagonalize the mass matrices an
Higgs-fermion couplings, leading to the prediction of flav
changing neutral current~FCNC! at the tree level. For in-
stance, in the two Higgs doublet model~2HDM!, the Yukawa
interaction Lagrangian~for the neutral fields! can be written
as

LY52 f i j c̄ ic jw12gi j c̄ ic jw2 ~3!

which gives, after spontaneous electroweak symmetry bre
ing, a mass matrix of the form

Mi j 5 f i j ^w1&1gi j ^w2&. ~4!

When this matrixMi j is diagonalized, the coupling matrice
f i j andgi j are not, in general, diagonalized. To suppress
tree level FCNC in the theory so as not to be in conflict w
known experimental limits, anad hocdiscrete symmetry is
invoked@12# whereby the fermions of a given electric char
could couple to no more than one Higgs doublet. In t
2HDM, the up-type and the down-type quarks couple eit
to the same Higgs doublet~this is known as the 2HDM-I!, or
they could couple to different doublets~2HDM-II !. One of
the most stringent tests of the 2HDM type I and type
comes from the measurement of theb→sg decay rate which
receives substantial enhancement~over the SM prediction! in
the 2HDM in a large region of the (mH6, tanb) parameter
space@13–15#. The measuredb→sg decay rate from CLEO
@16# and ALEPH @17# leads to a model-dependent indire
lower bound of the charged Higgs mass as function of tab
@18#.

In the 2HDM-III, no discrete symmetries are present a
in general FCNC exist in this model@19,20#. As an example
the LFV interaction Lagrangian of the light neutral Higg
bosonh of the 2HDM-III type b ~see the Appendix for de
tails! is
©2003 The American Physical Society01-1
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2LLFV5hi j l̄ i l jh1H.c.5j i j

cos~a2b!

A2 cosb
l̄ i l jh1H.c.

~5!

wherea is the mixing angle of the neutral Higgs sector,j i j
the Yukawa LFV couplings andi, j are the generation indice
~in the following the notationhi j will be used to indicate the
generic Yukawa coupling, including the mixing angles!. To
be consistent with experimental data onK0-K̄0, D0-D̄0 and
B0-B̄0 mixing, which put stringent constraints on flavo
changing couplings with the first generation index, and si
one might expect the biggest contribution to come from
LFV couplings of the second and the third generation (jsb ,
jtm , jct), these couplings have been parametrized as a fu
tion of the masses of the fermions involved since a natu
hierarchy is found in the fermion masses@2#:

j i j 5l i j

Amimj

v
, ~6!

where v.246 GeV and the residual arbitrariness of flav
changing couplings is expressed by the parametersl i j which
is constrained by experimental bounds on FCNC and L
processes. A similar hierarchy will be assumed for the L
couplingh i j of 2HDM-III type a—see the Appendix. In the
charged Higgs boson decays this implies a zero LFV c
pling if the neutrino is massless and in general a suppres
proportional to the square root of the small neutrino ma
We also consider an alternative case in which we drop
neutrino mass dependence for the charged Higgs LFV c
plings and adopt instead the same parametrization as in
neutral Higgs sector. In the numerical analysis of the mu
anomalous magnetic moment, this distinction is not imp
tant as the charged Higgs contribution is small in both ca
and can be neglected in comparison to the neutral ones
the range of masses and mixing angles considered.

II. LOW ENERGY BOUNDS

In the purely leptonic sector, them→eg conversion pro-
cess givesAltmlet,5 @21#. It would be desirable to exam
ine a process that depends only on a single coupling.
K0-K̄0, D0-D̄0 and B0-B̄0 mixing depend on a single cou
pling and data on these processes givelds,0.2, ldb,0.25
andluc,0.6, assuming 500 GeV for the mass of the pseu
scalar which gives the strongest bound@19#. One sees tha
LFV coupling with the first generation indices is severe
constrained. Another process with a single LFV coupling
the muon anomalous magnetic momentam5(gm22)/2 @22#
where high precision data@23# can be used to constrainltm ,
by comparing the measuredam to the theoretical prediction
of the SM. The new experimental world average reads@23#:

am
exp511659203~8!310210. ~7!
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Recently, the standard model calculation was revised in o
to take into account the correct sign for the light by lig
hadronic contribution@24# and the standard model expect
tion is

am
SM511659177~7!310210. ~8!

Another often quoted value is

am
SM511659186~8!310210 ~9!

which gives only slightly more restrictive figures if used
bound the LFV couplings. In the following we shall use th
value of Eq.~8!. Note that a recent evaluation of the light b
light hadronic correction@25# based on chiral perturbatio
theory suggests that the theoretical error due to unknown
energy constants from sub-leading contributions may
crease the estimated error. The difference between exp
ment and the SM theoretical calculation is

Dam5am
exp2am

SM526~11!310210. ~10!

We obtain the 90% confidence level~C.L.! range onDam

8310210<Dam<44310210 ~11!

to constrain new physics. In the following we shall consid
the effect of flavor violating Higgs-leptons interactions pl
the flavor conserving Higgs bosons contributions as the o
additional ones with respect to the SM. At the one-loop le
the Feynman diagrams are those of Fig. 1 and the contr
tion to am is given for a large class of models by@26# ~see
also the erratum in@1# concerning other results in the litera
ture!, and can be used to obtain the one-loop Higgs con
butions toam for the model considered in this paper:

Dam
N5

hm f
2 mm

2

8p2 E
0

1 x2~12x!6x2~mf /mm!

mm
2 x21x~mf

22mm
2 !1~12x!mH

2
dx

~12!

for a neutral Higgs boson and the sign is1 (2) for the
scalar~pseudo-scalar!. hi j is here a generic Yukawa coupling

FIG. 1. The one-loop contributions of the Higgs sector toam .
H0 stands for a generic neutral Higgs boson,f is a lepton. Withf
5m we obtain the flavor conserving contribution, withf 5t the
LFV one. As explained in the text we neglect the LFV contributi
with f 5e.
1-2
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SEARCH FOR THE LEPTON FLAVOR VIOLATING . . . PHYSICAL REVIEW D67, 035001 ~2003!
whose expression in terms ofh i j or j i j and the anglesa, b
can be read in the Lagrangian given in the Appendix.mf is
the mass of the muon for the flavor conserving contribut
with coupling hmm , and mf5mt for the LFV contribution
with coupling hmt . We neglect the electron contribution a
the couplinghme is more constrained and because of t
natural hierarchy assumed in formula~6!. For the charged
Higgs boson we have the same coupling for the scalar
pseudoscalar contributions in the Lagrangian, therefore
give the sum of the two in one formula:

Dam
C5

hmn
2 mm

2

8p2 E
0

1 2x2~x21!

mm
2 x21x~mH

2 2mm
2 !

dx ~13!

where we neglected terms proportional to the neutrino m
In order to give the bounds coming from theg22 measure-
ment we chose the sets of mass and mixing angle param
of Table I. By calculating the contribution toam from the
Higgs sector we obtain limits on the LFV couplings
2HDM-III types a and b—we use only the upper limits
Eq. ~11! to derive the muong22 bounds on the LFV cou
plings. The results are in Table II. In Fig. 2 we show t
values ofDam given by the 2HDM-III using the set~2! of
parameters of Table I withlmn510 as a function of tanb. In
model type a,Dam is almost flat for tanb.2, while in
model type b it is a growing function of tanb. The same is
true for the other sets of parameters. In both models
Higgs sector contribution toDam is a growing function of
the LFV couplings.

TABLE I. The four sets of parameters used to obtain bounds
the LFV couplings. Sets 1–3 are consistent with the relations
tween the masses and mixing angles obtained at one loop within
MSSM @27# in order to allow for a comparison. Note, however, th
the 2HDM-III is not constrained by the symmetries imposed
MSSM in order to avoid the tree-level LFV. Set 4 corresponds t
choice of parameters that is not allowed in MSSM. Masses ar
GeV and the anglea in rad.

Set mh mH mA mH6 a tanb

~1! 93 134 100 127 0.4 5
~2! 127 131 129 160 -0.58 45
~3! 128 500 496 509 0 50
~4! 125 200 200 250 0.2 10

TABLE II. The 90% C.L. limits on the LFV couplingsltm ,
jtm , htm from the experimental measurement ofam .

Set 2HDM-III Type a 2HDM-III type b

~1! ltm,31 (htm,0.06) ltm,6.3 (jtm,0.012)
~2! ltm,38 (htm,0.07) ltm,0.8 (jtm,0.002)
~3! ltm,123 (htm,0.24) ltm,2.5 (jtm,0.005)
~4! ltm,53 (htm,0.10) ltm,5.3 (jtm,0.010)
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III. COLLIDER EXPERIMENTS

Bounds obtained from the following processes would
volve two LFV couplings as in the case ofm→eg: Bs
→mm and B→Xsmm (lsblmm,9 and lsblmm,4, using
200 GeV for the scalar and the pseudo-scalar mass!;
e1e2→ t̄ cnen̄e ; e1e2→tt c̄c̄; m1m2→tc; Bs→(K)tm
and Bs→(K)tt (Alsbltm,10); Bs→tt and B→Ktt
(Alsbltm,30) @19#. The flavor changing processt→H0c
has been extensively studied for the CERN Large Had
Collider ~LHC! @28#; in the context of the 2HDM-I and -II,
top quark decays beyond the SM,

t→ch~h5h0,H0,A0!, ~14!

were studied in@29# and it is shown that these process
could be accessible at the LHC and at the linear collider;
prospects for detecting the decayt→cH at thee1e2 linear
collider have also been investigated in@30#.

Thenm-nt flavor mixing observed in the atmospheric ne
trino experiments@31# would lead to the flavor violating de
cays

t6→m6g, ~15!

t6→m6m1m2, ~16!

x̃2
0→x̃1

0tm, ~17!

h→t6m7. ~18!

SUSY can accommodate the observed flavor mixing@8–10#
and thus, the LFV processes~15!, ~16! and~17! would arise
in these models. A study conducted at the LHC showed
an upper bound of 0.631026 on the t6→m6g branching
ratio can be achieved with an integrated luminosity
30 fb21 while theoretical estimates are at the level of 1029

or less@10,32#. Direct evidence of LFV in the slepton secto
of SUSY would be inferred in the observation of the proce
~17! which has also been studied for the LHC@33#. It was

n
e-
he

a
in

FIG. 2. Dam in units of 10210 as a function of tanb using set 2
of parameters for the 2HDM-III type a model~dashed line! and
2HDM-III type b model ~continuous line!. The region above the
horizontal line is excluded at 90% C.L. by the muong22 data.
1-3
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ASSAMAGAN, DEANDREA, AND DELSART PHYSICAL REVIEW D67, 035001 ~2003!
shown that in some cases, the direct evidence would o
better sensitivity than thet6→m6g process.

The decay h→t6m7 can be accommodated in th
2HDM-III where no discrete symmetry suppresses the L
couplings at the tree level, and the partial decay width
parametrized by the LFV couplingltm . The decayH0

→ l i
1l i

2 ~SM-like! will be used in the following as a com
parison for the LFV decays. Its partial width is

GSM~H0→ l i
1l i

2!5mH

1

8p

mi
2

v2
, ~19!

where we neglect small terms of the typemi /mH—see the
Appendix for complete expressions. The partial width of t
decayH0→ l i

6l j
7 ~wherel 5e, m, t and iÞ j ) is for 2HDM-

III type a

G~H0→ l i
6l j

7!5mH

l i j
2

8p

mimj

v2

sin2~a2b!

2 sin2b
~20!

and

G~H0→ l i
6l j

7!5mH

l i j
2

8p

mimj

v2

sin2~a2b!

2 cos2b
~21!

for 2HDM-III type b.
Hadron colliders may be sensitive to the processeh

→e6m7 andh→t6e7 @34#, particularly at high luminosity,
but these decays are not considered in the present s
which is further motivated by a favorable interpretation
the atmospheric neutrino mixing experiments. It is shown
@35# that the muon collider would be sensitive toH0

→t6m7. The non-observation of this process formH
,140 GeV at the muon collider, in addition to the failure
detect the top quark decayt→cH0 at the LHC@28#, would
rule out the 2HDM-III @35#.

In this paper we present the prospects for the detectio
the LFV decayA0/H0→t6m7 at the LHC and Tevatron. We
shall consider the 2HDM-III and we shall parametrize t
A0/H0→t6m7 branching ratio~BR! by the LFV coupling
parameterktm @36# with respect to the SM-like decayH0

→t1t2 given in formula~19!:

BR~A0/H0→tm!5ktm
2 S 2mm

mt
DBRSM~H0→tt! ~22!

where the dependence ona, b, the ratio of the total widths
andltm is absorbed into the LFV coupling parameterktm .
For example, for the decay and the model considered in
mula ~20! we have

ktm5ltm

sin~a2b!

A2 sinb
AGT

SM

GT
a

~23!

while from formula~21! we obtain
03500
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ktm5ltm

sin~a2b!

A2 cosb
AGT

SM

GT
b

~24!

whereGT
SM is the total SM-like width andGT

a,b is the total
width in modelsa andb, respectively. Similar formulas ca
be written for theh0 andA0 Higgs bosons. Forh0 one has to
replace sin(a2b) in Eqs.~23! and ~24! with cos(a2b). For
A0 one has to replace sin(a2b) with 1.

In Table III we give examples of the correspondence
tween the parametrization in terms ofl and the one in terms
of k for set 1 and set 2 of Table I. We shall discuss t
achievable bounds onktm andltm in the following sections.

IV. SEARCH FOR A0ÕH 0\tµ

We consider the production of the neutral Higgs boso
A0 and H0 through gluon fusion,gg→A0/H0 ~see Fig. 3!,
and the LFV decayA0/H0→t6m7 ~Fig. 4!. We restrict the
present work to the low mass region, 120,mA,160 GeV,
primarily because the SM decayHSM

0 →t1t2, hence
A0/H0→t1m2—see Eq.~22!—becomes negligible@37# as
the SM modeHSM

0 →W1W2 opens up around 160 GeV a
shown in Fig. 5 where we assumektm51. We take as a
reference the parameters of set 2 in Table I for compari
with the MSSM case without loss of generality. The eve
are generated inPYTHIA6.2 @38# with CTEQ5L @39# parton
distribution function parametrization, and with the detec
resolution and efficiencies parametrization ofATLFAST @40#
from full detector simulations.

We search for a final state where thet lepton decays to
hadrons,t→ jetnt with a branching ratio of;65% or to an

TABLE III. The correspondence between the parametersk and
l using set 1~set 2! of Table I for the LFV couplings of the Higgs
bosonsH0 andA0.

l51 l55 l510

Type a
k(H0) 1.1 ~1.2! 9.4 ~6.2! 7.8 ~12.2!
k(A0) 3.3 ~30.7! 16.6 ~68! 7 ~72.6!

Type b
k(H0) 1.1 ~0.7! 5 ~3.3! 7.6 ~6.5!
k(A0) 0.1 ~0.001! 0.5 ~0.006! 1 ~0.01!

FIG. 3. Higgs boson production mechanism through glu
fusion.
1-4
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SEARCH FOR THE LEPTON FLAVOR VIOLATING . . . PHYSICAL REVIEW D67, 035001 ~2003!
electron,t→enent (BR;18%). The main backgrounds—i
both final states—include theW1W2 pair production, the
Drell-Yan type processZ0(g* )→t1t2. For the hadronict
decays, an additional background comes fromW61 jets
events where a jet is misidentified as at jet:

pp~ p̄!→W6Z0→m6nmt1t2,

→W1W2→m1nmt2n̄t ,

→t t̄→m6nmbt7ntb̄,

→Z0~g* !→t1t2→m1nmn̄tt
2,

→W61 jets→m6nm1 jets. ~25!

The gg→A0/H0 cross sections are calculated using the p
gramHIGLU @41#. The signal cross sections have been cal
lated at next-to-leading order~NLO! and next-to-next-to-
leading order~NNLO! @41,42#. For the backgrounds, NLO
estimates are available@43–45#, except forW61 jets where
NLO calculations have been performed for a vector bo
production with two jets at the Tevatron@46#. We have there-
fore used the leading order~LO! estimates of the signal an

FIG. 4. The Higgs decay through the lepton flavor violati
couplingH0tm.

FIG. 5. The Higgs boson decay branching ratios as a functio
mH . For theA0/H0→t1m21t2m1 channel, the coupling param
eterktm is taken to be one.
03500
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background cross sections. Unless explicitly stated oth
wise, the normalizations of the figures referenced in Se
IV A–IV C are that of three years at low luminosity for on
experiment at the LHC using the rates shown in Table IV

A. Hadronic t decay

The event selection for the hadronic final state of thet
lepton is carried as described below:

~1! Search for one isolated muon (pT
m.20 GeV, uhmu

,2.5) to provide the experimental trigger, and one hadro
t jet (pT

t .20 GeV, uhtu,2.5). We further require a jet veto
and ab-jet veto—no other jet withpT.20 GeV within uhu
,2.5—to reduceW61 jets and t t̄→b̄m1nmbt2n̄t back-
grounds. At jet identification efficiency of 30% is assume

~2! The 4-momentum of thet lepton is reconstructed
from thet jet and the missing transverse momentum~using
the prescription of@47,48#! as follows:

pW T
t5pW T

t-jet1pW T
miss,

pz
t5pz

t-jet S 11
pT

miss

pT
t-jetD , ~26!

of

TABLE IV. The rates,s3BR(pb), for the signalgg→A0/H0

→t1m21t2m1, and the backgrounds at the LHC. The domina
backgrounds areZ→tt andW61 jets whereW6→m6nm and a jet
is misidentified as at jet. We assume the coupling parameterktm

51 and tanb545 in the estimate of the signal rates. An addition
background comesgg→A0/H0→t1t2 with onet decaying tom,
t→mnmnt and the othert decays to hadrons. At tanb545, the
scalar and the pseudo-scalar Higgs bosons are degenerate in
for mA>130 GeV, and the relative strengths ofgg→A0→tm and
gg→H0→tm are not important. FormA5120 GeV, theA0 and the
H0 bosons have comparable strengths.

Process mA mH s3BR
~GeV! ~GeV! ~pb!

gg→A0/H0→t1m21t2m1 119.3 128.4 7.5
129.3 130.1 4.5
139.2 140.2 2.1
149.1 150.0 0.8
159.1 160.0 0.1

gg→A0/H0→tt 119.3 128.4 99.5
129.3 130.1 76.4
139.2 140.2 54.3
149.1 150.0 39.0
159.1 160.0 28.5

pp→W6Z0→m6nmt1t2 0.2

pp→W1W2→m1nmt2n̄t
1.67

pp→t t̄→m6nmbt6ntb̄ 1.37 101

pp→Z0(g* )→t1t2→m1nmn̄tt
2 1.39 104

pp→W61 jets→m6nm1 jets 1.75 104
1-5
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Et
25pW t

21mt
2 .

The reconstructed momenta of thet lepton using Eqs.~26!
are shown in Fig. 6 together with the generated mome
We demand that the hadronict jet carries at least 60% of th

FIG. 6. The reconstructed and the generatedpT ~top plot! andpz

~bottom plot! of thet lepton. Equations~26! are used for the recon
structed quantities.

FIG. 7. The number of reconstructed charged tracks~arbitrary
normalization! within DR,0.3 rad of the calorimeter jet axis. B
requiring a single reconstructed charged track so as to select
prongt decays, theW61 jets background is further reduced by on
order of magnitude while the signal suffers approximately a fac
of two reduction consistent with the one prong hadronict decay
branching fraction.
03500
a.
t lepton energy and the coneDR5ADh21Df2 between the
t jet axis and thet lepton direction be less than 0.2 rad:

pT
t2 jet

pT
t

.0.6,

~27!
DR~pT

t2 jet ,pT
t !,0.2 rad.

This cut reduces the background fromW61 jets events by
more than one order of magnitude while it costs only a m
est;40% rejection of signal events.

~3! Using the tracker information in the off-linet identi-
fication, we require that thet jet candidate contains a singl
charged track withinDR,0.3 rad around the jet axis. Thi
cut would select one prong hadronict decay events, and a
shown in Fig. 7, it reduces theW61 jets events by an addi
tional factor of ten while costing only;50% reduction in
the signal reconstruction efficiencies.

~4! Thet lepton from the signal is ultrarelativistic, and a
a result, the missing momentum fromt→(t jet)n is collin-
ear with thet jet. Further, as a consequence of the two-bo
decay, thet jet and them track are back to back. We there
fore require a large azimuthal opening angle between thm
and thet jet and a small opening angle betweenpT

missand the
t jet:

df~pT
m ,pT

t-jet!.2.75 rad,
~28!

df~pT
miss,pT

t-jet!,0.6 rad.

As can be seen from Fig. 8, this cut reduces the signa

ne

r

FIG. 8. The azimuthal opening angledf between the muon
track and thet jet ~left plots!, and between thepT

miss vector and the

t jet ~right plots!. The pp( p̄)→Z0(g* ) background is further re-
duced by a factor of two while the signal suffers only a 35% red
tion. The dashed lines indicate the level of the cuts.
1-6
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SEARCH FOR THE LEPTON FLAVOR VIOLATING . . . PHYSICAL REVIEW D67, 035001 ~2003!
;35% while the pp( p̄)→Z0(g* ) background is further
suppressed by;51%.

~5! Them track is monoenergetic because of the two-bo
decayH0→t6 m7 but the t jet in t→(t jet)n would be
somewhat softer. As a result, one would expect the mom
tum difference

DpT5pT
m2pT

t-jet ~29!

to be positive for the signal. Indeed, as noted in@48# and as
shown in Fig. 9, this quantity is very powerful in suppressi
the pp( p̄)→Z0(g* ) background further.

~6! We now cut on the transverse momentum of thet
reconstructed according to Eqs.~26!. The distribution of this
variable is shown in Fig. 10 where one sees that deman
pT

t .50 GeV leads to at most 20% reduction in the signa
the t gets harder at highermA so the reduction in the signa
due to this cut is highest at the lowest mass considered,
mA5120 GeV—while theW61 jets and Z0(g* )→t1t2

backgrounds are suppressed by additional factors of two
ten, respectively.

~7! The effective transverse mass of thetm system

mT5A2pT
mpT

t jet@~12cosdf!# ~30!

is reconstructed. In the signal, one would expect this quan
to peak toward the Higgs mass whereas in the backgrou
because the final state may contain several neutrinos, thmT
distribution would peak at low values as shown in Fig. 1

FIG. 9. The momentum imbalanceDpT between the muon track
and thet jet. In the signal, this quantity is expected to be positive
a result of the two-body kinematics fromA0/H0→t6m7 and the
subsequent decayt→(t jet)n. This is indeed mostly the case a
shown in the top left plot. Therefore, demandingDpT.0 sup-
presses the backgrounds further, particularly the Drell-Yan type

cesspp( p̄)→Z0(g* ), which is reduced by as much as 50% wi
this cut alone as can be seen from the bottom left plot.
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We required thatmT.85 GeV. This cut suppresses th
Z0(g* )→t1t2 background more than the other bac
grounds.

The efficiencies of the cuts discussed above are show
Table V where one sees that the analysis steps described
is effective in reducing the two main backgrounds, nam

s

o-

FIG. 10. The reconstructed transverse momentum of thet lep-
ton. We require that this quantity be greater than 50 GeV, leadin
additional suppression factors of two and ten in the dominantW6

1 jets andZ0(g* )→t1t2 backgrounds, whereas the signal is r
duced by at most 20%.

FIG. 11. The reconstructed effective transverse mass of thetm
system. This distribution peaks at low values in the backgrou
while in signal the peak is closer to the actual Higgs boson m
The dashed lines indicate the cut applied on this quantity.
1-7
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TABLE V. The efficiencies~in percent! of the cuts used in the current analysis. The first three cuts are effective in reducing the do
W61 jets events while the other cuts suppress the rest of the backgrounds efficiently.

Cut A0/H0 → t6m7

120 130 140 150 160 GeV t t̄ W6Z0 W1W2 Z0(g* ) W61 jets

~1! 16.3 17.0 16.9 17.2 20.9 3.031021 7.2 16.3 0.2 0.5
~2! 9.1 9.6 9.7 9.9 12.1 1.531022 0.50 1.3 0.09 2.231022

~3! 4.4 4.8 4.6 4.9 5.9 0.731022 0.25 0.65 0.04 2.231022

~4! 2.7 3.0 2.9 3.1 3.8 2.731023 0.10 0.40 0.02 1.931023

~5! 2.4 2.7 2.6 2.8 3.5 2.431023 0.10 0.40 0.01 1.131023

~6! 1.7 2.1 2.2 2.5 3.2 2.231023 0.05 0.20 2.431024 5.331024

~7! 1.2 2.0 2.2 2.5 3.1 2.131023 0.05 0.20 1.631024 4.331024
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W61 jets andZ0→t1t2. The most effective cuts are th
ones imposed for the identification of thet lepton—cuts~2!
and ~3!—and some kinematic cuts such as the momen
imbalance defined in cut~5!.

With the t 4-momentumpt obtained in Eqs.~26!, the
invariant mass of the Higgs boson is reconstructed,

mtm
2 5~pt1pm!2. ~31!

Distributions ofmtm are shown in Fig. 12 for the signal an
the backgrounds. We see in this figure that the signal is
constructed within one GeV of the expected Higgs bos
mass—except atmA5120 GeV where theA0 and theH0 are
not degenerate in mass and their summed signal peaks s

FIG. 12. The invariant massmtm distributions of the signal
A0/H0→t6m7 for several values of the Higgs boson mass and a
of the backgrounds, after an integrated luminosity of 30 fb21. The
LFV coupling parameterktm

2 51. The signal is reconstructed t
within 5 GeV of the Higgs boson mass above the residualW6

1 jets continuum.
03500
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where in the middle—while in the backgrounds themtm dis-
tribution gives a continuum spectrum dominated byW6

1 jets events.

B. A0ÕH 0\tÁµÂ versusA0ÕH 0\t¿tÀ

The H0→t1t2 of the SM is not expected to yield a sig
nificant signal at the LHC due to a low signal rate and su
stantial backgrounds from various sources@49#. In the
MSSM, for a Higgs boson of the same mass, theA0/H0

→t1t2 rates are significantly larger than the SM case. T
A0/H0→t1t2 process has been studied extensively for
LHC, and it is demonstrated that such a signal can be
served with a significance exceeding 5s in a large area of
the (mA , tanb) plane@50,51#.

The final state of both processesA0/H0→t1t2 and
A0/H0→t6m7 are very similar, namely an isolatedm, a
hadronict jet and missing energy. The observation of the
signals would rely on two crucial detector performance p
rameters, namely a very goodpT

miss resolution and a very
good t jet identification with excellent rejection of non-t
jets. The former performance parameter is necessary for
reconstruction of thetm invariant mass inA0/H0→t6m7

~as demonstrated in the above analysis! and also for thett
invariant mass inA0/H0→t1t2 @50,51# while the latter per-
formance parameter allows for the suppression of vari
backgrounds containing faket jets. We show in this section
that the reconstruction procedures presented in this pape
A0/H0→tm and described in@50,51# for A0/H0→tt allow
for the identification of each of these processes, altho
their final states are similar.

1. Optimization for A0ÕH 0\tµ

We generatedA0/H0→tt events and analyzed them a
cording the analysis procedure described in Sec. IV A. T
relative efficiencies of the cuts described in Sec. IV A f
A0/H0→tm andA0/H0→tt final states are shown in Tabl
VI. From Fig. 13 we see that at the same Higgs boson m
the reconstructedtm invariant mass for theA0/H0→t1t2

events peaks at lower values.

2. Optimization for A0ÕH 0\tt

It is also important to show that the analysis techniq
optimized for the search for theA0/H0→tt signal is capable

o

1-8
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of separating thett final state from thetm events. We have
therefore examinedA0/H0→tm events according to the
A0/H0→tt analysis technique which we recall succinctly
follows @50,51#:

~a! One isolatedm with pT.24 GeV anduhu,2.5, one
hadronict jet with ET

jet.40 anduhu.2.5 andb-jet veto.
~b! ET

miss.18 GeV.
~c! The transverse massmT(lepton-ET

miss),25 GeV.
~d! 1.8,Df,2.9 rad or 3.4,Df,4.9 rad, whereDf is

the azimuthal opening angle between thet jet and the iso-
latedm. This cut is needed for the reconstruction of thett
invariant massmtt . Indeed, the invariant massmtt of the
pair of t leptons produced in the process

A0/H0→tt→ jet ntmnmnt

TABLE VI. The relative efficiencies~in percent! of the cuts
used in the current analysis forA0/H0→tt events, to be compare
to Table V where the efficiencies forA0/H0→tm are shown.

Cut A0/H0→tt
120 130 140 150 160 GeV

~1! 2.0 4.2 2.1 1.95 1.77
~2! 0.6 1.1 0.6 0.52 0.47
~3! 0.3 0.6 0.3 0.26 0.23
~4! 0.1 0.24 0.12 0.11 0.10
~5! 0.09 0.18 0.09 0.08 0.08
~6! 0.01 0.04 0.02 0.03 0.03
~7! 0.831022 0.02 0.02 0.02 0.03

FIG. 13. The reconstructedmtm invariant mass forA0/H0

→tm and A0/H0→t1t2 mA5130 GeV andktm51 (tanb545,
a520.58 rad), i.e. set 2 of Table I using the analysis proced
presented above. The existence of theA0/H0→t1t2 signal would
constitute an additional background for theA0/H0→t6m7 process.
03500
can be reconstructed assuming thatmt50, that thet de-
tected products~in this case thet jet and them) are not back
to back, and also that the direction of the neutrino syst
from each t decay coincides with that of the detecte
product:

mtt5A2~E11En1!~E21En2!~12cosu!. ~32!

E1 andE2 are the visible energies from thet decays,u is the
angle between the directions of the detected products,
En1 and En2 are the energies of the two neutrino system
obtained by solving the system of equations

px
miss~py

miss!5@En1ū1#x(y)1@En2ū2#x(y) ,

whereū1 and ū1 are the directions of the detected produc
andpx

miss andpy
miss the components of theET

miss vector. The
above system of equations can be solved if the determin
which is proportional to sinDf, is not zero. Further details o
the mtt reconstruction are well documented elsewhe
@50,51#.

e

TABLE VII. The relative efficiencies~in percent! of the cuts
used in the search forA0/H0→tt @50,51# and restated briefly in the
text (mA5130 GeV).

Cut A0/H0→t6m7 A0/H0→tt

~a! 15.1 3.1
~b! 5.3 1.9
~c! 0.2 1.5
~d! 0.02 0.3

FIG. 14. The reconstructedmtt invariant mass forA0/H0→tt
and A0/H0→tm, for mA5130 GeV andktm51 (tanb545, a5
20.58 rad), i.e. set 2 of Table I using the analysis procedure
sented in@50,51#. The existence of theA0/H0→tm signal would
constitute a negligible background for theA0/H0→tt process.
1-9
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The relative efficiencies of the cuts~a!–~d! for thetm and
tt final states are shown in Table VII. Figure 14 shows
reconstructedmtt invariant mass distribution for both fina
states. Thetm events would contribute a negligible bac
ground under thett signal.

The reconstruction procedure forA0/H0→t1t2 de-
scribed in@50,51# and the analysis steps presented above
A0/H0→t6m7 would allow for the separation of both sig
nals, with each contributing a small residual background
der the peak of the other as shown in Figs. 13 and 14.

FIG. 15. The reconstructed invariant massmtm in the leptonic
decay of thet (→enn) for the signal (mA5140 GeV, tanb545,
k51), the SM backgrounds and theA0/H0→tt background.

TABLE VIII. The rates, s3BR(pb), for the signal gg
→A0/H0→t1m21t2m1, and the backgrounds at the Tevatro
We assumektm51 and tanb545.

Process mA mH s3BR
~GeV! ~GeV! ~pb!

gg→A0/H0→t1m21t2m1 119.3 128.4 1.4131021

129.3 130.1 0.7931021

139.2 140.2 0.3331021

149.1 150.0 0.1131021

159.1 160.0 0.1531022

gg→A0/H0→tt 119.3 128.4 3.90
129.3 130.1 2.84
139.2 140.2 1.79
149.1 150.0 1.16
159.1 160.0 0.75

pp̄→Z0(g* )→t1t2→m1nmn̄tt
2 3.243103

pp̄→W61 jets→m6nm1 jets 3.213103
03500
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C. Leptonic t decay

Thus far, we have considered the hadronic final state
the t lepton, and the major irreducible background com
from W1 jets events where a jet is mis-identified as a ha
ronic t jet. Indeed, the residual SM background shown
Fig. 12 is dominated byW1 jets events whose rate is sever
orders of magnitude higher than the signal rates as show
Table IV. In this section we examine the leptonic decay
thet, namelyt→enen̄t . Although the branching fraction o
t→enen̄t is only ;18% compared to 65% fort
→( jet)nt , the identification of the electron is easier with a
efficiency of 90% whereas thet jet identification efficiency
is much lower: in the above analysis, we assume at jet
identification efficiency of 30%, corresponding to a jet reje
tion factor of;400—see@50# for details.

Furthermore, the leptonic decay of thet will not be sen-
sitive to theW1 jets background. We search for a signal fin

TABLE IX. The expected signal-to-background ratios and s
nal significances (t→ jet n/t→enn) for two experiments at the
Tevatron, assumingktm

2 51 and 5% systematic uncertainty on th
background shape and normalization.

mA ~GeV! → 120 130 140 150

Signal (S) 10/29 7/19 3/13 1/5
Backgrounds (B) 4/42 4/44 3/51 2/62
S/B 2.4/0.7 1.8/0.4 1.0/0.3 0.5/0.1
S/AB 5.0/4.3 3.5/2.7 1.7/1.7 1.2/0.6

CombinedS/AB 6.6 4.4 2.4 1.3

FIG. 16. The discovery reach at the Tevatron in the combin
t→ jet nt and t→enent channels. The signal would yield a 5s
significance for 0.87&ktm&2.0 and for a Higgs boson mass 12
&mA&150 GeV. The luminosity needed for a 95% C.L. exclusi
is shown in the bottom plot.
1-10
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FIG. 17. The achievable lower bounds on the LFV couplingltm

at the Tevatron (CDF1D0) obtained from the summed signal in th
hadronic and leptonic decays of thet lepton. To obtain these
bounds, we use the values ofktm at 5s shown in Fig. 16—20 fb21

per experiment. The current bounds onltm obtained from the muon
g22 data are also shown. For the muong22 data, the curves a
higherltm values correspond to the 2HDM-III type a and the low
curves to the 2HDM-III type b. This trend is the same forH0

→tm ~bottom plot! but it is reversed forA0→tm ~top plot!.

FIG. 18. The reconstructed invariant massmtm , after cut~7!, of
the signal plus the backgrounds in the hadronict decay channel for
mA5120, 130, 140 and 150 GeV, and for an integrated lumino
of 30 fb21 at the LHC. For the assumed value of the LFV coupli
parameter (ktm

2 51), the signal can be observed with a significan
exceeding 5s up to mA5150 GeV.
03500
state containing two isolated leptons, one electron and
other am with no hadronic activity. The major SM back
grounds in this case are shown in Table IV—the proces
listed in Eq. ~25!—except for theW1 jets background, in
addition to

y

FIG. 19. The same as Fig. 18 but with the leptonic decay of
t (→enent).

FIG. 20. The 5s discovery reach in the (mA , ktm) plane, using
the combinedt→ jet nt andt→enent signals, for ATLAS1 CMS
~top plot!. TheA0/H0→t6m7 signal would yield a 5s significance
for 0.18&ktm&1.0 and for a Higgs boson mass 120&mA

&160 GeV. The bottom plot shows the luminosity needed fo
95% C.L. exclusion as a function ofmA for low and high tanb
assumingktm51.
1-11
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TABLE X. The signal-to-background ratios and signal significances calculated within62s of the reconstructed Higgs boson mass^mA&
for t→ jet n/t→enn—one experiment at the LHC—with an integrated luminosity of 30 fb21, assumingktm

2 51 and 5% systematic
uncertainty from the residual background shape and normalization.

mA ~GeV! → 120 130 140 150 160

^mA& ~GeV! 124.6/125.2 130.0/130.7 139.9/140.6 149.7/150.0 159.4/159.8
s ~GeV! 7.5/7.3 7.0/7.0 7.6/8.2 8.1/9.1 8.4/10.4
Signal (S) 943/1142 687/816 349/624 144/279 23/57
Backgrounds (B) 360/134 397/140 376/163 296/198 223/226
S/B 2.6/8.5 1.7/5.8 0.9/3.8 0.5/1.4 0.1/0.3
S/AB 36.1/85.4 24.4/59.4 12.9/41.2 6.3/16.2 1.2/3.0

CombinedS/AB 92.7 64.2 43.2 17.4 3.2
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t t̄→mnmbeneb̄,
~33!

WW→mnmene .

The reconstruction of the signal is exactly as described
Sec. IV A, except for the cuts~2! and~3! which were imple-
mented for the suppression of theW1 jets events and for the
selection of the one prong hadronict decays. These cuts ar
no longer necessary and are not used in the search fo
leptonic decay of thet. Fig. 15 shows the reconstructedtm
invariant mass for the signalA0/H0→tm, the SM back-
grounds and for theA0/H0→tt background with onet de-
caying to leptons:t→enn. In this channel, too, the signa
can be observed with significances exceeding 5s, depending
on the LFV coupling parameterktm .

D. Prospects at the Tevatron

Table VIII shows the estimated signal and backgrou
rates at the Tevatron where we propose to search
A0/H0→t6m7 with the neutral Higgs bosons of the 2HDM
produced through gluon fusion:gg→A0/H0. The signal-to-
background ratios and the signal significances calcula
within 62s of the reconstructed Higgs mass peak, for
integrated luminosity of 20 fb21 per experiment, are show
in Table IX for ktm

2 51 and tanb545. At the Tevatron, a
significant signal (.5s) can be detected for Higgs boso
masses around 120 GeV and high tanb (;45), assuming
ktm;1. We show in Fig. 16 the discovery reach at the Te
tron and the luminosity required for a 95% confidence le
exclusion for large tanb. For low tanb values (&10), the
signal production rate decreases by more than an orde
magnitude compared to the case shown in Table VIII so
the detection of this process at the Tevatron would req
very large values of the LFV couplingltm . However, one
would expect the LFV couplingsl i j ;O(1) @35,48#—see
Eqs. ~23! and ~24!. Therefore, at the Tevatron, this chann
would be viable only in the event of a large tanb value and
for ktm;1—see Table III for the correspondence betwe
ktm and ltm . Figure 17 shows the corresponding expec
limits on ltm at the Tevatron: the reach inltm would be
extended, at large tanb, beyond that obtained from the muo
g22 experiment, forA0→tm in the 2HDM-III type a.
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As shown in Fig. 17, the bounds onltm would be differ-
ent for the Higgs bosonsA0, H0 and h0 because of their
different LFV Yukawa couplings—see Secs. II and III an
the Appendix.

E. Prospects at the LHC

The signal and background rates at the LHC are show
Table IV. In Figs. 18 and 19 we show the reconstructedmtm
invariant mass for several values of the Higgs boson m
and for an integrated luminosity of 30 fb21, and for the LFV
coupling parameterktm

2 51.
The signal-to-background ratios and the signal signific

ces are calculated with the events reconstructed within62s

FIG. 21. The achievable bounds on the LHV couplingltm at the
LHC ~ATLAS 1 CMS! from the combined hadronic and leptonict
decay channels—100 fb21 per experiment. For low or high tanb,
the lower bounds onltm at the LHC would be extended beyon
that of the muong22 experiment. For the muong22 data, the
curves at higherltm values correspond to the 2HDM-III type a an
the lower curves to the 2HDM-III type b. This trend is the same
H0→tm ~bottom plots! but it is reversed forA0→tm ~top plots!.
1-12
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of the reconstructed Higgs boson mass. As shown in Tabl
a significant signal can be observed at the LHC for Hig
masses in the range 120 to 150 GeV for the LFV coupl
parameter ktm;O(1). Around 160 GeV, as theHSM

0

→W1W2 channel opens up, the rate forA0/H0→t6m7 de-
creases so drastically that the observation of a signific
signal would be possible only in the event ofktm.1.

The constraints on this LFV couplingltm from low en-
ergy experiments are rather weak—see the discussion in
II on low energy bounds. From Eq.~22! the signal rate scale
like ktm

2 and we show in Fig. 20 the value ofktm at which
the signal yields a 5s significance around the Higgs boso
mass peak. The LFV coupling 0.18&ktm&1.0 can be
reached at the LHC, combining ATLAS and CMS data f
Higgs boson masses 120&mA&160 GeV. Fig. 20 also
shows in the bottom plot, the luminosity needed at the LH
to achieve a 2s ~95% C.L.! exclusion. At the LHC, assuming
the LFV coupling parameterktm;O(1), a fewyears of low
luminosity data would be enough to exclude this model
the mass range 120,mA,150 GeV and at low tanb. For
high tanb values, a 95% C.L. exclusion can be establish
in one year of data taking or less for the mass range con
ered. In Fig. 21 we show the expected bounds onltm at the
LHC using the values ofktm at 5s from Fig. 20 and we see
that the reach inltm would be extended beyond the muo
g22 limits.

V. CONCLUSIONS

In models with several Higgs doublets, FCNC and LF
couplings exist at the tree level because the diagonaliza
of the up-type and the down-type mass matrices does
ensure the diagonalization of the Higgs-fermion coupl
matrices. In the 2HDM-I and -II, a discrete symmetry su
presses FCNC and LFV couplings at the tree level by
stricting fermions of a given electric charge to couple to
most one Higgs doublet. In the 2HDM-III, no discrete sym
metry is invoked and the flavor changing couplings are
rametrized in terms of the fermion mass hierarchy to be
agreement with the severe experimental constraints
FCNC and LFV couplings with the first generation inde
The arbitrariness of the FCNC and LFV couplings of t
second and the third generations can be constrained in
energy and collider experiments. The deviation of the m
sured muon anomalous magnetic moment from the SM
diction offers weak bounds on the LFV coupling parame
ltm .

We have investigated the achievable bound onktm and
ltm at hadron colliders by studying thegg→A0/H0

→t6m7 signal observability. Considering the hadronic d
cay of thet lepton, the main backgrounds of this process
Z0(g)→t1t2 andW61 jets events whereW6→m6nm and
a jet is misidentified as at jet. We search for an isolatedm
and onet jet, and we applied a jet veto and ab-jet veto to
reject multi-jet final states fromt t̄ and W61 jets. Further
reduction of the backgrounds is achieved by exploiting
differences in the event topology of the signal and the v
ous backgrounds. Although the background rates are sev
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orders of magnitude higher than the signal rate, three m
detector performance parameters have been crucial in
tracting a significant signal: a goodt jet identification and
rejection against non-t jets, the tracking capability for the
identification of the charged tracks in one prong hadronit
decays, and the missing momentum resolution.

We also investigated the leptonic decay of thet
(→enn) where theW1 jets event do not contribute a sig
nificant background. In this case we require a final state c
taining one isolatedm and one isolated electron, and we u
jet veto andb-jet veto to suppress thet t̄ background. The
leptonic decay of thet gives a better sensitivity. The signa
significances are estimated based on expected events in
the hadronic and the leptonict decay channels.

The analysis steps described above reconstruct thetm
invariant mass to within;1 GeV of the Higgs boson mas
~except atmA5120 GeV where theA0 and theH0 bosons
are not degenerate and the summed signal peaks somew
in the middle as a result!, and also differentiate theA0/H0

→t1t2 events from theA0/H0→t6m7 signal.
With an integrated luminosity of 20 fb21 at the Tevatron,

a signal for 0.87&ktm&2.0 could be detected with a signifi
cance of 5s for Higgs boson masses 120&mA&150 GeV,
corresponding to a reach inltm of the order 0.03/1.0 for the
2HDM-III type a/type b. In case the signal is not observ
and assumingktm;O(1), a 95%C.L. exclusion can be se
with ,14 fb21 of data for 120&mA&140 GeV.

The sensitivity will be improved at the LHC wherektm
;0.18 could be reached with 100 fb21—this would corre-
spond to a lower bound inltm;0.01/0.1 for the 2HDM-III
type a/type b. A 95% C.L. exclusion could be set after jus
few years of running at low luminosity if the signal is no
observed.

At the LHC, the reach in the LFV couplingltm would be
extended beyond that expected at the Tevatron and also
yond that obtained from the muong22 data: a factor of 10
to 100 better, depending on tanb anda.
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APPENDIX

In this appendix we give the Lagrangian of the lept
flavor conserving and violating Yukawa couplings of th
2HDM type III using the results of@52# with the addition of
the charged Higgs part. The leptonic Yukawa Lagrang
reads

2L5h i j l̄ iL
0 w1l jR

0 1j i j l̄ iL
0 w2l jR

0 1H.c. ~A1!

wherew1,2 are the two Higgs doublets
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w15S f1
1

f1
0 D , w25S f2

1

f2
0 D ~A2!

with vacuum expectation values

^w1&05
1

A2
S 0

v1
D , ^w2&05

1

A2
S 0

v2eiuD , ~A3!

where in the following we setu50 and therefore we con
sider aCP-conserving Higgs sector. The parametersh i j and
j i j are non-diagonal 333 matrices andi, j are family indi-
ces. The neutral and charged mass eigenstates are rela
the states of Eq.~A2! by

S cosb 2sinb

sinb cosb D S GW
6

H6D 5S f1
6

f2
6D

S cosb 2sinb

sinb cosb D S GZ
0

A0 D 5A2S If1
0

If2
0D ~A4!

S cosa 2sina

sina cosa D S H0

h0 D 5A2S Rf1
02v1 /A2

Rf2
02v2 /A2

D
whereRf and If are the real and imaginary parts of th
complex scalar fieldsf, tanb5v2 /v1 , a is the CP-even
neutral Higgs sector mixing angle,GZ

0 and GW
6 are the

would-be Goldstone bosons ofZ and W vector bosons, and
H6, A0, H0, h0 are the physical Higgs bosons of the 2HDM
The Lagrangian~A1! in terms of the mass eigenstates is ob
tained by a unitary transformation

l L,R5VL,R l L,R
0 ~A5!

and one can write the diagonal mass matrix for the th
leptons

Ml
diag5VLS v1

A2
h1

v2

A2
j D VR

† ~A6!

and either solve forj ~rotation of type a!

j5
A2

v2
VL

†Ml
diagVR2

v1

v2
h ~A7!

or for h ~rotation of type b!

h5
A2

v1
VL

†Ml
diagVR2

v2

v1
j. ~A8!

In terms ofh the leptonic Lagrangian reads~type a!
03500
d to

e

L a52
mi

v sinb
l̄ i l i~cosa h01sina H0!

2 i
micotb

v
l̄ ig5l iA

02
micotb

A2v
n̄i~11g5!l iH

1

1
1

A2 sinb
l̄ ih i j l j@cos~a2b!h01sin~a2b!H0#

1
i

A2 sinb
l̄ ih i j g5l jA

01
1

2 sinb
n̄ih i j ~11g5!l jH

1

1H.c. ~A9!

while in terms ofj the leptonic Lagrangian reads~type b!

L b52
mi

v cosb
l̄ i l i~sina h02cosa H0!

1 i
mi tanb

v
l̄ ig5l iA

01
mi tanb

A2v
n̄i~11g5!l iH

1

2
1

A2 cosb
l̄ ij i j l j@cos~a2b!h01sin~a2b!H0#

2
i

A2 cosb
l̄ ij i j g5l jA

02
1

2 cosb
n̄ij i j ~11g5! jH

1

1H.c. ~A10!

wheren is the neutrino field,v5(A2 GF)21/25246 GeV is
the SM vacuum expectation value, related tov1 andv2 by

v5Av1
21v2

2. ~A11!

Note that the Lagrangian~A9! corresponds in the lepton fla-
vor conserving part to 2HDM-I, while the Lagrangian~A10!
to 2HDM-II.

The couplings for lepton flavor conserving and violatin
Yukawa interactionshi j can be read directly from the La
grangian~A9! and ~A10!. As an example the lepton flavo
conserving charged Higgs coupling squared from Eq.~A10!
~which is the same as in 2HDM-II! is

hmn
2 5

mm
2 tan2b

2v2
5

GFmm
2 tan2b

A2
~A12!

in agreement with the erratum in@1# ~see the discussion ther
for a comment on other results in the literature!.

We give in the following the complete expressions for t
widths used in the analysis. For the tree-level widths we
not give here loop contributions and threshold effects,
those effects are taken into account in the numerical ca
lation of the branching ratios. The decays of aCP-even or
-odd neutral Higgs boson to a pair of fermions are
1-14
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TABLE XI. The mixing angles for the neutral Higgs bosons decays to fermions;u refers to up-type
quarks,d to down-type quarks and leptons.

MSSM 2HDM-III type a 2HDM-III type b

u(h0→uū) cosa/sinb cosa/sinb sina/cosb

u(h0→dd̄) sina/cosb cosa/sinb sina/cosb

u(h0→tm) 0 cos(a2b)/(A2 sinb) cos(a2b)/(A2cosb)

u(H0→uū) sina/sinb sina/sinb cosa/cosb

u(H0→dd̄) cosa/cosb sina/sinb cosa/cosb

u(H0→tm) 0 sin(a2b)/(A2 sinb) sin(a2b)/(A2 cosb)

u(A0→uū) cotb cotb tanb

u(A0→dd̄) tanb cotb tanb

u(A0→tm) 0 1/(A2 sinb) 1/(A2 cosb)
N l2

u
a
o

2

n-
G~H0→ l i
1l j

2!5mH
c i j

8p

mimj

v2
u2~a,b!

3S 12
~mi1mj !

2

mH
2 D 3/2

3S 12
~mi2mj !

2

mH
2 D 1/2

, ~A13!

G~A0→ l i
1l j

2!5mA

Ncl i j
2

8p

mimj

v2
u2~a,b!

3S 12
~mi1mj !

2

mA
2 D 1/2

3S 12
~mi2mj !

2

mA
2 D 3/2

, ~A14!

whereNc53 for quarks andNc51 for leptons. For a flavor
conserving decayl i i 51 andmi5mj . u(a,b) is a function
of the mixing parameters, given in Table XI. The Higgs co
plings to gauge bosons follow from gauge invariance and
therefore model independent. There are no tree-level c
plings of vector boson pairs to the charged Higgs bosonH6

and to theCP-odd neutral Higgs bosonA. For the neutral
CP-even sector:

G~h0→W1W2!5
sin2~b2a!

16pv2mh

~mh
424mh

2mW
2 112mW

4 !

3S 124
mW

2

mh
2 D 1/2

, ~A15!
03500
-
re
u-

G~h0→ZZ!5
sin ~b2a!

32pv2mh

~mh
424mh

2mZ
2112mZ

4!

3S 124
mZ

2

mh
2D 1/2

, ~A16!

and the corresponding expressions forH0 can be obtained
replacing sin2(b2a) with cos2(b2a). The loop-induced de-
cays togg andgg can be obtained from Chap. 2 and Appe
dix C of the first reference in@1# for the MSSM. For a ge-
neric neutral Higgs bosonf they are given by

G~f0→gg!5
as

2

128p3v2
mf

3U(
i

Ji
fU2

, ~A17!

G~f0→gg!5
aem

2

256p3v2
mf

3U(
i

I i
fU2

, ~A18!

TABLE XII. The coefficientsCi
f ; u refers to up-type quarks,d

to down-type quarks and leptons.

2HDM-III type a 2HDM-III type b

Cu
h cosa/sinb 2sina/cosb

Cd
h cosa/sinb 2sina/cosb

CW
h sin(b2a) sin(b2a)

CH6
h g(h0H1H2) g(h0H1H2)

Cu
H sina/sinb cosa/cosb

Cd
H sina/sinb cosa/cosb

CW
H cos(b2a) cos(b2a)

CH6
H g(H0H1H2) g(H0H1H2)

Cu
A 2cotb tanb

Cd
A cotb 2tanb

CW
A 0 0

CH6
A 0 0
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where the sum over the indexi is limited to quarks forgg

Jq
h5Cq

fF1/2~tq! ~A19!

while it runs over fermions,W, H6 for gg:

I f
f5Nce

2Cf
fF1/2~t f ! ~A20!

I W
f 5CW

f F1~tW! ~A21!

I H6
f

5CH6
f F0~tH6!

mW
2

mH6
2 ~A22!

wheret i54mi
2/mf

2 , Nc53 for quarks,Nc51 for leptons,e
is the electric charge in units of the charge of the electr
the functionsF are given by
y

n

. D

a
;

06

. D

ys
.

03500
,

F05t@12tg~t!# ~A23!

F1/2522t@d1~12dt!g~t!# ~A24!

F15213t13t~22t!g~t! ~A25!

whered51 for h0, H0, andd50 for A. The functiong(x) is

g~x!5H a sin2~A1/x!, x>1,

2
1

4 F log
11A12x

12A12x
2 ipG , x,1.

~A26!

The coefficientsCi
f are given in Table XII and the coupling

g(h0H1H2), g(H0H1H2) of Table XII can be found in
Appendix A of the last paper in@27#.
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