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„gÀ2…µ anomaly, Higgs bosons, and heavy neutrinos

G. G. Boyarkina and O. M. Boyarkin*
Byelorussian State Pedagogical University, Soviet Street 18, Minsk, 220050, Belarus

~Received 8 January 2003; published 29 April 2003!

Within the model based on the SU(2)L3SU(2)R3U(1)B2L gauge group and having a bidoublet and two
triplets of the Higgs fields~left-right model!, the Higgs sector impact on the value of the muon anomalous
magnetic moment~AMM ! is considered. The contributions coming from the doubly charged Higgs bosons, the
singly charged Higgs bosons, and the lightest neutral Higgs boson are taken into account. The obtained value
of the muon AMM is a function of the Higgs boson masses and the Higgs boson coupling constants~CC’s!. We
express the largest part of the CC’s as a function of the heavy neutrino sector parameters. We show that at the
particular parameter values the model under study could explain the BNL 2000 result.
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I. INTRODUCTION

The measurement of the spin magnetic dipole momen
particles has a rich history as a harbinger of impress
progress in quantum theory. Thus, registration of the ano
lous values of the nucleon magnetic moments was a pow
ful argument benefiting thep-mesonic theory of nuclea
forces formulated by Yukawa. The determination of t
anomalous magnetic moment~AMM ! of the electron has
played an important role in the development of mode
quantum electrodynamics and renormalization theory. It
peared to be reasonable that the ongoing muon (g22)m

measurement E821 at Brookhaven National Laborat
~BNL! would be a sensitive test for the results of the st
dard model electroweak corrections. However, the meas
ments of the muon AMM indicate a deviationdam from the
theoretical value predicted by the standard model~SM!.
Since the E821 data have been thoroughly collected
studied over many years, it is most unlikely that this discr
ancy also could be explained as a mere statistical fluctua
as several earlier deviations from the SM turned out to
Attention is drawn to the fact of the extremely small var
tion of the muon AMM central value in all the BNL result
presented up to now. This circumstance could be a weig
argument in favor of the trustworthiness of the E821 exp
ment. While it is often argued that the SM should be au
mented by new physics at higher energy scales becaus
some unanswered fundamental questions, the (g22)m
anomaly with such phenomena as the neutrino oscillati
@1#, 3s departure of sin2uW from the SM predictions mea
sured in deep inelastic neutrino-nucleon scattering@2#, and
the observation of the neutrinoless double beta decay@3#
may already serve as a new physics signal at the weak s

Suggestions already made in the literature for explain
dam include supersymmetry@4#, additional gauge bosons@5#,
anomalous gauge boson couplings@6#, leptoquarks@7#, extra
dimensions @8#, muon substructure@9#, exotic flavor-
changing interactions@10#, exotic vectorlike fermions@11#,
possible nonperturbative effects at the 1 TeV order@12#, the
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violation of CPT and Lorentz invariance@13#, and so on.
Some explanations of the E821 experiment turn out to

excluded by the current experimental data. To cite some
amples: The possibility of muon substructure can be imm
diately ruled out since the necessary compositeness sca
the muon should already have been seen in processes in
ing highly energetic muons at the CERNe1e2 collider LEP,
DESY ep collider HERA, and the Fermilab Tevatron.

For the anomalousW-boson dipole magnetic moment

mW5
e

2mW
~11kg!

the additional one-loop contribution toam is given by the
expression

am~kg!'
GFmm

2

4A2p2
lnS L2

mW
2 D ~kg21!,

where L is the high momentum cutoff required to give
finite result. ForL'1 TeV, in order to obtain accord be
tween theory and observation, one should demand

dkg[kg21'0.4.

However, such a big value ofdkg is already eliminated by
the e1e2→W1W2 data at LEP II, which give@14#

dkg50.0860.17.

In this manner, at the moment the (g22)m anomaly plays
the role of an Occam’s razor for the existing SM extensio

The purpose of this work is to investigate the (g22)m
anomaly within the left-right model~LRM! based on the
gauge group SU(2)R3SU(2)L3U(1)B2L . One-loop contri-
butions toam from extra gauge bosons have been calcula
in Ref. @15#. However, the contribution coming from theZ2
gauge boson is negative, while in order to accommodate
discrepancy between the BNL results and the LRM pred
tion the mass value of theW2 gauge boson should lie aroun
100 GeV, which is clearly ruled out by direct searches a
precision measurements@14#. In the LRM the Higgs bosons
©2003 The American Physical Society23-1
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may also appear to be candidates for particles genera
significant contributions to the muon AMM.

The paper is organized as follows. In the next section
discuss the BNL results and the SM theoretical predictio
In Sec. III we consider the structure of both the Higgs bos
and the lepton sectors in the LRM. There we establish
connection between the Higgs boson coupling consta
~CC’s! and the neutrino oscillation parameters. In Sec. IV
discuss the current constraints on the LRM parameters.
tion V is devoted to computation of the Higgs boson con
butions to the muon AMM. In Sec. VI we compare the th
oretical and experimental values ofam and find the bounds
on the Higgs boson sector parameters which provide in t
turn information on the masses and the mixing angles of
heavy neutrinos. Section VII is devoted to analysis of
results obtained.

II. THE BNL RESULTS AND THE SM
THEORETICAL PREDICTIONS

The first BNL result based on the data taken through 1
was @16#

am
expt5~116 592 50061500!310211m0 ~BNL 1997!,

~1!

where m0 is the muon magnetic moment predicted by t
Dirac theory. The 1998 and 1999 runs had much higher
tistics and gave results with increased precision:

am
expt5~116 591 9106590!310211m0 ~BNL 1998 @17# !,

~2!

am
expt5~116 592 0206160!310211m0 ~BNL 1999 @18# !.

~3!

The BNL 1998 and BNL 1999 results averaged with old
measurements made at CERN@19# gave the following value
of the muon AMM:

am
expt5~116 592 0236151!310211m0 . ~4!

In the SM the expression for the muon AMM can b
presented as the sum

am
SM5am

QED1am
EW1am

had , ~5!

in which am
QED511 658 470.57(0.29)310210m0 ~see @20#

and references therein! andam
EW515.2(0.4)310210 ~see@21#

and references therein!.
The termam

had arises from virtual hadronic contribution
to the photon propagator in fourtham

had(VP1) and sixth or-
ders, where the latter includes hadronic vacuum polariza
am

had(VP2) and light-by-light scatteringam
had(LbyL). The

dominant contribution toam
had as well as one of the larges

ambiguities in its value come fromam
had(VP1). am

had(VP1)
was derived in Ref.@22# from thee1e2 hadronic cross sec
tion and the hadronict decay data:

am
had~VP1!56924~62!310211m0. ~6!
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Evolution of the three-loop hadron vacuum polarization co
tribution am

had(VP2) has given the result@23#

am
had~VP2!52100~6!310211m0 . ~7!

It is important to keep in mind that all the estimations
the LbyL scattering contributionam

had(LbyL) made so far
are model dependent. The calculations are based on the
ral perturbation or extended Nambu–Jona-Lasinio mod
Also, vector meson dominance is assumed and the phen
enological parametrization of the pion form factorpg* g* is
introduced in order to regularize the divergence. The pre
ous average value foram

had(LbL) is given by@24,25#

am
had~LbyL!5285~25!310211m0 . ~8!

With this value of theLbyL hadronic correction the total SM
prediction ofam

SM was

am
SM5116 591 597~67!310211m0 . ~9!

Comparing Eq.~9! with the experimental average in Eq.~4!
one finds

dam[am
expt2am

SM5426~165!310211m0 . ~10!

Equation~10! means that there is a 2.6s deviation between
experiment and the SM prediction.

Recently, the theoretical prediction foram
had(LbyL) has

undergone a significant revision because of a change in s
The overestimations have given the following values
am

had(LbyL):

am
had~LbyL!5H 83~12!310211m0 @26#,

89~15!310211m0 @27#,

83~32!310211m0 @28#.

~11!

Taking the average of these new results one finds

am
SM5116 591 770~70!310211m0 . ~12!

Using Eqs.~4! and ~12! one obtains

dam5260~160!310211m0 . ~13!

Thus the deviation value has dropped from 2.6s up to 1.6s.
On July 30, 2002 the Muong22 Collaboration an-

nounced a new result based on them1 data collected in the
year 2000@29#:

am
expt5116 592 040~70!~50!310211m0 ~BNL 2000!.

~14!

The uncertainty of BNL 2000 is almost two times small
than in BNL 1999 and only two times larger than the fin
aim of the E821 experiment. With this new result the pres
world average experimental value is

am
expt5116 592 030~80!310211m0 . ~15!
3-2
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Improved calculations ofam
had(VP1) have been presente

recently @30,31#. These are data-driven analyses using
most recent data from thee1e2 hadronic cross section ob
served at the CMD-2, BES, and SND experiments@32#.
Their precision;58310211 is now even smaller than thos
in Eq. ~6!. Further on foram

had(VP1) we shall use the resu
of Ref. @30#, where the experimental input is based only
the e1e2 data:

am
had~VP1!56889~58!310211m0 . ~16!

For estimation ofam
had(LbyL) we invoke the new result ob

tained in@33#:

am
had~LbyL!580~40!310211m0 . ~17!

Then with the help of Eqs.~7!, ~16!, and ~17! the full had-
ronic contributions are given by

am
had56869~71!310211m0 . ~18!

This leads us to the SM prediction

am
SM5116 591 726.7~70.9!310211m0 . ~19!

So, at present the deviation between experimental data
the SM prediction has reached the value

dam5303.3~106.9!310211m0 , ~20!

that is, the deviation is roughly about 3s.
If the deviation of Eq.~20! can be attributed to the effect

of physics beyond the SM, then at 95% C.L.,dam /m0 must
lie in the range

93.8310211<
dam

m0
<512.8310211. ~21!

This contribution is positive, and has the same order as
electroweak corrections toam , namely,;GFmm

2 /(4p2A2).

III. THE LEFT-RIGHT MODEL

In the SM, the Higgs boson contribution toam is negli-
gible becausem̄mh coupling is extremely small, namely
;mm /v, wherev is the vacuum expectation value~VEV!
being equal to 246 GeV. In the LRM the Higgs boson sec
is much richer than that in the SM. It includes four doub
charged scalarsD1,2

(66) , four singly charged scalarsh(6) and

d̃ (6), four neutral scalarsSi ( i 51,2,3,4), and two neutra
pseudoscalarsP1,2. The current experimental data allo
some of these Higgs bosons to have masses around the
troweak scale and couplings of at least electroweak stren
It is well to bear in mind that among the extensions of t
SM the LRM is of special interest because its Higgs bos
sector contains elements belonging to other models v
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popular nowadays. The presence of the bidoublet in the L
causes the existence of the same physical Higgs bosons
the two Higgs doublet modification of the SM~THDM! @34#
and in the MSSM@35#. Owing to the availability of the trip-
lets the LRM has the Higgs bosons that are present in
model based on the SU(3)L3U(1)N gauge group@36#.

One more fascinating property of the LRM resides in t
fact that the LRM belongs among the models in which t
Higgs boson coupling constants determining the interac
of the Higgs bosons both with leptons and with gauge bos
are connected to the neutrino oscillation parameters~NOP’s!.
Therefore, in such models the bounds obtained on the H
boson sector parameters could be extended to the bound
the NOP’s.

In the LRM the choice of the Yukawa potential has
influence on the form of the Lagrangian describing the Hig
boson interactions both with fermions and with gau
bosons. The most general Yukawa potentialL Y

g has been
proposed in@37#. In spite of the fact thatL Y

g has a very
complicated form, the diagonalization of the charged Hig
boson mass matrix presents no special problems. Howe
for the neutral Higgs boson mass matrixMn this procedure
can only be realized when some simplifications inL Y

g have
been done@38#. For example, the matrixMn can be diago-
nalized in the following conditions~we use the same notatio
as in Ref.@37#!:

a15
2a2k2

k1
, a35

2a2k2
2

k1k2
, b15

2b3k2

k1
, ~22!

where a1,2,3 and b1,2 are the constants entering into th
Yukawa potential,k1 ,k2 are the VEV’s of the neutral com
ponents of the Higgs bidoublet, andk65Ak1

26k2
2 (k1

5174 GeV).
Of all the Higgs bosons, theD1,2

(66) , h(6), d̃ (6), andS1

bosons have been of our main interest here because the
rent data allow their masses to lie on the electroweak s
~recall that theS1 boson is the analogue of the SM Higg
boson!. Assuming the conditions~22! to be satisfied one ob
tains the squared masses of these particles:

mh
25a~vR

21k0
2!1

b1
2k1

4 k0
2

k2
4 ~a1r12r3/2!

, ~23!

md̃
2
5~r3/22r1!vR

22
b1

2k1
4 k0

2

k2
4 ~a1r12r3/2!

, ~24!

mD1

2 5
a3k2

2 14r2vR
2

2
1

k2
4 ~b3k1

2 1b1k1k2!2

2k1
4~4r21r322r1!vR

2 , ~25!

mD2

2 5
a3k2

2 2~2r12r3!vR
2

2
2

k2
4 ~b3k1

2 1b1k1k2!2

2k1
4~4r21r322r1!vR

2 ,

~26!
3-3
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mS1

2 52l1k1
2 18k1

2k2
2~2l21l3!/k1

2 28l4k1k2

1
4k1k2k2

4 @2~2l21l3!k1k2 /k1
2 2l4#2

a2vR
2k1

2 , ~27!

where

a5
a3k1

2

2k2
2 5

a3~11tan2b!

2~ tan2b21!
,

b05
b1k1

2

k2
2 5

b1~11tan2b!

~ tan2b21!
,

k05
k2

2

A2k1

5
k1~ tan2b21!

A2~11tan2b!
,

r1,3 are the constants entering into the Yukawa potent
tanb5k1 /k2, andvR is the VEV of the neutral componen
of the right-handed Higgs triplet,vR@max(k1 ,k2). From the
relations~24! and~26! it follows that the masses of thed̃ (6)

andD2
(66) bosons are very close to each other. From exp

sions~23!–~26! likewise, it is obvious that in order that th
h(6), d̃ (6), andD1,2

(66) boson masses are on the electrowe
scale the constantsa3 , r2, and (r3/22r1) should have the
order of;1022.

The Lagrangians that are required for our purposes
given by the expressions

LgDD52ie$@]mD1
(22)* ~x!#D1

(22)~x!2D1
(22)* ~x!

3@]mD1
(22)~x!#%1~1→2!, ~28!

L l
dc52(

a,b

f ab

2
@ l̄ a

c~x!~11g5!l b~x!cud

2 l̄ a
c~x!~12g5!l b~x!sud

#D1
(22)* ~x!

1S 1→2,ud→ud2
p

2 D1conj., ~29!

LW1gh5
gRemW1

~12tan2b!~a2r3/21r111!sj

gL~11tan2b!

3h(2)* ~x!W1m~x!Am~x!1conj., ~30!
07302
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LW2gh5LW1gh~sj→cj!, ~31!

LW1gd̃5gRegL
21b1mW1

sjd̃
(2)* ~x!W1m~x!Am~x!1conj.,

~32!

LW2gd̃5LW1gd̃~sj→cj!, ~33!

L l
sc5(

a,b
H Fhab8 k22habk1

2k1

n̄a~x!~12g5!l b~x!

2
habk22hab8 k1

2k1

N̄a~x!~11g5!l b~x!Gh(2)* ~x!

1
f ab

A2
F l̄ a

c~x!~11g5!nb~x!

3S b0k0
2

~a1r12r3/2!vR
2 h(2)* ~x!2 d̃ (2)* ~x!D

1 l̄ a
c~x!~12g5!Nb~x!S k0

vR

h(2)* ~x!

1
b0k0

~a1r12r3/2!vR

d̃ (2)* ~x!D G1conj.J , ~34!

L n52
1

A2k1
H(

a,b
l̄ a~x!l b~x!@~habk11hab8 k2!su0

1~hab8 k12habk2!cu0
#J S1~x!, ~35!

where the superscriptc denotes the charge conjugation o
eration,cud

5cosud , sud
5sinud , ud is the mixing angle of

the doubly charged Higgs bosons (tanud;k1
2 /vR

2), f ab is
the Yukawa triplet coupling constant,gR is the gauge cou-
pling of the SU(2)R subgroup~further on we shall speculat
that gL5gR), Na(x) describes the heavy neutrino with fla
vor a, j is the mixing angle of the charged gauge boso
and the angleu0 is determined by the Yukawa potential p
rameters and the VEV’s:
tan 2u05
4k1k2k2

2 @22~2l21l3!k1k21l4k1
2 #

k1k2@~4l212l3!~k2
4 24k1

2k2
2!2k1

2 ~2l1k1
2 28l4k1k2!#1a2vR

2k1
4 . ~36!
3-4
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The impact of the Yukawa potential choice upon t
physical results can easily be seen by the example of
Lagrangian ~35!. Really, when in the condition~22! the
changek2→2k2 is carried out; then instead of Eq.~35! one
obtains

L n52
1

A2k1
H(

a
mal̄ a~x!l a~x!cu0

1(
a,b

l̄ a~x!l b~x!~habk12hab8 k2!su0J S1~x!. ~37!

Since tanb0;k2
2 /vR

2 and for the muonmm /k1;631023,
then, as an example, the cross section of the electron-m
recharge,

e2m1→e1m2,

never could have the resonance peak connected with thS1
boson when the Lagrangian~37! is used@38#, while the ex-
istence of such a peak could be quite possible when
works with the Lagrangian~35! @39#.

Let us express the CC’s in terms of the lepton sector
rameters. It in turn will also allow us to measure the CC’s
the processes including only the leptons. We shall find
connection between the Higgs boson sector parameters
the lepton sector parameters restricted ourselves to the
flavor approximation. For this purpose we need the neutr
mass matrix M. Once one chooses the basisCT

5(naL
T ,NaR

T ,nbL
T ,NbR

T ), theM takes the form

M5S f aavL mD
a f abvL MD

mD
a f aavR MD f abvR

f abvL MD f bbvL mD
b

MD f abvR mD
b f bbvR

D , ~38!

wherevL is the VEV of the neutral component of the lef
handed Higgs triplet@vL!(max(k1 ,k2)# and

mD
a 5haak11haa8 k2 , ~39!

MD5habk11hab8 k2 . ~40!

In their turn the elements of the matrixM are connected
with the neutrino oscillations parameters@38,40#

mD
a 5cwa

swa
~2m1cun

2 2m3sun

2 1m2cuN

2 1m4suN

2 !,

mD
b 5mD

a ~wa→wb ,un,N→un,N1p/2!, ~41!

MD5cwa
swb

cun
sun

~m12m3!

1swa
cwb

cuN
suN

~m42m2!, ~42!
07302
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f abvR5swa
swb

cun
sun

~m32m1!

1cwa
cwb

cuN
suN

~m42m2!, ~43!

f aavR5~swa
cun

!2m11~cwa
cuN

!2m2

1~swa
sun

!2m31~cwa
suN

!2m4 , ~44!

f bbvR5 f aavR~wa→wb1p/2,uN→uN1p/2!,

f l l 8vL5 f l l 8vRS w l ,l 8→w l ,l 81
p

2 D , l ,l 85a,b, ~45!

wherewa is the mixing angle in thea generation between th
light neutrino and the heavy neutrino~recall that thena neu-
trino enters into the left-handed lepton doublet

S na

l a
D

L

,

while theNa neutrino enters the right-handed lepton doub

S Na

l a
D

R

,

respectively!, un (uN) is the mixing angle between thenaL
neutrino and the nbL neutrino (NaR and NbR), cwa

5coswa , swa
5sinwa and so on. Asmn!mN , then with the

help of Eqs.~43! and~45! it is possible to find a relationship
for an estimation of the mixing angles between light a
heavy neutrinos. Further on, we shall assume that mix
takes place between them and t generations (a5m,b5t)
only. Then for the mixing angles we obtain

sin 2wm'
f mmAvRvL

cuN

2 mNm
1suN

2 mNt

, ~46!

sin 2wt'
f ttAvRvL

suN

2 mNm
1cuN

2 mNt

. ~47!

The estimation ofvL can be done with the help of the qua
tity

r5
mZ

2cW
2

mW
2 .

In the LRM the quantityr is defined by the relation@41#
3-5
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r5
114x

112x
, ~48!

where

x5S vL

k1
D 2

.

As the experiment for today yields

r51.010760.0006,

then the value ofvL can reach 13 GeV.
Taking into consideration both the definition ofmD

a @Eqs.
~39!,~41!# and the formulas for the charged lepton masse

ml a
5haak21haa8 k1 , ~49!

it is not difficult to obtain

a l̄ anah5
haa8 k22haak1

2k1

5
11tan2b

2k1~12tan2b! S 2ml a
tanb

11tan2b
1mD

a D
'

11tan2b

2k1~12tan2b! F2ml a
tanb

11tan2b

1cwa
swa

~m2cuN

2 1m4suN

2 !G . ~50!

The analogous mathematics fora l̄ aNah leads to the expres
sion

a l̄ aNah5
haa8 k12haak2

2k1

5
11tan2b

2k1~12tan2b!
S 2mD

a tanb

11tan2b
2ml aD

'
11tan2b

2k1~12tan2b!

3F2cwa
swa

~m2cuN

2 1m4suN

2 !tanb

11tan2b
2ml aG .

~51!
07302
It is pertinent to note that there is a connection between
coupling constantsa l̄ aNbh anda l̄ al bS1

:

a l̄ aNbh'
a l̄ al bS1

A2
. ~52!

The next step is the determination of the nondiago
CC’s. To suppress the mixing in the charged lepton sec
~betweenl a and l b) it is necessary to demand

habk21hab8 k150. ~53!

Then, with regard to the definitions of the quantityMD @Eqs.
~40! and ~42!# one obtains

a l̄ anbh52
MD

2k1
'2

swa
cwb

cuN
suN

~m42m2!

2k1
, ~54!

a l̄ aNbh52
MD tanb

k1~11tan2b!

'2
swa

cwb
cuN

suN
~m42m2!tanb

k1~11tan2b!
. ~55!

IV. THE EXISTING CONSTRAINTS
ON THE LRM PARAMETERS

We shall start with a discussion about the constraints
the Higgs boson masses. The present limit on the sin
charged Higgs boson mass has been obtained within
THDM by investigation of the reaction

e1e2→H1H2. ~56!

The lowest value for the mass of the charged Higgs bos
independent of its branching ratio, is currently 78.6 G
@14#. It is evident that this limit may be broken for singl
charged Higgs bosons of the LRMd̃ (6) andh(6). Really, in
the THDM the charged Higgs boson interacts with the qua
at the tree level while in the LRM such interaction exists f
the h(6) boson only. Furthermore, in both models the co
pling constants of the charged Higgs bosons with theZ boson
are not equal to each other:
~gHHZ!2HDM

~gd̃ d̃Z!LRM

5
cot 2uW

g8cos21uW~a1r12r3/2!~g81 sinuW cosF1gR
21 sinF!

, ~57!

~gHHZ!2HDM

~ghhZ!LRM
52

cot 2uW

cos21uW~sin21uW cos 2uW cosF1gRg821 sinF!/2
. ~58!
3-6
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However, since an analysis of the process~56! from the
LRM point of view is absent up to now, we shall assume t
the lower bound on the masses of the singly charged H
bosons of the LRM is 78.6 GeV too.

As regards the doubly charged Higgs boson mass,
situation is somewhat more simple. TheD1,2

(66) bosons are
typical representatives of the LRM. For this reason exp
ments aimed at their appearance are analyzed from the L
point of view only. The current lower bounds on their mass
obtained by the OPAL Collaboration at 95% C.L.@42# are
98.5 GeV.

We also should discuss the implementation of the low
bound 115 GeV on the mass of the lightest neutral Hig
boson ~LNH! in the SM extensions. This bound has be
obtained on LEP II by investigation of the reaction

e1e2→Z* →Zh ~59!

from the SM point of view@43#. The reaction~59! is ana-
lyzed for the fourZh decay channels

Zh→qq̄q8q̄8,qq̄nn̄,qq̄l a l̄ a~ l a5e,m!,t1t2qq̄,

where the final stateh→qq̄ includes both the quark
antiquark and the gluon-gluon pairs. For the THDM’s, as
example, the substantial deviations from the SM are pre
both in the cross sectionse1e2→Zh and in the decay widths
Gh . Since in these models the coupling constant of the n
tral CP-even h boson ~analogue of the SM Higgs boson!
with the Z boson has the form

gZZh5
gLmZ sin~b2a!

cuW

~60!

where sin(b2a);0, then (se1e2→Zh)THDM is much less
relative to the SM value. On the other hand, as the rela
takes place

~gf f̄ h!THDM

~gf f̄ h!SM

'tanb, f 5b,t,

the h-boson decay widths through quarks and leptons h
greater values than those in the SM. It is evident that anal
of the reaction~59! leads to different mass values for the S
Higgs boson and the LNH boson of the THDM. Actuall
when usin(b2a)u<0.06 the LEP data result inmh;10 GeV
at 98% C.L.@44#.

The only reason that the LRM cross sectionse1e2→ZS1

could not coincide with that of the SM is the coupling of th
S1 boson with theZ1 boson:

gZ1Z1S1
5

gLsW
2 mZ1

@cu0
~12tan2b!22 su0

tanb!]

2 cW~ tan2b11!

3~2gRg821cF sF sW
212cF

2 sW
222gR

2g822 sF
2 !,

~61!
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where F is the mixing angle ofZ1 and Z2 bosons (F
'1022–1023) and g8 is the gauge constant of subgrou
U(1)B2L . When

F5k250

thengZ1Z1S1
converts to the constant describing the intera

tion between the Higgs boson and theZ boson in the SM.
Since the symmetric LRM reproduces the SM under the
lowing values ofgR andg8:

gL5gR5e sW
21 , g85eAcW

2 2sW
2 , ~62!

then the quantitygRg821 may differ moderately from unity.
Therefore, the major contributor to the deviationgZ1Z1S1

from its SM value is the factor

Dg5
@cu0

~12tan2b!22 su0
tanb!]

~ tan2b11!
. ~63!

From the expression~36! it follows that the value of the
angleu0 is basically determined by the parametera2 which
appears in the Higgs potential. Whena2;1022 then the
angleu0 may reach the valuep/4. In this condition theS1
boson could remain light as usual but theS2 boson ceases to
be superheavy:

mS2

2 5
a2vR

2k1
2

k1k2
2

4k1k2k2
4 @2~2l21l3!k1k2 /k1

2 2l4#2

a2vR
2k1

2 .

~64!

Recall that the demand

mS2
>10 TeV ~65!

is caused by the necessity to suppress at the tree leve
flavor-changing neutral currents~FCNC’s! in the Lagrangian

L q
n52

1

A2k1

(
a,b

ūaH FmuaS cu0
1

2k1k2

k2
2 su0DS12mua

3S su0
2

2k1k2

k2
2 cu0DS22 imda

g5P1Gdab

1
k1

2

k2
2 ~KMdK* !ab~S1 su0

1S2 cu0
!J ub

1~ua→da ,mua
↔mda

,g5→2g5!, ~66!

where K is the Cabibbo-Kobayashi-Maskawa matrix a
Md is the diagonal mass matrix for the down quarks. T
absence of the FCNC’s in its turn allows one to descr
properly theK̄0↔K0 transitions. However, as shown in@38#
the successful building of the LRM demands the redefinit
of the traditional Yukawa Lagrangian for quarks. The expr
sion ~66! must be replaced by
3-7
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L q
n52

1

A2k1

(
a

ūaH muaF S cu0
2

k1

k2
su0DS1

2S su0
1

k1

k2
cu0DS2G1

imua
k1

k2
g5P1J ua

1~ua→da ,u0→2u0!. ~67!

Since the Lagrangian~67! does not induce any FCNC’s, th
inequality ~65! breaks down. Then from Eq.~63! it follows
that with increase of the angleu0 the deviationDg from
unity could be large enough.

From the form of the Lagrangian~67! it is evident that the
decay widths of theS1 boson into quarks and gluons ma
significantly differ from those of the SM. Since the couplin
of the S1 boson with thet lepton is determined by Eq.~52!
then the valueGS1→t1t2 also might not coincide with the
corresponding value in the SM. Thus, it is apparent that
LNH boson mass lower bound in the LRM may not agr
with that in the SM. However, since up to now any wo
containing an analysis of the process~59! from the point of
view of the LRM is absent, we shall also take the value 1
GeV as the low bound on theS1-boson mass.

We are coming now to the question concerning the val
of the coupling constantsaLaLbHi

(La5 l a ,na ,Na). At

present information aboutaLaLbHi
follows from looking for

deviations from the SM predictions. It is usually reported
terms of the upper limits for quantities of the typ
aLaLbHi

/mHi
or, which is more frequent, for quantities of th

type

(
i

Cie i
aba8b85(

i
Ci

~aLaLbHi
aLa8Lb8Hi

!2

mHi

4
,

whereCi are the constants. As a rule the determination of
upper bound for only one quantityaLaLbHi

/mHi
is a very

involved task~see@45# for a review!.
As a possible way forward in this context one might u

the connection between the CC’sa L̄aLbHi
and the lepton sec

tor parameters. From the expressions~50!–~52!, ~54! and
~55! it is obvious that the values ofa L̄aLbHi

are basically
defined by the oscillation parameters of the heavy neutrin
Nowadays information concerning the heavy neutrino se
is very poor too. All we have is the upper bound for t
heavy electron neutrino mass resulting from experime
aimed at finding the neutrinoless doubleb decay

mNe
.~63 GeV!S 1.6 TeV

mW2
D 4

. ~68!

In the existing situation we can choose only the minimal
of heavy neutrino sector parameters and other parameter
expressed through it with the help of Eqs.~51!–~55!. Further
on, as the minimal set we shall takemNm

, mNt
, anduN .
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V. HIGGS BOSON CORRECTIONS TO Aµ

We now proceed to calculations of the contribution to t
muon AMM caused by the Higgs bosons of the LRM. T
diagrams corresponding to the exchange of doubly char
Higgs bosons are shown in Fig. 1. They give the followi
corrections to the muon AMM value:

dam
D

m0
5

1

8p2 S 4 f me
2 (

i 51

2

I e
D i1 f mm

2 (
i 51

2

I m
D i14 f mt

2 (
i 51

2

I t
D i D ,

~69!

where

I l a

D i5E
0

1S 2mm
2 ~z22z3!

mm
2 ~z22z!1mD i

2 z1ml a
2 ~12z!

1
mm

2 ~z22z3!

mm
2 ~z22z!1mD i

2 ~12z!1ml a
2 zD dz,

and I l a

D i.0.

The singly charged Higgs bosons also influence the va
of the AMM. The relevant diagrams are depicted in Fig.
For the diagrams that contain the loops with theW1

6 and
h(6) bosons the following relation holds:

MW1Nmh

MW1nmh
5sj ,

FIG. 1. One-loop diagrams contributing to the muon AMM d
to the doubly charged Higgs bosonsD1,2

(22) . The wavy line repre-
sents the electromagnetic field.

FIG. 2. One-loop diagrams contributing to the muon AMM d

to the singly charged Higgs bosonsd̃ (2) andh(2).
3-8
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whereMW1nmh (MW1Nmh) are the matrix elements appropr
ate to the diagrams with the exchange of a light~heavy!
neutrino. As the mixing angle of the charged gauge boson
very small,uju'1022–1025 @14#, one can neglect the con
tributions coming from the diagrams with a virtual hea
neutrino. Taking into account the analogous relations

MW2nmh

MW2Nmh
5sj ,

MW1Nmd̃

MW1nmd̃

5sj ,
MW2nmd̃

MW2Nmd̃

5sj ,

we find that the dominant contributions to the muon AM
from the diagrams shown in Fig. 2 are

dam
(hh)

m0
5

1

8p2 (
a5e,m,t

~amNah
2 I Na

hh1amnah
2 I na

hh!, ~70!

dam
( d̃ d̃)

m0
5

1

8p2 (
a5e,m,t

~amNad̃
2

I Na

d̃ d̃ 1amnad̃
2

I na

d̃ d̃ !, ~71!

dam
(W1h)

m0
5

~a2r3/21r111!~12tan2b!sjmW1

16A2p2~11tan2b!

3amnmhI W1h, ~72!

dam
(W2h)

m0
5

~a2r3/21r111!~12tan2b!cjmW1

16A2p2~11tan2b!

3amNmhI W2h, ~73!

dam
(W1d̃)

m0
5

b1~12tan2b!sjmW1
amnmd̃

16A2p2~11tan2b!
I W1d̃, ~74!

dam
(W2d̃)

m0
5

b1~12tan2b!cjmW1
amNmd̃

16A2p2~11tan2b!
I W2d̃, ~75!

where

a l anbh5
hab8 k22habk1

2k1
,

a l aNbh5
hab8 k12habk2

2k1
,

a l anbd̃5
f ab

A2
,

07302
is
a l aNbd̃5

f abb0k0

A2~a1r12r3/2!vR

5
f abb1k1

2~a1r12r3/2!vR
,

I i
hh5E

0

1 mm
2 ~z32z2!dz

mm
2 z21~mh

22mi
22mm

2 !z1mi
2

,

i 5na ,Na ,

I i
d̃ d̃5I i

hh~mh→md̃ !, I i
hh,0,

I W1h5
mm

mW1

2 2mh
2 H lnS mW1

2

mh
2 D

2E
0

1 z2@mm
2 ~2z21!1mW1

2 2mnm

2 #dz

mm
2 z21~mW1

2 2mnm

2 2mm
2 !z1mnm

2

1~mW1
→mh!J ,

I W2h5I W1h~mW1
→mW2

,mnm
→mNm

!,

I Wkd̃5I Wkh~mh→md̃ !, I Wkh.0.

The contribution of the neutral Higgs bosonS1 to the
muon AMM value is due to the diagram shown in Fig. 3 a
is given by

dam
(S1)

m0
5

1

8p2 (
a

am l aS1

2 I l a

S1, ~76!

where

a l al bS1
52

1

A2k1

@~habk11hab8 k2!su0
1~hab8 k12habk2!cu0

#,

I l a

S15E
0

1 @mm
2 ~z22z3!1ml a

2 z2#dz

mm
2 ~z22z!1mS1

2 ~12z!1ml a
2 z

, I l a

S1.0.

The total correction value to the muon AMM motivated b
the Higgs bosons,dam /m0, is defined by the sum of the
expressions~69!–~76!.

VI. ANALYSIS OF THE RESULTS

Now we applydam /m0, obtained in Sec. V, to constrai
the parameters of the LRM. Let us determine some key m
ments in our strategy for calculation of the CC’s. To evalu
the VEV of the right-handed Higgs tripletvR we invoke the
relation @38#
3-9
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vR5A mW2

2 2mW1

2

gL
2~11tan22j!

. ~77!

The current bounds on theW2 gauge boson mass and th
mixing anglej are varied within a broad range in relation
what kind of reactions and what assumptions have been
in the analysis@14#. For example, the lower bound onmW2

being equal to 484 GeV is obtained from investigation of
polarized muon decay under the assumptionj50. The
analysis of the processb→sg leads to the constraints

20.01<j<0.003. ~78!

Having specifiedmW2
50.8 TeV andj51022 we evaluate

vR . Then, setting the values ofmNm
, mNt

, uN , andvL we

can present the quantitieswm , wt , f mt , mD
m , and MD as

functions of f mm .

A. Scenario with contributions from D2
„ÀÀ… boson

We assume that the dominant contribution comes from
D2

(22) boson. A negligible value of the corrections from th

S1 , D1
(22) , d̃ (2), andh(2) bosons could be caused both b

the large values of their masses and by the small value
their coupling constants. It is natural to require thatf mm
should be less than 1. Then analysis shows that the inte
of the D2

(22)-boson mass at which the satisfaction of t
BNL 2000 results is possible critically depends on the va
of f mt ~note that the value off mt very weakly depends on th
angleswm andwt and is basically determined by the diffe
ence of the heavy neutrino masses!. When one setsvL equal
to 1.7 GeV then theD2

(22)-boson mass would reach th
greatest value (mD2

)max at f mt'0.15. For this case in the

mD2
vs f mm parameter space two contour lines marked 9

and 512.8 corresponding to 95% C.L. limits for the cont
bution of new physics todam /m0 are exhibited in Fig. 4. The
range of the Higgs boson sector parameters allowed by
BNL 2000 result lies between the contours 93.8 and 512

When f mt.0.15 andmD2
.140 GeV the value off mm

becomes more than 1 for the upper bound ofdam /m0 in Eq.
~21!. A decrease off mt results in a reduction of (mD2

)max.

At fixed f mt the reduction ofvL practically has no effect on
the final result. However, the increase ofvL by an order of
magnitude gives rise to a significant growth off mm . For
example, whenvL510 GeV andmD2

5100 GeV the value

of f mm lies in the interval (0.318,0.743).

FIG. 3. One-loop diagrams contributing to the muon AMM d
to the lightest neutral Higgs bosonS1.
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B. Scenario with contributions from D1,2
„ÀÀ… and d̃ „À… bosons

Inasmuch as the masses of theD1
(22) andd̃ (2) bosons are

close to each other then the following possibility should
considered: the observable value of the muon AMM
caused byD1,2

(22) and d̃ (2) bosons. Notice that the quantitie

dam
(W1,2d̃) change sign as one passes from the region tab

,1 to the region tanb.1. We shall restrict our consider
ation to a specific case, namely, when the quantitiesb1amnmd̃

andb1amNmd̃ are positive~recall thatI (W1,2d̃).0).
In numerical calculations we shall use the following p

rameter values:

mNm
5110 GeV, mNt

5125 GeV, vL50.17 GeV,

tanb50.8, a2r3/21r151, b151, uN50.78,
~79!

and shall assume a hierarchy of the Higgs boson masse

mD1
51.1mD2

, md̃51.05mD2
.

In themD2
vs f mm parameter space two contour lines mark

93.8 and 512.8 are shown in Fig. 5. At the chosen value
the heavy neutrino masses the quantityf mt is approximately
equal to 0.01.

With an increase of the heavy neutrino masses, but p
vided that

mNt
2mNm

5const,

the function f mm(mD2
) grows faster. However, this rise be

comes essential only when the heavy neutrino masses
approximately changed by a order of magnitude. So, for
ample, choosingmNm

5900 andmNt
5915 GeV, we obtain

that atmD2
5200 GeV the value off mm lies in the interval

(0.092,0.444). In this casef mt is approximately equal to

FIG. 4. Contours of the one-loop contribution from theD2
(22)

boson to the muon AMM.
3-10
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0.006. On the other hand, with an increase ofmNt
2mNm

the

rate of growth of the functionf mm(mD2
) goes down. For

example, when we set

mNm
5900 GeV, mNt

51100 GeV,

and leave all the remaining parameters without change,
value of f mm will lie in the interval (0.029,0.235) whenmD2

is equal to 100 GeV. The reduction of tanb results in de-
creasingf mm as a function ofmD2

. For example, in the cas

mNm
5110 andmNt

5125 GeV~all the remaining paramete

values are unchanged! when tanb has been set to 0.3 w
have

f mmP~0.009,0.049! when mD2
5100 GeV

and

f mmP~0.014,0.079! when mD2
5200 GeV.

The results obtained are practically unchanged on increa
vL up to its maximum value.

C. Scenario with contributions from S1 and h „À… bosons

At present we assume that the muon AMM value can
explained by theS1-boson contribution only. To suppress th
contributions coming from the remaining Higgs bosons it
enough to assume that

a;1, r2;1, r3/22r1;1 ~80!

~it will make theh(2), D1,2
(22) , andd̃ (2) bosons superheavy!.

The contours 93.8 and 512.8 in themS1
vs tanb parameter

space are represented in Fig. 6. In numerical calculations
following parameters values have been used:

f mm50.04, mNm
5110 GeV, mNt

5125 GeV,

FIG. 5. Contours of the one-loop contribution from theD1,2
(22)

and thed̃ (2) boson to the muon AMM.
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vL51.7 GeV.

Increasing~decreasing! vL results in the reduction~the en-
hancement! of the allowed values of tanb. For example,
whenvL is equal to 10 GeV we obtain

tanbP~0.804,0.913! at mS1
5115 GeV

and

tanbP~0.88,0.947! at mS1
5200 GeV.

Increasing the heavy neutrino masses and the values off mm
does not cause an appreciable change of the results obta

In the case when the muon AMM is due to the contrib
tions from S1 and h bosons the contours 93.8 and 512.8
the mS1

vs tanb parameter space are represented in Fig
The choice of the model parameters is as follows:

mNm
5110 GeV, mNt

5125 GeV,

FIG. 6. Contours of the one-loop contribution from theS1 boson
to the muon AMM.

FIG. 7. Contours of the one-loop contribution from theS1 and
h(2) bosons to the muon AMM.
3-11
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vL51.7 GeV, f mm50.04 ~81!

With decrease ofvL the value of tanb comes closer and
closer to 1, while an increase ofvL results in the removal o
the values of tanb from 1 to 0. An increase of the heav
neutrino masses does not in practice influence the beha
of the contours shown in Fig. 7. On increase off mm there is
a reduction of the allowed values of tanb with growth of
mS1

values. For example, whenf mm50.1 ~all the remaining

parameters are unchanged!, then atmS1
5165 GeV the val-

ues of tanb lie within the interval~0.0015, 0.4542! and at
mS1

5200 GeV they lie within the interval~0.0211, 0.5562!.

VII. CONCLUSIONS

We have considered the Higgs boson sector of the L
as a source of the muon AMM value observed at BNL. T
contributions from the interactions of the doubly charg
Higgs bosons (D1,2

(22)), the singly charged (h(2) and d̃ (2)),
and the lightest neutral (S1) Higgs bosons both with lepton
and with gauge bosons were taken into the account.
value of the muon AMM found represents a function of t
Higgs boson masses and the Higgs boson coupling cons
~CC’s!. For the majority of the SM extensions the inform
tion about the Higgs boson masses is at the level of kno
edge of the lower borders only. The situation with the CC’s
even more pessimistic. The experimental data derived u
now do not allow one to obtain the constraints on all t
CC’s. We managed to show that most of the CC’s are fu
tions of the neutrino oscillation parameters. From this
turned out that the values of these CC’s are in practice
sensitive to the masses and the mixing angles in the l
neutrino sector. They are mainly defined by the values of
heavy neutrino masses and by the mixing angles between
light and the heavy neutrinos. It should be particularly e
phasized that this property is common for all the models w
the ‘‘seesaw’’ mechanism, i.e., for the models with one
more heavy neutrinos. Having expressed the CC’s thro
the heavy neutrino sector parameters we have expande
range of experiments in which the CC’s can be measu
Now information about the CC’s can also be obtained
investigation of processes with heavy neutrinos. It is imp
tant to keep in mind that these processes might not incl
the Higgs bosons at all.

To explain the observed value of the muon AMM by co
tributions from eitherS1 and h(2) bosons or from both of
them, it is necessary to assume that tanb is close to 1. To put
this another way, coincidence with the BNL 2000 result w
take place at quasidegeneracy of the bidoublet VEV’sk1
'k2), i.e., at the fine-tuning of the bidoublet VEV’s. As i
this case the borders obtained on the Higgs boson param
weakly depend on the neutrino sector parameters, the re
ery of some information concerning the masses and the m
ing angles of the neutrinos will be rather difficult. Howeve
the reverse side of this history is the fine capability for d
tecting ofS1 and ofh(2) bosons. It appears that when tanb
is close to 1 then the values of the CC’s forh(2) and S1
bosons are such that these bosons can be observed as
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nance peaks in the whole series of processes. For exam
theS1 boson could be observed as resonance splashes i
cross sections of the reactions

m1m2→m1m2,t1t2, ~82!

m1e2→m2e1, ~83!

which have almost no background. The reactions~82! and
~83! may be investigated right now, because the energy
the muon beams used in the current experiments is ra
high. The Spin Muon Collaboration at CERN has been wo
ing with muon beams having energy 190 GeV@46# and the
Fermilab experiments investigating the muon-proton inter
tion have been using muons with energies of 470 GeV@47#.
The reactions~82! and ~83! can also be investigated at th
muon colliders~MC’s! which are now in design. For detec
tion of theh(2) bosons one could employ the reactions

e2ne→W1
2Z1 , ~84!

e2ne→m2nm , ~85!

which haves-channel diagrams with the exchange of t
h(2) boson@38#. Ultrahigh energy cosmic neutrinos could b
used for studying these two reactions at such neutrino t
scopes as BAIKAL NT-200, NESTOR, and AMANDA.

However, one important point to remember is that t
fine-tuning of the parameters always corresponds to an
tremely rare expedient is used in nature. For this reaso
variant with wider range of the parameters ensuring agr
ment between theory and experiment is preferable. The s
ation with the dominating contribution to the muon AMM
from D1,2

(22) andd̃ (2) bosons is just such a case. However,
this case we are still far from a final definition of the hea
neutrino parameters. Having established the values off mm ,
vL , andvR, we shall obtain only two equations for the de
nition of the quantitieswm , uN , mNm

, and mNt
, which is

obviously not enough. Certainly it is possible to select t
conventional way too. Of the five parameters of the hea
neutrino sector (wm ,wt ,uN ,mNm

,mNt
), we may fix four pa-

rameters and vary only one, say,mNm
. With this approach,

instead of the contours shown in Fig. 5, we shall have c
tours constructed inmNm

vs mD2
parameter space, which wil

not introduce anything essentially new to our analysis. T
most important point here is something else, namely, w
the contribution to the muon AMM is truly caused by th
D1

(2) , d̃ (2), and/orD2
(2) bosons, a further way of defining

the parameters of the heavy neutrinos without their dir
observation is evident. For example, we could investigate
reactions

m2m2→m2m2, ~86!

m2m2→m2t2, ~87!

m2m2→t2t2, ~88!
3-12
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which may be observed at MC’s. All these reactions
through thes channels with exchanges of theD1,2

(22) bosons.
Therefore, their cross sections have two resonance peak
lated to the Higgs bosons. Detecting the reaction~86! will
allow us to determinef mm , while investigation of the reac
tt.

s-

07302
o

re-

tions ~87! and ~88! will yield information about f mt and
f tt , respectively. Then the use of Eqs.~41!–~45! will
allow one to define the regions in which the values
the heavy neutrino masses and the mixing angles
constrained.
s.

s to
e,

lk

s.
@1# Super-Kamiokande Collaboration, S. Fukudaet al., Phys. Rev.
Lett. 86, 5656~2001!; SNO Collaboration, Q. R. Ahmadet al.,
Phys. Rev. Lett.87, 071301~2001!.

@2# NuTeV Collaboration, G. P. Zelleret al., Phys. Rev. Lett.88,
091802~2002!; NuTeV Collaboration, K. S. McFarlandet al.,
hep-ex/0210010.

@3# H. V. Kladpor-Kleingrothaus and U. Sarkar, Mod. Phys. Le
A 16, 2469~2001!.

@4# A. Czarnecki and W. J. Marciano, Phys. Rev. D64, 013014
~2001!.

@5# P. Daset al., hep-ph/0102242; S. N. Gninenko and N. V. Kra
nikov, Phys. Lett. B513, 119 ~2001!.

@6# M. Beccariaet al., Phys. Lett. B448, 129 ~1999!.
@7# D. Chakravertyet al., Phys. Lett. B506, 103 ~2001!; U. Ma-

hanta,ibid. 515, 111 ~2001!.
@8# R. Casadioet al., Phys. Lett. B 495, 378 ~2000!; M. L.

Graesser, Phys. Rev. D61, 074019~2000!.
@9# M. C. Gonzales-Garcia and S. F. Novaes, Phys. Lett. B389,

707 ~1996!; K. Lane, hep-ph/0102131.
@10# R. T. Huanget al., Phys. Rev. D64, 071301~R! ~2001!.
@11# D. Choudhuryet al., Phys. Lett. B507, 219 ~2001!.
@12# K. Lane @9#; U. Mahanta, Phys. Lett. B511, 235 ~2001!.
@13# D. Colladay and V. A. Kostelecky, Phys. Rev. D58, 116002

~1998!.
@14# Particle Data Group, D. E. Groomet al., Eur. Phys. J. C15, 1

~2000!.
@15# J. P. Leveille, Nucl. Phys.B137, 63 ~1978!.
@16# Muon g22 Collaboration, R. M. Careyet al., Phys. Rev. Lett.

82, 1632~1999!.
@17# Muon g22 Collaboration, H. N. Brownet al., Phys. Rev. D

62, 091101~R! ~2000!.
@18# Muon g22 Collaboration, H. N. Brownet al., Phys. Rev. Lett.

86, 2227~2001!.
@19# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1 ~1998!.
@20# P. Mohr and B. Taylor, Rev. Mod. Phys.72, 351 ~2000!.
@21# A. Czarnecki and W. J. Marciano, Phys. Rev. D64, 013014

~2001!.
@22# M. Davier and A. Hocker, Phys. Lett. B435, 427 ~1998!; M.

Davier, Nucl. Phys. B~Proc. Suppl.! 76, 327 ~1999!.
@23# B. Krause, Phys. Lett. B390, 392 ~1997!; R. Alemany, M.

Davier, and A. Hocker, Eur. Phys. J. C2, 123 ~1998!.
@24# M. Hayakawa, T. Kinoshita, and A. Sanda, Phys. Rev. Lett.75,

790 ~1995!; M. Hayakawa and T. Kinoshita, Phys. Rev. D57,
465 ~1998!.

@25# J. Bijnens, E. Pallante, and J. Prades, Phys. Rev. Lett.75, 3781
~1995!; Nucl. Phys.B474, 379 ~1996!.
@26# M. Knecht, A. Nyffeler, M. Perrottet, and E. de Rafael, Phy
Rev. Lett.88, 071802~2002!.

@27# M. Hayakawa and T. Kinoshita, hep-ph/0112102.
@28# J. Bijnens, E. Pallante, and J. Prades, Nucl. Phys.B626, 410

~2002!.
@29# Muon g22 Collaboration, G. W. Bennettet al., Phys. Rev.

Lett. 89, 101804~2002!; 89, 129903~E! ~2002!.
@30# F. Jegerlehner, talk at Conference on Hadronic Conribution

the Anomalous Magnetic Moment of the Muon, Marseill
2002.

@31# K. Hagiwara, A. D. Martin, D. Nomura, and T. Teubner, ta
given by T. Teubner at SUSY02, DESY Hamburg, 2002.

@32# CMD2 Collaboration, R. R. Akhmetshinet al., Phys. Lett. B
527, 161 ~2002!; BES Collaboration, J. Z. Baiet al., Phys.
Rev. Lett.84, 594 ~2000!; 88, 101802~2002!; SND Collabo-
ration, M. N. Achasovet al., hep-ex/9809013.

@33# A. Nyffeler, hep-ph/0203243.
@34# M. Sher, Phys. Rep.179, 273 ~1989!.
@35# H. P. Nilles, Phys. Rep.110, 1 ~1984!; H. Haber and G. Kane,

ibid. 117, 75 ~1985!.
@36# M. Singer, J. W. F. Valle, and J. Schechter, Phys. Rev. D22,

738 ~1980!; M. Singer, J. W. F. Valle, and M. Singer, Phy
Rev. D28, 540 ~1983!.

@37# N. G. Deshpandeet al., Phys. Rev. D44, 837 ~1989!.
@38# G. G. Boyarkina and O. M. Boyarkin, Eur. Phys. J. C13, 99

~2000!.
@39# G. G. Boyarkina and O. M. Boyarkin, Yad. Fiz.61, 757

~1998!.
@40# G. G. Boyarkina and O. M. Boyarkin, Yad. Fiz.60, 683

~1997!.
@41# T. G. Rizzo, Phys. Rev. D25, 1355~1982!.
@42# OPAL Collaboration, G. Abbiendiet al., Phys. Lett. B526,

221 ~2002!.
@43# ALEPH Collaboration, R. Barateet al., Phys. Lett. B495, 1

~2000!; DELPHI Collaboration, P. Abreuet al., ibid. 499, 23
~2001!; L3 Collaboration, M. Acciarriet al., ibid. 508, 225
~2001!; OPAL Collaboration, G. Abbiendiet al., ibid. 499, 38
~2001!.

@44# A. Dedes and H. E. Haber, J. High Energy Phys.05, 006
~2001!.

@45# O. M. Boyarkin and T. I. Bakanova, Phys. Rev. D62, 075008
~2000!.

@46# SMC Collaboration, D. Adamset al., Phys. Lett. B357, 248
~1995!.

@47# The E665 Collaboration, M. R. Adamset al., Report No.
FERMILAB-PUB-97/103-E94, E665, 1997.
3-13


