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Muon anomalous magnetic dipole moment in the minimal supersymmetric standard model
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The muon anomalous magnetic dipole momé@iDM) is calculated in the framework of the minimal
supersymmetric standard mod@1SSM). In this paper, we discuss how the muon MDM depends on the
parameters in the MSSM in detail. We show that the contribution of the superparticle loop becomes significant
especially when ta is large. Numerically, it becomes of order 8-10"% in a wide parameter space, which
is within the reach of the new Brookhaven E821 experimgsd556-282(96)01411-7

PACS numbgs): 12.60.Jv, 13.40.Em, 14.60.Ef

[. INTRODUCTION Brookhaven E821 experiment is of the order of the contribu-

. . tion of the W*- and Z-boson loop, which means we may

car?dﬂgzgzgnoqmﬁter%lseusﬁ [sli]césbznf)n(g ttrr:: é?;ﬁé;gr?ncggg mave a chance to measure the SUSY contribution to the
phy Y " muon MDM by that experiment.

SUSY models, quadratic divergences are automatically can- . .
-4 9 Yy In fact, there are several works in which the muon MDM
celed out, and hence SUSY may be regarded as a solution {0 .
e o IS calculated in the framework of SUSY mod¢&-10]. In
the naturalness problef2]. In addition, precision measure-

ments of the gauge coupling constants strongly sugge articular, Chattopadhyay and Nath recently pointed out that

2 e muon MDM is a powerful probe of the models based on
SUSY grand unified theor§GUT) [3]. Contrary to our theo- . . i
retical interests, however, evidences of SU&¥%pecially, supergravity if ta is large[10]. However, most of the re

. cent works assume the boundary conditions on the SUSY
superpartnejshave not been discovered yet, and hence SUp oaking parameters based on the minimal Suberaravit
perpartners are fascinating targets of the forthcoming higrémd/or grlawrl)iative electroweak symmetry breakin pscgnarig ’
energy experiments like LEP II, LHC, and NLC. y y 9 '

Even if we do not have high energy colliders, we Canand hence it is quite unclear to us how the SUSY contribu-

constrain SUSY models by using precision measurements itions to_the muon MDM depend on the parameters in
y ap MssM. Thus, the aim of this paper is to clarify it, and to

low energy experiments. This is because superparticles con- . . .
tribute to low energy physics through radiative corrections."Wesngme the behavior of the muon MDM in the framework

In particular, superparticles are assumed to have masses %ff MSSM. The mass matrices and mixing angles among the

. uperparticles have model dependence even if we assume the
the order of the electroweak scale, and hence their loop eEoundar condition based on the minimal superaravity. and
fects may become comparable to thosesf- or Z-boson Y perg Y,

. . . hence we believe that it is important to analyze the muon
propagations. Therefore, IO.W energy precision experimentg, . a more general framework of the SUSY standard
are also very useful to obtain constraints on SUSY models

One of the quantities which are measured in a great accﬁrPOdel'. . : I
In this paper, we investigate the SUSY contribution to the

racy is the muon anomalous magnetic dipole moment :
(MDM), a,=(1/2)(g—2),. At present, the muon MDM is muon MDM in the framework of MSSM as a low energy

measured o bp] effectiye theory of SUSY GUT11]. The organization of this
paper is as follows. In the next section, we introduce a model
we consider. In Sec. lll, we show analytic forms of the
SUSY contribution to the muon MDMAaS"SY. In Sec. IV,
typical behavior ofAaSYSY is discussed. In Sec. V, some

numerical results are shown. Section VI is devoted to discus-

a3 =1 165 9238.4)x< 10 °. )

On the other hand, the standard model predictioragns

given by[5] sion.
SM_ — 11
a, =116 591 802153 X 10", 2 1. MODEL
which is completely consistent with experimental val{for First of all, we would like to introduce a model we con-
a review of the calculation cxii'\", see also Ref6].) sider, i.e., MSSM as a low energy effective theory of SUSY

Because of the great accuracy @i’(pt and aiM given GUT. All the fields we use in our analysis are
above, we can derive a constraint on SUSY models from the
muon MDM. Furthermore, the new Brookhaven E821 ex-
periment[7] is supposed to reduce the error of the experi-
mental value ofa,, to 0.4X 10"°, which is smaller than the
present one by a factor~20. The accuracy of the wherel, (2%, —1/2) andug (1, 1) are left- and right-
handed leptons in the second generation, while two Higgs
doublets are represented g (2%, —1/2) andH, (2, 1/2).
“Electronic address: moroi@theor3.lbl.gov [We denote the quantum numbers for the(YXU(1)y

H;
s

lL=(uLv), wuk, Hi=(H{HY)), H,= >, 3
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gauge group in the parenthegeBhe Higgs doubletsl; and  such asu—ey, 7—uy, and so on. In particular, the mix-
H, are responsible for the electroweak symmetry breakinging among the first and second generations is severely con-
and hence their vacuum-expectation values are constrainestrained fromu— ey especially when ta8 is large[13]. On

as (Hq)2+(H,)?=(174 GeVY in order to give a correct the other hand, the constraint on the mixing of the second
value of the Fermi constant. On the other hand, the ratio oénd third generations is not so stringent. In this paper, for
the vacuum-expectation values of two Higgs doublets is &implicity, we assume that the flavor mixing in the slepton
free parameter in MSSM, which we define gn mass matrix is not so large, and that it does not affect the

=(Hy)/(H{). following arguments. A comment on the case with the flavor
The relevant part of the superpotential of MSSM is givenmixing is given in Sec. VI.
by Once we have the MSSM Lagrangian, we can obtain mass
. . eigenvalues and mixing matrices of the superparticles. The
W=y, ePugl Hip+ uyHqHS, (4)  mass matrix for the smuon field is given by
wherey , is the Yukawa coupling constant of muaa, the m%L mER
SUSY invariant Higgs mass, and”? the antisymmetric ten- M%: ’ZL s | (8)
sor with e!?>=1. Using the superpotential given above, the Mg MZR
F-term contribution to the Lagrangian is obtained as
where
% :—f d?6W+H.c. 5 , 1
F 5 m;%L: m?+ m%cos?,@( Sir Oy — E) , 9
Furthermore, soft SUSY breaking terms are given by
_ o s m%R= m3— m3cos28sir by, (10)
Foo=— M T —MALE e~ (A, ePusl, JHagtH.C)
mER:yMMH<H2>+A,u<H1>- (11

1 ~— —_—
— = (Mg, WW+mg,BB+H.c.). 6
2( G2 Gl ) © The mass matriM% can be diagonalized by using a unitary

~ e = - . matrix U as
Here, I, ug, W, and B represent left- and right-handed

sleptons in second generation, and gauginos fof2§Uand (UIMZUp) ae=m2 00 (AB=1.2), (12)
U(1)y gauge group, respectively. Gaugino masses and
Mg, are related by the GUT relation wheremy; , is the mass eigenvalue of the smuon. Notice that,
in our case, the off-diagonal element of the mass matrix
Mg2 EE 7) given in Eq.(8) is substantially smaller than the diagonal
g5 5 g7’ elements, and hengey;, andmg almost correspond to the

mass eigenvalues. The mass of the sneutnng, is also
whereg, andg, are the gauge coupling constant of @}J easily obtained as
and U1)y gauge group, respectively.

Here, we should comment on a flavor mixing in slepton
mass matrices. If there are large flavor mixings in the slepton
mass matrices, all the sleptons contribute to the muon MDM.
However, flavor mixing in the slepton mass matrices may be Next, we derive the mass matrices for neutralinos and
dangerous, since it induces lepton flavor violation processesharginos. For neutralinos, the mass terms are given by

1
ma=m?+ Em%cosz& (13

—Mg; 0 - %91<H1> %91("'2) iB
0 — Mgy i92("'1) - i92("'2) iwe
E%Xo=—%(i§i\7v3ﬁ2ﬁg) 2 2 +Hec, (19
- %QKHD %92<H1> 0 MH ﬁ?
1 1 RO
E91<H2> - Egz<H2> MH 0 2

"The GUT relation given in Eq7) holds in general if the gauge groups are unified in a larger grb2p Therefore, we are not depending
on a specific model of GUT.
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WhereAH'1 andﬁz represent the higgsino field. Then, we can @ (b)

find a unitary matrixJ, o which diagonalizes the mass matrix ~ \(Hﬂw .
. . . . . TPt
given above. Denoting the mass matrix given in Egl) as ) . //\i

M,0, mass eigenvaluas, oy for the neutralino;& are given / \

by x° %
(UTOM oU ,0)xy=M. 0y & (X,Y=1—4) (15) FIG. 1. Feynman diagrams which give rise to the muon MDM
XOTEXTE XXX EXY ' ' in the mass eigenstate basis. The external lines represent the muon
WheremXoXSmXoY if X<Y. (straigh} and the photoriwavy).
Similarly, mass terms for the charginos are given by
~ Cx=Yu(Uy-)ax, (21)
, ~ ~. [ TMgz  OgxHy)| (W~ XTI
Z==—(W"H3) ~_|+H.c,
~92(H2)  mw JUH; CR= 02U, )1x- (22

~ - _ By using the interaction terms given in E48), we calculate
with W*=—(i/y2)(W'¥iW?). The mass matrix given in the SUSY contribution to the muon MDM.
Eqg. (16), which we denoteM -, can be diagonalized by
using two unitary matrices),+ andU -

t . ANALYTIC FORMULAS
(UX+MXtUX7)XY: thx5XY (X,Y=l,2), (17)
Now, we are in position to calculate the SUSY contribu-
wherem, = x represents the mass eigenvalue of the chargindion to the muon MDM. What we have to calculate is the
field. “magnetic moment type” operator, which is given by
With the coupling constants and mixing matrices given
above, we can write down muon-neutralino-smuon and

e
muon-chargino-sneutrino vertices. Denoting the mass eigen- :%TMDM:szﬂa'p)\ﬂFp)\- (23
states of the smuon, neutralino, and charginﬁ@s)&, and w
Xx » respectively, the interaction terms are given by Here, e is the electric chargem, the muon mass,
opn=(i12)[v,, 7], F,\ the field strength of the photon
7 =S TINEP, +NR PO T field, andF, the magnetic form factor. The muon anomalous
nt % HNAXPLH NaxPr)Xxka magnetic momenta,, , is related toF, as
+>, w(CLP +CRPRIXP+H.c., (18 a,=F,. (24)
X
Thus, by calculating the magnetic form factor in the frame-
whereP| =(1/2)(1~ ys), Pr=(1/2)(1+ vys), and work of MSSM, we can have SUSY contribution to the
muon MDM.
Nax= = ¥,.(U,0)ax(Uz)a= v291(U 10) 1x(Uz)Ra. In the SUSY model, there are essentially two types of

(19 diagrams which contribute ta,, i.e., one is the neutralino
(x®)-smuon(z) loop diagran{Fig. 1(a)] and the other is the
L chargino *)-sneutrino ¢) loop diagramFig. 1(b)]:
Nax=—Y,.(U,0)3x(Uz)ra— —=92(U ,0)ox(U7) A _ .
M T TR T e Aa3US"=aarF 1 aaX ", (25

1 I 0~ 0%
_Egl(uxo)lx(uﬁ)LAv (20) . Here, the contribution from thg"-u diagram,Aaj *,

o~
parn D L L R R 2 2 2 2 2 2 L \R 2 2 2 2
a,n =t sy {7 Mu(NANAxF NaxNax) MZads(M o s ME A ME A MZ A MEA) + My 0xNANAxIA(M 0 s M0, ME A MEA)}

1 m
= 162 m,> { - 2 (NRxNax T NRAXNR) (1~ 6Xax+ 3XAax+ 2X3— 6X3xINXAx)
AX 6mM= A(1—Xax)
mXOX

———X " NE NR (1= X34+ 2XaxIn , 26
m%A(l_XAX)s AxNAX(1—=Xax+ 2XaxINXax) (26)
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where we are using mass eigenstate basig’cdind zz [and d4k k2
+ i — 2. M2 Jy(mz, ..o mi)= . . (29
that of y= in deriving Eq.(29)]. Here,xax= mXoX/mpA, and nMy, My 2m)f (kz—mf)- : ~(k2—m,%‘)

we define the functionky andJy as ) ]
Some useful formulas concerning the functibgsandJy are

d*K 1 shown in the Appendix. The contribution from the -7
[ 2 m? :J' i 2 loop diagram is also easily calculated, and the result is given
N(mla 1mN) (277)4| (kz_mi) . (kz_mﬁl)a ( 7) by

XV _ L~L R~R 2 2 2 2 2 2 2 2 2 2
Aaﬂ _m"; [Zmu(cxcx+cxcx){34(mxtxvmxrwmxrx1erx)+mZJ5(erX1erx7thxvatx’m$)

2 2 2 2 L~R 2 2 2 2
= Ja(M ey, MLy, My M)} = 2My G CR (M ey My, MYy, M5) ]

3 2 1 3
1+ =Xx— 3X5+ X5+ 3xxInXy

1 m
= 6™ [ — 4 (CkCx+CECh)

3ma(1—xy)* 2 2
3m, = 4 1 2
X=X L~R 2
——X 2 cLeRl 1— —xy+ =x2+ =Inxy | |, (29
mi(1-x0? < X7 373773 XH
wherexy=mt./m5 .
[
IV. BEHAVIOR OF THE SUSY CONTRIBUTION understand the behavior afaSYsY

SUsY,

For this purpose, it is more convenient to use the mass
. I insertion method to calculate the penguin diagrams rather

Before evaluating the SUSY contribution to the muon,an working in the mass eigensta?e bgasis of ?he superpar-
MDM numerically, we would like to discuss the behavior of tic|es which is used in the previous section. In the case where
Aa3”", especially in the large tghcase. As we will soon  tang is large, five diagrams dominantly contribute to
see,|Aa}”®"| becomes large as tanincreases. Thus, the Aa>"S", which are shown in Fig. 2. Their contributions are
discussion about the large faase will be helpful for us to  given by

TO THE MUON MDM

Aajt=gim?meguytanB{Js(mg;,mg, ,m%,_ ’m;%R’m,?ZR) +J5(MG1, M3, vm,sz ’m,27|_ 'm,sz)}- (30)
Aa,'32= - gimimGlMHtarﬁ{‘]S(mébmél e vm,ziwm;z?R) +J5(My  fy 1 'm%R'm%R)}v (31)
Aapy®=Fgimimey untanB{Js(MGy may, wd M2 M2, )+ Js(May  ufy, md M M2 )1, (32
Aajy*=—395m2 Mezuntans{Is(Ma,. Maz uf M M2 ) +J5(MB,, uf ufy mE M2 )}, (33

C_ 2 2 2 2 2 2 2 .2 2 2 2 2 2 2 2
Aa,;=gom; MeountanB{2l4(Mg,, Mgz, s, M5) = Js(MGp, MG, iy, M5, M5) + 21 4(MG;, i, i, M5)

—Js(MEy, il fy M m2)}. (34)

Here, Eqs(30)—(33) are x°-% loop contributions, while Eq.  which are proportional ttN\"NR or C-CR (i.e., terms which
(34) represents the=-7 loop one. By using these expres- have a chirality flip in internal fermion linein the exact
sions, the SUSY contribution to the muon MDM is approxi- formulas given in Eqs(26) and(29).

mately given by The first thing we can learn from the above expressions is
~ that all the terms given in Eq$30)—(34) are proportional to
AaF=AaN+ AaN2+ AaNS+ A QM (350 tanB[9,10]. This is due to the fact that the chirality is flipped
. . . K . not by hitting the mass of the external muon but by directly
Aaf;zAag. (36) hitting the Yukawa coupling. This mechanism also occurs in

the case of the lepton flavor violationgl3]. Thus,
Notice that the SUSY contribution to the muon MDM given |Aa’,”®"| becomes large as tarincreases, and we obtain a
in Egs. (30—(34) approximately correspond to the terms severe constraint on the parameter space a3 dets larger.
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FIG. 2. Feynman diagrams which give rise to the muon MDM
in the mass insertion method.

800

The second point we should mention is the relation be-
tween the sign o;haSUSY and those of parameters in MSSM.
The dominant SUSY contribution given in Eq80)—(34)
are all proportional tanguytan3 (with mg=mg,,mg, be-
ing gaugino mags Thus, if we change the sign of this com-
bination, Aa5"*" also changes its sign. Furthermore, in the
case where we assume GUT relation on the gaugino masses, 20

we checked thana),* or Aa$; dominates over other terms e

(Aa)?, Aaj®, AaN“) in most of the parameter space. Here,
both AaNl andAa have the same sign as the combination
mG,thanB Therefore,AaSUSY becomes positivénegative
when the sign of the comblnatlomG,thanB is positive
(negative.? In the next section, we will see that this relation
really holds as a result of numerical calculations.

Furthermore, we comment here that the contribution
of x*-v loop diagram dominates over that of th€-u
loop ones if all the masses of the superparticles are al- §
most degenerate. For example, let us consider the extremey
case where all the masses for the superparticheg; (
Mgz, My, My, Mzg, M) are the same. Denoting the
masses of the superparticless,sy, contributions of the
x%- and x*-7 loop diagrams to the muon MDM are
given by

mg, (GeV)
600
L
&

4?0

2(])0

400 600 800 1000

200

-1000 -800 -600 -400 -200 o 200 400 600 800 1000

Aaﬁo“:AalNLlnL Aa)?+Aal’+Aa)’ b (GeV)
FIG. 3. The SUSY contribution to the muon MDMa5"%Y, in
1 m2 the uy-mg, plane. The right-handed smuon mass is taken to be
~ 19272 m2 (91 g5)tanB, 37) 7r=100 GeV. We take tgB=30, and the left-handed smuon

massmy, is (a) 100 GeV,(b) 300 GeV, and(c) 500 GeV. The
numbers given in the figures represent the valqumEUSY in units

2f mg or uy is small, this relation does not hold. This is mainly of 10°*
because the mass insertion method breaks down in such a case. 1 m?2
Furthermore, in such a case, we cannot igniaé® or terms which AaX "=AaC= —* gitang. (39
are not proportional to tgh[i.e., terms which are proportional to »32m* Msysy 2

NENY, NRNR, ctct, andCRCR in the exact formula given in Egs.
(26) and (29)]. In that case, the sign afiguytans is not directy ~ From the above expressions, we can see thayth& loop
related to that ofa"SY. contribution is substantially larger than that of th8-%
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loop. Thus, they™-7 loop gives a dominant contribution, as
in the case of minimal SUSY GUT based on the minimal
supergravity[10]. However, we should note here that the
X~ -7 loop dominance does not hold in general. In the next
section, we will see the SUSY contribution #oa,”>" sig-
nificantly depends on the right-handed smuon nragg in
certain parameter regions.

mg, (GeV)

V. NUMERICAL RESULTS

In this section, we numerically estimatea’,”¥ by using
Egs.(26) and(29). As we mentioned before, there are essen-
tially six parameters on whicha®">" depends, i.e., S@)
gaugino massng,,° left- and right-handed smuon masses
mz. and myr (which essentially correspond to the soft
SUSY breaking parametersn? and m3, respectively,
SUSY invariant Higgs masg,, ratio of the vacuum-
expectation values of the +two Higgs doublets,
tanB=(H,)/(H1), and the SUSY breaking parameter for
the smuom , . However, especially in the large tamegion
where SUSY contribution ta\a"®* may become signifi-
cantly large, Aa”’>" is not sensitive to A, if
A,~O(y,up). This is becausé\, always appears in ex-
pressions in the combination oA( +y,uytang), as shown
in Eq. (11). Therefore, in our analysis, we tame“:O.“
Then, we take the other five parameters as free parameters
and calculate the SUSY contribution to the muon MDM for
a given set of parameters.

First, we show the SUSY contribution to the muon MDM
for fixed values ofm;g andmy, in the uy-mg, plane. In
Fig. 3, we plotted the results fon;z=100 GeV and tag
=30. Here, the left-handed smuon mass is taken to be 100
GeV [Fig. 3], 300 GeV|[Fig. 3(b)], and 500 GeVFig.

3(c)]. The results for the cases ofh;zr=300 GeV and
m;r=1 TeV are also shown in Figs. 4 and 5, respectively.
As we can see, if we take a smaller valuewfy, the SUSY
contribution to the muon MDM is enhanced in the large _

. . . . . >
My region. This can be easily understood if we think of the &
fact thatAalNAl gives a large contribution in such a parameter &
region.

Furthermore, by choosing the right-handed smuon mass
m;r so that|AaS"®Y| is minimized, we obtain the lower
bound on the SUSY contribution to the muon MDM. The
results are shown in Fig. 6. Here, we assume
45 GeV=mgg=<1TeV. The lower bound is obtained from
the negative search for the smuah, while the upper bound
is due to the naturalness point of view. In fact, the results are
insensitive to the upper bound if we take the upper bound
larger than about 1 TeV, since the effects of the right-handed

mg, (GeV)

smuon decouple when we take;

Here, we would like to discuss the behavior &
shown in Fig. 6. As can be seefha
ior at around|uy|~my . This can be understood in the

3Gaugino mass for the @)y gauge group is determined by the
GUT relation(7).
“The supergravity model suggests,~O(y,my) [14]. Further-

TAKEO MOROI
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.......... . R '

1000
u, (GeV)

(b) m; = 300GeV

1000

8C|10

6(|J0

400
B
&

200
I
(&)

400 6(|)0 800 1000
|

200

c.,..[.,,. o .
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FIG. 4. Same as Fig. 3 except for;g=300 GeV.

R .
aiUSY
susy

. changes its behav-

- - N1 N2
more, it was pointed out that some unwanted minimum appears ifollowing way. In the case ofuu|~my ., Aa,” andAa,

the potential of the smuon whei ,|>0O(1)Xy,m; [15], which

almost cancel out anda>YSY becomes insensitive tory.

SU$U\'(-

may cause cosmological difficulties. We checked that the results ark# the case ofuy|=my, , them; dependence dia is

almost unchanged even if we take, =3y,my, .

almost determined by that ofa),*. Then, |Aa}”® be-
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FIG. 5. Same as Fig. 3 except for;g=1 TeV.

comes smaller as1;z becomes larger. On the other hand, if
|un|=mz , Aa)® determines themgg dependence of
AaS’SY. The |mportant point is that the sign dfa)’ is
opposne to that oﬁaﬂ which gives the dominant contnbu—
tion. Thus,|Aa5">"| gets smaller asy; decreases. In sum-
mary, in the case ofuy|=mg, |Aa5"SY increases as

~r decreases, while in the case |<pa‘H|<m |AaSSY
decreases asyg gets smaller.

b
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Notice that some regions of they-mg, plane are ex-
cluded by the negative search for signals of neutralinos or
charginog16,17. In Fig. 7, we show the excluded region for
tan8=30, i.e., for the large tgh case> Here, we adopt the
following constraintd 17]:

AT,<23.1 MeV, (39)
AT,<8.4 MeV, (40)
Br(Z—x9x9)<5x10°%, (41)
Br(Z— xx3)<5x10°%, (42)

whereAT'; is the partial width of th&Z boson decaying into
charginos or neutralinos, whilel' ;,,=T 7(Z— xx?) repre-
sents the neutralino contribution to the invisible width. For
the constraint on the chargino mass, we consider several
cases where the lower bound on the chargino mass is given
by 45 GeV (LEP), 90 GeV (LEP II), and 250 GeV(NLC

with s=500 GeVJ. Comparing Fig. 7 with Figs. 3-6, we
can see that the muon MDM has a better sensitivity to
MSSM than colliders in some parameter space.

Remember that the SUSY contribution to the muon MDM
is approximately proportional to t@gn Therefore, even for
the case of tai# 30, we can read off the approximate value
of AaSYSY from Flgs 3-6. For example, the contours for

AaSU=2%10°° in these figures correspond to
Aa%USYz4>< 10 ? for the case of tafi=60.

If the new Brookhaven E821 experiment measures the
muon MDM with the accuracy of their proposal, it will have
a great impact on MSSM. In a large parameter space,
|Aa5"SY| become(10~°), which is within the reach of the
new Brookhaven E821 experiment. Furthermore, the theo-
retical uncertainty, which is almost originate to the hadronic
uncertainty, is also expected to be decreased due to better
measurements of the cross sectionedf+ e~ — hadrons at
low energies. Thus, the muon MDM should be regarded as a
good probe of MSSM. In particular, the Brookhaven E821
may be able to see the signal of MSSM even in the case
where we cannot find any superparticle by NLC with
Js=500 GeV.

The SUSY contribution should be compared with the
present constraints on the muon MDM from experiment and
theoretical calculations, which are given in E¢b. and(2).
Combining them, we obtain a constraint on the SUSY con-
tribution to the muon MDMAa3">", which is given by
—9.0x10°<Aa}”%'<19.0<10°° (90% C.L). (43
In Fig. 8, we show the contour of t&n which
gives the threshold value of the present constraint on
AaS”SY given above (ie., Aa’*=-9.0x10"° and

5If tang is fairly large (tanB=5), mass matrices of the charginos
and neutralinos become almost independent oBtdn this case,
the constraint is insensitive to tBnWe would like to note here that
if tang is not so large, in our convention, the constraint becomes
severer for the case @fmg,>0 rather tharnuymg,<0, as shown
in Refs.[16,17.
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FIG. 6. The SUSY contribution to the muon MDM,aiUSY, in the uy-mg, plane. The right-handed smuon masgy is determined so
thatAa}”" takes its minimal value. We take tar- 30, and the left-handed smuon masg is taken to bea) 100 GeV,(b) 200 GeV,(c)
300 GeV, andd) 500 GeV. The numbers given in the figures represent the valueag?>" in units of 10°°.

Aa3’SY=19.0<10"°%). Here, we choosem;yr so that Of the superparticles are quite lightee Fig. &)].
|Ai‘f)sv_5_0x 1079| is minimized [where 5.0¢10°° is the In MSSM, the large tgA scenario is an interesting issue

center value of the constrait43)]. Thus, Fig. 8 should be that has received attention in recent years. One of the moti-
regarded as a constraint on tm-mez p|ane for a fixed vations of Iarge tag is the unification of the masses of bot-
value of my and targ. Notice that if we assume a larger tom and tau in SUSY GUT20]. That is, in SUSY GUT
value of tar, SUSY contribution exceeds the present limit where the Yukawa coupling constants for bottoyy, and
on the muon MDM in wider regions. tau,y, are unified at the GUT scale, the Yukawa coupling
Before closing this section, we point out the fact that theconstant of bottom(or top) is claimed to be significantly
contour in Fig. 8 is not symmetric undgiy;— — uy . Thisis  large in order to have the observed value of the bottom mass.
because the center value of the constraint given in inequality hus, for the successful unification pf andy,, large value
(43) is 5.0< 10" °, which deviates from zero. Therefore, con- of tan3 is preferred. (Another solution is to assume
straint(43) prefers positive value ahaS"S", and hence we tand~1 so that the Yukawa coupling constant for tgp,
have severe constraint far,<O. . becomes large.SUSY GUT based on S@0) may give us
another motivation of large tgh[21]. In a simple S@L0)
GUT, all the Yukawa coupling constanfsspecially,y, and
y;) are unified at the GUT scale. In this case Bas large as
In this paper, we have investigated the SUSY contributiorm,/m,~50 is required in order to make the hierarchy be-
to the muon MDM by regarding all the parameters in MSSMtween the top and bottom masses. Furthermore, in some
as free parameters. Especially whengas large, the SUSY model in which the masses of the light fermions are gener-
contribution is enhanced, and some parameter region aited radiatively, we need large value of gaf22]. The new
MSSM is excluded not to conflict with the present constraintBrookhaven E821 experiment will be a powerful test for
on the muon MDM. Furthermore, even in the case wheresuch types of large tghscenarios.
tang is not so large (tafi=10), Aa,”>" may become com- Due to the fact that the SUSY contribution to the muon
parable to the present limit on the muon MDM, if the massesMDM strongly depends on tgh we may be able to use the

VI. DISCUSSION
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muon MDM for the determination of tg) especially for the
large tarB case. That is, by future experiments, in particular
by NLC, we will be able to measure the masses of the su-
perparticles accurately, and it can hopefully fix most of the
parameters on which the muon MDM depends. Then, precise
measurement of the muon MDM will give us useful infor-
mation about tag.

Comparison of our results with those based on minimal
supergravity[10] may be interesting. In both cases, the
SUSY contribution to the muon MDM may become of order
10 8—109 if tanB is large. However, in our result, we can
see several interesting behaviors which hardly occur in the
case of minimal supergravity. That is, if we go away from
the assumption of the universal scalar mass, a cancellation
may occur among several diagrams when the mass splitting
of left- and right-handed smuon is large. Furthermore, in the
case where the SUSY invariant Higgs masg is quite
larger than the SUSY breaking parameters, diagrbih)(in

Fig. 2 becomes significant, resulting in the enhancement of
AaSUSY.

mg, (GeV)

me, (GeV)

Finally, we would like to comment on the case with the
flavor mixing in the slepton mass matrices. In particular,
even in the case of minimal supergravity, the sfermion mass
matrices receive renormalization effects from the physics
much above the electroweak scale, such as the right-handed
neutrino multiplets[18,13 or GUT [19], resulting in non-
vanishing off-diagonal elements of the slepton mass matrix.
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If the off-diagonal elements of the slepton mass matrices are FIG. 8. Contours which gives the threshold value, i.e.,
substantially large, all the sleptons contribute to the muomaSUSY —~9.0x10°° (dotted liné and Aasusv 19.0x 109
MDM, as we mentioned before. However, for the case Wheresohd ling). The right-handed smuon masn Zr IS determined
the flavor mixing exists only in the left- or right-handed lep- so that|Aa}"$Y—5.0x 1079 is minimized. The values shown in
ton mass matrix, the previous arguments are almost urthe figures represent those of gnand we take the left-handed
changed. If both left- and right-handed slepton mass matricesmuon massng;, to be (a) 100 GeV, (b) 200 GeV, and(c) 300
have large off-diagonal elements, the situation changes. I5eV.

particular, in this case, the Yukawa coupling constant of tau

can contribute to the muon MDM through the Feynman diathe muon MDM depends on a large number of parameters.
gram like (N1) in Fig. 2, and hence the muon MDM may be Thus, we only discuss the case where the d|agonal element
enhanced. of the left- and right- handed sleptom;L and mR, are pro-

Detailed analysis of this case is quite complicated sinceportional to unit matrix m|_’II m?, mR’”—mR (i, not
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summedl. First, we consider the case whend or m3 has an

off-diagonal element. In this case, the results of the previous ~ In(M7, - - . M) = Wﬂml(m? M)
analysis are almost unaffected. For example, even if tooN

M oo MC 5,=0.5 (or M3, M3 »,=0. 5) the correction to —ly_a(m3, ... md)}, (A5)
AaSYSYis less than~10%. If bothim? and M have large

off-diagonal eIementsAaSUSY may recelve a large correc- and the explicit form of , is given by
tion. Numerically, WhermL 23/mL 29~ mR 23/mR 2o~0.2, the

correction is~10%. The correction gets larger as the off- 1 m2 m2
diagonal elements increase. I (m2,m2)=— _{ —12In( 1)
The new Brookhaven E821 experiment will have a 16 | mi—m; | A
strong impact on SUSY models. By the experiment, the 2
muon MDM is expected to be measured with accuracy +&In<@) (AB)
about 0.4 10 °. Furthermore, the uncertainty in the theo- m5— A%

retical prediction, which mainly comes from hadronic con-
tributions, is hoped to be reduced by several experiments
like VEPP-2M, DAPNE, and so on. On the contrary, Notice that the function, is logarithmically divergent, and
we may have the SUSY contribution to the muon MDM hencel, defined in Eq(A6) depends on a cutoff parameter
to be of order~10"° even if all the superparticles are A. However,ly (N=3) which is iteratively defined by us-
heavier than, say, 300 Geléee Fig. 40)] in which case we ing Eq.(A5) is independent oA, as it should be. In addition,
cannot detect the superparticles even by NLC withJy is related toly andly-; as
Js=500 GeV. Therefore, we may be able to have a signal of

: . : (m? mz)=ln_1(m? mé_,)
the superparticles by using the muon MDM even if the su- NATHL = TN EN— 2T e e e TN
perparticles_ are out of the reach of the forthcoming high +mr2\1|N(mf, ,mﬁ). (A7)
energy colliders.

In the case where all the masses—my are almost de-
generate, it is convenient to use the Taylar expansion of
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APPENDIX: FUNCTIONS |y AND Jy

In this appendix, we show some useful formulas for the

i1 in
functionsly andJy, which are defined as le+“,+jN:p € en  (N=3),
(A9)
d*k 1
Iy(m?, ... m3)= . , and forN=2,
N( 1 N) (27T)4| (kZ_mE) K (kz_mﬁ)
(A1) y 1 m?
|2(ml,m2):—m In P +1
J ( 2 2) f d4k k2 .
ms;, ... my= . . i1
M N emE E-md)- (- m3) 1%22 p(p+1) > erer. (A10
(AZ) Jatlo=p
The signs of the functionk, andJy are given by Notice that Eqs(A5)—(A10) are useful for numerical cal-
culations.
(—1)NIN(m§, o ,mﬁ,)>0, (A3) Furthermore, the functionly has mass dimension

(4—2N). Therefore, we obtain
(—D)NFL(m3, ... m2)>0. (A4)

2—N
The functionsly andly_; are related as {)\ In(Am )\mN)} 0, (ALD)
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which reduces to A similar formula can be obtained fak :
(2=N)ly(m3, ... md) (3—N)Jy(mZ, ... m3)
N N
+;1 M2l (m2, ... m2,m?, ... m3)=0. (Al2) +i21 M2y (M2, ...m2m?, ... m3)=0. (A13)
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