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We compute the supersymmetric contribution to the anomalous magnetic moment of the muon within

the context of SU(5) XU(1) supergravity models. The largest possible contributions to a„" occur for
the largest allowed values of tanP and can easily exceed the present experimentally allowed range, even

after the CERN LEP lower bounds on the sparticle masses are imposed. Such tanP enhancement implies
that a„" can greatly exceed both the electroweak contribution (= 1.95 X 10 ) and the present hadron-
ic uncertainty (=+1.75 X 10 ). Therefore, the new E821 Brookhaven experiment (with an expected ac-
curacy of 0.4X10 ) should explore a large fraction (if not all) of the parameter space of these models,
corresponding to slepton, chargino, and squarks masses as high as 200, 300, and 1000 GeV, respectively.
Moreover, contrary to popular belief, the a„" contribution can have either sign, depending on the sign
of the Higgs mixing parameter p: a„" )0 (&0) for p) 0 (p &0). The present a„constraint excludes
chargino masses in the range 45 —120 GeV depending on the value of tanP, although there are no con-
straints for tanP%8. We also compute a,""and find ~a,""~=(m, /m„)'~a„" "~ -10 ' and briefly

comment on its possible observability.

PACS number(s): 12.60.Jv, 04.65.+e, 13.40.Em, 14.60.Ef

I. INTRODUCTION

The experimental measurements of the leptonic anom-
alous magnetic moments have been carried out to such
great accuracy that their agreement with the theoretical
calculations has been one of the most spectacular
successes of quantum field theory and QED in particular
[1]. While efforts to go to higher experimental accuracies
are being pursued mainly to test the standard-model elec-
troweak contribution to a„—=—,'(g —2)„[2],new physics
might come into play as well. Since realistic supersym-
metric models predict a sparticle mass spectrum which
can be as light as =45 GeV, it is possible that an experi-
mental measurement of the muonic g —2 factor with high
accuracy could put some constraints on the new and yet-
to-be-found sparticles, and therefore on the parameter
space of the various supersymmetric models.

The long standing experimental values of a„ for each
sign of the muon electric charge [3] can be averaged to
yield [4]

a „'"v' = 1 165 923( 8.5 ) X 10 (1)

The uncertainty on the last digit is indicated in
parentheses. On the other hand, the various standard-
model contributions to a„have been estimated to be [4]

QED: 1 165 846984(17)(28)X 10 (2)

had. 1 7 068(59)(164)X 10 (3)

had. 2: —90(5)X 10 (4)

had. 3 49(5) X 10 (5)

total hadronic: 7027(175)X 10 (6)

electroweak: 195(10)X 10 (7)

The total standard-model prediction is then [4]
a„'"=1165919.20(1.76) X ln ' . (8)

Subtracting the experimental result gives [4]

asM aexPt 3 8(8 7)X 10
—9 (9)

which is perfectly consistent with zero. The uncertainty
in the theoretical prediction is dominated by the uncer-
tainty in the lowest-order hadronic contribution (had. l),
which ongoing experiments at Novosibirsk hope to
reduce by a factor of 2 in the near future. This is an im-
portant preliminary step to testing the electroweak con-
tribution, which is of the same order. The uncertainty in
the experimental determination of a„ is expected to be re-
duced significantly (down to 0.4X 10 ) by the new E821
Brookhaven experiment [2], which is scheduled to start
taking data in late 1994. Any beyond-the-standard-
model contribution to a„(with presumably negligible un-
certainty) will simply be added to the central value in Eq.
(9). Therefore, we can obtain an allowed interval for any
supersymmetric contribution, such that a„+a„—a„'"v' is consistent with zero at the 95% C.L.:

13.2 X 10 & a sUsY & 2O 8 g 1O
—9 (10)

The supersymmetric contributions to a„have been
computed to various degrees of completeness and in the
context of several models, including the minimal super-
symmetric standard model (MSSM) [5—9], an Es string-
inspired model [10], and a nonminimal MSSM with an
additional singlet [11,12]. Because of the large number of
parameters appearing in the typical formula for a„
various contributions have often been neglected and nu-

merical results are basically out of date. More important-
ly, a contribution which is roughly proportional to the ra-
tio of Higgs vacuum expectation values (tanP), even
though known for a while [7—9,12], has to date remained
greatly unappreciated. This has been the case because in
the past only small values of tanP were usually considered
and the enhancement of a„,which is the focus of this

paper, was not evident. In fact, such enhancement can
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easily make a„run in conflict with the bounds given
in Eq. (10}, even after the CERN e+e collider LEP
lower bounds on the sparticle masses are imposed. In
this paper we compute a„ in the context of supergrav-
ity models based on the SU(5}XU(1) [fiipped SU(5)]
gauge group [13] supplemented by two string-inspired
(the so-called no-scale [14] and dilaton [15]) soft-
supersymmetry-breaking scenarios.

II. THE FLIPPED SU(5) SUPERGRAVITY MODELS

The models of interest in this paper are based on the
gauge group SU(5) XU(l) and have the property of gauge
coupling unification at the scale 10' GeV [13]. This im-
plies that their matter content must include additional
particles beyond the supersymmetric standard model
with two Higgs doublets, otherwise the unification scale
would be 10' GeV. Indeed, an extra pair of vectorlike
quark doublets with mass —10' GeV and a pair of
charge —1/3 quark singlets with mass -10 GeV appear
in the spectrum. These additional particles form com-
plete 10, 10 SU(5}X U(1) multiplets and are seen to occur
in a string-derived version of this model [16]. The
unification scale is also consistent with that expected in
string models of this kind [17]. Besides contributing to
the gauge coupling P functions for scales above their
masses, the new particles do not have any other notice-
able effects. Nonetheless, such subtle changes in slope
propagate throughout the whole system of renormaliza-
tion group equations for the gauge and Yukawa cou-
plings, as well as the scalar masses and trilinear scalar
couplings. An effect of similar magnitude is a conse-
quence of the "extra" running down from 10' GeV rela-
tive to a model which unifies at 10' GeV.

This class of supergravity models can be described
completely in terms of just three parameters: (1) the top-
quark mass (m, ), (ii) the ratio of Higgs vacuum expecta-
tion values, which satisfies 1 & tanP & 40, and (iii) the
gluino mass, which is cut off at 1 TeV. This
simplification in the number of input parameters is possi-
ble because of specific scenarios for the universal soft-
supersymmetry-breaking parameters (mp, m&&2, A) at the
unification scale. These three parameters can be comput-
ed in specific string models in terms of just one of them
[18]. In the no-scale model one obtains mp=A =0,
whereas in the dilaton model the result is
mp (I/v 3)m&&2, A = —

m&&z. After running the renor-
malization group equations from high to low energies, at
the low-energy scale the requirement of radiative elec-
troweak symmetry breaking introduces two further con-
straints which among other things determine the magni-
tude of the Higgs mixing term p, although its sign
remains undetermined. Finally, all the known phenome-
nological constraints on the sparticle masses are imposed
(most importantly the chargino, slepton, and Higgs boson
mass bounds). This procedure is well documented in the
literature [19] and yields the allowed parameter spaces
for the no-scale [14]and dilaton [15]cases.

These allowed parameter spaces in the three defining
variables (m„tanP, m ) consist of a discrete set of points
for three values of m, (m, =130, 150, 170 GeV), and a

TABLE I. The approximate proportionality coefficients to
the gluino mass, for the various sparticle masses in the two su-

persymmetry breaking scenarios considered.

No-scale Dilaton

4~9'
V

2X1~X2~X1

q

0.18
0.18-4.30

0.28
0.30
0.97
1.00

0.33
0.33—0.41

0.28
0.41
1.01
1.00

discrete set of allowed values for tanP, starting' at 2 and
running (in steps of two) up to 32 (46) for the no-scale
(dilaton) case. The allowed values of m vary from a

minimum value of =200 GeV up to 1 TeV, depending on
the value of tanP. For each of these points in parameter
space there corresponds one set of sparticle and Higgs
boson masses, as well as various diagonalizing matrices
for the neutralino, chargino, slepton, and squark masses.
In particular, a/1 of the parameters that appear in the for-
mula for a given below can be obtained for any given
point in parameter space.

In the models we consider all sparticle masses scale
with the gluino mass, with a mild tanP dependence. In
Table I we give the approximate proportionality
coeScient (to the gluino mass) for each sparticle mass.
Note that the relation 2m 0=m 0=m y holds to good

Xl XP X]

approximation. The third-generation squark and slepton
masses also scale with m, but the relationships are
smeared by a strong tanP dependence. From Table I one
can (approximately) translate any bounds on a given spar-
ticle mass on bounds on all the other sparticle masses.

III. CALCULATION AND DISCUSSION OF RESULTS

2m

2m

2m

2
RR

(12)

and D is the orthogonal rotation matrix. This gives the
mass eigenstates

p,-=D, )pL, +D,.~~, i =1,2 .

Therefore, the rotation angle can be expressed as

(13)

Note that tang & 1 is required by the radiative breaking mech-
anism, and the LEP lower bound on the lightest Higgs boson
mass (m„& 60 GeV [20]) is quite constraining for 1 & tanP & 2.

There are two sources of one-loop supersymmetric con-
tributions to a„: (i} with neutralinos and smuons in the
loop; and (ii) with charginos and sneutrinos in the loop.
In the former case it is necessary to diagonalize the smu-
on mass matrix to get the mass eigenstates,

DMD =diag(m, m ),
Pl P2

where M is the smuon mass matrix,
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22m
tan(20) =

zm LL m

where

m ~~ =m„(A„+@tan/3) .
pLR

(15)

It is clear that because of the smallness of the muon mass
compared with the sparticle mass scale, the mixing angle
is quite small. The general formula for the lowest-order
supersymmetric contribution to a„has been given in
Refs. [7—9, 12]. Here we use the expression in Ref. [12]:

SUSY
2

(
—1)~+' si n(20)B&(g,")t anH~N, &[t anO~N;

&
+Nz]

Svr o m 0
X; P.

m„
B,(r/;, )N;3[3tanH ~N, , +N, z]+

2M~cos m ()
1

A ~(g~ )[ —,'[tanH~N;&+N &] +[tanO~N, &] ]

m„m +

m 2

Pl ~ Bq(~, ) V, , U, ~+
2M~ cosP

m A, (a )

2
V2 (16)

where N; are elements of the matrix which diagonalizes

the neutralino mass matrix, and Uj V,j are the corre-
sponding ones for the chargino mass matrix, in the nota-
tion of Ref. [21]. Also,

'2 —] '2 —]
m +

1—
7

and

m 0
Xf

m

(17)

1B (x)=x ——x+x (x —1)ln1

A, (x)=x ——x ——+x (x —1)ln2 x 1

2 6 x
(19)

a2= —x ——x —x'ln1 3 x —1

2 x
(20)

As has been pointed out, the mixing angle of the smu-

on eigenstates is small (although it can be enhanced for
large tan/3) and it makes the neutralino-smuon contribu-
tion suppressed. Moreover, the various neutralino-
smuon contributions [the first two lines in Eq. (16)] tend
to largely cancel among themselves [9]. This means that
the chargino-sneutrino contributions [on the third line in

Eq. (16)] will likely be the dominant ones. In fact, as we

stress in this paper, the first chargino-sneutrino contribu-
tion (the "gauge-Yukawa" contribution) is enhanced rela-
tive to the second one (the "pure gauge" contribution) for
large values of tan/3. This can be easily seen as follows.

Picturing the char gino-sneutrino one-loop diagram,
with the photon being emitted off the chargino line, there
are two ways in which the helicity of the muon can be

flipped, as is necessary to obtain a nonvanishing a„.

(i) It can be flipped by an explicit muon mass insertion
on one of the external muon lines, in which case the cou-
pling at the vertices is between a left-handed muon, a
sneutrino, and the 8'-ino component of the chargino and
has magnitude g2. It then follows that a„will be propor-
tional to gz(m„/m )

~ V~& ~, where m is a supersymmetric
mass in the loop and the V

~
factor picks out the 8'-ino

component of the jth chargino. This is the origin of the
"pure gauge" contribution to a

P
(ii) Another possibility is to use the muon Yukawa cou-

pling on one of the vertices, which flips the helicity and
couples to the Higgsino component of the chargino. One
also introduces a chargino mass insertion to switch to the
8'-ino component and couple with strength g2 at the oth-
er vertex. The contribution is now proportional to
gal, „(m„m -/mz)V, , U, z, where UJ, picks out the

VJ

Higgsino component of the jth chargino. The muon Yu-
kawa coupling is given by A,„=g&m„/(&2M~ cosP).
This is the origin of the "gauge- Yukawa" contribution to

SUSY
P
The ratio of the "pure gauge" to the "gauge-Yukawa"

contributions is roughly then

g&(m„/m )/(gal, „)-gz/+I+tan p, (21)

for m —100 GeV. Thus, for small tanp both contribu-
tions are comparable, but for large tanP the "gauge-
Yukawa" contribution is greatly enhanced. This
phenomenon was first noticed in Ref. [7]. It is interesting
to note that an analogous tanP enhancement also occurs
in the b ~sy amplitude [22], although its effect is some-
what obscured by possible strong cancellations against
the QCD correction factor.

The results of the calculation in the no-scale and dila-

ton cases are plotted in Figs. 1(a) and 1(b), respectively,

~The original Fayet formula [5] is obtained from the third

neutralino-smuon contribution in the limit of a massless photino
and no smuon mixing.

A similar enhancement in the second neutralino-smuon con-

tribution is suppressed by small Higgsino admixtures (i.e.,
', N„~, 'jN„((1).
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p was chosen to be negative or only some of the
neutralino-smuon pieces were kept (which are mostly
negative). Interestingly, the largest allowed values of
tanP do not exceed the cr„constraint since consistency of
the models (i.e. , the radiative breaking constraint) re-

quires larger gluino masses as tanP gets larger.

Comparing the results shown in Fig. 1 with the allowed
ranges in Eq. (10), it is clear that some points in parame-
ter space are already excluded. The corresponding ex-

no —scale flipped SU(5)

eluded ranges in the other sparticle masses can be de-
duced from the proportionality coeScients given in Table
I. To show in a more clear way which region of parame-
ter space is excluded by the present data, in Fig. 2 we
show all the allowed points in parameter space of the two
models (dots and crosses) in the (m +, tan/3) plane for

Xi

fixed values of m, . Those points marked with crosses are
excluded by the a„constraint at the 95% C.L. Note that
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for not too small values of tanP, chargino masses in the
range 45 —120 GeV are already excluded; there are no
constraints for tanP-8. Using Table I this reach in char-
gino masses translates into m =430 GeV, m = 130

7 g ~L. I'L.

GeV, m =75 GeV, m O=60 GeV, and m 0=120
XI X2

GeV.
It is hard to tell what will happen when the E821 ex-

periment reaches its designed accuracy limit. However,
one point should be quite clear, the supersymmetric con-
tributions to a„can be so much larger than the present
hadronic uncertainty (=+1.76X10 ) that the latter is
basically irrelevant for purposes of testing a large fraction
of the allowed parameter space of the models. This is not
true for the electroweak contribution and will also not
hold for small values of tanP. Should the actual measure-
ment agree very well with the standard-model contribu-
tion, then either tanP- I or the sparticle spectrum would
need to be in the TeV range. This situation is certainly a
window of opportunity for sparticle detection before LEP
II starts operating. Moreover, a signi6cant portion of the
explorable parameter space (those points with m ~ ~ 100

II
GeV and equivalently m ~350 GeV) is in fact beyond

the reach of LEP II.
As to (g —2)„as expected one obtains

gsUsY (tn /tn )2gsUsY and ~gsUsY
~

& 1 6X 10
—5

These values of a, are below the possible experimental
accuracy reachable at hadron supercolliders (4X10
[24]) and thus undetectable in the foreseeable future.

IV. CONCLUSIONS

We have computed the supersymmetric contribution to
the anomalous magnetic moment of the muon in the con-

text of SU(5) X U(1) supergravity models. The predictions
are quite sharp since they depend on only three parame-
ters, one of which is the top-quark mass. Moreover, the
large values of tanP, which are typical in this class of
models, enhance the sup ersymmetric contribution so
much that non-negligible constraints on the parameters
of the models exist even with the present data, and in
light of the LEP lower bounds on the sparticle masses.
These contributions are generally much larger than the
electroweak contribution and the present standard model
hadronic uncertainty, and thus should be readily observ-
able at the new E821 Brookhaven experiment. The po-
tential for decisive exploration of the parameter space of
these models is extremely bright and much greater than
the direct experimental production of sparticles at
present and near future collider facilities. We expect that
the qualitative results in this paper will remain valid in a
more general class of supersymmetric models, as long as
no new light particles are introduced, and large values of
tanP are allowed. In contrast, in the minimal SU(5) su-

pergravity model one would not expect large contribu-
tions to a „since the constraint from proton decay re-
quires heavy slepton masses and tanP&5 [25]. Indeed,
we find

~ g„~& 0.2X 10,which is unobservable even
for the new Brookhaven experiment.

ACKNO%'LEDGMENTS

This work has been supported in part by DOE Grant
No. DE-FG05-91-ER-40633. The work of J.L. has been
supported by the SSC Lab. The work of X.W. has been
supported by the World Laboratory.

[1]See, for example, Quantum Electrodynamics, edited by T.
Kinoshita (World Scientific, Singapore, 1990).

[2] M. May, in Intersections Between Particle and Nuclear
Physics, Proceedings of a Conference, Rockport, Maine,
AIP Conf. Proc. No. 176, edited by Gerry M. Bruce (AIP,
New York, 1988), p. 1168; B. L. Roberts, Z. Phys. C 56,
S101(1992).

[3]J. Bailey et al. , Nucl. Phys. B150, 1 (1979).
[4] For a recent review see T. Kinoshita, Z. Phys. C 56, S80

(1992); in Frontiers of High Energy Spin Physics, Proceed-
ings of the Tenth International Symposium on High Ener-
gy Spin Physics, edited by T. Hasegawa, N. Horikawa, A.
Masaike, and S. Sawada (Universal Academy, 1993).

[5] P. Fayet, in Unification of the Fundamental Particle ln
teractions, edited by S. Ferrara, J. Ellis, and P. van
Nieuwenhuizen (Plenum, New York, 1980), p. 587.

[6] J. Grifols and A. Mendez, Phys. Rev. D 26, 1809 (1982);J.
Ellis, J. Hagelin, and D. V. Nanopoulos, Phys. Lett. 1168,
283 (1982); R. Barbieri and L. Maiani, ibid. 117B, 203
(1982); J. C. Romao, A. Barroso, M. C. Bento, and G. C.
Branco, Nucl. Phys. 8250, 295 (1985).

[7] D. A. Kosower, L. M. Krauss, and N. Sakai, Phys. Lett.
1338, 305 (1983).

[8] T. C. Yuan, R. Arnowitt, A. H. Chamseddine, and P.
Nath, Z. Phys. C 26, 407 (1984).

[9] I. Vendramin, Nuovo Cimento 101A, 731 (1989).
[10]J. A. Grifols, J. Sola, and A. Mendez, Phys. Rev. Lett. 57,

2348 (1986);D. A. Morris, Phys. Rev. D 37, 2012 (1988).
[11]M. Frank and C. S. Kalman, Phys. Rev. D 38, 1469 (1988);

R. M. Francis, M. Frank, and C. S. Kalman, ibid. 43, 2369
(1991);H. Konig, Z. Phys. C 52, 159 (1991);Mod. Phys.
Lett. A 7, 279 (1992).

[12] S. A. Abel, W. N. Cottingham, and I. B. Whittingham,
Phys. Lett. B 259, 307 (1991).

[13]For a recent review see J. L. Lopez, D. V. Nanopoulos,
and A. Zichichi, in From Superstrings to Supergravity,
Proceedings of the INFN Eloisatron Project 26th
Workshop, edited by M. J. Duff, S. Ferrara, and R. R.
Khuri (World Scientific, Singapore, 1993).

[14]J. L. Lopez, D. V. Nanopoulos, and A. Zichichi, this issue,
Phys. Rev. D 48, 343 (1993).

[15]J. L. Lopez, D. V. Nanopoulos, and A. Zichichi, Phys.
Lett. B (to be published).

[16]J. L. Lopez, D. V. Nanopoulos, and K. Yuan, Nucl. Phys.
8399, 654 (1993)~

[17]I. Antoniadis, J. Ellis, R. Lacaze, and D. V. Nanopoulos,
Phys. Lett. B 268, 188 (1991);S. Kalara, J. L. Lopez, and
D. V. Nanopoulos, ibid. 269, 84 (1991).

[18]See, for example, L. Ibattez and D. Liist, Nucl. Phys.
8382, 305 (1992); V. Kaplunovsky and J. Louis, Phys.
Lett. B 306, 269 (1993); A. Brignole, L. Iba5ez, and C.
Mu5oz, Report No. FTUAM-26/93, 1993 (unpublished).

[19]See, for example, S. Kelley, J. L. Lopez, D. V. Nano-
poulos, H. Pois, and K. Yuan, Nucl. Phys. 8398, 3 (1993).



372 JORGE L. LOPEZ, D. V. NANOPOULOS, AND XU WANG

[20] J. L. Lopez, D. V. Nanopoulos, H. Pois, X. Wang, and A.
Zichichi, Phys. Lett. 8 306, 73 (1993).

[21] H. Haber and G. Kane, Phys. Rep. 117, 75 (1985).
[22] J. L. Lopez, D. V. Nanopoulos, and G. Park, Phys. Rev. D

48, R974 (1993).
[23] J. L. Lopez, D. V. Nanopoulos, G. Park, and A. Ziehiehi,

this issue, Phys. Rev. D 48, 355 (1993).
[24] F. del Aguila, F. Cornet, and J. Illana, Phys. Lett. B 271,

250 (1991);M. Samuel, G. Li, and R. Mendel, Phys. Rev.
Lett. 67, 668 (1991).

[25] R. Arnowitt and P. Nath, Phys. Rev. Lett. 69, 725 (1992);
P. Nath and R. Arnowitt, Phys. Lett. B 287, 89 (1992); J.
L. Lopez, D. V. Nanopoulos, and H. Pois, Phys. Rev. D
47, 2468 (1993); J. L. Lopez, D. V. Nanopoulos, H. Pois,
and A. Zichichi, Phys. Lett. B 299, 262 (1993).


