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Muon anomalous magnetic moment: A harbinger for “new physics”
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Standard model loop contributions to the muon anomalous magnetic moaeatg,—2)/2, and their
theoretical uncertainties are scrutinized. The status and implications of the recently reported 2.6 sigma experi-
ment versus theory deviatimﬁxp‘— ai""= 426(165)< 10 ! are discussed. Possible explanations due to super-
symmetric loop effects witimgsy= 55fé6x/tan,8 GeV, radiative mass mechanisms at the 1-2 TeV scale and

other “new physics” scenarios are examined.
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. INTRODUCTION a%*(average= 116 592 028151)
Leptonic anomalous magnetic momeras=(g,—2)/2 X10 ' (CERN77+ BNL98 and 99.
have traditionally been used for precision tests of the stan- (4)

dard modelSM) and stringent constraints on potential “new

physics” efgsfts[l]. Indeed, agreement between measuregyisiing data from the 2000 run of E821 are expected to
ments of a’™ and Schwinger's one-loop calculatiof,  fyrther reduce the error in,+ in Eq. (2) by more than an-
= al27 provided beautiful early confirmation of quantum other factor of 2. Currently, the experiment is taking data

electrodynamic¢QED). Currently,ag™ is used in conjunc-  with .~ with the expectation of eventually obtaining similar
tion with a fOUr-lOOp QED calculation to obtain the most precision fora -. If CPTis assumedalu_,_:a -, the col-

precise determination af, the fine structure consta[i]: lective data should yield an uncertainty close to the proposed
experimental goal of-40x 10" for a,, .
a Y(a,)=137.035999 562). (1) Already, the current precision in E¢) is very effective

in probing for “new physics.” Indeed, as we later demon-

) ) strate, a deviation from standard model theory at that level of
The muon’s anomalous magnetic momeayt, is not nearly  sensitivity can quite naturally occur and easily be interpreted
as gooq asg, at tgsting QED, .but is much better suited t0 55 the appearance of supersymmetry at 100-450 GeV or
constrain or unveil “new physics” effects. Such effects are gther even higher scale phenomena, exciting prospects. Of
generally proportional tan?/A? where A is the scale of course, before making such an interpretation, one must have
“new physics.” The m’/mZ=43000 relative enhancement 4 reliable theoretical prediction fa," with which to com-
for the muon more than compensates for the factor of 37Qare, an issue that we address in the next section.
current experimental precision advantage aqf over a,, .
Furthermore, testing thaS™ prediction is currently limited
by lack of a correspondingly precise independent determina-
tion of a. A. QED effects

Recently, a new measurementayf+ based on 1999 data

was announced by the E821 Collaboration at Brookhave%

Il. STANDARD MODEL PREDICTION FOR  a,

The QED contribution t@,, has been compute@r esti-
ated through 5 loopg4,5]:

[3]: i
oot ™ aQeP= 1 0,765 857 37627) ( 2] +24.050508 9844)
a®P=116502020160 X107 (BNLOY).  (2) i 2n ™
3 o 4 o 5
When averaged with the previous world average based on X\ +126-0141)<; +93(X170)(;) -

earlier CERN and BNL data,

Growing coefficients in thex/ = expansion reflect the pres-
a;=116592 050460 X 10" ** (CERN77+ BNL98), ence of large Inf,/m)=5.3 terms coming from electron
loops and the anomalously large coefficient of the light-by-
light electron loop[6—8] which contributes about 21 of the
3 24 in the (@/7)® coefficient. Employing the value af from
ae in Eq. (1) (which effectively normalizesi?=" by ag™")
one obtains a new world average gives
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hadrons TABLE I. Contributions toazad(vac. pol.) from different en-
ergy regions as found by Davier and ¢ker[11-13.

Js (GeV) al*{vac. pol.)x10"
2m_.—1.8 6343-60
1.8-3.7 338.74.6
3.7-5+ (1S,25) 143.1+5.4
5-9.3 68.71.1
FIG. 1. Leading hadronic vacuum polarization corrections to 9.3-12 12.2-0.5
a,. 12— 18.0+0.1
a®tP=116584705.72.9) x 10~ 11 (6) Total 6924+ 62

" 2. :

The quoted uncertainty is well below the40x 10~ ulti-
mate experimental error anticipated from E821 and should.,, ; e™) data to supplemerg*e™— =" 7~ cross sections.

therefore, play no essential role in the confrontation betweef, the | =1 channel they are related by isospin. Currently,

theory and experiment. tau decay data is experimentally more precise and in prin-
ciple has the advantage of being self-normalizing rif
B. Hadronic effects —v,7m 7° and 7— v, v.e are both measured in the same
Beginning atO(a?), hadronic loops contribute ta, via experiment.
vacuum polarizatiorisee Fig. 1. A pure QCD calculation of An issue in the use of tau decay data is the magnitude of

that effect is currently not possible. Fortunately, it is possibleiSospin violating corrections due to QED and timg—m,

to evaluate those corrections via the dispersion intd@fal ~ mass difference. A universal short-distance QED correction
[22] of about—2% was applied to the hadronic tau decay

Ha . * 0 data and isospin violating effects such ms+-m_o phase
a,*tvac. pol)= mLmz dSK(S)a(S)e+ e~ —hadrons space,p™-p° differences and effects due j&-w interfer-
i (7)  ence have been accounted for. Other uncorrected distinctions
are estimated to be about0.5% and are included in the
where 0%(S) e+ e~ hadrons MeaNs QED vacuum polarization quoted hadronic uncertainties of Table I.

and some other extraneous radiative correcti@ng. initial Although the error assigned to the use of tau decay data
state radiationhave been subtracted from measueste™  appears reasonable, it has been questi¢p@4. More re-
— hadrons cross sections, and cent preliminarye*e” — 7" 7~ data from Novosibirsk23]
2 1 g seem to (sjuggest ah_pﬁtentifg differencg with correr:]ctedh had-
_w2lq_ 2 N ronic tau decays which could compromise somewhat the es-
K(®)=x (1 2 0T 1F X2 In(L+x)=x+ 2 timatedalHLadin Eq.(9). It is not clear at this time whether the
14+x difference is due to additional isospin violating corrections to
+ "% Inx hadronic tau decays, normalization iss|i2§], or radiative
1-x corrections toe*e”— hadrons data which must be ac-
counted for in any precise comparisf?6]. Resolution of
y 1- 1—4mi/5 @® this issue is extremely important.
1+ \/Tmi/s A more conservative approach would be to ignore the tau

data and use QCD theory input as little as possible. Such an

Detailed evaluations of Eq.7) have been carried out by anglysis by Eidelman and Jegglehfﬁérﬂ_ in 1995 found
various author§10—21. The most precise published analy- ai-(vac. pol.)=7024(153)<10 ' Additional data were

sis to date, by Davier and teker[11-13, found later used by those authors to refine their value to
6967(119)x 10 1 [24]. In a further update of that work,
al™{vac. pol)=692462)x10 (9)  Jegerlehner obtained

It employed experimentat“e” data, hadronic tau decays, a/*{vac. pol)=6974.4104.5x10 *

perturbative QCD and sum rules to minimize the uncertainty

in that result. The contributions coming from different en- (Jegerlehner 2001[27)). (10)
ergy regions are illustrated in Table I.

Table I nicely illustrates that the final result and its uncer-Within their quoted errors, Eq$9) and (10) agree but the
tainty are dominated by the low energy region. In fact, thecentral values differ by 58 10" ** and the error in E¢(10) is
p(770 MeV) resonance region provides the bulk of the totalbigger because in some energy regiorfe” e~ — hadrons
hadronic contribution taa/'jad(vac. pol.). data have large uncertainties. The sign of the difference be-

To reduce the uncertainty in the low-energy region,tween Eq.(10) and Eq.(9) may be a little misleading, since
Davier and Hoker employed I'(r—v, 7 #°)/T'(r tau data tend to favor a somewhat larger contributioat,‘l‘?f|
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FIG. 2. One-loop electroweak
radiative corrections ta,, .

(b)

from thep thane*e™ — hadrong25]. More aggressive use C. Electroweak effects
of perturbative QCD and sum rules is largely responsible for = a; the one-loop level, standard model electroweak radia-

the difference between central values in E@®.and (10). e corrections ta,, (see Fig. 2are predicted to bg81-37
Anticipated new results foe"e” — hadrons at Novosibirsk

(as well as Frascati, Beijing and Cornethould reduce the 5 2 1 m?2
uncertainty in Eq(10) by at least a factor of 2 without re- aZ"(1 loop) =3 £ 511+ 5(1-4 sirtOy) 2+ O M—’;)
quiring tau data or as much dependence on perturbative 8v2m
QCD. It will be interesting to see what happens to its central ~195x 10~ 11 (15)
value.

Evaluation of the 3-loop hadronic vacuum polarization\ynereg =1 16637(1)<10°5 GeV 2, sirff,=1—M2/M2
contribution toa,, has been updated {@8,19 ~0.223, andVl =M,y or M 44s. The original goal of E821

was to measure that predicted effect at about the 5 sigma
Aal{vac. pol)=—1006)x10 ™. (1) level. Subsequently, it was pointed di&8] that two-loop

electroweak contributions are relatively large due to the pres-

Light-by-light hadronic diagrams have been evaluated usingnce of .|"Té/”_‘,2ﬁl3-5 terms. A full two-loop calculation
low-energy hadronic models and/or form factors. An average39,40, including low-energy hadronic electroweak loops
[11-13 of two recent detailed studi¢g9,30 gives [41,40, found, formy=150 GeV,

EW, _ %10~ 11

Aat*light by light) = —8525)x 10 1L (1) a,"(2 loop =—43(4)x 107, (16
where the quoted error is a conservative estimate of hadronic

Adding those contributions to Eq&) leads to the total had- electroweak loop, Higgs boson mass, and higher-order un-

ronic contribution certainties. Combining Eq$15) and (16) gives the current

electroweak contribution

Had__ —11 H i)
aMa =673967)X10 (Davier and Haker, 199?13) aEW: 1524)x 10" 1. 17)
Higher-order leading logarithms of the forna (n m%/mi)“,
which we will subsequently use in comparison of theory anch=2,3, ..., can becomputed via renormalization group
experiment. However, we note that a more conservative agechnique$42]. As a result of cancellations between the run-
proach might employ a larger uncertainty such as found usning of « and anomalous dimension effects, they give a rela-

ing Jegerlehner'smainly data drivepunpublished resultin  tively small +0.5x 10" ** contribution toaj;" which is in-

Eq. (10, cluded in the uncertainty of Eq17).
aﬂad: 6789108 %10 * D. Comparison between theory and experiment
(Jegerlehner 2001 (14) The complete standard model prediction &y is given
by
At the very least, one should be mindful of the difference aiM=aSED+ a;iadJr aEW_ (18)

between the two and the need to further justify the use of tau

decay data and low-energy perturbative QCD. The uncertaincombining Eqs(6), (13) and(17) leads to

ties in those results represent the main theoretical error in

a™. It would be very valuable to supplement the above a5V=11659159767)x 10~ * (19
evaluation ofa;|ad with lattice calculationgfor the light-by- _ _ _

light contribution and further improve@&* e~ data(beyond  ©f, using Eq(6), along with the more conservative Eq$4)
ongoing experimenis An ultimate goal of+40x10  or ~ and (17), a;,"=116591647(108510 . Comparing Eq.
smaller appears to be within reach and is well matched to thel9) with the current experimental average in E4). gives
prospectus of experiment E821 at Brookhaven which aims oot SM 1

for a similar level of accuracy. a;,P—a; =426-165<10 (20)
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7 They include 2 chargino and 4 neutralino states and could in
N N principle entail 3 generation slepton mixing and complex
B o 7 B phases. Depending on the supersymmé8YSY) masses,
LA T & ) -
mixing and other parameters, the resulting contribution of
Y a3”" can span a broad range of possibilities. Studies have

been carried out for a variety of models where the parameters
(a) (b) are constrained or specified. Here we give a generic discus-
sion primarily intended to illustrate the strong likelihood that
‘evidence for supersymmetry can be inferred frafjﬁpt and
may in fact be the natural explanation for the deviation from

— . . . SM theory reported by E821.
The |mpl|e_d roughly 2.6 cﬁfference IS very (_axcmng. It Tay Extensive studies of the supersymmetric contributions
be an indicator or harbinger of contributions from “new SUSY |, b ied ol#4—46, An i tant ob i
physics” beyond the standard model. At 90% C.L., one findSx ave been carried o - Animportant observa
tion was made if45], namely that some of the contributions
215x 10 1< a,(new physics=<637x 10~ 11 (21  are enhanced by the ratio of Higgs’ vacuum expectation val-
ues, tarmB=(d,)/(P,), which in some models is largén
which suggests a relatively large “new physics” effect, evensome cases of orden, /m,~40). For large tam, the domi-
larger than the predicted electroweak contribution, may beant contribution is generally due to the chargino-sneutrino
appearing. As we show in the next section, several realistidiagram(Fig. 39 and approximately givefin the large targ
examples of “new physics” could quite easily lead to limit) by
a,(new physics)- O(426x 10~ **) and might be responsible
for the apparent deviation. If that is the case, the difference
in Eq. (20) should increaseota 6 ormore sigma effect as
E821 is completed and the hadronic uncertaintiesj are
further reduced. Note, however, that the more conservative
but less precise estimate in H44) leads to a smaller devia- where m=mg sy represents a typical SUSY loop mass.
tion of about 2 sigma due to the larger theory uncertainty angChargino and sneutrino masses are actually assumed degen-

shift by +50x 10~ " in a/}*. Use of any of the more recent erate in that expressid#6]; otherwise,m is approximately
[43] up-to-date studies O&Ead will yield similar disagree- the heavier mass scaleAlso, we have included a 7-8 %
ment between experiment and theory at about the 2-2.6uppression factor due to leading 2-loop EW effects. Like
sigma level. So the deviation appears real, but not yet statisnost “new physics” effects, SUSY loops contribute directly

FIG. 3. Supersymmetric loops contributing to the muon anoma:
lous magnetic moment.

4o m
1-—1n —) (22
s m

w

TQ(MZ) m_i tang
8’77 Si 0W th

a3~

tically compelling. to the dimension 5 magnetic dipole operator. In that case,
they are subject to the same EW suppression factor a#/the
ll. “NEW PHYSICS” CONTRIBUTIONS loop contribution toaﬁw. From the calculation in Refs.

. . 39,42, one finds a leading logarithmic suppression factor
Since the anomalous magnetic moment comes from a dL 2 g9 PP

mension 5 operator, “new physicgf.e. beyond the standard
model expectationswill contribute toa,, via induced quan- 1— 4_a n ﬂ 293
tum loop effectgrather than the tree leyeM/henever a new T m,,

model or standard model extension is proposed, such effects

are computed and; '~ ai"" is often employed to constrain
or rule it out.

In this section we discuss examples of interesting “new X . ;
. . Numerically, one expects, in the large f@megime (after
physics” probed bya®®-aS". Rather than attempting to be y P ge jamegime(

. X u o -~ a small negative contribution from Fig. 3b is included, again
inclusive, we concentrate primarily on two general scenarios;

- . _-assuming degenerate magses
(1) Supersymmetric loop effects which can be substantlai;l g aeq 9
and would be heralded as the most likely explanation if the 5
deviation ina$® is confirmed and2) models of radiative susy_ _,,( 100 Ge
muon mass generation which generically predict ~ 2u  —(S9nu)x130x10 m tang,
aM(ngw phy_sics)~ me/I\/.I2 where M is the .S(.:ale of “new (24)
physics.” Either case is capable of explaining the apparent

i expt_ o SM B
deviation inaj;"—a;" exhibited in Eq.(20). Several other whereaSUsY

examples of potential “new physics” contributionsag are K Sgg?{era”z; hlas the same sign as fh@arameter
only briefly discussed. (sgnu) in models. . .
Rather than focusing on a specific model, we simply em-

ploy for illustration the large ta approximate formula in
Eq. (24) with degenerate SUSY masses and the current con-

The supersymmetric contributions ta, stem from  straint in Eq.(20). Then we findfor positive sgnf)], from
smuon-neutralino and sneutrino-chargino logpse Fig. 3. comparison with Eq(20),

whereM is the characteristic “new physics” scale. Fbft
~200 GeV, that factor corresponds to about a 7% reduction.

A. Supersymmetry

013014-4
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100 Ge 2 B. Radiative muon mass scenarios
=3.3+1.3

tan,B( = (25 The relatively light masses of the muon and most other
m : X
known fundamental fermions might suggest that they are ra-
diatively loop induced by “new physics” beyond the stan-
dard model. Although no compelling model exists, the con-
~ Lli16 B cept is very attractive as a natural scenario for explaining the
m=(55_5" GeV)vtang, sgnu=+1. (26)  flavor mass hierarchy, i.e. why most fermion masses are so

of . ii dels with d ._much smaller than the electroweak scal@50 GeV.
(Of course, in specific models with non-degenerate gauginos e pagic idea is to start off with a naturally zero bare

and sleptons, a more detailed analysis is required, but he‘i’%rmion mass due to an underlying chiral symmetry. The

we only want to illustrate roughly the scale of SUPErsymme-ymmetry is broken in the fermion 2-point function by quan-

try being probed.Negative. models give the opposite Sign mn |oop effects. They lead to a finite calculable mass which
contribution to a, than the apparent deviation and are yenends on the mass scales, coupling strengths and dynamics

strongly disfavored. The muon anomalous magnetic momenis the ynderlying symmetry breaking mechanism. In such a
measurement may have effectively eliminated hle.  gcenario, one generically expects, for the muon mass,
sgnu=—1) of all SUSY models.

For large tarB in the range 4—40, where the approximate 9°

or

results given above should be valid, one firﬁdssumingfn m,,> 1672 Mg, (28)
>100 GeV from other experimental constrajnts
m=100-450 GeV, (27)  Whereg is some new interaction coupling strength avig

~100-1000 GeV is a heavy scale associated with chiral

precisely the range where SUSY particles are often expecte§ymmetry breaking and perhaps electroweak symmetry
Note also that tag=3 is currently favored in SUSY models breaking. Of course, there may be additional suppression fac-
because of the failure of CER&" e collider LEP Il to find ~ tors at work in Eq(28) that keep the muon mass small.

the Higgs boson and the implied boung,=113 GeV. If Whatever source of chiral symmetry breaking is respon-

supersymmetry in the mass range of E2j7) with relatively sible for generating the muon’s mass will also give r.ise to
Xpt_ 4SM gitfer.  NON—standard model contributions &),. Indeed, fermion
o

large tangB is responsible for the appareami | ; I |
ence, it will have many dramatic consequences. Besides eX1@sses and anomalous magnetic moments are intimately

panding the known symmetries of nature and our fundamergOnnected chiral symmetry breaking operators. Remarkably,
tal notion of space-time, it will impact other new exploratory in such radiative scenarios, the additional contributioa o

experiments. Indeed, fan=100-450 GeV, one can expect Is quite generally given bj51,52
a plethora of new SUSY particles to be discovered soon,

either at the Fermilab 2 TeYp collider or certainly at the m?2
Large Hadron CollidefLHC) 14 TeV pp collider which is a,(new physic$:CM—‘§, C=0(1), (29)
expected to start running in 2006.

Large tanB supersymmetry can also have other interest-

ing loop—induced low energy consequences beyandFor  \hereM is some physical high mass scale associated with
example, it can affedd—sy. For sgnu=+1 as suggested the “new physics” andC is a model-dependent number
by g,—2, destructive interference SUSY effects should |eadrough|y of order 1(it can even be largerM need not be the

to I'(b—sy) below the SM predictiof47]. Confirmation of  same scale adl in Eq. (28). In fact, M is usually a some-
such a reduction in the— sy decay rate would significantly \hat larger gauge or scalar boson mass responsible for me-
reinforce the hint of SUSY irg,—2. Even for the muon, djating the chiral symmetry breaking interaction. The result
“new physics” in a,, is likely to suggest potentially observ- in Eq. (29) is remarkably simple in that it is largely indepen-
able u—ey, pn”N—e N and a muon electric dipole mo- dent of coupling strengths, dynamics, etc. Furthermore,
ment(EDM), depending on the degree of flavor mixing and rather than exhibiting the usua?/16m2 loop suppression
CP violating phases. Searches for these phenomena are nG¥ctor, a,(new physics) is related tme/MZ by a (model

entering an exciting era, with a new generation of expe“'dependentconstant,C, roughly of O(1).
ments being proposed or constructed. The decayey will

be searched for with 2 10”14 single event sensitivitySES
at the Paul Scherrer Institufé8]. The MECO experiment at
BNL [49] will search for the muon-electron conversion, To demonstrate how the relationship in EQ9) arises,
w~ Al—e”Al, with 2x 101" SES. A proposal is also being we first consider a simple toy model examp#2] for muon
made[50] to search for the muon’s electric dipole moment mass generation which is graphically depicted in Fig. 4.
with sensitivity of about 10?4 e cm at the BNL muon stor- If the muon is massless in lowest ordee. no baremz is
age ring. Certainly, the hint of supersymmetry suggested byossible due to a symmeirnbut couples to a heavy fermion
afj(p‘will provide strong additional motivation to extend such F via scalar,S, and pseudoscalaP, bosons with couplingg
studies both theoretically and experimentally. andgvys respectively, then the diagrams give rise to

1. Toy model
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ANDRZEJ CZARNECKI AND WILLIAM J. MARCIANO

[ F u B F [

FIG. 4. Example of a pair of one-loop diagrams which can in-

duce a finite radiative muon mass.

PHYSICAL REVIEW D 64 013014

. 92 m,uMF
a,(new physicg= 82 M2

| —
=\ w2z Nz

S

M2 M3 Mé)

F F

(35
while for Q=0

2 m,M M2
a,(new physic$zg— - F(l P). (36)

8w M3 M
g2 MZ MZ M3 M3 _ _ : :
m, =762 M F( MZ- M2 lnM 2" MZ- M2 IHW The induceda,(new physics) also vanishes in thds
S F F P F =My chiral symmetry limit. Interestinglya,,(new physics)
(30) exhibits a linear rather than quadratic dependencengrat
this point.
2 Mé Although Egs.(31) and (35) both depend on unknown
1672 Megln ﬁg (Msp>Mg). 3D parameters such gsandM ¢, those quantities largely cancel
when we combine both expressions. One finds
Note that short-distance ultraviolet divergences have can- m2
celed(as they must since there is no mass countetemd  a,,(new physicg=~C —%,
the induced mass vanishes in the chirally symmetric limit Mp
Ms=Myp. If we attach a photon to the heavy internal fer- 5 ) )
mion, F, or bosonSor P (assumed to carry fractiordg and c=201-|1- % In %/ In %
1— Qf of the muon charge, respectivilyhen a new contri- MZ)" M2 M3
bution toa,, is also inducedsee Fig. $. One obtains
(for Qe=1)

2
a,,(new physics= 2 {Ql fu(Mp) — fy(Mg)]

+(1-Qp)[fc(Mp)—fc(Mg) 1},

(32
with
fr (M y——lgfﬁ}—
N X (Mx_ MF)3
M5
X 3M§+Mﬁ—4M§M§—2M§h1ME»
(33

m,Me >2<
&xMx%=ﬁW§§M€F(Mi—Mé—zMEMinwME)
(34

In the limit Mg p>Mg andQg=1, one findg52]

FIG. 5. Potential diagrams that can contribute to the anomalous

magnetic moment in radiative muon mass models.

Cz(l—M—E)/InM—Q% (for Qe=0),
(37)

whereC is very roughlyO(1). It canactually span a broad
range and take on either sign, depending orMkg¢M p ratio

and Qg. A loop produceda,(new physics) effect that
started out at?(g?/1672) has effectively been promoted to
O(1) by absorbing the couplings arM factor intom,, .
Along the way, the linear dependence om, has been re-
placed by a more natural quadratic dependence, such that
a,(new physics)i, vanishes asn,—0 as one would more
naturally expect.

2. Dynamical mass generation

An alternative prescription for radiatively generating fer-
mion masses involves new strong dynamics, e.g. extended
technicolor. In such scenarios, technifermions acquire, via
new strong dynamics, dynamical self-energies

AZ 1-v/2
EF(D)sz<A2—_pz : (39
where 0O<y<2 is an anomalous dimensionmg

=(0(300 GeV), andA is the new strong interaction scale
~0O(1 TeV).

Ordinary fermions such as the muon can receive loop in-
duced masses via the diagram in Fig. 6.

The extended gauge bos# links u andF via the non-
chiral coupling

1- 1+
97,.la 2%+b 2% (39)
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" Of course, for a specific model, one must check that the sign
of the induceda))” is in accord with experimenti.e. it
should be positive

Such a scale of “new physics” could be quite natural in
N v N multi-Higgs-boson radiative mass and soft SUSY mass sce-
narios as well as some leptoquark models. It would appear to

L F F H be somewhat low for dynamical symmetry breaking, com-

FIG. 6. Extended technicolor-like diagram responsible for gen_posn.enes's and perglgtps e.xtr'a dln'1en3|on' models; however,

erating the muon mass. conf|_rrr.1.afc|on of ana, " _deV|at|on will certainly lead to all

possibilities being revisited.

and gives rise to a ma$51,52]
C. Other “new physics” examples
g“ab ANy Y 1. Anomalous W b 1
m,=——> mg| — T'=ITl1-—= , (40) . Anomalous oson properties
M 47T mX 2 2 . . .
u AnomalousW boson magnetic dipole and electric quad-
rupole moments can also lead to a deviatiomjnfrom SM

wherel’(x) is the gamma function. Notice the short—distanceexpectations_ We generalize tiygV/W coupling such that the
ultraviolet divergence ay=2 which corresponds to a non- \y y550n magnetic dipole moment is given by
dynamicalmg scenario.

If we attach a photon to the internal fermion line in Fig. 6

e
(assumed here for illustration to have chargel), an pw=5—(1+x+X) (44)
anomalous magnetic moment contribution is induced. One w
finds and electric quadrupole moment by
a,(new dynamics e
Qu== 5~ (k=)\) (45)
rlz-Zr(3 i
_ g*ab m,me A 2 2) \2 where k=1 and\=0 in the standard model, i.e. the gyro-
27 m)2( my v ' magnetic ratiogy,= «+1=2. For non-standard couplings,
a 1+ 2 one obtains the additional one loop contributioratpgiven
by [60-64
(41
G,m? 2
Again we see only a linear dependence rap. However, a,(Kk,\)= i "2 (k—1)In —— = \ |, (46)
when Eqgs.(40) and(41) are combined, one find$1] 4\/577 my 3
5\ m?2 where A is the high momentum cutoff required to give a
a,(new dynamics=2 ZTY _2M (42) finite'result. It presumably corre;ponds to the onset of “new
Y My, physics” such as th& compositeness scale or new strong

dynamics. Higher order electroweak loop effects reduce that
i.e. the generic resulO(1)m2/M2 where M is the “new contribution by roughly the suppression in E@J3), i.e.
physics” scale (here the extended-techniboson mass ~9%. o
emerges. For A=1 TeV, the deviation in Eq(20) corresponds to
A similar relationship,a, (new physicsészi/Mz, can
be found in more realistic multi-Higgs-boson modghks],
SUSY with soft massefb4], etc. It is also a natural expec- gych 4 Jarge deviation from standard model expectatiens,
tation in composite mode[sSS—Sﬂ as WQII as some models _ 1, is already ruled out bg*e”—W" W~ data at LEP II
with large extra dimensior|$8,59 or chiral violating lepto- | pih gives[65,66
quark interactions, although studies of such cases have not ’
necessarily made that connection. Basically, the requirement k—1=0.04+0.08 (LEP II). (48)
thatm,, remain relatively small in the presence of new chiral
symmetry breaking interactions forces,(new physics) to  One could reduce the requirement in E47) somewhat by
effectively exhibit a quadratimi dependence. assuming a much largex cutoff in Eq.(46). However, it is
For models of the above variety, where generally felt thatc—1 and A should be inversely corre-
la,(new physics)=m:/M2, the current constraint in Eq. lated. For example—1~my/A or (mw/A)?. So the rather
(21) suggestgvery roughly that they can accommodate the substantialk—1 needed to accommodﬁXpt would argue
deviation ina/‘iXpt if against a much largef. Similarly, the large value of the
anomalousV electric quadrupole moment=—6 needed to

M=1-2 TeV. (43 reconcileai"pt— ai’\" is also ruled out by collider datavhich

k—1=0.37+0.14. (47)

013014-7



ANDRZEJ CZARNECKI AND WILLIAM J. MARCIANO PHYSICAL REVIEW D 64 013014

implies|\|=0.1). Hence, it appears that anomaltM$oson To make aZ’ contribution toa, (Z") maximally positive,
properties cannot be the primary source of the discrepancy iine should hav@, =Qg, i.e. vector-like interactions. Even
&Pt then, one would require very strong coupliQg r or a rela-
1z . . , ) : o
tively light Z' to generate an appreciable contribution to
2. New gauge bosons a,(Z"). In such a vector-like coupling scenario t#é does

The local SU(3)cx SU(2), X U(1)y symmetry of the not violate parity and one might be able to avoid low energy

standard model can be easily expanded to a larger gaué‘@nstraints orZ’ bosons from atomic parity violation and
group with additional charged and neutral gauge bosondlolarized scatteringapplicable ife— u universality is as-
Here, we consider effects due to a chargat which sumed. However, an effort to explaimy® with such a
couples to right-handed charged currents in generic left-righstrongly coupled lighZ’ appears contrived and not particu-
symmetric models and a neutral gauge bogdnwhich can  larly well motivated.

naturally arise in higher rank grand unified thedGUT) An exception to the small effects from gauge bosons il-
models such aS0O(10) or E4. A general analysis of one- lustrated above is provided by non-chiral coupled bosons
loop contributions tca, from extra gauge bosons has beenwhich connectu and a heavy fermiorF. In those cases,
carried out by Leveilld67] and the specific examples con- Aa,=(g?%16mw%)m,me/M?, whereM is the gauge boson
sidered here were illustrated[i68]. We will only discuss the mass. However, Ioop effects then given,~g ’me (see the
I|keI|hood of such bosons being the source of the apparendiscussion in Sec. lllBand we have argued that in such

aZXpt ™ discrepancy. scenariosAa,, should actually turn out to be- mM/MZ. As
. For the case of &V couplad tour and a(very light) vg previously pomted out in Eq(43), aexpt M then corre-
with gauge couplingg, one finds sponds toM~1-2 TeV. Such a scenarlo, if made consis-
2 2 tent, would be similar to extended technicolor efforts to ex-
a,,(Wg)= (390 10711)9_5 TW (49) plain light fermion mass generation. . o
2 My, Many other examples of “new physics” contributions to

a, have been considered in the literature. General analyses
whereg, is the usuaBU(2), gauge coupling. To accommo- in terms of effective interactions were presented@,7Q.
date the discrepancy in Eq(20) requires my, =my Specific other considerations include effects due to muon
=80.4 GeV forgr=gd,, which is clearly ruled out by direct COMpositenes$57], extra Higgs[71] bosons, leptoquarks
searches and precision measurements which give ~ [72-73, bileptons[76], 2-loop pseudoscalar effec{37],

=715 GeV. HenceWsy, is not a viable candidate for ex- compact extra dir_ne_nsicr{?&?&?l,_ etc. Given the provoca-
plaining theae"ptd|screpancy. tive hint of a deviation in experiment from theory, all will

. _ — ) certainly be revisited.
In the case of &' boson with diagonaju couplings
described by the Lagrangian

3 o o IV. OUTLOOK
L=~ \[§92tan9WZ;(QR/~LR'yaMR+ QuaLy 1)
(50) After many years of experimental and theoretical toil,
studies of the muon anomalous magnetic moment have en-
(where the normalization is based on GUT mogletsne tered an exciting new phase. Experiment E821 at
finds [68] Brookhaven has reported a 2.6 sigma difference between
a2 and the standard model predictia),". That difference
, Mmi ) could be a strong hint of supersymmetry in roughly the
a,(Z ):4ﬁ 2 Sir? 7 2 - (3QQr— Q7 - Q) tanB=4, Mgysy=100 GeV-tanB=40, Ms,sy=450 GeV
Mz: region or perhaps an indication of radiative muon mass gen-
2 eration from “new physics” in the 1-2 TeV range. Either
= (54X 10 11) (3QLQR QE_Q@- case represents an exciting prospect with interesting implica-
, tions for future experiments.
(51 Of course, before the assertion of “new physics” can be
, _ taken seriously, the values af® anda}" should be further
For SO(10) modelsZ'=Z,, Q{=3Qx=1, one finds scrutinized and refined. In that regard, it is fortunate that
2 ) ongoing analysis of existing™ data should reduce the un-

2

Z

a,(Z,)~—6x 1011( mz (52) certainty |naexpt by a_bout another factor of 2_.57and s.imilar
m3, statistical accuracy is expected from ongoipng studies,
which will further reduce the uncertainty or can be used to
The contribution is very small and negative. Collider con-test CPT [80]. In addition, ongoing analysis oé'e”
straints,mz =600 GeV, imply that the potential effect in . 7* 7~ data in thep resonance region and future experi-
Eq. (52) is completely unobservable. mental studies at higher energy should significantly reduce
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the uncertainty ira," and enhance its credibility. Should a

PHYSICAL REVIEW D 64 013014

ACKNOWLEDGMENTS

significant difference between theory and experiment persist
after these improvements, it will rightfully be heralded as a This work was supported in part by the DOE under Grant

harbinger of “new physics.” We look forward to the antici-
pated confrontation.

No. DE-AC02-98CH10886 and by the Natural Sciences and
Engineering Research Council of Canada.

[1] A. Czarnecki and W. J. Marciano, talk given at the 5th Inter-

national Symposium on Radiative Corrections, Carmel, CA,

2000, hep-ph/0010194.

[2] T. Kinoshita, Rep. Prog. Phy89, 1459(1996.

[3] Muon g—2 Collaboration, H. N. Browret al, Phys. Rev.
Lett. 86, 2227(2001).

[4] A. Czarnecki and W. J. Marciano, Nucl. Phys(Broc. Supp).
76, 245(1999.

[5] P. J. Mohr and B. N. Taylor, Rev. Mod. Phy&2, 351 (2000.

[6] J. Aldins, T. Kinoshita, S. J. Brodsky, and A. J. Dufner, Phys.

Rev. Lett.23, 441(1969.

[7] A. S. Yelkhovsky, Yad. Fiz49, 1059 (1989 [Sov. J. Nucl.
Phys.49, 656 (1989].

[8] A. I. Milstein and A. S. Yelkhovsky, Phys. Lett. B33 11
(1989.

[9] M. Gourdin and E. de Rafael, Nucl. Phy810, 667 (1969.

[10] R. Alemany, M. Davier, and A. Hzker, Eur. Phys. J. @, 123
(1998.

[11] M. Davier and A. Haker, Phys. Lett. B435 427 (1998.

[12] M. Davier, hep-ex/9912044.

[13] M. Davier, Nucl. Phys. BProc. Supp). 76, 327 (1999.

[14] D. H. Brown and W. A. Worstell, Phys. Rev. B4, 3237
(1996.

[15] K. Adel and F. J. Yndurain, hep-ph/9509378.

[16] J. A. Casas, C. Lopez, and F. J. Yndurain, Phys. Re@2D
736 (1985.

[17] S. Eidelman and F. Jegerlehner, Z. Phys6 7585 (1995.

[18] T. G. Steele, N. C. A. Hill, V. Elias, and R. B. Mann, Phys.
Rev. D44, 3610(1991).

[19] T. Kinoshita, B. Nizic, and Y. Okamoto, Phys. Rev. 3,
2108(1985.

[20] E. de Rafael, Phys. Lett. B22, 239(1994).

[21] J. Erler and M. Luo, hep-ph/0101010.

[22] W. J. Marciano and A. Sirlin, Phys. Rev. Letsl, 1815
(1988.

[23] S. Eidelman(private communication

[24] F. Jegerlehner, irRadiative Correctionsedited by J. Sola
(World Scientific, Singapore, 1999p. 75-89.

[25] S. Andersoret al, Phys. Rev. D61, 112002(2000.

[26] W. J. Marciano, Phys. Rev. B5, R721(1992.

[27] F. Jegerlehner, seminar at New York University in honor of A.
Sirlin’s 70th Birthday, 2000, hep-ph/0104304.

[28] B. Krause, Phys. Lett. B90, 392 (1997.

[29] J. Bijnens, E. Pallante, and J. Prades, Nucl. PBy4, 379
(1996.

[30] M. Hayakawa and T. Kinoshita, Phys. Rev.53, 465 (1998.

[31] S. J. Brodsky and J. D. Sullivan, Phys. R&86, 1644 (1967).

[32] T. Burnett and M. J. Levine, Phys. Left4B, 467 (1967).

[33] R. Jackiw and S. Weinberg, Phys. Rev5P2473(1972.

[34] K. Fujikawa, B. W. Lee, and A. |. Sanda, Phys. Rev6[2923
(1972.

[35] I. Bars and M. Yoshimura, Phys. Rev.® 374 (1972.

[36] G. Altarelli, N. Cabibbo, and L. Maiani, Phys. LetiOB, 415
(1972.

[37] W. A. Bardeen, R. Gastmans, and B. E. Lautrup, Nucl. Phys.
B46, 315(1972.

[38] T. V. Kukhto, E. A. Kuraev, A. Schiller, and Z. K. Silagadze,
Nucl. Phys.B371, 567 (1992.

[39] A. Czarnecki, B. Krause, and W. Marciano, Phys. Rev. Lett.
76, 3267(1996.

[40] A. Czarnecki, B. Krause, and W. Marciano, Phys. Re\6)
R2619(1995.

[41] S. Peris, M. Perrottet, and E. de Rafael, Phys. Le®5B 523
(1995.

[42] G. Degrassi and G. F. Giudice, Phys. Rev.58, 053007
(1998.

[43] W. J. Marciano and B. L. Roberts,
hep-ph/0105056.

[44] P. Fayet, inUnification of the Fundamental Particle Interac-
tions edited by S. Ferrara, J. Ellis, and P. van Nieuwenhuizen
(Plenum, New York, 1980 p. 587; J. A. Grifols and A. Men-
dez, Phys. Rev. 26, 1809(1982; J. Ellis, J. Hagelin, and D.
V. Nanopoulos, Phys. Letl16B, 283(1982; R. Barbieri and
L. Maiani, ibid. 117B, 203(1982; J. C. Romao, A. Barroso,
M. C. Bento, and G. C. Branco, Nucl. Phyg250, 295(1985);

D. A. Kosower, L. M. Krauss, and N. Sakai, Phys. L&83B,
305(1983; T. C. Yuan, R. Arnowitt, A. H. Chamseddine, and
P. Nath, Z. Phys. @6, 407 (1984; |. Vendramin, Nuovo
Cimento A 101, 731 (1989; J. A. Grifols, J. Sola, and A.
Mendez, Phys. Rev. Leth7, 2348(1986); D. A. Morris, Phys.
Rev. D37, 2012(1988; M. Frank and C. S. Kalmarnbid. 38,
1469(1988; R. M. Francis, M. Frank, and C. S. Kalmahid.
43, 2369(199)); G.-C. Cho, K. Hagiwara, and M. Hayakawa,
Phys. Lett. B478 231(2000; T. Ibrahim and P. Nath, Phys.
Rev. D 62, 015004 (2000; A. Brignole, E. Perazzi, and F.
Zwirner, J. High Energy Phy€9, 002(1999; M. Carena, G.
F. Giudice, and C. E. M. Wagner, Phys. Lett. 30 234
(1997; E. Gabrielli and U. Sarid, Phys. Rev. Le®9, 4752
(1997; Phys. Rev. D58, 115003(1998; K. T. Mahanthappa
and S. Ohjbid. 62, 015012(2000; U. Chattopadhyay and P.
Nath, ibid. 53, 1648 (1996; T. Goto, Y. Okada, and Y.
Shimizu, hep-ph/9908499; T. Blazek, hep-ph/9912460; U.
Chattopadhyay, D. K. Ghosh, and S. Roy, Phys. Re\62D
115001(2000).

[45] J. L. Lopez, D. V. Nanopoulos, and X. Wang, Phys. Rev. D
49, 366 (1994).

[46] T. Moroi, Phys. Rev. b3, 6565(1996); 56, 4424E) (1997.

[47] P. Gambino, talk at 36th Rencontres de Moriond “Elec-

technical note,

013014-9



ANDRZEJ CZARNECKI AND WILLIAM J. MARCIANO PHYSICAL REVIEW D 64 013014

troweak Interactions and Unified Theories,” 2001. [64] M. Beccaria, F. M. Renard, S. Spagnolo, and C. Verzegnassi,
[48] T. Mori et al, “Search foru™—e*y down to 10 ** branch- Phys. Lett. B448 129(1999.
ing ratio,” 1999, proposal to PSI. http://meg.psi.ch/doc. [65] Particle Data Group, D. E. Groost al, Eur. Phys. J. a5, 1
[49] J. L. Poppet al. hep-ex/0101017. (2000.
[50] Y. K. Semertzidiset al., hep-ph/0012087. [66] H. Przysiezniak, inntersections of Particle and Nuclear Phys-
[51] W. J. Marciano, inRadiative Corrections: Status and Outlgok ics, edited by Z. Parsa and W. J. Marciano, AIP Conf. Proc.
edited by B. F. L. WardWorld Scientific, Singapore, 1995 No. 549(AIP, Melville, NY, 2000, p. 1.
pp. 403-414. A result similar to E¢42) for a quark EDM can  [67] J. P. Leveille, Nucl. PhysB137, 63 (1978.
be found in K. Lane, Phys. Sc23, 1005(198. [68] T. Kinoshita and W. J. Marciano, iQuantum Electrodynam-

[52] W. Marciano, inParticle Theory and Phenomenolqogsdited iltzsgoedited4lt)g LBKinoshita(World Scientific, Singapore,
by K. Lassilaet al. (World Scientific, Singapore, 1996p. 22. » PP- A
y ! ( 1enitic, Singap 36 [69] R. Escribano and E. Masso, Eur. Phys. 3,d.39(1998.

[53] K. S. Babu and E. Ma, Mod. Phys. Lett. &4 1975(1989. .
[54] F. Borzumati, G. R. Farrar, N. Polonsky, and S. Thomas, Nucl.[m] C. Arzt, M. B. Einhorn, and J. Wudka, Phys. Rev4, 1370

(1994).
Phys.B555 53 (1999. [71] M. Krawczyk and J. .Echowski, Phys. Rev. Db5, 6968
[55] S. J. Brodsky and S. D. Drell, Phys. Rev.2D, 2236(1980. (1997,
[56] G. L. Shaw, D. Silverman, and R. Slansky, Phys. L8, 57 [75] A pjouadi, T. Kohler, M. Spira, and J. Tutas, Z. Phys46
(1980. 679 (1990.
[57] M. C. Gonzalez-Garcia and S. F. Novaes, Phys. LetB88B, [73] A. J. Davies and X.-G. He, Phys. Rev.43, 225(1991).
707 (1996. [74] G. Couture and H. Kiig, Phys. Rev. [53, 555 (1996.
[58] H. Davoudiasl, J. L. Hewett, and T. G. Rizzo, PhyS Lett. B [75] S. Davidson, D. Ba||ey’ and B. A. Campbe”’ Z. PhysGﬂ:
493 135(2000. 613(1994.
[59] R. Casadio, A. Gruppuso, and G. Venturi, Phys. Letd95, [76] F. Cuypers and S. Davidson, Eur. Phys. 2,503 (1998.
378(2000. [77] D. Chang, W.-F. Chang, C.-H. Chou, and W.-Y. Keung, Phys.
[60] P. Mery, S. E. Moubarik, M. Perrottet, and F. M. Renard, Z. Rev. D63, 091301R) (2002.
Phys. C46, 229(1990. [78] M. L. Graesser, Phys. Rev. 61, 074019(2000.
[61] F. Herzog, Phys. Lettl48B, 355(1984). [79] P. Nath and M. Yamaguchi, Phys. Rev.@D, 116006(1999.
[62] M. Suzuki, Phys. Lett153B, 289(1985. [80] R. Bluhm, V. A. Kostelecky, and C. Lane, Phys. Rev. L8tt,
[63] A. Grau and J. A. Grifols, Phys. Lett54B, 283(1985. 1098(2000.

013014-10



