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Muonium hyperfine structure and hadronic effects
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A new result for the hadronic vacuum polarization correction to the muonium hyperfine splitF® is
presented:A v(had—-vp)=(0.233+0.003) kHz. Compared with previous calculations, the accuracy is im-
proved by using the latest data efie” — hadrons. The status of the QED prediction for HFS is discussed.
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I. INTRODUCTION Another convenient formula which will be used to determine
the Fermi energy is
The hyperfine structure of two-body atomic systems is of

interest for a variety of reasons. In particular, it offers oppor- B 5 o Mu| MR 8
tunities for precise tests of bound-state QED and an accurate VF_E(Z‘“) cZ Rm; m )
B

determination of fundamental constants such as the fine

structure constanty, or electron-to-muon mass ratio. The The accuracy of these expressions is limited by the electron-

most precisely measured quantity. The fractional uncertainty,oment to the electron Bohr magnetmlﬂg. Since the
was about 10** (see, e.g[1]), although the theory cannot .01 anomalous magnetic momeay, is known with
make a prediction with an accuracy better than 10The high accuracy[6—8], these two formulas are essentially
theoretical uncertainty comes from the proton magnetic fombquivalent. Given that the three most precise experi-
factor unknown at low momentum transf¢® and fromthe | onts [3,4,9 determined the magnetic moment ratio, we

proton polarizability contribution. _ will use Eq.(3). Using the values b/=137.035 999 58(52)
Studying purely leptonic systems such as muonitine [8], CR.=3289841960368(25) kHz [10], w,/u,

bound state of a positive muon and an eledirame can e_
. X =3.18334524(37)[3,4], and u,/ug=1.521032203(15
avoid the problems of the proton structure. Despite the short (37)[34], and pp/pg (15)

- )
muon lifetime (about 2.2 usec), the hyperfine splitting #1077 [10], we find
(HFS) of the muonium ground state has been measured very ve=4459031.920611)(34) kHz, (4)
precisely[3,4]:
where the first(largep uncertainty is due to the magnetic
moment ratio and the second to the fine structure constant.
The valueM/m=206.768 276(24) used in this work was
obtained by us from the values of the magnetic moments
with a fractional uncertainty of 0.011 ppr¢An overview of above as well as the experimental value,
the present status and perspectives of the precision experr1.1659203(15x 102 [6]. Here Z is the nuclear charge
ments and theory of simple atoms can be foungbsij) and in the case of muoniu=1; however, it is convenient
The theoretical prediction for the HFS is usually written to keep that for the classification of different contributions
in terms of the Fermi energy, resulting from a nonrelativistic(see Sec. )l In practice, precise measurements of the muo-
interaction of electron and muon magnetic moments. It camium HFS[3,4] serve as the most precise determination of
be expressed as a combination of fundamental constants: the muon-to-electron mass ratj@0]. In the future, muon
mass might be determined more precisely from other experi-
ments[11], thus enabling a new test of bound-state QED.
(1+a,). 2 Further experimental progress in the muonium HFS is

vurd(€Xp) =4 463 302.77651) kHz, (1)

mg!3

16 5 o M
VF:§(Za) cZ me

m also expected11] if high-intensity muon sources become
available. In view of those advances, it is conceivable that
the accuracy of bound-state QED tests may become limited

*Email address: czar@phys.ualberta.ca by interactions beyond QED, in particular by the strong in-
"Email address: simon.eidelman@cern.ch teraction effects. In this paper we study hadronic vacuum
*Email address: sek@mpg.mpg.de polarization, the leading contribution of the strong interac-

0556-2821/2002/65)/0530049)/$20.00 65 053004-1 ©2002 The American Physical Society



CZARNECKI, EIDELMAN, AND KARSHENBOIM PHYSICAL REVIEW D 65 053004

hadrons following the approach of Refl.20], where the QED and
Y hadronic parts are separated and the final result in the leading
rrN\@/\/‘77 order is presented in the form
Av(had Zm f i d H 7
u+ v(ha vp)= >3 VF w? so(s)H(s), (7)
) v where s is the center-of-mass energy squareds) is the
€ total cross section of electron-positron annihilation into had-

rons andH(s) is the QED kernel calculated if20]. Our
FIG. 1. Hadronic contribution to muonium HFS via the muon calculation gives

anomalous magnetic moment. A V( had—— Vp) — (0233_,__ 0003 kHz. (8)

tions. These effects influence the HFS in two ways: throug

. ) . N hI'he uncertainty of this result, based on recent electron-
effects included in the Fermi enerdgontributions to the y

positron annihilation data, is less than half of that of the most

muona, shown n Fig. 1 a!"d bound-stqte effects de|02|cted accurate previous calculati¢h9]. The higher-order hadronic
in Fig. 2. Hadronic gffects i, are relatively large { «©) corrections are considered in part[20].
and have been studied by a number of authors over the past |, sec |\ we discuss our results

3 decadegsee references ifv,12]). In the present case, we

are using an experimental determination of the muon mag-
netic moment f,) and do not address this theoretical issue.
We focus on the bound-state effects of the hadronic vacuum The problem of the theoretical accuracy of QED effects in

II. QED CONTRIBUTIONS

polarization[ ~ a?(m/M)]. the muonium HFS was considered[i6], where the impor-
Th_e the_oretical expression for the hyperfine splitting cantance of higher-order logarithmic corrections was pointed
be written in the form out. The complete QED theory includes a variety of contri-

butions: electron and muon magnetic moments, external field
terms, recoil and radiative-recoil corrections. The theoretical
) expression can be presented as an expansion in small param-

The biggest correction to the Fermi splitting) comes etersia, Za andm/M. In the case of muoniurd=1, how-

o ; , it is customary to keep in order to distinguish be-

from the QED effect$ Av(QED)] and it is under consider- ever, | :
ation in Sec. Il. The two terms beyond QED are due to wealzweer.] Q_ED effectgwhich are (_:o_unte_d by powers af) and
[Av(weak)] and strond A »(had)] interactions. the binding Coulomb eff_ect giving rise a. In some pa-

Influence of the weak interaction effects on the muoniumP&’s the muon chargle 1S denoted_ Bg and so the Q.ED.
HFS was studied in the leading order3,14. The leading effects gue tp the rad!atlvg corrections on.the muon line in-
correction is induced by the neutral currents, given by a/0lVeZ“a. Since thatis still a QED effect, in our paper this
Z-boson exchange diagram. Recently it was found that th&°'"ection is just. _
sign of the corrections had not been well understood and the Here we discuss briefly the progress made since the pub-
absolute value was verified. In a recent pai& that prob- lication of Ref.[16]. We divide the QED effects in three

vueg(theon = v+ A v(QED) + Av(weak + Av(had.

lem was solved. The contribution is parts,
GomM 3 Av(QED)=Aw(a,)+Av(QED3 +Av(QEDS, (9)
E
Av(weak= - \/E 4nZaFT —0.065 kHz, (6) because of their different status. The first term
where G is the Fermi constant of the weak interaction. Av(ae)=ae vp=5170.9261) kHz (10

Next-to-leading-order contributions, studied in RefS], are arises due to the electron anomalous magnetic momagnt
O(1%) of theleading contribution6) and thus negligible. < "3 . :
The strong interaction effectéFig. 2 were studied in L 199652187(4x 10"~ for which we use the experimen-

[17-19. We examine the hadronic contribution in Sec. i @/ value[21]. The next termy(QED3) includes the bound-
state QED effects up to the 3rd order in the relevant small

parameters, to be discussed in Sec. Il A. These effects are

+ +

1} Y u known with good accuracy. The last term(QED4), is re-
lated to the 4th order contributions and is subject to ongoing
hadr Y investigations. Its present status will be reviewed in Sec.
Il B.
e e

A. QED up to third order

FIG. 2. Bound-state hadronic effects to muonium HFS consid- The contributions up to the third order in those parameters
ered in this paper. give
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A(QEDY = ve| Szt azay|inz— 24+ 22 20 L L aina- 28Y 11710038
v(Q ) = ve E( a)+a(Za)|In —§+ - §n(ZT)2 n(ZT)Z n 540 .
8 2 207718 CED|, ve @omp) 3 M et g2 &
T s 2t 5pp| TO7184) — 1 1ta, M 7ihm T (2al{Ing 5m8In2t1g
il PP S +21 3+7T2+35 11
oA Gt Rt 2 (T g (D
|
Origins of individual terms in Eq(11) are discussed in detail a(Za)?
in the review[22]. The numerical value resulting from Eq. (17.12239...) ve  [36],
(11 is
a(Za)?
Av(QED3) = —899.557 kHz, (12) (17.122 7-0.001 1) ve  [37]. (13)
with an error beyond the displayed digits. These results appear to be in fair agreement with each other.
However, it has been pointed 7] that the term-by-term
B. Fourth order comparison reveals inconsistencies. The low-energy contri-

) ) bution in Ref.[37] is by 0.02572) higher than that in Ref.
The essential part of the fourth order corrections has beeﬂ,@] while the medium- and high-energy parts are by

evaluatedsee e.g[23]). The known terms are summarized 4 0>4614) lower. It should also be mentioned that different
in Taple l. Somg of '_[hem were calculated in the Ieadlng. Iogaﬁts for extrapolation to the zero photon massn Ref. [37]
rithmic approximation (using - In :I_.kz~ln M/m~5) ar_ld N"are not consistent. Such extrapolation was necessary to cal-
those cases we follof16] and estimate the uncertainty due ., ate the high momentum part. These problems remain to be

to the non-leading terms as half of the leading ones. Table |5 ified. Since the same method was usediti, it is the
contains a number of recent results, published after the re,q ¢ of[39] that we include to Table II. ’

view [16]. Some of the contributions will be reviewed in

more_ det_a'l below. We also present in Tab!a very small . TABLE |. The fourth order corrections. The first column gives
contribution of the tau lepton loops repIaZCIng the hadronicihe order of corrections relative te- . The uncertainty due to the
loop in Fig. 2. This effect i)(a(Za)mM/m?7) and amounts  ynknown terma®(Za) is estimated asd/ )2 times the known

to about 210 2 kHz. a(Za)ve term in Eq.(11).
C. One-loop corrections Correction Contribution to the HFS Reference

The electron one-loop self-energy has been studied i0zZa«)* 0.03 kHz [24]
some detail. After direct calculations of the(Z«)? term m
[36,37, two independent exadwithout an expansion in (Za)*s —0.2913) kHz [25,26,14,16,27,28
(Za)] numerical evaluations were performigd8,39. Unfor- )
tunately, the accuracy fa=1 was not high in both cases (Za)Z(T) —0.021) kHz [29,30
and the final results for muonium were obtained by extrapo- M
Iating the data from higher values @fto gzl, using pre- (Za)(m)s 0,02 Kz (1]
viously found coefficients of a(Za)° [36,37 and M
a@(Za)®In Za [16]. The result of the later calculatid®9] is  «(Za)® —0.523) kHz see Table II
presented in Table Il aa(Za)3*. It contains the nonloga- m
rithmic a(Z)® term and higher-order corrections. The resulta(Za)* s 0.3917) kHz [25,27,28
of [38] is slightly higher than that of39]. The calculation )
gives for this term —14.3(1.1)a(Za)3ve /7 [39] and a(Za)(T) 0,04 kHz (32,33
—12(2)a(Za)3ve /7 [38]. Recently the nonlogarithmic ) '\g
term was calculﬁted directly by expansion fw to be @ (Z@) —0.042) kHz [25]
—15.9(1.6n(Za)%ve /7 [41]. m 3

The uncertainty of the extrapolati¢89] is determined as “Z(Z“)M 0.043) kHz [(34.39
an estimate of the unknown higher-order terms rather thag3(za«) +0.01 kHz see caption
the accuracy of numerical data. However, the final uncers |epton 0.002 kHz [17]
tainty is not clear, because of the value of the nonlogarithmiergtg) —0.5522) kHz

a(Za)? term[36,37 (cf. [42,16)):
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TABLE Il. Higher-order one-loop contributions.

Order Contribution to the HFS Reference Comments
a(Za)3|nZi —0.53 kHz [16] self-energy
o
a(Za)3" —0.06 kHz [39] self-energy
a(Za)sani 0.03 kHz [16] vacuum polarization
104
a(Za)® 0.03 kHz [40] vacuum polarization
a(Za)® +0.03 kHz see Sec. lIC Wichmann-Kroll
one-loop —0.523) kHz sum of all terms

Recently, the one-loop vacuum polarization was calcu-w(Za)?m/M and Za)3m/M. Only double logarithmic cor-
lated exactly(to all orders inZ«) [43,40. For our purpose it  rections were calculated until recently, when some single-
is enough to know ther(Za)® terms only logarithmic terms [~In(Za)] were found. The single-

logarithmic terms with a recoil logarithifin(M/m)] are still

13 2 539 i - -
Av=a(Za)3(—|n—+ e, (14) unknown. We dlscgss a p055|_ble consequence for_ the accu
24" Za 288 racy of the theoretical calculations in the next section.
the logarithmic part of which was obtained in Ré¢1L6], E. Nonleading logarithmic terms and uncertainty
while the constant was found in Ré#0]. of the calculations

The only unknown term in the ordet(Z«a)® is now the . i
so-called Wichmann-Kroll contribution. We estimate it by I this paper we follow[16] and estimate any unknown

the value of the nonlogarithmic part of the VP term in Eq. nonleading terms by a half-value of the corresponding Iead_-
(14). ing logarithmic terms and sum them as independent. There is

no proof that the nonleading terms can be estimated in this
way. However, all experience with different contributions to
the Lamb shift and the hyperfine structusee e.g. the re-

A number of results on various recoil effects were ob-view [22] with a collection of various termsdemonstrates
tained after the publication g¢fL6]. that this assumption is reasonable.

Pure recoil effects of the ordeZ f)? were studied with- The fourth order leading corrections contain cubic and
out anm/M expansion in Ref[44] for arbitrary mass and quadratic logarithmic terms and in the case of some contri-
numerical results for several valuesmfM were obtained. butions, known in the logarithmic approximation, more than
Recently the same correction was found for muoni.a@| the leading term has been evaluatsde Table | for refer-
(see Table)l ences.

For radiative recoil correctionéa(Za)m/M), there are
minor discrepancies between the published numerical and a®(Za) m 4 .M 4 M
analytical results, summarized in Table IlI. All analytical re- 3 mF T §In mT §In ml’
sults were obtained by two groups which are in agreement. It
is likely that the uncertainty of the numerical calculations
was underestimatedl5] and the discrepancies have no con- )
nection with higher-order corrections. This explanation is a(Za) EV [1_6|n2i+
supported by the similar situation with the radiative recoil 7 M T3 Za
corrections in positronium, shown in the same table.

The uncertainty of the QED calculations of the muonium
hyperfine structure arises mainly from two sources:and

D. Recoil effects

1 32I 5 431I 1
AR T LM

TABLE lIl. Radiative-recoil corrections in units af>(m/M) v¢ . The numerical results include all orders
in m/M. The analytical results refer to sums of the third and fourth ordé&m/M) and a?(m/M)? for
muonium. For positroniumM =m and v¢ is defined in Eq(2).

Contribution Numerical Analytical Discrepancy
result result

e-line 3.33%58) [46,17 3.499(47,48,32,33 0.16458)

u-line —1.0372(91)[46,17] —1.0442[49,32 —0.0070(91)

Positronium —1.787(4)[46,17 —1.805[50-54 —0.018(4)
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(Za)® m , 1 Up to sy, we perform a direct numerical integration of the
M UF -3 lnﬁlnﬂ_ §In Za experimental points, similar to the approach[68] where
hadronic corrections ta,, were calculated. In contrast to the
101 methods in which some approximation of the data is used for
+ 7_20 In2 '”Z : the integration, in our approach model dependence is

avoided as much as possible and, moreover, the calculation
Even in this case we estimate the unknown terms as th@f the uncertainties is straightforward. In addition to the data
half-value of theleadingterm. From comparison with, e.g., S€t used in[53], one can take into account significant
known contributions of the third orde(Za)?v [see Eq. Progressin the measurement of the ha(_jronlc cross sections in
(11)] one sees that the constant term can be even bigger thdl_€nergy range below 1.4 GeV with two detectors at
the nonleading logarithm. Error estimates based on a non/EPP-2M in Novosibirs{54,58 and theR determination in
leading logarithmic term may be misleading. The reason i{N€ energy range 2 to 5 GeV by the BES detector in Beijing
that the leading logarithm in most cases originates from rela 56l ) . o
tively simple diagrams under well understood conditions. The integration procedure gives for the contribution of
The cancelations between different contributions occur veryiS Part
seldom. The leading logarithmic term hasnatural value Aw(bulk) = (0.2031- 0.003) kHz (19
and is useful for estimates. In case of a cancelation which, ' ' '

although rare, is possible, an estimate should be based on thge narrow resonanceso( ¢, J/¢ and Y families are
contributionsbeforethe cancelation. In case of the nonlead- g\ 51 ated separately. In a zerb width approximation the con-

ing logarithmic terms, there are usually a few sources Otjntion of a resonance B with mass; and electronic
different nature and some cancelations take place very oftefiqih T is
ee

The total magnitude of the muonium HFS interval calcu-

lated within QED, .
6m I'(B—e'e)

- 2

voeo=4 463302.736511)(34)(220) kHz, (15 Av(resonance B=— g ve - H(mp)
is found by adding the values given by Eq&0),(12), and X[1-Aa(my)]?,
the sum of the 4th order contributions listed in Table I to the
Fermi splitting (4). The third uncertainty is due to the 4th o s 5
order QED effects in Table |I. =— 2 —— =

rder Q s in Aa(s) 3. Z QfNCf(Inmf2 3). (19
IIl. HADRONIC CONTRIBUTIONS The leptonic widths relevant for our study should corre-

A. Calculation of the hadronic contributions to muonium HFS ~ SPond to the lowest ordgBorn) graphs. However, experi-
mentally measured leptonic widths listed and averaged by

The lowest order hadronic contribution to the muoniumne particle Data Grouf57], contain an additional contribu-
hyperfine splitting is given by the following expression: oy of the vacuum polarization by leptons and hadrons.
Therefore, for the transition to the lowest order widths one
1 m > should multiply the experimental values [)gz—Aa(mé)]2
Av(had—vp)=—5—3 1+ ¢ Lmz dso(s)H(s), (16)  (see the discussion of this issue[BB]). Q; andm; are the
" charge and mass of the fermignandN; is the number of
where the kerneH(s) calculated if20] is colors for the corrgsponding fermiorNgf:; for Igptonéc.
The above approximate formula fdra(s) is valid for s
<M, and describes contributions of fermions much lighter

H(s)= S +21r In1+r— S § In S +E than/s/4. In the present calculation we consider only effects
am? 1-r (amM2 "2/ "'M2" 2" of the lightest leptonse and «, and neglect the hadronic

contributions toA «(s). Hadronic loops are relevant only for
5 heavy flavorgthe J/ andY family of resonances which

4aM 17) however give a smaller contribution and have a larger rela-

' tive error. The hadronic effects, had they been included,
would have shifted the)/y family contribution by a few
The bulk of those effects is computed using the experimentgbercent. TheéX' -family contributes about 2 10~ 2 of the total
data on the cross sections @f e~ —hadrons in the energy resonance contribution.
range/s< /s, wheres, is a scale above which perturbative ~ The sum of the individual resonance contributions gives
formulas can be used. We choogs,=12 GeV. The result
is insensitive to this choice, because the experimental data Av(res=(0.0290+ 0.0006 kHz. (20)
are in agreement with perturbative QCD in this region and in
any case such high-energy region contributes very insignifitn the region above, one can use a perturbative formula for
cantly to the muonium HF§see Eq(23)]. the hadronic cross section:
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TABLE IV. Contributions to muonium HFS. TABLE V. Contributions to muonium HFS anal, .
Final state Energy rangé&seV) Av (H2) Final state Energy rangé&seV) Av (%) a, (%)
2 0.28-1.4 158.81.9 2 0.28-1.4 68.0 71.8
) 12.4+0.4 w 53 5.7
& 13.2+0.4 o) 5.7 5.8
Hadrons 0.6-1.4 1070.8 Hadrons 0.6-1.4 4.6 4.2
Hadrons 1.4-3.1 2382.2 Hadrons 1.4-3.1 10.2 8.2
Iy 3.4+0.2 Il 15 1.3
Hadrons 3.1-12.0 9:80.5 Hadrons 3.1-12.0 4.2 2.8
Hadrons >12.0 1.2 Hadrons >12.0 0.5 0.2
Total 233.3:3.1 Total 100.0 100.0
B ma? promising for decreasing the uncertainty of the 2hannel
o(s)= 3s R(s), could be use of the lepton datd 60], but the real accuracy
of this approach has been recently questiof@&62. The
a ag\? ag)® improvement of the uncertainty fafs from 1.4 to 3.1 GeV
R(s)=R(s) 1+ - 1TC2 ;) +Cs ?> : will require newe* e~ colliders covering this energy range

[63]. Some progress in this region is also possible atBhe
O)cr 1 B factories and Cornell Electron Storage RI(@ESR which
R(S)=Nc| gNust gNas| = 5= (5>S0), (2 can measure hadronic events below their nominal center-of-
mass energy by tagging photons from the initial state radia-
where Nyj32/5) is the number of “active” quarks with a tion [64,65.
charge 1/32/3) at givens, C,=1.411 andC;= —12.8[58].
At s>M? one can use the asymptotic formula fd(s)

[20]: B. Comparison with other calculations
M2/9 s 5 It is instructive to compare the relative contributions of
H(s)— — ?(EInWJr T (for s— ), (22 different energy ranges farrs anda, . From Table V one

can see that they are very close to each other indicating the

so that after the numerical integration one finally obtains ~importance of the low energy regions. This is a natural con-
sequence of the similar kernel structure, so that the main

Av(cony=0.0012 kHz. (23 Contribution in both cases comes from the low range/sf
The final result for the lowest order hadronic contribution On€é can also note some enhancement of the high energy
is found as a sum of Eq$18), (20), (23): contribution to the HFS compared to that to the anomalous
magnetic moment. That is due to the different asymptotic
Av(had—vp)=Aw(bulk) +Awr(res+Ar(cond behavior of the QED kernels for these two problems. &or
=(0.233-0.003 kHz. (24)  the asymptotics of the kernel is proportional M¥s,

whereas for the muonium HFS it contains an additional loga-
The individual contributions are presented in Table IV. It rithmic enhancement.

is clear that the dominant contributidabout 84% comes In Table VI we compare results of various calculations of
from the very low energy range below 1.4 GeV studied inthe leading order hadronic contribution to the muonium HFS.
Novosibirsk. The regions below 1.4 GeV and from 1.4 to 3.1The first estimate of this effect was performed[i¥]. The
GeV give about the same contribution to the total uncer-authors took into account the contributions of fhew, and
tainty. For most of the hadronic channels below 1.4 GeV¢ mesons and parametrized the hadron continuum above 1
analysis is still in progress in Novosibirsk. However, one canGeV under the assumption thBtis constant and equals 2.
hardly expect significant improvement in this region sinceThis simplified approach gave nevertheless a result fairly
the dominant fraction of the error comes from the 2han-  close to those of the later, more sophisticated analyses. This
nel whose cross section is already known with a very highis not surprising since the dominant part of the hadronic
accuracy of about 0.6% around the meson[59]. Very  contribution comes just from the lowest vector mesons

TABLE VI. Comparison of various calculations.

Source Reference Av(had—vp) (kHz)
Sapirsteinet al. (1984 [17] 0.22+0.03
Karimkhodzaev and Faustdt991) [18] 0.250+0.016
Faustovet al. (1999 [19] 0.240+0.007
Czarneckiet al. (2001 This work 0.233-0.003
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whose properties were known quite accurately at that time. TABLE VII. The muonium hyperfine structure: various theoret-
In [18] additional experimental data were taken into accounical contributions discussed in this paper.
above 1 GeV, including effects of heavy quarkonia. The had=

ron continuum was parametrized with a functidt(s)  Correction Contribution to the HFS
=As? in five energy ranges below 47 GeV and above this,,_ 4459 031.92(511)(34) kHz
energy the asymptotic QCD formula with six quarks wasA v(a,) 5170.9261) kHz

used. Finally, in the recent worKl9] the authors used a Av(QED3) —899.557 kHz
similar approach with a slightly more sophisticated param-A»(QED4) —0.55(22) kHz
eterization of the hadron continuum in seven energy range4 ¥(weak) —0.065 kHz

below 60 GeV. Unfortunately, the authors of the above men—A”(Eag:\r’]p) %%%32; t:z

tior_1ed papers ignore the model dependence_of their rgsultﬁsll(s(;eor)'o') 4463 302_91(;113(345(220) kHz
which can be fairly strong and the error of their calculations,, _exp) 4 463302.7761) kHz

only reflects the quality of the fit in their rather artificial
models describing the data. Even larger is the effect of the
systematic uncertainties completely ignored in most of th
calculations.

This is particularly true for the dominant contribution to
the muonium HFS coming from them2 channel. For ex-
ample, in[19] its accuracy calculated within the model of
[66] is unrealistically high and reaches 0.65% although thepossible.

model itself is based on the data[6f7] where the systematic In the present paper we have studied the limits of possible

uncertainty in the dominant meson region varies from 210 4 nq.state QED tests with muonium hyperfine structure.
4.4%. Direct integration of the experimental points in our i en the recent progress in multiloop QED calculations
work also assumes some model for the energy dependence@); g one can expect that higher-order radiative effects will
the data. We estimated the model dependence by comparifjg, oy 5juated when warranted by the experimental precision.
the trapezoidal integration in which experimental points ar&yowever, the ultimate accuracy of every theoretical predic-
connected with straight lines with even simpler rectangulagjon, il e limited by the knowledge of the hadronic effects.
integration which assumes a constant cross section within Bere, we have studied the leading order vacuum polarization
small energy range. We found that both methods led to th@gacts and found that they can be calculated with 1(8%6
same result, the difference being much smaller than the errog ¢ H2 accuracy. Higher order corrections can modify this
Both models allow a relatively simple estimation of the un- ., +ibution by a few percent. In the leading logarithmic

certainty arising because of the systematic errors. As alrea bproximation, they were found to increase the lowest order
noted above, the effect is dominated by the contributions of 5 4ronic contribution by about 3920]. In the case of the
the Ic_)w lying vector mesons. Therefore, in all described caly, ,on anomalous magnetic moment, this logarithmic correc-
culations the central values dfv(had—vp) are close 10 g s not dominanf71]. At present, it is not clear how good
each other. Howevgr, in our opinion their uncertainty m',ghtthis analogy is and how reliable the logarithmic approxima-
have been underestimated. The decrease of the uncertaintygn, is in the case of the muonium hyperfine splitting. When
the result presented in this paper became possible thanks {gs eyperimental accuracy is improved, the higher order had-
the utilization of the most recent data set coming from the i effects will have to be scrutinized. The evaluation of
high precisione”e" experiments in the low energy region. he diagrams with the vacuum polarization is straightfor-
ward, since only moderate relative accuracy is sufficient. The
IV. CONCLUSIONS theoretical accuracy will be limited by the knowledge of the
The calculation of the hyperfine splitting in the ground gﬁgr%r;/'Ctggcggimyp?éagﬁ'g&éntLhee rl]z%?g]rﬂcoﬁi;_ﬂ;a_%;ah?'

state of muonium is summarized in Table VII. The biggest . . g ) : o
uncertainty of the theoretical expression comes from the inScattering diagrams which at present is possible only within

accuracy of experimental determination of the muon masgnOOIeIS of low-energy hadronic interactions.

and its magnetic moment. This inaccuracy is essentially re-

lated to the statistical uncertaln'Fy _of the present_ experlments ACKNOWLEDGMENTS

[3,4,9. Improvement of the statistical accuracy in muonium
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&omes part of the research program at these facilities, the
statistical errors, which limit the present accuracy, will be
decreased by one—two orders of magnit[@H. In the more
remote future, if a muon collider is constructed, further in-
crease of beam intensity by a factor of about 100 will be
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