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ABSTRACT

Using recently reported results
from the Orsay colliding beam experiments, we
have made a new estimate of the hadronic con-
tributions to the anomalous magnetic moment
of the muon due to vacuum polarization cor-

rections.
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1e = INTRODUCTION

The importance cf vacuum polarization corrections due to
the electromagnetic interaction of hadrons became apparent soon after
the discovery of the 9 meson resonance in the‘ ¥ - system and
the subsequent determination of its quantum numbers. It was first
pointed out by Bouchiat and Michel 1) that such a type of correction
to the photon propagator could lead to an observable effect in preci-
sion measurements of the anomglous magnetic moment of the muon
o = %(%P -2). Detailed calculations of this effect were also made,

independently, by Durand 2). These suthors estimate of the hadronic
7

contributions to a, was of the order of 10"', i.e., far below

6 3)

the error in the measurements at that time, which was + 5x10°

Since then, a new precision measurement of a has been

4)

made at CERN , and, simultaneously, colliding hbeam experiments have

5) 6),7),8)

beern performed at Novesibirsk and Orsay which yield precious

information on the electromagnetic interactions of hadrcns. In the new

4)

g-2 experiment , the error in the measurement of aﬂ is
+ 3.’!><1O-7 ; and it is likely to improve significantly in the next
generation of g-2 experiments. It is clear that a more detailed

evaluation of the hadronic contributions to a is now required.

/l.

Indeed, new estimates of hadronic contributions to a

9),10),11)

have been made ;s however, they all have been done prior to

the recently reported results from the Orsay colliding beam experi-

6),7),8)

evaluation of the hadronic contributions to a and devote this note

ments We believe that these results warrant a new detailed

to it end to the comparison with previous calculations.



2. - METHOD OF CALCULATION

The gereral method to obtain the hadronic contributions

*
to due to vacuum polarization corrections, is well known ).

a
/‘ ’
The resulting expression, corresponding to the class of Feynman
diagrams shown in Fig. 1, has the following structure

L)
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where

[}
2
H. /¥ /42 2 (%)
k() 7}«) 0 zz+$‘ (/,z) (2)
f

and Im?TG{)(t) is the hadronic spectral function, given by (p2=t)

< *)
8(p) In Y M/él: - A(Z-)'"( (/’/h ) CoLla)0)¢01 T, () 1o)

61 n (3)

where an also means summation over the phase space available to
hadrons in each possible state n. The function ImiT(H)(t) is
related to the total electron-positron annihilation cross-section

into hadrons at total centre-of-mass energy equsl to \I;

) ‘41y‘ ~ ()
0, (€% budim) < z.“ i/ In 1Ty "

with & = e2/4ﬂ'.: 1/137. It is precisely this relation which shows
the relevance of the colliding beam experjiments to the evaluation of

a (hadrons) given by Eq. (1). We heve

*
) See, e.g., Refs. 1) and 2).
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The explicit form of the function X(t) defined in Eq. (2)

*)

is known . For t >, 4m y a convenlent parametrization is the

following 13), with (Sr J1 (4m /t) and x = (1- /4,‘ Y/ (1+ lg,‘

2 /—x (6)

K(t) /‘X)[[X (Z‘Xl)*(/*)y (/H‘l/ (/Hl) )(f_. //'X

Notice that for large t, K(t) goes tc zero as

K()- ,—")/3—’ % 0l %) o5/ ]/

It appears thus thet the high énergy (t large) contributions to

(hadrons) are depressed by the facilor K(t) and the integral
in Eq. (5) is dominated by the low values of t ; in particular,
by those values of t corresponding to the mass squared of the low
lying resonances which have the guantum numbers of the photon, i.e.,
S’ W ang Q It is in these regions that we have now data of

e annihilation cross-sections which we shall use to evaluate

e
a_ (hadrons) as given Ly Eq. (5).

We shell, of course, work at the one phcton exchange
approximation for the e+ e  annihilation into hadrons. The final
state has then isospin I =0 and I =1, and it is convenient tc

split a (hadrons) correspordingly :

*
! See, e.g., Refs. 12) and 13). Notice that K(t=0) = «/210‘,

which is the well-known second order contribution to the anomalous

magnetic moment of the electron and of the muon.



d/, (beoltom) = ay (I=0) + J/, (Is1) (€)

In the next Section, we compute the isoscalar part a (I=O) using
vector meson dominance and taking into account the contribution from
the W and @ mesons. Section IV is dedicated to the calculation
of the isovector part a (I=1). Here, we assume the I = 1 hadronic
system to be dominsted, in the region of interest, by the v-n p

wave neglecting other non-resonating states.

3. = ISOSCALAR CONTRIBUTIONS

The isoscalar contribtutions to the anomalous magnetic

moment of the muon can be written in the general form

@
/ - -
2/, (7+) = ") /6;‘# (¢%> I:0) K(t) At
L' 2 (9)
Im}

The total cross-section o-tot<e+e—-> I=0) 4is dominated by the w
and e meson contributions and we assume the t dependence of
the cross-section to be given by the denominators of the Breit-Wigner

formulae associated to the W and ({ mesons

- L(vae%) Iy
(le'e> Vs J:0) 2 120 v Ve w,
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We then obtain for the isoscalar contribution an approximate expression
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In the narrow width approximation, the last integral takes the value

W/MV T‘V and the final result is simply

5y g & LY [O

V= w, ¢ o ”y (10)
Using now the Orsay results 7),8) |
[(w>eve) = (0.94¢0.17) eV
[ esree) « (1642 0.26) kev
and evaluating the function K(t) at the vector meson mass *)
K(NS) = (£) 53400
K (1g) = (Z)x 2207
we obtain for the W meson contribution
d, (W) = (0.6/F0.1)x /0-! (11)
/1
and, for the (€ meson contribution
J/( ((() z (0.;0 io.ﬂd))( /0—J _» (12)

Adding both results, the isoscalar contribution is thus estimated to

be

v,

%,,(I:o) = ([//I 0.20)x /0—r

* .
) Let us note that, to evaluate K(M%,), the asymptotic form for
K(t) [see Eq. (7[] , 1s not sufficiently accurate and the complete

expression given in Eq. (6) must be used even at these energies.



4. - ISOVECTOR CONTRIBUTIONS

The isovector contributions to the anomalous magnetic

moment of the muon can be written in the general form

. 4
d, (r=1): L T, (% I:1) k() A¢
/ 2 bt
4w 2 (14)
4my
We assume the totsl cross-section 6ﬁ;ot
by the 2% meson contributions, and from the well known expression

¥y
G eerr) o 2 ()

where F (t) is the pion electromagnetic form factor, we deduce

(4

(ee™ - I=1) +to be dominated

20
Ly
At 7, 4a})2 2
2
4~,
As a first approximation, we can estimate the integral in Eq. (14) by

the method which we have used in the last Section to evaluate the iso-

scalar contributions. Using again the Orsay results 6>, we obtain

-7
& (§) = (50t o3)x 10 (16)

One outstanding feature which comes from Fhis estimate is the relative
smallness of the W and § contributions [see Egs. (11) and (12)]
as compared to the S’ contribution. This is due, in part, to the
difference in the couplings of @ , @W and ¢ to the photon ( )’w
and rQ are larger than )* by a factor ~3), and also to the
larger mass value for the . We believe that the estimate of

(I=0) obtained in the last Section [see Eq. (13)] is already



-7 -

sufficiently precise for a comparison of theory with experiment, given
the accuracy in the latter. However, this is not the case for

ay (I=1). The peak approximation to evaluate o-(e+e_—> f—» I=1) is
certainly not justified in the case of a large width for the S’ re-

sonance. Other factors than just the usual Breit-Wigner denominator

must be taken into account.

We have evaluated the integral in FEq. (15) using for Fﬂ,(t)
14)

the expression proposed by Gounaris and Sakurai This expression

fits extremely well the Orsay data with the following values for the
mass and the width of the ? meson 6)

M= (T7024) ey, T2 = (n26) nev

(17)

The expression of the form factor is 14)

Mo //"‘( /3/”5’)
3
gt e b - im i f?) ey e

'L;. (“)‘ (18)
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R = éf- ”5?
A:3 ™ Hot24e
7ok 2m 27 R r R}
P r £ $
Vi / 2 27 2;" 2) /2 )
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K?
and 9

VEr 2R )

Z”';r

A(f)zﬁ.fé Zf
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This expression for T (t) has been used in the complete range of
integration in Eq. (15), whereas the experimental data have been

fitted at a centre-of-mass energy ranging from 644 MeV to 885.8 MeV,
i.e., around the region corresponding to the f’ resonance. Looking

at the X ° fit results,®), the formula given by Eq. (18) which takes
into account the P wave character of the 2f* meson final state is
strongly favoured with respect to a single S wave Breit-Wigner expres-

sion without momentum dependence.
The numerical integration of Eq. (15) with P (t) given

by Eq. (18) and ”? and I;, as given in Eq. (17) finally leads
to the result

-/
5}, (') = (541‘ 0.3)x /0 )

somewhat larger than the narrow width estimate given in Eq. (16).

5 = DISCUSSION OF THE RESULTS

Combining now isoscalar and isovector contributions, we

finally obtain

-7
Ay (hadien) = (6.520.5)x 10 »

Previous estimates of al,‘ (hadrons) give

63, (‘QJ’MI) : 76—)! 19 -? (Kinoshita and Oakes 9>)

/. -
%(hdﬁny: (3" .*4_,, x /4 J (Bowcock 10))
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In both these calculations, the contributions from the W
and l( mesons were obtained from the corresponding 9 meson con-
tribution using SU(B) invariance and a W - Q? mixing angle of
400. The estimate of Kinoshita and Oakes was made prior to the col-
liding beam experiments. The estimate of Bowcock uses the results
from the Novosibirsk colliding beam experiment on et e~ annihilation
into two 9’ mesons. Our result (20) is obviously compatible with

these previous calculations.

The error quoted in Eg. (20) reflects only the uncertainty
from the experimental data used in our estimate of a (hadrons). It
should be taken into account that theoretical uncertainties from other
hadronic contributions to a than those discussed in this note could
enlarge this error by a factor of two. In particular, we have in mind
2ll those diagrams where hadrons can give contributions to the vacuum
polarization tensor and thus to the anomalous magnetic moment of the
muon (see Fig. 2) *). Although order of magnitude estimates indicate
that they are (£ (°S/ﬂ')3, one should nevertheless remember that very
little is known about light by light scattering contributions to the
anomalous magnetic moment of the muon, even in pure quantum electro-

dynamics.

The result in Eq. (20), when added together with the

4 15) 16

secon and fourth order calculations from quantum electrodyna-

mics, leads to the prediction

-7
/, (//’Z/T/;. = (16560.720.0)x lo 1)

4)
to be compared with the experimental resuylt

'/2(;/-2) - (//46/5 3}/)x/0')

*) Several of these diagrams were pointed out to us by
Professor J. Prentki.



- 10 -

ACKNOWLEDGEMENTS

One of us (M.G.) thanks Dr. E. Cremmer for his help in

numerical computations.

One of the authors (E. de R.) wishes to thank
Dr. B.E. Lautrup, Dr. A. Petermann and Dr. E. Picasso for very

helpful discussions.



10
11
12
13
14
15
16

- 11 -

REFERENCES

C. Bouchiat and L. Michel - J.Phys.Radium 22, 121 (1961).
Loyal Durand III - Phys.Rev. 128, 441 (1962).

G. Charpak, F.J.M. Farley, R.L. Garwin, T. Muller, J.C. Sens and
A. Zichichi - Phys.Letters 1, 16 (1962).

J. Bailey, W. Barth, G. Von Bochmann, R.C.A. Brown, F.J.M. Farley,
H. J6stlein, E. Picasso and R.W. Williams - Phys.Letters
28B, 288 (1968).

V.L. Auslander, G.I. Budker, Ju.N. Pestov, V.A. Sidorov,
A.N. Skrinsky and A.G. Khabakhpashev - Phys.Letters 25B,
433 (1967).

J.E. Augustin et al. - Orsay Preprint, LAL 1203 (1968).

J.E. Augustin et al. - Orsay Preprint LAL 1202 (1968).

J.E. Augustin et al. - Orsay Preprint LAL 1199 (1968).

T. Kinoshita and R.J. Oakes - Phys.Letters 25B, 143 (1967).

J.E. Bowcock - Z.Phys. 211, 400 (1968).

Hidezumi Terazawa - University of Tokyo Preprint, September 1968.

S.J. Brodsky and E. de Rafael - Phys.Rev. 168, 1620 (1968).

B.E. Lautrup and E. de Rafael - Phys.Rev. 174, 1835 (1968).

¢.J. Gounaris and J.J. Sakurai - Phys.Rev.Letters 21, 244 (1968).

J. Schwinger - Phys.Rev. 75, 1912 (1949).

A. Petermenn - Helv.Phys.Acta 30, 407 (1957) ; Phys.Rev. 109,

1931 (1957) ;

C.M. Sommerfield - Phys.Rev. 107, 328 (1957) ; Ann.Phys.(N.Y.)
5, 26 (1958) ; |

H. Suura and E.H. Wichmann - Phys.Rev. 105, 1930 (1957) ;

M.Y. Terent'ev - Zh.Eksper.Teor.Fiz. 43, 619 (1962), Soviet Phys.
JETP 16, 444 (1963).



- 13 -

FIGURE CAPTION

Vacuum polarization diagrams contributing to ‘%(g—Z).

Light by light scattering diagrams contributing to
5 (g-2).



FIG.1

FIG.2



	
	
	
	
	
	
	
	
	
	
	
	
	
	

