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The mass formula for the 7(, g, A {axion) system is analyzed taking into account explicit
instanton effects. It is argued that small-size instantons serve as an independent source
for the axion's mass which may render the axion more massive than the mixing of the
bare azion with 7t and g.

There is a revived hope that the reality of Higgs
particles can be finally established. Very recent-
ly Weinberg' and Wilczek' independently observed
that the existence of an elementary pseudo Gold-
stone boson is an indispensable feature of a cer-
tain class of CP-conserving models which com-
bine colored gauge interactions with unified elec-
tromagnetic and weak interactions. These mod-
els were defined earlier by Peccei and Quinn' by
requiring an extended axial U&c(l) symmetry for
the entire Lagrangian. The symmetry is broken
spontaneously by Higgs fields and explicitly by
Adler -Bell-Sackiw anomalies. Hence the cor-

responding current A„ is a source of pseudo
Goldstone bosons —axions. In this note explicit
effects of instantantons on properties of the axion
will be exhibited.

The Lagrangian of the theory is given by

~-~c,w+ ~r+ ~H,g,

where Z«describes the gauge interaction of N-
flavor quarks through colored gluons (G) and
weak bosons (W) according to standard schemes
SU(3) and U„(1)@SU~(2), respectively; &H,& de
scribes weak interactions of both leptons and tao
Higgs doublets y; = (p, cp ), i = 1, 2, according
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to the scheme U~(1)SU~(2), and the Higgs potential in &H I, is assumed to be symmetric with respect
to global phase transformations performed on y, and p, independently; &z represents the U~(1) SSUI, (2)-
invariant Yukawa couplings of quarks and leptons with Higgs fields. The part of C~ which contains neu-
tral Higgs components p can be written in the form'

Zp~(u, d, s, c, . ..) = ((m„d~d~+m, s~si, +. . .)(y,'*jA.,) y (m„~~u~+m, c~c~ y. . .)(y, '/A. ,)+c.c.). (2)

Here parameters &; =&q& ), i =1,2, fix vacuum expectation values of the y s determining the spontan-
eous breaking of the weak gauge symmetry as well as the aforementioned global phase transformations
on the y s.

These transformations may be generated by the following currents:

Ap =~PYpy5734+~Pg *s

pter

+~%2 s
pter + ~ ~ ~ ~ (3)

Ap =2Pypy54 -~9'i~ ppg+~pa~ p p2+ ~ ~ ~ p (4)

where contributions from the charged vector bosons and leptons have not been exhibited. The ( repre
sents N-flavor quarks. Evidently the above currents must be sources of two would-be Goldstone bos-
ons. One of these bosons renders a weak neutral vector boson massive, whereas the other, the axion,
acquires a mass through the anomaly responsible for the nonconservation of the corresponding cur-
rent. 4

The source of the axion's mass can be identified further. Indeed, following %einberg' and Bardeen
and Tye' we observe that in the absence of weak-electromagnetic interactions and the mass term ~
—= 2»(u, d, s) of u, d, s quarks, one can construct a conserved counterpart of Ap and, in addition, two
Goldstone currents with respective quantum numbers, m and p, as follows:

A
p

= 2 p Ypy g —sN (Q y p y 5Q + 2yp y d +sy p y 8) —tp ~f S 'p p ~ + 1 p $ 8
p p~

A„'= 2(uypy, u —dy„y, d),

A„'= ~v 3(uypy, updypy, d-2sypy, s).
(6)

Thus we have arrived at currents (Ap'(x), a
=1,2, 3, 4) which represent a. complete set of the
neutral Goldstone bosons. It is assumed that the
ninth pseudoscalar boson g' is massive even for
5Z =0.

Henceforth I will ignore weak-electromagnetic
interactions with respect to &&. Therefore the
& can be identified as being responsible for both
an explicit breaking of the above currents A„' "'
and a rendering of three out of four would-be
Goldstone bosons massive.

Now calculations of the axion's mass will be
sketched. The method is based on a standard
current-algebra technique. Consider the correla-
tion function of current divergences

&„(0')=i Jd'x e'""&0~x[&PAp'(x)&"A„(0)]~0). (8)

In terms of the axial charges

Q,
' = fd'xA, '(x),

on has

& "A.„'= i[Q,', 5Z] —= iP'(x),

&. (0) =&01[Q ', [Q ', «]]10&,

&„(0)= Z.~C„'F,„+Z.,(0) (12)

with

1 &,t, (s)ds
2'F'L c s —t (13)

In Eq. (12) the contribution of one-particle inter-
mediate states has been made explicit by the
first term on the right-hand side where the M'
is the mass matrix of pseudo Goldstone bosons
and the matrix E has elements E„=—E„=~„

1
&i2=&22=~2~ Pi3=&so=&4&=~3&w=f.="2m.

which may be easily calculated. Notice that P'(x),
a = 1, . .., 4, are given by various linear combina-
tions of quark pseudoscalar densities, qy, q as
quantum fluctuations of Higgs fields are ignored
(v „.=~„.).

The correlation function &,&(s) is analytic in
the complex s plane cut along the positive real
semiaxis I- = [s,»+ ~ ] with s,„=(3m, )'. Hence it
obeys the finite-energy sum rule
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with remaining ones being zero. The contour C
in Eq. (13) runs along the circle Isl=s, )s,„and
lower and upper lips of the cut l.. [I avoid writ-
ing a dispersion relation for &,&(s) since at least
one subtraction is needed. Clearly, the integral
(13) is not necessarily positive. )

Equation (12) without the integra. l term repro-
duces previously reported results on the axion's
mass and well known expressions for m„and
m„." I would like to emphasize the following
points. Firstly, the derivation of Eq. (12) as-
sumes that the pseudo Goldstone states can be
well approximated by linear combinations of their
bare counterparts Imp, „~,q. Secondly, it is a
usual practice to ignore terms like &„(0)as a
higher-order quantity in the chiral-symmetry-
breaking &. Now I will argue that instantons,
without affecting the first approximation, render
the second one inadequate. '

I begin by observing that terms FM'F and &(0)
in Eq. (12), respectively, determine long- (x'
)d, s,„')a.nd short- (x'sd, ' s,„')distance
contributions to the configuration-space repre-
sentation (8) for &(k' =0). It should be further
noted that the threshold enhancements are absent
in the integral (13).'

I will proceed from the premise that &(0) de-
scribes a short-distance propagation of a light
quark-antiquark pair which is amenable to per-
turbation analysis. In particular, I will assume
that the spontaneously broken character of the
chiral symmetry can be ignored in evaluating
Z(0). Thus &(0) receives contributions from two
different components which arise from perturba-
tive expansions about the trivial and instanton
solutions of the classical gauge-field equations.

The naive perturbative (parton) component is
not expected to give a significant contribution.
Otherwise, since it does not distinguish differ-
ent densities P'(x), mass formulas for m andy
would be at once invalidated. Furthermore, a
direct estimate leads to &(s)-m„„,'sin( —s/s, „)
also suggesting &(0) «&(0). Thus we are left
with the instanton component. It will be evaluated

!
through the Euclidean configuration-space repre-

sentation for &(0) [cf. Eqs. (8) and (13)],

&gt, (0) = —f„„„,d~'x(P'(x)P '(0))~, (14)

where d,'- s&&
' determines the infrared cutoff

and the sign ( )& has been used for the Euclide-
an functional average.

We recall that an instanton with a size p de-
scribes a tunneling between topologically distinct
vacua separated by a potential barrier of size
p. ' " Apparently a quark-antiquark pair cannot
propagate distances ( d, traversing a barrier of
size p &d,. Therefore the parameter d, in Eq.
(15) seems to provide a natural infrared cutoff
p, d, on the size of instantons which effectively
couple to the light quark-antiquark pair.

After this observation the evaluation of Eq. (14),
in principle, can be performed exactly. However,
some approximation needs to be made, since
solutions to the massive Dirac equation with an
instanton potential are not available. I will use
't Hooft's tunneling amplitude, ' generalized to the
color SU(3) gauge group. The amplitude is suf-
ficiently accurate for light quarks, m, p, «1. A
contribution from heavy quarks, such as charm
c, etc. , will be ignored since they effectively de-
couple from instantons (m, p, » 1).

Unfortunately, the above approximations seem
to be less applicable to strange quarks m, p, (1.
For the purposes of orientation, two different
evaluations, wh'ich are obtained under two ex-
treme assumptions, m, p, «1 and m, p, » 1, will
be presented. In the latter case the perturbation
&& is taken to be &z~(u, d) rather than &~&(u, d, s)
[see Eq. (2).]

Explicit calculations show that all matrix ele-
ments &, (t)0except &»(0) identically vanish.
This is not an unexpected result, since the in-
stanton-generated effective Lagrangian induced
by chirally asymmetric sources, such as & ~, is
SU(3) SSU(3) symmetric. By itself the above re-
sult ensures that mass relations for n andy re-
main intact in their ordinary form. Furthermore
the mixing of the axion with m and g is unaffected
by the &»(0) term in Eq. (12). This can be veri-
fied directly. However the &»(0) term introduces
a significant shift in the axion mass m&.

sin22a I (m„+m~)~ (m f )2

Here tana =A. , /A. » and S,&»(p, ) determines the density of instantons of size p (p, :
Sg(P,) = f, '( „mgpm')D(p!Ã~ =2)dp/p, m, p, »1,
&t,(p.) = f,"(

m. m~m, p')D(p!N, =3)dp/p, m, p, «1,

(15)

(16a)

(16b)
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TABLE I. The dependence of the axion's mass m„on the infrared cutoff p, . The pa-
rameter x,~~~ is defined in Eq. (19).

t(300 MeV) p, ]-' mz ' sin2n/N(MeV) m& sin2n /N (MeV)

1.0
1.5
2.0
2.5
3.0

82
80
71
59
47

50
49
43
37
33

9.7
9.3
7.1
4.5
2.5

3.0
2.8
2.0
1.2
0.7

with

D(ply) =2 —, — exp — — 2 N(t)a(t)+02sNiI, ,
P4 P

f"-p -&)(P)dp/p«1m' dx)
2 t (18)

which is well satisfied («0.02) because of the
smallness of quark masses, m„&p, «1.

Table I shows the estimates for m„' and the
ratio x of the second term to the first term in
Eq. (15),

(m„+m, )' 1
Q{b) ( f )2 G(5) ( c)~

Accepting p, ' 500 MeV as a reasonable infrared
cutoff one concludes that the axion's mass may be
a few times larger than the mass component
m„(x,(» = 0) generated by the mixing of the bare
axion with m and g.

I believe that the presented method of analysis
is not restricted to the axion problem and may
have other applications.

I wish to acknowledge the kind hospitality ex-
tended to me at the Center for Theoretical Phys-
ics, Massachusetts Institude of Technology. I
am most grateful to Professor J. Bjorken, Pro-
fessor H. Dashen, Professor E. Eichten, and
Professor S. steinberg for very stimulating dis-

where n(z) = 0.146, e(1) = 0.443, and the number
of isospinor and isovector gluon multiplet is giv-
en by N(2) = 2 and N(l) = 3, respectively. "

In what follows all estimates will be carried
out using the simple formula Bs'/g (p) = —(11- -', Nz)ln(pp) with p, =300 MeV corresponding to
& (P)=g (P)/4&=0. 3 atP '=3 GeV." The infrared
cutoff will be allowed to vary in the range 0.3
& p, p, (1. Further, quark masses will be taken
to be m&/m„=1. 8, m, /m„=20. 1, and m, =150
MeV. "

Equation (15) assumes the validity of the dilute-
gas approximation for the instanton distribution, '
l,e.)
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In collisions with NH& molecules it is observed that Xe(n f) Hydberg atoms are selec-
tively excited to discrete, more highly excited states. These states are identified by the
technique of field ionization and are found to be displaced in energy from the initial Ryd-
berg states by amounts equal to the rotational spacings of the NH3 molecule. These meas-
urements demonstrate, for the first time, the conversion of rotational energy to electron-
ic energy in collisions.

~~=E~-E~ ~=2BJ. (2)

If these energies are transferred to Xe(nf) Ryd-
berg atoms, with term values T„, the resulting
states will have term values given approximately
by

T„'=T„+2B&p J 1p 2y 3p ~ ~ ~ ~

Clearly if 2BJ exceeds ~T„~, T„' will be positive
and ionization will occur, while for 2BJ less than

~T„~ further excitation will result.
For the particular case of Xe(27f) atoms the

Flannery' and Matsuzawa have predicted that
in collisions between Rydberg atoms and polar
molecules rotational de-excitation of the mole-
cules could provide the energy necessary to fur-
ther excite or ionize the Rydberg atoms. To in-
vestigate this prediction we have made an exper-
imental study of collisions between xenon Ryd-
berg atoms Xe(nf) with 26~ n- 40 and ammonia
molecule s.

The rotational term energies for NH, are given
by

Ez BJ(J+—1—)+ ('A -B)K,
where J and K are rotational quantum numbers
and A and B are constants. In dipole-allowed de-
excitations (Z- J'- 1, K-K) the energies released,
~~, are approximately

possible reactions are

Xe(27f) + NH, (J)
-Xe'+ NH, (J'- 1)+e, J &7;

-Xe(n'I')+NH, (J' —1), J & 7.

(4a)

(4b)

These processes are illustrated in Fig. 1. The
arrows have lengths 2BJ with J'= 1,2, 3, . . .) and
widths which are proportional to the room-tem-
perature populations of the upper rotational lev-
els involved.

Collisions of the type (4b) lead to the production
of seven discrete Rydberg states (or groups of
states) which can be separately detected and iden-
tified by the technique of field ionization' since
each of them will have its own characteristic cri-
tical field. This paper describes the first inves-
tigation of collisions of this type.

The apparatus has been described elsewhere'
and only a few details will be discussed here.
Xe 'I', atoms produced by electron impact exci-
tation are excited, using a pulsed laser, to a se-
lected Rydberg nf state in a region into which

NH3 target gas can be admitted. Approximately
7 p,sec after each laser pulse, the electric field
in the excitation region is increased from 0 to
1100 V/cm in -2 p.sec. As the field strength
grows the different groups of Rydberg states pres-
ent are successively ionized, and the resulting
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