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ABSTRACT

We use the oper ator product expansion (OPE) to show that non-
perturbative QCD corrections to Ap can be calculated using unsub-
tracted dxbpersmn relations for either the transverse or the longitu-
dinal vacuum polarization functions. Recent calculations of the non-
perturbative contribution to Ap based on a non-relativistic calculation

of corrections to the tf threshold are inconsistent with this result.



I. INTRODUCTION

An accurate calculation of the contribution of the ¢{-b doublet to the p pa-
rameter is important in two respects. The first is that it will let us translate the
tight constraint placed on the p parameter by LEP measurements to limits on
the ¢t quark mass, and the second is that in the event that the ¢ quark mass is
measured directly at the TEVATRON, it will help us constrain the contribution
of new physics to Ap.

The contribution of the t-b doublet to the p parameter have been calculated
to O(aa,), and the result is given by

ap=oml [y (2 10)) (1

16ws?c*m? T

in the limit my — 0 [1, 2].

Recently, Kniehl and Sirlin estimated the size of the higher order QCD correc-
tions to Eq. (1) using a dispersion relation for Ap [3]. Their approach has been to
assume that the effect of non—perturbative QCD corrections is dominated by the
change in the shape of the tZ threshold. This change is then calculated using the
leading non-relativistic approximation and then substituted into the dispersion
relation for Ap. This work has lead to a certain amount of controversy since
different authors found the effect to be different in magnitude, ranging from 10%
to 80% of the O(aa,) correction, and sometimes even different in sign [4, 5].

The difference in sign comes from the fact the there are two possible dispersion
relations for Ap. In order to explain what they are, we must introduce some
notation. Following Ref. (3], we define

MYA(g,mi,ma) = =i [ dae®=(0|T* [714(2)JL41(0)] Jo)
= guvHV’A(SamhmZ) + q;.LQVAV’A(samI,mZ)

[TnY) JTgRY,
— (gy,y - %) IIV,A(S,ml,mz) + ('q—ag—) AV'A(s,mI’ m2)

(2)

where s = ¢?, and J}4(z) represents the vector and axial vector currents con-
structed from the fermion fields, respectively. Note that

AVA(s) = TI¥(s) + sATA(s) (3)

so that
AV4(0) = T"4(0), (4)

2



unless A4(s) has a pole at s = 0. We further introduce the notation

oy4(s) = V4(s,my,ms),

AVA(s) = AV (5,my,my),

AVA(s) = AVA(s,mq,ma),

M) = [74(s,ma,ma) + IV4(s,mams)]

Ag(s) = % [/\V’A(s,ml,ml) + AV'A(s,mz,mg)] )

AX'A(S) = % [AV’A(s,ml,ml) + AV‘A(s,mg,mz)] . (5)

The conservation of the neutral vector currents implies the Ward Identities:
11 () = —sofs), A¥(s)=o. (6)

These definitions let us write the contribution of an SU(2) fermion doublet, with
masses my and mg, to the vacuum polarizations of the W and the Z at zero
momentum transfer s = 0 as

Mww(0) = £ [MX(0) + 12(0)] = £ [aZ(0) + a2(0)],
Mp(0) = £297 [my(0) + ma(o)] = £ a8(0). 0

Note that II}¥'(0) is actually zero from current conservation (cf. Eq. (6)) but we
will keep it in our expressions for later convenience. Inserting Eq. (7) into the
definition of the p parameter, we find

Tww(0) IIzz(0)

S T T
- % {[m¥(0) + ma(o)] - [1F (0) + mé (o) }
_ %{[ag(owai(m] BNIO) (8)

Applying the ‘unsubtracted’ dispersion relation:

flo) = 1 [7 ay RS (9)
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to the expression for Ap using the II(s)’s gives us

Ap = %;lr— /oo —‘? [{Imﬂz(s) + ImHi(s)} - {ImH(‘,’(s) + ImH{,‘(s)}] . (10)

This dispersion relation is equivalent to that introduced in Ref. [6], and used in
Ref. [2] to calculate the O(aa,) correction.

If we write down an unsubtracted dispersion relation for the expression of Ap
using the A(s)’s, we get

Ap=—= /oo %i [{ImAi(s) + ImAi(s)} - IonA(s)] . (11)

This is the relation that was introduced in Ref. [3]. Egs. (10) and (11) are the
two dispersion relations for Ap that have appeared in the literature. Our point
here is to illustrate that, although Eqs. (10, 11) should yield the same estimate
for Ap, under certain commonly used approximations they do not.

In Sec. II we clarify the conditions that the II(s)’s and A(s)’s must satisfy for
Egs. (10) and (11) to be true. These conditions are indeed satisfied to order aa,
in perturbation theory. In Sec. III, we argue that the operator product expan-
sion (OPE) of the current—current correlators suggests that these conditions are
satisfied for non-perturbative QCD corrections so that both Egs. (10) and (11)
are valid. In Sec. IV we show that the two dispersion relations Eqs. (10) and
(11) give different answers when used in a threshold approximation to calculate
non-perturbative effects. We argue that the disagreement between the two dis-
persion relations can be understood as a result of neglecting the non-threshold
contribution of the ImII(s)’s and ImA(s)’s to Ap. Furthermore, the magnitude of
the discrepancy between Eqgs. (10, 11) can be used as a measure of the accuracy
of the calculation. We conclude in Sec. V.

II. THE DISPERSION RELATIONS FOR Ap

Let us begin this section by recalling that the analyticity of a vacuum polar-
ization function f(s) and Cauchy’s theorem tell us that

f(s) = - : d‘sIM + T ]I{al=A= ds’ fie) ‘ (12)

T 8 —s+1e 2w 8 — g

Hence for Eq. (9) to be true, f(s) must satisfy

lim —‘f—(—f—,—)— = 0. (13)

A2 00 J)a|=A2 8 — s



Applying Eq. (12) to the II(0)’s in Eq. (8), we find

) = _/A2 E{EI (s 271r1, .7€|;| =A? i?HV(S)
n20) = 1 [" Limnt)+ o f Lt
m (o) = —/“ & LTI (s +%f€4 N %n"(s),
180 = =" Zimige)+ o f, | S0 (14)

We regard the II’s in these relations to be regularized ! and thus finite quantities
so that both the left and right hand sides of these equations are well defined.
Note that the Ward Identity, Eq. (6), ensures that

AT ds 1 ds
v _ 1 as v 1 a8 v
myo) = ~ [ “rmm ()F g7 e ST (),
_ 14 1 v
= [ / dsImAg (s) + 7 f{q:u dslg (8),
— V
B 27rzfd8/\

= (15)

as required. This result follows simply from Cauchy’s theorem and the (assumed)
analyticity of A(s). If we define

Apr(A?) = f/gi/ d: [{ImHV( )+ ImIT{(s)} — {ImII{ (s) + ImITa(s)}] ,
Gr 1

ART(Az) \/_211-1][{' a5 [{HV )+HA } {HV +HA( )}],

(16)
the substitution of Eq. (14) into Eq. (8) gives
Ap = App(A?) + ARp(A?). (17)

(The subscript “T” stands for “transverse”.) Therefore, for the dispersion relation
Eq. (10) to be valid, we must have

lim ARy(A?) = (18)

Al —oo

1With MS or some other regularization scheme which respects the symmetry of the theory
so that the Ward Identities are satisfied.



This requires the linear combination of the II(s)’s in the integrand of ARr(A?)
to vanish as |s| — oo.
Similarly, applying Eq. (12) to the A(s)’s gives us

1 A ds 1 ds
afo) = [ Tmale)tgof | Tall)
1 4% ds 1 ds
Af(0) = ;/ “S‘ImAi(S) t5 ]{,|=A= —;Ai(s),
1 A% ds 1 ds
240 = — [7 Smag(s) + o fiq:u = ad(s). (19)

Again, we consider the A(s)’s to be regularized and finite quantities. If we define

GF 1 A? ds
2y — v 4 A
GF 1 ds
2y — YUF L1 as v A _AA
AR (A7) = Eonf S ({816) + 8800} - 830),
(20)
the substitution of Eq. (19) into Eq. (8) gives us
Ap = ApL(Az) + ARL(AZ). (21)

(The subscript “L” stands for “longitudinal”.) Therefore, for the dispersion re-
lation Eq. (11) to be valid, we must have

lim ARp(A?) =0, (22)

A? =00

which requires the linear combination of the A(s)’s in the integrand of ARL(A?)
to vanish as |s| — oco.

The actual asymptotic forms of the II(s)’s and A(s)’s up to order aa, can
by found in Ref. [7] and one can explicitly check that Egs. (18) and (22) hold.
Therefore, to order aa, in perturbation theory,

Ap = Apr(oo) = Apr(oo), (23)

III. THE OPERATOR PRODUCT EXPANSION
In the previous section, we have seen that
ARr(o0) = ARg(o0) =0 (24)
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implies
Ap = Apr(o0) = App(oo), (25)
and that Eq. (24) holds to order O(ac,) in perturbation theory. Whether these

equations continue to be valid to higher orders in perturbation theory, and non-

perturbatively is a difficult problem in general. However, since we are only in-
terested in QCD corrections, the non—perturbative asymptotic behavior of the
vacuum polanzatlon functions II(s ) and A(s) as |s| — oo can still be extracted
from their Upcrabor pruuuu. C)Lpd.ﬁSlO

15,
The OPE’s for I, o(s) and A4 o(s) can be found in the appendix of Ref. [8].
They are:

AL(-QY) = Car(Q) (@) +ma(Q)) + Caz(k) [a(p) + tha(n))* + O

AX(-QY) = Car(Q) [27(Q)? + 2ma(Q)?

) ) /
AY(-Q%) = Car(Q)[Mi(Q) — ma(Q)]” + Caa(p) [a(p) — ha(p))? + O L
(

+Cas(p) [2m1(u) + 2mz(u)2] + 0 (Qz\ (26)
and
MYo(-Q%) = @ALS(-@Q%) + AL (-@?) (27)
where

2
+C (Q)[m‘(Q)Qozmz(Q)] O(é‘)’
M=% = C‘A,_(Q)juéAg(Q)[ﬁ"l(Q);ﬁ”Lz(Q)V -
+En() (@ QN (1
Q? \
MW(=QY = Cu(Q)+ Crg(@)Fl@) +2m(Q)7 | (

QZ

. . ~ 2
M=) = Cu(Q) + Cra(@)FTa(@) + 2a(Q)

:Ci‘p-a ‘Q|H \_/

/—\/-\(0
\_/v

(28)

The short distance physics is embodied in the Wilson Coefficients é’.(Q) which
can be calculated perturbatively, and their explicit forms for the first few orders
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in a,(Q) can be found in Ref. [8]. The long distance non-perturbative physics is
embodied in the running masses 74,2(Q) and the vacuum expectation values of
the higher dimensional operators that appear at higher order in the OPE. The
Wilson coefficients are independent of the masses except through the running of
o, (Q).

That only these combinations of running masses appear at dimension 2 in
the OPE can be understood as follows: Consider the charged channel functions
AY4(s) and AL4(s). Since they must be symmetric under the interchange 1, «
T, they can only depend on (7hy £ 7h3)?. Changing the sign of one of the masses
will interchange the vector and axial-vector cases so the coefficient of (77, & h3)?
in the vector channel is equal to the coefficient of (h; F 71,)? in the axial-
vector channel. Since AY(s) must vanish when 7, = rh,, it can only depend on
(thy—112)?, which in turn means that A4(s) can depend only on (77 +77;)2. The
dependence of the neutral channel functions Ag™#(s) and AY*(s) on the running
masses follows trivially from that of the charged channel functions.

Note that the Wilson Coefficients C,(Q) and the running masses 7y 5(Q)
depend only logarithmically on @. Therefore, though these OPE’s are derived
in the deep Euclidean region —s = Q% > 0, we can expect the dependence of
the A(s)’s and A(s)’s on the powers of s to be the same all around the circle
|s| = A?. We can see immediately that this implies ARy (00) = ARr(o0) = 0.
We can therefore conclude that Eq. (25) is correct even when higher order and
non-perturbative QCD corrections are taken into account.

IV. CALCULATING ¢t THRESHOLD EFFECTS

Let us now turn to the problem of using dispersion relations to calculate the
non-perturbative QCD corrections to Ap. In order to make use of the dispersion
relations Ap = Apr(oo) and/or Ap = Apr(oo), we need to know the spectral
functions ImII(s) and/or ImA(s) when non-perturbative corrections are taken
into account. Since it is impossible to calculate them exactly, this means that we
must make some assumptions and approximations about their non-perturbative
behavior.

Let us denote the difference between the non-perturbative and perturbative
vacuum polarization functions, by

6Imll(s) = ImIyp(s)— ImIp(s),
ImA(s) = ImApnp(s) — ImAp(s), (29)

In Ref. [3], it was assumed that the most important effect of non-perturbative
QCD corrections on ImII(s) and ImA(s) is to modify the shape of the ¢tf thresh-
old. The threshold region is also the place where higher order corrections in a,
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can be resummed in the leading non-relativistic approximation and calculated
reliably in terms of a simple non-relativistic Schrédinger Green’s function, as in
Ref. [9]. Far from the threshold region, the ImII(s)’s are assumed to be well
approximated by their O(aa,) perturbative results. Therefore, in this approxi-
mation, the functions §ImII(s) and §ImA(s) have their support only in the region
near the threshold. Furthermore, in the leading non-relativistic approximation,
only the s—wave states contribute so that

6 ImIly (5) = —sb, ImAY (8) = —88ImA2(s) = —6, ImAZ(s), (30)

while all the other 6,;;ImII(s)’s, 6;:ImA(s)’s, and §,;ImA(s)’s are zero. (We have
added a subscript to § to indicate that since we don’t expect large threshold cor-
rections in the b6 or th channels, only ¢f threshold effects are included. This would
not be the case if we were considering threshold effects for say a heavy fourth
generation of quarks, but including the other channels does not alter our con-
clusions). Note that the first equality in Eq. (30) comes from the Ward Identity
Eq. (6), the second equality comes from the spin independence of QCD interac-
tions in the non-relativistic limit, and the third equality comes from Eq. (3), and
the fact that §,;ImlIls(s) = 0 in this approximation. We will not specify what
these non-zero terms look like in any detail since it is irrelevant to the following
discussion.

Now, let us see what happens when we substitute Eq. (30) into the definitions
of Apr(oo) and Apr(oo). We find:

St [Apr(o0)] = -% [% /°° é;—ﬁtﬂmﬂg(s)] = X, (31)
and
§i[Aps(o0)] = -% [% /" %’Laﬁma;}(s)] _ % E I %‘35“-1;11113’(3)] - _X,

(32)
which are of the same magnitude but opposite in sign. This is the disagreement
in sign that was mentioned in the introduction.

There are two ways to interpret this result. The first is that either one, or
both of the dispersion relations Eq. (10) and (11) are wrong. This means that
Eqgs. (18) and (22) cannot be both correct. This is the approach adopted by the
authors of Ref. [3] who, for a number of reasons, prefer Eq. (11) to Eq. (10).
However, we do not think this possibility is very likely as we don’t see where the
OPE argument of the previous section could have failed.

A second and more plausible possibility is that using only the leading non-
relativistic limit to calculate non-perturbative contributions to Ap is simply not
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a good approximation and that the disagreement between Eq. (31) and (32) is a
reflection of that fact.

Let us take a closer look at where this apparent inconsistency between the
two approaches comes from. The reason we get the same magnitude but opposite
signs in Egs. (31) and (32) is because of Eq. (30), which is only true at leading
order in the non-relativistic approximation in a small region near the threshold.
If we could increase the range where we can calculate non-perturbative effects,
Eq. (30) will not be true over the entire integration interval and we expect the
difference between the two results to be reduced.

We illustrate this with an example: Consider the non-relativistic limit of the
vacuum polarizations calculated to one loop in the tf channel,

ImHKtE(s) _ 38
—— = .t o(B%),
ImHétf(s) _ o)
ImAé,E(s) 38

3 = Ton T 0%, (33)

where 8 = /1 —4m?/s. So, if we decided to calculate the perturbative con-
tribution to Ap using the leading non-relativistic approximation (and including
all the other channels), we would again get answers of the same magnitude but
opposite sign depending on whether we chose to calculate using the II(s)’s or
the A(s)’s. However, from the full perturbative calculation, we know that both
techniques should give the same answer. For similar reasons, (although there
are important differences in the perturbative and non-perturbative cases), we be-
lieve pushing the cutoff further and further away from the threshold would cause
the non perturbative results obtained using either the II(s)’s or the A(s)’s to
converge towards each other, though perhaps very slowly. (The importance of
the contribution from regions away from the threshold has already been noted
in Ref. [5].) We are currently studying how much of this convergence can be
achieved by taking the non-relativistic approximation to higher orders in 8 and
thus expanding its region of applicability.

In any approximation, a good way to test its accuracy is to see how well it
reproduces a known result. In the present case, a good way to test how well our
approximation gives the correct value for Apzr(o0) or Apg(o0) is to see how well
it reproduces the known value for Apr(co)—Apr(00), namely zero. When seen in
this context, Eqgs. (31, 32) are an indication that the ¢Z threshold approximation

fails, indeed we cannot even determine the sign of the additional contribution to
Ap.
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Of course, the bright side of it is that now we may understand the reason why
the two dispersion relations Eq. (10) and Eq. (11) give seemingly contradicting
results for the ¢Z threshold effects. In fact, they are not contradicting at all. The
difference between the two values is the error that should be associated with the
approximation.

V. CONCLUSION

We have used the OPE to show that it is equally valid to calculate Ap using
either the dispersion relations of Ref. [6], or those of Ref. [3]. These correspond
to using unsubtracted dispersion relations for either the transverse or the lon-
gitudinal parts respectively of the vacuum polarization functions that appear in
the expression for Ap, and includes the consideration of non-perturbative effects.

When the two dispersion relations are used to calculate the effect of the tf
threshold on Ap, they give results which are equal in magnitude but opposite
in sign. This disagreement should not be interpreted as a sign that one of the
dispersion relations is wrong, but as a sign that neglecting the non-threshold
region when calculating non-perturbative effects to Ap is a poor approximation.
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