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If the triviality upper bound on the Higgs boson mass mH occurs for strong self-coupling, inferring properties of the Higgs from 
the euclidean propagator is in principle theoretically difficult whether in coordinate or momentum space. In that case, common 
methods of identifying mH in lattice field theory simulations may produce a value for which is at best distantly related to the true 
upper limit. We discuss some shortcomings and ambiguities of recent results suggesting that the maximum occurs for weak cou- 
pling and emphasize potential complications due to finite-size and non-Lorentz-invariant effects of the lattice. The situation is 
illustrated by reference to the behavior in an analytically soluble approximation based on a 1/N expansion. 

In recent years, it  has become widely bel ieved that  
quart ic  scalar f ield theory, al though renormal izable ,  
is trivial in the technical  sense that  the scalar self-cou- 
pling 2 can be non-zero only in the presence of  a fi- 
nite m o m e n t u m  cutoff  at. A manifes ta t ion  o f  this 
t r ivial i ty  is that,  as the normal iza t ion  scale /z in- 
creases, the renormal ized  self-coupling 2 ( / t )  tends to 
infini ty at some finite scale Ac which may  be regarded 
as the largest possible m o m e n t u m  scale at which the 
scalar effective field theory makes  sense. The pa ram-  
eter Ac may be regarded as a physical  pa ramete r  char- 
acterizing 2 in much the same way that  AQC D 
character izes the SU3 gauge coupling in quan tum 
chromodynamics .  

Because the Higgs sector o f  the s tandard  model  
(SM)  o f  strong and electroweak in teract ions  in- 
volves a self-coupled scalar field, it is interest ing to 
ask whether  it is also necessari ly tr ivial .  The answer 
seems to be yes, but, i f  the Higgs boson is not  much 
more  massive than the weak vector  bosons W -+ and 
Z °, the cutoff  can be pos tponed  well beyond  the 
Planck scale [2] .  Mot iva ted  in par t  by naturalness 
considera t ions  [ 3 ] and  the gauge hierarchy puzzle o f  
grand unficat ion [4] ,  there is a great deal  o f  interest  
in the possibil i ty that  the true cutoff l ies  in fact within 

¢~ This work was supported in part by the US Department of 
Energy. 

~ The voluminous original literature may be traced from ref. [ 1 ]. 

the TeV energy range and that  this may  be near  i f  not  
coincident  with 2c. This suggests that  the self-cou- 
pling may  actually be considerably larger than the 
gauge couplings, that  the associated Higgs boson may 
be extremely heavy ( i f  it exists at al l) ,  and  that  the 
TeV range may be represent a new threshold for strong 
interact ions associated with large 2 ~2. 

The smaller  the value o f  Ac, the larger 2(/1) be- 
comes (at  some definite,  f ixed sca le /z)  and, corre- 
spondingly,  the larger the Higgs mass mH. 
Consequently,  there is an upper  l imit  to mH [6] in- 
asmuch as it  is only sensible i f  it lies below the phys- 
ical scale Ac beyond which the theory is physical ly 
modi f ied  in some manner  to be de te rmined  by future 
experiments .  At  present,  the p r imary  effort to deter- 
mine  quant i ta t ive ly  this upper  l imit  to mH involves 
the methodology o f  latt ice field theory (with the mo- 
men tum cutoff  replaced by the ( inverse)  lat t ice 
spacing)  and there have been an increasing number  
o f  a t tempts  to implement  this program over the past  
several years (see footnote  1 ). 

However,  there are certain problems intrinsic to the 
lat t ice approach  which have not  been discussed in 
work thus far. It is the purpose  of  this let ter  to high- 
light their  relevance generally and to i l lustrate their  
impor tance  in the context of  a certain, solvable ap- 

~2 In fact, Veltman [ 5 ] suggests that this threshold may lie well 
below 1 TeV. 
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proximation to the SM. We will work entirely in con- 
tinuum language since it is easier analyticaly and since 
this is the situation the lattice approach hopes to re- 
produce. A basic point is that the upper limit being 
sought requires penetration of the structure of the 
theory at short distances, yet the measures that have 
been introduced to define or identify mH either are 
unreliable or else correspond to long-distance or low- 
momentum (i.e., infrared) properties of  the field 
theory. Wen commented upon at all, this methodol- 
ogy has been rationalized a posteriori by the claim 
that the upper limit on mH lies within the perturba- 
tive domain, so that its difference from the physical 
mass is minor. This is to say the least a paradoxical 
situation in which it is claimed at one and the same 
time that the formulas developed based on the con- 
tinuum perturbative analysis are valid but that the 
corrections to the continuum description are large. 
While we cannot claim that the 1/N approximation 
is quantitatively reliable, a very different qualilita- 
tive picture emerges from our solution which is at least 
intuitively plausible, viz., our upper bound on the 
Higgs mass occurs for strong coupling where pertur- 
bation theory cannot be trusted. In this regime, the 
correspondence between the infrared measures em- 
ployed and the physical Higgs parameters is quite 
complicated. To relate those quantities easily deter- 
mined numerically and these parameters would de- 
mand considerable theoretical effort. 

In the following, we begin with a review of a coor- 
dinate space approach. After summarizing the fea- 
tures of  our solvable approximation, we then examine 
an alternative momentum space approach. Then we 
discuss other analytic methods and their results. 

The first important point is that the heavier the 
Higgs boson, the greater its width is expected to be. 
The Higgs boson is normally associated with the pole 
s~ determined by analytic continuation in s=p 2 of the 
scalar propagator from the physical sheet to the so- 
called second sheet of the Riemann surface [7 ]. As is 
well known, in perturbation theory, the width grows 
proportional to m 3 and there is the expectation that, 
if the pole position in the SM could be determined 
for strong coupling, the imaginary part would be 
comparable to or larger than the real part. Thus, even 
in an ideal situation there is no such simple concept 
as the Higgs mass mH, and the specification of the 
Higgs boson requires a determination of the complex 

number s,. With an imaginary part comparable to or 
larger than the real part, it will bear only a faint re- 
semblance to the usual concept of a resonance. In fact, 
there may be an infinite number of "shadow" poles 
on other Riemann sheets associated with this pole in 
the lower half plane of the second sheet [ 7 ]; indeed, 
that is what we find in our solvable approximation 
below. 

The most popular approach to lattice field theory 
generally deals with the analytic continuation from 
physical Minkowski space to the euclidean region. 
One common approach to determining mH is to fit 
the asymptotic behavior of  some correlation func- 
tion, assuming the relevant correlation behaves as 
exp ( -  mHr) for large separations r (see footnote 1; 
some recent representative references can be found 
in ref. [8] ). While this asymptotic form is valid for 
a stable particle, it is not true for an unstable particle 
for which the ultimate asymptotic behavior is deter- 
mined by the threshold for te continuum to which it 
is coupled. Nevertheless, a narrow resonance may in 
fact dominate the behavior for some intermediate 
range of r even if the true asymptotic behavior for 
large r is quite different. One would expect such pole 
dominance to deteriorate for a broad resonance. 
Moreover, the notion that a single Higgs resonance 
pole dominates the asymptotic behavior is obviously 
problematic, since the scalar propagator is real while 
the contribution from s, is complex. Therefore, it be- 
hooves those fitting simple exponentials to correla- 
tion functions to elaborate the theoretical basis for 
the interpretation of those fits. 

One can discuss the asymptotic behavior of the 
Higgs field propagator AF(p 2) quite generally start- 
ing from the K~illrn-Lehmann representation [ 9 ]. In 
coordinate space, the propagator may be written as 

AF(X)= f dsp(s) AF(X;S), (1) 
0 

where the spectral function p(s) is necessarily non- 
negative, vanishing below the lightest threshold to 
which the Higgs field is coupled. The upper limit of  
integration must be cutoff at a scale o fO(A 2 ), as we 
assume that a local field theory approximation is good 
only for smaller energy scales. AF(X; S) is the free par- 
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ticle propagator associated with a panicle of  mass 
x/s. In the euclidean region (x 2= - r 2 < 0 ) ,  this is 
simply 

,5 iAv (X; S) =AE(r; S) = 4--~r Kl (V/} r) . (2) 

For large r, dE (r; s) behaves as r -  3/2 exp ( - x / ~  r), so 
the true asymptotic behavior as r--.oe is determined 
by the behavior o f p ( s )  at the lightest threshold. In 
lowest order, the lower limit of  integration is at 4m~ 
associated with the electron-positron state. In fact, 
for a very heavy Higgs, this contribution as well as 
those due to other known fermions ,3 is weak com- 
pared to the coupling to W+W - associated with a 
threshold at 4M2w, and we shall neglect its 
contribution. 

From the positivity of  the spectral function, it can 
be shown that the euclidean propagator 
dE(r)=iAF(X) is positive and monotonically de- 
creasing, with successive derivatives alternating in 
sign. Consequently, no matter what the dynamics, 
AE (r) decreases smoothly, without even so much as a 
wiggle! 

As remarked earlier, it can happen that, because p 
is so much larger in a higher mass region, the behav- 
ior may be approximately described over an inter- 
mediate range of r by ignoring the lighter threshold. 
So it may be useful to record the contribution coming 
from a resonance. First, however, let us recall that, 
because the propagator is an analytic function real in 
the euclidean region, associated with a pole at posi- 
tion so, there is a mirror pole at s*. Therefore, we may 
write this contribution to the spectral function as 

,3, 

(This formula does not represent an analytically cor- 
rect approximation to p(s) but rather what we will 
mean by te pole approximation thereto. We suppose 
the 'wave function renormalization constant" Zo is 
such that p~> 0. ) One may then ask what this contri- 
bution gives for the coordinate space behavior when 
inserted into eq. ( 1 ). As remarked earlier, the true 
asymptotic behavior will be determined by the 

~3 The inclusion of a very heavy fermion (as the top quark may 
very well be) requires a new treatment which we would expect 
to alter the results below quantitatively but not qualitatively. 

threshold position, but we may isolate the behavior 
associated with the pole as follows: Since p~(s) and 
dE(r; s) are analytic in s in a neighborhood of the 
positive real axis, we may replace the integral in eq. 
( l ) b y  

if A E ( r ) = - - ~  d s l n ( 4 M ~ - s )  po(s) dE(r;s) , 
c 

(4) 

where the contour C wraps the positive real axis (plus 
a contour at )sl =A~ ). Note that the integral is inde- 
pendent of  the scale of the scale of  the logarithm. 
Opening up the contour, one picks up the residues at 
the poles s~ and s* plus a "background" contribution 
which we discard. Parameterizing the pole as 
so= Isol e x p ( - 2 i 0 )  and assuming Is~l ,>4M 2 ,  we 
find 

AE(r) ~ ( 1 - - ~ ) R e [ Z o 3 E ( r ; s o ) ] ,  (5) 

where we have also dropped a term involving In ( [ sol ) 
since its precise form depends on the threshold posi- 
tion (here at s ~  0) and its value depends on the scale 
of the logarithm, i.e., the nature of  the background. 
Defining the Higgs mass and width by 
, f ~ =  m n - i F n / 2 ,  the pole contribution for large r is 

A E ( r ) ~ ( 1 2 0 ~  1 .] 2(2zcr)3/2 IZolls~l 1/4 

× exp ( - mHr) cos ( ~FHr-- ½ O+ ~) , (6) 

where ( is the phase of Zo. In principle, these formu- 
las answer the question of how the Higgs pole param- 
eters are related to the euclidean correlation function, 
demonstrating that a pole yields a behavior for the 
euclidean Green's function which is oscillatory with 
an exponentially decaying envelope. Although eq. (6) 
makes no assumption about the ratio Fn/mH being 
small, a positive spectral function Po must, as noted 
above, produce a positive, monotonically decreasing 
propagator, so the approximations represented by eqs. 
(5) and (6) can apply at most to a fraction of the 
distance out to their first zero. There remains unan- 
swered the question how the contribution from a res- 
onance compares to the exact propagator, including 
the continuum "background". 

We shall discuss below similar difficulties associ- 
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ated with isolating the Higgs parameters for euclid- 
ean momentum space. First, however, it is useful to 
analyze these complications in an approximation 
which was introduced some years ago [10] ~4,5. For 
2 large compared to the gauge couplings and for en- 
ergy scales large compared to the W ± and Z masses, 
the gauge couplings (and vector boson masses) can 
be neglected in first approximation. In addition, with 
the possible exception of the top quark, fermions can 
also be neglected as a first approximation. Then the 
SU2®U~ Higgs sector of  the SM becomes the 04 
Higgs-Goldstone model with a scalar field ~t in the 
fundamental representation of 04. In this previous 
work, we suggested that, to understand the behavior 
qualitatively, 04 be replaced by OEN and, in the now- 
familiar manner, expanded in 1 /N for a fixed value 
of the self-coupling 2N. The results to leading order 
may be derived either by summing the leading Feyn- 
man diagrams [ 10,11 ] or by manipulating the path 
integral [ 12 ]. The solution in leading order may be 
summarized as follows: In the broken symmetry 
phase, the field acquires a vacuum expectation value, 
say, (nN) = V. This corresponds in the SM to the weak 
scale. The renormalized coupling 2N may be related 
to the bare coupling 2 oN according to 

2 ( M ) N -  2oN ~-7~ 21n M-~ ' (7) 

where A is the momentum cutoff and M is an arbi- 
trary normalization mass. It is of course redundant 
to speak of varying both the bare coupling and the 
cutoff, and we replace them by a single physical pa- 
rameter Ac defined by 

~ In ~ (8) 
XN(M) 8n 2 ~ " 

Given the value of the coupling on any scale, one may 
think of A~ as the maximum possible momentum scale 
which can be discussed in this effective field theory. 

To leading order in 1/N, the weak scale v is a re- 
normalization group invariant which we may imag- 
ine to be fixed by the Fermi constant Gv or, after 

~4 For the most part, we shall follow the notation and conven- 
tions introduced there. 

~5 While this was the first application of  the O2u model to the 
SM, the solution for this model had been worked out previ- 
ously in other contexts. See ref. [ 11 ]. 

reintroducing the gauge couplings, by the vector bo- 
son masses. (Recall that v is formally of O (v /N) . )  As 
usual, the Higgs field a is associated with the shifted 
field nu= V+ a. The none may determine the inverse 
Higgs propagator exactly to O ( 1 ) to be 

16n2v2/N 
Doo(p2)- l=p 2 -  (9) 

ln[e2A2c/ ( _ p 2 )  ] , 

where In e-= 1. The branch of the logarithm is chosen 
so that the propagator is real on the physical sheet for 
spacelike momenta (p2 < 0). The different branches 
of  the logarithm (for which the arguments differ by 
2rd) correspond to the different Riemann sheets for 
the propagator. The position of the poles on each sheet 
is determined by those momenta sn at which 
Do~(sn) - '  = 0. The pole s¢ which is nearest the phys- 
ical region for timelike p2+ie  is generally what is 
meant by "the Higgs boson", for it is this pole which 
evolves continuously as 2 N ~ 0  to the free stable par- 
ticle pole. The behavior of this pole position was 
worked out in ref. [ 10 ] and is reproduced here in fig. 
1. (To compare with the SM, we simply set v~ 
x/-N= 174 GeV, its value for the SM ( N =  2). ) As ex- 
pected quite generally, Im s~ generally increases with 
2N but Re s~ increases only up to a point and then 
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Fig. 1. Solid line: Higgs pole position so; dashed line: perturbative 
Higgs pole position, normalized at Isal. Dotted lines connect 
curves at points having a common value of Ac/v. 
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turns around ~6 For comparison, we have also plot- 
ted the perturbative (tree) results for the Higgs mass 
and width, with the coupling normalized (arbitrar- 
ily) at the scale I x /~ l .  With this convention the per- 
turbative Higgs mass tends to infinity at the crossover 
point where I sol =A 2. Large deviations from the per- 
turbative value are evident for a perturbative mass 
above about 800 GeV. 

In fig. 2, the relation between the momentum cut- 
offand the magnitude of the Higgs pole I , ~ 1  is dis- 
played. We have chosen the abscissa to be 
proportional to x ~ ,  where we arbitrarily take the 
scale of 2 to be the weak scale x/2/Nv.  Thus, the ab- 
scissa characterizes theories with different coupling 
strengths but at a scale well below all relevant values 
of the cutoff. This choice is further motivated by the 
observation that, for weak coupling, this scale is di- 

,6 It is important to observe that, in physical scattering processes, 
for example, in W+W - scattering, the center-of-mass energy 
Ecru at which the Higgs pole is closest corresponds to 

2 2 2 Ecm=Reso=mH--FH/4.  As a result, this "peak" position 
never becomes larger than about 780 GeV. However, since Im so 
becomes large in the strong coupling regime, the pole is so far 
removed that it would be impossible to detect its presence as 
an ordinary resonance. 

rectly proportional to the Higgs mass. The Higgs 
modulus J x /~ l  saturates to an approximately con- 
stant value around 1 TeV. As depicted in fig. 2, the 
crossover point at which the momentum scale I s,  I 
associated with the Higgs pole becomes equal to the 
cutoffA 2 turns out to be Ac ~, 1.8nv/x/N, correspond- 
ing to an upper limit on the Higgs modulus of  about 
1.0 TeV. From fig. 2, it is easy to see that this upper 
limit is rather insensitive to weakening the crossover 
criterion. For example, if  it should be that significant 
deviations from the SM already appear when 
I s~ I =A2/4, then the crossover is at I x /~ l  = 0.86 TeV 
instead. To be more precise requires a careful exam- 
ination of the higher dimensional operators entering 
the effective lagrangian and consideration of their ef- 
fects in particular processes. It is perhaps fortuitous 
but nevertheless striking that the absolute upper limit 
determined here for the Higgs modulus turns out to 
be numerically very nearly the same as the perturba- 
rive upper bound on the Higgs mass [ 13 ] ! 

The spectral function p(s) may be written as 

167r2y2/N 
p ( s ) =  [sln(eZA2/s)_16z~2vZ/N]2+zc2s2. (10) 

The true asymptotic behavior is determined by the 
threshold behavior 

Higgs Pa rame te r s  

I 

\ 

\ 
T e g  1 

\ \ \ N \  x, 

b lverse  orlUoaJ "~ . ~  

o --, ..... ,"7", I, .... i ....... i 
0 . 5  1 .(. 

Fig. 2. The Higgs mass modulus Is~l, cutoffAo and inverse crit- 
ical distance rg -~ as functions of  the coupling strength. 

1 
l i m p ( s ) =  (11) s~O 16zt2v2/N" 

The asymptotic behavior in coordinate space of the 
propagator in the euclidean region may then be de- 
termined to be 

1 ~(0 )  
AE(r)--, ~2 r4 (12) 

Notice that this leading behavior is completely inde- 
pendent of  the Higgs mass parameters ~7! In the real 
world where the W-boson has non-zero mass, this 
sample power behavior would be tempered by a fac- 
tor of exp ( - 2Mwr). Nevertheless, it will decrease far 
less rapidly than might be expected on the basis of  
the Higgs mass scale. 

As mentioned earlier, it is uncertain whether a pole 
approximation to the propagator will be valid for a 

#7 It is tempting to speculate that this is a general consequence of  
the infrared freedom of the scalar sector, but it remains to be 
proved. 
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strongly coupled Higgs. To understand the transition 
from weak to strong coupling and to compare with 
the true asymptotic behavior, it may be useful to re- 
cord the behavior for this model for the pole approx- 
imation, eq. (3). Zo may be written as ~8 

sin 20 e-2i0 
Zg  ~ =1 re+20 (13) 

Since the magnitude of 20< n/2, Z~ differs from 1 by 
less than 20% regardless of the coupling strength. In 
this approximation, the crossover point for maxi- 
mum Higgs "mass" at Is~l ~ 1.0 (TeV) 2 corresponds 
to 0~ 32.5 ° so that the ratio of width to mass FH/mH 
is tan 0~ 0.64. In this O2N model, it would be inter- 
esting to know the range of r, if any, over which the 
pole contribution is a good approximation to the ex- 
act behavior, especially in the strong coupling regime 
near the crossover point. This requires detailed nu- 
merical investigation to which we shall return in a 
subsequent paper. To get a rough indication of the 
possibility, we define rc to be that value of r at which 
the envelope in eq. (6) is equal to the true asymp- 
totic behavior, eq. (12). Thus, for all r> rc, the pole 
approximation certainly does not predominate. This 
critical distance rc is plotted in fig. 2, from which one 
observes that in the region near where I s~l reaches 
the crossover point, the pole approximation does in 
fact dominate the asymptotic behavior (by about a 
factor of two, as it turns out) on distance scales out 
to about 5 or 10 times the cutoff 1~At, which in lat- 
tice calculations would presumably correspond to a/ 
~z, with a the lattice spacing. This provides some 
grounds for optimism for lattice simulations. 

Another more recent approach to this problem in- 
volves a study of the lattice propagator in (euclid- 
ean) momentum space [14]. A Monte Carlo 
evaluation of the inverse propagator is fit to the form 
of a free propagator which, in the continuum limit, 
corresponds to (p2+ m2)/Z and from the slope and 
intercept, the wave function renormalization con- 
stant Z and renormalized "Higgs mass" mR are ex- 
tracted. For reasons already presented, it is very 
dubious that the behavior for p 2 ~ 0  reflects much 
about the Higgs properties, and these doubts are rein- 

~s This corrects a factor of 2 error in ref. [ 10]. 

forced by comparison with the result of the 1/N ap- 
proximation, which, for euclidean momenta p2 = _ 
p2> 0, may be simply written as 

DE(p2) --IN _Do~(p2) -,=p~ + 22(x~EE/e) v 2 ' 

(14) 

that is, it looks just like the tree aproximation with 
the scale of the running coupling proportional to the 
momentum scale of interest. Because the coupling 
varies only logarithmically, this function may appear 
to be linear over some range ofp  2. Nevertheless, the 
intercept at p2 = 0 is precisely zero (as one might have 
guessed from the fact that the coupling is infrared 
free) but the slope at p 2 = 0 is infinite. This is a situ- 
ation in which a linear fit to the function produces an 
apparent non-zero intercept extremely sensitive to the 
points nearest to p2 = 0, which in lattice calculations 
is presumably constrained by the finite lattice size ~9 
This suggests that the method of ref. [ 14 ] is suspect, 
although it may be that this deficiency can be satis- 
factorily dealt with [ 16 ]. Assuming that this does not 
significantly alter their results, these authors claim a 
small upper bound for the Higgs mass, around 
mH = 550 GeV, assuming non-scaling effects are evi- 
dent at a correlation length of 5 lattice spacings. In 
fact, the data presented do not appear to show signif- 
icant deviations for correlation lengths larger than 
about 1.2 lattice spacings, corresponding to mH/ 
V~2.8 or m.-~ 700 GeV. 

Another approach combining both numerical and 
analytical methods involves an attempt to exploit an 
expansion in the Higgs field kinetic energy (high 
temperature expansion) to solve for the relation be- 
tween the Higgs mass and the cutoff [ 17 ] ~o. As yet 
this technique has only been applied to the single 
component ~4 theory, where there are no Goldstone 
bosons to cause infrared problems. The renormalized 
Higgs mass, defined as in ref. [ 14 ] at zero momen- 
tum, is compared with the ultraviolet cutoff. Requir- 
ing mH <Ac/2, the upper limit on the self-coupling is 
only about 2/3 the unitarity bound. With appropri- 
ate modifications of the definition of the Higgs mass 
to avoid infrared singularities, the authors anticipate 

~9 Neuberger has suggested that such finite-size sensitivity might 
be usefully exploited [ 15 ]. 

~1o This line of development has been reviewed recently by 
Liischer [ 18 ]. 
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that the method can be extended to the 0 4 theory 
[ 19]. The role of  the lattice enters only through their 
use of  the coefficients for the high temperature ex- 
pansion, and within the perturbative domain, their 
technique would appear to be reliable. 

In each of these approaches [ 14,17,18 ], the tech- 
nique relies on perturbation theory to determine the 
relation of rnH as defined to the physical Higgs mass. 
This is valid only so long as the upper limit on mH 
corresponds to "small" coupling. I f  the perturbative 
formulas can be trusted, using the perturbative beta 
function fla (/z) would suggest that, even at the cutoff, 
the coupling is still within the perturbative regime. 
Why is the continuum perturbation expansion so 
misleading as to its range of validity? 

One must be cautious about conclusions drawn 
from non-scaling effects on the lattice. I f  the modifi- 
cation of the SM required by the underlying physical 
theory does not break Lorentz invariance, for exam- 
ple, then one must distinguish those non-scaling ef- 
fects associated with the triviality cutoff and those 
lattice artifacts associated with non-Lorentz-invar- 
iant corrections. Neuberger has argued similarly and 
suggested a n  F 4 lattice may be better in this regard 
[ 15,20 ]. One would expect, with a Lorentz-invariant 
cutoff, scale-breaking effects to be of  order mR/Ac.2 2 
Thus, an upper limit of rnH~ 550 GeV, correspond- 
ing to rnH/Ac < 1/5~ [ 14 ], would imply an intrinsic 
scale-breaking of about 0.4%. 

Finally, two different approximate but analytic re- 
normalization methods have been employed to ob- 
tain the relation between Ac and mR, the latter 
quantity being defined by the curvature of  the effec- 
tive potential at its minimum [ 21 ]. This quantity will 
be simply related to the physical Higgs parameters 
only so long as perturbation theory is valid. Requir- 
ing rnr~/Ac<l/3, these authors conclude that 
mH < 800 GeV. Had they, like the preceding authors 
[17,18], required mH/Ac<l/2, their upper limit 
would have been nearly 900 GeV. So we conclude that 
these approximate results are inconclusive as to 
whether the upper bound lies within the weak cou- 
pling or strong coupling domain. 

I f  a Higgs particle does not exist below the trivial- 
ity bound on mR, the SM will begin to fail at energies 
above this scale in its description of vector boson in- 
teractions. Thus, even though it may be that new 
physical thresholds do not appear until energies on 

the order of At, it may be near Ac/2 rather than around 
Ac at which significant deviations from the contin- 
uum field theory would appear. This can be seen by 
reference to composite models such as minimal tech- 
nicolor, in which the cutoffAc would correspond to 
the compositeness scale around 1 TeV with perhaps 
no Higgs particle at all below this scale. Yet one would 
expect that the interactions among longitudinal vec- 
tor bosons would be strong even below 1 TeV. A triv- 
iality bound on mH well below 1 TeV, as has been 
suggested by most of the investigations cited herein, 
implies that in the range above the bound but below 
1 TeV, the SM lagrangian would not adequately de- 
scribe this strong interaction. Since the SM lagran- 
gian contains all terms of dimension 4 and below 
consistent with the gauge symmetries and particle 
multiplet assignments, the only possibility would be 
that there would be non-negligible terms of higher di- 
mension which could come into play above an energy 
ran. This conclusion is clearly not peculiar to the 
technicolor model; in general, if there is no Higgs 
particle below its triviality bound, the implication 
would be that the SM requires modification at ener- 
gies not above Ac but already above that bound. 

As emphasized in refs. [ 17,18 ], an uper bound on 
mH well below the unitarity bound means that there 
is no self-consistent, strongly coupled ~4 theory. De- 
spite the evidence to the contrary, we believe that 
when finite size and other lattice artifacts are treated 
more precisely and when a careful assessment of  the 
size of the Lorentz-invariant, non-scaling corrections 
is made, the upper limit to the Higgs mass wil, as in 
the 1/N model, be determined to occur in the strong 
coupling regime where perturbation theory cannot be 
trusted. For the theoretical reasons discussed, at this 
time it is unclear to us how in principle to deduce 
properties of  the Higgs boson in the strongly coupled 
regime from lattice simulations. 

In conclusion, we wish to point out how extremely 
important it is to achieve quantitative accuracy on 
the implications of triviality. The difficulties observ- 
ing longitudinal W+W - scattering, even with te de- 
sign parameters of  the SSC, may make it difficult to 
identify deviations from the SM unless they are rather 
large (say, 50%). As a second example, consider cal- 
culations of the usual kinds of  radiative corrections 
to the p-parameter relating the Fermi constant GF to 
the vector boson masses, frequently discussed as a 
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prec i s ion  test  o f  s t anda rd  m o d e l  ~ 1. Typica l ly ,  the  

d e p e n d e n c e  on  rnH or  on f e r m i o n  mass  spl i t t ings 

( such  as the  d i f fe rence  be tween  the  top  and  b o t t o m  

qua rk  masses )  are  at the  level  o f  less t han  1% e v e n  

w h e n  these  p a r a m e t e r s  are  so large as to reach  the  

l imi t s  o f  p e r t u r b a t i o n  t heo ry  ~2. I f  there  are  add i -  

t iona l  h igher  d i m e n s i o n a l  ope ra to r s  in the  e f fec t ive  

lagrangian  wi th  coef f ic ien ts  o f  order ,  say, 1 /A 2, at 

wha t  po in t  will  these  begin  to c o m p e t e  wi th  the  usual  

r ad ia t ive  cor rec t ions?  

We wou ld  l ike to t hank  P. Hasenf ra t z ,  J. Kut i ,  L. 

Lin, M. [,fischer, H.  Neuberger ,  Y. Shen, and  P. Weisz  

for  ex t r eme ly  he lpful  exchanges  and  c o m m e n t s  on  an 

ear l ie r  draf t  o f  this  paper .  Need less  to say, o u r  v iews  

migh t  well  d i f fer  f r o m  thei rs  on  ce r ta in  points .  

~ For a recent review of data see ref. [22]. For original theo- 
retical work see ref. [23]. 

~,2 Elsewhere, it has been argued that Yukawa couplings may 
also be trivial [24]. 
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