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The one-loop radiative corrections to vector-boson-vector-boson scattering are calculated in 
the limit of high energy and even higher Higgs mass. To parametrize the limit of large Higgs mass 
a new particle, the U-particle is introduced. 

'1. Introduction 

Few people  would question the assertion that the least unders tood par t  of  the 
S tandard  Model  is the Higgs mechanism. The Higgs particle is necessary for the 

renormalizabi l i ty  of  the theory but  this in itself is a somewhat  empty  statement:  a 
Higgs with a mass of, say, 1019 GeV is supposedly very nearly the same thing as 
no  Higgs at all. One may ask what  would the physical consequences be of  a very 

heavy Higgs particle, perhaps not  as heavy as the Planck mass but  much heavier 
than M, where M is the W or Z mass. It  has been known since ancient times that 
such a heavy Higgs implies a breakdown of per turbat ion theory; but  as far as low 

energy observable consequences are concerned (low energy here means s _< m 2) a 
screening theorem [1] seems to be in operat ion that makes the Higgs'  absence go 

(almost)  unnot iced*.  As far as we know, upper  bounds  on rnrt are not  particularly 

meaningful ,  being based upon perturbat ion theory which, precisely, fails if m H is 
large. 

Screening disappears at higher energies, in particular in W W  scattering which 

m a y  become  observable with future or even present accelerators. When  s (the C M  
energy squared) gets larger than M z, the amplitude for scattering** of longitudi- 
nally polarized W's  grows like s, at tree level, and this growth continues until the 
mass of  the Higgs is reached; thereafter, the ampli tude stays constant  at a value 

* In the one-loop approximation. 
** To avoid unessential complications, we work in the approximation in which the weak angle vanishes 

and thus we have three W's of equal mass. 

0550-3213/89/$03.50©Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 



2 M.J.G. Veltman, F.J. Yndur6in / Radiative corrections 

oc rn~. This has led some people to suggest an upper bound for m 2 because, if it 
were too large, the amplitude would violate the unitarity bound [2, 3]. To be precise, 
if we denote isospin indices by a, b, c, d varying from 1 to 3, we have, for 
s, t, u >> M 2 but m~ >> s, t, u, 

g 2  

F ( a  + b --* c + d)  - 16~r 2M2 (S3ab3ca + t3"a3bc + U~ac~bd + constant),  (1) 

where s, t, u are the standard Mandelstam variables, and F is normalized so that, 
for a = b = c = d ,  

F =  2 ! - -  
2¢7 
 ,lkl E 

1 = even 
(2l + 1) P/(cos 0)sing I e ~n' . 

The 2! comes from the identity of particles, and k is the CM momentum, Ik[ -- ½v~- 
when s >> M 2. Eq. (1) is valid at the tree level; the unitarity limit is reached at 
s 1/2 --- 4 M / a ~  2 = 2 TeV. Of course, this violation of unitarity does not take place 
or, if unitarity is violated, it will happen in a less brutal way. This is seen clearly if 
we iterate each of the terms in eq. (1). For example, at the one-loop level, the piece 

g2  

16 ~rZM 2 S~ ab~cd 

of eq. (1) is multiplied by a term 

3awS m ~  
1 + 3-~-~2 log - s  + " " '  (2) 

where the dots represent terms of lower order in s. Iterating, the sum of the whole 
string of sausages becomes 

g2 S 

F -  3ah3cdl6~r2M 2 1 -- ( 3 a w S / 3 2 1 r M 2 ) l o g m Z / ( - s )  + "'" ' 
(3) 

where the dots represent terms suppressed, order by order, by powers of 
log m 2 / ( - s ) .  Now expression (3) stays perfectly inside the unitarity limit; the only 
effect a large Higgs mass has is a broad enhancement: the partial wave amplitude 
approaches the unitarity limit around 

3awS m 2 
log -,I~ _-- 1 

32~rM 2 s 

i.e., at S 1/2 ~ 2.4 TeV/ l log  m ~ / s l  1/2, and then decreases logarithmically. 
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Life would be easy if there were no more than this. Unfortunately, besides the 
terms s 2 log m ~ / s  like the one in expression (2) there are, already at the one-loop 
level, corrections of the type t21ogm~/ t ,  and mixed ones, so the summation 
procedure of expression (3) is not enough. If we had an SU(N)  theory with N large 
we could get away with this, for only the term in log m Z / s  has a coefficient growing 
with N (indeed, the 3 in expression (2) is in reality N 2 -  1); in the large N limit, 
expression (3) would be exact, a fact already known [4]. Since in the real world 
N = 2, a not particularly large number, the full one-loop corrections have to be 
calculated. Nevertheless, the argument leading to expression (3) indicates that a 
perturbation-theoretic violation of unitarity does not necessarily indicate a sick 
theory. In this spirit, we present here a calculation of the one-loop corrections to 
longitudinal WW scattering [5,6], in the kinematic region M 2 << s, t, u << m2H . At 
worst, they will serve as a refinement of the tree-level calculation; at best, they may 
lead to further understanding of the theory in the limit of large Higgs mass, and 
even, with luck, help discover new physics. 

Besides the ordinary W- and Higgs particles, and their interactions, we will 
introduce a scalar particle that we will call U, assumed to be a singlet under SU(2) 
and therefore not coupled to the W. The U allows us to control the limit of very 
large Higgs mass in the following way. If we couple U to the Higgs with a strength 
proportional  to m 2, then it will still contribute to WW scattering at the one-loop 
level with terms quadratic in s, t, u. 

If rn v - mH, then the U contributes to nonlogarithmic terms; but if its mass is 
small, say m u - M ,  it will yield terms s21ogs as well. If m u = m  n and we let 
mH---, ~ ,  the U particle becomes utterly invisible: but with its inclusion the 
one-loop corrections to WW scattering can be altered. This shows clearly arbitrari- 
ness in the limit m H ---' o0. 

Besides its use as a theoretical artifact, the U stands for objects that only couple 
to ordinary matter via the Higgs (and presumably gravity). If rn2v << s the U may be 
produced really (and copiously) in WW collisions. The one-loop corrections to this 
process could well be the only indications of the existence of U-like particles, other 
than their gravitational effects. There is a large domain of speculation here that we 
prefer to leave to the appropriate experts*. 

2. The model 

The model chosen is a simplified version of the Standard Model. Electromag- 
netism is not considered (the weak mixing angle is taken to be zero), and also 

* See the proceedings of any conference on dark matter or other exotic subjects. 
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fermions are ignored. The gauge group is thus SU2, and the invariant lagrangian is 

o~Oin v 1 (T a g~ a 1 2 2 1 2 = - a v , , _ ~  - 7 M  W - 7 ( o , n )  - 1 _ 2rr2 a a 7m n - ~(O.¢p )(Daqo) 

1 a o a H ) -  1 2.T~2t" 2 + 7gW~ (HO.cp - ep O. gg w~ tq~ + H 2) - ½ g M W 2 H  

_ r M g H ( e o 2 + H 2 ) _ ~ r g 2 ( e o 2 + H 2 ) 2  Mep~Ofl/go _ ~ ( 1 0 i t S  ) 2 

1 . 2 T r 2  - T m u  c~ _ g g u r M U 2 H  - ¼g2gurU2 ( H 2 + q~2), 

r = m 2 / 4 M  2, H is the Higgs field, and q0 a the Higgs ghost triplet. 
The reader may note that we have added a scalar singlet field U, coupled in a 

gauge invariant way to the Higgs system, i.e., as (H2+ ~ 0 2 ) U  2 before symmetry 
breakdown. Two choices for the mass of the U-particle have been considered, 
namely m u = m (Higgs mass) and m u = M (vector boson mass). The coupling has 
been chosen such that it resembles closely the Higgs self-coupling. The U field, and 
the associated parameter gu may be understood as a mechanism to specify or 
parametrize the behaviour of the theory in the limit of a heavy Higgs. Any 
dependence on gu implies sensitivity to details of the way the limit of heavy Higgs is 
taken. 

It should be noted that the particular choices made here are by no means the only 
ones. The range of possibilities and the physics aspects of this Higgs-U (for 
unknown) system are not investigated in this article. 

The above lagrangian must be supplemented with a gauge breaking term and a 
ghost lagrangian. We will work in the Feynman- ' t  Hooft  gauge, and the resulting 
Feynman rules are given in appendix A. 

3. T h e  tree ampl i tude  

The amplitude for longitudinally polarized vector boson scattering has been 
studied before. In particular, Lee et al. [3] have considered this amplitude in the 
limit of infinite s ( =  center-of-mass energy squared). We will generally work in the 
approximation of large s (and t and u), but even larger Higgs mass: 

M 2 < <  s < <  m 2 , 

where M and m are vector boson and Higgs mass respectively. 
Calculating the tree amplitude is a simple matter. The notation used is defined in 

fig. 1. 
All momenta are taken to be ingoing. The indices a, b, c and d denote the 

isospin state of the W's. The amplitude must be multiplied by four polarization 
vectors e ~ ( k ) ,  eB(p ) ,  and e v ( p ' )  and e s ( k '  ) with k~e~(k )  = 0, etc. We specialize to 
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bflp c'Tp' 

aak d6k '  

Fig. 1. Notation. 

longitudinally polarized W's. In the center-of-mass system, with p and k along the 
third axis and p '  and k '  in the 1-3 plane one has 

k=( O,O ,k , , i k o ) ,  k ' = - ( k t s i n O , O , k ,  cosO, iko), 

1 
e,,( k ) = -~(0 ,0 ,  ko, ikt) ,  

1 
es(k '  ) = - ~ ( k 0  sinO,O, kocos O, ikt),  

and similarly for p and p '  differing from the above by a minus sign for the spatial 
components.  

Ignoring terms that behave as a constant for large s, u or t the result is 

( + s  2 1 t 
= 3ab3cd + 4M 2 - s  + m 2 

In here, as usual, 

(+ u2 1 )  
+3~c3bd + 4M ~ - u  + m R 

+3~d3b~ ~ - 2  + 4M ~ - t  + m 2 • 

s = - ( p + k )  2, t = - ( p + p ' )  2, u = - ( k + p ' )  2, 

s + t + u = 4 M  2. 

If  m2>> [s[, It[, [u[ then the Higgs exchange terms may be ignored and the 
ampli tude grows with s (or u or t). If  the Higgs mass m < s  then the Higgs 
exchange terms tend to cancel the other terms and the amplitude levels off to a 
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constant. This constant is igz(2¢r)4m2/4M2. The previously mentioned unitarity 

limit [2, 3] is based on this constant. 
It should be noted that the amplitude involves already one cancellation due to the 

gauge structure of the theory. For example, if there were no four-W vertex the 
amplitude would behave as s 2, no matter what Higgs mass. 

The fact that there is such a cancellation makes the validity of the equivalence 
theorem [7] in this case not transparent. This theorem states that the longitudinal W 
scattering amplitude equals the (p-ep (cp is the Higgs ghost) scattering amplitude up 
to terms M2/s. Because of the cancellation mentioned the amplitude is of the same 
order as the terms neglected. However, explicit calculation shows that the cp-q0 
amplitude equals the longitudinal W - W  amplitude, in accordance with the equiva- 
lence theorem 

4. One-loop renormalization 

The renormalization scheme used is the standard one, as explained in detail in ref. 
[8]. In that reference terms proportional to the Higgs mass squared were included in 
the renormalization scheme. Here we will go slightly further and include terms 
proportional  to the logarithm of the Higgs mass. For the WW and WWW amplitude 
such terms were computed a decade ago [1]; here we need a few more amplitudes. 

As a first step one must calculate 
(i) all infinities (poles in n - 4) of all two- and three-point functions; 
(ii) all terms behaving like m 2 or log m 2 for all two- and three-point functions; 
(iii) the complete set of tadpole diagrams. 
The result of this work can conveniently be described as follows. Make in the 

invariant lagrangian only (thus not in the gauge fixing part) the replacements 

W~" --+ Wf(1 + 8 w ) ,  

~p ~ ¢p(1 + 8H), 

g- g(1 +sg), 

M 
H H(1 + 8H) + 78t,  

M-+ M(1 + 8M), m-+ m(1 + 8m). 

Now the various 8 can be chosen such that they reproduce in a tree-level calculation 
exactly the terms (i)-(iii). Giving such terms a minus sign would amount to 
cancellation of those terms. 

Instead of 8 M and 8,, we use 81 and 8 2 defined by 

$~ = 8M + ~8~, ~2 = 8M - 8,, .  
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The  terms (i)-(ii i)  are reproduced if we take 

i e r292(3  M 2 3 m 2 1 m z ) 
3 t -~ --- "~- -~ + 9 ~ - T  + ~-~-~  + ~ ~--~g~ + l g "  

3 3 M 2 9 M 2 3 m 2 3 m 2 
+ i r r 2 g  2 + log M 2 - - -  - -  ~ ~-~  log m 2 

4 2 m 2 2 ~ 4 m 2 + 

+ 3 log M 2 _ _ _ _  
1 m 2 1 m 2 \ 
4 ~ - 2 g .  + ~ ~ -2gu  log m 2 - ¼gu + ¼g" log M21 ' 

3t 6 n ~ 4 + icr2g2 - -  M-7 + ~ l o g  m2 ' 

i'n" 292 ( 8 9 M  2 3 m 2 1 m 2 .2. 1m~2g.2 ) 
32 n -  4 3 2 m 2 2 M 2 8 M 2g~ 8 

3 7 m z 3 m 2 

+ i r r 2 g 2  --  --2 + 16 M 2 4 M 2  log m 2 + 7 log m 2 -- -- - -  
9 M  2 
4 m 2 log m 2 

9 m 2 1 m 2 1 m 2 

16 M -~B° 16 M 2g~l°gm2-  - - - - 1 6  M 2guB°2 

1 m 2 1 m 2 '~ 
_ _  ,,2 

16 M --~gu21Ogm2+ 8 M 2gu ' ) 
= _ _ _ _ q _  q 1 

2 n - 4  1 - ~  81°gin2 ' 

19 1 ) 
3W = i'rr2g 2 2~ log m 2 

6 n - 4  

43irr 2 1 

3~ 6 n - 4 " 

In here  B 0 is the two-point function 

1 fGq 1 
irr 2 (qZ+M2)[ (q+p)2+M2]  
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on mass shell, i.e., p 2 =  _ M  2. One has 

~r 
B0= -~-  - 2 .  

The terms with gu and g~' are the contributions if m u = m and rnu = M respec- 
tively. The result for 82 needs some discussion. It relates directly to the way the 
Higgs propagator is renormalized. We have chosen 82 in such a way that the 
one-loop results together with counterterms (i.e., the 8 with a minus sign) display 
for the Higgs propagator an unchanged mass value. 

It should be noted that there is no log m z term in the coupling renormalization 
factor 8g [1]. 

With counterterms as defined by the above no log m 2 dependence remains for the 
two- or three-point W functions. As shown in ref. [1], dependence on log m 2 shows 
up elsewhere (after renormalization). It is interesting to note what happens with the 
four-W amplitude. Computing the log m 2 terms, and subtracting the log m 2 terms 
in 28 s + 48 w one finds a non-zero result. Specializing to longitudinally polarized 
W's this result is 

iqT 2 
AWWWW --  M 4 logm2[SahScd(~-4 st + 9~S 2 + ~4 t2) 

+8ocsb ( ,su+ 2 + 2) + 8o 8 c(1,u+ + 

The calculation is done for one-particle irreducible diagrams only, keeping only 
terms proportional to log m 2. 

Since the renormalized self-energy and vertex part contain no log m 2 dependence 
one might think that the above amplitude gives precisely all log m 2 for the full 
amplitude (irreducible plus reducible diagrams). This, however, is not true. Dia- 
grams of the type shown in fig. 2 give a non-vanishing contribution even in the limit 
of large Higgs mass. The 1 / m  2 behaviour of the propagators is offset by m 2 
dependence in the vertex and self-energy diagrams. 

Fig. 2. Non-vanishing diagrams for large m. 
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This is quite unsettling, especially for the second type of diagram. After all, 
renormalization was done such that the pole of the renormalized propagator is 
unchanged. 

It is really very difficult to argue further on these contributions. Are they real, in 
the sense that they represent what happens in a theory without Higgs? One cannot 
arbitrarily neglect these terms, as that would upset gauge invariance. It is because of 
this situation that we have introduced the U-particle. That particle truly represents a 
variation, a new parameter in the way the limit of large Higgs mass is taken. 

The terms resulting from the diagrams of fig. 2 modify the above quoted result for 
Awwww, log m 2 part such that the coefficients 9~ occurring in the above become ~4. 

At this point it is of interest to discuss a remarkable fact, pointed out to us by 
Bouamrane [9]. The remark is that of all quantities 3 computed and shown above 
only 3 2 (essentially Higgs mass renormalization) is of any consequence to the 
four-W amplitude. 

This fact is essentially due to the cancellation of terms of second order in s, t and 
u in the tree amplitude. More precisely this can be understood in the following 
manner. Write the scattering amplitude for longitudinal W's, to fourth order in g 
and for k2 >> M 2. 

C2 2 C4 4 
F = - ~  g + - ~ d  g + " " "  

We leave out the Higgs contributions for the moment. The coefficients C2, C 4 
depend on s, t and u. When renormalizing we may replace M 2 by M2(/fl), g2 by 
g2(/,t2), where ~2 parametrizes the renormalization. C2, being a tree-diagram coeffi- 
cient, is independent of/~2. As for C 4, we may split it: 

c . =  2) + 

where C4 ~2) is quadratic in s, t and u, and C4 ~1) is linear. The structure of F is then 

C2 2 C4(2) (~2) g4 C4(1) (~t2) g4 
F M % 2 )  g (/x2) + M--------X~ + M ~  + ' - - ,  

where we have taken M 4, g4 independent of ~t 2 in the last two terms. This is due to 
the fact that an alteration of ~2 in M2(/~ 2) or g2(/x2) induces changes of higher 
order only. 

If we alter/~2 __, #,2 then, because the ratio g2( ix2) /MZ(I . t2  ) is not renormalization 
invariant we will get 

G G G 4 
M2(p "2) g2(/~2) __.> M2(# '2) g2(#,2) + . ~ . g  , 



10 M.J.G. Veltman, F.J. Yndurdin / Radiat ive corrections 

where ~ is defined by 

g2(.,2) 
M2(/  '2) 

g2(/12) ( 1 + ~ g 2 )  

M 2 ( # 2 )  

Since F is observable it should not get altered by this. Therefore, the term 
C 2 ~ g a / M  2 above should be cancelled by a similar term elsewhere in F. Now we 
must  remember  that C 2 is linear in s, t and u: C 2 ~ g 4 / M  z can only cancel against a 
variation of C ( 1 ) ( I . t 2 ) g 2 / M 4  , which is the term linear in s, t and u. It  then follows 

that  C (2) has to be independent of/~2, as its variation cannot be cancelled by any 
other term. The renormalization for the leading (in terms of powers of s, t and u) 
one-loop term shall cancel, as indeed verified by explicit calculations. 

The argument is not valid for the Higgs contributions. At the tree level the 

contributions to F of the Higgs propagator term are of the form 

s 2 
F H = a ~ - s q -  g2 q_ similar terms. 

When renormalizing, m 2 --~ m z + ~ m  2, with ~m 2 of order g2. Thus 

S 2 

Frt = a 8 m i g  2 + • • • - - s + m 2 +  

S 2 s 2 ~ m  2 

= a  ~-2g a 2 9 2 +  - - . .  
- - S +  ( - - s + m  2) 

It  so happens that t~m 2 contains terms quadratic in m 2" 

g2 
8 m  2 = c m  4--~-~ + . . .  , 

so that 

F ~ =  a - -  
S 2 m 4 s  2 

2 a c  g 4  + . . . 

_ s + m 2 g  - M 2 ( _ s + m 2 ) 2  

or, in the limit s << m 2, 

s 2 s 2 

F H -- a - ~ 2 g  a - ac M 2  g 4  + . . . , 

showing that the Higgs mass renormalization contributes to t e rms  g4S2. 
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5. Four-W amplitude 

The calculation of the one-loop amplitude for four longitudinally vector bosons is 
rather complicated and it is mandatory to have some checks on the answer. For this 
reason we have done three different calculations: 

(i) An approximate dispersive calculation. Using the tree amplitude and specializ- 
ing to the s-channel (i.e., taking a = b and c = d and a 4: c in the equation for the 
three amplitude) the one-loop contribution modulo subtraction can be determined 
using a dispersion equation. 

(ii) Calculation of the WWWW one-loop graphs, reducible plus irreducible. 
(iii) Assuming the validity of the equivalence theorem in this one-loop calcula- 

tion, and observing that there is no cancellation in the leading terms the four-q0 
amplitude should give the same result as (ii). Thus, we calculated the q~¢p~¢p 
one-loop graphs, reducible plus irreducible. 
All results (eventually) agreed. Fig. 3 shows the topologies included in the calcula- 
tions (ii) and (iii). To the diagrams of fig. 3 must be added diagrams that are 
obtained from those of fig. 3 by crossing. The set of fig. 3 is the t-channel set. The 
s-channel set obtains by exchanging p and k', and the u-channel set by exchanging 
p '  and k'. 

From the result one must subtract the counterterms with structure as shown in 
fig. 4. To the diagrams in brackets the appropriately crossed diagrams must be 
added. The crosses represent factors 8g, etc. For example, one has for the first 
diagram, four-W amplitude 28g + 48 w, in case of the four-¢p amplitude a factor 
28g + 48 n - 282. The 8 2 is related to the factor m 2 / M  2 in the vertex. 

Throughout  the calculation terms small in the sense M 2 << s, t, u < <  m 2 have been 
neglected. Some details on the actual calculation are given in appendix B. 

The result for the one-loop, longitudinally polarized four-W amplitude is 

-- ~gu s ~o A w w w w  -  st- + + + 

S t 
3~s2(1 + g'2)log~-~ - ( ~ s t  + l t 2 ) l o g  m2 

t su lu tlo  ) 

+SacSbd(S--~U, t - * s ,  u - > t )  +SadSbc(S--*t , t--~U, U -* S )  , 

B o = qr/V~- - 2. The log is always of the absolute value. The absorptive part of the 
amplitude is not shown here. The term with gu is the contribution of the U-particle 
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k A 0 k' A 1 A2 

A3 R 1 R 2 

R3 

R 4 

R 5 

Z 
p pt 

T1 T2 k T3 k' 

Fig. 3. Topologies of contributing diagrams. 

if m u = m, while  the term with g~ shows the con t r ibu t ion  if m u = M. The  dispers ive 

ca lcu la t ion  men t ioned  in the beginning  of  this sect ion gives the result  

i~2g 4 
M4 ~ ab~ cd ( -- ~S21Og ~ ) + t e r m s w i t h o u t  l o g ( s ) .  

The  resul t  for  the four-cp ampl i tude ,  together  with the sub t rac t ion  terms for  that  
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Fig. 4. Structure of counterterms. 
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four-q~ case gives exactly the same result as above. The subtraction terms are 
actually quite different, and there is, for example, no clear relation between the 
results for certain diagrams (like the topologies R1-R5) for the four-W and four-qo 
cases. 

6. Discussion of the result 

The results of the previous section show dependence of the four-W amplitude on 
the U-particle. Thus the resulting terms depend on the details of the limit of large 
Higgs mass. As such, at this moment, they must be considered ambiguous. There 
simply is more than one theory. A similar fact has been noted before, in the 
investigation of two-loop corrections to the p-parameter. There the ambiguity seems 
to appear for terms proportional to the Higgs mass squared, but no explicit 
demonstration as done here with the U-particles has been given. 

If, conservatively, we assume no physically observable U-particles (i.e., m u = m) 
then the logarithmic terms appear to be well determined in the sense that they are 
U-independent.  For large Higgs mass they are the leading terms. 

Consider now the case that the isospin indices a = b and c = d, but a :g c. Also, 
ignore terms other than logarithms. The ratio of the one-loop amplitude and the tree 
amplitude is then 

R 
A 1 a w ( s 
Ao ~rM2 s 1 s 2  log~-~ +t 6 t+l , llo  ÷t9 su+   tlog 2) 

with (0 w is the weak mixing angle) 

g2 1 1 1 

aw = 4~r 30 137 sin20w 
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In case that t = - s  (and u = 0) one has 

R 
a w S  1 s 
~M 2 ~ l o g ~  . 

Remember that this equation has been derived in the approximation M 2 << S << m 2. 

With M -- 80 GeV, s - (400 GeV) 2 and m - 2 TeV that might appear reasonable. 
In that case we find 

R = +0.04.  
This is still quite small. It should be noted that the unitarity limit of Lee et al. 
obtains in the limit of large s, with s >> m 2. Our equations do not apply in that 
limit. 

On the bases of the above it appears that for energies below ½TeV the corrections 

to the WW scattering amplitude should remain in the 10% region for Higgs masses 

up to quite high values. Of course, we do not know what higher-order radiative 

corrections will do; in fact, we run already into some ambiguities at the one-loop 
level. 

Appendix A 
In the table below the Feynman rules are given. 

a b gabg~, 
W-propagator 

u k 2 + M 2 -- ic 

a b gab 
k 2 + M 2 - i¢ 

k 2 + m 2 -- i¢ 

a b gab 

Higgs ghost propagator 

b/3p 

a~ ~ 
k 

physical Higgs propagator 

k z + M 2 - i¢ 
F - P  ghost propagator 

1 
U-particle propagator 

k 2 + m E -- i¢ 

--ige"bc[8"v( k -  q ) t  ~+ gBv( q - - P ) "  + g~a(P -- k)v]  

Yang-Mills three-W vertex 
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~ b~ 

cq.  
aOt ~ I "" 

k " 

k 

• aoL ~ 
1 

a ~  

b~ 

g- 

a b 

a 

b 

X 

_gEl %d~gba(28~v8a8_ 8~Av_  ~3v8) 

+ % . ¢ ~ o ( 2 ~ o B ~ -  8 ~  - ~ . ~ 8 ) ]  
Y a n g - M i l l s  four -W vertex 

½igCabc( p -- q)a 

½igSab(p -- q)~ 

1 ~2~ ~ 
-- ~g  abOcdOafl 

1 2 - ~g ~ 

--gM~ab~aB 

2rMg~ab , r = m Z / 4 M  2 

- 6 r M g  

--Fg2(~ab~cd At- ~ ac~bd -~- ~ ad~bc) 

- rg2~ab 

- -3 rg  2 
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cq / 
aOt J~" 

k " ~  

a 

.1~" 1 . -- 7Mg3~b 
"a[ 

b..c 
~ I ' °  1 

a . . . . .  % 21"~5£abc 
".k 

~ f ~  - 2rMgug 

b 

- - r S a b g u g  2 

--rgug 2, r = m 2 / 4 M  2 

Appendix B 

CALCULATIONAL DETAILS 

The calculation was done with the help of the algebraic manipulation program 
SCHOONSCHIP.  Given the topologies and the Feynman rules it generated all 
diagrams. Certain elementary tricks were used to evaluate the diagrams in the limit 
m 2 >> s, t, u >> M 2. For the WW scattering case the polarization vectors were taken 
to be proportional to their momentum [e.g., G ( k )  = k J M ] .  

The basic trick used is to expand Higgs propagators: 

1 1 [ 2qp -I- p2 
( q + p )2 + m 2 q2 + m 2 [1 q 2 + m  2 

2 + 12 ], 
- - +  ( q 2 + m 2  } "" 
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where  q is the loop m o m e n t u m  to be in tegra ted  over. A p roduc t  of the form 

17 

1 1 1 1 1 

( q 2 + M 2 ) ( q 2 + m 2 ) t  ( m 2 - M 2 )  ' q 2 + M 2  
- - + . . . +  

M 2 - m  2 (q2 + m2) t  

can  be  ra t iona l i zed  as shown. Also  p roduc ts  of the form 

( q 2 + m 2 ) [ ( q + p ) 2 + M 2 ]  

can  be  w o r k e d  out  this way: first shift  the loop m o m e n t u m  q '  = q + p and  then do  

the Higgs  p r o p a g a t o r  expansion.  

W i t h  this technique any mixed occurrence of  Higgs and  non-Higgs  p ropaga to r s  

can  be  e l imina ted .  As it happens ,  for the qo-rp scat ter ing ampl i tude  at most  

two-po in t  func t ions  remain,  a lways d iscard ing  non lead ing  terms for m e >> s, t, u >> 

M 2. N o n l e a d i n g  terms are ac tual ly  easily recognizable  b y  the explici t  occurrence  of 

fac tors  M 2. To de te rmine  how far to expand  the Higgs  p ropaga to r s  is more  

compl i ca t ed ;  in the actual  ca lcula t ion terms up to 1 / ( q  2 + m2) 6 occurred (poss ib ly  

even higher,  bu t  if so they cancel led out). 
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