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Abstract 

Radiative corrections to the parameters of the standard electroweak 

model are considered ill case that there is no light Higgs particle . 

.. This work was supported by the Director, Office of Energy Research, Office of High Energy 

and Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under 

contract DE-AC03-76SF00098 and in part by the National Science Foundation under grants 

PHY-90-21139 and PHY-89-04035. 
fJnvited talk at the Interna.tional Symposium on 30 Years of Neutral Currents from VVeak 

Neutral Current to the (W)/Z and Beyond, Santa Monica CA, Feb. 3-5, 1993. 



Disclaimer 

This document was prepared as an account of work sponsored by the United States Gov

ernment. Neither the United States Government nor any agency thereof, nor The Regents 

of the University of California, nor any of their employees, makes any warranty, express or 

implied, or assumes any legal liability or responsibility for the accuracy, completeness, or use

fulness of any information, apparatus, product, or process disclosed, or represents that its use 

would not infringe privately owned rights. Reference herein to any specific commercial prod

ucts process, or service by its trade name, trademark, manufacturer, or otherwise, does not 

necessarily constitute o1· imply its endorsement, recommendation, or favoring by the United 

States Government or any agency thereof, or The Regents of the University of California. The 

views and opinions of authors expressed herein do not necessarily state or reflect those of the 

United States Government or any agency thereof of The Regents of the University of California 

and shall not be used for advertising or product endorsement purposes. 

Lawrence Berkeley Laboratory is an equal opportunity employer. 

11 



INTRODUCTION 

It is well known1•2 that in the standard model the Higgs and longitudinally 

polarized li!, Z sector is strongly interacting if the Higgs mass is sufficiently 

large. To see this, recall the basic formulae of the standard model: 

(1) 

Here mH is the Higgs mass, .A is the self-coupling constant for the Higgs sector 

and vis the vacuum expectation value of the Higgs field. That is, the lagrangian 

for the Higgs sector is 

. ( v2)2 
LH = 1Jp.<p1Jil-<p- .A l<t?l2 

- 2 (2) 

Eq. (1) tells us that if mH > TeV, .A rv 0(1) and fH/mH "' 0(1). The first 

statement implies strong self coupling and the second implies that in this limit 

the Higgs "particle, will be at best a broad resonance. Under these conditions it 

is worth reconsidering3
•
4 the perturbative calculations5 of radiative corrections 

within the context of the standard model. 

The reason that the longitudinal components of theW and Z particles are 

strongly interacting in the large Higgs mass limit is that they are remnants of 

the Higgs sector. Before electroweak gauge symmetry breaking the spectrum 

includes massless Yang-Millsfields and four real scalars that can be represented 

by 

~ = ( ::) = C(H ~:o +v))' (3) 

where H.is the physical Higgs field, and 1r±o are the would-be Goldstone bosons 

that are ,eaten" to become the longitudinal components of the vv± and z 
particles. 

The coupling of ordinary quarks and leptons to longitudinally polarized 

vl!, z and to the Higgs particle is suppressed by a factor 111q,e/11lH1. However 
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strong rescattering corrections to low energy weak transitions anse through 

corrections to the propagators of transversely polarized T¥, Z. These can be 

described in terms of two parameters6
: T and S. The T-parameter measures 

the deviation from the tree-level relation mw = cosBwmz and is related to the 

more familiar p-pa.rameter by o.T = p - 1. The S-parameter measures correc

tions to the H' and Z wave function renormalizations, which are equal (U = 0 

·the notation of ref. 6). 

TOOLS 

Three tools that can be used in the analysis of strong rescattering effects are 

the equivalence theorem2
•
7

•
8

, dispersion relations and chiral symmetry7
•
9

• The 

equivalence theorem states that S-matrix elements involving external longitudi

nally polarized TV and Z particles can be evaluated, up to corrections of order 

mw,z / Ew,z, by replacing Hf±, Z -+ 1r±, 1r0 on the external lines, that is, 

+O(mw,z/Ew,z). (4) 

Dispersion relations express interaction amplitudes as appropriately weighted 

integrals over S-matrix elements, which ·can in turn be evaluated using (4) . 

. Provided we work in the Landau gauge, with propagators 

V = vV, Z, 

the distinction b~tween the (weakly coupled) transverse vectors VL and (strongly 

coupled) scalars 1r is unambiguous. 

Aside from the fact that scalars are technically simpler to treat than vectors, 

the equivalence theorem allows us to exploit the chira.l symmetry of the strongly 
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coupled scalar sector, which, at sufficiently low energies, is just a rescaled version 

of low energy pion physics in QCD. At center of mass energies m?.v << s ~ m'h, 
the Higgs lagrangian (2) reduces to the effective lagrangian 

r 2 JIT+ T1f-J.L 1 2 z ZJ.L la iaJ.L j (' 7r(lrj ) 
J..-H = mw 'vTJ.Lv' T + 2mz TJ.L T + 2 J.L7r 1f Uii + v2- 7r2 + ... 

+eA11·J: + 9
2
- ( WJJ.L J; + h.c.) + ? 

9 
0 

Z!].J: 
. ~cos 

+91r0 (mwH':f+mzZf) + ·· · 
1 2aiJ.1f. ap.1f (tv2 1 z2) 

+ 49 m'ii T + 2cos2B T + .. · · (5) 

The first line contains the VT mass terms and the lagrangian for the strongly 

self-coupled pions; the dots represent higher· derivative operators~ This la

grangian is invariant under parity (1r _. -7r) and "strong isospin" I under 

which the pions transform in the obvious way. The second line gives the pion 

couplings to Vr and the photon field AJ.L via the currents JJJ. that are appropriate 

combinations of axial and vector pionic currents with I= 1, 0; their normaliza

tion is fixed by low energy theorems. These terms induce vacuum polarization 

effects that contribute to the parameterS. In the third line the dots stand for 

different charge combination counterparts of the first two terms. In the limit 

mH -+ oo these are the only tei·rns that contribute to the T-parameter in or

der 92 in the standard model. In fa.ct, the· first three lines of (5) are model 

independent a.nd are equally applicable to the low energy limit of technicolor 

theories, for example, or any model in which p = 1 at tree level due to the 

chiral symmetry of the gauge symmetry-breaking sector. As written, the last 

line is specific to the standard model; this term a.lso contributes to T for finite 

Higgs mass. Its contribution is formally of order 94 , but if scattering in the 

I = J = 0 channel is dominated by a. resonance with the mass and width of the 
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standard model Higgs particle, the order g2 contribution of a "light" Higgs + 

Vr loop is recovered. Such a term, as well as additional higher derivative and 

higher dimension terms, represented by dots, are expected to be present quite 

generally. Outside the context of the standard model mH should be interpreted 

as the effective cut-off A of the low energy theory, that is, the scale above which 

the lagrangian (5) is no longer the correct description. This scale could be the 

technirho mass, for example, in technicolor models. 

The standard model Higgs contribution to S, T is finite; the one-loop result 

is5,6,tO 

S et> I 1 ( 2 I 2) 
SM = 121f n mH m , T(l) _ 3 1 ( 2 I 2) 

SM - -161fcos20 n mH m. , (6) 

as defined by subtracting out the standard model result evaluated at some ref

erence value m of the Higgs mass, of the order of mw. The effective nonlinear 

theory defined in (5) is nonrenormalizable; the one-loop contribution must be 

expressed in terms of the effective cut-off A. The result is11 

where m :::::: tnw is the effective· infrared cut-off, and the ultraviolet cut-offs 

As, Ar ·"' A include an a prio1·i unknown correction from finite contributions. 

As previously noted11 •12, the one-loop corrections in the effective nonlinear a

model reproduce those found10 in the standard model, providec;l the cut-offs are 

replaced by the Higgs mass. 

Conventional ana.lyses5 assume 1nH :::; ITeV; then overall fits to the data 

imply a. constraint on the top quark mas~: mt :::; 200Ge V. Why not allow 

mH, or, in the present context, A, to become arbitrarily large, thus relaxing 

this constraint? One loop~corrections to the standard model Higgs mass are 

4 
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quadratically divergent: 

(8) 

where a is a number of order unity. The infinite term when A -+ oo can of course 

be absorbed into a renormalization. However if there are any large scales in the 
I 

theory, such as a GUT scale or the Planck scale (which is indeed present), the 

fact that the Higgs mass is not protected by any symmetry implies that finite 

radiative corrections should be given by the second term in (8) with A replaced 

by the appropriate scale. This is the well known gauge hierarchy problem. If we 

allow the Higgs mass to become very large, physics at scales below that mass is 

described by the effective theory defined by (5). The Higgs particle no longer 

appears, but one-loop corrections within that theory renormalize the kinetic 

energy term with the result that the renormalized parameter vis 

2 . 2 ef f 2 Aej f 1 · ( A2 ) ( ' 2) 2 
v = vtree 1 - 81r2v2 = vtree 1- 2 [3TeV] ~ CiTeV) ' (9) 

where the right hand side is the, value determined by experiment. It is obvious 

that (6) makes sense only if A< 3Tell. 
The effective theory (5) has been used, in conjunction with various assump

tions on the strong interaction dynamics (the dots in the first line) to predict 

multi-WL, ZL production rates at the sse and LHC. The production mecha

nism in that case is a VL, VL fusion process that is allowed7 by the kinematics of 

the bremsstrahlung of longitudinally polarized bosons from fermions. There is 
' 

an infrared divergence a.t small momentum transfer that gives an order Ev /mv 

enhancement to the process f -+ f + \IL which exactly compensates the order 

mv / Ev suppression implied by the equivalence theorem ( 4): 
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ffiJ 
9JJVL = 9Jhr + O(nw/Ev) = g- + O(mv/Ev). 

mv 

In the following I adopt a similar approach to the calculation of S, T. 

STRONG RESCATTERING CORRECTIONS TO S 

The S parameter is determined as 

(10) 

(11) 

where ITp,a is the vacuum polarization due to the vector (V) and axial vector (A) 

components, respectively of the pionic currents J± = v± +A± that couple to 

W± as in the second line of (5). Assuming a once subtracted dispersion relation, 

one finds 

(12) 

where Mi(t) is the transition amplitude from a virtual VT with squared mo

mentum p2 = t to a fina.l state state Fi that is an on-shell collection of pions 

with quantum numbers {as the labels suggest) I = J = 1, C = P = -1 for 

i = p, and I= J = 1, C = P = -1 fori =a, and LF implies the sum over all 

such final states. To turn this result into a number requires assumptions on the 

dynamics of the strongly coupled sector, as I will illustrate with two examples. 

1) The lowest mass contributions to Mp,a are from 21r and 37r intermediate 

states, respectively. In the case that there are no resonances below the effective 

cut-off, these states may domina.te the dispersion integrals, since phase space 

considerations together with low energy theorems imply that 

6 
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"-' 
I
M(mr + 1) I'"'" t:(t) = (_A)2::::::: (L)2:::; t:(A). 

M(mr) 167l"v 3TeV . 

If this is the case, Mi is determined by an Omnes equation13: 

2 (t jdu6i(u)) IMi(t)l = tCig exp -P --- , 
7l" u u-t 

(13) 

where the constants ci are determined by phase space: 

and bi is the elastic scattering phase shift in the appropriate channel. The values 

of b(u)f(u)lu=O and 

are fixed by low energy theorems tha.t follow from the chiral SU(2) symmetry of 

the effective theory. Extrapolation of the low ene~gy theorems up to the effective 

cut-off gives 

S = S~l (1 + O[t:2
(A 

2 )J) = 1 ~71" ln(A 
2 
/m

2
) ( 1 + 0 [ 3~V r) "' (.1 to .2) 

(14) 

for A = (1 to 3TeV), that is, the corrections to the one-loop result {7) are less 

than order unity since consistency require A < 3TeV, t:(A) < 1. 

2) As a second example, assume that the dispersion integrals in (12), (13) 

are dominated by a single resonance. Then 

<j' = _!_ (1np - _3_1na.) rv 4 
·- r 6 2 r ., . 12 p ,. 471" a 

(15) 
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where mi, ri are the masses and widths of the resonances in the relevant chan

nels, and the number on the right hand side of (15) corresponds to scaling 

the QCD values by the factor vff1f ~ 250GeVJ90AfeV. This can give a value 

slightly larger than the result (14). 

Contributions. to S in (possibly?) realistic technicolor models have been 

studied in ref. 14. The scalinglaw from QCD to the electrowea.k scalar sector is 

generally more complicated than the simple ansatz used above. It depends on the 

number of technicolors (generally greater th~n 3) and the number of technifiavors 

(generally greater than 2). There are more pseudoscalars in addition to the 

"eaten" pions and the prediction for Sis in general larger than the experimental 

result5 , which is compatible with zero but slightly favors a negative value. A 

negative value for S is hard to come by in the class of models considered here, 

although a scenario that could give this has been found15 in the context of 

"walking teclmicolor". 

STRONG RESC~TTERING CORRECTIONS TO T 

The T pa.rameter is determined as 

where II!"'•z is the vacuum polarization due to intermediate states with one 

transversely polarized vector boson and a system of pions. The use of Ward 

identities that follow from the chiral symmetry of the lagrangian (2) or (5) 

allows us to reexpress (16) as4 

(17) 

• 
i.e., in terms of the difference of charged and neutral pion propagators. Note 
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that since the strong interaction lagrangian in (5) is isospin invariant, a nonzero 

value for (17) can arise only if a. transversely polarized vector boson is present 

in the loop, so it is of order g 2• Using (17), one only has to consider transitions 

permitted at lowest order in g by the couplings in the second line of ( 5 ), i.e. 

1r -+ VT + n1r --+ 1r. Kinematics restrict the quantum number of the intermediate 

n1r states to J = 0, and the quantum numbers of the currents J restrict the 

I, C, P quantum numbers. Thus we obtain4 

(18) 

In fact, only the first term occurs at order 1 (order g 2 in aT) in the nonlinear 
I 

effective theory defined by (5). This corresponds to a 1f + VT intermediate 

state. If there is no resonance in the I = 1, C = -P = +1 channel, then 

the rescattering correction to the one loop result (7) gives a correction of order 

€(A2
) < 1. The other terms are formally of order g2 and arise from higher 

dimension operators, such as the last term in (5), and are scaled accordingly by 

inverse powers of the effective cut-off. These contributions can be expressed by 

dispersion relations: 

(19) 

where now M;(t) is the transition amplitude from a virtual 1fT with squared 

momentum p2 = t to a virtual VT + a pionic final state state F; that is an on

shell collection of pions with the quantum numbers J = 0, I= 1, C = -P = 1 

for i = 1r; J = 0, I = 0, C = P = 1 for i = O", etc. and again LF irnplies the 

sum over all such final states. I vvill evaluate Tu in two extreme cases analogous 

to the examples used above. 

1) The lowest mass contribution to Mu is from the 271" intermediate state. 

• 9 



Assuming this state dominates the dispersion integral, the amplitude is deter

mined by an Omnes equation similar to (13), and one obtains4 

(20) 

where 111 is the mass parameter appearing in the last term in (5 ), the constant 

is determined by phase space, and 6u is the elastic scattering phase shift in the 

I= J = 0 channel with 6u(tt)/(u)lu=O fixed by low energy theorems. Assuming 

there is no resonance, extrapolation of the low energy theorems up to the effective 

cut-off gives a correction of order E(A 2 ) to the result obtained for 6u .;.._. 0, namely 

( A )
4 

( A )
2 

(2) 
Tu-+ A1 mH TsM· (21) 

Here T~2 is the two-loop Higgs contribution10 in the standard model, which 

grows quadratically with the Higgs ma.<>s and becomes comparable to the one

loop contribution (6) for mH ~ lOTeV. Vve see that the nonlinear formulation 

approximately recovers the standard model two-loop result if A1 and A are iden

tified with the Higgs mass 1nH. 

2) If the integral over 6u(u) in (20) is dominated by a single resonance, we 

obtain4 

3 C' 2/ 2) Tu = 
16 20 u ln(A mu , 

cos w 

c~ = ( 1nq ) 
4 

( m.q ) 
3 

( r H) , 
.M m.H fu 

(22) 

that is, we recover the one loop result of {6) if we identify a with the Higgs 

particle, and set M = mH a.s in ( 5). The difference between cases 1) and 2) in 

10 



the context of the standard model is simply whether the resonance occurs above 

or below the scale at which the effective pion theory ceases to be valid. If there 

are new degrees offreedom that can contribute to S, T (and U) above that scale, 

their high energy contributions must be evaluated separately. If this is not the 

case, but the true theory is finite and r~normalizable (e.g., the standard model, 

albeit' with a strongly coupled Higgs sector), then the full result for T must be 

finite. Neglecting the I= 2 channel and 0( €2 ) corrections, this requires C' = 1, 

or more generally that the coefficient of ln A 2 in (20) be equal and opposite to 

that in T1r, Eq.(7). In this case we get simply 

3 . 
T = ----"2

0 
In(< t > /m2

), 
cos 

(23) 

that is, the modification of the standard model result amounts to replacing in 'k in 

(6) by the weighted average oft in the integral (20). Since ....f<t> < A < 3TeV, 

the conclusions of the standard analyses5 remain essentially unchanged, since it 

is the p parameter that most severely constrains16 the top quark mass. 

CONCLUSIONS 

The examples considered show that the effects of strong rescattering on 

the analysis of precision measurements of electroweak parameters are not large 

enough to alter present constraints on the top quark mass and are within present 

experimental errors. On the other ha.nd the deviation from the standard model 

prediction 

(24) 

could be as large a.s .2-.:3, i.e. of the same order as the values of these parameters. 

This is expected, for example, in technic.olor models14 • To establish the presence 

11 



of such a deviation would require a measurement of the top quark mass to within 

a few Ge V and a factor 10 improvement in the precision measurements of low 

energy parameters. Should such a discrepancy show up, it could be attributed 

either to effects of the type considered here, or to new high energy degrees of 

freedom (or both). This ambiguity could (in principle, at least) be resolved by 

measuring VL, VL scattering cross sections at the sse (or some super SSC) via 

the fusion process 

(25) 

Measurements of scattering phase shifts and/or resonance parameters would de

termine the integrands in the dispersion integrals up to some energy. This would 

allow an inference as to whether the measured parameters S, T are consistent 

with scattering data. 

I have considered only the so-called "oblique" class of radiative corrections, 

that is, corrections to the propagators, or vacuum polarization. Strong rescat

tering effects on "non-oblique" corrections are expected to be suppressed by 

additional powers of g2 or nltfmw, wheref is an extei·nal fermion. This is be

cause to lowest order these corrections entail the coupling of 11L to an external 

fermion. This expectation could be incorrect if the Feynman integral contains 

an infrared divergence that results in a. kinematic factor IPv 1/mv that overcomes 

the suppression ( 10) as in the case of the process ( 25). This question is under 

study17 • 
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