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In this approach, at any loop order, the low energy cffects of a heavy Higgs boson and a
heavy fermion can be summarnzed by an effective lagrangian To the one-loop order, an effective
lagrangian for the bosonic sector of the theory 1s constructed One fermion mass 1s hght (#1) and
the other 1s heavy (M) At the one-loop level heavy fermion mass effects proportional to M? and
In( M /m) have been found It 1s shown here that in the presence of gauge fields the infinities 1 /¢
of the nonhnear o-model do not fully reproduce the In( My;) of the hnear o-model

1. Introduction

The study of heavy particles 1s an important subject in elementary particle physics
and much effort 1s being put into the search for heavy elementary particles Particles
such as the Higgs boson or the top quark are fundamental because the standard
model cannot be established without the confirmed existence of these particles

The pattern for the masses of particles indicates that new particles are likely to be
heavier than the particles already found It seems that the new discoveries 1n particle
physics will come from the search for the heavy particles Heavy particles are
predicted by different theories of elementary particles, and 1t would be good to be
able to produce them 1n a laboratory However, there 1s a real hmit on the available
energy 1n a laboratory Because of the physical limitations on the production of
heavy particles in a laboratory, 1t 1s necessary to search for new, low energy effects
that confirm the existence of these particles This paper can be seen as an alternative
low energy approach to the study of heavy particles Here, one explores the fact that
some radiative corrections to physical processes, within the standard model, are
heavy mass dependent and can be of importance

From the theoretical point of view, the study of heavy particles 1s quite interest-
ing In the calculation of a diagram where at least one heavy particle 1s mnvolved,
there are big simplhifications These are a motivating factor to attempt an ambitious
calculation When the heavy particle 1s integrated out, there remains an effective
lagrangian for each loop order This effective lagrangian can be found with

*New address Department of Physical Sciences, Glassboro State College, Glassboro, NJ 08028 USA

0550-3213 /89 /$03 50 © Elsevier Science Publishers BV
(North-Holland Physics Publishing Division)



286 EV Flores / Heavy particles

relatively little effort, and from 1t any process mvolving heavy particles can be
obtained

The effective lagrangian found here can be constructed at any loop order The
one-loop calculation presented in this paper 1s meant to be an example of the
technique explained below The S-matrix elements ( p = m) agree with the calcula-
tion of Appelquist and Bernard [2] at one-loop level, in the presence of a heavy
Higgs boson

This paper will only consider a pair of quarks but, with minor changes, the results
can be applied to leptons One of the two quark masses will be assumed to be much
larger than the other mass and much larger than the external momentum p The
mass of the Higgs boson will also be considered to be much larger than the mass of
the vector bosons and the external momentum p The standard model consists of
fermion, scalar boson and vector boson fields The lagrangian 1s

L= gfernuons + gl—h +Z

88s gauge bosons

The part of the above lagrangian necessary for this work 1s
- t _ -
L quarks = (tb)LlYfp( b )L + 1g1Y*Dytg + br1v"Dg by

—H[(iz)L(j°

tR+hc]—hl(iB)L(j; bR+hc],
0

Lroges = (D1O)( @) — §(ME /1) (2070 £2)’,

<

gauge bosons =

—lppraga _ 1Lppr
+F F;“, B Bpw’

where ¢ and b are the heavy and light fermions respectively H and & respectively
are the large and small coupling constants for the mteractions between quarks and
scalar bosons The scalar bosons are described by a complex doublet,

b_
which has a self-coupling constant of (Mg /f?*) Notice that M} 1s the tree-level
mass of the Higgs bosons

2. The effective lagrangian

The pattern of masses of fermion families seems to indicate the existence of a ¢
quark heavier than any other known quark At low energy, the heavier quark cannot
be produced 1n a laboratory, but its presence may be felt through quantum effects
These effects can be summarized by an effective lagrangian To define the structures
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present in the effective lagrangian, one can use the path integral First, though, 1t 1s
converient to look at the equations of motion for ¢, and ¢4,

Ir 1 -y p M
t [72_]\’12 M -y p

The above equations have been obtained from %, ., with no gauge fields Note
that 1 this equation M= (f/V2)H, f/V2={(¢,), and 1y, and 7y are the

solutions of the homogeneous equattons

H[¢+bL+(¢8‘—f/V2)fL] Ir,
+
H(¢0_f/vz)t[{ ho by

e,

IR,
[Lo

(YP M
=(

M yp

In the case where the ¢ quark 1s not produced because of 1ts heavy mass (M > p),
the free fields 7; and g are set equal to zero and the above equations reduce to

(tR)=(0 1)(—(ﬁ/f)[¢+bL+(¢6‘—f/ﬁ)tL]

10 —(V2 /f ) (b0 — f/V2 ) 1r +Oa/H).

Iy

or
g =0, te=—(¢,/98)b.

The last equation can be rewritten as

(o2 ¢+)(,’))L=0,

which 1s an SU(2), invanant constraint [1] A similar analysis shows that the Higgs
sector develops an SU(2); X SU(2); 1invanant constrant

o’+a2=f2 or OO=f2/2

n the large Higgs mass limit [2]

It 1s necessary to expand the fermion and boson fields in the path integral about
t4, by and @, the solutions of the equations of motion In other words ¢, b and ¢
in the basic lagrangian are replaced by

+1, b=b

t=t¢ o+ b, d=d + ¢,

cl

where the tilde indicates a quantum fluctuation For the case under consideration,
t4 obeys, to the order of 1/M, the constramnts

tar =0,
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and

* tcl _
(9 o)l 2] -0

@, obeys, to the order of 1/M, the constraint

i+ =

The structures present in the effective lagrangian are written mn terms of fields
that obey the equations of motion If these fields are the exact solution of the
equations of motion, then the effective lagrangian 1s expected to have the mvar-
ances of the original lagrangian Fields that are only an approximate solution to the
equations of motion will give rise to effective lagrangians with non-invariant terms
Thus the present problem 1s bound to have non-invanant terms in the effective
lagrangian

In order to find the symmetries of the effective lagrangian in the large mass limut,
one can expand the fields in the path integral about the above approximate
solutions to the equations of motion The result of this expansion gives

exp[iW(J, 1, by, da)] =exp{fd4x$H,ggs+$quarks+J 6+nm b+O

1
M’ M}

1 1

M ML

where & .\, and &y, are the original lagrangians after the constraints are
replaced These two are relatively simple and they generate all the tree diagrams
The loop diagrams are represented by (¢, 7, b, b, ¢, ), and 1t has pieces that are
covariant and noncovanant with respect to the relevant transformations It can be

shown [1, 3] that there are only two noncovariant structures in %’ These structures
are X and X, The structures X, due to the heavy r-fermion, 1s

1
bo

defd5d<j;exp{zfd4x$’+0

1
X ~Y*=d,1 +ho by

2, 1s due to the heavy Higgs boson To understand the structure of X, consider the
equation of motion for the o-field

9% + {gauge fields, fermion fields, etc } = — (M3 /2f*)(o? + 72— f*)0,

or
1
—[ 8% + {gauge fields, fermion fields, etc }| = —(MZ/2f2) (o> + 72— f?)
o

The left-hand side of the last equation 1s 2,
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This paper claims that the structures i the effective lagrangian have the general
form

a(invanant structures) X ( X)" x (Z,)",

where the a’s are constants and m and n are positive integers or zero

However, under SU(2), rotations, the vanation of X 1s proportional to the
external currents m such a way that the vanation of X vanishes when the
momentum 1s on-shell ( p> = m?) and the currents are zero [1] A similar result was
found [2, 3] for 2, Therefore £’ 1s on-shell invariant Therefore, 1f one only needs
on-shell Green functions one does not need to include X or 2

When the gauge fields are introduced, one needs to make sure that the explicit
gauge symmetry of the effective lagrangian 1s preserved A gauge-fixing term can
give rise to non-invariant terms i the effective lagrangian A technique that
preserves explicit gauge symmetries of the effective lagrangian exists and 1s called
the background gauge field techmque [4]

Another thing one needs to determine before writing the structures of the
effective lagrangian is the upper limit for the number of derivatives present in these
structures The number of derivatives is determined by the momentum expansion of
a Feynman diagram Standard power counting techniques show that the maximum
power (n) for the external momentum expansion of a diagram, 1n the presence of a
heavy particle, 1s given by

n=2(L+1)—n,

where s, 1s the number of external fermion pairs and L 1s the number of loops

3. The fermion loop case

One can classify one-loop processes mto two categories The first category
contains diagrams with no external fermions, and the second contains diagrams with
external fermions This paper will consider only the first category Therefore the
non-invariant structure X, which contains external fermions, will not appear in the
effective lagrangian calculated here

There are two kinds of one-loop diagrams with no external fermions One kind
contains fermion loops only and the other contains boson loops only This fact
breaks the problem into two mdependent calculations In other words the fermion
loop effects are summarized by one effective lagrangian and the boson loop effects
are summarized by another independent effective lagrangian

The path-integral shows that in the absence of external fermions the effective
lagrangian 1s invanant under SU(2); transformations The non-invanant structure
X 1s not present Only invariant structures need to be determined The upper limit
(n) for the number of derivatives 1n the one-loop effective lagrangian 1s four In the
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limut of large o-mass, the SU(2); X U(1) invarant structures with two derivatives
are

%/=a(D®) (D*®), #Z/=a,|(Do) 0|[2D*e)],
where D, 1s the appropriate covanant derivative for @, exphcitly
D,=d,-158'B,+1387°4;

In the hmt of large o-mass, the SU(2); X U(1) invanant structures with four
denivatives are

2, =b,(D,0*¢) (D, D),

(n

)[ ”D“<1>)"D<p]+hc}

)(D,0*®)'Dro] +nc),

*'D,9)[(D®) 0][(D*D"®) 0] +hc ),
)

[(Dro) o] [(D D'®) @+ &'D,0* 0]},

2, = bg{[(Ddﬁ *Dcp](dﬂpm ®)+hc},
0= bio{(2'D,2)[(D*D*®)'DB| +hc ),
L= b FLFH,
£, =b,(9F,0)[(Fro) 0],
2, =bi{[(D2) Do) (@F»®) —he ),
L= bpB,, B,
L3=by;B,,(DF*®),

L =b,B,[(D*®) D@ -hc]
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31 A SUMMARY OF THE CALCULATION

To make the calculation simpler, one first sets the gauge-coupling constants g and
g’ equal to zero so that the remaiming lagrangian has only fermions and scalars In
this limit there are two structures with two derivatives, % and %, and there are
ten structures with four derivatives, %, .%,, ,.%), The two structures with two
derivatives are independent of each other In this case, independent means that a
structure cannot be obtained from another by adding surface integrals, the surface
1s at infinity where the integrand 1s assumed to be zero Out of the ten structures
with four derivatives, only nine are independent because n this hmit we have
&£, =2, Furthermore, one only needs to choose eight out of the nine structures to
reproduce any one-loop process [1} For this reason, the coefficient b, of structure
<%, has been chosen to be zero The one-loop calculation needed to determine the
coefficients of these structures has been summarized 1n table 1 The corresponding
calculation from the effective lagrangian has been summanzed in table 2 A
comparison of the two tables results in the equations that determine the coefficients

When the gauge fields are “turned on”, gauge nvarniance becomes local (a
function of x) The denivatives m %/, &/, &, &,, and ., become covarant
denivatives Covanant dernivatives do not commute (D, D, # D, D, ), thus new struc-
tures appear There are seven new structures, £, £, L2 L3, Luar Ly, and
£y The calculation that determines the new coefficients has been summarized 1n
table 3, and the corresponding contribution from the structures of the effective
lagrangian 1s summanzed in table 4 A final comparison of the results written in the
tables gives

a, = (4 =7 [ —~y ln(wMz/pz)](M2+m2),

a,=

MZ
[ M2+m2)+2m21n—}
(4 ) m

b = l(z) b — 1 1( 2) b — 1 1 1
1—(4w>2f2 30 7 (w2t ) 3_(47r)2f“( 3)’
1 1(_E 4 MZ) 1 17 4 M?

9 CT 4n)? f“( )

b=¢_1(_i) AL b — Lo
° (am)® o\ 3)° 7_(47)2#()’ *_(477)2?()’

b ———i(o) b= ——s (=2
9—(4W)2f4 > 10—(477)2f4( )7
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b 1 1 5 5 11 M? b 1 1 1 11 M?
= — — = =In—, =—— ——+ =In—,
i1 (477)2 fag 18 6 n mz 12 (47T)2 f4(lg) 18 3 n mz
1 1 1 1 11 M? 5 1 1 1 (17 | M?
_ n __ _— 4 — —, — _ nN__ —+ .
13 (477_)2 fz(gg)3 2" % n ) 14 (477_)2 fz(lg)18 2 n )
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bB=—g — |- ——‘Y—ll‘l WF

+o——In—
(am)?® 12| 9 | !

2 18  m?

15M2]

32 PHYSICAL EFFECTS

The large heavy fermion mass effects are of two types — one proportional to M?
and the other proportional to In(M/m) If the external momentum p 1s smaller
than the heavy mass M, then these results can be applied to the analysis of physical
processes from a particle accelerator The results found here are not applicable 1n
the limit where the two fermion masses M and m are equal

One can first consider the heavy mass M ? effects There are two structures which
contain these types of effects, one 1s % and the other 1s %, The first structure &/
1s of the form of the oniginal lagrangian, and 1t can be removed by renormalization
On the contrary, the second structure .%; 1s a new structure and cannot be removed
by renormalization Thus, the processes present in %, can have physical sigmfi-
cance Vertices with three external legs that come from the physically relevant
structure ., are

1 M? g . - .
T 7| e B8 0 —ee) (W )

2

g
Z(Wro™+
2cos0f ”( tgTHcc)

This one loop correction has a factor of (1/(47)*)M?/f? Therefore, only a large
value for M of the order of 100 GeV or higher will be of importance
At low energies the ZW ~¢*-vertex can be read from ./ and the result 1s

1 M? "
—(4—77)272—g z8uv

This can be a particularly big value because 1t 1s independent of the external low



TasBLE 1
One-fermion-loop calculation of various Green functions in the hmit g =g’ =0
(all momenta flow into vertices)
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TABLE 2
Contribution of structures .#/, ,.%,to various Green functions
(all momenta flow mto vertices) (calculated 1n the g = 0 and g’ = 0 limit)
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TABLE 3
One-termion-loop calculation of various Green functions
(all momenta flow nto vertices) (the first three Green functions are calculated 1n g’ = 0)

ryv::nNW\zww - I'e —l lJrlfy—ln(ferz) (ng -pp)+ipp
P (4'”)2 3 € 3 v uw v 6ty ly
1 M?
A =L 2l m)| = -y - n(aM?)| + mPIn— +1
3 (477)23{2[( m) ¢ —y—In(aM) |+ miIn s g, + 6 R D
P 1 1 1 2 5 1 M2 2
H o3l i yn(aMY) [+ —sIn—s (P8 —pn.p))
+
W
H N2 forg?
= —|-+i-y-In
A3\ Pi @13l (i)
Py o X[(2py+p2), 80— @22+ PO wgre + (P2 = P18 ]
2w_ 51 =P8~ 2 (P28~ P80 3 (Prutn, — PLEN) }
z 1 g [1]/1 M?
YV VIV V.V V.V VVV V.V = {—|[=-=y—1In(aM? M2+m* )+ m?ln — +ipp,
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momentum, proportional to the mass of the Z-boson, and proportional to the mass
squared of the heavy t-fermion e*e™ machines should be able to provide data for
this type of interaction The electron and the positron can produce the vector
bosons Z and W, and the scalar boson ¢ will decay into heavy fermions such as bT),
to which 1t couples strongly

The vertex Z¢*¢~ can be produced in an electron—positron annihilation The
value for this vertex can be read from %/ with a result equal to

1 M? g
(47)* f? 2cosb

The two scalar bosons will also decay into heavy fermions

(p__p+);z
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TaBLE 4
Contribution of the structures £, , %, to vanous Green functions
(all momenta flow 1nto vertices) (the first three Green functions are calculated in g’ = 0)
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There are a number of processes in %5 with four and higher external legs The
vertices with four external legs are

1 M?1 , X 2
‘Wﬁp{[%(ﬂsaﬂa) +1[0,(6* )] + ma,ma (6" 67) ~ 676 (3,m)’]

+[ M2, [372,m— ¢ 6™ d,m+ 10, (970 )]
+2Mymd,m (W, m+ —cc)+ 4MW8FW3¢+¢‘((1 +sin*8/cos0)Z, + smt‘)A#)
+12My (6739 —cc ) (W o —cc)| + [2M3V(W*¢*+ cc) —aMLZo ¢
X ((1 + sin*8) /cos* 0 + tanﬁAu) —21( M3, /cos0) Za (W ¢ —cc )]}

The heavy mass In(M/m) effects are more numerous than the M? effects The
outstanding logarithmic effects are contained 1n the structures with four derivatives
It 1s mnteresting to note that processes with less than four external legs do not have
any heavy-mass p*In(M/m) corrections The first process with these type of
corrections 1s the 4W vertex, and from the effective lagrangian one reads the result
for this interaction

_I_~ 4 ,1_ l-Y*lanz)—-l—-l—Lln(Mz/ml)]
(477_)2g 6 ¢ 12 12

X (2gaﬁg>\p ~ 8an8pp gupgﬁ)\) + le‘(gaxggp + gapgﬁx)}

The term proportional to the ln(M?*/m?) comes from the structure %}, which 1s not
of the form of the original lagrangian, thus 1t has physical significance The larger
the mass difference of a fermion doublet, the larger this effect becomes The 4W
vertex extracted here can be coupled to external hight fermions and can mumuc the
4W vertex that comes from the onginal lagrangian This effect 1s probably the
largest one-loop contribution to the 4W vertex coming from fermions

There 1s also a vertex with four charged scalar particles The momentum structure
and the heavy mass dependence can be found in table 1 The coupling constant
between scalars and fermions is proportional to the mass of the fermions, thus
heavy fermions will be the predominant decay mode for these scalars Lepton-—
hadron and hadron-hadron colhders are better qualified to produce scalar bosons
than e*e™ colliders Processes with more than four external boson legs will be
harder to observe experimentally, 1n any case these processes can be read from the
effective lagrangian
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4, The boson loop case

Appelquist and Bernard [2] showed that an effective lagrangian built out of
SU(2), gauge-invariant structures alone can only reproduce the S-matrix elements
(with momentum restricted to p? = m?) of the SU(2), gauged o-model in the large
o-mass (M) limit On the other hand, Akhoury and Yao [3] found an effective
lagrangian which reproduces not only the S-matrix elements but also the Green
functions (with arbitrary external momentum) of the o-model In their paper,
Akhoury and Yao used path-integral methods to show that there 1s an extra
non-nvariant structure X, This structure arnses m the limit of large o-mass
Invanant structures, together with X, are capable of reproducing all the Green
functions of the theory In this paper, the techniques of Akhoury and Yao are
applied to the study of the SU(2); X U(1) gauged o-model 1n the large o-mass limt
One finds that even 1n the presence of gauge fields there 1s only one non-invanant
structure, which 1s the appropnate generalization of 2

The S-matrix elements obtained here agree with the S-matrix elements calculated
by previous researchers in the subject [2,5] It will be shown that there are small but
fundamental differences between this calculation and the calculations by Longhitano
[5], and Appelqust and Bernard [2] These differences are the following (1) some
extra structure in the effective lagrangian, (1) the model in which calculations are
performed, and (1) the freedom allowed to the external momentum

In the large o-mass limut (M ; — o), the linear o-model becomes what 1s known
as the nonlinear o-model The nonlhinear s-model contains graphs with infinities that
cannot be disentangled from the physical results When no gauge fields are present,
the infinities can be shown [3] to represent some of the In(My;) of the linear
o-model It will be shown that at the one-loop level in the presence of gauge fields
these infinities do not fully reproduce the In( My /My,) of the linear model

Many experiments mmvolve the measurement of cross sections of particles with
mass and momentum smaller than the mass of vector bosons In these low energy
experiments, vector bosons will not be the final states and they will contribute as
virtual particles only Therefore, this paper considers a SU(2); X U(1) effective
lagrangian valid not only at momentum p?= M, but also at small momentum

The techniques mentioned above are extremely helpful 1n calculating and justify-
g the construction of effective lagrangians, furthermore, these techmques are
applicable beyond one loop

Power counting shows that the one-boson-loop effective lagrangian can have
structures with up to four derivatives Longhitano [5] wrote down all the possible
SU(2), X U(1) mnvanant structures of the non-linear s-model with up to four
derivatives His notation 1s kept here To specify the notation, define

U=M/f=o/f+irn%/f, V,=(DU)U'=-U(DU)', T=UrU",
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where 7¢ are the Pauli matrices and
DU= 09U +1g57°42U — 1g’s B Ur>

15 the covarnant dervative of the unitless matrix U Finally, the covariant derivative
for V, 1s
V,=dV,+1g[4,.V,],

where 4, = 7°4%
B [
The structures of dimension two are

L = %ngzﬁl[Tr(VuT)]z’ Lh=—1 ’8, Tr(V“V“), Ly = B2y,

where 2, the non-invanant structure, 1s

1
3= {6— [9%,— g(A29rme + 18, 4%n) + g'( B,9*n> + 13, B*n>)
0
+18g'n AL B*| + Lgg LB" — 15?41 — ig’zB,f}

The CP-invariant structures of dimension four are

P = %gzalB'“, Tr(TF*), Ly = %lgazB’“, Te(T [V, V")),

&,y =180, Te( E,[V2, V7)), $b4=a4[Tr(V,LVy)]2, yb5=a5[Tr(I{LV“)]2,
Lo =agsmby Tr(V,V, ) TH(TV*)T(TV?), Ly =a,smby Tr(V,p*) [ Te(TV,)] ?,
Lo = tgagsmby, [Tr( TFF,)] 2, Lo = Ligagsm by Tr( TI*}“,)Tr(T[V“, ],
Lo =Yoo s 0y [TH(TV)THTV) . Loy = e (2,07)7).

Lz = Yo sy TH(TD, 2,V )TH(TVH), Loy = tayysmby [Te(T2, V)],
Lpo= sy Zo[T(TV)]Y,  Lro=anZ TH(VI*), Lo =an(Z,)’,

Fra= —32Z4 Tr(EtVF“V), Lpp= — %ZBB#VBW
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41 A SUMMARY OF THE CALCULATION

If one 1s interested only 1n the heavy-mass effects, then one can drop all the terms
independent of the heavy mass My The structures £,,,, £,;,, and .¥,;; contrnibute
independently to the p* momentum dependence of two- and three-point functions
of pure scalar graphs Graphs with two or three external scalar legs do not have
momentum dependence of the form p*In(My), thus %,,,, Z,,, and £,;; should
not be present

In the background gauge field method, one 1s free to choose any gauge without
losing explicit gauge invanance This calculation has been performed i1n the a =0

TABLE 5
One-boson-loop calculations of various Green functions (all momenta flow nto vertices)

T3 1 . M}
Sttt (477) 7 AME P + 2872 (1 + tan? 0)ln—p
+
¢> 1 1 1 } 272 M2
—P ———————— (47) f IMEp? + g% ln—p
+
w t 1 M2
5 (4 ) ug M2 — (P8 —p)
Ap
=0
P
W= L
/
H P . Vol e e
s — 8= (1Y pg k—g,p k)
k N9 Tny et
A
s
r ] M
_k___ (4 )2 Gfg 2sinfln —— M2, {(g,“,r q9-r4, +(gw,r k—nk )}
q
W
U
7 1
Ta 7rb = (471)2 f4 3}VIH ln (S a b’ (d+perms)
7
“OP ’ M2
N ’
NS —%ln—M—l;[~§(s2+tz+u2)74s(s+t+u)
W
PN
P
e 4 N4 +3(pt+p3+pi+pd)

’
3
‘ \Trd +2(pf+p%)(p;2+p})]8a,,8d+perm9}
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background gauge [4] In this gauge, one first needs to cancel every coefficient
proportional to 1/« before setting « equal to 0

The one-loop calculation, which determines 8, through Z, resembles a calcula-
tion performed 1n the standard R = co gauge (Landau gauge) This fact justifies the
on-shell one-loop computation by previous authors [2,5], who calculated in the
standard Landau gauge and assumed the existence of gauge-invariant structures for
the effective lagrangian However, their assumption does not work beyond one loop
The one-loop calculation of the coefficients of the structures of the effective
lagrangian can be done by choosing graphs with internal scalar particles only, thus

TABLE 6
Contribution of the structures %), , %, to various Green functions (all momenta flow into vertices)
KE 253 2
————————— =B —2gB)p
[
¢+
————————— = 1.32172
p
wt
= —1Z(P’8 1))
P
Ap
=(Z4 sin? 6 + Z, cos? 0 — gloy sm20)(p2g“,, —D.p)
P
_ T
W o o 4 1
ananan = —~2a3g—(cl"e+152’1")(pﬂq k—q.p k)
k N 9 /)
NTT
+ fy
r 2
_¢i_ =—17g2{(a1c050+axs1n20)(g’“,r q-14,)
k
q +(a2c050+a3sm0+agsm29)(gw,r kfruk,,)}
W
H
1
A m, = IF {2/?3(36“,8((1 + perms )
N P 7
AN /; +[((8a5+2a21+4a20)(s2+12+u2)
N8 —(8as + 2055 — day )s(s+ 1+ u)
e PR Ps + (4o, — Bas — 20y + dagy ) (uF +17)
7 N
SRR ~4a,( pf +p3+ i+ pi)

+(8as — 4y )( pi+p2) (P} +p2)) 8,48, + perms |
+ s8] 8,8, 85, ( —Baut + (—dag — 8a; — dayg)s(u+1)
+ 8“19( pi +P%)(Ih P4)) — 6408;,8,,8,,8, 040 (st + su + ”’)] }
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no particular gauge-fixing term 1s needed At the two-loop level there are two kinds
of heavy Higgs mass effects one 1s proportional to M7 and the other 1s propor-
tional to In(My;) The M] effects come from loop diagrams which contain virtual
gauge particles and, when this 1s the case, one needs to choose a gauge-fixing term
and then the background gauge technique makes the difference

The one-loop computation of the processes needed to determuine the remaining
coefficients of the above structures has been summanzed 1n table 5, the correspond-
mng calculations obtained from the structures of the effective lagrangian have been
written in table 6 A comparison of the results summarized in tables 5 and 6 gives
the necessary equations to determune the coefficients of the structures of the
effective lagrangian The numerical value of the coefficients 1s the following

1 3 M3 1 [(My |, M
B, =— (w) 8tan0 lnM%,’ ,82=—(47r)2 5/’_2+Zg lnM—%V ,
1 3 M} 1 1 Mﬁl
=———_-M2ln—, = — tanfy In —,
By (4)7 2 Hin M2, o (477) 12 én M\%v
1 1 - M}, 1 11 M}
a, = — tan n—;, ay=———=—In—7F,
2 (an)’ 24 M}, P (4n)? 24 M
11 | M} 1 11 M2
T a2 ML BT T amy 48 ML
w
1 1l ME 1 31 Mi
ayy=——>—In—, a, =
20 (47)* 4 MY 1T (4m)2 4 MY
1 1 M} 1 1 M?
Z,=-— z—gzln—;{, Zy=— 2—g2tan2t9wln—1;
(47)% 12 M} (47)% 12 M,

All other coefficients have no large Higgs mass dependence and are therefore
neglected The subtraction scale p has been set at p> = Mg,

42 REMARKS
The calculation of m;¢ . W _ 15 a check of the consistency of the background gauge

techmque The graphs which contribute to this process contain mternal gauge fields
and are shown in fig 1 The result of this calculation 1s

M2 ME: g MZ
ny 1g’tan’ by In 2 — Pt [gg”n—z +—— |(p—k)\
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o .

K ﬁ Q

{jw {yé {jqb
Y

Fig 1 One-boson-loop contributions to the large Higgs mass effects of the m¢, W_ process All the
factors 1 /a have to be cancelled before setting « equal to zero

Using the effective lagrangian, the result would be

=281 pa+ 38By(p— k),

where 8, and B, are the coefficients of the only two structures ¥, and %, which
contribute to this process By comparing the two results, the values for 8, and 8,
can be determined These values are consistent with the previous calculation in
which only loops with internal scalar fields are considered

It 1s important to note that the process m¢, W_ can also be calculated in the
nonlinear o-model, and the result [5] would be

M2 M2
(4r)? {%33 tan’ 0y, In ﬁl’x' 1g’ tan’ Gy In ’AT\I;;(P - k)x} ,
where 1 /¢ has been replaced by In(My /My ) One can note that the coefficient of
(p — k), cannot be accounted for by the structure %, which 1s the only symmetric
structure that contributes to the momentum ( p — k), of the 7, W _ process Thus,
if the nonlinear s-model had been used 1n this calculation, then the coefficient 8, of
£/, would be inconsistent

Another example, where a computation in the nonlinear model fails, 1s the W
boson self-energy In the nonlinear model, the one-loop scalar diagram, which
contributes to the W self-energy, 1s that of fig 2 A calculation [2] gives

1 1 M}
(477)2 Egzln —Azg(ng‘uf—Pp,pv)’

where 1/¢ has been replaced by In(M3/M},)
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m

m

Fig 2 The one-loop scalar contribution to the W self-energy in the nonlinear o-model

The scalar diagrams 1n the linear model, shown in fig 3, contribute to the W
self-energy The diagram at the top of fig 3 1s the same as that of fig 2, 1t gives an
mfinity but 1t can be renormalized The bottom diagram gives the true contribution
to the heavy Higgs mass effect A calculation gives

11 M}

+ e Egzln W(ngw —p.p)

which 1s a result different from that of fig 2 In this case the difference is in the
sign The discrepancy 1n the last two calculations can be interpreted as a discrep-
ancy 1n the correspondence between the infinmties of the nonlinear o-model and the
In( M) of the hnear model, in the presence of gauge fields

¥

wt W
¥
i

wt W™
[en

Fig 3 The one-loop scalar contnbution to the W self-energy mn the hnear a-model
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5. Conclusions

The effective lagrangian contains all possible processes at a given loop order The
equations of motion show that the presence of a heavy fermion and a heavy Higgs
boson can give rise to variant constramnts for the fields of the lighter particles of
the theory If these constrants are put mn the hinear lagrangian, a nonlinear
lagrangian is obtained

At the tree level, the effective lagrangian 1s the nonlinear lagrangian At one loop
and beyond the effective lagrangian can be written as a sum of all possible
symmetric structures There 1s only a finite number of possible structures at a given
loop order The symmetries of these structures can be found from an expansion of
the lagrangian 1n the path integral The coefficients of these structures are found by
calculating a relatively small number of graphs at the desired loop order Once all
coefficients are found, the effective lagrangian 1s fully known and any process can
be read from 1t In order to preserve the explicit gauge imvariance of the effective
lagrangian, the background gauge field technique [4] was used

Discrepancies arise when the large mass effects of the linear model are compared
with the mfinities of the nonlinear model at one loop These discrepancies are more
evident when gauge fields are present A nonlmear constramnt for the fields can be
obtamned from the linear o-model lagrangian by letting the mass My of the
o-particle go to infimty Then 1n the path-integral the factor 2®'® — f2) of the
potential

2
gj—*jaww)z

goes to zero In general, at the limit of infinite My any potential of the form

m

M
gjmt%(w"@—fz)z",
where m and n are positive integers, will result in the constraint 267¢ — 2 =0 for
the @ fields When this constrant 1s put mm the lagrangian it gives rise to the
nonlinear o-model One can note that the same nonlinear o-model 1s obtained for all
the possible potentials Thus, the resulting nonlinear o-model 1s the limit for many
models, one model for each potential The non-umqueness of the infinite My, Iumit
may give rise to the discrepancies between the himear and nonhinear models at
finite My

Out of the many possible models with potentials of the type described above, only
the trees of the linear o-model may be shown to have a one-to-one correspondence
with the trees of the nonlinear g-model This 1s due to the fact that at the linut of
large My mass, larger than the external momentum p, the trees of the linear
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o-model are independent of M; Thus, the trees of the linear model do not change
when My 1s brought to infinity

At the one-loop level and beyond the graphs of the linear o-model are dependent
on the logarithm or a power of My, these graphs lose meaning when My goes to
mfimity Also, the graphs of the other models, with non-renormalizable potentials,
depend on M,; Therefore, no general correspondence between these models and the
nonlinear g-model should be found at finite values of My

In the presence of a heavy fermion, the SU(2), invariant constraints

tg=0 and (¢6‘<¢+)(2)L =0

arise A nonlinear fermion model can be obtained The lagrangian of this nonlinear
model 1s the effective lagrangian at the tree level The treatment of this case 1s
analogous to the treatment of the heavy Higgs boson and the same conclusions
apply

In this paper, the one-loop calculation for external scalar and vector bosons in the
presence of a heavy fermion and a heavy boson has been accomplished When only
the fermion 1s considered as heavy the theory 1s much more complex, the one-loop
case of external scalar bosons has been considered by Steger et al The more general
case of external fermions, scalar and vector bosons 18 under consideration

In this paper nonlinear models have been used in the derivation of the effective
lagrangian The effective lagrangian contains trees only, thus, nonlinear models can
be safely used for this purpose Subsect 32 shows some physical effects for the
scalar and vector bosons due to the presence of a heavy fermion This theory
considers a fermion famuly that has one hght and one heavy quark, thus 1t is
applicable to the study of a heavy top quark The heavy quark effects are propor-
tional to M? and In(M?) and can be of importance in the search for the heavy top
quark

It 1s a pleasure to acknowledge the guidance and help of York-Peng Yao who also
suggested the topic of this research There were useful discussions and checks of the
calculation with Herber Steger and Alfred Hull
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