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1. INTRODUCTION

The search for the Higgs boson of the Standard Model is one of the impor-
tant programs of particle physics today. At present, no evidence for the Higgs
boson has been uncovered. Nevertheless, the number of firm limits on the Higgs
mass is rather meager. Meanwhile, SLC and LEP will soon be producing and
studying large statistical samples of Z° decays with the hope of discovering a
Higgs boson in a mass range of 4-40 GeV. It is therefore extremely important to
be able to confidently rule out the existence of (or discover) a Higgs boson lighter
than 4 GeV. In order to be able to successfully accomplish such a task, one must
have a firm theoretical understanding of the property of Higgs bosons below the
charmed quark threshold. In particular, we must be able to understand the inter-
action of Higgs bosons with mesons and nucleons in a regime where perturbatire
QCD is no longer applicable.

In the absence of rigorous nonperturbative calculations, it is fortunate that
one can derive low-energy theorems which formally describe the behavior of sero-
momentum Higgs bosons. The utility of such theorems is not unlike the utility of
the chiral Lagrangian in describing the behavior of low energy pions and kaons. In
fact, we can combine the two approaches in order to describe low-energy meson
Higgs boson interactions. With the appropriate formalism in hand, we may
compute the decay rates: H —* ir+ir~, K+ —» x+H, and if —» ijH, to give just
a few examples. The plan of this review is as follows. In section 2, we describe
the low-energy Higgs boson theorems. In section 3, we demonstrate how these
theorems are used in a chiral Lagrangian approach to meson interactions. Finally,
in section 4, we discuss the relevance of the energy momentum tensor to Higgs
interactions and its relation to the techniques described in the previous sections.
Our primary concern in this review will be the properties of the Standard Model
Higgs boson (denoted by H) which arises in a theory with the minimal Higgs
content. Such a Higgs boson is a neutral CP-even scalar, whose interactions are
all known, and whose mass is a free parameter of the model.



2. HIGGS BOSON LOW ENERGY THEOREMS

Low-energy theorems for Higgs boson interactions have been studied in
great detail by Vainshtein, Voloshin, Zakharov and Shifinan.'1'*''1 These theorems
relate the amplitudes of two processes which differ by the insertion of a sero
momentum Higgs boson. They are useful in estimating the properties of a light
Higgs boson in the same way that soft-pion theorems are used to study low energy
pion interactions. In the case of the Higgs boson, the low-energy theorems were
derived by observing that the Higgs interactions in the standard electroweak
theory could be written in the following form:

ff\ «—» _ / ff\a

where v = {y/2Gp)~xf2 = 2mw/g — 246 GeV, and we sum over all fermions / in
the theory. Consider a Higgs field with sero four-momentum: [P^-ff] = id^H =
0. This implies that H is a constant field, from eq. (1), it follows that the effect
of a constant field H is equivalent to redefining all mass parameters of the theory:

m

This immediately implies the following low-energy theorem:1*'*1

where the sum orer V includes both the W and Z bosons. This theorem is
rather trivial when applied to the elementary particles of the model. But its
range of applicability is much wider. As a demonstration, let us derive a low-
energy theorem for the Hgg interaction (g = gluon). At one-loop, the transition
amplitude M(g -* g), which is just the gluon two-point function, does have
m/ dependence, due to an intermediate quark loop. Since we are employing an
approximation where the Higgs field has sero four-momentum, it follows that
all quarks must be considered "heavy" as compared with the sero mass Higgs



boson. Thus, the effect of heavy fermion loops is to add the following piece to
the effective QCD Lagrangian:

6C =

where GĴ  is the gluon field strength tensor and A is the ultraviolet cutoff. Using
eq. (3), we obtain the following effective Lagrangian governing the Higgs-gluon
interaction:

where Ng is the number of heavy quark flavors. Here, "heavy" means the number
of quarks with ms < m,. Remarkably, eq. (5) gives precisely the same answer
as the triangle diagram calculation of H -* gg in one-loop perturbation theory;1*1

namely, the Egg matrix element is constant in the limit of m, —• oo. This
technique has also been used to obtain the effective Hff interaction in the soft
Higgs limit.111 The result matches the triangle diagram calculation in which all
particles which can appear in the triangle (charged spin 0, 1/2, and 1 fields)
are infinitely massive. In this case, the coefficient of the effective interaction is
proportional to the electromagnetic y9-function, since the latter depends only on
the photon two-point function. Likewise, this method provides an easy way to
obtain the large fermion mass radiative corrections to the HW+W~ and EZZ
couplings.

Consider now the application of the low-energy theorems to the study of
Higgs interactions with mesons and baryons at low energy. The mesons and
baryons are complicated bound state systems made up of light quarks and gluons.
The Higgs bosons can interact with these systems in three distinct ways: (i)
interaction with the gluons via eq. (5); (ii) direct interactions with the light
constituent quarks; and (iii) via a weak interaction process, where the quarks
exchange a W or Z boson, and the Higgs interacts with the exchanged vector
boson. We can develop low-energy theorems which separate out the interactions
via gluons from the direct interactions with fermions and vector bosons as follows.
We divide up the quarks into "light" (m, < ntf) and "heavy" (m, > mjr). The
heavy quarks are important in that they are responsible for the Egg interaction.
(For the reasons discussed above, the low-energy theorem is only applicable in



describing the heavy quark contribution to £ffw) Thus, we remove the heavy
quarks from eq. (3). Instead, we derive a new low-energy theorem as follows.
We observe that we can combine eq. (5) with the gluon kinetic energy term to
obtain:

where a, = gj/(4ir), and we have rescaled the gluon field, A£ —» g~xA^. In the
zero momentum limit where H is a constant field, we see that the H interactions
can be reproduced simply by rescaling a,. Thus, if we denote the corresponding
change by a, —* a, + 6a,, then to first order,

The following low-energy theorem is thereby obtained:1*1

. J ) , (8)

where the subscript "gluons" indicates that we are exhibiting the partial contri-
bution to M{A —• B + S) due to the Hgg interactions induced by the heavy
quark loops. The win^ning contributions due to the interactions with the light
constituent quarks and gluons are obtained by deleting the heavy quarks from
eq. (3):

(8)
where we sum over light quarks and V — W and Z.

As an example of this formalism, let us work out the Higgs-nucleon coupling
using the low-energy theorems. We will lmt̂ Tn- that the dominant mechanism
leading to the HNN coupling is via the Hgg coupling; therefore eq. (8) is the
relevant low-energy theorem. (In practice, the strange quark contribution to the
proton can also play an important role;'*1 however, we neglect it here in order to



simplify the discussion.) We therefore find that:

To proceed, we must evaluate dmjf/da,. In QCD, mir must be proportional
to the intrinsic scale of QCD, A. This scale is denned as follows." We use the
following normalization in the definition of the QCD /̂ -function:

M ^ = *./?(«.), (11)

with:

/?(«,) = ^ + O(«2), (12)

where 6 = 11 — §JV/, and Nf is the number of quark flavors. Then, A is denned
as:

Note that by using eq. (11), dA/dfi = 0, which implies that A is a physical
parameter of the theory. It then follows that:

— = " A (14)
8a, a,p(a,)' v '

Since mjy « proportional to A, mjf satisfies precisely the same equation. In
order to apply this equation in eq. (10), we must understand the apparent scale
dependence of this equation. We will argue in Section 4 that it is appropriate
to apply this equation in an energy regime just below the last quark which has
decoupled. In the case of the nucleon mass, it is the charmed quark which is the
last to decouple, so we evaluate the ^-function assuming NR = 3 heavy quarks
and f*£ = 3 light quarks. For energy scales just below the charmed quark, it
is still valid to use the one-loop approximation for the beta-function. Thus, we
find:

9BNN -

where b should be computed in a theory where the heavy flavors are decoupled,
namely 6 = 11 — |n& — 9. The error we make in the analysis by using the one-
loop approximation for the /̂ -function is the neglect of terms of order a«(mc), i.e.



a, evaluated at the last heavy quark which has been decoupled.1" We will derive
this result again in Section 4 using energy-momentum tensor considerations.

3. APPLYING THE CHIRAL LAGRANGIAN TO MESON-HIGGS
INTERACTIONS

We shall now apply the Higgs low-energy theorems to the study of low-
energy interactions of a light Higgs boson and the pseudoscalar mesons. We will
employ the chiral Lagrangian approach; our notation is that of ref. 9. To briefly
review the approach, consider the chiral Lagrangian which describes AS = 0 and
AS = 1 processes involving the pseudoscalar mesons. Keeping only the terms
with the fewest number of derivatives, we have:

C = i/3 Tr^E^E* + \f* [Tr/iME* + h.c]

+ ±/2 [A TT A^E^E* + h.c] + | / 2 [A Tr ̂ (ME* + EM) + h.c] (18)

where / = /» = 93 MeV, S = exp(2»lI*T*//), with the 517(3) generators nor-
malized to TrTT* = $6* and II = 11*1* denoting the pseudoscalar octet:

K+
K° I , (17)

* • K~ \

and M is the quark mass matrix. The matrix h appears in a AS = 1 term which
transforms as (8,1) under SU(Z)L x SU(Z)M; it is a pure AI = 1/2 operator.
The tensor T appears in an operator which transforms as (27,1); it contains both
AI = 1/2 and AI = 3/2 pieces. Specifically,

(18)

and T is a traceless tensor, symmetric in its upper and lower indices. For example,
the nonsero components of T corresponding to AS = 1 and AI = 3/2 are:

T$ = TU = T$ = T$ = - 2 g = -Tg = I. (19)

If CP-violating effects are neglected, then the coefficients A, A and a are real.



The parameter ft is adjusted in order that the meson masses come out
correctly. For example, if we focus on the charged meson sector, then the chiral
Lagrangian takes the form:

C = ,, + r + j ( ^ + d,>K)
- ml***- - m2

KK+K- - *&„(*+IT + x"K+) + interactions,

where:
roro*

(21)
mK*

At this point, we can remore A and m\[9 from the quadratic part of the La-
grangian (eq. (20)) by performing ware function renormalisation and diagonal-
udng the pseudoscalar mass matrix, respectirely. Ware function renormalisation
in this context means diagonaliiation of the pseudoscalar kinetic energy, followed
by a rescaling of the fields to obtain canonically normalised terms. To diagonalize
the pseudoscalar mass matrix, we perform an SU(Z)i x SU(3)M transformation,
S -* LER\ and we see that:

Tr[l + Ah + X'MJMMS* -» TrpMD&, (22)

where

MD = L*[l + Ah + A'h*]MR (23)

is the diagonalised mast matrix. Since we shall always work to first order in
A and A, this rotation has no affect on the other (interaction) terms of the
Lagrangian. Thus, we can simply set mjf* = 0. On the other hand, when ware
function renormalisation is performed (as described abore), interaction terms are
generated which depend on A. Thus, A is a physical parameter, which can be
measured in the AS = 1, A / = 1/2 weak interactions of pseudoscalar mesons.
Fitting to data, Cohen and Manohar1"1 find* |A| = 3.2 x 10~T. They also hare

* The • £ * at A is sot detenmiaed by cuieat cxperiiatii. Howerti, time* X is implicitly
propottioaal to V^V.. = cot#«aa#«, tk* M«B id X k w«U-dv«B«d o m we adopt the mnwl
coarcatioa when u # ( w 0.32 is poative. Th«», if OM auiehes the chiiml lagjnagiu to
the AS = 1 weak Laaramgiam of the Ml theory at 1 GcV, OM fads that X is
Tacmun iawrtioa apptoxinatioa.



fit the parameter a to the measured data on AI = 3/2 transitions, and find
\a\ = 1.0 x 10~8. Thus, for most purposes, the A7 = 3/2 piece can be neglected.

We now consider coupling the Higgs boson into this system. By the rules
of the chiral Lagrangian technique, we consider the most general coupling (with
the fewest derivatives):1"1

+ h.c]2ct~

h.c] + \f*cj^ [Air huWtf + EAf ) + h.c]

(24)
where the c» are strong interaction real parameters which cannot be fixed on the
basis of chiral symmetry alone. In fact, these parameters can be determined by
applying the Higgs low-energy theorems, as we will soon demonstrate. 'When we
consider the full Lagrangian C+AC (eqs. (10) and (24)), we must again perform
wave function renormalisation and diagonalise the pseudoscalar mass matrix, as
described earlier. Working to first order in the small parameters /t/«, A, A and
a, we find:

C = \f* (l + cx^\ Tr a"20MEt + \f (\ + C2^) [TrpM& + h.c]

+ I/*(CJ _ c,)— fA Tr fc^E^Et + h.c.l
v I l (25)

EM) + h.c]

where we have written M SOT the diagonal mass matrix Mjy (tee eqs. (22) and
(23)). We see explicitly that the term proportional to A is not completely removed
by an SU(Z)z x SU(Z)R transformation, unlike in the case in which no Higgs
field is present. That is, A is a new parameter which arises when Higgs. boson
interactions are incorporated, and thus it cannot be determined from experiment
at present. (It is claimed in ref. 12 that A does not contribute to any physical
amplitudes. We disagree with this claim; as we show below, one cannot simply
rotate away the effects of the "A-term" as long as «j ^ C4.)



Before proceeding to apply eq. (25) to some processes of interest, we should
comment on the generality of the chiral Lagrangian being used here. We hare
restricted our considerations to terms with at most two deriratiTes; nerertheless,
some terms have been apparently left out of eq. (24):

(ii) - \f2 ^ [BX TT fc(E6*E* + E^E) + h.c] , (26)

(iii) - I / 3 ^ [rfXTt MEô E* - E^E) + h.c] .

Term (i) abore is actually identically equal to sero, since H* TrT* = 0. Terms (ii)
and (iii) riolate CPS symmetry,|wl which is a discrete symmetry that combines
CP and the interchange of a and d quarks. Such a symmetry is a ralid symmetry
of the effective AS = 1 electroweak Lagrangian (including gluonic corrections)
when the difference between the » and <i-quark misses is neglected (eren when
CP-riolation is taken into account5"1 ). Formally, if we interchange m, and mj
when performing the 5 symmetry operation, then all operaton which transform
like an (8,1) under SU(3)L x SU(S)M mnit be inTariant. In particular, CPS
must be a good symmetry of all (8,1) operators if we set the quark mass matrix
M = 0. Hence, we can omit terms (ii) and (iii) above.

In the discussion abore, we noted that if no Biggs field is present, then the
term proportional to A can be remored by an SU($)i x SU(Z)R rotation. This is
no longer the case when AC (eq. (24)) is included. Howerer, we could remore the
A term completely if we perform an appropriate H-dependent SU(Z)L x SU(3)R

transformation, E -* LER\ in eq. (26). Clearly, L and R will depend on the
coordinate (through H(x))] hence the kinetic energy term in eq. (25) will not be
inTariant under this transformation. (Other terms with deriratiTes are also not
inrariant, but the extra terms generated are second order in the small parameters
and thus negligible.) It is easy to compute L and JR; to first order we find:

+ ^ ^
v /mj-mj

where / is the 3 x 3 identity matrix. The extra terms in £ which are generated

10



are then precisely of the same form as terms (ii) and (iii) above, with*

The ratio of quark masses can be rewritten in terms of meson masses by using
eq. (21), with m« « 1x14. Note that it no longer troubling that such terms
(proportional to B or B1) violate CPS symmetry, since these terms hare been
generated by rotating away the uA-term", which is proportional to the quark
mass matrix. If we now expand out the two terms proportional to B and B*, we
find that the former contains only even powers of the pseudoscalar field II, while
the latter contains only odd powers of II. Thus, if one wishes to parameterize
e.g. K -* icHy it is a matter of convenience whether one works with an A-term
or a 27-tenn; between them there is only one independent parameter.

Finally, we turn to the parameters c%,...te$. These parameters cannot
be determined by chiral symmetry. However, they can be determined by ap-
plying the Higgs low-energy theorems (in particular eqs. (8) and (9)) discussed
above. lu~lTi To apply these equations, we need to investigate the m,, mjr and
a, dependence of the terms appearing in eq. (16). It is easy to argue that:

/ ,M~A; Af~m f ; A,\,a 5-, (29)

where the a, dependence of A has been given in eq. (13). In the case of the
dimensionless parameters (A, A, a), the m^? behavior is dear, since these terms
arise from the charged current weak interactions. By dimensional analysis, the
A3 behavior follows. From eq. (9), it follows that all terms in eq. (16) which
are proportional to the quark mass matrix will be multiplied by (1 + Hjv), and
those terms proportional to A, A or a will be multiplied by (1 - 2Hjv). (It is
sufficient to work to leading order in E/v.) The latter factor is easily understood

* Here, we hare vaed £*«*£ = -(«*£»)£, whick follows from takng the dirergeace of the
equation, £*E = 1.

t It i* importaat to appreciate that B1 u predicted oace B ia kaowa (Me eq. (2t)) wkick is
a coueqmeace of tke CPS irmmetty of tke (8,1) chital opemton of the vaderljruc theory.

11



as being the result of summing a geometric series of multiple Higgs emission from
the exchanged W. This leads to a factor of (1 + B/v)~2, which is the expected
result. Finally, we turn to the consequence of eq. (8). We work in the one-loop
approximation for the beta-function; i.e. we combine eqs. (12) and (14) to obtain:

da. ~ ba\ ' ( 3 0 )

Using the A dependence shown in eq. (20), we find that a term in eq. (16) which
behaves like A' will be multiplied by:

MFD-
Combining the results of the low-energy theorem, we find:

—

The Yalues of CI, . . . ,CE hare also been obtained in reft. 11 and 17 (we hare
corrected their Talue of ci). Our results also disagree slightly with those of
ref. 16.

In the aboTe derivation, there is one sleight of hand which needs to be justi-
fied. NMI^J , there U a factor of/hidden in the defimtion of 2 = cxp(2tn#r-//).
Nevertheless, even though we stated that / ~ A, we neglected this dependence
in E when we applied the low-energy theorem (eq. (8)). The justification is as
follows. If we apply dfda, to the A dependence in E, we would generate an
additional set of terms beyond those given in eq. (24). However, such terms can
be ofiset by a (nonlinear) redefinition of the II* fields. Such a redefinition will not
affect on-shell S-matrix dements/"1 so that in the chiral Lagrangian approach,
we can simply neglect these extra terms. We have checked explicitly in a number
of cases that on-shell matrix elements of these extra terms are aero.

12



We now illustrate the above formalism by computing the amplitude for
K —> -KE using the chiral Lagrangian derived above. Before proceeding, it is
useful to consider the various mechanisms for K —+ irH on the more fundamental
quark level. There are two classes of diagrams to consider. First, the direct quark
decay * —» dS generates a Higgs coupling to an effective two-quark operator.
Second, there are contributions in which the Higgs boson couples to effective
four-quark operators. An example of such a process is « i —• uiH, where H is
emitted from the exchanged W. The process s —* dS has been computed by
several groups, Ilt"aitI1J and can be summarised by the effective Lagrangian:

^ .c] , (33)

where,

and the sum is taken over up-type quarks (*,c,i). The titj and V%j are the corre-
sponding quark nrssrt and Kobayashi-Maskawa mixing angles. When we eval-
uate {*\C*E\K), the 75 pieces give no contribution. Thus, following ref. 11, we
may simply make the standard chiral Lagrangian replacement:

> + h.c., (35)

to represent the two-quark operator contribution to K —> *H. Thus, in the chiral
Lagrangian, the effect of the two-quark operator is:*

EJIf) + h.c] , (36)

where the matrices M and h are defined in eq. (18). Note that this term is
precisely of the same form as the "A-term" of eq. (24).

QCD cotnctioM cam. be incorporated by u u g nuaiag mamm delasd at tke ckiial La-
1"1

13



Next, we consider the effects of the four-quark operators. Here, we will
simply inroke the full chiral Lsgrangian given in eq. (25). For convenience, we
will keep separate the contributions of the two-quark and four-quark operators.
That is, we add eqs. (25) and (30), so that A (as well as A and a) is by definition
a consequence of the four-quark operators. It is then straightforward to extract
the full amplitude for K -* xH. The result is:

M{K~ -> *~H) = M*{K+ -> x+H) = -*("& + **-m3r) L _ ™*\
2v \ Zb /

M{Kl -f *°B) = -RbM{K~

> *°H) = ^ I m

(37)
In deriving these results, we have omitted the effect of the AJ = 3/2 contribution
[the term proportional to a in eq. (25)]. We have also neglected the effects of e
(which meanires the CP-violation in the physical states of the K°-K° system)
and Im A (which is related to e'/e), as both these effects axe numerically small.
Some of the implications of these results will be discussed in the Higgs Working
Group Report.w For now, let us simply make the following observation. If
we suppose that A is of order A, then all the terms in eq. (37) are of order
10~10, and we would then expect BJR(K -* *H) ~ 10~s. However, a precise
prediction cannot be made due to the existence of the unknown parameter A
(with some additional uncertainty due to presently unknown t-quark mass and
raiTing angles).

Although the parameter A is unknown, there is some theoretical informa-
tion which can be extracted. Consider the CP-violating effects in eq. (37). We
argued above that it was numerically safe to neglect e and Im A. Nevertheless the
CP-violating effects can be significant because Im ( can be phenomenologically
important. The key point to observe is the presence of m? in the definition of £
in eq. (34). In particular, the top-quark contribution is greatly enhanced in the
sum, and this allows Im (/Re £ to be of 0(1). The m\ amplitude growth is a
feature which is unique to the two-quark operator. Simple dimensional analysis

14



suggests that the contributions to the amplitude from the four-quark operators
can at best approach a constant in the large m* limit. It follows that the ratio
of the imaginary to the real part of the four-quark amplitudes can be no larger
than (roughly) Im V^Vu/iV^V*,) which is of order 10~3. Thus, we conclude
that Im A ~ O(10~3)Re A. The consequences of this result for the K -* irH
decay rate is discussed in ref. 22.

As a final exercise in the use of the formalism described in this section, we
shall derive the branching ratio for if -* ijH. The iftfE. coupling can be found in
a similar manner to the KxH coupling.11*"1"1 We begin by writing the physical i}
and if states in terms of the 5U'(3)/iaMr singlet and octet states, iji and »js»

(38)
ij = ij» cos 6 —in sin 9.

The ""-ring angle $ can be determined from data, which favor1**1 9 m —20°. In
terms of the 5CT(3)/|mor states, the mass terms in the Lagrangian are,

}p (39)

Diagonaliang the mass matrix we find,

(40)

m\=

The ifrfH coupling can now be derired using the low-energy theorem tech-
niques described abore "ria:

where NB U the number of heavy flarors (c, b,t,...). We note that mg and fi
depend linearly on the strange quark mass n»« (we neglect m« and tn^), whereas
mi does no* vanish in the chiral limit (i.e. there is no ninth Goldstone boson).

15



Thus, by dimensional analysis we obtain the following A dependence for the three
mass parameters:

m\ ~ A 3

tnj ~ m,A (42)

fi2 ~ m«A.

Using eqs. (41), (42) and (14) we can easily compute the rjrfH interaction La-
grangian:

£ = W— cos0«n#(cosa* m}, + sin"$ m})( - l + ?^

Hence the branching ratio for if —* r\H is

BB(V' - VH) = 1.2 x 10-*(l - ^ j BE (44)

where we have used the particle data group value of T{rf -* all) = 2.1 x
10~4 GeV(Ml and BE = 2ps/ny in the V rest frame. It is appropriate to
use NH = 3, b = 9 in eq. (44).

4. HIGGS BOSONS AND THE TRACE OF THE ENERGY MOMENTUM
TENSOR

In Section 2, we derived a formula for the Higgs-nucleon coupling. In
Section 3, we derived a formula for tLe Higgs-pseudoscalar meson coupling. In
this section, we shall rederive some of these results by an interesting technique
which makes use of the energy-momentum tensor of QCD. The basic physics
involved here concerns the fact that the dominant interaction of the Higgs with
hadrons made up of light quarks is not via the direct coupling of the Higgs to the
light quark constituents, but rather via the coupling to gluons through a heavy
quark triangle loop.

16



In the qu&rk-paiton model, the coupling of the Higgs boson to quarks,
is given by

We have omitted the heavy quarks (e, 5, t) since the heavy quark content of the
nucleon is negligible.

The Higgs also couples to gluons via the triangle diagram consisting of a
quark loop. This is the same diagram responsible for the decay H —» gg. Here
we shall follow the analysis of ref. 25. For quark masses, m,, much larger than
mjj, the effective Lagrangian describing the gluon-gluon-Higgs coupling is

where Ng is the number of heavy (m* > mjy) quarks in the loop. Note that
this coupling is independent of the masses of the heavy quarks. To find the
Higgs-nucleon-nacleon coupling we need

(N | W | N) = -J^-Na{N | G%GP°~E | N), (47)

where in the static limit H cz —C.

The matrix element of G^G^ can be related to the trace of the QCD
energy momentum tensor computed in a theory in which all heavy quarks are
decoupled. Let us divide the quarks into ni Hght quarks and NE heavy quarks,
where "heavy" and "light" are determined with respect to the Higgs mass (2m* >•

or 2114 < TUB, respectively). Then, as a result of the conformal anomaly,1**1

where 6 = 11 — (2/3)nj; is the lowest order coefficient of the QCD beta function
with only light quarks taken into account. The contribution of the light fcrmion
masses to eq. (48) is usually neglected since it is much smaller than the gluon

17



contribution. The matrix element of 6£ between nudeon states is known at zero
momentum transfer,

(49)

where mjy is the nudeon mass. Combining eqs. (48) and (40), we find

( 5 0 )

This jields an effectire Higgs-nudeon-nudeon coupling

c = SHtfN^N^NB, (51)

where

^"-is^-1 0 • (52)

Noting that v = 2mw/g, we see that this result is precisely the same as that of
eq. (15) which was derived using the Higgs boson low-energy theorems.

We may make a small improTement of the analysis if we attempt to
indude the effects of the strange quark mass in eq. (48). Kaplan and Manohar
hare estimated1"1

(p | m.i* | p) = 334 ± 132 MeV(p | jP1>, I P)- (53)

If this if true, we must modify the previous argument by induding explicitly the
effects of the «-quark in eqs. (45) and (48). We then find:

If we parameterise the Blggs-nudeon-nudeon coupling by,

( 5 5 )

then eq. (54) implies £ ~ 0.5 ± 0.1. Similar results hare been obtained in reft. 6
and 29.
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The coupling of the Higgs boson to pious can be found1'1**1 using the same
techniques as above. The decay probability into ir+ic~ pairs is,

H) (56)

where Cint is the sum of eqs. (45) and (46). Using eq. (48) we can write £*,* in
the following form:

£mt =

Using PCAC it is straightforward to find the contribution of the quark mass
terms: »*

On the other hand, the contribution from the matrix element of 0£ is not small
since it does not vanish in the chiral limit.1***"1 The easiest way to evaluate the
matrix element {*-+**~ | ©£ | 0) is to make use of the chiral Lagrangian, which
yields

lr+ir- + ..., (59)

where we have explicitly isolated only those terms quadratic in the charged pion
field. It then follows that

(T+»- | e j |0> = 93 + 2mJ> (60)

where q = p»+ + px~. For the on-shell JET —» T + T ~ decay, q* = m*E\ therefore,
combining eqs. (58) and (60) and setting Ng — 3 we obtain

(61)

Let us compare this result with the one obtained from the chiral Lagrangian
technique of Section 3. We can easily extract the J5Tir+ir~ coupling from eq. (25).
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The result is:

+ £L(> (2)i) . (02)

The Yalues of ci and cj are obtained from eq. (32) by inserting Ng = 3 and

6 = 9. Thus, c\ = 4/9 and cj = 5/3, and we hare Terified that eqs. (01) and (62)

coincide.

Note that in the deriTation above, we hare made use of PCAC and the

chiral Lagrangian. Thus, eq. (62) can only be accurate for q* = mE <L A\sB ~

(1 GeV)3, where AXSB ** the chiral symmetry breaking scale beyond which the

chiral Lagrangian is no longer an accurate description of the physics. However,

the derivation involving the trace of the energy momentum tensor is particularly

useful in that it provides some information regarding the nature of the approx-

imation involved. Recall that the appearance of ©£ m eq. (57) depends on the

calculation of the gluon-gluon-Higgs coupling using perturbative QCD. However,

we have made use cf eq. (57) at an energy scale far below the domain where per-

turbative QCD is relevant. The reason .~iis procedure is sensible is due to the fact

that matrix elements of 0 £ are scale independent. Thus, just below the charmed

quark mass, we expect eq. (57) (with Ng = 3) to be accurate up to terms of

order a,(mc), which were omitted in the calculation of the gluon-gluon-Higgs

interaction.4 We can apply eq. (57) at lower energy scales precisely because of

the scale invariance of ©J. We then match this onto the chiral Lagrangian (which

is an appropriate description of the physics for scales below A^SB), as described

above. Further corrections to eq. (60) should be amenable to chiral perturbation

theory. In ref. 8, it is found that these corrections are of order jf—log (jf—)»

which suggests an enhancement of the H —* IC+T~ amplitude for modest values of

mjET. In light of this correction, the authors of ref. 8 conclude that the calculation

of the H -* ir+ir~ amplitude is not reliable for Higgs masses larger than about

700 MeV.

The Cut oidei a, comctiou to «q. (62) have bees recently worked o«t is reft. 34 aad SS.
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5. CONCLUDING REMARKS

The low energy theorems for Higgs boson interactions, when combined
with the chiral Lagrangtan, provide a consistent framework for calculating the
interactions of pseudoscalar mesons and a light Higgs boson. Since the chiral
Lagrangian neglects SU(Z) breaking effects it is only accurate to about 20% and
so this is the accuracy we should expect from its predictions. When coupled to
Higgs bosons, however, the AS = 1 part of the chiral Lagrangian contains one
unknown parameter, A. This was exhibited in the calculation of the amplitude for
K —* wS. As a result, it is difficult to make definitive predictions for strangeness-
changing processes involving a Higgs boson. We have also used the low energy
theorems to calculate the rate fcri/-+ ijH. It should be noted that because the
low energy theorems are derived for a sero-momentum Higgs field, they cannot
be used to calculate loop effects involving light scalars. Finally, we demonstrated
that the results derived for the NNH and mrH coupling using the low energy
theorems can also be obtained by a second technique which is based on the
observation that the coupling of the Higgs to gluons can be re-expressed in terms
of the trace of the energy-momentum tensor. This provides additional insight
into the nature of the approximations which underlie the techniques employing
the low-energy theorems.

ACKNOWLEDGMENTS

We gratefully acknowledge many fruitful discussions with Tom Banks,
Sekhar Chivukula, Andy Cohen, Jack Gunion, David Kaplan, Aneesh Manohar,
Ann Nelson, Stuart Raby, Lisa Randall and German Valencia, which contributed
greatly to our understanding of this subject. In addition, we appreciate the con-
tributions of S.D. Rindani who assisted on many of the calculations described in
Section 3. Finally, we would like to thank D.P. Roy, Probir Roy and the hospi-
tality of the Tata Institute for Fundamental Research for contributing to a most
enjoyable Workshop on High Energy Physics Phenomenology which provided us
the opportunity to re-examine many of the issues discussed here. This work is
supported, in part, by the U.S. Department of Energy.

21



REFERENCES

1. A.I. Vainshtein, M.B. Voloshin, V.I. Zakharoy, and M.A. Shifman, SOT. J.
Nud. Phjs. 30 (1979) 711.

2. A.I. Vainshtein, V.I. Zakharoy, and M.A. Shifinan, SOT. Phja. Utp. 23
(1980) 429.

3. M.B. Voloshin, SOT. J. Nud. Phyt. 44 (1986) 478.

4. J. Ellis, M.K. Gaillard, and D.V. Nanopoulos, Nud. Phjt. B1O« (1970)
292.

5. F. Wilcsek, Phjn. Her. Lett. 39 (1977) 1304; J. Ellis, M.K. Gaillard,
D.V. Nanopoulos, and C.T. Sachradja, Phjn. Lett. 83B (1979) 339;
T. Rizxo, Phjs. Rer. D32 (1980) 178.

6. T.-P. Cheng, Phjt. Rer. D38 (1988) 2869.

7. E. de Rafael, in Quantum Ckromoiynamiet, Lecture Notes in Physics No.
118, ed. by J.L. Alonso and R. Tarrach (Springer-Verlag, Berlin, 1980),
p . l .

8. R.S. ChiTukula, A. Cohen, H. Georgi, B. Grinstein and A.V. Manohar,
BUHEP-88-24 (1988).

9. H. Georgi, Wtmk Interaction* and Modern Partiek Theory (Benjamin-
Cummings, New York, 1984).

10. A. Cohen and A.V. Manohar, Phyu. Lett. 143B (1984) 481.

11. R.S. ChiTukula and A.V. Manohar, Phjt. Lett. 207B (1988) 86, and
erratum to appear.

12. H.-Y. Cheng and H.-L. Yu, preprint IP-ASTP-02-89 (1989).

13. C. Bernard, Phjt. Rer. D32 (1985) 2343.

14. J. Fljnn and L. Randall, UCB-PTH-88-29 (1988).

15. M.B. Voloshin, SOT. J. Nud. Phy. 45 (1987) 122.

16. R. Ruskor, Phjt. Lett. 187B (1987) 165.

17. R. Chirukula, A. Cohen, H. Georgi and A.V. Manohar, BUHEP-88-45
(1989).

22



18. J.S.R. Chisholm, Nud. Pbys. 26 (1961) 469.

19. R. Willey and H. Yu, Pbys. Rev. D26 (1982) 3287; R. Willey, Pbys. Lett.
173B (1986) 480.

20. B. Grxadlcowski and P. Krawccylc, Z. Pbys. CIS (1984) 43; F. Botella and
C. Lim, Pbys. Rer. Lett. 56 (1986) 161.

21. B. Grinstcdn, L. Hall, and L. Randall, Pbys. Lett. 211B (1988) 363.

22. S. Dawson, H.E. Haber, and S.D. Rindani, "Higgs Boson Hunting", in these
Proceedings.

23. J.F. Donoghue, B.R. Holstein, and Y-C. R. Lin, Pbys. Rer. Lett. 55
(1985) 2766; F.J. Gilman and R. Kauffinan, Pbys. Rer. D36 (1987) 2761;
A. Sdden, H.F.-W. Sadrosinsld, and H.E. Haber, Pbys. Rer. DS8 (1988)
824.

24. Particle Data Group, G.P. Yost et a/., Pbyt. Lett. 204B (1988) 1.

25. M.A. Shifinan, A.I. Vainshtdn, and V.I. Zakharor, Pbys. Lett. 78B (1978)
443.

26. R. Crewther, PbyM. Rer. Lett. 28 (1972) 1421; M. Chanowits and J. Ellis,
Pbys. Lett. 40B (1972) 397; Pbys. Rer. D7 (1973) 2490; J. Collins, L.
Duncan and S. Joglekar, Pbys. Rer. D16 (1977) 438.

27. J.F. Gunion, H.E, Haber, G.L. Kane and S. Dawson, The Siggs Hunter's
Guide, UCD-89-4 (1989), to be published.

28. D.B. Kaplan and A. Manohar, Nad. Pbys. B310 (1988) 527.

29. H.Y. Cheng, preprint D7-ASTP-19-88 (1988).

30. S. Raby and G. West, Pbys. Rer. D38 (1988) 3488.

31. A.A. Ansel'm, N.G. Ural'tser, and V.A. Khose, Sor. J. Nud. Pbys. 28
(1985) 113.

32. M. Voloshin and V. Zakharor, Pbys. Rer. Lett. 45 (1980) 688.

33. V.A. NoTikor and M.A. Shifoum, Z. Pbys. C8 (1981) 43.

34. R. Barbieri and G. Curd, Pisa preprint IFUP-TH 35/88 (1988).

35. L.S. Brown, Unirersity of Washington preprint 40423-02 (1989).



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, 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 spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or fayoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


