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In these lectures, some of the basic ideas of effective field theories in particle physics
are presented. These ideas are applied to two situations of current interest: the
1/mg expansion and its application to b and ¢ systems, and chiral perturbation
theory and its application to the light mesons.

1 Effective Field Theories: Philosophy and Examples
1.1 Introduction

These lectures introduce the idea of effective field theories (EFT’s) as applied
to particle physics, and illustrate their application to two areas of current
phenomenological interest: heavy-quark effective theory (HQET) and its ap-
plication to b and ¢ systems, and chiral perturbation theory (xPT)and its
application to the light mesons. There is an extensive literature on both these
subjects, and I will not be able to come close to covering all the important
results in the fields. Rather, I want to focus on the more general aspects of
the EFT approach, and stress the ways in which it allows one to exploit a few
powerful physical concepts: symmetries, power counting and scaling.

The idea behind an effective field theory is very simple and intuitive: it is
simplest to describe physics at a given scale in terms of the relevant degrees
of freedom at that scale. Thus, if one is interested in fluid mechanics, it isn’t
reasonable to attempt to solve for the behaviour of the individual atoms making
up the fluid. Similarly, it is not necessary to know about the ¢ quark, let alone
M-theory, to do atomic physics to any reasonable level of accuracy. In general,
if one is interested in a process typified by some energy scale F, the physics can
be described only in terms of the degrees of freedom and interactions relevant
at that scale. The effects of new degrees of freedom at larger energy scales A;
may then be systematically taken into account by modifying the interactions
of the low-energy degrees of freedom accordingly, as an expansion in powers of

E/A,.

The practical benefit of this approach is that choosing the degrees of free-
dom appropriate to the problem of interest simplifies your life enormously.
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Figure 1: At energies < myy, W exchange may be effectively treated as a series of four-fermi
interactions.

Hard calculations become easy, and impossible calculations become doable.
The essential simplification arises because the various distance scales in a prob-
lem are automatically disentangled in this approach before the calculation is
performed, at the level of the Lagrangian.

Example: Four-Fermi Theory

The most familiar example of an effective field theory is four-fermi theory.
Consider the Standard Model at energies much less than myy. At these ener-
gies the W boson cannot propagate, and according to the philosophy above,
should not be included as a degree of freedom in the theory. Rather, it should
be removed from the theory (or “integrated out”), and its effects taken into
account by modifying the interactions of the relevant degrees of freedom. At
tree level (we will discuss loops shortly), it is easy to see how to do this. For
example, for muon decay at leading order in the weak interactions, the relevant
matrix element is given by the diagram in Fig. 1
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where ¢ is the momentum transfer through the W.

For ¢ < m¥, (which is certainly the situation for muon decay) this am-
plitude may be reproduced to arbitrary accuracy by a series of local operators
in an effective Lagrangian,
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where the ¢;’s are dimensionless, and the ellipses denote additional operators
of increasing dimension, suppressed by the appropriate power of 1/m%,. The
leading operator is just the usual four-fermi theory of weak interactions, but
by keeping a finite number of additional operators this may be made accurate
to any fixed order in ¢*/mi;.

Thus, we have gone from a fairly simple renormalizable field theory to a
nonrenormalizable theory with, in principle, an infinite number of terms in
the Lagrangian. Furthermore, while the original theory was consistent for all
momenta, the effective theory only makes sense for momenta less than myy.
This does not appear to be progress. Nevertheless, an effective Lagrangian
such as (2) is actually much simpler to work with at low energies than the full
theory. There are a number of reasons for this.

e (Calculational simplicity: Loop integrals quickly become intractable when
there are a number of scales in the problem. In the EFT the scale my,
only appears trivially, in the coefficients of nonrenormalizable operators.
This simplifies perturbative calculations tremendously.®

e Improved convergence of perturbation theory: Perturbation theory is
notoriously poorly behaved in theories with widely disparate scales. For
example, let us instead consider inclusive nonleptonic b quark decay,

b — cud + anything.

Although this process is calculable and free of infrared divergences, at n
loops the decay rate contains terms proportional to

™

due to the presence of two scales, m;, and my, in the loop integral.
Even though as(mp) is small, the large logarithm can compensate for
this, and spoil the convergence of perturbation theory. This result is
generic: perturbation theory for problems with different energy scales
contains factors of the logarithm of the energy scales. If these are widely
separated, perturbation theory will break down, even at scales where the
theory is weakly coupled.

@A similar comment holds for nonperturbative lattice calculations: simulating the full theory
requires lattice spacings on the order of 1/myy, whereas the effective theory may be simulated
with a much larger lattice spacing, of the order of 1/q.
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In an EFT, the scale myy does not enter into loop integrals, and no such
logarithms arise in matrix elements. Instead, a loop integral proportional
to as logmyy /my in the full theory is proportional to aglog p/my, in the
EFT, where p is either the cutoff or the renormalization scale, depend-
ing on whether a cutoff or dimensional regularization is used. Since the
renormalization scale is arbitrary, choosing p ~ mjp minimizes the log-
arithms in perturbation theory. More precisely, as we will discuss, one
starts with a renormalization scale p ~ myy, and then uses the renormal-
ization group equations to lower this to p ~ mjp. The renormalization
group equation sums the series of large logarithms (3) to all orders, in-
corporating it into the coupling constants of the EFT.

Dimensional analysis: Dimensional analysis can be a powerful tool to ex-
tract physical information with a minimal amount of work. In four-fermi
theory, for example, since the leading four-fermi operator is dimension
six, the effects of the weak interactions manifestly scale like p?/mi;,
where p is the typical momentum scale in the problem. We will see less
trivial examples of the power of dimensional analysis a number of times
in these lectures.

Manifest symmetries: Since the weak interactions are parity violating,
parity is not even an approximate symmetry of the electroweak La-
grangian. Nonetheless, at low energies parity is approximately conserved.
In the EFT, this is manifest: parity is an exact symmetry of all operators
with dimension less than six. By dimensional analysis, this immediately
tells us that parity violating effects are suppressed at low energies by
p?/m¥,. By contrast, in the full theory parity is violated in the renor-
malizable interactions, and the scaling of parity violating effects is not
manifest. Once again, this is a generic result. In an EFT, approximate
symmetries at low energies are exact symmetries of the theory at leading
order. Symmetry breaking terms suppressed by powers of p?/A? (where
A is the scale of new physics) arise from nonrenormalizable operators,
and the size of such effects is just given by dimensional analysis. This
greatly simplifies the analysis of approximate symmetries and symmetry
breaking in the theory.

Example: Why is the Sky Blue?

I will close this section with a nice example of the power of dimensional analysis

which I learned from Refs.

L2; the EFT description of Rayleigh scattering,

which explains why the sky is blue. Consider the scattering of low energy light
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off neutral atoms. To analyze this system from an effective field theory, we
need to identify the scales and symmetries of the problem. Identifying the
relevant scales will determine the power counting for the problem, while the
symmetries will constrain the operators we include in the EFT.

The symmetries of the problem are the obvious ones: Lorentz and gauge
invariance. There are a number of relevant scales - the photon energy FE., the
excitation energy of the atom AF, the size of the atom ry and the mass m.
These scales are well separated, with the hierarchy

E, < AE<ry' < m. (4)

Given the E, < m, there is effectively no recoil, so the four-velocity v* of
the atom is conserved (we will see more of this in the next lecture). We will
describe the atom by a field ¢. At low energies, the atom is nonrelativistic;
thus it should be described by a nonrelativistic Lagrangian

2

E=w*(i3-v—§—m>s@+£im (5)

(in the rest frame, where v* = (1,0), this is just F — p>/2m).
The interaction Lagrangian contains, in principle, an infinite number of
terms, restricted only by gauge and Lorentz invariance:

Lint = clcpTgoFWF“” + cchTcpvo‘Faungﬁ“ + C3<pTg0(vo‘8a)FH,,F“” +.... (6)

To organize these in terms of importance, we need to do some dimensional
analysis. The mass dimensions of the various components of L are
3 "
and thus we have
[Cl] = [Cg] = —3, [03] = —4, e (8)

Since derivatives in the effective theory pick up factors of E,, the typical
momentum scale in the problem, the effects of the c3 operator are suppressed
by

Ey

AFE
(since AF is the next energy scale in the problem) relative to ¢; and ¢o. Thus,
at low energies we need only keep the first two terms in Ly, and we expect
corrections to these results of order E,/AE. Finally, since at low energies no
internal structure of the atoms can be probed, the only scale which ¢; and ¢
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Figure 2: In the EFT, photon-atom scattering occurs through contact interactions.

can be sensitive to is r,, the size of the atoms, and therefore by dimension
analysis
c1, ca ~Th. (9)

The effective interaction is therefore
Line =78 [algoTchWF‘”' + agcpTgovo‘FanﬁFﬁ”] +O(E,/AE) (10)

where a; and as are unknown coefficients of order 1.

Now let us consider elastic photon-atom scattering in this theory. At tree
level, it occurs through the contact diagram in Fig. 2. If the energy of the
photon is w, the amplitude is proportional to

row?
(since there are two derivatives in both terms in Li,). Squaring this up to
give the cross section (since phase space is dimensionless), we find

o~ riwt. (11)

This is Rayleigh’s famous w* result for scattering, and explains why the sky is
blue: blue light scatters more strongly than red. Conversely, sunsets are red
since the higher frequencies are scattered away from the forward direction.
To calculate a; and as would require more work (this is known as “match-
ing”, and will be the subject of much discussion in these lectures), but the
amusing result of this example is that Rayleigh’s w* law may be obtained with
so little work, simply as a consequence of gauge invariance and power counting.

1.2 Renormalizability vs. Power Counting

Since an EFT contains an infinite number of operators of arbitrarily high di-
mension, it is clearly not renormalizable. Nonrenormalizable theories were once
held in low regard because of their alleged lack of predictive power. However,
in an EFT obtained after integrating out physics at a scale M, one retains
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Figure 3: Divergent graphs in ¢°® (4 counterterms) theory. The circle denotes the ¢
interaction; the box denotes the % interaction which is required as a counterterm.

predictive power order by order in p/M. To illustrate this, let us consider
adding a nonrenormalizable term to ¢* theory,

1 2

L= S0.p0"0 — B

5 <p2 - /\1g04 — )\2<p5. (12)

The usual argument about the importance of renormalizability arises from
simply considering the divergences encountered in such a theory. For example,
the graph in Fig. 3 (a) is divergent, proportional to ¢%log A, where A is a UV
cutoff. To absorb this divergence, we must introduce a ¢% counterterm into the
theory. Since this is a new parameter in the theory, we have a new coupling
constant which must be fixed from experiment. But now graphs such as Fig. 3
(b) and (c) arise, proportional to ¢ log A and ¢®log A respectively, forcing us
to introduce ¢’ and ¢® counterterms, ad infinitum. Thus, the argument runs,
a nonrenormalizable field theory has no predictive power since it requires an
infinite number of coupling constants, all of which must be fixed by experiment.

While this argument is, strictly speaking, correct, let’s look at it from the
point of view of dimensional analysis. The nonrenormalizable part of the EFT
has the form G 5 @ g

LintNM<P +W<p +... (13)

where M is some mass scale chosen such that the a;’s are dimensionless (and
generically of order one, as would be the case if there were new physics at the
scale M). At low energies, p < M, the effects of higher dimension operators
will be suppressed by powers of p/M, just by dimensional analysis, and are
thus, in a technical sense we shall define in a moment, “irrelevant.” The higher
the dimension of the operator, the smaller its contribution at low energies, at
least at tree level. Now let’s look at some loop graphs.

Regulating the theory with a cutoff A, the graph in Fig. 4 (a) simply
renormalizes the ¢° coupling Ao,

1
(a) ~ M<p5 log A + finite. (14)
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Figure 4: More divergent graphs in ¢® theory.

Since A2 was a free parameter in the first place, this does not reduce the pre-
dictive power of the theory. Fig. 4 (b) contains both quadratic and logarithmic
divergences,

2
(b) ~ Aﬁgf + %goﬁucpa“golog/& + finite. (15)

These renormalize additional operators with dimension < 5. This was to be
expected. Even in a renormalizable theory, all operators with dimension 4 or
less and consistent with the symmetries are required as counterterms, even
if they were not included in the Lagrangian originally. In general, if one is
interested in working to order 1/M™, all operators permitted by the symmetries
with dimension 1+ 4 or less must be included. A renormalizable field theory is
just the n = 0 case. So although the operators in Eq. (15) were not included in
Eq. (12), they should have been, since they are permitted by the symmetries
of the theory, and their coefficients are renormalized by this graph.

Finally, the troublesome graph in Fig. 4 (c) requires a °® counterterm, but
the graph is of order 1/M?2. To the order we are working, this graph should
be neglected, since we are not consistently including effects of O(1/M?). If
we wished to work to this order, we would have to include all operators of
dimension < 6, and once again there would be enough counterterms to absorb
all the UV divergences in the theory. As long as we work consistently to a given
order in 1/M, only a finite number of operators are required as counterterms
in the EFT; thus, we have predictive power. We have traded the somewhat
artificial concept of renormalizability for the more physical concept of power
counting.

As the dimension of operators we include increases, there will be more and
more operators in the EFT, giving it more and more free parameters. This is
not necessarily a problem. If the full theory is known, these coefficients may
all be computed in terms of the parameters of the full theory. This was done
at tree level in the four-fermi example, and will be done to one loop in the
next example. On the other hand, if the full theory is not known, or is not
perturbative, this indeed limits the predictive power of the theory to a given
order p/M. We will see an example of this in the third lecture, when we study
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chiral perturbation theory.

Note that this hierarchy of scales really “explains” renormalizability in the
first place2 A general Lagrangian may be divided into terms with dimension
D<4, D=4and D > 4,

L=Lgcs+ Li—g+ Lg>4. (16)

In a weakly-coupled theory, terms with d < 4 are known as “relevant” operators
- they become more important at lower scales. Particle masses are an example
of relevant operators. Terms with d > 4 are called “irrelevant.” They become
less important at low energies, being suppressed by powers of momentum over
some mass scale (just by dimensional analysis). An example is a four-fermi
operator. Terms with d = 4 are called “marginal” - their importance doesn’t
change as the scale is changed. Note that these classifications may be modified
by quantum effects. In a weakly interacting theory, quantum corrections push
a marginal operator into the relevant or irrelevant side. For example, gauge
couplings are marginal by power counting, but in QCD radiative corrections
make the gauge coupling relevant, becoming more important at low energies. In
a strongly interacting theory, more dramatic changes can occur - for example,
irrelevant operators may be strongly enhanced and made relevant.

Thus, any effective theory will look renormalizable at low energies if there
is a large hierarchy of scales. The irrelevant operators give small contributions
and may be neglected, and all that is left are the renormalizable terms.

Example: QED With a Heavy Scalar

At this stage, let us illustrate some of these ideas with a concrete example,
QED with a Yukawa coupling to a heavy scalar field:

1 - 1 M? -

L= =2 Fu " + iD—me)p + 50.00"p — —=¢* — gy, (17)
Suppose we are interested in precision measurements of the electron-photon
coupling at low momentum

pr~me K M. (18)

Then we can calculate the effects of the heavy scalar in two ways.
Full Theory Approach: In the full theory, the result is given by the graph
in Fig. 5 (a) (as well as the wave function graphs). This looks innocuous

enough, but if we are really interested in the full dependence of the result on p
and m. (to leading order in p/M and m./M) the results is rather complicated.
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Figure 5: Diagrams contributing to photon-fermion coupling in a theory with a heavy scalar.
(a) full theory, (b-d) effective theory.

Straightforwardly evaluating the Feynman integrals results in a several page
expression. The graph is complicated because of the presence of several mass
scales in the loop integrals. Expanding the result in powers of 1/M (again, a
nontrivial task given the complicated functional dependence) one eventually

finds at leading order
14—1ogM,2 1/ —1t —11
2

I g
316w2A42[gq — ][ 2

2 /4 2
mg Me _ 1 tan~ -—1]

(1/M4 (19)

meg
16022

M= —

ot?

Effective Field Theory Approach: Much of the complication of the full
theory calculation is irrelevant, because physics at low energies is insensitive to
the form of the loop graph at p? ~ M?2. The same result may be obtained much
more simply in an EFT. For p, m, < M, the ¢ field is not a relevant degree
of freedom and should be integrated out of the theory. The effective theory
contains only electrons and photons, with the effects of virtual ¢ exchange
included through a series of nonrenormalizable operators O;:

1 y
cht = _ZF,M/F# + 1/} (ZD_ me) 1/} + ; Cioi (20)

where the ¢;’s are determined by demanding that the EFT reproduce the results
of the full theory order by order in perturbation theory and p/M. (No new
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operators are introduced with d < 4, since the QED Lagrangian contains all
operators of dimension < 4 consistent with gauge invariance.)

Let’s focus on the dimension six operators, scaling like 1/M?2. At tree
level, the matching is easy. Integrating out the heavy scalar at tree level leads
to the four-fermi operator

1 -
SV ks (21)
shown in Fig. 5(b), with coefficient

1= %gQ + O(a). (22)
Now, let’s look at the effect of this operator on the eey coupling. The obvious
difference between the full and effective theories is that the graph in Fig. 5(c) is
divergent, whereas the full theory result is convergent. However, this difference
is a short-distance effect which we will absorb into the coupling constants of
the low-energy theory. More importantly, the EFT gets the physics right at
low loop momenta. Regulating the EFT in a convenient scheme, dimensional
regularization in 4 — e dimensions, we find after perhaps a page of work,

2 2
M = , 1/ ~ 1tan £y
iM 16772M2q 1
1 g2 v 2 mg 5
“3T6noap M1~ 0" {_AHO 23
m?2 2m? 4m? _ 2
- +2(1+ 2) 55 — 1tan™" —1] (23)
@ )\ q
where
2
A= —+logdn — v (24)
€

is the usual divergence arising in dimensional regularization.

Comparing this result with the full theory result, Eq. (19), we see that the
EFT has correctly reproduced the nonanalytic dependence on m, and ¢, with
significantly less effort. This is no accident, of course. Nonanalytic dependence
on momenta and masses arises from physics at that scale. Since the EFT gets
the physics below the scale M correct, all nonanalytic dependence on scales less
than M is correctly reproduced. The only difference between the two results is
analytic in the external momenta, and can be taken into account in the EFT
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by adding the local dimension six operators shown in Fig. 5(d),

ca(p) ]\77[62 Yo F,,1  (electron magnetic moment operator)
1 -
3 (u)mquW%w (Darwin term) (25)
where
2 2
__ M
x(u) =~ |1+ 10w o 4
2 2
g 5 M
=——=|-—-log— +A]. 26
o) =~ |5 - tou 5 44 (26)

(The terms containing A are usually dropped, with MS being implicit). Note
that had the nonanalytic terms not been correctly reproduced, we would have
been stymied, since these effects cannot be reproduced by local operators.
This would have been a sign that we were working in the wrong effective
theory. Note also that the extra ultraviolet divergences in the EFT introduce
no problems. The divergences are just absorbed into the matching conditions
for ¢o and cs.

This example illustrates the generalization of the matching procedure al-
ready encountered at tree-level to loop graphs. The procedure is generic: cal-
culate an amplitude in the full and effective theories, then add the appropriate
operators to the EFT so that it reproduces the scattering amplitudes in the
full theory, order by order in the ratio of scales. As long as you are working in
the correct EFT, the nonanalytic terms are guaranteed to cancel, so only local
operators are required.”

Comments:

e The factors of log M/m. in the full theory become factors of log u/m.
in the matrix elements in the effective theory, along with corresponding
factors of log M/ in the coefficient functions c2(i) and ¢3(u), where u is
the arbitrary scale introduced in MS. Thus, p is effectively a factorization
scale, splitting the high energy physics which enters as parameters in the
EFT from low energy physics, which enters through matrix elements.
Furthermore, a finite log in the full theory (which is hard to calculate)
has been replaced in the EFT by a logarithm related to the divergent
part of the graph, which is easy to calculate.

bIn non-relativistic EFT’s (useful for studying charmonium and positronium, among other
things), Lorentz invariance is broken, and nonlocal operators corresponding to instantaneous
potentials are permitted*.
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e The renormalization prescription (in this case, dimensional regularization
with MS) is part of the definition of the EFT. If we were to switch to
another scheme, such as a cutoff, the matching conditions (26) would
have to be modified accordingly.

e In the EFT, the M dependence of amplitudes is trivial - it only arises
from the coefficient functions. Loop integrals never introduce additional
M dependence. In particular, there can be no large logarithms log p/M
in the EFT - as noted above, these become factors of logp/u. This
simplifies the renormalization group equations considerably.

e In practice, one never calculates matching conditions at an arbitrary ex-
ternal momentum and keeping the full p/m. dependence, as in this exam-
ple. Since the nonanalytic infrared dependence cancels in the matching
conditions, the matching conditions may instead be calculated at any
convenient kinematic point. In particular, once the leading factors of ¢
have been pulled out of the integral, one can set ¢ = 0 everywhere else.
In general, amplitudes will be infrared divergent, but the divergences will
cancel in the matching. By the same token, one can match in QCD at
1> Aqcp using free quarks and gluons as external states, rather than
hadrons. The fact that this description is not correct in the infrared
cancels in the matching conditions.

1.8 FEquations of Motion

When working in an EFT one typically has a large number of nonrenormal-
izable operators to include, particularly if working beyond leading order. A
subtle point which is not always appreciated is that it is possible to use the
equations of motion to simplify the operator basis®6. For example, an operator
like .
T 2

0 (ip—m)* ¢ (27)
vanishes by the equations of motion, so can obviously be neglected at tree level.
What is not so obvious is that it can be neglected in loop graphs as well, even
though the operator will then act on virtual particles which aren’t on shell. To
show this, recall that according to the LSZ reduction formula, one is always
free to perform a nonlinear field redefinition

¥ — cp + [anything] (28)

for any field ¢ in the theory. Provided that the normalization of the new
field is chosen so that it has a correctly normalized vacuum-to-one-particle
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matrix element, this redefinition will leave S-matrix elements unchanged. The
advantage of this freedom is that all operators which vanish by the equations
of motion may be eliminated by an appropriately chosen field redefinition.

In a renormalizable field theory, one doesn’t usually perform nonlinear
field redefinitions. For example, taking a free field theory with a scalar field of
mass p and performing the field redefinition

1
o — o+ §g<ﬂ2 (29)

gives the following complicated-looking Lagrangian,

1 1
=350 ) - 5u2<p2 + 98,p0"
1 1 wr o,
+59°0up0" 00" = Sitg” — g%t (30)

This looks awful, but if you calculate with it you will find that all scattering
amplitudes vanish, since it’s just free field theory in disguise. However, in an
EFT we already are including all possible operators, so such a field redefinition
doesn’t make things more complicated.

Consider now a theory with an operator which vanishes by the equations
of motion,

= G(iD— m) + TP~ m)*y. (31)
Under the field redefinition
Y =1 +3x ( p—m)y (32)
this becomes B
L= ip—m)y. (33)

Since the two theories are guaranteed to give the same S-matrix elements,
and the only difference is the term vanishing by the equations of motion, this
term may clearly be neglected, as advertised. You should be able to convince
yourself that a similar argument holds for any operator which vanishes by the
equations of motion.

We are thus free to use the equations of motion in an EFT as opera-
tor statements. This changes off-shell amplitudes, but physical results like
S-matrix elements are left unchanged. Thus, we don’t need to include the
operator

D> (34)
14



since D?1) = m?21, this is included in the operator ¥1)11). As another example,
in the previous case of QED with a heavy scalar, the equation of motion for
the photon field is

O, F™ = epy”1p. (35)
We can therefore trade the Darwin term for a four-fermi interaction
ﬁauF‘“'%ﬂﬁ - €1L%1W7“¢- (36)

As discussed in 8, the equations of motion are automatically implemented if
one always uses on-shell external states when calculating matching conditions.

1.4 Scaling and the Renormalization Group

As they stand, neither Eq. (19) nor Eq. (23) is well-suited for perturbative
calculations. The problem is the factor of g%log M?/m?2. If the ratio M?/m?
is large, such terms can invalidate perturbation theory.

In the EFT this large logarithm is split into two pieces via the arbitrary
renormalization scale. The coefficient functions ca(p) and ec3(p) contain a fac-
tor of log M?/u?, while the matrix element (23) has a factor of log u?/m?2.
Choosing ¢ ~ my makes perturbation theory well behaved for the match-
ing conditions, but poorly behaved for calculations in the low-energy theory,
whereas choosing © ~ m. reverses the situation. Thus, neither situation gives
a good perturbative expansion. Instead, we would like to be able to choose
u ~ M to calculate the matching conditions reliably, and then lower p to
me so that we can calculate reliably in the EFT. This is exactly what the
renormalization group equations allow us to do.

As a simpler example, let us forget QCD for a moment and return to the
operator

0= /_LV#(l - '75)7/#11'7#(1 - 75)d7 (37)

which is relevant for charged-current neutrino hadron scattering. We write the
effective weak Hamiltonian as a power series in the QED coupling o = e? /47

Hy = C(LVQV’“)O(M) ., (38)
my
where O(p) denotes the operator renormalized at the scale p (I have included
the explicit mpy dependence in c¢(u) to stress that the coefficient function
depends on myy, but not the external momentum).
Now consider higher-order QED corrections to the matrix element of Hyy .
There will be corrections both to the matching conditions for ¢(mw, ) and to
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Figure 6: Graph contributing to the anomalous dimension of O(u).

the matrix element. At one loop, the decay amplitude will be proportional to

op) - p
1—y—=log—+...
c(mw, p) Yo——log — + (39)
where g = —4 arises from the diagram in Fig. 6 (this is the only diagram with

a large logarithm), the dots denote terms not enhanced by the large logarithm

and m is a fictitious photon mass required to render the result infrared finite.

Now consider changing p by an infinitesimal amount. Since the result is

u independent, it is easy to show that c(my, ) will satisfy the differential
equation

d a(p)

ud#C(mwvu) =%

where d/dy is the total derivative, including the change in the coupling e with

respect to u:

c(mw, p) (40)

d 3] 3]

han = Fan + 5(6)%

de e3
5(@-#%250@4'--- (41)

and By = %. The quantity ”yo% is known as the anomalous dimension of the

operator O. The solution to the RGE is

a(my )] 2P0
e ) (12)

clmw ) = |

Expanding this out gives

a(p) mw a(p)? 2 Mw
=11- I 2060) L —_—
c(mw, ) ( 1 0108 — t 392 Y0(v0 +250) log p

+.. ) c(mw, mw). (43)
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Figure 7: Scaling in a theory with multiple scales.

Since ¢(mw, mw ) has no large logs, we see that the complete series of lead-
ing logs has been summed by the RGE and put into the coefficient function
c(mw, p).

The same approach can be used to sum leading logs in QCD, where the 3
function is

_ dg 2.\ ¢
Blg) = it (11 - gNj> T672 (44)

for Ny light flavours. In general, however, the RG equations will be complicated
by operator mixing, and the equations will be a set of matrix equations for the
various couplings ¢;(M, 1) in the theory.

The combination of matching and the renormalization group gives a com-
plete prescription for summing large logarithms in a theory with a number
of distinct scales, as illustrated in Fig. 7. One begins at a high scale, where
the full theory is known. One then runs down with the renormalization group
equations until reaching a threshold (usually a particle mass) at y = mq, and
then matches onto a new EFT valid below p = m; (usually by integrating
the particle out of the theory). The RG equations in the new EFT are then
used to lower p to the next threshold at p = mg, and so on. Finally, at p of
the order of the typical external momentum in the problem, matrix elements
are calculated. At each stage the renormalization scale u is lowered, mov-
ing physics above that scale into the coeflicients of the effective Lagrangian.
Matching at tree level and solving the one-loop RGE resums leading logs of
the form o log™ p/m;; matching at one loop and running at two loops resums
subleading logs a?*!log" p/m;, and so forth.

Since QCD is strongly interacting at low energies, one typically cannot cal-
culate matrix elements perturbatively. Nevertheless, this procedure correctly
takes into account the calculable effects of gluons with large loop momenta,
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Figure 8: The wrong way to calculate B — Dee.

where the theory is still perturbative. Such effects are particularly important in
theories where the EFT has additional symmetries at low energies which may
be used to relate different matrix elements, since they contribute the leading
symmetry-breaking effects due to virtual particles at high energies. We will
see an example of this in the next section.

2 The 1/mg Expansion for Heavy Quarks

In this section we will put some of the ideas of the previous section to work
in a phenomenologically important situation. Over the past few years, there
has been a great deal of progress in understanding the dynamics of B and D
mesons in the limit that the b and ¢ quark masses are much greater than the
typical QCD scale Aqcp (for a number of reviews, see '8.) As we will discuss,
this limit is extremely nice because of the existence of additional symmetries,
which allow model-independent, nonperturbative statements to be made. This
situation, in which there is a large hierarchy of scales (Aqcp < mg) is precisely
the situation where EFT’s simplify life considerably, and most of the progress
in understanding this limit has been done in the context of the “heavy quark
effective theory” (HQET).

2.1 Heavy Quark Symmetry

Consider, for the sake of definiteness, semileptonic B — Dep, decay. Based on
our previous discussion, there are two ways to go about calculating this. The
first, illustrated in Fig. 8, is to attempt to tackle the whole problem at once.
This is clearly an impossible task in a strongly interacting theory. The diagram
in Fig. 8 is not only a mess, but it contains all relevant scales of the problem
mixed together: my, (from the propagating W), my, (the typical energy release
in the decay), m. (the invariant mass of the final state) and Aqcp (the typical
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Figure 9: B — Deb, at a variety of scales p.

energy of the strongly coupled gluons). This profusion of scales hides some
essential simplifications which make the problem tractable.

It is more productive to think of the problem in terms of the effective
theory relevant at each scale, as shown in Fig. 9. One begins at a high scale
where the physics is simple and there are no large logarithms in the coefficients
of the Lagrangian, and proceeds to lower the renormalization scale y via the
renormalization group equations, matching onto a new EFT at each particle
threshold as discussed in the previous section.

Beginning at u ~ mys, the process looks quite simple. A free b quark
decays into a ¢ quark and a W, which subsequently decays into the lepton
pair. QCD is not strongly coupled at this scale, so processes with additional
gluons are suppressed and may be perturbatively calculated. The appropriate
EFT at this scale is just the usual SU(2) x U(1) theory of weak interactions. For
mw > 1 > myp, the W can no longer be resolved, so the appropriate description
of the decay is via the same four-fermi theory we discussed in the previous
section. For p < my, things start to get interesting. In the previous section,
when p dropped below the threshold for a heavy particle it was integrated out
of the effective theory. But here the situation is different. There is still a single
heavy quark in the initial state, so it can’t be integrated out of the theory. It
is necessary to find the correct description of a massive, stable (with respect
to the strong interactions) quark appropriate for momentum transfers much
smaller than its mass.
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Consider a quark of mass m¢g with momentum p# = mgv", where v* is
the four-velocity of the heavy quark. If it undergoes a soft momentum transfer
g < mg, the change in v is of order ¢/mg, and so vanishes as mg — oo.
Thus, the four-velocity of the quark is a conserved quantity in the EFT: in
the appropriate frame the quark is simply a static source of colour charge.
So in the EFT below p1 = mg the heavy quark should no longer be treated
as a fully dynamical object, but rather as a source of colour charge moving
with a velocity which is unchanged by its interactions. (We will discuss the
simplifications this affords in a moment.) Such objects have actually been
studied for quite some time in field theory, long before the introduction of
HQET, and are known as Wilson lines. They are of interest because they are
just classical colour sources.

Continuing to run pu down, at the scale yt = m, one matches onto an EFT
where the ¢ quark is treated as a Wilson line. Finally, it’s only at larger resolu-
tion, ¢ ~ Aqcp, that things get complicated and nonperturbative. Of course,
this is still going to be a problem - writing things as an effective field theory
gets us no closer to solving QCD. However, instead of QCD, one instead is
faced with an EFT in which the dynamics of the b and ¢ quarks are consider-
ably simpler than in full QCD. In the appropriate frame, they just sit there,
surrounded by their colour field. This looks like a trivial observation, but it
immediately leads to several very powerful results.

e Flavour Symmetry: Once a quark is effectively a Wilson line, it doesn’t
matter how massive it is. A heavy quark can have a mass of 5 GeV or
5 kg; either way, it looks infinitely massive to a soft gluon. More prac-
tically, in the low energy theory a ¢ quark looks exactly the same as a b
quark. This statement is powerful because it means that there is a new
symmetry in the effective theory - a flavour symmetry between heavy
quarks. Whenever there is a symmetry in a theory, it allows nonpertur-
bative statements to be made, just based on current conservation. This
is the key to the power of the heavy quark expansion. Note that this is
a rather peculiar flavour symmetry - unlike the usual flavour SU(3), it
doesn’t rely on the quark masses being approximately degenerate. All
that is required is that the b and ¢ masses both be much greater than
Aqcp. Since it exchanges particles with very different masses, the sym-
metry wasn’t manifest in the QCD Lagrangian.

e Spin Symmetry: The magnetic moment of a particle scales like 1/mg, so
the interaction of a soft gluon with a heavy quark is spin-independent.
Thus, the EFT should be invariant under rotations of the heavy quark
spin.
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e Pair Production: Since p <« 2mg, there is no pair production in the
effective theory, so particles and antiparticles decouple.

Thus, at leading order in 1/mg, the EFT relevant for momenta much less
than m, is symmetric under the exchange of, for example, a spin up b quark
with a spin down ¢ quark: both states look identical to the light degrees of
freedom. The new spin-flavour symmetry group for an EFT with N; heavy
flavours is

SU(2Nf) X SU(2Nf) (45)

where the first SU(2Ny) corresponds to particle transformations, and the sec-
ond to antiparticles. (The theory isn’t invariant under particle-antiparticle
exchange, so the symmetry group isn’t SU(4Ny).) Both of these symmetries
will be exact only at leading order in the EFT; higher dimension operators
scaling like 1/ m¢, will in general break the symmetries. Thus, we should ex-
pect the symmetry breaking effects to be of order Aqcp/me ~ 25% for the ¢
quark, and ~ 10% for the b quark.
The simplification that has resulted from the EFT approach is twofold:

e The effects of virtual degrees of freedom at perturbative scales may be
taken into account via perturbation theory. This is the usual matching
and renormalization group running that was discussed in the last lecture,
and sums leading logarithms of ratios of the various scales in the theory.

e The low energy degrees of freedom interact not with complicated, fully
dynamical quarks, but rather with simple static colour charges. The
additional SU(4) x SU(4) symmetry of this limit allows nonperturbative
statements to be made.

Spectroscopy

The first place to look for evidence of this approximate symmetry is in the
spectra of heavy hadrons. The momentum scale relevant to static hadronic
properties is Aqcp, the typical momentum of the light degrees of freedom in
the hadron. At this scale, a hadron containing a single heavy quark @ looks like
a static source of colour charge interacting with light degrees of freedom (light
quarks and gluons) which are in some horrible nonperturbative state (aptly
referred to as the “brown muck” of QCD). Since we can’t solve QCD, the
properties of this state aren’t analytically calculable. However, the symmetry
(45) may be used to relate the light degrees of freedom in different hadrons,
since the state of the light degrees of freedom is independent of the spin and
flavour of @). Thus, states which differ only in the relative spin orientation

21



0 Ac Ay Ag
200
—

b N B

100 ; B

——
o - J
0| cm— -
Dy Q(vl
B
- 100 D
charm bottom mg — 00

Figure 10: Spectra of heavy hadrons. The excitation energies of the states are relative to
the spin-averaged mass of the lowest lying doublet, mg = (mg + 3mg«)/4.

of the heavy quark and light degrees of freedom should be degenerate, up to
corrections suppressed by powers of as(mg) and Agep/mg. Pairs of such
states include the D and D* pseudoscalar and vector states, the D;(2420) and
D3(2460) pseudovector and tensor states, and the corresponding states in the
b system.

The heavy quark flavour symmetry ensures that the excitation energy (that
is, the mass of the state minus the heavy quark mass) of a given state is
independent of the flavour of the quark . In Fig. 10 the masses of some of the
low-lying mesons in the b and c systems are plotted, along with the mg — oo
limit. It is clear that these expectations hold to a reasonable approximation.

Furthermore, as expected, the hyperfine pseudoscalar-vector splittings are
smaller for the b system than for the ¢ system. This can be made more quanti-
tative. Since the spitting is a magnetic moment effect and so scales like 1/mg,

we expect
mp+x —Mp me mp

= ~ —2, (46)
mp+ —mMmp my mp

Putting in the experimental numbers, this gives

0.32 ~ 0.35 (47)

and so the hyperfine splitting indeed scales like 1/mg.

Semileptonic Decays

Semileptonic b — ¢ decays are probably the most important application of
the approximate symmetries that arise in HQET. Even though we haven’t
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solved any of the problems of hadronization, symmetry arguments again greatly
restrict the form of the result.

Consider the semileptonic decays B — Dev, and B — D*ep,. On the
basis of Lorentz invariance, the relevant amplitudes may be decomposed in
terms of form factors,

= hy(w) (v +vy,) + he(w) (v, = v)
0

(D*(v', €)|[ey"b| B(v)) = ihy (w)euage,vhva
(D (0! )75 B(w)) = b, (w)(w + e
—€" v [ha, (w)v" + ha,(v)o'™"] (48)

where v and v’ are the four-velocities of the hadrons, w = v - v’, and € is
the polarization of the D*. The form factors h; depend on the details of
hadronization. They are not calculable in perturbation theory, and are a pri-
ori independent functions, each of which must be measured experimentally.
However, in the heavy quark limit they are all related by symmetry. To see
this physically, consider the semileptonic decay in the low energy theory. A
b quark moving with constant velocity v* surrounded by brown muck in its
ground state suddenly decays to another colour source, this time moving with
some other constant velocity v'#, due to the large energy release in the decay.
The only property of the charmed final state which is relevant to the decay is
its relative velocity to the initial b quark - in particular, its spin and flavour are
completely irrelevant, as our symmetries assured us. Thus, the various form
factors in Eq. (48) must all be proportional to the overlap between the light
degrees of freedom in a B meson moving with a velocity v and the light degrees
of freedom in a D meson moving with velocity v'. Somewhat schematically,
we write the overlap between the light degrees of freedom as a function of w,

(light degrees of freedom, v|light degrees of freedom, v') = &(w). (49)

Classifying the states in terms of their transformation properties under the
spin-flavour symmetry, it can be shown with a minimal amount of group
theory’»!? that the form factors satisfy

h+ (’U}) =hy (’U}) = hAl (w) = hAs (w) = 5(’(11)7
h(w) = ha,(w) = 0 (50)

where the universal function £(w) is known as the Isgur- Wise function. Heavy
quark symmetry has reduced seven unknown and a priori independent form
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factors to a single unknown function &(w). Similar arguments may be made
for B decays to other exclusive charmed final states, although since the light
degrees of freedom are in different states, there will be a different universal
function for each spin multiplet.

For semileptonic B — D) decays there is even more nonperturbative
information available. Because of the spin and flavour symmetries, the light
degrees of freedom are in the same state (except for the boost) in both the
initial and final hadrons, regardless of whether the final hadron is a D or a D*.
Therefore, at the kinematic point where the velocities of the initial and final
quarks are the same, from the point of view of the light degrees of freedom,
then, absolutely nothing has happened! The overlap between the initial and
final states is unity. (This is the point where the invariant mass ¢ of the
lepton pair is a maximum). Thus, we have the remarkable property that the
Isgur-Wise function is known at one point:

1) =1. (51)

(Note that a corresponding statement for B decays to other charmed states
is not true. Rather, the relevant matrix element at zero recoil to states other
than D or D* vanishes in the heavy quark limit, since the light degrees of
freedom in the states are orthogonal). The phenomenological significance of
this relation should be clear - at this one kinematic point, there are no hadronic
uncertainties in the calculation of the decay rate at leading order in 1/my, . and
«s. This gives one the opportunity to measure the CKM matrix element Vi,
in a model-independent way. Since this discovery in the original Isgur-Wise
papers’, much of the effort in HQET has concerned calculating the corrections
to this result. In order to do this, in the next section we will explicitly construct
the EFT for heavy quarks.

2.2  Heavy Quark Effective Theory

Having discussed some of the physical consequences of the enhanced sym-
metries of QCD with heavy quarks, we now turn to the construction of the
appropriate EFT. This will allow us to calculate (or at least parameterize) the
corrections to the heavy quark limit in a systematic way.

Recall that we are expanding the theory in powers of the typical momen-
tum of a light degree of freedom over the mass of the heavy quark. This may
be made more quantitative by noting that if a heavy hadron is moving with
four-velocity v*, the bulk of its four-momentum is carried by the heavy quark.
The quark momentum may then be separated into a “large” piece (scaling like
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mq) and a “small” piece (scaling like Aqcp):
P = mqu" + k. (52)

k* is often referred to as the “residual” momentum of the heavy quark, and
its size is set by Aqcp. Now, in the limit mg — oo, interactions with the
light degrees of freedom cannot change v*, but only k*. v* is a therefore a
conserved quantity in the EFT, and may be used to label heavy quark states.
To construct the kinetic term for this object, we expand the heavy quark
propagator in powers of k" /mg:

i(p+mg)  imo(p+1+k/mg) i [1ﬂ+o<1/mg> (53)

p2-my  2mqu-k+k2  w-k
1# is a projection operator, projecting out the “large” Dirac components of the
heavy quark spinor. Thus, the degrees of freedom in HQET are two-component
spinors h, satisfying

(em (e

L = hyiD - vhy + O(1/mg). (55)

The large component of the heavy quark momentum has also been removed
from h, by pulling out a phase

hv ~ eimv-wa (56)

with Lagrangian

(where g is the field in the full theory®) and so there are no large dynamical
momenta in the EFT. Because of this phase redefinition, the free fields satisfy

Dby = —ikyhy (57)

so derivatives just pull down factors of the residual momentum. Thus, the
derivative expansion is an expansion in powers of k#/mg, as required. Note
also that sandwiching a v* between projection operators just gives v*:

(1?)7“(1;’0):(1;’/’)1;“ (58)

and so the heavy quark-gluon coupling has Feynman rule ig;o#*T*. This this
is exactly what one gets from the covariant derivative in (55).

¢One shouldn’t take this relation too literally. There is no simple relation between the full
heavy quark field and the field in the EFT, as their high-momentum modes are completely
different.

25



a
P =mgu" + k' — r§ H
Z- .
vk 1gs T v

Figure 11: Feynman rules for HQET at leading order in 1/mg.

For a theory with heavy b and ¢ quarks, the leading order Lagrangian is
(in obvious notation for the two flavours)

L =byiD - vb, + &,iD - ve, + O(1/my, 1/m.). (59)

L is invariant under flavour rotations between b, and ¢, (note that the flavour
symmetry interchanges quarks of equal velocities, not momenta) as well as
spin rotations (since there is no =y structure in £ at this order). Thus, the
SU(4) x SU(4) symmetry we argued for on physical grounds is manifest in the
effective Lagrangian.

Furthermore, in the EFT we can easily understand the normalization con-
dition £(1) = 1 in terms of the symmetry. The currents

&by, byTcy, byl'by, ey (60)

(where T' = 4* or y#~;5) are all conserved currents corresponding to the spin-
flavour symmetry. Thus, their matrix elements are related to a conserved
charge, and so are fixed. Explicitly,

<Bv|6v7ubv|Bv> (61)

is the b-quark current, which just counts the number of b’s in a B meson, and
so its matrix element is fixed to 1 (with appropriate normalization). But we
can do a flavour rotation, followed by a spin rotation, to relate this to any of
the matrix elements of interest:

(By|byy*by|By) ~ (Dy|e,Tb,|By) ~ (D%|e,Tb,|By) (62)

for any Dirac matrix I'. Thus, all weak matrix elements in B — D(D*)er, are
fixed at zero recoil (v = v’) by the symmetries of the effective theory. Away
from zero recoil, we can still use spin-flavour symmetries to relate all of the
form factors to a single form factor, {(v-v’). For example, under a spin rotation

(Dyr|Cyry"by|By) ~ <D:/ (€)|Cory"by| By) (63)
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which relates h4 (v - v') and hy (v -0v') as defined earlier,
B (o) = hy(o ) = (v -v) (64)

up to O(1/my, ) corrections. Similar (and more careful, using the transforma-
tion properties of the states and currents under the SU(4) x SU(4) symmetry)
arguments give the compete set of relations in Eq. (50).

Example: Decay Constants

The decay constant of a heavy pseudoscalar meson M, fjs, containing a heavy
quark @ and a light quark g, is defined as

(M|Q"y5410) = ipfy far- (65)

This matrix element cannot be calculated in perturbation theory; however,
heavy quark flavour symmetry relates the constants fp and fp. The only
subtlety in this relation is the normalization of the states, since in the standard
relativistic normalization the states are proportional to ,/mq. Pulling out
this normalization, and noting that pg ~ mg, the prediction of heavy quark

symmetry is
Jo_ ms o (,, Aaco (66)
fB mp T mpe )

Now let us consider radiative corrections to this result. At one loop in
full QCD, the matrix element of the heavy quark operator would contain large
logarithms, of order a; logmg /A, where X is the typical “soft” momentum scale
in the problem. The leading logs may be summed in the EFT by matching at
tree level and running at one loop with the renormalization group equations®.

Above 1 = my the current by +sq is partially conserved, and so has zero
anomalous dimension. There are thus no logarithms of my /m;p to sum. At
the scale p = my, we match onto a theory with a single heavy quark. The

original current then becomes, in the effective theory,

by v5q — c(mp)bu Y ys5q + - - . (67)

where the dots denote higher dimension operators (such as b, [y*vs5q) which
are suppressed by powers of 1/mqg. At tree level, the matching is trivial:
c(my) = 1.

dSee also Refll, where the running was calculated in the full theory, by summing the finite
logs of my/A. The calculation is much simpler in the EFT.
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Figure 12: Diagrams contributing to the one-loop anomalous dimension of b,v"vsq.

Now we run the operator down to the next interesting momentum scale,
m.. The anomalous dimension of the heavy-light current is calculated from
the graphs in Fig. 12,

@
y=4-2. (68)
0

At p = me, the only change in the theory is that the ¢ quark is integrated out,
so the § function changes. Below . = m,, the operator continues to run, this
time in a theory with three light flavours. The result is

o) = (as<mb>)6/% (a5<mc>>6/ 7 (69)

Qs (mc) g (N)

The effects of the gluons with momenta in the region p and m; have now been
explicitly taken into account analytically - the first factor comes from running
between my and m,, and the second from m, to pu.

Furthermore, this also gives the leading flavour symmetry breaking cor-
rections to the ratio f/fp. Since the operator ¢y v5q doesn’t start running
until 4 = m,, we obtain the ratio

fe _ [mp (as(mb)

fD N m—B as(mc)

6/25
> + O(1/mep, a2 log(my/m.)). (70)
The running is about a 10% effect. Physically, the symmetry breaking effect
arises because virtual gluons between u = m. and p = my can distinguish ¢
from b quarks.

Higher Orders in 1/mg

In addition to symmetry-breaking corrections due to virtual gluons, there are
corrections to our results suppressed by powers of Aqcp/m. and Aqcop/mw
from nonrenormalizable operators in the EFT. Since Aqcp/m. ~ 0.2, such
effects are crucial if HQET is to be useful for precision physics. But as in
any EFT, we can work to arbitrary precision in the ratio of scales, with the
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tradeoff being the introduction of more and more unknown matrix elements.
Fortunately, as we will see, it is possible to make statements which are correct
beyond leading order in 1/m., giving us real precision calculations.

It is straightforward to extend the Lagrangian to higher orders in 1/mg.
There are only two dimension five operators (corresponding to O(1/mg)) op-
erators we can write down in the EFT,

1 - _
L) = (c1(1)ho(iD)?hy + ca(p)hoo® Gaghy) - (71)
2mQ
There is an additional dimension five operator, h,(iD - v)h,,, but this vanishes
by the equation of motion,

D -vh, =0+ 0(1/mg) (72)

and so may be neglected. By considering their action on free fields, we see
that O; is the kinetic energy term (p?/2mg), whereas O is the chromomag-
netic moment operator that we saw in the previous section. Note that O,
violates heavy flavour symmetry, while Oy violates both spin and flavour sym-
metry. This justifies our previous assertion that the pseudoscalar-vector mass
splittings scale like 1/mg.

It is easiest to calculate c¢; and co by considering the gluon-quark-quark
vertex in QCD. This can be expanded in powers of 1/m¢g via the Gordon
decomposition:

(p" +p™)
2mQ

(" —p")

5 wUp")ouu(p)

a(p' )y u(p) = a(p)ulp) + i

— o ulp) + o (B4 KV Yu(p) + 12 Py )0 ()
mq mqQ
+o (73)

This gives the tree-level matching conditions

e1(mg) = 1. es(mg) = 5. (74)

Given the Lagrangian to O(1/mg), to calculate the matrix element of an
operator O to this order one must include matrix elements of the time-ordered
products of O with the 1/m¢ operators in £. Such matrix elements cannot
be calculated in a strongly interacting theory, and so must be parameterized
(again, in an SU(2Ny) x SU(2Ny) invariant way), reducing the predictive
power of the EFT. In addition, the operator O (for example, a weak current)
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must be matched to O(1/mg), introducing more unknown matrix elements.
We will see this explicitly in the next section.

One can, in principle, continue this indefinitely. However, even at O(1/ mQQ)
the EFT is rather complicated'?. In addition to the Darwin and spin-orbit
terms,

9 3 .9 7
Op = =5h(DuG")voh,  Os =iz shou{D", G}, (75)
there are eight (!) four-fermion operators, one “penguin” operator and two
triple-gluon operators. The equations of motion simplify this list somewhat,

but there are still clearly too many operators to do much that’s useful, beyond
estimating the size of the effects.

Application: Extracting |V,.| from B — D®ep,

Let us now use the EF'T machinery to calculate the corrections to the prediction
of the absolute normalization of the form factors for B — D*er, at zero recoil.
Quite generally, we can write the differential decay rate

£(B—>D(*)el7)= Gl [Vie|2(mp — mp«)*mb. (w4 1)>v/w? — 1
dw ¢ 4873 "¢ B p pr
dw m% — 2wmpmp~ + m2,.
1 B D F(w)]? 76
|1 o PR S (B (76)
where
F(w) = {(w) + O(as) + O(1/mecp) (77)

and the complicated w dependence just comes from the phase space integrals.

Radiative Corrections: These arise from perturbative corrections to match-
ing conditions, as well as running between p = m; and p = me, and so are
completely calculable. In fact, the one-loop running calculation is the same one
we encountered for the ratio of decay constants. The sequence of matchings is
that shown in Fig. 9,
—my

ey (1 —v5)b = e(mp)ey* (1 — v5)by
run

— c(me)ey" (1 —75)by — CI(mC)Ev"YM(l —75)by. (78)

Since the current is conserved for v = v’, its anomalous dimension vanishes
below p = m.. From our previous results, then, we get the leading perturbative
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correction to our results,

e (i) 6/25
(1 —v5)b — (aS( b)) e (1 —¥5)bw (79)

and so

_ ((slme) v alog" m./m m
FO) = (227 4 03t og mefm) + 01 /). (50)

At next order, the current must be matched to O(«s) accuracy, and the
running performed to two loops (resumming all terms of order a1 log" m../my).
This calculation has been done'3, and is included below.

Power Corrections: Just as the Lagrangian has corrections corresponding
to higher dimension operators, so the weak current matches in the EFT onto
additional operators. For general v and v’, the only operator at O(1/m,) is

ey (1 - 75)b, (81)

and so at O(1/m.) we need the matrix element

(D) (W) |ewi Py (1 = 3)bu| B(v)) (82)

There are three possible form factors required to describe the matrix elements
of this operator in HQET. Furthermore, additional 1/m¢ corrections arise due
to T-products of 1/mg operators in the effective Lagrangian and the leading
order current,

(DY ()T (ewy"bu, £1)|B(0)). (83)

However, at zero recoil (v = v') things simplify dramatically: both of these
corrections vanish, although each for a different reason'4.

e The T-product in (83) vanishes by the Ademollo-Gatto theorem when
v = v'. The theorem states that the symmetry breaking corrections to
matrix elements of an approximate symmetry current are second order
in the breaking terms in the Lagrangian.

e The matrix element (82) can be related, when v = v’, to the matrix

element of the operators ¢, D - vb,, which vanishes by the equations of
motion.
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Thus, we have the nice result that the leading nonperturbative effects to the
absolute normalization of the Isgur-Wise function at zero recoil are of order
Aqep/m?, not Aqep/me. This immediately raises this prediction to a reason-
able level of precision, since corrections of order AQQCD /m? are expected to be
of order 5%.

Putting everything together, we find

2
F1) = 1) e (@) 01/ + O (a2, 1/mi,)
= 0.960 = 0.007 + &1 /2 + O (a, 1/mj ) (84)

where 8y /2 refers to the incalculable O(1/m? ;) corrections. There have been
a number of attempts to estimate the size of these corrections from quark
models, sum rules and other methods. Combining the results in the literature
gives the rough estimate

01 /m2 = —5.5£3% (85)

which gives the result
F(1) =0.91 £ 0.04. (86)

Combining this with the measured value of dI'/dw at the endpoint (see Ref.1?
for a compilation of the experimental results) gives the value

Vie| = 0.0376 = 0.0015¢xpt. = 0.00124peory- (87)

2.8 Other Applications of the 1/m¢q Expansion

The heavy quark expansion has becoming the starting point for much of B
phenomenology today. Another application of particular interest is the case of
inclusive decays, such as

B — Z X ev, (88>
Xe

where all charmed final hadronic states X, are summed over. In this case,
the heavy quark expansion may be used to show that for sufficiently inclusive
quantities (such as the total decay width, the electron spectrum in B decays,
or moments of the invariant mass spectrum in B decays) the free quark result
calculated in perturbation theory

b — cev, + anything (89)

is the leading term in a 1/mg expansion. Just as in HQET, the subleading
effects may be systematically taken into account through higher dimension op-
erators. Such an approach has had many applications, particularly in providing

32



an alternative method of extracting V. (which agrees well with the result pre-
sented here), as well as for studying other decays such as semileptonic b — u
and the rare decays B — X,y and B — Xete™ (for reviews, see®).

3 EFT’s Without Matching: Chiral Perturbation Theory

In the examples of effective field theories we have seen thus far, the theories
were weakly coupled at the matching scale, and so the matching conditions
were perturbatively calculable. Thus, the coefficients of all operators in the
EFT were calculable, at least in principle.

However, if the underlying theory is nonperturbative at the matching scale,
the coefficients in the EFT cannot be calculated perturbatively. The classic
example of this situation is chiral perturbation theory, the EFT describing the
interactions of the light pseudoscalar mesons 7, K,n at low momenta. Despite
the fact that the coefficients of the EFT are not perturbatively calculable, the
symmetries and power counting may be used to obtain a remarkable amount
of predictive power. In this section, we will develop the formalism of chiral
perturbation theory, and discuss some of its phenomenological applications.
For reviews of the subject, see 16:17:18,

3.1 Chiral Symmetry Breaking

Why is the pion so light? By light, we mean light compared to the typical
masses one encounters in QCD. The pion mass is a nonperturbative effect, and
the typical mass scale associated with nonperturbative effects in QCD is ~ 1
GeV, roughly the mass of the proton. The pion, in contrast, weighs in at a
scant ~ 140 MeV.

Recall that it is very unnatural to have very light particles in a theory,
unless there is an approximate symmetry which makes them massless. For
the pions (and the rest of the octet of light pseudoscalars, the kaons and
the eta) this is indeed the reason - these particles are the (pseudo)-Goldstone
bosons (PGB’s) of the approximate SU(3)r, x SU(3) g chiral symmetry of QCD,
which is spontaneously broken by QCD dynamics to the diagonal subgroup,
SU(3)r+r. Because of this, the interactions of the light octet are strongly
constrained by the symmetries of the theory. To see how this comes about in
an EFT, let’s first consider a simpler, familiar case.
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P2

1

Figure 13: The potential in Eq. (90). The vacuum lies on any point on the minimum, and
spontaneously breaks the O(2) symmetry.

Example: Spontaneously broken O(N)

Consider a simple theory of a two real scalar fields,

2

1 A 2

L= Z Eau%a”%' 1 (¢ + 93 —0*)". (90)
i1

The Lagrangian has an O(2) symmetry. However, the minimum of the poten-
tial lies along the curve ¢ +ips = ve', as shown in Fig. 13. All values of @ are
equivalent, however for any value of 6 the the O(2) symmetry is spontaneously
broken. Goldstone’s theorem tells us that there is a massless excitation, a
Goldstone boson, corresponding to excitations of the field along the minimum
of the potential. Choosing the vacuum to lie in the ¢; direction,

(p1) =v, (p2) =0 (91)

and defining the shifted fields

P1=p1—V, P2= 2 (92)
the Lagrangian reads
| D VL
L= =0,010"p1 + =0, p20" P2 — — &%
2 2 2
A L AU 3 A o
- — ——=¢1 — (1 + 93
2\/5901902 2\/5901 16(901 $3) (93)

In accordance with Goldstone’s theorem, the ¢g field is a massless Goldstone
boson (GB), while the @; field has a mass m; = v/Av. However, this choice of
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fields obscures some important physics. Instead, let us combine the two real
fields into a single complex field ¢ = 1 + ip2, and write ¢ in terms of radial
and angular fields p(z) and 6(z),

b= (v+ plz)) P (94)
The broken O(2) symmetry is equivalently a U(1) transformation of ¢,
¢ — e, (95)
and in terms of the angular variables, the Lagrangian is
1 Av? 1
L= =0,pd"p— —p*+ =0,00"0
9 upPop B) P+ o “n
—i—ip(a 00"0) + Lp28 00" — L)\Up?’ - ip4 (96)
Voot 402" H 24/2 16" -

In this form, we see that the Goldstone boson 6 is derivatively coupled. Thus,
its interactions are proportional to its momentum, and as p — 0 it becomes a
free field. This is clear geometrically, since the potential is only a function of
the radial direction and not the angle, so there can be no non-derivative terms
containing #(x) in the Lagrangian. The derivative couplings of Goldstone
bosons is another general consequence of the spontaneous symmetry breaking
of a global symmetry, and will be very important in our discussion of pion
interactions.

The mass of the heavy mode (the @5 or the p) in this theory is proportional
to v. Thus, if we are now interested only in the low-momentum (p* < v) in-
teractions of the Goldstone bosons, we should integrate out the massive degree
of freedom and construct an EFT of only the Goldstone boson. In terms of
the angular variables, the resulting EFT will clearly only contain derivative
couplings. In terms of the @9 field this is not obvious (since the @2 direction is
only tangent to the vacuum manifold, and so the potential is not flat in that di-
rection). However, if you calculate the matching conditions, you will find that
the contribution from integrating out ¢; exactly cancels the non-derivative
couplings in £, again leaving a derivatively coupled theory.

Equivalently, since at low energies the only allowed excitations lie on the
vacuum manifold |¢|? = v2, let us define

2 =@/ (=Z)=1. (97)

= is just as good a field as @2 or # to describe the dynamics of ¢ when it is
constrained to lie on the vacuum manifold, as it is in the EFT below v. In this
representation, the field Z transforms linearly under the broken U(1),

E — 2 (98)
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whereas the 6 field shifts by a constant,
0 — 6+ v (99)

The low energy EFT

1)2

—tou= , 41 =t qum
Loy = 5 [3#54‘8“: + F(G#:Tﬁ“:)z +... (100)
is invariant under the spontaneously broken U(1)
=P (101)

and the a;’s are calculable via the usual matching procedure. The EFT is thus
an expansion in powers of p?/v2, with the normalization of the first term fixed
since it is the GB kinetic term.

Now, what happens if the original theory becomes strongly coupled (A >
4m)? In this case, we can no longer calculate the a;’s. However, as long
as the U(1) is still spontaneously broken, the EFT still has the same form,
a derivative expansion, with the coefficient of the kinetic term fixed. Even
though the theory is now strongly interacting, the Goldstone bosons are still
weakly coupled at low energies, with their interactions suppressed by p*/v?,
just by dimensional analysis. Thus, the most general EFT for = is obtained
by writing down the most general interactions invariant under the unbroken
symmetry, with the size of the coefficients set by dimensional analysis in 1/v.

Even in a simple spontaneously broken U(1) theory, surprising powerful
results may be obtained with little or no work. For a nice example of this this,
the reader is referred to Weinberg’s book'®, in which the salient features of
superconductors are obtained in the EFT language, solely from power counting
and the properties of the Goldstone bosons of a spontaneously broken U(1).

Now let us extend this analysis to a more complicated broken symmetry
group. In any low energy EFT of Goldstone bosons, the fields are constrained
to lie on the vacuum manifold, since all other excitations have been integrated
out of the theory. For example, extending this example to a theory of IV fields,
&= (¢1,.-.,¢nN), the Lagrangian

N N 2
1 A
L= 50upidpi— 7 (Z o7 — v2> (102)
=1 i=1

has an O(N) symmetry. If we choose the VEV of & to lie in the ¢y direction,
this breaks the O(N) symmetry down to O(N — 1), the rotations of the N — 1
other fields. There are N — 1 broken generators, and so N — 1 Goldstone
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bosons. Any point in the vacuum manifold may be obtained by acting on
the VEV with a broken generator (moving along the bottom of the N — 1
dimensional trough),

0

Pvacuum = ¢l 2.t 0 (103)

v

where the sum runs only over the broken generators ts. Thus, we can describe
the Goldstone modes by the field

0

— ei Zs tsﬂ's(m) 0 (104)

v

(1]

where the 7s’s are Goldstone boson fields. Once again, the EFT may be
expanded in powers of momentum,

L= % [8# (eizzs tsﬂ's) HH (elzs tsﬂ's):|NN 4 O(p4) (105)
(where the subscript NN refers to the element of the N x N matrix). Now,
however, the nonabelian nature of the group gives us more information. Ex-
panding the kinetic terms in terms of the GB fields m,, the two-derivative
term contains an infinite number of Goldstone boson self interactions, the co-
efficients of which are fixed by the spontaneously broken symmetry. Thus,
spontaneously broken nonabelian global symmetries relate processes with dif-
ferent numbers of Goldstone bosons. Corrections to these relations arise from
higher dimension operators in the Lagrangian, so are suppressed by power of
p? and are not important at sufficiently low energies. These various relations
go under the name of “current algebra”, and can be obtained in other ways,
but in the EFT language they simply fall out of the formalism. Furthermore,
the EFT gives us a systematic approach to parameterizing the corrections to
these relations.

3.2 Spontaneous Symmetry Breaking in QCD

Let us now apply these concepts to QCD. QCD with massless u,d, s quarks
is invariant under separate flavour SU(3) rotations for left and right-handed
quark fields:

L =Prilppr + YrilPbr (106)
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where

u
Yv=1d (107)
S
and the symmetries are
¢ — Lip, L =elaTe
Yr — Rir, R=e"aTe, (108)

If this symmetry were not spontaneously broken, one could perform an axial
transformation and change a scalar meson to a pseudoscalar, or a vector to a
pseudovector. Thus, mesons would come in degenerate parity doublets (at least
approximately, since the symmetry is weakly broken by the light quark masses
and charges). The pion and the a¢(980) would be approximately degenerate,
as would the p(770) and a1(1260). Since this is clearly not the case, chiral
symmetry must be spontaneously broken. There is no scalar field around
to pick up a VEV; instead, the fermion bilinear 11/ obtains a VEV due to
nonperturbative effects

(W) = (Yrr +YriL) ~ 1 GeV?, (109)

This breaks the chiral symmetry down to the diagonal subgroup L = R (the
usual SU(3) of flavour, denoted SU(3)y/)

P — ePPaTay), (110)
The axial symmetry, L = R, or
P — eraTay) (111)

is spontaneously broken. There are eight broken generators, and thus there
will be eight Goldstone bosons. These have the correct quantum numbers to
be the three pions, four kaons and the eta.

The Chiral Lagrangian

In analogy with the U(1) case, we can write down an EFT of only the Goldstone
bosons. The other excitations like the p’s and w’s have been integrated out
of the theory, just like 1, so the excitations are constrained to lie along the
vacuum manifold. The vacuum now has eight flat directions, corresponding to
the eight broken generators. As in the previous examples, we work in “angular”
variables. Fluctuations along these flat directions can be described by the field

¥ = /S (112)
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where f is some dimensionful parameter required to get the units right, and

\/Liﬂ'o—f—%’l’] 7T+ K+
K~ K°

2
—2n
is the Goldstone boson matrix. Under an SU(3); x SU(3)r transformation,

3 transforms in the same way as the bilinear ¥gry,
¥ — LYR! (114)

This seemingly arbitrary choice is only one of an infinite number of ways to
represent the PGB fields. The others are all related via field redefinitions, and
so give the same S-matrix elements'?. The essential feature of this represen-
tation is that under the unbroken SU(3)y, the pions transform linearly in the
adjoint representation,

L=R=¢"Ts = 5 — ¢PhaTajemiraTa (115)
while they transform nonlinearly under the broken symmetry,
L=R"=eTe = ) — 7w, + fAa + O(N\?). (116)

This is analogous to the transformation (99) in the U(1) theory.
Written in terms of ¥, the EFT must be invariant under the full symmetry
group. However, since the vacuum of the theory is at m, = 0, or

100
x=[0 1 0 (117)
00 1

the symmetry is indeed spontaneously broken to SU(3)y. Since the theory is
strongly interacting at the breaking scale, we can’t match onto the low-energy
theory in perturbation theory; however, as in the O(N) case, we can still
expand the Lagrangian in powers of derivatives. Since we are interested in the
low-energy dynamics of the Goldstone bosons, we should be able to truncate
it after a few terms.

In accordance with the general requirement for Goldstone bosons, there
are no terms in the EFT with 0 derivatives, since ©T3 = 1; the Goldstone
bosons must therefore be derivatively coupled, as required on general grounds.
Lorentz invariance forbids any term with a single derivative since there is no
other vector in the theory. At two derivatives, there is only one possible term,

Tr [0,510"E] = %Tr [0, 7O'7] + ... (118)
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(any other two-derivative term may be put in this form after an integration by
parts). Immediately we recognize this term as the kinetic term for the mass-
less GB’s. This term must be correctly normalized, so we have our effective
Lagrangian to O(p?):

2
Lrpr = fZTr [0,2T0"%] + O(p*). (119)

As in the O(N) case discussed previously, the kinetic term contains an
infinite number of multi-particle interactions, whose coefficients are all related
by chiral symmetry. Expanding £ in terms of the fields, we find

<o~ 1 -4 -
Lerpr = Tro, 70" 7 + B—fQTr 7, 0,7 + . .. (120)
where the ellipses denote additional multi-pion interactions. Thus, to O(p?)
all the PGB self interactions are determined by a single constant f.

Symmetry Currents

The only constant we have to determine in £ to this order is f. This can be
related to an observable in a very elegant way. Recall that a symmetry of a
theory corresponds to a conserved current. In QCD, the currents associated
with SU(3) x SU(3) are easy to calculate, via the standard Noether procedure.
They are

Jha = 0V v Tat, 3y = VY Tat) (121)
where A and V refer to axial and vector transformations, respectively. The
interesting observation is that these currents also appear in the weak Hamil-
tonian describing, for example, pion decay,

Hw = —aiy" (1 = 35)dTe7u (1 — Y5)e + . . (122)
myy

even though in this context they have nothing to do with the global SU(3) x
SU(3) symmetry (instead, they are weak gauge symmetry currents). But a
current is a current, and since the EFT has the same symmetries as full QCD,
the conserved currents in the two theories must be the same. (This is the
same situation that arose in HQET, where we exploited the fact that weak
currents were global symmetry currents in the EFT to determine their matrix
elements.) The matrix element of the weak current between a pion and the
vacuum is measured in pion decay,

(0[54°|7") = i fap?5® (123)
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where fr >~ 93 MeV is the pion decay constant. Thus, if we construct the
symmetry current corresponding to an axial flavour rotation in the effective
theory, we can calculate its matrix element between a pion and the vacuum;
this will allow us to determine f in terms of fr.

Recall the Noether procedure: if £ is invariant under an infinitesimal global
symmetry transformation with parameter €, the corresponding conserved cur-
rent is given by the change in £ when € is taken as a function of x:

5L = Oe(x)j" (). (124)

Let us now construct the symmetry currents in the effective theory. Under an
infinitesimal LH transformation, we have

X — X+ ierT%. (125)
Substituting this into Eq. (119), gives
6L = 0,4 Tr [T*D0O*ST] (126)
and so the conserved current corresponding to an SU(3) transformation is
gt = %fQTr [T*2o"21] . (127)
Similarly,
= % T T2t ors] (128)
and so the axial current is
Jh = jha _ jha — _pori 4 (129)

where we have expanded the X field in terms of GB fields, and the dots denote
terms with additional fields.

This is worth contemplating for a moment - using the symmetries of the
theory, we have expressed a quark current in terms of pion fields! This is real
nonperturbative information, and we got it without solving anything nonper-
turbative. Such is the power of symmetry. Now, matrix elements of 7 fields
are trivial to calculate,

(0[5*|7%) = (0] — fOra® 4 ... |xb) = ifpts?. (130)
Comparing this to Eq. (123) we immediately conclude
f = fr=~93MeV. (131)
Thus, we have completely determined £ to O(p?).
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Figure 14: Diagrams contributing to semileptonic K decay to leading order: (a) K — pb,,
(b) K — wpvy, (¢) K — wrpvy,.

Application: Semileptonic K Decay

Already we have a lot of predictive power, particularly for semileptonic K
decays. This is because the decays

K —uw, K —wr’, K~ —uwrtn ... (132)
are all determined by matrix elements of the weak current ay*(1 —~5)s, which
is also a flavour symmetry current of the chiral Lagrangian.

By arguments identical to those in the last section, this current may be
written in terms of the Goldstone boson fields. Carrying out the expansion to

a few more orders in the fields gives

(1 —v5)s — —V2fO' K~ —
V2
3f

1
+§7T07T06MK_ +rta O K| +.... (133)

% [K_auwo - WO(?MK_}

1
+ K_7T+6M7T_ - 2K_7T_(9H7T+ - §K_7TO(9M7TO

Thus, we can compute all these decay rates in chiral perturbation theory, solely
in terms of f. The relevant diagrams are shown in Fig. 14.

3.8 The Chiral Symmetry Breaking Scale

So far, our results have been determined only by symmetries of the theory, and
have been independent of the details of QCD (and thus, the success of these
predictions tells us no more about QCD than its global symmetry structure).
The deviations from these predictions arise at higher orders in p?. At O(p?*),
for example, there are four derivative terms like terms like

Ly = a;Trd,Xo"%19,%0" S + .. .. (134)
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Lo Lo Ly

Figure 15: m — 7 scattering at O(p*).

By dimensional analysis, this term will give a contribution of order p? /Af<
relative to the leading term, where A, is the scale of new physics at which the
EFT breaks down, set by the scale of the VEV of 4. If QCD were weakly
interacting at the matching scale we could calculate a;, but since it is not,
all we have is dimensional analysis. Physically, we expect A, ~ m,, since
this is the lightest resonance we have integrated out of the theory. However,
we can say something about a; without knowing anything about the higher
resonances.

The only dimensionful parameter in the chiral Lagrangian at leading order
is fr ~ 93 MeV, and the nonrenormalizable terms in Eq. (120) are suppressed
by powers of 1/f,, suggesting that A, ~ fr. If this were indeed the case,
chiral symmetry would be completely irrelevant in the real world, since the
EFT would break down at a scale smaller than the pion mass. However, as
we will see, this is not necessarily the case - there are important factors of
47 in any estimate of the scale where the theory breaks down which save us.
The art of estimating the relevant factors of 47 goes under the name of “naive
dimensional analysis” (NDAFO.

Consider 7 — 7 scattering at O(p*). At this order, there are contributions
from both £4, and from a loop containing two operators in Lo, as shown in Fig.
15. Indeed, the operators in £, are required as counterterms for the divergent
loop diagram in Fig. 15. Thus, the separation of the amplitude into the two
separate graphs is renormalization scheme-dependent, and therefore arbitrary.
In fact, it requires a fine-tuning to make the contribution of £4 much smaller
than that of the first diagram.

More precisely, the first graph in Fig. 15 is proportional to

d4p p2 p2 1 p4 1
| Gy~ s (135)

where we have regulated the divergence in MS. Since the sum of the two
graphs is p independent (the coefficients in £4 depend on u), changing p by
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O(1) changes the coefficients of operators in L4 by order

pt 1
1672 f4°

(136)

Thus, even if the contribution of £4 is much smaller than this value at one
value of p, at an equally good value of y it is of the same order. Thus, in Eq.
(134), naturalness implies than

1
>
= 1602 (137)
and so we have
Ay <dnfr ~1 GeV. (138)

The theory would have to be fine-tuned if in the MS scheme, the coefficients
in £4 were significantly smaller than this estimate.

Thus, the estimate Ay, ~ fr is unduly pessimistic. Although the scale at
which the theory breaks down is indeed set by f, it may be significantly higher
(although it cannot naturally be arbitrarily high). This idea of NDA is that
this inequality is actually a rough equality - that is, hope that we are lucky
and that A, is no smaller than its natural size. Thus, in general we expect the
coefficients of n-derivative terms in £ to be

72 x 28,
AX

(139)

Experimentally, this works pretty well. Many of the four-derivative terms
in the chiral Lagrangian have been fit to experiment by Gasser and Leutwyler'”.
NDA tells us the natural size of these coefficients is

2

-3
b=l 7x 1073, (140)

Those that are measured vary between 0.4 x 1073 and 7.4 x 1073, so NDA
certainly seems to be in the right ballpark (which is all we can require of it).

3.4 Ezplicit Symmetry Breaking

Of course, chiral SU(3)xSU(3) is not an exact symmetry of QCD. It is explicitly
broken by both the quark masses,

Lo = Mipgr + h.c., (141)
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where M is the quark mass matrix,

m, 0O 0
0 mgq O , (142)
0 0 mg

and by the quark electromagnetic couplings. However, this breaking is small
(in a sense which we shall define shortly), and these corrections may be taken
into account perturbatively. Since the symmetry is not exact, the Goldstone
bosons will not be exactly massless. Such fields are known as pseudo-Goldstone
bosons (PGB’s). Since the breaking due to the s quark mass is by far the largest
of the symmetry breaking effects, let us concentrate on the quark masses. To
consistently take these effects into account, we make use of a very nice trick.
Suppose for a moment that the quark mass matrix M were actually a classical
external field (sometimes called a “spurion” field) transforming under chiral

rotations as
M — LMRY. (143)

In this case the mass term (141) would not break chiral symmetry. However,
the chiral Lagrangian would have to include all chirally invariant terms cou-
pling M and ¥, with unknown coefficients; for example

TeSTM + hee. . (144)

We can recover QCD by taking M to be a constant,

m, 0O 0
0 mg O . (145)
0 0 mg

The interactions between M and ¥ then determine the effects of the quark
masses in the low-energy theory. Furthermore, since M is small (m,,, mq, ms <
A,), the effective theory may be expanded in powers of M, and truncated after
the first term or so. At leading order in M/A, there is only one term

1
Ly = 5uf,%TrzTM +h.c. (146)

(note that this is not a derivative interaction, since it explicitly breaks chiral
symmetry) where p is an unknown parameter with dimension of mass. Ex-
panding Eq. (146) in terms of the PGB’s gives

Ly = —2uTeM7* + ... (147)
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which we immediately recognize as a mass term for the PGB’s, and from which
we can read off the masses:

m2s = plm + ma)
m?(i = p(mu + ms)

mioﬁ o = (M +mg) (148)

and the 7°, 1 mass-squared matrix is

I P (149)
s §(mu —|—md—i—4ms)

Ignoring the off-diagonal term, whose effects are second order in the isospin-
violating mass different m,, — mg, this gives

mZo = p(my +ma)
mf, = %(4m5 + My + Mg). (150)
Thus, we can relate the meson masses to the underlying quark masses. The
meson masses satisfy the Gell-Mann Okubo relation

3mj 4+ m} = 4mi. (151)

Note, however, that since masses occur in the combination pm, we cannot use
this approach to determine absolute quark masses, only ratios. The electro-
magnetic contribution to the masses of the charged kaons is the same as that
for the pions, so the electromagnetic effects drop out of the following ratios

2 2 2 _ .2
My My — Myo +2m, mﬂ+~055

2 2 2
mq Mo — My T My

2 2 2
ms  Mio T My — Moy

~ ~ 20.1. 152
mq  Mmio —mi, +m2, (152)

(Note, however, that the first ratio is very sensitive to higher order corrections,
and so cannot be taken as an unambiguous sign that m,, # 0.)

This type of analysis can be extended to other symmetry breaking terms
in L. For example, the AS = 1 nonleptonic operator

dy*(1 = vs)suyu(l — v5)u (153)
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(written in this form after a Fierz transformation) may be decomposed into
terms which transform (in the same sense as the mass term is said to trans-
form) as 8 and 27 dimensional representations of SU(3)r. Decomposing these
terms further in terms of isospin, the first is pure Al = 1/2, while the second
contains both Al = 1/2 and AI = 3/2 terms. Experimentally, AI = 1/2
transitions in nonleptonic K decay are much larger than Al = 3/2, so to a
good approximation the decay is pure octet, and for simplicity we will ignore
the 27.

The pure octet piece of the AS = 1 operator is

0 0 0
{0 0 1)1 —=75)veyu(l —7s)0 (154)
0 0 0
and so we can introduce the spurion field
0 0 0
h=10 0 1 (155)
0 0 0

which “transforms” under the chiral symmetry as h — LhLT. At leading order
in h, there is only one term which couples h to 3,

Las=1= iffr/\Tr [(h+ K19, 20" 5] (156)

where )\ is an unknown constant. However, since this is the operator responsible
for Kg — mwm decays, we can measure it:

A=32x10"". (157)

The EFT may now be used to calculate other weak decays mediated by the
same operator; we will see an example in the next section.

3.5 Applications

In this section I will give a couple of examples of non-trivial calculations in
chiral perturbation theory. I won’t give a completely detailed description of
all the ingredients, but I hope that they will give you a sense of the structure
of such calculations. For more details, I refer you to the original papers, cited
in the references.
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Figure 16: Diagrams contributing to K's — =7. The box denotes the octet AS = 1 operator.

Ky — vy

This process was calculated in 2'. The new ingredient in this calculation is

the addition of electromagnetism, and the decay proceeds through the graphs
shown in Fig. 16. The PGB-photon vertices just arise from making the deriva-
tives in Eq. (119) covariant,

DY = 0,5 +icA, [Q,Y] (158)

where @ is the quark charge matrix (again, a spurion field)

(2
o=-lo -1 o |. (159)
3\ o

Similarly, the extra photons coming off the AT = 1/2 operator in Eq. (156)
arise from the covariant derivatives in

1
Lar=1/2 = Zfﬁ)\Tf(h +h")D,ED"5T. (160)

The loop integrals are convergent, and there is no local operator at this order
which contributes to the decay. The result is

Br(K, —yy) =24x107° (161)
which compares nicely with the experimental measurement of (2.4+0.9)x 1076,

n(r®) — £+

This process has been considered in a number of papers, most recently and
completely in22. The extra ingredient required for this calculation is the axial
anomaly. In QCD, the axial current

3% = T (162)
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Figure 17: Diagrams contributing to n, 70 — £74~.

associated with the 7 and 7 is not only spontaneously broken, but also explic-
itly broken by electromagnetic effects, through the famous triangle anomaly.
By calculating the triangle graph, one find that the current is not conserved,

but rather satisfies .2

4872
To reproduce this in the chiral Lagrangian, an explicit symmetry breaking
term must be added to the theory with the property that under a T3 chiral
transformation this term is not invariant, but rather changes by the appropriate
factor. This is known as the Wess-Zumino term, and at leading order in the
fields, it is

0ui = 5 uas " FP. (163)

0
Lwz =1 fewaﬁF v o (7 + \if) (164)
and is the operator responsible for 7° — ~v and n — ~v decays. Note that
there are no unknown parameters in this term; its coefficient is fixed by re-
quiring that it reproduce the anomaly in the full theory.

The Wess-Zumino term contributes to the decay n — pu™p~ via the first
graph in Fig. 17. The loop graph is UV divergent, so it clearly needs a coun-
terterm, which gives the second diagram. Alternatively, one can just notice
that one has to include any local operator with the correct quantum numbers
at the same order in the chiral expansion. It turns out that there are two such
operators,

Lot = aTr(Q*S79,% — Q%0,21%)

32
""XQTT(QZTQ(?;LZ - Qa,uZTQE)] (165)

where x1 and y2 are unknown coefficients. Note that since the decay occurs
via two photons, the counterterm has two powers of . Using the measured
branching ratio

Br(n — ptp™)=58+08x107° (166)
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Figure 18: Leading SU(3) breaking corrections to fx /fx. The box indicates an insertion of
the weak current; the leptons are omitted.

allows us to fit the sum of these unknown coefficients,
—40 < x1(p=1GeV) + x2(p =1 GeV) < —13. (167)

(Note that this is consistent with the NDA expectation 3x1/32 ~ 1.) This
now gives us predictions for n — e*e~ and 7° — eTe™, which depend on the
same linear combination of counterterms. Note that this is not a simple SU(3)-
like prediction; the loop integrals are weighted in different parts of momentum
space. The predictions are

Br(n” —efe”) =7+1x107% (exp’t: 7.5+.2x107%)
Br(n —efe™) =5+£1x107% (exp't: <2x107%). (168)

3.6 Other Applications

I hope I have given you a flavour of the applications of chiral perturbation
theory here. Let me just mention a few more of the applications.

Chiral Logarithms: SU(3) breaking effects from local operators give terms
proportional to mg, or mfm Ko Since they are local operators, these must be
analytic in m4. Contributions which are nonanalytic in the mesons masses, for
example ~ m2 logm?2, can only arise from loop integrals, which are sensitive
to infrared effects. Thus, in the chiral limit m; — 0, these terms formally
dominate over the nonanalytic terms. Furthermore, they are calculable. Of
course, since log mi/Ai ~ —3.9 and log m%/Af< ~ —1.4, these terms are not
greatly enhanced. Nonetheless, one often calculates these terms to at least set
a lower limit on the size of SU(3) breaking effects. One oft-cited example is
the ratio of decay constants fx/fr. At one loop, this is determined by the
graphs in Fig. 18, which yield (ignoring the pion mass)
3m2
‘;—I: =1- 64#21},% logm%/Af< +O(m%)
= 1.19. (169)
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This is rather close (probably too close to be other than luck) to the experi-
mental value of 1.2.

Matter Fields: It is problematic to introduce heavy particles (vector mesons,
nucleons, heavy hadrons) into chiral perturbation theory in the standard way,
since their masses of order, or greater than, A,. However, for massive sta-
ble particles, this energy cannot be released, and using techniques similar to
HQET they can be introduced as static chirally coupled fields in an SU(3)
invariant manner. This gives an effective field theory describing low energy
wp, wD, etc., interactions. There are a number of uses of such a theory, such
as nucleon-pion scattering near threshold, D* — Dn and D* — D~ decays,
nonanalytic SU(3) breaking in heavy particle masses and couplings, and decays
of excited heavy states such as Dj — Dm. For some examples, see 2.

Nuclear Forces: There has recently been a great deal of excitement about
the possibility of studying nuclear forces (that is, nucleon-nucleon scatter-
ing and beyond) using a chiral Lagrangian. This would provide a model-
independent approach to many classic nuclear physics problems, such as the
internucleon potential, properties of the deuteron, and properties of bulk nu-
clear matter. Until quite recently the major stumbling block was coming up
with a consistent power counting scheme, which is significantly more diffi-
cult than in the case of the standard chiral Lagrangian, due to the apparent
fine-tuning in nature of the NN phase shift and deuteron binding energies.
Recently, this problem seems to have been dealt with consistently, and there
has been much activity in this field 24.

Electroweak Symmetry Breaking: Finally, we recall that the chiral La-
grangian approach was based solely on the symmetries, and so the same ap-
proach is appropriate to study any theory exhibiting chiral symmetry breaking.
In particular, the Standard Model has the symmetry-breaking pattern

SU(2)EW X SU(?)R — SU(Q)custodial (170)

where the SU(2)g is a global symmetry with a gauged U(1), and the remaining
“custodial” SU(2) guarantees that the p parameter is near one. Thus, one can
use chiral perturbation theory techniques to describe the low-energy effective
theory of the symmetry-breaking sector. This is particularly useful in strongly-
coupled theories with dynamical symmetry breaking, such as technicolour and
its generalizations. The leading terms in the chiral Lagrangian reproduce the
tree-level results of the Standard Model, while deviations from the SM arise
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from higher dimension operators. Naive dimensional analysis also provides
a useful means of estimating the effects of a strongly interacting symmetry
breaking sector 25,
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