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The present status of the theory of charmed and beautiful hadrons is briefly reviewed. The
opportunities presented by these particles for the elucidation of fundamental questions, such as
the number of generations of quarks and leptons and the mechanisms responsible for CP
violation, are examined. Particular attention is devoted, within the framework of quantum
chromodynamics, to the structure of hadrons with heavy quarks.
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1. INTRODUCTION

The leading edge of research in high-energy physics is
advancing swiftly, leaving behind islands and even whole
archipelagos of unsolved problems. Indeed, quantum chro-
modynamics itself is the clearest example of this. Only six or
seven years ago, the theory of hadrons was regarded as prob-
lem number one, and some believed that its solution was
imminent. However, time has passed, hopes were born and
died, and the chreished goal—the creation of a complete the-
ory of color trapping—was not reached. Other topics arose
and developed in parallel, and the principal interests of theo-
rists have gradually shifted to new promising fields such as
supersymmetry, supergravity, and superstrings.

The result of all this has been that, having assumed their
place in the extensive family of hadrons, charmed and beau-
tiful particles have receded well into the theoretical rear."
The question therefore is whether further efforts toward un-
derstanding of their properties are now justified.

In my view, the answer is in the affirmative for three
reasons. First, these particles are being investigated and will
continue to be investigated experimentally for a long time.
The potential importance of particular measurements can
only be established theoretically. Second, some of the data—
and I shall touch upon them later—can throw light on very
fundamental questions lying outside the framework of the
theory of hadrons, e.g., the number of generations of quarks
and leptons. Finally, the third reason is more subjective. In
the same way that nuclear physics became a separate disci-
pline in the 1950s, quantum chromodynamics is becoming
an independent subject, with its own specific methods, and
continues to grow and develop. Since the confinement prob-
lem has not been solved, each new task in hadron physics is
actually a kind of new adventure with an unknown outcome:
will a reliable prediction emerge? Will it yield something
new that will help us to understand the dynamics of large
separations? And so on. Success is far from guaranteed, and
it is precisely this uncertainty that, in the final analysis,
makes this subject so interesting to theorists.

Charmed and beautiful particles occupy a special posi-
tion in hadron physics because, on the one hand, the volume
of available data on them is rapidly expanding and, on the
other, we have an additional parameter, namely, the mass of
the heavy quark mQ:

mc.b.t ^ AQCD, (1)

where AOCD is the parameter determining the behavior of
the quark-gluon coupling constants.

In this review, we shall touch upon only a few of the
questions that are frequently encountered in current litera-
ture. We shall confine our attention to hadrons containing
only one c- or b-quark, leaving to one side the question of t-
hadrons and hadrons containing two or more heavy quarks.
If we use Q to denote a heavy quark (c, or b) and q to denote
a light quark (u, d, s), the mesons and baryons that will be of
interest to us will be of the form Qq and Qqq, respectively. In
a channel with fixed quantum numbers, there are three
charmed and three beautiful mesons21

D° = cu. D' = ccl, F = cs,
Bu =T.u. Bd = Bd, Bs =bs;

(2)
(3)

and we can construct the fifteen S-wave baryons whose
quark composition and parameters are listed in Table I.

We open our review with a brief excursion into the pro-
cesses and phenomena that could provide us with informa-
tion about fundamental aspects of the theory. The extensive
section headed "Charmed and beautiful hadrons in the chro-
modynamic kitchen" is devoted to the properties of mesons
and baryons that are determined by the strong interaction.
We shall summarize the achievements of the last two or
three years under the following headings:

a) calculation of the mass spectrum and certain ampli-
tudes from the QCD sum rules

b) inclusive nonleptonic widths (lifetimes)
c) meson annihilation constants/D and/B

d) exclusive hadronic decays of D- and F-mesons
e) strong and radiative decays of excited states.
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TABLE I. Baryons with one charmed quark.

Particle Quark composition Mass, MeV

Q« *«*)

((udij_0 c\r

((dd)J==1 c)3/2 +, ((ud)J=1 c)3,2 -

((ds)/_0 c)1/2 +, ((us)J=0 c ) i / 2 _

L , ((US)J=10)3 2 -

1 c)a/2 +

2281

2445

Preprint 1TEP-51, 198G

246D

2740

•'Old designation A", A + .
** 'Old designation S", S + .

•""Old designation T.

2. FUNDAMENTAL ASPECTS

It has frequently been noted that the physics of c- and fa-
quarks is a potential source of indirect information about
unknown interactions and particles, and about new proper-
ties of known objects. By studying decays, we can impose
limits on:

—the existence of a fourth generation of quarks and
leptons

—the existence of new particles, e.g., squarks, Higgs
bosons, and so on

—the mass of the r-neutrino
—the mechanism responsible for CP invariance viola-

tion.
Searches for the charged Higgs particle H * in the de-

cay of the b-quark are probably the best known example of
this. If this object exists with mass MH <mh — mc ~ 3 GeV
and coupling constant of the normal order of magnitude
(G p/2mb), the b-quark will decay wholly via the semiweak
process b-»H~c instead of the normal weak transition
b->cud (see, for example, the review in Ref. 73):

~ 105. (4)

Existing data on B-meson decays can, on the whole, be satis-
factorily described in terms of the standard picture that ex-
cludes the existence of H~ with a coupling constant that is
even lower (by an order of magnitude) than Gl

F
/2mb. We

note in passing that, with a little bit of creative imagination,
one can see in the above data a hint of the leakage of b-quarks
into some unknown channels at the level of 20% of the total
width (see Section 3.3).

Turning now to charmed hadrons, we must first recall
the D->TVT and F-»rvr decays, whose probabilities are sen-
sitive to the mass of the vr if this mass is of the order of 10
MeV (Refs. 3 and 4). The point is that the energy released in
these decays is about 85 and 190 MeV, respectively, so that
Mv of this magnitude would result in an appreciable reduc-

tion in the phase volume. The relative probabilities of these
decays are:

Br (D 2.8- ID-" -
(5)

where/D is the constant characterizing the annihilation of
the D-meson by the corresponding axial current

(0 | D > = (6)

(fp is defined by analogy). The constant/D is the analog of
the well-known constant/„. (/^ = 133 MeV) that is fre-
quently encountered in pion physics. Calculations of/D will
be discussed in Section 3.1. Here, we merely note that mod-
ern ideas suggest that30'3'

/D =160— 170 MeV. (7)

The mass of the r-neutrino can be determined by measuring,
say, the ratio4 T(D^rvT )/F(D^yuvM ). It is believed that
this method produces the best upper limit, namely, Mv 5.10
MeV, which is an improvement, by an order of magnitude,
on the previous results.

Another important problem for researchers interested
in D mesons is the direct measurement of the ratio Fcd /
Fcs , where Fqq. are the corresponding elements of the Ko-
bayashi-Maskawa matrix. Within the framework of the
present-day picture, i.e., three generations and very weak
mixing of the third generation with the first and second,31 we
may expect that

(8)

and this equation should be satisfied to within O (10 ~3) . The
right-hand side of (8) is known with very good precision
because the elements Vud and Fus determine weak decays of
the "old" hadrons, e.g., TT-./XV and K->[iv.

On the other hand, the ratio |Fcd/Fcs can be deter-
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mined from the width ratio b u,c,-t cl

F (D->-pev)
T (D -*- K*ev)

or
r(D-»Kev) (9)

Accurate determination of Fcd/Fcs from (9) would de-
mand that, in both cases, theoretical analysis should take
into account effects due to SU(3)f; violation, both in the
phase volume (this is a trivial exercise) and in the matrix
elements (a problem that is less trivial).

A deviation from (8) by more than 10~3, if it is found,
would be evidence for the existence of a fourth generation of
quarks and leptons, exhibiting quite considerable mixing
with the first three generations.5

I know of no other fundamental aspects that are accessi-
ble to investigation in charmed hadrons. In particular, CP-
violation effects in the system D0<-*D(> are expected to be
exceedingly small7"8 because AAf D /F<l in the standard
model. Neither the possible existence of new quark genera-
tions nor the existence of supersymmetric partners with
known particles would affect this conclusion. The obvious
reason is that the principal decay modes of the D°-mesons
are Cabibbo-allowed, whereas the D'V»D° transitions are
necessarily Cabibbo-forbidden.7'*

In this sense, the situation in the physics of b-hadrons
would seem to be the most favorable. There are two neutral
B-mesons, namely, Bd and B°, and both systems are natural
probes for exploring the structure of the theory at distances
less than or approximately equal to mt~ \ where tnt is the
mass of the (still undiscovered) t-quark.

Both theB°d*-+ Bd, B°^ B" mixing and the CP-invar-
iance violation in these systems have been frequently dis-
cussed in detail.y~2' The key theoretical parameter determin-
ing the magnitude of all the effects is

x = •$¥-, (10)

where AM is the off-diagonal element of the matrix and F is
the total width of the meson. We note that, in contrast to the
usual picture in the case of the K" meson, in which the KOL

and Kos lifetimes are essentially different, the width differ-
ence can be neglected for the B-mesons. (We shall see in
Section 3.3 that the difference between the lifetimes of all the
b-hadrons is definitely not more than about 5%).

In the standard model, the main contribution to the
B"+->- B" amplitude is provided by the square diagrams, such
as those of Fig. la; they are, in fact, saturated by the contri-
bution due to the t-quark. In the highest-order approxima-
tion in m\, the graphs of Fig. la lead to the effective Lagran-
gian

( 1 1 )

We shall not pause to calculate the coefficient in (11) be-
cause this question has been examined in the literature (see,
however, Section 3.4). This coefficient is determined by the
elements Fth, F,s, Ftd of the Kobayashi-Maskawa matrix
and includes the so-called 77-factors41 that take into account
renormalization due to hard gluons. If we use the factoriza-
tion procedure for the matrix element over the states of the
B", B" (we shall return to this question in Section 3.4) then

XBA = ~T~ ̂  32jl ~^t i rrh i s zT ' (12)

FIG. 1. a—Amplitudes of B<->B oscillations in the standard model, b—
Interference between these two diagrams contains the CP-odd term which
leads to a nonzero width difference r(b->uus) — r(b-uus) .

where, to be specific, we give the result for Bd . In this expres-
sion, £s/ ~ 0. 1 1 is the relative probability of the semileptonic
decay of the B-mesons and Zc = 0.3-0.4 represents the sup-
pression of semileptonic decays by the phase volume and
gluonic corrections. It is also assumed that m^/M2^, <1
since, otherwise, we would have to take into account effects
related to the W-boson propagators in Fig. la. The corre-
sponding additional factor is equal to 3/4 for wf = M ^ and

The numerical value of the parameter xBj is subject to

considerable uncertainty, largely due to the uncertainty in
Fld . lfmt ~40 GeV, it would appear that

• 10-*, (13)

and the effect of mixing and oscillations due to mixing is very
small in the standard model.

The situation changes radically when we turn to B".
The parameter XB is then obtained from (12) by making the
replacement Ftd -» Fls. We note that, for three generations,
| Flb |=;1, Fts/Fcb [ = 1, and, consequently, the predictions
for XB are practically free of any dependence on the mixing
angles. Numerically,

/,. i
\. (14)Bs~ \130MeV 40 GeV '

We must now say a few words about how the effects of
B"-^ B" mixing could be observed experimentally. The case
that is most frequently discussed in the literature is the fol-
lowing. Consider the creation of the B° "W' pair in e + e"~-
annihilation, followed by the semileptonic decay of each me-
son. We then have

bd — >- l~\- 4 hadrons, bd — >- l+\- —hadrons .

If oscillations are turned off, then

(15)

(16)

and we have the creation of a pair of leptons of different sign.
When oscillations are turned on, the members of the lepton
pairs have the same sign. This means that the yield of leptons
of the same sign, n + + or n __ , i sa measure of these oscilla-
tions. Quantitatively, in the case of e+e~-annihilation,33

(17)
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For small values of x, the quantity r6 = O(x2) is a measure
of the fact that the created B° or IF meson decays on a time
scale that is shorter than the characteristic time of the oscil-
lations. Asx-> oo,

which is also very reasonable.
The CP-invariance violation leads to the fact that

A(B°^ W)^A( 1F-B0) and, consequently, n + + ̂ n__.
However, it is well-known that, in contrast to oscillations,
the CP-odd asymmetry

a —

decreases with increasing /n,. Standard-model estimates
show that

(18)

One of the reasons for the suppression ( 18) is the kine-
matic factor ~m2/m2, which appears unavoidably in the
expression for a.

It is interesting that CP-violation leads to a difference
between the inclusive widths of the b- and b-quarks when we
consider b and b decays into quarks with a given flavor, e.g.,

A =~ T fb -»- uus) — T (b -»• uusl.

The fact that A is not zero is due to interference between the
diagrams of Fig. Ib. The result for A was obtained in 1979 by
Voloshin and Okun'. As proposed for the observable CP-odd
effect, it is proportional to the parameter

cos 0

oportona to te parameter

j cos 6 j cos 03 sin2 9t sin 9., sin 93 sin 6,

i.e., to the product of all three mixing angles in the Kobaya-
shi-Maskawa matrix. (Voloshin and Okun' considered the
standard model of CP-violation). Quantitatively, they show
that

fl'im?

-3-10' s-'.

The relative correction A amounts to a few percent of the
Cabibbo-forbidden modes of the form b->ccd.

The chances of finding CP-violating effects are prob-
ably improved if one studies exclusive decays of the B°- and
B°-mesons to some common final state/ Because of inter-

ference between the amplitudes

- f ) + (B°->-B°-»-f)
(19)

there may be a difference between, say, the reaction cross
sections

e- — ̂  B°B0

a (e+e- — B°B° -»- f + (Z* -j- ...)).
(20)

The most convenient final states in (19) and (20) that have
been discussed in the literature are

f = J/r|;K|, pK, f+r, etc.

To stop the reader from gaining the erroneous conclusion
that e + e~-annihilation plays a unique part in searches for

CP-violation, we note that alternative proposals have also
been put forward. For example, Azimov et a/.20 have sug-
gested the use of reactions in 2~ -beams. The point is that, in
the incident-particle fragmentation region, the process
2~ + nucleus->hadrons results mostly in the creation of s-
quarks and, consequently, sb-mesons but not sb-mesons.
This produces "labeled" B°-mesons, and CP-violation mani-
fests itself in oscillations in the yield of, say pK as a function
of the range of the B°.

Although the relative probabilities of the above exclu-
sive channels are small (the B°— pK decay is Cabibbo-for-
bidden), estimates of CP-violation effects range from 10 to
about 100% (Refs. 16-20).

We note that the presence of a fourth generation may
sharply alter the picture of CP-nonconservation in Bj| and,
especially, in B°-mesons.24

To conclude this section, I emphasize that I have pre-
sented a bird's-eye view of the subject, having deliberately
omitted certain points that would have been useful in a re-
view of BB-oscillations or the problem of CP-violation. My
aim here has been to illustrate the thesis formulated above
about the importance of c- and b-hadrons as sources of indi-
rect information about the overall structure of quark-lepton
theory. A more technical discussion of this range of ques-
tions, and all the references to the very extensive original
literature, can be found in the excellent specialist review by
Azimov era/.21

3. CHARMED AND BEAUTIFUL HADRONS IN THE
CHROMODYNAMIC "KITCHEN"

We now turn through 180° and consider hadrons con-
taining c- and b-quarks, within the framework of the QCD.
In other words, these hadrons are of interest to us not so
much as instruments for studying other interactions, but in
themselves: we shall discuss their structure, mass spectrum,
decay properties, and so on. Nor is it the case that problems
of this type are more "quiescent" and traditional in charac-
ter. Many intersting results have been obtained in this area
during the last year years, and I shall emphasize those ad-
vances that have not been adequately covered in other re-
views. As usual my choice of the "basic"topics is subjective,
and the order of the presenation relatively random. A
further point of difference, as compared with the last Sec-
tion, is that I shall examine in some detail certain relatively
specialist questions, and will include in my discussion a
number of technical points as well.

3.1. Annihilation constants fD and fB

The annihilation constants parametrize matrix ele-
ments of the form

(0 | qTQ | meson ), (21)

where F is a ^/-matrix structure that secures the quantum
numbers of the currently = gTQ. From the point of view of
applications, the most important is the coupling between the
pseudoscalar mesons D, F, and B and the axial current6'

<0 (22)

where P represents a pseudoscalar meson and pa is its mo-
mentum. The current qya y5Q is not conserved and, in con-
trast to the pion axial current, this nonconservation is large:
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da ja5 = imQqysQ. Hence, when we determine the constant
/P, we must actually indicate the normalization point for the
current/,, because the current operator evolves as the nor-
malization point ju changes. If we use the analogy with the
pion case, and introduce the constant/P via the P—/iv de-
cay, it is not difficult to see that the amplitude for this decay
literally includes the operatory'^ normalized to a high point,
/u~Mw, so that the more precise form of (22) is

(0 i P) =

When//varies from Mw tomQ, theoperatoryn5 isnotrenor-
malized in the logarithmic approximation, but further re-
duction in// introduces an additional logarithmic factor (see
below).

The constant/,, is the analog of the celebrated pion con-
stant /_ (/„- = 133 MeV) that determines the width
F(77-^//v) and appears in all relationships in low-energy
pion physics. We note that/,, appears not only in widths of
the form, F(P —rv) , but also in the solution of many other
problems, e.g. in the amplitude for B"*-+ B° oscillations,
which is proportional to/2, [see (12 ) ]. The pre-asymptotic
corrections to the lifetime of mesons Qq and baryons Qqq
contain 16j72/2>A?2Q (see Section 3.3).

The literature contains a whole spectrum of predictions
for/DB, ranging from 100 to 500 MeV, and many authors
who used this constant for purely utilitarian purposes, i.e.,
for substituting it into some particular formula, experience
difficulties in choosing its numerical value (see, for example,
the review by Thorndike25). It seems that the most reliable
and accurate results for /D.B,F ensue from the QCD sum
rules.26 I shall not pause to consider early work27"29 which
made use of a number of approximations that tended to in-
crease the theoretical uncertainties. The present situation is
as follows. There are two independent publications,30'31 in
which a special analysis of/D is carried out with allowance
for the maximum number of terms in the sum rules and the
minimum number of additional approximations. The pre-
dictions (160 and 170 MeV, respectively) are in excellent
agreement with one another to within the theoretical uncer-
tainty that amounts to 10-15 MeV. We shall therefore take
as our starting point the value

/D = 165 ± 15 MeV. (23)

In the limit of SU(3) f/ symmetry, the annihilation constants
for the D- and F-mesons are identical, but comparison of/^
and/K shows that the SU(3)f / violation may amount to
about 20%. The F-mesons were studied in the context of the
QCD sum rules in Ref. 32, where it was found that

/P =200 ±15 MeV. (24)

Although the question of the normalization point for
the current ai was not explicitly discussed in Refs. 30-32,
the method employed clearly shows that the results refer to
H~mc. The footnote to (22) indicates that these results are
valid, at least in the leading logarithmic approximation
(LLA), for [/„; ];,-,uw- In other words, (23) and (24) are
essentially estimates of physical constants for decays of the
form D-»rv and F->rv. We note that calculations o f f D F

based on nonrelativistic models provide the residues for the
current normalized at the low point // ~ R ~ ' , where R is the
confinement radius. Hence, to transform to the physical de-

cay constants in this case, we must include the additional
logarithmic factor representing the evolution of/z from R ~ '
tomc (seebelow).

We now turn to the system of B-mesons. The limit
mq = 0, i.e., Bd - and Bu -mesons, has not been considered in
the literature28'3' devoted to the analysis of/B. According to
Ref. 31,/e = 130 MeV, whereas Zhitnitskii etal.3" find that
/B ~90 MeV. However, terms O(as) are not considered in
Ref. 30 in the theoretical part of the sum rules, and, accord-
ing to Ref. 31, they increase the final result by 10%. There is
therefore general agreement that

= H5± 15 MeV. (25)

When we pass from D-mesons to Bd u -mesons, the anni-
hilation constant is reduced by a factor of about 1.5. It is
instructive to examine whether this behavior is consistent
with theoretical expectations. We shall assume in our discus-
sion that the masses wc and mb are large enough for the
asymptotic depenndence on m^ ' to be valid.

In the limit as mQ — oo, the quark Q becomes a fixed
center offeree with the light quark q "smeared out" around
it. The size of the region in which this "smearing" takes
place, is obviously independent of mQ and is wholly deter-
mined by the confinement radius. If we use this picture, we
can readily show that33

( /p)nonrel~«Ql / 2 , (26)

where the factor m^ 1/2 is essentially kinematic in character.
Shuryak29 has carried out a detailed analysis of sum rules in
the mQ -> oo limit. He found that

I /a . | P ) I 2 =12i»A/P f ii = I t (0) (27)

and estimated the value n of the wavefuction at the origin
which, as expected, was independent of mQ in the limit as
mQ -> oo.

In the nonrelativistic approach,/2, is proportional to
the quark annihilation probability with characteristic vir-
tuality of the same order as for the mesons Qq.7' More for-
mally, (27) must be rewritten in the form

( /P )nonre, A/i> = l<0 I [/aslil-H- I P> I* = 12«Mp.

If the current that appears in the definition of the constants
is normalized to a high point ( f j , ~ m Q ) , these (physical)
annihilation constants contain the additional logarithmic
dependence on mQ

/P~mQ1 / 2 (cc3(mQ))- 2 / 6 , (28)

where b is the first coefficinet in the Gell-Mann-Low func-
tion

^T^-T*"

The existence of logarithmic corrections to (26) in the
leading logarithmic approximation was recently discovered
in Ref. 34. A series of the form [ors ln(Wg/J ~ 2 ) ] * appears
due to the exchange of gluons with virtual momenta
R ~ ~ S/r S mQ (Fig. 2), where the logarithms have the rela-
tively unusual "hybrid" structure and are both infrared and
ultraviolet simultaneously. The momentum range
R ~2 <p2 < mQ is ultraviolet for the light quark and infrared
for the heavy quark. Direct evaluation of the graphs of Fig. 2

95 Sov. Phys. Usp. 30 (2), February 1987 M. A. Shifman 95



a b e

/, 2, 3, • 4

FIG. 2. Single-gluon correction to the current QTq containing the hybrid
logarithm In^m^R ~2): 1—heavy quark; 2—light quark; 3—gluons;
4—P.

TABLE II. Masses of B-mesons (in GeV)
determined35 from the QCD sum rules.

JP

0~
1-

-

B U , d

5,31
5,38

6,13
6,17

Bs

5,42
5,46

6.29
6,34

leads34 to y = 2 for the anomalous dimension of any current
of the form qTQ [see (28)] .

The relation given by (28) is asymptotic. For WQ — oo,
the difference between the mass of the quark and the corre-
sponding meson is insignificant. However, we would like to
use it for real c- and b-quarks (D- and Bud-mesons), in
which case it is numerically quite significant which mass
appears in (28), i.e., the mass of the current quark, the block
quark or the mass of the meson. Since, as already noted,
m^ 1/2 is essentially a kinematic factor, the law given by
(28) would seem to be more accurate if we rewrite it in the
form

_/B_ = / J / D \ l / 2 / g
/D (MB ) \ a

When AQCD = 100 MeV, we find that

'" =0.65,
/D

(29)

(30)

whereas (23) and (25) lead us to expect that /B/
/D = 0.7 + 0.1. One should note, however, that the logarith-
mic correction in (29) is significant at the level of 10%, i.e.,
it lies within the limits of theoretical uncertainty.

To conclude this Section, we must warn the reader that,
although the above estimates of/D B seem reliable and self-
consistent, the question is not finally settled. For example,
quite recently, Reinders etal.2S reanalyzed the sum rules for
/B (Ref. 35) and reduced the original result (276 MeV) to
190 ± 30 MeV. The discrepancy as compared with (25) per-
sists even when the above uncertainties are taken into ac-
count; the reason for it has not been explained.

3.2. Mass spectrum

The mass spectrum of c- and b-hadrons (both mesons
and baryons) has been the subject of many different theoreti-
cal treatments. There have been many calculations based on
potential models. Not being a specialist in this area, I refer
the reader to published acounts36"38 that summarize the re-
sults, present critical comparisons of different potential
models, and refer the reader to earlier work.

Let us concentrate our attention on what is known
about the masses, taking the QCD sum rules as the starting
point. It seems that the first analysis was undertaken by
Shuryak in Ref. 29, which we have already cited. In addition
to qualitative results, numerical estimates were obtained in
the asymptotic limit as mQ -» oo. The b-quark is most likely
to lie inside this asymptotic region, but as far as charmed
hadrons are concerned—and I wish to emphasize this par-
ticularly—the predictions reported in Ref. 29 are quantita-
tively invalid.

One of the most striking results presented in Ref. 29 is
the large splitting between the S- and P-wave mesons (lowest

states), which amounts to about 800 MeV. (In the limit as
mQ -> oo, the spin interaction of the Q-quark is insignificant,
so that we have degeneracy, say, between the 0~ and 1 ~ or
between the 0+ and 1+ mesons.) A number close to about
800 MeV was obtained by Reinders et a I.35 for the S-P wave
splitting in bu and bd.

For the purposes of orientation, we reproduce a table,
taken from Ref. 35, that summarizes the predictions for the
B-meson masses that follow from the QCD sum rules (Table
II). The precision is at a level of 50-100 MeV, so that the
mass difference between the vector and pseudoscalar and
between the axial and the scalar mesons is, of course, unre-
liable.

The analogous S-P wave splitting in D-mesons was de-
termined by Blok and Eletskii,39 who considered the
Jp = 1+ axial meson. They found that its mass was

M (cu, J* = 1+) = 2.55 ± 0.1 GeV, (31)

which agrees with the experimental result,40

M ( D l ) j f = l f = 2.42 + 0.006 GeV.
Consequently, the mass difference beween the Jp = 1~

and Jp = 1 + states in the system cu, cd is about 410 MeV.
We note that the same result ( ~ 500 MeV ) follows from the
potential model41 for systems with bare charm.

At this point, it will be convenient to pause and examine
the mass difference between the S- and P-wave quark mesons
in greater detail. We shall confine our attention to the lowest
states in the channel with the given quantum numbers.

In the family of "old" hadrons, the SP-partners are, for
example, the pairs (pA,), (pf), (^f ), etc. (Pions are ex-
cluded because of their special Goldstone nature. ) In all
cases, inspection of the PDG tables will readily reveal that
the P-wave states are heavier than the S-wave states by about
500 MeV. The theoretical numbers for AfA| and M{, deduced
from the QCD sum rules,91 are in reasonable agreement with
experiment.

The SP-splitting in charmonium is about 415 MeV:

= M (x (3510)) - M (JAjr) « 41 5 MeV,

which is also explained by the theory.92 The analogous split-
ting in the bb family is approximately 435 MeV. Finally,
MD] — MD. =4 10 MeV in D-mesons. The theoretical status
of this result was discussed above.

Thus, the SP-wave splitting in all the known quark sys-
tems lies in the range 400-500 MeV. The prediction is29-35

that the splitting will reach 800 MeV in the asymptotic state
as mQ — oo and, if this is confirmed, our ideas based on the
constitutent quark model will be substantially reinforced.
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Actually, these predictions39'35 must be interpreted as fol-
lows. The interaction between the light valence quark and
the quark condensate in vacuum depends significantly on
the parameters of the second quark in the meson, q, c or b.
[ As we pass from c to b, we must double (!) the SP-splitting.
Undoubtedly, this proposition demands a degree of audac-
ity. ] A discussion of the problem in terms of the constituent
quark model can be found in Ref. 93.

The replacement of the u- and d-quarks with the s-
quark makes the meson heavier by 110-120 MeV. This fact
was established in Ref. 32 for c-quarks and in Ref. 35 for b-
quarks.

Of course, the mass differences M f — M D and
M F, — M D, have long been determined experimentally and
are in good agreement with our intuition, so that the main
aim here is rather the reverse: to use these data to improve
our information about the basic parameters of SU (3) n viola-
tion, i.e., ms and/= ({ss)/{uu}) — 1. The quantity/is a
measure of the SU(3)f ; violation in vacuum condensates,
and was first introduced and estimated by loffe.42 Blok and
Eletskii32 confirmed that ms = 150 + 30 MeV and
/= -0.2 + 0.07.

At the same time, the product ws {ss) can be found with
much better precision:

ms Tss > = — (210 + 5 MeV)4,

which was discovered earlier.43

Let us now consider the spectrum of charged baryons.81

We confine our attention to currents without derivatives,
which create baryons of the form cqq (total of fifteen). In
nonrelativistic quark theory, they can be interpreted as S-
wave baryons. These fifteen baryons can be divided into a
number of groups, according to their spin structure and the
presence or absence of s-quarks.

We first consider baryons cqq, in which q = u or d, i.e.,
baryons without s-quarks. They can be constructed accord-
ing to the following principle:

(32)
=i c)J=3/2.

nIt is readily seen that Ac
+ is an isosinglet, and 2C and

(32) are isotriplets, so that we have seven states.
The splitting between SQ and 2Q is obviously related to

the spin-spin interaction between the heavy quark and the
light quark, and is therefore wiped out as mQ increases. As
far as the mass difference M( 2Q ) — M ( AQ ) is concerned,
this is largely determined by the interaction between the
light quarks, so that, as mQ -» oo , the difference tends to a
constant which, in QCD rules, is determined by vacuum
condensates of the form

(vac | qq | vac), {vac | qa,wGJ[vt"q | vac>, (33)

where G°v is the gluon field tensor.
The relative position of levels in the baryon families,

and the general relationships formulated above, were pre-
dicted as far back as ten years ago in the model reported by
De Rujula et al.37 The corresponding qualitative picture is
shown in Fig. 3.

The spectrum has been calculated44'45 within the frame-
work of the general method developed in Ref. 42. Of course,

2S (1385)
''•(2510)

~Zc(2445)~

N \

s (1193)

As(11t5) Ac(2280)

FIG. 3. Spin splitting in S-wave baryons Qqq, where q = u,d, as a function
ofmo (schematic).

the precision of the predicted masses in the QCD sum rules
( ~ 100 MeV in mass and ~ 25 MeV in the splitting) is much
worse than in any of these potential models, but the results
are derived from first principles of QCD and are reliable to
within the indicated uncertainties. The basic aim of the anal-
ysis is to demonstrate the consistency between the QCD-
vacuum ideas and the structure of the charmed baryon mul-
tiplets, and to relate the mass spread to fundamental
parameters such as (33).

SU(3)f / violation effects, i.e., the inclusion of one or
two strange quarks, were discussed in Ref. 45. In the case of
one strange quark, we have three isodoublets: E^A ), E<s > , and
E* (see Table I), i.e., a total of 6 states.

In the case of two strange quarks, we can construct two
S-wave baryons

c)J=i/2 and ((ss)j=i c)J=3/2. (34)

There is little point in reproducing here in full all the
results given in Refs. 44 and 45. They are in good agreement
with existing data. To gain some idea about the precision of
these results, we reproduce the mass splitting45 between Ac

+

and the analogous baryon with one stange quark Hc
+ < A > :

M_+( A, - M + = 170 + 20 MeV.
-c Ac

(35)

This result must be compared with the experimental value of
about 180 MeV.

It is interesting that the strange quark "weighs" about
170 MeV in charmed baryons, about 120 MeV in c-mesons,
and about 100 MeV in b-mesons. The reduction in the
"weight" of the s-quark that accompanies the change in its
environment is a good illustration of the fact that the idea of
the constitutent quark is only a rough approximation, and
the composite quark model is unable to reproduce the finer
details of hadron structure.

The overall mass splitting picture that has emerged
from these calculations indicates that the four charmed
baryons (Ac

+, SC
+(A), E<0 ) A, and n°) can decay only by

virtue of the weak interaction, which is, of course, obvious.
Less obvious is the fact that strong decays are apparently
energetically inaccessible to the three baryons fl*, Ec

+ ( S > ,
and S°(S) and, for them, the main decay mode is the radiative
transition

•0, V-

To conclude this Section, we return to mesons with bare
charm and beauty. We draw attention to the fact that there is
a little known mass calculation that was made several years
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TABLE III. Masses of c- and b-mesons (in GeV) as re-
ported in Refs. 46 and 47.

JP

o-
1-
(l +

I1-
•)+

u

1,87
2,112

2,37
2,43
2,45

F

1,98
2,12

2,48
2,54
2,50

B u ,4

5,26
5,31

5,66
5,07
5,68

B,

5,34
5,3'J

5,70
5,77
5,78

ago46 and was based on a model combining Regge theory,
topological expansion, and the idea of gluon "tubes" in the
QCD vacuum.47 The predicted spectrum obtained in this
model is truly all-embracing; some of the predictions are
listed in Table III. It seems to me that the most striking fact
is that the masses of the axial mesons D1+ and F1+ in this
table (which refers to 1982) agree to within 10 MeV with the
respective experimental values, i.e., 2.42 ± 0.006 and
2.55 + 0.06 GeV, obtained only this year!40'48

A very significant result is the splitting between the S-
and P-waves in b-mesons, e.g., Af(BjP = 0+) — M(BjP 0 ).
This will probably be the area of rivalry between the QCD
sum rules and the approach developed in Refs. 46 and 47.
Actually, the former method predicts29'35 that the splitting
between the S- and P-waves should increase as we pass from
c-mesons (for which it is about 500 MeV) to the asymptotic
region WQ — oo, where it reaches ~ 800 MeV (as already not-
ed, the b-quark lies in this asymptotic region). In the Kaida-
lov approach,46-47 the reverse tendency obtains: the SP-split-
ting falls from about 500 MeV for c-mesons to about 400
MeV in systems including the b-quark.

3.3 Inclusive weak decays and lifetimes

This section could have been headed "History of super-
ficial thinking by theoreticians and experimenters." Actual-
ly, the first theoretical estimates of the lifetimes of charmed
particles were made before bare charm was discovered, and
were based on the so-called spectator model, in which the
presence of the light antiquark in the meson (diquark in the
baryon) is relatively unimportant because it is merely a pas-
sive spectator, and the hadron lifetime is the same as the
lifetime of the c-quark (Fig. 4). The natural expectation was
that

V = V = TF = TAC = • • • . (36)

The first experimental data indicated that r(D+)/
T (D°) was of the order of 5, or even 10 or more, and this was
a real shock for theorists, none of whom foresaw this turn of
events.

We must add that the ratio [ (r(D+)/r(D°)]exper

eventually evolved to a much more modest value and has
now settled down at about 2-2.5.

Advances in the experimental situation have been par-
allelled by significant progress in the understanding of non-
spectator effects in nonleptonic decays of c- and b-particles.
We have in mind here mostly the power-type pre-asymptotic
effects due to the interaction between the quark Q and the
antiquark q (diquark qq), i.e., the spectator.'They vanish as
powers of m^ ' when mQ — oo. Published analyses have been
largely confined to the interference49'54 and annihilation55

pre-asymptotic mechanisms in inclusive decays. While early
attempts to describe the observed spread in total width were
mostly qualitative in character, we now have more quantita-
tive approaches that have led to theoretically controlled esti-
mates.

Basically, we now need answers to the following two
questions:

(1) Are we in a position to explain the observed hierar-
chy of lifetimes of D + , D°, F, Ac

+, ~ + , ft°? What is the
position of the as yet undiscovered 2° baryon in this hierar-
chy?

(2) What are the expectations with regard to AFb and
the spread in the widths of the b-hadrons?

We must admit straight away that a true theory, deriv-
able from first principles of QCD, does not yet exist. In this
sense the situation is fundamentally different from, say, the
calculation of pre-asymptotic corrections to Euclidean cor-
relation functions. In the decay of c- and b-particles, the
kinematics is pseudo-Euclidean, and the particles succeed in
reaching large distances. It follows that to formulate the pro-
cedure for expansion in powers of m^ ' we must introduce
additional assumptions, the most important of which is
quark-hadron duality at high energies. The use of the quark
model for the evaluation of some of the amplitudes (see be-
low) introduces a further element of uncertainty.

And yet, depsite all these reservations, the theory seems
to be capable of answering both questions. A few explana-
tions may not be out of place before we give these answers.
The reader with a purely utilitarian purpose, who is disinter-
ested in the intermediate steps, can find the answer straight
away at the end of this Section.

A brief listing of the pre-asymptotic corrections looks
as follows.

(a) Annihilation mechanism55 (see, for example, Fig.
5). Modern estimates56 shows that, for the decays of D°- and
F-mesons,

AF. ••0.2, (37)

where F() is the hadronic width in the parton spectator mod-
el, given by

Nc

where mc = 1.55 GeV, GF is the Fermi constant, Nc is the

Spectator

FIG. 4. Spectator mechanism in in-
clusive nonleptonic widths of
charmed hadrons. The circle
represents the Lagrangian FIG. 5. Annihilation mechanism

in the decay of Bj.
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number of colors, equal to three in QCD, and the difference
between j Fcs and unity is neglected. The annihilation con-
tribution was discussed in Ref. 57 for Bj-mesons and, if
/B = 100 MeV (see Section 3.1), then Ar\nn/T() < 2%.

(b) Interference mechanism in the decay of the D + -
meson and certain baryons. The possibility of interference
between the initial (spectator) and final quarks was noted in
Ref. 49. This idea received its quantitative implementation
inRefs. 51-54.

(c) cd-^us- and bu^cd-scattering in baryon decays
(see Fig. 5 ) .

(d) Enhancement of nonleptonic Hamiltonian with
AC = 1 (A.B = 1). This effect is due to the dressing of the
weak block with gluons. It was first analyzed in Ref. 58 in the
leading logarithmic approximation. It is usually assumed
(see, for example, classic textbooks2'59) that the effect can be
reduced to the factors C + in the effective Lagrangian

cs' ud

(39)

where, as an example, we have written out the Lagrangian
with AC = 1, F,, =Yfl(\+ 75) and

as('"c) -6/115
(40)

When gluon exchanges are ignored, C+ = C_ = 1 and only
the first term survives in (39) , in which the color of the c-
quark is transmitted to the s-quark and the pair (ud) is in the
colorless state. We note that, because of the heavy gluons,
C+ 7^ C =£ 1 and the second term appears in the Lagrangian
with a different permutation of the color symbols. When
weak decays are analyzed, it is occasionally useful to start, as
a rough approximation, with quark diagrams that are meant
to represent quarks and W-bosons; the corresponding "col-
or-suppressing rules" are derived, and attempts are even
made to verify them experimentally! These procedures com-
pletely ignore the fact that already hard gluons produce a
redistribution of color, inducing the seond term in (39).

However, let us return to the question of enhancement.
The total c-quark decay probability that follows from (39) is

(41)

The negative third term in brackets represents interference
between the two operators in the Lagrangian. This interfer-
ence obviously vanishes in the limit as Nc -» oo.

Using AQCD = 100 MeV, we find the values of C± , and
are led to the conclusion that the standard enhancement fac-
tor in brackets in (41) is not very different from unity, i.e.,
[... ] ~ 1.1 for the c-quark, and is even closer to unity for the
b-quark.

For reasons that will be understood later, it is desirable
for the nonleptonic decays of c- and b-quarks to be more
enhanced. We therefore formulate the nonstandard recipe.
We shall assume that Nc is large, and will discard terms
proportional to 7VC ' in (41). We shall assume that the coef-
ficients C + are fixed in this procedure.

Some justification of the recipe is given in Ref. 53. We
shall not reproduce these arguments here, especially since
they are not rigorous and the recipe itself is, to some extent,
eclectic in character. Actually, if the argument were rigor-
ous, then, for fixed mQ and M w and Nc -» oc , we would have
to put C^ -» 1 since, for example, C_ = [ a s (m c ) /

However, it is assumed that the factors A^ ' in the coeffi-
cients C ± are compensated by a large logarithm.

An analogous recipe for "discarding the l/A^. contribu-
tions to the matrix elements" gradually emerged in Ref. 60-
62, in which exclusive decays were considered on the basis of
a phenomenological motivation. The most systematic imple-
mentation of the idea that the l/Nc terms can be discarded
can be found in Ref. 62, in which a wide range of exclusive
decays was examined (we shall return to this point later).91

The QCD sum rules were subsequently used to verify56 that
the discarding of l/Nc contributions was approximately val-
id, at least in D-meson decay (see Section 3.5).

If we adopt our prescription, the enhancement factor
for the nonleptonic modes of c ( b ) -quark decay as compared
with the parton result is

Cl + d I 1.7 for the c-quark,
2 1.3 for the b-quark.

(42)

We emphasize that, at this point, we are concerned with the
overall enhancement of nonleptonic decays of c- and fa-
quarks, which appears even in the spectator model and does
not produce a difference between the hadronic widths.

As far as the hierarchy of c- and b-hadron lifetimes is
concerned, we recall effects (a)-(c), listed above. Effects
(b) and (c) are numerically the most important, at least in
systems containing c-quarks. We shall now show that the
interference correction to F(D + ) can be readily calculated.

The calculation of the inclusive nonleptonic width is
conveniently divided into two stages. The first step is to find
the operator that appears in the second order in ,y w. More
precisely,

Zttt = Im J d'xiT (Xw (x) ̂ w (0)), (43)

where the right-hand side is the imaginary part. The decay
width of a hadron X obviously reduces to the matrix element

' e f t (44)

(Fig. 6). The second step is to calculate the hadronic matrix
element. If we expand the correlator (43) in terms of local
operators,10) we obtain an expansion for Fx in powers of

For example, Fig. 7a shows the usual spectator result

FIG. 6. Pre-asymptotic correction in the weak decay of A/ due to cd — us
scatterings.
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; — 1. (47)

FIG. 7. The imaginary part of these graphs determines the nonleptonk
width of the D^ meson: a—spectator result; b—correction for interfer-
ence between the initial and final d.

for F(D+ ). To include interference, we use general rules to
interchange lines corresponding to the initial and final d-
quarks. We thus arrive at Fig. 7b. From the computational
point of view, this is the same as the diagram of Fig. 7a,
except that the d-quark line is open.

The final result for the d-interference correction is52'53

Ar lnt =
ci-ci ,-T

(45)

The next step is to evaluate the matrix element for the
D +-meson. In the absence of anything better, we use factori-
zation, or vacuum "interlaying," the justification being that
factorization becomes rigorous as Nc -> oo. We then have

r h a d (D+) (1.7- Cl — 2CI • D \
~m$r (46)

It is now appropriate to make the following points. First,
formulas (45) and (46) are not entirely accurate because
they do not take into account the "hybrid" logarithmic ren-
ormalizations mentioned in Section 3.1. The normalization
point [i of the operator in (45) is of the order of mc. On the
other hand, the characteristic virtualities of the quark in the
D-meson are ~R~], where R is the confinement radius.
This means that, when we consider the matrix elements, we
must take into account the evolution of the operators from
/n~mc tOfi—R ~ ] . This question will be discussed in greater
detail in Section 3.4. Here, we merely note that the inclusion
of the hybrid logarithm will numerically emphasize the fac-
tor (C2_ — 2C2

+ /3 in (46) and will remove the relatively
strong compensation that occurs54 in C 2__ — 2C 2

+ .
The d-quark interference in the decay of the D+ is de-

structive. It reduces the decay width as compared with the
parton result F(). At the same time, both the total lifetime
r (D + ) and the semileptonic relative probability
Br(D+ ->lvX) are in reasonable agreement with parton pre-
dictions. It is precisely for this reason that it is phenomeno-
logically desirable to have an appreciable overall enhance-
ment of nonleptonic decays of the c-quark [the term 1.7 in
(46); in the parton approximation, the figure of 1.7 is re-
placed with unity]. The two effects in the D+ decay (de-
structive interference and overall enhancement) are then
found to cancel out almost completely, and we again have
the parton picture. Numerically, as shown in Ref. 54,

Let us now also reproduce the two other terms in J^eff

that are responsible for interference and quark-quark scat-
tering in charmed baryons:54

Xett = —•

-f - (5C+ l — 6C+C_) -3 Cf

-. + QC+C_)

(48)

These are obtained by cutting the u- and s-quark lines in Fig.
7a. The relatively unwieldly logarithmic factors are also
omitted from this expression. For a complete answer, we
refer the reader to Ref. 54, which gives an analysis of the pre-
asymptotic corrections to the nonleptonic widths of c- and b-
hadrons. In the first case, the corrections turn out to be very
large. In fact, the expansion parameter

(49)

is greater than unity for hadrons containing the c-quark. The
origin of the factors /Q/WQ and 4ir2 is relatively clear. The
former reflects the fact that all the non-spectator processes
require the spatial coincidence of the Q-quark and the spec-
tator (q in the meson and q in the baryon).

The factor 4-rr2 is due to the fact that the non-spectator
contribution has one loop fewer than the spectator contribu-
tion ( compare Figs. 7b and 7a ) . The further factor of four in
(49) is due to the particular calculation.

If the parameter characterizing the pre-asymptotic ef-
fect is £c 5: 1, then, for charmed hadrons, we can at best ex-
pect a semiquantitative picture. The situation is complicated
further by the fact that averaging of the four-fermion opera-
tors over the baryons Ac , Hc , etc. introduces an additional
uncertainty of the order of two. The factorization procedure
cannot be used here, and different variants of the quark mod-
el yield numbers differing by factors of 2-2.5. ' "

And yet, with all the reservations imposed on the theo-
retical constuction described above, we can draw a particu-
lar conclusion. First, the difference between the nonleptonic
widths of charmed hadrons by factors of 2-2.5 can be ex-
plained by the theory without too much effort. Next,the sign
of the effect and, consequently, the hierarchy of lifetimes are
apparently reliably established. According to Ref. 54,

r (Q°) > r (5°<A)) > r (EC
+(A)) « r (A+) > r (D°)

(50)

where each inequality in the chain of nonleptonic widths
signifies a jump by an amount of the order of

How does (50) look from the experimental point of
view? The overall situation is now as follows. The lifetime
data collected in Ref. 63 are reproduced in Fig. 8 here. As far
as D, F, and Ac

+ are concerned, the hierarchy defined by
(50) is valid. Next, we cannot exclude the fact that
r(Hc

+ )^r(Ac
+ ). The greatest concern is caused by fl°.In
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Mass of charmed hadron

FIG. 8. Lifetimes of charmed particles.6' The broken line shown for
r(H") is a measure of the systematic uncertainty.

our picture, this baryon should be the shortest-lived, where-
as the measured lifetime r ( f l ° ) , based on four events, turns
out to be close to r (D + ) , i.e., the lifetime of the longest-lived
charmed hadron. Moreover, because of the large statistical
and systematic error, it is too early for any definite conclu-
sions. The baryon E° has not yet been discovered. It is pre-
dicted that its lifetime is shorter than r(A* ), but greater
thanr(n°) .

The b-hadrons should have a much smaller lifetime
spread. Actually, the parameter that governs AF is

(51)

When we pass for £c to £b, we lose an order of magnitude in
the mass ratio m\/m\, and a further factor of 1/2 is due to
the ratio /B/ /D- The natural estimate for AF(b-hadrons)
thus becomes O( 10%). However, logarithmic renormaliza-
tions are constructed so that there is additional cancellation
and suppression of pre-asymptotic corrections. If we take
Ref. 54 literally, then Ar(b-hadrons)/r,,~ 1%. If we
stretch all the quantities in the formulas in the upward direc-
tion, and introduce the additional "insurance factor" of 2,
which represents the uncertainty in the matrix elements, we
obtain the absolutely conservative estimate

AT (b-hadrons)
-

n n-
U.UO, (52)

where F() is the mean width of the b-hadrons (see also Ref.
94).

One occasionally sees in the literature another point of
view in relation to the r(B")/r(B+) problem (see, for ex-
ample, Ref. 25). The logic of this is roughly as follows. In the
spectator model, the relative probability of semileptonic de-
cays Br(BWvX) is 15-16%. This result is actually obtained
in the parton model for the b-quark decay b^/vc or, more
precisely, the "standard" gluon enhancement factor
(C2_ +2C\ )73 = 1.06 is built-in for the b-quark. On the
other hand, experiment shows that Br (B -> /vX) is apprecia-
bly less than 16%. Thus, according to the ARGUS group,
Br(B-»/vX) = 11 + 1%, whereas the world average25 is
11.7 + 0.6%. If the difference between 15-16 and 11% is

ascribed to non-spectator effects (for example, annihilation
corrections to B^), the latter must be very significant, so
that, finally, r(B+)/r(B°) ~2.

This line of argument is arbitrary in the light of the
theory of pre-asymptotic power-type corrections, the out-
lines of which are now relatively clear. We must therefore
insist on the estimate given by (52) and, taking the experi-
mental data seriously, we must look for other ways of ex-
plaining the reduced value of Br (B -»/vX). One possibility is
a nonstandard treatment of the problem of general enhance-
ment of nonleptonic decays (see above), in which the stan-
dard factor (C2_ + 2C\ )/3 is replaced with (42). This is
the so-called rejection rule for the l/Nc contributions. The
theoretical justification of this rule, is, of course, doubtful at
the very least, but the rule is phenomenologically welcome.
Actually, if we combine (42) with the proposition that the
current quark masses (mb =4.8 GeV, mc = 1.35 GeV,
ms =0.15 GeV, w u d = 0) should be used in the spectator
model64 (see also Ref. 65), we can show that Br (B -» I vX ) is
about 12%, which, in principle, is not inconsistent with the
data. A more fanciful hypothesis is that a few tens of percent
of the decay width of the B mesons is due to some unusual
unknown channels. (This hypothesis has been discussed by
M. B. Voloshin, M. V. Danilov, and the present author.

3.4. Hybrid logarithms

Weak decays of heavy quarks have been under investi-
gation by theorists for more than a decade. The effective
Hamiltonian for nonleptonic processes is obtained by multi-
plying two currents together (see, for example, Fig. 9, which
shows the amplitude for c^sud). When the masses of the
initial and final quarks are much smaller than the W-boson
mass Mw—and we assume that this is the case—the W-bo-
son propagator contracts to a point and the dependence on
Mw reduces to g2/M^ ~G F in the Born approximation,
where g is the SU(2)weak gauge constant. It is noted in the
pioneering Ref. 58 that the inclusion of gluon exchanges in-
troduces an additional logarithmic dependence on M w due
to the anomalous dimension of the operator (^F^ c) (uF;i d).
In particular, the graph of Fig. 10 renormalizes the answer
obtained in the Born approximation

4.T
. (53)

By summing the logarithms within the framework of the
standard renormalization group, we obtain (39) and (40).

For us, however, another aspect is important at this
point. The logarithmic factors in (53) are cut off at the lower

FIG. 9. W-boson exchange reduces in the local limit to the current X
current operator.
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vacuum "interlaying":

| 0> |2. ( 54)

FIG. 10. Gluon renormalization of the operator (sF,, cHuF,, d)

end by the mass mc of the charmed quark. In other words,
the evolution of the operator (sF^cMwF^d) ends, in the
leading logarithmic approximation, with/j ~ wc , where n is
the normalization point. The reason for this is simple: the
characteristic energy release by light quarks in the c — sud
transition is of the order of mc . This absence of evolution as
we reduce^* below mQ in the operators containing the heavy
quark is well known and common.

It is so common that, usually, the same formulas are
written, unthinkingly, for the four-fermion operators with
two heavy quarks. As an example, we mention the operator

which is central to the analysis of the problem of B"B0-oscil-
lations. The so-called ^-factors for this operator can be ex-
pressed10-" in terms ofas (mw )/as (mb ). However, in this
case, the statement that LLA involves only logarithms of the
form \n(m^f/m^, ), and we need take into account only the
evolution from^t = mw to ft = mb , is incorrect in principle.
Careful inspection of the diagram in Fig. 1 1 will readily
show that it includes the "hybrid logarithm" that accumu-
lates from the region of virtual momenta defined by

This is an infrared region for the heavy quark Q and an ultra-
violet region for the light quark q. In other words, the opera-
tor (QFq)2 depends on the normalization point // for
H < mQ and, as usual, this reduces in LLA to factors of the
form [as (mQ )/as (/n) ]r/b. As far as I know, these factors
were not previously discussed, since it was tacitly assumed
that the evolution ended with/z = mQ.

The proposition that hybrid logarithms will appear can
be readily verified directly. They are precisely the same as
the well-known logarithm a\nmN/(mn — mp) that ap-
pears in the radiative correction to the /?-decay of the neu-
tron. In the latter case, we have to deal with the operator
PYa ( 1 + £A Ys ) neTa

 v> which is analogous to the four-quark
operators.

Let us now consider a few typical examples that are
frequently encountered in applications. We have already
noted_ (Sec. 2) that, in the leading approximation, the
B°<->-B0 oscillations are determined by the matrix element of
the operator (bTaq)2. Since the very earliest work,66 the
matrix element has been evaluated using factorization or

FIG. 11. Gluon renormalization of an operator of
the form (bTq)(bTq), which leads to the loga-
rithm \n(rriQR ~ 2 ) .

On the other hand, it is sometimes maintained that
large deviations from factorization are possible (see, for ex-
ample, the review in Ref. 67 and the references therein).
Factorization becomes exact in the limit as Nc — oo [in my
view, this is a very strong argument in favor of (54) ] . There
are also indications26 that, in the real world, the factoriza-
tion procedure is valid for four-quark operators to within
0(10%).

Logarithmic corrections are a potential source of break-
down of factorization. The reason is trivial: the factors l/Nc

for the nonfactorizable parts of the amplitudes may cancel
with large logarithms of the form \n(M2^}/m2

Q} or
In rn^R ~2, Factorization will therefore be most accurate
when, prior to factorization, all the logarithmic renormali-
zations are explicitly displayed and taken into account sepa-
rately.

As far as the momentum range m\ ^ k 2 5 m2^ is con-
cerned, the renormalization of the operator (bTaq)2 in this
region was calculated a long time ago ( these are the so-called
?/-factors; see, for example, Ref. 25). The operator jai does
not renormalize in the LLA in this region.

However, we already know from Section 3. 1 thaty'nS is
renormalized due to the hybrid logarithms below mb . It fol-
lows that, before we write down (54), we must investigate
the dependence of the operator (i>Yaq)2 on the normaliza-
tion point fj. foTfj. < mb , isolate the logarithmic renormaliza-
tion, and only then use the factorization procedure for the
operators at the point fi ~ R ~ ' . Luckily, it was shown in Ref.
34 that the anomalous hybrid dimension of the operator
0 = (bVaq)2 is greater than the anomalous dimension of/f/5

by a factor of two

Yo =4, Y; = 2.

Hence, (54) is valid for any [i provided /z <m b .
The fact that 7,, = 27, is not trivial. Moreover, it de-

pends on the specific structure of the operator. For example,
for an operator of the form (P — S) X (P — S), which ap-
pears10 in the amplitude for the B°B° oscillations with the
factor ~ml/m2, this equation is simply not valid and, if we
were to use factorization in this case, the answer expressed in
terms of the physical constant /B would contain the addi-
tional renormalization [as(,u~/? ~ ' ) / a s ( w b ) j '2^"'0 '76.

This is precisely the situation in the case of operators
that determine pre-asymptotic corrections to the widths of
c- and b-hadrons (Section 3.3). A little thought will show
that the situation is as follows.54 All four-quark operators of
the form (Qq) (qQ) can be divided into two classes, depend-
ing on their color structure (the ^-matrix structure is unim-
portant) . If the operator can be written so that the color does
not change along the heavy quark line, for example,

(Q TQ) (qTg), , T — arbitrary,

then it is assigned to class one. Its anomalous hybrid dimen-
sion is zero. If the color is transferred from the heavy to the
light quark,

(0r««0)
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the operator belongs to class two and the anomalous hybrid
dimension is 9/2:12)

(QTtfQ)

(56)

where (...) represents the matrix element evaluated over
states with typical virtuality ~R ~ ' .

Hybrid logarithmic corrections have an appreciable ef-
fect on numerical estimates of pre-asymptotic effects in non-
leptonic widths of c- and b-hadrons.

3.5. Nonleptonic two-particle decays of the D- and F-mesons

Since the discovery of charmed particles68 in 1976 and
up until now, weak exclusive decays of charmed mesons
(and, recently, also of the B-mesons) have been attracting
the attention of theorists and experimenters. A very consid-
erable volume of data has accumulated, covering literally
tens of channels (see, for exmaple, the reivew in Ref. 69) and
efforts in this direction are continuing. On the other hand,
there is an equally abundant stream of theoretical papers on
nonleptonic two-particle decays (summarized, to some ex-
tent, in Ref. 65). As always, this means that none of these
papers provides a complete solution of the problem that ac-
tually (and not unexpectedly) turns out to be very complex.

Historically, the first model was the spectator model70

(valence quark model), which is analogous to the model
used in the analysis of nonleptonic decays of K-mesons and
hyperons.71 The main features of this model can be demon-
strated by considering the example of the D+ -> K'V+ pro-
cess. The corresponding amplitude (D+ J^w j K°^-+) is il-
lustrated somewhat symbolically in Fig. 12. The full point in
this figure represents the Lagrangian (39) which includes
heavy gluon exchange. Soft gluons that bind quarks and ha-
drons and, inter alia, are responsible for the interaction be-
tween 77- and K in the final state, are not shown explicitly.

If we "forget" the soft gluons for the moment (or, more
precisely, assume that they are "concentrated" between
pairs of lines indiated by the braces in Fig. 12), then

| 0>

*) <K» | s'lV, | 0>

+> <ji+ | w'r^d, | 0}

(57)

and if we use the factorization technique, we can reduce the
matrix element of the four-fermion operator to the product
of simpler matrix elements.

FIG. 12. D + - K'V decay in the spectator model.
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Next, using the fact that

| 0) ,= -l/^Hp.^u,

(58)

and substituting this in (57), we obtain

A (D* -*. K°J

x - ) / r /K ] , ( 59 )

where the constants/ * and/^ are defined in (5 8), and /"+

and/K are their analogs, obtained by the replacement K<--7r.
The figure of three in the denominator is actually equal to
Nc.

In the limit of SU(3)f, symmetry, it is clear that (59)
reduces to

A (D+->- K°JI+) = £• GpFc-Fud/?/.-! 4 (C, -r Co), (60)
|/2 3 -'

where the numerical value of/* was determined earlier in
the QCD sum rules:72

jK =0.5 + 0.1. (61)

It is readily verified that the spectator model then gives
Br(D+ — K°7r+)~6%, which is greater than the experi-
mental value by a factor of 2.5. A still more dramatic dis-
crepancy between the spectator model and experiment (by
two or three orders of magnitude!) occurs for the ratio
r(D°-> KfT7r°)xr- |(D(UK~77+). This well known cir-
cumstance is discussed, for example, in the review given in
Ref. 73 (see Section 3.5).

Many authors have tried to improve the theoretical de-
scription by improving the spectator model and introducing
into it additional elements, including the so-called non-spec-
tator contributions.13) A critical analysis of all these papers is
hardly possible here, and I shall examine only some of them,
with apologies to authors whose work has not been included
for one reason or another.

Because partial widths are relatively very sensitive to
the magnitude of the coefficients C+, it has been suggested
that, in reality, these coefficients are very different from the
values given by (40) (Ref. 74) and, in particular, we have
the so-called sextet enhancement,S0-75 in which C_/C+ > 1.
The difference as compared with (40) must be due to non-
perturbative gluons because the QCD corrections are small
in the next-order approximation after LLA.76

Several workers have considered charmed mesons on
the basis of phenomenological Lagrangians constructed
from charmed and light meson fields.77 The interaction con-
stants were determined from experiment.

A significant step forward was the inclusion of the inter-
action between the particles in the final state.61-78-79

The so-called annihilation mechanism55-79'80 (Fig. 13),
which was ignored in early work because the corresponding
diagrams are compressed as compared with the graphs of
Fig. 9 by the factor ~^-n2d\)m\/ma'c ~ 10~2, have attracted
considerable attention. The emission of a gluon by the initial
quark removes the chiral suppression ml/ml because the
quark-antiquark system can be in a spin 1 state after the
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FIG. 13. Annihilation contribution to the D°—K7r amplitude.

emission of the gluon. However, it may be shown that the
relative contribution of the annihilation mechanism does not
exceed a few percent (for present-day values of the param-
eters) in the case of the hard (perturbative) gluon.

It has since become clear that the annihilation mecha-
nism plays a considerably greater part when soft gluons are
considered.79-80 The analysis of the entire set of two-particle
decays, given in Ref. 79, is very instructive from this point of
view and demonstrates the enhancement of the annihilation
diagrams, such as Fig. 13, with the emission of a gluon with
k2-(300-500 MeV)2.

Finally, we note Ref. 62, which we have already cited
and in which it was suggested that terms suppressed as l/Nc

could be discarded in the evaluation of the partial widths in
the valence quark model. It was noted that agreement with
experiment was very much better for most of the modes.
(The dynamic reason for this is discussed below).

Despite the advances that have been made, at least at
the qualitative level, there is now even greater necessity for a
systematic approach. A finite challenge to this theory has
been presented by the new data, e.g., the D0->K°£> decay,
which is forbidden in the spectator model. It turns out81 that
its relative probability is not at all small and amounts to
about 1%. Quantum chromodynamics must supply a com-
putational scheme based on first principles, and with a mini-
mum number of additional assumptions, that will provide a
unified way of treating all the two-particle decays, yielding
predictions whose precision could be specified in advance.

An approach based on the QCD sum rules25 was devel-
oped in Ref. 5614) From the fundamental point of view, the
problem is not very different from problems that have al-
ready been solved by the method of three point sum rules
(see, for example, Ref. 83), but the technical difficulties are
much greater. We shall discuss below the basic theoretical
results, but let us first note that partial widths have been
found for about 50 channels of the form

D PP, D ->- PV, F -*- PP, F -> PV,

where P is a pseudoscalar and V a vector meson consisting of
u-, d-, and s-quarks:

P = it, K, 11, V, V = p, <p, o), K*.

As usual, each particle in the QCD sum rules is replaced
with the corresponding current, e.g.,/D) = icysd for the D°
meson, j$ = dyftysu for the ir+-meson, andy^p) = uy^d
for the p+ -meson.

The central object is the current correlator in the Eu-
clidean region or, more precisely, the four-point Green's
function of the form

** exp (tQtx + iqy)

x(T{ff* (v) /VB) (*) /(D) (0) #w (*))>, (62)

where J>^w is the effective Lagrangian with AC = 1, given in

FIG. 14. Skeleton diagrams in the sum rules for weak nonleptonic decays
D, F-.PP, PV.

(39), A is the pseudoscalar meson (momentum q ) , B is the
pseudoscalar orvectormeson( momentum Q2), and the mo-
mentum entering the current/0' is denoted by Q}. The first
complication is thus the appearance of the Lagrangian
-2"w(z) in(62) .

The correlation function r,.v is calculated for

<??, Ql, ?2 U.5 GeV)2 (63)

using the Wilson operator expansion, in which operators up
to the sixth dimension are taken into account. There are
three skeleton diagrams defining F/JV (Fig. 14). The word,
"skeleton," means that one or more of the quark lines can be
cut and directed into the vacuum and, moreover, gluon lines
forming the gluon condensate <0|orsG°vG°v|0} can be add-
ed. Figure 15 shows an example of a "dressed" diagram for
D°-KV

When the gluon lines lie wholly inside the two- or three-
cornered block of Fig. 14, it is relatively clear that the sum
rules give the same answer as the spectator model (factoriza-
tion). This contribution must, of course, be taken into ac-
count in the amplitude, but deviations from the spectator
model are more interesting. For example, we must concen-
trate our attention on diagams in which the gluon line joins
the two- and three-angle blocks (see Fig. 15). If we mentally
draw such a gluon line in the graphs of Fig. 14, Fig. 14a will
represent the annihilation mechanism and Figs. 14b and c
the unfactorized part of the spectator mechanism.

The correlator (62) can be evaluated reliable in the Eu-
clidean region (63) in terms of the quark, gluon, and mixed
condensates for each of these three types of graph. Although
this evaluation is relatively laborious, it presents no funda-
mental difficulty. However, we are interested in amplitudes
in the physical region. As is usual in sum rules, the extrapo-
lation is performed using dispersion relations, saturated by

Vacuum

FIG. 15. One of the diagrams in the D" — K°*f> amplitude, obtained by
"dressing" the skeleton graph of Fig. 14a. The corresponding contribu-
tion to the sum rules (62) is proportional to the mixed vacuum conden-
sate.
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FIG. 16. Imaginary parts of different origin in the correlator (62) when
the jump in Q} is considered.

the resonance contribution in which we are interested, plus
the background due to higher states, which is partly mini-
mized by borelization. Unfortunately, this saturation and
the treatment of sum rules, present us with a special problem
that is much more complicated than traditional prob-
lems. 26'83 It is here that we encounter the beginnings of the
main source of theoretical uncertainty.

Let us examine this in more detail. Consider the jump in
the variable Q}, which, the reader will recall, corresponds to
the current/D). This jump is shown symbolically in Fig. 16.

Figure 16a represents the imaginary part correspond-
ing to the D-meson. It is precisely this part that is the re-
quired useful quantity in the phenomenological part of the
sum rules. Figures 16b and c show the "contamination."

Figure 16b represents the contribution of excited D-
states and of the charmed continuum. We are used to this
kind of background26'83 and we can control it effectively
within the framework of the borelization procedure. The ex-
ponentially suppressed effect can be taken into account as a
small correction to the contribution of Fig. 16a, using the
usual parton model of the continuum.

Figure 16c shows the "irregular" or "parasitic" imagi-
nary part, in which there are no particles containing a heavy
quark. Actually, it is due to the interaction between the light
mesons A and B in the final state. The corresponding contri-
bution to the phenomenological part of the sum rules is not
suppressed by the Borel exponential, and can hardly be esti-
mated accurately (at least, as far as I know). This is the most
disagreeable point which, in principle, places a question
mark over the possibility of theoretical control.

The "parasitic contamination" aparently reduces the
precision of the calculation, but this precision is still accept-
able (it is estimated in Ref. 56 that the uncertainty definitely
does not exceed a factor of 1.3-1.5 in the amplitude). The
physical argument is as follows.

The amplitude (62) as a function of Q] contains two
components. One is the slow component that varies smooth-
ly with Q] from m\, to the Euclidean value ~ — m\, (The
corresponding imaginary part of the dispersion relation is
shown in Figs. 16a and b.) This slow component has super-
imposed upon it a modulation due to interaction in the final
state. The characteristic scale of this modulation in Q} is of
the order of m^R ~ ' . As Q\ varies from m^ to ml,
unitary effects due to the rescattering of "light" particles are
found to vanish.

By evaluating the amplitudes in the Euclidean region,
we "feel" only the slow component. Extrapolation to the

physical region within the framework of the usual proce-
dures (dispersion relation + borelization + saturation of
the imaginary part by the graphs of Figs. 16a and b) yields
not the true value of the amplitude at Q2 = m2

D, but the
amplitude averaged over some near region, so that the scat-
tering phases are averaged in the final state.

To summarize, if the "parasitic" imaginary part is dis-
carded in the analysis, as was done in Ref. 56, the sum rules
produce "semifinished" amplitudes which, in principle,
must be corrected for interaction in the final state if this
interaction is significant. This last step was not discussed in
Ref. 56.

The result of the analysis given in Ref. 56 can be formu-
lated in a few words, even though the original papers are
quite voluminous. Three universal numbers are extracted
from the QCD sum rules (more precisely, three for the D,
F —PP decays and three others for the D, F^PV decays).
These numbers parametrize annihilation effects and the
nonfactorizable part of the spectator diagrams in the ampli-
tudes for the two-particle decays. Suppose that, for the
D -»PP decays, the amplitude A/, corresponds to the skele-
ton diagram of Fig. 14a (annihilation mechanism), whereas
AT, and A/, correspond to the skeleton diagrams of Figs. 14b
and c (unfactorizable part in the spectator mechanism):

! = -0.09 ± 0.02 GeV3,
/o « M3 w 0.11 ± 0.03 GeV3.

(64)

The significant point is that the amplitude for any process D,
F->PP can be written in the form

y
i=l, 2, 3

(65)

where the entire information about the quark composition of
the final mesons is concentrated in the numerical coeffi-
cients orf B. It is a trivial matter to establish these coefficients
for each specific channel. Nontrivial dynamic information is
encoded in the amplitudes Af, .

In particular, instead of (50), we now have

A (D+->K»ji+)

= -y| FC3FSd [I ml,j*fR (C, + C2) - (C,A/3 + C2M2)] .

(66)

The relative decay probability is then about 2.5%, which
must be compared with the experimental result
2.9 + 0.4 + 0.6%. Predictions are obtained for the absolute
values of the partial widths, and the following lifetimes can
be used to convert these into relative probabilities (some of
the results are collected in Table IV):

T ( D + ) =9-10- '3s, (D°) =4.5-10-13c,

T (F) = 3-10-'3s. (67)

We note particularly that the predicted value for the cele-
brated ratio r(D0-.KWr(D0-»K-77-+) is 0.25
(~ 10~2-10~3 in the naive spectator model!), whereas ex-
periment yields 0. 3 5 + 0. 1 ( Ref. 84 ). There is also excellent
agreement in the case of the D°— K^p decay, which is a
measure of the departure from the spectator model.

As expected,53 nearly half (by probability of the two-
particle meson decays contain p+ and K*° in the final state.

If we sum overall these channels (plus the semileptonic
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TABLE IV. Relative probabilities of two-particle decays of D- and F-
mesons.

Decay

D+-*-K°p
D°-»-K-;i+

D°-»-K°;i0

D° -»- K-p*

D° -* K.o<p
F+ -* E^K*
F+-*T]p
F+-*-n*n

Relative prob-
ability,56 %

14
6,4
1,5

15
1,3
1,5
4,5
2,5

Spectator
model, %

9
2,6
0
4,5
0
U
2,3
1,2

Experiment, %

14,1±4,1±2,7
5,4±0,4
2,2±0,6±0,4

15,1±3,2±3
1,5±0,4

modes), we find that we have to assign about 60% of the
total width to D° and D+. The remaining 40% appear to
"leak" into the D -» VV, D -> SP modes (where S is the scalar
meson) and the three-particle modes.

There are practically no reliable data on the F-mesons,
so that all the results are essentially pure predictions.
F+ -><pir+, r)p + , rjtr+ have the largest weights among the
two-particle channels.

The situation as far as the F-meson is concerned is
somewhat puzzling. According to Ref. 56, the two-particle
modes PP and PV account for only about 12% of the total
width, which is much less than the result for D°- and D+-
mesons. The question is: why are these D and F decays so
dissimilar? Is there some unusual aspect of the theory that
has escaped our attention so far, but lies behind this fact?

On the other hand, the problem would have been par-
tially solved (or, at least, made easier) if the F+ lifetime
were to be greater than that given by (67). As noted in Sec-
tion 3.3, it is more likely that r(F+) =r(D°). The relative
probabilities for the F-mesons in Table IV must then be mul-
tipledby 1.5.

In conclusion, let us consider the rule for discarding the
l/Nc contributions,53'60"62 which has alrady been men-
tioned above. Dynamic analysis56 actually provides a theo-
retical basis for this rule. Thus, it is readily verified that the
l/Nc terms in the factorizable part of the spectator diagrams
are almost completely canceled numerically by the unfactor-
izable amplitudes 3/2 and Af3 in almost all cases (A/2,3 are, of
course, parametrically ~ l/Nc). It is predicted in Ref. 56
that the cancellation does not occur in a few rare exceptions
(D°-»K*7r+, K°a>). As the experimental precision of
Br(D°-»K*~7r+5; K^fc)) improves, it will in principle be-
come clearer which of these two approaches is the more suc-
cessful, namely, the phenomenological prescription62 or the
sum rule predictions.56

The annihilation mechanism remains uncompensated
and must be taken into account separately. Analysis56 shows
that it should increase the hadron width D° by about 20%.

3.6. Strong and radiative decays

It goes without saying that most c- and b-hadrons are
excited states that decay via the strong interaction. Some
best known processes of this kind are

Dn or Acn.

numerous in the next few years, and will provide an excellent
testing ground for different theoretical methods and ap-
proaches.

Unfortunately, the subject is not well advanced from
the theoretical point of view. The D* -> Dir decays were con-
sidered in Ref. 85 within the framework of the QCD sum
rules. It was found that

F (D*+ ->- D°JI+) = 8.5 ± 2.5 keV,

r (D*+-+D+ji°) = 3,6±1.5keV,
T (D*° -» DW) = 5.7 ± 2 keV. (68)

It is important to note that Ref. 85 was confined to D* de-
cays, although the techniques used in that paper are very
effective for any other two-particle decays involving the
emission of a pion and very little energy release. For those
who are familiar with sum rules, we add that the authors of
Ref. 85 analyze the correlation function

£ (p, <?) = * u (x), (69)

in the external field A^(x), where a is the isotopic symbol
and the QCD Lagrangian includes the additional term

A£A-^*gTr'vV5?, (70)

where T° are the Pauli matrices operating in the isotopic
space, and q = u,d. A similar technique is employed in Refs.
86-88 and reduces substantially the volume of the necessary
computations. It is open to further applications without
further additional modification. One would hope that this
method will soon be used to solve other problems, e.g.,
baryon decays of the form Sc -> Ac TT.

Since this has not yet been done, a simplified estimate of
the 2C -> Ac TT decay probability has been proposed by Volo-
shin. His line of argument is as follows. To be specific, let us
concentrate our attention on the transition 2C

+ +

-> A,.+ + TT+ and consider the matrix element

where q = p% — />A and, for small q2, the parameter gA on
the right-hand side becomes a constant. $ and i/>r are the
wave functions of the initial and final baryons, respectively.
The trasversality of the right-hand side follows from the con-
servation of the axial current dya y5u in the chiral limit.

If we parametrize the 2C -» Ac IT transition in the form

A (Z+* -v

we find that gff will obviously satisfy the Goldberger-Trei-
man type condition

Next,

It is clear that experimental data will become much more

Substituting gn = (M£ + MA )g^ / ~ ' , we find that

r(2c^-Ajn+)«6.5g2 MeV.

An estimate for gA in this expression can be obtained by
comparing the two matrix elements (Ac

+ |dyMy5w|2c
+ + )

and {A° | dy^ y5« 12S
+ }. In the naive quark model it is natual
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to expect that the constants gA in these matrix elements are
the same; in the latter case, gA ( S5 -» As ) is known from ex-
periment and is approximately equal to 0.65. If this is so,
then

F (i 2.7 MeV.

A future and more accurate analysis must, in my view, con-
firm the validity of this simple estimate to within at least a
factor of two.

A totally different approach to the problem was devel-
oped in Refs. 89 and 90, where the three-meson constants are
extracted from the Regge pole theory (in combination with
duality ideas and the picture of gluon tubes46'47).

Since I am not a specialist, I cannot estimate the preci-
sion of this method, and simply reproduce the results with-
out comment:

F (
20 keVw,
35 keV90. (71)

Since the experimental absolute widths are unknown, (71)
can only be compared with the prediction obtained from the
sum rules, i.e., about 12 keV [see (68)] . The discrepancy is
by up to a factor of 2-3, and the reason for this must be
explained.

Pion decays of b-mesons have also been discussed in
Ref. 90. Because the spin effects are small, the B* — B mass
splitting (see Section 3.2) and pion decays of the B*-mesons
are forbidden by energy considerations, and only electro-
magnetic processes of the form B*-»By are allowed. Defi-
nite predictions were obtained in Ref. 90 for the width
F(B** — BTT) of the J p =2 + mesons. We note, however,
that the estimated value of Af B., obtained in Ref. 90 is even
lower than that in Refs. 46 and 47 (see Table III). This last
result is, in turn, lower by 400 MeV than that prediced by the
sum rules.

I must now draw attention to one problem that is im-
portant and interesting in practice although it does not ap-
pear to have been examined in the literature. The discovery
of the (cs)-meson with probable quantum numbers
J '' = 1 ' in a neutrino reaction was reported in Ref. 48. This
axial meson was found in the two-photon cascade.

F. —F*- ; - y ,

and it is claimed that MFi = 2.55 + 0.060 GeV, while the
photon mode of the decay F , -» F*y contributes an apprecia-
ble fraction ( ~ 1 00% ) to the total width. On the other hand,
when A/F > 2.51 GeV, only strong decays are possible:

F.t.n, D*K.

If the first of these is highly suppressed by the Zweig rule
(plus additional suppression due to the emission of soft
pions), then, in the process F, -^D*K, there is no apparent
reason for special dynamic suppression.16' If Mf =2.55
GeV, which is theoretically the most likely result, pro-
vided40 MDi = 2.420 + 0.006 GeV, the phase volume for
F,-^D*K is lower by a factor of only 2.5 than for F,-»F*j'.
We then ask: how can we reconcile this situation with the
suggested4* dominance of the radiative mode? It is clear that
a more accurate theoretical calculation of F(F, -»F*x) and

F(F, ̂ D*K) must be carried out, and unexpected features
may then emerge.

The excited states of c- and b-hadrons differ from the
"old" hadrons by the fact that radiative decays play a more
important role in these systems. The B* mesons have just
been mentioned in this connection. An analogous situation is
the energy-forbidden pion decay and the existence of a single
open channel, i.e., the radiative channel, which may also
occur for the baryons ft*, S"(S), and Ec'

 (S) (see Section
3.2). As far as the D*-meson is concerned, it may undergo
strong decay to D?7, but the Dy channel successfully com-
petes with this because it involves little energy release.

The theoretical advances made in the description of ra-
diative decays are very modest. In principle, the traditional
nonrelativistic potential model could be used provided, of
course, it is properly evaluated and its adjustable parameters
are determined from other characteristics that are well es-
tablished eperimentally. In particular, in the language of the
nonrelativistic quark model, the D*-»Dy decays constitute
an M,-transition, for which the probability calculation is a
trivial matter and the probability itself does not even depend
on the quark wave functions because the overlap integral is
equal to unity in the nonrelativistic limit. Specifically,

(72)

where k is the photon momentum, Qt and (2q are the charges
of the quarks c and q, respectively (for example, Q,. = 2/3),
and MK and Mq are the masses of the "block" quarks. If we
assume that Afc = 1.55 GeV and M,, = Md = 380 MeV,
thenr(D*"-.D'Y)=29keVand F(D* + -D + 7) ~ 1 keV.
For comparison, here are the results obtained from the QCD
sum rules:*"

T (D*° -> D°v) = 14 ± 1 keV,

r (D*+ -> D+v) = 0.(57 ± 0.2 keV. (73)

Despite the relatively large uncertainty, there is an indica-
tion of a discrepancy between the nonrelativistic estimates
and (73) .

We note in conclusion of this Section that an indepen-
dent analysis of some of the pion and photon decays was
made in Ref. 93 using the constituent quark model.

4. CONCLUSION

Several of the problems that I have not touched upon in
this review seem important from the theoretical point of
view, but have not, so far, found satisfactory (final) solu-
tion. Following established tradition, let us enumerate some
of them.

Exclusive weak decays of b-hadrons constitute a prob-
lem that, to all intents and purposes, has not even begun to be
investigated. It involves features and difficulties that have
not yet been overcome. It is interesting that the B-meson can
decay into a baryon-antibaryon pair—a situation that we
encounter for the first time. As far as I know, there are no
reliable theoretical predictions. It has become clear that we
understand relatively little, even in the case of inclusive de-
cays. Indeed, the Mx spectra in the B-»J/^ + X, B^/v + X
decays, where X is a hadronic system, are apparently signifi-
cantly different from the parton spectra, despite the fact that
the mass of the b-quark ( —4.8 GeV) is large enough and
existing ideas suggest that it lies in the asymptotic region in

107 Sov. Phys. Usp. 30 (2), February 1987 M. A. Shifman 107



which the quark-hadron duality is already valid. This im-
pedes the solution of a practically important problem, name-
ly, the determination of the poorly known elements of the
Kobayashi-Maskawa matrix from Fbu data.171

Moreover, the theoretical picture of strong and radia-
tive decays in excited states can hardly be regarded as com-
plete.

This review has been an attempt to demonstrate that the
physics of charmed and beautiful hadrons is an interesting
and lively subject that will continue to develop for some
time. Theory and experiment are advancing side by side, as-
sisting one another. New problems that are difficult to fore-
see will undoubtedly arise in the course of research. It is
precisely this aspect, i.e., the hope that something unusual
and unexpected will turn up, is, of course, the strongest stim-
ulus for both experimenters and theorists.

I am pleased to thank Ya. I. Azimov, A. M. Badalyan,
B. Yu. Blok, K. G. Boreskov, M. B. Voloshin, P. E. Volko-
vitskit, M. V. Danilov, B. L. loffe, A. B. Kaidalov, I. Yu.
Kobzarev, L. B. Okun', Yu. A. Simonov, N. G. Ural'tsev, V.
A. Khoze, I. S. Tsukerman, V. L. Chernyak, and E. V. Shur-
yak for numerous useful discussions of both individual ques-
tions touched upon above and the subject as a whole. This
article would hardly be possible in its present form without
their help and patient explanation.

"We assume that the reader is familiar with basic ideas on c- and b-
hadrons, which can be found in standard textbooks, for example, in
Refs. 1 and 2.

^According to the new nomenclature, proposed by the Particle Data
Group (PDG), the F-mesons are to be denoted by the symbol D, . In
this review, we shall use the earlier designation for the F-mesons.

•"A discussion of the Kobayashi-Maskawa matrix is outside the scope of
my present task; see the recent review by Buras.6 I merely note that
|Fhll|and <0.07.K l d |<0 .02and |K,,J and |

is possibly worthwhile to recall that analogous rj-factors were first
calculated in Refs. 22 for the transition with AS = 2.

5lBy factorization, we understand the vacuum saturation of all possible
channels in the matrix element <B"|(6r,,9)(6r,,?)|B"}^ (8/
3 ) \ ( Q \ ( b r / 1 q) |B"> |2. In the literature, the fraction 8/3 on the right-
hand side is sometimes replaced by 8B /3, where the coefficient B must
parametrize deviations from factorization. It is possible to produce ar-
guments ( sufficiently convincingly, in my view ) showing that B = 1 ; see,
in particular, Section 3.4. We assume that B = 1 in (12).

'"In the language of the nonrelativistic quark model, the constant /P is
proportional to the wave function at the origin; see below.

7lln other words, the momenta of the external quark lines are p2
<l~R ~2

and p^ — my ~R ~ 'mQ.
KIAs far as we know, the QCD sum rules have not been used to perform

such calculations for beautiful baryons. Shuryak2"1 has reported asymp-
totic results ( m^ -> cc ) for the mass splitting between baryons A and £,
but this is subject to considerable uncertainty: M(2O)
- M( Ay ) = 400 ± 250 MeV. This mass difference should not depend

on mQ as my — cc, and other estimates show that it is ~200 MeV.
'"The question of inclusive decays was touched upon in Ref. 62 in the

context of the \/Nc approach. As in Ref. 53, it is noted in Ref. 62 that
this recipe leads to a considerable overall enhancement of nonleptonic
decays of D-mesons [see (42) ] as compared with the standard treat-
ment. This is a desirable feature from the phenomenological point of
view.

""As already mentioned, because of the pseudo-Euclidean kinematics this
is not a true Wilson operator expansion. The quark-hadron duality must
be introduced at this point.

'"For example, the estimates of (Ac
+ | J^=ff |AC

+ ), given in Refs. 53 nd 54,
differs from the estimate based on the nonrelativistic potential model
for AL* by a factor of about 2.3. A.M. Badalyan et a/, have obtained
results for the quantities in which we are interested, using the potential
model.

l2'This statement is valid to within the "penguin" graphs, which are nu-
merically suppressed (see Ref. 54 for further details).

"'Factorization seems to work with reasonable precision for K-mesons
and hyperons.7 1 Here, this hypothesis at least reproduces all the conse-
quences of PCAC, which is a theoretical justification. Similar consider-

ations, relying on the low-energy release and PCAC in K-meson and
hyperon decays, show that interaction in the final state can be neglected.
In two-particle decays of charmed mesons, the energy released is large,
and these ideas do not work.

4>A conceptually similar method was used previously in Ref. 82 to ana-
lyze hyperon decays.

5'Some theoretical details are treated in Refs. 89 and 90 differently.
6>The trivial hypothesis MF < 2.51 GeV is not inconsistent with Ref. 48,

but is hardly acceptable from the theoretical point of view. Actually, in
this case, the mass difference MF — MDi would be less than 90 MeV,
which is absolutely unthinkable (we recall that ms = 150 MeV).

7'It is interesting that the authors of Ref. 5 foresaw the serious difficulty
involved in extracting Fhll from inclusive leptonic spectra in the energe-
tically forbidden region for the 6 -• c transition. They proposed to deter-
mine Fbu from r(B+ — VTT+ ). The corresponding relative probability
is expected to be 10~4. Only experimenters can decide whether this
project is too fanciful.
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