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H.R. Quinn Opening Talk for Heavy Quarks and Leptons 2004
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Heavy Quarks and Leptons - San Juan, Puerto Rico, June 1-5, 2004

OPENING TALK FOR HEAVY QUARKS AND LEPTONS 2004

Helen R. Quinn
Stanford Linear Accelerator Center

2575 Sand Hill Road, Menlo Park, California 94025

ABSTRACT

Before preparing this talk I asked our host Angel Lopez what he wanted from an
opening talk—his response was that I should set the context for what follows,
to get the audience to think about the future of this subfield of physics, and
give some of my own opinions on this area of physics. So that is what this talk
does. It highlights a biased selection of topics; there is much more in the week
of lectures than I can cover in this introductory talk.

1 What are the deep questions in this field?

A few questions are mentioned often as the deep puzzles of flavor physics,

questions such as

• Why are there multiple generations?



4 H R. Quinn

• Do the patterns of mass and mixing tell us anything?

• Can we understand the CP asymmetry of the Universe?

Let us begin by talking about these for a while.

My own reaction to the first question is to remark that in our science

we never actually answer the question “Why?” in the conventional sense. In

everyday situations any answer to that question is a description of a mechanism

that occurs at some smaller scale and explains the behavior seen at the scale

where the question was asked. Most of us think it is likely that quarks and

leptons have no smaller scale structure, because attempts to answer the above

questions via substructure for quarks and leptons have failed miserably. Once

we are dealing with elementary particles there can be no mechanism at a smaller

scale to provide reasons for an observed behavior or pattern. Thus all we can

do is find the underlying mathematical theory that describes what we observe

and can predict future results. We convert “why?” into questions like the

following:

• What underlying symmetry or conservation law that forbids this process?

• What mathematical structures can be predictive about these features of

the physics?

The Standard Model describes the physics of flavor, though it must be

extended to encompass neutrino masses. The deep questions about flavor are

not addressed by its mathematical structures. It allows, but does not require,

multiple generations. The Yukawa couplings of the fermions to the Higgs field

give all the flavor structure we observe. We have a set of arbitrary parameter

choices, not an explanation in even the limited sense discussed above.

One might be tempted to argue that the observed CP violation in the

quark sector of the Standard Model requires three quark generations 1). That is

not strictly true, one could equally well have violation with two generations and

two complex Higgs-type multiplets 2). We do not know yet whether nature uses

both of these possibilities for CP violation, or only one of them. The success

of the CKM picture shows that the weak-coupling phases are non-trivial and

dominate the CP violation so far observed. Even if this is the dominant source

of CP violation, we cannot call it an “explanation” for the existence of three

generations.



Neutrinos have mass, even though they are not “heavy” in the traditional

sense of this conference series. Thus they are an important part of the physics of

flavor and should be a major part of this meeting’s agenda, as indeed they are.

(Perhaps the series title should change to “the Physics of Flavor”.) Neutrino

masses can be accommodated by extending the Standard Model a little, at

the price of a larger set of arbitrary Yukawa coupling parameters. In addition

we need an arbitrary large Majorana-type mass term to generate the small

neutrino masses via a see-saw mechanism.

Even when we extend the Standard Model to a grand unified theory,

or add supersymmetry we get no real answer to our questions about flavor

structure. Many such extensions do have the benefit of making the additional

neutrino states needed for a massive neutrino theory unavoidable, rather than

an arbitrary, and somewhat uncomfortable, addition to the theory. We also

gain relationships between quark and lepton parameters from the multiplet

structure of a Grand Unified theory. However, the predictions with a single

multiplet type do not fit the observed mass and mixing patterns, so different

in the quark sector and the neutrino sector. Grand unified theories with no

B-L violating terms predict similar patterns in the two sectors. I think it is

a fair statement of history to say that it was only after the data pointed the

way that the focus turned to theories that accommodate two very different

patterns. So these patterns were not a prediction, but they can be fit by some

choice of representation content and possibly some added U(1) symmetry that

distinguishes the generations 3).

Some attempts to explain mass and mixing patterns use an approach

known as “textures” where a particular pattern of zeros in the coupling matrix

is assumed. If this approach can give an acceptable set of physical parameters,

one then needs some deeper reason for the texture, coming from a symmetry

or an underlying theory. An added U(1) flavor-distinguishing symmetry such

as mentioned above can perhaps provide this. Then the apparently symmetry-

breaking mass terms can arise in an effective field theory as higher-dimensional

products of fields, with some powers of a gauge-group singlet field that carries

one unit of the flavor charge. Such terms are assumed to be suppressed by

denominator powers of a large mass.

One of the initial great hopes of string theory was that, in addition to

solving the problem of formulating a finite theory of quantum gravity, it would

H R. Quinn 5



6 H R. Quinn

be predictive about the number of generations and the parameters of the flavor

sector. This does not seem to be the case. One can find ways to wrap branes

on the topological cycles of the extra six dimensional (Calabi-Yau) manifold so

that the resulting theory has three chiral generations 4). Other approaches use

different distributions of fermion states in the additional (extended) dimensions

to obtain a variety of coupling strengths to a Higgs field that exists on the 3+1

dimensional brane 5). In these approaches one relates the parameters of the

field theory to the way the various flavors of quarks populate the additional

dimensions, or to the overlaps of the various branes. Any theory that gives the

Standard Model as its low energy realization is one option among many similar

possibilities. We choose the parameters of the string theory to get the right

parameters for the field theory. This would not “explain” the generation struc-

ture or the pattern of masses and mixings. Perhaps my second question gets

an answer here, in a strange reversed fashion—what the patterns of masses and

mixing may tell us is how we must choose the extra six-dimensional manifold

and what branes we need to wrap it up with to give us our observed world of

particles.

As for the matter-antimatter asymmetry of the Universe, 6) the Standard

Model alone seems to be inadequate to answer this question. However there

are many possible extensions of it which give the observed asymmetry starting

from CP-violating effects in either from the lepton sector (leptogenesis) 7) or

the quark sector (baryogenesis) 8). No one scenario is, as yet, compelling.

Perhaps more data will rule out one or the other possibility; as long as both

remain viable it is difficult to choose between them.

The third possible answer to the question of mater-antimatter asymmetry

of the Universe is that it arises as an initial condition on the Universe. In this

regard, Pauli, writing to Heisenberg in 1933 (after the discovery of positrons),

said “I do not believe in the hole theory, since I would like to have the asymme-

try between positive and negative electricity in the laws of nature (it does not

satisfy me to shift the empirically established asymmetry to one of

the initial state)” 9). I have highlighted here Pauli’s parenthetical remark,

which I find remarkable. As far as I know, until the experimental discovery of

CP violation in 1964, Pauli was the only person to object to the fact that the

equations of nature appeared to be symmetric between matter and antimatter,

while the Universe does not, and to reject the idea that the observed imbalance



arises from an initial condition.

I share Pauli’s prejudice against a finely-tuned initial condition. If you

give me one, why not many? Why not a young universe with initial conditions

tuned to create all the data that we interpret as evidence of its evolution and

its age? I think we all find that idea absurd. In addition to this philosophical

objection, there is a physical reason to doubt this answer. Initial conditions

cannot be maintained without a conservation law to protect them. Thermal

equilibrium between matter and antimatter would give equal populations, be-

cause of their CPT-required equal masses. If no conservation laws protect an

imbalance, it would be wiped out by the progression to thermal equilibrium.

We do not know that such a conservation law applies in the high-energy envi-

ronment of the early Universe.

In the Standard Model at high temperature there are processes that vi-

olate both lepton number and baryon number, although they preserve B-L.

Many extensions of the theory to a grand unified theory do not conserve that

quantity; indeed to get the different lepton and quark mass patterns it seems

one needs to distinguish quarks from leptons in ways that tend to break this

symmetry. It thus seems to me unlikely that the answer to the CP asymme-

try of the Universe lies in a conserved initial condition of matter-antimatter

imbalance.

2 Turning to the detailed questions

It seems we have no good answers to any of my “big” questions, nor much hope

of answering any of them soon. However the current Standard Model is almost

surely incomplete, even when we extend it to include neutrino masses. It gives

us no candidate particles to be the dark matter that we know pervades the

Universe; CP conservation of the strong interactions appears to be an accident

(or a fine-tuning); and the theory as it stands does not give a good scenario for

the generation of the matter-antimatter asymmetry of the Universe. Beyond

these obvious problems there are the problems of unification with gravity and

the existence of either dark energy or a cosmological constant. These are total

mysteries, problems that are not even addressable, in the Standard Model.

One might add the hierarchy problem, namely the fine-tuning required

to have the scale of physics where electroweak symmetry breaking occurs so

small compared to the scale of grand unified symmetry breaking. Solutions to

H R. Quinn 7



8 H R. Quinn

this issue via supersymmetry suggest new particles and also new interactions of

the Standard Model particles. At least some evidence of these should appear

around the TeV scale. Very possibly there is more than one “new physics”

scale. No one new mechanism fixes all the problems listed above.

If there is physics beyond the Standard Model, perhaps we cannot answer

the big questions because we do not know enough as yet to be asking them.

Einstein failed in his quest for a Unified theory of matter and gravity. At

least in part, his failure was surely because he did not know enough about

the fundamental structure of matter. He was trying to unify gravity with the

wrong ideas about matter. He may have been asking the right question, but

so far ahead of its time that it was the wrong question. Perhaps we too are

making this mistake when we ask the above “deep” questions. Perhaps when

we know more about the physics beyond the Standard Model we will see why

these are simply the wrong questions.

The path to knowledge is thus the usual path of science, via experiment.

We need to test the predictions of our current theory in further detail, to hunt

for clues about physics beyond the Standard Model. One way to do this is to

search directly for new particles with new higher energy machines. A second

way, the way of flavor physics, is to search for those places where new physics

effects cause inconsistencies with precision predictions of the Standard Model.

Weak interactions can yield precision physics. Perturbative calculations of

weak decays in the Standard Model quark sector are governed by the the masses

of the W and Z mesons, the electromagnetic coupling constant, the Weinberg

angle, and the four parameters of the flavor sector, those that determine the

CKM matrix of weak decays 10), and the quark masses. The first four of these

are by now well measured. We can obtain multiple independent measurements

of the four CKM quantities (one of which is CP violating) and the heavy

quark masses, by exploring many different weak decay processes. New physics

effects may impact these measurements differently and thereby cause us to get

inconsistent results for the Standard Model parameters.

New physics can enter these decays through new heavy particles in inter-

mediate states. Tree diagrams with such particles are typically very suppressed

by the large mass of the new intermediate particles. The chief impact of such

particles thus comes from loop diagrams; with high momentum in the loop

the large mass is less of a suppressing factor. Even so loop diagrams do not



give large effects. Thus the places where we are most likely to be sensitive

to these effects are those places where the Standard Model predicts a null re-

sult, or where the Standards Model process is itself rare, either because it is

a loop process or because it is suppressed by Standard Model approximate

symmetries.

The challenge in testing the Standard Model is not just for the experi-

ments to obtain precision data. In most cases there is also a theoretical chal-

lenge to obtain precision predictions. The relationships between measurements

and Standard Model parameters are seldom free of corrections to the quark-

level weak decay because what we observe are not quarks but hadrons. Hence

strong interaction physics plays a role. This complicates the situation. The

challenge to theorists is to determine the impact of strong interaction effects

and the residual uncertainties in the extraction of weak interaction parameters

that arise because of uncertainties in these effects. Before turning to my own

special interest of B physics, I want to make a few comments on how these

issues play out in some of the other areas of physics that will be discussed in

this meeting.

3 Rare Processes

One way that new physics could be obvious even in the face of order 1 uncer-

tainties from hadronic physics, is if a decay that is very rare in the Standard

Model is found at a level orders of magnitude above its prediction. Then we

do not need a precision calculation to see that new physics is playing a role.

This was the hope in, for example, the search for rare K decays, or for D0−D
0

mixing. Once these searches are close to the Standard Model level then the

question of Standard Model precision again becomes a challenge for the search

for new physics. Some particular channels such as K0νν are cleanly predicted,

but very difficult to measure. Other channels have experimental limits still

well above Standard Model estimates and in these cases a detection that would

signal new physics is still a possibility.

Sometimes early optimism about a test for new physics is tempered by

more careful examination of the uncertainties in the Standard Model prediction.

In the case of D0−D
0

mixing there is at present a very large theory uncertainty

in the Standard Model prediction. In the Standard Model, in the SU(3) limit,

the effect is expected to be tiny, partly because of an SU(3) cancellation (or GIM

H R. Quinn 9
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suppression) of the leading graphs. However the actual s and d quark masses

are quite different. Thus SU(3) breaking terms can significantly enhance the

effect. It has been argued that significant differences in the phase space for

multiparticle states which differ only in K and π content can give a substantial

the imaginary part of the D mixing amplitude (and by analyticity, this also

enhances the real part) 11, 12, 13). This gives an uncertainty in the Standard

Model prediction comparable to the magnitude of the current limits on the

effect, so it ceases to be a good place to search for new physics. One possible

exception is if the real part is found to be large compared to the imaginary

part. Thus the challenge to experiment is not just to measure this effect but

to untangle the real and imaginary parts.

In the case of neutrinos the challenges are still chiefly on the experimental

side, although there too theoretical uncertainties can plague certain measure-

ments. Since the next talk will cover this area I will not dwell on it further 14).

Neutrino masses also induce tiny Standard Model flavor violations in charged

lepton decays. Searches for these rare processes are another way to search for

new physics, which could possibly amplify these effects to an observable level.

4 Heavy Quark Spectroscopy

In the past year or so considerable excitement has been generated by obser-

vations of some states that, while not entirely unexpected, were not a good

match to predictions. Two classes of states have emerged, new charm-strange

mesons 15) and the so-called “pentaquarks” 16). The first are probably more

solid experimentally; their interest stems from the fact that the potential mod-

els for heavy-light bound states did not predict the masses and widths that are

found 17). Since the charm quark is not so very heavy and the strange quark

is not so very light, perhaps this discrepancy should not be so surprising. Fur-

thermore, any potential model is at best an approximation to the full QCD

theory. We learn from these states something about what was missing in those

approximations.

The case of pentaquarks is even muddier, here there are apparently dis-

crepant experiments as well as a wealth of ideas as to how to describe the inner

working of the claimed states. Given the current mixed-bag of the data, we

can only wait and see what survives with higher statistics. We will hear some

reports on the current status at this meeting 16). From the theory side, my



own attitude to these things is that none of them can tell us anything about

physics beyond the Standard Model. While weak decays have uncertainties

due to strong interaction corrections, spectroscopy is strong interactions from

the start. We calculate none of it from first principles. Hence when results

and calculations do not match we do not have to suspect our underlying QCD

theory, we only have to modify our approximations to it. We can learn how to

model the physics better, but I think it is very unlikely that the study of these

states can reveal any fundamental flaws in the underlying theory.

One thing further that puzzles me is the very classical “either it is this or it

is that” discussion which often occurs here. These states are quantum states,

there is no reason why a single static substructure configuration dominates.

Configurations of the constituents for a pentaquark state, such as two di-quarks

and an antiquark, rather than a state that is effectively (spatially) a baryon

plus a meson in a bound configuration, are suggested. The true states are likely

to be quantum superpositions of both these “pictures” and more. Perhaps the

various configurations can give us some insight as to why the state is narrow

(if indeed it is), but, in all probability, no one of them a full description of

the interacting quantum system of four quarks plus one antiquark of a distinct

flavor 18).

5 B Physics—Generalities

In B decays too, the search for new physics is most likely to succeed in cases

where the Standard Model contribution is suppressed or null. Alternatively we

look for multiple measurements of the same set of CKM parameters to see if new

physics effects give inconsistent values from the Standard Model interpretation.

There are now many papers in the literature about which modes are of interest

and why. The collection of analyzed data is now also growing at a formidable

rate.

To test the Standard Model in B physics one must first determine the

magnitudes of the CKM matrix elements Vcb, Vub and Vtd which enter the

predictions (along with the better known Vud, Vcd and Vtb) as the scales for

sides of the unitarity triangle that follows from the relationship

ΣjVjbV
∗

jd = 0 . (1)

This relationship is one of several given by the requirement that the CKM

H R. Quinn 11
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matrix is unitary. It is perhaps the most interesting one because all three

terms in the sum are of comparable magnitude, so phase differences (weak

phases) between the sides of the triangle can be large, leading to large CP

violating effects.

I will not dwell here on the challenges of measuring the sides, later talks

in this conference will discuss that in detail. We now have numbers for all

three sides, and uncertainties in these numbers are gradually shrinking. In

addition the magnitude of the CP violation seen via the decay KL → ππ

gives a constraint on a combination of parameters. In all cases, except for the

ratio of Bs mixing to Bd mixing as a measure of Vtd, the uncertainties are

now dominated by theory uncertainties. We will hear about recent work, both

theory and experiment, later in the week 19).

I now turn to measurement of the angles of the Unitarity triangle via CP

violation studies. The basics of the subject of B decays and the study of CP

violation is well described in some excellent text books 20). Here I will give

only a lightening review to define a bit of the jargon of this field. B decays to

two-body or quasi-two-body final states where these states are CP eigenstates

(or can be separated into CP odd and CP even fractions by angular analysis

of the decay) are of particular interest 21). The first situation occurs when

the final four valence quarks are CP self conjugate and at least one of the final

particles has zero spin. The second occurs when the quarks are self-conjugate

but both particles have non-zero spin. In that case the two particles can have

either odd or even relative angular momentum, and the angular analysis sorts

these two cases.

For general multiparticle decays, even if the quark content is CP-self-

conjugate, the final states are generally an unknown admixture of CP-odd and

CP-even states. Since the sign of the most readily interpreted asymmetry effect

depends on this CP quantum number, information about underlying CKM

parameters comes best from two body channels.

In the electron-positron B factories the B0 and B
0

are produced in a

coherent state that contains one of each particle until such time as one of

them decays. Then the other evolves, because it is a superposition of mass

eigenstates, until it too decays. We search for events where one B decays to

the final state under study and the other to a state that tells us its flavor. This

latter is called the tag decay. Any asymmetry between the rate for a B0 tag



and that for a B
0

tag is a CP violation. In the B factories, because of the

coherent initial state, the most interesting CP violation effects vanish when

integrated over the time difference between the decay of interest and the tag

decay, so one must study the differences as a function of time.

In general there are three types of CP violation. The first, which can

occur for any decay, is a difference in rate between any process and its CP

conjugate process, |A/A| �= 1. This is known as direct CP violation, though a

better name is CP violation in the decay amplitudes. (It has been observed for

the kaon system in the result ε′ �= 0.)

The two other types of CP violation occur only in the case of decays of

the neutral but flavored pairs of mesons P = K, D, B to final states that are

common to both members of the pair, and can be resolved into CP eigenstates.

We denote the mass eigenstates of these mesons by PH,L = pP 0 ± qP
0
, where

the subscripts H and L refer to the heavier and lighter mass states. The second

type of CP violation is that which shows that these mass eigenstates cannot be

CP eigenstates, namely |q/p| �= 1. This is called CP violation in the mixing. It

is seen in the decay of the long-lived neutral kaon states (which would be the

CP-odd state if CP were a good quantum number) to the CP-even final states

of two pions.

The third type of CP violation can occur even if both of the first two

do not. The CP asymmetries in decays to CP-eigenstate final states f are all

governed by the ratios

λf =
qA(B → f)

pA(B → f)
. (2)

The amplitude in the numerator is ηf = ±1 times the CP conjugate of the

amplitude in the denominator, where ηf is the CP quantum number of the

state f . The third type of CP violation, which arises from interference between

decays with with and without mixing transitions, is signaled by Imλf �= 0,

namely by a difference between the weak phase of the decay amplitude ratio

and the weak phase of the mixing parameter q/p. When both ratios are of unit

magnitude the quantity Imλf can be directly related to the phases of a product

of CKM matrix elements, that is to weak-coupling phase differences.

There is now a copious literature suggesting many channels for analysis.

First among these is the “golden mode” Bd → J/ψKS . This and the related

final states with other cc states (or a KL) have both |A/A| = 1 and |q/p| = 1

H R. Quinn 13
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to high accuracy. The SLAC and the KEK B factories now have collected large

samples and analyzed these modes in detail.

The CP-violating asymmetry that is measured is given by

af =
Γ(B0(t) → f)) − Γ(B

0
(t) → f)

Γ(B0(t) → f)) + Γ(B
0
(t) → f)

(3)

= cos(∆Mt)
1 − |λf |

2

1 + |λ2
f |

+ sin(∆Mt)
2Imλf

1 + |λf |2

for |λf | = 1 → sin(∆Mt)Imλf

Here B0(t) is time-dependent state that was (or will be) pure B0 at

time t = 0. The time dependence is obvious if one recognizes that it is a

superposition of the two mass eigenstates, Bheavy and Blight. The t in Eq.(3)

is the time between the decay of one B to a state that labels its flavor and

the decay of the other to the state f under study. (This can be either positive

or negative as either decay may be the first that occurs.) The term with the

cosine in time contributes if either of the first two types of CP violation are

present, while the sine term contributes only if the third type occurs, whether

or not the first two types are present. For the Bd system, |q/p| = 1 to a good

approximation.(When we study Bs decays in hadronic B production facilities

we will not have this simple situation.)

One can write a generic B decay amplitude as a sum of two terms with dif-

ferent CKM structure. For the quark level decay, b → q1q2q3 two classes of dia-

grams can contribute, weak-interaction tree diagrams and weak-loop diagrams,

(commonly called penguin diagrams). The loop diagrams give a contribution

of the form

δ12ΣjVjbV
∗

jq3
F (mj) = 0 (4)

where the sum over j runs over up-type quarks. The delta function denotes the

fact that such diagrams contribute only when a matching qq pair is produced.

The function F (mj) arises from the loop integral and depends on the mass of

the up-type quark in the loop. One of the three products of CKM coefficients

that appears here is the same as that for any tree-type diagram that contributes

to the same final state. (Indeed there is no meaningful distinction between a

tree diagram plus some final state rescattering and the long range part of a

penguin loop amplitude). One can use the unitarity relationship of Eq. (1) to

remove any one of the three CKM coefficients by rewriting it as the negative of



the remaining two (thereby obtaining the two terms mentioned at the beginning

of this paragraph).

Amplitudes with significant contributions for two different weak phases

can lead to the first type of CP violation (if they also have two different strong

phases). To extract Standard Model parameters from such channels we would

need to calculate the relative size and relative strong phase of the two terms.

This brings in strong interaction physics, and in general leads to large uncer-

tainties.

6 B Physics –the “simple” modes

Cases where a single product of CKM matrix elements dominates are thus

of particular interest. Then |
Af

Af
| = 1. Remember that for Bd decays the

approximation |q/p| = 1 is also very accurate, so in these cases |λf | = 1 to a

good approximation. Then the quantity Imλf directly measures a CKM phase

difference.

A single term dominates the decay amplitude for the “golden mode” cases

of ψKS and ψKL channels, where ψ denotes any cc resonance. More generally,

we get a single dominant term proportional to VcbV
∗

cs for any b → ccs decay.

There are penguin graph terms with this coefficient as well as the dominant tree

graph. One can use unitarity to remove the term proportional to VtbV
∗

ts. Then

the remaining penguin term is proportional to VubV
∗

us, which is suppressed by

two additional powers of λ = Vus. The dominant term is also enhanced because

it has the larger tree contribution as well as a penguin part, thus corrections

to |Af/Af | = 1 are expected to be at most a few percent. 1

The measured results from combining all such channels are 23)

Imλf = sin(2β) = 0.741± 0.067 ± 0.033 BaBar

Imλf = sin(2β) = 0.733± 0.057 ± 0.028 Belle (5)

Imλf = sin(2β) = 0.736± 0.048 World average .

1A paper I wrote with Grossman, Ligeti and Nir 22) defined rigorous bounds
on this deviation from data on SU(3)-related channels. These bounds are much
larger that the few percent quoted above. This should not be interpreted as an
indication that the deviation is large, it merely shows that, at present and in
this case, the data-driven bound is not a strong one.

H R. Quinn 15



16 H R. Quinn

These results give clear evidence for the third type of CP violation, furthermore

they give a relative phase, here called β, of V ∗

cbVcd and V ∗

tbVtd that agrees well

with that expected from the best-fit values of the lengths of the sides of the

Unitarity triangle, and the constraint from KL → ππ decays, as can be seen in

Fig. 1. This is a spectacular success for the CKM picture of CP violation.
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Figure 1: Concordance of all measurements of Standard Model flavor param-

eters as shown by the unitarity triangle for B decays. This figure is taken

from the CKM Fitter website which also provides the details of the input data

used 24).

For channels dominated by b → sss the same two CKM coefficients as in

the ccs case occur, although here there is no tree graph contribution to further

enhance the dominant term. Thus, in the Standard Model, up to small and

relatively well-estimated corrections, these channels should have the same CP-

violating asymmetry as the golden mode channels. The experimental results

here are, at present, a puzzle. The numbers are



ImλψKS
= 0.736 ± 0.049

ImλφKS
= −0.96 ± 0.50+0.09

−0.11 Belle (6)

ImλφKS
= 0.47 ± 0.34+0.08

−.06 BaBar .

Clearly, unless someone is making a mistake in their analysis, this situ-

ation can be expected to be resolved with more data. We will just have to

wait a few years to see if the tantalizing hint that there may be a new physics

contribution here survives.

Any channel with three distinct quark types produced in the b-decay has

only a tree-diagram contribution. For example b → cus (or cud) give modes

such as D0KS or D0π0, where the D0 decays to a CP eigenstate . These modes

give ways to extract the CKM parameter γ (modulo the complication of doubly

CKM suppressed corrections from b → ucs (or cud)) 25). We do not yet have

enough data for these rare modes to make the asymmetry analysis accurate, so

I will not talk further about them. Eventually they will be very interesting to

study.

For b → uus (and b → dds channels, which cannot be experimentally

separated in Bd decays), the uncertainty in the Standard Model correction is

larger, because the CKM-suppressed term is enhanced by having the larger tree

graph contribution, so these Kπ channels do not provide a sensitive test for

new physics.

7 B Physics—modes with two competing terms in the amplitude

In the case of b → qqd decays, such as B → π+π−, there are always two

comparable magnitude CKM terms in the amplitude, however one of them is

somewhat enhanced by having the larger tree graph contribution in addition

to the penguin terms. Early papers used this argument to suggest that these

channels too could give clean extraction of CKM phases, but experience has

taught us that this argument is not reliable; the penguin contribution is larger

than early estimates suggested. Hence one needs to use additional theoretical

input to relate the measured CP asymmetries to CKM phases. In the rest of

this talk I discuss some ways in which this can be done.

In these cases the quantity Imλf depends on the relative magnitudes

and the strong phases of the two terms in the amplitude. These are hadronic

H R. Quinn 17
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physics effects. Uncertainties in the interpretation of the measurement arise

because we cannot readily calculate them. The theory effort is thus to find

ways to reduce our ignorance to a few quantities that enter into more than one

measurement, so that we can use multiple measurements to determine both

the uninteresting (for our purposes) hadronic physics quantities and the weak

interaction parameters that we are trying to measure.

There are two general directions to go. The first is to use strong interac-

tion symmetries, isospin or SU(3), to determine the necessary quantities using

other measurable rates. In a few cases this is all one needs. Theory uncertain-

ties then arise from the impact of symmetry breaking effects, since these are

not exact symmetries. However these uncertainties are typically smaller, and

better understood, than the uncertainties that would arise from using models

of hadrons to calculate the hadronic physics effects.

For example let us look at the decays B → ππ. If we can measure all

such decays, including those for charged B’s, we can use isospin symmetry to

remove the unwanted complications and get a clean determination of the angle

α = π − β − γ at the apex of the unitarity triangle 26). We need the rates for

B0 → π0π0 and B
0
→ π0π0 separately; as yet only their average is measured.

It will take over ten times the present data to get sufficiently accurate numbers

to give a well-constrained answer by this method.

The same method can be applied, together with angular analysis, for

B → ρρ. Here the two-neutrals channel is smaller (but easier to detect); thus

a method for using the combined B0 and B
0

decays to bound the correction to

the value of α 27) gives the best determination of α at present. This analysis

too will be presented later in this conference 28).

The second method uses all the tools. In addition to symmetries the main

theory tools are the Operator Product Expansion which allows us to expand

the effects of hard gluons in powers of αs(mb), plus the heavy quark expansion,

which organizes the calculation in powers of ΛQCD/Mb. A more recent addition

to the toolkit is a technique for grouping the effects of soft gluons and those

collinear to a hard quark (Soft Collinear Effective Theory). This gives an

expansion in
√

(ΛQCD/E) where E is the energy of some final state particle,

and thus is typically something of order MB/2. The coefficients of the expansion

contain a set of hadronic quantities, both operator matrix elements and quark

distribution functions for mesons. These functions are particle dependent, but



process independent. The symmetries further reduce the number of unknown

quantities. They can relate one matrix element or quark distribution function

to others, up to some uncertainty due to symmetry breaking effects.

To make all these words a bit more concrete let me give you a couple

of examples of the application of these ideas. To extract the magnitude of

Vub from the rate of semileptonic B decays to any final state with no charm

particles we need to know the spectrum of such decays. Any method to remove

backgrounds from charm decays of b-quark will also remove some fraction of

the desired decays. We need the spectrum to determine what that fraction is.

The theory relates the spectrum in this decay to that seen in B → Xsγ where

Xs is any state with non-zero strangeness. So we can use the measurement in

the one case to reduce the uncertainty coming from the cut on the spectrum

in the other. This methodology, together with improvement in statistics of the

data, have considerably reduced the uncertainty on Vub. You will hear more

about this later in this conference 19).

The same matrix elements that determine this spectrum, also enter in

decays of a B meson to two light pseudoscalars. Furthermore the matrix ele-

ments and distribution functions that enter for decay to two pions and that to

a kaon plus a pion have SU(3) symmetry relationships. The calculation of the

impact of penguins in the two pion decay can be accomplished using all these

tools. Note that the CKM factors do not respect SU(3) symmetry, that applies

only to the hadronic part of the amplitude. The upshot is that the penguin

contribution that dominates the B → Kπ decay can be used to determine the

similar penguin contribution in B → ππ, up to SU(3) corrections. The residual

uncertainties are still significant, but they are smaller and better controlled

than was the case before all the tools were brought to bear 29).

Lattice QCD calculations are another important tool, used to determine

one-particle to one particle (or one to zero) matrix elements. Here too there

has been a steady advance in precision, with the biggest recent steps being the

move to “unquenched” calculations (including light quark loops), and better

extrapolations to the physical light-quark mass values using chiral calculations

to guide the functional form of the extrapolation 30). An example where this

work plays a role is the extraction of Vtd from the measurement of the Bd

mixing parameters.

All this theory discussion makes it clear that we need more than im-
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proved statistics to mine the physics out of the data. We also need ongoing

reductions of theoretical uncertainties. Theorists tend to tackle these hard

problems when theory uncertainties dominate over those from experiment in

extracting a parameter that they care about. The challenge is to keep every-

one honest about these uncertainties, which are often very difficult to quantify.

Experience shows that theorists often underestimate them. The temptation for

an experimental analysis is to use the particular theoretical input that gives

the smallest quoted uncertainty. This may be overly optimistic if other similar

theoretical approaches give different values for the result, or for its uncertainty.

8 Concluding remarks

I began this talk with some generalities, and I will end there too. We know

that Standard Model extensions are needed before we can begin to address

any of the deeper questions that remain. Heavy quark physics provides probes

that are sensitive to many of these extensions, and can possibly distinguish

between classes of ideas. The neutrino sector likewise may exhibit CP violation

and lepton flavor violation, and provides another possible answer the question

about the matter antimatter asymmetry of the Universe. Here there are more

parameters that are as yet undetermined, some of them perhaps reachable

in the next round of experiments some much harder to get at (perhaps even

beyond our wildest accelerator dreams). Of course direct searches for new

particles target some of same extensions of the theory. We need more data on

all three fronts to make further progress. I am sure that this conference will

present some interesting steps forward in this ongoing quest.
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REVIEW OF CHARM MIXING

Kevin Flood
University of Wisconsin, Madison, WI 53706, USA

ABSTRACT

The current theoretical and experimental status of mixing in the neutral D
meson system is reviewed.

1 Introduction

The study of mixing in the neutral K, D and B meson systems allows sensitive

searches to be made for possible new physics beyond the SM. In particular,

because D0–D
0

mixing typically proceeds via loop diagrams involving inter-

mediate down-type quarks, it can provide information inaccessible to analyses

of K or B mixing, which are both mediated by up-type quarks with a strongly

predominant contribution from the top quark. The current experimental lim-

its on charm mixing are already at a level that can provide useful constraints

on new physics models. However, since Standard Model (SM) predictions for

charm mixing run over several orders of magnitude, only the observation of
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a CP-violating mixing signal would indicate the presence of new physics —

CP violation in charm decays is discussed by David Asner elsewhere in these

Proceedings. Recent experimental results and theoretical predictions of charm

mixing are discussed below.

2 Charm Mixing Formalism

The time evolution of the neutral D meson system 1) 2) is given by the solutions

to the time-dependent Schrodinger equation,

∂

∂t

(
D0

D
0

)
= −i

(
M − i

Γ

2

) (
D0

D
0

)
, (1)

where M and Γ are Hermitian matrices representing the observable masses and

decay widths, and M11 = M22 ≡ M and Γ11 = Γ22 ≡ Γ from CPT invariance.

The mass eigenstates of the neutral D system can be written,

|D1〉 = p
∣∣D0

〉
+ q

∣∣∣D0
〉

, |D2〉 = p
∣∣D0

〉 − q
∣∣∣D0

〉
; |p|2 + |q|2 = 1, (2)

where p and q are complex mixing parameters which represent the flavor eigen-

state components in the mass eigenstates. Solving Eq. 1 gives the time evolution

of the physical states,

|Di(t)〉 = e−iMit−
1

2
Γit |Di(t = 0)〉 , (3)

where,

Γ1,2 = Γ ± 2�
[(

M12 − i
Γ12

2

) (
M∗

12 − i
Γ∗

12

2

)] 1

2

, (4)

M1,2 = M ∓�
[(

M12 − i
Γ12

2

) (
M∗

12 − i
Γ∗

12

2

)] 1

2

. (5)

The proper time dependence of a pure D0 or D
0

that results from a strong

interaction at time t=0 is thus,

∣∣D0(t)
〉

= g+(t)
∣∣D0

〉
+

q

p
g−(t)

∣∣∣D0
〉

, (6)

∣∣∣D0
(t)

〉
=

p

q
g−(t)

∣∣D0
〉

+ g+(t)
∣∣∣D0

〉
,



where,

g−(t) = exp

(
−t

[
iM +

Γ

2

])
i sin

(
t

2

[
∆M − i∆Γ

2

])
, (7)

g+(t) = exp

(
−t

[
iM +

Γ

2

])
cos

(
t

2

[
∆M − i∆Γ

2

])
,

∆M ≡ M2 − M1, ∆Γ ≡ Γ2 − Γ1.

The amplitudes for D0 or D
0

decays to a final state f , or its CP-conjugate

state f , where f (f) is intended to represent a mixed final state which can be

reached by a process other than mixing, can be defined as

A ≡ 〈f |H ∣∣D0
〉
, A ≡ 〈

f
∣∣ H

∣∣∣D0
〉

. (8)

The amplitudes for Cabbibo-favored (CF) decays can also be similarly defined,

B ≡ 〈f |H
∣∣∣D0

〉
, B ≡ 〈

f
∣∣H ∣∣D0

〉
, (9)

and the mixed amplitudes can then be expressed as

〈f |H
∣∣D0

〉
= B

q

p
(λg+(t) + g−(t)) ,

〈
f
∣∣H ∣∣∣D0

〉
= B

p

q

(
λg+(t) + g−(t)

)
, (10)

λ ≡ p

q

A

B
, λ ≡ q

p

A

B
. (11)

It is experimentally known that ∆M � Γ, ∆Γ � Γ and |λ| � 1, and so the

expression for the decay rates of mixed decays can be approximated by

Γ
(
D0(t) → f

)
=

e−Γt

4
|B|2

∣∣∣∣ qp
∣∣∣∣
2

×
[
4 |λ|2 +

(
∆M2 +

∆Γ2

4

)
t2 + 2� (λ)∆Γt + 4� (λ)∆Mt

]
, (12)

and,

Γ
(
D

0
(t) → f

)
=

e−Γt

4

∣∣B∣∣2
∣∣∣∣qp

∣∣∣∣
2

×
[
4

∣∣λ∣∣2 +

(
∆M2 +

∆Γ2

4

)
t2 + 2� (

λ
)
∆Γt + 4� (

λ
)
∆Mt

]
. (13)
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3 Experimental Results

Three different mixed decay time distributions can be distinguished depending

on the type of neutral D final state: (a) semileptonic final states, (b) non-CP

hadronic final states, and (c) CP-even/odd hadronic final states. Regardless

of which final states are used, the kinematically self-tagging decay D∗+ →
π+D0(→ X) (+c.c., +h.c.) is generally used to reconstruct neutral D decays

in mixing analyses. The correlation of the charge sign of the D∗+ pion daughter

with the neutral D decay products provides a production flavor tag with very

low mistag rates. It is common in the charm mixing literature to scale ∆M

and ∆Γ into two dimensionless mixing parameters,

x ≡ ∆M

Γ
, y ≡ ∆Γ

2Γ
, (14)

and these reduced mixing parameters will be used hereinafter. Also, as noted

above, CP violation in charm decays is discussed elsewhere in these Proceedings

and is, with one exception, not considered further in this article.

3.1 Semileptonic Final States

Because only one SM neutral D decay channel can produce semileptonic final

states consistent with a mixed event, there are no amplitudes present of the

type represented by Eq. 8 and the decay time distribution of mixed events

going to semileptonic final states is particularly simple. Integrating over all

times and normalizing to the unmixed rate, the rate of mixed events going to

semileptonic final states is

rmix =
x2 + y2

2
. (15)

The use of semileptonic final states provides no sensitivity to the individual

mixing parameters because Eq. 15 contains only their sum in quadrature. The

only published semileptonic charm mixing analysis is from E791 and sets an

upper limit of rmix < 0.005 (90% CL) using both semi-electronic and semi-

muonic decays. 3) Two other results have been shown at conference during the

past two years but have not been published to date — a CLEO analysis sets

an upper limit of rmix < 0.0086 (95% CL) using the K∗+e−νe mode, 4) while

a FOCUS analysis using semi-muonic decays sets a much more stringent limit

of rmix < 0.0013 (95% CL). 5)



Year Experiment y′ (95% CL) x′/2 (95% CL)

2003 Babar 6) −5.6 < y′ < 3.9% < 0.11%

2001 FOCUS 7) −12.4 < y′ < −0.5% < 0.076%

2000 CLEO 8) −5.8 < y′ < 1.0% < 0.041%

Table 1: Charm mixing results from non-CP hadronic decays.

3.2 Non-CP Hadronic Final States

Unlike their semileptonic counterparts, mixed neutral D decays to non-CP

hadronic final states (e.g., K+π−) have Doubly Cabibbo Suppressed (DCS)

final-state contributions of the type represented by Eq. 8. In addition, these

decays also contain an unknown strong phase δ between the DCS and CF

amplitudes. Ignoring the possibility of CP violation, the mixed decay time

distribution is

rmix(t) = e−Γt

(
rDCS + y′t

√
rDCS +

x′2 + y′2

2
t2

)
, (16)

x′ ≡ x cos δ + y sin δ, y′ ≡ y cos δ − x sin δ. (17)

Although hadronic analyses incorporating time-dependence are sensitive to

both y′ and x′2, the presence of the strong phase represents an unknown ro-

tation in the x, y-plane and an independent determination of the strong phase

must be made to obtain the individual contributions to mixing. CLEO-C

should be able to make this determination by exploiting the coherent nature

of their charmed hadron production.

Several time-dependent analyses using the K+π− final state have been

performed over the past few years and the resulting upper limits on the indi-

vidual charm mixing components are shown in Table 1.

3.3 CP Eigenstate Final States

There is no distinction between the final states, f and f , when a neutral D

meson decays to a CP-even or CP-odd eigenstate, and the two amplitudes

shown in Eq. 8 are identical, with A = A. Explicitly incorporating CP violation

in this instance, the time-dependence of CP-even final states, such as K+K−

and π+π−, can be written,

K. Flood 167



168 K. Flood

Year Experiment y (%)

2003 Babar 9) 0.8 ± 0.4+0.5
−0.4

2003 Belle 10) 1.15 ± 0.69 ± 0.38

2001 CLEO 11) −1.1 ± 2.5 ± 1.4

2001 Belle 12) 0.5 ± 1.0+0.7
−0.8

2000 FOCUS 13) 3.4 ± 1.4 ± 0.7

1999 E791 14) 0.8 ± 2.9 ± 1.0

Table 2: Lifetime ratio charm mixing results.

Γ(D
0 → K+K−) ≈ e−Γt

[
1 − r−1

mix (y cosφ + x sin φ) Γt
]
, (19)

φ ≡ q

p

〈f |H
∣∣D0

〉

〈f |H
∣∣∣D0

〉 . (20)

In the limit of no CP violation, the ratio of non-CP (e.g., K−π+) to CP-even

rates becomes

Γ(D0 → K−π+)

Γ(D0 → K−K+)
=

Γ(D0 → K−π+)

Γ(D
0 → K−K+)

≈ 1 + y (21)

The same relationship holds for π+π− and other CP-even final states. A similar

relation can be derived for CP-odd final states, in which case the ratio is equal

to 1 − y. Several recent charm mixing results using the lifetime ratio method

are shown in Table 2. The Babar and CLEO results used both K+K− and

π+π− modes — all other results are for K+K− only.

3.4 Summary of Experimental Results

Figure 1 graphically summarizes the above discussion of recent experimental

results in charm mixing.

4 Charm Mixing Predictions

Charm mixing in the SM is expected to proceed through short-distance ∆C = 2

box diagrams 16) with potential enhancements from long-distance ∆C = 1

effects. Some recent papers examining the magnitude of possible SM contri-

butions have concluded that the SM can naturally accommodate rates near
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Figure 1: Current experimental limits on charm mixing shown in the x, y-

plane. 15) The solid vertical lines indicate a “typical” standard-model predic-
tion for x. The dashed vertical lines indicate the upper range of non-standard-
model predictions for x. The horizontal band is the world average 95% CL
limit in y. The circle with horizontal shading is the 95% CL limit in (x, y).
The strong-phase shift δKπ between the Cabibbo-favored and doubly Cabibbo-
suppressed decays is assumed to be zero in plotting the D0 → K+π− results,
where in each case CP conservation is assumed. For the CLEO and FOCUS
measurements, the statistical error is included; for the BaBar measurement,
both the statistical and systematic errors are included. The strong phase shift
is expected to be close to zero, but until it is actually measured, the allowed
region from the D0 → K+π− measurements must be expanded to include the
area swept out by rotating these regions about the origin. The three circles
(small radius dashed, dot-dashed, and large radius dashed) are 2π rotations
of the BABAR, CLEO, and FOCUS regions, respectively. This figure and the

caption text are reproduced from reference 15).
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the current experimental limits. In addition, new physics contributions to the

mixing rate can arise from a variety of sources — however, because of the pos-

sibly large SM contributions, the presence of new physics in charm mixing will

necessarily involve searches for CP-violating effects, which are not expected at

all in the SM. Various SM and new physics mixing predictions are discussed

below.

4.1 Standard Model Contributions

In the SM, short-distance ∆C = 2 transitions occur through box diagrams with

an amplitude that can be written 16)

A = V ∗

cdV
∗

csVudVus [A(d, s) + A(s, d) − A(d, d) − A(s, s)] + (d → b) + (s → b)

(22)

where the A(i, j) represent amplitudes for the internal quarks i and j apart

from the CKM matrix elements, Vmn. It can be seen that the b-quark con-

tribution to mixing is suppressed by the small Vub CKM matrix element,

|VubV
∗

cb|2 / |VusV
∗

cs|2 ∼ O(10−6), and that mixing in the D0–D
0

system there-

fore substantially involves only the first two quark generations. This implies

that CP violation, which arises from the addition of a third quark generation

to the CKM matrix, is a feature not expected in SM charm mixing.

The leading contribution to charm mixing is from the strange quark and

the effective ∆C = 2 Hamiltonian governing mixing can be written 15) 16)

H∆C=2
eff =

G2
F

4π2
|VcdV

∗

cs|2
(
m2

s − m2
d

)
m2

c

(
m2

s − m2
d

)
m2

W

(O + 2O′) (23)

where,

O ≡ uγµ (1 − γ5) cuγµ (1 − γ5) c

O′ ≡ u (1 + γ5) cu (1 + γ5) c

and the matrix elements due to these operators can be parameterized as

〈
D0

∣∣O ∣∣∣D0
〉

=
8

3
m2

Df2
DBD

〈
D0

∣∣O′

∣∣∣D0
〉

= −5

3

(
mD

mc

)
m2

Df2
DB′

D

(24)

It is clear from Equation 23 that mixing disappears in the limit that flavor is a

good symmetry and that, in any event, there are substantial heavy quark and

GIM suppressions in the mixing rate.



Taking typical values for fD and ms,
2) and noting that BD = B′

D ∼ 1 in

the vacuum-insertion approximation, the box diagrams’ contribution to ∆M

is xbox ∼ O (
10−5 − 10−6

)
. There are additional contributions from y 15) and

dipenguin diagrams 17) roughly at or slightly below this rate, and the total

mixing rate due to SM diagrams is quite small, rmix ∼ 10−10.

As shown above, charm mixing manifestly involves the breaking of flavor

symmetry and can be shown to occur only as a second-order effect 18)

x, y ∼ sin2 θC × [SU(3) breaking]2 (25)

There are a number of possible sources for this SU(3) violation and two general

methods are used to estimate possible contributions: heavy quark effective the-

ory 19) and approaches involving summations over families of two-, three- and

higher multi-body decays. Long-distance contributions to charm mixing can-

not be precisely characterized in the SM at present as these types of transitions

involve inherently non-perturbative calculations. Two recent papers by Falk et

al. use HQET to estimate the level of SU(3)-breaking involving phase-space

effects only and find natural possible enhancements of both x 20) and y 18) to

∼ 1%, near the current experimental limits.

A large number of theoretical predictions of x and y, ranging over several

orders of magnitude and based on a variety of SM mechanisms, have recently

been compiled by Petrov 21) and are shown in Figure 2 — the current experi-

mental limits are beginning to exclude the upper region of this figure.

4.2 New Physics Predictions

There have been numerous charm mixing predictions based on a variety of

models made over the last two decades and Figure 3 shows some of the predic-

tions for x. 21) As with Figure 2, the current experimental limits are beginning

to exclude the upper region of Figure 3. Predictions using new physics mod-

els generally proceed by calculating the possible contributions of new particles

running through the box diagram loop or by positing new tree-level ∆C = 2

decays (such as might be mediated by a neutral Higgs). If massive particles,

such as Higgs candidates, fourth generation down-type quarks, leptoquarks or

supersymmetric partners, are allowed in the box diagram loop, then the rate

reductions due to light flavor symmetry, GIM mechanism and small CKM ma-

trix elements are no longer pertinent, and enhancements to the charm mixing
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Standard Model mixing predictions
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Figure 2: SM predictions for |x| (triangles) and |y| (squares) — the horizontal
axis is roughly ordered in chronological order from left (earliest) to right (most
recent) for each of the |x| and |y| figure regions. This plot is taken from

reference 21) — the reference index numbers along the horizontal axis refer
to the table in this source in which citations for particular SM predictions are
listed.

New Physics mixing predictions
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Figure 3: New physics predictions for |x| — the horizontal axis is roughly
ordered in chronological order from left (earliest) to right (most recent). This

plot is taken from reference 21) — the reference index numbers along the
horizontal axis refer to the table in this source in which citations for particular
new physics predictions are listed.



rate may occur.

As in the SM, the range of predictions for new physics charm mixing

runs over several orders of magnitude and, therefore, it will be difficult for

an observation of charm mixing alone to signal the presence of new physics.

However, continuing to reduce the upper limit will provide a useful constraint

for new theoretical models and, perhaps, eliminate some already existing new

physics scenarios.
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ABSTRACT

Is there a theory or good experimental evidence? Bj’s question: Pentaquark
is created by e+e−. 2q + q → Baryon ; 2q + q̄ → Triquark; 2q+Triquark
→Pentaquark Does it live long onough to be observable? Basic physics of
constituent quarks and flavor antisymmetry. Report of Θ+ violating flavor an-
tisymmetry indicates need for two-cluster model.. Ball in Experimental Court
- Some experiments see Θ+; others don’t. Possible production mechanisms
present in some experiments, absent in others; e.g. via N∗(2.3 GeV) → Θ++K̄?

1 QCD Guide to the search for exotics

1.1 Words of Guidance from Eugene Wigner’s Wisdom

With a few free parameters I can fit an elephant.
With a few more I can make him wiggle his trunk
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Wigner’s response to questions about a particular theory he did not like
was:
“I think this theory is wrong. But the old Bohr - Sommerfeld quantum theory
was also wrong.. Could we have reached the right theory without it?

1.2 BJ’s question in 1986

In e+e− annihilation a created qq̄ fragments into hadrons. q + q̄ → meson;
2q + q → baryon. But 2q + q̄ → Triquark and 2q+Triquark → Pentaquark..
BJ asked whether quark model says such state.is bound or lives long enough
to be observable as hadron resonance. Listening to BJ usually pays off.

1.3 Crucial role of color-magnetic interaction

1. QCD motivated models 1) show same color-electric interaction for large
multiquark states and separated hadrons and no binding. Only short-
range color-magnetic interaction produces binding.

2. Jaffe 2) extended DGG model 1) with one-gluon-exchange color factor
to multiquark sector in a single cluster or bag model, defined (q̄q)8 and
(qq)6 interactions and explained why lowlying exotics not observed

3. Hyperfine ineraction suggested search for H dibaryon 2) uuddss and an-
ticharmed strange pentaquark 3) (c̄uuds) (1987)

1.4 Flavor antisymmetry principle - removes leading exotics

The Pauli principle requires flavor-symmetric quark pairs to be antisymmetric
in color and spin at short distances. Thus the short-range color-magnetic in-
teraction is always repulsive between flavor-symmetric pairs. Best candidates
for multiquark binding have minimum number of same-flavor pairs

1. Nucleon has only one same-flavor pair; ∆++(uuu) has three.

2. Extra two same-flavor pairs costs 300 Mev .

3. Deuteron separates six same-flavor pairs into two nucleons

Only two same-flavor pairs feel short range repulsion.

4. H(uuddss) has three same-flavor pairs. Optimum for light quark dibaryon



5. The (uudsc̄) pentaquark has only one same-flavor pair

6. Θ+ (uudds̄) has two same-flavor pairs, more than (uudsc̄).

Quark model calculations told experimenters ”Look for c̄(uuds) not Θ+.
Ashery’s E791 search for c̄uuds found events 4); not convincing enough.
Better searches for this pentaquark are needed; e.g. searches with good

vertex detectors and good particle ID 3)...
Any proton emitted from secondary vertex is interesting. One gold-plated

event not a known baryon is enough; No statistical analysis needed.

2 The 1966 basic physics of hadron spectroscopy - Sakharov-Zeldovich,
Nambu and beyond

2.1 Sakharov-Zeldovich (1966)

Sakharov and Zeldovich noted that the Λ and Σ are made of same quarks and
asked why their masses are different. Their answer was that a unified two-body
hyperfine interaction not only answers this question but led to a unified mass
formula for both meson and baryon ground states mesons and baryon masses
and showed that all are made of same quarks 5)

M =
∑

i

mi +
∑
i>j

�σi · �σj

mi · mj
· vhyp

ij (1)

Using (1) Sakharov and Zeldovich noted that both the mass difference
ms −mu between strange and nonstrange quarks and the flavor dependence of
their hyperfine splittings (later related 1) to the mass ratio ms/mu) have the
same values when calculated from baryon masses and meson masses 5), along
with the comment that the masses are of course effective masses 6):

〈ms − mu〉Bar = MΛ − MN = 177MeV

〈ms − mu〉mes =
3(MK∗ − Mρ) + MK − Mπ

4
= 180 MeV (2)

〈ms − mu〉Bar =
MN + M∆

6
·
(

M∆ − MN

MΣ∗ − MΣ
− 1

)
= 190 MeV

〈ms − mu〉mes =
3Mρ + Mπ

8
·
(

Mρ − Mπ

MK∗ − MK
− 1

)
= 178 MeV , (3)
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The same value ±3% for ms − mu is obtained from four independent

calculations. The same approach for mb − mc gives

〈mb − mc〉Bar = M(Λb) − M(Λc) = 3341 MeV

〈mb − mc〉mes =
3(MB∗ − MD∗) + MB − MD

4
= 3339 MeV (4)

The same value ±2.5% for the ratio ms

mu
is obtained from meson and

baryon masses.

(
ms

mu

)
=

M∆ − MN

MΣ∗ − MΣ
= 1.53 =

Mρ − Mπ

MK∗ − MK

= 1.61 (5)

DeRujula, Georgi and Glashow 1) in 1975 used QCD arguments to relate

hyperfine splittings to quark masses and baryon magnetic moments. This led

to remarkable agreement with experiment including three magnetic moment

predictions with no free parameters

µΛ = −0.61 n.m. = −µp

3
· mu

ms

= −µp

3

MΣ∗ − MΣ

M∆ − MN

= −0.61 n.m.

µp + µn = 0.88 n.m. =
Mp

3mu

=
2Mp

MN + M∆
= 0.865 n.m.

− 1.46 =
µp

µn

= −3

2
, (6)

2.2 Two Hadron Spectrum puzzles -Why qqq and qq̄ ?

1. The Meson-Baryon Puzzle - The qq and q̄q forces must be peculiarly

related to bind both mesons and baryons. It cannot be a vector interac-

tion giving equal and opposite forces, nor a scalar or tensor giving equal

attractions for both.

2. Exotics Puzzle - No low-lying hadrons with exotic quantum numbers have

been observed; e.g. no π+π+ or K+N bound states.

Nambu solved both puzzles 7) in 1966 by introducing the color degree of

freedom and a two-body interaction from a non-abelian gauge theory with the

color-factor of one-gluon exchange. This both related mesons and baryons and

eliminated exotics.



A unified treatment of qq and q̄q interactions binds both mesons and
baryons with the same forces. Only qqq and qq̄ are stable in any single-cluster
model with color space factorization. Any color singlet cluster that can break
up into two color singlet clusters loses no color electric energy and gains ki-
netic energy. The Nambu color factor does not imply dynamics of one-gluon
exchange. Higher order diagrams can have same color factor

Looking beyond bag or single-cluster models for possible molecular bound
states Lipkin(1972) showed that the color-electric potential energy could be
lowered in potential models by introducing color-space correlations; e,g, qq̄qq̄

at corners of a square, but not enough to compensate for the kinetic energy 8)

2.3 Important systematics in the experimental spectrum

A large spin-dependent interaction ≈ 300 MeV but a very weak interaction ≈
2 MeV binding normal hadrons.

M(∆) − M(N) ≈ 300MeV � M(n) + M(p) − M(d) ≈ 2MeV (7)

2.4 Conclusions from basics

The low-lying hadron spectrum is described by a linear effective mass term and
a hyperfine interaction with a one-gluon exchange color factor.

The (q̄q) and (qqq) states behave like neutral atoms with a strong color
electric field inside hadrons and none outside. No molecular bound states
arise in the simplest cases. A strong spin-dependent interaction is crucial to
understanding the spectrum

Only color singlet and 3∗ color factors arise in (q̄q) and (qqq). The low-
lying hadron spectrum provides no direct experimental information on (q̄q)8
and (qq)6 interactions needed for multiquark exotic configurations.

2.5 What can QED teach us about QCD?

QCD is a Great Theory, but nobody knows how to connect it with experiment
or which approximations are good. We need to construct instructive simplified
models. I often recall the response by Yoshio Yamaguchi at a seminar at
the Weizmann Institute in 1960 when asked if there had been any thought at
CERN about a possible breakdown of QED at small distances: “No. . Many
calculations. No thought.”
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What can we learn from QED; a Great Theory that everyone knows how
to connect with experiment? We know how isolated free electrons behave and
carry currents. But nobody could explain the fractional Hall effect.until Robert
Laughlin told us the Hall Current is not carried by single electrons! It is carried
by quasiparticles related to electrons by a complicated transformation.

Nobody has ever seen an isolated free quark. Current quark fields appear
in the Standard Model Lagrangian. But experiments tell us that baryons are
qqq and mesons are qq̄ and these are not the quarks that appear in the QCD
Lagrangian.

Nobody knows what these quarks are. Are they complicated quasipar-
ticles related to current quarks by a complicated transformation?. Is Hadron
Spectroscopy Waiting for Laughlin? Does QCD need another Laughlin to tell
us what constituent quarks are?

3 The Θ+ was reported! A Two-cluster Model?

3.1 Following Wigner’s Guidance to Understand QCD and the Pentaquark

One good wrong model that stays away from free parameters and may teach us
something: a two-cluster P -wave (ud) diquark-(uds̄) triquark model 9, 10) for
the Θ+ that separates uu and dd pairs and eliminates their short range repulsive
interaction... Its hidden-strangeness N∗ partner keeps the same triquark with
the (us) and (ds) SU(3) partners of the (ud) diquark. Its mass is roughly 11)

M [N∗(1775)] ≈ M(Θ+)+M(Λ)−M(N)+
3
4
·[M(Σ)−M(Λ)] ≈ 1775 MeV (8)

3.2 The skyrmion model

Experimental search motivated by another wrong model. Skyrmion model has
no simple connection with quarks except by another wrong model. The 1/Nc

expansion invented 12) pre-QCD to explain absence of free quarks.
The binding Energy of qq̄ pairs into mesons EM ≈ g2Nc.
At large Nc the cross section for meson-meson scattering breaking up a

meson into its constituent quarks is

σ[MM → M + q + q̄] ≈ g2 EM

Nc
≈ 0 (9)

But 1
Nc

= 1
3 ; π

Nc
≈ 1 This is NOT A SMALL PARAMETER!



4 Experimental contradictions about the Θ+

Some experiments 13, 14, 15, 16) see the Θ+; others 17, 18) definitely do not
Further analysis is needed to check presence of specific production mechanisms
in experiments that see it and their absence in those that do not 19). No
theoretical model addresses this question. Comprehensive review 20) analyzes
different models..

4.1 Production via decay of a cryptoexotic N∗(2400)

The reported 14, 21, 22, 23) N∗(2400) can be the D-wave excitation of the
N∗(1775).with a (ds) diquark in a D-wave with the same uds̄ triquark. Its
dominant decays would be N∗(2400) → K−Θ+ via the diquark transition
ds → ud + K−.and N∗(2400) → π−N∗(1775)+ → π−ΛK+ via ds → us + π−.

Decays like ΛKand ΣK would be suppressed by the centrifugal barrier
forbidding a quark in the triquark from joining the diquark.

Some experimental checks of this mechanism are:

1. Experiments which see the Θ+ and have sufficient energy for producing
the N∗(2400) should look for an accompanying K− or Ks and examine
the mass spectrum of the K−Θ+ and KsΘ+ systems.

2. Experiments should look for N∗(2400) → π−N∗(1775)+ → π−ΛK+ .

3. Experiments searching for the Θ+ should check possible production o
a K−Θ+ or KsΘ+ resonance in the 2.4 GeV region. B-decay modes
suggested for pentaquark searches 24, 25) would not produce this 2.4
GeV N∗. Similar considerations should be applied to searches in e+e−

and γγ like those proposed in Ref. 26).

4. The other N∗(2400) decay modes.; e.g. KΛ, KΣ, KΣ∗, φN , are sup-
pressed by the centrifugal barrier in the D-wave diquark-triquark mode
but may be appreciable.. Finding them would would give further evidence
for this model for pentaquark production. The relative branching ratios
would also provide information about the structure of th N∗(2400).
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4.2 Angular distribution tests for production mechanisms

1. The angular distribution of the kaon emitted with the Θ+ in γp → K̄oΘ+

27) carries interesting information. Production from a cryptoexotic N∗,
gives no forward-backward kaon asymmetry. Meson exchange gives for-
ward peaking. Baryon exchange gives backward peaking, produces the
Θ+ equally by photons on protons and neutrons. and the same baryon
exchange should be seen 28) in γn → K−Θ+..

2. The more complicated angular distributions in γp → π+K−K+n 14)

may still carry interesting information.

All the above discussion for γp → K̄oΘ+ applies to the angular distribu-
tion of a K̄∗.in γp → K̄∗oΘ+ → π+K−Θ+. Models 28) with a suppressed
NKΘ+ coupling relative to NK∗Θ+ predict stronger Θ+ production with
a backward K∗ than with a backward kaon.. In γp → π+N∗ → π+Θ+K−
14), the pion goes forward and everything else is in the target fragmen-
tation region. 21)..

4.3 Other experimenal considerations

1. Search for exotic positive-strangeness baryon exchange in normal nonex-
otic reactions. The baryon exchange diagram 27) for Θ+ photoproduc-
tion with an outgoing kaon is simply related to backward K−p charge-
exchange 28). The lower KNΘ+ vertices are the same; the upper vertex
is also KNΘ+ for K−p charge-exchange but γΘ+Θ+ for Θ+ photopro-
duction. If this diagram contributes appreciably to Θ+ photoproduction,
the contribution of the KNΘ+ vertex is appreciable and should also con-
tribute appreciably to backward K−p charge-exchange. Some previously
ignored backward K−p charge-exchange data may be available.

2. The baryon and s̄ constituents of the Θ+ are already initially present
in low-energy photoproduction experiments in the target baryon and the
s̄ component of the photon. In experiments where baryon number and
strangeness must be created from gluons, the cost of baryon antibaryon
and ss̄ production by gluons must be used to normalize the production
cross section in comparison with the photoproduction cross sections; e.g.
from baryon-antibaryon production and ss̄ production data in the same
experiment that does not see the Θ+.
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Table 3: Measurements and predictions of D+ → K
∗0

�+ν� form factors.

Other references appear in Reference 9)

group rv r2

Focus 9) 1.504 ± 0.057 ± 0.039 0.875 ± 0.049± 0.064
BEAT 1.45 ± 0.23 ± 0.07 1 ± 0.15 ± 0.03
E791 1.87 ± 0.08 ± 0.07 0.73 ± 0.06 ± 0.08
E687 1.74 ± 0.27 ± 0.28 0.78 ± 0.18 ± 0.1
E653 2 ± 0.33 ± 0.16 0.82 ± 0.22 ± 0.11
E691 2 ± 0.6 ± 0.3 0 ± 0.5 ± 0.2
Ave 1.618± 0.055 0.830 ± 0.054
ISGW2 2 1.3
ISGW 1.4 1
WSB 1.4 1.3
KS 1 1
AW/GS 2 0.8
Stech 1.55 1.06
BKS 1.99 ± 0.22 ± 0.33 0.7 ± 0.16 ± 0.17
LMMS 1.6 ± 0.2 0.4 ± 0.4
LANL 1.75 ± 0.09 0.87 ± 0.21
ECL 1.3 ± 0.2 0.6 ± 0.3
APE 1.6 ± 0.3 0.7 ± 0.4
UKQCD 1.4 ± 0.35 0.9 ± 0.2
BBD 2.2 ± 0.2 1.2 ± 0.2

SPQR 10) 1.48 ± 0.12 0.6 ± 0.3

values for D+ → K
∗0

�+ν� quoted in Table 3. Perhaps this surprising anomaly

is starting to fade away with better data.

3.4 The semileptonic vector to pseudoscalar ratio

An old problem in semileptonic charm decay concerns the ratio of

R ≡ Γ(D+ → K
∗0

�+ν�)/Γ(D+ → K
0
�+ν�). The early quark models predicted

R to be approximately unity , whereas experimentally the ratio was roughly

1/2. Three relatively new results from Focus and CLEO bear on this problem.

In 2002, CLEO 8) published a new measurement of

Γ(D+ → K
∗0

�+ν�)/Γ(D0 → K−π+π+) = 0.74 ± 0.04 ± 0.05

that was somewhat higher than the previous world average of about 0.6 thus



Table 4: Measurements and predictions of D+
s → φ �+ν� form factors.

(Full references appear in Reference 6))

group rv r2

Focus 1.549 ± 0.250± 0.145 0.713± 0.202 ± 0.266
791 2.27 ± 0.35 ± 0.22 1.570± 0.250 ± 0.190
CLEO 0.9 ± 0.6 ± 0.3 1.400± 0.500 ± 0.300
E653 1.3 ± 1 ± 0.4 2.100± 0.550 ± 0.200
E687 1.8 ± 0.9 ± 0.2 1.100± 0.800 ± 0.100
Ave 1.679 ± 0.213 1.310± 0.197
BKS 2 ± 0.19 ± 0.22 0.780± 0.080 ± 0.150
LMMS 1.65 ± 0.21 0.330± 0.330
ISGW2 2.1 1.300

obtaining a value of R more in line with the old quark model predictions.

Shortly thereafter, Focus 11) published a new value for

Γ(D+ → K
∗0

�+ν�)/Γ(D0 → K−π+π+) = 0.602 ± .01 ± 0.021

that was very consistent with the previous world average.

Recently Focus 12) produced a direct measurement of the ratio R =

Γ(D+ → K
∗0

µ+ν)/Γ(D+ → K
0
µ+ν) using a technique designed to signif-

icantly reduce systematic errors. In this analysis the K
∗0

→ K−π+ and

K
0
→ Ko

s → π+π− resulting in a final state consisting of three charged par-

ticles (a muon and two hadrons) for the numerator and denominator sample

of R. In order that vertex characteristics of the three charged particle final

state are very similar, only upstream Ko
s → π+π− decays are used which

decay prior to the end of the Focus microstrip system. The upstream require-

ment reduces the denominator sample by about a factor of 10 but dramati-

cally reduces potential systematic error. Table 5 summarizes measurements of

R. The Focus measurement represents a significant improvement over existing

measurements and is a direct measurement that is not inferred from separate

measurement of the numerator and denominator. This newest result is very

consistent with the older values of R ≈ 0.6, which, as discussed in Reference
12), is also very consistent with the more recent theoretical estimates. The re-

cent CLEO(02) measurement in Table 5 is large R = 0.99± 0.06± 0.07± 0.064

compared to most of the data and the new Focus result. This partially re-

4An additional uncertainty of ±0.12 should be included in addition to the
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flects the fact that CLEO measured a somewhat higher than average value

for Γ(D+ → K
∗0

�+ν�)/Γ(D0 → K−π+π+) and normalized to their value for

B
(
D+ → K

0
e+ν

)
. As discussed in Reference 12), B

(
D+ → K

0
e+ν

)
is prob-

ably anomalously low. Had CLEO(02) used B
(
D0 → K−µ+ν

)
and isospin

symmetry for their quoted R value, this value for R would be much more in

line with the weighted average value in Table 5.

Table 5: Measurements R = Γ(D+ → K
∗0

µ+ν)/Γ(D+ → K
0
µ+ν)

(Full references appear in 12))

Experiment Quantity Result

CLEO(91) Γ(D0
→K∗−e+ν)

Γ(D0→K−e+ν) 0.51 ± 0.18 ± 0.06

CLEO(93) Γ(D0
→K∗−e+ν)

Γ(D0→K−e+ν) 0.60 ± 0.09 ± 0.07

CLEO(93) Γ(D+
→K

∗0
e+ν)

Γ(D+→K
0
e+ν)

0.65 ± 0.09 ± 0.10

E691(89) Γ(D+
→K

∗0
e+ν)

Γ(D0→K−e+ν) 0.55 ± 0.14

E687(93) Γ(D+
→K

∗0
µ+ν)

Γ(D0→K−µ+ν) 0.59 ± 0.10 ± 0.13

E687(95) Γ(D+
→K

∗0
µ+ν)

Γ(D0→K−µ+ν) 0.62 ± 0.07 ± 0.09

CLEO(02) 8) Γ(D+
→K

∗0
e+ν)

Γ(D+→K
0
e+ν)

0.99 ± 0.06 ± 0.07 ± 0.06

FOCUS(04) 12) Γ(D+
→K

∗0
µ+ν)

Γ(D+→K
0
µ+ν)

0.594± 0.043 ± 0.030
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ABSTRACT
A summary of the current status of the experimental measurements of the
beauty and singly charmed hadron lifetime is given. The comparison with
theoretical predictions mainly based on a HQE expansion in terms of 1

mQ
shows

a general agreement except for few cases. Nowadays the precision of experiment
often reaches the percent level or better for many hadrons. Heavy Quark
Expansion can give calculable answers up to order O( 1

m3
Q

) of the expansion,

and almost always the theoretical uncertainties are larger than the experimental
errors. This will be even more true in the near future, when the B factories are
expected to substantially improve the present errors on those lifetimes.

1 Theory

The total decay width of a weakly decaying hadron (like most of the beauty
and singly charmed hadrons) can be written as the sum of three contributions,
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the hadronic decay width, the semileptonic and the fully leptonic (if it exists)
decay width :

Γtot(HQ) = Γhadro(HQ) + Γsemilept.(HQ) + Γlept.(HQ)

Usually the fully lepton width is a very small fraction of the total width or it
is absent. The semileptonic widths typically range from ∼ 6% to ∼ 10% of
the total decay width, consequently most of the differences among the various
lifetimes of the heavy quark mesons and baryons are due to Γhadro(HQ).
Nowadays theoretical predictions of weak decay lifetime are based on a Heavy
Quark Expansion 1) in terms of 1

mQ
, where mQ ≡ mass of the heavy quark.

This expansion leads to the following formula :

Γhadro(HQ) =
GFm5

Q

192π3
|VCKM |2[A0 +

A2

m2
Q

+
A3

m3
Q

+ O(
1

m4
Q

)] (1)

where GF ≡ Fermi constant;
VCKM ≡ the relevant CKM matrix element;
A0 = constant derived from the matrix element of the spectator diagram; this
is the leading term and it is the same for all hadrons with a given flavor;
A2 = constant corresponding to the leading nonperturbative correction term; it
reflects the motion of the heavy quark inside the hadron and its spin interaction
with the light degrees of freedom;
A3 = constant derived from the matrix element of Weak Annihilation and Weak
eXchange diagrams; also the Pauli Interference effect is taken into account by
this constant.
Two general remarks can be made :
a) the lifetime differences for beauty hadrons are smaller (and theoretical cal-
culations more reliable) compared with those of the charmed hadrons because
the mass of the beauty quark is larger then the mass of the charm quark and
the series (1) converges more rapidly;
b) HQE is better equipped to predict the ratios of lifetimes, rather than the
lifetimes themselves.
One of the latest theory prediction about the lifetime ratios of the beauty
hadrons are contained in reference 2) : τ(B+

u )
τ(Bd) = 1.06±0.02; τ(B+

s )
τ(Bd) = 1.00±0.01;

τ(Λb)
τ(Bd) = 0.90 ± 0.05. I agreement with what was stated above, it can be noted

that these ratios are very close to 1. References 1) 3) predict ratios about



the charm hadron lifetimes : τ(D+)
τ(D0) � 1 + ( fD

200MeV ) � 2.4; τ(D+
s )

τ(D0) � 1.0 − 1.07

without WA and � 0.9− 1.3 with WA; τ(Λ+
c )

τ(D0) � 0.5; τ(Ξ+
c )

τ(Λ+
c )

� 1.3− 1.7; τ(Λ+
c )

τ(Ξ0
c) �

1.6− 2.2; τ(Ξ+
c )

τ(Ξ0
c) � 2.8; τ(Ξ+

c )
τ(Ω0

c) � 4; τ(Ξ0
c)

τ(Ω0
c) � 1.4 One notices that these ratios can

be considerably different from 1 and with large theoretical errors; sometimes
the theoretical errors are not even quoted.

2 Experimental situation for the beauty hadrons

The beauty hadrons were or are studied only in collider experiments and in
three types of reactions : 1) pp → bb + X at

√
s = 1.8 TeV at Fermilab;

2) e+e− → Z0 → bb + X at LEP at Cern or SLD at SLAC;
3) e+e− → Υ(4S)(10580) → bb at the present B-factories BaBar (SLAC) and
Belle (KEK, Japan).
Fixed target experiments using reactions like pp → bb + X are instead are not
favoured because the production cross section decreases at small

√
s.

Historically the first measures on beauty hadron lifetimes were performed by
the LEP experiments Aleph, Delphi, L3, Opal, and the SLD experiment. More
recently, CDF and D0 started showing results both on the meson and the
baryon lifetimes. Lately BaBar and Belle are performing the most precise
measurements, even if limited to the B mesons. Presumably in the near future
the increasing integrated luminosity of BaBar, Belle and CDF Run II will
improve more and more the statistical precision (which is now generally at the
few percent level) of the measures until the second generation B-factories BTev
at Fermilab and LHCb at Cern will take over with orders of magnitude larger
experimental samples.

2.1 B mesons

Many experiments measured the B meson lifetimes. Here all results since 1995
are taken into account 4). Two of them (Belle 2001 and D0 2003) are still
preliminary. The weighted average of these results is τBu = 1.651 ± 0.013 ps.
As far as the B0

d is concerned here the last thirteen 5) independent results1

1for all neutral states like this for which mixing is possible - Bs, D0 etc. -
by lifetime I mean τ = 1

Γ , with Γ = Γ1+Γ2
2 , where Γ1 and Γ2 are the total decay

widths of the two weak Hamiltonian eigenstates.
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Table 1: Theoretical predictions 2) of lifetime ratios and comparison with the
experimental result averages for the beauty hadrons.

lifetime ratio for HQE expectations experimental results
beauty hadrons (using averages)

τ(Bu)
τ(Bd) 1.06 ± 0.02 1.077 ± 0.012
τ(Bs)
τ(Bd) 1.00 ± 0.01 0.926 ± 0.033
τ(Λb)
τ(Bd) 0.90 ± 0.05 0.776 ± 0.040

since 1997 are considered. Their weighted average is τBd
= 1.533 ± 0.012 ps.

Concerning the Bs there have been ten results from different experiment 6)

in the last twelve years; two of them are still preliminary (CDF 2003 and D0
2003). Their weighted average is τB0

s
= 1.42 ± 0.05 ps. Finally, only one

measurement exists on the Bc lifetime by CDF in 1998 7), that gave as a result
τBc

= 0.46+0.18
−0.16 ± 0.03 ps.

As said earlier, it is preferable to compare ratios of the lifetimes, for instance
τBu

τBd

and τBs

τBd

, with theory. In Table 1, first two raws, such comparison is shown.
The weighted averages of τBu

, τBd
and τBs

mentioned before are used in these
ratios. The agreement between theory and experiment is excellent for τ(Bu)

τ(Bd)

(agreement within 0.73 σ’s) while it is less good for τ(Bs)
τ(Bd) (the theoretical and

experimental results are 2.1 σ’s away). One may notice that nowadays the
experimental errors are smaller than the theoretical uncertainties. Moreover
most probably BaBar and Belle will statistically improve such measurements
further in the future. We hope that theory can keep up with this trend reducing
the uncertainty on the predictions soon.

2.2 Beauty baryons

τ(Λb) has also been measured by several experiments (six experiments since
1998 8)). Two of the results are still preliminary (CDF 2003 and D0 2003).
The weighted average of all results is τ(Λb) = 1.19 ± 0.06 ps. Consequently
the ratio τ(Λb)

τ(Bd) is 0.776± 0.040 In Table 1 you can see the comparison with the
theoretical prediction. There is agreement within 1.9 σ’s.
The experimental situation for Ξ0

b and Ξ−
b is less clear, in the sense that only

the ’global’ lifetime of a mixture of these two baryons was measured in the



past by Delphi in 1995 and Aleph in 1996 9). The weighted average of these
measurements is τ(Ξb) = 1.4±0.3 ps, in agreement with the general expectation
that all hadrons composed by a beauty quark and a light quark should have
similar lifetime.

3 Experimental situation for the charm hadrons

As explained above, theoretical predictions for charm hadrons are more un-
certain than those for beauty hadron, because the charm quark is lighter and
so the convergence of the Heavy Quark Expansion is slower. On the oppo-
site, experimentally it is relatively easier to detect charm hadrons than beauty
hadrons and consequently historically larger statistics of charm hadrons have
been collected by experiments. Since the production cross section is relatively
large even at lower

√
s, it is possible to produce charm also in fixed target

experiments at the Tevatron, in reactions like pN → cc + X and γN → cc + X

where N means target proton or neutron. The short lifetime of the charmed
hadrons (always ≤ 0.5 ps except for the D±), favours the fixed target exper-
iments over the collider experiments since the former can exploit the Lorentz
boost to better measure the proper decay time of the charmed particles. That’s
one of the reasons why presently the fixed target Focus at Fermilab (that ran in
1996/97) is still dominating all the lifetime measurements of charm particles.
The near future results for the lifetime measurements of the D mesons will
come from the B-factories BaBar and Belle that so far have mostly presented
preliminary results. Since they are still running, eventually the should be able
to collect samples large enough to reduce the statistical errors below the percent
level. On the opposite for the charm baryons no new results are expected
from these experiments simply because they cannot produce charm baryons
copiously. Although the question of the charm baryons hierarchy was essentially
settled about ten years ago after the first measurement of the (Ωc) lifetime,
more results are desirable in the charm baryon sector in order to bring the
precision of the measurements down to the percentage level for the less studied
baryons. A contribution in this sense will come very soon from the fixed target
experiment Selex, at Fermilab, since they are publishing a new measurement
of τ(Ωc), the most imprecisely known charm baryon lifetime.
In the far future, the second generation B-factories BTeV and LHCb will also
collect enormously large samples of charm hadrons and they will be able to
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Table 2: Theoretical predictions 1) 3) of lifetime ratios and comparison with
the experimental result averages for the charm hadrons.

lifetime ratio for HQE expectations experimental results
charm hadrons (using averages)

τ(D+)
τ(D0) � 1 + ( fD

200MeV ) � 2.4 2.52 ± 0.02
τ(D+

s )
τ(D0) 1.0 − 1.07 without WA

0.9 − 1.3 with WA 1.21 ± 0.01
τ(Λ+

c )
τ(D0) � 0.5 0.485 ± 0.007
τ(Ξ+

c )

τ(Λ+
c )

� 1.3 − 1.7 2.2 ± 0.1
τ(Λ+

c )
τ(Ξ0

c) � 1.6 − 2.2 1.80 ± 0.18
τ(Ξ+

c )
τ(Ξ0

c) � 2.8 4.0 ± 0.4
τ(Ξ+

c )
τ(Ω0

c) � 4 5.39 ± 1.05
τ(Ξ0

c)
τ(Ω0

c) � 1.4 1.5 ± 0.32

supersede the current results.
As far as the theoretical calculations is concerned, for the charm hadrons even
more than for the beauty hadrons, the present precision of the theoretical
predictions is in general much worse than the experimental precision. We
should hope that further developments in the calculation technique will be
possible soon.

3.1 D mesons

As far as the τ(D+) is concerned, even though there are only four results since
1994, two fixed taget, two at e+e− collider machines 10) (of which the Belle
result in 2001 is still preliminary) the error on the weighted average is half
of a percentage especially thanks to the high statistics of the latest samples :
τ(D+) = 1.039 ± 0.006 ps, which is a remarkable 0.6% level of accuracy.
For the lifetime of the D0 there are eight experimental results 11) since 1994
(the Belle 2001 and 2003 and BaBar 2001 results are still preliminary). The
weighted average is τ(D0) = 412.1 ± 0.8 fs, with again a rather remarkable
0.5% accuracy.
With these world averages, the ratio τ(D+)

τ(D0) is 2.52 ± 0.02 which is only 5%



different from the theoretical prediction of Table 2; it is impossible to estimate
the statistical agreement since the theoretical error on this prediction is not
quoted in 1).
The lifetime of the Ds

12) has been measured by six different experiments since
1993 (the Focus and Belle results are still preliminary). The weighted average
is τ(D0) = 500 ± 4 fs. The internal consistency of these results, assessed
calculating the χ2 of all results, is 73.3% confidence level. The ratio τ(Ds)

τ(D0) is
1.21 ± 0.01 in agreement with the theoretical prediction with W Annihilation
contribution (see Table 2).

3.1.1 Charm baryons

As far as the charmed baryons are concerned, the Λc lifetime is the most easily
measured, typically in the Λc → pKπ decay channel. In fact there are four
results 13) since 1993 and their weighted average is τ(Λc) = 200±3 fs, achieving
a precision at the level of 1%. The ratio τ(Λc)

τ(D0) is 0.485±0.007 (see Table 2). The
theoretical calculation is � 0.5 but again no theoretical uncertainty estimation
is given in 1) on that number. Therefore I cannot tell whether or not theory
and experiment agree in this case.
The next most precise measurement for the baryons is the lifetime of the Ξ+

c ,
for which three results 14) are available since 1998. Their weighted average
is τ(Ξ+

c ) = 439 ± 20 fs, which means a 2% precision level. The ratio τ(Ξ+
c )

τ(Λc)

is 2.2 ± 0.1 whereas theory predicts 1.3 − 1.7 (Table 2). Disagreement here is
evident.
The next remaining singly charmed baryon lifetimes are more poorly known,
due to increased experimental difficulties in producing and detecting them.
As far as the Ξ0

c is concerned, there are only three results 15) so far since
1990. The weighted average of them is τ(Ξ0

c) = 111 ± 11 fs, a 10% precision
level result. The ratio τ(Λc)

τ(Ξ0
c) = 1.80 ± 0.18 in agreement with the also rather

imprecise theoretical prediction of 1.6 − 2.22, while τ(Ξ+
c )

τ(Ξ0
c) = 4.0 ± 0.4 which is

apparently far away from the theoretical 2.8 in Table 2.
Finally for the Ωc lifetime up to now there are only two measurements 16)

since this is the most difficult charmed baryon to detect. The first is an article
from the Fermilab experiment E687 (1995) and the second is an analysis from
its continuation Focus (2003) (a third result from experiment WA89 at Cern
hasn’t been considered here because they could never resolve the problem of
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an inconsistent Ωc mass in the different decay channels they used in their
analysis). The weighted average of the two results is τ(Ωc) = 74 ± 14 fs. The
ratio τ(Ξ+

c )
τ(Ωc)

= 5.39±1.05 while theory predicts � 4, and τ(Ξ0
c)

τ(Ωc)
= 1.5±0.3 when

theory predicts � 1.4; in both cases there is agreement within errors between
theory and experiments.
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Frascati Physics Series Vol. XXXV (2004), pp.

Heavy Quarks and Leptons - San Juan, Puerto Rico, June 1-5, 2004

HEAVY QUARKONIA

Zaza Metreveli
Department of Physics, Northwestern University, Evanston, IL 60208, USA

ABSTRACT

Recent experimental results on heavy quarkonia spectroscopy and decays are
reviewed. In particular, new results are discussed on charmonium spin singlet
states, bottomonium D-states, photon and hadronic transitions from heavy
quarkonium states, and the unexplained narrow X(3872) state.

1 Introduction

Heavy quarkonia are the bound states of charm and bottom quarks. They are
strong interaction analogs of positronium. Because charm and bottom quarks
have large masses (∼1.5 and ∼4.5 GeV), velocities of quarks in hadrons are
nonrelativistic. The strong coupling constant αs is small (∼0.3 for cc̄ and ∼0.2
for bb̄). Therefore heavy quarkonia spectroscopy is a good testing ground for
theories of strong interactions: QCD in both perturbative and non-perturbative
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RECENT DEVELOPMENTS IN CHARM SPECTROSCOPY:
X(3872), D∗

sJ(2317)+ and DsJ(2463)+

T. Barnes
Physics Div. ORNL, Oak Ridge, TN 37831, USA

Dept. of Physics and Astronomy, University of Tennessee
Knoxville TN 37996, USA

ABSTRACT

The past year has seen reports of evidence for several remarkable hadronic
states. Three of these new states, the X(3872), D∗

sJ(2317)+ and DsJ(2463)+,
are mesons containing (as a minimum) charm quarks and strange or charm
antiquarks. In this contribution I will concentrate on the X(3872) due to limi-
tations of space, and will review what is known experimentally, what theorists
have suggested regarding the interpretation of this state, and how future exper-
imental studies might distinguish between the various theoretical assignments.
The D∗

sJ(2317)+ and DsJ(2463)+ will also be briefly discussed.

1 Introduction: Heavy Quarkonium Spectroscopy

To set the stage for our discussion of the new mesons, it is useful to recall our
previous, apparently numerically accurate understanding of the spectrum of
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WHAT ARE THE X(3872) AND DsJ PARTICLES?

Hulya Guler
University of Hawaii, Honolulu, Hawaii 96822

ABSTRACT

Recently, three new states, provisionally named D∗
sJ(2317)+, DsJ(2460)+, and

X(3872), were discovered by BaBar, CLEO, and Belle, respectively. None of
the new states is readily accommodated by existing models of meson spec-
troscopy. While the two DsJ states are suggestive of the hitherto-unobserved
P -wave cs̄ doublet, this interpretation may require modification of standard
interquark-potential models. The X(3872) may be a D0D̄∗0 molecule, an ex-
cited cc̄ state, or a hybrid cc̄g state. This paper surveys the experimental
evidence and considers various theoretical explanations for these novel states.

1 Introduction

The past year has seen the discovery of three new particles that challenge the
current understanding of meson spectroscopy. First, the BaBar collaboration
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IMPLICATIONS OF THE NEW RESULTS ON g-2

W. M. Morse

BNL - Brookhaven National Laboratory, P.O. Box 5000, Upton, NY 11973-5000
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