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WEAK SEMILEPTONIC DECAYS OF HEAVY HADRONS 

J.G. Komer l 

, Institut ftirPhysik 
Johannes Gutenberg-UniversiUit 
St~udingerweg7, Postfach 3980, 

0-6500 Mainz, Germany 

ABSTRACf 
I describe the phyiscs ideas that go into the Formulation of Heavy Quark Symmetry. t 
use Heavy Quark Symmetry and the Heavy Quark Effective Theory to discuss the weak 
semileptonic decays of heavy hadrons where I concentrate on heavy mesons decays. 

1.INTROOUCfrON 

'Much of the motivation to study the weak decay properties of heavy hadrons can 

be traced back to the need to determine one of the fundamental constants of nature, the 

Kobayashi-Maskawa (KM) matrix element V be. It was reali~edin the last few years 

that exclusive semileptonic decays of bottom to charm hadrons are much better suited 

for t~is purpose than, as had been thought originally, the inclusive semileptonic b ~ c 

decays [1]. The reason for this is that the KM matrix' eleme.nt Vbe can be regarded as a 

weak transition charge that can be accurately measured at,the zero recoil point, at least 

in the limit ~hen the bottom and charm quark mass become very heavy. This is so since 

the associated hadron transitionJorm factor is normalized to one at zero recoil [2] just 

, as in the case of electromagnetic, transitions where the charge form factor is normalized 

to one at q2 =O. Thus the measurement of the weak transition charge Vbe acquires the 

saqt~ 'status as the'measurement of the electric charge, at least in the large mass limit. 

Much better, when corrections to the large mass limit were studied at a later stage, it 

was realized that the zero recoil normalization condition remains intact at 0( lIffiQ) 

[3,4], where rnQ is the heavy quark's mass. 

Best suited for the determination of the KM element V be are the mesonicand 
baryonic ground state to ground state transitions B-. D.D* and Ab -.~, resp., wbose 

flavour diagrams are drawn in Fig. I. 

Other decay candidates in the baryon sector are the 112+-.1/2+ transitions 

:'::b(b[su])-':'::c(c[suD and Qb(b{ss})-.Qc(c{ss}) and the 112 +-.3/2+ ttransition 

l Supported in part by the BMFT,FRG under construct 06MZ730 
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Qb<b{ss}) -+Q*'c(c{ss}), where [qiq2] and {q~q:!} refer toflavour-antisymmetricspin 0 

and flavour-symmetric spin 1 diquarkstates, respectively. In this report I will mainly 
. . 

concentrate on heavy meson transitions and leave the subject of heavy baryon tran

sitions to a companion review [5]. 

Obviously one needs a bridge to connect the physics at the quark level, where 

theory is fonnulated and where V be is defined, to the p~rticle level, where, after all,' the 

experiments are done. Fortunately" there has been significant progress in thl's program 

over the last few years (starting with the papers [6-12J) which I want to report on. The· 

progress is related to the fact that now there exists a systematic expansion ofQCD in 

terms of inverse powers of the heavy quark mass tenned the "Heavy Quark Effective 

Theory (HQETr'. The leading tenn in this expansion -giyes rise to a new symmetry 

tenned the "Heavy Quark Symmetry (HQS)\ 

c ud c r<i [- VI vI, 

y1 VbC 

b ud b 

Fig.I: flavour diagrams of sernileptonic decays B-+ (D,D*) + i-Vi and Ab -+ 'Ac + 

i-Vi 

Nature has b~en very kind to us in that it'has divided its six flavoured quarks 

into a heavy and a light quark sector. The "heavy" c-, b-, t-q~arks are much heavier than 

the QeD scale AQCD =300 MeV whereas the "light" u-, d-, s-quarks are much lighter 
. , / 

than AQco, i.e. one has . 

IDe, mtJ, Illr » AQCD » mu, Illd, Ills (1) 

In the heavy quark sector itthen makes sense to first consider QCD in the limit where 

the heavy quark masses become very large and then, in the second stage, to consider 

power corrections to this limit in terms of a systematic lImQ expansion. Likewise one ' 

can profitably study the light quark sector in the zero mass limit, i.e. in the chirfll 

symmetry limit, and then add corrections to the chirallimit at a later stage. 
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It is quite'intriguing that many of the ideas of HQET 'date back as far as 1937, 

then of course in the context of QED [13]. In the, Biock-Nordsieck approach to soft 

photon radiation it was the electron that was "infinitely" heavy (on the scale of the sort 

photons) so that the fennionic degrees of freedom could be treated as a classical source 

of radiation ,{no e+e- pair creation!}. In fact, the Bloch-Nordsieck model was already 

formulated 'in tennsof an effective theory with the electron degrees of freedom 

removed from the field theory (see also [14]). 

It is quite important to realize that HQS is!!Q!. a spectrum symmetry but it is a 

new type of equal, veclocity symmetry. That one cannot expect a spectrum symmetry to 

hold in the heavy quark sector should be quite clear from the fact that there are two or:.. 

ders of magnitude difference between the masses of the c and t quarks! On the other 

hand, the new type of HQS symmetry at equal velocities takes a little bit of getting used 

to. But once one has gotten into the habit of t~nking in terms of quark and particle 

velocities the HQS will in fact look quite natural. 

We mention that the implications ofHQET and HQS have been vigorously 

studi'ed in the last two-and-a-halfyears starting with the 1990 papers by Isgur-Wise [6], 

Bjorken [7], Georgi [10] and our group at Mainz (12]~ In the meantime the field is at 

full' blossom with approximately 300 papers published and new. papers coming out 

every week. 

UED: G (3 G 
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BOTTOM MESON at res t CHARM MESON at rest 

Fig.2: Portrayal of bottom and chann meson wave functions at rest. Upper right comer: 

wave functions of the hydrogen, deuterium and'tritium atoms. , 

To familiarize one-self with the presence of a spin and flavour symmetry at 

equal velocity it is quite instructive to consider a bottom and charm meson at rest as 
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shown in Fig.2. The heavy bottom quark and the charm quark at the center are 

surrounded by a cloud corresponding to. the light antiquark syst~m. The only 

communication between the cloud and the center is via gluons. But since gluons are 

flavour blind the light cloud knows nothing about the flavour at the centre. Also, for 

, infinitely heavy quarks, there is no spin communication between the 'cloud and the 

center. Thus one concludes that, in the heavy mass limit, a bottom meson at rest is 

identic~l to a charm meson at rest regardless of the spin orientation of the heavy quarks, 

i.e. one has 

, Bottom Meson at rest tt Charm Meson at rest (2) 

One then just needs to boost the rest configuration by a Lorentz boost from velocity 

zero to velocity v to conclude 

Bottom Meson at velocity v II Charm Meson at velocity v (3) 

remembering that a Lorentz boost depends only on relative velocities. Eq.(3) exposes 

the existence of a ne'w spin and flavour symmetry ofQCD at equal velocities which 

holds true in the large mass limit. This is nothing . but the aQvertised Heavy QQark 

Symmetry HQS. 

In fact, everyone should be quite fa~iliarwith the existence, of such a 

symmetry in the context of QED. Take a hydrogen, deuterium and tritium atom at rest 

as alsoshowQ in Fig.2. When hyperfine interactions are neglected they possess identical 

wave functions and thus identical atomic' properties. The' Coulombic interaction 

between the electron cloud and the nucleus at the centre is sensitive only to the total· 

charge of the nucleus which is the same for all three isotopes. 

In this sense the heavy mesons can be regarded as the hydrogen atom of QeD. 

This analogy should of course not be taken too literal since the i,nteraction in the true 

hydrogen atom is Coulombic whereas the confinement potential of QCD remains to' be 

explored. Nevertheless, one may draw a qualitative picture of the level scheme ofheavy 

mesons in analogy to that of the hydrogen atom (see Fig3)~ At the fine splitting level 

one disregards the interaction of the light antiquark system with the heavy quark and 

consequently one obtains the "atomic" levels of the heavy mesons by coupling the spin 

of t.qe light antiquark (JP = 112-) with its orbital angular momentum iaccording to 

j(light) = i ® 1/2 = ( i + 1/2) @ (i -112). One obtains e.g. ans-wave state with jP(light)' 

= 112- and two p-wave states with JP(light) = 112+ and 3/2+. These states have a two 

fold degeneracy each as there is no interactionwith,the heavyquarkfg spin at this stage. 
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Bringing in the hyperfine interaction at O( lImQ) one now has spin interactions and the 

lev~ls will split as shown in Fig.3. The total spin of the hyperfine levels result from the 

t(lightl jP(tlght)1& 1/2"(heavy) - )p 
'. 2460 MeV p -wave 

3J2~ 

2420 MeV 

p-wave 

2010 MeV s-wave ___-( 

, ! -' 
! 

1,865 MeV 

Fine Splitting Hyperfine Splitting Charm 
t.:r(1) '" (1/ rna) 

Fig.3: Heavy nie:son s- a~d p-wave l~vels at O( 1) (fine splitting) and at O( l/mQ) 

(hyperfine splitting). Dashed lines represent one-pion transitions. Orbital angular 

momenta transitions are crossed out that are O( 1) forbidden. To the r,ght: 

. experimentally detected chann meson. states. 

decomposition of j(light) ® 112. In the chann sector the s-wave states are the familiar JP 

=0- and 1- D and,D* states at 1S65 MeV and 2010 MeV, respectively. As regards the· 

four p-wave states two rather narrow states with]P = 1+ and 2+ have been identified at 

2420 MeV' and 2460 MeV with widths of r. 20 MeV [15]. They would naturally be 

, associated with the jP(light) = 3/2+ fine splitting levels as these levels are expected to 

be narrow on account of the fact that the ~sociated light-side one-pion transitions to the 

ground-state ievel (3/2+~1/2:-+.it!) are d-wave transitions and thus angular momentum 

suppressed [16.17 .IS]. 

In contradistinction the two JP =0+ and 1+ p-wave states associated. with the 

level jP(light) = 112+ are expected to have rather large widths (r.400 MeV) as the 

associated light side o~e-pion transitions (1I2+~ 1/2-+.it!) are s-wave transitions 

[16,17,18]. This is probably the reason why they have escaped detection so far. 

This qualitative picture of the spectroscopy of heavy meson states has found 

another remarkable confinnation through the experimental determination of the B*-8 

mass splitting ['15]. As emphasized above, the level splitting between the two ground 

. state mesons is expected to be a llmQ hyperfine splitting effect. Taking the 

experimental hyperfihe splitting values in the bottom and charm sector, i.e. [15] 

MB* - Me= 46 MeV (4) 

http:1/2-+.it
http:3/2+~1/2:-+.it
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Mo* - Mo: 142 MeV (5) 

one finds 

(6) 

. clearly establishing that a lImQ type ,hyperfine splitting effect is in operation for the 

ground state splitting in the charm and bottom sector. 

2. SPIN COMPLEXITY OFTRAN:SITION FORM FACfORS AND ANGULAR DE

CAY DISTRIBlITIONS 

To start with let us first enumerate the number of fonn factors that describe 

semileptonic B-+D and B -+D*' transitions. This is easily done in the usual covari'ant , 

expansion. One has (q : Pl- P2) 

8-+0: 

(7a) 

8-+0*: 

(7b) 

There are thus (1+1) and (3+1) form factors for B-+D and B-+ D*, respectively. The 

first number in the brackets counts the number of form factors that can be' measured in 

the zero lepton mass case (typically e and !l) whereas a measurement of the form 

factors mUltiplying qJ! (F_V and F 3A) require non-zero lepton masses (typically the ,;). 

When one wants to define. physical observable~ it is more advantageous to linearly 

transform the invariant amplitude Fi defined in (7) to helicity amplitudes Hi (see e.g. 

[19~20]). These agaiIl splitinto the two (1+1) and (3+1) sets mentioned above. 

It is quite remarkable that~ in the infinite mass limit, HQS tells us that all 

the six form factors in (7) are related to one reduced form factor F(w) which is a 

function of the ("scaling") velocity transfer variable w : Vl • V2 and which is normalized 

at zero recoil F(w:1)=l.II have intentionally chosen the phrase "reducedfonn (actor" in 

analogy to the corresponding phrase "reduced matrix element". used in the Wigner

Eckart theorem. We shall later on describe how one actually (it~termines the "Clebsch~ 

Gordan" coefficients that projectthe six form factors onto the reduced fonn factor F(w). 

HQS by itself can say nothing about the actual functional fonn of F(w) except for its 

normalization at zero recoil w=l.To obtain its functional form one needs additional' 

dynamical input 

http:F(w:1)=l.II
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BeforeI derive the HQS relation for the mesonic ground state transitions I 

want to delineate how the form factors can actually. be measured in the semileptonic 

decay processes and how the predictions of HQS can thus be tested. In particul~r I want 

to discuss some recent experimental angular distnbution data which already bear 

witness to the relevance of the HQS predictions. Thereby I hope to convince the reader 

that the predictions of HQS are no longer just a theoretical fancy but already an 

experimental factuality. 

I 
I 

/
! 

o 
I , 1""

/8· \ 
z-axis 

I ~ 

Fig.4: Definition of hadron side polar angle 8*, lepton-side polar angle 8, and azimuthal 

angle X in the decay BO -+ D *+ (-+ Dn:) + i-Vi' 

'Fig.4 shows the decay configuration B-+D*( -+Ort)+ W-off-shell (-+ l-v() in 

the B rest system. I view the decay process as a two step process. In the first step the B 
decays into the W-off":sheU on the one side and the D* on theather side (back-to-back to 
theW-).2 In the second step these further cascade via W--+ i-vt (lepton side) and, via 


D*-+D;r; (hadron side)3. The second step decays are again analyzed in their respective 


rest systems in terms of a lepton-side polar angle eand a hadron-side polar angle 8 *. 

Finally, the relative orientation of the two decay planes defines an azimuthal angle X as 


Fig.4 shows. The first step is governed 'by the weak decay amplitudes Hi or F i 


describing the "decay" B-+D*+W-. The decay products D* and W- emerge in highly 


polarized states. Their polarization density matrices are given in terms of biline~r fonns 

, of the decay amplitudes. The second step decays D*-+ 03t and W--+ i-vt can then in 


tum be used to analyze the polarization states of the D* and the W-. In this regard the 

decayW--+ i-vt is an optimal analyzer since it posseses 100% analyzing power. 

2 For reasons of conciseness th~ Woff-shell will be referred to us W- in the following. 


3 The semileptonic decay '8° .-. D + W-(-+ ,-v ) can be discussed along similar lines. 
t 

However, the subsequent decays of the 0 as e.g. D-to'K."t provide no further information on the 

8-ttD dynamics since the 0 is a spin zero panicle. 
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What has been described in words can be surmised in the fonn of a joint 
angular decay distribution for the decay B-",O*(-+D.it)+ W-( -+ '-Vi)' The joint 

angular decay distribution will involve the lepton side polar angle S, the hadron side 

polar, angle S* and the relative azimuth xof the two decay planes. Collecting all 

kinematical factors one has [19-21] 

df(B-+O*(-+D1t)+W-(-+ tv,) = G2IVbcl~' q2p B(O* -+ On;) 

dq 2dcosS dcosS

a 

dX ' (2:t)4 12M~ 


a{3 ., 3 ., Iu r" JH ',"8(1 +cos-S)4 sin- S (r~. + ~-) 

3 . ., S 3 " S* fH f2+ ,-SI0- -cos· 0 


4 2 

3 . ., 3 . ., • 

- 4 Sln- 6cos2X 4s1n-~S 
a 

Re(H.H.) 

9. S . ' Sa 1 R' H Ha H H*)- 16s1n2 cos X s1n2 2" e( • +- 00 

(8) 

3 3 ." . JH f'fu I"+ 4 cosS'4 S1n- S ( • -ILI..-) 

9 . 6 ' • Sa 1 R 'H Ha H Ha }- '8 SID cos X s1n2 2 e( + 0 + . .0)' 

where q2 =(Pl -pV2 is the invariant momentum transfer squared and p is the eM 
momentum of the D*.The HAW are the aforementioned helicity amplitudes of the 

decay B-+D*+W- where AW is the helicity of the W-. For B-+D+W· one has a 

corresponding formula where now only the second·term in the decay distribution 

survives. Forthe decays B -+ D* +W+ involving b-+e + W+ one has to switch the' 

signs of the last two contributions in (8). The decay distribution (8) holds for zero 

lepton masses. If lepton mass effects are included there are seven more terms in (8) 

[20,22]. Furthermore, ifone includes also theso~called T-odd contributions that could 

arise from CP and/or final state interaction effects there are even five more additional 
terms in.. (8) when \ fit ;II! 0 [23,24]. Thus, when· lepton mass and T-odd effects are 

included, there are altogether 18 observables in the decay distribution B-+D*( -+On:) + 
W-(-:-+ I.-vt ). Sin.ce there are only four independent amplitudes in the decay process a 

comple,te or even a' par.tialmeasurement of the observabl~s, would ~onsiderably 

overdetennine the form factor amplitudes. 

Let me remind the reader that the analysis of joint angulardecay 

distributions such as the one given in Eq.(8) has' by now become a standard fare in the 

analysis of weak decays of heavy hadrons.For example, the, well-known amplitude· 
analysis of the decay O·,......K*+ tv t by E691 was based on la full three-fold angular fit to 

http:B-",O*(-+D.it
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an event sample of .200 events [25]. A similar analysis was done by E653 for the 

same decay D-+K*( -+Krt)+~vfA. ( !!! 300 events) where lepton mass effects (mj.4;11! 0) were 

included in the analysis., For b-+c decays, ARGUS ( i!! 400 events) [27} and CLEO 

(Sl200events) (28] have done afull amplitude analysis based on the threefold angular 

decay distribution in the decay B-+D*(-+ On)+- lv(. Some results of their analysis will . 
\ ,be presented in a moment'sti,me. 

On the theoretical side various aspects of joint angular decay distributio~s 
, ' 

in semi-Ieptonic decays have been discussed in thel,iterature. I cite refs. [ 19-24,29,30} 

for semileptonic meson decays 'and refs. [31-33] for semileptonic baryon decays. 

Recently there has been a very comprehensive, almost encyclopedic analysis of joint 

angular decay distributions in the weak semileptonic and nonleptonic decays of heavy 

mesons and baryons including non-zero lepton mass effects as well as polarization 

effects [34]. 

Instead of analyzing the full three-fold angular decay distribution (8) one 
\ 

can also consider single angle distributions. For example, the longitudinal/transverse 

composition of the polarization of the D* (or "alignment" polarization) is determined 

by the hadron side polar angle distrubution 
dr., 

., <X 1+ as- cos -e* (9)
dq-d cos8*' 


The, asymmetry parameter ae. in (9)js determined by [19,20] 


2fHof - (Ii. f -II-er 
(10) 

as- = IH.f +IH-f 
as an inspection of Eq.(8) shows. 

In Fig.5 we show a plot of the asymmetry parameter plotted against the 

lower momentum (or energy) cut-off of the lepton's momentum. The lower momentum 

cut-off dependence. is inCluded because of experimental requirements: a lepton in the 

decay B --- D * +l+ v ( 'is detectable only for momentum values above a d~tector 

dependent lower momentum threshold. TypicaUy these momentum cut-offs were 1.0 

GeVand 1.4 GeV for the first stage ARGUS and CLEO detectors. The 1989 ARGUS 

(35] and CLEO [36} measunnents are included in the plot as well as the predictions of 

theso~called KS [19,20] model. The experimental values can be seen to fall nicely on 

top of the theoretical curve. In as much as the KS model incorporates most of the 

relevant features or'HQS, the agreement shows that the HQS predictions work well. 

Recently there has been a new measurement oflhe asymmetry parameter by 

the ARGUS Collab. who quote [27] 

as. -1.46 ± 0.62 ± 0.24 (11) 
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The quoted value now appl~es to the whole lepton momentum range. This is the result 

~f a new type of analysis ,of the ARGUS ,group where the blind regions of the detector 

have been filled out by smooth extrapolation 'from the active region of the detector. The 
new ARGUS value is included in Fig.Sat the appropri'ate value of zero lower Pi cut-off 

-
and can again be seen to agree with the predictions of the KS model. 

ARGUS .'89 
CLEO '89 

1.5 2 

Lower momentum cut-off p~ut [GeV] 

Fig.5: Hadron-side asymmetry par:ameter a9* vs. lower lepton momentum, cut-off in the 

KSmodel [19,20]. Included are the 1989 measurements of ARGUS [35] and CLEO 

[36] and the recent ARGUS measurment [27]. 

Contrary to the hadron-side polar angle distribution the lepton side polar 

angle distribution is sensitive also to parity-violating effe~ts, Le. sensitive to the dif

ference of the transverse helicity amplitudes IH+ 12_1 H_12. The polar angle distri

bution reads [18,20] 
dr . ., 

.. <Xl + aecosS + as cos- a (12)
dq-dcos9 

with the asymmetry parameters 

, 2 JH.r ~fH ..12 fH.F + ~_12 - 2fHoll 
(13) 

as =- fH.F +fH_li +2lHof as ~ lH.r +IH-t +2fHor 
Alternatively one can define a forward-backward (FB) asymmetry (9 ~ rrJ2) 

A == dr(8) - df(lt - 9) 
(14) 

FB dr(8) + df(lt-9) 

which, when taken over the whole intervalrrJ2 <9 < It, is given by 

.. ",. 
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( 15) 

In .Fig.6we show a plot of the ,FB asymmetry again plotted against the 

;lower lepton momentum cut-off. The, recent ARGUS [27] and CLEO [28] FB 

asymmetry values can be seen to agree nicely with the predictions of the KS model 

.[ 19,201 which again demonstrates that the' HQS predictions work well. 

>. -'OJ 
E to 1 1E 
>. 
I.t1 

ARGUS« 0.3 
"'0 
' 
d 
3 
~ 
u 0.2 

d


CO· 
I 

"'0 0.1 ' ' 
d 
3 
' 
0 0.0u... 

0.0 O.S 1.0 1.5 2.0 

Lower momentum cut-off P1ut [GeV] 

Fig.6: Lepton-side forward-backward asymmetry AFB vs. lower lepton momentum cU,t

'off in the KS model [19,20] compared to the recent ARGUS [27] and CLEO [28] 

measurements. 

The significance of these new asymmetry measurements lies in the fact that 

they co~stitute the first measunnents of the handedness (or the chirality) of the b-+c 

transition. The positive value of AFB confirms the Standard Model prediction that the 

transition is left-chiral. That a positive value for Affi provides evidence for the left

chirality of the b-+c transition can be easily appreciated by simple helicity arguments. . 

In a left-crural, b-+c transition the c and thereby the transverse state of the D* emerges 

with dominant negative helicity. Since the decaying particle B has spin zero the W- has 

to follow suit and consequently atso has a dominant' negative transverse helicity. As the 

lepton f,- wants to align its helicity with that of the W- it preferenti'ally emerges in the 

forward direction giving a positive fotward-backwardasymmetry. Vice versa~ if the 

b-+c transition were right chiral then AFB would be negative. One concludes that the 

~easured sign of the forward-backward asymmetry provides evidence for the b-+c 

transition to be left-chiral as predicted by the Standard Model. 
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Note that the heavy quark symmetry predictions for the asymf!1etry 

, parameters in Eqs.( 10), (13) and (15) no fongerdepend on the unknown reduced form 


factor F(w) as this dependence drops ()ut for any given value of q2 (or w) when ,the ratio 


is formed. Even when 'one is considering integrated asymmetries (integrating numerator 


and denominator separately!) the ratios' dependence on the reduced form factor is weak 


aslong as the q2{or ro)dependence of the reduced form factor is reasQn~bly smooth.In 


fact,the authors oCRef.[37] calculated the forward-backward asymmetry using various 


model form factors and demonstrated that the model dependence of the predicted value 


of the foward-backward asymmetry is quite weak. 

, , 

However, the authors of Ref.[~7] raise an important and interesting issue 


concerning the utility of the forward-bac}(ward asymmetry .measure to determine the 


chirality of the b-+c transitions. In fact, if one replaces the left-handed SM gauge boson 


W,L by a non standard model right handed gauge boson WR anidentical asymmetry 


ratio obtains. A~ain, one c.an use simplehelicity arguments to convince oneself of this 


fact. In as much as the SM left-ch,iral nature of the lepton-side coupling is us~d as input 


to analyze the chiralnature of the b-+c transition the' FB asymmetry measure by its~lf 


cannot provide complete evidence of the handedness of the b-+c tr~nsition. They go on 


to present a viable model of b-+c transitons involving a right chiral boson WR that is in 


accord with all present data including the present AFB measurements [37]. 


The FB asymmetry measure detined in (14) constitutes a momentum

momentum correlation measure(e .'p) which ,clearly is not a truly parity-violating 


measure. For example, it is well-known that in ',e+e--annihilation the two-ph9ton 


exchange contribution also gives rise to nonvanishirig FB asymmetries despite of the 


fact that QED is parity conserving. In order to detef1!1ine the handedness of the b7""*c . 


transitions in an unambiguous man,ner on~ needs' to define a truly parity violating spin


momentum correlation m~asure as e.g. (0' p). Ideal in this regard would be th~ 


. semileptonic cascade decays Ab-J>~(-+AsJt ) + £- + ~ t using the known asymmetry 

structure [38] of the nonleptonic Ac-+As~decays to anaylze the polarization of the Ac.. 
In as much as the Ac'is made from a c-quark and a s.;.wave spin-zero diquark the Ac . 

carries the full spin information of thee-quark as it emerges from the b-+e transition. In 
this sense such an analysis is sensitive to the parity violating measure (PAs; 0-t\e) and 

would allow one to unambiguously coneh,lde for the handedness of the b--toc transitions. 


There is no d~ubt that such an analysis will be done in the near future. 


http:smooth.In
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3. HEAVY QUARK SYMMEfRY AND HEAVY MESON TRANSITION FORM 
FACTORS 

Consider the semileptonic decay of a bottom meson to a charm meson as 

~drawn' in Fig.7. The bottom quark at four-velocity v 1 makes a transition to a charm 

quark at four-:-velocity V2 by emitting a virtual W-.The light "spectator" quark system, 

which propagates independently, is dragged along to expedite it from the velocity VI to 

V2 without, however, touching its spin.-lThe spin ne,ntral velocity kick (or alignment) 

c 

spin neutral 

velocity kick 


~ 
F(w) 

v1 

b 

Fig.7: Current induced transition between heavy mesons B -+ 0,0*. The B at 

velocity Vl makes a transition to the 0, 0* at velocity V2. Spin neutral velocity kick 

fonn factor F(w) of the light spectator quark system is function of Lorentz scalar w = 

can be conceived of to result from the exchange of many soft gluons between the c-. 

quark at velocity V2 and the spectator system which starts o(f at velocity VI and ends up 

with velocity V2 in order to align its velocity with the c-quark. Compared to, the time 

scale of the b-+c transition the alignment process is slow. The exchanged gluonsare all 

_of the longitudinal non flip type, 'i.e. there is no spin infonnation transferred from the 

heavy side to -the light side. This can be made manifest on the heavy side by splitting 

the gluon's YJA. coupling into its spin flip and spin non flip components, viz. 
Yp. =- (Y J1 - VJ1) + V J1 ' (16) 
~ ~ 

flip DOD flip 

-l I always like to paraphrase the circumstance that the final quarks move with the same o~e 

velocity v2 by saying "Quarks thaffly together stay together", freely borrowing from the 

American saying "Families that pray together sray together". 
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The spin flip coupling (YfJ.-YIl) vanishes in the heavy mass limit and one remains with 

the Bloch-Nordsiecktypenon flip coupling Y w 
From what was said it is clear thatthe weak amplitude B -:-+ (D, D*) + W-

factorizes into a heavy~side and a light-side transition amplitude. The only infonnation 

that is exchanged between the heavy and the light-side is velocity infonnation 

necessitated by the requirement to re-assemblethe final diann quark and the light 

~ntiquark system in the same final channhadron. The dynamics of the heavy-side 

transition b-+c+ W- is known. It is specified by the usual SM left-chi,ral weak coupling 

with a coupling str~ngth proportional to Vbc~ The light-side transition involves the one 

unknown transition probability 

Iantiquark; VI, A 1>-:-+ Iantiquark; v2, )..,2 =)..1> 

which we parametrize by the form factor funotion F(w).5, It can only be a function of 

W=:Vl 'V2 since the velocity transfer variable 00 is the only Lorentz invariant variable that 
\ 

can be constructed in the light-side transition. At zero recoil, when VI = v2and 00=1,' 

the antiquark goes through unhindered with amplitude!' and thus we have the 

nonnalization, condition F(oo=})=1. It is clear that one has to identify F( (0) with the 

reduced fonnfactor function F(oo) of Sect.2.0ne expects F(oo) to fall when 00 moves 

away from the zero recoil limitas it costs to provide the velocity kick. Pole-type fonn 

factors and explicit model calculations confirm this expectation. 

Since the zero recoil nonnali,zation condition of HQS is of such 'central 

importance let us have another look at it from a d.,ifferent point of view. Replace the 

final state c-quark in Fig.7 by a b-quark with the sam,e velocity~ This is a symmetry 

operation as shown in Sect. I. At zero,recoil. and for the vector current part of the 

transition, the normalization F(c.o=l)=l now, i~ nothing but the well-familiar charge 

form factor nonnalization at q2=O applied to the elastic B-:-+ B transition. Still.another 

, ~ay of looking at the zero recoilnonnalization condition is afforded by consi,dering the 

b-quark rest configuration in Fig.2. Replacing the b-quark at rest by a c-quark at rest, as ' 

happens in the decay at zero recoil, will not affect the wave function of the light 

antiquark system. Thus, the overlap between the wave functions pefore and after the 
b-:-+c transition is complete giving again the zero recoil normalization condition. 

Let us now tum to the spin properties of bottom to charm transitions as 

implied by the spectator quark picture Fig.7. As has been emphasized before th~re is 

complete spin factorization of the heavy-side and light-side tran~itions~ It is therefore 

clear that, for a given heavy side spin configuration, the product amplitudes involving 

light-side spin up and spin down transitions are identical to one another (up to phases). 

5 Parity relates the two heiicity transitions A1-A2-112 and Al=;"2=-lJ2. 

.. 
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In this way all product spin configurations become related to one another and, in the 

final step, one projects the spin configurations onto the relevant heavy meson states. 

This is essentially how the HQS predictions were originally derived in the helicity 

matching approach of [19,20,39] (see also [40)) and by Isgur and Wise [6]. 

Needless to say that it is a cumbersome and error-prone venture to obtain 

the correc~ HQS fonn factor relations using the above approach. In particular, one has 

to be careful to use a consistent set of phase's for the angular momentum coupling 

factors. Much more convenient in this regard is the so..;called covariant trace fonnula 

[7,19,20,41-44]. In this method the requisite angular momentum projections onto the 

heavy meson states are all done covariantly. The transition matrix element for 

B-+ D, D * can then be written very compactly as 

v 1 
M ll -,-\ == 4 ,JMIM: Tr{<y 5 t;,: *)(1'1 + 1)y u. (1- ys)(Y t +;1)y 5 }F( 00) (17) 

r ........ ............... ........ 


D 0* It 

where the Ys and t covariantly project onto the JP=O- and 1- states,.respectively, as 

indicated in Eq.(17)~ The positive energy projectors ('1\ + 1) and (y'!. + 1), on the other 

hand project onto the on~mass-shell heavy quark states. F(oo) is the reduced HQS form 

factor, as before, with F( 00=1)= 1. The (!lass factors in front of the trace, finally, provide 

the appropriate heavy mass power sC3:ling factors~ Let me mention that analogous 

covariant "trace" fonnulas ha,ve been written down for baryon ground state transitions 

[44,45-48] and for transitions to mesonic p-wave states [17]. Ref:[49J lists covariant 

wave functions for any spin and HQS "trace" fonnulas for transitions between them. 

It is quite iq.structive to also consider the case when only the initial meson 

in the transition 1-+2 is heavy, as for example in the heavy to light transition B-+1t. The 


. heavy quark symmetry now only applies to the initial meson (at velocity VI)' The 


correspon~ing trace formula for the 0--+0- case is obtained from (17) by the 


replacement 

F(ro)y5('1 '1. + 1) -+ A('P2V')Y512 + B( P2 VI 'rt , (18) 

The two covariantsy ,12 and Y5 no longer combine in the fonn of the mass-sh~ll 

positive energy projector Y,(12 + 1) since the light active quark in the final state can no 

longer be considered to be on its mass~shell. The transition is now described by two 

unnormalized fonn factors A(P2v 1) and B(P2 v 1) instead of the one normalized HQS 

fonn factor F(ro). As the 0--+0- transition altogether involves only tWo transition·fonn 

factors (see Eq.(7a») one might ask what has one gained? In fact, in tenns of the spin 

r symmetry nothing has been gained, but then one has not yet exploited the flavour 

symmetry implicit in (18). This is at the basis of the suggestion made in Ref.[50] to 
relate the D-+n: and D-+K form factors to the B-+n: fonn factors. In the latter case one 
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first uses heavy fla'vour symmetry in the fOF of Eq.( 18) to relate O-+K to 8-+K, and 

then to relate B-+K to B -+jt via an SU(3) rotation. The practical implimentation of this 
I 

suggestion appears to be rather difficult as dicussed in [51]. 

The corresponding heavy to light transition formula for 0--+ 1- transitions 

can be obtained from Eq.(17) by the replacement 

F«O)~;(Y2 +1)-+ A'"(P2V l)t;V2+8'(P2 V ,)t; 

+C' (P2VI)t;t211 + 0' (P2Vl)f1; 11 


i.e. there are now four unnormalized form factors instead of the one reduced form factor 

F(oo). Note also that the four fonn factors A',B',C' and D' are not related to the fonn 

factors A and Bin Eq.(18). Considering-the general structure Eq.(7b) there is again no 

gain as far as spin symmetry is concerned. However, exploiting the flavour symmetry 

implicit in (19), one can again attemptto relate O-+p and O-+K* to8-+p by the above 

chain of arguments. 

Let us summarize our results in the form of Table 1 which shows how the general 

form factor structure with six form factors eventually reduces to one HQS fonn factor 

when both the initial andfi.naI meson are heavy. We have also included the predictions 

of the HQET when" lIffic" corrections are included for the final chann quark. This will 

be the subject of-the next section. 

'As regards the reduction of form factor complexity from'six to one one can 

draw an analogy to deepinleastic scattering where the Callan-Gross relation reduces the 

two structure functions WI and W2 to one (transverse) structure function. Just as is the 

case in deep inelastic scattering, where the reduction to the transverse structure function 

tells us about the s'pin of the active quark, the HQS fonn factor structure in the, last 

column of Table 1 reflects on the spin 112 nature of the "active" heavy quarks and their 
I 

specific fonn of interaction that participate in the current transitions. 

4. HEAVY QUARK EFFECTIVE THEORY, THE lIIllQ EXPANSION AND LUKE'S 

,THEOREM 

Our aim in this section is two-fold. First we want to -describe how one can 

rewrite the QCO Lagrangian of a heavy quark field in terms of a lIIllQ power expansion 

,by using a. series of FoIdy-Wouthuysen-type field redefinitions. Second by using 

diagrammatic techniques, we want to demonstrate that the 0( lImQl contributions to 

current-induced transitions leave. the zero recoil nonnalization condition F( 00= 1)=1 

intact. 
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General Heavy to Light "11m It Heavy to Heavy , c 

HQS 

B.....O: 
 F+Y(q2) 


F.V(q2) 


, B-+D*: f\'(q2 ) 

Fl·~q2) 

F2.-\(q2) 

~A(q2) 

---III
A(pv 1) 


B(pvI ) 


A'(PVl) 

B'(PVl) 

C'(PVl) 

D'(PVl) 

~ 


/" 


F(w) 

PI (00) 

P2 ((1) 

P;3 (00) 

P.+ (OO~ 

A 

~ IF(ID) I 
F(oo=l)=l 

+ normalization condition 

Table I: Form factor comple~ty for meson transitions. Listed are sets of independent 
fonn factors· in the general case (first column), for heavy to light transitions (second 
column), for heavy to light transitions with IIffiQ corrections for the secondary meson 
(third column) and for heavy to heavy transitions 10 the HQS limit (fourth column). 

In order to get a handle on the physics of ' the lImQ expansion let us first 

discuss heuristically how the QeD Lagrangian for a heavy quark field can be made to 

look quite simple in the heavy mass limit. Consider the QCO Lagrangian for a heavy 

quark field 

(20) 


In the heavy mass limit one can safely drop the three-momenta relative to the heavy 

mass. viz. 
1 -" I :2 -2 p-

E == vmQ +p = mQ(1+ -2 ---r+..~) (21) 
mQ 

That is, one can drop the three-derivative in the Lagrangian (20) and obtains 

~ == Q'(iy00° - mQ)Q' (22) 

The new fields entering the modified Lagrangian (22) are denoted by Qt. Further one 

can shift the energy scale E---E'=E-mQ so that energies are now measured from mQ 

rather than from zero. The Lagrangian (22) th~n simplifies to 

L - Q" iy 00° Q" (23a) 

If one chooses to work only in terms of the positive energy components Q == (1 + yo)Q 

.of the heavy quark field the Lagrangian (23a) further simplifies to 

L -Q"+ iDa Qn (23b) 
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Using the positive energy fields Qmay be opportune since the quark and antiqu~rk 
sectors of the theory decouple for inflnj'tely heavy'quark masses. The Lagrangian (23b) 

is the celebrated static Lagrangian of Bchten and Hill [11]. 

Sometimes one sees the Lagrangians (23a) and (23b) in somewhat different 

guises. One introduces .an auxiliary velocity four-vector vJL with v2=1 which, in the 

static limit, reads v JL=( 1,0,0,0). Using the four vector v JL the Lagrangians (23a) and 

(23b) now read 

L = QIf i yD' v Q" (24a) 

L - Q"+ iD·v Q" (24b) 

.The step-wise reduction of the QeD Lagrangian (20) to the final form (24) 

can 
l 

be achieved by a series of Foldy-Wouthuysen-type field redefinitions which 

eventually yields the leadi~g tenn results (24) plus all higher dimension operators in the 

lImQ expansion [4J. The first transformation (change of variable) is 0=1,2,3) 

Q = exp(iy}5 j I2m Q )Q 
(25) _ 

Q' =Q' exp(-iyi)j 12mQ) 

where the arrow on the derivative indicates in which direction the derivative acts 

(frOg = -frOg). The heavy quark action 

S - fd~x Q(i0 - mQ) Q(26) 

now becomes 
. XI 

SQ' =fd-lX{QI(iYoDo-mQ)QI+~, (_1_')i Q"8j Q'}, (Z7).ff 2mQ 

giving a form of the action which makes explicit the mass perturbations. 

The second transformation which removes the remaining mass dependence' 

in the numerator factors is 
Q' = exp( -imQYot) Q" 

(28)
Q' = Q" expO mQYot) 

It is easy to see that the transformation (28) does in fact remove the mass dependence of 

the leading term in /(27), as desired. However,a little bit of more work has to be done 

on the higher dimension operators 0i in (27) after the first transformation to bring them 

into a form suitable for the final transformation (28). This intermediate step is rather 

technical and wiiI not be discussed any further here. More details can be found in 

Ref. [4J. 
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Using again the covariant form with the velocity vJl the final form of the 

HQET action reads6 

SQ"'=fd~X{QlfiYD'VQIf+~2l' C-1-iQ"OjQ"} (29) 
. 2mQ

1

The higher dimension operators are easily determined from the transformations. for 

eX+lmple7 

1 ., 1 ..,i. I'vo = --D- +-(D- vr +-00 F 
1 2 2 ' 4°l'v 

(30)
_ !. gy' ';FI'Vv
2,0 1" v 


The higher order terms in the lImQ expansion are obtained by using the Baker

Hausdorff formula [4]. Since one is working within the path integral ,framework to 

derive (29) one thing that must be checked is whether the path integral measure is 

invariant under the change of variable. US'iilg dim~nsional regularization this is shown, 

to' be the case in Ref.( 4], however, other regularization schemes may require the 

additionof local countertenns. 

In other formulations of the effective theory, where the operators Oi are 

determined on dimensional grounds, the relative coefficients of the operators that make 

pp the OJ are determined by "matchingconditions". These matching conditions arise on 

a comparison of the effective theory with the true theory. In our approach no matching 

is required, it is built in, as we derive the operators directly from the QeD Lagrangian. 

Various issues, such as the gauge dependence and renormalizability of the effective 

theory compared to the complete theory 'are addressed in Ref.[4]. 

All the heavy mass dependence of the' ac~ion (29) has been put into the 

explicit lImQ power dependencies. From the heavy quark action one can derive explicit 

Feynman rules. For example, the O( 1) term generates a mass independent propagator 

and the Bloch-Nordsieck-type v IJ. QQG velocity coupling (the y in the 0( 1) te~ is 

always placed next to a ('/ +1) projector and is ,thus irrelevant). The 0( lIrnQ) term 

involves, among others,QQG and QQ"GG 'vertices with vertex strength proportional to 

lIlllQ and couplings specified by (30). The heavy. fields know nothing about the mass 

6 The e:tpansion (29) with its subsequent higher and higher dimension. operators may be likened 
to the operator product expansion in deep inelastic scattering~ Although theex.pansion (29) is 
quite useful in that it provides aU the higher dimension operators and their rehltive weights the 
toil does not stop here. One still has to calculate or parametrize their matrix elements for a given 
transition. This involves unknown soft physics. just as in deep inelastic scattering. Furthennore. 
when loop effects are taken into account the higher dimension operalOrs aquire anomalous 
dimension factors which have to be calculated. 
7 Note that the last term in (30) vanishes when taken between positive energy fields 

Q =(1+ t)Q. 
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that is associated with their particular flavour. This makes the equal velocity heavy 

flavour symmetry ~ssociated with the O( I) term in (29). quite explicit. 

After having written down the HQEf action (29)1 am now in a position to 

discuss current transitions in a diagrammatic language using the first few operator terms 

in (29). lam particularly interest~d in the zero recoil configuration where v I=V2 . The 

general case VI" v:! is discussed in [3Jand leads to the lime syrrimetry breaking pattern 

given in Table 1. 

In Fig.8 i have drawn some low order diagrams for inelastic b~ c' and 

elastic c-'c current transitions in the lime expansion, meaning that I choose to treat the 

bottom sector at 0( O. J have already specified to the zero recoil configuration VI =v2= V. 

I have omitted drawing .any gluon lines in Fig.8 as they are not relevant for the 

following arguments. They could e.g. connect the insertions with the light spectator 
. . . ,i . 

system~ 

The 0( 1) contributions corresponding to the Feynman diagrams (8a) and ; 

(8b) are identical to one another as emphasized before. The band c propagators as well 

as the b-'cand c~c current vertices are the same (in fact at any v I .. v:!). From charge 

normalization one knows that the vector current transition in the elastic c-.c case is 

normalized to 1, so is the inelastic b~c transition. This IS the Voloshin-Shifman zero 

recoil normalization previously referred to [2]. 

The nonnalizatton survives even in the presence of O( lime) corrections 

[3,4,52,53}. T~is statemeIl:t is generally referred to as Luke's theorem. There are two 

sources of O( lime) corrections. The first is represented in Fig.8e and comes from the 

transformation of the current 

QbJ"Qe --:-+ Q~J"Q: + Q;,J,,(ONi / 2m.e )Q:+ 0(1/ me2) (31) 

However, it is easy to see that the "current insertions" 'are zero at zero recoil. The 

reason is that the current vertex in Fig.8e is sandwiched between the projectors 
(y + 1) ~ (y 0 + 1). Now, at zero recoil, one has contributions only from Jov and lj'-\ (see 

also the discussion in Sec.5).But then, both (Yo+l)yoYi (Yo+ 1) and "(Yo +l)yj YtYs (Yo+1) 

vanish. 

The 'second source of lII11c-corrections comes from the fact that there are 

the O(lIme) "propagator insertions" stemming from 0 1 in (30). For (cq) -+ (cq) this is 
~ . . 

shown in Fig.8d and can bese~n to be twice the(bq) -. (d,f) contribution Fig.8c. But as 

this 0( 1II11c) insertion must vanish for (eci) -+ (cq) from charge nonnalization it must 

also yanish for (bq) -. (cq). At 0« 1II11c)2) the diagonal and nondiagonal charm 

propagator insertions are no longer proportional to one another as the sample diagram 
I .' 

Fig.8f shows .. 
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Fig.8: O( 1) «a) and (b)), O(l/md «c), (d) and (e») and O( lIme2 ) (f) contributions to 

mesonic b-+c and c-+c transitions at zero recoil v l = v:! .. v. 

,The above proof of the vanishing of the lfme propagator insertions in 

. (bq) -+ (cq) holds for vector current transitons between alike meson states, for 

example for B v,.~ D.' It can be extended to the general case involving also axial 

current transitions between different degenerate HQS states, as e;g: B Au,,. D *, by 

using also the spin symmetry of HQS (see e.g~ [54]). It is clear that the above 

diagrammatic proof of Luke's theorem does not depend on the composition of the.ligh~ 

, constituents at the bottom of the di'agrams fig.7~ They could pe light diquarks; as in the 

case of heavy baryons [54,55] or even light supersymmetric particles [52]. The above 

proof of the absence of lime corrections to the zero recoil nonnalization condition is 
I 

also valid in these cases. 

5. NORMAL AND ANOMALOUS DIMENSIONS AND HEAVY MASS SCALING 

In physics it is often possible to obtain infonnation on the qualitativeI 

behaviout of physical quantities. by applying dimensional scaling arguments. A good 
" , 

example at h~d is given by the cross section behaviour of e+e-~+~.. or e+ e - -+ qq at 

high energies. On purely dimensional grounds one finds 
, a(e +e- -+ ~+ ,.... -) .... lIs . (32) 

The argument goes as follows. The dimension ofcross section (area, as the name says) 

is length squared, ot, in terms of mass dimension, [m-2]. As the eM energy squared s is 

the only relevant mass scale in the problem at high energies one concludes for the lIs 

high energy behaviour of the e+e--cross section, viz. (32). The high energy behaviour 

can of course be checked by doing an explicit calculation, but the scaling argument is 
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much quicker. Mi~d you, the rapid'fall-off of the e+e--cross section given by (32) is of 

course a serious conc~rn for machine builders and their funding agencies. 
Similar scaling arguments apply to heavy hadron physics in terms of heavy 

mass scaling. Take for example the mass dependence of the pseudoscalar decay 

constant fp which is defined by 

(OlA~ iP( p»:= f PPJ1 (33) 

as usual. We choose the conventional state normalization 

(P(pl >Ip( p» =2E fi3(p - pi ) . (34) 

This choice is really not convenient when one,wants to ~iscuss the infinite m~ssl~mit 

since the normalization factor E tends to infinity at the same time. A better choice is to 

nonnalize to ElM, i.e. to work in terms of states IP(p!»' with 

fP(p ),- JPCp» I ,f55J (35) 

The primed states IP(p»' are then independent of the heavy mass scale. , 

Let us accordingly divide both sides of (33) by ...jiM;.One obtains 

L~ P(p) .. 1 ~ 
(0 r.I~2Mp >= .J2 fp",M¥v. (36) 

~n the heavy mass limit the left-hand side 'of Eq~(36) is heavy mass scale indenpendent 
and thus one concludes that f pJM p -constant.8 The heavy mass scale independence of 

the l.h.s. of (36) comes about since the leading contribution of the full axial vector 

~urrent A"" is given by the HQET 0(1) current .A ,.,.(0), at least at the tree level. But, as 

shown in Sec.4, the leading term in the lImQexpansion of the axial vector current 

Eq.(31) is heavy mass scale independent. 

The scaling behaviour of fp relates the decay constants of pseudos~alar 

mesons with different flavours as e.g. fB and fD. One obtains [2,56] 

.h. = JMp (1 + 0(_1_, ._1_» ( a ,( Mp) ) -)~~"( (37) 
f P' Mp Mp Mp' a/Mp') . 

.The first factor in (37) represents the "nonnal" scaling behaviour of fp according to the 

"normal" power behaved heavy mass dimensions of fp.9 The last factor in (37) 

8 One recognizes that fp..jFif; is numerically proportional to the w~ve 'function at the origin of 

the heavy bound state system. But, as shown in Sect. I. the wave function of the heavy bound 
system does not depend on the heavy mass located at the centre. This is another way of 

ascertaining the heavy mass scale independence of fp..jFif; . 

9 At present the question of whether fOand fB fall into the heavy mass scaling regime is being 
widely discussed. In fact. lattice and QeD sum rule calculations indicate that 0( lImQ) 
corrections are still quite important in .the chann and bottom region. Unfortunately the 
discussion remains ratper academic as long as fD and fB have not been measured. and the 
prospects of doing so in the next few years are rather dim. 

• • 11 
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represents the "anomalous" scaling behaviour of fparising from logarithmic scaling 

violations (or anomalous dimensions of fp) whose source are loop corrections to the 

0(1) HQET axial vector current A ",(0). The loop corrections are always factorizable and 

lead to a modification of the 0( 1) axial vector current by an anomalous dimension factor 
A IA(Ol -+ C(M p I ~)AI'(O) [2,56]. The anomalous dimension factor C(Mp I ~l) has been 

calculated, at least approximately, by summing the leading log loop contributions to the 

axial vector current giving the anomalous dimension factor in Eq.(37). Clearly one can 

again draw an analogy to the physics of deep inelastic scattering where one also has 

normal and logarithmic anomalous contributions in the scaling regime. 

Similar dimensional arguQ'lents may be used to extract the "normal tt heavy mass 

dimensions of the transition fonn factors discussed in the previous sections that give 

rise to the square' root mass factors in (17). As regards the logarithmic anomalous .. 
dimensions there are now also velocity dependent contributions in addition to the 

anomalous contributions encountered in the calculation of fp [8]. Although of 

. conside'rable theoretical interest one must say, though, that the anomalous contributions 

are generally quite small numerically. 

6. DETERMINATION OF THE KM MATRIX ELEMENT Vbe 

Let us; return to where we have set out at the beginning of this review, 

namely the measurement of the KM matrix element Vbe usi ng the exclusive 

semileptonic B-+D,D* transitions. 

As has been particularly emphasized by Neube,rt and his Heidelberg' 

collaborators the B-+D* transitions are much better suited for a determination of the 

KM matrix element Vbc than B-+ D transitons [57,58}. Why this is so can be understood 

in quite simple terms by analyzing the partial wave content of the final states in the tWQ ' 

decays B-+ D+ W and B~D*+W. I shall present the argument in quite some detail as 

this way of looking at the decay process sheds a lot o'r light on the physics of the 

decays~ 

In Fig.9 I have drawn a decay diagram for the decay process in terms of the 

JP quantum numbers of the particles involved. The two processes are 0- -+ 1- + W(l~) 
and 0- -+1- + W(I~,I:) where the JP values in the brackets refer to the vector and 

axial vector pices of the off-shell W. The spin 0 components of the off-shell W (0+ and 

0'" for VlAo and AJ.L' respectively) are not active in the decays since the leptori masses me 

and m", are negligibly small on the scale of the Q-value of the process. 

~t us now determine the partial wave content of the decays. One has 
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B-+O: 0- -+0- + 1~ p-wave "first forbidden Fermi transition" (38a) 


B-'+D*: 0- -+ 1- + 1~ p-wave "first forbidden Fermi transition" (38b)
~ 

0- -+ 1- +r s-wave; "allowed Gamow-Teller transition lf 

A 

d-wave IIsecond forbidden Gamow-Teller transition" 


There are one and three partial wave amplitudes for the B-+D andB-+D* transitions. 


i.e. the same number as cou,nted in Sec.2. As 00-+ 1 and the phase space CIoses}0 only 

, the s-wave contribution in 	 0- -+ 0- + 1~ . survives. Let me mention that.in nuclear 

physics parJance the vector and axial vector transitions areteferred to as fermi and 

Gamow-Teller transitions, respectively. They are further classified according to their 

partial wave threshold behaviour by "allowed", "first forbidden" etc. The nuclear 

physics classific;ation has been included in Eq.(38). One might then ask why one does 

not see s-wave "allowed Fermi transitions" in particular in the B-+Dcase. The answer '.is that these are mediated by the 0+ vector current component which is not active in the 

B-+D,D* transitions. This is -different in nuclear transitions where the Q-values of the 

transitions are cornparable to the electron mass and thus the _O~. compon~nt does in fact 

become active. The 'reason that the B'-+ D transition is not well suited for the 

measurement of Vbe relates to the absence of an ";:tllowed" or s-wave transition in this 

transition as wilf be explained in the foHowing. 

After this brief excursion into nuClear physics I return to the partial wave 

amplitudes in (38). It is very important to realize that the zero recoil normalization 

condition at 00=1, true at 0(1) and at O(lImc) (and also at O(lImb)for,that matter), holds 
f 	 ' ." 

true only Jor the s-wave amplitudes. In this sense there is no zero recoil normalization 

condition for B-+D and therefore no way to measure the "weak transition charge" V be 

in .this process. I I This is different for 8-+D* where one has an s-wave contribution 

normalized at 00=1 according to the "allowed Gamow-Teller transition" in (38b). In 

addition, there is sufficient rate close to 00=1 in B -+D* tr~nsitions due to the presence 

of thes-wave contribution. The presence of such a pseudothreshold behaviour at large 

q2 is strinkingly evident in the q2 spectra of the 8 -+ D, a~d B -+ D * transitions as 

shown in F1g~ 10. An extrapolation of the experimental data into the zero ,recoil point at 

the boundary of phase space will thus be tractable if there is enough data available_ in 

the pseudo-threshold region. 

10 Those readers that are old enough will remeber that the zero recoil point w:::l used to be also 
called the pseudo-threshold. "Pseudo" because phase space closes when the zero tecoil point is 
approached inconstrast to the normal threshold where phase space opens. 
11 Here we are always talking about semileptonic 8 -tl>D decays involving electrons and muons. 
The.decays 8-tl>D+'t+V't do involve "allowed" s~wave contributions but are hard to identify 
experimentally. 

, 	 I 
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Fig.9: Quasi two-body transitions ' B -+ D * and B-+ D *+W-. Round brackets 

contain JP quantum numbers of states. Vector and axial vector current coupling pieces 

of the off-shell W- have (O~,l~) and (0~,1:) quantum numbers, respectively. In the 

zero lepton mass limit only the 1~ and 1: components are active. 

Such an analysis has been done in Ref.[58] using the data on 

B -+ D *+lv t. The analysis incorporates new results on the renormalization of the 

heavy quark currents (the logarithmic "anomalous" dimension· effects described in 

Sec.S) at the next-to-Ieading order level [59]. The outcome of the calculation of [59] is 

that the heavy quark current gets renonnalized downward by 1 % at 00=1 as compared to 

an upward renonnalization of 13% when only leading log-effects are included in the re

normalization [8]. Using an updated value for the total branching ratio of 

Br(B -+ D* +lv () = 4.4%:t: 0.5% [60] the analysis of the B -+ D * +lv t data leads to 

IVbe I = 0.04 ± 0.005 (39) 

for't'B =1.3 ps. At present one is incurring large errors when one is extrapolating the 

data tinto the zero recoil point because present data close to the zero recoil point is not 

very good. Undoubtedly the situation will improve much in the next few years as more 

'> data is collected. One can thus hope to considerably reduce the above error in Eq.(39). 
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Fig. 10: q2-spectra ofB -". D and B -;.. D* transitions in the KS model [19,20]. ' 

7. CONCLUDING REMARKS , 

There are many more applications of Heavy Quark Symmetry and the 

Heavy Quark Effective Theory that have not been touched on in this review talk. For 

example, there was only little mention ,of heavy baryons and current-induced transitions 

between them. Among the heavy baryons, the (Qqq) baryons with one heavy quark pro

vide an ideal stage to study the interaction of the two accompanying light quarks with 

one another and with the vacuum~Also quite interesting from the theoretical point of 

_	view are (QQq) baryons with two heavy quarks. When the two heavy quarks are in the 

lower-lying anti symmetric 3* colour state, the heavy-light system as a whole is, 

identical to a (Qq) heavy-light meson system, and one would have an exact 

supersymmetry relating the two! Heavy A-type baryons are 'Well suited 'to study 

polarization effects in the context of HQS where some, intriguin,g quantum coherence 

effects are at work when polarized heavy quarks hadronize into heavy hadrons. This is 

ofgreat topicality since b-quarks from Z-decaysat LEP are predicted to be .97% . 

polarized [61]. 

In this review talk I have only been conc'emed with heavy hadron 

transi~ions at low recoil. The large recoil regime can be conveniently studied in the 

Brodsky-Lepage hard scattering picture. At large recoil one has a new type of heavy 

quark symmetry which is reminiscent but not identical to the HQS at low recoil' [62]. 

There was ,not much discussion on excited heavy meson nor on excited 

beavy baryon states. Their contribution to heavy quark sum rules and closure relations 

provide some interesting constraints on the reducedHQS form factors [7,16,17,63,64]. ' 

" 
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Neither did I discuss the interesting implications of HQS for nonleptonic decays of 

heavy mesons and baryons. 

Recently there have been some interesting developments in studying one.,. 

and multi-pion transitions between heavy ha4rons by unifying heavy quark symmetry 

arid spontaneously broken chiral symmetry [18,65]. Also photon transitions between 

heavy hadrons can be conveniently dealt with by unifying heavy quark symmetry with 

the gauge symmetry ofelectromagnetism [66]. 

Present model calculations based on QCD sum rules, on lattice simulations 

and on explicit wave function models have to be pushed much further. Thereby one 

could accurat~ly detenninethe much needed functional form of the ro-dependence of 

thef:IQS reduced fonn factors. The model results would allow one to determine the size 

of the l/mQand I/mQ2 corrections to the heavy quark symmetry limit and would lend 

credibility to applying heavy quark physics ideas in the bottom and chann regime. 

There is also the possibility of a surprise that some trace of heavy quarksymmetry sur

vives in the strangeness sector. 

On the formal side one wants to make the statements and definitions in the 

fOrQJulation of heavy quark.symmetry more precise [54]. 

The field i~ still quite alive and I am sure we shall see a lot of activity in 

heavy quark physics in the next few years. As experience has shown real progress is 

achieved when theoretical and experimental advances go hand in hand. In this sense I 

am looking forward to a lot ofnew 'experimental data on heavy quark physics in the co

ming years. 
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