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We provide a general analysis of time reversal invariance violation in the exclusive semildptdatays
B—D/ v andB—D*/ v. Measurements of the lepton abBxdf polarizations can be used to search for and
identify nonstandard model sourcesToWiolation. Upper limits are placed on tieodd polarization observ-
ables in both the supersymmetiit-parity-conserving andR-parity-breaking theories, as well as in some
nonsupersymmetric extensions of the standard model, including multi-Higgs-doublet models, leptoquark mod-
els, and left-right symmetric models. It is noted that many of these models allow forTavg#ating polar-
ization effects which could be within the reach of the planBefactories.[S0556-282(197)06721-0

PACS numbsgs): 11.30.Er, 12.60.Jv, 13.20.He, 13.8&

[. INTRODUCTION these observables in addition to considering the prospects in
various models for measuring a positive signal.

The origin of CP violation remains one of the mysteries It has long been known that the semileptonic decays of
of elementary particle physics today, although the observe@iseudoscalar mesons provide an ideal place in which to
CP-violating phenomena in the kaon system are consisteriéarch for non-SMr-violating signals[4]. One of the best
with the standard model Cabibbo-Kobayashi-MaskawaStUdied of thesel'-odd observables is the muon transverse
(CKM) [1] paradigm. One of the principal goals of the Polarization in the decalt " — m°u" v, (K5), defined by
plannedB factories is to test the standard mod8&M) pa- - -
rametrization ofCP violation through precision measure- pl= dl'(n)—dl'(-n) 1)
ments in several of the hadronic decay modes oftmeson Eodr(n)+dr(-n)’

[2]. Any deviation from the SM prediction would be a signal

of new physics. Such a signal would of course be welcomewheren is the projection of the muon spin normal to the
since the gauge hierarchy problem of the SM has led to aecay plane. Experiments at the Brookhaven National Labo-
widely held belief that the SM is actually a low-energy ap-ratory give the combined resu]

proximation to some more complete theory. A generic fea- N 5

ture of many extensions of the SM is the presence of new P,=(~1.85-3.60x10"", )
CP-violating phases. Given the large number B% ex-
pected at théB factories, it is clearly important to examine
the variousC P-odd observables in thB system in order to
identify those which are sensitive to new physics. Of particu
lar interest are those observables which receive negligibl
contributions from SM sources.

which translates into an upper bound of 0.9% at the 95%
confidence level. Current efforts at the ongoing KEK E246
experiment{6] and at a recently proposed BNL experiment
L7] are expected to reduce the error on this quantity by fac-
tors of 10 and 100, respectively. This optimistic experimen-

In this work we present a detailed analysis of several ofal outlook has generated much theoretical interest in the

the T-odd" observables which are available in the exclusive™{on transverse polarization in both the;; [8-12 and
semileptonic decays oB mesons toD and D* mesons. K'—u'v,y (K.;,) [13-16 decays. _
Measurements of these observables would complement the The muon transverse polarization defined above is pro-
studies of CP violation in the hadronic decay modes and portional tos, - (p,Xp,), which is the onlyT-odd quantity
could serve as valuable tools in order to identify the Lorentzavailable in that decay. One can define analogous quantities
structure of any observed new effects. In a previous pigler for the leptons in the deca®— D(*)/ v and one finds that,
we have shown that one can defifieodd polarization ob- neglecting tensor effects, they are sensitive to non-SM scalar
servableTOPQ’S in the decay8—D(*)/ v (/=¢e,u,7) and pseudoscalar effective interactions in theand D*
which are sensitive separately to effective scalar, pseudaeases, respectivelf3]. The 7 lepton polarization in these
scalar, and right-handed current interactions. In the presemtecays has been studied in multi-Higgs mod&a-2Q and,
work we will provide a more comprehensive analysis ofmore recently, in R-parity conserving supersymmetric
(SUSY) models with large intergenerational squark mixing
[12,3]. In the latter case the effect arises at one loop. In both

*Electronic address: gwu@alph02.triumf.ca types of models the transversepolarization can be rather
"Electronic address: kiers@bnl.gov large (from 10’s of percent to order unitycompared to the
*Electronic address: misery@triumf.ca muon transverse polarization K,; decay. One of the rea-
We assumeCPT invariance throughout and so will useCP  sons for these seemingly large numbers is that the polariza-
odd” and “T odd” interchangeably. tion effects in these models are proportional to the lepton
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mass. Choosing’=r can thus give a substantial enhance-obtained simply by changing the sig@4]. One could in
ment compared to the’=pu case. From an experimental principle also consider the decays of neutBs. In these
point of view this means that polarization measurements irflecays the electromagnetic final state interactitFSI's)

B,; decays can achieve the same “new physics reach” asould mimic theT-odd observables which we will be study-
analogous measurementsKn,3, with far fewer events. One ing. This effect is, however, small on the scale of the experi-
recent study suggests that HERA-B could achieve an everinental sensitivity expected at the upcoming experiments and
tual sensitivity to the transversepolarization on the order could probably be ignored. Furthermore, even in the pres-
of a few percenf21], which would then be competitive — in ence of such FSI's, one could measure a “true:bdd ob-
terms of reach — with that expected in the currng ex-  servable by measuring the TOPO in both BirandB modes
periments. One could in principle also study the transversand then taking the difference in order to subtract out the FSI
polarization of the electrons or muons in semileptddide-  effects[24]. Ideally, one would measure both neutral and
cays. Since these lighter leptons are highly energetic, howehargedB decays in order to maximize the statistics.

ever, it is in practice very difficult to measure their polariza-

tions. For this reason the electron and muon transverse

polarizations will not be considered here, although these A. Form factors

quantities need not be small in some extensions of the SM. | et us begin by establishing some notation. The relevant
As we have noted previous[8], the semileptoni® de-  hadronic matrix elements may be parametrized by the fol-

cays have a novel feature compared to the analogods-  |owing form factors:

cays in that thd8 can decay to both pseudoscalar and vector

mesons. The polarization vector of tf¥*, which is odd (D(p")[cy,bIB(p)=f (p+p'),+f_(p—p'),.
underT, may thus also be used to construct TOPQO's. There (38

are in fact two distinct TOPQO’s which may be constructed

using theD* polarization and they are both sensitive to ef- L

fective right-handed current interactions. FOr 7, one of (D(p')|C'yMy5b|B(p)>=0, (3b)

the TOPQ's can also depelt a lesser extepbn effective

pseudoscalar interactions. Combining the lepton polarization

measurements an@®* polarization measurements would N Py, ,

thus allow one to probe separately the different Lorentz (D*(p ’E)|C7’Mb|B(p)>='m_Bf“ Pes(p+p") ol

structures of non-SM sources ofviolation. (30
The outline of this paper is as follows. In Sec. Il we

provide a model-independent analysis of the lepton &id

polarization based on an effective Lagrangian approach. The (D*(p’,6)|C_y#y5b|B(p)>

T-odd D* polarization observables can be relatedTtodd c e

triple-momentum corrt?aﬂon@/Z,_Z?ﬂ |.n the four_boo_ly final — — F poMge’ — i(p%—p')ue* q— Lq,ﬁ* q,

state of the decaB—D* (D )/ v. This connection is made Mg Mg

explicit in Appendix B. In Sec. Il the maximal sizes of these (3d)

T-odd polarization observables are estimated in several

classes of models. IR-parity conserving SUSYT violation

occurs at the loop level and its effect is negligible in thewherep andp’ are the four-momenta of tHe andD (D*),

absence of squark family mixings. We demonstrate that largeespectively, € is the polarization vector of theD*,

enhancements can occur in the presence of squark geneg=p—p’, and the form factors are functions g@f. We use

tional mixings, giving rise to observable-odd polarization the conventioneg;»s=1. In the SM these form factors are

effects while escaping the flavor-changing neutral currentelatively real to a good approximation, but their functional

(FCNO) bounds. We also consid&-parity-violating SUSY  dependences og? are, a priori, unknown. Note that the

models. In this case, the present data place stringent limits agxpression in E¢(3b) is equal to zero since one cannot form

these TOPO’s. We then consider several non-SUSY modelgn axial vector using onlp andp’.

giving estimates for the maximal sizes of the TOPO's in In order to derive the corresponding expressions for the

multi-Higgs models, leptoquark models, and left-right sym-scalar and pseudoscalar hadronic matrix elements, we apply

metric models. We conclude in Sec. IV with a brief discus-the Dirac equatiof9], yielding

sion and a summary of our results.

2

Il. GENERAL ANALYSIS (D(p")|cb|B(p))=

q2
fo(l-rp)+f_—|,
mb_mc +( D) mé‘|

In this section we provide a general analysis of Thedd (4a)
polarization observables available in semileptdBidecays.
The effects of new physics may be conveniently parame- e
trized by an effective Lagrangian written in terms of the SM (D(p")| cysb|B(p))=0, (4b)
fields. For definiteness, we will always consider the decays
B —D(*)°/ v, with |=e,u,7. The analogous TOPO'’s -
for the charge conjugates of these decays may always be (D*(p’,€)|cb|B(p))=0, (40
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(D*(p’,e)|c_y5b|B(p)) The new physics contributions to the decay amplitude
may be taken into account by the following replacement of
Mg . q? the form factors:
= mprm (€"-q)| Faot FA+(1_rD*)+FA—F :
¢ B fo—fi=f,(1+4,), (7)
(4d) ,
wherezm,D 2and m, are tge mzasses of the and c quarks, fofi=f(1+s), ®)
ro=mMmp/mg andrpx=mg./mg. ;L
There has been coﬁsiderable progress in the past few Fyv—Fy=Fu(1+dy), ©)
years in understanding the functional forms and interdepen-
dence of the above form factors. Isgur and Wise made the Fao—Fao=Fao(1+ da0), (10
key observation in 198825] that in the infinite mass limit
for the heavy quarks, all of the form factors are proportional Far—Fpar=Far(1+8a4), (11
to each other and so may be expressed in terms of one uni-
versal function, now called the Isgur-Wise function. Correc- Fa—Fh =Fa_(1+38a). (12)

tions to this picture due to the finite masses of the quarks, as
well as perturbative QCD effects, can be incorporated in Ahe s parameters are given by
systematic way in what has come to be known as heavy

guark effective theoryHQET) [26]. In our numerical work,

we will use the leading order results of HQET. Our analyti- 0+=~Av, (13
cal results, however, will be written in terms of the form )
factors themselves, with no assumptions about heavy quark S = —Au—Ac. f—+(1—r )+ a~ (14)
symmetry. In the heavy quark symmetry limit we have - VoESsT il D mz)’
1+\rp
fi=t——E&w), 5 oy=—Ay, (19
- 2o &(w) (5a)
1 Sa0=An, (16)
Fy=Fa;=—Fa =———&W), 5b
\% A+ A 2%5( ) ( ) 6A+=AA1 (17)
Fao=—rpx(W+1)&w), (50) Fro Far %
. : Op-=Ap—Ap-| =—+ (1-rpx)+—|, (18
where ¢ denotes the Isgur-Wise function and where Fa- Fa- mg
w= (m§+mZD(*)—qz)/(ZmBmD(*)). The Isgur-Wise func-
tion is normalized to unity at zero recof(1)=1. where
It is convenient to parametrize the physics of semileptonic )
B decays in terms of effective four-Fermi interactions as Aee \/EGS Mg (19
follows S GpVep (My—mgm,’
G — — \/EG m2
Log=— EvcbC Yoll— ')’5)b/')’a(1_ Ys)V AP: P B ' (20)
GFVcb (mb+ mc)m/
+Ggch/(1—y5)v+Gpcysh/(1—ys)v o 126, o1
+GyCy b/ Yy (1= ys)v VT GEVey
+GAC Yqysb/ ¥ (1= ys)v+H.C, (6) 26,

whereGg is the Fermi constant and., is the relevant CKM
matrix element. The first term in the effective Lagrangian is
due to the SMW-exchange diagram and the remaining termsTheseé (A) parameters could in general be complex and
characterize contributions coming from new physics, withcould then give rise to observabl€P-violating effects.
Gs, Gp, Gy, and G, denoting the strengths of the new Since it is typically true that the TOPO'’s which we will
effective scalar, pseudoscalar, vector, and axial-vector intedescribe are insensitive to ne{SM-like) V—A quark-
actions, respectively. The effects of effective tensor interaceurrent interactions, it is also convenient to introduce one
tions are negligible in most models and they will be omittedmore parameter,

from the present discussion for simplicity. Note that sifice

violation arises from the interference between the SM ampli- Ar=3(Ay+A,), (23
tude, which contains a left-handed neutrino, and the non-SM

amplitude, we do not need to consider four-Fermi operatorsvhich measures the strength of an effective right-handed
involving a right-handed neutrino. quark-current interaction.

GFVcb-
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B. 7 polarization in B—»Dﬂz_decay dZF(BHDrv_) G|2:|Vcb|2 5
Let us begin by deriving the expression for théepton dxdy - 128573 Po(X.Y), (26)
transverse polarization in the semileptonic decay
, — with
B(p)—D(p")7(p,) v(p,). (24)
— 112 I 1%
The 7 transverse polarization in this decay is perfectly analo- po(x.Y)=f1[*g1(xy)+2 Re(fL12)gz(x,y)
gous to the muon transverse polarizatiorKip; decay. The +1f” |2g3(x). 27
amplitude arising from the general effective Lagrangian of
Eq. (6) can be written as The kinematical functiong);(x,y) are defined in Appendix
A.
Gr  — The transverse polarization of thdepton is then defined
= ——— M — 4 !
M=~ Veul(P) (L= y)u (P (PT '), as in Eq (1)
+12(p=p") .l (25 dr'(n)—dl'(—n
# Pi(D)ZM' (28)
dl_‘total

which has the same form as the SM amplitude except for the

replacemenf . —f’. - e . .
The polarization observable may be written in terms ofWheren=(ppx p,)/|ppX p,| is a unit vector perpendicular

two independent kinematical variables, which we will take toto the decay plane, and'(=n) is the differential partial

be the energies of the meson and the lepton. This choice width with the 7 spin vector along+n. dI'ta denotes the

is not unique, but is convenient for our purposes. Working inpartial width after summing over the lepton spins. The above

the B rest frame, we introduce dimensionless quantiies expression may be written in terms ff as follows:

andy which are proportional to these energies, but which are

normalized to half thd massx=2p-p’/p?=2Ep/mg and PLP)(x,y)=—Ap(x,y)Im(2f’ f*), (29)
y=2p-p,/p?=2E./mg. The differential partial width is
then given by with
Ao y)= = y)Wx —4rp)(y?—4r) —4(1-x—y+ bxy+rptr,)? (30
|
wherer ,=m?/m3. tional to the mass of the lepton involved, and is therefore

The expression foP:(®) can now be written explicitly in  largest for ther lepton. The transverse polarization of the
terms of the effective four-Fermi interactions of Eg) and  lepton will then be largest for the mode in models for
then simplified by keeping only the linear terms in the which Ag is independent of the lepton massncluding
parameters(The terms quadratic iA can easily be included multi-Higgs-doublet models anB-parity conserving SUSY

if they are not negligible in a specific modeThis gives models with large intergenerational squark mixingAY de-
L) pends on the lepton madas in, e.g.,R-parity-breaking
P (x,y)=—op(Xy)ImAg, (318 sSUSY models and leptoquark modelthen the lepton po-
larization need not be largest for the cage 7. Our final
op(X,y)=hp(X)Ap(X,y), (31D observation is that, to leading order in HQET, the Dalitz

) densitypp(x,y) is proportional ta£?, so that the polarization
hp(x)=2f5(1=rp)+2f f_(1—x+rp). (310  function op(x,y) is independent of(w). The average po-
larization[defined below in Eq(33)] does have a mild de-
pendence on the form of the Isgur-Wise function. This latter
remark applies in general to polarization observables. The
) contour plots forpp(x,y) andop(Xx,y) are given in Fig. 1,

52

To leading order in HQET the functiohp(x) has a very
simple form, given by

X (32) taking £(w) =1.0—0.75x (w—1), which is representative of

2\rp the current experimental dafa7].
The average polarization over a region of phase sjgce

There are three features of these expressions which are oén be defined as follows:
interest. First of all, note that thetransverse polarization in
this decay is proportional to the effective scalar four-Fermi
interaction, as was claimed above. This feature is well 2Note that the definition ofA5 includes a factor of 1, which
known in the analogouk ,; decay. A second observation is must be canceled in order fdrs to be independent of the lepton
that the polarization functiowr(x,y) is explicitly propor-  mass[see Eq(19)].

hD(X)—>(1_rD)< 1+
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(D) Working again in the B rest frame, we define

LdXdYPD(X-Y)PT (X,y) x=2p-p'/p?=2Ep«/mg and y=2p-p,/p?>=2E,/mg.

pP)= (33  Summing over the spins of the final states, we find the fol-
dedpr(x,y) lowing expression for the differential partial width:

2 * N 2 2,5
This average is a measure of the difference between the num- d°I'(B—D"7v) = GE[Vel“mg
ber of 7 leptons with their spins pointing above and below dxdy 12873
the decay plane divided by the total numberroeptons in
the same region of phase spatdn terms of the four-Fermi  with
interactions, we have

P(D)__0'_|mA (34) pD*(X,y):|F’A0|2f1(x,y)+|F’A+|2f2(X,y)+|FA,|2f3(X)
T D S

+[Fy|2f4(x,y) +2 Re(FpoF a5 ) fs(X,
Since we are only keeping contributions to the polarization IFulfatxy) A aoFa)fs(xy)

which are first order il g, o is independent oA g and we +2 ReFpoF A% ) fe(x,y)
may carry out the integration numerically. Averaging over A
the whole phase space gives +2 ReFAFAT)f2(Xy)

pox(X,y), (39

— 5 +2 ReF pF ) Fa(x,Y). 40
P(TD)=—0.22><ImAS. (35) d AOTV ) B(X y) ( )
S _ The subscripts of the eight functions denote the correspond-
C. 7 polarization in B—D* 7» decay ing contributions from the different form factors. These func-
The r transverse polarization in the decay tions are collected in Appendix A. _
After a kinematic analysis, it is found that only interfer-
B(p)—D*(p")7(p,) v(p,) (36) ence terms between the axial form factors contribute to

_ o _ PL(P") 5o that
is defined in complete analogy with that for the decay to the

D. The general effective four-Fermi interactions of E6)
contribute to this decay with an amplitude given by pL(D*) —Ap*(X,Y)

X
Im(FpgF )| ——+1
ZrD*

G
M=——ZVeoU(p,) 7, (1= y5)v(p,) e MP#,  (37) X
V2 MR -1
I’D*

! !

Fat A—
MPM:F' m gPM+_(p+p’)MqP+_qﬂqP XZ
A0'TB Mg mg +Im(Fp Fa* . =211, (41)
I'D*
Fy
+i— etPB(p+ "YA5- 38
e (P+p")alg (39) with
rT
Apx(X,y)= L\/(XZ—MD*)(yZ—4rT)—4(1—x—y+ FXY+Trpe+r)2 (42)
po*(X,Y)

The 7 transverse polarization may now be written in termsThe expression fohp«(x) again has a very simple form in
of the effective four-Fermi interactions of E¢5). Keeping the heavy quark symmetry limit:
the leading, linear terms in th& parameters, we find

PLEY = — opu(x,y)ImAp (433 Mo (X)— (1~ ps)| 14— ) 2, 44)
oo+ (X,Y) =hpx (X)Npx (X,Y) (43b
_ Comparison with Eq(32) shows that this expression may be
«(X)= + —tp#) FFa_(1—X+Tpx _ , ;
Nox () =[Fa0t Fas(1=Tpx) +Fa- (17X 4 Tpw)] obtained from the analogous expressiontgtx) by taking
X2 I’D—>rD* . L
X | Fao o —1]+Fas or -2 The 7 lepton polarization in th&—D* rv decay is sen-
D* D*

sitive only to effective pseudoscalar four-Fermi interactions
(430 [3]. This observable is thus complementary to its analogue in
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T T T T T T T T T T T T T T T T T T
1.0 B-Dtv | 1.0 B-D'rv |
209 - 209 ' -
o o
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> L J > L J
0.7 . 0.7 .
T py(xy) I [ pp(x.y) I
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FIG. 1. Contour plots for the semileptonic deddy»D rv, us-
ing £=1-0.75X (w—1) for the Isgur-Wise function(a) the Dalitz
density functionop(X,y); (b) the transverse polarization function
O-D(Xxy)'

FIG. 2. Contour plots for the semileptonic decBy-D* rv,
using é=1-0.75x(w—1) for the Isgur-Wise function(a) the
Dalitz density functionpp«(X,y); (b) the transverse polarization
function op«(X,Y).

the decayB—D7v, which is sensitive to effective scalar of onlytheD* polarization(not that of both thedD* and the
interactions. We note in passing that Garigi8] has found 7))

the transverse tau polarization Bv~D* v to have an ad- As noted in Sec. Il B, the Dalitz densipp«(X,y) is qua-
ditional dependence on effective right-handed quark-currerdratically dependent o&(w), whereas the polarization func-
interactions. There is no discrepancy with our results, howtion ops(X,y) is to a good approximation independent of
ever, since the effect which Garisto discusses only arise§(w). The average polarization varies slightly wigw).
when one fixes the polarization state of thé, instead of The contour plots fopp«(X,y) and op+(X,y) are given in
summing over polarizations as we have done. The rightFig. 2, taking agair¢(w) =1.0—0.75< (w—1) [27].

handed current effect cancels in the sum. In the next subsec- The average transverse polarization of thHepton can be
tion we will discuss an observable which is sensitive to suchdefined as in Eq.33). Averaging over the whole phase space
right-handed interactions, but which requires a measuremegives



PP = — gpImAp=—0.068x IMAp . (45

Note thatop« is about a factor of 3 smaller thary,. This is

because effectively only one of the three polarization state
of the D*, the longitudinal polarization, contributes to the

transverser polarization[3].

D. D* polarization in B—D*/» decay
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Note thatn; and ns lie in the decay plane, whereas is
perpendicular to the decay plane.

The polarization vector of thB* can be taken to be real.
It is then clear from Eqs(469—(46¢ that theD* polariza-
flon projection transverse to the decay plaaa),, is T odd,
and that theD* polarization projections inside the decay
pIane,E-ﬁl and 2-53, are T even. Since the polarization
vector always comes up quadratically in the differential
width, the pieces which are odd under time reversal must be

In the previous two subsections we have looked aProportional to €-Ny)(€-Ny) Or to (e-Ny)(e-Ny). For the
TOPO's constructed using the spin of the tau in the decaygwoment we will define observables explicitly in terms of the

B—D/v andB—D*/v. Since theD* is a vector meson,

however, the latter channel offers additional TOPO’s which

may be constructed by using the projection of B polar-

ization transverse to the decay plane. As we have alrea
noted, these new observables will be sensitive to effectiv
right-handed current interactions, making them complemen-

D* polarization vector. At the end of this subsection we will
comment on how one could measure these quantities by
measuring the angular distributions of the decay products of

dtye D*.
e

Let us then formally define a measure of theodd cor-
relation involving theD* polarization as follows

tary to the lepton transverse polarization observables dis-

cussed above.
Let us denote the three-momenta of & and/ in the

B rest frame bypps and p,, respectively. We may then
define three orthogonal vectoﬁg, ﬁz, and ﬁg by

(Pp* X P,) X Pps

n=————"—"—, (463
|(Pp* X P,) X Pps|
ﬁ _ ﬁD*Xﬁ/ (46b)
2= =,
|pox X p,/]
N 0 * Mpx
= Pb D (460

|Pox| Epx |

The unusual normalization aff3 is due to the boost from the
D* rest frame to theB rest frame. The constrairf= —1
can now be written in a symmetric form,

(€-np)2+ (€-ny) %+ (e-ng)2=1.

()_ A —dl" _ 2dl'r oaq
D dFtotal drtotal ’

(48)

wheredI'’ is obtained by performing @ transformation on
dI', dI'y ,qq is the T-odd piece in the partial width, and
dI' 1o iS the partial width after summing over polarizations
in the final state. Note that there is also an implicit sum over
the spin of the final state charged lepton in E&B), so that
this observable dependmly on the D* polarization. We
may then express this observable in terms of the two inde-
pendent kinematical variablesandy, yielding

Pl (x,Y)= = (€-1) (€ T\ 1 (X,Y)IM(FpoF () + (€ 1ig)
X (€N )Ny IM(F poF &%) +Im(F 4, F{¥)

X(X+2y—2—r,)+Im(FpA_F*)r,

)\l(xvy) =

_ 4\/(x2/4rD*) _l\/(xz—

Aa(X,Y)
? Y PD*(X’Y)

+Im(FpoF ") d ()], (49
(47)  with
|
A[(X2—A4rps)(Y?—4r ) —4(1—X—y+ 2 xy+rp«+r,)?] (509
po* (X, Y) VX2 —4r s ’

Arp«)(Y2—4r ) —4(1l—X—y+ 3 Xy+rps+1,)2, (50b)

2X(1+rps+r1,—X—Yy+ 3 Xy)
dAxy)=(y—1)— , (509

wherer ,=m%/m3, with /=e, u, .

X2—4r p«
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These expressions may be simplified by writing them in 1-rp
terms of the effective four-Fermi interactions of Ef) and az(x,y)—>)\2(x,y)(2—x—2y)—Dgz. (54b
neglecting terms quadratic in the parameters. This gives X—2\/G

Note that bothAi(X,y) and \,(Xx,y) are proportional to

1lpp«, and therefore to &f. The polarization functions

(51) oi(xy) (i=1,2) are then independent of the Isgur-Wise
function £(w) as noted above. The contour plots for the Dal-

PL)(X,y)=(€-Ny)(€-Np)ah (X,y)IMAg+ (€-Ng)(€-Ny)

X[ 05 (%,y)IMAg+ o (X,y)IMmAp],

itz density functionpp«(X,y) and the polarization functions

where o1(X,y) and o,(x,y) are shown in Fig. 3, assuming
Y B &(w)=1.0-0.75x (w—1) [27].
o1 (%y)==2M(XY)FacFv, (52a We have previously analyzed the two different polariza-
, tion structures present in the expressionPgg (X,y) [3]. As
02 (X,Y) = 2N (X, Y)Fy[Fas (X+2y—=2-1)) was noted there, the term proportional ¢g involves only

transverse polarization components, while that proportional
to o, requires a nonzero longitudinal projection of tbé
y polarization in order to be nonvanishifi¢n addition to mul-
o3(X,Y)= = Na(X, Y1 Fy[Fao+Fas(1—rpx) tiplying distinct polarization structures, however, the two
functionso;, ando, themselves have quite different symme-
FFA-(1+Tpe=X)]. (529 try properties in the two-dimensional phase space spanned

o . by x andy. In principle, then, there are at least two distinct
*
TheT-oddD* polarization observable can thus receive Con'ways in which to differentiate between the two contributions

trlbutlons_from bqth right-handed current and effec_tlve pseuy, Ppx(X,y). The first is to devise a method which can pick
doscalar interactions. The pseudoscalar contribution is su

Rut one or the other polarization structure, and the second is
pressed by, however, so that the decay mod®s-D*ev o make use of the symmetries of, and o, in order to

and B—D* uv may be used to isolate and measure thedifferentiate between them. The latter of these two has been
right-handed current effect. As we have noted above in Secsgliscussed in some detail in R§8], so let us first recapitulate

Il B and Il C, the transverse polarization of thelepton is  those results and then discuss how one can get at the polar-
sensitive to an effective scalar four-Fermi interaction in theization structures themselves.

decayB—D v, and to a pseudoscalar interaction in the de- It is straightforward to demonstrate thai« (X,y) o2(,y)

cay B—~D* rv. Combining all three polarization measure- ' antisymmetric under the exchange of lepton and an-

ments, it is thus possible to probe separately the three diffefin€Urino energies, and that the allowed phase space region
ent sources of nonstandard modetiolation which we have 'S Symmetric under the same exchange.. Thus,_ mtggratmg
included in the effective Lagrangian of E().3 over all of phase space — or over any region which is sym-

For the remainder of this section we will concentrate onM€tr1C under the. exchange — eliminates g te”.” and
the /=e and x modes, studying their sensitivity to an ef- leaves only the piece due to the term. In order to pick out

fective right-handed current interaction. Aside from the fact?2: We Nnote thapp. oy is symmetric undey—2—x—y and

that these two channels naturally isolate the effective rightX— X SO that an asymmetric average over phase space may
handed interactions, they are also favored by virtue of theiP€ used to eliminate the, term. In both cases, these prop-
larger branching fractions compared t6=r. Given the erties are independent of the functional forms of the form
small masses of the electron and muon compared to the othfctors. Performing these averages over all phase space then
energy scales in the problem, we may safely sevlelds for the nonvanishing piece in the two cases

r/=m?//m§=0. We will subsequently also drop the super-
script /. The expression for th&-odd D* polarization ob-
servable then becomes

+Fa-1,+Fpaod (X,y)], (52b)

PL)=0.51 (e-ny) (- Ny)ImAR, (55)

Ymid Ymax
fdx(f dy— dY>PD*(ny)PD*(XaY)

Pox(X,Y)=[(€-Np)a1(x,y) + (€ Ng)7a(x,y)] P2 = Ymin 7 Ymid
X(€-Ny)IMAg, (53) f dxdypp+(X,y)
where, to leading order in HQET, the two polarization func- ~0.40X (€- ﬁz)(E- ﬁg)ImAR, (56)

tions are given by
where Ymic=(Ymint Ymax/2. The asymmetric-average ap-

2 proach used to pick out the, term in Eq.(56) also works
o1(X,Y) =N (X, y) (X+ 2\/G)—, (543 W_he_n the lepton is not massless. In fact, t_his _method als_o
2\/6 eliminates the extra pseudoscalar term which is present in

Eq. (51), so that even for'=r it is possible to isolate the

3We note again thaf-odd observables are typically insensitive to
newleft-handed interactions since the interference of such diagrams“This latter term would be absent for on-shell massless vector
with the SM diagram does not lead to observable phases. bosons such as the photon.
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right-handed current contribution. Numerically, however, the5.1 of Ref.[26]. The estimates in Ref26] correspond to
averageD* polarization found using this prescription is next-to-leading order in the g expansion of HQET. Our
about a factor of 3 smaller for the tau compared to the elecfindings are that the correction to the polarization in
tron and muon channels. . B—Drv is less than one percent of the value quoted in Eq.
An alt_ernat|ve methqd for d|ffe_rent|at|ng betwee_n t_he two 35), while the analogous correction f&—D* rv leads to
polarization structures is to examine the angulay d|str|.but|on n increase of about 15% in the magnitude of the polariza-
of the decay products of the vector meson. It is straightfor-’ . o . —r T
ward to demonstrate that the resulting asymmettinge-  ton- For theD* polarization inB—D* /v (/'=e,u), Pp.
grated appropriately over the momenta of the final state pamand P(DZ,Z were found to increase, respectively, by about 20%
ticles) have the same structure as the terms which definand 25% relative to the values quoted in E@&) and (56).
P(DQ(x,y) in Eg. (51), up to the replacement of the factors Considering the uncertainties in our current knowledge of
(g. ﬁi)(g, ﬁj) by a numerical factor of %. In Appendix B, the f_orm f_acto_rs, We_W|II simply use the leading orde_r results
we demonstrate this explicitly for the decay mdde obtained in this section when making our mode! estimates. It
D* —Dr. should be understood, however, that more precise knowledge
Before we turn to the section on model estimates, it iof the form factors could change our estimatgenerally
worth pointing out that the numerical coefficients in Eqs./ncreasing themby up to about 25%. The main results of
(35), (45), (55), and (56), evaluated at leading order in the OUr general analysis are listed in Table I.
heavy quark expansion, will be modified when the effects
due to finite quark masses and QCD corrections are included.
The uncertainty in the Isgur-Wise function can also affect
these coefficients but to a much lesser extent, as mentioned In this section we examine the prospects for the various
earlier. In order to get a feel for the size of these corrections]-odd observables, both in supersymmetric models and in
we have reevaluated the coefficients using the QCD sum rulgome nonsupersymmetric models. We start by looking at
estimates foré(w) and for the form factors given in Table SUSY models that consenk parity. In this case, there are
no CP-violating contributions to our observables at tree
level. As we have noted elsewhere, howe\adr there can be
%In the case of the neutr&l*, and depending on the experimental rather large effect¢even though they occur at one Igap
setup, it might be easier to use tb& —Dy mode, since the two SUSY models with intergenerational squark mixings. In this
photons from ther® decay could be quite soft. The charged pions case both the polarization and* polarization observables
produced in the case of chargédt decays, however, should be can receive sizable contributions. We then examine models
easier to deted28]. in which R parity is explicitly violated. In such models,

Ill. MODEL ESTIMATES
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TABLE I. T-odd polarization observablé3OPO’s for exclu-  T-violating semileptonic meson decays was noted in a pre-
sive semileptoni® decays in terms of effective scalak§), pseu-  vious work[12] and discussed in some detail for the trans-
doscalar Ap), right-handed quark currentAg), and left-handed yerse muon polarization iK+3 [12] and K+2 [16] decays.
quark current 4 ) four-Fermi interactionsP‘™ andP{®") denote  In Sec. Ill A, we focus on the various TOPO's in different
the transverser polarization in theB—D7v andB—D*7» de-  exclusive semileptoni8 decay channelE3].

cays, respectivelyP’) (/=e,u,r) denotes ther-odd D* polar- To estimate the maximal-violation effects in semilep-
ization observable in thB—D*/ v decay. tonic B decays, we consider the one-loop diagrdih,16|
with a gluino (g) and top and bottom squarks (b) in the
ImAg ImAp ImAg ImA, loop, and withW or charged Higgs exchange. The relevant
() ; 0 0 0 mixing matrix elements involved ang}, andV3;. When the
P(TD*) 0 0 0 mixing is large, we can have doubly-enhanckediolation
p(fe,u) 0 0 “ 0 effects — due to mixing and to the large top quark mass.
D* v Note that flavor changing neutral current processes only con-
PL) 0 J 0 strain the combination¥VVU* and VPVP* . For example,

D-D_mixing can put nontrivial constraints on the product

I . . . VEVE*. We will assume maximal mixing between the
T-violating scalar and pseudoscalar interactions can arise at32" 3! U 9

tree level, leading to nonzero values for the transverse (tr. Cr) squarks and thus tak® = 1/V2 to estimate the

polarization in the decayB—D(*)7v. The sizes of these maximal polarization effects.

observables are subject to stringent experimental constraints.
We next consider some non-SUSY extensions of the SM.

We first examine the multi-Higgs-doublet and leptoquark Charged Higgs exchange can give rise to effective scalar
models, which can both induce effective scalar and pseudand pseudoscalar but not vector and axial-vector interactions,
scalar four-Fermi interactions at tree level. Then we look a@s can be seen from Lorentz invariance of the amplitude. It
left-right symmetric models, where we focus on the effectscould thus contribute to the transverse polarization of the

due to the extra gauge bosons only, and give an estimate @pton in bothB—Drv andB—D* rv decays, but it does
the size of thel-oddD* polarization observable. The results not contribute to thé* polarization in thee, » modes. Fur-

1. H* exchange andr lepton polarization

obtained in these models are summarized in Table II. thermore, in the large tghlimit, the induced effective scalar
and pseudoscalar interactions froMboson exchange are
A. SUSY with intergenerational squark mixing suppressed by 1/tghrelative to the charged Higgs ex-

The notion of squark family mixings comes from the ob- change. To estimate the max!ma! sizeRyf, we need only
consider charged Higgs contributions.

servation that the mass matrices of the quarks and squarks .
; . , .~ The my-enhanced effective scalar-pseudoscalar four-
are generally expected to be diagonalized by different uni- L : . )
. ) . Fermi interaction can be estimated from the diagram that
tary transformations in generation spd@9—31. The rela-

— b - — . ~_~_~ _— * . .
tive flavor rotations between tha,, Ug, d,, and dg contains ag-t-b loop and theH™ t gb * vertex. It is given

squarks and their corresponding quark partners are denot(!:-)é( [16.3

by the three by three unitary matric&s’t, VUr, VPL and

VPR, respectively. The significance of these mixings for [,H=4—\/G§FCH(C_RbL)(T_RVL)+H.C., (57)
TABLE II. Contributions to the effective four-Fermi interac- .

tions and to the various TOPO's from SUSY with squark intergen-With

erational mixing, SUSY withR-parity violation, the three Higgs-

doublet model (3HDM), leptoquark models, and left-right Co—— ﬁl tang mym, u+AcotB \H/PLy YR

symmetric model$LRSM'’s). We have neglected the effects due to H™ 3p m2 e 33733 32

charged Higgs bosons in LRSM’s, assuming that the Higgs bosons H g (58)

are sufficiently heavy to decouple. The numbers in the table are the

maximal polarization effects and are meant mainly for the purposevhere a;=0.1 is the QCD coupling evaluated at the mass
of illustration. Their actual sizes in particular models will depend scale of the sparticles in the loof, is the soft SUSY break-
on the details of the models. ing A term for the top squarky denotes the two Higgs
superfields mixing parameter, fans the ratio of the two
Higgs VEVs, mg is the mass of the gluino an‘dh‘ is the

squark mixing R SUSY 3HDM Leptoquarks LRSM

Ag 0 mix’iDg Nmatrix in the charged-Higgs-squark coupling
Ap 0 H*ug* dj_. The integral functior is given by
Ar Y 0 | 1 1
—Z
PO 0.3 005 ~1 ~1 0 'H:f dzlf "dz,
PO 0.05 0.008 0.3 0.2 0 0 0
PG| 0.02 0 0 0 0.08 2
P2 0.016 0 0 0 0.06 (59

>< 1
(M2/m2) z; +(ME/m2) zp+ (1-2,-2,)
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which is equ_al to one amy=mg=my and_ varies slowly as  mmy(A— ucotB)(A,— utans)
away from this degenerate point. The contributiond t¢and Cozﬁl 0 7
Ap from charged Higgs exchange are then given by ™ my
SKM, /Urx\ /DR
A s | tang— 8 e p+AcolB *Vea Ve Vag s (67
=——lyta
S 3z A (Mp—mMg) m? mg whereA, is the soft SUSY breaking term for the bottom
. squark,V;*™ is the super CKM matrix associated with the
[VHV LV R ] e . _
« 33733 "32 (60) W-squark couplingV™ u ;, d;_, and the integral functioh,
Veb ' is given by
LA t,8 1 1-z4
a m mgm co =
Apz—SIHtanﬁ B th Mt A lo J0d21J0 dz,
3w (Mp+me) m? mg
D\ U 247,z
[Vg3v3é_v32R*] X 2 2 2 ]é - 2°
xv—b. (61) [(m;/ma) zl+(m~5/m§) z,+(1-2,—2y)]
C

(68)

To estimate the maximat polarization effects, we as- o o
sume|V§3L|=|V§3|~1, my=100 GeV and ta@="50 [32]. Note thatly=1 for mt/mg—mb/mg—l, but it increases

) ) . U . rapidly to ~ 8 as the squark-to-gluino mass ratios decrease to
With maximal squark mixings, |V 5= 1/J2. Setting my /mz = mg /me = 4
- _ — — 9 g 2 . .
|ul=A=mg, m=180 GeV, my=45 GeV, m;=15 The A parameter of Eq(23) is then given by
GeV, V,=0.04, and =1, we find

Ay
|Ag<1.6, (62 Ar=—35-1o
U D
|Ap|<0.8., (63 | Mim(A— 1C0tB) (Ay — ptang) VMV RV R
4 Vv :
Averaging over the whole phase space gives, for Mg cb
B—Drv, (69)

POV — 0 22 [IMA < <0.35 64 To estimate the maximal size dg from the W-exchange
P=I=0. |ImAg|=0.35, (64) diagram, we takel,=5, tan3=50, A=A,=|u|=mjy
=200 GeV, and|Vyh|=|V5kM=1. with maximal squark

— * v
and, forB—D"rv, mixing (|Vt3J2R = 1/\/2), we have the upper limit

1P(P")| = 0,068 |ImA p| <0.05. 65) |AR|<0.08, (70)
Both limits scale as The averages of the two TOPQ's related to Bie polariza-
tiqn are given in Eqs(55_) ar_1d(56). Ch(_)osing the optimal
(100 Geviny) *tansISOLIm(VEVSi Vo (1N Chove bownd il yieids the afowing upper
In the absence of squark family mixing, the polarization ef-"mits
fects are suppressed by a factorrmvg;/ mMpVep~ 10°. |P(_D12| <0.02, (71)

2. W exchange and D polarization |E|<O 016 (72)
D . .

As has been shown in Sec. Il D, tAeodd polarization
correlation of theD* in the decayB—D* /v (with /=e, These limits for the D* polarization Uscal?3 as
w) is only sensitive to an effective right-handé®H) quark  (200GeVMsysy)? (tanB/50) (Io/5)[ Im(Vis™MV 7%V, R)/
current interaction. With squark generational mixing, an ef-(1/y/2)], where Mg sy is the SUSY breaking scale. In the
fective RH interaction can be induced at one loop by theabsence of squark intergenerational mixing, Efepolariza-
W-boson exchange diagram with left-right mass insertions inion effect will be suppressed by a factor of
both the top and bottom squark propagators. This leads to mtVUR/m Ve~ 10°,

. . . . 32 cVe

term in the effective Lagrangian given p%6,3]

B. R-parity violating theories

4GFC0(C_F<7abR)(Z_7aVL)+H-C-, (66) The requirement of gauge invariance does not uniquely

EW_ - T =
V2 specify the form of the superpotential in a generic supersym-
metric model. In addition to the terms which are usually
with present, one could also add the following terms:
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7\ijk|—i|—jE§+)\_ijkLinDﬁ+ N USDEDE+ il iH, Setting the slepton masses to 100 GeV we obtain the follow-
e ! (73  ing estimates
where the coefficients could in general be complex and 7\3j3>\j’§3
wherei, j andk are generation indices. Note that we have Ag=—8X W (78)
omitted the implicit sum over SU(2)and SU(3} indices (meJL ey
and that\ ;= — Njix and\fj = —\j; . Of the four types of
terms listed above, the last one may be rotated away by a )\31.3)\1.'2*3
redefinition of theL andH fields[33]. Ap=—4x10? (79

= ) mzi /100 GeW?’
The abovex and\ terms violate lepton number whereas ( e v

the\” term violates baryon number. All three terms may be o ) )
forbidden by imposing a discrete symmetry calRdparity The tau polarization is subject to constraints from present
[34]. Alternatively, one can use the experimental data tcexperimental data. The rare decky —«*vv gives the
place constraints on thegeparity-breaking couplings. The bound|\|33/<0.01[37], whereag\ ;34 <0.001 from bounds
most stringent constraints are on tha” combinations and ©n the neutrino magd88] and|\ 534 <0.03 from leptonic tau
come from the nonobservation of proton de¢a§]. To sat-  decays[39]. We have assumed in each case a mass of 100
isfy the proton stability requirement, one can also invoke &GeV for the sparticles. We thus arrive at the following 90%
discreteZ; symmetry called baryon parity which naturally confidence level upper bounds on the transvergelariza-
allows for the lepton number violating terms while forbid- tions,

ding the baryon number violating” term[36]. For this rea- .

son, we will simply set\{,=0 in our analysis. The |P{P)|<0.05, (80)
R-parity-violating interactions in the Lagrangian may then be
written in the mass basis of the component fields as

|P(°*)|<0.008. (81)
LR= —2x [ (r])%el B + kel 7 + ool 3] N |
kL (v)7eer” +eq LVL_ R¥L L]_ In the limit of degenerate sparticle masses, these bounds are
N d (Vo) [(vD)¢d! a8 + did! 71 +dkvi d! independent of the sparticle mass scale.
il Viewi L _L - R_ RdLvit droidy] We noted above that there are actually two types of
—[(e})°ul d +dkul el +dsel Ul ]} +H.c. (74  R-parity violating processes which could contribute to the
quark-level transitiorb—c/ v. The first of these was ig-

The X and\’ parameters are related by unitary rotations innored since it has the SM—A structure and thus cannot

generation spacf37]. Note that while the above parame- interfere with the SMNV-exchange diagram, while the second
trization is not uniqueione could, for example IOUI'&M in  was seen to give rise to an effective scalar-pseudoscalar in-

the “up” sector rather thaivyy, in the “down” sectol the teraction. It is .|nter'est|ng to note, however, that.the_SI\/.I—Ilke
physics itself is parametrization independent. term canalsogive rise to ar-odd transverse polarization if

Integrating out the relevant supersymmetric particles oft interferes with the tree-level charged-Higgs diagram which

Eq. (74) gives rise to two types of contributions to the quark- 'S 9enerically present in supersymmetric models. This effect
level transitionb—c/ v. The first type of contribution has Is technically of second order in tiieparameters, yet it need

B ) . not be small if we take the current upper limit on gdmy,

&?efc,\;:; :;guf;l:r:e"?ngr d(;arn?oot Iil;]/teen;?sree ;,(V)Itr(])btgeervsal\l;ll which is approximately 0.5 GeV! [32]. In this limit the
~Xchang g 9 - ) Efnagnitude of the effect could be comparable to the limits

T-violating effects. The second type of contribution can in- uoted in Eqs(80) and (81). Note also that whileR-parity

duce scalar_anc_j pseud_oscalar effectlve_lnte_ractlons. The r‘%/Tolating interactions can give rise to scalar and pseudoscalar
evant effective interaction for the mode is given by

interactions, there is no tree-level induced right-handed cur-
rent interaction which could contribute to tAieodd D* po-

* . .
larization.

1 Agjah/ _
LR=— = 2614 y5)b r(1— y¥) v+ Huc,
2 (mg))
(75) C. Nonsupersymmetric models
) _ o _ Let us now estimate the contributions to the TOPO's in
where_ summation ovef=1,2 is implied. The resulting ex- some non-SUSY models. We will consider in turn the three-
pressions for the correspondidgparameters are then Higgs-doublet mode{3HDM), leptoquark models and left-
right symmetric model$LRSM’s).
mg
(mb_ mc)mr,

1 )\31'3)\]’;3( V2
2 (m‘e‘jL)2 GeVep

(76) 1. Multi-Higgs-doublet model

An effective scalar-pseudoscalar four-Fermi interaction
can be induced by tree-level charged Higgs exchange with
1 )\313)\1’;3 J2 mé C P-violating complex couplings. To be specific, let us con-
57 —2\G . (7 sider the three Higgs-doublet modet0,41. The charged

(m J) (mb+mc)m7 . . . .
e Higgs couplings to the fermions are given by

S:

P=
FVcb
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2 o e Let us consider, as an example, the following
L£=(2\2G)Y2>, (U VkuMpDgr+ BiURM yVimDL SU(3)cX SU(2), X U(1)y invariant leptoquark interaction,
=1

+ ¥ MgEgH +H.c., (82 £=(7\ijQ_ieRj+7~i’juRiLj)¢+ H.c., (88)

whereM, Mp, andM¢ are the diagonal mass matrices for whereQ andL denote the usual quark and lepton doublets,
the up-type quarks, down-type quarks, and charged leptonggspectively,¢ is a color-triplet, weak-doublet scalar lepto-
respectively. The complex couplings, 8;, andy, appear quark, andi,j are the fgmily indi_ces._ An eff(_active scalar-
in the unitary mixing matrix between the mass eigenstatepseudoscalar four-Fermi interaction is then induced by the
and gauge eigenstates of the charged Higgs boson. They s&&change of the scalar leptoquark, giving
isfy six constraints, three of which are
_ INGdgg —  —
Im(e187)  Im(ayyy) Im(B1yy) L (@3 Leg=— 2 e (CrbL) (TRVLS)- (89
= = = — . ¢
Im(azB3) Im(azy;) Im(B2y3)

. ) o ] The resulting expressions fdrg and A, are given by
It is clear from these relations that tkidP-violating effective

scalar and pseudoscalar interactions will always be propor- 200 GeVi2
tional to (1mﬁ+— 1/ma+). Assuming thatH; is much Ag=—50X N3 53X m—¢\)) (90)
1 2
heavier tharH; , we find that the scalar and pseudoscalar
parameters are given by m,— Mg
p== Asg, (91)
mp+ M,

2
_(aryimy+ By me)mg

, (84)

s= 2 o . —
mHI(mb—mc) so that the transverse polarization in B—D7v and
B—D*rv decays can be, respectively, of order unity and
H * ’
£ — By * Mo m? 0.2 if we takellm()\_33)\23)|~0.1. Note that leptoquark ex-
AP:(alyl 5 b~ B171Mc) B (85) change does not give rise to a right-handed current at tree
mH;(mer me) level.

Current data place a more stringent bound ongmf ) 3. Left-right symmetric models

than on Img,y7) [41]. For mHl+<440 GeV, the inclusive An effective right-handed quark current can be induced at
— i tree level in left-right symmetric mode(6 RSM’s) [44]. We
process B—Xrv gives the strongest Ilimit of ; .

#V/mZ., <0.2 GeV-2 at the 95% C.L[19]. This will concentrate on this effect and neglect the effective scalar
Im(a171)| mHI : 0 LA and pseudoscalar interactions by assuming that the charged
limit in turn constrains theA’s by |ImAg/<8 and Higgs decouple. Consider the most general class of models
[ImAp|<4. Therefore, ther transverse polarizations in with gauge group SU(2)<SU(2)rXU(1). The charged

B—Dr» andB—D* Tv_decays are given by gauge boson mass eigenstates are related to the weak eigen-
states by the following two by two unitary matrix,
PP|<~1, (86)
P> (Wf ( cog  —sing )(Wl+ .
PP"|<0.3, 87) wg ) \eesing eecog/\wg )
which is in agreement with a previous estimfi8]. Quali- ~ Where{ is theW, -Wg mixing angle andv is aCP-violating
tatively similar results have been found in the inclusive cas@hase. The bounds omy,, and { depend on the relation
[17,19. between the CKM mixing matrix for the left-handed quarks,
VL=Vin, and the analogous mixing matrix® for the
2. Leptoquarks right-handed quarks. In any casey, is at least heavier than

Both scalar and vector leptoquark mod@d®] can give  several hundred GeY45,44, and we can safely neglect its
rise to effective scalar and pseudoscalar interactions for theffect for the purposes of our estimate.

semileptonicB decays. The calculation of the transverse The presence of the off-diagonal term in tg-Wg mix-
polarization in these models is similar to the analysis of theng matrix means that the lighter mass eigenstate can
muon transverse polarization " — 7% " v decay[43].  induce an effective right-handed current interaction of the

Unlike in that case, however, the current experimental datéorm (cgy,bgr) (/L ¥*v.). The resulting expression fakg
allow for a rather larger polarization inB decays. The dif- has the simple form

ference compared t 5 is that the bound on the couplings

for B decay comes mainly from—c7"7~ and is much

weaker than that for thé&,; decay, which comes from  Swe neglect for simplicity the effective tensor interaction which is
D—utu. also induced by this exchange.
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N Iwgngﬁb 93 B(B—Drv):B(B—D*7v):B(B—D/v):B(B—D*/ 1)
R 1

9L Ven 111, o6

~ g (96)

whereg, andgg are the gauge couplings for SU2and

SU(2)r, respectively. We will assumg,=gg for our esti-  ith /= e or . While these ratios should be taken as being
mate. o only approximate, they do indicate that one can expect
_ Stringent bounds on th@/_ -Wg mixing have been de- pranching ratios for the first two decagshich are currently
rived by assuming manifest left-right symmetly'(=V") or  ynmeasurexto be of order one percent. They also show that,
pseudo-manifest left-right symmetrf VR=K;(V')*K,,  all else being equal, the experimental sensitivity to a
whereK; andK, are diagonal phase matrije§hus, for  T.yjolating effective right-handed current interaction is
example, [{|<4% from u decay experiments[47],  muych greater than that to a scalar or pseudoscalar interaction.

|¢|<4x 107 from the analysis oK —27 andK— 3w de-  This is particularly true if one combines the measurements in
cays (subject to some theoretical hadronic uncertaiftiesthe electron and muon modes.

[48], and [¢|<5% 107* from semileptonicd and s decays In this work we have not included the effects of possible
[49]. The upper bound ofimAg] is then in the range tensor interactions. In all of the models which we have con-
sidered — with the possible exception of the leptoquark
[ImAg|<|{|<(0.004~0.04), (94 models — such effects are either not present or are quite

small. It is worth noting, however, that a model-independent
and theD* polarization in these scenarios is smaller thananalysis of tensor effects may also be performed along the
10 3-102. same lines as followed hefB0]. It is also straightforward to
If one does not impose manifest or pseudo-manifest leftderive the tensor form factors for both tHe@—D and
right symmetry, the constraints aof tend to become less B—D* transitions in HQET.
stringent. Thus, for example, it is possible to h¢v§b| =1 It is interesting to compare the sensitivity of the tau trans-
and |£|=<0.013 at the 90% C.L[46]. The induced right- verse polarization irB,; to that of the muon irKZ3. A
handed current can be significantly enhanced in this casgriori one expects the polarization effect to be largerBog
since than forK;3 due to the larger quark and lepton masses in the
B case. The lepton polarization in these two cases may ge-
[IMAg|<25%[{]<0.32 (959  nerically be written a® ,~ o, X ImAS , where the kinemati-
o cal polarization functionr , contains a helicity suppression
and theT-odd D* polarization in theB—D*/ v (/=e,u) factor,o,«m,/my (my is the mass of the decaying me-

decays could be as large as 8%. son), and WhereA§ is a model-dependent parameter which
measures the strength of the effective scalar interaction. The
IV. DISCUSSION AND CONCLUSIONS relati_ve sizes oA and A% are model dependent, so let us
consider the 3HDM as an example. In this case the ratio
In this paper we have examined several of Thedd po- IJA% is enhanced roughly by the factora/m2 . Thus, up

larization observables in the exclusive semileptonic decaygo numerical factors of order unity, the transverse lepton po-
B—D(*)/v. We have provided a model-independentlarization is enhanced byPT/PM~mBmT/meM~102.
analysis of these observables, concentrating onrthans- ~ Similar qualitative analyses can be performed for the other
verse polarization iB—D(*)r» and on theT-oddD* po-  Models which we have considered. The rather large enhance-
larization in the decayB—D* /v, with /' =e, . These ob- ment Wh'c.h one ge.”.ef'ca”y finds |mpl'|es that in order to
servables provide an attractive place in which to look for][eaChE‘:‘ C?lven se;]nsrligvgy to ne_\ll_th%hySICS, one reqwr:es far
effects coming from new physics. As is known, they receive ewer ecays tha ecays. system, as we have

negligible contributions from standard model sources. Fur—nOte.d abov_e, has the added advar_1tage that there are seyeral
emileptonicB decay channels which have no analogue in

thermore, they are quite clean theoretically, depending onl . o . .
on a small number aj?-dependent form factors which are in heK system and \.Nh'Ch may in principle be “S_eo' to identify
separately the various possible sourced afiolation.

principle measurable or calculable on the lattice or within the Althoudh h idered h v the d
context of heavy quark effective theory. We have also noted t 0“9_ we have considered here .ony the decays
that the three types of observables under consideration afe—D ™)/ v, our results may also be applied to the related
sensitive separately to three different types of quark-levetlecaysB— w(p,w)/ v. The results of HQET are not appli-
effective interactions: the polarization in the decay totHe  cable to these decays, so that the form factors need to be
(D*) probes effective scaldpseudoscalaiinteractions, and obtained using phenomenological models and/or experimen-
the T-odd D* polarization depends only on effective right- tal data. It is expected, however, that theddd polarization
handed current interactions. This observation is independerffects in these modes could be just as large as fobthe

of the functional forms of the form factors. A final general transitions. The usefulness of these decays as probes for
remark concerning these observables is that the branchinf-odd signals of new physics may be limited, however, since
ratios for these decays should be quite accessible at thbeir branching ratios are expected to be smaller by one to
plannedB factories. Using the leading order results of HQET two orders of magnitude.

and taking é(w)=1.0-0.75x(w—1) (as we have in our In conclusion, we have presented a general analysis of
numerical worl;, we find that severalT-odd polarization observables in the semileptdsic
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decays toD andD* mesons. We have given numerical es- 1 r,

timates of these observables in both supersymmetric fg(x,y)= X(1-y)(Xx+y—1)— ——x(3—2x—3y
R-parity-conserving an&-parity-breaking models as well as lp* I'p*

in some nonsupersymmetric extensions of the SM, namely

the three-Higgs-doublet model, leptoquark models, and left- —Ipx+1,)+2(1=y)(1=X=Yy) =X+ 2rp+

right symmetric models. The results of these model estimates —r(x+Yy), (A2¢)
have been summarized in Table II. It is encouraging that the
polarization effects in many of these models can be in the r,

range of a few percent to several tens of percent and could fg(X,y)=
thus be accessible to the planrngdactories.

[X(1—y+r,—Ip+)—2rp«(2—x—Yy)],
(A2f)

_1>,

(A29)

lp*

ACKNOWLEDGMENTS x2

fo(X,¥y)=r (3—X—2y—rp«+r,)

We would like to thank M. Atiya, D. Coward, S. Dawson,
M. Diwan, R. Garisto, F. Goldhaber, Y. Grossman, Y. Kuno,
K. Lau, W. Marciano, F. Paige, M. Pospelov, and A. Soni for
useful conversations. This work was partially supported by
the Natural Sciences and Engineering Research Council of
Canada. K.K. is also grateful to the High Energy Theory
Group at Brookhaven National Laboratory for support pro-

I'D*

fa(X,y)=2y(1—y+r,~Ipe)—2(2—X—Y)

X(X+y—1—rpx—r,). (A2h)

vided under Contract No. DE-AC02-76CH00016 with the
U.S. Department of Energy.
APPENDIX A

In this appendix we define the kinematical functions
gi(x,y) andf;(x,y) which arise in the definitions gfp(X,y)
andpp«(X,y). They are given, for leptor’, by

91(%,Y)=(3=X=2y+r,~rp)(X+2y—1-r,~rp)

—(l+x+rp)(l—x+rp—r,), (Ala)
92(X,y)=Tr(3—X—2y—rp+r,), (Alb)
93(X)=r (1=x+rp—r,), (Alc)

and

fl(X,y):(l_X+rD*_r/)+ (X+y_1_rD*_r/)

Ip*

X(1=y+r,—rIpx), (A2a)

fa(X,y)=[(X+2y—=1—rps«—1,)(3=X=2y—Tpx+TI,)

2

—(1—x+rD*—r/)(1+x+rD*)](

-1],
I'p*
(A2b)
X2
f3(x)=r/(1—x+rD*—r/)( —1), (A2¢)
Ip*

fa(X,y)=2Xy(l—y+r,—rpx) +2X(2—X—Y)
X(X+y—1—rps—r,)—4(1=y~+r,—Ipx)
X(X+y—1—rps—r,)—4rpsy(2—X-Y),
(A2d)

APPENDIX B: FOUR-BODY FINAL STATES

In this appendix we demonstrate how the tivmdd D*
polarization observables defined in the t¢xée Eqs(49),
(55), and(56)] may be related td-odd momentum correla-
tions in the four-body final state of the decay

B—D*(Dw)/ v. The two observables have different struc-
tures in terms of theD* polarization vector and may be
separately extracted by employing suitable integration pre-
scriptions in the integration over the momentum of the final
state pion. We will examine two different types of prescrip-
tions and calculate the statistical error in each case. A previ-
ous analysis off-odd asymmetries in the four-body final
state may be found in Reff22,23, where it was noted that
the final state interaction effects on tiieodd observables
are probably negligible. One could similarly study thedd
momentum correlations in the chaniielD* (D y)/ v, but
this channel will not be examined here.

Let us then calculate the differential partial width for
B—D*(Dw)/ v. The Feynman rule for the effectiv@* #-
7-D vertex is simply given byf p% [51], where the constant
f may be inferred from the partial width of the decay
D* — #D. This width is given by

1 f 2 - 3
F(D*—>7TD)=(—)—| | (pz) , (B1)
3 87TmD*
where
p,=——AYAm3,,m2,m3) (B2)

ZmD*

denotes the magnitude of the pion momentum inQHerest
frame and\(x,y,z) =x?+y2+ 72— 2xy—2xz—2yz In or-

der to calculate the decay rate 8+~ D* (D #)/ v, we need

to sum over the intermediate states of g, which may be
done either by using a Breit-Wigner propagator for B or

by employing a density matrix approach. The resulting ex-
pression for the partial differential width in th& rest frame

is given by
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d’r'(B—D*(Dw)/v)
dxdy

. 3MgGE|Vep|*
s 512m'(py)?

[ aozie)

X B(D* — D), (B3)
where
~ Pz Ppo* | —
M=M"“< Py Poxp 5 ) UL(P) Ya0L (P,
My«
(B4)

and whereM?“ has been defined above in E®8). The
angular integral in Eq(B3) is to be performedn the rest
frame of the decaying Dusing some prescriptionS.” This
prescription may be designed such that it picks oufTthad
contributions.

The angles in thd* rest frame may be defined as fol-
lows

ps=1psl(0,0-1), (B5)
p,=|p,|(sing, ,0,cod,), (B6)
p.=|p,|(sind_cosp, ,sind_sing_,cosn.), (B7)

wherepg, p,, andp,, are the momenta the rest frame of
the D*. There are then in principle thréB-odd structures

which one may construct in terms of the pion momentum.

These are
577'(5BX5/)~Sin0wSin¢ﬂv (88)
(Pr PP (PEXD,)
~sinf,,cos,sing,., Sirfl,sing..cosp.,,
(B9)

(P PB)Px (PeXP,)~Sing, cod, sing,.. (B1O)
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that used in Ref[23] and amounts to weighting the angular
integral by =1, depending on the angle. In the second ap-
proach(prescription “B”), the integrand is weighted by the
functional form itself, which also has the effect of eliminat-
ing all but the desired piece. As we shall show, prescription
“B” is statistically more efficient than prescription “A.”

Let us first consider prescription “A.” In this case the
integrand is weighted by 1 as a function of the angle. Two
different such prescriptions may be used to pick out sepa-
rately the terms proportional ; andT,, while eliminating
all other terms. It is straightforward to verify that the follow-
ing two prescriptions do the job:

T /2 T
Tl(e,,,gbw):J dQ;Ef sinHWdHW(J —J
Ay 0 0 2
372
[
T 3m/2
2 T
f - j )sineﬂdeﬂ
0 /2
J‘ﬂ' JZW'
0 - T

We may then define the following normalized asymmetries

2

)dd)w, (B14)

T(0,.0,): [ d0%=
2

X d¢.. (B15)

Only the latter two structures are present in the partial width

since, in theD* rest frame,

pfrrp_pD*me (Bll)

D*

Pz Pp* i
_>gpi P

(dzl““A'lde) 21 4-bdy, —1
Ap (xy)= dxdy (dxdyy) (B16)
1 ’ %
(B17)
and
d?T a0 ™) [ g2ra-bay -1
A, (Xy)= dxdy (dxdyj (B18)
=;A2(x,y)[lm(FgoF;t)+|m(F,;+F(,*
X(X+2y—2—r,)+Im(Fp_F*)r,
+FIM(FpoF ) d(X,Y)]. (B19

so that all terms in the squared amplitude are bilinear in the

pion momentum. The observabileodd functional forms are
then given by

T.(6,,$,)=sirto,sing. cosp,., (B12)

The above two asymmetries are proportional to the two
terms in the expression given for the polarization of Eie

in EQ. (49), that is,

PLL(xY) = (€ Np) (€ Ny An (X,Y) + (€ Nig) An (X,Y)].

T(0,,¢,)=Sin6,.c0A_Sing .. (B13) (B20)

There are several integration prescriptions which may b&Ve have thus confirmed our assertion that the two polariza-
used to extract the terms in the width which are proportionation structures in Eq(49) may be measured separately by
to T, andT,. In general these reduce to weighting the dif- following the decay of théd* and studying thél-odd mo-
ferential width by some functioi(6,,¢,) in such a way mentum correlations in the resulting four-body final state.
that only the desired piece survives the angular integration. We now turn to prescription “B.” In this case the differ-
We shall examine two such prescriptions in this appendixential width is weighted by the functional form itself in the
The first approachprescription “A”) is closely related to angular integration. One may easily verify that weighting the
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width by T; picks out the term proportional t6;, and elimi-  where the four operators are given by

nates all other terms. Prescription “B” is then defined by:
10
OAi:i]-! OBi:i( )Ti(eﬂ'ad)ﬂ')' (826)

v

10
Tl(gﬂ'!gbw):J'B dQ;—EJ' dQ;(?)Tl(ew:(ﬁw)l

(B21)  The appropriate sign to choose in the above expressions de-
10 pends in general o8, ¢, andy.
T : Or= J' O* _) T _ Itis now straightforward to calculate the statistical uncer-
20 1) J’Bzd ” d "( ™ 26 br) tainties associated with the averaged asymmetries in the pre-
(B22)  scriptions “A” and “B.” In order to evaluate these numeri-

. ) cally, we may safely neglect the tert®)? in Eq. (B24),
The normalizing factor of 167 has been included so that the gjnce it is the square of the averaged asymmetry and is typi-
resulting asymmetriefdefined in analogy with Eq¥B16)  cally quite small compared 02), which is of order unity.
and (B18)] have the same numerical value using either—raking £(w)=1.0-0.75<(w—1) and setting theA’s to
method; that is,Ag (X,y) = Aa (X,y). zero in| M2, we find
In order to compare prescriptions “A” and “B,” it is '
useful to calculate the statistical uncertainties which would

VOR) 1

be expected in a measurement of the two asymmetdgs, = =
) 3 1 O-Al ’ (827)
andABi, given some number of evenits. In particular, we VN VN
will calculate the uncertainties of the averaged quantjll_gis
andA_Bi, in which the averages ovaerandy are performed o ~ V<OA2> _ i (B29)
as prescribed in Eq¢55) and (56), for i=1 and 2, respec- 20N N
tively. The numerical calculations will be carried out for the
electron and muon channels, since these are the modes which (2
we have concentrated on in the text. o= < Bl> = 0_75 (B29)
We first define the expectation value of some operétor ! VN VN
as follows:
_ (03,) 0.89 ©30
* ag = —_—= —,
J dXdyJ dQﬂ.|M| @ B, \/N \/N
(0)= (B23)

J dXdYJ dQy| M|? We could, alternatively, calculate the number of events re-

quired to achieve a given statistical uncertainty. In this case,
This expectation value corresponds to a “measurement” ofhe ratio of the number of events required in prescriptions
the operator©® in the probability distribution defined by “B” and “A” is given by

|M|2. The statistical error for this observable, givéh

events, is then Ng,
=057, (B31)
()—(0) M
To= _ (B24)
VN Ng
—2-0.79. (B32

The four averaged asymmetries may be expressed in terms of
this compact notation by writing

Thus prescription “B” is more efficient than prescription

Ap=(0n), Ag=(0g), (B25  «A " as we have asserted.
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