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Lepton polarization and forward-backward asymmetries in b—sz+ 7~
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We study the spin polarizations of bothleptons in the decap—s7" 7. In addition to the polarization
asymmetries involving a single, we construct asymmetries for the case where both polarizations are simul-
taneously measured. We also study forward-backward asymmetries with polaszétle find that a large
number of asymmetries are predicted to be larg&0%. This permits the measurement of all Wilson coeffi-
cients and thé-quark mass, thus allowing the standard mo@1) to be exhaustively tested. Furthermore,
there are many unique signals for the presence of new physics. For example, asymmetries involving triple-
product correlations are predicted to be tiny within the SM10 2). Their observation would be a clear
signal of new physics.
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[. INTRODUCTION there are only four observables, since the measurement of the
FB asymmetry requires tagging. It will therefore be very
There has been a great deal of theoretical work examinindifficult to rigorously test the SM if only single
the decayb—s¢*¢~, both at the inclusive and exclusive r-polarization measurements are madéin X 7" 7.
levels[1]. As usual, the hope is that, through precision mea- |n this paper we try to construct the maximum possible
surements of this decay, one will find evidence for the presnumber of independent observables. This is achieved by con-
ence of physics beyond the standard mo@). Indeed,  sjdering the situation in which both* and~ polarizations
this decay mode has been extensively studied in variougre simultaneously measured. As we will see, a variety of
models of new physicf2]. new asymmetries can be constructed in this case. We com-
Some years ago, it was noted that the measurement of the e the polarization and forward-backward asymmetries for
polar|z+at|£)n of the final-state in the inclusive decay i singly polarized and doubly polarized final-state lep-
—Xs7 7 can provide important information about the Wil- ;1o * A |arge number of these new asymmetries do not re-
son coefficients of the underlying effective Hamiltonian quire the tagging of thé quark. (Note that, in an untagged

[3-5]. Within the SM, this inclusive decay is described in sample. while the FB asvmmetry for unpolarized leptons
terms of five theoretical parameters: the four Wilson coeffi- pie, y y b b

cients C,, Cyoand real and imaginary parts 65), and the vanishes, some of the FB asymmetries for polarized leptons
71 ~10 ’ P . . .
mass of theb-quark,m,, . In principle, all of these theoretical are nonvanishing.On the other hand, ib tagging is pos-

parameters can be completely determined using measur8iPl€: the measurement of these new asymmetries provides
ments of the three polarization asymmetries, the total even more information. The polarized FB asymmetries as

(unpolarizedi rate, and the forward-backwat8B) asymme- well as the double-spin polarization asymmetries all depend
try. in different ways on the Wilson coefficients, so that these

In practice, however, the SM™~ polarization asymmetry coefficients can be obtained in many different ways. This
along the normal component is expected todd0 2) [6], ~ redundancy provides a huge number of cross-checks, and
and is therefore probably too small to be measured. Thigllows the SM to be exhaustively tested. An interesting con-
situation can be remedied to some extent if, in addition to theéequence of the large number of observables isrthatan
polarization asymmetries of the , we also consider similar be extracted. If the phenomenologically obtained valuegf
asymmetries for the™ [7]. This adds one more independent were to agree with theoretical estimaf8$ this would be an
observable. However, even if the sizable polarization asymimportant step in confirming our understanding of QCD.
metries of bothr* and 7~ can be separately measured, there In our calculations we consider only contributions from
are only as many measurements as there are unknowns, SM operators. However, using arguments baseBi in-
that there are no redundant measurements to provide crosgriance and the properties of the SM operators u@je?
checks for the SM. Furthermore, this program requires thaand T, we derive relations between these observables which
the flavor of theb quark be tagged: in an untagged sample are clean tests of new physics. Some of these tests rely on the

fact that within the SM there are negligib@P-violating
contributions to the decay mode being considered. Our phi-

*Email address: wafia@Ips.umontreal.ca losophy is to test for the presence of new phys$iB) with-
"Email address: london@Ips.umontreal.ca out considering the detailed structure of the various operators
*Email address: nita@imsc.res.in that can contribute to NP. Should a signal for NP be seen, the
SEmail address: sinha@imsc.res.in consideration of specific NP operators would help in deter-
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mining the nature of NP contributiorifor example, see Ref. coefficients C, are evaluated perturbatively at the elec-
[7]). troweak scale and then evolved down to the renormalization
We begin in Sec. Il with a discussion of the calculation of scalex. The coefficient<CS'" andC,, are real, and take the
| M|?, where M is the amplitude fob—s7* 7~ (the results  values
of the calculation ofM are complicated, and are presented
in the Appendix. The.polanzatlon asymmetries and forward- C¢''=-0.315, C o=—4.642 (5)
backward asymmetries are examined in Secs. Il and 1V, re-
spteh(_:tlvely. _V\t/e ?lscuss_the_ses asx/mc"lvetry mlegsu_regengﬁ the leading-logarithm approximatiofb]. On the other
VVVII N & varety ot scenarios In Sec. V. We Conciude I S€Cyang the coefficient$'" is complex, and its value is a func-
) ; e—n2/m?2 - eff — -
In total, we numerically evaluate the differential decay on fJf s=q°/m: C9_ (1)=Co(u) +Y(u,S) ,- where the
rate and 31 asymmetries as a function of the invariant leptofunction Y(u,s) contains the one-loop contributions of the

mass. Note that it will be extremely difficult to measure four-quark operatorf3,9]. An additional contribution mi:g”

asymmetries smaller than 10%, as they would requif®®  arises from the long-distance effects associated withaeal
B mesons for a 3 signal(not including efficiencies for spin-  resonances in the intermediate stdte@]. Thus, within the
polarization measurements and for tagging/e therefore  SMm, the decapp—s7" 7~ is described by four Wilson coef-
consider only asymmetnes' Iar.ggr than 10i%: as measurable.ilifcien,[S for a given value of: C$ff, Cio, Re(csff) and
one can only measure an individual or 7~ spin, but can- m(ce""

9 .

not tag the flavor of thé quark, then there are only two Because the expressions |2 are complicated, we

sizable observables. If tagging can be done and one mea_present the actual results of this calculation in the Appendix.

. ', 22
;:r?-nt:fetsrg 2 CIJ-];(;\r/Ivaeorr :]: ﬂ’]éh'igﬁ;ﬁiﬁgggﬁ :j:r?ble Note that the polarization and forward-backward asymme-
y : ' P P tries, which will be discussed in subsequent sections, are

tons can be mgasured and flavor tagging ofi possible, calculated as functions of the terms p#1|2. Also, some
we find that nine of the asymmetries constructed here aré.

large in the SM. Including the decay rate, this leads to 1 Ir%n?:‘lii:; Sf;ﬁgg%i?aﬂﬁ;ﬁg\gjeIusmg @eP and T

sizable observables, which allows for a redundant test of th8P . ; S o

SM. Ther_e is one p0|2nt which is worth mentioning here. In the
In addition, we find that the violation of certain SM asym- Fma::ﬂlr?:fn ?;ngg ’ofth?rzg ?/(l?lsger:m&:;fri"c(i:gn gevowih?e

metry relations are clean tests of NP. Some of these relatioris geff 31 P . -9:

are violated only in the presence GP-violating NP. A large m(Cg Cig term "; an.l(gAA;)]._ These2 are the coefficients of

numbers of these asymmetries @¢10 2) in the SM, so te.rms like €,qp4 Ps P-S=ps 1N |ﬁ\/l| ,_Which give rise to

that the observation of larger asymmetries would be signaliple-product correlationsle.g. p_-(p+xs_)]. Naively,

of NP. Certain combinations of these asymmetries are iderithese triple products appear to violate time-reversal symme-

tically zero in the SM, and hence are litmus tests of NP.  try (T) and so, by the€PTtheorem, should also be signals of
CPviolation. However, all the amplitudes in E{.) have the

Il. | M2 FOR bsss* 7™ same weak phas@eglecting the small-quark contribution
_ o _ in the loop, so that their interference cannot give rise0B
We begin by considering the calculation jo#1|? for b violation. Thus, there appears to be an inconsistency.

—s7"7 . Including QCD corrections, the effective Hamil-  What is happening is the following: a triple product is not
tonian describing the decdy—s7* 7~ [9] leads to the ma- a trueT-violating signal, since the action dfexchanges the
trix element initial and final states. Because of this, triple-product corre-
lations can be faked by the presence of strong phases, even if
M=Tg+Tyot+ Ty, (1) there is noCP violation. This is the situation which arises
here—nonzero strong phases of the Wilson coefficients can
where lead to triple products. Usually, it i€P violation which in-
G terests us, and we wish to eliminate such fake signals. How-
_¥OF eff * e o+ ever, in this case, we are interested in measuring the imagi-
Ts V2 Co VioVis [sLyubullr 7], @ nary parts of the Wilson coefficients in order to test the SM,
so that these fake signals will be quite useful.
F — —
Tm:EClOthst[SLMbL][T Yyt (3 lll. POLARIZATION ASYMMETRIES

In the computation of the various polarization asymme-
— 4 tries we choose a frame of reference in which the leptons
[sLo.,a"brllT ¥#77]. move back to back along theaxis, with ther~ moving in
(4) the direction+2z. The's quark then goes in the same direc-
tion as theb quark, with thes-quark making an anglé with
In the aboveq is the momentum transferred to the leptonthe . Our specific choices for the 4-momenta components
pair, and we have neglected tkejuark mass. The Wilson are as follows:

aG

—2im

F f b

T,= cs''v V*[—
7 /—277 7 tbVits q2
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p“ ={\P?+mZ,0,0P},

p“, ={\P?+m2,0,0- P},

(6)

p“={K,0K sin,K cosé},

pt={VK?+m:,0K sin6,K cosb}.

Using the calculation ofM|?, we can compute the decay
rate for unpolarized leptons by summing over the lepton
spins and integrating over the angular variables. As a func-

PHYSICAL REVIEW D67, 034007 (2003

We now consider the possibility that the polarizations of
the final-state leptons can be measured. The spins of‘the
are defined in their rest frames to be

st ={0s, .5, .5, }, s4={0s].s .S} (9
One can obtain the spins of thé" in the frame of Eq(6)
straightforwardly by performing a Lorentz boost:

} [P o \PPem? _}
Se-=1mS S, ——S, [,

lexlyl m

T

tion of the invariant mass of the lepton pair, this decay rate is

given by
dr(é)) GZmd a2 .
- = Vi VE? (1-5)2
3 2 S
( ds unpol 1927 4 =
4m?
X \[1- ——A, (7)
S
wherem,=m,/m,, and
. 4lceP(2+s 2m?
A=|12ReCs"Ce™) + 7 |A( ) 1+ ——
S
o . 2(1-s)m?
+(|C§"?+|Crg?)| 1+25+ ————
+6(/C5"17—|Cyd?) mZ. 8)

This agrees with the earlier resu[t3-5
priate limits.

,9,11 in the appro-

(10

2
P . +\/P+mz+
T Sz [
We now define differential decay rate as a function of the

spin directions of ther™, s" ands™, wheres" ands™ are
unit vectors in ther™ rest frames. This is given by

dr(s*,s ,s) _E(dl“(%)

ds 4\ ds

[1+(7>;s;+73;s;

unpol
+P,s, +Pys, +Pys, +P;s;)

+ o + o + o
+(PXX Sx Sx +ny sty +PXZ S S;

+ o + o + o
+Pyx Sy Sx +Pyy Sy Sy +Py; Sy'S,

+o— +ao— +o—
+Pax S; S +Pzy S, 8 P2z S, S, )],
(11

where the single-lepton polarization asymmetrigs (i
=X,Y,z) are obtained by evaluating

[dr (s =1, s+:?)+dr(s—=i‘, st=—1| [dr(s=-1, s+=?)+dr(s—=—|, st=—1)
—_ ds ds I ds ds
" [dr(st=i, st=0) dr(s =i, st=-7)] [dr(s=-i, s*=0) dr(s=-i, st=—D|’
= + = + — + =
ds ds ds ds
[dr(s=f, s+=?)+dr(s—=—?, st=0] [dr(s =i, s+=—|)+d1"(s_=—|, st=-1)
o ds ds I ds ds
Pi =T _ 2 ~ _ ~ 2] i _ 2 _ ~
dl'(s™ =1, st=1) dI'(s =-1, st=1)| |dI'(s =i, st=—1i) dI'(s=-1, st=-1)
= + = + = + =
ds ds ds ds
(12
Similarly, the double spin asymmetrig%; can be obtained:
dl'(st=i,s7=]) dI(s*=i,s=—])| |d[(st=-i,s"=]) dI(st=—i,s=-])
ds ds ds ds
Tar(st=i.s =) dr(s"=i.s=—))| [di(sf=—is=]) dr(s'=—is=—))] 19
AY + : + _ 1 + A!
ds ds ds ds 1
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wherei andi are unit vectors along theand| directions.
Note that bothP;~ and P;; depend also os. However, the

explicit dependence os has been suppressed for simplicity
of notation.

Before presenting explicit expressions for these quanti-
ties, it is useful to make the following remark. With our
choice of 4-momentEq. (6)], the decay takes place in the

yz plane. Therefore, the only vectors which can haw®m-
ponents are the spirs ands™. This implies that the only

scalar product which involves components is the dot prod-
uct of two spins. Thus, any term that has only one compo-

nent of spin along (i.e. P, Pyy andPy,) must come from

a triple-product correlation. This holds even in the presence

of new physics. It is therefore these quantities which probe

the imaginary parts of the products of Wilson coefficients.
The P's take the form

-3
Pi=—1[2Im(Cs"Cs,
X 2\/;A 7 10)

+Im(Cg'Cr)sm,\/1— — (14)
S

3m [4|ceM?
Py = ( +2 RgcCe'cyy

245

+4RgCs'cs™) +Re(CS'C) + |cg”|2§> m,

s

(15
+ 2 eff~%x eff~x -
PZ:K(6 RgC7 Clp+Re(Cq Clp)(1+25))
am?
X 3 (16
Px=Py (17)
37 (4| il 2 ReCEi'CYy)
IPNNE '

+4ReCeCs™) —Re(CSi Tty +]CE % | m

T

(18)

(19
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2

1 . M7
P g | 24ReCFICS )=

[(—1+8)s+2(2+s)m?]

+4|ceM? =
S
[(1—8)s+2(1+25)m?]
+(|C§M2=|C1d? -
(20
—2 eff~x - 4|:n§
Pyx=— IM(C§''Clp)(1-8) \[1- : (22)
Po= — 12 1m(CEI'Cy) + Im(CS Ty I 22)
zx 2\/§A 7 “10 9“1 T
ny:Pyx (23
- 1| 24Recece™)m?
VWA s
(1- s)m
—4(|C5" P+ [Cyd)———
eff|2 2 - 6ﬁ1§
+(|C3"[*—|C1d) (_1"‘3)4’? (29
4|lceM2[(1—s)s+2(2+s)m?
+|7|[( ) (2+s)m7] 25
SZ
Py —T 12 Re(C5''CYp) —|C1o 2+ ReCS'CTp)sIm
zy 2\/§A 0 9 T
am?
X 1- — (26)
S
Pyz=—Pzx (27)

3T
Py [2 RECS'CY) +[Cyg 2+ Re(CS'CYy)s]
2\sA

(28)
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FIG. 1. The polarization asymmetries for the and 7", as 0.16 0 | I
functions ofs, the invariant mass of the pair, without(thick lines N ’ K‘Pyz\
| 0.12 0o

and with (thin lines the long-distance resonance contributions. 1 |
‘0.08 ; ) | 0 \-
004 | 04 P

1 eff~eff* 2m? 0 ; ‘ 06
P,,= 3 12Recs"'cs™)| 1- = 07 08 s 09 1 0.7 08 . 09 1
~ FIG. 2. The double-spin polarization asymmetries, as functions
4|Ceff|2(2+§) 1— T of s, the invariant mass of the pair, without(thick lines and with
7 ~ L . . .
(thin lines the long-distance resonance contributions.

+ =
S . A .
these references lies along the negativeirection for both

. B(1+s)m? 7~ andr", sothatP, = — Py andP, = — Py . The double-
1+2s—————| (290  spin polarization asymmetries are shown in Fig. 2.

S Previously, we noted that it is very likely that only asym-
metries larger than 10% will be measurable. One character-
ization of the data is to calculate the average values of the

(300 above asymmetriésThese are defined as

+(|C§"2+[C19?)

.\ 2(|c§"2—1CydD) (2+35)m?

S

. _ : _ - 1o dr .

The coefficient?, was computed in Ref4], P, , P, and J' _ P—ds
P, were obtained in Ref5], andP, , P, and P, were (Py= am? ds 31

calculated in Ref[7]. (Note: while we agree with the calcu- 1 dr .
lations of Refs.[4,5], we disagree with Refl7] about the f ., =~ds
expression forP, [the equation following their Eq(24)].) am-ds

We plot the functions, ', P, and, as functions oBin 1, Tapje | we list the average values of all polarization asym-

Fig. 1. For the'pL'erose of numericql computationg, Wwe fol-atries. From this table we see that omj » Pz, Pyy, and
low the. priffczrlptlon_ of Ref[S] and include Iong?dlstan.ce P,, can be considered sizabléNote that herep =P,
effects inCqg associated with reaic resonances in the in- =P,.

termediate states. We take the phenomenological parameter | Eqs. (14)—(30), there are certain relations between the
«y multiplying the Breit-Wigner function in Refl5] to be  pg when the spins® and s~ are interchanged. Some of
unity. these relations are equalities, eRj, =P, , Px,= Py, €tC.

~ Note that ourP; is the same as the longitudinal polariza- pqr other pairs ofP’s, the expressions are similar, but only
tion asymmetry of ther™, P_ of Refs.[5,7]. However,

PS=-P, since ther” moves along the-z axis. Simi-

larly, P, =Py and P, =—Py . (Note: the distribution of it is also possible that the average value of an asymmetry is
our Py differs from that of Ref[5], resulting in a somewhat small, but that large values of the asymmetry are still possible for
smaller value of Py),.) The transverse direction defined in certain values oé. For example, se®,,.
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TABLE I. Numerical values of the various averaged spin-  Similarly, the two-spin triple products, which contribute
polarization asymmetries without including the long-distance resotg the palrs{ o y} and {P,,,P,,}, are proportional to
nance contributions. We use,=4.24 GeV[8]. The corresponding ¢ pipfs”s” . In the absence ofP violation, the CP-

. . TN _7 aBup MsFb '
branching ratio iBR(B—Xs7" 77)=1.192<10"". odd combination ofP,, and Py, (and of P,, and Py,) will
vanish in an untagged sample. Again, a simple calculation

\_/p+ -2
<P{>_<Px> 1.413<10 then shows that this implies tha&®,=+7P,, and P,,=
Py 0.723 _p

Y -
<P2+>=<7’z+> —0.336 For the other terms that do not contain triple products, and
(Py) ~0164 are hence alway¥ even, one can understand the relationship
(Pux) —8.658x 1‘33 between theP’s in a similar fashion. For example, consider
(Pyd=(Pxy) 2.868<10 P* and P . Since only dot products of various momenta

L, y y - , e

(P2 =—(Px2) 5.322<10 and one spin are involved, the coefficients of both terms
(Pyy) —0.168 |CS™2 [Eq. (A5)] and ReCS''C3y [Eq. (A7)] are T even
(Pay) —0281 and P odd. However, the|CS"|? term “pg-(s™+s™)”
(Py2) 5.717<10 72 switches sign undeEPT for the conjugate process, while the
(Pz2) —1.1254<10 Re(CS''C¥*,) term “ps- (s* —s7)” has the same sign for the

conjugate process. Since these termsPaoeld andC odd (in

the absence oCP violation), they must vanish in an un-
some of the terms change siga.g. P vs P,). As we  tagged sample. This explains the relative sign difference be-
describe below, it is possible to understand these relations bween the|CS'|2 and ReCS''C¥,) terms in Py, and P,

considering also the conjugate procésssr 7+. This argument may be extended to all terms contributing to
The processeb—sr 7~ andb—sr 7" are related by VariousP's. In particular, in the SMP, =+7P, . On the
CPT as follows[12]: other hand, in presence of new physics, while the additional

terms must still bel even andP odd, they could be even or
odd underCPT, implying that the relation betweeR, and
‘P, could differ.
_ _ Of course, the above discussion assumes that there is no
b(py)—S(Ps) 7 (P+,—S:)7 (P—,—S_). CPviolation inb—s7" 7, which is the case in the SM, to a
(32 good approximation. On the other hand, if n@Rr-violating
physics contributes to this decay, this gives us several clear
In the absence oEP violation, observables which afeodd  tests for its presence. For example, any violation of the rela-
must vanish in the@ even untagged sample. Consider first tion P, =P, (or P_ + P =0) is a smoking-gun signal of
the terms involving triple-productTP) correlations. While  such new physics.
all triple products ard odd, they can be eithd? even orP
odd. Triple products involving two spins are necessalfly
odd and, in the absence Gf° violation, C odd. Because of
this, in the SM, these triple products must vanish in the un- One observable which does not depend on the polariza-
tagged sample. Thus, we haveEﬁgd— TPL °99. Thisre-  tion of the final-state leptons is the forward-backwéF®)
lation can be violated in the presence(bIP violating new  asymmetry. In the frame of the reference described in Eq.
physics. On the other hand, triple products involving one(6), the forward-backward asymmetry is given by

spin areP even andC even, so that TP "= + TP} ®°", in

b(pp)—s(ps) 7 (P+,S+)7 (P—,S.),

IV. FORWARD-BACKWARD ASYMMETRIES

the absence ofP violation. Thus, these triple products can 1dr o dr
survive in the untagged sample due to the presence of the . fo md o= Jll md cos0
strong phases which can fakdP-violating effects. Arg(s)= 5 5
We now apply these observations®) andP, , which Jl dT d cosa+ fo dT d cose
involve a single spin. As noted earlier, terms with a single o dsd cosé ~1 dsd cos@
spin alongx must come only from a triple-product correla-
tion. The general triple-product term giving these quantities
can be written ase,g,, PppL(apis) +bp“s”), where = —[2 RgCs'C¥)+sReCE'Cyy)]
a and b are arbitrary coefficients. For the conjugate
process [Eq. (32)], the corresponding term s a2
—€ opf(ap’s’ +bpts?).  Since TR V"= -—
apup PoPt(apis? +bplsh) 3 X\[1-— (33
+ TP, ®®" this implies thala=—b (in the absence o€P S

violation). Using the 4-vectors of Eqﬁ) it is then straight-

forward to show that this results i® =+7P, . Note that This agrees with the result of R¢6] (and that of Ref[11]
this will hold even in the presence “@p- conservmg new Wwhenm, is neglectefl Note that the FB asymmetry is of
physics. opposite sign for theCP-conjugate procesb—>57 7, SO
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that A2;+AR2g=0. Thus, in order to measure the unpolar-

ized FB asymmetry, it will be necessary to tag the flavor of

the decayingo quark. !
If the polarization of the final-state leptons can be mea-

|
sured, then, in addition to the polarization asymmetries dis- %

cussed in the preceding section, one can also extract forward-
backward asymmetries of the polarized leptons. While the

PHYSICAL REVIEW D67, 034007 (2003
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unpolarized FB asymmetry of E433) requiresb tagging,

some of the polarized FB asymmetries are non-vanishing

even in an untagged sample.
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8 ]

FIG. 3. Forward-backward asymmetries of the and 7", as

We can extract the forward-backward asymmetries corregnctions ofs, the invariant mass of the pair, without(thick lines

sponding to various polarization components of the
and/or7™ spin by writing

and with (thin lines the long-distance resonance contributions.

. . I —6 m?
Arg(s",s™.S)=Arg(S) [ A s, +A s, +A,s, +As] Ag= 312 Im(CS"'C3y) + |m(cg”c*1*o)]€ (42
+A sy AT S+ AGS, S T AGS S,
_ - - 2 1-s)m, am?
+ A8 S, T Ay S, HAyS) S, A= KIm(CS”C’{O)( \[) 1- : (43)
— _ _ S
+AS)S, HALS, S ALS, S,
+ A58, 1. 34 AT Ay (44)
The various polarized forward-backward asymmetries aré‘lyy:O (45
then evaluated to be effi2 Al
A = 2|Ceff2_ 8|C7 | (1_S)mr (46)
Ay =0 (35) vz o S AVS
2 it (1—§)ﬁ17 4615 Azy= Axz (47)
A;=ZRe(Cg Cl)—= 1- — (36)
Vs s Apy= Ay, (48)
1 . 6|Ceff|2 _3 i 4rAn’2-
A; = K( 6 RgCS'CE™) — 87 —3(C5"P-[C®) A= T2ReCSCly +Re(CS'ClS] [ 1- :
(49

2 -2
r

-2 ff m ff m.
xXm:—12 RQC; CTO)T -6 RE(CS CI&T
S S

3 . 2m?
—5(lcs"*+ |c10|2>s( 1- T) ) (37)
S
Ay =0 (39)
Ay=Ay (39
1 . 6|Ceff|2
Az =3 | —6Racscs )——g ~3(/cs'?
-2 -2
_ 2\ 2 eff~* & eff~* E
[C1d*)mi+ 12 RECFClo—~ +6 Re C5''Clo—
3 . 2m?
—5(IC8"*+[Cad?)s| 1— — ) (40
S
A=0 (42)

Note that, in the SM, it turns out th&t-g=—A4,,.

The nonzero single-spin forward-backward asymmetries
are depicted in Fig. 3 as functions @fwhile those with both
spins polarized are shown in Fig. 4. Interestingly, some of
the forward-backward asymmetries are identically zero
within the SM: A, A, , Ay andA,, . Nonvanishing val-
ues of these asymmetries would be clear signals of NP. Also,
as was discussed in the case of the polarization asymmetries,
the discrete transformation properties of the operators can
once again be used to understand the relations between pairs
of forward-backward asymmetries in which the spsfisand
s are interchanged.

The average values of the forward-backward asymmetries
are defined similarly to Eq31) and are listed in Table Il.
From this table, we see that only three asymmetries are ex-
pected to be larger than 10% in the SM; and.A,,.

V. DISCUSSION

In the previous sections we have discussed the polariza-
tion and forward-backward asymmetries which can be ob-
tained when the spins of the" and/or r~ are measured.
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0.12 ™ 0 TABLE Il. Numerical values of the various average polarized
s 01 | -0.001 | forward-backward asymmetries without including the long distance
T 0.08 { -0.002 resonance contributions. We usa,=4.24 GeV [8]. The corre-
| 006 | -0.003 | sponding average unpolarized forward-backward asymmetry is
;g; 0.04 A %& -0.004 (Agg)=—0.154.
R o (A)=(A;) ~1.302¢10 2
0 : -0.006 : y y )
0.7 08 09 09 1 (A7) —0.148
N (A7) —0.490
0.08 (Ax)=—( Ay 3.184x 1072
- 006 B\ (A)=(Az0 —1.347x10°3
< \ (Ay=( Az 4.298< 1072
1004 | | (A 0.154
o0 |

0

decayingb quark. If only a singler-spin measurement is
performed then, out of a total of 13 possible asymmetries,
FIG. 4. Doubly polarized forward-backward asymmetries, asOnly Six are sizable within the SMig, Py, P, and A, .
functions ofs, the invariant mass of the pair, without(thick lineg ~ (Recall thatP; =P, =P,.)
and with (thin lines the long-distance resonance contributions. In the best-case scenario, it will be possible to both tag the
flavor of the decayindp, and to measure the polarizations of
Here we consider what can be learned from these measurbeth final-stater leptons. In this case, one in principle has 31
ments in a variety of scenarios. ~ asymmetries. However, within the SM only nine of these are
First, suppose that the statistics are such t_hat only a singlgccessibleAr g, pyi P, AT, Pyys PryandA,,. Even so,
polarization can be measurgsly that of ther ), and that it these asymmetries could be measured, this would allow us
no tagging is p?SSIbLe. In+th|s case onl)+/ tReeven observ- 14 greatly overconstrain the SM. Ideally, we will find evi-
ables survivep, TPy Ay + Ay andA; +A, . Ofthese  gence for new physics, but if not, these will provide preci-
asymmetries onlyd, +.4, is measurable within the SM. gjon determinations of bot, and the Wilson coefficients
Along with the differential decay rate, this therefore givesdescribing the decag—srt7 .
only two observables, which is not enough to test the SM. | Taple I1l we summarize the number of possible observ-
On the other hand, if the polarizations of bath and7~  gpjes; including the differential cross section, in the various
can be measured, still without tagging, then one adds anoth@genarios discussed above.
six observablesPy,, Pyy, PrytPyz, Przr Axyt Ayx, and Finally, we note that in some of these scenarios, it will be
Azt Az Of these only threeR,, P, +Py,, and possible to extract the value of, . This is advantageous for
P,;—are expected to be sizable in the SM, the last one beingyo reasons. First, it permits a direct comparison with the
measurable only as a distributionsr(see Fig. 2 We there-  theoretical estimates ah, [8]. Second, for some measure-
fore have just enough measurements to determine the fiy@ents in theB system, it is necessary to input, from
unknownsCS'", C,o, Re(CE™), Im(CE™), andm,. How-  theory, which increases the systematibeoretical uncer-
ever, there are not enough measurements to provide an intgginty of the measurement. By contrast, we see that the
nal cross-check of the predictions of the SM. double-spin analysis di—s7" 7~ will not suffer from this
Now suppose that it is possible to tag the flavor of thetype of systematic error.

07 08,09 1
3

07 08 09 1
3

TABLE lIl. The number of observables in various scenarios of inlifllavor tagging andr-spin measurements. The columns represent
the cases with untagged and tagged samples, while the rows are for the scenarios in which only oné @i the spin is measured, or
when both7" and 7~ spins are measured. Of the possible observables, those that are sizable in the SM are listed separately. In the case in
which both spins are measured, only the additional observéhbigisated by+) are listed. The number in the square brackets represents the
total number of observables possible in each c®g¢, indicates the sur®; + P;; andP{*)=P,"+P;, with identical definitions for the
A’s.

Untagged sample Tagged sample

Only one of 7" or 7~ spin measured dr =) A=) () dr P . . .
s Py Ay AT 4] s Aeg, Py Py Py A Ay A, [14]
a . dr’ N .
SM —, A [2] —, Ars, Py, P, A; [7]
ds ds

All [32]
+Pyy, Poy, Py [10]

Both 7" and 7~ spins measured +Puxs Pyys Playyr Przr Axy)» Axz [10]

SM +Pyyv P(Zy)v P, [5]
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VI. CONCLUSIONS measure the polarizations of both thé and 7. In this

. . case, there are a total of 10 independent measurements,
n +th_e_ stjanda_rtc)i C;ng d?.[SN,I[)H thet_ mlcluswe dtecazb which would greatly overconstrain the SM. If new physics is

oSt |sffe§crl € }f/f 've theorelical parame €5 ot found, this would precisely determine the five theoretical

Cio, Re(Cq )(s), Im(Cg")(s) andmy, wheres is related  parameters.

to the momentum transferred to the lepton pair. We would  Note that testing the SM implies that the quantity will

like to be able to test this description. be extracted from the experimental data. This will allow us
In this paper we have calculated all single- and doubleto compare the experimental valuerof with the theoretical

spin asymmetries in the decéy»s7" 7~. We have shown estimates of this same quantity. Furthermore, as the measure-

that there are many different ways of testing the SM descripments do not rely on theoretical input, the systematic error
tion of this decay. In all, there are a total of 31 different will be correspondingly reduced.

asymmetries. However, only 9 of these are predicted to be
measurab_le, i.e. have values Iarggr tr_lan 10%deed some ACKNOWLEDGMENTS
asymmetries are expected to vanish in the S8hould any
of the small asymmetries be found to have large values, this N.S. and R.S. thank D.L. for the hospitality of the Uni-
would be a clear signal of new physi¢§P). Furthermore, versitede Montrel, where part of this work was done. The
the SM predicts certain relationships among the asymmetriegork of D.L. was financially supported by NSERC of
when the spins® and s~ are interchanged. Should these Canada. The work of Nita Sinha was supported by a project
relations be violated, this would also indicate the presence off the Department of Science and Technology, India, under
NP. In fact, this could give us some clue as to whether the NEhe young scientist scheme.
is CP conserving orCP violating.

Apart from these signals of NP, whether or not the SM APPENDIX

can be tested depends crucially on which types of measure- . . .
ments can be made. For example, if one cannot pertorm In this appendix we calculate the square of the amplitude

tagging, and can measure only a single individaaspin, in Eq. (1), keeping the spins of both final-state leptons. We

then there are only two sizable observables. This is not€fiN€Ps. Ps: P+ andp. to be the momentziof tHnaanrk,
enough to test the SM. On the other hand, if one can measufe duark, 7 and 7, re+spect|v1_aly, Withq=pp—Ps=p-
both 7 spins, but cannot tag the flavor of thethen there are + P-- The spins of ther™ and 7~ are denoted by.. and
a total of five measurable observables. This is enough t§-+ "€SPectively. We have
determine the theoretical unknowns, but does not provide the 2 1T |2 2 2 + +
= + + + +

necessary redundancy to test the SM. [MIZ=[Tol*+ |Tad*+[T7|*+ 2 Re(TsT10)+ 2 RETSTy)

On the other h.and, if one can perfontuﬂagging, but can +2 ReTI,T). (A1)
only measure a single spin, then there are 7 sizable observ-
ables. This can provide a redundant test of the SM. Th&umming over thes-quark spin and averaging over the
optimal scenario is ifb tagging is possible, and one can b-quark spin, we find

1 a’GE (m5—a?) o
2. s;pins|T9|2:_772_|thvr5|2|(:8”|2 T( TP-S4Py-S-t 5SSt m-2r(1_5+'5))

q2
+(1=54-5)(Py P+Ps P-+Ps PPy P-) = 5 [Pp S+ Ps S-+PsS1Pp-S-]

+S4-P-[Pp P+Ps:S-+PsP+Pp-S-]+S_-Pi[Pp-P-Ps:Ss+Ps P-Pp- Sy ]

+mps-(P++P-)Pp (S4+5-) =Py (P++P-)Ps (S++5-)], (A2)

1 a’GE (mp—a?) 9>
5. 2 |T10|2=7|thVTs|2|Clo|2[ - —( —p_-Sypi-s_+ 7S+-s_+m§(1—5+-s_))

b,sspins
q2
+ (1455 )(Pp-P+Ps P-+Ps: P+ Pp- p_)—(Zmi— 7)[pb~s+ps~s_+ps~s+pb-s_]

—S; - P_[Pp P+PsS-+PsP+PpS-1=S_ P [Pp-P-Ps S+ +Ps P-Pp- Sy ]

—mM,[Ps- (P+—P-)Pp- (S+—S_)—Pp- (P+—P-)Ps (S —S_)]¢, (A3)
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22
> RATIT aGVVZZRCe”C @ —

s S R ToTa0l =7 Vi Vil 2 Re(C5 T Cao) M2[Ps'S_PpSs— Py S-PsSi]— 5 (Ps P-—PsP-)
+mM.[Pp P+ PsS-+PsPsPpS-—Po P-Ps St —Ps P—Pp-S4 1| +IM(CECI) €10y
x{[2m,+(ps+Pp) -S4 ]pLpts? p? —[2m +(ps+pp)-s_Ipkptstp?
—(ps+pb)-p+pé‘p“sBSf+(ps+pb)-ppé‘p‘iS’iS¢+(p—p+)-psp“pi8‘iS"’}}, (A4)

1 2_ ? 2 2 g 2 2 2
2 0 171 — ViV o [Cr4mem.Lpg: (P +p-)q- (s-+5,) = G%ps (s-+5.)]
+2m3m§(m§—q2)[1—s+-sf]+q2mﬁ(m§—q2)—2q2(2[ps-pfpb-p++ps-p+pb-pf]
— 2Py Ps)[1 =S4 -S_]—40%(S+ - P_[Ps S_Pb P+ +Pb-S_Ps P+ 1+S_-P+[Ps P_Pp- S
+ Py P-Ps S+ ) +202(Mi—g?)s, - p_S_- P +20*[Ps S_Pp S+ +Pp-S_Ps-S: 1}, (A5)
ZG2 g
2 RATET 1=~V V2 2<Re<ceff PH(mE—g?)g*+2m7—2mls. s ]

—4m [ py-(P++Pp-)ps (Sy+s_)—

22 2

b,sspins

a“Gg mg off*
> RETT/]= —z—lvtbvts az —2RegCyCM)| -

Ps (P +P-)Pp- (s +s)}), (AB)

m,(mj—g?)
T[p+-s,—p,~s+]

+0%[Ps P-—Ps P+ 1-2M2[Ps-S_P_-S. —P,-S_Ps-Sy]

+mTq2pS-(s+—s)+mTps~(p—p+)(s-p++s+~p)}

—41m(C1oCE™ ) € 5,0, — M, PEPS S ph+m, pep? s ph+ m2s® plstt pﬁ]] : (A7)

In the above, we have used the conventigps= + 1. Note that, as mentioned in Sec.@S'" andC,, are expected to be real;

only Ceff is complex. However, in the expressions above, for completeness we have included both real and imaginary pieces
of all Wilson coefficients.
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