PHYSICAL REVIEW D, VOLUME 65, 074038

Probing for new physics in polarized A, decays at theZ pole
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PolarizedA,— A y decays at theZ pole are shown to be well suited for probing a large variety of new
physics effects. A new observable is proposed, the angular asymmetry betwedn #@n and photon
momentum, which is sensitive to the relative strengths of the opposite chirality and standard model chirality
b— sy dipole operators. Comparison with the decay polarization asymmetry and with the polarization
extracted from semileptonic decays allows important tests othé\ structure of the standard model. The
modifications of the rates and angular asymmetries which arise at next-to-leading order are discussed. The
measurements fok,— A y and theC P conjugate mode, with branching ratios of a few times % Gare shown
to be sensitive to nonstandard source£éf violation in the A,— A y matrix element. Form factor relations
for heavy-to-light baryon decays are derived in the large energy limit, which are of general interest.
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. INTRODUCTION in the C,-C} plane. Thus, complementary data are needed

Flavor-changing neutral curretECNC) b decays provide for a model-independent determination ©f and C; sepa-
important tests of the standard mod&M) at the quantum rately. One suggestion has been to probe the photon helicity
level and, at the same time, place severe constraints on nevia the mixing inducedCP asymmetry in neutraBq
physics extensions. In this paper, we investigate the possibil-My decays, whereM = w,p,K*,¢ [9]. Other methods
ity of searching for new physics in radiative FCNC decayshave aimed at analyzing the angular distribution of the sub-
induced byb— sy transitions. The relevant low-energy ef- sequent decay products. These include correlation studies in
fective Hamiltonian at leading ord€tO) in «s is given by  the dilepton modeB—K* (—Km)y*(—I1717) in the low
[1] dilepton mass regioil0,11], and radiativeB decays into
excited kaons yieldingK w7y final stateg12].

We propose here to probe the rati/C- in polarized
Ap— Ay decays by measuring the angular asymmetry be-
tween theA, spin and the momentum of the phottr A).
with the electromagnetic dipole operatdps,Q; written as  The longitudinal polarization of\,, baryons produced iZ

decays has been measured in semileptdnje> Al v, X de-
e — , , € — , cays and is found to retain a sizable fraction of the parent

QYZmeS"waFM , Q7:mesauvaFM ' b-quark polarization[13—16. In addition to the angular

2) asymmetry, which explicitly makes use of the polarization

feature of theA, baryons, a second “helicity” observable

HereL=1-vy5 and R=1+ v5 are proportional to the left- can be used to probe the quark chiralities: Aheolarization
and right-handed projectors. The renormalization scale devrariable associated with the secondary dedaysp, first
pendence of the Wilson coefficien® and operator matrix proposed in17] for unpolarizedA,— A y decays. Because
elements is understood. In the SM, the contributio®fois  these two observables are independent, as we will show, their
suppressed with respect to the oneltp by the small mass measurements allow consistency checks and their combined
insertion along the externatquark line and is usually ne- analysis greatly increases the new physics reach. We rederive
glected, i.e.Cgy=ms/m,C7sy. However, in many exten- the A decay polarization asymmetry and find an expression
sions of the SM, new contributions ©; are not necessarily which differs from previous ones obtained in the literature
suppressed and can be comparabl€4g,, since the requi- [17-19.
site helicity-flip is along a massive fermion propagator inside From a general Lorenz decomposition it follows that only
the loop. Examples are left-right symmetric models, supera single overall hadronic form factd¥(0) enters theA,
symmetric models with large left-right squark flavor mixing, — A y amplitude, and therefore it cancels in the forward-
and models containing new vectorlike quarks. backward asymmetries. Based on studies\gf~A y [17]

The branching fraction for inclusivB— Xgy decays has andB—K* y decays20-25, corrections of at most a few
been measure[®-4] and is consistent with the SM predic- percent can be expected from long-distance interactions so
tion, e.g.,[5—8]. The measurement constrains the combinathere is very little hadronic uncertainty in the SM prediction
tion B(B— Xsy)*|C;|?+|C4|?=|C;sM?, which is a circle for the helicity observables.

G
Hetr=— T;Vt*svtb[C7Q7+ C;Q71, @
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Heavy quark effective theorfHQET) spin symmetry ar- In the following, we work out form-factor relations for
guments applied to heavy-to-light baryon form factorsheavy-to-light baryon decays which follow from certain lim-
[17,26 relate the overall form factoF (0) entering theA,, its. This provides a realization of the physical picture of he-
— Ay matrix element to two universal form factoFs(0) licity conservation, and allows us to estim&t€0) and there-
and F,(0). Consistent estimates fdf,(0) have been ob- fore the totalA,— A y rate in terms of existing form-factor
tained from data on semileptonit, decays[17] and from  ¢alculations and measurements.

QCD sum ruleg18]. We find that a new application of large
energy effective theorfLEET) [27] to heavy-to-light baryon
form factors fixes the ratiGz(O)IF 1(0),Wh|Ch allows us to A. The large energy and heavy quark limits

use the information of ;(0) to estimatd-(0) and therefore In the d d derat b aini
the total A ,— A y rate. n the decays under consideration a baryon containing a

At next-to-leading ordetNLO) in «g, directCP viola-  N€avy quark decays into a light baryon with sk mﬁb.
tion can be probed ib— sy mediated decays. We estimate In these heavy-to-light decays the enerfByof the light
the dominant NLO effects in thd ,— A y matrix element baryonEz(mibJr mﬁ—qz)/ZmAb in the parent baryon’s rest
and allow for nonstandar@P violation in contributions 10 frame s large compared to the strong interaction scale and
both the SM and opposite chirality dipole operators. Rategne jight quark or baryon masses. This is precisely the kine-
and helicity observables for the untaggéuR-averagegland .matical situation for which one can consider the large energy

fIavpr tagged cases are quked out. Expe_rimental discriml'eI"fective theory[27], originally introduced in Ref[31]. It
nation between theCP conjugate decays is easy because

! arises from a systematicB expansion of the QCD Lagrang-
they are self-tagging. ) ' L . :
. ian of the final active light quark. Neglecting hard interac-
It should be stressed that while other proposals for prOb'Eions with the spectators and other soft degrees of freedom
ing the ratioC;/C, [9—-12,17 can be carried out at upgraded b 9 ’

. . , .
e*e” B factories or at hadron colliders, the angular asym—the momenta of the final active quarkty,qy, and the final

metry observable using initial-state polarization is unique td'2dron.p’, are equal modulo a small residual momentm
a high luminositye* e~ machine running at th pole. Pro-  =Aqcp’ Pquarky =ENut+K,, wheren=p'/E. At leading
posals exist for a so-called GigaZ option withix20°%z  order in LEET,n is lightlike (n*=0), i.e., terms of order
bosons per yeaf28,29, corresponding to approximately m3/E? are neglected, and the final LEET quark is on-shell
3.5x 10’ b-flavored baryon decays. For recent discussions ofvith hs=0. For details, we refer the reader[@7].
the b-physics potential at & factory, see[30]. With a The assumption of soft contribution dominance in LEET
branching fraction estimaté3(A,—Ay)=7.5X10"°, we is consistent with an HQET description of the initial decay-
expect approximately 2600 exclusive,— Ay decays per ing b quark. Symmetries which arise in the combined LEET/
year. HQET limit imply relations among form factors for heavy-
This paper is organized as follows. In Sec. I, we discusso-light decays. They will receive corrections at ordany/
form-factor relations forA,— A transitions following from  1/E, and a. For B-meson decays into a light pseudoscalar
HQET/LEET. In Sec. lll, we define the two angular asym- or vector meson, the leading-order form-factor relations have
metry observables foh,— Ay and study their sensitivities, been worked out ifi27]. PerturbativeD(«,) vertex and hard
separately and combined, to the ra@g/C,. Section IV is  scattering corrections have been found to typically lie below
devoted to a discussion of next-to-leading order effects inthe 10% level[32]. The soft parts of the form-factor rela-
cluding CP violation. In Sec. V, we conclude and give a tions, found in[27], have been confirmed in “collinear-soft”
brief outlook on further opportunities in physics at hadron effective theory[33].
colliders and at the GigaZ. The as(VmyAgcp) suppression of hard scattering form-
factor contributions in heavy-to-lighB-meson decay$32]
supports the starting assumption of soft dominance and the
Il FORM-FACTOR PRELIMINARIES applicability of HQET in this regime. We will assume that
The most general decomposition af,— A matrix ele- this suppression also holds for heavy-to-lighbaryon de-

ments for the dipole transition into an on-shell photon iscays so that a perturbative expansion img/ 1/E, andas is
given by again sensible. A rigorous treatment of higher-order correc-

tions to heavy-to-light baryon form factors is beyond the

= , scope of this paper and is left for future work. We will,

(A(p",8")[s0,,(1= ¥5)a"b| Ap(P,S)) however, briefly comment on iy, corrections below.
=F(0)Uxe,, (1= 76)A"Un,, © B. LEET/HQET form-factor relations

, . . Heavy quark spin symmetry implies the following param-
wherep) ands(”) denote the baryon momenta and spins,etrization of hadronic matrix elemenfg6] in the m,— o
respectivelyg=p—p’, andu, Uy, are the baryon spinors. |imit:
We stress that only one overall form fact®(0) enterdthis _ _ ) )
follows from the identity 0" ys=(i/2)e*"**a,,], so that ~ (A(p’,s")[sI'b|Ap(p.S))=us[F1(q%) +dF2(q)1Tuy,,
the different helicities do not mix. (4)
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which involves only two universal form factors for any Dirac A(D' .5 sv bIAMD.S)=uV-(a2) v + Vo2
structurel. This yields, for example, fof =y, (A(P".S")Is7,b[Ap(p.))=UAlVA(@) 7, V2@
_ J— 2 2 +V3(q2)np,]uAb1 (8)
(A(p",s")[syublAp(p,s))=us{[F1(a%) —F2(a*)]y,

where at leading order, by comparison with E5),
F2F (o duy, (5 9 y comp E@

V1(9®)=F1(9*) —F2(a?),
wherev = p/mAb denotes the velocity of the heavy baryon. ' ' ?

Comparing Eq(3) with Eq. (4) for the dipole transition V,(G%)=2F,(q?),
and using the HQET relationb=b yields

V3(g?)=0. €)
my
F(0)=F4(0)+ HFZ(O)- (6) In HQET, additional nonperturbative form factors are intro-
b duced at order ir, [35], which lead to shifts in th&;. The

It is apparent from Eq(4) that the helicity of theA, is ~ use of LEET leads to relations among the new form factors

determined by the helicity of the heatyquark, and that the ~€ntering at order b, . Remarkably, they imply that neglect-
light degrees of freedom in thg,, are in a spin-0 state. This iNg radiative corrections, the leading-order relation

is what one would expect in the naive valence quark picture

of hadrons, or the diquark picture of baryons. However, in Va(E,my)/V1(E,mp) =2F5(E,mp)/F4(E,m)
general the correspondence between the helicity of the active m,

light quark and the helicity of the light baryon is broken by =—— (10
the ratioF,/F;.

LEET allows us to relate the two form factdfg andF;.  remains unchanged. An analogous result holds for the corre-
Contracting the 4-vectar,, with the matrix element over the

i A c sponding axial vector current form factors. We also find that
vectc;)r purretnlt glve? 'nquZS) fggﬁl‘:’mggﬁzo' v-N=1. " the infinite m, relation F(0)=F,(0)+O(m2/E2), see Eq.
e derive at fowest orderin Q (6), is modified so thaE(0)=F,(0)[ 1+ O(A/my)].

my The form-factor relations apply generally to aby-q
Fa(E,mp)/Fa(E,my)=— o2, (7)  mediated heavy-to-light baryon decay, whereu,d,s. Ex-
amples are\,— pl~ v, which is sensitive td/,,, rare A,
where the dependence on the expansion parameters has beem + X decays like the one under consideration, and their
made explicit. This is in concordance with the physical pic-Cabibbo-Kobayashi-MaskawéCKM) suppressed counter-
ture for heavy-to-lighB-meson decays recently obtained in harts A n+X, whereX=1y,I*1~,vv, etc. Note that the
Ref. [34]: The helicity of the active light quark is “inherited” fayor dependence of the ratie,/F; in Eq. (7) is small,
by the final hadron. Corrections to this are proportional tOgjnce the light baryon mass differences are small compared

light masses and are suppressed Wy. Me estimate their g m, . However, it indicates thaF,/F, decreases for
size to be less thamA/mAb~20%. Note that Eq(7) holds Iighterbfinal-state baryons

at lowest order in collinear-soft effective thed§a]. It is interesting to compare the LEET prediction in Ed).
Heavy quark relations like E¢f4) receive 1, correc-  \ith other determinations of the form-factor ratio. For the

tions, which are small near zero recqfl~qp,,, since there  ragdiative decay\,— Ay, with E=2.9 GeV, we obtain the
is little energy transfer to the light degrees of freedom. Neaf EET ratio

maximal recoil, one might think that the light degrees of

freedom could receive large excitations so that this is no F»(0)/F1(0)=—0.19. (11
longer the case. However, in tHe—oo limit, the LEET/

HQET effective theory is independent of the light hadronThis agrees well with a QCD sum-rule calculati¢hs],
energy.E, not just the heavy quark mass,. The LEET light ~ which gives F,(0)/F1(0)=—0.20+0.06. ForA,—p, we
quark field, in particular, only depends on a “residual” mo- obtainF,(0)/F(0)|,= —0.16, which is also consistent with

mentum of order\. The soft form-factor contribution domi- the QCD sum-rule resuft,(0)/F1(0)|,= —0.18+0.07[36].
nance assumption, which requires that production of the light FOr charmed baryons, there exists a CLEO measurement
hadron at lowg? is governed by the end-point region of its Of this ratio coming from semileptonit; — Ae” v, decays,
wave function, is used to justify the applicability of LEET/ (F2/F1)e*®= —0.25+0.14+0.08, where the flavor of the
HQET to heavy-to-light decays in this kinematical regime. ltdecaying heavy quark and an average over phase space are
implies that 1, , 1/E, and perturbativens corrections to indicated[37]. Although naively we do not expect LEET to
form-factor relations such as E¢}) remain small and well be applicable to charm decays since the maximal hadronic
defined. energy is not much larger than, , it is interesting to note

We briefly comment on the implications of LEET for that the LEET/HQET prediction(F,/F;)®Y=—0.44
1/m, corrections to heavy-to-light baryon form factors at agrees with the CLEO result in sign and size at theldvel.
large recoil. To facilitate the discussion, we introduce theNote that we have evaluated E@) at the average value of
general decomposition for the vector current g% (g%)=0.7 Ge\’
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TABLE |. Ranges of the rati¢r| =|C4/C,| that can be probed atd5 (3¢ in parenthesgshy measuring
the angular asymmetry 7 in A,— A y decays(left column for a given number oE’s. In the right column,
we combined measurements frod andA,,p and averaged oveZ P conjugate decays. For details, see Sec.
IIIA. At NLO, the left column corresponds to ranges |off| obtained fromA”. In the right column are
shown the corresponding ranges for the ratjpof CP even quantities, obtained from combined measure-
ments of.A” and Agp. See Sec. |V for details.

No. Z’s A7 A7, A, ,CP

2x10° 0.50<|r|<2.0 (0.34<|r|<2.9) 0.36<|r|<3.3 (0.23<|r|<4.4)
4x10° 0.38<|r|<2.6 (0.28<|r|<3.6) 0.25<|r|<4.0 (0.18<|r|<5.3)
10X 10° 0.29<|r|<3.5 (0.2k|r|<4.7) 0.18<|r|<5.2 (0.15<|r|<6.8)

The authors of Refi17] have used the same CLEO data Here,S ands are unit vectors parallel to the spins of the
on semileptonicA . decays together with Ed4) to obtain  and A in their respective rest frame€)g and Q. are their

F1(0)=0.22 (dipole) and F,(0)=0.45 (monopolg for A, g4l angle elements, is a unit vector pointing in the di-
decays. As indicated, this requires an assumption about tr}gction of theA momentum. and

g° dependence of the form factors in order to extrapolate
from charm to bottom decays, which leads to large theoreti-

cal uncertaintie$34]. However, the lattefmonopole value aG2|V,, V|2 m2 \3

.. . _ _ FlVtbVts 3 2 A 2
of F,(0) is in reasonable agreement wifh;(0)=0.50 lo=———F—mmy| 1- —- [F(0)|°. (13
+0.03, derived from QCD sum rulgd8]. Noting that to 32w A

leading order in HQET/LEETF(0)=F;(0), we choose

F(0)=0.50 to estimate the normalization of the decays un- ) 5 5 )

der investigation. We recall that the dependence on the formine total decay rate i§' =I'9|C;|*(1+|r|?), and our esti-

factor drops out in the angular asymmetry observables. ~ Mate for the branching fraction [40]
We briefly mention an interesting application of our re-

sults for heavy-to-light baryon form factors at large recoil. In

2 * |2 2
Ref.[38], to which we refer the reader for details, it has been B(Ab—>Ay)=l'23 ps( My ) V‘bvts‘ F(0)|
empirically observed that the position of the zero of the 7(Ap) 4.4 GeV| | 0.04] | 05|
dilepton forward-backward asymmetry i,—Al*1~ de- c. |2
cays parametrically has very little dependence on the form X ! J (1+|r])x7.9<107°.  (14)
factors. We argue that this is a consequence of LEET: cor- -03

rections to the universal zero in inclusibe-s|™|~ decays
are proportional '[o’nﬁ/E2 and m, /EF,/F,, which are of

higher order in LEET. Taking F(0)~0.5, as discussed in the previous section and

|C;|?+|C4|?~|C;sM? the SM branching fraction can be
expected to lie in the range (310)x 10 °,
Il ANGULAR ASYMMETRY IN  Ap—A 3 AND Note that there are long-distance effects due to intermedi-

NEW PHYSICS atecc states which can lead to small helicity-changing con-
tributions. A model-independenm ocp/m, expansion has

The ratior=C7/C; can be probed by looking at the an- been performed for both inclusivie— sy [41] and exclusive
gular distributions of the spin degrees of freedom with re-B—K* y decayq20], yielding contributions which are only
spect to the photorior A) momentum vector iM,— Ay  a few percent of the short-distance amplitudes. Resonance
decays. At theZ, both initial and final baryons will be polar- exchange models making use of photoproduction data to
ized. We therefore begin by giving the differential decayevaluate the charmonium couplings at the right kinematical
width with the dependence on both baryon spins includedpoint [25] are consistent with the i, expansion. A model
Using Eq.(3), we obtain the exact LO result, which is in calculation for A,— Ay decays[17] based on[25] again
agreement with the corresponding expression for baryowields contributions at the few percent level. Cabbibo-
— baryont-vector decays derived if89] in the limit of a  suppressed intern&V exchange has also been found to con-
massless transverse vector state tribute at the percent level to bota—K*y [21] and A}

— Ay decayqd17]. As the overall long-distance uncertainties
turn out to be well below the experimental sensitivity, see
Table I, they will be neglected in this work.

We now introduce our observable, the angular asymmetry
. L for polarizedA , baryons. We definés as the angle between
X(s-pa)]+(1=[r|)[S-pa—s-Pal}- S and p, . Starting from Eq.(12), it is straightforward to

(12)  obtain the forward-backward asymmeu%s,

dQs d
dI'(Ap—Ay)= F0|C7|2E

Q. , .
212 (S py)
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1
AgSE F

Jld 0 dI’ JO q 9 dI’
, 16030y cosfs J 1 cosUsy cosfs

_ L1 (15)
2 1+ r)?

The poIarizationPAb of A, baryons produced iZ decays

then gives us the angular asymmetry observallg,defined
(in the A, rest frame as the forward-backward asymmetry
of the photon momentum with respect to thg boost axis,

Pa, 1—r|?
2 14>

AV=—Py Ay = (16

Forr<1, as in the SM, small angles=0 are favored and

the photon is emitted back-to-back with respect to the spin of
the A,, or preferentially parallel to the boost axis since

PA,<0.
To make contact with experiment, we relate” to the

PHYSICAL REVIEW D 65 074038

o, —— I 18
A= = — S

ST

where we have noted the relation to the forward-backward
asymmetryAf,S (the analog ongS) for the angled between

the A spin vector aanJA. Our expression fow, differs
from Refs.[17,1§ by different functions of baryon masses
and from[19] by an overall sign. The variable, is deter-
mined by measuring the anglg, in the A rest frame be-
tween the proton momentum vector from the secondary de-
cay A—pm~ and the direction parallel tp, or opposite to
the A, momentum. The distribution for this angle is propor-
tional to (1+ @, @ cosé), wherea is the weak decay param-
eter for A—pm~ which has been measured to high preci-
sion, = 0.642+0.013[40]. Thus,a, can be related to the
observable forward-backward asymmetry in the arigle

al—|r|?

214

(19

average longitudinal momentum of the photon with respectt is apparent from Eqg16) and (19) that both observables

to the A, boost axis,(qf )=2/3E% A, where E}=(m}

—mi)/(ZmAb)=2.7 GeV is the photon energystarred

guantities are in thd , rest frame, unstarred quantities are in

the lab framé Finally, we arrive at an expression for the
average longitudinal momentugg); of the photon in the
lab frame with respect to the boost axis for a fixed bg®st

=| PAb|/EAb,

(aps=v(BE,H(af)=rE}(B+54,), (1D

which allows the extraction afl,, .

The sensitivity of.A” to new physics effects depends on
the magnitude of the\, polarization. In the heavy quark
limit, A,'s produced inZ decays pick up thé€longitudina)
polarization of theb quark, P,=—0.94 for sirf4,=0.23.

A” and Agp can only probdr|. In Sec. IV we show, how-

ever, that at NLO inxg we are sensitive to dire€@ P viola-

tion in the decay amplitudes, and measurements of the
CP-averaged and flavor-tagged observables contain informa-
tion beyond the magnitude of the coupling ratio.

Although data indicate that the—c vertex is predomi-
nantly left-handed43], the possibility exists that new phys-
ics could induce tree-leveV/+ A currents. In a SM-based
analysis ofb—clvy, mediated decays, a significant right-
handed admixture would yield an effectivig, polarization
that differs from its true value. We have assumed here so far
that this is not the case. This hypothesis can itself be tested at
a GigazZ facility by comparing the value d? Ay extracted

from different measurements. To be speciiomparison of
A7 and theA polarization observableél(,p provides an in-

dependent measurement of th&, polarization Pa,

Depolarization effects during the fragmentation process weré& @A’/ A . A discrepancy with the value @, measured

studied in Ref.[42]. Based on HQET and poorly known

in semileptonicA ,— Al v, X decays would indicate the pres-

nonperturbative parameters extracted from data, the averagace of nonstandard right-handeéd-c currents.

QET_

longitudinal A, polarization was estimated to U%ﬂb

Besides providing the above important consistency check,

—(0.69+0.06). We will instead use the central value of the W& show in the next section that combining the measure-

OPAL Collaboration's measurementP, =—0.56"07%3

+0.09[15], as an input in our analysis. The CERNe™
collider LEP measurements cﬁAb [14-14 are obtained

from the lepton spectra in semileptonig— A .l v, X decays,
assuming purely SMW/—A currents[13]. With a few times

ments of.A” and Agp has another advantage, namely a sig-
nificant increase in the statistical sensitivity|td.

A. Sensitivity of the observablesA ¥ and .A,,p to new physics

To illustrate the sensitivity of the angular asymmetty

10? more events at a GigaZ machine, the error should detg the ratio|r|, we take B(A,—Ay)=7.5X10"5, corre-
crease substantially. This issue certainly deserves furthejponding to approximately 2608,— Ay decays for 2

study.

X 10° Z bosons per year at A factory. We recall that the

Next we discuss the second “helicity” observable which |arge theoretical uncertainty in the rate drops outifi. To

follows from a spin analysis of the final baryon. Thepo-
larization variablea, is defined in the differential decay
width as[40] dT'/dQ¢x(1+ a,S-p,). Comparing with Eq.
(12), we find

estimate the number of fully reconstructed signal evétts,

IWe thank Su Dong for the reconstruction efficiency estimates.
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FIG. 1. (a) Relative statistical error ifr|=|C4/C-| as a function ofr| obtained from the angular asymmetdy” for 2x 10° (solid),
4x10° (long dashe)] and 13° (short-dashedZ bosons, corresponding to 760, 1520, and 3800 fully reconstrutted Ay decays,
respectively, given the efficiency estimates in the text Boll,— A y)=7.5x10"5. (b) Same aga) but with twice the statistics, obtained
by combining.A” andA(,p. At NLO, the figures give relative statistical errors|if"| as a function ofr®f|. (b) also gives the relative error
in the ratior ,, of CP-even quantities, obtained from eithdr” or Aap.

total efficiency to reconstruct — p#~ decays is taken to be servables are useful, yielding information on tG&-even
around 50%, which includes acceptance losses, tracking epart of an effective coupling ratio rather than .
ficiency, and the probability that th® sometimes travels too

far into the central tracking system to leave much of a track  IV. NLO CONSIDERATIONS AND CP VIOLATION

when it decays. In addition, the efficiency for photon recon- . . . .
struction is expected to be around 90%. Including the In this section, we estimate next-to-leading or@it.O)

branching ratio of3(A— pr) = 0.639+ 0.005[40], we ob- effects inA,— A y decays, where use is made of the corre-

tain approximatelyN= 760 fully reconstructed signal events sponding results for inclusivB— Xy decays5,6]. An im-

. ) s for back d subtraction. We f portant addition to the LO analysis is the sensitivityG®
Peryear, ignoring cuts for background subtraction. We Tury,;q 4tion atO(«yg). In the following sections, we give the
ther fix Pr,= —0.56, and do not take into account the ex-

matrix element for A,— Ay decays at NLO, discuss
perimental uncertainty from the boost. Ttebsolutg statis-  CP-violating effects, and work out the relations between the
tical error in A7 is 8A7=\1— A%/ {N. Our findings for coefficients appearing in the modified matrix element and the
the statistical sensitivity are displayed in Figallfor one, observables defined in Sec. lIl.

two, and five years of running at design luminosity of 2
x 10° Z’s corresponding to 760, 1520, and 3800 fully recon-

A. The A,— A y matrix element at O(a)
structed decays.

Comparing the expressions fot” and A, in Eqgs.(16) _ As already mentioned in Sec. Ill, helicity changing long-
d(19). itis cl hat f bl P d find distance effects are expected to alter e~ A y amplitude
and(19), it is clear that for comparable magnitudescoind 117 50 59 and therefore the angular asymmetry observables
PAb as indicated by HQET and LEP measurements, the staz v ang A, by at most a few percent. In the following, we
p

tistical sensitivities of the two observables|td are similar. ignore these effects, but will allow for contributions from
Furthermore, there should not be a significant additional un-

certainty inA,,p due to the extra boost from th, to A rest 1

frames, since these decays are fully reconstructed. In Fig.
1(b), we show the sensitivity obtained from combined mea- 0.8
surements ofd ¥ andAgp. Finally, by the time that the GigaZ '

will be in operation, we will already know from th# facto-
ries whether or not there is significant dir€eP violation in
b— sy mediated decays. In the limit of none or very little i
CP violation like in the SM, A" and Agp are CP-even or 0 of !

close to it. In this case, we can roughly quadruple the statis-
tical power by combining the measurementddfextracted
from A7 and. A, and averaging over th€P conjugate de-

P FIG. 2. Relative statistical error im|=|C3/C| as a function of

cays. This possibility is illustrated in Fig. 2. The ranges for )

. . r| extracted from the angular asymmetdy” for 2x 10° (solid),
|r| that can be probed would be substantially increased a}L 16° (long dashey] andg 10° (sr{ort-dge)dz bosons( Coc:le_
demonstrated in Table I. Here we show, for comparison, th%ponding t0 760, 1520, and 3800 fully reconstructeg A de-
50 ranges (3 in parenthesgsobtained from analyzingl ” ’ ’ 4

) . . - cays, respectively, obtained by combining the valuegrpfex-
alone, and those obtained by combining WApp andinclud-  ycted froma ¥ and.A, and averaging oveE P conjugate decays,

ing both theAy andCP conjugate depays. in the limit of no CP violation. At NLO, the figure gives the rela-
We return to the issue d€ P violation below, and show tive statistical error in the ratio,, of CP-even quantities, obtained
that even with sizeabl€P violation the CP-averaged ob- by combining.4? andAgp. See Sec. IV for details.
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hard gluon exchanges beyond leading order. Me+Ay  wherel',I’ denote the total decay rates fog— A y and the
amplitude can be parametrized in terms of effective coefficp conjugate mode, respectively. In general, @@ asym-

cientsD,D" as metry in b—s transitions is CKM-suppressed in scenarios
G which only contain the weak CKM phase of the Sk p
__F ~ IM[VEN o/ ViV, = ag(my) A2y, where and
AA s AvV)=— —VEV. (D(A A as(Mp) usVub/ VisVib s{Mp) A7, 7
(Ap=A) 20" o(D(A71Q7[Ap) are Wolfenstein parameters, and»~0.02. We estimate

aé*;,sO(l)% in the SMfrom calculations of the inclusive
B— X,y [46] or exclusiveB—K* y [44,47] rate asymme-
) ) tries and neglect such small CKM-induced effects below.
whe_re(Q7>,<Q§> are the leading-order matrix elements fol- However, newC P-violating contributions toQ!") or ng)
lowing from Eq.(3). To O(a), can give rise to sizable effects. In particular, it has been
shown thatC P-violating rate asymmetries of order 10% or
larger are possible for inclusii®@— Xsy decays in a variety
of new physics modelgt6], so that similarly large values for
(21) exclusive asymmetries can be expected. Experimentally, the
current best bound is given as:p(B—K*y)=-0.035

+D'(A%|Q7|Ap)), (20

a
D=C{P+ ;- (CPH+CPky+ CiPkg),

D'=C'®+ ﬁ(c,gl)+ C'Okg). +0.076+0.012[48], whereas inclusiv€ P asymmetries are
4 .
not very constrained yet 0.27<acp(B— Xsy)<+0.10 at
N _ 90% C.L.[49].
Here, the coefficientk; account for theO(as) matrix ele- Below, we will discuss the angular asymmetries beyond

ments of the operatorQ{”) and include CP-conserving leading order, allowing in general fa P-violating effects.
strong phases. As usuaQ,=(cy,Lb)(sy”Lc) is the We will see that by combining measurements of these ob-
current-current operator ar@y is the chromomagnetic di- servables with branching ratio measurements, for @
pole operator analog @(7'), see, e.g[1]. We have further conjugate decay modes, it will be possible to determine the
assumed that the flipped current-current opera@j CP-odd andCP-even components of both the SM and op-

— (cy,Rb)(5yR0) is of negligible strength and does not posite chirality contributions to tha,— Ay decay rate.
contribute to theag-corrected matrix element. The super-
scripts (0) and (1) denote LO and NLO contributions to the C. The observables at NLO
Wilson coefficients, respectively. In the CP-conserving limit, the angular asymmetry ob-
The coefficientsk; receive contributions from gluonic gepyaplesd” and.A, are CP-even, i.e..A”=A" and A4,
loops in theb—svy transition [5,6] as well as from hard R P
interactions with the spectator quarks. Studies for exclusivé .
B—K* y decays have shown thais corrections from dia- CP conjugateA, decays, respectively. However, the angular
grams involving spectator quarks are smaller than thosasymmetries of th€ P conjugate modes will in general dif-
without spectator interactiongt4,45. Thus, while an ex- fer at next-to-leading order and higher if there are new
plicit NLO calculation forA,— Ay decays would be desir- CP-violating contributions taQ!") or QY. We parametrize

able, existing calculations of thg for inclusiveb—sy de-  the angular asymmetry observables as
cays should provide an estimate of the dominant NLO effects

to the exclusive decay. Note that in E@1) we have ab- Pa, 1—|ref? a 1—|ref?
sorbed the “factorizable” vertex correction of the operators AV=~— > —1+| eﬁ|2, 6~ " 2 —1+| eﬁ|za
Q7,Qj into the form facto44,45,33. ' '

ng, where A and A are the observables for the, and

We will allow for weak C P-violating phases in the Wil- —if(2 —2 12 (23
. ) () - — Pa, 1—|ref — a 1—|re

son coefficients of the operato@s’ andQf” . The effective y—_ b= T =
coefficientsD and D’ for the CP conjugate decay\, 2 1+|ref|2 P 2 1+(ref?

A i in@(0). (1) (0)
_”.Xy are then obtained .by repIamr@h . Cg ", and where the effective ratios are defined as
their primed counterparts in E€R1) with their complex con-
Jugates. r=D'/D, T*'=D'/D. (24)

B. Direct CP violation Thus the flavor-specific angular asymmetry observables ac-

Direct C P-violating effects can arise @(a) from inter-  tually probe the effective ratids®"| and|r", rather than the
ference between the weak and strong phases in the dec#gtio of short-distance Wilson coefficient€;/C-[. It is
amplitudes, for example inducing a nonzero asymmetry irstraightforward to carry over the results obtained in Sec. IlI
the decay rates: for the experimental sensitivity tdr|: The ranges in

_ Irefl ([r") that can be probed by measuridg’ (A”) can
A, 1T 22 be read off from Fig. (a). Measurements afl, will give a

P r4r’ similar reach since we assumed tlﬁmb is of similar mag-
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nitude to theA decay parametes. The sensitivity that can

PHYSICAL REVIEW D 65074038

term on the left-hand side of E(RY) first enters at orded?

be expected by combining measurements of the two obsenand should be neglected in a NLO analysis.

ables is given approximately in Fig(H.

In the following, it is convenient to separa®(’)|? into
CP-even andC P-odd components, denoted Hy(”|?>* and
D)2~ respectively, such that

|D(I)|2:|D(/)|2++|D(/)|2*,
(25)
|5(/)|2:|D(/)|2+_|D(/)|27‘

At next-to-leading order we obtain
o
DJ** =[CP[2+ o~ (R CPICH]

+Rg COCO™* JRek, + R CIC* Reky),

o
D|*~ =2~ (Im[CPCP* Jimk,

+Im[COCO* JImkg), (26)

o
|Dr|2+=|cr(70)|2+ _;(Rd:C/gO)Crgl)*]
+Rg C'Pc’* JRekg),
o
D[ =5 —im[C’ T Jimkg.

Note that theCP-odd component$D |2~ and|D’|?>” arise

only at O(as). There are thre€CP-even observables: the
averages over the P conjugate modes of the branching ratio

and of the angular asymmetry observables, den@&gd

An important result following immediately from E@29)
is that theC P-averaged angular observabldg,, and

general determine the ratio @fP-even quantities

|D/|2+
|D|2+

(31)

lav=

at NLO via equations analogous to Eq&6) and (19), re-
spectively. Furthermore, the full statistical reach of a GigaZ
facility, as discussed in Sec. lll A, is available since both the
A, and A, decays are included i€ P-averaged quantities:
The sensitivity tor,, that could be obtained from measure-
ments of eitherd?, or AZ\; can be read off from Fig. (b),
whereas the sensitivity for a combined analysis is given in
Fig. 2, also see Table I. A nonzero measurememt,pfvould

be a clean signal for new physics with nonstandard chirality
structure, given that in the Sk,~mg/m; .

D. Estimates of NLO effects
Small measured values for tlP-violating rate asymme—
try, a cp’ would generally imply thatD|?~ and|D’|?",
therefored 7— A” andAH Aﬁp are small. This can be seen

explicitly from Egs. (28 and (30). Furthermore, if{D'|%~
=0, i.e., if the new physics contributions &), andCg have
a common weak phase, then

|D!|2+

A, and Aa", respectively. The three corresponding A7— A= —ZaCP N —————
b|D|2++|D |2+
CP-odd observables are the rate asymmeié@, and the (32)
angular asymmetry difference$?—.A4? and Agp Ay .
All four componentsD(")|?* and |D(")|2~ can in prin- B ID’[2*
glc?rlli be uniquely determined from experiment via the rela- Aap—Aap— —2aCP —|D|2*+|D o
Ba=m(Ap)To(|DI*" +[D'[?"), (2D
where the equalities hold up to and including terms of
\ ID|>+|D'|*" O(a?). Setting|D’|>~ =0 would be a good approximation if
C%:ﬂ: (28)  there were a single dominant new physics source, such as the
D= +[D] virtual exchange of a new heavy particle, contributing to
_ 5 ) both the magnetic and chromomagnetic dipole operators. In
A7 +als AT-AT % ID|**—|D'|?" 29 such models, an upper bound is obtained on the angL.ifar
av.Tep 2 2 D]+ D2t asymmetries, |A7— A7|<2|a Py, and |A A(;l
o <2|acp|a Barring large accidental cancellatlons data on
AY=AY Pa, |D|?"—|D'[2~ acp(B—Xgy) or acp(B—K*y) may serve here as a first
—_{_a‘é%A;’V: _ _b | | | | (30) CP( - SY) CP( - Y) y

2 |D|2++|D/|2+’

plus two equations involving thA polarization observables

Agp ande, obtained by substituting fod ” andP, , respec-

estimate, so roughliy4 V—AV|,|AHP—AHPISO(1O%), using
the experimental information given in Sec. IV B.

Finally, we ask by how much,, and |ré"| could differ
from the leading-order ratipC’{)/C{®|, which was the fo-

tively, in the last two equations above. Note that the secondus of the previous sections. At NLO order, we have
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|C’(7°)| . C’(71) C(71) e.g., the n_‘nir_wimal supersymrr_]etric sta_nd_ard mo(cm_es_s_l\/l)
Fav="=0o yp R =0 =0 be_yond_ minimal flavor V|olat|pn. St.at|st|cal senS|t|y|t|es tp
ICYl m cy G this ratio were worked out, including reconstruction effi-
'@ o) c ciency estimates. Our findings are compiled in Table | and in

+RekgR -8 _ T8 Rek,Re —| | I, three figures for the case of a proposed GigaZ fadiitg,29

C’(7°) C(7°) C(7°) with ~2x10° Z’s per year. Wide ranges &@,/C; are ac-

(33 cessible to experimental study of angular asymmetries in
Ap,— Ay decays, allowing a clear separation from the SM
prediction.

In addition to the search for nonstandard chiralities, one
can probe for nonstandaf@P phases iM\,— A y decays, if

|C,(70)| as

cO® ¢
|re‘°f|=ra\,+—|c(0)| E( mkg Im| — 8
7

~0)  ~1(0)
C(7) C/(Y)

co . .
ks 1l =2 a flavor-tagged analysis of angular asymmetries and branch-
2 (70) ing ratios is performed. In general, at NLO and allowing for

direct CP violation, four independent contributions enter the

p— Ay and CP conjugate decay widthsCP-even and

P-odd, each with SM and opposite chiralities. All four can,
in principle, be determined from such an analysis. An impor-
tant result is that theCP-averaged angular observables,
which have the greatest statistical reach, determine the rela-
tive strengths of theCP-even contributions with opposite

Me my and standard model chiralities, generalizing the leading-order
Rek,~ —4.09+ 12-7E<H —0-29) +tgp I w dependence of4/C,. A nonzero measurement of this ratio
b would provide a clean signal for new physics.

As discussed at the beginning of Sec. IVA, an estimate o
the O(«ag) matrix element can be obtained from inclusive
—svy decays keeping only the finite virtual corrections. The
exclusive coefficientk; can be roughly approximated by the
corresponding inclusive ong¢5—7], yielding

m. Parts of the analysis presented here, namely measure-
Imk,~ —0.45+ 5'1E<m__0'29)' ments of rates and th& decay polarization observable, in-
b cluding studies ofCP violation, do not require polarized
44 872 32 m, 87 Ap’s and can be carrle_d out at hadron collld_ers like the Teva-
Rekg~ A 3|n —, Imkg~ 5 tron and the LHC. It might also be worthwhile to explore the
)7

possibility of heavy baryon production with sufficient polar-
ization in a hadronic environment, e.g., with polarized
beams.

To estimate the total\,— Ay rate, we derived form-

wherey is the renormalization scale. Taki®}” in Eq. (33)
to be approximately equal to the SM value, and allowjing

to vary betweerm,/2 andm,, we find that theO(as) cor- ) : .
rections tor ,, or |r®"| induced by the matrix element @, factor relations for heavy-to-light baryon decays in the large

are of order 5-20 %. Shifts due to the matrix elements of"¢'9Y Iimit_. This allows us t(_) relate the form_ factors to
Qg, Q4 would be of order 1% iC4~C; andC,~C}, as in existing estimates der_lved using nonperturbatwe methods
the SM. However, in models with enhanced chromomagneti@d data. We emphasize that the relations we have worked
dipole operators the correction could again be of order 102Ut are useful for many other heavy-to-light decays at large
Therefore, although measurements of the observables asd§c0ll- In particular, we have shown that the zero of the
ciated withA,— Ay could give unambiguous evidence for dilepton forward-backward asymmetry i,—Al"1" de-

new physics with non-SM chirality, it will be difficult to €ays is independent of form factors to lowest order in the
obtain precision constraints on the underlying short-distancérge energy expansion. The form-factor relations are also
contributions to the dipole operators in the absence of a firstiecessary for predicting the proton angular asymmetry in
principles calculation of the coefficienks in exclusiveA,  polarized A,— plv, decays, which provides an important

— Ay decays. test of theV — A structure of theb—u charged current at a
GigaZ facility.
V. CONCLUSIONS AND OUTLOOK We stress the importance of a precise measurement of the

. - A, polarization from semileptonic\b—>AcI7,X decays at
We have studied the radiative decay—Ay as a probe o o7 5 significant improvement on the LEP measure-
of new physics. A novel observable was proposed which

o ments will be required. Comparison with the polarization
makes use of the polarization af, baryons produced at the . :
Z: the angular asymmetry of the photon momentum Withextractgd from the angular asymmetriesig— A y provides
respect to the\, boost axis. We have also considered the? consistency check of th¥—A structure of thep—>c
angular asymmetry associated with the secondary detays charged current. The latter should also be tes@ble via angular
—pm . The two observables are sensitive to the r@§¢C, ~ asymmetries in exclusivAp,— (A.— A% )l v decays.
of opposite chirality to standard model chiralty—sy Wil- It is promising to extend the study presented here to the
son coefficients. In the standard model, this ratio is only asemileptonic decayd,— Al "1~ and A,— A vv, with stan-
few percent but can be sizeable in many of its extensiongjard model branching ratios in the interesting range of
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