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Probing for new physics in polarizedLb decays at theZ pole
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PolarizedLb→Lg 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 between theLb spin and photon
momentum, which is sensitive to the relative strengths of the opposite chirality and standard model chirality
b→sg dipole operators. Comparison with theL decay polarization asymmetry and with theLb polarization
extracted from semileptonic decays allows important tests of theV2A structure of the standard model. The
modifications of the rates and angular asymmetries which arise at next-to-leading order are discussed. The
measurements forLb→Lg and theCP conjugate mode, with branching ratios of a few times 1025, are shown
to be sensitive to nonstandard sources ofCP violation in theLb→Lg 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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I. INTRODUCTION

Flavor-changing neutral current~FCNC! b decays provide
important tests of the standard model~SM! at the quantum
level and, at the same time, place severe constraints on
physics extensions. In this paper, we investigate the poss
ity of searching for new physics in radiative FCNC deca
induced byb→sg transitions. The relevant low-energy e
fective Hamiltonian at leading order~LO! in as is given by
@1#

Heff52
GF

A2
Vts* Vtb@C7Q71C78Q78#, ~1!

with the electromagnetic dipole operatorsQ7 ,Q78 written as

Q75
e

8p2
mbs̄smnRbFmn, Q785

e

8p2
mbs̄smnLbFmn.

~2!

Here L[12g5 and R[11g5 are proportional to the left-
and right-handed projectors. The renormalization scale
pendence of the Wilson coefficientsCi and operator matrix
elements is understood. In the SM, the contribution toQ78 is
suppressed with respect to the one toQ7 by the small mass
insertion along the externals-quark line and is usually ne
glected, i.e.,C7SM8 5ms /mbC7SM. However, in many exten
sions of the SM, new contributions toC78 are not necessarily
suppressed and can be comparable toC7SM since the requi-
site helicity-flip is along a massive fermion propagator ins
the loop. Examples are left-right symmetric models, sup
symmetric models with large left-right squark flavor mixin
and models containing new vectorlike quarks.

The branching fraction for inclusiveB→Xsg decays has
been measured@2–4# and is consistent with the SM predic
tion, e.g.,@5–8#. The measurement constrains the combi
tion B(B→Xsg)}uC7u21uC78u

2.uC7SMu2, which is a circle
0556-2821/2002/65~7!/074038~11!/$20.00 65 0740
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in the C7-C78 plane. Thus, complementary data are need
for a model-independent determination ofC7 and C78 sepa-
rately. One suggestion has been to probe the photon hel
via the mixing inducedCP asymmetry in neutralB(d,s)

→Mg decays, whereM5v,r,K* ,f @9#. Other methods
have aimed at analyzing the angular distribution of the s
sequent decay products. These include correlation studie
the dilepton modeB→K* (→Kp)g* (→ l 1l 2) in the low
dilepton mass region@10,11#, and radiativeB decays into
excited kaons yieldingKpp0g final states@12#.

We propose here to probe the ratioC78/C7 in polarized
Lb→Lg decays by measuring the angular asymmetry
tween theLb spin and the momentum of the photon~or L).
The longitudinal polarization ofLb baryons produced inZ
decays has been measured in semileptonicLb→Lcln lX de-
cays and is found to retain a sizable fraction of the par
b-quark polarization@13–16#. In addition to the angular
asymmetry, which explicitly makes use of the polarizati
feature of theLb baryons, a second ‘‘helicity’’ observabl
can be used to probe the quark chiralities: theL polarization
variable associated with the secondary decaysL→pp2, first
proposed in@17# for unpolarizedLb→Lg decays. Because
these two observables are independent, as we will show,
measurements allow consistency checks and their comb
analysis greatly increases the new physics reach. We rede
the L decay polarization asymmetry and find an express
which differs from previous ones obtained in the literatu
@17–19#.

From a general Lorenz decomposition it follows that on
a single overall hadronic form factorF(0) enters theLb
→Lg amplitude, and therefore it cancels in the forwar
backward asymmetries. Based on studies ofLb→Lg @17#
andB→K* g decays@20–25#, corrections of at most a few
percent can be expected from long-distance interactions
there is very little hadronic uncertainty in the SM predictio
for the helicity observables.
©2002 The American Physical Society38-1
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Heavy quark effective theory~HQET! spin symmetry ar-
guments applied to heavy-to-light baryon form facto
@17,26# relate the overall form factorF(0) entering theLb
→Lg matrix element to two universal form factorsF1(0)
and F2(0). Consistent estimates forF1(0) have been ob-
tained from data on semileptonicLc decays@17# and from
QCD sum rules@18#. We find that a new application of larg
energy effective theory~LEET! @27# to heavy-to-light baryon
form factors fixes the ratioF2(0)/F1(0), which allows us to
use the information onF1(0) to estimateF(0) and therefore
the totalLb→Lg rate.

At next-to-leading order~NLO! in as , direct CP viola-
tion can be probed inb→sg mediated decays. We estima
the dominant NLO effects in theLb→Lg matrix element
and allow for nonstandardCP violation in contributions to
both the SM and opposite chirality dipole operators. Ra
and helicity observables for the untagged (CP-averaged! and
flavor tagged cases are worked out. Experimental discr
nation between theCP conjugate decays is easy becau
they are self-tagging.

It should be stressed that while other proposals for pr
ing the ratioC78/C7 @9–12,17# can be carried out at upgrade
e1e2 B factories or at hadron colliders, the angular asy
metry observable using initial-state polarization is unique
a high luminositye1e2 machine running at theZ pole. Pro-
posals exist for a so-called GigaZ option with 23109Z
bosons per year@28,29#, corresponding to approximatel
3.53107 b-flavored baryon decays. For recent discussion
the b-physics potential at aZ factory, see@30#. With a
branching fraction estimateB(Lb→Lg).7.531025, we
expect approximately 2600 exclusiveLb→Lg decays per
year.

This paper is organized as follows. In Sec. II, we discu
form-factor relations forLb→L transitions following from
HQET/LEET. In Sec. III, we define the two angular asym
metry observables forLb→Lg and study their sensitivities
separately and combined, to the ratioC78/C7. Section IV is
devoted to a discussion of next-to-leading order effects
cluding CP violation. In Sec. V, we conclude and give
brief outlook on further opportunities inb physics at hadron
colliders and at the GigaZ.

II. FORM-FACTOR PRELIMINARIES

The most general decomposition ofLb→L matrix ele-
ments for the dipole transition into an on-shell photon
given by

^L~p8,s8!us̄smn~16g5!qnbuLb~p,s!&

5F~0!ūLsmn~16g5!qnuLb
, ~3!

where p(8) and s(8) denote the baryon momenta and spin
respectively,q5p2p8, anduL ,uLb

are the baryon spinors

We stress that only one overall form factorF(0) enters@this
follows from the identitysmng55( i /2)emnrssrs#, so that
the different helicities do not mix.
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In the following, we work out form-factor relations fo
heavy-to-light baryon decays which follow from certain lim
its. This provides a realization of the physical picture of h
licity conservation, and allows us to estimateF(0) and there-
fore the totalLb→Lg rate in terms of existing form-facto
calculations and measurements.

A. The large energy and heavy quark limits

In the decays under consideration a baryon containin
heavy quark decays into a light baryon with smallq2!mLb

2 .

In these heavy-to-light decays the energyE of the light
baryonE5(mLb

2 1mL
2 2q2)/2mLb

in the parent baryon’s res

frame is large compared to the strong interaction scale
the light quark or baryon masses. This is precisely the ki
matical situation for which one can consider the large ene
effective theory@27#, originally introduced in Ref.@31#. It
arises from a systematic 1/E expansion of the QCD Lagrang
ian of the final active light quark. Neglecting hard intera
tions with the spectators and other soft degrees of freed
the momenta of the final active quark,pquark8 , and the final
hadron,p8, are equal modulo a small residual momentumk
.LQCD: pquarkm8 5Enm1km , where n[p8/E. At leading
order in LEET,n is lightlike (n250), i.e., terms of order
mL

2 /E2 are neglected, and the final LEET quark is on-sh
with n”s50. For details, we refer the reader to@27#.

The assumption of soft contribution dominance in LEE
is consistent with an HQET description of the initial deca
ing b quark. Symmetries which arise in the combined LEE
HQET limit imply relations among form factors for heavy
to-light decays. They will receive corrections at order 1/mb ,
1/E, andas . For B-meson decays into a light pseudosca
or vector meson, the leading-order form-factor relations h
been worked out in@27#. PerturbativeO(as) vertex and hard
scattering corrections have been found to typically lie bel
the 10% level@32#. The soft parts of the form-factor rela
tions, found in@27#, have been confirmed in ‘‘collinear-soft
effective theory@33#.

The as(AmbLQCD) suppression of hard scattering form
factor contributions in heavy-to-lightB-meson decays@32#
supports the starting assumption of soft dominance and
applicability of HQET in this regime. We will assume tha
this suppression also holds for heavy-to-lightb-baryon de-
cays so that a perturbative expansion in 1/mb , 1/E, andas is
again sensible. A rigorous treatment of higher-order corr
tions to heavy-to-light baryon form factors is beyond t
scope of this paper and is left for future work. We wi
however, briefly comment on 1/mb corrections below.

B. LEET ÕHQET form-factor relations

Heavy quark spin symmetry implies the following param
etrization of hadronic matrix elements@26# in the mb→`
limit:

^L~p8,s8!us̄GbuLb~p,s!&5ūL@F1~q2!1v”F2~q2!#GuLb
,
~4!
8-2
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PROBING FOR NEW PHYSICS IN POLARIZEDLb DECAYS . . . PHYSICAL REVIEW D 65 074038
which involves only two universal form factors for any Dira
structureG. This yields, for example, forG5gm,

^L~p8,s8!us̄gmbuLb~p,s!&5ūL$@F1~q2!2F2~q2!#gm

12F2~q2!vm%uLb
, ~5!

wherev5p/mLb
denotes the velocity of the heavy baryon

Comparing Eq.~3! with Eq. ~4! for the dipole transition
and using the HQET relationv”b5b yields

F~0!5F1~0!1
mL

mLb

F2~0!. ~6!

It is apparent from Eq.~4! that the helicity of theLb is
determined by the helicity of the heavyb quark, and that the
light degrees of freedom in theLb are in a spin-0 state. Thi
is what one would expect in the naive valence quark pict
of hadrons, or the diquark picture of baryons. However,
general the correspondence between the helicity of the ac
light quark and the helicity of the light baryon is broken b
the ratioF2 /F1.

LEET allows us to relate the two form factorsF1 andF2.
Contracting the 4-vectornm with the matrix element over the
vector current given in Eq.~5! and usingn”s50, v•n51,
we derive at lowest order in LEET/HQET

F2~E,mb!/F1~E,mb!52
mL

2E
, ~7!

where the dependence on the expansion parameters has
made explicit. This is in concordance with the physical p
ture for heavy-to-lightB-meson decays recently obtained
Ref. @34#: The helicity of the active light quark is ‘‘inherited’
by the final hadron. Corrections to this are proportional
light masses and are suppressed by 1/E. We estimate their
size to be less thanmL /mLb

;20%. Note that Eq.~7! holds
at lowest order in collinear-soft effective theory@33#.

Heavy quark relations like Eq.~4! receive 1/mb correc-
tions, which are small near zero recoilq2'qmax

2 since there
is little energy transfer to the light degrees of freedom. N
maximal recoil, one might think that the light degrees
freedom could receive large excitations so that this is
longer the case. However, in theE→` limit, the LEET/
HQET effective theory is independent of the light hadr
energy,E, not just the heavy quark massmb . The LEET light
quark field, in particular, only depends on a ‘‘residual’’ m
mentum of orderL̄. The soft form-factor contribution domi
nance assumption, which requires that production of the l
hadron at lowq2 is governed by the end-point region of i
wave function, is used to justify the applicability of LEET
HQET to heavy-to-light decays in this kinematical regime
implies that 1/mb , 1/E, and perturbativeas corrections to
form-factor relations such as Eq.~4! remain small and well
defined.

We briefly comment on the implications of LEET fo
1/mb corrections to heavy-to-light baryon form factors
large recoil. To facilitate the discussion, we introduce
general decomposition for the vector current
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^L~p8,s8!us̄gmbuLb~p,s!&5ūL@V1~q2!gm1V2~q2!vm

1V3~q2!nm#uLb
, ~8!

where at leading order, by comparison with Eq.~5!,

V1~q2!5F1~q2!2F2~q2!,

V2~q2!52F2~q2!,

V3~q2!50. ~9!

In HQET, additional nonperturbative form factors are intr
duced at order 1/mb @35#, which lead to shifts in theVi . The
use of LEET leads to relations among the new form fact
entering at order 1/mb . Remarkably, they imply that neglec
ing radiative corrections, the leading-order relation

V2~E,mb!/V1~E,mb!52F2~E,mb!/F1~E,mb!

52
mL

E
, ~10!

remains unchanged. An analogous result holds for the co
sponding axial vector current form factors. We also find th
the infinite mb relation F(0)5F1(0)1O(mL

2 /E2), see Eq.

~6!, is modified so thatF(0)5F1(0)@11O(L̄/mb)#.
The form-factor relations apply generally to anyb→q

mediated heavy-to-light baryon decay, whereq5u,d,s. Ex-
amples areLb→pl2n̄ l , which is sensitive toVub , rareLb
→L1X decays like the one under consideration, and th
Cabibbo-Kobayashi-Maskawa~CKM! suppressed counter
parts Lb→n1X, whereX5g,l 1l 2,nn̄, etc. Note that the
flavor dependence of the ratioF2 /F1 in Eq. ~7! is small,
since the light baryon mass differences are small compa
to mLb

. However, it indicates thatF2 /F1 decreases for
lighter final-state baryons.

It is interesting to compare the LEET prediction in Eq.~7!
with other determinations of the form-factor ratio. For th
radiative decayLb→Lg, with E52.9 GeV, we obtain the
LEET ratio

F2~0!/F1~0!520.19. ~11!

This agrees well with a QCD sum-rule calculation@18#,
which gives F2(0)/F1(0)520.2060.06. For Lb→p, we
obtainF2(0)/F1(0)up520.16, which is also consistent wit
the QCD sum-rule resultF2(0)/F1(0)up520.1860.07@36#.

For charmed baryons, there exists a CLEO measurem
of this ratio coming from semileptonicLc

1→Le1ne decays,
^F2 /F1&c

data520.2560.1460.08, where the flavor of the
decaying heavy quark and an average over phase spac
indicated@37#. Although naively we do not expect LEET t
be applicable to charm decays since the maximal hadro
energy is not much larger thanmL , it is interesting to note
that the LEET/HQET prediction^F2 /F1&c

theory520.44
agrees with the CLEO result in sign and size at the 1s level.
Note that we have evaluated Eq.~7! at the average value o
q2, ^q2&50.7 GeV2.
8-3
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TABLE I. Ranges of the ratiour u5uC78/C7u that can be probed at 5s (3s in parentheses! by measuring
the angular asymmetryA g in Lb→Lg decays~left column! for a given number ofZ’s. In the right column,
we combined measurements fromA g andAup

and averaged overCP conjugate decays. For details, see S
III A. At NLO, the left column corresponds to ranges ofur effu obtained fromA g. In the right column are
shown the corresponding ranges for the ratior av of CP even quantities, obtained from combined measu
ments ofA g andAup

. See Sec. IV for details.

No. Z’s A g A g,Aup
,CP

23109 0.50<ur u,2.0 (0.34<ur u,2.9) 0.30<ur u,3.3 (0.23<ur u,4.4)
43109 0.38<ur u,2.6 (0.28<ur u,3.6) 0.25<ur u,4.0 (0.19<ur u,5.3)
103109 0.29<ur u,3.5 (0.21<ur u,4.7) 0.19<ur u,5.2 (0.15<ur u,6.8)
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The authors of Ref.@17# have used the same CLEO da
on semileptonicLc decays together with Eq.~4! to obtain
F1(0)50.22 ~dipole! and F1(0)50.45 ~monopole! for Lb
decays. As indicated, this requires an assumption abou
q2 dependence of the form factors in order to extrapol
from charm to bottom decays, which leads to large theor
cal uncertainties@34#. However, the latter~monopole! value
of F1(0) is in reasonable agreement withF1(0)50.50
60.03, derived from QCD sum rules@18#. Noting that to
leading order in HQET/LEETF(0)5F1(0), we choose
F(0)50.50 to estimate the normalization of the decays
der investigation. We recall that the dependence on the f
factor drops out in the angular asymmetry observables.

We briefly mention an interesting application of our r
sults for heavy-to-light baryon form factors at large recoil.
Ref. @38#, to which we refer the reader for details, it has be
empirically observed that the position of the zero of t
dilepton forward-backward asymmetry inLb→L l 1l 2 de-
cays parametrically has very little dependence on the fo
factors. We argue that this is a consequence of LEET:
rections to the universal zero in inclusiveb→sl1l 2 decays
are proportional tomL

2 /E2 and mL /EF2 /F1, which are of
higher order in LEET.

III. ANGULAR ASYMMETRY IN Lb\Lg AND
NEW PHYSICS

The ratior[C78/C7 can be probed by looking at the an
gular distributions of the spin degrees of freedom with
spect to the photon~or L) momentum vector inLb→Lg
decays. At theZ, both initial and final baryons will be polar
ized. We therefore begin by giving the differential dec
width with the dependence on both baryon spins includ
Using Eq. ~3!, we obtain the exact LO result, which is i
agreement with the corresponding expression for bar
→baryon1vector decays derived in@39# in the limit of a
massless transverse vector state

dG~Lb→Lg!5G0uC7u2
dVS

4p

dVs

4p
$~11ur u2!@12~SW • p̂L!

3~sW• p̂L!#1~12ur u2!@SW • p̂L2sW• p̂L#%.
~12!
07403
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Here,SW andsW are unit vectors parallel to the spins of theLb
and L in their respective rest frames,VS and Vs are their
solid angle elements,p̂L is a unit vector pointing in the di-
rection of theL momentum, and

G0[
aGF

2 uVtbVts* u2

32p4
mLb

3 mb
2S 12

mL
2

mLb

2 D 3

uF~0!u2. ~13!

The total decay rate isG5G0uC7u2(11ur u2), and our esti-
mate for the branching fraction is@40#

B~Lb→Lg!5
1.23 ps

t~Lb! S mb

4.4 GeVD
2UVtbVts*

0.04
U2UF~0!

0.5 U2

3U C7

20.31U
2

~11ur u2!37.931025. ~14!

Taking F(0)'0.5, as discussed in the previous section a
uC7u21uC78u

2'uC7SMu2, the SM branching fraction can b
expected to lie in the range (3210)31025.

Note that there are long-distance effects due to interm
atecc̄ states which can lead to small helicity-changing co
tributions. A model-independentLQCD/mc expansion has
been performed for both inclusiveb→sg @41# and exclusive
B→K* g decays@20#, yielding contributions which are only
a few percent of the short-distance amplitudes. Resona
exchange models making use of photoproduction data
evaluate the charmonium couplings at the right kinemat
point @25# are consistent with the 1/mc expansion. A model
calculation for Lb→Lg decays@17# based on@25# again
yields contributions at the few percent level. Cabbib
suppressed internalW exchange has also been found to co
tribute at the percent level to bothB→K* g @21# and Lb
→Lg decays@17#. As the overall long-distance uncertaintie
turn out to be well below the experimental sensitivity, s
Table I, they will be neglected in this work.

We now introduce our observable, the angular asymme
for polarizedLb baryons. We defineuS as the angle betwee
SW and p̂L . Starting from Eq.~12!, it is straightforward to
obtain the forward-backward asymmetryAuS

,

8-4
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AuS
[

1

G S E
0

1

d cosuS

dG

d cosuS
2E

21

0

d cosuS

dG

d cosuS
D

5
1

2

12ur u2

11ur u2
. ~15!

The polarizationPLb
of Lb baryons produced inZ decays

then gives us the angular asymmetry observable,A g, defined
~in the Lb rest frame! as the forward-backward asymmet
of the photon momentum with respect to theLb boost axis,

A g[2PLb
AuS

52
PLb

2

12ur u2

11ur u2
. ~16!

For r !1, as in the SM, small anglesuS.0 are favored and
the photon is emitted back-to-back with respect to the spin
the Lb , or preferentially parallel to the boost axis sin
PLb

,0.

To make contact with experiment, we relateA g to the
average longitudinal momentum of the photon with resp
to the Lb boost axis,^qi* &52/3Eg* Ag , where Eg* 5(mLb

2

2mL
2 )/(2mLb

)52.7 GeV is the photon energy~starred

quantities are in theLb rest frame, unstarred quantities are
the lab frame!. Finally, we arrive at an expression for th
average longitudinal momentum̂qi&b of the photon in the
lab frame with respect to the boost axis for a fixed boosb

5upW Lb
u/ELb

,

^qi&b5g~bEg* 1^qi* &!5gEg* ~b1 2
3 Ag!, ~17!

which allows the extraction ofAg .
The sensitivity ofA g to new physics effects depends o

the magnitude of theLb polarization. In the heavy quar
limit, Lb’s produced inZ decays pick up the~longitudinal!
polarization of theb quark, Pb520.94 for sin2uW50.23.
Depolarization effects during the fragmentation process w
studied in Ref.@42#. Based on HQET and poorly know
nonperturbative parameters extracted from data, the ave
longitudinal Lb polarization was estimated to bePLb

HQET5

2(0.6960.06). We will instead use the central value of t
OPAL Collaboration’s measurement,PLb

520.5620.13
10.20

60.09 @15#, as an input in our analysis. The CERNe1e2

collider LEP measurements ofPLb
@14–16# are obtained

from the lepton spectra in semileptonicLb→Lcln lX decays,
assuming purely SMV2A currents@13#. With a few times
102 more events at a GigaZ machine, the error should
crease substantially. This issue certainly deserves fur
study.

Next we discuss the second ‘‘helicity’’ observable whi
follows from a spin analysis of the final baryon. TheL po-
larization variableaL is defined in the differential deca
width as@40# dG/dVs}(11aLsW• p̂L). Comparing with Eq.
~12!, we find
07403
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aL52Aus
52

12ur u2

11ur u2
, ~18!

where we have noted the relation to the forward-backw
asymmetryAus

~the analog ofAuS
) for the angleus between

the L spin vector andp̂L . Our expression foraL differs
from Refs.@17,18# by different functions of baryon masse
and from@19# by an overall sign. The variableaL is deter-
mined by measuring the angleup in the L rest frame be-
tween the proton momentum vector from the secondary
cay L→pp2 and the direction parallel top̂L or opposite to
the Lb momentum. The distribution for this angle is propo
tional to (11aLa cosup), wherea is the weak decay param
eter for L→pp2 which has been measured to high pre
sion, a50.64260.013 @40#. Thus,aL can be related to the
observable forward-backward asymmetry in the angleup ,

Aup
5

1

2
aLa52

a

2

12ur u2

11ur u2
. ~19!

It is apparent from Eqs.~16! and ~19! that both observables
A g andAup

can only probeur u. In Sec. IV we show, how-

ever, that at NLO inas we are sensitive to directCP viola-
tion in the decay amplitudes, and measurements of
CP-averaged and flavor-tagged observables contain infor
tion beyond the magnitude of the coupling ratio.

Although data indicate that theb→c vertex is predomi-
nantly left-handed@43#, the possibility exists that new phys
ics could induce tree-levelV1A currents. In a SM-based
analysis ofb→cln l mediated decays, a significant righ
handed admixture would yield an effectiveLb polarization
that differs from its true value. We have assumed here so
that this is not the case. This hypothesis can itself be teste
a GigaZ facility by comparing the value ofPLb

extracted
from different measurements. To be specific,comparison of
A g and theL polarization observableAup

provides an in-

dependent measurement of theLb polarization, PLb

5aA g/Aup
. A discrepancy with the value ofPLb

measured

in semileptonicLb→Lcln lX decays would indicate the pres
ence of nonstandard right-handedb→c currents.

Besides providing the above important consistency che
we show in the next section that combining the measu
ments ofA g andAup

has another advantage, namely a s

nificant increase in the statistical sensitivity tour u.

A. Sensitivity of the observablesA g andAup
to new physics

To illustrate the sensitivity of the angular asymmetryA g

to the ratio ur u, we take B(Lb→Lg)57.531025, corre-
sponding to approximately 2600Lb→Lg decays for 2
3109 Z bosons per year at aZ factory. We recall that the
large theoretical uncertainty in the rate drops out inA g. To
estimate the number of fully reconstructed signal events,1 the

1We thank Su Dong for the reconstruction efficiency estimate
8-5
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FIG. 1. ~a! Relative statistical error inur u5uC78/C7u as a function ofur u obtained from the angular asymmetryA g for 23109 ~solid!,
43109 ~long dashed!, and 1010 ~short-dashed! Z bosons, corresponding to 760, 1520, and 3800 fully reconstructedLb→Lg decays,
respectively, given the efficiency estimates in the text andB(Lb→Lg)57.531025. ~b! Same as~a! but with twice the statistics, obtaine
by combiningA g andAup

. At NLO, the figures give relative statistical errors inur effu as a function ofur effu. ~b! also gives the relative erro
in the ratior av of CP-even quantities, obtained from eitherA g or Aup
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total efficiency to reconstructL→pp2 decays is taken to be
around 50%, which includes acceptance losses, tracking
ficiency, and the probability that theL sometimes travels too
far into the central tracking system to leave much of a tra
when it decays. In addition, the efficiency for photon reco
struction is expected to be around 90%. Including
branching ratio ofB(L→pp2)50.63960.005@40#, we ob-
tain approximatelyN5760 fully reconstructed signal even
per year, ignoring cuts for background subtraction. We f
ther fix PLb

520.56, and do not take into account the e

perimental uncertainty from the boost. The~absolute! statis-
tical error in A g is dA g5A12A g2/AN. Our findings for
the statistical sensitivity are displayed in Fig. 1~a! for one,
two, and five years of running at design luminosity of
3109 Z’s corresponding to 760, 1520, and 3800 fully reco
structed decays.

Comparing the expressions forA g andAup
in Eqs. ~16!

and~19!, it is clear that for comparable magnitudes ofa and
PLb

as indicated by HQET and LEP measurements, the

tistical sensitivities of the two observables tour u are similar.
Furthermore, there should not be a significant additional
certainty inAup

due to the extra boost from theLb to L rest
frames, since these decays are fully reconstructed. In
1~b!, we show the sensitivity obtained from combined me
surements ofA g andAup

. Finally, by the time that the GigaZ
will be in operation, we will already know from theB facto-
ries whether or not there is significant directCP violation in
b→sg mediated decays. In the limit of none or very litt
CP violation like in the SM,A g and Aup

are CP-even or
close to it. In this case, we can roughly quadruple the sta
tical power by combining the measurements ofur u extracted
from A g andAup

and averaging over theCP conjugate de-
cays. This possibility is illustrated in Fig. 2. The ranges
ur u that can be probed would be substantially increased
demonstrated in Table I. Here we show, for comparison,
5s ranges (3s in parentheses! obtained from analyzingA g

alone, and those obtained by combining withAup
and includ-

ing both theLb andCP conjugate decays.
We return to the issue ofCP violation below, and show

that even with sizeableCP violation theCP-averaged ob-
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servables are useful, yielding information on theCP-even
part of an effective coupling ratio rather than onur u.

IV. NLO CONSIDERATIONS AND CP VIOLATION

In this section, we estimate next-to-leading order~NLO!
effects inLb→Lg decays, where use is made of the cor
sponding results for inclusiveB→Xsg decays@5,6#. An im-
portant addition to the LO analysis is the sensitivity toCP
violation at O(as). In the following sections, we give the
matrix element for Lb→Lg decays at NLO, discuss
CP-violating effects, and work out the relations between t
coefficients appearing in the modified matrix element and
observables defined in Sec. III.

A. The Lb\Lg matrix element at O„as…

As already mentioned in Sec. III, helicity changing lon
distance effects are expected to alter theLb→Lg amplitude
@17,20,21# and therefore the angular asymmetry observab
A g andAup

by at most a few percent. In the following, w
ignore these effects, but will allow for contributions from

FIG. 2. Relative statistical error inur u5uC78/C7u as a function of
ur u extracted from the angular asymmetryA g for 23109 ~solid!,
43109 ~long dashed!, and 1010 ~short-dashed! Z bosons, corre-
sponding to 760, 1520, and 3800 fully reconstructedLb→Lg de-
cays, respectively, obtained by combining the values ofur u ex-
tracted fromA g andAup

and averaging overCP conjugate decays
in the limit of no CP violation. At NLO, the figure gives the rela
tive statistical error in the ratior av of CP-even quantities, obtained
by combiningA g andAup

. See Sec. IV for details.
8-6
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hard gluon exchanges beyond leading order. TheLb→Lg
amplitude can be parametrized in terms of effective coe
cientsD,D8 as

A~Lb→Lg!52
GF

A2
Vts* Vtb~D^LguQ7uLb&

1D8^LguQ78uLb&!, ~20!

where^Q7&,^Q78& are the leading-order matrix elements fo
lowing from Eq.~3!. To O(as),

D5C7
(0)1

as

4p
~C7

(1)1C2
(0)k21C8

(0)k8!,

~21!

D85C87
(0)1

as

4p
~C87

(1)1C88
(0)k8!.

Here, the coefficientski account for theO(as) matrix ele-
ments of the operatorsQi

(8) and includeCP-conserving

strong phases. As usual,Q25( c̄gmLb)( s̄gmLc) is the
current-current operator andQ8

(8) is the chromomagnetic di
pole operator analog ofQ7

(8) , see, e.g.,@1#. We have further
assumed that the flipped current-current operatorO28

5( c̄gmRb)( s̄gmRc) is of negligible strength and does n
contribute to theas-corrected matrix element. The supe
scripts (0) and (1) denote LO and NLO contributions to t
Wilson coefficients, respectively.

The coefficientski receive contributions from gluonic
loops in theb→sg transition @5,6# as well as from hard
interactions with the spectator quarks. Studies for exclus
B→K* g decays have shown thatas corrections from dia-
grams involving spectator quarks are smaller than th
without spectator interactions@44,45#. Thus, while an ex-
plicit NLO calculation forLb→Lg decays would be desir
able, existing calculations of theki for inclusiveb→sg de-
cays should provide an estimate of the dominant NLO effe
to the exclusive decay. Note that in Eq.~21! we have ab-
sorbed the ‘‘factorizable’’ vertex correction of the operato
Q7 ,Q78 into the form factor@44,45,32#.

We will allow for weakCP-violating phases in the Wil-
son coefficients of the operatorsQ7

(8) andQ8
(8) . The effective

coefficients D̄ and D̄8 for the CP conjugate decayL̄b

→L̄g are then obtained by replacingC7
(0),(1), C8

(0) , and
their primed counterparts in Eq.~21! with their complex con-
jugates.

B. Direct CP violation

Direct CP-violating effects can arise atO(as) from inter-
ference between the weak and strong phases in the d
amplitudes, for example inducing a nonzero asymmetry
the decay rates:

aCP
Lb [

G2Ḡ

G1Ḡ
, ~22!
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whereG,Ḡ denote the total decay rates forLb→Lg and the
CP conjugate mode, respectively. In general, theCP asym-
metry in b→s transitions is CKM-suppressed in scenari
which only contain the weak CKM phase of the SM:aCP

;as(mb)Im@Vus* Vub /Vts* Vtb#5as(mb)l2h, wherel and h
are Wolfenstein parameters, andl2h;0.02. We estimate
aCP

Lb <O(1)% in the SMfrom calculations of the inclusive
B→Xsg @46# or exclusiveB→K* g @44,47# rate asymme-
tries and neglect such small CKM-induced effects belo
However, newCP-violating contributions toQ7

(8) or Q8
(8)

can give rise to sizable effects. In particular, it has be
shown thatCP-violating rate asymmetries of order 10% o
larger are possible for inclusiveB→Xsg decays in a variety
of new physics models@46#, so that similarly large values fo
exclusive asymmetries can be expected. Experimentally,
current best bound is given asaCP(B→K* g)520.035
60.07660.012@48#, whereas inclusiveCP asymmetries are
not very constrained yet20.27,aCP(B→Xsg),10.10 at
90% C.L. @49#.

Below, we will discuss the angular asymmetries beyo
leading order, allowing in general forCP-violating effects.
We will see that by combining measurements of these
servables with branching ratio measurements, for theCP
conjugate decay modes, it will be possible to determine
CP-odd andCP-even components of both the SM and o
posite chirality contributions to theLb→Lg decay rate.

C. The observables at NLO

In the CP-conserving limit, the angular asymmetry ob
servablesA g andAup

are CP-even, i.e.,A g5Āg andAup

5Āup
, whereA and Ā are the observables for theLb and

CP conjugateL̄b decays, respectively. However, the angu
asymmetries of theCP conjugate modes will in general dif
fer at next-to-leading order and higher if there are n
CP-violating contributions toQ7

(8) or Q8
(8) . We parametrize

the angular asymmetry observables as

A g52
PLb

2

12ur effu2

11ur effu2
, Aup

52
a

2

12ur effu2

11ur effu2
,

~23!

Āg52
PLb

2

12u r̄ effu2

11u r̄ effu2
, Āup

52
a

2

12u r̄ effu2

11u r̄ effu2
,

where the effective ratios are defined as

r eff[D8/D, r̄ eff[D̄8/D̄. ~24!

Thus the flavor-specific angular asymmetry observables
tually probe the effective ratiosur effu andu r̄ effu, rather than the
ratio of short-distance Wilson coefficientsuC78/C7u. It is
straightforward to carry over the results obtained in Sec.
for the experimental sensitivity tour u: The ranges in
ur effu (u r̄ effu) that can be probed by measuringA g (Āg) can
be read off from Fig. 1~a!. Measurements ofAup

will give a

similar reach since we assumed thatPLb
is of similar mag-
8-7
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GUDRUN HILLER AND ALEX KAGAN PHYSICAL REVIEW D 65 074038
nitude to theL decay parametera. The sensitivity that can
be expected by combining measurements of the two obs
ables is given approximately in Fig. 1~b!.

In the following, it is convenient to separateuD (8)u2 into
CP-even andCP-odd components, denoted byuD (8)u21 and
uD (8)u22, respectively, such that

uD (8)u25uD (8)u211uD (8)u22,
~25!

uD̄ (8)u25uD (8)u212uD (8)u22.

At next-to-leading order we obtain

uDu215uC7
(0)u21

as

2p
~Re@C7

(0)C7
(1)* #

1Re@C7
(0)C2

(0)* #Rek21Re@C7
(0)C8

(0)* #Rek8!,

uDu225
as

2p
~ Im@C7

(0)C2
(0)* #Im k2

1Im@C7
(0)C8

(0)* #Im k8!, ~26!

uD8u215uC87
(0)u21

as

2p
~Re@C87

(0)C87
(1)* #

1Re@C87
(0)C88

(0)* #Rek8!,

uD8u225
as

2p
Im@C87

(0)C88
(0)* #Im k8 .

Note that theCP-odd componentsuDu22 and uD8u22 arise
only at O(as). There are threeCP-even observables: th
averages over theCP conjugate modes of the branching rat
and of the angular asymmetry observables, denotedBav,
A av

g , and Aup

av , respectively. The three correspondin

CP-odd observables are the rate asymmetryaCP
Lb and the

angular asymmetry differencesA g2Āg andAup
2Āup

.

All four componentsuD (8)u21 and uD (8)u22 can in prin-
ciple be uniquely determined from experiment via the re
tions

Bav5t~Lb!G0~ uDu211uD8u21!, ~27!

aCP
Lb 5

uDu221uD8u22

uDu211uD8u21
, ~28!

A av
g 1aCP

Lb
A g2Āg

2
52

PLb

2

uDu212uD8u21

uDu211uD8u21
, ~29!

A g2Āg

2
1aCP

Lb A av
g 52

PLb

2

uDu222uD8u22

uDu211uD8u21
, ~30!

plus two equations involving theL polarization observable
Aup

anda, obtained by substituting forA g andPLb
, respec-

tively, in the last two equations above. Note that the sec
07403
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term on the left-hand side of Eq.~29! first enters at orderas
2

and should be neglected in a NLO analysis.
An important result following immediately from Eq.~29!

is that theCP-averaged angular observablesA av
g andAup

av in

general determine the ratio ofCP-even quantities

r av[AuD8u21

uDu21
~31!

at NLO via equations analogous to Eqs.~16! and ~19!, re-
spectively. Furthermore, the full statistical reach of a Gig
facility, as discussed in Sec. III A, is available since both t

Lb and L̄b decays are included inCP-averaged quantities
The sensitivity tor av that could be obtained from measur
ments of eitherA av

g or Aup

av can be read off from Fig. 1~b!,

whereas the sensitivity for a combined analysis is given
Fig. 2, also see Table I. A nonzero measurement ofr av would
be a clean signal for new physics with nonstandard chira
structure, given that in the SMr av;ms /mb .

D. Estimates of NLO effects

Small measured values for theCP-violating rate asymme-
try, aCP

Lb , would generally imply thatuDu22 and uD8u22, and

thereforeA g2Āg andAup
2Āup

are small. This can be see

explicitly from Eqs. ~28! and ~30!. Furthermore, ifuD8u22

50, i.e., if the new physics contributions toC78 andC88 have
a common weak phase, then

A g2Āg522aCP
Lb PLb

uD8u21

uDu211uD8u21
,

~32!

Aup
2Āup

522aCP
Lb a

uD8u21

uDu211uD8u21
,

where the equalities hold up to and including terms
O(as

2). SettinguD8u2250 would be a good approximation i
there were a single dominant new physics source, such a
virtual exchange of a new heavy particle, contributing
both the magnetic and chromomagnetic dipole operators
such models, an upper bound is obtained on the angularCP

asymmetries, uA g2Āgu,2uaCP
Lb PLb

u, and uAup
2Āup

u
,2uaCP

Lb ua. Barring large accidental cancellations, data
aCP(B→Xsg) or aCP(B→K* g) may serve here as a firs
estimate, so roughlyuA g2Āgu,uAup

2Āup
u&O(10%), using

the experimental information given in Sec. IV B.
Finally, we ask by how muchr av and ur effu could differ

from the leading-order ratiouC87
(0)/C7

(0)u, which was the fo-
cus of the previous sections. At NLO order, we have
8-8
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r av5
uC87

(0)u

uC7
(0)u H 11

as

4p S ReFC87
(1)

C87
(0)

2
C7

(1)

C7
(0)G

1Rek8 ReFC88
(0)

C87
(0)

2
C8

(0)

C7
(0)G2Rek2 ReFC2

(0)

C7
(0)G D J ,

~33!

ur effu5r av1
uC87

(0)u

uC7
(0)u

as

4p S Im k8 ImFC8
(0)

C7
(0)

2
C88

(0)

C87
(0)G

1Im k2 ImFC2
(0)

C7
(0)G D .

As discussed at the beginning of Sec. IV A, an estimate
the O(as) matrix element can be obtained from inclusiveb
→sg decays keeping only the finite virtual corrections. T
exclusive coefficientski can be roughly approximated by th
corresponding inclusive ones@5–7#, yielding

Rek2'24.09112.78S mc

mb
20.29D1

416

81
ln

mb

m
,

Im k2'20.4515.18S mc

mb
20.29D ,

Rek8'
44

9
2

8p2

27
2

32

9
ln

mb

m
, Im k8'

8p

9
,

wherem is the renormalization scale. TakingC7
(0) in Eq. ~33!

to be approximately equal to the SM value, and allowingm
to vary betweenmb/2 andmb , we find that theO(as) cor-
rections tor av or ur effu induced by the matrix element ofQ2
are of order 5–20 %. Shifts due to the matrix elements
Q8 ,Q88 would be of order 1% ifC8;C7 andC78;C88 , as in
the SM. However, in models with enhanced chromomagn
dipole operators the correction could again be of order 10
Therefore, although measurements of the observables a
ciated withLb→Lg could give unambiguous evidence fo
new physics with non-SM chirality, it will be difficult to
obtain precision constraints on the underlying short-dista
contributions to the dipole operators in the absence of a fi
principles calculation of the coefficientski in exclusiveLb
→Lg decays.

V. CONCLUSIONS AND OUTLOOK

We have studied the radiative decayLb→Lg as a probe
of new physics. A novel observable was proposed wh
makes use of the polarization ofLb baryons produced at th
Z: the angular asymmetry of the photon momentum w
respect to theLb boost axis. We have also considered t
angular asymmetry associated with the secondary decayL
→pp2. The two observables are sensitive to the ratioC78/C7

of opposite chirality to standard model chiralityb→sg Wil-
son coefficients. In the standard model, this ratio is onl
few percent but can be sizeable in many of its extensio
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e.g., the minimal supersymmetric standard model~MSSM!
beyond minimal flavor violation. Statistical sensitivities
this ratio were worked out, including reconstruction ef
ciency estimates. Our findings are compiled in Table I and
three figures for the case of a proposed GigaZ facility@28,29#
with '23109 Z’s per year. Wide ranges ofC78/C7 are ac-
cessible to experimental study of angular asymmetries
Lb→Lg decays, allowing a clear separation from the S
prediction.

In addition to the search for nonstandard chiralities, o
can probe for nonstandardCP phases inLb→Lg decays, if
a flavor-tagged analysis of angular asymmetries and bra
ing ratios is performed. In general, at NLO and allowing f
directCP violation, four independent contributions enter th
Lb→Lg and CP conjugate decay widths:CP-even and
CP-odd, each with SM and opposite chiralities. All four ca
in principle, be determined from such an analysis. An imp
tant result is that theCP-averaged angular observable
which have the greatest statistical reach, determine the r
tive strengths of theCP-even contributions with opposite
and standard model chiralities, generalizing the leading-or
dependence onC78/C7. A nonzero measurement of this rat
would provide a clean signal for new physics.

Parts of the analysis presented here, namely meas
ments of rates and theL decay polarization observable, in
cluding studies ofCP violation, do not require polarized
Lb’s and can be carried out at hadron colliders like the Te
tron and the LHC. It might also be worthwhile to explore th
possibility of heavy baryon production with sufficient pola
ization in a hadronic environment, e.g., with polariz
beams.

To estimate the totalLb→Lg rate, we derived form-
factor relations for heavy-to-light baryon decays in the lar
energy limit. This allows us to relate the form factors
existing estimates derived using nonperturbative meth
and data. We emphasize that the relations we have wo
out are useful for many other heavy-to-light decays at la
recoil. In particular, we have shown that the zero of t
dilepton forward-backward asymmetry inLb→L l 1l 2 de-
cays is independent of form factors to lowest order in
large energy expansion. The form-factor relations are a
necessary for predicting the proton angular asymmetry
polarized Lb→pln l decays, which provides an importan
test of theV2A structure of theb→u charged current at a
GigaZ facility.

We stress the importance of a precise measurement o

Lb polarization from semileptonicLb→Lcl n̄ lX decays at
the GigaZ; a significant improvement on the LEP measu
ments will be required. Comparison with the polarizati
extracted from the angular asymmetries inLb→Lg provides
a consistency check of theV2A structure of theb→c
charged current. The latter should also be testable via ang

asymmetries in exclusiveLb→(Lc→Lp,Sp) l n̄ l decays.
It is promising to extend the study presented here to

semileptonic decaysLb→L l 1l 2 andLb→Lnn̄, with stan-
dard model branching ratios in the interesting range
8-9
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1025–1026. In a companion paper@50#, we discuss rare had
ronic two-body decays, focusing on the decayLb→Lf,
which is estimated to have a standard model branching r
of a few times 1025. This decay offers a unique sensitivity t
the chirality structure of four-quark ‘‘penguin’’~see, e.g.,@1#!
operators. The decaysLb→Lp,Lr are also interesting
since they violate isospin, thus providing a probe of the el
troweak penguin operators. Finally, certain hadronic tw
body decays can explore the origin and limitations of
factorization hypothesis@51#. All of this should be part of a
rich and unique b-physics program at a future high
luminosity Z factory.
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