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ABSTRACT: We discuss the large set of observables available from the angular distribu-
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A/my, corrections. Moreover, we discuss their sensitivity to new physics. We explore the
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A major aim of particle physics in the LHC era is the discovery of new degrees of freedom

at the TeVenergy scale which might contribute to our understanding of the origin of elec-

troweak symmetry breaking. Rare B and kaon decays (for reviews see [I]-[]) representing

loop-induced processes are highly sensitive probes for new degrees of freedom beyond the

Standard Model (SM) and will be used when making indirect searches for these unknown

effects. It is well-known that the indirect constraints on new physics (NP) from the present

flavour data indicate a NP scale much higher than the electroweak scale when such new

effects are naturally parameterised by higher-dimensional operators. Thus, if there is NP

at the electroweak scale, then its flavour structure has to be highly non-trivial and the



experimental measurement of flavour-violating couplings is mandatory. This ‘flavour prob-
lem’, namely why flavour-changing neutral currents are suppressed, has to be solved by
any NP scenario at the electroweak scale.

In this article we discuss theoretical and experimental preparations for an indirect NP
search using the rare decay By — K*°utu~. This exclusive decay was first observed at
Belle [ff]. It offers a rich phenomenology of various kinematical distributions beyond the
measurement of the branching ratio. Some experimental analyses of those angular dis-
tributions are already presented by the B factories [J—[] but only the large increase in
statistics at LHCb [[0-[[F for Bq — K*°uTp~ will make much higher precision measure-
ments possible. There are also great opportunities at the future (Super-)B factories in this
respect [LJ-[lg). A careful choice of observables needs to be made to take full advantage of
this exclusive decay as only in certain ratios such as CP and forward-backward asymme-
tries, the hadronic uncertainties cancel out in specific observables making such ratios the
only observables that are sensitive to NP. In this respect the by now standard theoretical
tools like QCD factorization (QCDf) [[7] and its quantum field theoretical formulation,
soft-collinear effective theory (SCET), are crucial. They imply form factor relations which
simplify the theoretical structure of various kinematical distributions such that at least at
the leading order (LO) level any hadronic uncertainties cancel out. A well-known example
of this is the zero-crossing of the forward-backward asymmetry.

We construct new observables of this kind in the By — K*°utu~ decay which have
very small theoretical uncertainties and good experimental resolution. Moreover, it is
possible to design the new observables for a specific kind of NP operator within the model
independent analysis using the effective field theory approach.

Previously proposed angular distributions and CP violating observables in B; —
K9t~ are reviewed in ref. [I§, [[§], and more recently QCDf analyses of such angular
distributions [[Ld, and CP violating observables [RT] were presented.

The paper is organised as follows: in section P we recall the differential decay distri-
bution in the By — K*°u* = decay; in section ] we recall the basic theoretical formulae
which are crucial for our construction of new observables; in section f] we discuss the basic
properties and symmetries of potential observables and propose a new set of observables
which are sensitive to new right-handed currents and we also discuss the previously pro-
posed quantity Agpl); in section ] we explain our method to calculate the experimental
sensitivity obtainable with the statistics of LHCb to new and old observables; and finally
in section f] we present our phenomenological analysis, in particular we analyse the theo-
retical and experimental sensitivity to NP. We also comment very briefly on recent BABAR
measurements of certain angular distributions. In appendices we make angular definitions
explicit, provide the theoretical framework for the derivation of the spin amplitudes, and
present the theoretical NLO expressions.

2. Differential decay distribution

The decay By — K*0¢t¢~ with K* — K~n% on the mass shell, is completely described
by four independent kinematic variables, the lepton-pair invariant mass squared, ¢2, and



the three angles 6;, 0x, ¢. Summing over the spins of the final particles, the differential
decay distribution of By — K*%¢T¢~ can be written as

d4rgd 9
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with the physical region of phase space 4m? < ¢® < (mp — m+)? and

I = I + I cos 20, + I5sin® 0; cos 2¢ + I sin 20; cos ¢ + I5 sin 6 cos ¢ +
+1Ig cos 0 + I7 sin 0 sin ¢ + Ig sin 20; sin ¢ + Iy sin® 6; sin 2¢. (2.2)
The I; depend on products of the seven complex K* spin amplitudes, A, /g, A|L/R:
Aor/r> At (see next section) with each of these a function of ¢%. A, is related to the time-
like component of the virtual K*, which does not contribute in the case of massless leptons

and can be neglected if the lepton mass is small in comparison to the mass of the lepton
pair. We will consider this case in our present analysis. For m; = 0, one finds [f@]:

3 .
I = 1 (‘AJ_L‘Q + \A||L]2 + (L — R)) sin? 0y + (’AOLP + ‘AORP) cos? Oy
= asin® O + bcos® O, (2.32)

1 .
I = Z(\ALLP + | A L?) sin? O — [Aoz|* cos® Ok + (L — R)

= csin® O + dcos? Oy, (2.3b)
1

I3 = 5 [(’AJ_LP — ‘A||L’2) sin2 O + (L — R)] = esin2 HK, (2.3C)
I = % [Re(Ao, Afy)sin 20 + (L — R)] = fsin 20, (2.3d)
Is = V2[Re(Ay A% 1) sin 20k — (L — R)] = gsin 20k, (2.3¢)
Ig = 2 [Re(A”LAjL) sin? 0 — (L — R)] = hsin? 0, (2.3f)
Iy = V2 [Im(AOLAﬁL) sin 20 — (L — R)] — jsin 20, (2.3g)
Is = % Im(AgAY 1) sin20k + (L — R)] = ksin 20k, (2.3h)
Iy = [Im(AﬁLAlL) sin? 0 + (L — R)} = msin® O (2.31)

The exact equations presented here depend on the definition of the angles which we for
this reason have made explicit in appendix [A]

From comparing the amplitude terms in eq. (B-3), we see that a = 3¢ and b = —d thus
leaving nine independent parameters which can be fixed experimentally in a full angular
fit. Assuming massless leptons in the theory we have on the other hand 12 parameters
from the six complex K*V spin amplitudes, Air/ry AL/Rr> Aor/r- See section i for an
analysis of the apparent mismatch between the 9 and 12 parameters.

3. K* spin amplitudes

The six complex K* spin amplitudes under the assumption of massless leptons are related



to the well-known helicity amplitudes (used for example in 29, P4, Pd]) through
AJ_7|| = (H_H F H_l)/\/i, Ao = Ho. (3.1)

The amplitudes describe the B — K7 transition and can be parameterised in terms of the
seven B — K™ form factors by means of a narrow-width approximation. They also depend
on the short-distance Wilson coefficients C; corresponding to the various operators of the
effective electroweak Hamiltonian. The precise definitions of the form factors and of the
effective operators are given in appendix [J. One obtains [I]
LB O] 62
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Ajpg = —Nx/i<m23—m%«>{<cgﬁef%cm>

A N X
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2mp\/q?

x [(CSOH) - cm>{<m23 e — ) (mp + M) Ar (@) —

) Ax(q) }+

mp+ mg=

(el —c;@ﬂ”’)Tz(q?)} . (33)

Fomy(clD - c;“ff’){(m% T 3mZ. — A)T(q?) —

A
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mB - mK*
where
A= mjlg + m}l(* + ¢t — 2(m23m%<* + m%(*qz + m23q2) (3.5)
and

G202 4m?
N = | —L |V, VA [2¢2A1/2 |1 — —L. 3.6
3. 2107T5m?]3| tb ts| q2 ( )

The crucial theoretical input we use in our analysis is the observation that in the limit
where the initial hadron is heavy and the final meson has a large energy [R7] the hadronic
form factors can be expanded in the small ratios Agcp/mp and Agep/E, where E is the
energy of the light meson. Neglecting corrections of order 1/m;, and «y, the seven a priori
independent B — K* form factors reduce to two universal form factors £, and ¢ B, Y.
These relations can be strictly derived within the QCDf and SCET approach and are given
in the appendix. Using those simplifications the spin amplitudes at leading order in 1/my,
and a; have a very simple form:

A~

A e 2 e "(e
AlLp = V2Nmp(1 - 3) [(cé V¥ o) + =2 + ﬂ”’)} €1(Bx),  (37)

~ e 21 e (e
Ajpr = —V2Nmp(l - 3) [(Cé T ¥ Cio) + 7;% (e — H))] §L(Er+), (3.8)
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with § = q2/m2B’ m; = m;/mp. Here we neglected terms of O(m%{*)

Aorp = - (1= 52 [ F Cro) + 2mp (€™ = )] ¢ (Bic-),  (3.9)

Some remarks are in order:

e The theoretical simplifications are restricted to the kinematic region in which the
energy of the K* is of the order of the heavy quark mass, i.e. ¢> < sz. Moreover,
the influences of very light resonances below 1 GeV? question the QCD factorization
results in that region. Thus, we will confine our analysis of all observables to the
dilepton mass in the range, 1 GeV? < ¢% < 6 GeV?2.

e Within the SM, we recover the naive quark-model prediction of A} = —A4; 9,
in the mp — oo and Ex+ — oo limit (equivalently mﬁ{ — 0). In this case, the s
quark is produced in helicity —1/2 by weak interactions in the limit mg — 0, which
is not affected by strong interactions in the massless case Bl]. Thus, the strange
quark combines with a light quark to form a K* with helicity either —1 or 0 but not
+1. Consequently, the SM predicts at quark level Hyy = 0, and hence A; = —A
[cf. eq. (B])], which is revealed as |[H_1| > |H 41| (or A} ~ —A)) at the hadron level.

e As noted in ref. [Ig], the contributions of the chirality-flipped operators OE/),IO =

Oy 10(Pr, — Pr) can be included in the above amplitudes by the replacements Cs()?fo) —

Cé?fo) —i—CE;(Eg) in eq. (B.7), Cé?fo) — Cé?{fo) — C;Eelg) in eqs. (B.§) and (B.9). However, they
play a sub-dominant role in our NP analysis presented here.

e The symmetry breaking corrections of order as can be calculated in the QCDf/SCET
approach. Those NLO corrections are included in our numerical analysis following
ref. [[[7). The corresponding formulae for the case C7(OH) # 0 are given in appendix [J.

e In general we have no means to calculate A/m;, corrections to the QCDf amplitudes
so they are treated as unknown corrections. This leads to a large uncertainty of
theoretical predictions based on the QCDf/SCET approach. However, in specific ex-
amples one can combine QCDf/SCET results with calculations based on the QCD
sum rule approach in order to estimate the leading power corrections.

To take into account the present situation, we introduce a set of extra parameters,
one for each spin amplitude, to explore what the effect of a possible A/my, correction
could be:
0
AJ_7||70 = AJ_7||70 (1 —|—CJ_7||70) (310)

where the ‘0’ superscript stands for the QCD NLO Factorization amplitude and ¢, || o
are taken to vary in a range +10% which corresponds to a naive dimensional estimate.
For each observable we look at, each of the amplitudes were varied in turn leaving
the others at their central value. All the variations were then added in quadrature.
Furthermore, we also give our final predictions taking into account further improve-
ments on the power corrections and varying the independent parameters in a less
conservative range of +£5%.



4. Theoretically clean observables

4.1 General criteria

We recall again that 2 of the 11 measurable distribution functions a,b, ..., m of the dif-
ferential decay distribution in the limit m? < ¢?, defined in eq. (B-3), include redundant
information due to the relations a = 3¢ and b = —d. So in principle there are 9 independent
observables. However, the dependence of those functions on the six complex theoretical
spin amplitudes, A, g, A /r and Agr g, is special. By inspection one finds that the
distribution functions are invariant under the following three independent symmetry trans-
formations of the spin amplitudes: global phase transformation of the L-amplitudes

A =e"rA g, AhL =€ A, Ay = €1 Ao, (4.1)
global phase transformation of the R-amplitudes
Alp=e%A1p,  Ap=e¢"Ap,  Agp = e Ao, (4.2)

and a continuous L + R rotation

A, = +cosBA; —sinfAY (4.3a)
Al p = +sinfA L+ coshA* 5 (4.3b)
Ay = +cosBAg —sin A%, (4.3c)
App = +sin0Agp + cos O A, (4.3d)
AhL = +cosbA L +sinbA), (4.3¢)
A/”R = —sinfA + cos GAITR' (4.3f)

Normally, there is the freedom to pick a single global phase, but as L and R amplitudes do
not interfere here, two phases can be chosen arbitrarily as reflected in the first two transfor-
mations. The third symmetry reflects that an average is made over the spin amplitudes to
obtain the angular distribution. So it is clear that only 9 out of the 12 parameters arising
from the 6 complex amplitudes are independent which fits exactly with the 9 independent
measurable distribution functions.

A consequence of the three symmetries is that any observable based on the differential
decay distribution has also to be invariant under the same symmetry transformations.

Besides the mandatory criterion above there are further criteria required for an inter-
esting observable:

Simplicity: A simple functional dependence on the 9 independent measurable distribution
functions; at best it should depend only from one or two in the numerator and
denominator of an asymmetry.

Cleanliness: At leading order in A/my, and in a; the observable should be independent of
any form factor, at best for all ¢2. Also the influence of symmetry-breaking corrections
at order o and at order A/my, should be minimal.



Sensitivity: The sensitivity to the C;(eff) Wilson coefficient representing NP with another

chirality than in the SM should be maximal.

Precision: The experimental precision obtainable should be good enough to distinguish
different NP models.

In the limit where the K* meson has a large energy, only two independent form
factors occur in Agz g and in A, /g and Az g. Clearly, any ratio of two of the nine
measurable distribution functions proportional to the same form factor fulfil the criterion of
symmetry, simplicity, and theoretical cleanliness up to A/my and ay corrections. However,
the third criterion, a sensitivity to a special kind of NP and the subsequent requirement of
experimental precision, singles out particular combinations. In this paper we focus on new
right-handed currents. Other NP sensitivities may single out other observables as will be
analysed in a forthcoming paper [BJ].

4.2 Observables

There are some proposals for theoretical clean observables already in the literature which
we should briefly discuss in view of the above criteria:

e The forward backward asymmetry is the most popular quantity in the By —
K*0u"p~ decay [BJ). In terms of the K** spin amplitudes it can be written as [, B4

_ §R6(A||LA*J_L) - Re(AHRAj_R)
2 Ao+ A2 +1AL?

App (4.4)

where

A AT = Ay (@) AL (@%) + Aip(a) AjR(@®) (6,5 =0,],1). (4.5)
While the criteria of symmetry and simplicity are fulfilled, the form factors cancel
out only at the specific value of ¢> where Apg = 0. Thus the measurement provide

only a single clean number, the zero crossing point, rather than a theoretically clean
distribution.

e The fractions of the K*V polarisation

Aol?
Fr(¢®) = | , 4.6
W) = P P TALP 40
[ALP + 4y
Fr(d®) =1— Fr(¢?) = , 4.7
T(q ) L(q ) ‘AOP + ’A”P + ’AJ_P ( )
and the K* polarisation parameter
2F 2| Ag|?
2 L 0
* =— - 1=—F"-=-1. 4.

All fulfil the criteria of symmetry and simplicity, but the form factors do not cancel in
the LO approximation; thus, suffering from larger hadronic uncertainties. The frac-
tion of the K* polarisation can be measured from the angular projections alone and
the first experimental measurements of Fj, with limited accuracy are available [§, {].



e Defining the helicity distributions 'y = |H%,|? + |H%,|? one can construct [RJ]

qo _To—Ty  T2Re(4)A7) (4.9)
T 4+Ty AP +]4)P

It has been shown [[[J, PQ] that this quantity has adequate cleanliness and is is
very sensitive to right-handed currents, making an ideal observable if just these two
criteria were sufficient. However, the quantity Agpl ) does not fulfil the most important
criterion of symmetry. The important consequences out of this observation are
briefly discussed in the next subsection.

e The other transversity amplitude, first proposed in [L9], is defined as

AP = AP

A(2) =
T AL+ 142

(4.10)
It obviously fulfils all three criteria of symmetry, simplicity and theoretical clean-
liness. It is also rather sensitivity to C7(eff) as one can see by inspection of the
LO formulae of the K** amplitudes in eqs. (B.7)-(B.9); in this approximation it is
directly proportional to C7(eﬂ), thus vanishes in the SM.

By inspection of the formulae of the K* spin amplitudes in terms of the Wilson coefficients

and the SCET form factors at the LO approximation, egs. (B.7)-(B.9), one is led to some

new observables which fulfil the first three criteria and have an enhanced sensitivity to

C;(eff). They are defined as

Aoz A, — AGrA|R]

AY , (4.11)
! VIAP[ALP
and . .
A(4) _ |A0LAJ_L - AQRAJ_R| (4'12)
T A5 AL + AorAj |
One could also consider the real and imaginary parts of Ag’ ),
There are no further independent quantities which fulfil the criteria we have set out.

However, when we will consider NP sensitivities beyond C;(eff) further observables may be

singled out [BJ].

4.3 The problem with Agpl)

(4)

Contrary to the case of A}’ with 7 = 2,3,4, it is not possible to extract Ag})

from the
full angular distribution. This is a direct consequence of the fact that the quantity Agpl ) is
not invariant under the symmetry ([L.J) of the distribution function (2.1]) which represent
the complete set of observables in the case spins of the final states are summed up. Let
us elaborate further on this surprising observation; it seems practically not possible to
measure the helicity of the final states on a event-by-event basis. At the forthcoming LHCb
experiment for example one only measures the charge, the three-momentum of the final



state particles and its nature through different types of particle identification. So one has
the four-momentum for each particle and its charge. The situation does not look different
for the present B factories and their future upgrades. While the eTe™ environment is much
simpler there is still no practical way to measure the spin of the muons on an event-by-event
basis. We should emphasise that this is a practical and not a conceptual problem; in a
gedanken experiment where the helicity of the individual final state leptons are measured,
it would indeed be possible to measure Agpl ). So while Agpl ) is in principle a good observable,
we cannot see any way it can be measured at either LHCbH or at a Super-B factory with
electrons or muons in the final state.

5. Method to calculate experimental sensitivity

In this section we explain how to investigate the sensitivity to the angular observables pre-
sented in section [ using a toy Monte Carlo model. We estimate the statistical uncertainty
on all observables with statistics corresponding to 5 years of nominal running at LHCb
(10 fb_l) and comment on the experimental prospects for a measurement at the end of an
upgrade to LHCbH (100 fb~1). For the estimates here we are only considering the final state
with muons.

5.1 By — K*%¢T¢~ decay model

The angles 6;, O and ¢, as well as the ¢ of the lepton pair can be measured with small
uncertainty and no experimental resolution effects need to be considered. A toy Monte
Carlo model of the decay was created using eq. (R.1]) as a probability density function

(PDF) normalised to the width,
Thax T
—d¢*. (5.1)
/q dg?

It is parameterised in terms of the real and imaginary parts of the spin amplitudes where
each of these amplitudes is ¢> dependent. A simple approach, where the data is divided into
regions of ¢> and the spin amplitudes determined within these, will not work; the coefficients
in front of the different angular components as seen in eq. (EI) depend in a non-linear way
on the spin amplitudes meaning that the angular distribution after integration over a bin
in ¢? cannot be expressed in terms of eq. (P.]) with some ¢?-averaged spin amplitudes.
Instead an approach is used where the ¢?> dependence of each of the spin amplitudes is
parameterised as a function of ¢2.

A special choice of the symmetry transformations described in section f§ can be used
to reduce the number of parameters. Here we use the first two symmetry transformations
egs. (E1)) and (f.3) to get rid of the two phases in Agr and Agr. Then the third trans-
formation eq. (f.3) is used with # = arctan(—Apr/Aor) leading to Aoz being real and
Agr = 0 thus disappearing completely from the parametrisation. At a given value of ¢
we are thus left with 9 parameters corresponding to the real and imaginary components of
Ajr,r and A1 r and the real component of Agr. We now parameterise each of these spin

2nd

amplitudes as a order polynomial. Through the polynomial ansatz we are introducing

a weak model dependence; we checked that the error introduced by this was significantly



smaller than the corresponding experimental errors across the squared dimuon mass range
1GeV? < ¢?> < 6GeV2. To describe the full ¢? and angular dependence of the decay we
thus need 27 parameters. As a final step we recognise that an absolute measurement of the
total width is difficult to obtain in a hadronic environment such as LHCb and fix the value
of Agr, to 1 at a reference value of ¢ thus reducing the number of free parameters to 26.
This last step has no influence on the experimental determination of any of the observables
discussed in this paper as they are all formed as ratios where the total width cancels out.
While no longer sensitive to the absolute width we are still sensitive to the shape of the
differential width as a function of ¢°.

We follow the resolution, yield and background numbers in [I{] to construct a model
that includes a realistic level of background. The signal is assumed to have a Gaussian
distribution in mp with a width of 14 MeV in a window of mp+50 MeV and a Breit-Wigner
in mg, with width 48 MeV in a window of m g+ £100 MeV. A simplified background model
is included; it is flat in all angles, effectively treating all background as combinatorial, but
follows the ¢? distribution of the signal. Acceptance and CP violation effects are neglected
allowing us to treat By — K*%uTpu~ and its charge conjugate simultaneously. We do not
include any contributions from non-resonant By — K~ 7tutu~.

Using the toy Monte Carlo model, a dataset for the observables 6;, 8k, ¢ and ¢* can
be generated with the calculated values of the spin amplitudes as input without making
use of the polynomial ansatz. Physics beyond the SM can be included in a straightforward
way by providing the relevant spin amplitudes. Using the yield and background estimates
from [[[0] and assuming a flat efficiency for the signal as a function of ¢> we use on average
4032 signal events and 1168 background events in the ¢? interval from 4mi to 9GeV? in
a dataset of 2fb~!. These are scaled lineally in order to obtain 10fb~! and 100 fb~! yield
estimates. For each dataset we generate, the signal and background numbers are varied
according to Poisson statistics.

The purpose of the toy Monte Carlo model is to enable us to illustrate the methodology
of this approach and be able to make precise statements on the relative performance of a full
angular fit compared to just looking at projections. Accurate estimates of the resolution
in each parameter will only be possible with a complete detector simulation and with a
complete understanding of the actual detector performance following the first data.

5.2 Full angular fit

With the model above we can generate an ensemble of experiments corresponding to a
given integrated luminosity. In each of these experiments we can use a general minimiser
to find the spin value parametrisation that best corresponds to the data. Each fit has in
total 27 parameters; 26 from the signal described above and a single parameter to describe
the level of the simplified background model. From the ensemble of experiments, estimates
of the experimental uncertainties can be made and any biases introduced can be studied.
For each dataset, the extracted spin amplitude components were used to calculate the value
of each angular observable as a function of ¢2. In total we created an ensemble of 1000
experiments and will thus at a given value of g2 get 1000 different determinations of a given
observable. By looking at the point where 33% and 47.5% of results lie within either side

— 10 —



9% (GeV?)

Figure 1: The experimental sensitivity to C‘li—(; with the SM as input. The inner and outer bands

correspond to 1o and 20 experimental errors with statistics corresponding to a 10 fb~! dataset from
LHCb. The black dashed line is the theoretical input and the red solid line the central value of the
ensemble experiments.

of the median of the results we can form asymmetric 1o and 20 errors. Connecting these at
different ¢? values gives us 1o and 20 bands for the experimental errors on the observable.
An illustration of the method in figure [l| shows the experimental sensitivity to the width
distribution relative to the normalisation point which was arbitrarily chosen as 3.5 GeVZ2.
The inner and outer bands correspond to 1o and 20 experimental errors with statistics
corresponding to a 10fb~! dataset from LHCb. The dashed line is the theoretical input
and the red line the central value of the ensemble experiments. The difference between these
two lines is caused by limitations imposed by the second order polynomial assumption. As
it is is well inside the 1o band this is not problem.

The experimental sensitivity to the observables introduced in section [.q will be pre-
sented in section f§ within the phenomenological analysis to allow for an easy comparison
of experimental and theoretical errors.

5.3 Comparisons with fits to projections

The full angular fit gives access to angular observables not accessible in other ways. How-

)
after integration over the other 2 in eq. (R.1):

ever, Apg, Ag? , F1, and Aj,' can be extracted from distributions in just a single angle

dr’ I 1 .
G " o (1 + 5(1 - FL)Agg) cos 2¢ + A sin 2¢> , (5.2a)
ar' (3. ., 3 ) ,
7 T ZFL sin” 0; + g(l — F1)(1 + cos” 0;) + App cos §; | sin6;, (5.2b)
I
T’ I’
jT = 37 sin O (ZFL cos? O + (1-Fy) sin® HK) , (5.2¢)
K

Im(A, Al )+Im(A | RAT »)
Aim is defined as Ai, = Ao AP HA P

importance for the measurement of right handed currents.

and is included for completeness here. It is not of

— 11 —



where I = b+4c. This method was investigated for LHCb in [[[J]. The observables appear
linearly in the expressions so the fits can be performed on data binned in ¢?. The value

C‘g weighted average of each parameter.

extracted from these fits is then a

The full angular model described in section .9 was used to generate data sets which
were then fit simultaneously using the distributions in eq. (5.9). The treatment of back-
ground and the mp g distributions were the same as in the full angular model. For a
direct comparison between this method and the full angular fit, the ¢> dependent values of

the observables were averaged using a weighted mean,

fq::x dr A(Z )

(&) _
ATZ Ghax dT (5.3)
qr2nin W

The central values produced for the full angular approach in this case show some small
biases due to the breakdown of the polynomial ansatz at the edges of the ¢? distribution,
however this is still well below the statistical error expected with 10fb~! of data from
LHCb. The power of the full angular fit is striking for Ag? ) where the resolution is above a
factor 2 better compared to fitting the projections. This can easily be understood in terms
of the (1 — F},) factor in eq. (5.2d), where [, is large in the SM.

For all the observables where a comparison can be made, we see that the full angular
fit provides improvements in the resolution of between 15% and 60%.

In the full angular fit we can calculate the position of the zero crossing for the forward-
backward asymmetry, q(z]. We illustrate the distribution of results obtained from the en-
semble of datasets in figure fl where a resolution, assuming the SM as input, of 0.17 GeV?
is obtained. Alternatively we can perform the simpler task of binning the data in 1 GeV?
bins and then in each bin perform simultaneous fits to the three angular projections. The
value of App is extracted by performing a straight line fit in the range 2 — 6 GeV? to the
App values found in each ¢ bin. This gives us, with exactly the same assumptions for how
background and acceptance are treated, a resolution of 0.24 GeV2. So also in this case we
see an improvement of 30% in the statistical power by performing a full angular fit.

The comparisons made here demonstrate that there is significant advantage in per-
forming the full angular fit once the data sets are large enough. Using the simplified model
described here it is possible to use this approach even with a smaller 2fb™! data set. In
reality, detector effects not accounted for such as angular acceptance will complicate the
process and a proper full angular analysis may not be possible with data sets this small.
However, we have shown that with the signal and background statistics at LHCbH a full
angular analysis is possible once the detector effects have been properly understood.

6. Phenomenological analysis

In this section we present our phenomenological analysis of the old and new observables
in the SM and in extensions of the SM with new right-handed currents. The latter can
be done in a model independent way by introducing the chiral partners of the SM Wilson
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Figure 2: The distribution in the determination of the zero crossing of App from an ensemble
of datasets created from the toy Monte Carlo model with statistics corresponding to 10fb™! at
LHCbH. The edge of the inner (light blue) and middle (medium blue) regions correspond to lo
and 20 experimental errors. The solid (red) line is the median of the fitted values and the dashed
(black) line is the input value from the SM theory predictions. From the figure we see a resolution
of 0.17 GeV2.

coefficients Céeﬁr), Céeﬁ), and Cjp.2 This general new-physics scenario can be realized for
example via gluino-mediated FCNC in the general R-parity conserving MSSM.

6.1 Preliminaries

Our analysis is based on the numerical input as summarized in table [|. Regarding the form
factor value we follow ref. [B§] and use the value fixed by experimental data. Moreover,
we introduce four representative benchmark points of supersymmetry with non-minimal
flavour violation in the down squark sector which were already used in ref. [R(]. The most
important flavour diagonal parameters are fixed as follows: tan3 = 5, u = My = My =
Mpy+ = mg, = 1TeV. Note that we choose a low value for tan 3; this shows that we
do not need to rely on a large-tan 3 to see an effect, and ensures automatic fulfilment of
the constraint coming from By — ptp~. Furthermore, we make the assumption that all
the entries in m%y r and mi rp vanish, with the exception of the one that corresponds
to (5% R) 39~ The remaining parameters of the four benchmark points correspond to two
different scenarios and are fixed as follows:?

e Scenario A: mg = 1TeV and m; € [200,1000] GeV. The only non-zero mass insertion
is varied between —0.1 < (5%1%) 39
other B physics constraints, the electroweak constraints, constraints from particle
searches, and also with the vacuum stability bounds is verified [R(]. The curves
denoted by (a) and (b) correspond respectively to mg/mj = 2.5, (5%1%)32 = 0.016

< 0.1. For all parameter sets the compatibility with

2We note here that the impact of Céeﬁ) and Cyo and their chiral partners is rather small compared with
C7(CH) in the low-¢? region, due to the 2 mp/§ factor in the matrix element and the experimental constraints
from the inclusive decay B — X 00,

$We follow here the conventions of ref. [@]
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mp 5.27950 4 0.00033 GeV | A 0.2262 % 0.0014
mK 0.896 % 0.040 GeV A 0.815 % 0.013

My 80.403 £ 0.029GeV | p 0.235 % 0.031

My 91.1876 £ 0.0021 GeV | 77 0.349  0.020

g (1) 167 + 5 GeV AGES? 220 + 40 MeV
myps(2GeV) 4.6+ 0.1 GeV as(Mz) 0.1176  0.0002
Me 1.5+ 0.2 GeV Qe 1/137

f5 200 + 30 MeV ar(K*),  0.10+0.07

Frot 175 + 25 MeV ag(K*) 0.13 + 0.08

Fice| 217 £ 5MeV as(K*), 0.09 = 0.05

mp € (0)/(2mpc+)  0.47 +0.09 Ap+(15GeV)  0.485 4 0.115 GeV
E1-.1 (0) 0.26 & 0.02

Table 1: Summary of input parameters and estimated uncertainties.

and mg/mj = 4, (5%}2)32 = 0.036. We will refer to this case as the large-gluino and
positive mass insertion scenario. In terms of the effective Wilson coefficients at mg,
model (a) corresponds to (Céeﬁr),C;(eH)) = (—0.32,0.16) and (b) to (—0.32,0.24). This
should be compared to the SM value of (C%eﬂ),c;(eﬁ)) = (—0.31,0.00).

e Scenario B: mj = 1TeV and mg € [200,800] GeV. The mass insertion is varied
in the same range as Scenario A. The curves denoted by (¢) and (d) correspond
respectively to mg/m; = 0.7, (5%R)32 = —0.004 and mg/m; = 0.6, (5%R)32 =
—0.006. We will refer to this case as the low-gluino mass (although large squark
mass would be more appropriate) and negative mass insertion scenario. In this case
the corresponding effective Wilson coefficients are (Céeﬂr),C;(eH)) = (—0.32,—-0.08) for
(c) and (—0.32,—0.13) for (d).

Notice that we have changed curve (c) with respect to ref. R(] reducing its corre-
sponding mass insertion to avoid any conflict with vacuum stability or colour breaking
constraints [B7).

Finally, we emphasize again that the validity of our theoretical predictions is restricted
to the kinematic region in which the energy of the K™ is of the order of the heavy quark
mass. So we restrict our analysis to the low-¢? region from 1GeV? to 6GeV2. In the
region below 1 GeV? the QCDf/SCET results are questioned by the presence of very light
resonances.

6.2 Results

We present our results on the observables A(z), Ag’ ), Agf‘ ), App and FJ, in the figures f-7
(for definitions see section []). For all the observables we plot the theoretical sensitivity on
the left hand side of each figure.
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Figure 3: For A(T2 ) we compare the theoretical errors (left) with the experimental errors (right)
as a function of the squared dimuon mass. For the theory, the narrow inner dark (orange) bands
correspond to the NLO result for the SM including all uncertainties (except for A/my) as explained
in the text. Light grey (green) bands include the estimated A/m; uncertainty at a 5% level and
the external dark grey (green) bands correspond to a +10% correction for each spin amplitude.
The curves labelled (a)—(d) correspond to different SUSY scenarios as explained in the text. For
the experimental aspects the inner and outer bands correspond to 1o and 20 statistical errors with
a yield corresponding to a 10fb™! dataset from LHCb.

e The thin dark line is the central NLO result for the SM and the narrow inner dark
(orange) band that surrounds it corresponds to the NLO SM uncertainties due to both
input parameters and perturbative scale dependence. Light grey (green) bands are
the estimated A/my, £ 5% corrections for each spin amplitude (as given in eq. (B.10))
while darker grey (green) ones are the more conservative A/my + 10% corrections.
The curves labelled (a)—(d) correspond to the four different benchmark points in the
MSSM introduced above.

e The experimental sensitivity for a dataset corresponding to 10fb~! of LHCH data is
given in each figure on the right hand side. Here the solid (red) line shows the median
extracted from the fit to the ensemble of data and the dashed (black) line shows the
theoretical input distribution. The inner and outer bands correspond to 1o and 20
experimental errors.

Let us start with some concrete observations on the new observables Ag? ) and Ag,fl ),
They offer sensitivity to the longitudinal spin amplitude Az, g in a controlled way compared
to the old observables F7, and aj.: the dependence on both the parallel and perpendicular
soft form factors £ (0) and £, (0) cancels at LO. A residual of this dependence may appear
at NLO, but as shown in figures [] and [, it is basically negligible. It is also remarkable
that for Ag’ ) and Agf" ) at low ¢’ the impact of this uncertainty is less important than the
uncertainties due to input parameters and scale dependence.

The peaking structure in Agfl ) as a function of ¢? for the benchmark MSSM points is

due to the different way C7(eﬁ) enters numerator and denominator; the numerator has a

positive slope in the region of the peak, while the denominator has a minimum at the same
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Figure 4: For the new observable Agﬁ’ ) e compare the theoretical errors (left) with the experi-
mental errors (right). See the caption of figure Bl for details.
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Figure 5: For the new observable Ag,il ) e compare the theoretical errors (left) with the experi-
mental errors (right). See the caption of figure Bl for details.
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Figure 6: For App we compare the theoretical errors (left) with the experimental errors (right).
See the caption of figure [ for details.
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Figure 7: For F, we compare the theoretical errors (left) with the experimental errors (right). See
the caption of figure E for details.

point. If one uses the simplified LO expressions from eqgs. ([B.7)-(B.9) the denominator is
exactly zero, generating an infinity at the point of the peak; however, once NLO QCDf is
included the zero in the denominator is lifted and the result is a curve with a peak instead.

The new observables Ag? ) and Agfl ) also present a different sensitivity to C;(eﬁ) via their

dependence on Agz, g compared with Ag? ). This may allow for a particularly interesting
cross check of the sensitivity to this chirality flipped operator (9/7; for instance, new contri-
butions coming from tensor scalars and pseudo-scalars will behave differently among the

set of observables.

Another remarkable point that comes clear when comparing the set of clean observables
Ag?), Ag‘?) and Agf‘) versus the old observables like F7, concerns the potential discovery
of NP, in particular of new right-handed currents. The new observables share the nice
feature of Ag? ) that there are large deviations from the SM curve from the ones of the four

)

supersymmetric benchmark points. In case of Ag,? this is caused by the balance between

the competing contributions of order 1/¢? and 1/¢* originating from the photon pole in the
(2) )

numerator and denominator of A}’, providing a strong sensitivity to C;(eff . This sensitivity
is near maximal around the 1 GeV? region precisely inside the theoretically well controlled
area. A large deviation from the SM for Ag? ), Ag? ) or Agfl ) can thus show the presence of
right-handed currents in a way that is not possible with F7, or App. In the latter cases the
deviations from the SM prediction of the same four representative curves are marginal.
In the experimental plots we find a good agreement between the central values ex-
tracted from the fits and the theoretical input. Any deviations seen are small compared
to the statistical uncertainties, however the weakness of the polynomial parametrisation,
particularly at the extremes of the ¢ range, can be seen. For much larger data sets this
could be addressed by increasing the order of the polynomials used. The experimental
resolution for F7, is very good but with the small deviations from the SM expected this is
not helpful in the discovery of new right-handed currents. Comparing the theoretical and

(3)
T

experimental figures for the other observables it can be seen that in particular A}’ show

great promise to distinguish between NP models.
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Figure 8: The experimental errors (blue, on top) assuming SUSY scenario (b) with large-gluino

mass and positive mass insertion, is compared to the theoretical errors (green, below) assuming the
SM. To the left for A and the right for A
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Figure 9: The experimental errors (blue, on top) assuming SUSY scenario (b) with large-gluino
mass and positive mass insertion, is compared to the theoretical errors (green, below) assuming the
SM. Here the observable Ag,il ) is considered.

To further explore the power of the observables we can imagine that nature corresponds
to SUSY scenario (b). We create an ensemble of datasets from the toy Monte Carlo model
assuming model (b) as input and compare the results to the SM prediction including the
theoretical errors to get a feeling for how significantly different from the SM prediction the
results are. The results of this are presented in figures §-[J: It can be seen that Ag? ), Ag’ )
and Agfl ) all show a remarkable separation between the experimental error band and the
SM prediction thus providing high sensitivity to NP. For the SUSY scenario (b) chosen
here, the deviation for Apg and F7, on the other hand is minor.

As mentioned in the introduction, the B factories can already access some of the angu-
lar observables using the projection-fit method described in section fj. For example, recently
the BABAR collaboration announced the first measurement of the longitudinal polarisation

in the low ¢* region as an average over the bin ¢* € [4m?,6.25 GeV?] [J] (see figure [[]):

Fr(q” € [4m,,6.25 GeV?]) = 0.35 £ 0.165¢at = 0.045ys; - (6.1)
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Figure 10: The experimental errors (blue, on top) assuming SUSY scenario (b) with large-gluino
mass and positive mass insertion, is compared to the theoretical errors (green, below) assuming the
SM. To the left for Appg and the right for Fy.
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Figure 11: Weighted SM average over the bin ¢* € [1 GeV2,6 GeV?] and recent BABAR measure-
ment using the extended bin ¢ € [4m?,6.25 GeV?] (shown in grey).

However, as mentioned before, the spectrum below 1GeV? is theoretically problematic;
moreover the rate and also the polarisation Fj, are changing dramatically around 1 GeV?2.
Therefore, we strongly recommend to use the standard bin from 1GeV? to 6 GeV2. For
future comparison we give here the theoretical average, weighted over the rate, using the
bin, ¢? € [1 GeV?,6 GeV?], based on our results:

Fr(¢* € [1GeV?,6GeV?]) = 0.86 £ 0.05. (6.2)

and refer to figure [] for the future experimental sensitivity of the LHCb experiment. In
figure [[] we see the theoretical ¢? distribution of F}, with the rate average overlaid.

Rather than using the benchmark supersymmetry points for the illustration of the
power of the observables, one can also look at it from a model independent point of view.
For this we have taken four illustrative points from figure 2 in [RI]] which are all allowed
given the constraints from present measurements of b — s transitions. In figure the
effect can be seen on Ag? ), Ag? ) and Agfl ). Tt is clear that the combination of all observables
will act as a way to reduce the allowed regions for a model independent analysis.
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Figure 12: The distribution of ASﬁ ), Ag) and AS;L ) for four allowed combinations of C;eg) and
C;(EH) following the model independent analysis of [RT]. The bands correspond to the SM and
the theoretical uncertainty as described in figure E The solid heavy (red) line corresponds to
€M My = (0.04,0.31), the solid light (grey) line (—0.03,—0.32), the dashed (blue) line
(—0.35,0.05), and the dotted (brown) line (—0.24, —0.19). Combining measurements in all three
asymmetries will provide clear distinction between the different allowed regions.
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Figure 13: The experimental errors in A(T3 ) (right) and A% ) Jeft assuming the SM for statistics
equivalent to 100fb™" at the end of an upgrade to LHCb.

Finally we might ask what happens if we consider the situation with 100 fb~! of exper-
imental data corresponding to the full dataset from an upgrade to LHCb. We assume the
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same performance of the experiment so simply scale the statistics by a factor 10 compared
to the 10fb~! study. The experimental errors are shown in figure and are in general
just a factor /10 smaller as expected. Comparing to figures ] and f it can be seen that
the A/my uncertainties will dominate unless progress is made on the theoretical side.

7. Summary

We have constructed two new observables Ag,‘?’ ) and Ag;l ) out of the K* spin amplitudes of
the By — K*Ou*p~ decay, that fulfil the criteria of being theoretically clean and can be
experimentally extracted from the angular distribution of this decay with good precision.
We have shown how to design the new observables for a specific kind of NP operator within
the model independent analysis using the effective field theory approach.

We have presented a complete calculation of all observables in QCD factorization and
have made the impact of unknown A/m; corrections to the various observables explicit.
Subsequently, we demonstrated the high sensitivity of A(2), Ag? ) and Agf‘ ) to right handed
currents. Clearly theoretical progress on the A/m; corrections would enhance that sensi-
tivity significantly and would be desirable in view of an upgrade of the LHCb experiment.

The new observables Ag’ ) and Agfl ) exhibit the important property of presenting a direct
sensitivity to the longitudinal spin amplitude, while reducing at maximum the sensitivity
to the poorly known longitudinal soft form factors within the whole low dilepton mass
spectrum. Previously defined F, or Apg does not exhibit this behaviour. This same idea
was behind the construction of Agpz ) using the transverse amplitudes.

The combination of the three observables offer a full view of the sensitivity to NP of
the three spin amplitudes with a good control of hadronic uncertainties.

Using a toy Monte Carlo approach we have estimated the statistical uncertainty of
all observables for statistics corresponding to LHCb and also for Super-LHCb. The model
performs a fit to the full angular and ¢? distribution. Ag’ ) and Ag;l ) require a full angular
fit and for Agpz ) we have demonstrated that the resolution improves by more than a factor
2 compared to extracting Ag? ) from angular projection. The experimental errors are such
that measuring these new observables will be a powerful way to detect the presence of
right handed currents. For the well known measurement of the zero point of the forward-
backward asymmetry we see an improvement of 30% in the resolution from a full angular
fit compared to fitting the angular projections.

Finally we have shown that the previously discussed angular distribution Agpl ) cannot
be measured at either LHCb or at a Super-B factory.
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Figure 14: Definition of kinematic variables in the decay By — K*%utpu~: The z-axis is the
direction in which the B meson flies in the rest frame of the p™p~. 6; is the angle between the p~
and the z-axis in the utp~ rest frame, @ is the angle between the K~ and the z-axis in the K* rest
frame, and ¢ is the angle between the normals to the ™ p~ and K7 decay planes in the B rest frame.

A. Kinematics

Assuming the K* to be on the mass shell, the decay B® — K*0(— K~7t)¢t¢~ is com-
pletely described by four independent kinematic variables; namely, the lepton-pair invariant
mass, ¢2, and the three angles ), O+, ¢ as illustrated in figure [[4 The sign of the angles
for the By decay shows great variation in the literature. Therefore we present here the
most explicit definition of our conventions. Here p denote three momentum vectors in the
B, rest frame, q the same in the di-muon rest frame, and r in the K*? rest frame, the
z-axis is defined as as the direction of the K* in the By rest frame. Three unit vectors
are given in the following way: the first one is in the direction of the z-axis where the 6
angles are measured with respect to, and the other two are perpendicular to the di-muon
and K*0 decay planes.

p7+pﬂ'+ p7><p+ p*XpWJr
p= e = +—F— e = LT (A1)
[Px- + Pr+| Py X Pyt [Pr— X Pr+|
It follows for the By o
_ . re_ -e
cos 0 = M, cosfg = = (A.2)
‘q,u*’ ‘rK*‘
and
sing = (e; X ex) - e, cosp =eg - €. (A.3)
The angles are defined in the intervals
—1<cosf <1, —1<cosbg <1, —r<op<m, (A.4)
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where in particular it should be noted that the ¢ angle is signed.

In words, for the By the angle 6; is measured as the angle between the p~ and the
z-axis in the dimuon rest frame. As the By flies in the direction of the z-axis in the dimuon
rest frame this is equivalent to measuring 6; as the angle between the muon and the By in
the di-muon rest frame. The angle 0k is measured as the angle between the kaon and the
z-axis measured in the K* rest frame. Finally ¢ is the angle between the normals to the
planes defined by the K7 system and the iy~ system in the rest frame of the By meson.

B. Theoretical framework

The coefficient functions I; in the differential decay rate are given in terms of the K* spin
amplitudes (see eq. (2.J)) discussed in section f]. The theoretical expressions of those spin
amplitudes can be derived using the following standard steps:

e The effective Hamiltonian describing the quark transition b — s¢T¢~ is given by

10
4GF .
Hett = =5 VaVia D_[Ci(10i() + Ciw)Oi(10), (B.1)
i=1
where in addition to the SM operators we have also added the chirally flipped part-
ners. In what follows, the same conventions are used as in [[9]. In the NP analysis, we
will focus on the the chirally flipped O} operator in addition to the most important
SM operators O7, Og, and Oqy:

= L z, 1% I (& _ "
O7 6.2 my (50, Prb) 07 T6.2 mp(50 ., PLb) F* (B.2)
e? _ 2 )
= — (g o — _ m
O = Tomz (WLLOEE). O = 75z (W PLb) (& sl), (B3

where P g = (1 F75)/2 and my, = my(p) is the running mass in the MS scheme.

e The hadronic part of the matrix element describing the B — K7 transition can
be parameterised in terms of B — K* form factors by means of a narrow-width
approximation (see for example [P2]). The relevant form factors are defined as:

* V(g
v B (Q) ¥

(K™ (pxc+)|57, Pr,rO| B(p)) = i€mape” g e
:F%{EZ(mB+mK*)A1(q2)_(E*‘Q)(ZP_Q)M%
-2 ) a(a) — Ao (B.4)
where n _
A3(0) = T A — T (e (B.5)
and

(K*(pxc+)|5i0,q" Pr.ob B(p) = ~i€uape” p*¢"Ti(¢?) £
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i%{[GZ(m%_m%(*)_(6*‘Q)(2P—Q)M]T2(q2)+
* 'S 2
+(e -Q)[qu—m(%w)u]%(q )}- (B.6)
In the above, ¢ = p;+ + p;- and €” is the K™ polarisation vector.

e In the heavy-quark and large-energy limit the seven a priori independent B — K*
form factors in egs. (B.4) and (B.6) reduce to two universal form factors £, and ¢
in the leading order [B7, :4

Al(g®) = 2Ei&(EK*), (B.7a)
mp -+ mg-=

Ao ?) = —B (¢, (Bx-) — §(Ex)] (B.7b)
mp M =

Ao(e®) = T (B (B.7¢)

V(g®) = %&(EK*), (B.7d)

Ti(q*) = €1L(Ex-), (B.7e)

L) = 21 (B (B.7%)

T3(¢*) = £1(Ex+) — & (Ex~). (B.7g)

Here, Ei~ is the energy of the final vector meson in the B rest frame,

By~ 2B (1 - q—2> . (B.8)

2
2 mp

These relations, valid in the low-¢? region, allow to simplify the spin amplitudes to
obtain eqs. (B.7)—(B.9) which are crucial for the construction of our new observables.
They are violated by symmetry breaking corrections of order o and 1/my.

C. NLO corrections to the spin amplitudes

The NLO corrections to the form factors at order s are given in ref. [[q. In the presence
of right-handed currents (C7(eﬁ) # 0), the spin amplitudes read [[L9,

V(qz) 2my,
_ 1/2 + 2
AiLr=NV2A [(Cg:Fclo)mB e TR T '\Lo(d7) | (C.1)
A1(q? dmy Eger
Asn = =NV iy~ e (@5 ) ) I B )] 02)
N
Aor,r = —3 X
mg+q
A 2
X |:(Cg + Clo){(m% — m%* — qz)(mB + mK*)Al (qz) — )\ﬁ}

4Following ref. [@], the longitudinal form factor ) is related to that of ref. [ﬂ] by & = (mx~/Ex~)¢).
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where ) is defined in eq. (B.§) and the form factor relations for V(¢?), Ao(¢?) and A;(¢?)
are as in eq. (B.7). Aa(q?) is given by
As(?) = —E [e(®) - () (1+C C.4
2(¢%) = = [0 (@) = () 1L+ O] (C4)
with C' the O(a;) correction to the form factor Ay computed in [, (4, Bg):

o mg+ mp(mp — 2Ek~) 2\ 1 /1 P (u)
== 1(2—-2L A du—————= .
C=3 [( ) T8 5 157, R (47) A+ A (C.5)

with @ . | (u) being the longitudinal light-cone distribution amplitude of the vector meson
K*0. Moreover, we have

o+

Tf:NLO = fi(qz){c( 4 §

(NGl /0 e ) [0 ()T <u>]]}
and
Tixeo = &1(@°) {Cﬁo’i) + 5 (@*) ZLTK Ap,-(¢") /Old“ @i (0 T () +
i (3t [ e 101w

+ AL /du<I>K* () T (u ))H (C.6)

where k, = 7 f5 free (1) /(Nemp&.(q?)) (with z =L, ||). )\E;’lJr and )‘E;,l—(‘f) are the two
By meson light-cone distribution amplitude moments defined in [{7]; they are given by

[Cﬁl P (@)

< P
NG = / dw%(w), (C.7a)
0
_ o Op _(w)
12y _ B,
Ap_(q7) = /0 dww ey —— (C.7b)

In all cases the symbol + stands for the substitution of Céeﬂr) — Céeﬂr) + C;(eﬁ) and — for
Céeﬁr) — Céeﬁr) — C7(eﬂ), wherever C%eff) appears. For instance, in the definition of

o) = ¢ 4 ohd (C.8)

with z =1, ||, the factorizable correction reads [g, [L7]

f+ 2
ol = (0 iceﬂ”’) <4ln - L> (C.9)
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2
(f£) _ [ veff eff/ my mg 2 _
cf) = <c7 + ) (4111 - 6+4L> g V(@) (2 2L) (C.10)

with ) ) )
r=-" T (1-L). (C.11)

q? mg

b
(u)

while the non-factorizable contribution C; ’ is common to both. In the definition of

the hard scattering functions with Tz(}it) = Tz(fi) + Tz(fljt), the factorizable correction

reads [R§, [[7]:

(fi o eff effr 2mp

7 - (C + ) e (C.12)
T (u,w) = eff/> T yy| e M (C.13)
Il + 2mymp (1- U)E%{* 7 .
Tf}_ (u,w) = ”“’ (u,w) =0. (C.14)

Again the non-factorizable part is common to both cases, because it does not receive con-
tributions from Oy. For the definition of the function Y (¢?) and for the non-factorizable
contributions we refer the reader to [, [L7].
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RECEIVED: January 26, 2009

Erratum
e Eq. (4.3) should read

A = +cosOA L +sinfA] p
A p = —sinbA | +cosbA R
App = +cosBAg —sin A%,
App = +sin0A%, + cos0Agr
AhL = +cosfA) —sin HAﬁR
Ayp = +sin0Af + cos0A|p.

e Eq. (4.11) changes to
A8 _ [Aor A, + AjrA|Rl

r VIAo|AL?

e Eq. (C.4) should read

mp
M) = e

(€)= () (1-0)].

These corrections are purely typographical errors in the original publication. All analyses,
plots and conclusions are unchanged.
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