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ABSTRACT: We perform a comprehensive study of the impact of new-physics operators
with different Lorentz structures on decays involving the b — sy~ transition. We

““and tensor

examine the effects of new vector-axial vector (VA), scalar-pseudoscalar (SP)
(T) interactions on the differential branching ratios and forward-backward asymmetries
(App’s) of B} — ptp~, By — Xeutp~, B — ptpu~vy, By — Kptp~, and B} —
K*utp~, taking the new-physics couplings to be real. In Bg — K*ptp—, we further
explore the polarization fraction fr, the angular asymmetry AFEFQ ), and the longitudinal-
transverse asymmetry Arp. We identify the Lorentz structures that would significantly
impact these observables, providing analytical arguments in terms of the contributions
from the individual operators and their interference terms. In particular, we show that
while the new VA operators can significantly enhance most of the asymmetries beyond
the Standard Model predictions, the SP and T operators can do this only for App in

Bdo — K wrp.
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1 Introduction

In recent years, there have been quite a few measurements of quantities in B decays which
differ from the predictions of the Standard Model (SM) by ~ 20. For example, in B — 7K,
the SM has some difficulty in accounting for all the experimental measurements [1]. The
measured indirect (mixing-induced) CP asymmetry in some b — s penguin decays is found
not to be identical to that in B} — J/¢ Ky [2-4], counter to the expectations of the SM.
While the SM predicts that the indirect CP asymmetry in B — .J/1¢ should be ~ 0, the
measurement of this quantity by the CDF and D@ collaborations shows a deviation from
the SM [5]. One naively expects the ratio of transverse and longitudinal polarizations of
the decay products in B — ¢K™* to be fr/f, < 1, but it is observed that fr/f, ~1 [6, 7].
It may be possible to explain this value of fr/f, within the SM, but this is not certain.
Finally, the recent observation of the anomalous dimuon charge asymmetry by the DO
collaboration [8] also points towards some new physics in B mixing that affects the lifetime
difference and mixing phase involved therein (for example, see ref. [9]). Though none of
the measurements above show a strong enough deviation from the SM to claim positive
evidence for new physics (NP), they are intriguing since (i) the effects are seen in several
different B decay channels, (ii) use a number of independent observables, and (iii) all
involve b — s transitions.

A further hint has recently been seen in the leptonic decay channel: in the exclusive
decay Bg — K*utp~, the forward-backward asymmetry (Arp) has been found to deviate
somewhat from the predictions of the SM [10, 11, 13, 14]. This is interesting since it is a
CP-conserving process, whereas most of the other effects involve CP violation. Motivated
by this tantalizing hint of NP in Bg — K*utp~, we explore the consequences of such NP
in related decays. We do not restrict ourselves to any particular model, but work in the
framework of effective operators with different Lorentz structures.

If NP affects Bg — K*ptp~, it must be present in the decay b — sutpu~, and will
affect the related decays BY — utp~, BS — Xoutu=, BY — pTp~y, and B — Kutpu~.
The analyses of these decays in the context of the SM as well as in some NP models
have been performed in the literature: BY — ptp~ [15-25], BY — Xgutp~ [26-35],
BY — ptuvy [36-44], B — Kutu~ [32, 45-51], BY — K*utp~ [52-67]. Correlations
between some of these modes have been studied in refs. [68-70].

In this paper, we consider the addition of NP vector-axial vector (VA), scalar-
pseudoscalar (SP), and tensor (T) operators that contribute to b — su™u~, and compute
their effects on the above decays. Our aim here is not to obtain precise predictions, but
rather to obtain an understanding of how the NP affects the observables, and to establish
which Lorentz structure(s) can provide large deviations from the SM predictions. Some
of these effects have already been examined by some of us: for example, new VA and
SP operators in B? — ptpu~ [21], new VA and SP operators in BY — putpu~y [43], the
correlation between BY — ptp~ and Bg — Kptp~ with SP operators [69, 70], large
forward-backward asymmetry in Bg — KpuTp~ from T operators [49], and the contribu-
tion of all Lorentz structures to Bdo — K*utpu~, with a possible explanation of the App
anomaly [62]. Here we perform a combined study of all of these decay modes with all the



Lorentz structures, consolidating and updating some of the earlier conclusions, and adding
many new results and insights. Such a combined analysis, performed here for the first time,
is crucial for obtaining a consistent picture of the bounds on NP and the possible effect of
NP on the observables of interest. While observables like the differential branching ratio
(DBR) and App(¢?) by themselves are sensitive to NP, we also examine the correlations
between them in the context of NP Lorentz structures.

A full angular distribution of Bg — K*utp~ allows us access to many independent
observables, and hence to multiple avenues for probing NP. We present here for the first
time the full angular distribution, including all the NP Lorentz structures, for this decay
mode. This leads to the identification of observables that could be significantly influenced
by specific Lorentz structures of NP. In addition to the DBR and Arpg, we also examine the
longitudinal polarization fraction f; and the angular asymmetry Ag? ), introduced recently
in ref. [57]. We further analyze the longitudinal-transverse asymmetry A7, which, as we
will argue, has very small hadronic uncertainties.

Hadronic uncertainties often are the main source of error in the calculation of SM
predictions of a quantity, and make the positive identification of NP rather difficult. In
this paper, for Bdo — KpuTp~ we use the form factors from light-cone sum rules. For
Bdo — K*utp~, we use the form factors obtained from QCD factorization at low ¢?, and
those from light-cone sum rules at high ¢?. The latest next-to-leading order (NLO QCD)
corrections [71] have not been included. These corrections would affect the central values
of the SM predictions to a small extent, while also decreasing the renormalization-scale
uncertainty. However, since our primary interest is looking for observables for which the
NP effects are large, a LO analysis is sufficient at this stage. In our figures, we display
bands for the SM predictions that include the form-factor uncertainties as claimed by the
respective authors.

In addition to the form-factor uncertainties, the SM prediction bands also include the
uncertainties due to quark masses, Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
and meson decay constants. In our figures, these bands are overlaid with some examples of
the allowed values of these observables when NP contributions are included. This allows the
scaling of these uncertainties to be easily visualized. It turns out that in many cases, the
results with the NP can be significantly different from those without the NP, even taking
into account inflated values for the hadronic uncertainties. We identify and emphasize such
observables. We also show that the hadronic uncertainties in several of these observables
are under control, especially when the invariant mass of the muon pair is small and one can
use the limit of large-energy effective theory (LEET). This makes such observables excellent
probes of new physics. Also, since all the observables are shown as functions of ¢2, we have
the information not just about the magnitudes of the observables, but also about their
shape as a function of ¢?, where some of the uncertainties are expected to cancel out.

In this paper, we restrict ourselves to real values for all the NP couplings, and study

only the CP-conserving observables.! In section 2, we examine the various SM and NP

The CP-violating observables, with complex values of the couplings, are treated in the companion
paper [72].



b — spTp~ operators, and give the current constraints on the NP couplings. The effects of
the NP operators on the observables of the decays are discussed in the following sections:
BY — utu~ (section 3), BY — XyuTp~ (section 4), BY — utp~y (section 5), BY —
Kutp~ (section 6), and BY — K*utu~ (section 7). Our notation in these sections clearly
distinguishes the contributions from VA, SP and T operators and their interference terms,
which offers many insights into their impact on modifying the observables. We give the
details of the calculations involved in sections 47 in the appendices A-D, respectively, for
the sake of completeness and in order to have a clear consistent notation for this combined
analysis. In section 8, we summarize our findings and discuss their implications. In partic-
ular, we point out the measurements which will allow one to distinguish among the different
classes of NP operators, and thus clearly identify which type of new physics is present.

2 b — suTp~ operators

2.1 Standard Model and new physics: effective Hamiltonians

Within the SM, the effective Hamiltonian for the quark-level transition b — spu™pu™ is

e
1672

_4Gr
V2

8] 8]
+ Cy 46: (59" Ppb) fiyup + Cho 46: (87" PLb) firy,ys i } , (2.1)

6
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where P r = (1 F 75)/2. The operators O; (i = 1,...6) correspond to the P; in ref. [31],
and my = mp(p) is the running b-quark mass in the MS scheme. We use the SM Wilson
coefficients as given in ref. [61]. In the magnetic dipole operator with the coefficient C7,
we neglect the term proportional to mg.

The operators O;, i = 1-6, can contribute indirectly to b — su™p~ and their effects

can be included in an effective Wilson coeficient as [61]
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Here z = ¢°/m?2, and 1, = m,/my, for all quarks g. The function h(z,7) represents the
one-loop correction to the four-quark operators O1-Og and is given by [27, 61]
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where z = 4m?/z. In the numerical analysis, the renormalization scale 1, is varied between
my/2 and 2my,. Note that in the high-¢? region one can perform an operator product
expansion (OPE) in 1/Q with Q = (mp+/q?) [73, 74]. Numerically the results of refs. [73,
74] differ little from those in eq. (2.2) and so we use the above expression for the entire
range of ¢°>. An analysis of b — supu~ where the OPE in the high-¢? region is used can
be found in refs. [64, 66].

We now add new physics to the effective Hamiltonian for b — su*pu™, so that it
becomes

Herr(b — sutu™) = Mg + HY + HE + M (2.4)

where Hggl is given by eq. (2.1), while

i = =8 Vi { Ry (537 PLb) s+ Rt (597 PL)

+ Ry (59" Prb) finup + Ry (57" Prb) fm%u} . (25)
HEF = =7 ViV {Rs (5Pab) -+ R (sPab) i

+ R (5PLb) fipt+ Rp (5PLb) s} (2.6)
HLy = —45; Ojf: VisVi {CT(EJWI))[MW,M +1CrE(50,,b) oo e“"o‘ﬁ} (2.7)

are the new contributions. Here, Ry, Ra, R, Ry, Rs, Rp, Ry, Rp, Cr and Crp, are the NP
effective couplings. We do not consider NP in the form of the O7 = 56“° Prb F, 3 operator
or its chirally-flipped counterpart O} = 50°PPrb F,3. This is because there has been no
hint of NP in the radiative decays B — Xy, K®)~ [45], which imposes strong constraints
on \C?ff]. This by itself does not rule out the possibility of a flipped-sign C?ff scenario.
However this solution can be ruled out at 3¢ from the decay rate of B — X ¢*¢~ if there
are no NP effects in Cy and Cyg [75]. Thus, NP effects exclusively in C7 cannot provide
large deviations from the SM. The impact of Of on the forward-backward asymmetry in
BY — K*puu~, together with other observables, was studied in ref. [60].

Note that the operators with coefficients Ry and R 4 have the same Lorentz structure as
those in the SM involving Cg and C1g, respectively [see eq. (2.1)], so that any measurement
will be sensitive only to the combinations (Cy + Ry ) or (Cy9+ R4). For simplicity, in our
numerical analysis of the observables of various decays, these couplings are taken to be
real. As a consequence, the results in this paper would be the same if the corresponding
CP-conjugate decays were considered. However, for completeness, the expressions allow
for a complex-coupling analysis.

When calculating the transition amplitudes, for the leptonic part we use the notation

L = (' (py )~ (p=)| ay* |0), LM = ('t (py )™ (p=) |ay"~° 1| 0),
L= (u*(py)u (p-)|apl0), LP = (ut (p)p™ (p=)|vy° pl0), (2.8)
LM = (uF (py )™ (p-) o™ pl0).
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Figure 1. The constraints on the couplings Ry, Ra (left panel) and Ry, R’y (right panel) when
only primed or unprimed couplings are present.

2.2 Constraints on NP couplings

The constraints on the NP couplings in b — su ™~ come mainly from the upper bound on
the branching ratio B(BY — uTp~) and the measurements of the total branching ratios
B(BY — Xsutp~) and B(BY — Kutp™) [76-80):

B(BY — utp7) < 3.60 x 1078 (90% C.L.), (2.9)
_ _ 1.60 & 0.50) x 107 (low ¢?)
BB Xy — ) 2.10
(Ba = Xspp™) { (0.44 +0.12) x 105 (high ¢2) (2.10)
B(B) — Kp*tp™) = (4.5H13) x 1077, (2.11)

where the low-¢?> and high-¢? regions correspond to 1GeV? < ¢> < 6GeV? and ¢ >
14.4 GeV?, respectively, where ¢? is the invariant mass squared of the two muons. The
constraints from the first two quantities above have been derived in ref. [62]. Here we also
include the additional constraints from B(B} — KpuTp™). The three decays above provide
complementary information about the NP operators. For the SM predictions here, we use
the latest NNLO calculations. Note that the measurements for B(B) — K*utpu™) are
also available [11, 12]. However, the form-factor uncertainties in B — K*upu™ are rather
large, and as a result the constraints due to this decay mode are subsumed in those from
the other three modes.

The constraints on the new VA couplings come mainly from B(Bg — Xeutp™) and
B(BY — KpuT ™). Their precise values depend on which NP operators are assumed to be
present. For example, if only Ry, 4 or only R§,7 4 couplings are present, the constraints on
these couplings take the form shown in figure 1. For Ry 4, the allowed parameter space is
the region between two ellipses:

|Ry +3.6)> |Ra—40% |Ry+28> |Ra—41 1

LOS ™ ry 48)2 ' (6.5) (6.6)? ’

(2.12)



while for Rj, ,, the allowed region is the intersection of an annulus and a circle:
22.2 < |Ri, +3.6]% +|Ry —4.0%> <566, |R,|>+ |R4*<17. (2.13)
If both Ry, 4 and R{é 4 are present, the constraints on them get individually weakened to

2.8|2 —4.1)?
|Ry + 2.8 |R4 | <1

(6.5)2 (6.6)2 ! (2.14)

and
Ry >+ |R,[* < 40, (2.15)

respectively.?

For the SP operators, the present upper bound on B(BY — u*p~) provides the limit
|Rs — Rs|?> + |Rp — Rp|* < 0.44, (2.16)

where we have used fp, = (238.8 +9.5) MeV [81] and |V;iVy| = 0.0407 4+ 0.0010 [77]. This
constitutes a severe constraint on the NP couplings if only Rgs p or R’S7 p are present. How-
ever, if both types of operators are present, these bounds can be evaded due to cancellations
between the Rg p and Ry p. In that case, B(BY — Xsutp~) and B(BY — Kutu~™) can
still bound these couplings. The stronger bound is obtained from the measurement of the
latter quantity, which yields

|Rs|*+|Rp|><9, Rs~Rs, Rp~Rp. (2.17)

Finally, the constraints on the NP tensor operators come entirely from B(Bg —
Xepu ™). When only the T operators are present,

|Cr|> + 4|CrEl* < 1.0 (2.18)

Although the bounds presented in this section for VA, SP and T couplings are
obtained by taking one kind of Lorentz structure at a time, in our numerical analysis
for scenarious where we consider combinations of two or more kinds of Lorentz structres,
we use the allowed parameter space obtained by considering the corresponding combined
Lorentz structures.

We now analyze the b — su™p~ modes in detail and present our results. As explained
in the Introduction, the figures have the SM prediction bands overlaid with the predictions
for specific allowed values of NP couplings. The SM band is generated by varying the
form factors within their ranges as predicted by the respective authors, while the CKM
matrix elements, quark masses and meson decay constants are varied within their 1.60
allowed values.

*Note: the constraints on Ry, 4 obtained here are milder than those obtained in ref. [43] using B(B3 —
(K,K*)ut p™). This is because ref. [43] had neglected the interference terms between the SM and new
physics VA operators. Their inclusion relaxes the stringent constraints therein.



3 Bg — putp~

In this section we examine the NP contributions to B? — p*p~. Within the SM,
BY — putp~ is chirally suppressed. The SM prediction for the branching ratio is
B(BY — ptp~) = (3.35 £ 0.32) x 107 [22]. The Tevatron gives an upper bound on
its branching ratio (BR) of 3.6 x 1078 at 90% C.L. [76-78]. This decay can be observed at
the Tevatron only if NP enhances its BR above 1078. LHCD is the only experiment which
will probe B(B? — pu* ™) down to its SM value. It has the potential for a 30 observation
(50 discovery) of BY — ptpu~ with ~ 2 fb™1 (~ 6 fb™!) of data [82]. LHCb therefore has
the potential to observe either an enhancement or a suppression of B(BY — u*pu™). It can
observe BY — ptpu~ as long as its BR is above 1.0 x 1079,

3.1 Branching ratio
The transition amplitude for B — p*pu~ is given by

IM(B? — i) = (—i)

1 AGF Qem - 4
[ P (Vi Vi) | %

2| \/2 47
{ <0 |§’Y;L’75b| Bg(p)> (_C‘lag — Ra+ R%)LE’“
(0[50 BYw)) [(Rs — Re)L+ (Bp — BRI}, (31)

where L, [ and L® are defined in eq. (2.8). Using the matrix elements [15]

2
- 50 , - 50 . mp,
<0 ‘37u75b‘ Bs (p)> =1Pu st ) <0 ‘37517‘ Bs (p)> =1 st my 4 meg ) (32)

the calculation of the BR gives

_ B G%a2, my f3 T8, . 4m
B(BY -yt ) = PO BBy vz [ (33)

6473
) 2
m2 '
Bs

Clearly, NP in the form of tensor operators does not contribute to BY — putu~. From

2
Rs—Rg

mp + Mg

Rp—Rp  2my,
C Ra— R
mp + Mg +m2BS( 10+ Ra— Ry)

eq. (3.3) and the constraints on NP couplings obtained in section 2.2, one can study the
effect of new VA and SP couplings.

Since the NP contribution from VA operators is suppressed by a factor of ~ m,/my
compared to that from the SP operators, the effect of SP operators dominates. Both VA
and SP operators can suppress B(BY — utpu™) significantly below the SM prediction.
However while VA operators can only marginally enhance B(B? — u*pu™) above 1078,
making the decay accessible at the Tevatron in an optimistic scenario, the SP operators
can enhance the branching ratio even up to the present experimental bound. Indeed, the
strongest limit on the SP couplings comes from this decay. This strong limit prevents the
SP operators from expressing themselves in many other observables, as we shall see later
in this paper.



3.2 Muon polarization asymmetry
The longitudinal polarization asymmetry of muons in BY — ptu~ is defined as

Nr — N;

App = ,
P Np+ N

(3.4)
where Np (Np) is the number of ;™ ’s emerging with positive (negative) helicity. Azpp is a
clean observable that is not suppressed by m,/mp, only if the NP contribution is in the

form of SP operators, such as in an extended Higgs sector.
Arp for the most general NP is [70]

o 1 i ke {<mb+:;)(i:+ms + 2 (Cuo+ R - )|

2
4m?2
(1=
my.,

From the above equation, we see that Azp can be nonzero if and only if Rg — R # 0, i.e.

App = (3.5)
RSfng

my+ms

Rp—
mb+ms

_l’_

+ 2";” (Cro+ Rs— R )

there must be a contribution from NP SP operators. (Within the SM, SP couplings are
negligibly small, so that Aypp ~0.)

The present upper bound on B(B? — ™) puts no constraint on Ay p, and it can
be as large as 100% [70]. Arp can be maximal even if B(B? — pu*u™) is close to its SM
prediction. Therefore, in principle Ay p can serve as an important tool to probe NP of the
SP form. However, in order to measure its polarization, the muon must decay within the
detector. This is not possible due to the long muon lifetime (¢7 for the muon is 659 m).

Hence in practice, this quantity is not measurable at current detectors.
4 BY— Xptp~
The BR of Bg — X utp~ in the low-¢? and high-¢? regions has been measured to be [79, 80]

(1.49 £ 0.5070:33) x 1076, (Belle)
BB — X"l )iow 2 = { (1.8£0.7£0.5) x 107%, (BaBar), (4.1)
(

(1.60 £ 0.50) x 1076, Average) .

(0.42 £0.127008) x 1076, (Belle),
B(B = Xl )pigh 2 = { (050 £0.25100%) x 107, (BaBar), (4.2)
(

(0.44 £0.12) x 1079, Average) .

The SM predictions for B(B — X, u* ™) in the low-¢? and high-¢? regions are (1.59 +
0.11) x 107% and (0.24 +0.07) x 1075, respectively [33].

Apart from the measurement of the total BR of Bg — X putp~, which has already
been used to restrict the VA and T operators in section 2.2, the differential branching
ratio (DBR) as a function of ¢ also contains valuable information that can help us detect
NP. In particular, the SM predicts a positive zero crossing for App in Bg — XopTp~ in
the low-¢? region, i.e. for ¢2 less than (greater than) the crossing point, the value of Arp
is negative (positive). This zero crossing is sufficiently away from the charm resonances



so that its value can be determined perturbatively to an accuracy of ~ 5%. The NNLO
prediction [33] for the zero of App(q?) is (taking my, = 4.8 GeV)

(¢%)o = (3.5 £0.12) GeV?2. (4.3)

This quantity has not yet been measured. However, estimates show that a precision of
about 5% could be obtained at a Super-B factory [83]. A deviation from the zero crossing
point predicted above will be a clear signal of NP.

4.1 Differential branching ratio and forward-backward asymmetry

After including all the NP interactions, and neglecting terms suppressed by m,/m; and
ms/my, the total differential branching ratio dB/dz is given by

(if) = (if) + By [BSM—VA + Bya+ Bsp + BT] ; (4.4)
Total SM
where the quantities B depend on the SM and NP couplings and kinematic variables. The
complete expressions for these quantities are given in appendix A. The subscripts denote
the Lorentz structure(s) contributing to that term.

The forward-backward asymmetry in BY — XspuTp™ is

1 d’>B 0 d’B
A ( 2) - fO dcosap‘dquCOS@# o f—l dcose#dqucoseu (4 5)
e [ldeost, 2P+ [ dcosd, TP .
0 H dg?d cos 0, -1 Hdgq?dcos 0,

where 6, is the angle between the p and the BY in the dimuon center-of-mass frame. We
can write App in the form

N(z)
Arp(d®) = 4.
where the numerator is given by
N(z) = Bo [NSM + Nsm-va + Nya + NSP—T] , (4.7)

The terms suppressed by m,,/m; and m,/my, have been neglected as before. Again for the
detailed expressions, we refer the reader to appendix A.

Figure 2 shows Arp(q?) and the DBR for Bg — X,pu T~ in the presence of NP in
the form of Ry 4 couplings, which are the ones that can most influence these observables.
Enhancement or suppression of the DBR by a factor of 2 is possible. The NP couplings
can enhance Appg up to 30% at low ¢, make it have either sign, and even make the zero
crossing disappear altogether. At high ¢?, however, App can only be suppressed. The R§,7 A
couplings can only affect these observables mildly: a 50% enhancement in DBR is possible
(no suppression), but App can only be marginally enhanced and a positive zero crossing in
the ¢> = 2-4 GeV? region is maintained. The mild effect of RQ/’ 4 couplings as compared to
the Ry 4 couplings is a generic feature for almost all observables. This may be attributed
to the bounds on the magnitudes of these couplings: from section 2.2, while |Ry 4| < 10,
the values of [Ry, 4| < 5.

,10,
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Figure 2. The left (right) panels of the figure show Arp and DBR for B} — X u* ™ in the low-¢*
(high-¢?) region, in the scenario where only (Ry, R4) terms are present. The band corresponds to
the SM prediction and its uncertainties; the lines show predictions for some representative values of
NP parameters (Ry, Ra). For example, the blue curves in the low-¢? and high-¢? regions correspond
to (—6.85,8.64) and (—9.34, 8.85), respectively.

Eq. (4.7) shows that if SP or T couplings are individually present, their contribution
to App is either absent or suppressed by m,/m;. In such a case, though they can en-
hance the DBR (marginally for SP, by up to a factor of 2 for T), App is suppressed in
general (marginally for SP, significantly for T). However if both SP and T operators are
present, their interference term is not suppressed and some enhancement of Appg is possible.
This still is not significant, since the magnitude of the SP couplings is highly constrained
from BY — T~ measurements. A positive zero crossing in the low-¢? region is always

maintained. This may be seen in figure 3.

4.2 Polarization fractions f; and fr

In ref. [34] it was pointed out that, besides the dilepton invariant mass spectrum and the
forward-backward asymmetry, a third observable can be obtained from Bg — Xoptu,
namely the double differential decay width:

d’B 3
dzdcosf, 8 [(1 +cos” 0,) Hr(2) + 2 cos 0, Ha(z) + 2(1 — cos® 0,) Hr ()| - (4.8)
I

The functions H;(z) do not depend on cosf,. The sum Hp(z) + Hrp(z) gives the dif-
ferential branching ratio dB/dz, while the forward-backward asymmetry is given by
3HA/A(Hp 4+ Hr). Splitting dB/dz into longitudinal and transverse parts separates the
contributions with different ¢? dependences, providing a third independent observable.
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Figure 3. The left (right) panels of the figure show App and DBR for BY — X,uTp™ in the
low-¢?> (high-¢?) region, in the scenario where both SP and T terms are present. The band
corresponds to the SM prediction and its uncertainties; the lines show predictions for some
representative values of NP parameters (Rg, Rp, Ry, Rp,Cr,Crg). For example, the magenta
curves in the low-¢? and high-¢? regions correspond to (—1.23,—1.79, —0.86, —1.85,0.27, —0.36)
and (—1.23,-0.23,—1.35,0.08,1.37,0.01), respectively.

This does not require measuring any additional kinematical variable — ¢? and cos 0, are
sufficient. Including all the NP interactions, and neglecting terms suppressed by m,,/my,
and mg/my, Hr(z) and Hp(z) are given by

Hi(z) = HpM(2) + HPVA(2) + HU (=) + HEP(2) + H (2) (4.9)
Hr(z) = HPM(2) + HPY"VA(2) + Hp A (2) + HP'(2) + HE (2) (4.10)

where the H functions are given in appendix A. The superscripts indicate the Lorentz
structures contributing to the term. The polarization fractions fr, and fr can be defined

as HL(Z)

Hp(2) + Hr(z)’

Hrp(2)

fo = Hy(2) + Hr(z)

fr= (4.11)
In the SM, fr, can be as large as 0.9 at low ¢2, and it decreases to about 0.3 at high ¢°.
Figure 4 shows that when only Ry 4 couplings are present, in the low-¢® region fr,
can be suppressed substantially, or even enhanced up to 1. A similar effect — small
enhancement or a factor of two suppression — is possible at high ¢?. The suppression at
low-g? is typically correlated with an enhancement at high-¢. The effect of R& 4 couplings
is similar, but much milder, as expected. SP and T operators, individually or together,

can only have an marginal effect on fy.
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Figure 4. The left (right) panels of the figure show f, for B — Xsu*p™ in the low-¢® (high-¢?)
region, in the scenario where only (Ry, R4) terms are present. The band corresponds to the SM
prediction and its uncertainties; the lines show predictions for some representative values of NP
parameters (Ry, Ra). For example, the blue curves in the low-¢? and high-¢? regions correspond
to (—8.14,5.75) and (1.87,4.85), respectively.

5 BY— ptu~y

In this section we examine the NP contributions to the radiative leptonic decay B? —
w7y, This decay has not been detected as yet. The SM prediction for the BR in the
range ¢° < 9.5GeV? and ¢ > 15.9 GeV? is ~ 18.9 x 1079 [41]. Although this decay needs
the emission of an additional photon as compared to BY — u*pu~, which would suppress
the BR by a factor of g, the photon emission also frees it from helicity suppression,
making its BR much larger than BY — putpu~.

This decay has contributions from many channels [36-39, 41, 42]: (i) direct emis-
sion of real or virtual photons from valence quarks of the BY, (ii) real photon emitted
from an internal line of the b — s loop, (iii) weak annihilation due to the axial anomaly,
and (iv) bremsstrahlung from leptons in the final state. The photon emission from the
b — s loop is suppressed by mg / m%,V [37], and the weak annihilation is further suppressed
by Agcp/my [41]. These two contributions can then be neglected. The bremsstrahlung
contribution is suppressed by m,/m;, and dominates only at extremely low photon ener-
gies due to the infrared divergence. The virtual photon emission dominates in the low-¢?
region around the ¢ resonance. If we choose the regions 2GeV? < ¢?> < 6GeV? and
14.4 GeV? < ¢? < 25GeV? as the low-¢? and high-¢? regions, respectively, then the dom-
inating contribution comes from the diagrams in which the final-state photon is emitted
either from the b or the s quark. Then the BY — ¥ u~ decay is governed by the effective
Hamiltonian describing the b — su™ ™ transition, as given in eq. (2.1), and our formalism
is applicable. Here we consider the the DBR and App in BY — utpu=.

5.1 Differential branching ratio and forward-backward asymmetry

We begin with the differential branching ratio. The SP operators do not contribute to the
amplitude of B — =+ and hence do not play any role in the decay.

In terms of the dimensionless parameter ., = 2E., /mp,, where E, is the photon energy
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in the BY rest frame, one can calculate the double differential decay rate to be

d’r 1 2vm% x,
= s T 1
dz,d(cosb,) 2mp, (8m)3 MM, (5:1)

where v = \/1 - 4mz/[m235(1 — 2,)]. From eq. (5.1) we get the DBR to be

B _ /1 a°r dcosf
dz, 7B _1 dzyd(cosb,) a

- [ 1 2”?””235] 1 16G2 a2,
= 7B,

VaVilPe?|©. (5.2)

2mp, (87)3 | |4 2 1672
Here the quantity © has the form
2
O = 3 m‘lBS :Cz’{ [XVA + X7+ XVA—T] , (5.3)

where the X terms are given in appendix B. The subscripts of the X terms denote the
Lorentz structure(s) contributing to that term. For the sake of brevity, we have included
the SM contributions in Xy 4.

The normalized forward-backward asymmetry of muons in B — p* = is defined as

1 2 0 2
d*B d°B
dcosf — dcosf
/0 o8 "dq?dcos b, /_1 o8 "dq?d cos b,

! d’B 0 ?B
dcost dcos6
/0 o8 "dq2dcos b, +/1 o8 "dq?d cos b,

App(¢®) = (5.4)

where 6, is the angle between the three-momentum vectors of the B? and the uT in the
dimuon center-of-mass frame. The calculation of App gives

1

App(q®) = o

<2m‘}95v mf’,) |:YVA + YVA—T] , (5.5)

with the Y terms are defined in appendix B.

The details of the calculation are given in appendix B. For the numerical calculations,
we use the matrix elements given in ref. [40]. The parameters involved in the form factor
calculations are chosen in such a way that the LEET relations between form factors are
satisfied to a 10% accuracy [40]. In our numerical analysis we take the errors in these form
factors to be £10%.

Within the SM, App(¢?) is predicted to vanish around ¢*> =~ 4.3GeV? (i.e. z, ~
0.85) [40], and the crossing is predicted to be negative. It is therefore interesting to see
the effects of various NP operators and their combinations on Appg. In the extreme LEET
limit, using the form-factor relations given in ref. [40], one can easily see that the App
is independent of the form factors. In figure 5 we see large bands in the SM predictions
of App in the low ¢? region. One may tend to interpret these as large corrections to the
LEET limit, however this would be somewhat misleading, as we take the errors in the form
factors, due to corrections from the LEET limit, to be uncorrelated. In realistic models,
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Figure 5. The left (right) panels of the figure show Arp and DBR for B — ptpu~ in the
low-¢? (high-¢?) region, in the scenario where only (Ry, Ra) terms are present. Note that here
q®> = m%(1 — ). The band corresponds to the SM prediction and its uncertainties; the lines show
predictions for some representative values of NP parameters (Ry, Ra). For example, the magenta
curves in the low-¢? and high-¢? regions correspond to (2.47,7.08) and (—7.14, —0.42), respectively.

LEET corrections to the form factors will be correlated, leading to a smaller uncertainty
band for App in the SM.

Figure 5 also shows Arp and DBR in the presence of NP in the form of Ry, 4 couplings.
With the large allowed values of |Ry 4| and the absence of any helicity suppression, we
expect VA operators to have a significant impact on the observables. As can be seen
from the figure, the maximum allowed value of DBR, can be 2-3 times larger than the SM
prediction. The BR can also be suppressed below the SM prediction due to destructive
interference. In the low-¢? region, the suppression can be large. The features of the zero-
crossing predicted by the SM can be affected: it can be positive or negative, can take place
at any value of q2, and can disappear altogether. As expected, the impact of R§,7 4 couplings
is much milder. In particular, the zero-crossing is always positive and in the low-¢? region.

With new tensor couplings, an enhancement of the DBR by up to a factor of 3 in
comparison to the SM prediction is possible. Moreover, in the limit of neglecting the muon
mass, T operators do not contribute to the Y-terms in eq. (5.5); their contribution is only
to ©. As a result, they can only suppress Agp from its SM value.

When all NP operators are allowed, we find that B(B? — u* =) can be enhanced by a
factor of 4, or it can be suppressed significantly. The shape of Arp(¢?) is determined by the
new VA couplings, while its magnitude can be suppressed if the T couplings are significant.
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6 BY— Kptp~

The decay mode BY — Kputpu~ is interesting primarily because the forward-backward
asymmetry of muons is predicted to vanish in the SM. This is due to the fact that the
hadronic matrix element for the Bg — K transition does not have any axial-vector contri-
bution. App can have a nonzero value only if it receives a contribution from new physics
in the form of SP or T operators. Thus, the information from this decay is complementary
to that from the other decays considered earlier, which were more sensitive to new physics
VA operators.
The total branching ratio of B} — KpuTpu~ has been measured to be [78]

B(By — Kptp) = (4.5513) x 1077, (6.1)
which is consistent with the SM prediction [32]
B(BY — Kp p )sm= (3.5 +£1.2) x 1077 . (6.2)

The integrated asymmetry, (Arp), has been measured by BaBar [84] and Belle [10, 85] to
be

(Apg) = (0.15702, +0.08) (BaBar), (6.3)
(Apg) = (0.104£0.14 £ 0.01)  (Belle).

These measurements are consistent with zero. However, within 20 they can be as large
as ~ 40%. Experiments such as the LHC or a future Super-B factory will increase the
statistics by more than two orders of magnitude. For example, at ATLAS at the LHC, after
analysis cuts the number of B} — Kyu™u~ events is expected to be ~ 4000 with 30 fb~! of
data [86]. Thus, (Arp) can soon be probed to values as low as 5%. With higher statistics,
one will even be able to measure App as a function of the invariant dimuon mass squared
¢?. This can provide a stronger handle on this quantity than just its average value (App).

The effect of NP on (Arg) and the Arp(q¢?) distribution in Bg — Kputp~ was studied
in refs. [48] and [49] respectively. In the latter, it was shown that simultaneous new-physics
SP and T operators can lead to a large enhancement of Arp(¢?) in the high-¢® region.
However, NP effects due to other operators were not studied. Here we present a complete
analysis of the effect of NP on the App(¢?) distribution in B — KpTp~ by taking
into account all possible NP operators and their combinations. In addition, we study the
possible zero crossing of Arp(¢?) and the correlations between the DBR and App features.

6.1 Differential branching ratio and forward-backward asymmetry

The differential branching ratio for this mode is given by

dB
dz

where the normalization factor Bj, the phase factor ¢ and the X’ terms are given in

= By¢'? B, [X\//A + Xsp+ X7+ Xy acsp + Xvar| (6.5)

appendix C. The subscripts for the X’ terms denote the Lorentz structure(s) contributing
to that term.
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The normalized forward-backward asymmetry for the muons in Bdo — Kptp~ is de-

1 2 0 2
d*B d°B
dcosf — dcosf
/0 o8 "dq?dcos b, /_1 o8 "dq?d cos b,

! d’B 0 ?B
dcost dcos6
/0 o8 "dq2dcos b, +/1 o8 "dq?d cos b,

fined as

App(¢®) = (6.6)

where 0, is the angle between the three-momenta of the Bg and the g™ in the dimuon
center-of-mass frame. The calculation of Arp(q¢?) gives

2B! Gu o
App(q®) = dé/gz [Y\,/A—SP + Yy 4 + YéP-T] (6.7)

where the Y terms are given in appendix C.

The largest source of uncertainty in the calculations are the B — K form factors. As
these cannot be calculated from first principles within QCD, one has to rely on models.
In the numerical calculations, we use the form factors as calculated in ref. [45] in the
framework of QCD light-cone sum rules; the details are given in appendix C. There are,
however, certain limits in which relations between form factors can be rigorously obtained.
In the large energy (LEET) limit, these relations are valid up to as, 1/Ex and 1/my,
corrections [50, 51].

In the LEET limit, using the form-factor relations in eq. (C.10), one can verify that
App is independent of the form factors. This is quite useful as it implies that the measure-
ment of App can be used to extract the parameters of the new-physics operators without
form-factor uncertainties in this limit.

In the low-energy, large ¢2, region one can also derive relations between form factors
in the heavy-quark limit [73, 74]. However, these relations do not completely eliminate the
form-factor dependence of the calculated quantities, and hence we do not consider these
relations. An analysis where these relations have been used in the context of b — su™pu~
can be found in refs. [64, 66].

From eq. (6.7), clearly new VA couplings alone cannot give rise to App, which vanishes
in the SM in any case. Note that this is one of the few cases where the VA couplings fail to
influence an asymmetry significantly, in spite of the large allowed values of the couplings.
This is because the argument about the hadronic matrix element Bg — K not having any
axial-vector contribution stays valid even in the presence of NP. The DBR can, however,
be enhanced by up to a factor of 2, or marginally suppressed.

The contribution of SP operators through the Y, ,_¢p terms can give rise to App,
where the VA contribution comes from the SM operators. The effect is rather small when
only Rg p or only R'S7 p couplings are present, due to the strong constraints on their values.
The peak value of Arp in the low-¢? region stays below the percent level, while in the the
high-¢? region it can be enhanced up to 2% at the extreme end point (¢ > 22 GeV?), which
is virtually impossible to observe. However if both the primed and unprimed SP couplings
are present simultaneously, the constraints on them are weakened. In such a situation, the
peak value of App in the low-¢? (high-¢?) can become ~ 5% (~ 3%). This may be seen in
figure 6. It is also observed that App is always positive or always negative, i.e. there is no
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Figure 6. The left (right) panels of the figure show Arp and DBR for BY — KpuTp™ in the low-¢°
(high-¢?) region, in the scenario where all NP SP couplings are present. The band corresponds to
the SM prediction and its uncertainties; the lines show predictions for some representative values of
NP parameters (Rg, Rp, R, R}) . For example, the blue curves in the low-¢* and high-¢* regions
correspond to (—2.50,6.18, —2.84, —5.64) and (—2.41, 1.86, —2.07,1.42), respectively.

zero crossing. The DBR also is significantly affected only if both the primed and unprimed
SP couplings are present: it can be enhanced by up to a factor of 3.

New T couplings are also expected to give rise to App through the Yy, ,_, terms in
eq. (C.12). It is observed from figure 7 that Arp(¢?) can be enhanced up to 5-6% in almost
the entire ¢? region. Moreover, at ¢> > 21 GeV?, the peak value of Arp(q?) reaches a larger
value ( ~ 30%). The value of Arp(q?) is always positive or always negative, i.e. there is no
zero crossing point. The DBR values do not go significantly outside the SM-allowed range.

When VA and T couplings are present simultaneously, a DBR enhancement of up to a
factor of 2 is possible, while App can be large only at extremely high ¢?. On the other hand,
when SP and T couplings are present simultaneously, their interference can have a large
impact on App. The interference term Y¢p_, that contributes to App is not suppressed
by m,/my, and therefore a large App is possible, as can be seen from figure 8. This is
also the only combination of NP couplings where a zero crossing may occur. Among the
asymmetries considered in this paper, this is the one where the SP and T operators can
have the largest impact. The DBR can also be enhanced by up to a factor of 2-3 at large
¢? due to the simultaneous presence of primed and unprimed SP operators.

7 BY— K*utp~

The measurement of the forward-backward asymmetry in Bg — K*u*tp~ by the Belle
collaboration [10, 11], which showed a deviation from the SM prediction, indicates the
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Figure 7. The left (right) panels of the figure show App and DBR for BY — KpuTp™ in the low-¢°
(high-¢?) region, in the scenario where only T terms are present. The band corresponds to the SM
prediction and its uncertainties; the lines show predictions for some representative values of NP
parameters (Cr, Crg). For example, the blue curves in the low-¢? and high-¢? regions correspond
to (0.30,0.37) and (0.49,0.57), respectively.

possibility of the presence of new physics. According to the SM, Appg is < 20% and
negative at low ¢2, has a zero crossing at ¢ ~ 4 GeV?, and is positive but < 40% for larger
¢® values. The experiment showed the asymmetry to be positive throughout the range
of ¢> — consequently no zero crossing — and App ~ 60% at large ¢? values. This has
generated a special interest in this decay.

There have already been a number of theoretical studies, both within the SM [52,
53, 60] and in specific NP scenarios [57, 58, 61, 62], focusing on the branching fraction
and App of BY — K*utu~. For example, ref. [59] has pointed out that Arp(¢?®) is a
sensitive probe of NP that affects the SM Wilson coefficients. Other observables based on
the K* spin amplitudes of this decay are at present under active theoretical and experi-
mental analysis [57, 58, 60]. Finally, more challenging observables, such as the polarized
lepton forward-backward asymmetry [46, 47, 55, 56], have also been considered, though
the measurement of this quantity is still lacking.

In the coming years, the LHCb experiment will collect around 3000 events of Bg —
K*utp~ perfb™! in the full range of ¢>. An integrated luminosity of 2fb~! already would
allow the extraction of the SM zero of Arp (if it is there) with a precision of +0.5 GeV? [87].
Indeed, a dataset of 100 pb~! would already improve the world precision obtained by Babar,
Belle and CDF. These measurements would also permit many of the additional tests for
NP mentioned above.

The decay Bg — K*ptp~, with K* decaying to K, has four particles in the final state.
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Figure 8. The left (right) panels of the figure show App and DBR for B — Kutp™ in the
The band
corresponds to the SM prediction and its uncertainties; the lines show predictions for some
representative values of NP parameters (Rg, Rp, Ry, Rp,Cr,Crg). For example, the magenta
curves in the low-¢? and high-¢? regions correspond to (—0.09, —2.24,0.16, —2.14, —0.33, —0.40)
and (—0.40, 1.87, —0.59, 1.88, —0.34, 0.66), respectively.

low-¢?> (high-¢?) region, in the scenario where both SP and T terms are present.

This implies that there are three physical angles that can specify the relative directions
of these four final-state particles. The differential decay rate as a function of these three
angles has much more information than just the forward-backward asymmetry. Indeed,
App is just one of the observables that can be derived from the complete angular analysis
of this decay. In this section we also consider other CP-conserving observables.

7.1 Angular analysis

The complete angular distribution in Bg — K*uTp~ has been calculated in refs. [88, 89]
within the SM. In this section, we calculate the angular distribution in the presence of NP,
which is a new result. The full transition amplitude for B(pg) — K*(px~, )t )w (vy)
is

1
2

4 GF Qlem
N s

{MVML“+MAML“5+MSL+MPL5+MTW,L“”+Z'MEWLW€W&£3] :

iIM(BY — Kt ™) = (~i) (VisVin) | x (7.1)

where the L’s are defined in eq. (2.8). The M’s are given in appendix D.
The complete three-angle distribution for the decay B — K*(— Kw)u"pu~ can be
expressed in terms of ¢2, two polar angles 0,, 0k, and the angle between the planes of
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Figure 9. The description of the angles 0, x and ¢ in the angular distribution of B — K*(—
Km)utp~ decay.

the dimuon and K7 decays, ¢. These angles are described in figure 9. We choose the
momentum and polarization four-vectors of the K™ meson in the dimuon rest frame as

PK* = (EK*70707 ’ﬁK*’) 5

1 1
<(0) = D |,0,0, Eg«), e(A==x1)= 0,1,42,0), 7.2
©)= 0 (el 0.0.Exe) =4 =% , 0.1L£0,  (72)
with
2 2 9
Eje = mp — M« —( : |ﬁK*| _ \/EQ* —m%(*. (7.3)

2\/q2

The three-angle distribution can be obtained using the helicity formalism:

dq2d cos ;jgcos Orcdo = NF{ cos® O <I? + I9 cos 20, + I3 cos Hﬂ)
+sin? O <IlT + IT cos 20, + IT cos 0,
—i—I4T sin? 0, cos2¢ + I5T sin? 0, sin 2¢> +sin 20k (IlLT sin 26, cos ¢
+I57 sin 20, sin ¢ + 37 sin 6, cos ¢ + I sin 0, sin qb) } , (7.4)

where the normalization factor Ng is

2 2 * 2|=B
o 3aemGF|V;€sV;fb| |pK*
N 21476m2

Np B Br(K* — K) . (7.5)

Here 3, = \/1 —4m2 /¢?, and |pE.
rest frame:

is the magnitude of the K* momentum in the B-meson
. 1
e = g/ e+ gt = 2l i+ ). (7.6

The twelve angular coefficients I depend on the couplings, kinematic variables and form

factors, and are given in appendix D. In this paper we concentrate on the CP-conserving
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observables: the DBR, the forward-backward asymmetry App, the polarization fraction

fr, and the asymmetries Ag? )

and Apr.

The theoretical predictions for the relevant B — K™ form factors are rather uncertain
in the region (7 GeV? < ¢? < 12 GeV?) due to nearby charmed resonances. The predictions
are relatively more robust in the lower and higher ¢® regions. We therefore concentrate on
calculating the angular distribution in the low-¢? (1 GeV? < ¢ < 6 GeV?) and the high-¢?
(¢? > 14.4 GeV?) regions. For numerical calculations, we follow ref. [62] for the form factors:
in the low-¢? region, we use the form factors obtained using QCD factorization, while in

the high-¢? region, we use the form factors calculated in the light-cone sum-rule approach.

7.2 Differential branching ratio and forward-backward asymmetry

The forward-backward asymmetry for the muons is defined by

2 fO d cos 0/‘ dq2d cos 0 f d cos 0/‘ dq2d cos 0,
AFB (q ) - d 9 42r d 9 42T (77)
fO COS Y dq2d cos 0u + f,1 COS Y dq2d cos 0,

It can be obtained by integrating over the two angles 0 and ¢ in eq. (7.4). We obtain the
double differential decay rate as

d*T 87TN F

dq?d cos 0 3 { <.71 + 19 cos 20, + I cosﬂ) <If—|—f;[ cos 20, + I7 cosﬁﬂ)] (7.8)
i

Further integration over the angle 6, gives the differential decay rate. The contribution
of the NP operators to the differential branching ratio and forward-backward asymmetry
of BY — K*u*u~ was examined in detail in ref. [62]. We do not reproduce the analysis
here, but only give the results below.

If only Ry, 4 couplings are present, Arp can be enhanced at low ¢?, while keeping it
positive, so that there is no zero crossing as indicated by the recent data [10, 11, 13, 14].
However, an enhancement at high ¢?, also indicated by the same data, is not possible. On
the other hand, if only R{é 4 couplings are present, App can become large and positive at
high ¢2, but then it has to be large and negative at low ¢2. These couplings are therefore
unable to explain the positive values of App at low ¢?. Thus, in order to reproduce the
current Bg — K*utpu~ experimental data, one needs both unprimed and primed NP VA
operators. The NP coupling values that come closest to the data typically correspond
to suppressed DBR at low ¢?. (See figure 10.) But it is also possible to have a large
Arp (up to 60%) in the entire ¢ region while being consistent with the SM prediction
for the DBR. At present, the errors on the measurements are quite large. However, if
future experiments reproduce the current central values with greater precision, this will
put important constraints on any NP proposed to explain the data.

New SP couplings by themselves cannot significantly affect either the DBR or the App
predictions of the SM. New T couplings in general tend to enhance DBR significantly, by up
to a factor of 2, while not contributing any additional terms to the asymmetry. As a result,
the magnitude of App is suppressed. The zero crossing can be anywhere in the entire g2
range, or it may disappear altogether. However, whenever it is present, it is always a SM-
like (positive) crossing. When SP and T couplings are present simultaneously, additional
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Figure 10. The left (right) panels of the figure show App and DBR for B — K*utpu~
in the low-¢? (high-¢?) region, in the scenario where both (Ry,Ra) and (R}, R/,) terms are
present. The band corresponds to the SM prediction and its uncertainties; the lines show pre-
dictions for some representative values of NP parameters (Ry,Ra,Ri, R)). For example, the
red curves for App in the low and high ¢? regions correspond to (—1.55,1.75,6.16,1.73) and
(—5.79,1.10,0.47, —3.34), respectively. The pink curves for DBR in the low-¢? and high-¢? regions
correspond to (1.96, —4.09,4.61,0.13). For comparison, the experimental data are also displayed in
blue cross lines.

contributions to App that are not suppressed by m,/mp are possible. As a result, App
obtained with this combination can be marginally enhanced as compared to the case with
only T operators. It is then possible to have no zero crossing. However, the magnitude of
App cannot be large in the high-¢? region.

7.3 Polarization fraction f;,

The differential decay rate and K* polarization fractions can be found by integrating over
the three angles in eq. (7.4) to get

dr 8T Np
= A A 7.9
dq2 3 ( L+ T) ) ( )

where the longitudinal and transverse polarization amplitudes A; and Ar are obtained
from eq. (7.8):

1 1
A = <110 — 313), Ap = 2<11T — 31{) . (7.10)

It can be seen from the expressions for the I’s in appendix D [see eq. (D.15)] that SP
couplings cannot affect Ar. The longitudinal and transverse polarization fractions, f; and
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Figure 11. The left (right) panel of the figure shows fr, for B — K*uTu~ in the low-¢? (high-
¢?) region, in the scenario where both (Ry,Ra) and (R, R/;) terms are present. For exam-
ple, the blue curves in the low-¢? and high-¢? regions correspond to (1.64,—0.90,4.27, —0.91) and
(1.96,—4.09,4.61,0.13), respectively. For comparison, the experimental data are also displayed in
blue cross lines.
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Figure 12. The left (right) panel of the figure shows f1, for BY — K*u*u~ in the low-¢? (high-¢?)
region, in the scenario where only new T couplings are present. The band corresponds to the SM
prediction and its uncertainties; the lines show predictions for some representative values of NP
parameters (Cp, Crg). For example, the red curves in the low-¢? and high-¢? regions correspond
to (0.66,—0.14) and (0.3, —0.46), respectively.

fr, respectively, are defined as

Ar, Ar

_ , — . 7.11
A+ Ar fr A+ Ar (7.11)

fr

In the SM, fr, can be as large as 0.9 at low ¢?, and it decreases to about 0.3 at high ¢?. As
can be seen from figure 11, new VA couplings can suppress f;, substantially: it can almost
vanish in some allowed parameter range.

New SP couplings cannot change the value of fr, outside the range allowed by the SM.
This may be attributed to the strong constraints on the values of these couplings. New
T couplings tend to suppress fr, except at ¢ ~ 1-2GeV?, where the value of f;, cannot
be less than 0.5 as may be seen from figure 12. Since both VA and T couplings tend to
suppress fr,, their combined effect results in a similar behavior.
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(2)
T

7.4 Angular asymmetries A’ and A;r

In this subsection we consider the two angular asymmetries Ag?) and App. The first

quantity was discussed before in ref. [57], while Az 7 is introduced here for the first time.
The CP-conserving transverse asymmetry Ag) can be defined through the double
differential decay rate

d’T 1 dr

_ (2) (im) .
d2de ~ 2m da? [1 + fr (AT cos2¢ + Ay sin ng) ] . (7.12)

Here Ag,fm) depends on the imaginary part of a certain combination of amplitudes and can

be used to construct CP-violating observables. We will not consider it any further in this
(2)
T

and O in eq. (7.4). It can be expressed as

work. The asymmetry A}’ can be obtained by integrating over the two polar angles 6,

417
AP = M4 1
T 3AT (7 3)
We observe that Agg ) cannot be affected by SP couplings.
In the SM,

2 V92 V92 A2 A2
o E(AYP = 1AV Al - A p)
T ~ .

7.14
34 (7.14)

The transversity amplitudes Ay | are defined through egs. (D.11) and (D.12) given in
appendix D. At leading order in Agcp/Ek+, Agep/mp and a; (the LEET limit), one can
use the form-factor relations of refs. [50, 51] and neglect terms of O(m3../m%) to obtain

Al =0, Al=~0. (7.15)
Thus, in the low-¢? region,
) AT . AT
e A~ for i=V,A, 7.16

which corresponds to the LEET limit. Ag,? ) 2 0'in the SM and is independent of form factors
up to corrections of order Agcp/Ek+, Agcp/mpy and ag, i.e. the hadronic uncertainty is
small. This can be seen in figures 13 and 14. This indicates that corrections to the LEET
)

limit are small, and makes Agg an excellent observable to look for new-physics effects [57].

We now examine the longitudinal-transverse asymmetry Arr, defined by

/2 1 43T 0 d3T
f—ﬂ/Q dgb(f(] dcos Ok dg?dodcos 0 ffl dcos Ok dq%lqﬁdcosGK)

/2 43T d3T

' . (7.17)
f—n/z d¢(f0 dcos Ok dq2dgdcos 0 Jo, deost dq2d¢dcos9K)

Arr =

One can compare App to App. In App the angle ¢ is integrated over its entire range, while
in App ¢ is only integrated over the range (—7/2,7/2). This choice of integration range
eliminates all terms which depend on the imaginary part of combinations of amplitudes in
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the angular distribution. (These eliminated terms can be used to construct CP-violating
observables and will not be discussed here.) In App only the CP-conserving parts of the
angular distribution survive. Note that, in the CP-conserving limit, Arp is the same as
the observable S5 defined in ref. [61], apart from a normalization constant. The quantity
Apr can also be expressed in terms of the observables Ag,‘? ) and Ag,f‘ ) defined in ref. [60].
However, Arr is easily extracted from the angular distribution and has different properties
in the LEET limit than Ag‘? ) and Agfl ).

Using eq. (7.4), the asymmetry Arp can be expressed as

LT
I3

Arr = .
LT Q(AL +AT)

(7.18)

We observe from eq. (D.16) that Appr depends on the VA couplings, as well as on V-S,
S-TE, and P-T interference terms. In the SM,

BMRG[Ag,VA(AK* — A — AgVA(AK* + A)]

Apr = (7.19)
V2(AL + A7)
Now, in the LEET limit, A‘t 4 ~ 0. Hence, in this limit,
Re[A% A" + A% AL
ALEET Va4 A%V 7.90
LT AL + AT ( )
From this it can be shown that the SM predicts Ay = 0 at
Ceff 2
P~ TG 0 1.96 GeV?. (7.21)

C?Hmb + Cgfme

Thus, just like App, the quantity Arr also has a zero crossing which is independent of
form factors in the LEET limit. Note that the zero crossing of Arr is different from that
of App. Figures 13 and 14 also demonstrate that the zero crossing of Arr has a very
small hadronic uncertainty. This indicates small corrections to the LEET limit, making
the position of the zero crossing of Arpr a robust prediction of the SM. This quantity would
therefore be very useful in searching for new-physics effects.

g? ) significantly: they can enhance its magnitude by a

New VA couplings can affect A
large amount, change its sign, and change its ¢>-dependence. The zero-crossing point may
be at a value of ¢? different from that predicted by the SM.

Since Arr here is identical to the observable S5 in refs. [61, 67] in the CP-conserving
limit (apart from a normalization factor), the zero-crossing in both of these observables is
expected to take place at the same ¢?. Indeed, the results agree at LO, while the NLO cor-
rections can shift the g2 at the zero-crossing to ¢? = 2.2415-5 [61]. Note that the deviation
due to new VA couplings can be much larger than the effects due to NLO corrections.

Except at very low ¢2, the magnitude of App is generally suppressed by new VA
couplings. The primed VA couplings can be constrained by Apr better than the unprimed
VA couplings. In both cases, the value of A7 can be anywhere in the ¢? range, and can be
positive or negative. In particular, there may or may not be a zero crossing, and if there
is, its position can be different from that of the SM.
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Figure 13. The left (right) panels of the figure show Ag?) and Apr for B — K*utpu~
in the low-¢? (high-¢?) region, in the scenario where both (Ry,Ra) and (R}, R/,) terms are
present. The band corresponds to the SM prediction and its uncertainties; the lines show pre-
dictions for some representative values of NP parameters (Ry,Ra, Ri,, R)). For example, the
pink curves for A;?) in the low-¢? and high-¢? regions correspond to (1.96,—4.09,4.61,0.13) and
(1.64,—0.90, 4.27, —0.91), respectively. The red curves for Apr in the low-¢? and high-¢? regions
correspond to (—1.55,1.75,6.16,1.73) and (—5.79,1.10,0.47, —3.33), respectively.

New SP couplings do not affect AFEFQ ), and App qualitatively behaves similarly to the
SM. New T couplings in general tend to suppress the magnitudes of both asymmetries
(see figure 14).

8 Discussion and summary

Flavor-changing neutral current (FCNC) processes are expected to be incisive probes of
new physics. In the SM, they occur only at loop level, and hence are suppressed. This may
allow the new-physics (NP) effects to be identifiable. Of course, since we have no clue about
what form the NP takes, the observations from a variety of processes are necessary. In this
paper, we have focussed on the processes that involve the effective transition b — su™ ™.

The transition b — sutu~ is responsible for many decay modes such as B? — ptu~,
BY — Xgputp~, B — ptu=, B — Kutp~, B — K*utpu~. While some of these pro-
cesses (e.g. BY — T u™) have not yet been observed, the upper bounds on their branching
ratios have already yielded strong constraints on NP. Some of these processes have been
observed and the measurements of their branching fractions, as well as of additional ob-
servables such as the forward-backward asymmetries, are available. Indeed, the recently-
observed muon forward-backward asymmetry in Bg — K*pt 1~ has been found to deviate
slightly from the SM predictions. If this is in fact due to the presence of NP, such NP
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Figure 14. The left (right) panels of the figure show A(TQ) and App for Bg — K*ptp~ in the low-¢2
(high-¢?) region, in the scenario where only new T couplings are present. The band corresponds to
the SM prediction and its uncertainties; the lines show predictions for some representative values of
NP parameters (Cr, Crg). For example, the blue curves for Ag? ) in the low-¢? and high-¢? regions
correspond to (0.3, —0.46) and (—0.005,0.014), respectively. The red curves for Ayr in the low-¢?
and high-¢? regions correspond to (0.3, —0.46) and (0.66, —0.14), respectively.

should contribute to all the other decays involving the effective transition b — su™p~.
The effects of this NP on these decay modes would be correlated, and hence a combined
analysis of all these decay modes would be invaluable in discerning the type of NP present.

While specific models of NP may be used and their effect on the relevant observables
studied, we have chosen to explore the NP in a model-independent way, in terms of the
Lorentz structures of the NP operators that contribute to the effective b — syt p~ Hamil-
tonian. We have performed a general analysis that includes NP vector-axial vector (VA),
scalar-pseudoscalar (SP), and/or tensor (T) operators. We have computed the effects of
such NP operators, individually and in all combinations, on these decays. We have taken
the couplings to be real and have considered the CP-conserving observables in this paper;
the CP-violating observables are discussed in ref. [72]. The aim is to find NP signals, and
using them, to identify the Lorentz structure of the NP. As the first step towards this goal,
we calculate the constraints on the NP couplings, and, keeping the couplings within these
bounds, we look for the observables where the NP signal can potentially stand out above
the SM background.

It is crucial to understand this SM background, which makes it imperative to use
observables whose values are predicted reasonably accurately within the SM. The main
source of the SM uncertainties is the hadronic matrix elements, whose theoretical calcula-
tions often have errors of the order of tens of percent. We have handled this on many levels.
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First, we have tried to identify observables that will not be very sensitive to the hadronic
uncertainties. For example in Bg — Kptp~, the SM prediction for the forward-backward
asymmetry is simply zero, independent of any hadronic elements. Also, while the differ-
ential branching ratios may be strongly dependent on the hadronic matrix elements, the
forward-backward asymmetries are less so. Furthermore, the large-energy effective theory
(LEET) limits can be used to control the uncertainties in the low-¢? region for observables
like Arpp and Ag? ). For example, certain observables, such as the zero-crossing of App in
Bg — K*utpu~, can be shown to be robust under form-factor uncertainties in the LEET
limit. The longitudinal-transverse asymmetry Ay in Bg — K*pt i~ also has a zero cross-
ing in the SM with small hadronic uncertainties. These measurements can even be used to
extract the parameters of the NP operators, to a very good approximation.

Also, we focus only on the situations where the NP contribution can be so significant
that it will stand out even if the SM errors were magnified. Our figures show bands for SM
predictions that include the form-factor uncertainties as quoted in the form-factor calcula-
tions, and these are overlaid with some examples of the allowed values of these observables
when NP contributions are included. This allows the scaling of these uncertainties to be
easily visualized. We identify and emphasize only those situations where the results with
the NP can be significantly different from those without the NP, even if the hadronic
uncertainties were actually much larger. Note that further inclusion of the NLO QCD
corrections would affect the central values of the SM predictions to a small extent, while
also decreasing the renormalization scale uncertainty. However, since our primary interest
is looking for observables where the NP effects are large, a LO analysis is sufficient.

Our results are summarized in table 1, for the cases where the NP has only one type
of Lorentz structure: VA, SP or T. We note certain generic features of the influence of
different NP Lorentz structures.

New VA operators are the ones that influence the observables strongly in most cases.
They typically can interfere with the SM terms constructively or destructively, thus en-
hancing or suppressing the differential branching ratios by up to factors of 2 or 3. They
also are able to enhance almost all the asymmetries, the notable exception being App in
Bg — Kptp~, where the VA operators cannot contribute. But for most other observables,
this kind of NP can potentially be observed. This can be traced to the large magnitudes of
the NP couplings still allowed by data, which in turn can be traced to the possibility of in-
terference between the new VA operators with the SM operators that allows more freedom
for the new VA couplings. Typically, the Ry, 4 couplings are constrained more weakly than
the R§,7 4 couplings, since the corresponding operators have the same structure as those of
the SM, allowing strong destructive interferences. Consequently, the operators with Ry, 4
couplings are more likely to show themselves over and above the SM background. We point
out that the exception to this rule is the App in Bg — K*utp~ at large ¢2, where the
RQ& 4 couplings can cause a larger enhancement.

The SP operators, on the other hand, are handicapped by the stringent constraints
from the upper bound on B(BY — putp~). If only Rg p or R%’P couplings are present,
the constraints become even more severe. It is for this reason that, even when the SP
contributions are unsuppressed by m,,/my, they are not often large enough to stand apart
from the SM background.
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Observable SM Only new VA Only new SP Only new T
Bl — 't~
BR (3.35 £ 0.32) x e Marginal E e Large E No effect
107° e Significant S e Maximal S
Bq — Xoptp~
DBR o E (x2) e Marginal E o E (x2)
S (+2)
App ZC~ 3.5GeV? e £(30%) low ¢* e Marginal S e Marginal S
e ZC shift /
disappearence
fr ¢09—0.3 e Large S at low ¢ e Marginal S e Marginal E
(low—high ¢?)
BY — 'ty
DBR o E (x2— x3) No effect e E (x3)
e S (low ¢?)
Arp ZCr 4.3 GeV? e 7ZC shift / No effect e Large S
disappearence
BY — Kutpu~
DBR o E (x2) e E at high ¢* o Small effect
e Marginal S
Arp Vanishes e No effect e | at low q2 e I& at high q2
e No ZC e No ZC
By — K*p*p~
DBR e E (x2) No effect o E (x2)
oS (+2)
Arp ZCx 3.9 GeV? e £ at low q2 No effect e Significant S
e 7ZC shift / e ZC shift
disappearence
fr 09 —0.3 e Large S No effect e Significant S
(low—high ¢?)
AEFQ) o | with ¢* e E (x2) No effect e Significant S
e No ZC e 7C possible
Apr o ZC at low q2 e Significant S No effect e Significant S
e more -ve e ZC shift /
at large ¢* disappearence

Table 1. The effect of NP couplings on observables. E(xn): enhancement by up to a factor of n,
S(=+n): suppression by up to a factor of n, ZC: zero crossing.

The couplings of the T operators, viz. Cr and Crp, are not as suppressed as those of
the SP operators. Therefore, they typically contribute significantly to the DBRs. However,
the interference terms of these operators with the SM operators often suffer from the m,, /my,
helicity suppression, and hence they tend to suppress the magnitudes of the asymmetries.

The combination of multiple Lorentz structures in general gives rise to the combination
of features of the individual Lorentz structures involved. In particular, if the VA operators
appear in conjunction with another Lorentz structure, the effects of the VA operators

typically dominate. The T operators can interfere with the SP operators without the
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my,/my, helicity suppression, but the strong constraints on the SP operators hold them
back. A remarkable exception is the combination of SP and T operators in the forward-
backward asymmetry in Bg — Kptp~. This asymmetry, which vanishes in the SM, can
be enhanced to ~ 5% at low ¢? with only SP operators, and can be enhanced to ~ 30%
with T operators but only at ¢% ~ mQB. However, the presence of both SP and T operators
allows the asymmetry to be ~ 40% in the whole high-¢? region. A similar feature, though
to a less-spectacular extent, is observed in App of BY — K*utu~ [62].

With the large amount of data expected from the LHC experiments and B-factories in
the coming years, we may be able to detect confirmed NP signals in the above processes. In
that case, a combined analysis of all these decay modes, as carried out in this paper, would
enable us to identify the Lorentz structure of the NP operators. This will be important in
establishing precisely what type of NP is present.
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Notes added. After this paper was submitted, the CDF Collaboration reported [90] the
measurement of

B(BY — ™) = (1.8704) x 1078 . (8.1)
On the other hand, the recent LHCb update does not confirm this result [91]. They improve
the present upper bound on B(B? — ptu~) to

B(B? — utp™) <1.3x107% (90% C.L.) (8.2)

In addition, LHCb has measured various observables in BY — K*uu~ [92]. Their mea-
surement of the Arp distribution is consistent with the SM prediction, except in the high-¢?
region, where we now see a slight suppression. This is contrary to the measurement of Belle.
That is, LHCDb does not confirm the Belle result of a large FB asymmetry in the low-¢? re-

gion. Thus, the jury is still out on whether NP has already been seen in these measurements.

A Details of the B — X,utpu~ analysis

The differential branching ratio for Bg — XguTp~ in SM can be written as

dB 42
( ) :B08(1—Z)2\/1— X
dz /g 3 z

212 2(1 — 42)t2
(2z+1)<z +1>|C§ff|2+<( Zz) +(2z+1)>|0f§2

2 2t2 2t2
+4 <Z + 1) < T 1> |CSP? 4 12 < o+ 1) Re(CSECsT)

. (Al
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pole

Here t = m,/m}° and z = ¢*/(m pOle) The normalization constant By is [28]

By — 3a§m23(1? — Xeer) Mbv{;z\? ’ (A2)

322 f(ie) k(e) Ve
where 1, = mE°/mP*°. We use . = 0.29 + 0.02 [32], B(B — X.ev) = 0.1061 +
0.0017 [77] and |V V| /|Ves| = 0.967 + 0.009 [93]. Here f(m,) is the lowest-order (i.e.

parton-model) phase-space factor in B(B — X.ep):
f(ie) =1 — 8m? + 8mS — ms — 24ml In, (A.3)

and the function k(m.) includes both the O(as) QCD corrections and the leading-order
(1/m?) power correction to B(B — X ep):

2a5(myp) o) + h(m.) ‘

Q)1
r(1ite) 3 ng

(A.4)

Here the two functions are

Ao [
f(me)

After including all the NP interactions, and neglecting terms suppressed by m,/m; and

h(re) = M\ + —9 + 2412 — T2 + T2 — 15mS — 72mg Inrh.| . (A.5)

ms/my, the total differential branching ratio dB/dz can be written in the form

dB dB
( > = ( ) + By [BSM—VA + Bya+ Bsp + BT] ; (A.6)
dz Total dz SM
where
16
Bswva = 4 (1-2)°(1422) {Re(cgffR*V)+Re(cmR;g)]+32b(1—z)2Re(C$ﬁR;), (A7)
8
Bva = ,(1- 2)*(1+ 2z)[\RV\2 +|RA> + R} + |RY| } (A.8)
Bsp =4(1— z)2z[\Rsy2 +|Rp|® + |RsP + \R}DF] : (A.9)
128
Br =", (1-2)’(1+2) [|CT|2 + 4|CTE|2] . (A.10)

Note that here we have separated the contribution of the SM VA operators (subscript
SM-V A) from that of the NP VA operators (subscript V' A), for clarity.
The forward-backward asymmetry in Bdo — Xoptp is

fO dcos 0“ dq2dcos 0u f dcos 0“ dq2dcos 0,

fo dcosﬂudqgg(fse +f dcosf

App(¢®) = , (A.11)

K dq2d cos O

where 6, is the angle between the p and the BY in the dimuon center-of-mass frame. We

can write App in the form
N(z)

Arp(q") = dB/dz "’

(A.12)
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where the numerator is given by

N(z) = By [NSM + Nsm-va + Ny a + NSP—T} :
with
Nem = —8Ch (1 — 2)2 [20';1* + zRe(cgff)} ,
Naniya = —8 (1 — 2)? zRe<cmR*V + cgffR;g) + zcgffRe(R;)} :
NV4=—%sz<@ﬂRdeRZ%—Rd 'R:ﬂ,
Ngp-T = 2CTE)}

The expressions of egs.

—82(1—2) { e{ Rs + Rp) (
+Re{( )(CT+20TE)H .

(A.7)-(A.17) are in agreement with ref. [30].

The polarization fractions f;, and fp are defined as

fr=

where

Hi(z) = HM(2) +

Hr(z) = HM

The components of Hy,

Hp(2) + Hr(2)

168y

_ 32B,

HL(Z) HT(Z)

"= Hy) + Hi2)

HMVACG) + gV A

(2) + HP"

and Hp functions are

SB
"(1— 22| o5 + 205" 7],
16B 2 el
, = —z)z[ CsT+ 5| +(Cul]

3

8 By
(1= 22| |Rv[? + [Ral? + Ry + |RAP]

05020 = 22 (IR + |Ral + R P + 1R
0 2P [IRsP? + |Rel 4 REP + BB
O 20— 2P [IRsP? + |Rel 4 REP + 1 RLP]
M=) - 2P i + acrsP]

_ 122302«(1 —2p[lon + 4loreP]
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(2) + HL (2)

(2) + HMVA(2) + Hy A (2) + HPP (2) + HE (2) -

(1 2)? [Re (cgff R+ CIOR;) + 2Re(CC R’{/)] ,

(1—2)? [zRe <C§H Ry + C10Rf4> + 2Re(CLH RT/)] ;

(A.13)

(A.14)
(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)
(A.22)

(A.23)
(A.24)
(A.25)
(A.26)
(A.27)
(A.28)
(A.29)

(A.30)



B Details of the B — ptp~+ analysis
The transition amplitude for B — putpu=7 is

, - A 4G oy
iM(BY — =) = (i) [— e

B 2
{h(k)lmblBS(pB» |(C5™ + Ry + By )L" + (Cro + Ra+ By) L |
+ (v(k)|57.750 BY (pB)) [ (C§™ + Ry — Ry, )L — (C1o + Ra — R/A)L“ﬂ
T (y(k) [Siopa" b B () [— 21, Lﬂ]
+ (v(k)|8ioy50b| B (pB)) [— 2my, cr L“}
+ ((k)[50,,0| BA(pB)) [2CTL* + 2iCrpe P L) } (B.1)

where the L’s are defined in eq. (2.8).
In order to calculate the DBR, one needs the BY —  matrix elements and form factors.
The matrix elements are given in ref. [40]:3

<’7(k3)|§7,ub|B_2(pB)> = —¢ E,ul/poe*yqpko— fV(B ) :
_ = . « . fA( )
(Y()|5mu1sb| B (pB)) = ie[efk - q — € - ghy] mp,
(v(k)|5i0,,0" b BA(pB)) = € €upec™ @’k frv(a?),

<'y(k)]§iawfy5q”b\ég(p3) ie[aZk qg—e*-qk ]fTA( 3,

[{fw — fralq )}{

~ ~ N~ ~
I

(4(k)[50,,b1 BYUPB)) = ~i€ o ) (4 k) ¢ +(=" ) " k|

q

—fTv(q2)€*p kal . (B.Q)

Here ¢, is the four-vector polarization of the photon and ¢ = pg — k. For the BY — utu—
form factors f; (i =V, A, TA,TV), we use the parameterization [40]

N fB,mB,
Jilg) = b Ai+0.5mp, (1-q¢2/m% )’ (B.3)

where the parameters 3; and A; are given in table 2. These values of parameters ensure
that the large energy effective theory (LEET) relations between form factors are satisfied
to a 10% accuracy [40]. In our numerical analysis we take the errors in these form factors
to be £10%.

3We use the convention €' = +1.
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Parameter fv frv fa fra
B(GeV™1) 028 030 026  0.33
A(GeV) 0.04 004  0.30 0.30

Table 2. The parameters for BY — v form factors, as defined in eq. (B.3).

In terms of the dimensionless parameter ., = 2E., /mp,, where E, is the photon energy
in the BY rest frame, one can calculate the double differential decay rate to be

d’r 1 2vm% x,
B Tt B.4
dz,d(cosb,) 2mp, (8m)3 MM, (B-4)

where v = \/1 —4m2/[m% (1 — z,)]. From eq. (B.4) we get the DBR to be

dB Lo
= TB, / dcosf,

da, _1 dzyd(cos b))
Here the quantity © has the form
o= ?) mb ad [XVA + Xr + XVA_T] , (B.6)

where the X terms are

Xva = (JAP + BE)m¥, (3= v?) (1 — ) + (ICP + D) 2m, v*(1 — ) |
Xr = 4B2(3 = %) + 4Py o*(1 — 2,)?
+16|G|? (3 — v?) + 16|H|*mp, (3 — 20%) (1 — x,)?
+8m, v*(1 — 24)Re (B*F) + 32m%_(3 — 20*)(1 — z,)Re (G*H) ,
Xvar = —24m,Re (A*E) — 48m,Re (B*G) — 48mum233(1 —x)Re(B*H) . (B.7)

Note that here, the VA subscript includes the SM operators. The parameters A-H are
combinations of the Wilson coefficients, form factors and NP parameters, and are given by

2 2m Ceff
A= (CS"+ Ry + R} ffn(;f ) + ;2 T frvid?),
2 2m Ceff
B = (5" + Ry — R 1) 2 ),
2
€ = (O + Ba+ B )
fa(d®)

D = (Cif + Ra— R}) ,

mp

s
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E = -207frv(d?),

P 2CTfTv(qZ) —2fTA(C]2) ’
q

G = —2Crefrv(d®),

frv(@®) = fra(d®)

H = 2075 2 . (B.8)

The normalized forward-backward asymmetry of muons in BY — p% = is defined as

! d’B 0 d’B
/ dcos b / dcos b
0 1

#dg2d cos b B Hdg2dcos @

2\ _ " 1

AFB(q ) - /1 ; ; ng . /0 ; ; d2B ) (BQ)
0 o8 "dq?dcos b, _1 o8 "dq?d cos b,

where 6, is the angle between the three-momentum vectors of the B? and the T in the
dimuon center-of-mass frame. The calculation of App gives

1
Arg(d®) = o <2mj§81} 363’,) [YVA + YVA—T] ; (B.10)
with the Y terms given by

Yva = <Re (A*D) + Re (B*C) )mQBs(l — ),

Yyar = —4m, (2Re (C*G) + 2m%,_ (1 — z,)Re (C*H) + Re (D*E)) . (B.11)

C Details of the B — Ku*p~ analysis

The transition matrix element for Bg — Kpu*p~ is given by

) _ _ _ 1 4 Gr aem
M~ Kiu) = (i) 5 | =

2 | V2 4w
{(K (p2) 57,5 Bon)) [(CT+ Ry + Ry)L#+(Cro + Ra + Ry L]
+ (K (p2) |50 B(p1)) [(Rs + Rs)L + (Rp + Rp)L’]
+ (K (1) |50 b] B(p1)) [-205 (my /g?) 1]
(K (p2) [50,b] Blpr)) 207 L + 2i0rme™ P Log) k()

(VisVin) | <

where the L’s are defined in eq. (2.8).
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The Bg — K matrix elements needed to calculate the decay rate and asymmetry in
BY — Kutu~ are [45]
- 50 1—k?
(K(p2) 1570 Ba(p1)) = (201 — q)uf+(2) + L) wlfolz) = fr(2)]

(K(p2) |Sic,mq"b| By(p1)) = — [(2191 — Q)ug” — (mf — m%()q“] )

mp + mg ’
_ 1.2
(K (p2) 56 BY(p1)) = mB(;b ) e
(K (p2) 50,0 By(p1)) = z’[(2p1 — Q)uav — (2p1 — Q)uqﬂ] mB{Tiz;K | ©2)

where k = my/mp, iy, = my/mp, ¢ = (p1 — P2y = (P4 +p-)u and z = ¢*/m3p.
The form factors fi o 7 were calculated in the framework of QCD light-cone sum rules in
ref. [45]. The z dependence of these is parametrized by

f(2) = £(0) exp(c1z + co2? + ¢32%) (C.3)

where the parameters f(0),c1, co and c3 for each form factor are taken from tables III, IV
and V of ref. [45]. Using these, the differential branching ratio is given by

dB

ds By ¢'/? Bu [X{/A + Xgp + X7+ Xy asp + Xyar| (C4)

where Bé is the normalization factor:

G2 Oé2TB %
B(/] = ;12ﬂ5 |‘/tbv;€s|2m5B ) (C5)
the phase factor ¢ is
p=1+k+22-2k>+ K2+ 2), (C.6)

and the X’ terms are given by

1 ~
Xya=0 (1 - 363) (IA?+ [B']?) + 47 | B']* (2 + 2k* — 2)
+4m2 z|C')* + 8w (1 — k*) Re(B'C™)

“w
z
Xop= S (E'P+8D'P),
mp
4
Xp =, dami [3\F’\2 + 2067 (2|G')? - \F'\Q)] )

477 477
Xasp= " (1—k)Re(B'E")+ ™ 2Re(C'E"™),
mp mp
Xt aop = 8y, mppRe(A'F™) . (C.7)

Here 1, = m,/mp and 3, = \/ 1 — 4?2 /z. The parameters A'~G" are combinations of
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the Wilson coefficients, form factors and NP parameters, and are given by

A" = 2(CST + Ry + Ry f1(2) + 4C$ﬁmb‘ﬁ2 ;
B =2(Cyo+ Ra+RY) f1(2)

C' = 2Cro+ Ra+ Ry | _ZkQ [fol2) = f+(2)] ,
D = a(ms + 1) "0 )

E' =2(Rp + R;)mB(;n_ #) fo(2),

b

/o fT(z)
= 4CTmB(1+k) ’

r fT(z)
G = —4CTEmB(1 R (C.8)

The limits on the kinematical variables z and cos 0, are

—1<cosf, <1, 4m3§z§(1—k)2. (C.9)
Note that in the large energy (LEET) limit, there are relations between form factors that
are valid up to as, 1/Egk and 1/my, corrections [50, 51]. These are

f+(z) = ¢((mp, Ep),
2

he = (1= 0T ). En)

B Mp
fr(z) = (1 + :Z) C(mp, Ep) . (C.10)

Thus, all form factors can be expressed in terms of a single universal soft form factor
¢((mp, Ep) in this limit.
The normalized forward-backward asymmetry for the muons in Bg — Kptp~ is de-

fined as . ) 0 )
d*B d*B
dcosf — dcosf
4 9 _/0 o8 "dq?dcos b, /1 o8 "dq?d cos b, o1l
FB(q )— 1 2B 0 2B ’ ( . )
dcosf dcosf
/0 o8 "dq?dcos ), * /_1 o8 *dq?d cos 0,

where 0, is the angle between the three-momenta of the Bg and the p™ in the dimuon
center-of-mass frame. The calculation of Arpg(q¢?) gives

28! G
App(q®) = d ]_g /gz [Y\//A-SP +Yyar+ YS/'P—T] (C.12)

where

Yiasp = “Re(A'D")

mp
Vi aor = —4my, (1 — k*)Re(B'G™) — 42m,Re(C'G™)
Yipy = —zRe(D’F’*) — 2:Re(E'G") . (C.13)

Note that only Y¢p_, term is unsuppressed by the muon mass.
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D Details of the B} — K*u™p~ angular analysis

D.1 Matrix elements
The full transition amplitude for B(pg) — K*(px~, ¢*)u* (p;)u~ (p;,) is
1 B 4 Gg e,
2 V2 Am

{<K “(pi+, €)|57,0| B(pp)) [(C§T + Ry + Ry)L* + (Cho + Ra + Ry) L")

iM(BY — K*utp~) = (=) (VisVin) |

+(K* (pi+, €)|57,75b| B (pB)) [— (C§T + Ry — RY,)L* — (C1o + Ra — R, LM
+H(K* (p+, €)|8ioumq” (1 4+ 75)b|B(pp)) [—2C5" (my/q*) L]
+(K*(px~,€)|5b|B(pB)) [(Rs + Rs)L + (Rp + Rp)L’]
+(K*(pk+,€)|57:0|B(pp)) [(Rs — Rs)L + (Rp — Rp)L"]

+H(K*(pr+, €)|50,b|B(pp)) 2CTL" + QiCTEeWO‘ﬁLaﬁ]} , (D.1)

where the L’s are defined in eq. (2.8). Here ¢ = pp — pg» = pj; + p,,- This can be written
in the form

) _ . _ A4 Graem .,
MBS — Kty = iy | e v

[My, L* + M, LM + ML + MpL® 4+ My, L* +iMpg,, Lage®®®],  (D.2)

My, = —A”ewage*”p?(*qﬁ + z'B”eZ +iC"e* .q(pp + P+ )p + z'D”e*.qq“,
My, = —E”e“,,ags*”p?(*qﬁ -+ iF”sZ +iG"e* .q(pp + pK+), + iH"e* qq,,
Mg = iS"¢* q,
Mp = iP"e* q,
My = Cr(iTY €uuape™ (pB +pr+ )’ + iTQ"ewage*aqﬁ — iTé/eumﬁs*.qp?(*qﬁ),
Mg = Cre(iT] ¢wape™ (0B + i)’ BTy epape* - qp-q°) . (D.3)
The quantities A”, B"”, C¢", D" E", F", G", 8", P", and T! (1=1,2,3) are related to
the B — K* form factors which are given below. The contribution to the transition

+ iTQ'/eWaﬁa*aq

amplitudes from the quantity D”(¢?) vanishes and that from H”(q?) is suppressed because
of the equation of motion of the muons.

D.2 Form factors

The form factors for the decay amplitude for BY — K*up~ [eq. (D.1)] in terms of matrix
elements of the quark operators are given by [45]

(K™ (pr+, €)|57u(1 £95)b|B(pB)) = F iqMQTZf* € q [As(qz) - Ao(qQ)]

. : As(q?)
+ 4e* AL (¢? €
i€, (mp +mr+)A1(¢°) F i(pp + P Ju€ q(mB+mK*)

2V (%)
(mp + mg~) ’

o

- f;w)\of*ypK* (D4)
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where

_ mp+mg-

2mK* Ag(q2) . (D5)

A 2
3(q7) S

<mexmwﬂm@»:mm{—nmwﬂmﬁmmf

(m2 —mj *) 2 2 A
+B 2 KT (q?) — Talg?)) €7 (D.6)
2
—qu <T1(q2)_T2(q2) - (mQBszK*) Ts(q2)>6*- qp?«q”}

(K (i €)[3i0,06" (L £ 15)6]B(p8)) = 26ur0€™ k0" Ti(q?)
+ i euulmb — mie) = (o + P Jue”™ a} To(e)

. 2
+ " -q{qu = (fzgfl;%:% } T3(¢°).  (D.7)

mwm@wuwmwwmzxmﬁfaqm@» (D.8)

Here we have neglected the strange-quark mass. The matrix elements are functions of 7
unknown form factors: Ag12(¢%), V(¢?), Ti23(¢°).

The matrix elements My 4 s pr,r appearing in eq. (D.3) can be written in terms of
these 7 form factors, coupling constants and kinematic variables as

2V (*)(CF + Ry + R, 4
A//:[ (q )( 9 t+ oy + v)+ ;”’;bcgfle(qz)}

mpg -+ Mg+
2m
B" = —[(mB+mK*)A1(C]2)(C§H+RV—RQ/) + quC$HT2(q2)(m23 —m%(*)],
[ As(g?) T 2mp o *T3(q?)
o = ot + Ry — R O Ty (¢
_mB+mK*( 9 * v V)+ q2 ’ 2(q )+(m%_m%(*) ’
[ 2m g+ 2m
D" = |70 (O By — Ry)(As(a®) ~ Aola”)) - fﬂﬁmﬁmﬁ]
B [2V(¢*)(Cro + Ra + R%)]
| mp + Mg+ ’
F' = = [(m + mic-) A1(¢*)(Cro + Ra — Ry,
[ As(q?) ]
G = C Rs— R ,
_mB—l—mK*( 10+ Ra )
H = |2 + R ') As(g?) — Ao(g?
R (Cro+ Ra — Ry)(As(q”) — Ao(a7)) |,
5" = | ~ans - ”9) " ao(e?).
L mb
- _—
P = | =2tk = )" aa(),

Tlll = 2Ty (q2)’
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Also, we define

1 —
To= . <\/q2(EK*\/q2 +2mic )Ty + ¢ (Ex- Ty — [

Ty = (¢ + 2B )T + ¢T3, T = 2|pk-

2VeTy))

N (D.10)

D.3 Transversity amplitudes

We summarize the various transversity amplitudes that appear in the Bdo — K*ptu~
angular distribution. The decay amplitude of Bg — K*p* i~ depends on the K* polariza-
tion vector £(A) with helicity A (0,£1). Hence, the decay amplitude can be decomposed
into three components. Below we define the helicity amplitudes of various operators with
different Lorentz structures (V, A, S, P, T, TE) in eq. (D.1).

EK* 2 ﬁK* 2 q2 B
Ay = Ve <mK* B"+ | mK*\/ ), Ay = VR (Elpk Vg A" + B"),
E * 2 D * 2 2
A= ve <m[;(* F + |p}jn|K:/q GH) ’ AL = VP (E PR |V RE" + F"),
2lpk-1q? 2|
AS = ‘pK q S”, AP — ’pK ‘q P//’
mK* mK*
At =ToCr Af = T:0r,
AYp =2TyCrg A%, = 2T Crp,
Ayt = =2|Pic+|vV/¢2(C1o + Ra — Rar) A, (D.11)

where the amplitude A,; is related to the time-like component of the virtual K*. In
the transversity basis, the positive and negative helicity amplitudes are replaced by the
transversity amplitudes as

3 3

o1
= (A + A7), AZ:Q(A*—A_), i=V,AT,TE. (D.12)

The left and right component of the transversity amplitudes of vector and axial-vector
currents in [61] can be written as

L.R LR LR
Agva = AV F AN AV, = (A F A ATy, = (AL F A1) . (D.13)

Note that in the notation of ref. [61], we have the correspondence A(o LA =

\/QQ/N A(LoﬁL The amplitudes Ag p,¢ remain the same, while Ag = — \/q2/N Aé 7
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D.4 Angular coefficients

The expressions for the twelve angular coefficients (I’s) in the Bg — K*uTp~ angular
distribution are summarized here according to K* helicity combinations A\ Ay. The longi-
tudinal I°’s (A1 \g = 00) are given by

1
1922[ (A5 al* +1AGval) + (ﬁ“|As|2+|AP| ) +48L(1AT P + |AT )

4m
+ " (RelAfyaAflyal + 204ul” + 814551

4mu

Y

19 = 82| = (1A al? + A5y a%) + 8(AGP + 4352 |

1 " .
(SRelltfva + Afy)Az)+arela,af])|

:(2Rel(Afa + Affya) AT Reld,i3). (D.14)

4mﬂ
Ve

The transverse I7’s (A\{\g = ++, ——, +—, —+) are given by

19—25, [4<—Re[A%EAz~1 T Re[ADA%]) -

+ 3
Ig:[ “ AV + AT 2 + AL+ A2 2) — =2+ 62) (AT P + AT + AT PP

4m
+|A{E|2)+ (|A 2+ AV - |Af2 - | AL - 16(AT AT" — ATEATEY))
+16 (Re[AV(A” — AT)] + Re[A]f (A{E*JrAZE*)])},
¢q
=5 [ (147 P + 14T P + 14712 + |A212) — 4(14T 12 + 14T +\ATE\2+\A{EP)],
17 = —4p, [Re[AKA” + A A +a " Ja? " Re[Af'(A[" A{*)+Aﬁ(A{E*+A{E*)]} ,
A M | |A & +|A 2= A1) +16( AT AT + ATPATP) ],

The mixed I*7’s (A Ay = 0+, 40) are given by
0t =g [\/ Re[Af VA(A” A|| ") + A VA(A|| A|| “)]

~aVa(ARAT 4 AT + A (ATP 4 AT5)]

17 = V2 lem[Ao valAY + AT + Aél,VA(AK* — A,
_ V23, [Re[Aé,VA<AV* A ARy (A" 4 AB)] 1 2Re{(ATE + ATF) Ay
—2Re[(A|| + AT A% +2 \/; Re[4 A*]] ,
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I = V28, Al A (A" — Af) — ARy (A" + AP

My

Ve

+2Im[(Af — AT)Ag] + 2Im[(A]" — ATP)Ap] -2 ¥ Im[AT AY]| . (D.16)
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