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ABSTRACT: We model-independently analyze the angular distributions of B — K1l decays,
I = e, u, for low dilepton mass using QCD factorization. Besides the decay rate, we study
the forward-backward asymmetry AlFB and a further observable, F' }{, which gives rise to
a flat term in the angular distribution. We find that in the Standard Model F Il{ x ml2,
hence vanishing F§ and F%; of around 2% (exact value depends on cuts) with a very small
theoretical uncertainty of a few percent. We also give predictions for Ry, the ratio of
B — Ky to B — Keée decay rates. We analytically show using large recoil symmetry
relations that in the Standard Model Rg equals one up to lepton mass corrections of the
order 10~* including s and subleading 1/E power corrections. The New Physics reach of
the observables from the B — Kl angular analysis is explored together with Ry and the
B, — 1l and B — X,ll branching ratios for both [ = e and [ = 1. We find substantial
room for signals from (pseudo-) scalar and tensor interactions beyond the Standard Model.
Experimental investigations of the B — K iy angular distributions are suitable for the LHC
environment and high luminosity B factories, where also studies of the electron modes are

promising.
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1. Introduction

The exclusive decays B — Kl with [ = e, u are governed in the Standard Model (SM)
by flavor-changing neutral currents, and hence constitute sensitive probes of New Physics
(NP). The three-body decays allow to study non-trivial observables by kinematical mea-
surements of the decay products. They give access to a double differential decay spectrum
with respect to the invariant mass of the lepton pair ¢2 and a lepton charge asymmetry an-
gle cos f. In the absence of large statistics, partially integrated spectra such as the dilepton
mass spectrum dI';/dq? or the angular distribution dI';/dcos @ can be explored. Further
I = T(B — Kll) is in general different for electrons and muons. Having various theoretical
or experimental advantages, the B — KII observables cover a wide range of SM tests and
NP searches, that are well suited for experimental study at high luminosity facilities at the
Y (4S) and the Large Hadron Collider (LHC), e.g., [.

The B — Kl branching ratio has been determined experimentally to be in agreement
with the SM within uncertainties, and lies in the 10~7 region [f-[f. Early data on more



elaborate observables and g2-spectra are beginning to come from the B factories [J—H].
While theoretical studies presented extensive phenomenological analyses of the dilepton
mass distribution [, [], a detailed exploration of the SM background and NP potential
of the angular dependence in the decay distribution is lacking. The B — KIl angular
distribution is very simple in the SM [{, [

SM
al 7 x sin? 6 + O(m3), (1.1)

dcos

up to small lepton mass corrections of kinematical origin. A closer analysis shows that the
cos B-dependence of the (normalized) angular distribution can be parametrized as [{, , [

1 dFl 3 1
T, dcos6 1(1 = Fyp)(1 = cos®0) + §F}J + Alpp cos 0, (1.2)

with a flat term FL /2 and a linear term in cos 6, the forward-backward asymmetry Alg.
Both are small within the SM, and therefore can signal the presence of NP. In particular
they can be affected by Higgs and tensor interactions. Note that in the limit of vanishing
lepton masses the SM predicts the same rates for electrons and muons I',SM = FMSM +
O(m?) if the same kinematical cuts are used [§.

In this paper we analyze the angular distributions of B — KIl decays. We explicitly
quantify the corrections to ([[.1)) within the SM and study model-independently the effects
of (3b)(Il) operators induced by physics beyond the SM on ([.Z). We use the framework of
QCD factorization (QCDF) valid in the low-¢? region [f, [J] and exploit the symmetries
of QCD in the large recoil limit of heavy-to-light transitions [[[1], [Z]. Also, resonance
contributions from B — K(cé) — KIll can be controlled for dilepton masses below the
charm threshold.

The plan of the paper is as follows: After setting up the effective weak Hamiltonian
in section J| hadronic matrix elements are given in section f]. Section [] contains model-
independent formulae of the double differential and angular decay distributions. We give
numerical predictions for the SM in section [J including a detailed discussion of uncertain-
ties. We also derive analytical expressions for I'; and F Il{ obtained in the large recoil limit.
In section [§ we work out the sensitivity of the B — KIl angular distributions to NP in
correlation with other observables in b — sll decays. We summarize in section fl. Technical
details about form factors and form factor symmetry relations in the low-¢? region are
given in appendix [f], whereas details on the B — KII hadronic matrix element in QCDF
can be found in appendix [H.

2. The effective hamiltonian

The AB =1 effective Hamiltonian
4G .
Heir = ——-VayVis ) Cili)Oi(p) (2.1)
V2 i
is given in terms of dimension six operators O; and their respective Wilson coefficients
C;. Both depend on the renormalization scale u, for which we take a low energy scale



sy of the order of the b-quark mass when evaluating B-physics amplitudes. In (R.1)) the
leading CKM elements V},,, are factored out. The sum over ¢ comprises the current-current
operators ¢ = 1,2, the QCD-penguin operators ¢ = 3,4, 5,6, the photon and gluon dipole
operators ¢ = 7,8 and the semileptonic operators ¢ = 9,10. They are defined as

2
e € 7
07 = (4W)2mb[§U“VPRb]FMV7 09 = (47’(’)2 [gfylLPLb] UPY“Z]’
2
S —_— [= 4 a a ¢ Iy [
s = (427)2 my|s0" PRTD|GY,,, O10 = W[S'YMPLI’] [y 1] (2.2)

where Pr/;, = (14 75)/2 denote chiral projectors and m(p) the MS b-quark mass at the
scale . For the operators O; with i = 1,...,6 we use the definitions given in [[J], also used
by [H, [[0). This set of operators suffices to describe b — sll induced processes in the SM,
which are dominated by C7,Cy and Cyg, whereas Cs enters at higher order in the strong
coupling.

Beyond the SM, NP might contribute in various ways. Assuming that NP manifests
itself at and above the electroweak scale, it can be model-independently analyzed in the
effective theory framework by allowing for NP contributions to the Wilson coefficients of
the SM operators and by additional operators not present in the SM. To account also for
the latter we include the most general b — s (pseudo-) scalar and tensor operators with
dileptons into our analysis:

2 _ e2 _
oL = ) [5PRb][1], Ol = i) [5Ppb][l1],
2 B e2 _
O%’ = (47‘(‘)2 [gPRb] [l’)/g;l], Olé = (471')2 [gpr] [l’)/gjl],
2 _ e2 _
O = (e Fom e 1), Ors = (e ol s, (2:3)

where we made the dependence on the lepton flavor explicit by the superscript {. Note
that there are only two independent tensor operators in four dimensions. At higher order
also 4-quark operators with scalar, pseudoscalar and tensorial structure contribute to rare
radiative and semileptonic decays [B, [4]. Here we neglect these effects.

The additional NP operators (R.3) mix under QCD only with themselves. Their 1-loop
anomalous dimensions ~; = Z—jr%(o are

7(0) :—6CF:_87 1:575/7P7P,7
2O _ocy = 2 i = T,T5. (2.4)

In our NP analyses all Wilson coefficients are taken at the low scale pup.

3. The hadronic matrix element at large recoil

A systematic treatment of the hadronic matrix element M[B — Kll] =
(I(p)l(py)K (pr )| Hee| B(pp)) is available in the large recoil region. We denote by



pB,PK,p— and p, the 4-momenta of the B-meson, kaon, lepton ! and antilepton I,
respectively, and Mp, M and m; are the corresponding masses. At large recoil the energy
E of the K-meson is large compared to the typical size of hadronic binding energies
Aqgcp < E and the dilepton invariant mass squared @ = (p— +pg)?is low, ¢ < M%.
Consequently, in this region the virtual photon exchange between the hadronic part and
the dilepton pair and hard gluon scattering can be treated in an expansion in 1/E using
either QCDF or Soft Collinear Effective Theory (SCET) [[§]. Furthermore, only one soft
form factor £p(¢?) appears in the B — K heavy-to-light decay amplitude due to symmetry
relations in the large energy limit of QCD [[L], [[J). Other nonperturbative objects present
are the light-cone distribution amplitudes (LCDAs) of the B- and K-mesons, leading
to numerically smaller contributions. This framework has been previously applied to
B — K*Il decays using QCDF [f, [0] or SCET [[f]. In this work we use the results from
QCDF valid at low ¢? [f], [[(]] and include effects of finite lepton masses in B — KII decays.
The B — KII matrix element can be written as

GFroe

M[B — Kl = i——
[ ] " on

Vip Vit €p(q°) <Fv Py [17ul) + Fapls [17,750) (3.1)

+ (Fs + cos 0 Fp) [ll] + (Fp + cos O Frs) [l_75l]> .

Here, 6 denotes the angle between the direction of motion of the B and the negatively
charged lepton [ in the dilepton center of mass frame, following [[. Note that this conven-
tion differs from other works, e.g., [l], where 6 is defined with respect to I. The functions

F,=Fi(¢®),i=8,P,A, V,T,T5 are given as

FA:CIO’
VAL fr(d®)
FT P} CT?
Mp+ Mg f+(q?)
Fps — 2VAB frig?) cl
Mp + My fi(g?) 1
1 M2 — M2 fo(q?) M3 — ME ( fo(q?)
Fp=-—B_"K Ch+CP) +mC [ = K< —1>—1}, 3.2
P2y —my f+(q2)( P+ CR) G ? F+(a?) .
1 M3 — ME fo(q?)
Fo— --B K cL +cY),
T2 my, —m f+(q2)( s+Cs)
2my, Tp(q?) 8my  fr(d®)
Fy =Cy+ + Cr,
v T Mg Ep(¢?) T Mg+ Mg f(q%)
where

2
A= Mp+ My +q* = 2MEME + M3q* + M3,  Bi=4/1 —4%, (3.3)

and it is useful to note that 2pp - (p4 — p—) = VAB; cos . In the SM holds FSM =FM =
F%lg/[ = 0. Above, we have written the matrix element with the form factor £p(¢?) = f1(¢?)



as an overall factor. It constitutes the main source of theoretical uncertainties. The form
factor ratios fo/fy and fr/fi are constrained by symmetry relations at large recoil [[L1], L],
which are given in appendix [A] together with definitions of the form factors and a discussion
of their uncertainties. The quantity 7p(q?) appearing in the vector coupling to leptons,
Fy, takes into account virtual one-photon exchange between the hadrons and the lepton
pair and hard scattering contributions. 7p(¢g*) can be extracted from [ and is given
in appendix [B. At lowest order (denoted by the superscript (0)) up to numerically small
annihilation contributions, it reads as

Yoy (3.4)

0 eff(0
T0(¢?) = ¢p(q?) | SO + 2

Hence, 7p(q?) takes care of the contributions from the O1,...¢ matrix elements o Y (q?)
that are commonly included in an effective coefficient of the operator Ogy [[[7]. The next-
to leading «g-corrections to 7p are known, see appendix B|, and taken into account in
our analysis. Here we consider only NP effects from the NP operators (P.J), that is, their
respective coefficients as appearing in (B.9) being non-zero, and 7p is SM-like. The b-quark
mass in 7p and Fy is the potential subtracted (PS) mass m}>(u;) at the factorization scale
pp ~ \/m and is denoted by my throughout the paper. The b-quark mass factors in
Fg and Fp stem from the equations of motion, and we take them in the PS scheme as well.
In the evaluation of the function Y (¢?) we use the pole mass mgde []. The relation to the
PS mass is given as mprle = mPS(us) + 4asps/(37) [§. The SM Wilson coefficients Cy
and Cjg are taken in NNLL approximation [[L3, [[J]. The remaining SM Wilson coefficients
C1,..6 and C7g with their effective counterparts C’?% enter only through 7p. For details
see appendix [f and [fJ]. Note that chirality flipped operators O7 9.1 can be readily included
in the matrix element of B — Kl decays by replacing Cg 19 — Co 10 + Cé,lo in (B.2) and
C; — Cr + Cé in 7p.

4. Decay distributions of B — Kl

Based on the matrix element (B-I]) the double differential decay rate with respect to ¢ and
cos § with lepton flavor [ reads as

d*T

W = a;(¢®) + bi(q?) cos 0 + c;(q®) cos® 0, (4.1)



where

al(q2) _ 2(ﬁ2’F ’2+’F ‘2) —i—i(’F ‘2+‘F ‘2)
FO\/XBZ é_% =dq 1 S P 4 A 1%
+2my (M} — M¥ 4 ¢*)Re(FpF}) + 4mi M3 |Fal?, (4.2)
bl(q2) { 2 2 * *
— 7 =2 Re(FsF7) + Re(FpE.
To\/xﬁz@% q [51 e(FsFr) e(Fp TS)]
o [VARRE(FS D) + (Ot = M + ) Re(FraF)] [ (43)
Cl(qz) 2 (22 2 2 A o 2 2 *
1\ BV Fr|>+ |F — ZB2(|Fa* + |Fyv |?) + 2nmyVAB Re(Fp F, 4.4
oV GED ¢ (671Frl” + | Frs]?) 2O UEAP + [y ) + 2my v AG Re(FrEy) - (44)

and 5 )
_ Gha2V, Vi

4.5
51275 M3 (4.5)

These relations simplify considerably in the SM, where blSM(QQ) = 0 and in the limit m; — 0
further holds af™(¢?) = —c?M(¢?).
With ({.1]) at hand the angular distribution

dl
dcos b

= A; + Bjcos + Cycos? 0 (4.6)

is given in terms of the ¢*-integrated coefficients

Thax Finax e
Az:/z dg® ay(q?), Bl:/z 4" b(@’), Cl:/g A’ alg). - (47)

Qmin Qmin 9min

Their values depend on the cuts in ¢2. We recall that while the boundaries of the phase
space allow for dilepton masses in the range 4ml2 < ¢®> < (Mp — My)?, our calculation is
valid only in the low-¢? region. Note that for very low dilepton masses there is sensitivity
to light resonances. We therefore restrict our analysis to 1 GeV? < ¢2 < 7 GeV?2.

The decay rate I'; and the integrated and normalized forward-backward asymmetry
AIFB of the lepton pair can be expressed in terms of A;, B; and C}

_ 1 L _ B
=2 (Al + 301) , AFB = T, . (4.8)

We further introduce the observable

Thax Tihax
Fh= g = [ |ty +at)| [ [T 4 lale)+ @] @)
9min min
With (f.§) and ([L.Y), the angular distribution ([L.G) is equivalent to ([.9) presented in
the Introduction. Since F Il{ is normalized to I';, we expect reduced uncertainties in the
former compared to the latter due to cancellations between numerator and denominator.
As already anticipated after ([.5) within the SM a cancellation takes place in ({.9) between
a; and ¢; such that F }{SM vanishes in the limit m; — 0. We discuss this in detail in the



next section. From here follows the approximate o sin? # angular dependence of B — KlI
decays in the SM as in ([L.1)).

We would like to comment on the possibility of corrections to ([[.2) or (f.)) from higher
powers of cos #, that is, a polynomial dependence in the angular distribution on cos™ 6 with
n > 2. Higher angular momenta arise from higher (> 6) dimensional operators in the
weak Hamiltonian (2.)) or from QED corrections. Hence, they are suppressed by powers of
external low energy momenta or masses over the electroweak scale, and a. /4, respectively.
We discuss such corrections further at the end of section f] in the context of a non-vanishing
forward-backward asymmetry in B — K in the SM.

A further useful observable in B — Kl decays is R, the ratio of B — Ky to
B — Keée decay rates with the same ¢ cuts [f]

r Gmax  dl Gmax o, dT, T, F!—4/3C
Rg=-£ = dg® —£ / dg* —5 = 2 H = 4.10
K /q q . i T ; (4.10)

min

which probes lepton flavor dependent effects in and beyond the SM. We find that F Il{ and
Ry are model-independently related

1C,—C, F¢
Ri-(1-Fy—A)=1, where A:§P7M_Rf<'
I

(4.11)

The expression for A simplifies in models where chiral couplings to electrons can be ne-
glected as, for example, in the SM with m, = 0. Then Fj; = 0 and I'. = —4/3C, and in
the SM ASM mi We carefully examine SM predictions for I';, Fl; and Rk in section [

and work out the NP potential of Ry, F' Il{ and AZFB in section [}. Corresponding values for
A can be obtained by means of ([L.11]).

5. Standard model predictions

In this section we analyze B — Kl decays within the SM. We give predictions for the
observables F' }{, Ry and I'; and the corresponding branching ratios B; = B(B — Kll) for
low dilepton mass. Higher order SM contributions to the forward-backward asymmetry
AZFB are briefly discussed.

We start with a general analysis of lepton flavor dependence in the B — Kl decay
rate I';. In the SM, such effects are of purely kinematical origin and often negligible [§. At
large recoil, the suppression of the lepton mass induced terms can be quantified analytically
using form factor symmetry relations (A.3). For low ¢%, T; can then be written as

Iy

PlSM —
3

[ e @VR AP + 1P 6.1

9min
4 2 2
m m g [Aqcp
x14+0(—L —Lx0 y ,
{+ <q4>+Mé <asM§§ E
where the m;l correction has been obtained from explicit expansion of the coefficients
a; () and ¢; (E4) in m;. (A useful relation is given in (A.4).) Due to a cancellation with




the kinematical function (§; there are no terms of order ml2 up to symmetry breaking cor-
rections, which are estimated in the second correction term in (p.1). Form factor relations
are broken in general by as-corrections and power corrections in Agep/E, as discussed in
more detail in appendix [A]. As can be seen, these receive here further strong suppression
from m?/M%. Note that consistent with the Aqcp/E expansion we neglected terms of
order M?( /M% and we approximated in the symmetry breaking correction contribution
in ) N= M é, thereby dropping terms suppressed by ¢? /M]_23

We conclude from (f.])) that lepton mass effects in the SM B — Kl decay rate at low
q? are of order mf;/q4 ~ 10~* for muons and even further down by mz/mi ~ 2.107°
for electrons, hence negligible in agreement with earlier numerical findings covering the
whole dilepton mass region [}]. To leading order in m;, the decay rate depends then only
on |Fy| and |Fa|. The function F4 equals the Wilson coefficient CTM ~ —4 with tiny
dependence on the low scale up. Fy is a sum of CQSM ~ +4 and a term containing 7p. The
latter is subject to unknown higher order power corrections. However, the typical order
of magnitude of |7p(¢?)| ~ 0.1 implies that these corrections constitute a rather small
contribution to Fy and the corresponding uncertainties are very small compared to the
dominating one from the overall form factor &p.

The numerical analysis of I'; confirms the discussed qualitative features. The main
uncertainties are due to the form factor £p, the CKM matrix element V;s and the renor-
malization scale pp. For the form factor £p(q?) we use the findings from Light Cone Sum
Rules (LCSR) [R6]. At low dilepton mass, the form factor has an uncertainty between
(12 — 16)%, with smaller uncertainty for larger ¢2, for details see appendix [A]. Our numer-
ical input is given in table [l. We find that the p,-dependence of the decay rate is rather
small, about a few percent, as can be seen from figure [ (left-hand plot). Here the coef-
ficients a,(¢®) and, to enable easier comparison, —c,,(¢®) are shown for u, between my,/2
and 2my. The small uncertainty due to up is not unexpected because of the inclusion of
NNLL corrections to the matrix elements of the current-current operators 7] in 7p, which
cancels the u;-dependence of CQSM. In the right-hand plot of figure [l we show I';, for three
lower cuts qfnin = {0.5,1,2} GeV? as a function of the upper boundary ¢2,,.. The combined
uncertainty from £p(q?), pp and Vis can be as large as 32%. Further subleading sources
are the lifetime with 0.7% uncertainty and c. (i), which enters quadratically and brings in
about 6% uncertainty to the B — Kl decay rates. The latter can be reduced by including
the higher order electroweak corrections from [R§, B9 to the renormalization group evo-
lution which should capture the leading effect. For a complete higher order electroweak
analysis the QED-corrections to the B — KII matrix element should be calculated. In
the corresponding calculation for inclusive B — X,lI decays collinear logarithms of order
ae/(4m) - log(m;/my) arise for low dilepton mass cuts [R9. The resulting splitting between
electron and muon final states, however, diminishes after experimental cuts which separate
electrons from energetic collinear photons. How much this matters for I'. and I';, and Rk
cannot be answered until these QED-corrections are calculated. The uncertainties in I
from the charm, bottom and top mass are 2%, 0.4% and 2%, respectively.

In table | predictions for the SM branching ratios of B~ — K~ fis and B° — K°fpu
decays are given including the uncertainties from £p(q?), Vis and j, added in quadrature.



as(myz) = 0.1176 & 0.0020 fx = (159.8 = 1.4 £ 0.44) MeV 0]
ae(my) = 1/133 fB.. = (200 £ 30) MeV

|Vis| = 0.0409 + 0.0021 fB. = (240 4+ 30) MeV B3
|Vp| = 0.0416 £ 0.0007 af(1 GeV) = 0.06 £ 0.03 B3
my = 80.403 GeV af (1 GeV) = 0.25 £ 0.15 B3
mP%® = (170.9 + 1.8) GeV ak (1 GeV) = —0.015 £ 0.1 B4
my, = (4.6 =£0.1) GeV Ag.+(1.5 GeV) = (0.458 £ 0.115) GeV [[L0, P4

=EEEE B

=

mE"® = (1.4 4 0.2) GeV &p(0) = 0.327 £ 0.053 B3,
B(B — X ) = (10.57 £0.15)% [RQ] | 75+ = (1.638 +0.011) ps e
750 = (1.530 =+ 0.009) ps (A
7p, = (1.425 £ 0.041) ps [

Table 1: The numerical input used in our analysis. We denote by m; the PS mass at the
factorization scale py = 2 GeV. We neglect the strange quark mass throughout this work.

120 5= e -
qpin = 0.5 GeV [
qun =1GeV? o
100 [-| 5 5
Qpin = 2 GeV ]
-
z 80
S B
= O
— e
= = 60
— o
x =
/EL X
(I) =
. - 40
g
20
8.8 0
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
2 2
q2 [GeVZ] Qmax [GeV ]

Figure 1: In the left-hand plot a;(¢?) and —c;(¢?) defined in ([L.])) are shown for [ = y in the SM
as a function of ¢? for the renormalization scale p; between my, /2 and 2my. In the right-hand plot
the SM B — KJiu decay rate is given for three different cuts ¢2; = {0.5,1,2} GeV? as a function
of ¢2,.. Here the bands take into account uncertainties from the form factor £p, up, and Vis.

The relative errors due to £p and p; are given also separately. Lepton mass effects are
negligible in I'; and B;, and the decay rates and branching ratios with electrons agree within
uncertainties with the corresponding ones with muons. The splitting of (9.5—9.7)% between
the branching ratios of the B~ and B° mesons is dominated by the lifetime difference, but
there is also a small isospin breaking contribution from spectator effects residing in 7p.
In view of the insensitivity of I';%M to lepton mass effects for I = e, w1 and with regard to
its large form factor uncertainty it was proposed in [§ to investigate the ratio r'y/Le, ie.,



B~ — K-l BY — Kl
SM value Epl %) 1] %) SM value (%] [ %]
5, 1.607031 299 7 1467047 i 50
127705 366 i 1167035 370 5y
| U mR | amsE
1.590:48 . +24 1454080 36 B
0.0244%00003 716 o5 | 0.0243%0000 Y o
Fro | 001885000 103 o4 | 0.0187Tgnoor  To3 o
0.0221700008 412 091 0.022110:0008 412 By
0.0172¥5:0005  Tois To6 | 00172700000 T o
1.00030%000007  “ooos  —ooos | 1000317000007 FB0s  To.000
Ry |L0003TIROON0  FOOGs o006 | 1.00038TEEN0r  T600s  T0o00
1.0003250%0007 oo Tooos | 1-00033¥0000r  Tooos  Fooos
1.00039700000r ~ Tomos  —ooos | 1-0004070:000r  Tobos  Tolor

Table 2: SM predictions for B, (in units of 1077), F; and Rg for charged and neutral B-meson
decays and different ¢ cuts (¢, ¢%.) = (1,6), (2,6), (1,7),(2,7) GeV? (from top to bottom). The
uncertainties from the form factor £p(q?) and the renormalization scale ju, varied between my/2
and 2my are also given separately in percent of the central value. The corresponding branching
ratios with electrons, B., agree within uncertainties with the ones with muons, B,. For details see
text.

Rg ({10). Our numerical analysis confirms a cancellation of the hadronic uncertainties in
Ry also for low dilepton mass as can be seen in figure . Here we show Ry for different
cuts ¢2,, = {0.5,1,2} GeV? versus ¢2,,.. The combined uncertainty due to the form factor
¢p(¢?) and the renormalization scale p, is given by the bands and is tiny. This can be seen
also from table . The pp and €p(g?) induced uncertainties in Ry are of comparable size,
of the order < 1074, The deviation of R3M from 1 is mainly due to the inclusion of effects
of O (mﬁ /q*) ~ 107 given in (B-1]). Any measured deviation of Rx from 1 thus will signal
NP which does not contribute equally to I', and I'c as, for example, in the presence of
non-universal lepton couplings.

Similar to Ry also the angular observable FY, (f) is a ratio, where the overall factor
I'y (F) drops out and uncertainties can cancel. With the aid of the form factor symmetry
relations ([A.d) and ([A.4) we obtain a simple expression for F}, in the SM at low ¢*:

I SM 2 o max dlg? 202y /35 2 2
P = amt g [ S VA R + ) 6:2)
q

2 .
2 2
q g [Aqcp
X 1 + EVS) X O Qg, 9
{ Mz, < Mz, E '
where the denominator '™ is given in (b-1)). From the lepton mass suppression of a; + ¢
in the numerator of ([.9) follows F/PM oc m?, and FESM/F§SM x mg/mz such that Fg5M

,10,
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Figure 2: The ratio Ry in the SM for different cuts ¢2,, = {0.5,1,2} GeV? as a function of ¢2,,..
The uncertainties from the scale u; and the form factor are added in quadrature.
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Figure 3: The observable F/ in the SM depending on ¢2,,, for three cuts ¢2,;, = {0.5,1,2} GeV?
(left-hand plot) and normalized to the central value (right-hand plot). The bands include combined
uncertainties from g, and the form factor £p(g?).

is negligible. The cancellation between a,(¢%) and ¢, (¢?) is also visible from figure [ (left-
hand plot). Note that the leading term of the integrand in the numerator of (§.9) is the same
as the one in the denominator (B.I]) except for an additional factor of 3;/¢* ~ 1/¢>. We
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therefore expect large cancellations of uncertainties in the ratio for low ¢?. This concerns
the ones from the form factor, the renormalization scale, V;s and unknown subleading 1/FE
corrections in 7p.

As expected the SM values of Fi; are rather small, i.e., at the percent level, with the
exact value depending on cuts. This can be seen from figure f], where F; is shown for ¢2; =
{0.5, 1, 2} GeV? versus the upper integration boundary ¢, For qfnin ={1, 2} GeV?, Fg
ranges between 0.015 — 0.05 depending on the values of ¢2;, and ¢2,,. Fl becomes larger
for smaller dilepton mass intervals and also for lower values of the lower cut ¢, . SM values
of F}; are given for some low-¢2 cuts in table Pl Within uncertainties, the predictions for
B~ — K~ll and B° — KVl decays are the same.

Indeed our numerical analysis of Ff; exhibits strong cancellations of uncertainties. The
form factor £p and pp induce uncertainties of comparable sizes of order one percent, see ta-
ble . The combined uncertainty from &p(g?) and py is indicated by the small bands in fig-
ure f] and result in an < 2% uncertainty, see also table fJ. Power counting suggests an ad-
ditional uncertainty from form factor symmetry breaking of order ¢* /Mé\/w ~ 3%
in ;. We also allow for subleading power corrections to the hard scattering contributions
at the order ¢° /M%as\/w ~ 3%, see appendix [A]. Taking all this into account, Fj;
can be predicted with an accuracy of ~ O(6%) in the SM, which is a high precision for an
observable in exclusive B-decays. Due to its huge suppression from m?2, F 5 is a null test
of the SM. Comparing our SM predictions for Rx and F¥, the former is known even more
precisely due to the cancellation of the O(m?)-terms at leading order in s and 1/E and the
stronger suppression of the symmetry relation breaking corrections in I'; (B.1]) compared
to the ones in (5.3). In order for the relation (JE11) to hold, ASM must be equal to —FgSM
at the level of 1074,

As already mentioned in section [, operators in the effective theory of dimension higher
than six or QED corrections induce additional contributions to the B — KII decay ampli-
tude, which can modify the angular distributions. As for the higher dimensional operators,
in the SM they are, for example, generated at one-loop by the Higgs penguin and the
box with one charged pseudo Goldstone- and one W-boson [B(J]. Contributions to scalar

and pseudoscalar operators arise then at the order C'qu};/I ~ mlmb/m%v. Plugging this

into (B-4), () and (), a non-zero forward-backward asymmetry A ~ m?/m¥, is
induced, which is too small to be experimentally probed. The corresponding SM tensor
contributions have not been calculated, but they are subject to a similar O(mymy/m?;,)
suppression, and negligible as the scalar ones in the B — Kl observables.

Higher order ae-corrections to exclusive B — Kl decays have not been considered so
far. Besides reducing the uncertainty from the overall o, (u) in the decay amplitude, radia-
tive corrections can distort the decay distributions at the level of a./(47). The generation
of an interesting cos #-behavior from QED has been demonstrated for K — mée decays. Ra-
diative corrections via K — 77y enter the éy,e-form factor in the matrix element, e.g., [BI],
which can be parametrized in our notation as Fyy — Fy + o /(4) cos O Fy, see (B1)). Note
that Fy, Fyy are functions of ¢? only. The extra power of cos# implies not only a non-zero
AN ~ . /(4m) Fy JOSM, but also a cos® f-term of order a./(47) Fyy CSM and a suppressed
cos* f-term of order (o /(4m)Fy)? in the angular distributions. Unless the unknown cor-
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rection factor Fy is significantly enhanced (> 1), it is unlikely that a.-corrections have
observable consequences in B — Kl decays.

6. Beyond the standard model

In the first part of this section we perform a model-independent analysis of B — Kl decays
for I = e and | = p. The size of the deviations from the SM in the observables Fl, Ry
and Ay due to the NP operators (B.J) is estimated. We show this for four benchmark
scenarios in section [p.]] to section [p.4. The second part of this section, section p.§, contains
a brief discussion of models with (pseudo-) scalar and tensor operators. All NP Wilson
coefficients are assumed to be real and are understood to be at the low scale py, i.e., here
C’f = Cf(,ub). Leading logarithmic renormalization group evolution to the electroweak scale
can be done with the anomalous dimensions given in (R.4).

We start with some general considerations about the dependence of the B — Kli
observables on the NP Wilson coefficients. Up to corrections of order m? we find for

the branching ratio

. TBE
Bi= [1.64ps}
il Cr Crs Cp Cs 3 -7

N - - o 1071, 6.1
GeV? (3.282 3.282  10.362  5.982 + (ml) (6.1)

the numerator of F' }{ (@)

i 2 12 12 my Cl Cl
L1 +0.02(Cg’ + CF) +0.06 (CF + C75) + <0 05 2 52)

mf
(0.51 GeV)

271p+ (Al+Cl) :[ B> :|

L6405 5 +0.02(C§ + CF) +0.19(CF + CF)

L cy  Cp mi (CE CB  CB  CF
GeV \0.99 2.92 Gev2\3.282  1.892 10.362 5.982
+0(m})|-1077, (6.2)

and the numerator of the normalized forward-backward asymmetry ([.8)

1.64ps

T+
GeV \6.25 1.85

l 1
0.06(CLCL + CLOL,) + — < Cs _ CT5>

TB:I:B[:|:

2 el INall
__mp (CsCr  CpCrs 3
Gev2<4.122 T ) O mi)

Here, we integrated over the dilepton mass region 1 GeV? < ¢2 < 7 GeV? and used the

-1077. (6.3)

central values of the input parameters given in table [. Then F fq is given by the ratio

of (6.2) and (6.1), Rx by the ratio of (6.0) for I = p and I = e and Al by the ratio
of (6.3) and (B.1), respectively. The contributions of the chirality flipped operators Of{ P
can be included by the replacement Cfg’ p— Cfg’ p+ C'é{ p-
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observable sensitive to SM value data
Fy Cg,P + Cfsf,/ﬁ C;(s)) (’)(mi/qQ) 0.81%0:51 + 0.46" [H]
/ .

Ay Ch p + CEp, Chis) O(a/(4m)) 015035 +0.08" [
0.10 +0.14 £ 0.01" [H]

RK_— 1 Ckp+Chp, CIT@, evs. L O(10™%) 0.24+0.31" [, [

B(B; — ) Cip—Chp (3.234+0.44) - 107 <8.0-107% [f

B(Bs — eée) Csp—Cép (7.56 +0.32) - 10714 <5.4-107° B

B 150,04 ctV+op? cfy [(415+070) 107 [{)| (43 +£1.2) - 10°° ]

B 150,04 ¢’ xcy”, Cg [(415£070) 107 [{] | (4.7 +1.3) - 1075 [B)

Table 3: Observables in b — sil induced transitions. Upper bounds are given at 90% C.L. For

details see text. TData include ¢?-regions where QCDF does not apply and both | = e and p are
included.

As can be seen from (B.1)), the B — KII branching ratio is not very sensitive to NP
effects from scalar and tensor operators due to the small coefficients in front of the NP
couplings with respect to the large SM contribution. Moreover, the SM uncertainties of
B; will hide NP unless the Wilson coefficients become large, Cf NP > 1. This actually can
happen in some NP scenarios as we will show, in particular, in the decays into electrons,
where the current experimental constraints are looser than the ones for the muons. Due
to its tiny theory uncertainty the ratio Ry is a much more powerful probe of NP than the
B — KIl branching ratios. Especially the terms at zeroth order in the lepton mass but
also the ones linear in m, can significantly modify Ry — 1 with respect to its negligible
SM value.

The angular observables Fl; (6.2) and Al (B.3) share several features with Ry — 1:
They have a small and clean SM prediction and the sensitivity to tensor operators is
higher than to scalar and pseudoscalar ones. Note that the dependence of B; and F }{ on
the (pseudo-) scalar Wilson coefficients is the same and that the leading term in the lepton-
mass expansion of AlFB requires the presence of both (pseudo-) scalar and tensor operators.
Note also that Rx can be affected independently by NP in B — Keée and B — K jij decays.

The available experimental information on F Il{, Ry —1 and AIFB including SM predic-
tions is given in table ] together with other related b — sl decay observables. The data on
Ry include large dilepton masses where QCDF is not applicable and the ones on F' }{ and
AZFB are in addition lepton flavor averaged. We do not take these constraints into account
since they cannot be applied in a straightforward way besides having sizeable uncertainties.

Important constraints on NP come from B(B, — Il), which can be written as

_ _ o G2a2M3 f2 T, 9 4m?
B(Bs — 1) = 64n3 Vs VisI ™4[ 1 — M—%S

4 2 Cl _ Cl/ 2 Cl _ Cl/ ) 2
1 2 S S P P my C 4
X D) 3 10 . (6 )
MBS my + Mg my + Mg MBS
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The By — Il branching ratios depend on the difference of Wilson coefficients (Cfg’ p— C’f{ p)-
It follows that constraints from (p.4) can be evaded in the presence of both unprimed and
primed (pseudo-) scalar Wilson coefficients unless there is a complementary constraint
such as on (Cfg p+ Cé{ p) from B — KII decays [f]. Tensor operators do not contribute
to B, — Il decays and hence C’IT7T5 are not constrained by these decays. The current 90%
C.L. upper bound on B(B; — Il) for | = y comes from CDF and D@ [f]! and for electrons
from L3 [BJ]. The experimental information can be seen in table fJ together with the SM
predictions obtained with the input from table . The bound on B(B, — jiu) is O(20)
away from the SM, and the one for electrons is nine orders of magnitude above the SM.
As we show in section .1, the current B(B, — ée) constraint is nevertheless on the verge

)

of being useful, since NP in qu(/P does not enter the By — Il modes with m;-suppression
as the SM contribution, see (@)

We further take into account the measurements of the branching ratios of the inclusive
B — X,ee and B — X,fiu decays for ¢*> > 0.04 GeV? denoted by B}nd\bo_m}. The
corresponding experimental values [20, B4] can be seen in table ] with SM predictions
from [f]. The ¢*cut dependent B — X,ll branching ratios with (pseudo-) scalar and
tensor interactions can be written as (see, e.g., [BH])

B;nd‘[qQ' 7Qr2nax} EB(B — XSZZ)
= B2 2 jsu+ (O + [Chs ) Mr (6.5)
+ (|IC5 + Cp|> + |CY + CBI> +|Cs — CH|* + |C4 — CHIHI)Ms,
where
By [Tmax ) 302 |V, V2 B(B— X.i)
=—3 dg® M By = -5 ‘ 6.6
M= g [ W Msrl@), B G 09
and
64

Ms(q*) = 2¢*(mi — ¢*)?, Mr(¢?) = g(mg — ¢*)*(2mj + ¢%). (6.7)

Here we neglect kinematical factors of ms and m; in the NP part and evaluate (f.6) and (p.7)
with a b-quark mass of 4.8 GeV, corresponding to the pole mass in accordance with [ff]. The
functions f(m./my) and k(m./my) represent the phase space function and QCD corrections
of the decay B — X 1, respectively, and can be seen in [BF]. Since Mgt > 0, NP from
(pseudo-) scalar and tensor contributions enhances the B — Xl branching ratios, and
only the upper boundary of the experimental value of B(B — X,ll) becomes a constraint
on the corresponding Wilson coefficients. Also, since M7 > Mg, the inclusive branching
ratios are more sensitive to tensor than scalar and pseudoscalar operators. Numerically,
for 0.04 GeV? < ¢ < m? we obtain Mg =1.92-1078 and M7 = 1.84 - 107°.

In our NP analysis we also predict Blind|[1,6] for | = e, using Biznd|[176],SM =
(1.64 £0.11) - 107% and BLHC1|[1,6],SM = (1.59 & 0.11) - 1076 [R9. These values are close

! A stronger bound has been reported from a combined CDF and D@ analysis at 95% C.L., B(Bs — fip) <
58-107% BY.
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to the experimental world average B}nd|[1,6]76xp = (1.60 + 0.51) - 1076 [B4] which is lepton
flavor averaged and we therefore do not consider it as a constraint. However, we use this to
illustrate the physics potential of future lepton flavor specific Biend|[176] and BLHCIHLG} mea-
surements. The Mg p-coefficients for this low dilepton mass region 1 GeV? < ¢%2 <6 GeV?
are Mg = 0.52-107% and M¢ = 0.83-1075. Note that we used here the b-quark pole mass
in the NP part of B(B — Xll) as well. To be consistent with the SM results of [2g] the 1.9
mass should be used once the next-to-leading order corrections to the NP part are known.

Given the existing experimental constraints we cannot perform at present a fully model-
independent analysis and fit for the six real NP Wilson coefficients per lepton species.
Instead, we entertain in the following four benchmark scenarios with (pseudo-) scalar op-
erators (Scenario I-IIT) and the tensor operators (Scenario IV) defined as:

e Scenario I: NP in ClS and CfD, all other NP contributions vanish.

e Scenario II: Same as Scenario I, but with the additional assumptions qu = —CfD and
Ct x my.

e Scenario III: NP in C{S, Cﬁ; and CY, C}é, the tensor coefficients Céﬂ 75 vanish.
e Scenario IV: NP in the tensor coefficients Crfp, 0%5, all other NP contributions vanish.

Scenario 11 is inspired by the Minimal Supersymmetric Standard Model (MSSM) for large
values of tan 3, where tan 3 denotes the ratio of the two Higgs vacuum expectation values,
see also section [6.5.

All B — KIl observables are obtained for 1 GeV? < ¢*> < 7 GeV2. We employ all
bounds at 90% C.L. The resulting allowed ranges of the NP Wilson coefficients and the
b — sll decay observables are summarized in table fl and table f], respectively. Since the
current experimental errors dominate the uncertainties, in the following we do not take
into account SM uncertainties. Their inclusion would allow for slightly bigger NP effects.

6.1 Scenario I: scalars C’fq and Cﬁj

We start with a discussion of the Wilson coefficients for muons, C’gf’ p- The bounds on C’gf’ P
from (.4) are displayed in the left hand plot of figure f, where contours of B(By — [iu) <
{0.05,0.1,0.2,0.4,0.6,0.8,1.0}- 1077 are shown. The ranges for C% , after applying the 90%
C.L. B(Bs — jip) upper bound given in table ff can be seen in table . The corresponding
ranges of the observables are presented in table . As can be seen, F' . can deviate from the
SM by about 40% whereas the forward-backward asymmetry is less then 1% in agreement
with and updating earlier findings [[J. The deviation of the branching ratio B, from the
SM is less than 2% and completely negligible in view of the theoretical uncertainties. Also
the NP contributions to BL“CI\[LG] and BL“°1][>0.04] are small compared to the theoretical
uncertainties.

The situation for the electrons is different due to the weaker bound from B(Bs — ée)
such that Bénd|[>0_04} gives the strongest constraint on C§7 p- In the right-hand plot of fig-
ure [ contours in the C§ — C% plane are shown for Biend|[>0_04} < {4.5,5.0,6.0,6.8,8.0}-1076
and B(Bs — ee) < {0.1,0.5,1.0} - 107°. The latter illustrates the constraints of improved
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Figure 4: In the left-hand plot contours of B(Bs — jip) are shown in the C% —C% plane in Scenario
I. The contours enclose values of B(Bs — jiu) < {0.05,0.1,0.2,0.4,0.6,0.8,1.0} - 10~7 starting with
the innermost. In the right-hand plot contours of Biend|[>0_04] < {4.5,5.0,6.0,6.8,8.0}-107% (dashed
black) and B(Bs; — ée) < {0.1,0.5,1.0} - 1075 (solid green) are shown in the Cg¢ — C% plane in
Scenario I starting with the innermost.

measurements of B(Bs; — ee). We encounter the large ranges of C§ p given in table 7]
allowed by Bénd][>0.04] < 6.8-107% at 90% C.L., see table . The corresponding ranges
for the decay observables for [ = e are presented in table |. As one can see, F§, can be
enhanced by orders of magnitude compared to its negligible SM value. Furthermore, F; is
strongly correlated to Be, Ri (see (b.J]) and (6.9)) and Biznd|[1,6]. The observables Ff;, B
and Biend“m} increase for increasing |C§7 p| whereas Ry decreases. We show B, versus Ff;
(left-hand plot) and Ry versus Fj; (right-hand plot) in figure | The branching ratio B.
can be enhanced by about 60% with respect to its SM value. Biend][m] exhibits a similar
enhancement but is subject to smaller theoretical uncertainties. The forward-backward
asymmetry A%p is negligibly small.

The observable Ry depends on both lepton channels I = e, . In Scenario I the
denominator B, receives large NP contributions whereas the numerator B, stays close to
its SM value due to the strong constraint from B, — jig. This leads to a substantial
decrease of Ry with respect to the SM as can be seen in table | and also in the right-hand
plot of figure f.

6.2 Scenario IT: MSSM-like C¥ = —Cllﬁ

Scenario II is a special case of Scenario I inspired by the MSSM in a certain limit (large
tan 3), see also section B.J. In this model, the (pseudo-) scalar Wilson coefficients are
proportional to the lepton mass Cfgp ~ my, such that C§ p can be neglected and b — see
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plot) and the F§; — Rx plane (right-hand plot) in Scenario I.

Wilson coefficient Scl Sc Il Sc 111 Sc IV

Csp [—8.3,8.3] — [—8.3,8.3] —

Cck [—0.69,0.69] [—0.55,0.41] [—5.6,5.6] —

ch [—0.55,0.82] =—-Cf% [—5.6,5.6] —
CE'I,P — — [—8.3,8.3] —
C4'p — - [~5.6,5.6] —

15 — — — [—1.2,1.2]
Crors — - — [—1.1,1.1]

Table 4: The allowed ranges for the NP Wilson coefficients C! in Scenarios I-IV after using
the constraints B(Bs — ée) < 5.4 -107° B(B, — fip) < 0.8-1077, Bi*l| 504 < 6.8 - 1076 and
BL“C1|>0_04 < 6.3-1075, see table . A “—” means that the corresponding coefficient is zero in this
NP scenario.

decays are SM-like. Furthermore the relation C% = —C% holds and the primed coefficients
Cglp are suppressed by mg/m; and can be neglected.

The allowed range of C'§ and the effects of NP on the rare decay observables are given
in table [] and table [f], respectively. Since Scenario II is a constrained variant of Scenario
I the deviations from the SM are smaller in the former. The NP contributions to F}; do
not exceed 30% whereas the deviations of B, from the SM are of the order of 2%, much
smaller than the theoretical uncertainties. The same holds for BLHC1|[1,6], which confirms
earlier studies within the MSSM [Bf]. Since B, is SM-like in Scenario II, the deviation of
R from the SM is much reduced with respect to the one in Scenario I. We find NP effects
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Observable Scl Sc 1l Sc 111 Sc IV
Fe < 0.39 - < 0.56 <0.13
FY [0.013,0.035] | [0.018, 0.032] | [0.013,0.56] | [0.014,0.18]
Ri [0.61,1.01] | [0.996,1.01] | [0.44,2.21] | [0.93,1.10]
B.[1077] [1.91,3.14] - [1.91,4.36] | [1.91,2.00]
B, [1077] [1.90,1.94] | [1.90,1.93] | [1.90,4.26] | [1.87,2.10]
ASap (%) [~0.02,0.02] - [—0.02,0.02] | [-0.02,0.02]
Al (%) [-0.6,0.6] | [-0.5,0.3] |[—4.46,4.46]| [-3.1,3.1]
B(Bs — ee) [1077] < 1.17 - < 2.33 -
B(Bg — i) [1077] <0.8 <0.8 <0.8 -
B2y 6 [1076] | [1.64,2.35] - [1.64,2.35] | [1.64,2.83]
Bl 6 (1070 | [1.59,1.60] | [1.59,1.60] | [1.59,2.17] | [1.59,2.56]
B2 20,04 [1076] | [4.15,6.8] - [4.15,6.8] | [4.15,6.8]
B 150,04 [107°] | [4.15,4.18] | [4.15,4.17] | [4.15,6.3] | [4.15,6.3]

Table 5: Allowed ranges for b — sl observables in Scenarios I-IV after taking into account the
constraints from B(Bs — 1) and Bj"?|50.04) for | = e and | = pu, see table B and the text for details.
A “—” means that the corresponding observable is SM-like.

of 1%, which are larger than the uncertainties of the SM prediction. The forward-backward
asymmetry is smaller then 1% in agreement with previous works in the framework of the

MSSM [B7.

6.3 Scenario III: scalars qu, Cllp and Cg, C}ﬁ

In Scenario III we use the full set of (pseudo-) scalar Wilson coefficients including the
chirality flipped ones C’g p for I = e and | = p. The constraint from the Bs — Il branching
ratios alone can be evaded due to cancellations between Cfg p and Céf p, see (6.4). To

obtain constraints on C'g(/])D we combine B(B, — Il) with Blind|[>0_04} data. We find the
allowed ranges for the Wilson coefficients given in table []. In the electron sector C§ p can

be as big as in Scenario I with identical ranges for Cg’ p- In the muon sector the Wilson
9

)

coefficients Cgf are now comparable in magnitude to the ones for electrons.

The large Wilson coefficients lead to big NP effects in the rare decay observables,
see table [|. In Scenario III Rk can both increase and decrease significantly with respect
to the SM as opposed to Scenario I where B(Bs — i) permits only a large decrease of
Rg. The substantial deviations of Rg from the SM are already challenged by existing
data given in table . However, as already stressed, since these data contain also large-¢?
events where QCDF is not applicable it is not clear how to impose these constraints in a
well-defined way.

The increase of both F; and R for increasing values of BL“C1| 1,6] can be seen in the left-
hand plot of figure ], where contours of ijd“m] < {1.75,2.0,2.17} - 10~ are shown. Sim-

ilarly, the increase of F'f; and decrease of Ry for increasing values of Biend\[m} is displayed
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Figure 6: Contours of BL“C1|[176] < {1.75,2.0,2.17} - 1075 in the F} — Ry plane in Scenario
III (left-hand plot). In the right-hand plot contours of Biend“l,g} < {1.75,2.0,2.25,2.35} - 10~° are
shown in the F; — Rx plane in Scenario III. For details see text.

in the right-hand plot of figure [] with contours of Biend|[1,6] < {1.75,2.0,2.25,2.35} - 1076,
The NP contributions enhance both B. and B, by order 200% above the SM such that
measurements of these observables in the low-¢? region could provide constraints regardless
of the large form factor uncertainties. Scenario III allows for |ALg| < (4 — 5)% whereas
A%p is negligibly small.

6.4 Scenario IV: tensors ClT, ClT5

In Scenario IV we consider only NP in C%F7T5. These Wilson coefficients do not contribute to
B, — Il decays and hence are currently constrained only by inclusive B — Xl decays (b.9).
The corresponding bounds can be seen in the left-hand plot of figure [, where contours of
B2 2004 < {4.5,5.5,6.3,6.8,8.0} - 107¢ are shown in the C% — C§, plane starting with
the innermost. The constraints on C%TE) from upper bounds on Bitnd][>0.04] can be read off
from the same plot. We find the ranges of the Wilson coefficients given in table [ using
the 90% C.L. constraints B[54 < 6.8 - 1076 and B[54 < 6.3 - 1075, see table B
As anticipated after (.7), B}nd][>0.04] constrains C%’TE) stronger than qu(’ll)).

The NP effects in F}; and F}; are huge with respect to the SM predictions as can be
seen in table f]. FY increases for increasing Blind\[m}. This correlation is shown in the
right-hand plot of figure [] for contours of BL“CIHLG} < {1.75,2.0,2.25,2.56} - 1076 in the
F I/—LI — Ry plane. Similar correlations hold for the electron sector. Ry receives order 10%
corrections from NP which are well above the theoretical uncertainties. The branching
ratios B; are subject to NP contributions < 4+10%, which cannot be separated from the
larger form factor induced uncertainties. On the other hand, the NP enhancements due
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Figure 7: In the left-hand plot contours of Bie“d|[>0,04] are shown in the C% — C%; plane in
Scenario IV. Each contour encloses values of Bie“d|[>0,04] < {4.5,5.5,6.3,6.8,8.0} - 1076 starting
with the innermost. Corresponding constraints for Cf. — C/ can be read off from the left-hand
plot as well. In the right-hand plot contours of BL“C1|[1,6} < {1.75,2.0,2.25,2.56} - 10~¢ are shown
for F Z versus Ry in Scenario IV starting with the innermost.

to C'ZT7T5 in Blind|[1,6] are larger, about 70%, which makes the inclusive decays a sensitive
probe of tensor operators. As in all other Scenarios I-IIT A%y is negligibly small. |Afg]
does not exceed 3%.

6.5 Models with scalar and tensor interactions

While there are several known models beyond the SM with large (pseudo-) scalar inter-
actions, tensor operators are often neglected. Let us begin with some general remarks on
the origin of b — sl tensor operators in the SM and the MSSM: In the SM they arise only
at higher order in the electroweak operator product expansion (OPE) from finite exter-
nal momenta in the matching calculation. In the MSSM tensor operators are induced at
leading order OPE only from photino and zino box diagrams, which are, however, sublead-
ing in tan 8 with respect to the Higgs penguins discussed below. Higgsino contributions
to tensors are further suppressed by down-type quark and lepton Yukawa couplings [BY].
In addition tensors with two leptons are induced by scalar operators under QED renor-
malization group running, hence are of higher order in ae/(4n) - log(p/ms), e.g., [B, 4.
Another mechanism to generate tensor contributions is to consider models with scalars
having appropriate quantum numbers such that tree level exchange induces the operators
(Itbr)(51lR) or (Irbr)(5RrlL). Subsequent fierzing then leads to tensor operators. Among
this class of models are those with leptoquarks. We consider such models below after briefly
commenting on the MSSM at large tan 8 and the MSSM with broken R-parity.
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For large values of tan 8 the MSSM produces substantial scalar couplings Cfg p from
Higgs penguins, for example, induced by chargino loops

l mymy 3 v Ms
CS,P X 2 tan /3, CS,P ~ _CS,P7 (68)
mo my

for exact Wilson coefficients see [{]. Here, m 40 denotes the mass of the pseudoscalar Higgs
boson. The relation Cfg = —Cﬁ; holds only at leading order in tan 3 [[f] and prevents the
generation of tensor couplings from QED running [§]. The flipped coefficients C’f{ p are
suppressed by the mass of the strange quark. Since C! o m; the couplings to electrons are
negligible.

In R-parity violating supersymmetry scalar and pseudoscalar FCNC-operators can be
generated at tree level from the superpotential (see, e.g., [B9])

Wp = AijiLt L7 &% + AgjkL@'LQ%, (6.9)

where L (Qr) and er(dr) denote the superfields containing the lepton (quark) doublet
and the charged lepton (down-type quark) singlet, respectively. One gets at the matching
scale from sneutrino exchange

(47m)*  NoaAwn
e? thVf;Gle%k ,

(47T)2 )\2&32 Z‘ll (610)

Ch p x .
P e V,ViGrm?

Here m; denotes the sneutrino mass and summation over the sneutrino flavor k& is under-
stood. Contributions from squark exchange modify only the vector and axial vector type
operators and are not shown. The couplings in (f.10) obey C% = —C% and CY = +C¥.
As in the MSSM at large tan 8 with unbroken R-parity discussed previously, there are no
tensor operators generated from leading order matching. The chirality flipped contribu-
tions can be sizeable and help to escape the constraint from B; — II. The couplings (6.1()
are then essentially only constrained by the B — (K™, X,)ée and B — (K™, X,)au
branching ratios. The size of the possible modification of Rx from one is then given by
the theoretical and experimental uncertainties of the branching ratios, see also [i(].

The Lagrangian of leptoquarks ¢ coupling to a lepton and a quark can be written
as

Lro-1—q = NijligjoLQ, (6.11)

where 7, j label the lepton and quark generation, respectively. ¢rq can be a scalar or
a vector under space-time transformations and a singlet, doublet or triplet under SU(2).
Details can be seen, e.g., in [[lI], where also contributions to flavor-changing scalar and
pseudoscalar operators have been discussed. Here we consider only the contributions to
tensor operators, which are induced by tree level scalar leptoquark exchange and fierzing as
explained earlier. The SU(2)-properties of the requisite operators require mixing of lepto-
quarks with different SU(2)-quantum numbers. The latter is induced by interactions with
the Higgs boson and arise after electroweak symmetry breaking, see the second reference

in [E]]. As a result, tensor operators in leptoquark models are suppressed by the vacuum
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expectation value of the Higgs v =< H >= (2\/§GF)_1/2 over the scalar leptoquark mass
mg. Specifically for b — sll transitions this yields the tensor coefficients

(47T)2 I3A21 v2
2 2 2"
et VyVisGrmg my

Ch 5 o (6.12)

7. Summary

We thoroughly investigated the angular distributions in B — Kl decays in a model-
independent way. We find that the cosf-dependence in the normalized 1/T';dI';/dcos 6
spectrum, see ([[.2), offers great opportunities to test the SM and search for NP. The req-
uisite observables are the flat term in the distribution, F};/2 and the forward-backward
asymmetry AIFB. The coefficient of cos? 6 is related to F }{ No powers of cos 6 greater than
two appear in the B — Kl angular distribution up to higher dimensional operators not
present in Heg (R.I)-(R.d) and QED corrections. Both are strongly suppressed by powers
of the low energy masses and momenta over the scale of electroweak NP and by «./(47),
respectively.

In the SM, F}{ x ml2, and F§ is negligible. The SM value for Fl; is small, order
few percent, and can be cleanly predicted using QCDF for low dilepton masses with 2%
accuracy, see table . Taking into account subleading 1/FE-corrections the uncertainty is
conservatively inflated to ~ 6%. The forward-backward asymmetry vanishes exactly in the
SM up to the aforementioned higher order OPE and QED corrections. The «.-corrections
induce the parametrically leading contribution of the order a./(4w).

We also give SM predictions for the B~ — K~ jip and B° — K°fiu branching ratios.
They have a substantial uncertainty of order 32% mostly from the form factor. On the
other hand, the SM ratio of B — Kjiyu to B — Keée decay rates, R%M, equals one at the
level of 10~4. We show analytically at large recoil using form factor symmetry relations that
the apparent huge suppression of lepton flavor effects in R%M results from the cancellation
of O(m?)-corrections to leading order in 1/E and «; in the B — Kl decay rate, see (5.1)).
In addition potentially large corrections to Ry can arise from collinear QED logarithms,
whose actual net effect depends on experimental cuts [29]. The corresponding calculation
for B — KIl decays has not been done.

Beyond the SM, the observables F’ }{, AZFB and Ry are sensitive to Higgs and tensor
interactions. We work out NP signatures and correlations by taking into account existing
data on B(Bs — ll) and B(B — X,ll) for | = e and | = yu separately. We find that the
NP modifications to the angular observables Ff;, F I‘}, A%B and Rx — 1 can be sizeable,
see table | Even larger effects in the forward-backward asymmetries A and ASp arise
in models where both (pseudo-) scalar and tensor operators are present. From a scan of
twelve real NP coefficients ng) ,C’lTj5 for | = e and [ = p we find model-independently
the upper bounds

|ATg| < 13%, |Afg| < 15%. (7.1)

Both Rk and Fl enable precision tests of the SM in exclusive B — KII decays, but
their experimental requirements are different: Whereas Ry requires only measurements of
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decay rates into both electrons and muons, Ff is extracted from the muon channel alone,
however, at the price of an angular analysis. The latter needs high statistics and is well
suited for the LHC(b) setup. NP searches with angular distributions in B — K jig should
also be feasible at the Tevatron, where CDF has recently measured B(BT — K*ju) and
B(B® — K*%au) [fl-

The experimental situation for the observables F Il{, AZFB and Ry is currently at a very
early stage, see table . In particular, all measurements average | = e and | = p final
states except the ones of Ry [B, f]. Ultimately all observations in rare semileptonic decays
B — KIl, B — K*ll and B — Xl should be available for each lepton flavor separately
since deviations from the SM could be I-dependent. For example, NP in the electron channel
could escape the B — K[ij decay studies completely implying also Rx < 1. Existing data
on the I = e modes are weaker than the corresponding ones for decays into muons, allowing
for larger NP effects in the electron modes. In this way, b — sée induced channels such as
B — Keée provide unique opportunities for the clean B factory environment. Appropriate
cuts in ¢? should be taken into account to maximally exploit the theoretical predictions.
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A. B — KIl form factors

In this appendix we give definitions and properties of the heavy-to-light form factors for the
B — K transition at large recoil. The symmetry relations emerging in this region between
the QCD form factors are reviewed including symmetry breaking corrections. Furthermore,
details about the form factor f; from Light Cone Sum Rules calculations [Rf] can be found
here.

The B — K matrix elements are parametrized in terms of the three QCD form factors

[+, fo and fr as [[i3]

2 as2
(K (p) 57D\ B0p)) = (205 — @)ufs (4®) + %w@(q% — @) (A
2
(K (pK)|5icwg’b|B(ps)) = —[(2p8 — Q)ua® — (Mp — M%)qu]]\é%%{- (A.2)

At leading order in the 1/E expansion fy 7(¢?) obey symmetry relations [, [J] such
that they all can be related to a single form factor denoted by £p(g?). Within QCDF
a factorization scheme has been chosen with f(¢?) = ¢p(¢?) [[J]. Including subleading
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corrections, the symmetry relations can be written as

fo 2E ¢® |Aqep

J0 A7y A

7. e —i—(’)(as)—i-(’)( 123 B )

Jr  Mp+ Mg Aqcp

I _ BT VRN L o)+ 0 [4/290 ) A3
f+ Mp ( ) ( E ( )

up to higher order QCD, power and mixed corrections. The ag-corrections from the soft-
overlap and hard scattering contributions indicated in ([A.J) have been calculated in QCDF
and are given in [[J). These corrections are taken into account in the numerical analysis
of this work. Analogous relations can be found in the framework of SCET using MS
subtractions [[[5, I3]. The symmetry relation breaking corrections due to subleading orders
in the Aqcp/E expansion have been considered for the soft-overlap part using SCET 4.
The corresponding corrections are indicated in ([A.3). Note that the expansion parameter
is rather \/IW than Aqcp/F, and that for fy/f} an additional suppression of ¢%/M%
appears. Subleading contributions from hard spectator scattering to (A.3) are unknown

and arise at higher order, O(as+/Aqep/E).
The form factor symmetry relations (A.J) imply in the SM for B — Kl decays

2 2 2 2 2
q° - Mg — Mz +q ~ ¢ |Aqcop

which enters a?M + clSM, see section [ Here, the explicit SM expressions for Fyap (B.2)

have been used and Fp = m;Fp has been rescaled. The relation (A.4) involves only the
ratio fo/f; and results in a beneficial ¢ /M]23 suppression of the power corrections. Beyond
the SM the corresponding expression depends on all functions F; and there are in general
no cancellations from symmetry relations.

We employ the form factor f(¢?) = £p(¢?) from LCSR calculations [Rg]. It is given
in terms of the Gegenbauer moments of the K-meson LCDA, af, al and af as

F(d?) = F2(6%) + aff (ur) F2(6) + a3 () f22 (¢°) + aff (ur) £ (¢%)- (A.5)
The g?-dependent functions f%, i = 1,2,4 and f{¥ are obtained from a fit and parametrized
in [26]. Here we use “set 2” with mgde = 4.8 GeV corresponding to the infrared fac-
torization scale pmr = \/MJQB —m£01€2 = 2.2 GeV. The running of the Gegenbauer

moments given in table [I] from 1 GeV to 2.2 GeV is accounted for by the scaling fac-
tors {0.793,0.696,0.590} for {af, a aX}. The relative uncertainty of fy due to the
asymptotic form factor f{° (which is independent of the al) at ¢ = 0 is approximately
Ags/f+(0) = 10%, see table 2 of [P4]. In order to estimate the form factor uncertainty in
the low-¢? region we scan over the Gegenbauer moments according to the ranges in table
translated to pumr = 2.2 GeV and add the uncertainty from A, in quadrature. The form
factor f1(¢%) = &p(q?) with its uncertainties with and without Ags is shown in figure §.
The total uncertainty is 16% at maximal recoil and reduces to 12% at ¢ = 7 GeV2. The
reduction of the relative form factor uncertainty towards larger values of ¢® stems from the
increase of the form factor in this region while keeping Ay from ¢ = 0. The decrease of
the form factor uncertainty for ¢ > 0 has been considered likely in [R4].
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in the right-hand plot the form factor normalized to its central value, £p(g?)/£5m2(¢2).

B. 7p for B —» K

The amplitude 7p(g?) can be extracted from [ as

SC n
:rp_gp[ +O‘4F(c“ C(f)>] (B.1)

7 fBfK ! 0 asCr ( nf
N M Z/_(I)Bi / du @ g (u) [T](Dvi—i-? (TI(D71:+TI(37i))] (w,u),

where all T}(;?i,T}(jf )ﬂ: and T}(;fljft) are functions of (w,u). fp and fx denote the B- and K-

meson decay constants, respectively, whereas ®p +(w) and ®x(u) are the corresponding
LCDA’s. The remaining quantities are calculable perturbatively

0 0 nf nf 0 nf nf
oW =, opl = T =19, i = 1),
o — et [ fop _apale] | g0 __cen M0 o (o)

P 7 2 my |’ Pt 7 E(1—u)’ P— ’ ’

Here the shift of the b-quark mass in O7 from the MS to the PS scheme has been taken

into account in Cg). All quantities L, CSf C’|(|0),C’|(|nf) and T”(Oi, ”(Ii) in (B.2) are given

in [fl. The expressions for C’I(Df) and T](Df L in (B.2) agree with —C|(| ) and T”(J)r given in [[L(],
respectively, where a different definition of the longitudinal form factor & with respect to

the one used in previous works [g], [J] is employed.
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