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We discuss the advantages of combining the experimental bound on Br(B; — u* u~) and the measured
Br(B — K{*{") to get the model-independent constraints on physics beyond the Standard Model. Since
the two decays give complementary information, one can study not only the absolute values of the Wilson
coefficients that are zero in the Standard Model, but also their phases. To identify the sector in which the
new physics might appear, information about the shapes of the transverse asymmetries in B — K*€* €~ at
low ¢*’s can be particularly useful. We also emphasize the importance of measuring the forward-
backward asymmetry in B — K€* £~ decay at large ¢*’s.
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I. INTRODUCTION AND BASIC FORMULAS

Ever since the first observation of B — K*y [1], the
decay modes governed by the loop-induced b — s transition
have played a major role in the search for signals of physics
beyond the Standard Model (BSM) in low-energy experi-
ments. After years of experimental and theoretical effort, we
now know that the observed decay rates and several con-
veniently defined observables are consistent with the
Standard Model (SM) predictions, thus leaving little room
for new physics (NP). Since the nonperturbative QCD (had-
ronic) uncertainties are still large in most cases, the com-
parison between theory and experiment is not yet at the
precision level, and quantitative statements about the size of
possible NP contributions are often subjects of controversy.

Much of the experimental activity has been devoted to
B — K*€* ¢~ decay, for which improvement on theoreti-
cal (hadronic) uncertainties is hard to achieve, apart from a
few asymmetries that will be studied at CMS, LHCb and in
the new generation of B-physics experiments. In contrast to
the decay to K*, a substantial improvement in the deter-
mination of the hadronic form factors entering the theo-
retical description of B — K€€~ is realistic to expect
very soon. In that respect, the recently reported result on
Br(B — K€" €~ )by BABAR [2] is likely to become a major
constraint in the NP searches. The ongoing experimental
effort to detect another b — s mediated decay, B, —
utu”, has been greatly improved after LHCb was able
to set an upper bound on Br(B, — u* u~) that got very
close to the value predicted in the SM [3]. In this paper we
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discuss how these two decay modes can be combined to
give us complementary information about the potential
physics contributions from BSM.

The most important effect of physics BSM in B; —
u*u” is expected to come from a coupling to the scalar
and/or the pseudoscalar operators. If that scenario is veri-
fied in nature, it would strongly affect B— K€€,

whereas the three transverse asymmetries A(Tz‘lm‘re)(q2) of
B — K*¢"{~ decay would remain unchanged with respect
to their shapes predicted at low ¢®’s in the SM [4]." If,
instead, the NP alters the couplings to the semileptonic
operators « 57y, P; gb, then the shapes of the mentioned
asymmetries would change too.

In this paper we assume that the NP does not couple with
tensor operators (specified below). It turns out that this
assumption can also be tested by measuring A%;(g?), the
forward-backward asymmetry in B — K€€, but in the
region of large ¢>’s in which the nonzero tensor couplings
would entail a large enhancement of A%,(g?).

In what follows, we will show how and why the two
decay modes, B, — u" u~ and B— K€€, are comple-
mentary, and after combining the recent experimental results
with our current theoretical knowledge of the hadronic
matrix elements, we will discuss the resulting constraints
on NP.

In handling the B — K€" ¢~ decay we computed the
form factors by using the simulations of quenched QCD on
the lattice (LQCD), which appear to be compatible with the
results obtained by evaluating the QCD sum rules near
the light cone (LCSR) [6]. These results are merely an

"Please note that the asymmetry A(Tz)(q2) has been introduced
in Ref. [5] and since then abundantly discussed in the literature.
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illustration of the potential of LQCD in pinning down the
hadronic errors in this decay. Very soon these results will
be substantially improved by using the available QCD
configurations that contain the effects of dynamical quarks
[7]. Notice that the lattice results are more reliable in the
larger half of the g> region available from this decay
(14 GeV? =< g*> = 20 GeV?). For that reason it would be
desirable to have the experimentally established partial
decay width of B — K€€~ at ¢*’s that are also accessible
in modern lattice QCD studies. In that way we would be far
more confident about the quantitative statements made

from this kind of analysis.
|
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The effective Hamiltonian describing the b — s€ €~
transitions at low energy is [8]

4G
Hy=—-——2v v*‘[ Ci(p)0;
fr 7 Vi Z () O(w)
S o awop]
i=7,89,10,P,S,T.T5
where the twice Cabibbo-suppressed contributions

(e« V,,Vss) have been neglected. The operator basis in
which the Wilson coefficients have been computed is [9,10]

1
Og = —my(50,,T*Prb)GH"™,
8
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where P, r = (1 ¥ 5)/2, € = e or u, and the explicit  and
expressions for O,_¢ can be found in Ref. [9]. Short- 4 >, 4
distance physics effects, encoded in the Wilson coefficients ha m) = — —<lnﬂ _ Z) S, / z—1
C;(u), have been computed in the SM through a perturba- (47 my) 9\ u> 3 9( Wl |
tive matching of the effective with the full theory at u = arctan \/1_ 7> 1
my, and then evolved down to . = m; by means of the < ol ) 5)
QCD renormalization group equations at next-to-next-to- lnH—‘/\/-;Tz — % z=1

leading logarithmic approximation [9]. It is customary to
reassemble Wilson coefficients multiplying the same had-
ronic matrix element into effective coefficients appearing
in the physical amplitudes, namely [11]

4 1 4 20 80

Cf=—C;,—=C;—=C,——=Cs——Cs,,
a, 7 37 9% 37 gf
4 1 10

Ct =—Cg+C3 ——C4 +20C5 ——Cg,
a 6 3
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where the function Y(g?) is
4 64 64

Y(qz) :§C3 +—C5 +EC6

1 4
9 _Eh(q2,0)<C3 +§C4+ 16C5

64 4
+ ?C6) + ,’l(qz, mc)<§C1 + C2 + 6C3 + 60C5)

4 64

with z = 4m2/q*. To make the notation less heavy, in
what follows we will drop the superscript “eff” in
Wilson coefficients, while tacitly assuming the redefini-
tions in Eq. (3). Note that in the SM the Wilson coefficients
of the right-handed flavor violating operators or of the
operators Og p 775 are absent and therefore Cjg 0=

(1) —
Cs.prrs =0

II. PHYSICAL PROCESSES AS CONSTRAINTS
A. B, — ¢t(~
One of the most promising decay modes expected to
reveal the effects of NP at LHCb is B, — u™ u~. Using
the effective theory [Eq. (1)], the only operator contrib-
uting to the amplitude of this process in the SM is O,

and the expression for the branching fraction of this decay
reads

Br(B, — (* ()M

G22

163 IV ViSI? mp, m(ﬁe(mg )|C10|2f3 . (6)

=TB
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where B,(¢%) = /1 —4m}/q? € = p or e, and the B,

meson decay constant is defined via

(0157, PLbIB,(P)) = 5 f5, P )

On general grounds, the contributions of physics beyond
the SM can modify the above expression to

Gia? .
%.‘ ﬁ Vi VisI* Be (mZB?)

m> Am2
x[%q—qdru?)
my mpg

Br(B, — €*€7)P™ =75 fz m

m
4 |™s

SC_C/
"¢y~ )

m
+2—L(Cyp - Clo)
me

2], ®)

thus lifting the helicity suppression exhibited in the SM
expression [Eq. (6)]. This is why it is interesting and
important to experimentally investigate this decay for
both € = u and € = e. In the SM, the electron mass
severely suppresses the decay rate, and a clean detection
of the B, — e"e™ events would be a clear signal of NP
effects. In the last formula the presence of the right-
handed (non-SM) couplings would induce C/, # 0, while
the new scalar (pseudoscalar) couplings would entail the
nonzero C(S') (Cg)).

Several specific NP models that allow for large values
of Cyg suggested a possibility of observing a large number
of B;— u" u~ events. Recent experimental activity at
the LHC [3], however, showed that such a large enhance-
ment does not occur and the current upper bound on
Br(B, — u*tu~) is quite close to the SM value. More
speciﬁcally,2

Br(B, — utpu )P <4.1 X 1077,
Br(B, — utpu )M = (3.3 +0.3) X 1077,

9)

where for the SM estimate we used the parameters given
in Appendix B of the present paper (cf., Table II).
Although the desired enhancement by orders of magni-
tude with respect to the SM does not occur, the possibility
of seeing the NP signal from this decay mode is still alive.
One can even envisage the possibility of Br(B; — u* ™)
smaller than the one predicted in the SM, as can be easily
seen from Eq. (8).

Recently, it has been noted that the effect of B, — B, mixing
should be taken into account [12], whose net effect amounts to
replacing  Br(B; — u* u™)™ — (1 — y ) Br(B;, = u ' u™)™P,
where y, = (Al'/2I)5 = (9.0 £ 2.1 = 0.8)% was also mea-
sured by LHCb [13]. This correction is already incorporated in
the corrected experimental value [Eq. (10)].
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FIG. 1 (color online). Increase of Br(B,— u™u~) with
|Cs — C%l according to Eq. (8) is shown by the dark band,
defined by 1o errors on the input parameters. The brightly
shaded area depicts the experimentally allowed values for the
decay mode. C}, = cﬁ;’ = 0 has been used.

If, for the moment, we only consider the possibility that
the SM is extended by allowing a coupling to the scalar
operator, i.e., by keeping C}, = Cg) = 0, then from Eq. (8)
one gets

|Cs — Cy| = 0.08 (1o), (10)
which we illustrate in Fig. 1. This limit is actually not too
far away from |Cg — C§|M = 0, which is why this bound
becomes a very severe constraint on the NP models with
scalar operators. The above bound still allows for an
observation of Br(B; — ete™) =2 X 1077, unless the
lepton flavor universality is not respected by NP.
Obviously, the bound in Eq. (10) does not give us any
information about Cg and CY separately. For that we would
need the complementary information that can be inferred
from B— K€ €.

Recent research about exploring the constraint from
the experimental bound on Br(B, — u* u~) has been
reported in Ref. [19].

B.B— K¢t¢~

There are many papers in the literature dealing with this
decay. We were able to check the expressions given in
Ref. [20] with which we agree. The full distribution of
this decay is conveniently expressed as

2 2
o0 Z;ﬁfl OO — () + bl cosh + eolgP)eos,

(1D

where for short 'y = T'(B — K€1), ¢*> = (p¢+ + pe-),
and 6 is the angle between the directions of B and of £~ in
the center-of-mass frame of the lepton pair. In terms of
specific Lorentz components, F;(¢?) i =S, P, V, A, T,
T5), the explicit expressions of the functions on the right
hand side of Eq. (13) are

034034-3
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(FA(@®)I? + [Fy(g*)P) + dmimE|Fs(g*)?

be(q*) = 2C(¢°{a’[ B(q°) Re(Fs(q*)F7(q%) + Re(Fp(q*)F5(¢*)] + m([yA(¢*) B(q°) Re(Fs(q*) Fy(q*)

+ (m3 — m% + ¢*)Re(Frs(g>)Fi(*)1},
celq?) = c<q2>[q2(ﬁ%<q2>|FT<q2>|2 Py —

+ 2me\ Mq*) Be(q*) Re(Fr(q*)Fy, (qz))]

where
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C(q*) =
with
Mg?) = g* + m} + mE — 2(mim% + m3q* + m%q?)
(14)
and

2m
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mB + mK

4dm
X <C7 +Ch+ — CT)fT(qz)r
my

Fu(q?) = (Cyo + Cip)f+ (g7,

2 2
Fs(q?) = "2 K (Cy + €O fole?),
my
2 _ 2
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[f+(q2) M5 K (o) — £ @]
/ 2 2
FT(QZ) = M CTfT(CIZ),
mpg + mg
2 2
Frs(q?) = YMOBD) 0 0 () (15)
mpg + mg

In the above expressions we employed the standard decom-
positions of the hadronic matrix elements in terms of the
form factors, namely

2 .2
KWy, BN =] (0 +, ~"2"Eg, 7.2
2 2
o
. 2 2
(K(Ol50,, DB ()= =i(puky = pik) 21 (16)

)\(q )

—— B Fa(@HI* + |Fy(gH)I?)

(12)

I
After integrating Eq. (11) over g> = (p — k)?, one obtains
dl'¢(cosh)
d cosf
where obviously
Tinax Ny
Ag=| " adq?)dq,

min

= A, + Bycos + Cycos?6, (17)

2
By = [ be(g?)dg’,
qlznax (18)
o cdgPdq’,

9min

C€=

with g2, = 4m3, and g2, = (mg — mg)?*. For a partial
decay width, one would obviously choose different
qim J max” Finally, the integration over 6 leads to the full
decay width, in which the term proportional to cosé drops
out. The latter survives in the forward-backward asymme-
try, and we have

B
Al ==L, (19)

1
e=2(A,+=C¢)
¢ (e 3 e) T,

Clearly these two observables are independent, as they
involve different pieces of the distribution [Eq. (11)]. In
Ref. [20] another useful quantity has been introduced,

P 2(A¢ + Cp)

H T, (20)

which in the SM is proportional to m%, but can receive
important contributions in various scenarios of NP. Before
continuing, we wish to stress that in the SM A%, = 0 and it
remains zero even if the Wilson coefficients C7910 re-
ceived large NP contributions. Its nonzero measurement
would be a clean signal of NP, and therefore its experi-
mental study would be highly welcome.

For our purpose, it is important to note that all
the functions in Egs. (12) and (15) involve the sum of
C; + C}, and therefore the full branching ratio provides
us with a constraint that is complementary to Eq. (10). The
recently measured [2]

Br(B—K{ € )y =(4.720.6+02)X1077  (21)

is compatible with the SM prediction,

034034-4
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7.5+1.4)x 1077 LQCD
Br(B—>K€+€7)SM= ( ) Q , (22)
(6.8%+1.6) X107 LCSR
which, at this stage, we take to be
Br(B— K€€ )g = (7.0 = 1.8) X 1077, (23)

thus covering all the values allowed by the two methods of
computing the form factors, LQCD and LCSR. Allowing

for nonzero Cg') then leads to
(1o),

as illustrated in Fig. 2. To obtain Eq. (24), we had to assume
that NP does not alter the SM values of C(7' )9 which enter the
expression for Br(B — K€" €~). That assumption can be
tested experimentally through the study of low-¢> behavior
of three transverse asymmetries discussed in Ref. [4]
which exhibit three very important features: (i) they have
small hadronic uncertainties, (ii) their shapes are highly

|Cs + C4l = 1.3 (24)

sensitive to C(7{)9, and (iii) they are completely insensitive
to C(sl,)P'

Another important comment concerning the constraint
in Eq. (24) is that it is obtained by including the lo
experimental uncertainty, and by using the form factors
that are either obtained from the numerical simulations of
quenched QCD on the lattice (see Appendix B of this
paper) or in the QCD sum rule analyzed near the light
cone [6], respectively labeled as LQCD and LCSR in
Eq. (22). LQCD results appear to be consistent with those
obtained from LCSR. The three relevant form factors,
f+.07(g%), will soon be improved by the new generation
of unquenched lattice QCD simulations. Several such stud-
ies are underway [7]. Notice that the improvement of
f+.07(g?) is much more realistic to expect than those
parameterizing the B — K™ transition matrix elements,
because the latter decay involves many more form factors,
including at least three that suffer from very large uncer-
tainties (see e.g., Ref. [21]).

BaBar value

8.t
6. |
4. L
2.1

Br(B - K p*u) [1077]

[Cs+Cs'|

FIG. 2 (color online). Br(B — K€¢*{~) = 15[, as a function
of |Cys + C%|. Bright shaded horizontal band corresponds to the
recently measured Br(B — K{¢*¢~) at BABAR. We used Iy
given in Eq. (19) and 73 = 70 to conform with the experimental
practice when combining neutral and charged B modes.
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III. CONSTRAINTS ON THE SCALAR
(PSEUDOSCALAR) COUPLINGS

Couplings to the scalar and pseudoscalar operators are
particularly interesting in the framework of supersymmet-
ric (SUSY) extensions of the SM. A very detailed consid-
eration of the SUSY contributions to B, — €€~ has been
made in Ref. [22]. The relations between the Wilson co-

efficients Cg)P and C3, |k prre» defined in Ref. [22] are
Cs=X(Cip+Ci.),
Cs=X(Cir+Cx.)",

Cp=X(C5p—C5,)",

Ch=X(C3p—C3,)" =
P RR — CRL)

where X = 7/(v2GraV}iV,,). From Ref. [22] we learn

that the SUSY contributions to the box and penguin dia-

grams can modify Cg)P as follows:

(i) Diagrams with one charged Higgs boson propagat-
ing in the box can give a nonzero contribution via
coupling to the left-handed parts only. Furthermore,
they verify C/" = —CH". The right-handed cou-
plings, instead, are suppressed by the strange quark
mass, C’SH+ = CLH" =0.

(i) Diagrams with charginos propagating in the
box also give rise to C{ and C}, but leave CiX =
CpX¥=0. Moreover, if for example the masses of
squarks and sneutrinos in the box are degenerate,
then one again obtains C¥ = —C}.

(iii) The Z°-penguin diagram, with superparticles prop-
agating in the loop, cannot generate a contribution
to CE{)P due to the vector coupling to Z°.

(iv) The H-penguin diagram, instead, can give a siz-
able contribution, which verifies

c' =-cift, cF'=ci’" (6
up to the electroweak symmetry-breaking correc-
tions that are proportional to the mass splitting
between the SUSY (MSSM) Higgs bosons, namely
mzo - mio.
The situation similar to the H%-penguin case above also
happens in the models with vector leptoquark states. In
those models, nonzero contributions to Cg are possible, and
they satisfy the relation Cg = *Cp, as well as Cy = ¥C)
[23]. On the contrary, the models with scalar leptoquarks
cannot generate any sizeable value of C(s/,)P- These are
obviously only two among many scenarios of physics
BSM in which the coupling to scalar (pseudoscalar) can
be generated.

In the remainder of this section we will combine the
constraints discussed in Sec. II and apply them to two

particular scenarios: (1) C(S/) # 0, while C/, = cj? =0,
and (2) Cftl,) # 0, while keeping C}, = C(S') = 0. In each
case we will also allow the nonzero relative phase between
the left- and right-handed couplings (Wilson coefficients).

034034-5
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FIG. 3 (color online).
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The constraint on |Cg| and |C| obtained from Br(B — K{*€~) is represented by the brightly shaded area,

whereas the one deduced from Br(B, — u* u~) is described by the dark shaded region. Of course, only the overlap of both regions is
consistent with the constraints. It is also consistent with Br(B — X,£7€~) and ICg)I # 0; it does not modify the transverse
asymmetries in B — K*¢*{~. Plotted are the cases with three specific choices of the relative phase Adyg.

A.CY +#0
We first focus on the scenario in which Cg and C can be

different from zero. Besides IC(S’)I # 0, NP can induce new
weak phases, which through our constraints in Egs. (10)
and (24) cannot be studied separately. Instead, one can
study the impact of the relative phase, Adg = ¢ — ¢y,
by using

|Cs = CLl? =|Cs|? + |C5I> £ 2|CslIChlcos(Adg)  (27)
and explore the possible values of |Cg| and |C§| for various
A¢g € [0, 7] that are compatible with the constraints in
Egs. (10) and (24). The bound on B, — u*u~ is much
more compelling, and for any nonzero relative phase, A ¢y,
the constraint provided by B — K€" ¢~ becomes essen-
tially superfluous, except in the case of A¢g = 0 when the
constraint of Eq. (10) describes a stripe in the plane (|Cs],
|C%]) that is cut off by the constraint of Eq. (24). This
situation is illustrated in Fig. 3 for three representative
cases, A¢g = 0, 7/2, and 7. We see that the situation in
which A¢g = 0is indeed peculiar, and only for very small
values of the relative phase A ¢ are the sizable couplings
to NP via scalar operators possible. Otherwise a nonzero

relative phase entails a reduction of available ICg')I, as we
show in Fig. 4. Two important comments are in order:

(i) Any value of |Cs| and/or |C§| allowed by the con-
straints in Eqs. (10) and (24), for any value of the
relative phase A ¢y, is consistent with the branching
fraction of the inclusive B — X £ €~ decay, which
has been measured at the B factories at low ¢°’s
[24,25], resulting in an average [26],

6GeV2 dBr(B— X . ut u™
[ B—Xop )dqzlexp=1.6(5)><10_6.

1GeV? dq?

(28)

By using the formulas presented in Refs. [26,27], we
obtain in the SM

j‘6GeV2 dBr(B— X,u ™)
1 GeV? dg*
= 1.59(17) X 1079,

dqz |th—SM
(29)

where, instead of the usual practice to normalize
by the inclusive semileptonic I'(B — X, ev) de-
cay, we actually use the tree-level decay rate
proportional to the fifth power of the b-quark
mass, i.e.,

4a*G3|V,, Vi IPm3)

Bo=75 3(dm)’

=3.41(47) X 1077,

(30)

which is now possible thanks to the fact that the
value of the b-quark is by now very well deter-
mined from the multitude of techniques of QCD
sum rules and modern simulations of QCD on the
lattice. Our result agrees very well with the one
obtained in Ref. [26] that was obtained by normal-
izing to I'(B — X_.ev). In practice we take the
average quark mass quoted by PDG and convert
it to the pole mass using the next-to-next-to-
leading logarithmic approximation perturbative
QCD corrections [28].

0.7
0.6 F
05F
04
03F
02}
0.1F

0.0 £,
0.0

|CS(I)|max

15 20 25 30

Ay

05 10
FIG. 4 (color online). Maximal value of |Cs| or |C%| allowed

by the constraints in Eqs. (10) and (24) as a function of the
relative phase A¢g € [0, 7).
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FIG. 5 (color online).
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Allowed values for |Cp| and |C)| correspond to the overlap of the constraints obtained from Br(B — K€*¢™)

(light shaded area) and Br(B, — ' u~) (dark shaded area). Illustration is provided for three various values of the relative phase A ¢ p

and for ¢pp = 0.

The scalar contribution to B — X,u" u~ has been
computed in Ref. [29], and leads to a term that
adds up to Br(B — X, £ € )gy and reads

=“%O_ffq2

2 2] .2
2my, my) my

dBr(B—X,u"p")
dg*

()
Cs

X(ICsl*+1Csl?). 3D

When integrated between 1 and 6 GeV?, this leads
to a tiny correction,

GGeVder(B—>XS/L+/L_)d 5
[lGev2 dq? i
=1.59(17) X 10~%[1 +0.007(1)(ICsI> + |C%I*)],
(32)

so that even the largest allowed values for IC(S')I,
displayed in Fig. 4, result in a negligibly small
correction to the inclusive B — X, ut u ™~ rate.

(i1) We stress again that the NP scenario in which only
the coupling to the scalar operators OV are allowed
would not modify the SM predictions of the ¢°
shapes of three transverse asymmetries that can be
measured from B— K*¢T€¢~ decay, namely

AT () [4].

B.CY) +0

The situation is slightly more complicated in the case of
Cp *= C), because both phases are needed. It is easy to see
that Eq. (8) gives us

m,m

Cp — Cp + 252 C3M
mg.
gm/? Br(B, — utu”
= mm BB a5
aGef B,Mp, [V Vil mp Tp_ B o (m B:)
(33)

and therefore considering only the relative phase, A¢p =
¢p — ¢p, is not enough. Instead, we write

|CpI2 +1Cp 1> = 21CplIChplcos(A ¢ ) + €2
+2Co[ICplcospp — |Chlcos(pp + Adp)] = (0.150)?,
(34)

where, for brevity, we use Cjo=2C}'m,m,/m} .
Besides A¢p, we choose to vary the phase of Cp. A
compact analytical expression similar to Eq. (34) that
constrains Cp + C) from Br(B — K€ €~) cannot be ob-
tained. Instead, we get

ICo+ Chly—0=13, |Cp+Cp—033],, =13 (o)

(35)

in the massless and massive lepton case, respectively. In
what follows, we will use my = m, # 0.

We first fix ¢p = 0 and vary the relative phase A¢gp €
[0, 7r]. Typical examples are shown in Fig. 5. We then let

1.0 1.5 2.0 2.5 3.0

Adp

0.5

0.0

FIG. 6 (color online).  Available values of |Cp| or |Ch| allowed
by the experimental results of Egs. (9) and (21) are plotted as a
function of the relative phase A¢pp = ¢}, — ¢p, for four differ-
ent values of ¢p specified in the legend.
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FIG. 7 (color online).
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Allowed values for |Cg| and |Cp| obtained by combining the experimental information on Br(B — K€ {~)

(light shaded area) and the upper bound on Br(B; — u* u ™) (dark shaded area). Illustration is provided for three various values of the

relative phase ¢p.

¢p € (0,27] and observe that the possible values of |Cp|
and |C’| consistent with Eqgs. (9) and (21) are smaller than
in the ¢p = 0 case. For any fixed ¢p the situation is
similar to what we observed in the case of |Cs| and |C%|
(cf., Fig. 4), namely that for larger A ¢ p the possible values
of |Cp| and |C/,| are smaller than in the case A¢p = 0. In
other words, the most space available for NP occurs when
the phases of |Cp| and |C%| are aligned (A¢p = 0), and
even more when the NP phase ¢p = 0. This is illustrated
in Fig. 6.

Furthermore, observations similar to those we made in
the end of the previous subsection apply also in this
case:

(i) Our result that ICg)I =< 1.0 for any value of ¢p and
for any A ¢ p is consistent with the observed branch-
ing fraction of the inclusive decay rate [Eq. (28)],
which is modified by the presence of the pseudosca-
lar operator in the same way it was in the case of the
scalars [29], namely,

(1

X(ICpP* +1Cp1?).

dBr(B—X,u"u")
dq*

_3Bo
2
Cg) 2mb

2 2
_q_>24_
2 2

my/ mp

(36)

(i1) Notice also that the nonzero values of Cg) # 0 can-
not modify the SM predictions of the low ¢ shapes
of three transverse asymmetries, A(Tz’lm’re), currently

studied in the B — K*€* €~ decay at LHCb.

C. Peculiar case of Csp # 0

Before closing this section, we would like to comment
on the case, often discussed in the literature, in which the
NP can couple via Cgp # 0 but with Cip, = 0. The
available range of values for |Cgp| # O consistent with
the constraints provided by Br(B— K€*€¢~) and
Br(B;, — u*u™) is depicted in Fig. 7. As in the previous
cases, the largest range of |Cs p| # 0 is obtained when the
pseudoscalar coupling is real, ¢p = 0. The result is, of

course, invariant with respect to the change of the phase
¢g. A particularly important observation that can be made
in this case is that the current constraint provided by B —
K€+ ¢~ is redundant, but that situation could radically
change if the errors on B — K form factors were signifi-
cantly reduced. To illustrate that effect, we keep the
central values of the form factors fixed and reduce the
errors by 20%. In that hypothetical situation, the con-
straint coming from the measured and theoretically eval-
uated Br(B — K€*€7) is not compatible with the SM
(within the lo accuracy), and therefore B — K€€~
becomes an essential constraint to the values of possible
|Cs pl. The corresponding plots are presented in Fig. 8,
where we only show the cases for which the overlapping
region (satisfied by both constraints) exists. For ¢p =
40° such a solution would not exist, which would be
very valuable information about NP.

The above example only further highlights the impor-
tance of reducing the errors on the B — K transition form
factors by using the currently available lattice QCD con-
figurations thatinclude Ny = 2,2 + 1,andeven2 + 1 + 1
dynamical quark flavors. We should also stress that simul-
taneous experimental effort in measuring the partial decay
width of B— K€" €~ at several moderately large and large
values of g*> would be highly welcome, because for those
momentum transfers the uncertainties of the form factors
computed in LQCD are under much better control than
those at low ¢*’s. Effort in that direction made in Ref. [2] is
highly welcome.

IV. CONSTRAINTS ON C!)

In this section we focus on the NP contributions
that might arise from the couplings to the operator O,

and (9’10, assuming that the Wilson coefficients Cg)P =0,
as in the SM.? Specific realizations of the two-Higgs

3Here we also tacitly assume that the C%‘T, which enter the
expression for Br(B — K€" {~), remain at their SM values.
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$r=0° ¢p=20° ¢p=40°
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FIG. 8 (color online). Same as in Fig. 7, except that the errors on the hadronic form factors relevant to B — K{¢* £~ are reduced by
20%, and we plot the cases with ¢p = 0, 20° and 40°.

doublet models have been discussed in great detail in (ii) The Z°-penguin, with a gluino running in the loop,
Refs. [22,30]. Note that our Wilson coefficients C(l/()) are is only relevant at larger tan3, and the correspond-
related to the ones defined in Ref. [22] as ing contributions are such that Clzoog = C'f)og .
(iii)) Box diagrams are highly suppressed and give no
Cio= X(C\L/R _ CXL)*' C/1 0= X(CKR _ CKL)*’ (37) interesting contributions.

As far as the leptoquark models are concerned, Cj, and C,
can be nonzero in both classes of models, namely with
scalar or vector leptoquarks. Interestingly, however, the

where X is the same one defined after Eq. (25). From
Refs. [22,30] we learn that
(i) The Z°-penguin, with a charged Higgs running in the

loop, gives rise o change in C(l/()) implies the change in C(g') too. For more

details about this issue, see Ref. [23].

> In what follows, we proceed in a way similar to the

i S previous section and use Eqs. (9) and (21) to obtain

m3, tan’

CEH o« — —mnfl;nb tan® 3.
w

ZOH*
Cly” =

38
%) |Co+ Clol=44, [Cip—Clyl=48 (lo). (39)

It is now sufficient to study the impact of the relative phase,

Therefore, a nonzero contribution in the scenario is A¢ = ¢1y — b0, by using

conceivable for either small or large tang, although — ) A ,
the large tanB in C), is suppressed by the strange IC1o = Clol* = 1C1ol* + 1C1ol* = 2IColIClgl cos(A ).
quark mass. (40)

Ap=0° Ap=90° Ap=180°

[Ciol

[Crol |Cuol |Crol

FIG. 9 (color online). Constraint on |Cyy| and |C},| obtained by combining the experimental information on Br(B — K€" €~) (light
shaded area) and Br(B; — u* u ™) (dark shaded in the plots). We used the hadronic form factors and the decay constant given in
Appendixes A and B. Three plots correspond to three specific choices of the relative phase A¢ = ¢y — ¢ indicated in each plot.
The domain inside the dashed curve is allowed by the inclusive decay, as indicated in Eq. (43). The region satisfying all three
constraints is within the thick curve. See text for the explanation about the yellow region.
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In Fig. 9 we illustrate the resulting constraints for three
distinctive cases, A¢ = 0, 7/2, and 7. We see that for
A¢ = 0 the main constraint comes from B — K{€1{~,
whereas in the case of A¢ = 7 the decisive constraint is
B, — u* u~, which is easy to understand from Eq. (40).
In the intermediate case of A¢ = /2 the two constraints
are equivalent.

We also checked the hypothetical scenario in which
the measured Br(B; — u* ™) coincides with its value
predicted in the SM [Eq. (9)]. As a result, the allowed
region in the |Cyo|-|C},| plane is depicted by the yellow
stripe in Fig. 9.

Contrary to the previous section, in this case the inclu-
sive branching fraction [Eq. (28)] provides us with a valu-

able new constraint. The contribution from (9(1’()) to the
differential decay rate can be extracted from Ref. [29],
and for the massless lepton pair it reads

_ By 7> \? q>
B2
cho My mj, ny,

X (ICyol* + 1C1 %), (41)

dBr(B— X;u" p”)
dq?

and therefore we can write
6 GeV? N tu~
106 % [ eV dBr(B XZSILL K©o)
1 GeV2 dq
= 0.69(9) + 0.058(6)(ICyol* + [Clpl?).  (42)

dq2

When combined with the experimental value in Eq. (28),
we get

47 < |ClP +1C, 2P =289  (lo).  (43)

As before, we account for the 10 uncertainty around the
central experimental value and take the lowest/largest
possible values to obtain the limits in Eq. (43), which
describes a disc in the |Cyol-|C],| plane, as shown in
Fig. 9 (dashed curves). The situation is now more inter-
esting, as it depends considerably on the value of the
relative phase. For A¢ = 0, the constraint coming from
B — K{*{~ is overwhelming, and the one inferred from
B, — u*u~ is only marginal. For A¢ = 7, the two
constraints exchange roles, and the most stringent con-
straint comes from B, — w"u~. In the intermediate
situation with A¢p = 77/2, the two constraints are equiva-
lent and have shapes similar to that coming from B —
X,u"u”. In Fig. 10 we show the possible values of
|C\| compatible with all three constraints and for any
A¢ € [0, 7]

Another difference with respect to the (pseudo)scalar
operators discussed in the previous section is that the
low ¢ dependence of the three transverse asymmetries,
AZ™) (g2) extracted from the full angular analysis of
B— K*€*€¢~ decay, are different from their SM
shapes when the C(l’()) are modified by the NP contri-
butions (see Ref. [4] for details). In particular, the

PHYSICAL REVIEW D 86, 034034 (2012)

[Crol

FIG. 10 (color online). The dark region describes the possible
values of |Cyg| and |C},| for any relative phase A¢ € [0, 7],
obtained from the measured Br(B — K{*{~), the upper bound
on Br(B, — u" u~), and the branching fraction of the partial
inclusive decay rate, cf., Egs. (28) and (42). A thick dot corre-
sponds to the Standard Model value, C;, = —4.103.

slope of the asymmetry A(Tre)(qz) is highly sensitive to
the value of Cy,

9T (¢%)
aq>

C
=r—19 (44)
7*=0 2n’le7
where R is a convenient ratio of the B — K* form
factors.*

V. ON THE IMPORTANCE OF MEASURING
THE FORWARD-BACKWARD ASYMMETRY
IN B— K¢*¢~ DECAY

The observation that the spectrum of b — s€* €~ decays
in the region of large g> = 15 GeV? is not plagued by the
cc resonances opened numerous possibilities for testing
theory against experiment [31]. This is the region in which
a major progress in taming the hadronic uncertainties by
means of LQCD is possible, and therefore a more reliable
extraction of physics BSM from experiment should be
possible.

One quantity that we find particularly interesting to
study at large ¢”’s is the forward-backward asymmetry
A%(g%). In the SM this quantity is zero and remains as
such, even if the NP considerably modifies the values of the
Wilson coefficients C(7'y)9,10. On the other hand, if the NP
gives rise to the new (non-SM) Dirac structures, AﬁB(qz)
can quite appreciably differ from zero. To our knowledge
this observation was made for the first time in Ref. [32].
The expression for A%z(g?) used in Ref. [32], however,

“More specifically, R = (V/T,)/(mp + mg:) = (A,/T,)/

(mg — mg-) [4].
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differs from the one reported in Ref. [20]. We checked both
formulas and agree with the one given in Ref. [20].

To get a better insight into the impact of NP on
A% (g%, we expand it in powers of the lepton mass and
write

C(g?) mg — m
%73 KA @) fo(g?)

X A{2(CsCr + CpCrs)q*f1(q)

+ m[CsCompg + mg)f 4 (g%

+ 2my(CsCq + 2CsCio) f1(q%)]

+ O(m3)}. (45)

Aﬁ"B (qz) =

All the quantities in the above formula have already been
defined in Sec. IIB. Measuring A%z(g%) at large ¢*’s
would be highly beneficiary for our quest for NP at low
energies. A separate experimental study of A%z(g?) and
A%(g*) would help us discern the first term from the
second in Eq. (45). Notice that the first term is nonzero
only if the NP coupling to a tensor operator is allowed.
Therefore this quantity can be used to test the assumption
we made in the previous sections of this paper when
discussing Br(B — K€ €~), namely that Cy s =0, as
in the SM.

Moreover, from the inclusive branching fraction
[Eq. (28)] to which the tensor operators contribute
as [29]
dBr(B— X,u " p”) _8Bo(, _ Ny &

dq® m? ( mi) ( mi)

Crrs
X (ICrI* +1Crsl?),  (46)
one gets
f6 GeV? dBr(B — X,ut ™) g
1 GeV? dq?
= 1.59(17) X 107°[1 + 0.66(9)(|C|*> + |Cs5]*)].

47

Contrary to the (pseudo)scalar case in which the factor
multiplying new Wilson coefficients is very small, cf.,
Eq. (32), the corresponding factor multiplying the tensor

>For simplicity, here we take the Wilson coefficients to be real.
If they were all fully complex, then the expansion in Eq. (45)
would look as follows:

C 2
Aylg?) = S
€

NS Re2A(Cs + G
+(Cp + Cp)C3s1a° fr(q?) + m[((Cs + C§)

X (Cy + Cy)*)mp + mg)f+(g*) + 2m,((Cs + C¥)
X (C7 + C))fr(g?) + 2((Crp + C1p)Crs)fr(g?)]
+ O(md)}.
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FIG. 11 (color online). Forward-backward asymmetry in B —
Ku™ u~ decay. The full curve is obtained with Cr = Cys = 1.1
[consistent with Eq. (48)] and by keeping Cg p = 0. The dashed
curves, instead, are obtained with the same C; = Cy5 = 1.1, but
with Cg = 0, Cp = 1 (thick dashed curve) or Cp =1, Cg =0
(thin dashed curve).

Wilson coefficients is much larger, and consequently the
constraint provided by Eq. (28) is much stronger:

ICr> + 1Crs> = 2.6. (48)

For the sake of illustration, we take C; = C75 = 1.1 and
plot A%p(g?) in Fig. 11 at large ¢*’s by taking Cgp = 0.
With that choice, and due to the fact that we consider the
decay to the pair of muons, the A%z(g%) # 0 everywhere
and is strongly enhanced near g,, = (mz — mg)>. We
then switch Cg or Cp to illustrate the case when the first
term in Eq. (45) is nonzero. If indeed realized in nature,
this latter situation would be relatively easy to check
experimentally.

VI. SUMMARY

In this paper we showed that B, - u*u~ and B —
K€+ €, the two actively studied decays in the B physics
experiments, provide us with complementary information
about potential NP contributions. While the decay ampli-
tude for B, — u*u~ is proportional to the difference
between the Wilson coefficients of the operators of oppo-
site chirality, the B — K€€~ involves the sum of these
Wilson coefficients.

We checked the situations in which the NP enters either
via the scalar, the pseudoscalar, or the semileptonic opera-
tors. To decide which situation is verified in nature (if any),
useful information can be obtained from the low-g?> shapes
of the transverse asymmetries in B — K*¢*{~ decay.
Those asymmetries are being studied in experiments and
have an important advantage in that the relevant hadronic
uncertainties are small. A nonzero coupling to the scalar
and/or pseudoscalar operator would not modify the low-g?
shapes of these asymmetries. From B, — u* 4~ and B —
K€€~ we find the absolute bounds

IcVl=<07, IV =10, (49)
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that are valid for any value of the NP phases. In fact, the
values for |C(sl,)1>| can be considerably reduced if the non-
zero NP phases are allowed.

In the case in which the coupling to the semileptonic
operators O}, is modified by the presence of NP particles,
the transverse asymmetries in B — K*¢*€~ would have
peculiar shapes, different from those predicted in the SM.
From our study of B, — u"u~ and B— K€€~ we

obtain that
22 =< ‘“Clolz + |C’10|2 =< 4.8, (50)

regardless of the value of the relative NP phase. Note
that the lower bound is fixed by the experimentally
measured partial decay rate of the inclusive B —
X, utu” decay.

In considering B — K{¢*{~ we ignored the contribu-
tions from the tensor operators. That assumption can also
be experimentally tested by measuring the nonzero
forward-backward asymmetry in B — K€*{~ decay.

Our approach of considering a pair of Wilson coeffi-
cients at a time is orthogonal to the global fit approach
adopted in many recent works. We have checked explic-
itly our results with the results of Bobeth ef al. in
Ref. [19], where a fit to real Wilson coefficients C; g
also included the experimental observables related to B —
K*¢*¢~ and B — K*vy. Our results in the scenario with
complex Cjy and Cj, (Fig. 10) agree well with their
presented range of real C;,. We have also checked our
allowed regions for Wilson coefficients against the results
of the global fit presented in Altmannshofer et al. in
Ref. [19].

In this paper we focused either on the quantities that
have small hadronic uncertainties, or those for which the
hadronic uncertainties are likely to be improved soon.
This is particularly the case with the B — K form factors,
that we computed in the quenched approximation of
QCD, which will soon be improved by including the
effect of light dynamical quarks. Detailed experimental
information about the partial decay rate of B — K€*{~ in
the upper range of ¢>’s will become particularly useful,
because the results for the form factors computed on the
lattice at larger g>’s are more reliable and have smaller
eITorS.
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Note added.—While this paper was in writing, the new
results for Br(B — K€" €¢~), measured at LHCb, appeared
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in Ref. [38]. Their value is lower than the one reported by
BABAR [2], and the agreement with the current theoreti-
cal estimate of the same quantity is only at the 20 level.
Once a more reliable estimate of the B — K form factors
computed on the lattice becomes available, we will repeat
the analysis presented here by including the 1, 2, 3o
effects.

APPENDIX A: B — K FORM FACTORS

The results for the form factors used in this paper are
obtained from the analysis following the same procedure as
the one explained in detail in Ref. [33], but by using the
(quenched) gauge field configurations obtained at finer
lattice spacing [a~! = 3.8(1) GeV]. Those configurations
have been used to compute the B — K*vy form factors in
Ref. [34], and we refer the reader to that paper for lattice
details.

Besides the form factors f, (g?) and f,(g?>) computed
along the lines explained in Ref. [33], we also computed
the tensor form factor f7(g?) appearing in Eq. (16). Note
that the tensor density depends on the renormalization
scale that we have set to & = my,,, the same scale at which
the corresponding Wilson coefficients have been
computed.

It is easy to extend the parameterization of Ref. [35] to
include the form factor f;(¢?) and keep the minimal
number of parameters needed to describe the ¢> depen-
dence of all three form factors. In terms of poles exchanged
in the r-channel, the ¢ dependence of f;(g%; u) is driven
by the states with J© = 17.° The lowest such a state is B,
whose couplings to the vector and tensor bilinear quark
operators are defined via

015y, bIB*(p, &) = elmp £y,
0[50 ,,b|B*(p, &,)) = i(p &, — pyszr)flT;;(M).

(AD)

The nearest pole contribution then reads

(0157,,01B3(q. 2,))}B;(=,)|BK)
>

2 02
q Mg«

(K(k)|5 ,bIB(p))Poe =

r

1 ( m3 — m%
=——(p* +km _7qp«>

2 q°
thfogB’:Bk

2 2
q Mg«

X
1 v
— = Mp* . O p
| 3Mp: [ g 8B BK
= () = ——5——5—,
q _mB:

(A2)

where we used the standard definition (B(e,)|BK) =
gp:pk(k - &,). Similarly, for the matrix element of the

®Notice in particular that couplings to 1* states are ruled out
when both external states are pseudoscalars.
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tensor quark operator we have

(K(pg)l50,,,b|B(pp))rete
<O|§(TM,,b|Bj(q, e,)XB*(¢,)|BK)

=Z 2 2

r q - mB}‘
— 3 (mp + my) fE () gpnx
= AP p) = —2 ) —,  (A3)
B

and therefore the residua of these two form factors are
related, i.e.,

mp + mg fﬁ;(,u)

Res, . v
mpg; f B:

g ﬁsz*fT(q% u) =

Rescﬁ—»mé? f+ (42)
(A4)

It is quite remarkable to note that the pole dominance, that
is expected to be reasonable at large ¢2’s (small recoils),
leads to a simple proportionality relation between f7(g?)
and f,(g?), namely

fr(@®pw) _ mp +mg Fi ()
f+(q%) fX;

, (AS)
m B

which is essentially verified in the low-g” region (large
recoils), as obtained in Ref. [36,37]:

251 /]
2 C /]
@) /]
L5¢ -
- 7 1
F B © — LCSR :
0,5 - — - Lattice (M-1)
@® Lattice (M-2)]]
7] TN AN IR RV R
0 5 10 15 20
2
q

2,5 Fe

PHYSICAL REVIEW D 86, 034034 (2012)

TABLE 1. B — K€€~ form factors at several values of g>.
The renormalization scale for the tensor form factor is u = my,.
¢*[GeV?] folg®) f+(q%) fr(q®)
13.0 0.51(6) 0.90(9) 0.80(11)
14.5 0.54(6) 1.04(9) 0.92(12)
15.9 0.57(7) 1.21(11) 1.07(14)
17.4 0.61(7) 1.45(13) 1.27(17)
18.8 0.65(7) 1.75(18) 1.52(20)
20.3 0.70(8) 2.19(22) 1.89(21)
2 mg + m
fr(g?) L K (A6)

mp

f+(q2)

On the basis of Eq. (A4), it is judicious to define the scale
independent

. Tk
mp + my fp. ()

e Frl@ip),  (AD)

fT(qz) =

which then can be easily included in the parameterization
of Ref. [35] as

LA B LB LB LB LI
ot J
folq?) [ |
]7 —
0,5+ _
E — LCSR 1
i — - Lattice (M-1) |
L O Lattice (M-2) ]
7] T NI AR ERIR

0 5 10 15 20

2
q

fT(CIZ) 2

1,5

" — LCSR
— - Lattice (M-17]
<& Lattice (M-2)]

FIG. 12 (color online).
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Comparison of the ¢> dependence of the B — K transition form factors as obtained in quenched lattice QCD

with the predictions based on using the QCD sum rules near the light cone.
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TABLE II.  All the scale-dependent quantities are obtained in the MS renormalization scheme. The Wilson coefficients are evaluated

at the next-to-next-to leading logarithms. a,(M,) = 0.118.

CS!(my,) —0.304 [9,10] m, 0.10566 GeV [14]
CSf(my,) 4211 [9,10] my,(my,) 4.25(12) GeV [14]
Cstt(my,) —4.103 [9,10] my 0.495 GeV [14]
T3, 1.47 ps [14] mg 5.279 GeV [14]
Th0 1.52(1) ps [14] msg, 5.366(1) GeV [14]
a = ag(M2) 1/128.94(3) [15] 5, 0.234(10) GeV [16,17]
Gp 1.1664 X 1073 GeV 2 [14] [V, Vi 0.0403(8) [18]
) c(1—a) form factors presented here are compatible with those
folg®) = 1 - ¢*/(Bm2.)’ obtained by using the LCSR, which are parameterized as
(B"‘ ) follows [6]:
c(l—«a
f+(q®) = : A8
! (1- qz/m%;‘j)(l - aqz/mg) (48) 5 0.331(4)
Fr(d® = (1 — ay) Jol@?) =7~ 4%/6.12%’
! (I = ¢/m3)(1 = arg?/m}.)’ ) = 0.162(21) 0.173(22) A10)
T4 T (- g5
so that only one new parameter (a7) is needed to fit all 0.161(21) 0.198(25)
three form factors. The values of form factors extracted fr(g®) = — -

at various g® from our lattice computation are listed in
Table I, where we also used fL.(mp)/fp = 0.91(3),

computed on the same lattices. In terms of the above
parameters, we have

[+0)=£5(00=0.33(4), fr(0)=0.31(4)
a=0.72(14), a;=067(15), B=135(15), (A9)

which are obtained either by extrapolating the parameters
to the B-meson mass (M-1), or by fitting the results from
Table I (M-2) to the parameterization in Eq. (A8).

We should stress that the results for the form factors
presented and used in this paper are obtained in the
quenched approximation of QCD, and that they will be
updated very soon by using the available gauge field
configurations in which the effects of the light sea quarks
have been included. We also note that the results for the

1 —g%/5.417 (1 — ¢*/5.41%)%’
and illustrated in Fig. 12.

APPENDIX B: NUMERICAL VALUES OF THE
QUANTITIES USED IN THIS WORK

The values of all quantities used in this work are listed in
Table II. Two comments are in order.

(i) We use 73 = 7o to respect the experimental prac-
tice when combining the charged and neutral
Br(B — K{€*{€~) decay modes.

(i) Taking the continuum results of three unquenched
simulations from Ref. [16] in the quadrature, one
gets the average fp = 0.234(6) GeV, which is mar-
ginally compatible with a spectacularly accurate
result reported in Ref. [17]. We inflated the error
to include the central value of Ref. [17].
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