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We calculate the differential branching fractions and angular distributions of the rare decays
BY » K*%* = and BY — ¢u*u~, using for the first time form factors from unquenched lattice QCD.
We focus on the kinematic region where the K* or ¢ recoils softly; there, the newly available form factors
are most precise and the nonlocal matrix elements can be included via an operator product expansion. Our
results for the differential branching fractions calculated in the standard model are higher than the
experimental data. We consider the possibility that the deviations are caused by new physics and
perform a fit of the Wilson coefficients Cy and C}, to the experimental data for multiple B® — K*%u "y~ and
BY — ¢utu~ observables. In agreement with recent results from complementary studies, we obtain
Co— C3M = —1.0 £ 0.6 and Cy = 1.2 & 1.0, whose deviations from zero would indicate the presence of

nonstandard fundamental interactions.
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Decays involving the transition of a bottom quark to a
strange quark are highly suppressed in the standard model.
Contributions from nonstandard interactions could there-
fore be significant, causing observable changes in the decay
rates and angular distributions. The search for such
discrepancies is one of the most important routes to
discovering what might lie beyond our current model of
fundamental particle physics, and complements efforts to
directly produce nonstandard particles. Because of quark
confinement, the b — s transitions are being observed with
hadronic initial and final states. Among the cases that
have been measured experimentally [1], the decay
B — K*¢*¢~, (where ¢ is an electron or muon) is proving
to be particularly powerful in looking for physics beyond
the standard model [2-13].

The LHCb Collaboration recently published new pre-
cision measurements of the decay B — K*u*u~, and one of
the observables shows a significant deviation from the
standard model predictions [14]. There is currently an
intense effort to understand this discrepancy, which could
be a manifestation of new physics [15-22]. Previous
calculations of the matrix elements that relate the under-
lying b — s interactions and the hadronic observables are
reliable only in the kinematic region of high recoil (large K*
momentum in the B rest frame), and consequently it was in
this region that a discrepancy was found. In the low-recoil
region, numerical lattice QCD computations must be
performed. We recently completed the first unquenched
lattice QCD calculation of the form factors that parametrize
the hadronic matrix elements relevant for B — K*¢/+¢~

0031-9007/14/112(21)/212003(6)

212003-1

PACS numbers: 12.38.Gc, 13.20.He, 14.40.Nd

and B, — ¢¢"¢~ [23]. In this Letter, we investigate
the consequences of using these results in combination
with experimental data. We find that hints of deviations
from the standard model are present also in the low-
recoil region, and a better fit of the data is obtained by
allowing nonstandard interactions consistent with those
suggested to explain the aforementioned anomaly at high
recoil.

At hadronic energy scales, b — sy and b — s£+¢£~

transitions can be described wusing an effective
Hamiltonian of the form [24-31]
4G
Her = ——2= Vi Vi, d_[Ci0; + C0), (1)

V2 T4
0

where O;" are local operators and cﬁ/) are the correspond-
ing Wilson coefficients, encoding the physics at the
electroweak energy scale and beyond. The operators

0 = em,/(1672)56,, Py bF™, )
0y = €2/(167%)57,PLr bZr"¢, 3)
0% = &/(16a%)3y, P bly"yst . “4)

where F* is the electromagnetic field strength tensor, give
the leading contributions to the decays we will discuss in
this work. The operators 0<l/.)..6 are four-quark operators,
and Og) contains the gluon field strength tensor. The
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primed operators differ from the unprimed operators in
their chirality [Pg; = (1 £y5)/2]; the standard model
predicts that their Wilson coefficients, C!, are negli-
gibly small.

The utility of the decay B — K*(— Kr)¢ "¢~ is that all
six Dirac structures in Egs. (2)-(4) have nonzero matrix
elements, and the angular distribution can be used to

|

d‘T
dqdcos 0,d cos O-dfp 327

disentangle them. In the narrow-width approximation
[32,33], the kinematics of the quasi-four-body decay
B - K*(— K=n")¢* ¢~ is described by four variables:
the invariant mass of the lepton pair, ¢, and the three
angles 6,, Oy, ¢, defined here as in Ref. [2]. In this
approximation, the general form of the decay distribution is
[2,32-35]

9
[I§sin®0g: + I§cos?Og: + (I5sin?Og + 15cos?Og-) cos 20, + I3sin*Og-sin’0, cos 2¢

+ 1, 8in 20k sin 20, cos ¢ + I5 sin 20- sin O, cos ¢ + (I5sin®Ox- + I5cos*Ox+) cos O,

+ 17 8in 20 sin O, sin ¢ + Ig sin 20, sin 20, sin ¢ + Iosin?O-sin’0, sin 2], )

where the coefficients /
over the angles,

( ) depend only on g?. Integrating
one obtains the differential decay

rate dI'/dq* =3 (215 4+ I§) — (215 + I5). The angular
distribution of the CP-conjugated mode B° —
K*(— K*z7)¢* ¢~ is obtained from Eq. (5) through the

replacements [ (1?2,3,4,7 = %5547 Isggo = —1 gc,lﬁ),sy (2].
Normalized CP averages and CP asymmetries of the
angular coefficients are then defined as follows [2]:

@ 4 jl@ (@ _ j(@
gl _ L +Ii a0 _Li’—1

= arna ar+tyag

\

The experiments actually yield results for binned observ-
ables (5} and (A\)), given by the ratios of ¢? integrals of
numerator and denominator in Eq. (6).

The observables (S;57g) and the ratios,

<S4.5,7.8>

NI 7

<P£1.5,6,8> =

(note the different indices on the left-hand and right-hand
sides) have recently been measured for the first time by
the LHCb Collaboration in the decay B° — K*0(—
K 7n")u"u~ (and its CP conjugate) [14]. The ratios (7)
are designed to reduce hadronic uncertainties at low g>
[36]. For PL, a significant discrepancy between the LHCb
result and the standard model prediction of Ref. [37] was
found in the bin 4.30 GeV? < ¢ < 8.68 GeV? [14]. In
Ref. [15] it was suggested that this discrepancy, as well as
some smaller deviations in other observables, can be
explained by a negative new-physics (NP) contribution to
the Wilson coefficient Cy; specifically, Cg = C3™M + C)¥,
where C3M ~ 4 is the standard model value and CNP ~—1.5.
The authors of Ref. [16] performed global fits of the latest
experimental data in multiple b — s decay channels,
allowing various subsets of the Wilson coefficients to
deviate from their respective standard model values.
Allowing two Wilson coefficients to deviate, the biggest
reduction in > was obtained for

CYP =-1.0£0.3, Cy, =10=£0.5. ®)
Such large effects in Cy and Cj can arise in models with
flavor-changing neutral gauge bosons (Z’) in the few-TeV
mass range [15-17,19,20], and in models that generate new
four-quark operators of scalar and pseudoscalar type [21].

Extractions of Wilson coefficients from the experimental
data require knowledge of the matrix elements of the
operators Oi/ in nonperturbative QCD. The analyses
discussed above are based on calculations of the B — K*
matrix elements using light-cone sum rules [38-40]
and QCD factorization [41]. These calculations are limited
to the low-g> (high recoil) region. On the other hand,
the experiments cover the entire kinematic range
dm> < g* < (mg —mg-)> ~19 GeV2, and changes in
C9/>f will also affect the high-g* region. We have recently
completed the first lattice QCD calculation of the complete
set of form factors giving the B — K* and B, — ¢ matrlx
elements of the operators O§>, 0; , and 013 in the high-¢*
region [23]. In the following, we use these results to
calculate the differential branching fractions and the angu-
lar observables for the decays B" — K*(— K=zt )utu~
and B - ¢p(— KK )utu~.

In the narrow-width approximation, the B° —
K-ztuTp~ decay amplitude can be written in terms of
the B - K*%utu~ decay amplitude as explained in
Ref. [32]. This amplitude takes the form

Gra
M ===V Vil(Ay + T )iy ve + Bitey'ysvg], (9)
N
with the local hadronic matrix elements,
2mb "
A, = —7 q*(K*|si0,,(C;Pg + C4P.)b|B)
+ (I_(*|§yﬂ(C9PL + C’9PR)b|B), (10)
B, = (K*|57,(CoP, + C|yPr)b|B), (11D
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and the nonlocal hadronic matrix element,
—16in?
T

H 2 Z

T T 63

C,-/d4xei‘7"‘<1—(*|T0,-(O)jﬂ(x)|B>.
(12)

In Eq. (12), jﬂ(x) denotes the quark electromagnetic
current. Near ¢> = m; 10(15)" 2( 25)» the contributions from
O, and O, in 7, are resonantly enhanced, preventmg
reliable theoretical calculations in these regions. At high ¢?
(~m3), T 4 can be expanded in an operator product
expansion (OPE), with the result [42],

2m _— -
Tﬂ = _T7(q2)q—zbqv<K*|SlgﬂuPRb|B>

_ _ 1 S~ o (c)-
+To(¢?)(K"|57,PLb|B) +2—QZZB,-<K*|O§,, Y|B)
i=1

+O(N*/mi, m/q*). (13)
(See also Ref. [43] for an alternative version of the OPE.)
In Eq. (13), the 0(_l are dimension-four operators
containing a denvatlve and T79(¢%) = C5(g*) — Cr9
with C§(¢?) given by Egs. (3.9) and (3. 10) of Ref. [4].
The matrix elements (K*|sT'b|B) (and analogously for
B, = ¢)in Egs. (10), (11), and (13) can be written in terms
of the seven form factors V, Ay, A|, Ajp, Ty, T,, and Ty
[23]. We describe the dependence of the form factors
on ¢> using the simplified series expansion [44]. The
corresponding parameters were obtained by fitting the
lattice QCD data, and are given in Tables VII- XI of

Ref. [23]. The matrix elements of the dimension-four
operators in Eq. (13) have not yet been calculated
in lattice QCD, and we will neglect this term. This
introduces a small systematic uncertainty of order
a,N/my, ~2% [42].

We take the standard model values of the Wilson
coefficients C , o, calculated at next-to-next-to-leading-
logarithmic order, from Ref. [2]. Following the same
reference, we set a,(m;,) = 0214, m.(m.) = 1.3 GeV,
and my(m;) = 4.2 GeV. We evaluate the electromagnetic
coupling at u = m,, corresponding to « = 1/133, which
minimizes higher-order electroweak corrections [45]. We
take the hadron masses from the Particle Data Group [46]
and use the mean life times 7z = 1.519(7) ps and
tp = 1.516(11) ps from Ref. [1]. We take |V,,V}| =
0.04088(57) from the Summer 2013 standard model fit
of Ref. [47].

While the decay B° — K*O(— K=z")utu~ is self-
tagging, the final state of BY — ¢(— K~K)£ "¢~ does
not determine whether it resulted from the decay of a BY or
a B? meson. Therefore, we calculate the time-integrated
untagged average over the BY and B? decay distributions,
including the effects of BY-B? mixing as explained in
Ref. [48]. We wuse the width difference Al =
0.081(11) ps~! [1].

Our results for the differential branching fractions
dB/dq* = =g dl'/dg* and the angular observables Fr,
S3, S, Pﬁt,l Ss, P5, App, where F| and
App = (=3/8)(2S¢ + S¢), are shown in Fig, 1 (the observ—
ables S; g ¢ as well as the CP asymmetries A;" are expected
to be close to zero in the standard model). The shaded
bands in Fig. 1 indicate the total theoretical uncertainty,

Experiment Experiment

1 (b - - o NP _ _ ;o
== sM SM (binned) LOF =10, =12 —f— o o) —— e
C\\T\ 12 T T T T T 06 T T T T T 02 T T T ~ T T 02 T T T T
=z 10 B = Kt 05F B — K utp~ 0.1f IB“ — Kt p] 01f |B°— K*utpu+
© 08 g 0.4 # 5] 0.0 0.0 -
S . ) o0F=% _ o
'9 0.6 F—=5—+ H D 0.3 e 5 S0~ _ E ‘11—0‘1— + -
= 04 = 0.2F E —0.2F - —0.2F B
= ~ . S Qe = — —
< 02f ~ 01k R 03} —0.3 =
B 0 0 1 1 1 1 0 O 1 704 1 1 1 1 704 1 1 1 1
= " 7T15 16 17 18 19 Y15 16 17 18 19 15 16 17 18 19 15 16 17 18 19
10 T T T T T 00 T T T T T 00 T T T T T 06 T T T T T
05 B — K*Outp~ —01F B — Kt —02F B — Kt~ 05F B’ — Kutp
5 B . 7
. I —02F J 04} 74 L 04
i S-03k — 2°-0.6 | ; ’i 503
o5k 1| —04F ¢ E —0.8 = B 0.2
e —05F L . —10f . 0.1
710 1 1 1 1 1 7[)() 1 1 1 1 1 712 1 1 1 1 1 00 1 1 1 1 1
15 16 17 18 19 15 16 17 18 19 15 16 17 18 19 15 16 17 18 19
1 12 T T i T T OG T T T T 08 T T T T 02 T T T T
3 L0p BY = ¢utpm A 05F TBY— dutp A 06 Bl—optum o 01F BY—optp ~
N . 0.4 g 04} 1 . o0
B 4 = 03F ' 4 K 02+ T B 0.1 E
= B 02 B 0.0 —0.2} .
N —¥— T
i 01f B —0.2F === 03 === = o
E 1 1 1 1 00 1 1 1 1 04 I 1 1 1 704 1 1 1 1
3 15 16 17 18 19 15 16 17 18 19 15 16 17 18 19 15 16 17 18 19
¢ (GeV?) ¢ (GeV?) ¢ (GeV?) ¢ (GeV?)

FIG. 1 (color online). Observables for the decays B® — K*0u*u~

(upper two rows) and B — ¢utu~

(bottom row: untagged averages

over the B? and B? distributions). The solid curves show our theoretical results in the standard model; the shaded areas give the
corresponding total uncertainties (with and without binning). The dashed curves correspond to the new-physics fit result

Co =

from the CDF, LHCb, CMS, and ATLAS experiments [14,51-53,55] (note that S =

CSM — 1.0, Cy = 1.2 (the uncertainties of the dashed curves are not shown for clarlty) We also show our averages of results

and P —P)).
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originating from the following sources: the form factor
uncertainties [23], an estimated 2% uncertainty in the
values of the Wilson coefficients C; [49], the uncertainties
in the B® and BY meson mean life times, the uncertainty in
|V, V7|, and an estimated additional 5% systematic uncer-
tainty in the vector amplitude (A, + 7 ,) in Eq. (9), which
is introduced by the truncation of the OPE and duality
violations [42,43]. Note that S-wave pollution is expected
to be negligible at large ¢*> [50].

In Fig. 1, we also show experimental results, which are
given for the bins 14.18 GeV? < ¢?> < 16 GeV? (bin 1)
and 16 GeV? < ¢> < 19 GeV? (bin 2). Some of the
observables have only been measured by LHCb
[14,51,52]. For the BY — ¢pu*pu~ branching fraction, we
averaged the results from LHCb [52] and CDF [53]. For the
B® — K*Ou*u~ branching fraction, we averaged the results
from LHCb [51], CMS [54], and CDF (bin 1 only, due to
different upper ¢ limit in bin 2) [53]. For Az and F;, we
additionally included the ATLAS results [55] in the
average. Our binned theoretical results are given in
Table I and are also shown in Fig. 1.

We find that our standard model results for the differ-
ential branching fractions of both B® — K*0y*u~ and
BY — ¢utyu~ are about 30% higher than the experimental
data. Note that for B — ¢u*u~, a higher-than-observed
differential branching fraction was also found using form
factors from light-cone sum rules [39] (see Fig. 3 of
Ref. [52]) and from a relativistic quark model [56]. In
the high-¢* region considered here, our results for the
observables F;, Ss, Ps, and App are in agreement with
experiment. For the B® — K*u*u~ observables S5, S,, and
P, we see deviations between the LHCb data and our
results in bin 1, in agreement with Refs. [16,18].

To study the possibility of new physics in the Wilson
coefficients Cy and Cj, we performed a fit of these
two parameters to the experimental data above
g*> = 14.18 GeV?, keeping all other Wilson coefficients
fixed at their standard model values (and assuming Co,
Cj € R). We included the observables dB/dg?, Fy, S3, Sy,
Ss, App for B® - K*u*yu~, and dB/dq*, F,, S; for
BY — ¢utpu~. We fully took into account the correlations
between our theoretical results for different observables and
different bins. The best-fit values are

CYF = -1.0+0.6, Cy=12=+10, (14)
and the likelihood function is plotted in Fig. 2. The dashed
curves in Fig. 1 show the observables evaluated at the best-
fit values. To investigate how much the uncertainties in
Eq. (14) are influenced by the theoretical and experimental
uncertainties, we performed new fits where we artificially
eliminated or reduced different sources of uncertainty. In
particular, setting all form factor uncertainties to zero
results in C)F = —0.9+0.4, Cy = 0.7 +0.5, and raises
the statistical significance for nonzero (C5*, Cf) from 26 to

TABLE I. Binned theoretical results in the standard model, for
the two ¢ ranges specified in the header of the table (in GeV?).
The uncertainties given here are the total uncertainties, as
explained in the main text.

Observable [14.18, 16.00] [16.00, 19.00]
BO — K*O//l+/4_

(dB/dg?*) (1077 GeV~2) 0.77(11) 0.569(74)
(Fr) 0.352(49) 0.329(35)
(S3) —0.163(31) —0.233(20)
(S4) 0.292(12) 0.3051(84)
(P}) 0.613(18) 0.6506(84)
(Ss) —0.333(32) —0.253(20)
(P5) —0.700(61) —0.539(38)
(Arg) 0.414(38) 0.350(25)
B = ¢ty

(dB/dg?) (1077 GeV~2) 0.775(94) 0.517(60)
(Fpr) 0.398(26) 0.365(21)
(S3) —0.166(16) —0.233(12)
(S4) 0.3039(51) 0.3164(38)
(P}) 0.6223(91) 0.6582(46)

30. Reducing instead the experimental uncertainties can
have a more dramatic effect, because some of the angular
observables already have very small theory uncertainties
compared to the current experimental uncertainties.

Our result (14) is in remarkable agreement with the result
(8) of the fit performed in Ref. [16], which did not include
the BY — ¢u*u~ data. Equation (14) is also consistent with
the value C)P ~ —1.5 obtained in Ref. [15], and with the
very recent Bayesian analysis of Ref. [22]. As expected
[16,18], the new-physics scenario (14) does not remove the
tension seen in bin 1 for S,/P). Nevertheless, the fit (14)
significantly improves the overall agreement with the data,
reducing the total y*> by 5.7 and giving »?/d.o.f. = 0.96.
We also performed a fit of the experimental data for all
observables in bin 2 only, which gives

!
9

-2 1 1 1 1 1 1 1

-3 -2 -1 0 1 2 3
e

FIG. 2 (color online). The likelihood function of a fit to the
B - K~ and B? — ¢utu~ experimental data above
g* = 14.18 GeV?, with fit parameters Cy¥ and Cj. The contours
correspond to Ay? = 2.30, 6.18, 11.83.
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CYP=-09+0.7, Cy=0.4%0.7 (bin 2 only). (15)

A major concern about the calculations is the possibility
of larger-than-expected contributions from broad charmo-
nium resonances above the y/(2S). In the Bt — KTt~
differential decay rate, the LHCb Collaboration recently
reported sizable peaks associated with the y(3770) and
w(4160) [57]. Note that the OPE which we use to include
cc effects [Eq. (13)] is expected to describe only
g*-integrated observables (in the high-g> region) [43].
To test the robustness of our analysis, we added Breit-
Wigner amplitudes with the masses and widths of the
w(3770) and w(4160) [58] to To(g?), and included
their complex-valued couplings as nuisance parameters.
We constrained the magnitudes of these couplings to
allow the ratios of the purely resonant and nonresonant

contributions to the differential decay rates at g*> = mi/(3770)

4160) 1O be as large as in Fig. 1 of Ref. [57],

but we left the phases unconstrained. A fit of C)¥, Cj in the
presence of these nuisance parameters  gives
CYP =-11+0.7, Cy =12+ 1.1; the significance for
nonzero (Ch¥, Cj) gets reduced to 1.46. We stress that
adding Breit-Wigner amplitudes is model-dependent and
corresponds to a double counting of the cc¢ degrees of
freedom. A better understanding of the resonant contribu-
tions from first-principles QCD is needed.

and ¢*> = mi(
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