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We compute the branching ratio and forward-backward asymmetry (Agg) distribution for the rare
dileptonic decay B — K*u*u~ for the full range of ¢?, the dimuon mass squared, region. For the required
form factors, we use nonperturbative inputs as predicted by the anti-de Sitter (AdS)/QCD correspondence.
When using the Breit-Wigner model with momentum-dependent decay constants to account for the y and
y’ resonance effects in the nonresonance region of the spectrum, we find our predictions to be in better
agreement with the experimental data for the branching ratio.
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I. INTRODUCTION

The rare decay B — K*u"u~ has recently been attracting
much attention from both the experimental [1-9] and
theoretical [10-21] sides due to the various observables
associated with this decay that are susceptible to reveal new
physics (NP). In particular, Ref. [11] has brought to light an
overall tension between the Standard Model predictions
and the experimental data and has suggested that a
modification to the C; ¢ Wilson coefficients could resolve
this tension.

To investigate signals of NP, one usually focuses on the
region of the spectrum away from y and y’ resonances
where short-distance (SD) interactions, as represented by
Figs. 1(a) and 1(b), are dominant. Experimentally, the g>
region around the above two resonances are subtracted
from the dileptonic spectrum. However, a careful analysis
of B — K*u*pu~ observables should consider the long-
distance effects of the resonances in the SD dominated
region. In this paper, we take into account the narrow
resonance effects in the nonresonance region when calcu-
lating the differential decay rate and the forward-backward
asymmetry in this decay. In doing so, we use a Breit-
Wigner model for the resonances with momentum-
dependent decay constants [22]. We note that the latter
model fits the data on photoproduction and the leptonic
width of y and y’ simultaneously [23] and is used for
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exclusive B — K*u*tyu~ for the first time. The effects of
broad resonances, using quark hadron duality, are consid-
ered in Ref. [18,24].

In a previous paper [25], we have computed the full set
of seven independent B — K* transition form factors. At
low-to-intermediate ¢, we used light-cone sum rules with
AdS/QCD distribution amplitudes (DAs) [26]. These DAs
are derived from the holographic AdS/QCD light-front
wave function for K* [27,28]. We have fitted these with
form factor predictions at high ¢ from lattice QCD. In this
work, the same method for the derivation of the form
factors with updated inputs (B meson decay constant fp
and b-quark mass m,,) is used to calculate the differential
branching ratio and forward-backward asymmetry in the
decay B — K*u" .

We find that including the resonance effects improves the
agreement of our predictions with the LHCb data [1] and
the latest CMS data [9] on the differential branching ratio.
As for Agg, it seems that the inclusion of the resonances
hardly changes our prediction for the dimuon mass squared
below the first resonance. Finally, we find that a negative
shift in the Wilson coefficient Cy enhances the agreement
with the data for the differential branching ratio and the Agp
at ¢° below the first ¢ resonance.

II. DIFFERENTIAL BRANCHING RATIO
WITH RESONANCES

In our previous paper [25], we calculated the differential
branching ratio for B — K*utu~ without considering
the effects of resonances. The inclusion of y and vy’
resonances, as illustrated in Fig. 1(c), is obtained by

© 2015 American Physical Society
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(a) SD penguin diagram

FIG. 1.

modifying CS with an additional term C%* which, using
the Breit-Wigner model, can be written as [29,30]

C5® = (3C,(u) + Cy(w))
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where C| and C, are the Wilson coefficients corresponding
to the current-current operators O, and O, evaluated at
scale 4 ~my and f  and F ) are the decay constant and
total width of the cc resonance 1//( respectively. We use
the same convention for the effectlve operators as in
Ref. [31] and the following definition for the vector meson
decay constant:

(OleycelV) = frep. (2)
Since y and y’ resonances are off mass shell for g°

different from m2 . in B — K*u*u~, we need to consider
the ¢*- dependence of their decay constants [22]

2
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with the & function being related to the imaginary part of
the quark-loop diagram,

1 1
4(1+2r)y/1 —<arctan ,
2 1_1
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where r = ¢*/4m? for 0 < ¢* < 4m2. m, is the effective
quark mass, and assuming that the vector mesons are
weakly bound systems of a quark and an antiquark, we
take mq = mV /2. As a result, Eq. (4), defined for
0<qg®><4m? 2> 1s an interpolation of fy from the exper-
imental data on fv(0) (from photoproduction) and £ (m3)
(from leptonic width) based on a quark-loop diagram. We

1

h(q*) =

(b) SD box diagram

(c¢) LD resonance diagram

Feynman diagrams of the principal contributions to the B — K*u™u~ decay.

assume fy(q?) = fy(m?) for ¢* > mv The numerical
values of the parameters ¢y and dy in Eq. (3) are given
in Table I [22].

The resonance contributions Cg* augments the short-
distance contributions C§ in the effective Hamiltonian:

C})Ot — Cgff _ Cges‘ (5)

The minus sign in Eq. (5) is due to our choice of convention
for the Wilson coefficients. The real and imaginary compo-
nents of C* as a function of ¢* are shown in Fig. 2. To
calculate the differential branching ratio including the
resonance contributions, one should replace Cgff by Cy" in
the differential branching ratio expression given in Ref. [25].

As for the seven form factors which parametrize the B —
K* transition, they are calculated using AdS/QCD DAs [25]
in conjunction with light-cone sum rules at low to inter-
mediate ¢2. For high ¢ values, we use the latest lattice data
for B — K* transition form factors [32]. Note that we use the
lattice results reported under ensemble f0062 as they corre-
spond to finer lattice spacing. We use the following two-
parameter form to fit the form factors obtained from AdS/
QCD atlow-to-intermediate ¢> and the lattice data at high g°:

F(0)

F(q?) = TS

(6)

l—a

The updated values for F(0), a and b are given in Table IL
Our prediction for the differential branching ratio including
the effects of the resonances y and y’ as obtained by using the
above form factors is shown in Fig. 3 where we compare with
the latest data from LHCDb [1] and CMS [9]. Our numerical
results are calculated with the input parameters given in
Table III and the Wilson coefficients tabulated in Table I'V.
Figure 3 clearly shows the effect of including resonances

TABLE 1. Parameters (in GeV-based units) used in the ¢
evolution of fy.

14 fv(0) fv(my) cy dy
W 0.54 1.25 0.54 0.77
V4 0.043 1.04 0.043 0.043
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FIG. 2. Plots of C&T, R(CY") and I(CY') vs ¢>. In the left plot, the solid curve is R(CT) while the dotted curve is J(CET). In the
middle and right figures, the solid and dashed curves correspond to utilizing momentum-dependent and momentum-independent decay

constants, respectively.

with the momentum-dependent decay constant on our
prediction of the differential branching ratio.

III. FORWARD-BACKWARD ASYMMETRY

The forward-backward asymmetry distribution in dilep-
tonic rare B — K*u"u~ decay is defined as

dAps_ 1
dg* —dr/dq’
1 d’T 0 d’r
d(cos0,) [ d(cost,) ).
* (A (cos f)dqzdcose,f /_1 (cos f)dq2dcost9f>

(7)
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FIG. 3 (color online).
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The AdS/QCD prediction for the differential branching ratio of the B — K*utu~ decay, with (solid red) and

without (dashed blue) resonances, as compared with the latest LHCb [B* — K**u*u~ (diamonds)] and CMS [B® — K*0u*pu~
(crosses)] data. Note that this plot is qualitative, and our predictions for each experimental bin for this observable are shown in Table V in

Appendix.
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TABLE II. Updated fit parameters for the seven independent
B — K* form factors used in Eq. (6).

F Ay A A, T, T, T; 1%
F(0) 0.243 0.244 0.244 0258 0.239 0.157 0.297
a 1.618 0.586 1910 1910 0.525 1.147 1.934
b 0.561 —0.356 1.498 1.082 —0.459 —-0.114 1.089
TABLE III. Numerical values of the input parameters used in
our calculations.

m, = 0.35 GeV mp = 5.28 GeV
m; = 0.48 GeV mg- = 0.89 GeV
m. = 1.4 GeV m,, = 3.10 GeV
m;, = 4.6 GeV m,, = 3.69 GeV
m; = 173.5 GeV

as(my) =0.1185
Ao = 1/133

fg =0.119 GeV
fr = 0225 GeV
f5 = 0.18 GeV

my = 91.19 GeV

Mpg(Borel) = 8 GeV
5o = 36 GeV

TABLE IV. Values of the Wilson coefficients at u = m;,.

C C, C € Cs Co Cff Cf C  Cp
—0.148 1.060 0.012 —0.035 0.010 —0.039 —0.307 —0.169 4.238 —4.641

where 6, is the angle between the positive muon and the
line of flight of K* in the u ™ rest frame. This distribution
to next-to-leading order (NLO) accuracy in a, is given
by [31]

PHYSICAL REVIEW D 92, 114028 (2015)

GHViVul* 4 Aem |
. mIA(q?,m2. )2 | =<
e AU QN

xCom @V | (g + 52 )
T2(q2)>

dAFB _ l
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T
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1
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where @ | is the transverse twist-2 DA for K*. The NLO
contribution in Eq. (8) is directly sensitive to this DA, and
therefore it would be interesting to examine its relative
significance.

Our prediction for Apg distribution is given in Fig. 4 in
which the latest data points from LHCb, including the zero-
crossing point g2 = 3.77)% GeV? [8], and CMS [9] are
shown as well.

IV. RESULTS

The AdS/QCD predictions for the B — K*u*tu~ differ-
ential branching ratio are shown in Fig. 3. We can see that
the resonance effects are significant and improve the
agreement with the experimental data for g¢> regions
above mg, The gray bands in this figure (and in all

|
O
d

T
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FIG. 4 (color online).
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Leading-order (dashed) and NLO (solid) predictions for Agg including (red) and excluding (blue) the resonance

effects. We compare to the latest LHCb (diamonds) and CMS (crosses) data. Note that this plot is qualitative, and our predictions for
each experimental bin for this observable are shown in Table VI in Appendix.
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subsequent figures) represent the uncertainty due to
the renormalization scale u (taken in the range
my,/2 < u <2my) and the error bars on the lattice data
for the form factors. The latter is dominated by the
uncertainty in A, lattice calculations. Figure 5(a) shows

N
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(a) The differential branching ratio using

¢*-dependent (solid) and ¢*-independant
(dashed) fv.
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our prediction for the differential branching ratio when we
assume a momentum-independent decay constant for y and
v’ (dashed curve). We note from this graph that the only
significant difference occurs at g below the first resonance.
As is the case for the inclusive B — X, £/~ [22],

i

I I I I I I I I I
2 4 6 8 10 12 14 16 18
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(b) Arp using ¢*-dependent (solid) and
¢*-independant (dashed) fv.
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(c) The differential branching ratio within the (d) App within the SM (solid) and with new

SM (solid) and with new physics
(CY®,CFF) = (~1.0,—0.01) (dashed). The
bin by bin predictions are given in the

Appendix.
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(e) The differential branching ratio using

AdS/QCD (solid) and SR (dashed) DAs.

FIG. 5 (color online).

physics (CF, CNF) = (=1.0,-0.01) (dashed).

The bin by bin predictions are given in the

Appendix.

0.6
0.5 -
0.4 - —)H—
0.3 < _—%F

0.2 - n

0.1 -

OO = I
_01 -
-0.2
-0.3

Ars

I I I I I I I I I
2 4 6 8 10 12 14 16 18
o’ [GeV’]
(f) Arp using AdS/QCD (solid) and SR
(dashed) DAs.

Variations in the AdS/QCD predictions of the differential branching ratio and Agg as explained in each figure

caption. The red and blue curves show the results with and without the inclusion of y and y’ resonances.
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assuming momentum-dependent decay constants lead to
better agreement with the experimental data for small g°.
Figure 5(c), on the other hand, shows our predictions for
the differential branching ratio when additional NP con-
tributions are added to the Wilson coefficients C<™ and C§ft.
We note that assuming Cy* = —1.0 and CY¥ = —0.01, as
suggested by the authors of Ref. [33], produces better
agreement with the data, especially at high ¢*. In Fig. 5(e),
we compare our predictions with those obtained from sum
rules (SR) DAs. It seems that AdS/QCD DAs produce
results generally lower than those obtained from SR DAs
[34], especially for larger g>. The predictions for each
experimental bin for this observable are shown in Table V
in the Appendix.

Our predictions for Agg are shown in Fig. 4. First, we
observe that the leading-order predictions miss all but one
of the experimental data points as well as the zero-crossing
point. Second, as pointed out in Ref. [31], the inclusion of
NLO contributions leads to a significant shift to the zero-
crossing point (of order 30%) and an overall better agree-
ment with the most recent data on Apg below the first
resonance. We observe that the inclusion of the two
resonances does not have any noticeable effects for this
observable outside the resonance regions. Consequently, as
shown in Fig. 5(b), assuming momentum-independent
decay constants for y and y’' does not change our
predictions significantly. On the other hand, assuming
the NP contributions C)* = —1.0 and CY¥ = —0.01 pro-
duces much better agreement with the experimental data, as
seen in Fig. 5(d). Finally, predictions for Agg based on AdS/
QCD DAs are more or less in similar agreement with the
data as those obtained from SR DAs, as illustrated in
Fig. 5(f). The predictions for each experimental bin for this
observable are shown in Table VI in the Appendix.

V. CONCLUSION

We used the form factors and DAs as predicted by the
AdS/QCD correspondence and we have taken into account
the possible c¢ resonance contributions to give predictions
for the B — K*u"p~ differential branching ratio and
forward-backward asymmetry. The inclusion of y and v’
resonances is done by using the Breit-Wigner model with
momentum-dependent decay constants. This leads to better

PHYSICAL REVIEW D 92, 114028 (2015)

agreement with the experiment data for the differential
decay rate outside the resonance regions. However, the
forward-backward asymmetry outside the resonance region
is not affected by the presence of resonances. We confirm
that a negative contribution to Cy and a small contribution
to C7, as suggested in Refs. [11,33], leads to better
agreement with the experimental data. Comparison of
predictions from AdS/QCD DAs and SR DAs shows that
the former produces better or identical results when
compared with experimental data on the branching ratio
and Agg. It would be interesting to investigate the use of our
AdS/QCD form factors and DAs to compute other angular
observables associated with B — K*u*pu~ decay for the
whole range of ¢, in particular, the observable P% for
which there is a discrepancy between the theory predictions
and the LHCb measurement [35].
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APPENDIX: NUMERICAL INPUTS AND BIN BY
BIN RESULTS

Throughout our analysis, we have used the input
parameters presented in Table III where all quark, meson
and the intermediate boson masses, as well as the exper-
imental value of a,(m;), are taken from the latest Review
of Particle Physics [36]. The two K* decay constants, f g«
and f f*, are AdS/QCD predictions which are dependent on
the masses of the quarks in the K* meson [25].

We use the next-to-next-to-leading-order evolution for
the strong coupling constant @, which can be found in the
Appendix of Ref. [37]. We also present the values of the ten
Wilson coefficients at scale y = m; in Table IV. The
complete set of equations used to obtain these values
has been collected in the Appendix of Ref. [38].
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2
TABLE V. Bin by bin values of the branching ratio defined as 12 x [ 45 dq? for [¢%, 3] bin, with and without resonances as well
7 dq 1> 42

B—q7
as new physics contributions as compared with the latest LHCb [1] and CMS [9] data.

g* bin (GeV?) (dB/dq*) (dB*/dg*)  (dB“?/dq*)  (dBN""/dg*)  Experiment

Process

[0.10 — 2.00] 0.776:9%%  0.77870:9% 0.767-995% 0.7687993% 0.592701%
[2.00 — 4.00] 0.52310:04 0.527°003 0.45270047 0.45570:04¢ 0.559" 019
_ -+0.070 +0.070 +0.072 +0.072 +0.127
[4.00 — 6.00] 0.6640:079 0.66510:079 0.5520:072 0.55300% 0.2497017]
_ +0.103 +0.111 —+0.102 +0.112 +0.136
[6.00 — 8.00] 0.869100% 0.930+0:111 0.709+5492 0.755*5 483 0.3307013
_ +0.141 +0.128 —+0.137 +0.117 +0.214
[11.00 — 12.50]  1.28670141 117450138 104370137 0.9660 01 0.8280754
_ +0.135 +0.116 +0.145 +0.118 +0.173
[15.00—17.00]  1.370%0133 11987011 11145014 0.990 0 048 0.644+0:173
[17.00 —19.00]  1.0727592 0.984709% 0.87270021 0.807 002 0.11610 55
_ —0.005 —0.005 —0.009 —0.008 +0.076
[1.00 — 2.00] 0.5107990  0.512799% 0.473799% 0.475799% 0.4719:976
_ +0.046 +0.047 +0.020 +0.020 +0.045
[2.00 — 4.30] 0.53210038 0.535 0010 0.4580.0%0 0.46170039 0.3370043
_ -+0.065 +0.065 +0.052 +0.052 +0.058
[4.30 — 6.00] 0.67610:963 0.677+0:983 0.56110:9%2 0.562+0:9%2 0.3419:038
[6.00 — 8.68] 0.91410-156 1.0317012 0.743 1008 0.83470:0% 0.47150%
[10.09 — 12.86]  1.3967(13% 1.1487009) 102715058 0.9227007% 0.621006%
[14.18 — 16.00]  1.164703%  1,058+02% 1.135500% 0.9600:9% 0.651007
[16.00 — 19.00]  1.16410:% 1.0587 0409 0.946 002 0.868" 002 0.4210032

BT —» K**utu~ (LHCD)

B —» K0yt~ (CMS)

2
TABLE VI.  Bin by bin values of Agg defined as 1 x [% Ay dq?, with and without resonances as well as new physics contributions
1

34 q7 dq*
as compared with the latest LHCb [8] and CMS [9] data.

g bin (GeV?) (Agg ) (ARS) (AR (ASNPY Experiment Process

[0.10 — 0.98] —0.096709%3  —0.09570%%  —0.103759%  —0.103799%  —0.003" 905

[1.10 — 2.50] —0.0997931L —0,0977091L  —0.14010910  —0.138+0010  —0.191+0579

[2.50 — 4.00] —0.0117°0002  —0.01070%2  —0.06570917  —0.0630517  —0.118790%

[4.00 — 6.00] 0.075709% 0.075109% 0.02570:008 0.0257059 0.02510:9%0

[6.00 — 8.00] 0.141759%7 0.14675912 0.10370:9% 0.113159% 0.152109% B~ K*u*u~ (LHCD)
[11.00 — 12.50] 0.19779011 0.182790% 0.15370:00 0.140™5 508 0.3187004

[15.00 — 17.00] 0.18179913 0.166 70914 0.10475913 0.12370908 04117004

[17.00 — 19.00] 0.12379012 0.117591 0.08279919 0.091-90% 0.30500%0

[1.00 — 2.00] —0.11479019  —0.11378919  —0.15070%07  —0.148759% —0.277 0154

[2.00 — 4.30] —0.01870%0  —0.017705%0  —0.071%0013  —0.06910013  —0.12%0138

[4.3 — 6.00] 0.08109% 0.081100% 0.032:5 19 0.032:51Y 0.0370133

[6.00 — 8.68] 0.14970:9% 0.154100%% 0.113709%8 0.126709%8 0.04 511 B —» K*%utu~ (CMS)
[10.09 — 12.86] 0.1957591% 0.161790% 0.16570011 0.1091 9% 0.167 500!

[14.18 —16.00]  0.1927991 0.163799!1 0.163%3:3% 0.10910308 0.4070 061

[16.00 — 19.00] 0.14029013 0.13179913 0.11879019 0.1027992} 0.357 0071
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