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CKM fits

|Vus| = 0.22 ≪ 1 |Vcb| ≈ |Vus|
2 |Vub| ≪ |Vcb|

Expansion based on empirical observation
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CKM mechanism: mixing of mass and weak eigenstates
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Progress constraining CKM

✤ Remarkable progress over past 20 years 

✤ In addition to precise experimental results, “modern era of 
LQCD” 

✤ Further reduction of errors requires further precision in LQCD 

✤ Issues to confront 

✦ Matching error or mb extrapolation error 

✦ Discretization errors 

✦ Electromagnetic effects



Rare decays

✤ b ➙ s decays occur only at 1-loop level in Standard Model:     
Room for new physics? 

✤ Following initial results from CDF, LHC experiments (esp LHCb) 
are making impressive measurements of rare, semileptonic 
decays 

✤ There are a few tantalizing discrepancies with SM predictions 

✤ Significant effort from theory remains to quantify and reduce SM 
uncertainties



Low energy description of b ➙ s decays

Most important short-distance effects in b ➙ sll come from 2-quark operators:
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b In the Standard Model, i = 1, …, 10, S, P with known Wilson 
coefficients Ci.  Beyond SM, chirality-flipped operators are 
allowed and the Ci (’) depend on the model of new physics



Dramatis Personæ

✤ Pseudoscalar meson in final state 

✤ Vector meson in final state 

✤ Baryon in final state

Λb ➙ Λ µ+µ−

B ➙ K µ+µ−

B  ➙ K* µ+µ−  
Bs ➙ φ µ+µ−



Dramatis Personæ

✤ Pseudoscalar meson in final state 

✤ Vector meson in final state 

✤ Baryon in final state

Λb ➙ Λ µ+µ−

B ➙ K µ+µ−

B  ➙ K* µ+µ−  
Bs ➙ φ µ+µ−

Simple & precise. 
!
!
!
Complicated but 
important. Loose ends 
still to be tied up. 
!
!
!
Simple. Relatively 
uncertain, but growing 
more precise.



B ➙ K form factors (pseudoscalar)

✤ “Golden” (“simple”) matrix elements: QCD-stable |i ⟩ and |f ⟩ 
states 

✤ Observables: differential branching fraction dΓ/dq2,               
forward/backward asymmetry AFB (zero in SM), and “flat term” 
FH
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B ➙V (K*/φ) form factors (vector)
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Λb ➙ Λ form factors (baryon)
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B ➙ K form factors
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FIG. 2: Form factors for B → Kℓ+ℓ−.

K̄0ℓ+ℓ−) and B± → K±ℓ+ℓ−. The observables we cal-
culate from the form factors introduce additional depen-
dence on MB, MK , and τB . In what follows we calculate
isospin averaged values for each observable. Values for
most input parameters are taken from the PDG [29]. We
use 1/αEW = 128.957(20) [30], |VtbV ∗

ts| = 0.0405(8) [31],
and Wilson coefficients from [32] with 2% errors [33]. In-
put parameter errors are propagated to errors reported
for observables [34].
Following Ref. [1] and restricting ourselves to the Stan-

dard Model, the differential decay rate is

dΓℓ/dq
2 = 2aℓ + 2/3 cℓ, (1)

where aℓ and cℓ, defined in [11], are functions of form
factors, Wilson coefficients, and other input parameters.
We convert decay rates into branching fractions using

the B meson’s mean lifetime, Bℓ = ΓℓτB . The resulting
differential branching fractions are shown for decay into
a generic light dilepton final state in Fig. 3a and a di-
tau final state in Fig. 3c. Differential branching fractions
for dielectron and dimuon final states are nearly identi-
cal and when a generic light dilepton final state is refer-
enced, values are obtained using the average differential
branching fraction. Figs. 3b and 3d show error contri-

butions from form factors, input parameters, and Wilson
coefficients, denoted Ci. Uncertainty in the form factors
dominates. Form factor errors are better controlled in the
region of simulated q2. As a result, differential branch-
ing fractions for B → Kτ+τ− and for light dilepton final
states at large q2 are more precisely determined.
Integrating the differential branching fractions over q2

bins defined by (q2low, q
2
high) permits direct comparison

with experiment,

Bℓ(q
2
low, q

2
high) ≡

∫ q2high

q2
low
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Integrating over the full kinematic range yields the total
branching fractions
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2
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2
max) = 5.54± 1.19,

107Bτ (14.18 GeV2, q2max) = 1.41± 0.15, (3)

where q2max = (MB −MK)2. For the ditau final state we
begin the integration at 14.18 GeV2 to account for the
experimentally vetoed ψ(2S) region. A detailed compar-
ison of our Standard Model branching fraction results
with experiment, and other calculations, is given in Ta-
ble I. The results of Altmannshofer and Straub [4] use
form factors from Ref. [35], in which quenched lattice [36]
and light cone sum rule [6] results are combined. The re-
sults of Bobeth et al. [5] use form factors obtained from
light cone sum rules in Ref. [7] and extrapolated to large
q2 via z expansion.
The ratio of dimuon and dielectron branching fractions
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is a potentially sensitive probe of new physics [37], though
measurements thus far [12, 13] have been consistent with
the Standard Model. We extend the ratio to ditau fi-
nal states, where new physics contributions may be even
larger [38] and find

Rµ
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ℓ (14.18 GeV2, q2max) = 1.176(40). (8)

Correlations among form factors are accounted for in the
calculation of the ratios. We give values of the branching
fraction ratios in different q2 bins in Tables II and III.
The angular distribution of the differential decay rate

is given by
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where aℓ and cℓ, defined in [11], are functions of form
factors, Wilson coefficients, and other input parameters.
We convert decay rates into branching fractions using
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region of simulated q2. As a result, differential branch-
ing fractions for B → Kτ+τ− and for light dilepton final
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is a potentially sensitive probe of new physics [37], though
measurements thus far [12, 13] have been consistent with
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HPQCD Collaboration 
(using NRQCD+HISQ valence on MILC nf=2+1 asqtad)

C. Bouchard et al., arXiv:1306.0434, arXiv:1306:2384



B ➙ V form factors
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Horgan, Liu, Meinel, Wingate, arXiv:1310.3722

using NRQCD+asqtad valence on MILC nf=2+1 asqtad



Λb ➙ Λ form factors

W Detmold, C-J D Lin, S Meinel, M Wingate, Phys Rev D87 (2013)
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FIG. 14. Comparison of our results for the ⇤Q ! ⇤ form factors from dipole fits using Eqs. (41) and (44) to results from
monopole fits (the same equations without the power of 2 in the denominator). Shown here is the entire kinematic range needed
for the decay ⇤b ! ⇤`

+
`

� with m` = 0 (the point q

2 = 0 corresponds to E⇤ � m⇤ ⇡ 1.8 GeV). In the range where we have
lattice data (E⇤ � m⇤

<⇠ 0.7 GeV), the dipole and monopole functions are consistent with each other, but for large E⇤ � m⇤,
model-dependence can be seen. In our main analysis we choose the dipole fits as they have slightly lower values of �

2
/dof.
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FIG. 15. Final results for the ⇤Q ! ⇤ form factors, given by F± = N±/(X± +E⇤ �m⇤)
2 and F1,2 = N1,2/(X1,2 +E⇤ �m⇤)

2

with parameters as in Tables VIII and IX. The dark shaded bands show the statistical uncertainty, and the light shaded bands
show the total (including 8% systematic) uncertainty. The results are renormalized in the MS scheme at µ = mb.
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FIG. 16. Final results for the form factor ratio �F2/F1, given by �(N2/N1)(X1+E⇤�m⇤)
2
/(X2+E⇤�m⇤)

2 with parameters
as in Table IX. The shaded band shows total uncertainty, which is dominated by the statistical uncertainty.

h⇤(p0, s0)| s̄�Q |⇤Q(v,0, s)i = ū(p0, s0)[F1(p
0·v)+ /vF2(p

0·v)]�U(v, s)

(using Static+DWF on nf=2+1 
RBC-UKQCD)

In the static limit, 10 form factors reduce to 2

Static limit, mb ➙ ∞

Physical mb:
Preliminary results in S Meinel, Lattice 2013, arXiv:1301.2685



Form factor error budgets

Λb ➙ Λ µ+µ−

B ➙ K µ+µ−

B  ➙ K* µ+µ− (Bs ➙ φ µ+µ−)

democratic mix of: 
   statistical+discr.+chiral+inputs  4-6% 
HQ operator matching                4%

statistics (zero-higher recoil)   1-5% 
HQ operator matching               6% 
finite V        3% 
!
(additional 8% included in BF. due to use of 
static approximation)

statistical       4-8% (4-5%) 
HQ operator matching                5%



B ➙K*/φ complications

✤ K* and φ are unstable resonances, while the present calculation so far 
assumes a narrow width approximation.  Difficult to quantify associated 
quark mass and finite volume uncertainties. 

✤ Quark mass effects not significant compared to present statistical 
uncertainties 

✤ Briceño, Hansen, Walker-Loud (arXiv:1406.5965) developed a framework for 
LQCD study of full B ➙ Κ*(Kπ/Kη)µµ and Bs  ➙ φ(➙ΚΚ)µµ decays.  
Technically demanding to carry out. 

✤ Possible consistency check (assuming SM b ➙ u): |Vub| from B ➙ ρlν and  
Bs ➙ K*lν  

✤ Important to remember B ➙ K*/φ f.f. not of same standard as “simple” or 
“golden” or LQCD quantities 

✤ Good first step for B ➙ K*/φ in modern LQCD era, with prospects for 
eventually removing assumptions, complements/improves upon LCSR
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FIG. 16: The flat term in the angular distribution of
the di↵erential decay rate for (top) a light dilepton final

state and (bottom) a ditau final state.

Appendix A: Modified z Expansion

In recent D ! K(⇡) semileptonic decay analyses we
developed the modified z expansion [23, 24] in which the
chiral/continuum and kinematic extrapolations are per-
formed in a single step. These works, and our more re-
cent D ! K analysis [47], demonstrate the utility of
the modified z expansion in semileptonic D decays. The
kinematic extrapolations required for semileptonic D de-
cays are, however, mild compared to those needed for
semileptonic B decays. In addition to the two-step chi-
ral/continuum and kinematic extrapolation of Sec. V, we
perform the extrapolations simultaneously via the mod-
ified z expansion. This allows us to test the modified z
expansion for semileptonic decays requiring sizable kine-
matic extrapolation and provides a consistency check of
our final results. We modify the BCL parameterized z

expansion [33] and fit the form factor data to

f0(q
2) = B0

KX

k=0

a0kD
0
k z(q

2)k, (A1)

fi(q
2) =

Bi

Pi(q2)

K�1X

k=0

aikD
i
k

h
z(q2)k � (�1)k�K k

K
z(q2)K

i
,

(A2)

where i = +, T and

B = 1 + b1(aEK)2 + b2(aEK)4, (A3)

Dk = 1 + c
(k)
1 xl + c

(k)
2 xl(log xl + �) + c

(k)
3 �xs

+ d
(k)
1 (a/r

1

)2 + d
(k)
2 (a/r

1

)4

+ e(k)
�
1
2�M

2
⇡ + �M2

K

�
, (A4)

xl =
(MHISQ

⇡ )2

(4⇡F⇡)2
, (A5)

�xs =
(MHISQ

⌘s
)2 �M2

⌘phys

s

(4⇡F⇡)2
, (A6)

�M2
⇡,K =

(Masqtad
⇡,K )2 � (MHISQ

⇡,K )2

(4⇡F⇡)2
. (A7)

Indices specifying the form factor (0,+, T ) are implicitly
assumed in Eqs. (A3, A4) above.
In the modified z expansion P and z are calculated sep-

arately for each ensemble using simulation masses and
momenta. We include the function B to account for
momentum-dependent discretization e↵ects. The func-
tion Dk contains the NLO chiral analytic terms with co-
e�cients ci, e, and d1 and the NNLO d2 term. The c1 and
c2 terms extrapolate in light quark mass and accommo-
date finite volume e↵ects via a shift in the chiral log [48].
We calculate the shift � for each ensemble using

� =
4

M⇡L

X

r 6=0

K1(rM⇡L)

r
, (A8)

where r is a three-vector whose integer components run
over all lattice sites (r = |r|) and K1 is the order one
modified Bessel function of the second kind. To take the
infinite volume limit, we set � = 0. The c3 term ab-
sorbs strange quark mass mistuning by comparing the
⌘s meson mass obtained from simulation strange quark
masses [23] to the “physical” ⌘s mass from [49]. The e
term absorbs slight di↵erences between the valence and
sea quark masses due to our mixed (HISQ and asqtad) ac-
tion. The di terms account for discretization e↵ects. As
in Eq. (35) we account for heavy-quark mass-dependent

discretization e↵ects by making the d
(k)
i mild functions

of amb

d
(k)
1 ! d

(k)
1 (1 + f

(k)
1 �xb + f

(k)
2 �x2

b ),

d
(k)
2 ! d

(k)
2 (1 + f

(k)
3 �xb + f

(k)
4 �x2

b ), (A9)

Erratum: Standard Model Predictions for B → Klþl−

with Form Factors from Lattice QCD
[Phys. Rev. Lett. 111, 162002 (2013)]
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An error in the code evaluating the Wilson coefficient Ceff
9 led to the incorrect calculation of observables in our Letter.

Correcting the error results in shifts ≲1σ in these observables. The form factors are unaffected. We thank Lars Hofer and
Frederico Mescia for bringing the error to our attention and helping with its resolution.
The second and third sentences of the abstract should be changed to “We report on BðB → Klþl−Þ in q2 bins used

by experiment and predict BðB → Kτþτ−Þ ¼ ð1.44% 0.15Þ × 10−7. We also calculate the ratio of branching fractions
Rμ
e ¼ 1.00023ð63Þ and predict Rτ

l ¼ 1.159ð40Þ, for l ¼ e, u.”
Figure 3 should be replaced as shown here.
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FIG. 3 (color online). (left) Standard model differential branching fractions and experiment. (right) Form factor, input parameter, and
Wilson coefficient (Ci) contributions to the error. The total error is the sum in quadrature of the components. (a) Belle [11], BABAR
[12], CDF [13], and LHCb [14,15] data and the Standard Model contribution to dBl=dq2, l ¼ e, μ, (b) Error components for dBl=dq2,
(c) Predicted Standard Model contribution to dBτ=dq2, (d) Error components for dBτ=dq2.
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Figure 4: Measured di↵erential branching fraction for the ⇤0
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! ⇤µ+µ� decay. In regions without
a significant signal, the 90% confidence level upper limits are also shown. The uncertainties
due to components that are fully correlated across all q2 bins, e.g. the branching fraction of the
normalisation channel from Ref. [29], are not included in this figure. The dashed red line with
the filled area shows the theoretical prediction from Ref. [14].

Acknowledgements

We express our gratitude to our colleagues in the CERN accelerator departments for
the excellent performance of the LHC. We thank the technical and administrative sta↵
at the LHCb institutes. We acknowledge support from CERN and from the national
agencies: CAPES, CNPq, FAPERJ and FINEP (Brazil); NSFC (China); CNRS/IN2P3
and Region Auvergne (France); BMBF, DFG, HGF and MPG (Germany); SFI (Ireland);
INFN (Italy); FOM and NWO (The Netherlands); SCSR (Poland); ANCS/IFA (Romania);
MinES, Rosatom, RFBR and NRC “Kurchatov Institute” (Russia); MinECo, XuntaGal
and GENCAT (Spain); SNSF and SER (Switzerland); NAS Ukraine (Ukraine); STFC
(United Kingdom); NSF (USA). We also acknowledge the support received from the ERC
under FP7. The Tier1 computing centres are supported by IN2P3 (France), KIT and
BMBF (Germany), INFN (Italy), NWO and SURF (The Netherlands), PIC (Spain),
GridPP (United Kingdom). We are thankful for the computing resources put at our

14

22

0 5 10 15 20

q2 (GeV2)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

dB
[�

b
!

�
µ

+
µ

�
]/

dq
2

(1
0�

7
G

eV
�

2 )

This work
CDF 2012

0 5 10 15 20

q2 (GeV2)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

dB
[�

b
!

�
µ

+
µ

�
]/

dq
2

(1
0�

7
G

eV
�

2 )

This work
CDF 2012

FIG. 17. Left panel: Di↵erential branching fraction for ⇤b ! ⇤µ

+
µ

�. The solid curve is our prediction using the form factors
from lattice QCD. Long-distance e↵ects are not included in the calculation. The inner, dark shaded band around the curve
indicates the uncertainty in dB/dq

2 that results from the statistical plus systematic uncertainty in the form factors F±. The
outer, light shaded band additionally includes an estimate of the systematic uncertainty in dB/dq

2 that results from our use of
the static approximation for the b quark. The vertical dashed line indicates the lowest value of q

2 where we have lattice data;
to the left of that line the form factors are extrapolated. To illustrate the model-dependence resulting from the extrapolation
of the form factors to low q

2, the dashed curve shows dB/dq

2 computed with form factors extrapolated using a di↵erent ansatz
(monopole instead of dipole, see Fig. 14; the uncertainty for the dashed curve is not shown for clarity). The experimental
data are from Ref. [67], which is an update of Ref. [10]. The error bars shown for the experimental data include systematic
uncertainties. The vertical shaded bands indicate the charmonium veto regions, where long-distance e↵ects are large. Right
panel: with binning applied to the theory prediction.

where

F = ((m⇤b � m⇤)2 � q2)F 2
� + ((m⇤b + m⇤)2 � q2)F 2

+, (60)

G = m6
⇤b

� m4
⇤b

�
3m2

⇤ + q2
�

� m2
⇤b

�
q2 � m2

⇤

� �
3m2

⇤ + q2
�

+
�
q2 � m2

⇤

�3
. (61)

To obtain the di↵erential branching fraction dB/dq2 = ⌧⇤bd�/dq2, we use the experimental value of the ⇤
b

lifetime,
⌧⇤b = 1.425 · 10�12 s [66]. The form factors F+ and F� are given by the functions (43) with parameters N± and X±
as in Table VIII, and with additional systematic uncertainties of 8% included (see Fig. 15). The resulting di↵erential
branching fraction for ⇤

b

! ⇤µ+µ� is shown in Fig. 17, along with recent experimental results from CDF [67].
The agreement of the standard model with the experimental data is clear, with no evidence for physics beyond the
standard model. Further predictions for ⇤

b

! ⇤`+`� with ` = e, ⌧ are shown in Fig. 18.

In Figs. 17 and 18, the inner shaded bands around the curves correspond to the statistical plus systematic uncertainty
in the form factors F±. However, note that we have lattice data only in the region q2 >⇠ 13 GeV2, as indicated by
the vertical dashed lines in Figs. 17 and 18. Below that region, we rely on extrapolations of the form factors, which
are model-dependent. This was shown in Fig. 14, where we compared the form factors from dipole and monopole
fits. Our main results for the di↵erential branching fractions are based on the dipole form factors. To illustrate the
model-dependence, the dashed curves in Figs. 17 and 18 give the di↵erential branching fractions calculated with the
monopole form factors (the uncertainties of the dashed curves are not shown for clarity, but are of similar size as
with the dipole form factors). In the large-q2 region, both curves are consistent with each other. At low q2, model-
dependence can be seen, but as already discussed in Sec. III G, a comparison between any two fit models can only
give a qualitative picture of the model-dependence.

The outer shaded bands in Figs. 17 and 18 include an estimate of the systematic uncertainty in dB/dq2 which
arises from the use of the static approximation (i.e., leading-order HQET) for the b quark. In general, the uncertainty
associated with this approximation is of order ⇤QCD/mb

. However, the non-zero momentum p

0 of the ⇤ baryon in
the ⇤

b

rest frame is an additional relevant scale, which may lead to errors of order |p0|/m
b

. Thus, we add these two

Detmold, Lin, Meinel, Wingate, Phys Rev D87 (2013) 
CDF, public note 108xx, v0.1, http://www-cdf.fnal.gov/physics/new/bottom/bottom.html 

LHCb, R Aaij, Phys. Lett. B 725 (2013) [arXiv:1306.2577]

CDF: red; LQCD: blue LHCb: blue; binned LQCD: red/yellow

Dominant theory error due to use of LO HQET (static action) 
Improved calculation (w/ RHQ) underway (Meinel, Lattice 2013)

http://www-cdf.fnal.gov/physics/new/bottom/bottom.html
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Fit to low recoil data

✤C9, C9’ assumed to be real 

✤Data in 2 highest q2 bins 

✦ B ➙ K*µµ (neutral mode): 
dB/dq2, FL, S3, S4, S5, AFB 

✦ Bs ➙ φµµ: dB/dq2, FL, S3 

✤Theory correlations between 
observables & bins taken into 
account

Likelihood function

Horgan, Liu, Meinel, Wingate, PRL 112, arXiv:1310.3887

Best fit: CNP
9 = �1.0± 0.6 C0

9 = 1.2± 1.0

4

15 16 17 18 19
0.0

0.2

0.4

0.6

0.8

1.0

1.2

d
B/

d
q2

(1
0�

7
G

eV
�

2
)

B0 ! K�0µ+µ�

15 16 17 18 19
0.0

0.1

0.2

0.3

0.4

0.5

0.6

F
L

B0 ! K�0µ+µ�

15 16 17 18 19
�0.4

�0.3

�0.2

�0.1
0.0

0.1

0.2

S
3

B0 ! K�0µ+µ�

15 16 17 18 19
�0.4

�0.3

�0.2

�0.1
0.0

0.1

0.2

�
S

4

B0 ! K�0µ+µ�

15 16 17 18 19
�1.0

�0.5

0.0

0.5

1.0

�
P

� 4

B0 ! K�0µ+µ�

15 16 17 18 19
�0.6

�0.5

�0.4

�0.3

�0.2

�0.1
0.0

S
5

B0 ! K�0µ+µ�

15 16 17 18 19
�1.2

�1.0

�0.8

�0.6

�0.4

�0.2
0.0

P
� 5

B0 ! K�0µ+µ�

15 16 17 18 19
0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
F

B

B0 ! K�0µ+µ�

15 16 17 18 19

q2 (GeV2)

0.0
0.2
0.4
0.6
0.8
1.0
1.2

d
B/

d
q2

(1
0�

7
G

eV
�

2
)

B0
s ! � µ+µ�

15 16 17 18 19

q2 (GeV2)

0.0
0.1
0.2
0.3
0.4
0.5
0.6

F
L

B0
s ! � µ+µ�

15 16 17 18 19

q2 (GeV2)

�0.4
�0.2

0.0
0.2
0.4
0.6
0.8

S
3

B0
s ! � µ+µ�

15 16 17 18 19

q2 (GeV2)

�0.4
�0.3
�0.2
�0.1

0.0
0.1
0.2

�
S

4

B0
s ! � µ+µ�

FIG. 1. Observables for the decays B0 ! K⇤0µ+µ� (upper two rows) and B0
s ! �µ+µ� (bottom row; untagged averages

over the B̄0
s and B0

s 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
C9 = CSM

9 � 1.1, C0
9 = 1.1 (the uncertainties of the dashed curves are not shown for clarity). We also show our averages of

results from the CDF, LHCb, CMS, and ATLAS experiments [14, 51–53, 55] (note that S(LHCb)
4 = �S4 and P 0(LHCb)

4 = �P 0
4).

tainties in Eq. (14) are influenced by the theoretical and
experimental uncertainties, we performed new fits where
we artificially eliminated or reduced di↵erent sources of
uncertainty. In particular, setting all form factor un-
certainties to zero results in CNP

9 = �0.9 ± 0.4, C 0
9 =

0.7±0.5, and raises the statistical significance for nonzero
(CNP

9 , C 0
9) from 2� to 3�. Reducing instead the exper-

imental uncertainties can have a more dramatic e↵ect,
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 B0

s

! � µ+µ� data. Equation (14) is
also consistent with the value CNP

9 ⇠ �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 S4/P 0

4.
Nevertheless, the fit (14) significantly improves the over-
all agreement with the data, reducing the total �2 by 5.7
and giving �2/d.o.f = 0.96. We also performed a fit of
the experimental data for all observables in bin 2 only,

�3 �2 �1 0 1 2 3
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4

5

C
� 9

SM

1�
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3�
FIG. 2. The likelihood function of a fit to the B0 ! K⇤0µ+µ�

and B0
s ! �µ+µ� experimental data above q2 = 14.18GeV2,

with fit parameters CNP
9 and C0

9. The contours correspond to
��2 = 2.30, 6.18, 11.83.

which gives

CNP
9 = �0.9 ± 0.7, C 0

9 = 0.4 ± 0.7 (bin 2 only). (15)

A major concern about the calculations is the possi-
bility of larger-than-expected contributions from broad
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FIG. 1. Observables for the decays B0 ! K⇤0µ+µ� (upper two rows) and B0
s ! �µ+µ� (bottom row; untagged averages

over the B̄0
s and B0

s 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
C9 = CSM

9 � 1.1, C0
9 = 1.1 (the uncertainties of the dashed curves are not shown for clarity). We also show our averages of

results from the CDF, LHCb, CMS, and ATLAS experiments [14, 51–53, 55] (note that S(LHCb)
4 = �S4 and P 0(LHCb)

4 = �P 0
4).

tainties in Eq. (14) are influenced by the theoretical and
experimental uncertainties, we performed new fits where
we artificially eliminated or reduced di↵erent sources of
uncertainty. In particular, setting all form factor un-
certainties to zero results in CNP

9 = �0.9 ± 0.4, C 0
9 =

0.7±0.5, and raises the statistical significance for nonzero
(CNP

9 , C 0
9) from 2� to 3�. Reducing instead the exper-

imental uncertainties can have a more dramatic e↵ect,
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 B0

s

! � µ+µ� data. Equation (14) is
also consistent with the value CNP

9 ⇠ �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 S4/P 0

4.
Nevertheless, the fit (14) significantly improves the over-
all agreement with the data, reducing the total �2 by 5.7
and giving �2/d.o.f = 0.96. We also performed a fit of
the experimental data for all observables in bin 2 only,

�3 �2 �1 0 1 2 3

CNP
9

�2

�1

0

1

2

3

4

5

C
� 9

SM

1�
2�

3�

FIG. 2. The likelihood function of a fit to the B0 ! K⇤0µ+µ�

and B0
s ! �µ+µ� experimental data above q2 = 14.18GeV2,

with fit parameters CNP
9 and C0

9. The contours correspond to
��2 = 2.30, 6.18, 11.83.

which gives

CNP
9 = �0.9 ± 0.7, C 0

9 = 0.4 ± 0.7 (bin 2 only). (15)

A major concern about the calculations is the possi-
bility of larger-than-expected contributions from broad
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FIG. 2: Comparison between the SM predictions (gray boxes), the experimental measurements (blue data points) and the
predictions for the scenario with CNP

9 = �1.5 and other CNP
i = 0 (red squares).

3. ROBUSTNESS OF THE RESULTS

In view of the results of the previous section, it is im-
portant to assess the robustness of the NP interpretation
for the B ! K

⇤
µ

+
µ

� anomaly and how stable the con-
clusion CNP

9 < 0 is, taking into account potential pollu-
tion from SM sources mimicking a negative CNP

9 .

3.1. Charm Loop

One of the key sources of uncertainty in the extraction
of C9 from B ! K

⇤
µ

+
µ

� is related to the charm-loop
contribution (subsequently decaying through a photon
into a dilepton pair) coming from the insertion of 4-quark
current-current (Oc

1,2) or penguin operators (O3�6). The
contributions from Oc

1,2 are particularly important since
the Wilson coe�cients are numerically large and the pro-
cesses are not CKM suppressed. This contribution can
be described through a short-distance (perturbative) con-
tribution, which exhibits a noticeable sensitivity to the
value of m

c

near the threshold of cc̄ production, and
a long-distance (non-perturbative) contribution which is
di�cult to assess.

The perturbative charm-loop contribution is usually

absorbed into the definition of Ce↵
9 (q2) = C9 + Y (q2) [22]

and is given at leading order by

Y

c(q2,m
c

) = � 4

27
(4C1 + 3C2 + 18C3 + 180C5)⇥ (5)

⇥

ln

m

2
c

µ

2
� 2

3
� z + (2 + z)

p
|z � 1| arccot

p
(z � 1)

�

where z = 4m2
c

/q

2. There is a threshold at q2 = 4m2
c

'
6 GeV2, above which Eq. (5) must be continued ana-
lytically and an imaginary part is generated. The real
part exhibits a cusp at this threshold, whose exact po-
sition depends on m

c

. There is a significant variety of
choices in the literature concerning the value of m

c

for
such computation, for instance the pole mass (around 1.4
GeV) [22], the MS mass at the scale µ = m

c

(around 1.27
GeV) [39] or the same mass at the scale µ = 2m

c

(around
1 GeV) [37]. Following Ref. [21], we take the second op-
tion and perform the computation of B ! K

⇤
µ

+
µ

� ob-
servables with a reference value m

c

= 1.27 GeV. We can
study the dependence on m

c

by reinterpreting its change
as a shift in the value of C9, given by:

�Ccc̄,pert
9 = Re[Y c(q2,m

c

)� Y

c(q2,m
c

)] . (6)

The same analysis can be performed for the imaginary

Descotes-Genon, Matias, Virto [PRD88, 074002, (2013), arXiv:1307.5683]
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be described through a short-distance (perturbative) con-
tribution, which exhibits a noticeable sensitivity to the
value of m

c

near the threshold of cc̄ production, and
a long-distance (non-perturbative) contribution which is
di�cult to assess.

The perturbative charm-loop contribution is usually

absorbed into the definition of Ce↵
9 (q2) = C9 + Y (q2) [22]

and is given at leading order by

Y

c(q2,m
c

) = � 4

27
(4C1 + 3C2 + 18C3 + 180C5)⇥ (5)

⇥

ln

m

2
c

µ

2
� 2

3
� z + (2 + z)

p
|z � 1| arccot

p
(z � 1)

�

where z = 4m2
c

/q

2. There is a threshold at q2 = 4m2
c

'
6 GeV2, above which Eq. (5) must be continued ana-
lytically and an imaginary part is generated. The real
part exhibits a cusp at this threshold, whose exact po-
sition depends on m

c

. There is a significant variety of
choices in the literature concerning the value of m
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for
such computation, for instance the pole mass (around 1.4
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(around 1.27
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(around
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tion and perform the computation of B ! K
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FIG. 1: Fit to (CNP
7 , CNP

9 ), using the three large-recoil bins
for B ! K⇤µ+µ� observables, together with B ! Xs�, B !
Xsµ

+µ�, B ! K⇤� and Bs ! µ+µ�. The dashed contours
include both large- and low-recoil bins, whereas the orange
(solid) ones use only the 1-6 GeV2 bin for B ! K⇤µ+µ�

observables. The origin CNP
7,9 = (0, 0) corresponds to the SM

values for the Wilson coe�cients CSM
7e↵,9 = (�0.29, 4.07) at

µb = 4.8 GeV.

and dileptonic decays, lead to contours in the (CNP
7 , CNP

9 )
plane similar to Fig. 1.

We would like to understand whether this conclusion
is due to peculiarities of individual bins. For this pur-
pose we repeat the analysis restricting the input for the
B ! K

⇤
µ

+
µ

� observables to [1, 6] GeV2 bins, exploiting
several theoretical and experimental advantages. Such
wider bins collect more events with larger statistics. Fur-
thermore, some theoretical issues are less acute, such as
the e↵ect of low-mass resonances at very low q

2 . 1
GeV2 [36], or the impact of charm loops above ⇠ 6
GeV2 [37]. On the other hand, integrating over such a
large bin washes out some e↵ects related to the q2 depen-
dence of the observables, so that we expect this analysis
to have less sensitivity to NP [15]. This can be seen in
Fig. 1, where the regions in this case are indicated by
the orange curves, and as expected the constraints get
slightly weaker. In addition, due to the fact that the-
oretical uncertainties happen to increase moderately for
large negative NP contributions to C9, the constraints are
looser in the lower region of the (CNP

7 , CNP
9 ) plane. We

emphasise that even in this rather conservative situation
the main conclusion (a NP contribution CNP

9 ⇠ �1.5)
still prevails, whereas the SM hypothesis has still a pull
of 3.2�.

We illustrate the improvement gained by shifting C9 in
Fig. 2, where we show the predictions for CNP

9 = �1.5

(and other CNP
i

= 0) for the observables P2, P 0
4 and P

0
5,

together with the experimental data and SM predictions.
In particular, we observe how the various observables de-
scribed in Sec. 1 change for CNP

9 < 0. If the data is in
general well reproduced in this scenario, there are still a
few observables di�cult to explain theoretically. Looking
at Fig. 2, the most obvious cases are hP 0

5i in the first and
third bins. One can see there is a tension between these
two bins: more negative values for CNP

9 reproduce bet-
ter the third bin, but drive the first bin upwards, whose
experimental value is consistent with the SM. A similar
situation happens with the second and third bins of hP2i,
although in this case a good compromise is achieved.

Concerning the individual constraints to the fit, the
large-recoil bins for P2 and P

0
5 both favour the same

large region away from the SM in the (CNP
7 , CNP

9 ) plane,
providing a negative correlation between CNP

7 and CNP
9 .

B ! X

s

� selects values of CNP
7 close to the SM value,

leading to the combined (smaller) region shown in Fig. 1.
To be more quantitative, we have considered the pulls
obtained by removing in turn one or two observables
from the fit. We find that the largest pulls are as-
sociated to hP 0

5i[4.3,8.68], B ! X

s

�, hP2i[14.18,16] and
hP 0

4i[14.18,16]. B ! X

s

� has a large pull because it plays a
very important role in disfavouring a scenario with large
and negative CNP

7 , which can mimic the CNP
9 scenario in

B ! K

⇤
µ

+
µ

� observables. The observables hP 0
5i[4.3,8.68]

and hP2i[14.18,16] pull in di↵erent directions: the former
favours more negative and the latter less negative values
for CNP

9 , while the best fit point lies somewhat in the
middle, with or without these observables. On the other
hand hP 0

4i[14.18,16] has a marginal e↵ect on the results of
the fit.

The role of individual observables is confirmed by
comparing our analysis with the preliminary results in
Ref. [25], performed in the same framework, but with
only P1,P2 and AFB as inputs for B ! K

⇤
µ

+
µ

�, lead-
ing to a 3� deviation from the SM in the (CNP

7 , CNP
9 )

plane (in our present analysis, this e↵ect is magnified by
the addition of P 0

4,5,6,8 [20] among the observables). We
emphasise the importance of choosing the right set of ob-
servables among the three correlated inputs AFB, P2, FL

:
F

L

has a very significant dependence on the choice of
form factors (Fig. 5), which is less acute in the case of
AFB and P2, so that the choices (F

L

, P2) or (F
L

, AFB)
[38] lead to results that are more biased by the specific
parametrisation of form factors considered and less sen-
sitive to NP compared to (AFB, P2) [25]. For this rea-
son, we use AFB instead of F

L

in our analysis. We have
checked by two di↵erent procedures (NLO QCD factori-
sation and naive factorisation) that the 3� deviation re-
ported in Ref. [25] using [1-6] bins gets reduced to around
1 � if F

L

is used as an input instead of P2 or AFB (in
agreement with Ref. [38], where F

L

is used).
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no B ! K⇤ lattice B ! K⇤ lattice

prior SM(⌫-only) SM SM+SM0 prior SM(⌫-only) SM SM+SM0

V (0) 0.35+0.13
�0.08 0.38+0.04

�0.02 0.38+0.03
�0.03 0.38+0.04

�0.03 0.37+0.03
�0.02 0.38+0.03

�0.02 0.38+0.03
�0.02 0.37+0.02

�0.02

bV
1

�4.8+0.8
�0.3 �4.8+0.7

�0.4 �4.8+0.6
�0.4 �4.8+0.6

�0.4 �4.7+0.7
�0.4 �4.7+0.7

�0.5 �4.8+0.7
�0.3 �4.8+0.6

�0.3

A
1

(0) 0.27+0.09
�0.05 0.24+0.03

�0.02 0.24+0.03
�0.03 0.28+0.04

�0.03 0.29+0.03
�0.03 0.26+0.02

�0.02 0.26+0.03
�0.02 0.28+0.03

�0.03

bA1
1

0.4+0.8
�0.8 0.5+0.6

�0.7 0.5+0.6
�0.6 0.0+0.7

�0.7 0.4+0.6
�0.5 0.1+0.4

�0.6 0.1+0.5
�0.5 0.3+0.4

�0.6

A
2

(0) 0.24+0.13
�0.07 0.23+0.04

�0.04 0.22+0.05
�0.04 0.27+0.06

�0.05 0.29+0.05
�0.05 0.27+0.03

�0.04 0.26+0.04
�0.03 0.28+0.04

�0.03

bA2
1

�0.7+2.3
�1.4 �0.9+1.7

�1.0 �0.9+1.7
�1.1 �0.7+1.8

�1.2 �1.6+1.1
�0.7 �2.0+0.9

�0.6 �1.9+0.8
�0.7 �1.4+1.0

�0.8

f
+

(0) 0.34+0.02
�0.02 0.31+0.02

�0.01 0.30+0.03
�0.01 0.34+0.02

�0.02 0.34+0.02
�0.02 0.32+0.01

�0.02 0.32+0.02
�0.02 0.33+0.03

�0.02

b
f+
1

�1.7+0.4
�0.5 �2.3+0.3

�0.3 �2.4+0.4
�0.4 �1.7+0.4

�0.5 �1.7+0.4
�0.5 �2.2+0.3

�0.4 �2.1+0.2
�0.4 �1.8+0.4

�0.4

V (0)/A
1

(0) 1.25+0.41
�0.23 1.31+0.31

�0.31 1.57+0.20
�0.20 1.29+0.21

�0.17 1.27+0.18
�0.13 1.49+0.13

�0.16 1.42+0.16
�0.13 1.32+0.10

�0.10

A
2

(0)/A
1

(0) 0.97+0.12
�0.12 0.97+0.10

�0.15 0.95+0.09
�0.07 0.96+0.09

�0.06 1.00+0.08
�0.09 1.02+0.06

�0.07 1.00+0.07
�0.05 0.99+0.05

�0.05

TABLE III. 1D-marginalized posterior results at 68% probability in comparison to the prior inputs for the various B ! K⇤

(upper rows) and B ! K (middle two rows) form-factor parameters. The results are shown for the “full” (left) and “full
(+FF)” (right) data set in various scenarios. The priors for the “full” data set comprise LCSR [35] inputs combined with the
additional constraints (A.1) – (A.3) and B ! K lattice results [50], whereas for “full (+FF)” the B ! K⇤ lattice results [51]
are added. Note that the marginalization has been performed over all solutions A,B in the case of SM and A0 �D0 in the case
of SM+SM0.
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FIG. 2. Credibility regions of the Wilson coe�cients C
7,9,10 obtained from the fit of the “full” data set after the EPSHEP 2013

conference at 68% (dark red) and 95% (light red) probability. The SM-like solution A (upper row) and the flipped-sign solution
B (lower row) are magnified. Overlaid are the results of the fit to the “selection” data set at 68% (blue, solid line) and 95%
(blue, dashed line). The black diamond and the black cross represent the projections of the SM point and the best-fit point to
the respective 2D plane.

Assuming the prior range of each Ci, i = 7, 9, 10, were
shrunk to one half of the nominal range in the SM sce-
nario such that solution A is still fully contained, the
volume changes as V

0

! V
0

/8 and a fit would yield a

Bayes factor of

P (full|SM)

P (full|SM(⌫-only))

���
A
= 1 : 103 . (IV.7)

In the absence of substantial improvements in the
handling of subleading contributions to the B !
K(⇤)`+`� amplitudes, we are forced to conclude that the

Orange: full fit. Blue: selection fit

Beaujean, Bobeth, van Dyk, [Eur. Phys. J. C 74 (2014), arXiv:1310.2478]



Matrix elements of nonlocal operators

3

first lattice QCD calculation of the complete set of form factors giving the B → K∗ and Bs → φ matrix elements

of the operators O(′)
7 , O(′)

9 , and O(′)
10 in the high-q2 region [23]. In the following, we use these results to calculate

the differential branching fractions and the angular observables for the decays B̄0 → K̄∗0(→ K−π+)µ+µ− and
B̄0

s → φ(→ K−K+)µ+µ−.
In the narrow-width approximation, the B̄0 → K−π+µ+µ− decay amplitude can be written in terms of the

B̄0 → K̄∗0µ+µ− decay amplitude as explained in Ref. [32]. This amplitude takes the form

M =
GF α√
2π

VtbV
∗

ts

[

(Aµ + Tµ)ūℓγµvℓ + Bµūℓγ
µγ5vℓ

]

, (9)

with the local hadronic matrix elements
✿

,

Aµ = −
2mb

q2
qν⟨K̄∗| s̄ iσµν(C7PR + C′

7PL)b |B̄⟩

+ ⟨K̄∗| s̄γµ(C9PL + C′

9PR)b |B̄⟩, (10)

Bµ = ⟨K̄∗| s̄γµ(C10PL + C′

10PR)b |B̄⟩, (11)

and the nonlocal hadronic matrix element,
✿

Tµ =
−16iπ2

q2

∑

i=1...6;8

Ci

∫

d4x eiq·x ⟨K̄∗| TOi(0) jµ(x) |B̄⟩. (12)

In Eq. (12), jµ(x) denotes the quark electromagnetic current. Near q2 = m2
J/ψ(1S),m

2
ψ(2S), the contributions from

O1 and O2 in Tµ are resonantly enhanced, preventing reliable theoretical calculations in these regions. At high q2

(∼ m2
b), Tµ can be expanded in an operator product expansion (OPE), with the result [42]

✿

,
✿

Tµ = −T7(q
2)
2mb

q2
qν⟨K̄∗| s̄ iσµνPRb |B̄⟩

+T9(q
2)⟨K̄∗|s̄γµPLb|B̄⟩+

1

2q2

5
∑

i=1

Bi⟨K̄∗|O(−1)
iµ |B̄⟩

+O(Λ2/m2
b , m4

c/q
4). (13)

(See also Ref. [43] for an alternative version of the OPE.) In Eq. (13), the O(−1)
iµ are dimension-4

✿✿✿✿✿✿✿✿✿✿✿✿✿

dimension-four

operators containing a derivative, and T7,9(q2) = Ceff
7,9(q

2) − C7,9 with Ceff
7,9(q

2) given by Eqs. (3.9) and (3.10) of
Ref. [4].
The matrix elements ⟨K̄∗| s̄Γb |B̄⟩ (and analogously for B̄s → φ) in Eqs. (10), (11), and (13) can be written in

terms of the seven form factors V , A0, A1, A12, T1, T2, and T23 [23]. We describe the dependence of the form factors
on q2 using the simplified series expansion [44]. The corresponding parameters were obtained by fitting the lattice
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s meson. Therefore, we calculate the time-integrated

untagged average over the B̄0
s and B0

s decay distributions, including the effects of B̄0
s -B

0
s mixing as explained in

Ref. [48]. We use the width difference ∆Γs = 0.081(11) ps−1 [1].
Our results for the differential branching fractions dB/dq2 = τB0

(s)
dΓ/dq2 and the angular observables FL, S3, S4,

P ′

4, S5, P ′

5, AFB , where FL = −Sc
2 and AFB = (−3/8)(2Ss

6 + Sc
6), are shown in Fig. 1 (the observables S7,8,9 as well

as the CP
✿✿✿

CP
✿

asymmetries A(a)
i are expected to be close to zero in the Standard Model

✿✿✿✿✿✿✿✿

standard
✿✿✿✿✿✿

model). The shaded
bands in Fig. 1 indicate the total theoretical uncertainty, originating from the following sources: the statistical /

✿✿

or

b ! s `+`� decays

Decay amplitude:

M =
GF ↵p
2⇡

VtbV
⇤
ts

h
(Aµ + Tµ)ū`�

µv` + Bµū`�
µ�

5

v`
i
,

• Nonlocal:

Tµ =
�16i⇡2

q2

X

i=1...6;8

Ci

Z
d4x e iq·x hK⇤| T Oi (0) jµ(x) |Bi

Affects all b ➙ sll decays, regardless of initial/final hadrons



✤ First correction in expansion (mc2/q2) simply augments C7eff and C9eff : Buras, 
Misiak, Münz, Pokorski (BMMP) ➙ Grinstein, Pirjol (GP) 

✤ Order αsΛ/mb corrections calculable on lattice 

✤ Local duality: bin observables in q2  

✤ Duality violations estimated to be small (~2% in model): Beylich, Buchalla, 
Feldmann, [Eur. Phys. J C71, 1635 (2011), arXiv:1101.5118] 

✤ On the other hand, Lyon & Zwicky [arXiv:1406.0566] claim charmonium 
resonances can have a much larger effect, even on binned observables: “complete 
breakdown of factorization”

OPE at large q2

T µ = �T7(q
2)

2mb

q2
q⌫hK̄⇤|s̄ i�µ⌫PRb|B̄i

+O

✓
↵s⇤

mb
,
⇤2

m2
b

,
m4

c

q4

◆
+T9(q

2)hK̄⇤|s̄�µPLb|B̄i

Grinstein & Pirjol, PRD 70, 114005 (2004)

The operator O!"1#
5 describes effects where one chirality

flip occurs on the light quark side. Its matrix element
scales like Qms.

There are no contributions scaling like Qmc, since the
dependence on the charm quark mass must contain only
even powers of mc. The leading contributions containing
mc scale like m2

c and come from operators similar to (9)
and (10). We will define them as

O !0#
1 $ m2

c !sL%!" " q"q6 =q2&hvL; (17)

O !0#
2 $ imb

m2
c

q2
!sL#"$q$hvR: (18)

There are many operators whose matrix elements scale
like "2; generally, they are of the form O!0#

3;... $
!q#!iD"#!iD$#hv or contain one factor of the gluon tensor
field strength !q#gG"$hv. The latter operators can appear
at O!%0

s# in matching from graphs with q !q quark loops as
shown in Fig. 2(c), and can contribute to the B!
K'‘(‘" amplitude through the graph in Fig. 1(a).

Another class of operators appearing in the OPE de-
scribes effects of propagating charm quarks [see
Fig. 1(b)], and have the form

O !2# $ 1

Q2 ! !s#hv#! !c#ciD"c#: (19)

The explicit form of these operators will be given in the
next section, where it is shown that their contributions are
further suppressed by m4

c=Q4 relative to the short-
distance amplitude.

To sum up the discussion of this section, we argued that
the long-distance effects to b! s‘(‘" decays in the zero
recoil region come from well-separated scales satisfying
the hierarchy mb )Q>mc >". These effects can be
resolved using an OPE as shown in Eq. (8). The contri-
butions of the various operators in the OPE, relative to the
dominant short-distance amplitude, are summarized in
Table I, together with the order in matching [in %s!Q#] at
which they start contributing.

Some of the subleading operators appearing in the OPE
give spectator- type contributions to the exclusive B!
K'‘(‘" amplitude, as shown in Fig. 1. For example, the
O!"Q# operators O!"1#

j and O!"2# operators O!0#
j can

contribute through the graphs in Fig. 1(a) and the charm
operators of the type Eq. (19) contribute as in Fig. 1(b).
Such spectator-type contributions were studied at lowest
order in perturbation theory in [14] where they were
shown to be suppressed at least by "=Q. The effective
theory approach used here extends this proof to all orders
in %s and shows that the suppression factor is %s!Q#"=Q
(for the contributions from O!"1#

j ) and "2=Q2 (for con-

tributions coming from O!0#
j ).

We comment briefly on an alternative approach used in
Refs. [10,14] where the charm quarks and the large scales
!!!!!

q2
p

; mb are integrated out simultaneously. Such an ap-
proach includes the charm mass effects to all orders in
m2
c=m2

b, but has the disadvantage of introducing poten-
tially large power corrections )"2=m2

c. For this reason
we prefer to integrate out only the large scaleQ and leave
the charm as a dynamical field in the OPE.

b s b s b s
c

(a) (b) (c)

FIG. 2. Graphs in QCD contributing to the matching onto !s#hv operators (a), !s#iD"hv (b), and !sgG"$#$hv operators (c). The
filled circle denotes the insertion of Q1–6. In (c) the wavy line is the virtual photon !' and the curly line denotes a gluon.

b s b s

c c

(a) (b)

FIG. 1. Contributions to the B! K'‘(‘" amplitude near the
zero recoil point coming from different operators in the OPE
Eq. (8). In (a) the circled cross denotes one of the operators
O!"1;0# of the form !q#iD"hv or !q#gG"$hv, and in (b) it
denotes one of the 4-quark operators ! !qhv#! !cc#. The contribu-
tions in (a) are suppressed relative to the short-distance am-
plitude by "=Q (for O!"1#), "2=Q2 (for O!0#), and those in (b)
by m4

c=Q4.

BENJAMIN GRINSTEIN AND DAN PIRJOL PHYSICAL REVIEW D 70, 114005 (2004)

114005-4

! s̄�iDhv



Lepton flavor non-universality?

R(D) = 0.440± 0.058± 0.042
R(D⇤) = 0.332± 0.024± 0.018

R(D(⇤)) =
B(B̄ ! D(⇤)⌧ ⌫̄)

B(B̄ ! D(⇤)`⌫̄)

BaBar, PRL 109 (2012) 
FNAL/MILC, PRL109 (2012)

RK =
hB(B+ ! K+µ+µ�)iq2 bin

hB(B+ ! K+e+e�)iq2 bin

RK = 0.745+0.090
�0.074 ± 0.036

1 < q2 < 6 (GeV2)

LHCb, PRL 113 (2014)2.6�

CMS, CMS-PAS-HIG-140052.4�B(h ! ⌧µ) = (0.89+0.40
�0.37)%

Lepton flavor violation?[ ]

⇡ 1� 2�



Conclusions

✤ LQCD vital to constraining CKM parameters 

✤ From 2013: b ➙ s form factors from unquenched LQCD 

✦ Direct access to low-recoil region 

✦ Measured differential branching fractions are consistently smaller 
than SM results in high q2 bin(s) 

✦ Improvement for Λb ➙ Λµµ is underway 

✦ Fully-controlled calculation for B ➙ Κ*µµ and Bs  ➙ φµµ will take 
time 

✤ Interesting hints in LHC flavor physics data!



B ➙ K* form factors
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Bs ➙ φ form factors
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