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LEPTON UNIVERSALITY VIOLATION?
! Deviations in B→ D(*) ! " 

decays found in multiple 
measurements over the last 
6 years, almost 4# 
disagreement with SM 
prediction  

! Other hints of lepton 
universality violations in 
other decay modes R(D)
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 = 1.0 contours2!"

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)
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R(J/ ! )|th = 0 .25! 0.28
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R(J/ ! )|exp =
BR(Bc ! J/ ! " # )
BR(Bc ! J/ ! $ # )

= 0 .71± 0.17± 0.18
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R(K)|exp =
BR(B ! K µµ)

BR(B ! K ee)
= 0.745+0.090

�0.074 ± 0.036
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vs

Is it New Physics? Interesting BSM interpretations → various talks in todayÕs sessions

vs R(K )|exp = 1 .00± 0.01
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FITTING NP IN 

! Rates ratios R(D) and R(D*) are measured 

! Modify the (bc)( !") SM 4-fermion operator with other new 
physics contributions:

D⌧(! X ⌫̄⌧ )⌫⌧ and B ! D⇤(! DY )⌧(! X ⌫̄⌧ )⌫⌧ processes can be expressed explicitly

and compactly. Such explicit and compact expressions allow for very e�cient computation

of the relevant matrix elements required for reweighting the MC samples: The number of

terms in the amplitude-level computation scales linearly as O(
P

n mn) for the inclusion

of n NP currents, each with mn internal quantum numbers, compared to O
�
(
P

n mn)2
�

for approaches that calculate the matrix element squared directly. A software package

implementing these results, for use by experimental collaborations, is under preparation.1

In Sec. II we establish our notation and conventions. After deriving the amplitudes in

Sec. III, we proceed to consider example applications of this e�cient computational con-

struction. We construct a MC method in Sec. IV, in which MC data samples are reweighted

with matrices of weights. This reweighting need only be performed once per sample, and

the result can be used to generate data for any new physics model. Post-reweighting, for

any set of NP four-Fermi couplings, the distributions of kinematic observables Oi in bi bins

can be generated by a smaller set of only
P

i bi linear operations. The general problem of

reweighting a large MC dataset between di↵erent NP theories is thereby reduced to a much

smaller set of linear operations. We use this strategy to e�ciently generate 1D and 2D

distributions in ten kinematic observables, including lepton and pion energies and opening

angles, with and without phase space cuts, over a range of NP couplings. To demonstrate

the usefulness of e�ciently producing multidimensional distributions, we present a sample

bivariate analysis that exhibits higher distinguishing power between SM and NP theories,

compared to using only single kinematic distributions.

II. CONSTRUCTION

A. Operator basis

In addition to the SM four-Fermi interaction, we consider a complete set of four-Fermi

NP operators mediating b̄ ! c̄⌧+⌫⌧ decay, choosing an operator basis

Vector: i2
p
2VcbGF

✓
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⇤V

◆2 h
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↵V
L�

µPL + ↵V
R�

µPR

�
c
ih
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⌧
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, (2.1a)

Scalar: � i2
p
2VcbGF
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1
Hammer: Helicity Amplitude Module for Matrix Element Reweighting [52].
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Tensor: ! i2
"
2VcbGF

!
mW

! T

" 2 #$
b̄
%
! T

R" µ! PR
&
c
'$

#̄"
%
$T

L " µ! PR
&
%
'

+
$
b̄
%
! T

L " µ! PL
&
c
'$

#̄"
%
$T

R " µ! PL
&
%
'(

. (2.1c)

Here we have classified each operator according to the Lorentz structure – scalar, vector,

or tensor – of the contracted quark and lepton currents, b̄" c and #̄" " %. The CP conjugate

operators for b # c%! #̄" are obtained by complex conjugation. (We are careful to label

the tau neutrino in b̄ # c̄%+ #" distinctly from the tau antineutrino in %# #̄" X , and from

the light lepton flavored neutrino for X = &##. Henceforth we drop all other bars and sign

superscripts where the meaning is unambiguous.) We use the convention " µ! $ (i/ 2)[' µ , ' ! ].

NP couplings to the quark and lepton currents are denoted by ! and $, respectively,

normalized to g2Vcb/
"
2 and g2/

"
2, where g2 is the SU(2) electroweak coupling and Vcb is

the usual CKM element, while the scale of the operator is normalized to the W mass, mW .

If one views each operator as a tree-level exchange of a fictitious particle, then ! and $

correspond to its quark and lepton current couplings, respectively, and ! S,V,T corresponds

to the mediator mass. The NP couplings may be complex in general, admitting multiple

sources of CP violation. We label the chirality of the leptonic $ couplings according to the

tau neutrino chirality, in order to easily distinguish between contributions involving left-

and right-handed neutrinos, and hence contributions that do or do not interfere with the

SM operator. Neglecting neutrino masses, $L and $R terms do not interfere. The chirality

of the quark couplings ! L,R are defined by the chirality of the charm quark. The identity

" µ! ' 5 $
i
2

(µ!$%" $%, (2.2)

with (0123 = +1,2 guarantees the absence of ! T
L $T

L or ! T
R$T

R terms, so that there are only two

tensor operators. This yields a total of ten independent four-Fermi NP operators. Neutrino

flavor-violating e#ects are GIM-suppressed and may be neglected. Finally, we assume in

this paper that %decays are described by the SM, supported by the good agreement of SM

predictions with %decay data [53].

2 Our sign conventions imply that Tr[! µ ! ! ! " ! #! 5] = ! 4i "µ !#" . Fixing instead sign conventions such that

Tr[! µ ! ! ! " ! #! 5] = +4i "µ !#" , as done in many places in the literature, changes the sign of eq. (2.2), as

well as the sign of g(q2) and aT±, 0 (q
2) in eqs. (2.8).

6

! Fit to R(D) and R(D*), assuming ! and D* stable 

! Only procedure possible with publicly available information

B ! D(⇤)⌧⌫
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as rough guides only.)

As noted earlier, certain mediators can generate two
contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional ! 2 fits. While any two rates
can be explained by fitting two operator coe! cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe! cients of best fit points with ! 2

min < 5 and accept-
able q2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q2 spectra (especially in B̄ !
D " #̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di" erent q2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR –CSL plane (Fig. 2, left plot) are

Coe! cient(s) Best Þt value(s) (" = 1 TeV)

CVL 0.18 ± 0.04, ! 2.88 ± 0.04
CT 0.52 ± 0.02, ! 0.07 ± 0.02
C""

SL
! 0.46 ± 0.09

(CR , CL ) (1.25, ! 1.02), (! 2.84, 3.08)
(C"

VR
, C"

VL
) (! 0.01, 0.18), (0.01, ! 2.88)

(C""
SR

, C""
SL

) (0.35, ! 0.03), (0.96, 2.41),
(! 5.74, 0.03), (! 6.34, ! 2.39)

TABLE III. Best-Þt operator coe ! cients with acceptable
q2 spectra and ! 2

min < 5. For the 1D Þts in Fig. 1 we in-
clude the # ! 2 < 1 ranges (upper part), and show the central
values of the 2D Þts in Fig. 2 (lower part).

excluded [2], as indicated by the faded regions. In the
C!

VR
–C!

VL
plane (middle plot), we find the measured q2

spectra exclude regions that provide good fits to the total
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! good for obtaining coarse indications but not  a consistent nor optimal  procedure 

! much more information available in kinematics distributions 

! ! and D* unstable: O(1) changes due to interference e$ects (b/c of acceptance cuts, e$ects are 
di$erent between SM and new physics) 

! backgrounds a$ected by same new physics 

! decays not  fully reconstructible  due to 2(3) "Õs 

! form factors uncertainties  need to be taken into account 

Proper BSM fits/limits can only be performed within experimental collabs. using proper tools

FITTING NP IN B ! D(⇤)⌧⌫
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USING THE FULL KINEMATICS

! More information than just 
total rate or q 2 distribution
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new operators using the full 10-dimensional information as compared to using theq2 information
only, multivariate analysis techniques are employed. To quantify the difference in separation power
between the Standard Model scenario and a scenario including a generic new operator with a certain
coupling strength by using the full kinematic information as compared to onlyq2, we computeCLs

deÞned as:

CLs = 1!

R µ
! ! ONP(x)dx

1!
R !

µ OSM(x)dx
(3.1)

whereO is the output distribution of a multivariate analysis (MVA) approach that has been trained
to distinguish between a scenario including a generic new operator (ONP) and the Standard Model
scenario (OSM) with µ being the median ofONP. The result is shown in Figure3.
The following results forCLs are obtained:

Figure 3: MVA response for training the SM scenario vs. a NP scenario with a generic new operator once
with only q2 and once with the full kinematic information. The arrows show the median of the corresponding
distribution.

¥ CLs(q2) = 0.3319

¥ CLs(10D) = 0.5619

This shows that using the full kinematic information results in a separation power almost twice
as large for distinguishing between the Standard Model scenario and a scenario involving a generic
new operator, making the use of the full kinematic information much more favorable as compared
to only usingq2
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FIG. 4. Density contours of (1/�)d2�/dx dy for three pairs of kinematic observables, for the SM

(top row), gT = �0.38 (middle row) and their di↵erence (bottom row).

as well as in the two-dimensional q2 –E` parameter space. We choose these partitionings

at intersection points of contours of the SM and gT = �0.38 theories, to maximize their

di↵erence in each bin. From Figs. 2 and 4, this corresponds to 2-binning on either side of

q2 ' 7.25 GeV2 , E` ' 0.9 GeV , and E` ' 2.3 GeV� 0.21 GeV�1 q2 . (4.8)

The latter partition is shown by a gray dashed line on the q2 –E` di↵erence plot in the

bottom left panel in Fig. 4.

For each 2-binning, we define a discriminator,

�2
⌘

X

i,j=1,2

�
nH

i � nT

i

� 1

�2

ij

�
nH

j � nT

j

�
, (4.9)
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1D:

2D:

e.g.:   discriminating between SM  
and SM+NP with cT=-0.38:

(Difference of distributions) 10D:



NEW PHYSICS AND SHAPES

! Simultaneous Þt of signal + backgrounds → the kinematic 
distributions do depend on the signal used in the Þt, e.g.:
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FIG. 8. Background-subtracted q2 distributions of the ! signal in the region of M 2
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SM H2DM

B→D

B→D*



BACKGROUNDS & NEW PHYSICS

! Semileptonic decays to 
D** (higher orbital 
states) are important 
backgrounds:
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FIG. 1. Predictions for R(D !! ) as functions of a NP tensor coupling (left), and for R(X )/R (X )SM for all six D ( ! , !! ) states (right).
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FIG. 2. Predicted d �/ dw distributions normalized to the SM
rates for each of the four D ( !! ) states, in the SM (dashed
curves) and for ÷↵T

L
÷�T

L = 0 .35 (solid curves).

V. CONCLUSIONS

We have derived theB ! D⇤⇤! ø" decay rates for arbi-
trary beyond SM b ! c currents and Þnite charged lepton
mass, including all order! QCD /mc,b and #s terms in the
heavy quark e" ective theory expansion of the form fac-
tors.

To describe all b ! c current matrix elements, includ-
ing ! QCD /mc,b and #s corrections, only four functions
of w ($, ö$1, and ö%1,2) are needed to determine all twelve
B ! D1/ 2+

form factors in Eqs. (17) and (18) to this
order, as well as the mass parametersø! ⇤ and ø! . For
B ! D3/ 2+

decays, six functions ofw (&, ö&1,2, and ö' 1,2,3)
describe the sixteen form factors in Eqs. (23) and (24) at
this order, plus the mass parametersø! 0 and ø! .

With the above results, we have now all ingredients in
place to consistently study semileptonicB decays to the
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FIG. 3. Allowed ranges of R(D 1) and R(D !
2 ) for the two

narrow states, in the presence of any one of the four non-SM
currents with arbitrary weak phases.

six lightest charm mesons,B ! D(⇤,⇤⇤) ! ø" , for arbitrary
new physics and for arbitrary charged lepton masses.
These results are being implemented in theHammer[36]
Monte Carlo, which will allow reweighing fully simulated
and fully di " erential decays to arbitrary new physics.
This will lead to better control of both theoretical and
experimental uncertainties in R(D(⇤,⇤⇤) ) measurements,
as well as in the determinations of|Vcb| and |Vub| from
semileptonicB decays.

Unlike calculations using model-dependent inputs on
the form factors, our predictions are systematically im-
provable with more data on the B ! D⇤⇤lø" decays
to light lepton Þnal states and/or input from lattice
QCD. The upcoming much larger data sets at LHCb and
Belle II will answer many important questions.

Bernlocher, Ligeti, Robinson 1711.03110

9

)4/c2(GeV2
missM

0.2! 0 0.2 0.4 0.6 0.8

E
ve

nt
s

20

40

60

80

100

120

140

160
"# D*$B

"# D$B
" D*l$B

" Dl$B
other BG

" D**l$B

'NBo
8! 6! 4! 2! 0 2 4 6

E
ve

nt
s

10

20

30

40

50

60

70

80

)4/c2(GeV2
missM

0.2! 0 0.2 0.4 0.6 0.8

E
ve

nt
s

100

200

300

400

500

'NBo
8− 6− 4− 2− 0 2 4 6

E
ve

nt
s

100

200

300

400

500

FIG. 1. Fit projections and data points with statistical uncertainties in the D + ! ! (top) and D 0! ! (bottom) data samples.
Left: M 2

miss distribution for M 2
miss < 0.85 GeV2/ c4; right: o"

NB distribution for M 2
miss > 0.85 GeV2/ c4.

to the poorly determined branching fractions to the dif-
ferent D !! states. The fit is therefore repeated several
times: twice for each D !! state, with its branching frac-
tions varied within its uncertainties. We use the follow-
ing uncertainties: 42.3% for D !

2 , 34.6% for D !
0 , 14.9%

for D1, 36.2% for D "
1, and 100.0% for the radially ex-

cited D (2S) and D ! (2S). The best-fit variations in R
are used as systematic uncertainties. They are combined
quadratically and quoted in Table IV as “D !! composi-
tion.”

All fixed factors used in the fit are varied by their un-
certainty (arising from the MC sample size). The influ-

ence of the uncertainty of these factors is shown indi-
vidually in Table IV. Most factors—especially the fixed
yields—have little influence on the overall uncertainty;
the e! ciency ratios f D + , 0

and f D ! + , 0

e! and the cross-
feed probability ratios g+ ,0 give the largest contributions,
comparable to the D !! composition and D (! ( ! )) !" shape
uncertainties.

To evaluate the e" ect of PDF uncertainties, the shapes
of all components are modified and the fit is repeated.
The nominal fit uses smoothed-histogram PDFs in M 2

miss ;
here, these are replaced by unsmoothed-histogram PDFs.
The variation of the best-fit R is taken as the symmetric
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to the poorly determined branching fractions to the dif-
ferent D !! states. The Þt is therefore repeated several
times: twice for eachD !! state, with its branching frac-
tions varied within its uncertainties. We use the follow-
ing uncertainties: 42.3 % for D !

2, 34.6 % for D !
0, 14.9 %

for D1, 36.2 % for D "
1, and 100.0 % for the radially ex-

cited D(2S) and D ! (2S). The best-Þt variations in R
are used as systematic uncertainties. They are combined
quadratically and quoted in Table IV as ÒD !! composi-
tion.Ó

All Þxed factors used in the Þt are varied by their un-
certainty (arising from the MC sample size). The inßu-

ence of the uncertainty of these factors is shown indi-
vidually in Table IV. Most factorsÑespecially the Þxed
yieldsÑhave little inßuence on the overall uncertainty;
the e! ciency ratios f D + , 0

and f D ! + , 0

e! and the cross-
feed probability ratios g+ ,0 give the largest contributions,
comparable to the D !! composition and D (! ( ! )) !" shape
uncertainties.

To evaluate the e" ect of PDF uncertainties, the shapes
of all components are modiÞed and the Þt is repeated.
The nominal Þt uses smoothed-histogram PDFs inM 2

miss ;
here, these are replaced by unsmoothed-histogram PDFs.
The variation of the best-Þt R is taken as the symmetric
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! B→D** !" more sensitive to 
new physics than D and D*!  

→ Need to float signal and background 
simultaneosly in NP fit



FORM FACTORS & NEW PHYSICS

! New physics  ↔ 
observables relations 
(obviously) depend 
on form factors 

! sizable shifts in 
allowed new physics 
range if changing FFs 

! need to take into 
account form factor 
uncertainties
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FIG. 5. The allowed ranges ofR(D) ! R(D ! ), due to one of the new physics operators in addition

to the SM: OS ! OP (top left), OS + OP (top right), OV + OA (bottom left), OT (bottom right).

IV. SUMMARY AND OUTLOOK

We performed a novel combined Þt of theB " Dl ø! and B " D ! l ø! di! erential rates

and angular distributions, consistently including the HQET relations toO(" QCD /m c,b, " s).

Under various Þt scenarios, that use or omit lattice QCD and QCD sum rule predictions, we

constrain the leading and subleading Isgur-Wise functions. We thus obtain strong constraints

on all form factors, and predictions for the form factor ratiosR1,2 as well asR(D (! ) ), both in

the SM and in arbitrary NP scenarios, valid atO(" s) and O(" QCD /m c,b). Our most precise

prediction for R(D (! ) ), in the ÒLw" 1+SRÓ Þt, using the experimental data and all lattice

QCD and QCDSR inputs is

R(D) = 0 .299± 0.003, R(D ! ) = 0 .257± 0.003, (42)

23

HQET NLO: Bernlocher, Ligeti, MP, Robinson 1703.05330
HQET LO: Tanaka 1212.1878



CHALLENGES IN FITTING NEW PHYSICS

! Experiments have large samples of fully simulated events → 
produce NP events too time consuming  (and no MonteCarlos 
have general NP implemented for B→D(*,**)  decays) 

! Many parameters for general SM + NP Þt  ( 10 NP Wilson  
coe$Õs, FF uncertÕ, É) → need fast likelihood evaluation

Solution:  HAMMER 

a tool for efficient event reweighing!

Helicity Amplitude Module for Matrix
Element Reweighting: Hammer

Florian Bernlochner, Stephan Duell, Zoltan Ligeti

Michele Papucci, Dean Robinson

LHCb Semitauonic Workshop

Nov 2017

Based on: 1610.02045 (Z Ligeti, M Papucci, & DR)

1703.05330 (F Bernlochner, Z Ligeti, M Papucci & DR )

1711.xxxxx (F Bernlochner, Z Ligeti, & DR )

Bernlocher, Duell, Ligeti, MP, Robinson 180x.yyyyy



HAMMERÕS IDEA
! Compute amplitudes instead of squared matrix elements 

(speed: O(n) vs O(n 2) terms) 

! Keep full spin correlation and interference e$ects  

! Amplitudes are linear in Wilson coe%cients:

and [B! ]+1,2 = ei (" ! ! " W ) [B! ]!1,2. Note the quantum number,s#! , belonging to the! neutrino

in the parent B ! D (" ) ! " $ process, is a consequence of our spinor phase conventions in

eq. (3.5), which ensures that#$ appears only in the physical combination#$ � #W .

For ! ! $ø" $, we adopt deÞnitions for the helicity angles by replacing theW with a pion

in the ! decay within Fig. 1, and replacing (%W , #W ) ! (%%, #%) and pµ
! pµ

%. The helicity

amplitudes [A $# %ø#! ]s" !
s! ⌘ [B%]s" !

s! are found to be

[B%]!1 = �i2
p

2GF f %m$

!
m2

$ � m2
%cos

%%

2
, (3.12a)

[B%]!2 = �i2
p

2GF f %m$e! i (" ! ! " # )
!

m2
$ � m2

%sin
%%

2
, (3.12b)

and [B%]+1,2 = ei (" ! ! " # ) [B%]!1,2. Here f % = 93 MeV is the pion decay constant.

IV. APPLICATIONS

The computation of the NP helicity amplitudes forB ! D (" ) (! DY )! (! X ø" $)" $ decays

permits us to e! ciently reweigh large Monte Carlo samples to any theory generated by the

NP operators (2.1). We may thereby access the full kinematic structure of the (visible)! and

D " decay products, and explore the NP e" ects therein. To illustrate the potential usefulness

and NP discrimination power of these results, in this section we provide a Þrst exploration of

such NP e" ects forB ! D " (! D$)! (! &"! ø" $)" $, focusing on NP scenarios compatible with

the B ! D (" ) ! " $ rate [26]. We include e" ects ofq2, missing momentum, and lepton energy

cuts in this analysis. However, background modelling, detector simulations, orB ! D!" $

pollution, all of which are required for a realistic analysis, are deferred to a future study [52].

A. Monte Carlo strategy

In accordance with the results of Sec. III, the fullB ! D " (! D$)! (! &"! ø" $)" $ helicity

amplitudes may be expressed in the linear form

[M ]s" !
sø" ! s$s" $

= 'v á[ 'M v]s" !
sø" ! s$s" $

, (4.1)

where 'M v is a vector of amplitudes and the 11-dimensional vector'v is

'v =
"

1, ( S
R) S

L r 2
S , ( S

R) S
Rr 2

S , ( S
L ) S

L r 2
S , ( S

L ) S
Rr 2

S , ( V
R ) V

L r 2
V ,

17

MC Strategy
Compactamplitudeexpressions forB ! D(! ,!! ) (! DY)! " ! and
! ! X" ! now available for all NP!

¥ For given WCÕs, can quickly compute NP event weights.

¥ A faster approach:Decompose amplitudes intovector of
amplitudesin NP space.

[M ]s! "
s! " s#s! #

= !v á[ !M v ]s! "
s! " s#s! #

,

and

!v =
!

1 , CS
RL , CS

LL , CS
LR , CS

RR , CV
RL , CV

LL , CV
LR , CV

RR , CT
RL , CT

LR

"
.

¥ #M v is independent of the particular NP model!
¥ Can also linearize in the FFs, produces amplitude tensorM " ,i

Dean Robinson dean.robinson@uc.edu hammer 6 | 19

Depends on NP Independent of NP 

Strip NP coefficients and compute once the NP-independent amplitude 
(complex) tensor for each event



! Squared matrix element w/o NP physics coe%cients: 

! complex weight matrix:

W = v  á W áv
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W! ," = ( F F á M! )  (F F á M)"
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! Perform all operations in terms of weight matrices 
(histogramming, É) 

! Real weights can be obtained by simple dot products at the 
end during Þtting

HAMMERÕS IDEA



W =
!
!v! F Fi M i

!

!
!2
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W ij
! ," =

!
M i

!

"  
M j

"
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! Similar treatment for form factors: weight matrix → rank 4 
tensor

HAMMERÕS IDEA

! Facilitates switching form factor parameterization and/or 
including form factor uncertainties 



HAMMER ARCHITECTURE

Rough hammer workflow
hammer will allow Belle II and LHCb to e�ciently reweight fully

simulated samples to arbitrary NP points and FF

parametrizations (with errors)

Truth level eventsDetector Sim

Compute reweight-

ing M–,i with hammer
A fully generalized tensor wrt NP

wilson coe! cients and FF basis

Histogram weight tensor W = MM
 

in (set of) kinematic observables
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FF parametrization

fit + errors

B æ D(ú)l‹ Data

Store event plus M–,i : complex doubles

Contract with NP Wilson coe� vector

(and FFs) for distributions or weights

Event
#

Dean Robinson dean.robinson@uc.edu hammer 8 | 19

Diagram by D.Robinson

(C++ library w/ python bindings → easily interfaceable with existing software) 



HAMMER LIBRARIES

! Available amplitudes:

B ! D`⌫
<latexit sha1_base64="aqgtxOq2ofjAjW9CCfe+auo/94o=">AAAB/3icbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKDeSvXgsYKxhSaUzXbTLt1swu5GKaEX/4oXDype/Rve/Ddu2xy09cHA470ZZuaFKWdKO863VVpaXlldK69XNja3tnfs3b17lWSSUI8kPJHtECvKmaCeZprTdiopjkNOW+HwauK3HqhULBF3epTSIMZ9wSJGsDZS1z5o+JL1BxpLmTyia+RTzpEvsq5ddWrOFGiRuAWpQoFm1/7yewnJYio04VipjuukOsix1IxwOq74maIpJkPcpx1DBY6pCvLpA2N0bJQeihJpSmg0VX9P5DhWahSHpjPGeqDmvYn4n9fJdHQR5EykmaaCzBZFGUc6QZM0UI9JSjQfGYKJZOZWRAZYYqJNZhUTgjv/8iLxTmuXNff2rFpvFGmU4RCO4ARcOIc63EATPCAwhmd4hTfryXqx3q2PWWvJKmb24Q+szx9R3ZXI</latexit><latexit sha1_base64="aqgtxOq2ofjAjW9CCfe+auo/94o=">AAAB/3icbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKDeSvXgsYKxhSaUzXbTLt1swu5GKaEX/4oXDype/Rve/Ddu2xy09cHA470ZZuaFKWdKO863VVpaXlldK69XNja3tnfs3b17lWSSUI8kPJHtECvKmaCeZprTdiopjkNOW+HwauK3HqhULBF3epTSIMZ9wSJGsDZS1z5o+JL1BxpLmTyia+RTzpEvsq5ddWrOFGiRuAWpQoFm1/7yewnJYio04VipjuukOsix1IxwOq74maIpJkPcpx1DBY6pCvLpA2N0bJQeihJpSmg0VX9P5DhWahSHpjPGeqDmvYn4n9fJdHQR5EykmaaCzBZFGUc6QZM0UI9JSjQfGYKJZOZWRAZYYqJNZhUTgjv/8iLxTmuXNff2rFpvFGmU4RCO4ARcOIc63EATPCAwhmd4hTfryXqx3q2PWWvJKmb24Q+szx9R3ZXI</latexit><latexit sha1_base64="aqgtxOq2ofjAjW9CCfe+auo/94o=">AAAB/3icbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKDeSvXgsYKxhSaUzXbTLt1swu5GKaEX/4oXDype/Rve/Ddu2xy09cHA470ZZuaFKWdKO863VVpaXlldK69XNja3tnfs3b17lWSSUI8kPJHtECvKmaCeZprTdiopjkNOW+HwauK3HqhULBF3epTSIMZ9wSJGsDZS1z5o+JL1BxpLmTyia+RTzpEvsq5ddWrOFGiRuAWpQoFm1/7yewnJYio04VipjuukOsix1IxwOq74maIpJkPcpx1DBY6pCvLpA2N0bJQeihJpSmg0VX9P5DhWahSHpjPGeqDmvYn4n9fJdHQR5EykmaaCzBZFGUc6QZM0UI9JSjQfGYKJZOZWRAZYYqJNZhUTgjv/8iLxTmuXNff2rFpvFGmU4RCO4ARcOIc63EATPCAwhmd4hTfryXqx3q2PWWvJKmb24Q+szx9R3ZXI</latexit><latexit sha1_base64="aqgtxOq2ofjAjW9CCfe+auo/94o=">AAAB/3icbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKDeSvXgsYKxhSaUzXbTLt1swu5GKaEX/4oXDype/Rve/Ddu2xy09cHA470ZZuaFKWdKO863VVpaXlldK69XNja3tnfs3b17lWSSUI8kPJHtECvKmaCeZprTdiopjkNOW+HwauK3HqhULBF3epTSIMZ9wSJGsDZS1z5o+JL1BxpLmTyia+RTzpEvsq5ddWrOFGiRuAWpQoFm1/7yewnJYio04VipjuukOsix1IxwOq74maIpJkPcpx1DBY6pCvLpA2N0bJQeihJpSmg0VX9P5DhWahSHpjPGeqDmvYn4n9fJdHQR5EykmaaCzBZFGUc6QZM0UI9JSjQfGYKJZOZWRAZYYqJNZhUTgjv/8iLxTmuXNff2rFpvFGmU4RCO4ARcOIc63EATPCAwhmd4hTfryXqx3q2PWWvJKmb24Q+szx9R3ZXI</latexit><latexit sha1_base64="aqgtxOq2ofjAjW9CCfe+auo/94o=">AAAB/3icbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKDeSvXgsYKxhSaUzXbTLt1swu5GKaEX/4oXDype/Rve/Ddu2xy09cHA470ZZuaFKWdKO863VVpaXlldK69XNja3tnfs3b17lWSSUI8kPJHtECvKmaCeZprTdiopjkNOW+HwauK3HqhULBF3epTSIMZ9wSJGsDZS1z5o+JL1BxpLmTyia+RTzpEvsq5ddWrOFGiRuAWpQoFm1/7yewnJYio04VipjuukOsix1IxwOq74maIpJkPcpx1DBY6pCvLpA2N0bJQeihJpSmg0VX9P5DhWahSHpjPGeqDmvYn4n9fJdHQR5EykmaaCzBZFGUc6QZM0UI9JSjQfGYKJZOZWRAZYYqJNZhUTgjv/8iLxTmuXNff2rFpvFGmU4RCO4ARcOIc63EATPCAwhmd4hTfryXqx3q2PWWvJKmb24Q+szx9R3ZXI</latexit>

B ! D ! !"
<latexit sha1_base64="+TJjNpeMXBWMdUuBz/22bcyjm1k=">AAACAXicbVBNS8NAEN34WetX1JN4WSyCeCiJCOqtVA8eKxhbaGrZbCft0s0m7G6UEooX/4oXDype/Rfe/Ddu2xy09cHA470ZZuYFCWdKO863NTe/sLi0XFgprq6tb2zaW9u3Kk4lBY/GPJaNgCjgTICnmebQSCSQKOBQD/oXI79+D1KxWNzoQQKtiHQFCxkl2khte7fqS9btaSJl/IAv746wD5xjX6Rtu+SUnTHwLHFzUkI5am37y+/ENI1AaMqJUk3XSXQrI1IzymFY9FMFCaF90oWmoYJEoFrZ+IUhPjBKB4exNCU0Hqu/JzISKTWIAtMZEd1T095I/M9rpjo8a2VMJKkGQSeLwpRjHeNRHrjDJFDNB4YQKpm5FdMekYRqk1rRhOBOvzxLvOPyedm9PilVqnkaBbSH9tEhctEpqqArVEMeougRPaNX9GY9WS/Wu/UxaZ2z8pkd9AfW5w95npZk</latexit><latexit sha1_base64="+TJjNpeMXBWMdUuBz/22bcyjm1k=">AAACAXicbVBNS8NAEN34WetX1JN4WSyCeCiJCOqtVA8eKxhbaGrZbCft0s0m7G6UEooX/4oXDype/Rfe/Ddu2xy09cHA470ZZuYFCWdKO863NTe/sLi0XFgprq6tb2zaW9u3Kk4lBY/GPJaNgCjgTICnmebQSCSQKOBQD/oXI79+D1KxWNzoQQKtiHQFCxkl2khte7fqS9btaSJl/IAv746wD5xjX6Rtu+SUnTHwLHFzUkI5am37y+/ENI1AaMqJUk3XSXQrI1IzymFY9FMFCaF90oWmoYJEoFrZ+IUhPjBKB4exNCU0Hqu/JzISKTWIAtMZEd1T095I/M9rpjo8a2VMJKkGQSeLwpRjHeNRHrjDJFDNB4YQKpm5FdMekYRqk1rRhOBOvzxLvOPyedm9PilVqnkaBbSH9tEhctEpqqArVEMeougRPaNX9GY9WS/Wu/UxaZ2z8pkd9AfW5w95npZk</latexit><latexit sha1_base64="+TJjNpeMXBWMdUuBz/22bcyjm1k=">AAACAXicbVBNS8NAEN34WetX1JN4WSyCeCiJCOqtVA8eKxhbaGrZbCft0s0m7G6UEooX/4oXDype/Rfe/Ddu2xy09cHA470ZZuYFCWdKO863NTe/sLi0XFgprq6tb2zaW9u3Kk4lBY/GPJaNgCjgTICnmebQSCSQKOBQD/oXI79+D1KxWNzoQQKtiHQFCxkl2khte7fqS9btaSJl/IAv746wD5xjX6Rtu+SUnTHwLHFzUkI5am37y+/ENI1AaMqJUk3XSXQrI1IzymFY9FMFCaF90oWmoYJEoFrZ+IUhPjBKB4exNCU0Hqu/JzISKTWIAtMZEd1T095I/M9rpjo8a2VMJKkGQSeLwpRjHeNRHrjDJFDNB4YQKpm5FdMekYRqk1rRhOBOvzxLvOPyedm9PilVqnkaBbSH9tEhctEpqqArVEMeougRPaNX9GY9WS/Wu/UxaZ2z8pkd9AfW5w95npZk</latexit><latexit sha1_base64="+TJjNpeMXBWMdUuBz/22bcyjm1k=">AAACAXicbVBNS8NAEN34WetX1JN4WSyCeCiJCOqtVA8eKxhbaGrZbCft0s0m7G6UEooX/4oXDype/Rfe/Ddu2xy09cHA470ZZuYFCWdKO863NTe/sLi0XFgprq6tb2zaW9u3Kk4lBY/GPJaNgCjgTICnmebQSCSQKOBQD/oXI79+D1KxWNzoQQKtiHQFCxkl2khte7fqS9btaSJl/IAv746wD5xjX6Rtu+SUnTHwLHFzUkI5am37y+/ENI1AaMqJUk3XSXQrI1IzymFY9FMFCaF90oWmoYJEoFrZ+IUhPjBKB4exNCU0Hqu/JzISKTWIAtMZEd1T095I/M9rpjo8a2VMJKkGQSeLwpRjHeNRHrjDJFDNB4YQKpm5FdMekYRqk1rRhOBOvzxLvOPyedm9PilVqnkaBbSH9tEhctEpqqArVEMeougRPaNX9GY9WS/Wu/UxaZ2z8pkd9AfW5w95npZk</latexit><latexit sha1_base64="+TJjNpeMXBWMdUuBz/22bcyjm1k=">AAACAXicbVBNS8NAEN34WetX1JN4WSyCeCiJCOqtVA8eKxhbaGrZbCft0s0m7G6UEooX/4oXDype/Rfe/Ddu2xy09cHA470ZZuYFCWdKO863NTe/sLi0XFgprq6tb2zaW9u3Kk4lBY/GPJaNgCjgTICnmebQSCSQKOBQD/oXI79+D1KxWNzoQQKtiHQFCxkl2khte7fqS9btaSJl/IAv746wD5xjX6Rtu+SUnTHwLHFzUkI5am37y+/ENI1AaMqJUk3XSXQrI1IzymFY9FMFCaF90oWmoYJEoFrZ+IUhPjBKB4exNCU0Hqu/JzISKTWIAtMZEd1T095I/M9rpjo8a2VMJKkGQSeLwpRjHeNRHrjDJFDNB4YQKpm5FdMekYRqk1rRhOBOvzxLvOPyedm9PilVqnkaBbSH9tEhctEpqqArVEMeougRPaNX9GY9WS/Wu/UxaZ2z8pkd9AfW5w95npZk</latexit>

(! = e, µ, " )
<latexit sha1_base64="eU7F0tcBtgQ0Xzf2BcQsWpbVEVc=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSxChVISEdSDUPTisYKxhSaUzXbSLt18sLsRQqh/xYsHFa/+EW/+G7dtDtr6YODx3gwz8/yEM6ks69sorayurW+UNytb2zu7e+b+wYOMU0HBoTGPRdcnEjiLwFFMcegmAkjoc+j445up33kEIVkc3assAS8kw4gFjBKlpb5ZrbvAOb7C0HDDtOEqkp70zZrVtGbAy8QuSA0VaPfNL3cQ0zSESFFOpOzZVqK8nAjFKIdJxU0lJISOyRB6mkYkBOnls+Mn+FgrAxzEQlek8Ez9PZGTUMos9HVnSNRILnpT8T+vl6rgwstZlKQKIjpfFKQcqxhPk8ADJoAqnmlCqGD6VkxHRBCqdF4VHYK9+PIycU6bl0377qzWui7SKKNDdITqyEbnqIVuURs5iKIMPaNX9GY8GS/Gu/Exby0ZxUwV/YHx+QMDh5NF</latexit><latexit sha1_base64="eU7F0tcBtgQ0Xzf2BcQsWpbVEVc=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSxChVISEdSDUPTisYKxhSaUzXbSLt18sLsRQqh/xYsHFa/+EW/+G7dtDtr6YODx3gwz8/yEM6ks69sorayurW+UNytb2zu7e+b+wYOMU0HBoTGPRdcnEjiLwFFMcegmAkjoc+j445up33kEIVkc3assAS8kw4gFjBKlpb5ZrbvAOb7C0HDDtOEqkp70zZrVtGbAy8QuSA0VaPfNL3cQ0zSESFFOpOzZVqK8nAjFKIdJxU0lJISOyRB6mkYkBOnls+Mn+FgrAxzEQlek8Ez9PZGTUMos9HVnSNRILnpT8T+vl6rgwstZlKQKIjpfFKQcqxhPk8ADJoAqnmlCqGD6VkxHRBCqdF4VHYK9+PIycU6bl0377qzWui7SKKNDdITqyEbnqIVuURs5iKIMPaNX9GY8GS/Gu/Exby0ZxUwV/YHx+QMDh5NF</latexit><latexit sha1_base64="eU7F0tcBtgQ0Xzf2BcQsWpbVEVc=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSxChVISEdSDUPTisYKxhSaUzXbSLt18sLsRQqh/xYsHFa/+EW/+G7dtDtr6YODx3gwz8/yEM6ks69sorayurW+UNytb2zu7e+b+wYOMU0HBoTGPRdcnEjiLwFFMcegmAkjoc+j445up33kEIVkc3assAS8kw4gFjBKlpb5ZrbvAOb7C0HDDtOEqkp70zZrVtGbAy8QuSA0VaPfNL3cQ0zSESFFOpOzZVqK8nAjFKIdJxU0lJISOyRB6mkYkBOnls+Mn+FgrAxzEQlek8Ez9PZGTUMos9HVnSNRILnpT8T+vl6rgwstZlKQKIjpfFKQcqxhPk8ADJoAqnmlCqGD6VkxHRBCqdF4VHYK9+PIycU6bl0377qzWui7SKKNDdITqyEbnqIVuURs5iKIMPaNX9GY8GS/Gu/Exby0ZxUwV/YHx+QMDh5NF</latexit><latexit sha1_base64="eU7F0tcBtgQ0Xzf2BcQsWpbVEVc=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSxChVISEdSDUPTisYKxhSaUzXbSLt18sLsRQqh/xYsHFa/+EW/+G7dtDtr6YODx3gwz8/yEM6ks69sorayurW+UNytb2zu7e+b+wYOMU0HBoTGPRdcnEjiLwFFMcegmAkjoc+j445up33kEIVkc3assAS8kw4gFjBKlpb5ZrbvAOb7C0HDDtOEqkp70zZrVtGbAy8QuSA0VaPfNL3cQ0zSESFFOpOzZVqK8nAjFKIdJxU0lJISOyRB6mkYkBOnls+Mn+FgrAxzEQlek8Ez9PZGTUMos9HVnSNRILnpT8T+vl6rgwstZlKQKIjpfFKQcqxhPk8ADJoAqnmlCqGD6VkxHRBCqdF4VHYK9+PIycU6bl0377qzWui7SKKNDdITqyEbnqIVuURs5iKIMPaNX9GY8GS/Gu/Exby0ZxUwV/YHx+QMDh5NF</latexit><latexit sha1_base64="eU7F0tcBtgQ0Xzf2BcQsWpbVEVc=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSxChVISEdSDUPTisYKxhSaUzXbSLt18sLsRQqh/xYsHFa/+EW/+G7dtDtr6YODx3gwz8/yEM6ks69sorayurW+UNytb2zu7e+b+wYOMU0HBoTGPRdcnEjiLwFFMcegmAkjoc+j445up33kEIVkc3assAS8kw4gFjBKlpb5ZrbvAOb7C0HDDtOEqkp70zZrVtGbAy8QuSA0VaPfNL3cQ0zSESFFOpOzZVqK8nAjFKIdJxU0lJISOyRB6mkYkBOnls+Mn+FgrAxzEQlek8Ez9PZGTUMos9HVnSNRILnpT8T+vl6rgwstZlKQKIjpfFKQcqxhPk8ADJoAqnmlCqGD6VkxHRBCqdF4VHYK9+PIycU6bl0377qzWui7SKKNDdITqyEbnqIVuURs5iKIMPaNX9GY8GS/Gu/Exby0ZxUwV/YHx+QMDh5NF</latexit>

D⇤ ! D⇡
<latexit sha1_base64="JbF/+etnZOINv3eFlPTA4NXYRtw=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCeCiJCOqtaA8eKxhbaGLZbDft0s1u2N0oIdS/4sWDilf/iDf/jds2B219MPB4b4aZeWHCqNKO822VlpZXVtfK65WNza3tHXt3706JVGLiYcGE7IRIEUY58TTVjHQSSVAcMtIOR1cTv/1ApKKC3+osIUGMBpxGFCNtpJ5dbd4f+5IOhhpJKR5h009oz645dWcKuEjcgtRAgVbP/vL7Aqcx4RozpFTXdRId5EhqihkZV/xUkQThERqQrqEcxUQF+fT4MTw0Sh9GQpriGk7V3xM5ipXK4tB0xkgP1bw3Ef/zuqmOzoOc8iTVhOPZoihlUAs4SQL2qSRYs8wQhCU1t0I8RBJhbfKqmBDc+ZcXiXdSv6i7N6e1xmWRRhnsgwNwBFxwBhrgGrSABzDIwDN4BW/Wk/VivVsfs9aSVcxUwR9Ynz+TOZRH</latexit><latexit sha1_base64="JbF/+etnZOINv3eFlPTA4NXYRtw=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCeCiJCOqtaA8eKxhbaGLZbDft0s1u2N0oIdS/4sWDilf/iDf/jds2B219MPB4b4aZeWHCqNKO822VlpZXVtfK65WNza3tHXt3706JVGLiYcGE7IRIEUY58TTVjHQSSVAcMtIOR1cTv/1ApKKC3+osIUGMBpxGFCNtpJ5dbd4f+5IOhhpJKR5h009oz645dWcKuEjcgtRAgVbP/vL7Aqcx4RozpFTXdRId5EhqihkZV/xUkQThERqQrqEcxUQF+fT4MTw0Sh9GQpriGk7V3xM5ipXK4tB0xkgP1bw3Ef/zuqmOzoOc8iTVhOPZoihlUAs4SQL2qSRYs8wQhCU1t0I8RBJhbfKqmBDc+ZcXiXdSv6i7N6e1xmWRRhnsgwNwBFxwBhrgGrSABzDIwDN4BW/Wk/VivVsfs9aSVcxUwR9Ynz+TOZRH</latexit><latexit sha1_base64="JbF/+etnZOINv3eFlPTA4NXYRtw=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCeCiJCOqtaA8eKxhbaGLZbDft0s1u2N0oIdS/4sWDilf/iDf/jds2B219MPB4b4aZeWHCqNKO822VlpZXVtfK65WNza3tHXt3706JVGLiYcGE7IRIEUY58TTVjHQSSVAcMtIOR1cTv/1ApKKC3+osIUGMBpxGFCNtpJ5dbd4f+5IOhhpJKR5h009oz645dWcKuEjcgtRAgVbP/vL7Aqcx4RozpFTXdRId5EhqihkZV/xUkQThERqQrqEcxUQF+fT4MTw0Sh9GQpriGk7V3xM5ipXK4tB0xkgP1bw3Ef/zuqmOzoOc8iTVhOPZoihlUAs4SQL2qSRYs8wQhCU1t0I8RBJhbfKqmBDc+ZcXiXdSv6i7N6e1xmWRRhnsgwNwBFxwBhrgGrSABzDIwDN4BW/Wk/VivVsfs9aSVcxUwR9Ynz+TOZRH</latexit><latexit sha1_base64="JbF/+etnZOINv3eFlPTA4NXYRtw=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCeCiJCOqtaA8eKxhbaGLZbDft0s1u2N0oIdS/4sWDilf/iDf/jds2B219MPB4b4aZeWHCqNKO822VlpZXVtfK65WNza3tHXt3706JVGLiYcGE7IRIEUY58TTVjHQSSVAcMtIOR1cTv/1ApKKC3+osIUGMBpxGFCNtpJ5dbd4f+5IOhhpJKR5h009oz645dWcKuEjcgtRAgVbP/vL7Aqcx4RozpFTXdRId5EhqihkZV/xUkQThERqQrqEcxUQF+fT4MTw0Sh9GQpriGk7V3xM5ipXK4tB0xkgP1bw3Ef/zuqmOzoOc8iTVhOPZoihlUAs4SQL2qSRYs8wQhCU1t0I8RBJhbfKqmBDc+ZcXiXdSv6i7N6e1xmWRRhnsgwNwBFxwBhrgGrSABzDIwDN4BW/Wk/VivVsfs9aSVcxUwR9Ynz+TOZRH</latexit><latexit sha1_base64="JbF/+etnZOINv3eFlPTA4NXYRtw=">AAAB+3icbVBNS8NAEN3Ur1q/oj16WSyCeCiJCOqtaA8eKxhbaGLZbDft0s1u2N0oIdS/4sWDilf/iDf/jds2B219MPB4b4aZeWHCqNKO822VlpZXVtfK65WNza3tHXt3706JVGLiYcGE7IRIEUY58TTVjHQSSVAcMtIOR1cTv/1ApKKC3+osIUGMBpxGFCNtpJ5dbd4f+5IOhhpJKR5h009oz645dWcKuEjcgtRAgVbP/vL7Aqcx4RozpFTXdRId5EhqihkZV/xUkQThERqQrqEcxUQF+fT4MTw0Sh9GQpriGk7V3xM5ipXK4tB0xkgP1bw3Ef/zuqmOzoOc8iTVhOPZoihlUAs4SQL2qSRYs8wQhCU1t0I8RBJhbfKqmBDc+ZcXiXdSv6i7N6e1xmWRRhnsgwNwBFxwBhrgGrSABzDIwDN4BW/Wk/VivVsfs9aSVcxUwR9Ynz+TOZRH</latexit>

D ! ! D !
<latexit sha1_base64="93Dq78qQAedENmcxaqTK5d00XMc=">AAAB/nicbVA9SwNBEN3zM8avqGBjsxgEsQh3Iqhd0BSWEYwJ5M4wt9lcluzuHbt7Sogp/Cs2Fiq2/g47/42b5ApNfDDweG+GmXlhwpk2rvvtzM0vLC4t51byq2vrG5uFre1bHaeK0BqJeawaIWjKmaQ1wwynjURRECGn9bB3OfLr91RpFssb009oICCSrMMIGCu1CruVuyNfsahrQKn4AVf8CISAVqHoltwx8CzxMlJEGaqtwpffjkkqqDSEg9ZNz01MMABlGOF0mPdTTRMgPYho01IJgupgML5/iA+s0sadWNmSBo/V3xMDEFr3RWg7BZiunvZG4n9eMzWds2DAZJIaKslkUSfl2MR4FAZuM0WJ4X1LgChmb8WkCwqIsZHlbQje9MuzpHZcOi951yfF8kWWRg7toX10iDx0isroClVRDRH0iJ7RK3pznpwX5935mLTOOdnMDvoD5/MH23aVjw==</latexit><latexit sha1_base64="93Dq78qQAedENmcxaqTK5d00XMc=">AAAB/nicbVA9SwNBEN3zM8avqGBjsxgEsQh3Iqhd0BSWEYwJ5M4wt9lcluzuHbt7Sogp/Cs2Fiq2/g47/42b5ApNfDDweG+GmXlhwpk2rvvtzM0vLC4t51byq2vrG5uFre1bHaeK0BqJeawaIWjKmaQ1wwynjURRECGn9bB3OfLr91RpFssb009oICCSrMMIGCu1CruVuyNfsahrQKn4AVf8CISAVqHoltwx8CzxMlJEGaqtwpffjkkqqDSEg9ZNz01MMABlGOF0mPdTTRMgPYho01IJgupgML5/iA+s0sadWNmSBo/V3xMDEFr3RWg7BZiunvZG4n9eMzWds2DAZJIaKslkUSfl2MR4FAZuM0WJ4X1LgChmb8WkCwqIsZHlbQje9MuzpHZcOi951yfF8kWWRg7toX10iDx0isroClVRDRH0iJ7RK3pznpwX5935mLTOOdnMDvoD5/MH23aVjw==</latexit><latexit sha1_base64="93Dq78qQAedENmcxaqTK5d00XMc=">AAAB/nicbVA9SwNBEN3zM8avqGBjsxgEsQh3Iqhd0BSWEYwJ5M4wt9lcluzuHbt7Sogp/Cs2Fiq2/g47/42b5ApNfDDweG+GmXlhwpk2rvvtzM0vLC4t51byq2vrG5uFre1bHaeK0BqJeawaIWjKmaQ1wwynjURRECGn9bB3OfLr91RpFssb009oICCSrMMIGCu1CruVuyNfsahrQKn4AVf8CISAVqHoltwx8CzxMlJEGaqtwpffjkkqqDSEg9ZNz01MMABlGOF0mPdTTRMgPYho01IJgupgML5/iA+s0sadWNmSBo/V3xMDEFr3RWg7BZiunvZG4n9eMzWds2DAZJIaKslkUSfl2MR4FAZuM0WJ4X1LgChmb8WkCwqIsZHlbQje9MuzpHZcOi951yfF8kWWRg7toX10iDx0isroClVRDRH0iJ7RK3pznpwX5935mLTOOdnMDvoD5/MH23aVjw==</latexit><latexit sha1_base64="93Dq78qQAedENmcxaqTK5d00XMc=">AAAB/nicbVA9SwNBEN3zM8avqGBjsxgEsQh3Iqhd0BSWEYwJ5M4wt9lcluzuHbt7Sogp/Cs2Fiq2/g47/42b5ApNfDDweG+GmXlhwpk2rvvtzM0vLC4t51byq2vrG5uFre1bHaeK0BqJeawaIWjKmaQ1wwynjURRECGn9bB3OfLr91RpFssb009oICCSrMMIGCu1CruVuyNfsahrQKn4AVf8CISAVqHoltwx8CzxMlJEGaqtwpffjkkqqDSEg9ZNz01MMABlGOF0mPdTTRMgPYho01IJgupgML5/iA+s0sadWNmSBo/V3xMDEFr3RWg7BZiunvZG4n9eMzWds2DAZJIaKslkUSfl2MR4FAZuM0WJ4X1LgChmb8WkCwqIsZHlbQje9MuzpHZcOi951yfF8kWWRg7toX10iDx0isroClVRDRH0iJ7RK3pznpwX5935mLTOOdnMDvoD5/MH23aVjw==</latexit><latexit sha1_base64="93Dq78qQAedENmcxaqTK5d00XMc=">AAAB/nicbVA9SwNBEN3zM8avqGBjsxgEsQh3Iqhd0BSWEYwJ5M4wt9lcluzuHbt7Sogp/Cs2Fiq2/g47/42b5ApNfDDweG+GmXlhwpk2rvvtzM0vLC4t51byq2vrG5uFre1bHaeK0BqJeawaIWjKmaQ1wwynjURRECGn9bB3OfLr91RpFssb009oICCSrMMIGCu1CruVuyNfsahrQKn4AVf8CISAVqHoltwx8CzxMlJEGaqtwpffjkkqqDSEg9ZNz01MMABlGOF0mPdTTRMgPYho01IJgupgML5/iA+s0sadWNmSBo/V3xMDEFr3RWg7BZiunvZG4n9eMzWds2DAZJIaKslkUSfl2MR4FAZuM0WJ4X1LgChmb8WkCwqIsZHlbQje9MuzpHZcOi951yfF8kWWRg7toX10iDx0isroClVRDRH0iJ7RK3pznpwX5935mLTOOdnMDvoD5/MH23aVjw==</latexit>

⌧ ! `⌫⌫
<latexit sha1_base64="y9P53QyV+9PSgPXbg08Xu3jV698=">AAACBXicbVBNS8NAEN34WetX1KMIi0XwVBIR1FvRi8cKxhaaUDbbTbt0swm7E6WEnrz4V7x4UPHqf/Dmv3HT5qCtDwYe780wMy9MBdfgON/WwuLS8spqZa26vrG5tW3v7N7pJFOUeTQRiWqHRDPBJfOAg2DtVDESh4K1wuFV4bfumdI8kbcwSlkQk77kEacEjNS1D3wgGfYV7w+AKJU8YJ8JgX2ZFdW1a07dmQDPE7ckNVSi2bW//F5Cs5hJoIJo3XGdFIKcKOBUsHHVzzRLCR2SPusYKknMdJBP3hjjI6P0cJQoUxLwRP09kZNY61Ecms6YwEDPeoX4n9fJIDoPci7TDJik00VRJjAkuMgE97hiFMTIEEIVN7diOiCKUDDJVU0I7uzL88Q7qV/U3ZvTWuOyTKOC9tEhOkYuOkMNdI2ayEMUPaJn9IrerCfrxXq3PqatC1Y5s4f+wPr8ATPKmIM=</latexit><latexit sha1_base64="y9P53QyV+9PSgPXbg08Xu3jV698=">AAACBXicbVBNS8NAEN34WetX1KMIi0XwVBIR1FvRi8cKxhaaUDbbTbt0swm7E6WEnrz4V7x4UPHqf/Dmv3HT5qCtDwYe780wMy9MBdfgON/WwuLS8spqZa26vrG5tW3v7N7pJFOUeTQRiWqHRDPBJfOAg2DtVDESh4K1wuFV4bfumdI8kbcwSlkQk77kEacEjNS1D3wgGfYV7w+AKJU8YJ8JgX2ZFdW1a07dmQDPE7ckNVSi2bW//F5Cs5hJoIJo3XGdFIKcKOBUsHHVzzRLCR2SPusYKknMdJBP3hjjI6P0cJQoUxLwRP09kZNY61Ecms6YwEDPeoX4n9fJIDoPci7TDJik00VRJjAkuMgE97hiFMTIEEIVN7diOiCKUDDJVU0I7uzL88Q7qV/U3ZvTWuOyTKOC9tEhOkYuOkMNdI2ayEMUPaJn9IrerCfrxXq3PqatC1Y5s4f+wPr8ATPKmIM=</latexit><latexit sha1_base64="y9P53QyV+9PSgPXbg08Xu3jV698=">AAACBXicbVBNS8NAEN34WetX1KMIi0XwVBIR1FvRi8cKxhaaUDbbTbt0swm7E6WEnrz4V7x4UPHqf/Dmv3HT5qCtDwYe780wMy9MBdfgON/WwuLS8spqZa26vrG5tW3v7N7pJFOUeTQRiWqHRDPBJfOAg2DtVDESh4K1wuFV4bfumdI8kbcwSlkQk77kEacEjNS1D3wgGfYV7w+AKJU8YJ8JgX2ZFdW1a07dmQDPE7ckNVSi2bW//F5Cs5hJoIJo3XGdFIKcKOBUsHHVzzRLCR2SPusYKknMdJBP3hjjI6P0cJQoUxLwRP09kZNY61Ecms6YwEDPeoX4n9fJIDoPci7TDJik00VRJjAkuMgE97hiFMTIEEIVN7diOiCKUDDJVU0I7uzL88Q7qV/U3ZvTWuOyTKOC9tEhOkYuOkMNdI2ayEMUPaJn9IrerCfrxXq3PqatC1Y5s4f+wPr8ATPKmIM=</latexit><latexit sha1_base64="y9P53QyV+9PSgPXbg08Xu3jV698=">AAACBXicbVBNS8NAEN34WetX1KMIi0XwVBIR1FvRi8cKxhaaUDbbTbt0swm7E6WEnrz4V7x4UPHqf/Dmv3HT5qCtDwYe780wMy9MBdfgON/WwuLS8spqZa26vrG5tW3v7N7pJFOUeTQRiWqHRDPBJfOAg2DtVDESh4K1wuFV4bfumdI8kbcwSlkQk77kEacEjNS1D3wgGfYV7w+AKJU8YJ8JgX2ZFdW1a07dmQDPE7ckNVSi2bW//F5Cs5hJoIJo3XGdFIKcKOBUsHHVzzRLCR2SPusYKknMdJBP3hjjI6P0cJQoUxLwRP09kZNY61Ecms6YwEDPeoX4n9fJIDoPci7TDJik00VRJjAkuMgE97hiFMTIEEIVN7diOiCKUDDJVU0I7uzL88Q7qV/U3ZvTWuOyTKOC9tEhOkYuOkMNdI2ayEMUPaJn9IrerCfrxXq3PqatC1Y5s4f+wPr8ATPKmIM=</latexit><latexit sha1_base64="y9P53QyV+9PSgPXbg08Xu3jV698=">AAACBXicbVBNS8NAEN34WetX1KMIi0XwVBIR1FvRi8cKxhaaUDbbTbt0swm7E6WEnrz4V7x4UPHqf/Dmv3HT5qCtDwYe780wMy9MBdfgON/WwuLS8spqZa26vrG5tW3v7N7pJFOUeTQRiWqHRDPBJfOAg2DtVDESh4K1wuFV4bfumdI8kbcwSlkQk77kEacEjNS1D3wgGfYV7w+AKJU8YJ8JgX2ZFdW1a07dmQDPE7ckNVSi2bW//F5Cs5hJoIJo3XGdFIKcKOBUsHHVzzRLCR2SPusYKknMdJBP3hjjI6P0cJQoUxLwRP09kZNY61Ecms6YwEDPeoX4n9fJIDoPci7TDJik00VRJjAkuMgE97hiFMTIEEIVN7diOiCKUDDJVU0I7uzL88Q7qV/U3ZvTWuOyTKOC9tEhOkYuOkMNdI2ayEMUPaJn9IrerCfrxXq3PqatC1Y5s4f+wPr8ATPKmIM=</latexit>

! ! "#
<latexit sha1_base64="6BdexDHVSRd8OkeuywpFaIy8HxA=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignorevFYwdhCE8pmu2mXbjZhd1YppV78K148qHj1Z3jz37htc9DWBwOP92aYmRfngmvwvG9nYXFpeWW1tFZe39jc2nZ3du90ZhRlAc1Eppox0UxwyQLgIFgzV4yksWCNuH819hv3TGmeyVsY5CxKSVfyhFMCVmq7+yEQg0PFuz0gSmUPOMw5DqVpuxWv6k2A54lfkAoqUG+7X2EnoyZlEqggWrd8L4doSBRwKtioHBrNckL7pMtalkqSMh0NJx+M8JFVOjjJlC0JeKL+nhiSVOtBGtvOlEBPz3pj8T+vZSA5j4Zc5gaYpNNFiREYMjyOA3e4YhTEwBJCFbe3YtojilCwoZVtCP7sy/MkOKleVP2b00rtskijhA7QITpGPjpDNXSN6ihAFD2iZ/SK3pwn58V5dz6mrQtOMbOH/sD5/AGe8paO</latexit><latexit sha1_base64="6BdexDHVSRd8OkeuywpFaIy8HxA=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignorevFYwdhCE8pmu2mXbjZhd1YppV78K148qHj1Z3jz37htc9DWBwOP92aYmRfngmvwvG9nYXFpeWW1tFZe39jc2nZ3du90ZhRlAc1Eppox0UxwyQLgIFgzV4yksWCNuH819hv3TGmeyVsY5CxKSVfyhFMCVmq7+yEQg0PFuz0gSmUPOMw5DqVpuxWv6k2A54lfkAoqUG+7X2EnoyZlEqggWrd8L4doSBRwKtioHBrNckL7pMtalkqSMh0NJx+M8JFVOjjJlC0JeKL+nhiSVOtBGtvOlEBPz3pj8T+vZSA5j4Zc5gaYpNNFiREYMjyOA3e4YhTEwBJCFbe3YtojilCwoZVtCP7sy/MkOKleVP2b00rtskijhA7QITpGPjpDNXSN6ihAFD2iZ/SK3pwn58V5dz6mrQtOMbOH/sD5/AGe8paO</latexit><latexit sha1_base64="6BdexDHVSRd8OkeuywpFaIy8HxA=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignorevFYwdhCE8pmu2mXbjZhd1YppV78K148qHj1Z3jz37htc9DWBwOP92aYmRfngmvwvG9nYXFpeWW1tFZe39jc2nZ3du90ZhRlAc1Eppox0UxwyQLgIFgzV4yksWCNuH819hv3TGmeyVsY5CxKSVfyhFMCVmq7+yEQg0PFuz0gSmUPOMw5DqVpuxWv6k2A54lfkAoqUG+7X2EnoyZlEqggWrd8L4doSBRwKtioHBrNckL7pMtalkqSMh0NJx+M8JFVOjjJlC0JeKL+nhiSVOtBGtvOlEBPz3pj8T+vZSA5j4Zc5gaYpNNFiREYMjyOA3e4YhTEwBJCFbe3YtojilCwoZVtCP7sy/MkOKleVP2b00rtskijhA7QITpGPjpDNXSN6ihAFD2iZ/SK3pwn58V5dz6mrQtOMbOH/sD5/AGe8paO</latexit><latexit sha1_base64="6BdexDHVSRd8OkeuywpFaIy8HxA=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignorevFYwdhCE8pmu2mXbjZhd1YppV78K148qHj1Z3jz37htc9DWBwOP92aYmRfngmvwvG9nYXFpeWW1tFZe39jc2nZ3du90ZhRlAc1Eppox0UxwyQLgIFgzV4yksWCNuH819hv3TGmeyVsY5CxKSVfyhFMCVmq7+yEQg0PFuz0gSmUPOMw5DqVpuxWv6k2A54lfkAoqUG+7X2EnoyZlEqggWrd8L4doSBRwKtioHBrNckL7pMtalkqSMh0NJx+M8JFVOjjJlC0JeKL+nhiSVOtBGtvOlEBPz3pj8T+vZSA5j4Zc5gaYpNNFiREYMjyOA3e4YhTEwBJCFbe3YtojilCwoZVtCP7sy/MkOKleVP2b00rtskijhA7QITpGPjpDNXSN6ihAFD2iZ/SK3pwn58V5dz6mrQtOMbOH/sD5/AGe8paO</latexit><latexit sha1_base64="6BdexDHVSRd8OkeuywpFaIy8HxA=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkoignorevFYwdhCE8pmu2mXbjZhd1YppV78K148qHj1Z3jz37htc9DWBwOP92aYmRfngmvwvG9nYXFpeWW1tFZe39jc2nZ3du90ZhRlAc1Eppox0UxwyQLgIFgzV4yksWCNuH819hv3TGmeyVsY5CxKSVfyhFMCVmq7+yEQg0PFuz0gSmUPOMw5DqVpuxWv6k2A54lfkAoqUG+7X2EnoyZlEqggWrd8L4doSBRwKtioHBrNckL7pMtalkqSMh0NJx+M8JFVOjjJlC0JeKL+nhiSVOtBGtvOlEBPz3pj8T+vZSA5j4Zc5gaYpNNFiREYMjyOA3e4YhTEwBJCFbe3YtojilCwoZVtCP7sy/MkOKleVP2b00rtskijhA7QITpGPjpDNXSN6ihAFD2iZ/SK3pwn58V5dz6mrQtOMbOH/sD5/AGe8paO</latexit>

⌧ ! 3⇡⌫
<latexit sha1_base64="I2jlBUzautKU8i7EcWAn1seGBr8=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRPJVEBfVW9OKxgrGFJpTNdtMu3WzC7kQpoXjxr3jxoOLVf+HNf+O2zUFbHww83pthZl6YCq7Bcb6t0sLi0vJKebWytr6xuWVv79zpJFOUeTQRiWqFRDPBJfOAg2CtVDESh4I1w8HV2G/eM6V5Im9hmLIgJj3JI04JGKlj7/lAMuwr3usDUSp5wCd+yrEvs45ddWrOBHieuAWpogKNjv3ldxOaxUwCFUTrtuukEOREAaeCjSp+pllK6ID0WNtQSWKmg3zywggfGqWLo0SZkoAn6u+JnMRaD+PQdMYE+nrWG4v/ee0MovMg5zLNgEk6XRRlAkOCx3ngLleMghgaQqji5lZM+0QRCia1ignBnX15nnjHtYuae3NarV8WaZTRPjpAR8hFZ6iOrlEDeYiiR/SMXtGb9WS9WO/Wx7S1ZBUzu+gPrM8fGTqWyw==</latexit><latexit sha1_base64="I2jlBUzautKU8i7EcWAn1seGBr8=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRPJVEBfVW9OKxgrGFJpTNdtMu3WzC7kQpoXjxr3jxoOLVf+HNf+O2zUFbHww83pthZl6YCq7Bcb6t0sLi0vJKebWytr6xuWVv79zpJFOUeTQRiWqFRDPBJfOAg2CtVDESh4I1w8HV2G/eM6V5Im9hmLIgJj3JI04JGKlj7/lAMuwr3usDUSp5wCd+yrEvs45ddWrOBHieuAWpogKNjv3ldxOaxUwCFUTrtuukEOREAaeCjSp+pllK6ID0WNtQSWKmg3zywggfGqWLo0SZkoAn6u+JnMRaD+PQdMYE+nrWG4v/ee0MovMg5zLNgEk6XRRlAkOCx3ngLleMghgaQqji5lZM+0QRCia1ignBnX15nnjHtYuae3NarV8WaZTRPjpAR8hFZ6iOrlEDeYiiR/SMXtGb9WS9WO/Wx7S1ZBUzu+gPrM8fGTqWyw==</latexit><latexit sha1_base64="I2jlBUzautKU8i7EcWAn1seGBr8=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRPJVEBfVW9OKxgrGFJpTNdtMu3WzC7kQpoXjxr3jxoOLVf+HNf+O2zUFbHww83pthZl6YCq7Bcb6t0sLi0vJKebWytr6xuWVv79zpJFOUeTQRiWqFRDPBJfOAg2CtVDESh4I1w8HV2G/eM6V5Im9hmLIgJj3JI04JGKlj7/lAMuwr3usDUSp5wCd+yrEvs45ddWrOBHieuAWpogKNjv3ldxOaxUwCFUTrtuukEOREAaeCjSp+pllK6ID0WNtQSWKmg3zywggfGqWLo0SZkoAn6u+JnMRaD+PQdMYE+nrWG4v/ee0MovMg5zLNgEk6XRRlAkOCx3ngLleMghgaQqji5lZM+0QRCia1ignBnX15nnjHtYuae3NarV8WaZTRPjpAR8hFZ6iOrlEDeYiiR/SMXtGb9WS9WO/Wx7S1ZBUzu+gPrM8fGTqWyw==</latexit><latexit sha1_base64="I2jlBUzautKU8i7EcWAn1seGBr8=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRPJVEBfVW9OKxgrGFJpTNdtMu3WzC7kQpoXjxr3jxoOLVf+HNf+O2zUFbHww83pthZl6YCq7Bcb6t0sLi0vJKebWytr6xuWVv79zpJFOUeTQRiWqFRDPBJfOAg2CtVDESh4I1w8HV2G/eM6V5Im9hmLIgJj3JI04JGKlj7/lAMuwr3usDUSp5wCd+yrEvs45ddWrOBHieuAWpogKNjv3ldxOaxUwCFUTrtuukEOREAaeCjSp+pllK6ID0WNtQSWKmg3zywggfGqWLo0SZkoAn6u+JnMRaD+PQdMYE+nrWG4v/ee0MovMg5zLNgEk6XRRlAkOCx3ngLleMghgaQqji5lZM+0QRCia1ignBnX15nnjHtYuae3NarV8WaZTRPjpAR8hFZ6iOrlEDeYiiR/SMXtGb9WS9WO/Wx7S1ZBUzu+gPrM8fGTqWyw==</latexit><latexit sha1_base64="I2jlBUzautKU8i7EcWAn1seGBr8=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRPJVEBfVW9OKxgrGFJpTNdtMu3WzC7kQpoXjxr3jxoOLVf+HNf+O2zUFbHww83pthZl6YCq7Bcb6t0sLi0vJKebWytr6xuWVv79zpJFOUeTQRiWqFRDPBJfOAg2CtVDESh4I1w8HV2G/eM6V5Im9hmLIgJj3JI04JGKlj7/lAMuwr3usDUSp5wCd+yrEvs45ddWrOBHieuAWpogKNjv3ldxOaxUwCFUTrtuukEOREAaeCjSp+pllK6ID0WNtQSWKmg3zywggfGqWLo0SZkoAn6u+JnMRaD+PQdMYE+nrWG4v/ee0MovMg5zLNgEk6XRRlAkOCx3ngLleMghgaQqji5lZM+0QRCia1ignBnX15nnjHtYuae3NarV8WaZTRPjpAR8hFZ6iOrlEDeYiiR/SMXtGb9WS9WO/Wx7S1ZBUzu+gPrM8fGTqWyw==</latexit>

Bc ! J/ !"#
<latexit sha1_base64="d0Dz9IowSUzDpFnwiEzqLhmHgyk=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSyCp5qIoN5KvYinCsYWmhA22027dLMbdjdKCb158a948aDi1d/gzX/jts1BWx8MPN6bYWZelDKqtON8W6WFxaXllfJqZW19Y3PL3t65UyKTmHhYMCHbEVKEUU48TTUj7VQSlESMtKLB5dhv3ROpqOC3epiSIEE9TmOKkTZSaO83QuxL2utrJKV4gNfHfqoo9Alj0OdZaFedmjMBnCduQaqgQDO0v/yuwFlCuMYMKdVxnVQHOZKaYkZGFT9TJEV4gHqkYyhHCVFBPvljBA+N0oWxkKa4hhP190SOEqWGSWQ6E6T7atYbi/95nUzH50FOeZppwvF0UZwxqAUchwK7VBKs2dAQhCU1t0LcRxJhbaKrmBDc2ZfniXdSu6i5N6fVeqNIowz2wAE4Ai44A3VwBZrAAxg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AkMeYrQ==</latexit><latexit sha1_base64="d0Dz9IowSUzDpFnwiEzqLhmHgyk=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSyCp5qIoN5KvYinCsYWmhA22027dLMbdjdKCb158a948aDi1d/gzX/jts1BWx8MPN6bYWZelDKqtON8W6WFxaXllfJqZW19Y3PL3t65UyKTmHhYMCHbEVKEUU48TTUj7VQSlESMtKLB5dhv3ROpqOC3epiSIEE9TmOKkTZSaO83QuxL2utrJKV4gNfHfqoo9Alj0OdZaFedmjMBnCduQaqgQDO0v/yuwFlCuMYMKdVxnVQHOZKaYkZGFT9TJEV4gHqkYyhHCVFBPvljBA+N0oWxkKa4hhP190SOEqWGSWQ6E6T7atYbi/95nUzH50FOeZppwvF0UZwxqAUchwK7VBKs2dAQhCU1t0LcRxJhbaKrmBDc2ZfniXdSu6i5N6fVeqNIowz2wAE4Ai44A3VwBZrAAxg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AkMeYrQ==</latexit><latexit sha1_base64="d0Dz9IowSUzDpFnwiEzqLhmHgyk=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSyCp5qIoN5KvYinCsYWmhA22027dLMbdjdKCb158a948aDi1d/gzX/jts1BWx8MPN6bYWZelDKqtON8W6WFxaXllfJqZW19Y3PL3t65UyKTmHhYMCHbEVKEUU48TTUj7VQSlESMtKLB5dhv3ROpqOC3epiSIEE9TmOKkTZSaO83QuxL2utrJKV4gNfHfqoo9Alj0OdZaFedmjMBnCduQaqgQDO0v/yuwFlCuMYMKdVxnVQHOZKaYkZGFT9TJEV4gHqkYyhHCVFBPvljBA+N0oWxkKa4hhP190SOEqWGSWQ6E6T7atYbi/95nUzH50FOeZppwvF0UZwxqAUchwK7VBKs2dAQhCU1t0LcRxJhbaKrmBDc2ZfniXdSu6i5N6fVeqNIowz2wAE4Ai44A3VwBZrAAxg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AkMeYrQ==</latexit><latexit sha1_base64="d0Dz9IowSUzDpFnwiEzqLhmHgyk=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSyCp5qIoN5KvYinCsYWmhA22027dLMbdjdKCb158a948aDi1d/gzX/jts1BWx8MPN6bYWZelDKqtON8W6WFxaXllfJqZW19Y3PL3t65UyKTmHhYMCHbEVKEUU48TTUj7VQSlESMtKLB5dhv3ROpqOC3epiSIEE9TmOKkTZSaO83QuxL2utrJKV4gNfHfqoo9Alj0OdZaFedmjMBnCduQaqgQDO0v/yuwFlCuMYMKdVxnVQHOZKaYkZGFT9TJEV4gHqkYyhHCVFBPvljBA+N0oWxkKa4hhP190SOEqWGSWQ6E6T7atYbi/95nUzH50FOeZppwvF0UZwxqAUchwK7VBKs2dAQhCU1t0LcRxJhbaKrmBDc2ZfniXdSu6i5N6fVeqNIowz2wAE4Ai44A3VwBZrAAxg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AkMeYrQ==</latexit><latexit sha1_base64="d0Dz9IowSUzDpFnwiEzqLhmHgyk=">AAACBnicbVBNS8NAEN3Ur1q/oh4FWSyCp5qIoN5KvYinCsYWmhA22027dLMbdjdKCb158a948aDi1d/gzX/jts1BWx8MPN6bYWZelDKqtON8W6WFxaXllfJqZW19Y3PL3t65UyKTmHhYMCHbEVKEUU48TTUj7VQSlESMtKLB5dhv3ROpqOC3epiSIEE9TmOKkTZSaO83QuxL2utrJKV4gNfHfqoo9Alj0OdZaFedmjMBnCduQaqgQDO0v/yuwFlCuMYMKdVxnVQHOZKaYkZGFT9TJEV4gHqkYyhHCVFBPvljBA+N0oWxkKa4hhP190SOEqWGSWQ6E6T7atYbi/95nUzH50FOeZppwvF0UZwxqAUchwK7VBKs2dAQhCU1t0LcRxJhbaKrmBDc2ZfniXdSu6i5N6fVeqNIowz2wAE4Ai44A3VwBZrAAxg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AkMeYrQ==</latexit>

B ! (D⇤⇤ ! . . .)`⌫
<latexit sha1_base64="LrM5VRcy1UqftG4oqb0yCeSlkcs=">AAACFnicbVA9TwJBEN3DL8Qv1NJmIzFBCnJnTNSOoIUlJiIkHJK9ZYENe7uX3TkNufAvbPwrNhZqbI2d/8blo0DwJZO8vDeTmXlBJLgB1/1xUkvLK6tr6fXMxubW9k52d+/OqFhTVqVKKF0PiGGCS1YFDoLVI81IGAhWC/qXI7/2wLThSt7CIGLNkHQl73BKwEqtbLHsa97tAdFaPeL81X1SKAxnJV+0FZhjnwnhy7iVzblFdwy8SLwpyaEpKq3st99WNA6ZBCqIMQ3PjaCZEA2cCjbM+LFhEaF90mUNSyUJmWkm47+G+MgqbdxR2pYEPFZnJxISGjMIA9sZEuiZeW8k/uc1YuicNxMuoxiYpJNFnVhgUHgUEm5zzSiIgSWEam5vxbRHNKFgo8zYELz5lxdJ9aR4UfRuTnOl8jSNNDpAhyiPPHSGSugaVVAVUfSEXtAbeneenVfnw/mctKac6cw++gPn6xdtYJ+w</latexit><latexit sha1_base64="LrM5VRcy1UqftG4oqb0yCeSlkcs=">AAACFnicbVA9TwJBEN3DL8Qv1NJmIzFBCnJnTNSOoIUlJiIkHJK9ZYENe7uX3TkNufAvbPwrNhZqbI2d/8blo0DwJZO8vDeTmXlBJLgB1/1xUkvLK6tr6fXMxubW9k52d+/OqFhTVqVKKF0PiGGCS1YFDoLVI81IGAhWC/qXI7/2wLThSt7CIGLNkHQl73BKwEqtbLHsa97tAdFaPeL81X1SKAxnJV+0FZhjnwnhy7iVzblFdwy8SLwpyaEpKq3st99WNA6ZBCqIMQ3PjaCZEA2cCjbM+LFhEaF90mUNSyUJmWkm47+G+MgqbdxR2pYEPFZnJxISGjMIA9sZEuiZeW8k/uc1YuicNxMuoxiYpJNFnVhgUHgUEm5zzSiIgSWEam5vxbRHNKFgo8zYELz5lxdJ9aR4UfRuTnOl8jSNNDpAhyiPPHSGSugaVVAVUfSEXtAbeneenVfnw/mctKac6cw++gPn6xdtYJ+w</latexit><latexit sha1_base64="LrM5VRcy1UqftG4oqb0yCeSlkcs=">AAACFnicbVA9TwJBEN3DL8Qv1NJmIzFBCnJnTNSOoIUlJiIkHJK9ZYENe7uX3TkNufAvbPwrNhZqbI2d/8blo0DwJZO8vDeTmXlBJLgB1/1xUkvLK6tr6fXMxubW9k52d+/OqFhTVqVKKF0PiGGCS1YFDoLVI81IGAhWC/qXI7/2wLThSt7CIGLNkHQl73BKwEqtbLHsa97tAdFaPeL81X1SKAxnJV+0FZhjnwnhy7iVzblFdwy8SLwpyaEpKq3st99WNA6ZBCqIMQ3PjaCZEA2cCjbM+LFhEaF90mUNSyUJmWkm47+G+MgqbdxR2pYEPFZnJxISGjMIA9sZEuiZeW8k/uc1YuicNxMuoxiYpJNFnVhgUHgUEm5zzSiIgSWEam5vxbRHNKFgo8zYELz5lxdJ9aR4UfRuTnOl8jSNNDpAhyiPPHSGSugaVVAVUfSEXtAbeneenVfnw/mctKac6cw++gPn6xdtYJ+w</latexit><latexit sha1_base64="LrM5VRcy1UqftG4oqb0yCeSlkcs=">AAACFnicbVA9TwJBEN3DL8Qv1NJmIzFBCnJnTNSOoIUlJiIkHJK9ZYENe7uX3TkNufAvbPwrNhZqbI2d/8blo0DwJZO8vDeTmXlBJLgB1/1xUkvLK6tr6fXMxubW9k52d+/OqFhTVqVKKF0PiGGCS1YFDoLVI81IGAhWC/qXI7/2wLThSt7CIGLNkHQl73BKwEqtbLHsa97tAdFaPeL81X1SKAxnJV+0FZhjnwnhy7iVzblFdwy8SLwpyaEpKq3st99WNA6ZBCqIMQ3PjaCZEA2cCjbM+LFhEaF90mUNSyUJmWkm47+G+MgqbdxR2pYEPFZnJxISGjMIA9sZEuiZeW8k/uc1YuicNxMuoxiYpJNFnVhgUHgUEm5zzSiIgSWEam5vxbRHNKFgo8zYELz5lxdJ9aR4UfRuTnOl8jSNNDpAhyiPPHSGSugaVVAVUfSEXtAbeneenVfnw/mctKac6cw++gPn6xdtYJ+w</latexit><latexit sha1_base64="LrM5VRcy1UqftG4oqb0yCeSlkcs=">AAACFnicbVA9TwJBEN3DL8Qv1NJmIzFBCnJnTNSOoIUlJiIkHJK9ZYENe7uX3TkNufAvbPwrNhZqbI2d/8blo0DwJZO8vDeTmXlBJLgB1/1xUkvLK6tr6fXMxubW9k52d+/OqFhTVqVKKF0PiGGCS1YFDoLVI81IGAhWC/qXI7/2wLThSt7CIGLNkHQl73BKwEqtbLHsa97tAdFaPeL81X1SKAxnJV+0FZhjnwnhy7iVzblFdwy8SLwpyaEpKq3st99WNA6ZBCqIMQ3PjaCZEA2cCjbM+LFhEaF90mUNSyUJmWkm47+G+MgqbdxR2pYEPFZnJxISGjMIA9sZEuiZeW8k/uc1YuicNxMuoxiYpJNFnVhgUHgUEm5zzSiIgSWEam5vxbRHNKFgo8zYELz5lxdJ9aR4UfRuTnOl8jSNNDpAhyiPPHSGSugaVVAVUfSEXtAbeneenVfnw/mctKac6cw++gPn6xdtYJ+w</latexit>

⌧ ! ⇢⌫
<latexit sha1_base64="6CmSrfJSxMxMugUKb2887tH6OZ0=">AAACAHicbVBNSwMxEM36WetX1YvgJVgET2VXBPVW9OKxgrWFbinZNO2GZpMlmShlqRf/ihcPKl79Gd78N6btHrT1wcDjvRlm5kWp4AZ8/9tbWFxaXlktrBXXNza3tks7u3dGWU1ZnSqhdDMihgkuWR04CNZMNSNJJFgjGlyN/cY904YreQvDlLUT0pe8xykBJ3VK+yEQG2rej4ForR5wqGOFQ2k7pbJf8SfA8yTISRnlqHVKX2FXUZswCVQQY1qBn0I7Ixo4FWxUDK1hKaED0mctRyVJmGlnkw9G+MgpXdxT2pUEPFF/T2QkMWaYRK4zIRCbWW8s/ue1LPTO2xmXqQUm6XRRzwoMCo/jwF2uGQUxdIRQzd2tmMZEEwoutKILIZh9eZ7UTyoXleDmtFy9zNMooAN0iI5RgM5QFV2jGqojih7RM3pFb96T9+K9ex/T1gUvn9lDf+B9/gAdTpbe</latexit><latexit sha1_base64="6CmSrfJSxMxMugUKb2887tH6OZ0=">AAACAHicbVBNSwMxEM36WetX1YvgJVgET2VXBPVW9OKxgrWFbinZNO2GZpMlmShlqRf/ihcPKl79Gd78N6btHrT1wcDjvRlm5kWp4AZ8/9tbWFxaXlktrBXXNza3tks7u3dGWU1ZnSqhdDMihgkuWR04CNZMNSNJJFgjGlyN/cY904YreQvDlLUT0pe8xykBJ3VK+yEQG2rej4ForR5wqGOFQ2k7pbJf8SfA8yTISRnlqHVKX2FXUZswCVQQY1qBn0I7Ixo4FWxUDK1hKaED0mctRyVJmGlnkw9G+MgpXdxT2pUEPFF/T2QkMWaYRK4zIRCbWW8s/ue1LPTO2xmXqQUm6XRRzwoMCo/jwF2uGQUxdIRQzd2tmMZEEwoutKILIZh9eZ7UTyoXleDmtFy9zNMooAN0iI5RgM5QFV2jGqojih7RM3pFb96T9+K9ex/T1gUvn9lDf+B9/gAdTpbe</latexit><latexit sha1_base64="6CmSrfJSxMxMugUKb2887tH6OZ0=">AAACAHicbVBNSwMxEM36WetX1YvgJVgET2VXBPVW9OKxgrWFbinZNO2GZpMlmShlqRf/ihcPKl79Gd78N6btHrT1wcDjvRlm5kWp4AZ8/9tbWFxaXlktrBXXNza3tks7u3dGWU1ZnSqhdDMihgkuWR04CNZMNSNJJFgjGlyN/cY904YreQvDlLUT0pe8xykBJ3VK+yEQG2rej4ForR5wqGOFQ2k7pbJf8SfA8yTISRnlqHVKX2FXUZswCVQQY1qBn0I7Ixo4FWxUDK1hKaED0mctRyVJmGlnkw9G+MgpXdxT2pUEPFF/T2QkMWaYRK4zIRCbWW8s/ue1LPTO2xmXqQUm6XRRzwoMCo/jwF2uGQUxdIRQzd2tmMZEEwoutKILIZh9eZ7UTyoXleDmtFy9zNMooAN0iI5RgM5QFV2jGqojih7RM3pFb96T9+K9ex/T1gUvn9lDf+B9/gAdTpbe</latexit><latexit sha1_base64="6CmSrfJSxMxMugUKb2887tH6OZ0=">AAACAHicbVBNSwMxEM36WetX1YvgJVgET2VXBPVW9OKxgrWFbinZNO2GZpMlmShlqRf/ihcPKl79Gd78N6btHrT1wcDjvRlm5kWp4AZ8/9tbWFxaXlktrBXXNza3tks7u3dGWU1ZnSqhdDMihgkuWR04CNZMNSNJJFgjGlyN/cY904YreQvDlLUT0pe8xykBJ3VK+yEQG2rej4ForR5wqGOFQ2k7pbJf8SfA8yTISRnlqHVKX2FXUZswCVQQY1qBn0I7Ixo4FWxUDK1hKaED0mctRyVJmGlnkw9G+MgpXdxT2pUEPFF/T2QkMWaYRK4zIRCbWW8s/ue1LPTO2xmXqQUm6XRRzwoMCo/jwF2uGQUxdIRQzd2tmMZEEwoutKILIZh9eZ7UTyoXleDmtFy9zNMooAN0iI5RgM5QFV2jGqojih7RM3pFb96T9+K9ex/T1gUvn9lDf+B9/gAdTpbe</latexit><latexit sha1_base64="6CmSrfJSxMxMugUKb2887tH6OZ0=">AAACAHicbVBNSwMxEM36WetX1YvgJVgET2VXBPVW9OKxgrWFbinZNO2GZpMlmShlqRf/ihcPKl79Gd78N6btHrT1wcDjvRlm5kWp4AZ8/9tbWFxaXlktrBXXNza3tks7u3dGWU1ZnSqhdDMihgkuWR04CNZMNSNJJFgjGlyN/cY904YreQvDlLUT0pe8xykBJ3VK+yEQG2rej4ForR5wqGOFQ2k7pbJf8SfA8yTISRnlqHVKX2FXUZswCVQQY1qBn0I7Ixo4FWxUDK1hKaED0mctRyVJmGlnkw9G+MgpXdxT2pUEPFF/T2QkMWaYRK4zIRCbWW8s/ue1LPTO2xmXqQUm6XRRzwoMCo/jwF2uGQUxdIRQzd2tmMZEEwoutKILIZh9eZ7UTyoXleDmtFy9zNMooAN0iI5RgM5QFV2jGqojih7RM3pFb96T9+K9ex/T1gUvn9lDf+B9/gAdTpbe</latexit>

! ! 4"#
<latexit sha1_base64="We8YXf1A7sQGRya/l//KkGryZak=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKai3ohePFYwtNKFstpt26WYTdidKCfXiX/HiQcWrP8Ob/8Ztm4O2Phh4vDfDzLwwFVyD43xbpaXlldW18nplY3Nre8fe3bvTSaYo82giEtUOiWaCS+YBB8HaqWIkDgVrhcOrid+6Z0rzRN7CKGVBTPqSR5wSMFLXPvCBZL7i/QEQpZIHXPdTjn2Zde2qU3OmwIvELUgVFWh27S+/l9AsZhKoIFp3XCeFICcKOBVsXPEzzVJCh6TPOoZKEjMd5NMPxvjYKD0cJcqUBDxVf0/kJNZ6FIemMyYw0PPeRPzP62QQnQc5l2kGTNLZoigTGBI8iQP3uGIUxMgQQhU3t2I6IIpQMKFVTAju/MuLxDutXdTcm3q1cVmkUUaH6AidIBedoQa6Rk3kIYoe0TN6RW/Wk/VivVsfs9aSVczsoz+wPn8AwP+Wog==</latexit><latexit sha1_base64="We8YXf1A7sQGRya/l//KkGryZak=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKai3ohePFYwtNKFstpt26WYTdidKCfXiX/HiQcWrP8Ob/8Ztm4O2Phh4vDfDzLwwFVyD43xbpaXlldW18nplY3Nre8fe3bvTSaYo82giEtUOiWaCS+YBB8HaqWIkDgVrhcOrid+6Z0rzRN7CKGVBTPqSR5wSMFLXPvCBZL7i/QEQpZIHXPdTjn2Zde2qU3OmwIvELUgVFWh27S+/l9AsZhKoIFp3XCeFICcKOBVsXPEzzVJCh6TPOoZKEjMd5NMPxvjYKD0cJcqUBDxVf0/kJNZ6FIemMyYw0PPeRPzP62QQnQc5l2kGTNLZoigTGBI8iQP3uGIUxMgQQhU3t2I6IIpQMKFVTAju/MuLxDutXdTcm3q1cVmkUUaH6AidIBedoQa6Rk3kIYoe0TN6RW/Wk/VivVsfs9aSVczsoz+wPn8AwP+Wog==</latexit><latexit sha1_base64="We8YXf1A7sQGRya/l//KkGryZak=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKai3ohePFYwtNKFstpt26WYTdidKCfXiX/HiQcWrP8Ob/8Ztm4O2Phh4vDfDzLwwFVyD43xbpaXlldW18nplY3Nre8fe3bvTSaYo82giEtUOiWaCS+YBB8HaqWIkDgVrhcOrid+6Z0rzRN7CKGVBTPqSR5wSMFLXPvCBZL7i/QEQpZIHXPdTjn2Zde2qU3OmwIvELUgVFWh27S+/l9AsZhKoIFp3XCeFICcKOBVsXPEzzVJCh6TPOoZKEjMd5NMPxvjYKD0cJcqUBDxVf0/kJNZ6FIemMyYw0PPeRPzP62QQnQc5l2kGTNLZoigTGBI8iQP3uGIUxMgQQhU3t2I6IIpQMKFVTAju/MuLxDutXdTcm3q1cVmkUUaH6AidIBedoQa6Rk3kIYoe0TN6RW/Wk/VivVsfs9aSVczsoz+wPn8AwP+Wog==</latexit><latexit sha1_base64="We8YXf1A7sQGRya/l//KkGryZak=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKai3ohePFYwtNKFstpt26WYTdidKCfXiX/HiQcWrP8Ob/8Ztm4O2Phh4vDfDzLwwFVyD43xbpaXlldW18nplY3Nre8fe3bvTSaYo82giEtUOiWaCS+YBB8HaqWIkDgVrhcOrid+6Z0rzRN7CKGVBTPqSR5wSMFLXPvCBZL7i/QEQpZIHXPdTjn2Zde2qU3OmwIvELUgVFWh27S+/l9AsZhKoIFp3XCeFICcKOBVsXPEzzVJCh6TPOoZKEjMd5NMPxvjYKD0cJcqUBDxVf0/kJNZ6FIemMyYw0PPeRPzP62QQnQc5l2kGTNLZoigTGBI8iQP3uGIUxMgQQhU3t2I6IIpQMKFVTAju/MuLxDutXdTcm3q1cVmkUUaH6AidIBedoQa6Rk3kIYoe0TN6RW/Wk/VivVsfs9aSVczsoz+wPn8AwP+Wog==</latexit><latexit sha1_base64="We8YXf1A7sQGRya/l//KkGryZak=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKai3ohePFYwtNKFstpt26WYTdidKCfXiX/HiQcWrP8Ob/8Ztm4O2Phh4vDfDzLwwFVyD43xbpaXlldW18nplY3Nre8fe3bvTSaYo82giEtUOiWaCS+YBB8HaqWIkDgVrhcOrid+6Z0rzRN7CKGVBTPqSR5wSMFLXPvCBZL7i/QEQpZIHXPdTjn2Zde2qU3OmwIvELUgVFWh27S+/l9AsZhKoIFp3XCeFICcKOBVsXPEzzVJCh6TPOoZKEjMd5NMPxvjYKD0cJcqUBDxVf0/kJNZ6FIemMyYw0PPeRPzP62QQnQc5l2kGTNLZoigTGBI8iQP3uGIUxMgQQhU3t2I6IIpQMKFVTAju/MuLxDutXdTcm3q1cVmkUUaH6AidIBedoQa6Rk3kIYoe0TN6RW/Wk/VivVsfs9aSVczsoz+wPn8AwP+Wog==</latexit>

! Available Form Factors: 

! ISGW2 

! BGL 

! CLN 

! BLPR (NLO HQET)

! Up next (ÒnearÓ future):

+É.

Other amplitudes and form factors can be added if needed 



HAMMER TIMELINE

! In the next weeks Hammer ver 1.0beta will be made available 
to Belle II and LHCb experimentalists that expressed their 
interest 

! Belle II will use Hammer for semileptonic analyses 

! LHCb expressed interest in using it for R(X c) analyses 

! Hammer V.1.0 + paper will follow shortly, incorporating 
initial feedback from users 

! Framework is very general: other usages possible!



CONCLUSIONS

! Lepton universality violation in b →c transitions is a 
tantalizing hint for BSM 

! As data and theory predictions will improve, properly Þtting 
for new physics in semileptonic b →c transitions is very 
important
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Fig. 7: Future prospects for measurements ofR(D) and
R(D ! ). The SM and future expected uncertainties at
milestone III are combined to predict the signiÞcance
with which a given point can be excluded if the cur-
rent central values remain the same (red lines). The
expected uncertainties from Belle II (green) and LHCb
(blue) alone are shown as the shaded bands. The rela-
tively small size of the SM uncertainty compared to the
current experimental constraints can be seen in Fig.10,
where the uncertainties are shown separately.

GammaCombopackage [36]. This shows the signiÞcance of
the future world average by combining the uncertain-
ties from the SM predictions with the predicted un-
certainties of the Belle II and LHCb experiments using
their Þnal datasets (with 50 ab" 1 at Belle II and 50 fb" 1

at LHCb). It is clear that if the central values remain
the same then the statistical power of the Belle II and
LHCb experiments will be more than su! cient to reach
5! . An additional Þgure in Appendix A , Fig. 10, com-
pares the current world average with the current SM
prediction, alongside the projections for Belle II and
LHCb.

4 New physics in electroweak penguins

In this section, prospects for new physics searches in
b! s transitions are studied under the SM hypothesis
as well as in several NP scenarios, with special atten-
tion given to present anomalies. The future projections
for Belle II are reported in Ref. [28]. The future uncer-
tainties for LHCb have been symmetrised where appro-
priate and are obtained as stated previously. However,
the uncertainty on f s/f d on the branching fraction of
B 0

s ! "# measured at LHCb [54] is assumed to be irre-
ducible. Estimates of branching fraction ratios, R(X ),
rely on extrapolations from the muonic branching frac-
tions assuming the same ratio of e! ciencies between the

electron and muon modes as has been observed in the
analysis of R(K ) [17]. For current measurements, cor-
relations are taken into account when available. Most
measurements will be dominated by the statistical un-
certainty for the studied milestones, with only a few ex-
ceptions as e.g. for the di" erential branching fractions
dB/dq2 of B + ! K + µ+ µ" and B 0 ! K ! 0µ+ µ" , where
the dominant systematic uncertainties arise from the
branching ratio of the respective normalisation chan-
nels, the form factor models and data-simulation di" er-
ences. Hence, correlations between the systematic un-
certainties are assumed to be negligible in this study.
The development of theoretical uncertainties is much
harder to predict. For quantities accessible to lattice
QCD, the expected improvment in computing power al-
lows to safely assume signiÞcant improvements on the
Þve to ten year time scale considered here. In semi-
leptonic decays, this concerns in particular the hadronic
form factors. Even though current lattice calculations of
B ! K ! form factors also face systematic uncertainties
due to the Þnite K ! lifetime, a solution of this challenge
is realistic in the near future [55]. For B ! K form fac-
tors, this problem is absent. It thus seems realistic to
assume a reduction of all form factor uncertainties by
a factor of two by the time of reaching milestone II [28]
and we assume this in our numerics. For the remaining
uncertainties, in particular systematic uncertainties due
to non-factorizable hadronic contributions, we conser-
vatively assume they will stay the same as at present,
even though data-driven methods might allow to reduce
them in the future [56,57].

For b! s$+ $" and radiative b! s# transitions, the
e" ective Hamiltonian can be expressed as

H e! = "
4GF#

2
%t

!

i

(Ci Oi + C#
i O

#
i ) + h .c., (1)

where GF is the Fermi constant and %t = Vtb V !
ts is a

CKM factor. In a large class of new physics models, the
most important new physics e" ects in these transitions
appear in the Wilson coe! cients Ci of the following
dimension-6 operators,

O7 =
e

16&2 mb(øs! µ ! PR b)Fµ! , (2)

O#
7 =

e2

16&2 mb(øs! µ ! PL b)Fµ ! , (3)

O9 =
e

16&2 (øs#µ PL b)( ø$#µ $), (4)

O#
9 =

e2

16&2 (øs#µ PR b)( ø$#µ $), (5)

O10 =
e2

16&2 (øs#µ PL b)( ø$#µ #5$), (6)

O#
10 =

e2

16&2 (øs#µ PR b)( ø$#µ #5$). (7)
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! Fits of NP in these channels can only 
be done consistently by experiments 
but no tools to perform them 
e%ciently 

! Hammer Þlls the gap by providing an 
e$ective way of reweighing events to 
di$erent NP and FF choices
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Process Card:

Process Card
This card speciÞeswhich processeswill be reweighed, and whichFF

parametrizationsare attached to input and output for each.

# Hammer v0.9 process card

Allow: [ [ D*Dpi, TauPiNu ] , B+DTau+Nu]
Deny: [ [ B+DTau+Nu, TauEllNuNu ] ]
FormFactors:

NumeratorChoices:
MixedChoice : { BD: BLPR, BD*: CLN }
AllHQET: { BD: BLPR, BD*: BLPR }

Denominator: { BD: ISGW2, BD*: ISGW2 }

Any processwith
D! ! Dfi or · ! fi‹
Þnal states

Any processwith
charged B ! D·‹

Except
charged B ! D·‹
with semileptonic ·FF output choices:

multiple allowed!

hammerphilosophy:
Let the user be crazy

Tell hammer
FFs of the input

Dean Robinson dean.robinson@uc.edu hammer 12 | 19

and



HAMMER CARDS
FF parameter card

This card speciÞesFF parametersfor di! erent available parametrizations

# Hammer v0.9 form factor parameter card

BtoDstarCLN:
a: 1.0
RhoSq: 1.207
F1: 0.908
R1: 1.401
R2: 0.854
R0: 1.14

BtoDBLPR:
RhoSq: 1.24
a: 1.067
as: 0.26
mb: 4.710
mc: 1.310
la: 0.57115
ebR/eb: 0.861
ecR/ec: 0.822
chi21: -0.06
chi2p: -0.00
chi3p: 0.05
eta1: 0.30
etap: -0.05
dV20: 0.

.

.

.

FF parameters may also be
speciÞed programatically

Up to user to supply self-
consistent FF data

Default values are loaded if
no card exists or other in-
puts (FFdefaults.yaml )

Dean Robinson dean.robinson@uc.edu hammer 13 | 19

NP Card
This card speciÞesWilson coe! cients for di" erent leptonic Þnal states

# Hammer v0.9 Wilson coefficient card
.
.
.
Run423:

BtoCTauNu:
SM: 1.0
T_aLbR: 0.3 0.5i
V_aRbL: 0.1 0.1i

BtoCMuNu:
SM: 1.0

BtoCENu:
SM: 1.0

Run424:
BtoCTauNu:

SM: 1.0
T_aLbR: 0.4 0.5i
S_aRbL: 0.2 0.1i

BtoCMuNu:
SM: 1.0

BtoCENu:
SM: 1.0

.

.

.

WCs may also be speciÞed
programatically

Can interate over long lists:
the whole point!!

Basis of WC coe! cients de-
Þned in manual/readme

Turns on a tensor current

Turns on a right-handed
vector current

Dean Robinson dean.robinson@uc.edu hammer 14 | 19

Form factors card Wilson coefficients card



NLO HQET FITS

Scenario R(D) R(D ! ) Correlation

Lw=1 0.292± 0.005 0.255± 0.005 41%

Lw=1 +SR 0.291± 0.005 0.255± 0.003 57%

NoL 0.273± 0.016 0.250± 0.006 49%

NoL+SR 0.295± 0.007 0.255± 0.004 43%

Lw" 1 0.298± 0.003 0.261± 0.004 19%

Lw" 1+SR 0.299 ± 0.003 0.257 ± 0.003 44%

th:L w" 1+SR 0.306± 0.005 0.256± 0.004 33%

Data [9] 0.403± 0.047 0.310± 0.017 ! 23%

Refs. [53, 57, 59] 0.300± 0.008 Ñ Ñ

Ref. [58] 0.299± 0.003 Ñ Ñ

Ref. [34] Ñ 0 .252± 0.003 Ñ

TABLE IV. The R(D) and R(D ! ) predictions for our Þt scenarios, the world average of the data,

and other theory predictions. The Þt scenarios are described in the text and in Table I. The bold

numbers are our most precise predictions.

In Fig. 5 we illustrate the impacts NP might have on the allowedR(D) ! R(D ! ) regions,

assuming the dominance of one new physics operator in a standard four-Fermi basis. NP

couplings are permitted to have an arbitrary phase, generating allowed regions rather than

single contours. We display the allowed regions generated for the ÒNoL+SRÓ best Þt values;

the ÒLw" 1+SRÓ best Þt values; and for leading order contributions only, i.e.,! s, " c,b " 0,

with ø#2
! = 1.24. The small variation between the ÒNoL+SRÓ and ÒLw" 1+SRÓ regions

illustrates the good consistency of the predictions obtained with and without LQCD. On

each plot, we also include for comparison the corresponding contours (dashed lines) produced

by a NP OV ! OA coupling. The latter rescalesR(D) and R(D ! ) keeping their ratio Þxed.

Solid dots indicate the SM point for each case. For scalar currents, if NP only contributes

to OS (OP ) then only R(D) (R(D ! )) is a↵ected in accordance with Eq. (10b) (Eq. (11a)),

respectively. We plot the allowed regions for theOS ± OP linear combinations, which are

also motivated by speciÞc NP models.
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Fit QCDSR
Lattice QCD

Belle Data
F(1) f+,0(1) f+,0(w > 1)

Lw=1 — X X — X

Lw=1+SR X X X — X

NoL — — — — X

NoL+SR X — — — X

Lw�1 — X X X X

Lw�1+SR X X X X X

th:Lw�1+SR X X X X —

TABLE I. Summary of theory and data inputs for each fit scenario. All use the HQET predictions

to order O(⇤QCD/mc,b) and O(↵s), as well as the unitarity constraints.

⌅ Extract ⇠(w), including the slope parameter ⇢̄2⇤, by fitting to the w � 1 lattice QCD

data forB ! D, and apply it simultaneously with the LQCD normalization ofB ! D⇤

at w = 1. We refer to this fit as “Lw�1”.

In a “theory only” version of this fit, denoted by “th:Lw�1+SR”, one fully constrains the

B ! D(⇤)l⌫̄ di! erential rates without any experimental input; the only fit is to lattice data

and QCDSR constraints. For the “Lw�1+SR” fit, we combine the w � 1 B ! D and w = 1

B ! D⇤ lattice data with QCDSR constraints and the experimental information, to include

all available information and explore possible tensions. We summarize the inputs of the

various fit scenarios pursued in this paper in Table I.

All fits explored in this paper use the unitarity constraints. The consequences of relaxing

the unitarity constraints between the slope and the curvature terms in Eq. (30) will be

explored in detail elsewhere [55].

D. Data and Þt details

To determine the leading and subleading Isgur-Wise functions and |Vcb|, we carry out a

simultaneous fit of the available B ! D(⇤)l⌫̄ spectra. There are only two measurements [54,

56] which provide kinematic distributions fully corrected for detector e! ects. The measured
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Lw=1 Lw=1 +SR NoL NoL+SR Lw! 1 Lw! 1+SR th:L w! 1+SR

! 2 40.2 44.0 38.7 43.1 49.0 53.8 7.4

dof 44 48 43 47 48 52 4

|Vcb| ! 103 38.8 ± 1.2 38.5 ± 1.1 Ñ Ñ 39.1 ± 1.1 39.3 ± 1.0 Ñ

G(1) 1.055± 0.008 1.056± 0.008 Ñ Ñ 1.060± 0.008 1.061± 0.007 1.052± 0.008

F (1) 0.904± 0.012 0.901± 0.011 Ñ Ñ 0.898± 0.012 0.895± 0.011 0.906± 0.013

ø" 2
" 1.17± 0.12 1.19± 0.07 1.06± 0.15 1.19± 0.08 1.33± 0.11 1.24± 0.06 1.24± 0.08

ö! 2(1) " 0.26± 0.26 " 0.07± 0.02 0.36± 0.62 " 0.06± 0.02 0.13± 0.22 " 0.06± 0.02 " 0.06± 0.02

ö! #
2(1) 0.21± 0.38 " 0.00± 0.02 0.14± 0.39 " 0.00± 0.02 " 0.36± 0.28 " 0.00± 0.02 " 0.00± 0.02

ö! #
3(1) 0.02± 0.07 0.05± 0.02 0.18± 0.19 0.04± 0.02 0.09± 0.07 0.05± 0.02 0.04± 0.02

#(1) 0.30± 0.04 0.30± 0.03 " 0.56± 0.80 0.35± 0.14 0.30± 0.04 0.30± 0.03 0.31± 0.04

##(1) 0 (Þxed) " 0.12± 0.16 0 (Þxed) " 0.11± 0.18 0 (Þxed) " 0.05± 0.09 0.05± 0.10

m1S
b [GeV] 4.70± 0.05 4.70± 0.05 4.71± 0.05 4.70± 0.05 4.71± 0.05 4.71± 0.05 4.71± 0.05

$mbc [GeV] 3.40± 0.02 3.40± 0.02 3.40± 0.02 3.40± 0.02 3.40± 0.02 3.40± 0.02 3.40± 0.02

TABLE II. Summary of the results for the Þt scenarios considered. The correlations are shown in

Appendix B.

for 48 dof, corresponding to a Þt probability of 8%, which is still an acceptable Þt. The

slope parameter becomes ø! 2
" = 0.93± 0.05, below those obtained including the! QCD /m c,b

corrections. The uncertainty of ø! 2
" is noticeably smaller due to the smaller number of degrees

of freedom in this Þt. The value of|Vcb| is only weakly a" ected by this shift in ø! 2
" .

In the ÒNoLÓ Þts, using no LQCD inputs, we use only shape information to disentangle ø! 2
"

from the subleading contributions, while allowing theB # Dl ø" and B # D " l ø" channels to

each have arbitrary normalizations (these Þts cannot determine|Vcb|). This results in large

uncertainties in the QCDSR unconstrained Þt. Again,##(1) and ø! 2
" are strongly correlated,

so the former is Þxed at zero. Including the QCDSR constraints in the ÒNoL+SRÓ Þt yields

results close to those in the ÒLw=1 +SRÓ Þt.

In the Òth:Lw! 1+SRÓ scenario, which uses no experimental data, Þtting the parametrized

$(w) to the six lattice points for f + ,0(w) in Table III and F (1) in Eq. (35), results in a slope

parameter

ø! 2
" = 1.24± 0.08. (38)

The Þtted w spectra are shown in Fig. 1 (gray curves), together with the lattice data points.

The %2 of the Þt is 7.4, corresponding to a Þt probability of 11% with 7" 3 = 4 degrees

17

¥ Tension: experimental data pushes !(1) down to ~0.3 (vs. 0.6 from QCD sum rules # used in CLN) 
¥ Including QCD sum rules (SR) as input does not change significantly the quality of the fit nor pushes 

back !(1) to higher values 
¥ Available data + lattice not sufficient to distinguish among possible sources of tension: 
¥ (large neglected 1/mc2 terms, true !(1)  different than CLN used value, É), currently no definite 

indication that theoretical uncertainties have been underestimated 
¥ upcoming lattice and/or data can distinguish among various explanations



NLO HQET FITS

�y�X�e

�y�X�3

�R

�R�X�k

�R�X�k �R�X�9 �R�X�e �R�X�3

R
�k�

U
�R

�V

R�R�U�R�V

�*�Q�M�i�Q�m�`�b �?�Q�H�/ ���i �e�3�W �*�G�,�ë! �k �4 �k�X�j

�>�6���: �U�k�y�R�e�V
�a�J �Gw�4�R�Y�a�_
�a�J �L�Q�G�Y�a�_
�a�J �i�?�,�Gw! �R�Y�a�_
�a�J �Gw! �R�Y�a�_

yXe

yX3

R

RXk

RXk RX9 RXe RX3
R

kU
RV

RRURV

*QMiQm`b ?QH/ �i e3W *G, ë‰k 4 kXj

>6�: UkyReV
aJ Gw4R
aJ LQG
aJ Gw! R

FIG. 3. The SM predictions for R1(1) and R2(1) for the Þts imposing (left) or not imposing (right)

the QCDSR constraints in Eq. (34). The black ellipse shows the world average of the data [9]. The
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Þt scenarios are described in the text and in Table I, and the Þt results are shown in Table II. All

contours correspond to 68% CL in two dimensions (! ! 2 = ! 2
scan ! ! 2

min = 2 .3).

�y�X�k�8

�y�X�j

�y�X�j�8

�y�X�k �y�X�j �y�X�9 �y�X�8

R
�UD

! �
V

R�UD�V

�*�Q�M�i�Q�m�`�b �?�Q�H�/ ���i �e�3�W �*�G�,�ë! �k �4 �k�X�j

�>�6���: �U�k�y�R�e�V
�a�J �U�Q�i�?�2�`�b�V
�a�J �Gw�4�R�Y�a�_
�a�J �L�Q�G�Y�a�_
�a�J �i�?�,�Gw" �R�Y�a�_
�a�J �Gw" �R�Y�a�_

�y�X�k�8

�y�X�j

�y�X�j�8

�y�X�k �y�X�j �y�X�9 �y�X�8

R
�UD

! �
V

R�UD�V

�*�Q�M�i�Q�m�`�b �?�Q�H�/ ���i �e�3�W �*�G�,�ë! �k �4 �k�X�j

�>�6���: �U�k�y�R�e�V
�a�J �U�Q�i�?�2�`�b�V
�a�J �Gw�4�R

�a�J �L�Q�G
�a�J �Gw" �R

FIG. 4. The SM predictions for R(D) and R(D ! ), imposing (left) or not imposing (right) the

QCDSR constraints (see Table IV). Gray ellipses show other SM predictions (last three rows of

Table IV). The black ellipse shows the world average of the data [9]. The contours are 68% CL

(! ! 2 = 2 .3), hence the nearly 4" tension.
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