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# 2

New Physics

4

Current Label Wilson Coe�cient, cXY Operator

SM SM 1
⇥
c̄�µPLb

⇤⇥
¯̀�µPL⌫

⇤

Vector

V_qLlL VqLlL

⇥
c̄�µPLb

⇤⇥
¯̀�µPL⌫

⇤

V_qRlL VqRlL

⇥
c̄�µPRb

⇤⇥
¯̀�µPL⌫

⇤

V_qLlR VqLlR

⇥
c̄�µPLb

⇤⇥
¯̀�µPR⌫

⇤

V_qRlR VqRlR

⇥
c̄�µPRb

⇤⇥
¯̀�µPR⌫

⇤

Scalar

S_qLlL SqLlL

⇥
c̄PLb

⇤⇥
¯̀PL⌫

⇤

S_qRlL SqRlL

⇥
c̄PRb

⇤⇥
¯̀PL⌫

⇤

S_qLlR SqLlR

⇥
c̄PLb

⇤⇥
¯̀PR⌫

⇤

S_qRlR SqRlR

⇥
c̄PRb

⇤⇥
¯̀PR⌫

⇤

Tensor
T_qLlL TqLlL

⇥
c̄�µ⌫PLb

⇤⇥
¯̀�µ⌫PL⌫

⇤

T_qRlR TqRlR

⇥
c̄�µ⌫PRb

⇤⇥
¯̀�µ⌫PR⌫

⇤

Table 1 The b ! c`⌫ operator basis and coupling conventions.
Also shown are the identifying Wilson coe�cient labels used in
Hammer. The normalization of the operators is as in Eq. (2).

gammaCombo [25] compatible class. This allows one to
use Hammer’s e�cient reweighting of histogram bins
to generate the relevant quantities required to calcu-
late a likelihood function for the binned observables
of interest. We then carry out a fully two-dimensional
binned likelihood fit in |~p

⇤
`
| and m

2
miss, assuming Gaus-

sian uncertainties. The fit uses 12⇥12 bins with equidis-
tant bin widths for |~p

⇤
`
| 2 (0.2, 2.2)GeV and m

2
miss 2

(�2, 10)GeV2. The fits determine either R(D(⇤)), or
the real and imaginary parts of Wilson coe�cients. The
preferred SM coupling is determined simultaneously, in
order to remove explicit dependence on |Vcb|.

We construct an Asimov data set [26] assuming the
fractions and total number of events in Table 2, follow-
ing from the number of events in Ref. [1, 24]. In the
scans, the total number of events corresponds to an ap-
proximate integrated luminosity of 5 ab�1 of Belle II
collisions. We assume events are reconstructed in two
categories targeting B ! D ⌧ ⌫̄ and B ! D

⇤
⌧ ⌫̄. A

fit for the real and imaginary parts of a single Wil-
son coe�cient plus the (real) SM coupling thus has
2⇥ 12⇥ 12� 3 = 285 degrees of freedom.

A sizable downfeed background from D
⇤ mesons

misreconstructed as a D is expected in the B ! D ⌧ ⌫̄

channel via both the B ! D
⇤
⌧ ⌫̄ and B ! D

⇤
`⌫̄ de-

cays. This is taken into account by partitioning the sim-
ulated B ! D

⇤
⌧⌫ and B ! D

⇤
`⌫ events into two sam-

ples: One with the correct m2
miss = (pB�pD⇤�p`)2 and

the other with the misreconstructedm
2
miss = (pB�pD�

p`)2, which omits the slow pion. This downfeed reduces
the sensitivity for the case that NP couplings induce
opposite e↵ects on the B ! D⌧ ⌫̄ versus B ! D

⇤
⌧ ⌫̄

total rates or shapes. In addition to semileptonic pro-
cesses, we assume the presence of an irreducible back-

B ! D⌧ ⌫̄ Category Fractions Events / ab�1

B ! D⌧ ⌫̄ 5.6% 800
B ! D⇤⌧ ⌫̄ 2.3% 325
B ! D`⌫̄ 49.4% 7000
B ! D⇤`⌫̄ 40.6% 5750

Irreducible background 2.0% 288

B ! D⇤⌧ ⌫̄ Category Fractions Events / ab�1

B ! D⇤⌧ ⌫̄ 5.4% 950
B ! D⇤`⌫̄ 93.0% 16500

Irreducible background 1.6% 288

Table 2 The Asimov data set components. The fractions were
motivated by Refs. [1, 24].

ground from secondaries (i.e., leptons from semileptonic
D meson decays), fake leptons (i.e., hadrons that were
misidentified as leptons) and semileptonic decays from
higher charm resonances (i.e., D

⇤⇤ states). The irre-
ducible background is modeled in a simplified manner
by assuming 10 background events in each of the 12⇥12
bins, totaling overall 1440 events per category.

Figure 1 shows the impact on the fit variables of
three benchmark models that we use to investigate the
e↵ects of new physics:

i) The R2 leptoquark model, which sets SqLlL '

8TqLlL (including RGE; see, e.g., Refs. [27, 28]);
ii) A pure tensor model, via TqLlL;
iii) A right-handed vector model, via VqRlL .

For the ratio plots in Fig. 1, we fix the NP Wilson coef-
ficients to specific values to illustrate the shape changes
they induce in |~p

⇤
`
| andm

2
miss. The R2 leptoquark model

and tensor model exhibit sizable shape changes. The
right-handed vector model shows only an overall nor-
malization change for B ! D ⌧ ⌫̄, with no change in
shape compared to the SM, because the axial-vector
B ! D hadronic matrix element vanishes by parity and
angular momentum conservation. For B ! D

⇤, both
vector and axial vector matrix elements are nonzero, so
that introducing a right-handed vector current leads to
shape and normalization changes.

Figure 2 shows the projections of the constructed
Asimov data set, as well as the distributions expected
for the three NP models. The latter have the same cou-
plings as those shown in Fig. 1.

2.3 R(D(⇤)) biases from new physics truth

Many NP analyses and global fits to the R(D(⇤)) mea-
surements – together with other potentially template-
sensitive observables, including q

2 spectra – have been
carried out by a range of phenomenological studies (see,
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10 NP four-Fermi operators

3

di↵erent NP models. The recovered R(D(⇤)) values
are then compared to their actual NP values.

2. To demonstrate using a forward-folded analysis to
assess NP e↵ects without biases, we carry out fits
to (combinations of) NP Wilson coe�cients them-
selves, with either the SM or other NP present in
the mock measured data sets.

The setting of these analyses is a B-factory-type envi-
ronment. We focus on leptonic ⌧ decays, but the pro-
cedures and results in this work are equally adaptable
to the LHCb environment, and other ⌧ decay modes
or observables. In our example we focus on kinematic
observables important for the separation of signal from
background and normalization modes. Fits using an-
gular information may also be implemented, see e.g.
Refs. [16, 17] for an example.

We emphasize that the derived sensitivities shown
below are not intended to illustrate projections for ac-
tual experimental sensitivities per se. Such studies are
better carried out by the experiments themselves.

2.1 MC sample

The input Monte Carlo sample used for our demonstra-
tion comprises four distinct sets of 105 events: one for
each of the two signal cascades B ! D(⌧ ! e⌫⌫)⌫,
B ! (D⇤

! D⇡)(⌧ ! e⌫⌫)⌫ and for the two back-
ground processes, B ! De⌫ and B ! (D⇤

! D⇡)e⌫.
These are generated with EvtGen R01-07-00 [18], us-
ing the Belle II beam energies of 7GeV and 4GeV. The
second B meson decay, often used for identifying or
‘tagging’ the BB̄ event and constraining its kinematic
properties, are not included in the current analysis for
simplicity, but can be incorporated in a Hammer analysis
straightforwardly.

In each cascade, the b ! cl⌫ decay is generated
equidistributed in phase space (“pure phase space”),
instead of using SM distributions. This reduces the
statistical uncertainties that can otherwise arise from
reweighting regions of phase space that are undersam-
pled in the SM to NP scenarios in which they are not.2

2.2 Reweighting and fitting analysis

Hammer is used to reweight the MC samples into two-
dimensional ‘NP generalized’ histograms (see Sec. 3),

2For an actual experimental analysis one would instead use
Hammer to reweight SM MC samples. The correct statistical un-
certainty of the reweighting can be incorporated, using weight
squared uncertainties computed by the library. This information
could be used, e.g., to adaptively generate additional pure phase
space MC in undersampled regions.

with respect to the reconstructed observables |~p
⇤
`
| and

m
2
miss, the light lepton momentum in the B rest frame

and the total missing invariant mass of all neutrinos, re-
spectively. Both variables are well-suited for separating
signal from background decays involving only light lep-
tons. In the cascade process of the leptonic ⌧ decay in
B ! D

(⇤)
⌧⌫, the signal lepton carries less momentum

than the lepton from prompt B ! D
(⇤)

`⌫ decays. Sim-
ilarly, the missing invariant mass of B ! D

(⇤)
`⌫ decays

peaks strongly near m2
⌫
' 0, in contrast to B ! D

(⇤)
⌧⌫

in which the multiple neutrinos in the final state permit
large values of m2

miss.
The B ! D

(⇤) processes are reweighted to the
BLPR form factor parametrization [19], which includes
predictions for NP hadronic matrix elements using
HQET [20–23] at O(1/mc,b, ↵s).

Charged particles are required to fall in the Belle II
angular acceptance of 20� and 150�, and leptons are re-
quired to have a minimum kinetic energy of 300MeV
in the laboratory frame. An additional event weight
is included to account for the slow pion reconstruc-
tion e�ciencies from the D

⇤
! D⇡ decay, based

on an approximate fit to the pion reconstruction ef-
ficiency curve from BaBar data [1, 24]. The analysis
assumes that the second tagging B meson decay was
reconstructed in hadronic modes, such that its four-
momentum, pBtag , is accessible. In conjunction with
the known beam four-momentum pe+ e� , the missing
invariant mass can then be reconstructed as m

2
miss ⌘

(pe+ e��pBtag�pD(⇤)�p`)2, and the four-momentum of
the reconstructed lepton can be boosted into the signal
B rest frame. A Gaussian smearing is added to the truth
level m

2
miss with a width of 0.5GeV2 to account for

detector resolution and tagging-B reconstruction. No
additional correction is applied to |~p

⇤
`
|. Higher dimen-

sional histograms including the reconstructed q
2 and

the D
⇤
! D⇡ helicity angle may also be incorporated,

but are omitted here for simplicity.
Hammer can be used to e�ciently compute his-

tograms for any given NP choice. The basis of NP op-
erators is defined in Table 1, with respect to the La-
grangian

L =
4GF
p
2

Vcb cXY

�
c̄�X b

��
¯̀�Y ⌫

�
, (2)

where �X(Y ) is any Dirac matrix and cXY is a Wilson
coe�cient. We shall generally write explicit Wilson co-
e�cients as cXY = SqXlY , VqXlY , TqXlY , where the S,
V , T denotes the Lorentz structure, and X, Y = L,
R denotes the chirality. In this simplified analysis, we
assume that NP only a↵ects the b ! c⌧⌫ decays, and
not the light-lepton modes.

In order to carry out Wilson coe�cient fits, we wrap
the Hammer application programming interface with a

Most general Lagrangian density for  b → cℓν̄ℓ

10 (complex) Wilson coefficients = 20 dof

Example for tensor ( ) NP + SMTqLlL
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FIG. 5. The allowed ranges of R(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 fit of the B ! Dl⌫̄ and B ! D⇤l⌫̄ di↵erential rates

and angular distributions, consistently including the HQET relations to O(⇤QCD/mc,b, ↵s).

Under various fit 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 ratios R1,2 as well as R(D(⇤)), both in

the SM and in arbitrary NP scenarios, valid at O(↵s) and O(⇤QCD/mc,b). Our most precise

prediction for R(D(⇤)), in the “Lw�1+SR” fit, 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

ℑ[cTqLlL
]! = 0

ℑ[cTqLlL
] = 0

Various values for  projected onto   cTqLlL
R(D(*))

FB, Z. Ligeti, M. Papucci, D. Robinson

[Phys. Rev. D 95, 115008 (2017), arXiv:1703.05330]



# 3
HAMMER — a tool to correct  to arbitrary NPHb → Hcτν̄

Challenge: Produce MC for each NP working point 

-
Need a MC generator that incorporates all NP 
effects and modern form factors

(e.g. EvtGen does not)

-
Very expensive; MC statistics is 
already one of the largest systematic 
uncertainties on these measurements

HAMMER offers a 
solution to these problems

SM or Phase-space MC can be corrected 
to NP or FFs via ratio of event weights

SciPost Physics Submission

the relevant ten four-Fermi operators. In addition, changes of hadronic form factors to559

evaluate uncertainties or float such as additional nuisance parameters in a minimization560

problem, can be introduced. Although the code itself does not directly construct like-561

lihoods, it provides the LHCb and Belle II experiment with the necessary key tools to562

present experimental data in a model-independent way—a concrete toy example of which563

is discussed in Section 4.4.3. The code further allows experiments to reuse their large564

dedicated SM MC samples for new physics interpretations. The algorithm is based on565

event-weights of the form566

X

↵,i,�,j

c↵c†
�
FiF

†
j

W↵i�j , (11)

that are proportional to the ratio of the differential rates (and thus depends on the final567

state kinematics). Here c↵/� denote Standard Model (SM) or new physics (NP) Wilson568

coefficients, W↵i�j denote a weight tensor (built from the relevant amplitudes describing569

a process in question), and Fi/j encode hadronic form factors. The key realization is that570

the sub-sum
P

ij
FiF

†
j

W↵i�j is independent of the Wilson coefficients. Once this object571

is computed for a specific event it can be contracted with any choice of new physics to572

generate efficiently an event weight. In an eventual fit, observed events often are described573

by binned data. This allows one to carry out the individual sub-sums and store them in574

histograms, which in turn can be used to produce efficient prediction functions. In Ref. [54]575

an interface for RooFit was presented, which admits an alternative usage in standalone576

RooFit/HistFactory analyses.577

Fermitools The Fermi Large Area Telescope (Fermi-LAT) is a space-based gamma-ray578

telescope launched in 2008 and operational since then. The LAT has all the basic ingre-579

dients of a particle physics detector (silicon tracker, CsI calorimeter, veto detector) [55]580

and mainly provides the directions and energies of the observed gamma rays. The re-581

quirement that the data and associated analysis tools be published approximately a year582

after the end of commissioning led to the development of Fermitools [56], which provide583

pre-defined, and allow user-defined, statistical models to be convolved with parametrized584

detector response functions. Different classes of event selections are offered with respec-585

tive response functions corresponding to different levels of background [57]. Examples of586

relevance to particle physics include the search for annihilation signals from dark matter587

in dwarf galaxies [58, 59]. Another example, where these tools have been applied by users588

outside of the Fermi-LAT Collaboration is the characterization of an excess of gamma rays589

from the center of the Milky Way in terms of dark matter (see, for example, Ref. [60]).590

The approach taken by Fermi-LAT is not so much to publish likelihood functions for591

given models but rather to provide the community with easy to use tools to allow individual592

scientists to implement their own analysis. Models of universal backgrounds (isotropic,593

galactic diffuse gamma-ray emission and point sources) are provided as templates (in fits594

format or as text files) [61]. Likelihoods for specific models given specific datasets are595

not published as part of the Fermitools, but some individual analyses decided to publish596

likelihood functions in machine-readable format (see e.g. Ref. [59]). An early example of597

application of Fermitools in a particle physics context is the use of data for dwarf galaxies598

to search for supersymmetric dark matter [58,59]. In this case the publicly available event599

selection, detector response functions and backgrounds were used but the convolution with600

detector response functions was implemented by the author for faster computation. Current601

implementations of BSM global fits (see also Section 4.7) use the above mentioned machine-602

readable likelihoods.603
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encode hadronic 
form factors

tensor that encodes

amplitudes of given 


process

https://hammer.physics.lbl.gov/
sum independent of Wilson coefficients        
→ can exploit this to create fast predictions

cα

6

covered R(D(⇤))rec values. Explicitly, one calculates
CLs in the Wilson coe�cient space via the two de-
gree of freedom chi-square �

2 = vT
�
�1
R(D(⇤))

v, with

v =
�
R(D)th �R(D)rec , R(D⇤)th �R(D⇤)rec

�
. The re-

sulting best fit Wilson coe�cient regions similarly ex-
clude the truth values.

Thus, the allowed or excluded regions of NP cou-
plings determined from fits to the R(D(⇤)) measure-
ments must be treated with caution, as these fits do
not include e↵ects of the NP distributions in the MC
templates. Similarly, results of global fits should be in-
terpreted carefully when assessing the level of compat-
ibility with specific NP scenarios.

2.4 New physics Wilson coe�cient fits

Instead of considering observables like R(D(⇤)), for phe-
nomenological studies to be able to properly make inter-
pretations and test NP models, experiments should pro-
vide direct constraints on NP Wilson coe�cients them-
selves. For example, this could be done with simplified
likelihood ratios that profile out all irrelevant nuisance
parameters from, e.g., systematic uncertainties or infor-
mation from sidebands or control channels, or by other
means.

As an example, we now use Hammer to perform such
a fit for the real and imaginary parts of the NP Wilson
coe�cients, using the set of three NP models in Sec. 2.2
as templates. These are fit to the same two truth bench-
mark scenarios as in Fig. 4: a truth SM Asimov data set;
and a truth Asimov data set reweighted to the 2HDM
Type II with SqRlL = �2.

Figure 4 shows in shades of red the 68%, 95% and
99% confidence levels (CLs) of the three NP model
scans of SM Asimov data sets. For the SM truth bench-
mark, the corresponding best fit points are always at
zero NP couplings. The derived CLs then correspond
to the expected median exclusion of the fitted NP cou-
pling under the assumption the SM is true.

We further show in shades of yellow the same fit CLs
for the 2HDM truth benchmark Asimov data set. These
latter fits illustrate a scenario in which NP is present,
but is analyzed with an incomplete or incorrect set of
NP Wilson coe�cients. Depending on the set of coe�-
cients, we see from the ��

2 of the best fit points that
the new physics might be obfuscated or wrongly iden-
tified. This underlines the importance for LHCb and
Belle II to eventually carry out an analysis in the full
multi-dimensional space of Wilson coe�cients, spanned
by the operators listed in Table 1.

3 The Hammer library

In this section we present core interface features and
calculational strategies of the Hammer library. Details
of the code structure, implementation, and use, can be
found in the Hammer manual [40]; here we provide only
an overview.

3.1 Reweighting

We consider an MC event sample, comprising a set of
events indexed by I, with weights wI and truth-level
kinematics {q}I . Reweighting this sample from an ‘old’
to a ‘new’ theory requires the truth-level computation
of the ratio of the di↵erential rates

rI =
d�

new
I

/dPS

d�
old
I

/dPS
, (3)

applied event-by-event via the mapping wI 7! rIwI .
The ‘old’ or ‘input’ or ‘denominator’ theory is typically
the SM plus (where relevant) a hadronic model — that
is, a form factor (FF) parametrization. (It may also
be composed of pure phase space (PS) elements, see
App. A.2.) The ‘new’ or ‘output’ or ‘numerator’ the-
ory may involve NP beyond the Standard Model, or a
di↵erent hadronic model, or both.

Historically, the primary focus of the library is
reweighting of b ! c`⌫ semileptonic processes, often
in multistep cascades such as B ! D

(⇤,⇤⇤)(! DY ) ⌧(!
X⌫)⌫̄. However, the library’s computational structure is
designed to be generalized beyond these processes, and
we therefore frame the following discussion in general
terms, before returning to the specific case of semilep-
tonic decays.

3.2 New Physics generalizations

The Hammer library is designed for the reweighting of
processes via theories of the form

L =
X

↵

c↵ O↵ . (4)

where O↵ are a basis of operators, and c↵, are SM or
NPWilson coe�cients (defined at a fixed physical scale;
mixing of the Wilson coe�cients under RG evolution,
if relevant, must be accounted for externally to the li-
brary). We specify in Table 1 the conventions used for
various b ! c`⌫ four-Fermi operators and other pro-
cesses included in the library.

The corresponding process amplitudes may be ex-
pressed as linear combinations c↵A↵. They may also be
further expressed as a linear sum with respect to a basis
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FIG. 2. Example process tree for a decay cascade involving 10 particles (numbers), 4 vertices

(circles) and 3 edges (dark lines).

of the signatures of available Amplitude classes. A similar technique, using the hash of

the hadronic particles in a vertex, is used to identify whether form factors are needed at

each vertex. (If form factors are required at a vertex, Hammer will obtain the relevant form

factor parameterization as specified by the user for the hadronic transition in question.)

If no amplitude is found for a vertex, hammer will simply skip this step of the cascade.

This behavior means that hammer implicitly prunes potentially highly extended cascades,

providing an amplitude tensor only for vertices Hammer ‘knows’ (i.e. the parts of the cascade

we care about for understanding NP e↵ects or FF parametrizations).

In certain cases the strategy adopted for determining the process amplitude is more

sophisticated than a vertex-by-vertex approach. For certain decays, it can be computation-

ally advantageous to calculate an amplitude for two adjacent amplitudes. For example, in

B ! (D⇤
! D�)`⌫, simpler expressions can be obtained if one calculates the entire ‘merged’

amplitude, treating the D⇤ as an onshell internal state, rather than two separate amplitudes

exchanging D
⇤ spin. Similarly, for ⌧ ! (⇢ ! ⇡⇡)⌫, treatment of non-resonant e↵ects from

the broad ⇢ motivate expressing this amplitude as one merged amplitude, even though in the

process tree it would be represented as two vertices. Multistep decays involving the broad

D
⇤⇤ may also be more tractable when merged in this manner. Thus in additional to vertex

amplitudes, Hammer is also capable of processing ‘edge’ amplitudes, that is, one amplitude

belonging to two adjacent vertices connected by an edge in the process tree. It can therefore

happen that although Hammer does not know the amplitude for a particular vertex, it does

know an edge amplitude involving that vertex and another.

To explain what this means in practice for the user, it’s useful to introduce a vertex

and edge notation for the process tree. If Hammer knows the amplitude at a vertex, the

vertex is denoted by a filled circle, and if unknown, by an open circle. If an edge vertex

is available for two vertices, we connect them by a double line. This leads to five di↵erent

types of amplitude combinations, defined in Table I. The arithmetic followed by Hammer in
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Fig. 4 The 68%, 95% and 99% CL allowed regions of the three
models under consideration, from fitting the SM (red) and 2HDM
type II (yellow and with SqRlL = �2) Asimov data sets. (Top)
R2 leptoquark model with SqLlL = 8TqLlL; (middle) NP in the
form of a left-handed tensor coupling; (bottom) NP in the form
of a right-handed vector coupling.

be written as

�
{s}
⌦

=
X

↵,�

c↵c
†
�

Z

⌦

dPS

X

ij

FiF
†
j

�
{q}

�
W

{s}
↵i�j

�
{q}

�
.

(8)
The Wilson coe�cients factor out of the phase space
integral, so that the integral itself generates a NP-

Process Form factor parametrizations

B ! D(⇤)`⌫
ISGW2⇤ [41, 42], BGL⇤ [43–45],

CLN⇤‡ [46], BLPR‡ [19]
B ! (D⇤ ! D⇡)`⌫ ISGW2⇤, BGL⇤‡, CLN⇤‡, BLPR‡

B ! (D⇤ ! D�)`⌫ ISGW2⇤, BGL⇤‡, CLN⇤‡, BLPR‡

⌧ ! ⇡⌫ —
⌧ ! `⌫⌫ —
⌧ ! 3⇡⌫ RCT⇤ [47–49]

B ! D⇤
0`⌫

ISGW2⇤, LLSW⇤ [50, 51],
BLR‡ [52, 53]

B ! D⇤
1`⌫ ISGW2⇤, LLSW⇤, BLR‡

B ! D1`⌫ ISGW2⇤, LLSW⇤, BLR‡

B ! D⇤
2`⌫ ISGW2⇤, LLSW⇤, BLR‡

⇤b ! ⇤c`⌫ PCR⇤ [54], BLRS‡ [55, 56]

Planned for next release

B(c) ! `⌫ MSbar

B ! (⇢! ⇡⇡)`⌫ BCL⇤ [57], BSZ [58]
B ! (! ! ⇡⇡⇡)`⌫ BCL⇤, BSZ

Bc ! (J/ ! ``)`⌫ EFG⇤ [59], BGL⇤‡ [60]

⇤b ! ⇤⇤
c`⌫ PCR⇤ , ...

⌧ ! 4⇡⌫ RCT⇤

⌧ ! (⇢! ⇡⇡)⌫ —

Table 3 Presently implemented amplitudes in the Hammer li-
brary, and corresponding form factor parametrizations. SM-only
parametrizations are indicated by a ⇤ superscript. Form factor
parametrizations that include linearized variations are denoted
with a ‡ superscript. These are named in the library by adding a
“Var” su�x, e.g. “BGLVar”.

generalized tensor. After it is computed once, it can be
contracted with any choice of NP Wilson coe�cients,
c↵, thereafter.

The core of Hammer’s computational philosophy is
based on the observation that this contraction is com-
putationally much more e�cient than the initial com-
putation (and integration). Hence e�cient reweighting
is achieved by

– Computing NP (and/or FF, see below) generalized
objects, and storing them;

– Contracting them thereafter for any given NP
(and/or FF) choice to quickly generate a desired
NP (and/or FF) weight.

3.3 Form factor generalizations

Similarly to the NP Wilson coe�cients, it is often desir-
able to be able to vary the FF parameterizations them-
selves. This can be achieved directly within Hammer by
adjusting the choice of FF parameter values for any
given parametrization. However, because the impacts of
the form-factors depend on the kinematics of an event,

FB, S. Duell, Z. Ligeti, M. Papucci, D. Robinson 
Eur. Phys. J. C (2020) 80: 883 [arXiv:2002:00020]
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Fig. 5 Asimov scan confidence intervals in the TqLlL→, the SqLlL and the
VqRlL phase spaces of three independent samples and their combination.
The postfit-average is compared to the combined fit and shows a gain in
sensitivity from the sharing of parameters.

inducing an additional systematic uncertainty in the measure-
ment. In this sensitivity study we reproduce these analyses
strategies where the inherent biases arising in the averaged
combination are illustrated in Figure 6. In Figure 6 three
Asimov datasets have been produced injecting a deviation in
the value of the !2(1) form factor parameter in the pseudo-
data, floating the !2(1) form factor for ∀ ↑ µ#µ #∀ at LHCb,
while keeping it fixed for ∀ ↑ 3∃#∀ LHCb-like sample and
the ∀ ↑ ∃# Belle II-like sample. A 1-dimensional negative-
log-likelihood scan on the real part of the tensor Wilson
Coefficient Re(TqLlL) for this setup is shown in 6. From 6 it
is observed that the combination through a post-fit-average
results in a biased measurement due to the correlation of

Fig. 6 Asimov scan on the 1-dimensional Re(TqLlL) phase-space. A
deviation % !2(1) = 3 has been injected in the data samples, with respect
to the nominal !2(1) parameter in HAMMER. The scans of the two
∀→hadronic decay samples have been done by not floating the !2(1)
parameter in the fit, introducing a bias that affects also the post-fit
average. Using the same strategy for all the samples corrects for this
kind of bias.

the parameters, while combining the three, and unifying the
strategies allows to resolve the injected form factor value and
the correct and unbiased estimation of the Re(TqLlL) Wilson
Coefficient’s parameter is retrieved. This supports the idea of
performing a combined measurement of the Wilson coeffi-
cients between different channels where sharing of the form
factor parameters is possible.

6 Outlook

Sensitivity studies for the direct Wilson Coefficients mea-
surement on LHCb and Belle II R(D↓) datasets have been
performed. The combination of multiple datasets in a simulta-
neous fit enhances the sensitivity with respect to a postfit av-
erage of multiple datasets. The simultaneous fit also includes
inherent coherence through the sharing of common param-
eters, such as the form factor parameters. Their correlation
with the Wilson Coefficients makes the simultaneous fit, in a
unified analysis, to correct for biases due to different strate-
gies in separated analyses using several and distinguished
datasets.

As R(D(↓)) sensitivity advances, at LHCb and Belle II,
stringent constraints on BSM parameters are expected. In
Figure 7 the comparison between the expected sensitivity
in the combination using the results for the R(D↓) datasets
from [1, 2, 18] used in section 5 and the expected confidence
intervals with the same datasets using the projected R(D↓)
sensitivity at LHCb and Belle II in 2030 is shown. The Wilson
Coefficient’s sensitivity scales, as expected, with the amount
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Abstract Recent experimental results in ratios of branching
fractions in b → cω∀ transitions show an outstanding tension
of 3.8# with the Standard Model measurements. The underly-
ing theoretical assumptions in Monte Carlo (MC) simulations
that are used in these analyses do not account for possible
deviations from the Standard Model which can be a source
of potential bias in parameter extraction. To avoid large-scale
MC re-simulations and enhance reinterpretation of data, tools
like the HAMMER software package have been developed.
HAMMER provides an efficient reweighting framework that
allows simulation derived templates to be adjusted for ar-
bitrary New Physics (NP) scenarios or alternative hadronic
matrix elements. The Redist-HAMMER package provides
an open source interface between the HAMMER package
and the data-fitting framework provided by the python based
HistFactory software - pyhf, allowing to build model-agnostic
likelihoods using HAMMER processed datasets. The Redist-
HAMMER interface is presented together with a sensitivity
study on a combined Wilson coefficient analysis using LHCb
and Belle II-like simulations. The advantages of combin-
ing multiple beyond the Standard Model measurements in
b → c!↓∀̄! transitions with a simultaneous fit with respect
to a post-fit average are presented. We show that sharing the
parameters of interest like the form factor parameters and
Wilson Coefficients allows to avoid biases when performing a
combined measurement of NP Wilson coefficients in several
B0 → D↑↓!+∀! channels. Enhanced sensitivity is observed
when the parameters are shared between several datasets in a
combined fit.
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1 Introduction

The recent tension observed in B-physics, particularly in
b → cω∀ transitions at LHCb [1, 2] and Belle II [3, 4, 5, 6],
have sparked significant interest in exploring Beyond the
Standard Model (BSM) effects in charged-current semilep-
tonic decays. These decay modes, characterized by a ↔ 10%
branching fractions [7], result in high signal yields. The
analyses of these decay modes rely on Monte Carlo (MC)
simulations to model the signal and background modes and
require the production of extensive simulations for precise
measurements. Moreover, most analyses rely on underlying
assumptions, such as theoretical distributions shaping the
simulations, used in the building of the models to fit the
data. This introduces model dependency, typically based on
Standard Model (SM) predictions, which complicates rein-
terpretation in terms of alternative theoretical hypothesis,
making it difficult to draw conclusions on BSM effects.

To ensure consistent and up-to-date measurements, mod-
els must incorporate BSM effects and provide state-of-the-art
parameterizations of soft QCD effects. However, to gener-
ate dedicated samples for every possible configuration of
decay parameters would require an enormous amount of
computing power delegated to the production of any possible
simulated sample, with every possible BSM contribution in-
jected, resulting in a impractical, and unfeasible approach [8].
The HAMMER package [9] has been developed to address
this challenge, providing a reweighting framework that al-
lows to process the samples adjusting the simulation-derived
templates for arbitrary BSM scenarios. The HAMMER pro-
cessed samples can be stored in histograms which shape
varies with the injection of BSM contributions, allowing flex-
ible reinterpretation of results without the need for large-scale
re-simulations.


