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I. INTRODUCTION

The persistent R(D™) results may be one of the first signals of new physics. Properly
understanding their origin is imperative, which in turn requires the ability to produce fully
simulated Monte-Carlo datasets for arbitrary new physics (NP) or hadronic models. The
software tools to do this efficiently and self-consistently — a requirement to establish these
anomalies as a NP signal — do not currently exist.

The extraction of B — D®*)ru data from experimental analyses is complicated by mul-

*, k%)

tiple confounding factors: Neither the 7 nor D! are visible final states in the B decays,
instead decaying promptly in the detector. The actual final states involve missing energy in
the form of at least two neutrinos, and the non-trivial masses of the 7 and D* lead to large
interference effects in the differential decay distributions, formally of order m, /mpg in the SM
and O(1) with NP included [I]. Combined with detector-level phase space cuts and down-
feed contributions from D** excited states, that can themselves exhibit large sensitivity to
NP [2], these effects together imply that B — D"**)7v signal data is itself model-dependent,
both in the BSM and hadronic senses. Proper analysis of ‘best-fits’ in the space of NP theo-
ries is thus better achieved with forward-folding of all NP and hadronic effects, rather than
attempts to unfold data into a simpler B — D®***) 11 process.

The Hammer software comprises a C++ library designed to enable such forward-folded
analysis by encoding the required efficient and self-consistent analysis of these decays for
arbitrary new physics and hadronic models. The design philosophy of Hammer is to con-
struct tensor representations of amplitude-level results for the high multiplicity final state
B — D) (— DY)7(— Xv)v decays, to permit computationally inexpensive exploration
of NP or hadronic model effects in the fully differential phase space. An efficient event
reweighting strategy, making use of these tensor forms, allows the user to perform studies
on fully simulated Monte Carlo datasets — datatsets that incorporate e.g. phase space cuts,
background and detector effects — as well as the effects of different schemes for form-factor
parametrizations. Such studies may include fitting to the fully differential phase space of
these processes, or histogramming in arbitrary dimensions.

* Kk

While Hammer has been designed primarily with B — D®*)¢y ¢ = 7, u, e, processes in
mind, the general framework has been designed to be extendable to semileptonic A, — A, fv
or other charmed semileptonic decays, such as B, — Jfip fv. The framework admits future

incorporation of processes such as B — K ®)¢¢, that also exhibit striking anomalies.

II. DESIGN OVERVIEW

A. Tensors and indices

The Hammer library is designed for the analysis of processes generated by theories that
may be specified by a linear sum of operators O, and SM or new physics (NP) Wilson



coefficients ¢, such that

L= anOa. (1)

We specify in Sec [[V|the conventions used for B — D®***) ¢y processes. This linear structure
is preserved in the amplitudes relevant for processes of interest, which may also be further
linearized in a basis of form factors (FF), F}, or structure functions that encode the physics
of hadronic transitions. In general, then, an amplitude may be written in the tensorial form

MEH({q}) an ({a}) AT ({a}) . (2)

in which {s} are a set of external quantum numbers and {g} the set of external four-
momenta. The object A,; is an NP- and FF-generalized amplitude tensor. In the case
of cascades, relevant for B — D®*)(— DY)r(— Xv)v decays, the amplitude tensor may
contain coherent sums over several sets of internal quantum numbers (see Sec|[IV|for 7 spinor
and D™**) polarization phase conventions). In all processes currently handled by Hammer
(see Sec. for a list), the b — ¢ form factors are exclusively functions of

¢ = (pp — ppeesn)” (3)

or equivalently functions of dimensionless kinematic variable w,

2

=V = 4
v v QmBmD(*,**) ’ ( )

with v = pg/mp and v/ = Pp.en /M pe-s the four-velocities of the initial and final states.
The 7 — nm, n > 3 structure functions are dependent on multiple invariant masses of the
final state pions, so that processes containing such hadronic 7 decays involve at least two
sets separate sets of hadronic functions at amplitude level.

The corresponding polarized differential rate

At = N7 cocl, FF] (¢?) AL AR ({g}) aPs, (5)

o,i,8,7

so that the outer product of the amplitude tensor, W = AAT, is a weight tensor. (The phase
space differential form includes on-shell §-functions and geometric or combinatoric factors,
as appropriate.)

An FF parametrization is permitted to also carry ‘error’ eigenbasis or other indices. For
instance, an FF parametrization with a parameter set {x1} can be linearized around a best-fit
point, {u°}, so that

Fym Fio(%5{n}) = Fi( Au"}) + FL. (¢ {1"}) (6)

where Fj , is the perturbation of F; in the ath principal component of the parametric fit cor-

relation matrix. Alternatively, one can contemplate FF parametrizations that are linearized
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with respect to a basis of parameters, with index a. The key point here is that objects
contracting on the a index are ¢ independent, and factor out of any phase space integral.

The calculational core of Hammer computes the amplitude tensor A event-by-event for
any process having an corresponding extant amplitude class (see Sec. for a list), and as
specified by initialization choices (more detail is provided below). Together with a specified
form factor parametrization, F;, and NP Wilson coefficients, ¢,, an event NP weight can be
rapidly computed by a linear contraction of the amplitude tensor (or, where relevant, weight
tensor) with the NP and FF ‘vectors’, ¢, and F;.

B. Reweighting

Reweighting an event sample with weights w; from an ‘old’ to a ‘new’ point in theory

space (or to a different FF model) requires, at a minimum, the computation of the ratio

AT /dPS

= e 7
" Area/aps (7)

applied event-by-event via the mapping w; — r;w;. The ‘old’ or ‘denominator’ theory is
typically chosen to be the SM plus a FF parametrization, and/or may be composed of pure
phase space (PS) elements .

In certain use cases, it may be useful to compute and fold in (the SM component of) an
overall ratio of rates I /T, Furthermore, in some cases the Vy-normalized rate itself,
™%V /|V|?, may be required. For example, if the MC sample has been initially generated
with a fixed overall branching ratio, Biyput, one might wish to ‘undo’ this constraint via an
additional factor Byew/Binput-

These various different components are computed by Hammer in the most general possible

tensorial form:

(i) An NP- and FF-generalized tensor for dI'}*V/dPS is computed via the weight ten-
sor , event-by-event, for all specified processes. An FF-generalized tensor is simi-
larly computed for d['9'/dPS, or just the overall normalization for the case that the
old theory is pure phase space. The ratio r; is then itself generally at least a rank-4

tensor.

(ii) The overall b — cfv rates T'°'4 "¢ need be computed only once for an entire sample.
Hence, even if only SM components might be required in practice, it is computationally
inexpensive to calculate the full NP-generalized tensor structure for each rate. How-
ever, it should be noted that these rates require integration over the cfv Dalitz space:
Since b — ¢ form factors are ¢> dependent, the FF parameterization schemes for ‘old’
and ‘new’ must be specified, computed and contracted into the b — /v weight ten-
sors before integration. Depending on the FF parametrization, additional FF ‘error’



indices may still be present (see eq. (€])), so that """ are nominally (two-index)
NP-generalized rate tensors, but may also feature two or more FF error indices too.

In the examples below in Sec. [VI, we show various different reweighting implementations
and use cases, that make use of these objects in various different combinations.

C. Primary Functionalities

The user may choose when or whether the reweighting tensors r;w; should be contracted
into numerical weights for a specific theory or FF point, or alternatively stored for later
reloading or binned into histograms. With regard to histogramming, it should be noted that
contraction of the NP (or FF error, ¢* independent) indices of a set of r;w; (re)weighting
tensors commutes with binning by kinematic observables. This generates NP-generalized
histograms, whose entries can be rapidly computed for any NP theory of interest. However,
if such binning implicitly integrates over ¢> — ¢* is not an explicit dimension of the histogram
— then necessarily contraction over the ¢?> dependent FF indices is required first, before
binning. At present, Hammer enforces contraction with FF indices before binning, for all
variables.

The architecture of Hammer is designed around several primary functionalities:

i) Receive instructions for which processes are ‘included’ to be reweighed, and which
g
(possibly multiple schemes for) form factor parametrizations are to be used.

(ii) Read the included events from the event sample, and compute their corresponding NP-
and FF-generalized amplitude or weight tensor, as well as the respective rate tensors,

as needed.
(iii) Bin the event weight tensor — i.e. r;w;, as in eq. — into histograms, as instructed.

(iv) Contract generalized weight tensors or bin entries against specific FF schemes or NP
choices, to generate an event or bin weight.

(v) Save or reload amplitude or weight tensors or generalized histograms.

The schematic architecture and logical flow of Hammer, used to implement these functional-
ities, is shown in Fig. [l Examples of the implementation of these functionalities is shown
in the examples below.

Of notable importance is the use of two input cards: an initialization card and a parameter

card. The initialization card is used, for programmatic reasons, to specify:

e Which decays should or should not be processed by Hammer. This specification is
interpreted by a parser, that finds all intersections of the quoted (sub)processes with
processes available to Hammer. The inclusion or exclusion of processes may be achieved
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FIG. 1. The ‘flying spaghetti monster’ schematic architecture of Hammer. The flow of user specified
choices or event data is shown by yellow arrows. Blue (green) arrows denote the flow of calculational
information, in particular amplitude, weight or rate (form factor) tensors for the process specified
in the event data. Red arrows highlight the flow of Hammer output, which may be saved or reloaded.

Most internal Hammer classes are not shown in this schematic.

by explicitly listing the decay cascades, or by listing just final states or subprocesses
of interest.

e The input, aka ‘old” aka ‘denominator’, FF parametrization.

e The output, aka ‘new’ aka ‘numerator’, FF parametrization(s): For the purpose of
histogramming or weight storage, multiple numerator FF parametrizations may be
specified in uniquely named schemes.

The parameter card lists the values of FF parameters for the FF parametrizations of inter-
est, as well as values of Wilson coefficients to be contracted with the reweighting tensors.
Examples of the use of both cards are shown below. The functionality of both cards may
also be implemented programmatically, if the user wishes.



D. Code flow

A Hammer program may have two different types of structure: An initialization program,
so called as it runs on HepMC as input, and may generate hammer format files; or a reanalysis
program, which may reprocess histograms or event weights that have already been saved in
an initialization run.

An initialization program has the generic flow:
(i) Create a Hammer object.
(ii) Declare included or forbidden processes, via includeDecay and forbidDecay.
(iii) Declare form factor schemes, via addFFScheme and setFFInputScheme.
(iv) (Optional) Add histograms, via addHistogram.
(v) Initialize the Hammer class members with initRun.

(vi) Each event may contain multiple processes, e.g. a signal and tag B decay. Looping
over the events:

(a) Initialize event with initEvent. For each process in the event:

i. Create a Hammer Process object.

ii. Add particles and decay vertices to create a process tree, via addParticle
and addVertex.

iii. Decide whether to include or exclude processes from an event via addProcess

and/or removeProcess.

(b) Compute bin indices of the event observables for each relevant event histogram —
specific particles can be extracted with getParticlesByVertex or other prom-

grammatic means— and set them via setEventHistogramBin.

(c) Initialize and compute the process amplitudes and weight tensors for included
processes in the event, and fill histograms with event weights — the direct product

of include process weights — via processEvent.

(d) (Optional) Save the weight tensors for each event, with saveEventWeights.

(vii) (Optional) Generate histograms with getHistogram(s) and/or save them with
saveHistograms. NP choices are implemented with setWilsonCoefficients.

By contrast, a reanalysis program has the generic flow:
(i) Create a Hammer object and specify the input file.

(ii) Declare included or forbidden processes, via includeDecay and forbidDecay.



(iii) Declare form factor schemes, via addFFScheme and setFFInputScheme.

(iv) Reinitialize containers with loadRunHeader. Declare histograms to be compiled from
the saved data via addHistogram.

(v) (Optional) Looping over the events:

(a) Initialize event with initEvent.
(b) If desired, remove processes from an event with removeProcess.

(c) Compute bin indices for each relevant declared event histograms and set them

via setEventHistogramBin.
(d) Reload event weights with loadEventWeights.

(e) Fill histograms with event weights via processEvent.

(vi) (Optional) Load saved histograms with loadHistograms, and/or generate histograms

with getHistogram(s). NP choices are implemented with setWilsonCoefficients.

III. THE HAMMER FORGE

In this section, we provide user-relevant details for the operation of the Hammer library.
In particular, this section contains a more detailed explanation of information handling
and rules enforced by the computational core in following user specifications, assembling
amplitudes, or returning histograms or weights, in order to avoid (or explain) ‘unexpected’
behavior.

A. From the process tree to an amplitude tensor

Starting with a single ‘head parent’ particle, labelled by index 0 in Fig. [2| a typical decay
encountered by Hammer can be represented in graphical terms as a ‘process tree’, in an obvi-
ous way: Each decay vertex is labelled by its local parent particle, connected to subsequent
daughter decays by an edge (i.e. a line, or formally, a propagator). Hammer assembles the
process tree through two methods Process: :addParticle and Process: :addVertex. The
former adds a Particle class object — a momentum and a PDG code — to a container of
particles; the latter fills a map of each parent to its daughters for each decay vertex.

From the filled process tree, Hammer determines several hashes or sets of hashes, that
encode the structure of the tree: In particular, i) a set of the hashes of parent and daughter
particle PDG codes at each vertex; ii) a combined hash for the process — a ‘process 1D’
— providing a 1-1 identifier between the full decay cascade and a size_t integer. For any
process, the latter can be obtained by the method Process::getId. The former will be
relevant later for understanding how ‘included’” and ‘forbidden’ processes are identified.
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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).

At this stage, the natural computational step is to map each vertex into a corresponding
amplitude tensor, contracting exchanged quantum numbers along each edge to form a single
tensor for the whole process tree. In the simplest cases, this is precisely the strategy adopted
by Hammer, i.e. the particle ID hashes constructed at each vertex are looked up in a dictionary
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 effects 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~){lv, 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 7 — (p — 77y, treatment of non-resonant effects from
the broad p 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

10



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 different
types of amplitude combinations, defined in Table [ The arithmetic followed by Hammer in
determining the amplitude from tree is as follows:

(i) Fill all available pure edges by lowest (i.e., furthest from head parent) to highest depth

in the process tree, being sure not to assign the same vertex twice
(ii) Repeat for partial then full edges

(iii) Assign known vertex amplitudes to any remaining free vertices.

Two examples or this arithmetic are shown in Table [[I}

Vertex Edge
Amplitude| Known Unknown Pure Partial Full
Notation o O O=0 =0 =0

TABLE 1. Definition of vertex and edge amplitude types.

B. Available vertex and edge amplitudes

The list of vertex and edge amplitudes known to Hammer are shown in Table [[TI} Also
shown are correspondingly available form factor parametrizations or structure function

tunes, as appropriate.

C. Including and excluding processes

The Hammer library contains an interpreter between a string representation of a vertex
and the corresponding PDG codes of incoming and outgoing particles. At present, a string
representation of a vertex, or ‘vertex string’ is formed by concatenating a single parent name
with daughter names, in the form ParentDaughteriDaughter2.... The interpreter uses the
syntax that particle names are parsed by a capital letter: the full list of names is provided
in Table [Vl

The decay processes to be reweighed by Hammer are specified via Hammer: : includeDecay,
which takes a vector of vertex strings {V;,Vs,...,V,} as an argument, and may be in-
voked multiple times. Each includeDecay specification is inclusive and permits any pro-
cess tree whose set of vertices P contains {V1,Va,...,V,}. The boolean logic applied by
includeDecay is AND between each vertex string element, and OR between separate invoca-

tions of includeDecay. For example

11



Known Amplitudes Evaluated Amplitudes

0=0,0,®

©,0=06,0

TABLE II. Example arithmetic for filling amplitudes for the process tree of Fig. assuming

different example sets of known amplitudes in Hammer.

ham.includeDecay ({"BDstarTauNu", "DstarDGamma'"});
ham.includeDecay ({"BDMuNu"}) ;

means ‘Reweigh a process that either contains vertices (B — D*7v and D* — D) or the
vertex (B — Dpuv)’. Hence e.g. B — (D** — (D% — K*ntn™)y)(r~ — (~vv) would be
included. Radiative photons are automatically accounted for, and need not be specified in
includeDecay specifications (see Sec. [[ITT)).

Processes are forbidden with the Hammer: : forbidDecay method, which similarly takes
a vector of vertex strings {V1,Va,...,V,}, and employs the same boolean structure as
includeDecay. However, forbidDecay specifications are exclusive and forbids only pro-

cess trees whose set of vertices P equals {Vi,Vs,...,V,,}. For example
ham.forbidDecay ({"B+DObarMulNu"}) ;

means ‘Exclude a process that contains only the vertex BT — Dolﬁuu’, but e.g. this would
not exclude a process involving a subsequent D decay.

Inclusion or exclusion of processes may also be specified via an initialization card in
YAML format. For example, the equivalent to the above includeDecay and forbidDecay

invocations is

Include: [ [ BDstarTauNu, DstarDpi ], BDMuNu ]
Forbid: [ B+DObarMuNu ]

using the same vertex string syntax and symbology.

12



Process Type FF/SF Parametrizations

B — Dty Vertex ISGW2*, BGL*, CLN, BLPR
B — (D* — Dm)lv Edge ISGW2*, BGL*, CLN, BLPR
B — (D* — Dy)tv Edge ISGW2*, BGL*, CLN, BLPR
T — TV Vertex -—=
T — lvv Vertex -—=
T — 3nv Vertex RCT

Planned for next release

B — Dty Vertex BLR

B — Djlv Vertex BLR

B — Dty Vertex BLR

B — D3ty Vertex BLR
B — (J/¢Y — )Tv Edge
T = 4mv Vertex
T— (p— 7m)v Edge

TABLE III. Presently implemented amplitudes in Hammer and their types, and corresponding
FF parametrizations or structure function tunes. SM only parametrizations are indicated by an

asterisk.
D. Form factor schemes

In general, histogramming of event weights does not commute with contraction of FF
parametrization and weight tensors (unless one of the histogram dimensions is explicitly ¢?).
The Hammer library therefore allows the user to specify form factor schemes, or ‘schemes’ to
be used in reweighting. A form factor scheme is a set of FF parameterization choices for
each hadronic transition involving form factors (or structure functions), and is labelled by a
‘scheme name’. These schemes are set by the method Hammer: :addFFScheme, which takes
a scheme name plus a map from hadronic string representation to FF parametrization. The

hadronic string follows the same syntax and uses the same particle symbols as for vertex

13



Symbol Particle(s) Symbol Particle(s)
Tau T, 1T Dstar0 D*0
Nu Vey Ve, Vu, Uy, Vr, Uy Dstar+ D**
D D+, D—, D% DO Dstar- D*~
Dstar D, D*=,  D*t D DstarObar D*0
B B B-, Bt, B Dstar+- D** D*~
K Kt, K-, KY K Dstarabar D*0 D*0
Pi 0, xt, 7~ BO B
E1l W, o pt, e, e’ B+ BT
E et, e~ B- B~
Mu pwo, opt BObar B
Gamma v B+- BY, B~
Tau+ Tt Babar BY, B
Tau- T Pi0 70
E+ et Pi+ mt
E- e Pi- T
Mu+ ut Nut Vr
Mu- wo Nutbar Ur
K+ K+ Num Yy
K- K~ Numbar vy
KOS Kg Nue Ve
KOL K9 Nuebar Ve
DO D W+ w
D+ Dt W- W~
D- D~ W W+, W~
DObar DY
D+- DY, D~
Dabar DY, DO

TABLE 1V. List of currently available particle specifications and corresponding particles.

strings in Sec. [[II C| For example,

ham.addFFScheme ("Schemel1", {{"BD", "BLPR"}, {"BDstar", "BLPR"}});
ham.addFFScheme ("Scheme2", {{"BD", "BGL"}, {"BDstar", "CLN"}});

declares two different FF schemes, choosing BLPR for both B — D and B — D* form
factors in "Schemel", and a mixture of schemes for "Scheme2". Separate histograms and

event weights are generated for each scheme name, which are retrieved with the methods
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Hammer: :getHistogram(s) and Hammer::getWeight(s), as described below. The list of
symbols for available FF parametrizations are provided in Table In principle, different
FFs for charged and neutral processes can be set, e.g. via an entry {"B+-D", "BLPR"}
versus {"BabarD", "BLPR"}, and so on.

Specification of the form factor schemes used to generate the MC sample, i.e. the denom-
inator or input form factors, must be specified in order for Hammer to be able to generate the
reweighting tensors. These schemes are specified by the method Hammer : : setFFInputScheme,
which takes a map from hadronic string representation to FF parametrization scheme. For

example
ham.setFFInputScheme ({{"BD", "ISGW2"}, {"BDstar", "ISGW2"}});

sets both B — D and B — D* denominator form factors to ISGW2, a common MC
parametrization.
As for the Include and forbid specifications, the form factor schemes can also be specified

in the initialization card in YAML format. The equivalent to the above settings is

FormFactors:
NumeratorSchemes:
Schemel: { BD: BLPR, BDstar: BLPR }
Scheme2: { BD: BGL, BDstar: CLN }
Denominator: { BD: ISGW2, BDstar: ISGW2 }

E. Processing events

An Event object may contain multiple instances of Process, in order to account for the
fact that a single event may feature e.g. two B decay processes. The Event class is initialized
by Hammer: :initEvent (), with Process instances added by Hammer: :addProcess(proc)
which also returns the HashId of the process. If the process is not allowed according to the
includeDecay or forbidDecay specifications, the returned HashId is zero, and the process
is not added to the relevant Event containers.

Once a process is added, it is automatically initialized, which chiefly involves: calculating
the signatures of each vertex in the decay cascade; identifying the various subamplitudes
making up the cascade, as well as relevant form factor parametrizations and vertex decay
rates, for both the numerator/output and denominator/input. These amplitudes, form fac-
tors and rates are not computed, however, until the invocation of Hammer: : processEvent.
Once a process is added, the methods Process: :getParticlesByVertex or getVertexId
can be used to extract specific particles in a vertex or other vertex properties, taking as
an argument the relevant vertex string. These methods can be used to construct desired
observables belonging to the process; this can also be done by the user externally to Hammer,

as desired. E.g.
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proc.getParticlesByVertex("DStarDPi");

returns pair<Particle, vector<Particle>> for the parent D* and vector of daughter
particles, D and w. As an additional convenience, a process can be explicitly removed from
the event by Hammer : : removeProcess (procId), which takes the relevant process HashId as
its argument. This functionality is only relevant if one wishes to use Hammer-supplied getter
methods for extracting process observables, but one does not actually wish to include the
process weight in computations.

Once all processes are added (and if histograms have been added, relevant bins have been
set; see Sec. , the amplitudes, weights and relevant rates are computed (and weights
are added to histogram bins) by invocation of Hammer: : processEvent.

F. Retrieving event weights

Once an event has been processed (or loaded from a file), the weight for a specific event can
be retrieved by Hammer: :getWeights ("FFScheme"), which returns a map of each process
Id and corresponding double process weight for the specified FF scheme. These weights
can then be combined as appropriate. Alternatively, if HashIds of the desired processes
are known, one may use Hammer: :getWeight ("FFScheme", procIds), where the second
argument is a vector<HashId>, that returns the corresponding weights already combined
into a double.

Crucial to the application of either method is pre-setting of the relevant ’external data’,
i.,e. WCs, FF parameters and FF errors. The default WC settings are the SM, and the
default FF settings are specified inside the form factors classes themselves. The FF settings
can be set with the parameter cards or by the method Hammer: : [...]

The WCs are set by the method Hammer: : setWilsonCoefficients. A typical example
of the usage of this method is

ham.setWilsonCoefficients("BtoCTauNu",
{{"s_qLiL", 1.}, {"T_qL1L",0.25}});

where the first argument can be any of "BtoCTauNu", "BtoCTMuNu", or "BtoCENu" as desired.
The second argument is a map<string, complex<double>> of each WC to its desired value.
The full list of WCs and their definitions is supplied in Sec. [V Al An optional third bool ar-
gument may be supplied to specify whether the WCs should be set for the numerator/output
(true) or denominator/input (false), with the default being true. As an alternative, one
may instead pass as second argument a vector<complex<double>, corresponding to the
ordered basis

{"SM", "S_quL", "S_quL", "V_quL", "V_quL", "T_quL",
"S_gL1R", "S_gRI1R", "V_gL1R", "V_gRI1R", "T_qRI1R"}.
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G. Adding and retrieving histograms

Histograms of arbitrary dimensionality may be created by the Hammer library. In gen-
eral, histogram bins contain event weight tensors, which are direct products of the process
weight tensors for all processes in the event that are included by an includeDecay spec-
ification (and not specifically removed by a later removeProcess invocation). It is up
to the user to determine programmatically which processes in an event are (or are not)
included. For example, under the include specification shown in Sec. [ITC] an event fea-
turing B — (D** — (DT — K*7t 77 )y)(r~ — {~vv) and B® — D~ p*v would have an
event weight composed from the product of both process weights, while an event featuring
BY — (D*(r— — ¢~wv) and B® — D~ p*v would just have an event weight equal to the
process weight for the B — D~ v decay.

The event weight tensor may be contracted with arbitrary WCs to generate a posterior:
the corresponding histogram bin weight. Thus once a histogram is computed, it is computed
for all NP. More specifically, a histogram contains elements that are BinContents structs,
with members sumWi, sumWi2 and n for weight tensor, weight squared tensor and number of
events in the bin.

A histogram is declared by Hammer: :addHistogram, which takes as arguments a name
string and a vector of dimensions. The method addHistogram does not create a single
histogram, but rather a histogram set: A separate histogram is created for each unique
event ID — a set of process IDs for all processes included in the event — and in turn for each
FF scheme name specified by addFFScheme. For instance

ham.addHistogram("q2VsEmu", {20, 15});

creates a histogram set each with 20 x 15 bins. For an MC sample with N unique event
IDs and m declared FF schemes, the above addHistogram invocation would create m X n
unique 20 x 15 histograms, all with the name "q2VsEmu". By default, a single bin histogram
set "Total Sum of Weights" is always created.

Filling of histograms for a specific event is perfomed by Hammer : : setEventHistogramBin,
which takes the histogram name and the indices of the bin to be filled. For example,

ham.setEventHistogramBin("q2VsEmu", {5, 6});

sets the bin element for the "q2VsEmu" histograms belonging to the event being processed,
and fills the relevant histograms for each FF scheme name. Determination of the correct bin
indices for the set of event observables being binned must determined programmatically by
the user. Invocations of setEventHistogramBin must occur before Hammer: : processEvent.
Otherwise, the relevant histogram will not be filled with the weight for event being processed.
One all events have been processed (or if histograms are reloaded from a file) the user may
retrieve a specific histogram the method Hammer: :getHistogram, that takes a histogram
name and a FF scheme name. NP choices must be specified first via setWilsonCoefficients.

For example,
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ham.setWilsonCoefficients("BtoCTauNu",
{{"s_qR1L", 1.},{"S_qL1L", 0.5}});
auto histo = ham.getHistogram("q2VsEmu", "Scheme2");

would combine the histograms for all processed events that have been assigned a bin in the
"q2VsEmu" histogram, then contracts the event weights with the specified NP Wilson coef-
ficients. By contrast, the method getHistograms (note the plural) extracts all histograms

of a specific name and scheme. For example
auto histos = ham.getHistograms("q2VsEmu", "Scheme2");

produces a map of eventIDs to histogram for all available "q2VsEmu" histograms in FF
scheme "Scheme2".

H. Pure phase space vertices

The Hammer library permits the user to declare particular vertices, in either the denom-
inator or numerator amplitude, to be evaluated as pure phase space. This is achieved by
the method Hammer: : addPurePSVertices, which takes a set of string vertices as an argu-
ment, and an optional bool as a switch between numerator and denominator declarations
(numerator = true, by default). As an example

ham.addPurePSVertices ({"TauMuNuNu", "Dstar+DPi"}) ;
ham.addPurePSVertices({"DstarDGamma"}, false);

declares all 7 — pvv and D*t — D vertices in the numerator and all D* — D+~ vertices in
the denominator, to be phase space (subject to the rules below). The equivalent initialization
card definition is

PurePSVertices:
Numerator: [ TauMuNuNu, Dstar+DPi ]

Denominator: [ DstarDGamma ]

The library employs the pure phase space definition

1 2
M51 ST Tm |
gy 2 Mo =1 ®

where s; (1;) are incoming (outgoing) quantum numbers, and |{sy}| is the number of states
of s;. Le., the squared matrix element averaged over initial states and summed over final
states is set to unity. Upon the declaration of a vertex as PS, averaging over the initial
states of all immediate (non-PS) daughter vertices is automatically performed.

The declaration of a vertex as phase space within an edge may be ambiguous, if the other
vertex is not declared as PS too. This ambiguity is resolved by the library by an exclusive

implementation of the addPurePSVertices method, according to the following rules:
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(i) If both vertices in an edge are declared as PS, the edge is set to PS.

(ii) The declaration of a single vertex in an edge as PS is obeyed only if the remaining
vertex has a known vertex amplitude.

Labelling a PS declaration by an underlaid cross, i.c. # or {J, these rules are represented as

follows:

0= Edge is set to PS

=0 Declaration refused; a warning is thrown
o= Edge is set to PS

=0 Declaration refused; a warning is thrown
o= Edge is replaced by remaining @

=N Edge is set to PS

5=0 Edge is replaced by remaining @

An example of these rules are shown in Table [V] for the examples of Table [[T, based on the
process tree in Fig. [2l In the first example, the declaration of vertex 1 as pure phase space
is accepted, with the 0-1 edge being replaced by the known vertex amplitude at vertex
0. In the second example, the declaration is refused, since vertex 5 cannot be evaluated
independently.

Known Amplitudes Evaluated Amplitudes

0,006

©,0=06,0

TABLE V. Example arithmetic for filling amplitudes for the examples of Tab.[[I] with an additional

phase space declaration on vertex 1.

I. PHOTOS

Typical MC samples include collinear radiative corrections, incoherently appended to
the relevant vertices by the PHOTOS algorithm [|, ignoring typically negligible interference
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effects. Inclusion of such (typically very soft) radiative photons requires the vertex (and all

daughter vertex) momenta to be rebalanced, such that overall momentum remains conserved.

For the purpose of reweighting the truth level process, these photons must be pruned from

the process tree, which in turn requires an reversion of the kinematic rebalancing.

The effect of the kinematic rebalancing on the actual event weight is generally negligible:

The main concern is to ensure momentum conservation in the process tree once the photon

is removed. With this in mind, and following the PHOTOS prescription for kinematic

rebalancing [|, the Hammer library therefore identifies radiative photons, and reverts the

kinematics to pre-radiative corrected form, by the following procedure:

(i)

(vi)

(vii)

If a vertex contains 3 or more particles, with at least one photon, the softest photon
is identified as radiative.

The radiative photon, 7.4, is assumed to be associated with the nearest charged
particle, labelled ‘ch’; in the polar angle distance, §6.

The radiative vertex, and all daughter particles, are then partitioned into: The parent
particle, ‘P’; The charged particle, ‘ch’, and all its descendants, the ‘ch subtree’; All
other particles in the radiative vertex except a4, collectively called ‘Y”’, and all their
descendants, the ‘Y subtree’. The radiative vertex is thus written P — ch + Y + V4.

The ch and Y subtrees are boosted to the p.,+py rest frame, Rg.1y, so that necessarily
P and py are back-to-back.

In Ryyy frame, writing py = (Ey,py) and py, = (Een, Pen), the ch subtree and Y
subtree are then independently longitudinally boosted by
Ean|p*| — Ed|Pen Ey|p"| — Ey|p
ﬂ%h = = | | P) h| - | ) BFYY = Yl | 2 Y| Y| ) (9)

Meh my

in which the starred quantities are the usual P rest frame kinematic objects for the
two body decay P — ch + Y, ie.

2 2 2 2 2 2
. _ Mp—my +mg, B — mp — Mg, +my Ip*| = mP/\l/2 My Mch
ch 2mp ’ Y Qmp ’ 2 mp’ mp
(10)

with AM(z,y) = (1—(z+y)?)(1—(x—1y)?). Under these independent boosts, momentum
conservation is restored to the P — ch + Y vertex with v,,q removed.

The ch and Y subtrees are then boosted to the frame such that p., + py = pp, the
latter meaning the actual momentum of particle P in the process tree.

This process is repeated until (i) is no longer true.
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J. Omnshell propagators and rates
IV. CONVENTIONS
A. NP operator basis

A complete basis for the four-Fermi operators mediating b — ¢fv decay, including right-
handed neutrinos, is shown in Table [VI. The NP couplings to the quark and lepton currents
are denoted by X; and Aj-, respectively, and may in general be complex numbers. The lower
index of \ denotes the v helicity and the lower index of y is that of the b quark. The NP

couplings are normalized with respect to the SM current.

Current WC Tag WC 4-Fermi/ (i2v2 VG )
SM SM 1 (e PLb] [y, Prv]
V_qL1L XYAY ey A PLb] [EN] v Prv)
V_qRIL XRAY  [exhiy" Prb] [EAY v, PLy]
Vector
V_gL1R XiAR  [expy*Prb] [OA . Pry]
V_qR1R XrAR (e Prb] [ENR Y. Prr]
S_qL1L X7A7 [ex 2 PLb] [EA7 Pry]
S qRIL XL [ex R PRD] [A7 PL]
Scalar
S_qL1R XTAR [ex 2 PLb] [EA; Pry|
S_qR1R XPAE (X% PRO] [(AR Pry |
T_qL1L X,{Ag [E X%U“”PLb] [E)\EUW/PLV]
Tensor
T_gR1R X%Ag [E Xgof“’ PRb] [E )\EO'#VPRV]

TABLE VI. NP operator basis, and coupling conventions.

These conventions correspond to the conventions of Refs. [I] via

Xy =ap”, Xk =ag’,
X =—ai", X7 =—ay",
Xk =—ar’", XL = —ag",
)\X,S,T _ X,S,T* ’ )\\IQS,T _ g,S,T* ' (11)
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All internal Hammer calculations are done in the a;ﬂf basis of Ref. [1], which is naturally
defined for b — ¢lv transitions and their corresponding bl'c operators. Since, however,
specification of WCs with respect to ¢I'b operators is the predominant convention, Hammer
inputs are specified in the X;'-)\f WC basis. In the conventions of Ref. [2], x = &, and A = B,
but we discard this tilded notation hereafter, so that there is no potential confusion as to
which convention the WC tag subscripts, ‘_gX1X’, adhere.

B. Lorentz signs

For all amplitudes encoded into Hammer, we use a trace —2 metric, and the Lorentz sign

conventions
Tr[yin 7 Py0] = i | 128 = 4 (12)

These choices fully specify all other possible ambiguous signs, for example the +° trace choice

is equivalent to o#*~° = +% P70y, with 0, = %[7“7 7]

C. Form Factors and Maps

1. B—=D

The B — D form factor tensor has ordered components

FFp = {fs. fo fv: fr (13)
which are defined via
(D|cb|B) = fs, (14a)
2 2
(D|ey*s |B) = f(ps +po)' + o = fi] =72 g, (14b)
<D‘ ca™b }E> =ifr [(pB +pp)"q¢” — (ps +pp)"¢"| - (14c)

These definitions map to the conventional dimensionless form factor set hg, ho,h_, hr, as
defined in e.g. Ref. [3], via

fs =+/rp(w+1)mphs, (15a)

fo= T%/C_Dl [(rp+ 1)(w—1)h_ + (rp — 1)(w + 1)hy] (15b)
_(rp=1Dh_+ (rp+1)hy

[ = N : (15¢)

fr=—t2 (15d)

21 /TpMp ’
with rp = mp/mp. The B — D form factors h; are defined under the sign convention
Tr[y#y"y7vP~5] = +4ie"??, which is accounted for in egs. .
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2. B— D*

The B — D* form factor tensor has ordered components

FFp = {ao, fyg,a_, ay, agp, ar_, aT+}, (16)
which are defined via
(D*|&y°b|B) = age*- pp , (17a)
(D*|&y"b|B) = —ig "™ €}, (b5 + PD+)p o (17b)
(D*|ev"y°b|B) = "' f + ai.e* pp (ps + pp+ )" + a_* pp ¢, (17¢c)
(D*|e0""b|B) = —ar, €"¢}(pp + pp+)o — ar_ €77} o
—ar, e PB 6,ul/pcr<pB + pD*)p 9o - (17(1)

These definitions map to the conventional dimensionless form factor set hp, hy, ha, , 5, bty 5 5,
as defined in e.g. Ref. [3], via

ag = —\/T‘D*hp7 (18&)

f=+rp-(w+ 1)mpghy, , (18b)
g= hy (18¢)

2«/7“D*m3 ’

hA3 — T’D*hA2

=" 18d
¢ 2./Tp-mp (18d)
D= hA2 + hA3
=2 A 18
O+ QWTTLB ’ ( e>
h
ap, = ——2— (18f)

2,/rp-m%’
1 —rp)hpy — «+1)h
ap = ( D ) ;1 (TD + ) TZ, (18g)
A/ T D*

1 - * h - * 1 h
aﬂ:( rp-)hn, — (rp- +1) T (18h)
2\/’/“[)*
with rp« = mp+«/mp. The B — D* form factors h; are defined under the sign convention
Tr[y# "7 y*~%] = +4ie"*?, which is accounted for in egs. (18].
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D. Kinematics and phase space
E. 7 spinors
F. D®**) polarizations

V. INSTALLATION

The Hammer package can be installed from the source code. The most recent version is
available at:

Before compiling the code, the folliwing dependency requirements should be met:

e boost ver. > 1.50

e cmake ver. > 3.2

yaml-cpp ver. > 0.5

a C++ compiler supporting C++11

(optional) python2 ver. > 2.7 and the Cython python package to create the Hammer
python package

(optional) ROOT to enable Hammer ROOT histograms support

(optional) HepMC ver. > 2.06 to compile and run the examples

(optional) doxygen to produce the code documentation (together with graphviz and
LaTeX)

such packages are usually readily installed with the standard package managers pro-
vided by the operating system. For example on Fedora Core using dnf one would need
to install: boost, cmake, yaml-cpp, yaml-cpp-devel, (and optionally) python-devel,
python2-Cython, doxygen, root, HepMC, HepMC-devel. Similarly under MacOS using the
homebrew package manager one would need to install boost, cmake, yaml-cpp, root6,
cython, doxygen, hepmc (which is provided by the homebrew-hep tap).

Once the dependencies are installed one can expand the Hammer sources tarball in a
temporary directory (which we will indicate as <source_dir> below), create a temporary
build directory (<build-dir>) and then issue

cd <build_dir>
cmake -DCMAKE_INSTALL_PREFIX=<install_dir> <other_options> <source_dir>
make

>

>

>

> make doc
> ctest -V
>

make install
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if the directory prefix for the installation path is omitted CMake will automatically use
/usr/local. The main <other options> are:

e -DWITH ROOT=[0N,QFF]: enables the Hammer interface with ROOT,
e -DWITH PYTHON=[ON,OFF]: enables the Hammer python bindings,

e -DWITH EXAMPLES=[0N,QFF]: compiles and install Hammer examples and demo pro-
grams (requires HepMC),

e -DBUILD DOCUMENTATION=[ON,OFF]: builds Hammer documentation pages using Doxy-

gen,
e -DENABLE TESTS=[0N,OFF]: compiles a suite of unit tests for the Hammer library.

make doc can only be issued if the documentation has been enabled and ctest will only
run the tests if they have been enabled during configuration. If the examples are enabled,
during the configuration steps two event files necessary to run the examples programs and
too large to be distributed with the source code will be automatically downloaded. Finally,
after installation the examples will be located in <install dir>/share/Hammer/examples.

VI. EXAMPLE CODE

An example....

int main() {
auto io = unique_ptr<HepMC::I0_GenEvent>(new HepMC::I0_GenEvent("./data/BCLepNu.hepmc", std::ios::in));
if (io->rdstate() != 0) {
return -1;
}
Hammer : : Hammer ham{};
vector<string> Include = {"BDstarTaulu","DstarDPi"};
ham.includeDecay(Include) ;
ham.includeDecay (string("BDE11Nu"));
ham.addFFScheme ("Scheme1", {{"BD", "BLPR"}, {"BDstar", "BLPR"}});
ham.addFFScheme ("Scheme2", {{"BD", "BGL"}, {"BDstar", "CLN"}});
ham.setFFInputScheme ({{"BD", "ISGW2"}, {"BDstar", "ISGW2"}});
ham.addHistogram("EPiz", {20});
ham.initRun();
HeplMC: :GenEvent ge;
for(size_t i =0; i < 10000; ++i) {
if (io->rdstate() == 0 && io->fill_next_event(&ge)) {
if (i + 1) % 100 == 0) {
cout<< "processing event " << i + 1 << endl;
}
ham.initEvent();
auto processes = parseGenEvent(ge, {521, -521, 511, -511});
for(auto& elem : processes) {
ham.addProcess(elem) ;
if (elem.getId() != 0) {
auto pB = elem.getParticlesByVertex("BDstarTauNu").first; //get the B
auto DsParts = elem.getParticlesByVertex("DstarDPi");
for(auto elem2 : DsParts.second) {
if (abs(elem2.pdgId()) == 111 || abs(elem2.pdgId()) == 211){
double EPiZBoosted = boostToRestFrameOf (elem2.p(), pB.p()).EQ);
size_t EPiZbin = static_cast <size_t> (floor(20.*(EPiZBoosted-0.120)/(0.23 - 0.120)));
ham.setEventHistogramBin("EPiZ", {EPiZbin});
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¥
ham.processEvent () ;
}
}
for (size_t idW = 0; idW <= 10; ++idW) {
double val = (static_cast<double>(idW)-5.)%0.2;
ham.setWilsonCoefficients("BtoCTauNu", {{"S_aRbL", val}});
vector<vector<string>> find = {{"BDstarTauNu"}};
auto histoTau = ham.getHistogram("EPiZ", "Schemel", find);
cout << "Histo BDstarTauNu Schemel: S_aRbL = " << val << ": {";
for (size_t idx = 0; idx < histoTau.size()-1; ++idx){
cout << histoTau[idx].sumWi << "
¥

cout << histoTau[histoTau.size()-1].sumWi << "}" << endl;
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