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Introduction

Hammer in a nutshell

What’s new in v2.0

* Partial specialization of WC
* Python API, optimizations, etc.
The road ahead

e Near future (v2.x)

* Longer-term goals (v3.0)

Conclusions



Need for reweighing

* Large integrated luminosity requires large MC datasets and time-
consuming simulations

« Exclusive b — cZv: need to vary shapes for
* Fitting form factors
e Constraining new physics
* Propagate information from e,y modesto t

Get the “theory updates” on FFs

* This has to be done (consistently) among different modes D, D*, D**,
Nc, \¢", non-resonant ...

Reweighing tools are needed



HAMMER /I\&/IC

(2020-00020 & 2607 -01 459) Helicity Amplitude Module

for Matrix Element Reweighting

* HAMMER is

* Atool for efficient reweighing of MC events of semileptonic b decays to any BSM
theory and/or Form Factor (FF) description of hadronic matrix elements

* Alibrary of helicity decay amplitudes and of FF parameterizations

 HAMMER is not

* Atool to generate analytic distributions as a function of specific observables (but
they can be generated by binning reweighed event samples into histograms)

A fitting tool

* Tradeoffs:
* Fast, efficient, fully differential, adaptable to various use cases
* Needs an event generator to do phase space integration

* Needs external fitting infrastructure to be used in fits



TenSOriaI reweighing r Tensor Amplitude

(compute once)

. Amplitude: M5 ({q}) = c, Fi({g}) 2 ({q})

Wilson Coefficients (WQ) T T Form Factors (FF)
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Tensorial reweighing r Tensor Amplitude

(compute once)

. Amplitude: M5 ({q}) = c, Fi({g}) 2 ({q})

Wilson Coefficients (WQ) T T Form Factors (FF)
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t Tensor weight ts}
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e Weight of event |: r; =
dFOZd/dPS +—____ Notensor indices for “old”,
fully fixed by event generatlon

* Integrated on region of PS (e.g. a histogram bin):
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Tensorial reweighing

g = Ty ars T ae () G (1a)
a.p

* Explore variations of FF dependence on parameters (FF “Var” classes) via
linearization:

Fi({q}: (1)) = F({q}. (1*}) +2 (g}, (1)) e, —Zéacbm

» Variations independent of g2, on same footing as WCs

ATt}
— i Tosis} {s} [s)
A T ]

. Logic: process CZ[;“; }ﬂb first, then contract with cq, & in fit



Tensorial reweighing

* Tensorial separation of matrix elements not sufficient to achieve speed: large rank-4
(rank-8 for stat errors) tensors

* Internal linear algebra module: a “Tensor” internally has
 different storage strategies (“types”)
* linear algebra algorithms optimized for each type
* Most efficient Tensor type chosen automatically during calculations

* Highly granular for optimization for speed and space



Tensorial reweighing

* Tensorial separation of matrix elements not sufficient to achieve speed: large rank-4
(rank-8 for stat errors) tensors

* Internal linear algebra module: a “Tensor” internally has
 different storage strategies (“types”)
* linear algebra algorithms optimized for each type
* Most efficient Tensor type chosen automatically during calculations

* Highly granular for optimization for speed and space

* For binned analyses:

* “Tensor” histograms: histograms with sum
of tensor weights (and weight?) as bin
contents

e Efficient evaluation of fully correlated shape
variations

* “Flattened” onto regular histogram after
choosing WC / FF variation values

(See tutorial session)



Available Amplitudes and FF

Process

FF parametrizations

 Nota bene:

B — DXy

B — (D* — Dr)lv
B — (D* — D)ty
B — Dylv
B — Ditv
B — D4ty
B — D3lv
B — (p — wm)lv
B — (w — mrm)lv

ISGW2* [26, 27|, BGL**[21-23], CLN*f[2g],
BLPR' [29], BLPRXP? [30

ISGW2£, ]BGL*i, CLN[*i ,] BLPR', BLPRXP? ) (*) = SM Only
IsGw2*, BGL**, cLN*!, BLPRY, BLPRXP?
ISGW2*, LLSW*[31, 32|, BLR*[33, 34]
ISGW2*, LLSW*, BLR?

ISGW2*, LLSW*, BLR?

ISGW2*, LLSW*, BLR?

ISGW2*, BSZ![35]

ISGW2*, BSZ?

* (¥) = have FF variations

« All processes also have
corresponding SU(3)
variants: (B—D means
also Bs — Ds, etc.)

Ay — Aty PCR* [36], BLRS*[37, 38], BLRSXP [39]}
Ay — Ay PCR*, LSPR[40, 41] * For SU(S)'rela_ted_ procs.
Be — (Jf — )0 Kiselev* [42], EFG*[43], BGL* [44], ... FF parameterization is
B — mlv ISGW2*, BOL*! [45], GKvD [46] the same, but parameters
B. — Ktv Isew2*, BCL*47] may need to be changed
B, — Dylv BCL*![48) (via setOption())
T — TV —
T — lov - e Spin information kept
SN RCT* [49-51] along cascade if decay
Dy — (D* — Dm/v)m PV amplitude present in
D5 s (D* — D/ - library (drop-in addition)
D5 — Dn PW




Hammer Run Flows

* Reloading and reweighing:

* Preprocessing:
e Define run options, which
process(es) to reweigh and which
FF param. to use
 |Loop over events:
e compute tensor weight

« fill tensor histograms (optional)

e save tensor event weight
(optional)

e (optional) save histograms

 Wrap up

Load preprocessed information
from file(s) (possibly merging
multiple runs)

Retrieve event (tensor) weights or
histograms

Compute scalar weights or
histograms for a given choice of
WGCs values and/or FF uncert’
values

For fitting this phase can be
wrapped in a function called by the
fitter

Third Party wrappers:
RooHammerModel, Redist-Hammer



Form Factor Schemes & Co

* Form Factors can be selected by defining a “scheme” (a menu of which FF to choose for
which decay)

* Multiple schemes for numerator can be defined, one for denominator (fixed by how
samples are generated)

FormFactors:
ham.addFFScheme ("Schemel1", {{"BD", "BLPR"}, {"BD*", "BLPR"}}); NumeratorSchemes:
ham.addFFScheme ("Scheme2", {{"BD", "BGL"}, {"BD*", "CLN"}}); Schemel: { BD: BLPR, BD*: BLPR }
ham.setFFInputScheme ({{"BD", "ISGW2"}, {"BD*", "ISGW2"}}); Scheme2: { BD: BGL, BD%: CLN }
T Denominator: { BD: ISGW2, BD*: ISGW2 }

programmatically or in a (YaML) card file
For Bs—Ds it would have been: {“BsDs”, “BGL"}

* FF Parameters (settings) can be changed programmatically and in settings card. E.g.:

ham.setOptions("BtoDBGL: {ChiTmB2: 0.01, ChiL: 0.002}");

* If new lattice results/new fits become available: for FF parameterizations already in present
In library they can be incorporated this way. For truly new parameterizations: contact us

* A full list of settings can be obtained by saving the option card via
Hammer::saveOptionCard)



Form Factor Schemes & Co

 FF parameterizations can be “duplicated” to have versions with different values
of parameters

ham.addFFScheme ("Schemel", {{"BD", "BGL_1"}, ... });
ham.addFFScheme ("Scheme2", {{"BD", "BGL_2"}, ... });
ham.setFFInputScheme ({{"BD", "BGL_den"}, ... });

ham.setOptions ("BtoDBGL_1: {ChiT: 0.01, ChiL: 0.002}");
ham.setOptions ("BtoDBGL_2: {ChiT: 0.03, ChiL: 0.007}");
ham.setOptions ("BtoDBGL_den: {ChiT: 0.02, ChiL: 0.005}");

* FF duplication works also inside same scheme: e.g.
e addFFScheme(“Schemel”, {{*BD”, “BGL_ud”}, {*BsDs”, “BGL_s"}, ...})

* And then setOptions for “BtoDBGL_ud” and “BtoDBGL_s” to have different
settings for B—D and Bs—Ds



Form Factor Schemes & Co

e For FF “Var” classes with variations:

* A subset of parameters have linearized variations (e.g. BtoD*BGLVar
has &aop,1,2, 0bo,1,2, 6C1,2, 6do,1)

* They can be set via:

ham.setFFEigenvectors(“BtoD*”, "BGLVar", {{"delta_a1", 0.1},{"delta_b1”,-0.05}});

* A matrix (default to identity) allows the definition of one’s own basis as
a linear combination of the default variation (and reduce the
dimensionality of the variation space). It is automatically included in the
tensor weight. It can be set as e.q.:

ham.setOptions(“BtoD*BGLVar: {abcdmatrix: [[0.5, 0.1,...],[-0.1,2.0,...],...]}");

* The “eigenvector” variations can be renamed:

ham.renameFFEigenvectors(“BtoD*”, "BGLVar", {“delta_e1", “delta_e2", “delta_e3", "delta_e4"});

 FF duplication also works on “Var” classes



The rest

« Hammer receives in input truth-level kinematic information: an Event
contains multiple Processes, i.e., decay chains that need to be reweighed
(e.g. tag and probe B decays)

* 1/0: Hammer passes/receives binary buffers (guarantees internal
consistency) and is agnostic on how they are saved/read.

 ROQT integrations: saving/loading buffers into TTrees, flattening tensor
histograms into TH1,2,3D

* Reloading and merging different files
e By design: multiple ways to do the same thing
 Some items will be covered in the hands-on session

 Manual covers everything



Ver. 2.0.0 update



Wilson Coeff (partial) specializations

Weights are 11x11 matrices in WC space (weights2 114 are tensors) —

even with optimizations, still a fairly large number of multiplications WC
involved (and memory req.)

Interest in scanning affine subspaces of full NP parameter space - WC
partial specialization

Defined by:
* aname

« which WC are affected (e.g. (bc)(tv) vs (bc)(uv)), and for each of those

* The “origin”
e The name and directions of the new coordinates

General enough for many applications (including scanning for models
that contribute to different WC spaces)



Wilson Coeff (partial) specializations

* Weights are 11x11 matrices in WC space (weights? 114 are tensors) —
even with optimizations, still a fairly large number of multiplications WC
involved (and memory req.)

 Interest in scanning affine subspaces of full NP parameter space - WC
partial specialization

3
 Defined by: €2,
geee-n- >
e aname e1
« which WC are affected (e.g. (bc)(tv) vs (bc)(uv)), and for each of those
* The “origin” 0
 The name and directions of the new coordinates
* General enough for many applications (including scanning for models
that contribute to different WC spaces)
Definition:
ham.createWCSpecialization("JM", "BtoCTauNu", {"ci1", "c2", "c3"}); < Naming SpeC & COOFdS
ham.setWCSpecializationOrigin("JM", "BtoCTaulNu", {{"SM", 1}, {"V_qgR1L", 0.5}});
ham.setWCSpecializationCoord("JM", "BtoCTauNu", "cl1", L
T Set origin of subspace

{{"S_qgr1L", 1}, {"T_qL1L", 0.25}});

ham.setWCSpecializationCoord ("JM", "BtoCTauNu", "c2", <4____--“~‘~‘-‘~
HUV_qRILY, L}, LTV_qLILY, 12D Set subspace coord vector

ham.setWCSpecializationCoord("JM", "BtoCTauNu", "c3",

{0,0,2,0,0,0,0,0,0,0,0});



Wilson Coeff (partial) specializations

* Weights are 11x11 matrices in WC space (weights? 114 are tensors) —
even with optimizations, still a fairly large number of multiplications WC
involved (and memory req.)

 Interest in scanning affine subspaces of full NP parameter space =+ WC
partial specialization

3
+ Defined by: SPAN
geee-n- >
e aname e1
« which WC are affected (e.g. (bc)(tv) vs (bc)(uv)), and for each of those
* The “origin” 0
 The name and directions of the new coordinates
* General enough for many applications (including scanning for models
that contribute to different WC spaces)
Use:
ham.applyWCSpecializationInHistogram("q2VsEmu", "JM"); < apply it to an histogram

ham.setWilsonCoefficients ("BtoCTauNu@JM", {{"c1", 1}}); i
T~ set coordinate values
ham.setWilsonCoefficients ("BtoCTauNu@JM", {1,0,0}); (Similar to full WC Case)

T

Spec name More info during tutorial session



Python bindings

o Before:
* Python bindings generated with Cython.

* Not all the methods available in C++ available in Python (e.g. getHistogram[1,2,3]D() returning a
THI[1,2,3]D ROOT histogram)

» Harder to interface with pyROOT
* Syntax slightly different (C++: methodName() = Python: method_name())
* Now:
« ROOT support ON: Python bindings generated with (ROOT) cppyy
» All methods available in C++ are available in Python, with same syntax
* Full interoperability with pyROOT

 ROOT support OFF:

« Default: Python bindings with (standalone) cppyy. Ok on linux, standalone cppyy does not work on
recent macOS versions

« Fallback (deprecated): Cython bindings with old syntax. All non-ROOT related methods available.

« Caveat: Cppyy is a bit heavier than Cython. Non-issue when using ROOT (cppyy is ROOT internal). If
non-ROQOT lightweight Python bindings are needed, let us know.



Grab bag

e Optimizations of linear algebra: thorough optimization campaign, including
new specialized algorithms for tensor sum and dot products — up to 5x faster

* Future additional optimizations can lead to a few more 20-30% speed
improvements if needed

« New amplitudes and rates

e Di*>D"m, D1s*—=Ds*mt, D1s*—=D*K
 New form factors

e B—Di) CLNVar

* Bg—Ds), Bs@K BCL, BCLVar
e Minor Bug fixes

* Full (54pp.) manual available: 2607.01459



Roadmap

V2.0 @ V2.x & V3.x

(This is our current plan - we welcome your input on what to prioritize / add to it)



Form Factor querying v2.1

« Hammer is also a library of Form Factors
* We received a request for a way to:
* Select a process and an FF parameterization
* Query the value of FF vector <FFi> (as defined in the manual)
at a given kinematic point g2 (or for FF’s depending on multiple

kinematic invariants, the set of {(pi+p;j)2})

e Currently being implemented as a standalone tool



BGL FF for tensor modes v2.X

T_qL1L XIAT  [exTor Pub| [{ AT o, Pry]
Tensor

T_qR1R XRAL  [exhot Prb] [€ Ao, Prv]

* Currently, the BGL parameterization class lacks support for tensor FF —
cannot be used while scanning BSM contributions to tensor®) WC

* Purely “practical” reason for low priority: in BGL, tensor FFs come with 3 new
functions in B—»D* (and 1 in B—D), unrelated to the vector and axial ones

* Afit of SM + tensor NP in B—D": fit the a;, b;, c¢i, di + NP WC + “e;, fi, gi”

* Recently, all the ingredients have been computed in 2507.03569, no effort
required to add to Hammer

* Plan: include it as a separate BGL FF (+Var) class to avoid impacting
performance of non-tensor BGL fit (1.5-2x more parameters)

(*) (pseudo)-scalar FF can approximately be related to
vector and axial via EoM — no “new” function needed
for (pseudo)-scalar BSM contrib’



N\: decays v2.X

* To keep spin information imprinted in angular correlations during
reweighing, A\ decay amplitudes need to be added

e Drop-in addition within the Hammer library, work is in carefully
translating literature to our internal spin conventions

e 3-body decays will have their own “FF class”, fixed to results
In literature (e.g. LHCb-PAPER-2022-044 for Ac— pKrn)

 What modes should we prioritize besides Ac— pKrmt?

 How are the input events generated? (i.e. do we need different
FF classes for numerator and denominator?)



N\ — Ac 1t it decays V2.x

 Amplitude for Ac* = Acnirt needed to keep track of angular
correlations

* Non-trivial “form factor” due to presence of 2:’s near threshold
(different decay modes proceed via on/off-shell 2, inducing large
iIsospin breaking effects)

* Theory work (using HQ sym’, xPT) for improving lineshape
description (Cima, MP, Tarquini, to appear)

e Sizable asymmetrical corrections to BW (can bias A:* mass
extraction, have implications for current BR’s “tensions”)

* Other higher order effects affect rates at < 5-25% level
(differently between 1o and - modes)

 (Goal: decay amplitude + associated FF classes in Hammer



Lineshape in B—D0Ulv+1t’s v3.0

e B—D("Iv + pions:
 D** decays + continuum
* non-trivial lineshape due to (D*2, D1) being narrow, (Do*, D1*) wide
 “1vs. 2 poles” story for Do* and D1*
* |nterference can be important
 Goal:

* Reweigh a set of samples generated w/ resonant D** decays + non-

2
resonant sample to the full matrix element: w ZAk‘ / ‘Aj‘
k

* Fully tensorialized over WC and FF of all the sub-amplitudes



Lineshape in B—D0Ulv+1t’s v3.0

* Most theoretical issues addressed in the last few years (e.g. “how to relate form
factors for off-shell resonances to on-shell ones?”)

* No truly model-independent solutions

» Various proposed solutions under a few extra assumptions (mostly heavy
quark expansion, chiral sym’), some more systematically improvable than
others.

e 2311.00864, 2402.12460, 2412.08703, ...

« Architectural issues for Hammer: numerator depends on FFs for all the
intermediate processes, not in standard tensor form.

* Performance issues: large rank very quickly (each channel: +2 indices (+4 in
weight/A2)) — linear algebra optimizations in v2.0 help

 New “plumbing” needed (in progress): special tensor container & related
algorithms

 New API needed to define “interfering amplitudes” — v3.0



QED FSR beyond soft photon approx. 3.0

e Currently: QED FSR in EvtGen added via PHOTOS, Hammer “undoes” y emission
to recover pre-emission kinematic data, reweighs on that

* EvtGen now allows the use other generators besides PHOTOS to emit FSR
photons: Sherpa, Vincia, ...

e “Undoing” QED emission algorithms differ somewhat. Need to assess
differences (When needed in production?)

« PHOTOS, Sherpa, Vincia work in the point particle approx — no structure-
dependent FF (changes next-to-soft photon emission)

e Same infrastructure needed for interference in B—DIvrt can be used for B—Dlvy:

* Don’t undo PHOTOS/Sherpa/Vincia but reweigh directly Oy, 1y, ... with QED
corrected amplitudes

* Go beyond point particle approx and include structure dependent contributions
(constrained by HQET/HHXPT: only a handful of parameters measurable via
radiative decay BR’s needed (MP Wise Trickle 2110.13154, Cima MP 2512.05186))



Summary

Hammer v2.0 upgrade focused mostly on performance
improvements, ability to scan efficiently over Wilson Coefficients,
ROOT interoperability in python

Future v2.x releases will focus on adding amplitudes and form factors
* Need input on what to include/prioritize

Keeping track of interfering amplitudes + QED corrections requires
changes in API and internal infrastructure. Work is ongoing, aiming at

v3.0.

* Input on needs and planned uses of these features will inform their
design

While syntax may change (has changed) when adding new features,
we guarantee that already generated buffers can be read by future
versions of the code.



