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Overview

= Challenges for amplitude analysis software

= New technologies

= Qutsourcing heavy computations to ML packages
= Inserting a Computer Algebra System
= Effect on documentation and preservation

= Application example: polarimeter vector field by LHCb

= CAS models and serialization «¢

=  Points for discussion
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Amplitude analysis software .. formance

What makes PWA so challenging? ] X105

Unbinned, multidimensional problem set

Complicated parametrizations and estimators

need to quickly try out different models %3,—)_

each fit takes a long time \ j%
Theory is hard to get into flexibility z >0
Relatively small community (but growing interest!) 9.5,
Hard to reproduce results (?) A SpK ™ r
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\\ documentation o A
“ and preservation

Normalized intensity
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Amplitude analysis software

These unique challenges have led to a large number of analysis packages and scripts

4 pwa.rtfd.io
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https://github.com/GooFit/AmpGen
https://www.sciencedirect.com/science/article/pii/S0010465518301334
https://pypwa.jlab.org/
https://gitlab.cern.ch/poluekt/TensorFlowAnalysis
https://gitlab.cern.ch/poluekt/TensorFlowAnalysis
https://sourceforge.net/projects/gpupwa
https://github.com/mashephe/AmpTools
https://github.com/GooFit/GooFit
https://root.cern/manual/roofit/
https://root.cern/manual/roofit/
https://github.com/MultithreadCorner/Hydra
https://zfit.readthedocs.io/
https://panda-wiki.gsi.de/foswiki/bin/view/PWA/PawianPwaSoftware
https://pwa.readthedocs.io/software.html
https://github.com/jiangyi15/tf-pwa
https://pyhf.readthedocs.io/

PWA frameworks

Amplitude analysis software

Trend: many frameworks try to become more modular

= Designed as a library
= Python/Julia bindings
= Flexibility through scripts instead of config files

- Results in a more dynamic and interactive workflow
that can easily integrate new theories

4 pwa.rtfd.io
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Mission: bring code closer to theory

Outsource computations to array-oriented backends
from the ML and data science community
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{l}\Array—oriented backends

Past few years saw the emergence of several specialised packages
from the ML and data science communities

e.9. gradient
deccent algorithm

‘?TensorFIow

Not just Machine Learning!
Can be used for any fast numerical computations
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https://numba.pydata.org/

{I}\Array—oriented backends

@tf.function(jit compile=True)

Tools from the ML and data science community that  def ny expression(x, y, 2):

allow us to outsource heavy computations: return x +y * z
" Vectorization Converted to device-
= Just-in-time compilation agvostic XLA code
= XLA (Accelerated Linear Algebra)
{ lambc_‘la ; a:i32[] b:i32[] c:i32[]. let E

» Automatic differentiation d:i32[] = mul b c

- e:132[] = add a d
= Support for multithreading, GPUs, ... e )

for (i = 0; i < rows; i++): {
for (j = ®; j < columns; j++): { H@ﬁ\/\z{ IIHIV]@ 10\,{

c[i1[3] = a[il[31*b[i][i]1; L
} optimized backend
}

..01101000101
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@tf.function(jit compile=True)

def my expression(x, vy,

return x + y * z

zZ):

Usually all that the
user veeds to do
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{l}\Array—oriented backends | Automatic differentiation

2 ¢ ic di iati
2 e ost miflow S In fact, automatic differentiation
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https://agc.readthedocs.io/
https://pyhf.readthedocs.io/

Mission: bring code closer to theory

VD N ‘

E Flexibility through a Computer Algebra System
az’ + by?
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Q Symbolic amplitude models

A new technique: formulate your amplitude model with a Computer Algebra System

= T[ransparency: inspect the math as you formulate the model
= [lexibility: modify the model with analytic substitutions
= Performance: simplify expressions algebraically

» (Code generation: symbolic model as template to computational back-ends (SSoT)

import sympy as sp
N, s, mO, wO = sp.symbols ("N s mO GammaO")
N / (m0**2 - sp.I * mO * wO - s)

N Quite common already for theoreticians:
m2 — imoLy — s quickly inspect and visualize some lineshape
0 with Maple, Mathematica, Matlab, etc...
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=l Symbolic amplitude models

az® + by

A new technique: formulate your amplitude model with a Computer Algebra System

= T[ransparency: inspect the math as you formulate the model
= [lexibility: modify the model with analytic substitutions
= Performance: simplify expressions algebraically

» (Code generation: symbolic model as template to computational back-ends (SSoT)

import sympy as sp
N, s, mO, wO = sp.symbols ("N s mO GammaO")
N / (m0**2 - sp.I * mO * wO - s)

N

m(z) —imol’y — s

CAS represents
expression as a tree

10
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=l Symbolic amplitude models

az® + by

A new technique: formulate your amplitude model with a Computer Algebra System

= T[ransparency: inspect the math as you formulate the model
= [lexibility: modify the model with analytic substitutions
= Performance: simplify expressions algebraically

» (Code generation: symbolic model as template to computational back-ends (SSoT)

N
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=l Symbolic amplitude models

az® + by

A new technique: formulate your amplitude model with a Computer Algebra System

= T[ransparency: inspect the math as you formulate the model
= [lexibility: modify the model with analytic substitutions
= Performance: simplify expressions algebraically

» (Code generation: symbolic model as template to computational back-ends (SSoT)

"]
function outl = my expr (GammaO, N, m0, s) c

outl = N./(-1i*GammaO.*m0.”3.*sqrt((s - 0.25).*(s - 0.01)./s).*(1
+ (m0.72 - 0.25).*(m0.72 - 0.01)./(4*m0."2)).*(s — 0.25).*(s -
0.01) .*sgrt(m0.72) ./(s.”(3/2) .*sgrt ((m0.”2 - 0.25).* (m0."2 -
0.01)./m0.72) .*(1L + (s - 0.25).*(s - 0.01)./(4*s)).*(m0."2 -
0.25).*(m0.72 - 0.01)) + m0."2 - s);

end
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=l Symbolic amplitude models

az® + by

A new technique: formulate your amplitude model with a Computer Algebra System

= T[ransparency: inspect the math as you formulate the model
= [lexibility: modify the model with analytic substitutions
= Performance: simplify expressions algebraically

» (Code generation: symbolic model as template to computational back-ends (SSoT)

REAL*8 function my_expr (GammaO, N, m0, s)
implicit none

REAL*8, intent (in) : GammaO

REAL*8, intent(in) :: N

REAL*8, intent(in) :: m0
(in)

REAL*8, intent(in) :: s

my_expr = N/ (-cmplx(0,1)*Gamma0*m0**3*sqrt((s - 0.25d0)*(s - 0.01d0)/s)* & (1 +
(1.0d40/4.0d0) * (m0**2 - 0.25d0)* (m0**2 - 0.01d0) /m0**2)* (s - & 0.25d0) *(s -
0.01d0) *sqrt (m0**2) / (s** (3.0d0/2.0d0) *sqrt ((m0**2 — & 0.25d0)* (m0**2 -
0.01d0) /m0**2)* (1 + (1.0d0/4.0d0)*(s - 0.25d0)*( & s - 0.01d0)/s)* (m0**2 -
0.25d0) * (m0**2 - 0.01d0)) + mO0**2 - s)

end function
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=l Symbolic amplitude models

az® + by

A new technique: formulate your amplitude model with a Computer Algebra System

= T[ransparency: inspect the math as you formulate the model

= [lexibility: modify the model with analytic substitutions

= Performance: simplify expressions algebraically

» (Code generation: symbolic model as template to computational back-ends (SSoT)

// my_expr.h
#ifndef PROJECT MY EXPR__H
#define PROJECT MY EXPR__H

double my_expr (double Gamma0O, double N, double m0O, double s);
#endif

// my_expr.c
#include "my_expr.h"

#include <math.h>

double my expr (double GammaO, double N, double m0O, double s) {
double my_expr_result;

return N/ (-I*GammaO*pow(m0, 3)*sqgrt((s - 0.25)*(s - 0.01)/s)*(1 + (1.0/4.0)* (pow(m0, 2) -

0.25) * (pow (m0, 2) - 0.01)/pow(m0, 2))*(s - 0.25)*(s - 0.01)*sqrt (pow(m0, 2))/ (pow(s,
3.0/2.0) *sgrt ((pow (m0, 2) - 0.25)*(pow(m0, 2) - 0.01)/pow(m0, 2))*(1 + (1.0/4.0)*(s -
0.25)*(s - 0.01)/s)*(pow(m0, 2) - 0.25)* (pow(m0, 2) - 0.01)) + pow(m0, 2) - s);
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=l Symbolic amplitude models

az® + by

A new technique: formulate your amplitude model with a Computer Algebra System

= T[ransparency: inspect the math as you formulate the model
= [lexibility: modify the model with analytic substitutions
= Performance: simplify expressions algebraically

» (Code generation: symbolic model as template to computational back-ends (SSoT)

@jax.jit
def _lambdifygenerated(Gamma®, N, mO, s):

return N / (
_1J

* Gamma®

* moO

* ((1 / 1) * mO**2 + 0.9831)

* (s - 0.0676) *x (3 / 2)

* sqrt(me**2)

/ (sqrt(s) * (mO**2 — 0.0676) ** (3 / 2) » ((1 / 4) * s + 0.9831))
+ mO**2

- s Same principle for serialization!

)
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Q Symbolic amplitude models

10

A new technique: formulate your amplitude model with a Computer Algebra System

Transparency: inspect the math as you formulate the model

Flexibility: modify the model with analytic substitutions

Performance: simplify expressions algebraically

Code generation: symbolic model as template to computational back-ends (SSoT)

Works just, as well for models
with tens of thousands of wodes

Symbolic computation and model preservation | Remco de Boer

Sawme principle for serialization!
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Mission: bring code closer to theory
Ll

@~* Academic continuity through living documentation
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Living documentation

Python makes it easy to document codebases and analysis workflows:

=  Jupyter notebooks

= Interactive workflow P p g t h On TM

= Surround code and results with explanatory text

» Documentation generation with Sphinx:

°
[
= Automatic interface documentation with Sphinx J/u pyte\r
= Render notebooks and codebase as HTML pages N’
= Large ecosystem of powerful extensions N
- Symbolic expressions turn this into a self-documenting workflow
executable {books}
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momentum: Symbol, meson_radius: Symbol,

| | | ] | |
-.’;yD@peﬂdentwidth(s: Symbol, mass@: Symbol,
IVI n g 0‘ :u I I lel l a IOI I ): Symbol, m_a: Symbol, m_b: Symbol,

-~ ictor: Optional[PhaseSpaceFactorProtocol] =
1:ame: Optional[str] = None, evaluate: bool =
@implement_doit_method ) Esourcel
class Ener‘gyDependenthd‘.ch(UnevaluatedExpr‘ess:.on): o Bases: anpform. sympy.UnevaluatedExpression
r"""Mass-dependent width, coupled to the pole position of the resonance. o
Mass-dependent width, coupled to the pole position of the
See :pdg-review: 2820; Resonances; p.6 and I
:cite: asnerDalitzPlotAnalysis2ee6°, equation (6). Default value for . ’
icode: phsp_factor’ is :meth:’PhaseSpaceFactor’. See PDG2020, §Resonances, p.6 and [11], equation (6). Default
Note that the " .BlattWeisskopfSquared of AmpForm is normalized in the N vaiue for phsp_factor is PhaseSpaceFactor ().
sense‘that equaal powers O-F. :r‘na$h: z appear in the nominater and the Note that the BlattWeisskopfSquared of AmpForm is
denominator, while the definition in the PDG (as well as some other ~ et it that | f —
sources), always have :math: 1" in +he neminator of the Blatt-Weisskopf. In nomalized e sense fatequalpowersiobz:appeaniiie
that case, one needs an additi :"\left(q/g_e\right)~{2L}" le the definition in the PDG

in the definition for :math: G d ays have 1 in the nominator
Codebase enerate ne needs an additional

def evaluate(self) -> sp.Expr: documentation (m).
I

s, mass@, gamma@, m a, m b, ICusigmeson_radius = self.args lent” width in a
g_squared = BreakupMomentumSquared(s, m_a, m_b) Bapine) i 3¢ . . 4 i
46 _squared = BreakupMomentumsquared(mass@¥*2, m a, m b) relativistic_breit_wigner_with_ff becomes:
form_factor_sq = BlattWeisskopfSquared( 2 it

T'oBj (4% (s))p (s

angular_nomentun, = Docstrings explains both physics and code vt~ 57~ (mg())p(mg)
)

z=q_squared * meson_radius**2,
form_factor@_sq = BlattWeisskopfSquared( u |nte rface d OoCu mentat| on defines by (1), i=:defined by (2), andnis (By '

angular_momentum, s . .
z=q@_squared * meson_radius**2, updated Whlle developlng 2d by (4).

or: PhaseSpaceFactorProtocol

(©)

)

rho = self.phsp_factor(s, m_a, m_b)

oo = self.phsp_factor(nasser+2, ns, i) @ [mMplemented physics directly rendered

return gamma@ * (form_factor_sq / form_factore_sq) * (rho / rho8) yaceFactor (s: Symbol, m_a: Symbol, m_b:

“as mathematical expressions tes )

def _latex(self, printer: LatexPrinter, *args) ->

s, _, width, *_ = self.args se-space factor, using

s = Wi‘-”te’"'—?”"‘t(s) ) ) o . BreakupMomentumSquared().

subscript = _indices_to_subscript(_determine_indices(width))

name = Rf"\Gamma{subscript}" if self._name is None else self._name See PDG2020, §Resonances, p.4, Equation (49.8).

ratiurn RF'"{nameX\let+({cI\right "


https://ampform.readthedocs.io/en/latest/api/ampform.dynamics.html#ampform.dynamics.CoupledWidth
https://ampform.readthedocs.io/en/latest/api/ampform.dynamics.html#ampform.dynamics.CoupledWidth
https://ampform.readthedocs.io/en/latest/api/ampform.dynamics.html#ampform.dynamics.CoupledWidth
https://ampform.readthedocs.io/en/latest/api/ampform.dynamics.html#ampform.dynamics.CoupledWidth
https://ampform.readthedocs.io/en/latest/api/ampform.dynamics.html#ampform.dynamics.CoupledWidth

Living documentation

@implement_doit_method
class EnergyDependentWidth(UnevaluatedExpression):
r"""Mass-dependent width, coupled to the pole position of the resonance.

See :pdg-review: 2820; Resonances; p.6 and
:cite: asnerDalitzPlotAnalysis2ee6°, equation (6). Default value for
:code: phsp_factor® is :meth: PhaseSpaceFactor’ .

Note that the " .BlattWeisskopfSquared of AmpForm is normalized in the
sense that equal powers of :math: z  appear in the nominator and the
denominator, while the definition in the PDG (as well as some other
sources), always have :math: 1" in +he nominator of the Blatt-Weisskopf. !
that case, cne needs an addit :\left(qg/g_e\right)~{2L}"
in the definition for :math:

" Codebase

def evaluate(self) -> sp.Ex
s, mass@, gamma@, m_a, m_b, tum, meson_radius = self.arg:
g_squared = BreakupMomentumSquared(s, m_a, m_b)
g@_squared = BreakupMomentumSquared(mass@**2, m_a, m_b)
form_factor_sq = BlattWeisskopfSquared(
angular_momentum,
z=q_squared * meson_radius**2,
)
form_factore_sq = BlattlWeisskopfSquared(
angular_momentum,
z=q@_squared * meson_radius**2,
)
rho = self.phsp_factor(s, m_a, m_b)
rho@ = self.phsp_factor(mass@**2, m_a, m_b)
return gamma@ * (form_factor_sq / form_factor®_sq) * (rho / rho@)

def _latex(self, printer: LatexPrinter, *args) -> str:

s, _, width, *_ = self.args
s = printer._print(s)
subscript = _indices_to_subscript(_determine_indices(width))

name = Rf"\Gamma{subscript}" if self._name is None else self._name
ratiurn RF'"{nameX\let+({cI\right "

= @ n o -Jva = Contents

| Physics
Cawncﬁ\ interactive exam,b/ec Partial wave
~ Pole parametrization N
operator

After all these matrix definitions, the final challenge is Ensuring unitarity

to choose a correct parametrization for the elements of Lorentz-
/¥ K and P that accurately describes the resonances we invariance
[3] ) Production
observe.l”! There are several choices, but a common
processes
“~ one is the following summation over the poles R4 Pole
parametrization
9RiGR.j )
— L Implementation
KU*E: 2_S+Czy P
R ™R Interactive
—— ap:(8)ap :(s) (14) visualization

K

* ... Jupyter notebooks

Interactive and flexible development
Notebooks serve as integration tests
Can be rendered as web pages

Reader can easily navigate to implementation
(sphinx-codeautolink and jtpytertab-lsp)

computedas I'p = 3°, T'y .

The production vector P is commonly parameterized


https://ampform.readthedocs.io/en/stable/usage/dynamics/k-matrix.html
https://sphinx-codeautolink.readthedocs.io/
https://jupyterlab-lsp.readthedocs.io/

Living documentation

@implement_doit_method
class EnergyDependentWidth(UnevaluatedExpression):
r"""Mass-dependent width, coupled to the pole position of the resonance.

See :pdg-review: 2820; Resonances; p.6 and
:cite: asnerDalitzPlotAnalysis2ee6°, equation (6). Default value for
:code: phsp_factor® is :meth: PhaseSpaceFactor’ .

Note that the " .BlattWeisskopfSquared of AmpForm is normalized in the
sense that equal powers of :math: z  appear in the nominator and the
denominator, while the definition in the PDG (as well as some other
sources), always have :math: 1" in +he neminator of the Blatt-Weisskopf. In
that case, cne needs an addit “\left(g/g_e\right)~{2L}"
in the definition for :math:

" Codebase

def evaluate(self) -> sp.Ex
s, mass@, gamma@, m_a, m_b, tum, meson_radius = self.args
g_squared = BreakupMomentumSquared(s, m_a, m_b)
g@_squared = BreakupMomentumSquared(mass@**2, m_a, m_b)
form_factor_sq = BlattWeisskopfSquared(
angular_momentum,
z=q_squared * meson_radius**2,
)
form_factore_sq = BlattlWeisskopfSquared(
angular_momentum,
z=q@_squared * meson_radius**2,
)
rho = self.phsp_factor(s, m_a, m_b)
rho@ = self.phsp_factor(mass@**2, m_a, m_b)
return gamma@ * (form_factor_sq / form_factor®_sq) * (rho / rho@)

def _latex(self, printer: LatexPrinter, *args) -> str:

s, _, width, *_ = self.args
s = printer._print(s)
subscript = _indices_to_subscript(_determine_indices(width))

name = Rf"\Gamma{subscript}" if self._name is None else self._name
ratiurn RF'"{nameX\let+({cI\right "

Edit View Run Kernel Tabs Settings Help

k-matrix.ipynb X

o
o
O [ » m C » Code v 0 O sit Python 3 (ipykernel) O #
Now again let's compare the compare this with a sum of two &

{func} .relativistic_breit wigner s, now with the two additional f-constants.

betal, beta2 = sp.symbols("betal beta2")
bw with_phases = betal * bwl + beta2 * bw2
display(

bw_with_phases,

remove residue constants(f_vector),

'y prmy N I pmy

. > ; 2
=ilCymy+my—s  —ilomy+m;5 —s

I'ycympe'® N eomye'd:

> > T Fams /T it
(o) (o e ) o) (o) (o (B ) )
—Hl'+l”7 —I"’+/HS o~ —ln'+"li —"l'+ll13

——— P-vector I I

. Jupyter notebooks /

£

Interactive and flexible development
Notebooks serve as integration tests
Can be rendered as web pages

Reader can easily navigate to implementation
(sphinx-codeautolink and jupyterlab=lsp)

: ' 3

O M 1 @ Python 3 (ipykernel) | Idle  Saving completed ~ Mode: Command @ Ln1,Coll k-matrix.ipynb

U real

O abs



https://ampform.readthedocs.io/en/stable/usage/dynamics/k-matrix.html
https://sphinx-codeautolink.readthedocs.io/
https://jupyterlab-lsp.readthedocs.io/
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Symbolic amplitude models powered a recent study by LHCb [10.1007/JHEP07(2023)228]

1.0
: o +
= Dalitz-plot decomposition separates angular d.o.f. 45 77T ”“”I”/ ©y
from dynamics d.of. It < K2
. . AL A A A, -« 08
» Resulting amplitudes can be used to compute a 401 ZILLLLLaTIl \K‘
polarimeter vector field for propagating polarization info < :::j::::;;;;‘g:‘:; -
s s . = | e e s+t NN~ o oo~ 0.6
= Symbolic amplitude models flexible enough for 2351 eI
. . ' ' U L g -7 NN -« < =
transformation into polarimeter vector field = A WS =]
. oo el OB N
= Perfect example of self-documenting workflow 230 SIL et 0.4
ks LN
) 3 ILIIILLLL
M0, m)"= Lo(r) | 1+ > PiRe(9,0,x)(r) >T0% | CIzzzzzzzziiliiiiiiiil |02
i,j=1 K** i SeCtattaiu b
- . % . A¥ T T T TTTreeT
a(k) = Z Au,{A}Uz/,uAu,{A} /IO(H) powered . , , , , , 0.0
RS, — ol 0.75  1.00 125 130 175
Y sYmwollcs m? (K~ [GeV?], o
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B

Self-documenting workflow in action

= g I 3

. . + -+
Polarimetry in A" = p K™ 1t Polarimetry study brings it all together:
_

Complete polarimetry analysis

Ac = pKm p0|arimetry A/ polarimetry using the dominant hadronic mode performed Wlth SymbO“C expreSSionS
N he— The polarimeter vector field for multibody decays of a spin-half baryon is introduced as a II’] \J u pyter ﬂOte bOOkS
generalisation of the baryon asymmetry parameters. Using a recent amplitude analysis of the
A} — pK 7" decay performed at the LHCb experiment, we compute the distribution of the = AUtO m at|Ca l.l.y re nd eI’Ed as we b pag es
TABLEIOFCONTENTS kinematic-dependent polarimeter vector for this process in the space of Mandelstam variables to as th e researc h p rog ressed
1. Nominal amplitude model express the polarised decay rate in a model-agnostic form. The obtained representation can
2. Cross-check with LHCb data facilitate polarisation measurements of the A baryon and eases inclusion of the A7 — pK ~n* n Al.l. Pyth on d epe n d en C|eS are Q | nn ed
3. Intensity distribution decay mode in hadronic amplitude analyses.
4. Polarimeter vector field = Analysis results fully reproducible in
5. Uncertainties
6. Average polarimeter per resonance = Symbolic expressions &3 JSON grids aroun d 2 h ours
7. Appendix v Compute the amplitude model over large Reuse the computed polarimeter field in any
8. Bibliography data samples with symbolic expressions. amplitude analysis involving A/
9. API v
EXTERNAL Litiks @ Inspect interactively [0 Compute polarization
arXiv:2301.07010 & Investigate how parameters in the amplitude Learn how to determine the polarization
ComPWA & model affect the polarimeter field. vector using the polarimeter field.
GitHub repository &
CERN GitLab (frozen) 2 ¥ Download this website as a single PDF file

Version 0.0.9 (18/01/2023 23:05:35)
This website shows all analysis results that led to the publication of LHCb-PAPER-2022-044. More

infarmation on thic niiblication can be foirind an the fallowinAa nanac:


https://lc2pkpi-polarimetry.docs.cern.ch/
https://github.com/ComPWA/update-pip-constraints/blob/main/README.md
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I » Show code cell source

1/

%)

1/2
1/

2

M=

it
/2 X,

4 Lc2pkpi-polarimetry.docs.cern.ch

Code can be
inspected directly

1y 1 > 0 2 93 1 3 0 3 3 1 3 0
Agaidin, (o), (Shy) + Apedin, () diong (SB) + A, ()i (S50)

\

Mathematical expressions are
I » Show code cell source automatic rendering of the

¢y = 0 / implemented amplitude models

41,(1) =0

<;](I) — —EESE ( —ng(—m?—m§+a3)~(mg+mf—u,)(mﬁ+m§—a:) )
e i

/A(m3,m3,0,) \,“‘/\(7115.61.111;)

ol /Qm}'( m2-m2+o3)+(m2+m2—o;)(~m? m%mg)\
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Self-documenting workflow in action

7.7.1. Model inspection
I » Show code cell source

Ac = p K 1t polarimetry v2 Code can be
Z z Al;,,,\'d,\' o (Cl‘(l))d:{o,l\") (Cg(n) + A?\;,,,\;df;,,\, (Q‘(l))d;n.,\;, (Cg(l)) it A?\;,,A;d;;,,\, (C;(l)) AosN) (Cs(l ) . .
Vi P Ve — inspected directly

l » Show code cell source

i

1
FARHE A TARYE LS productiony , decay 1 . FARY 3RS Lspmdndmn dec
i B Z' B V108 %')‘RQ%R(C’[)C!)\ i 1020}.”* ums'n).z.% Hx (302,009 ,0(023) 5 Z] B V2§ %JR‘%‘R(M)CM 1 AW%Cl robd ool H e 009
ST Age-id 2 A =i 3
3 3
= -f»\n 7»\n LS, production, ,decay 7 AR LS, production,) ,decay 3
A2 . 23/2 N V03 ‘%'\RR( 2)Cy AR00020;ARHL(1520)23 H sy, 1 ,\R%( ) bz E3/2 Vi08 3 ‘”)CM on('zuhnumsm)a,% ‘HL(!GSD).O‘ %dxn
“fd T Ar=—3/2 2 Ar=—3/2
3 3
= ’; AR 1*!7 LS, production. , decay 3 — ﬂz*n LS, production., , decay 3
V104 %ARR(U‘)C AR noC207 ,\Runuzv)z; ”n(mv) fudAR {;(9”) 3/2 V109 J;*RR("”)C‘ A onczoE x,l”'lr»(u;(m),z,7 "nuem) ;nd,\,z 1

3 = 3/2
A L, — ZAR: 3/2 2 Ar=-3/2

T} oI EE G3ARE ) LSprodutiongdeay 1
5 B Zl V10 Lan %’R—(ﬂl) ardd 20’,'\1"17{1\’(892).2"3 H k(90092 ,0(023) ; bag 1 s0don-1Cipd
e Ap=—1 2 Ap=—1
A A g :
Vit " R(02)01 R C'z Ry iSpbsony deny gF o

v 3 g . =en Mathematical expressions are
FAR00 205 A L(1520)25 TL(1520)0,5 Ap-3 23/2 3R ) 2
. A2 automatic rendering of the
£, - v VIS, Ria)CHE, AR ditetmieyien | 03 400 pyee YWk implemented amplitude models

2 Az=—3/2

fqesid ;o
- AR FAR T LS, production, , decay 1
V25 Lap 1R(@1)C 2655 lnh(m)nl Hwom00ig
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e

ol
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Self-documenting workflow in action

[ » Show code cell source

\

Code can be

Fig(Rrespmyma(s)) Pty (Racamiap mepectator () ( Py mals) )!ﬁ( WMo Mspectator () )!A‘
P e N e 11 e J e Gy . -
) s inspected directly

l » Show code cell source

Ribuge (M) =

84

Pmgem, (M%)

I » Show code cell source

& Clmgamy (3)°

1

5 m3
Como(mey—sa)e "Ex
o tmi—mi_

0 A

¥

o2 m

= mi -5

V‘",\(mi-“ ;mi.m?)

2y/mk,

\ Mathematical expressions are

automatic rendering of the
implemented amplitude models

RBugg (m?(:rr)
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Self-documenting workflow in action

High performance

Output from resource-intensive
computations is rendered alongside
the mathematical models

I » Show code cell source

Uncertainty over @ polar angle

Statistical & systematic Model
45 47 | 47
: LHCb
1.7 b7
—4.01
>
<] (- c

S5 < :
T‘ 2w © 2
< = z
&3.0 5 =
=

2.51

0 0

05 1.0 1.5
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Self-documenting workflow in action

All data combined can be downloaded here

‘ &Y averaged-polarimeter-vectors.json (34.0 kB) ‘

‘ &Y polarimetry-field.json (68.5 MB) ‘

[) polarimetry-field.tar.gz (26.4 MB) \ Serialised results

automatically exported
and embedded in website



https://lc2pkpi-polarimetry.docs.cern.ch/
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Serialization | Preserving CAS models

eval_str = sp.srepr(unfolded_intensity_expr)

Option 1: Serialize the full tree ‘ o

=  SymPy's srepr() method can efficiently
dump large mOdelS tO dlSk CPU times: user 1.3 s, sys: @ ns, total: 1.3 s

Wall time: 1.3 s

= |mporting back is also fast enough

This serializes the intensity expression of 43,198 nodes to a string of 1.04 MB.
» |nteroperability: allows importing into
different Sym Py versions Add (Pow(Abs (Add(Mul (Add(Mul(Integer(-1), Pow(Add(Mul(Integer(-1), I, ... ))))))))))

%%time
exec(exec_str)
imported_intensity_expr = get_intensity_function()

CPU times: user 469 ms, sys: 96 ms, total: 565 ms
Wall time: 563 ms

RUHR
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https://docs.sympy.org/latest/modules/printing.html#sympy.printing.repr.srepr
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Serialization | Preserving CAS models

4 compwa-org.rtfd.io/report/024.html

<mrow> sin (x 1
<mrow> —582 -+ M + —
. T <mo>-</mo> 2 z
Option 1: Serialize the full tree amsup>
<mi>x</mi>
o <mn>2</mn>
=  SymPy's srepr() method can efficiently LI
dump large models to disk <Mo>+</mo>
<mrow>
= Importing back is also fast enough airac
i . . . <mi>sin</mi>
» |nteroperability: allows importing into <mfenced>
' . <mrow>
different SymPy versions <mi>x</mi>
<mo>&InvisibleTimes;</mo>
i =i <mi>y</mi>
= Also possible to serialize to MathML oy
</mfenced>
</mrow>
<mn>2</mn>
</mfrac>
</mrow>
printer = <mo>+</mo>
xml = printer expr <mfrac>
xml <mn>1</mn>
<mi>z</mi>
</mfrac> d\ab\e/e
</mrow> \(‘6@
7\l
s
RUHR
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Serialization | Preserving CAS models

Option 2: Common SUb'eXpreSSionS sub_exprs, common_expr = sp.cse(unfolded intensity expr)
n Dynamicauy |dent|fy common sub-nodes in the I= ‘3311396118 + @205T210 + T220T223 + T239T240 — T247T249 — T256T258 — T262T263 — L268T
eXpreSSion tree + ‘*3311333249 — X118T247 + T205T 269 + T210T268 — T220T240 T T223T239 + T256T263 — 1
[ ] Need to match expression patterns + ‘*3311333263 + Z118T262 + 205223 T 2102220 — T239T269 + T240L268 — T247L258 — 2
- DoeS nOt reSUlt in fami“ar phySiCS deﬁnitions + ‘»’8118 (2B25158281 + Tas53Tas3 + 5825556285) + Z210 (*9322621”303 — 228304 — T230L305 —
_ 2
To = Mk(1430)
r] = m%
Tro = m%
T3 = % — T2
Ty = 1 (0'1 + Zg)
s _ FK(1430)mK(;?i)::eﬂlc(mso)al + o1 — 20
zg = H}l(u((f;zo).u,o
. 2 ’
Tr = Mi(700)

T k(ro0) M (ro0)Tae K(100)71
rg = —13+z7 +0'1 — X7
decay
H ke (700).0.0

Ty = T3

RUHR
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Serialization | Preserving CAS models

Option 3: Folded nodes

= ComPWA's ampform builds amplitude
models with ‘folded’ expressions

= These might be used to extract common
definitions (like custom ‘PDFs’, maybe HS37)

s, ml, m2 = sp.symbols("s ml m2")

q = BreakupMomentum(s, ml, m2)

rho = PhspFactorSWave(s, ml, m2)

Math(aslatex({e: e.evaluate() for e in [rho, q])))

2o <m%+m2%+2\/§q(s)fs>q(s)
; 2,02 1 1 my mymg
i| —(mi-m3) (* (myrmg)? +?> log (m_Q)+ Vs

™

\/(S*(mrmzy) (5= (my+m3)?)
q(s) = :

2

from ampform.sympy import unevaluated_expression

@unevaluated_expression
class PhspFactorSWave(sp.Expr):
s: sp.Symbol
ml: sp.Symbol
m2: sp.Symbol
_latex_repr_ = R"\rho™\text{{CM}}\1left({s}\right)"

def evaluate(self) -> sp.Expr:

s, ml, m2 = self.args

q = BreakupMomentum(s, ml, m2)

return 16 * sp.pi * sp.I * (
(2 * q / sp.sqrt(s))
* sp.log((m1**2 + m2**2 - s + 2 * sp.sqrt(s) * q) / (2 * m1 * m2))
- (m1**2 - m2**2) * (1 /s - 1/ (ml + m2) ** 2) * sp.log(ml / m2)

) / (16 * sp.pi**2)

@unevaluated_expression
class BreakupMomentum(sp.Expr):
s: sp.Symbol
ml: sp.Symbol
m2: sp.Symbol
_latex_repr_ = R"g\left({s}\right)"

def evaluate(self) -> sp.Expr:
s, ml, m2 = self.args
return sp.sqrt((s - (ml + m2) ** 2) * (s - (ml1 - m2) ** 2) / (s * 4)
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Reproducibility | Pinning dependencies

Python does not have built-in dependency pinning

= Tools exist for pinning all required Python packages,
e.g. pip-tools most reliable

=  Only for specific Python versions

= ComPWA/update-pip-constraints
used to pin analyses dependencies for
all supported Python versions

.constraints/

— py3.7.txt
— py3.8.txt
— py3.9.txt

—

L py3.12.txt .00 S

pip install my-package -c constraints/py3.11.txt

==3.1.40 1 ==3.1.40

p.20.1


https://github.com/jazzband/pip-tools
https://github.com/ComPWA/update-pip-constraints
https://github.com/ComPWA/update-pip-constraints

Summary

New technigues to separate physics from number crunching

= High performance with computational backends from ML

= Flexibility and transparency with a CAS (Cope cenerarion )
= Result: living documentation and self-documenting workflow

D)

= Bridges gap between user and developer

Polarimetry analysis proves that symbolic expressions:

= Example of self-documenting workflow with CAS

= Analysis preserved and fully reproducible

Reproducibility and interoperability
= CAS models can easily be serialized to and from human-readable format

= Pinning Python constraints makes analyses reproducible

21
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Discussion

= What does human-readable mean for an amplitude model?
Mathematics is the language we all know

= How to define interfaces for symbolic expressions? Compatibility with HS3?

» Are serialization, reproducibility and interoperability complementary?
= Cross-checks between frameworks
= Cross-experiment model, parameter, and data sharing
= Extending existing analyses to other channels

= Hosting benchmark/test amplitude analyses and data samples
See PyHEP.dev discussion

= Access to clusters through Jupyter notebooks for fits
Dask seems to be a way out
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https://hackmd.io/0BFYQxh-T5WIUOMxXQo3QA?view#Amplitude-analysis-PWA

Discussion

= What does human-readable mean for an amplitude model?
Mathematics is the language we all know

= How to define interfaces for symbolic expressions? Compatibility with HS3?

= Are serialization, reproducibility and interoperability complementary?
= Cross-checks between frameworks
= Cross-experiment model, parameter, and data sharing
= Extending existing analyses to other channels

= Hosting benchmark/test amplitude analyses and data samples
See PyHEP.dev discussion

C et Thank you for your attention!
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{l}\Array—oriented backends | Smart optimizations

Performance example: Mandelbrot set with pure C++ and different Python backends

best GPU best CPU Python

Python "for" loops: imperative

NumPy: array-oriented

pybind11l: imperative in C++

Answer: JAXK automatically
replaced abs (z) <2 with
re(z)*2+im(z) *2<4

Cython: imperative in a C++/Python hybrid

Numba: imperative in a compiled subset of Python

Numba vectorize: imperative per pixel, array-oriented in the large

JAX: array-oriented with automatic fusion into JIT-compiled routines on CPU
CuPy: array-oriented on a GPU

CuPy with a custom kernel: imperative per pixel, array-oriented in the large

Numba-CUDA: imperative per pixel, array-oriented in the large

Jim Pivarski, “Why is JAX so fast?"

JAX: array-oriented with automatic fusion into JIT-compiled routines on GPU qithub.com/google/jax/discussions/11078

10! 102 103 104
time for 20003000 pixels (ms), smaller is better
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Intensity distribution
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link to video
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Performance demo | Interactive widget
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High performance
Intensity and vector field
are computed upon each
modification to the sliders
(recorded on laptop)


https://lc2pkpi-polarimetry.docs.cern.ch/appendix/widget.html
https://github.com/ComPWA/polarimetry/assets/29308176/bf9b1e58-200b-4ad2-a5e8-5cd47a88d775

D0 %

/ymbol, mass@: Symbol,

Design | Layered software development

actorProtocol] =
luate: bool =
sourc

= CAS allows us to separate physics from number crunching
| to the pole position of the
=  Symbolic expressions become a Single Source of Truth for physics implementations
and [11], equation (6). Default
= Model building through layers of configurability and generalization etert
. . d of AmpForm is
1. Build up symbolic models directly in a script Polarimetry project can | 0 inme
a[so -Fol/“/l/] Mla—i’@ Vy\od@ls : the definition in the PDG
| il A ] | 1ys have 1 in the nominator
2. Generalize model building with functions and classes for other chanvels s s
3. Project evolves into generalized library ekl
pendent” width in a
=  Result: grow a self-documenting collection of tools for amplitude model building e
3 1//”(’.:‘))/7(8) (3)
(//1":))/1(”1;‘)')
1. import sympy as sp 7 builder = ampform.get_builder(reaction) ——
. . for particle in reaction.get_intermediate_particles(): »@-andris(®y
N, s, md, wl = sp.symbols("N s m@ Gamma@") . . . .
builder.dynamics.assign(particle.name,
N / (mo**2 - sp.I * m@ * wo - s) create_relativistic_breit_wigner) otocol
model = builder.formulate()
1: Symbol, m_b:
[source]
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https://compwa-org.rtfd.io/
https://ampform.readthedocs.io/en/latest/api/ampform.dynamics.html#ampform.dynamics.CoupledWidth
https://ampform.readthedocs.io/en/latest/api/ampform.dynamics.html#ampform.dynamics.CoupledWidth
https://ampform.readthedocs.io/en/latest/api/ampform.dynamics.html#ampform.dynamics.CoupledWidth
https://ampform.readthedocs.io/en/latest/api/ampform.dynamics.html#ampform.dynamics.CoupledWidth
https://ampform.readthedocs.io/en/latest/api/ampform.dynamics.html#ampform.dynamics.CoupledWidth

Design | The ComPWA project Qe

Common Partial Wave Analysis
Three main Python packages that together cover a full amplitude analysis:

f

Physics Automated quantum number conservation rules

expressions <

collected here Formulate symbolic amplitude models

¢

Fit models to data and generate data samples
Compurtations 4 TensorWaves with multiple computational back-ends

Z’Q
A \ () C
A\

W “ SOABM\IOSUD | O

5

\.

All are designed as libraries, so they can be used by other packages
by installing through pip or Conda

RUHR
A4 Symbolic computation and model preservation | Remco de Boer December 14t 2023 compwa-org.rtfd.io UNIVERSITAT R U B
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https://compwa-org.rtfd.io/
https://ampform.rtfd.io/
https://tensorwaves.rtfd.io/
https://qrules.rtfd.io/
https://numpy.org/
https://github.com/google/jax
https://www.tensorflow.org/
https://numba.pydata.org/
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