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Introduction

A Amplitude analysis / Partial wave analysis (PWA) is a powerful method to studybuoditidecay
processes, e.g.
A to search for (exotic) resonances
and measure their properties

B:n

AN

A to understand CP violation c:p PUT mmn
over phase space
A Most of previous fitters are designed for special processes D:n
or are timeconsuming.
A A gener al PWA framework using modern accel el

eagerly needed.



PWA : Partial Wave Analysis with TensorFlow

—

AGPU based
AFast _ AVectorizedcalculation

AAutomatic differentiation
- QuastNewton Methodscipy.optimize

AGeneral ACustom model available

ASimple configuration filéexampleprovided)
AEasy to use AMost of the processing &utomatic

AAIl necessarjunctionsimplemented
ADeveloping more functions

y l:*

Tensor

~—

AOpenaccessindwell supported  hips:/github.com/jiangyi15/tt - pwa



https://github.com/jiangyi15/tf-pwa

Configuration as global representation

Data (4
momenta)

Inner

representatio

n

Amplitude
formula

Uncertainties

Fit results
(parameters)

from tf_pwa.config_loader import \
ConfigLoader
config = ConfigLoader ("config.yml ™)

result=  config .fit ()
# config.set params ( final_params.json

err = config .get _params_error ()
config .plot_partial_wave 0

config .cal_fitfraction s()

config .generate_toy (10000)

Other

measuremen
tsS



Configuration

YAML:https://yaml.org

AWhat is needed?
AParticles (Resonances, line) and their properties 2-body decay

ADecays (interaction, vertex) and their properties rmtmn
AStore indict or list, save as YAML file. .
. a7 =
APossible processin © $° $" +
- = V)
h —%— < C ‘
; (D Serialize as
2 v ‘/J :
2_/ Y g Bp: [ psi(4040) :
2 & [ DstD, K], J: 1
Zei T ﬁ] [DstK, D], Po-1
B WA L D) [DK, Dst ], mass 4.040
L. C j ] width :  0.080
lll] e model: C(BWR)
e | Config.ymlIn TF-PWA
- =
S /\'}
u > (] ,



https://yaml.org/

Helicity formalisrp
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Automatically calculated from decay structure
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probability: s & ¢
Decay Group' 0O O
Decay Chaino 0 YO
Decay Wigner Dmatrix,6 00" %A
Particle:Breit-Wigner:'Y & , user defined
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B means momentum of B in the rest frame of A

AUtO m at| C An g I e P I Ot %omeans the rotation is anticlockwjsehile %ofor clockwise

The sign is dependent on data
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Auto calculated by THFPWA, () %o :
Only required the 4nonmenta ‘
. P
TF-PWA also provide reverse process: (Y ©° Ou

3D model generated bysariptusing TFPWA.
Mass + helicity angle> 4-monmenta 9 VBB,



https://github.com/jiangyi15/tf-pwa/blob/dev/tutorials/examples/plot_3d_angle.py

Custom Model

Line:Y(OI) 0

from tf_pwa.amp import register_particle
from tf_pwa.amp import Particle

@register_particle( “Line" )
class LineModel (Particle):

def init_params (self): # define parameters
self .a = self .add var ("a")

def get amp(self,* args,** kwargs):
vyyy 1T AAT AO I 1 A vyvye
# write code with TF
m = args [ O][ "m"]
zeros = tf.zeros_like (m)
return tf.complex (m + self .a(), zeros)

Define a custom modelis simple.

Q @O F @Yl Qi an gl o

| 1 [ | N [ o | ]

a1 all data, (‘args, **kwarg9

1 . all parameters gelf.a

—

here the data, ((args, **kwarg9) is passed fromDecayChain

For convenience, different data will be divided into different
parts to pass toget _amp(self, *args, **kwargs)

The parameters are directly defined in the class, and the
values are obtained fromVarsManagert

Useregister particleto register it,
then it can be used inconfig.yml



Implement of theoretical model 1l e var oo 28

NAAANAAANAAAA - 1.0
] 0.8 i
Alnterpolation - >
AUse for mass dependent model : oa
ALinear interpolation model | 02
A Ainear_txo v G0 55 oo o5 02 o4 os o8
A Input pointby pointvalues 1.0+ ———_| 10
A Point position 0o5{ / 0.5 -
A Real parts T oof 0.0
A Image parts AN oo
A Fast evaluation without writing TF code S~ o
AForexample, Dispersion integral e e i Y

ReA mass

AAIl value in input data
AIf model if much more complexiotonly mass dependent
AOnecancalculate the value for all data first and input with data
AForexample, Triangle Singularity



Automatic leferentlatlon(AD)

AWidely used in Optimization problem
A Calculate gradient automatically
ANo need for exact formula.

A Recorded the computation graphs.
A Operator: function used (sin, g)
A Intermediate value: (zp )

A Mostly matrix form (Jacobian).
A Just combine the operator (Chain Rules)

AChain Rules

() (I

Con 0 Ofb) OEDM o
A d Yoy O

1 OO0T | SADEAA OAT OEAOHIT 1
"0 ,Q ,‘Q o £
The same rule based method as our amplitude Y (fpl'p) fpho) T® T TT ¢
calculation.

> backward
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AD In amplitude fit

AMinimizeof 1 D 7
A —— is the steepest descent direction, used by most of optimizer

A Error matrixc [ —] can also be estimated though AD

A AD advantage:
A Automatic.

A Fast estimation: Time costforeval D 7 and —— are on the same level.

A Accurate gradient: more stable results.

A AD disadvantage:
A Require well defined gradientsgntinuous.
A Avoid step function, delta function.
A Only support function witpredefined gradients
A Use TensorFlow only, but also have an interface to define functions.
A Large (GPU) memory cost foecording intermediate values
A Split data into small batches (discuss later).



AD for error propagation

AError propagation

A, —, —h —can be calculated by AD

A Simple interface (see right)
A Example: uncertainties of fit fractions in TFRVA

AAdvance usage
A Define function with gradient
A AD + some part oh u me rfuncticen |

A_ (| )

———Mmume g+ c al

A Example: Obtain pole mass in HWA (a iteration process)
A Systematic uncertainties of fixed parameters (fixed mass

and width)

A 10D I DG ) hi JEBA OAT WOAOO
adeE@ﬁA/OAIAO oJo)

A Minimum condition asmplicit function

N

with config.params_trans
#glisfixedtol
g2 _r= pt["Lmde >piz.Sigma (1385)p_g Is 1r" ]

() as pt:

g2 _phi= pt["Lmdc >piz.Sigma (1385)p_g Is 1i" ]
alpha = 2*g2 r* tf.cos (g2 _phi)/( 1+g2 r*g2 r)
print(alpha, pt.get_error (alpha))
2(1385) 1385)
|H, 2 - IH §
O5(1385)r = 511385 1385
H & P+ [Hy O
2%( 2(1385) 922(31385))
| (1385 % (1385
|g ( )‘24_‘ ( )|2

decay— config.get_decay ()
decay.get_particle  ("Sigma(1385)p" )
with config.params_trans () as pt:

pole = p.solve _pole ()
re = tf.math.real (pole)
im = tf.math.imag (pole)

print( (re, 1im), pt.get_error

((re,im )))

13



AD In Large size of data

ABasic LogLikelihood function
y v 1 . (N -« (n
Al B(f)~ Bl | p §~2 -
AO _0(@WQ®w B 0
ARequired recording all & and intermediate values before gradients evaluatior

ASplit large data into small batches (only record value in a small batch)
Al D¢G)H)+ 1 b7 nNO
A O, (") g ()

A B () B () g
Batch 1 Batch 2
AExpand the power of AD to multi GPU, even multi cluster




Events / (0.033 GeV/c?)

Example: fit results of¥ © ¥
Ay 0 x(O )

A Simultaneous fit

Plot thought TR PWA with simpleconfig.yml
All decay chains will be addedautomaticly

400

200

plot :
A 7 energy points mass o | ]
igma_star0 : name in page
A Total around 10k events, 854k MC display © "$M_{\\ Lambda \ pi{O}$"
A 38 free parameters bins : 30
ADominated bys O ¥”:57.2 4.2% ange [ 12, 22]
) egend : False
AClear peak for © “+ po Qv
| —— Data
R B Background a
2 1000 _—Totalgt{it 2 i
% - — Ap(770) % 400
@) - —— NR(mn)A &) |
o -—ngz(lzssr o
e} i ¥ (1670)" )
g 500 g”ﬁ(l 750)* g -
= *£(1385)° =
7 -—;2(1670)“ > 200
= - E(1750)° b= I
[P} = L
- -
M - - M
0 . = E— =t q ol —~
1.4 1.6 1.8 2 2.2 04 0.6 0.8 1 1.2 2 1.4 1.6 1.8 2 2.2
M, _.(GeV/c?) M_. . (GeV/c?) M, . (GeV/c?)

JHEP12(2022)033
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https://arxiv.org/abs/2209.08464

Different preprocess

A Implement with different ways for amplitude
AOption inconfig.yml data: preprocessor aramp_model

options pre-process amplitude
default p* — m,angle | ¢;f;(m)T;(angle)
cached_amp | p* — m.angle.T; cifi(m)T;
cached_shape | p* — m.angle.T; cifi(m)T;
fiT; c; 515
p4_directly pt p* — m,angle
¢ f:(m)T, (angle)

Table 1: Calculation in the two parts

data memory requirement for one event
pH 4 N(particles)
m N(particles)
angle 6 N(chain) N(decay in one chain)
3 N(chain) N(final particles)
1:T;, T; | N(partial waves)N(helicity combination)

Table 2: Memory requirement for one event

data :
A

preprocessor:
amp_model cached_shape

cached_shape

Limit of CPU 32G.

Disk

Limit of GPU 8G

— 1 1 IIIIIII T T IIIIIII 1 T IIIIIII 1 1 IIIIIII Iil IIIIIII 1 ;I LLELBLLA

.E 103 = - no option: 100000 : —

a - @ cached_shape (nolazy): 100000 1 -

— - cached_shape (nocache): 100000 : ]

L [ =@~ cached_shape (lazy):100000 1 p

E L @~ p4_directly(no lazy): 100000 X ! -

= | =@~ p4_directly (lazy):100000 | |
o @)~ cached_shape (file) :100000 |
D =@~ cached_int: 100000 !

= 100 £ | E

o C | ]

o - ! -

e - ! ]

5 | i

10 i =

C ! 7

1 = o— | =

o ® | .

i . ]

[ 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII I:I IIIIIII 1 !I IIIIII-

100 103 10* 10° 10° 107 108
MC size
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6 © 'O 00

b —— - c
A6 © O O'0 :two channels R
A6 0O 0OV |
A6 OO 00 gt{ WA N ﬁ}.,)w
APossible resonances: L
ACQ" ‘0" ag§ . : charmoniumylike) e 5|
A3.9~ 4.8GeV . . NS

A Normal charmonium
Ar (t mot(t p ohit. (o woht. 1 ¢ XE
A Charmoniumylike) states
A SCA'D A EXo Y R)Ed (o (T 1 Qhd (1 1 oFE
AO* 0 oD 'Q"Y (cyx)m(aka8 (¢ @MY (¢ w H(@ka8 (¢ w M
A Foundind ©0O°Y + 000 PRL 125 (2020) 242001, PRD 102 (2020) 112003
A0 v @pd: Y (g wam
AFoundind © 0 "Y (¢ wnxm©O O * PRL 131 (2023) 041902, PRD 108 (2023) 012017



C-parity relation

AUsedto constraingy © O O andyY © O° O

AO ° 00 ° do.mf
A6 is the C parity of R i
AEffect of this relation 005

ATwo contribution with the same
A2 (6 AT R # p
AFord © YOO O U

Al6] 6 o] [060s ©D]|] ¢Y®Oo
AFor6 © YO 'O O 0
Alo6] 06 o] 16s D ¢Y®BO

Al6] 6] TY®O

0.04 |

0.03
0.02
0.01
0.00

— A1 +AyP
A - Asf? 1
A7 3
777 |A,f? ]
===+ 4Re(A1Ay)
"""" JA11? +1A21%

oy

A Only theinterferencecan contribute to the difference of two channel

2024 May

415 420
M(D*D) [GeV]

4.05 4.10
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Implement with custom model in TFPWA

ACreate new model based on original model
A Simple inheritedvith original model
AOverride related parts

from tf_pwa.amp.core import register_ particle , get_particle_model

def create _modé (namg: # common function to create new model
cls = get particle_model (name) # find the particle model with name

@register_particle(  "C({})" .format(name )) # OACEOOAO NERAOHE st2#s
class _NewClass(cls ): # inherited for m original model
def get amp(self, data, data_d, all data =None ** kwargs): # override amplitude calculation
d= all data.get ("c",1) #D*+D- orD* -D+
if self .C == 1: #C parity is 1, use the same model
return super(). get amp(data, data d, all data =None ** kwargs)
else . # C parity is -1, use amp for D*+D - and Zamp for D* - D+
amp = super(). get amp(data, data d, all data =None ** kwargs)
return tf.where (d> 0,amp, -amp
¢ T OEAO AAOAOK $+t S+ A

create _mode ("BWR) ¢ AOAAOA T Ax 11T AAl 2#s5"72%2 MHE O 2" 72e
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Charmuinoilike) states

ALarge difference in 3.9 4.0 GeV
AY  is small in that range, do not expect large effect
ALarge difference due to-@arity

/TN AN N
< > preliminary < > preliminary
N4 N

2024 May 21

































