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Introduction

Partial wave analysis (PWA) is a powerful method to study multi-body decay processes, e.g.
» to search for (exotic) resonances

and measure their properties
« to understand CP violation
over phase space

B:pg

Most of previous fitters are designed for special processes

. . .
or are time-consuming D:pp

A general PWA framework using modern acceleration technology (such as GPU, AD, ...) is
eagerly needed.

~
We have developed a new framework using TensorFlow - r

Tensor
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-PWA: Partial Wave Analysis with TensorFlow

~ + GPU based
. Fast * Vectorized calculation

« Automatic differentiation
_ Quasi-Newton Method: scipy.optimize

* General e Custom model available

—

 Simple configuration file (example provided)
* Easy to use - Most of the processing is automatic

 All necessary functions implemented (details
later)

* Open access and well supported  https//github.com/jiangyil5/tf-pwa
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https://github.com/jiangyi15/tf-pwa

generations of
_____________________________________________ S A Y different kinds of

The Framework ~_:, L | Automati

General Decay Description. fitting outputs

Decay, Particle General Helicity Angle Process Results
data l |
MC sample _ 4-momenta !
DecayChain structure | i plots
config.yml — > l > |
angle 1 ft Fracti
Configuration file DecayGroup It fractions

Helicity Amplitude Rule error matrices

users only need to
take care of the
Input files

fit parameters

!

amplitude model

partial wave
distributions

A 4

=

Likelihood model, .| toyme

Fast Evaluation

Expression transformation

i alignment

Can be a black box for beginners
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YAML (YAML Ain't Markup Language) format https://yaml.org

Configuration File

: « Widely used in other packages
- confia.vml Full example !
* Basic Parameters 3 9y « Easy to read and write
ecay: . . .
Decay- BOS:, e Easy to rewrite In scripts
. - [DK , Dst, model: 0 4= 0 L+ — 0. —
N State, out states default, p break: True] BY - D" DK ,D - D1 Config yml
m | (helicit molit - [DstK , D, p break: True] . ] :
odel (helicity amplitude | - Detp | X b break: Truol particle:
as default) DstD: [Dst, D] $t°P: . .
model DstK: [Dst, K] BO: {J: 0, P: -1, J
parameters. DK: [D, K] $finals:
Particle: Dst: [D0, pi] R i
: : Resonances.yml 3. (7: 0. Pe -1
spin parity (J), L DO: {J: 0, PB: -1, }
zc(3900): {J: 1, P: +1, pi: {J: 0, P: -1, }
, width: 0.0266, model: DstD: [Zc(3900) ]
Wldth (1’*) default} DstK: [Dsl1(2700), Ds2(2573)]
op Ds1(2700): {J: 1, P: -1, DK: []
model (Breit-Wigner),  width: 0.120) Dst: {J: 1, P: -1, ,
Ds2(2573): {J: 2, P: +1, model: one}
model paramEterS' , width: 0.0169} $include: Resonances.yml

The only places users need to modify for different decay processes
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Topology based algorithm

Automatically built from config.yml

Decays B Particles
) — BY - D (2700)*D*7 initial state (B®),
_| final states (D*~,D% K ™)
o . mmmm) One decay chain — D:,(2700)* - DOK+  propagator (Ds;(2700))
6o BY - D% (2700)* (- D°K*) D*~ ot -
0 Ds1 = Particle("Ds1(2700)"J=1, P=-1)
Dst = Particle("Dst”, J=1, P=-1)
generated by TFPWA B = Particle("B”, J=0, P=-1)

dl = Decay(B, [Dsl, D])

B° - D*"D°K™: decay group decl = DecayChain([d1, d2, d3])
dg = DecayGroup([decl, dec2, dec3])
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User defined

Helicity formalism Feynman rules
C,
Decay : FlllzD;L Aq— ,12((.0: 6,0)
A X—
[Wigner—D matrix ]
& - 1
0 o| RWM)=

——
mg — M= —imyl’

Particle | ° 1

A% C——
A g AL AL

z FARABDij,*ﬂR—AB ((pl' 911 O)R(M)FAC,ADDAR;C -Ap ((pZ; 82) 0) a||gnment
A

probability: |A|"2
Decay Group: A = A; + 4, +
Decay Chain: A = A;{RA, -
Decay: Wigner D-matrix, A = FD* (¢, 6, 0)
Particle: Breit-Wigner: R(m), user defined

2
o
— R
DID IR )RR

Ag AgAc,Ap ! R
Automatically calculated from decay structure
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General Helicity Angle Process

A - RB,R - CD /\

« Data inputs from user
4-momenta (p#), weights
« Converted into amplitude variables

Invariant masses (m)

Helicity angles (¢;, 9;)

Alignment angles (a, 8,7)

Automatically calculated based on decay structure,
using Euler rotation system, boost sequence, and SU(2) relationship.

M. Wang, Y. Jiang, Y. Liu el.al., Chinese Physics C \Vol. 45, No. 6 (2021) 063103
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Automatic Differentiation (AD)

« AD provides a powerful way to calculate gradient automatically
« Time for calculating gradient

N is the number of parameters [f(x+6) — f(x)]/6

t is the time of function evaluation " _ .
L Nt supported fit method

* Fast Fit _
« can reduce time for many gradient based method

- Nelder-Mead  no-gradient

af
* f(x) = f(xo) + a(x — Xo) BEGS
n i (x — x0): (X — xg) j -+ gradient
. : _ [ 9*f -1 of scipy 1 Newton-CG
* Xout = argmin f(x) = Xy = (axiaxj) 9x trust-krylov hessian,
- trust-ncg hessian vector product
* Error propagation
. g, = \/gi'i Vij :;; ~ iminuit gradient

 Calculate uncertainties of physical observables , (such as fit fractions) can calculated by AD

» Easy to use in TFPWA
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Factor system: automatic factorization of amplitude

« Amplitude can be written as the combination of summation and production.

A= (SgiA)(SgiA) =+ = A=) (9:9))(AiA}) “ g
ij = o

(1 i,j=(ab) , — e

G(i,j) = glg] = {O l’] ;t (a, b) — A = B(l,]) = ALA]

» Some special treatment is implemented
« Plotting of partial waves (P; = |4;]?)

60 1

40 -

Events/0.013GeV

« Amplitude cachin _
P J fit parameters related :

* mass dependent: -5

I,l, M / . . I MecpGeV
A(pl- ) = ZgiR(m)Ai(pi ) = A(m) = ZgiR(m)Bi\
* factor only: Y|A|? - GG (XCij) ~— calculate only once

Time for Calculating —=In L (s) | Time for Single fit (s) Memory (MB)

original 1.00243 224.1 4371
mass dependent  0.41840 103.2 2323
factor only 0.17831 31.56 2323
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Benchmarks

CPU: i7-9750H@2.6 Hz with 12 cores
GPU: Nvidia 1660 Ti, a cheap GPU

Test based on simple MC (200000) sample of a simple amplitude model of
ete” » R/ (1Y)m, Ry » D*D*
Both based on TF-PWA

CPU () GPU (m3)

Sum of log(PDF) 725 X 12 ~8 X 12 =96
Sum + differential 1417 X 12 188 ~75X12=90

Almost a factor of 100 times faster for GPU than single CPU

2021/8/16 YiJiang, A general and user-friendly partial wave analysis framework
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—InL

Performance in a real fit

—InL for each iter

— min{=InL) =-1118.18
°
®
® ® o b °
b . e ®
o
o ® o *
-1081 1 * s s 2 = &
—1085 {& & L s LA
-1089 4 @ m dhose o foes som mae -
L il ]
~1096 | % ee %o * e
o
:}}19 :- .--- - - - _ = . - e = ok = —

iter

« Randomizing of initial parameters, better searching for global minimum

* Toy studies
 Uncertainty studies etc.

2021/8/16
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Functions implemented

* Toy studies  CP violation fit

* Plotting * Final states with identical particles
* Fit fractions, interference fractions « Amplitude factorization
 Simultaneous fit between different  Resolution

datasets » Simple symbolic formula
* Parity conversation, isospin » Error propagation
constraints

 (Gaussian constraints on parameters
e 2D chi2 test



-PWA
Summary

A general framework is developed for PWA based on TensorFlow
* Fast, easy to use and still in active development

 TF-PWA cross-checked with other fitters used in BESIII and LHCDb
collaborations

« Have been used for a large variety of amplitude analyses
« Well supported , welcome to use and provide feedback.

Thank you for your attentions!
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Back Up

YiJiang, A general and user-friendly partial wave analysis framework

16



Fit process: maximum likelihood

1 do do 1
_(xi;ﬁ); Otot = Z (xi;ﬁ), w; = —

Can either subtract background using
weights or directly include background in

the fit

P(x;;9) = WiTo
i Orop AD Ry tdo Ny
Negative Log-Likelihood (NLL):
W.
—InlL = —« Z Wllnp(xuﬁ)iazz ;
xi€data ZWi
BFGS:

. | p; = —B;g; dlnL
v = argmin (—InL) v;y{  B;s;s{B; 9i =~ "59
Biy1=Bi+—F————7

yi Si Si BiSi
Si = 19i+1 - 791; Yk = Y9i+1 — Ji

__0InL |
09;09; V=Y

error matrix: | V;;' =

V =B
2021/8/16
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Automatic differentiation:

Reduce the number of calculation
of —In L, speed up the fit.

More accurate gradient, improve
the fit result

-l also calculated by automatic differentiation
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Custom Model

Line: R(M;a) =M+ a

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

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

def init_params(self):
self.a = self.add_var("a")

def get_amp(self, xargs, **kwargs):
"'modelasm+a""
m = args[0]['m"]
zeros = tf.zeros_like(m)

return tf.complex(m + self.a(), zeros)

Use register_particle to register it,
then it can be used in config.yml

Fiapag1(X; ﬁ)D[JfA*,AR—AB](x)R (6 9)Facap1 (X5 ﬁ)D[JfR*,AC—AD](x)

JB* Jc* Jp* :
Diap (x)D [AcAL] ()D [Ap.Ab] (%) = A, a2, (6 9)

ArB114RBI[1[cD[RCD][BB][CC'][DD]~[AB'C'D']

x: all data, (*args, **kwargs)
R(x;9) —
J: all parameters (self.a, )

here the data, (xargs, **kwargs) is passed from DecayChain.

For convenience, different data will be divided into different
parts to pass to get_amp(self, xargs, *xkwargs)

The parameters are directly defined in the class, and the
values are obtained from VarsManager.
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Resonant models and LS coupling

Default Model:
* R(M): Breit-Wigner with running width
B 1 q 2lp+1 mg .
ROD) = 4y TOD =T (q—0> —25;,%(@.90.4)

* LS coupling: from helicity base to LS base /
* Fy At JE(A0) - J; 1(/11) + J 2(/12) Blatt-Weisskopf factor

20+ 1 /
Fiata = 9 Gis [3rq Ui Jo = Aals8)10;381] 8)4'BiCq. 60, d),6 = 1y = Ao
ls

fit parameters CG coefficients

LS coupling: |j; —j.| <s<ji+j,ll—s|<]J<Il+s
Parity conversation: P = n;n,(—1)*



{

Total data e
. particle”: {
Data process: A
] . "1"p",
Automatic angle calculation L
}
Po = P1t P2 tP3: PoP1tTPrPr™DP2TD3 -
"decay": {
final states 4-momentum [A->(C, D) +B,
boost _ :
pf’pg,pg = pg = (Ecm, O'0,0)’pf,plz’t'pg ({C, D) >C+ D]
_ A->(C, D) +B:{
infer momentum C.D):{
Zo = (0,0,1), ( .., ... {
_ Xn = (1,0’0) v ang .
ZR = Pr» .0 oW "
< =" + alpha™:[...],
YR = Zo X Zp,XRr = YR X ZR Pr = P2 TP "bepta": [[...]]
| "gamma”: [..]
01 = 2o = Zg, @1 = Xo = Xg ME = P p, } ]
all angles invariant mass |
B-{.]
loop for decay and decay chain, }
so that all angles are calculated automatically -
}
2021/8/16 YiJiang, A general and user-friendly partial wave analysis framework } 2 O




Alignment angle

Boost: B,(w), Rotation: R,(¢), R, (6)

For final state |out) = |p1)®|p,)®|p3) ,choose a single particle state |py).
The final state definein0 - R,2;R = 1, 3;

Ip1)r = Bz (wq) Ry(91)Rz(¢1)|p1> = L1|p1)

P11 = Bz (w3) Ry(HZ)Rz((pZ)lpl) = Ly|p1)r
On the other decay chain 0 - R’,3; R - 1, 2:

Ip1)r = Bz(w1) Ry (01)R,(¢1)Ip1) = Li|p1)

Ip1)2 = B (w3) Ry(eé)Rz((pé)lpl) = L'2|P1>R’
The alignment angle is the rotation

Ip1)2 = Lelpi = Bz(a))Rz(y)Ry(,B)Rz(a)|p1>1
So
L, = B,(w)R,(¥)R, (BIR () = LoLiL1"L3*

o [

In general



choose SU(2) representation as

w = arccosh

_% 0 _% 0 COSE
UZ BZ(w) — <e 2>7RZ(¢) — <e l¢>;Ry(9) — ﬁ
1- oz 0 e2 0 ez sinE
_w _ilat+y) _w ila-y)
e 2cos—e 2 —e 2Ssin—e 2
Lab — Bz(w)Rz(y)Ry(,B)Rz(a) — w ﬁ i(a=vy) w ﬁ i(a+y)
e2sin—e 2 e2 cos—e 2
2 2
Y Y
cos § = cos 5~ sin®Z = Li1L,, + Li5L5q, B € [0, 7]

a+y=-2angly; =2angl,, a—y = —2angL,, = —2angl,,

L —L
—1 _ [ L22 12
Lap| =1 ab = (_L21 L1y )

B

—sin—

COS ¢



Automatic Differentiation (AD)

« AD provides a powerful way to

calculate gradient automatically

* Chain Rules

o 5. &) _af | 9g
dx; dg 0x;
. 1. 0f(h(x), g(x)) _ 0f oh |, 9f 0g
' 0x; Oh d0x; 0g 0x;

Only basic operator need for differentiation.
Similar as amplitude rules

Automatic Differentiation (numerically):

df . df . g 0g _
a(1) =— (11)[% (1,1) + b (1,1)] = 0.5403

« forward
, backward

f =sin(x*) = sin(z),z = x*

g(a,b) = a®
af dg(a,b) . 0dg(a,b)
dz—cosz, 7a = ba"”™ -, YA =a’lna
Symbolic method:
df dfdg(x,x) - .
- dr  de - COS Z [(ba ) bex + (a In a)

a,b:x]

= cosx* [xx* 1+ x¥Inx] = x* cosx* (Inx + 1)

2021/8/16
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Reduce Memory Usage

o

oo

AD time and space complexity

Complexity

99,

backward O(ms) = O(ms) A

memory is dependent on number of data for each differentiation calculation

n: number of parameters
m: number of data
S: model complexity

2021/8/16

* split MC into batches MC —» {MC,, MC,, -+ } = memory |

- a;:;L - a [Z : I;Iﬁdq) (xl)] azZVIVl (Z 99 ) z “’z (xuﬁ)

] lEMC]
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AD transtorm

All parts can be calculated from small batches of data.
. oy — S(x0) _ _ v .
p(x' 19) — Nf(y;ﬁ) + g(x)' Nf(X) - ZLEMC f(xl’ 19)

dp(x;9) _ Op(x;9;Ny) 4 dp(x;9;Nf) ON

09 99 Ny 99
o aNf _ Z af(xl;ﬁ) Z Z af(xl )
99  &~ieMC JEMC; 5y
., _OlnL _ 6ZWi In p(x;9;N ) _ a@ZWi Inp(x;9;Nf) ON
09 99 ON 9

with config.params trans() as f:

real = f["A->R BD.C g Is 1r"]

imag = f["A->R BD.C g Is 11"]

alpha = real / (1 + real * real + imag * imag)
print (alpha, f.get error(alpha))

2021/8/16 YiJiang, A general and user-friendly partial wave analysis framework
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Mep

identical particles

A - BCD B, C are identical particles
A - (BC)D,A - (BD)C
Amp(pg, Pc, Pp) = Amp(pg, pc, Pp) £ Amp(pc, Pe, Pp)

boson : fermion:
No identical particles . ermion.
Interference is enhanced Interference is eliminated
Mgp Vs Mcp Mgp Vs Mcp Mgp Vs Mcp

Mcp
Mcp

T T T T T T T T T
0.8 1.0 1.2 14 1.6 1.8 2.0 2.2 0.8 1.0 1.2 1.4 16 18 2.0 2.2

T T T T T
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Mgp Mgp



