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Introduction

« Amplitude analysis / 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

C : pl«‘- B'C’ D

« Most of previous fitters are designed for special processes D : pp

or are time-consuming.

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



-PWA: Partial Wave Analysis with TensorFlow

—

 GPU based
* Vectorized calculation

o Automatic differentiation
- Quasi-Newton Method: scipy.optimize

e General e Custom model available

 Simple configuration file (example provided)
« Easy touse * Most of the processing Is automatic

« All necessary functions implemented
 Developing more functions

y l:*

e Fast — Tensor

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



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

Configuration as global representation

from tf_pwa.config loader import \

Data (4- Cached ConfiglLoader
momenta) data (angles)

config = ConfiglLoader("config.yml")

result = config.fit()
# config.set params(“final params.json”)

err = config.get params_error()

Inner config.plot_partial_wave()

representatio
n

Amplitude Fit results

formula (paranweters) config.cal fitfractions()

config.generate_toy(10000)

Other

Uncertainties measuremen
s




Configuration

YAML: https://yaml.org

* What is needed?

* Particles (Resonances, line) and their properties 2-body decay
« Decays (interaction, vertex) and their properties ¥(4040)
 Store In dict or list, save as YAML file. B+
. - T =
» Possible process in B - D**D*K*
b ——7 < c ‘
; (D Serialize as
2 v ‘/J :
8/ / Bp: [ psi(4040):
2 & [DstD, K], J: 1
5 . —/] [DstK, D ], p: -1
B+ W+ % 1+ [DK, Dst 1, mass: 4.040
L, (.j ] width: ©.080
lll] /,/' model: C(BWR)
e | Config.yml In TF-PWA "~
v o)
P /\'}
u > u ‘



https://yaml.org/

Helicity formalisgn

K —‘<
A)L AABACAD

2 HARABD/{::;R_AB (91,01, ORM)Hy 2, D/{II:,;C—AD (¢2,6,,0)
A

2

do .
d_(b x S: Sj S: AAA»AB:AC,AD

Ag AgAc,Ap ! R
Automatically calculated from decay structure

Feynman rules User defined

~  Deca 0 05142 _ Jo*
y A + jum— HAerZDA(()),Al—/‘lZ((p’ 8, O]

~—
[Wigner—D matrix]
1
B R(M) =
0 ° (M) ma — M2 — im,T
Particle ° lor p=1+7-6
. o

alignment

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

DO
" * —>D*(D*D)
6o. P Pp” Pr
4 D*(D*D)
1%
(D*D) - D*D D*D
— D
GB
Lp*p " (D*D)
Pp
Ppp
¢(BD*D) ‘; ﬁB
B = (D*D)K «

Auto calculated by TF-PWA,
Only required the 4-monmenta

TF-PWA also provide reverse process:
Mass + helicity angle ->4-monmenta

p4 means momentum of B in the rest frame of A

¢ means the rotation is anticlockwise, while —¢ for clockwise
The sign is dependent on data

D*(D*K
HDO( ) D>l< - DOTL'
6D »
D* - D% ~ * QBO(D k) ﬁD*(D*K)
y oo _¢D (D'K) D*Kn
"'Qwi\ ) - % *
T P po (D*K) - D*K
B - (DK)D* . -
—¢p" Pok pe K
P - " 7B b5
Pbk = T
Op" B — (D*K)D )
i —® k)
‘- Pr
(DK) -» DK

3D model generated by a script using TF-PWA.



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

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

def get _amp(self, *args, **kwargs):
model as m + a ""“
# write code with TF
= anS[G][" "]
zeros = tf.zeros_like(m)
return tf.complex(m + self.a(), zeros)

Define a custom model is simple.

Hippap1 (6 19)D],{4*,1R 1 GOR (6 9)Hipp ap (% ﬁ)DJf*AC_AD](X)
jB* .
D ](x)D[/l Al ](x)D[A A ](x) = Al papapap) (6 9)

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

x: all data, (*args, **kwargs)
R(x;9) —

U: 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, **kwargs)

The parameters are directly defined in the class, and the
values are obtained from VarsManager.

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



Implement of theoretical model

* Interpolation
 Use for mass dependent model
* Linear interpolation model

0.4

0.6

0.8

o “linear_txt” _—1'.0 ~05 0.0 0.5
* Input point by point values 1.0 —
* Point position 054
* Real parts T 0o
* Image parts AN
« Fast evaluation without writing TF code o S~
 For example, Dispersion integral [ P ——

1.0 ~
0.5 A
0.0 A
—-0.5

-1.04,

ReA

« All value In input data
« If model if much more complex, not only mass dependent

 One can calculate the value for all data first and input with data

 For example, Triangle Singularity

0.2

0.4

0.6
mass

0.8

11 points leaner interpolation of exp(5im)
The out of range is set to zeros

NAAANAAANAAAA - 1.0

- 0.8

'06N_

|A

- 0.4

- 0.2

0.0



Automatic Differentiation(AD)

 Widely used in Optimization problem
« Calculate gradient automatically
« No need for exact formula.

« Recorded the computation graphs.
 Operator: function used (sin, g)
« Intermediate value: (z= 11)

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

e Chain Rules
of(g(x)) _df _ 0g

.....

e X: = X
0Xi dg O0x; — ol X\ — i — X
. L. A(h@),9()) _ 3f oh | 3f 3g f= sm(;(; ;f‘ffg S
Oxi Oh O0x; 09 0x; Automatic Differentiation (numerically):
| df _ df . dg og
The same rule-based method as our amplitude ;W =7"0 )[% (1L,D+ b (1,1)] = 0.5403
calculation. »  backward
11




AD In amplitude fit

* Minimize of —In L (1)

« — 2L s the steepest descent direction, used by most of optimizer

99
) 0%InL
Error matrix V;; = [— 99:99,

-1
] can also be estimated though AD

« AD advantage:
« Automatic.

 Fast estimation: Time cost for eval —In L (9) and — % are on the same level.

» Accurate gradient: more stable results.
« AD disadvantage:

» Require well defined gradients (continuous).
» Avoid step function, delta function.

* Only support function with predefined gradients.
» Use TensorFlow only, but also have an interface to define functions.

 Large (GPU) memory cost for recording intermediate values.
 Split data into small batches (discuss later).



AD for error propagation

 Error propagation
2 _ 0y 20y

with config.params_trans() as pt:
# gl is fixed to 1
g2 r = pt["Lmdc->piz.Sigma(1385)p g 1ls 1r"]
g2 phi = pt["Lmdc->piz.Sigma(1385)p g ls 1i"]
alpha = 2*g2 r*tf.cos(g2_phi) / (1+g2_r*g2 r)
print(alpha, pt.get_error(alpha))

. — oy
Oy =0y >, ~can be calculated by AD

« Simple interface (see right)
« Example: uncertainties of fit fractions in TF-PWA

« Advance usage

 Define function with gradient

* AD + some part of numerical function

. of _ 0f dg oh . 1 0g _ gx+Ax)—g(x—Ax)
dx  dg oh ax'numerlcal' ox 2Ax

« Example: Obtain pole mass in TF-PWA (a iteration process)

 Systematic uncertainties of fixed parameters (fixed mass
and width)

* —InL =—-InL(9,z), O:fit parameters,
z: fixed parameters

» Minimum condition as implicit function
L _ 99 lazlnL]_l 9%InL

a9 O aZ 6191'619]' aﬁjaz

E 1385 1385
| ( ”2 |}J ”2

¥5(1385)m 1385) 2

+|H

g22(§1385))

2(1385) 2

- |HZ(11385) 2

2R ( 2(1385)

— | (1385
|g ( MQ

+ 19,

decay = config.get decay()
p = 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, im), pt.get_error((re,im)))

13



AD In Large size of data

 Basic Log-Likelihood function
. _ _ P1(x;9) P, (x;9)
InL(¥) = 2 1n [(1 f2) [ P{(x;9)dx + /2 fPZ(x;ﬁ)dx]
* [; = [ P;(x)dx = Yw;P;(x;)
* Required recording all P;(x;) and intermediate values before gradients evaluations.

« Split large data into small batches (only record value in a small batch)
* InL(Y) = InL(9;I;)
. 0 In L(9) N 0 In L(9;I;) Z 0 In L(9;I;) 01;
a9 209 l d1; a9
Ol _ AB0iPi(xy)] | ORw;Pilap)l

09 09 09
Batch 1 Batch 2

« Expand the power of AD to multi GPU, even multi cluster




Events / (0.033 GeV/c?)

Example: fit results of AT - Ar*r®

Plot thought TF-PWA with simple config.yml

e AT N Y+ 0
AC A( pTt )T[ T All decay chains will be added automaticly

» Simultaneous fit plot:
7 energy points ma§§= oo . ;
. igma_staro: name 1n page
Total around 10k events, 854k MC display: "$M_{\\Lambda\\pir{0}}$"
38 free parameters bins: 30
° I + . 0 range: [1.2, 2.2]
Dominated by A7 — Ap: 57.2 + 4.2% lepend: False

« Clear peak for A - 7X(1385)

| —— Data
Bl Background

— Total fit

- — Ap(770)

- — NR (')A

L — 0¥ (1385)"

L w2 (1670)"
— 'y (1750)

500r n+E(1385)°

m— n*2(1670)°

L — +2(1750)°

[—
<
]
<

400 400

200 200

Events / (0.033 GeV/c?)
Events / (0.033 GeV/c?)

02 14 16 18 2 22 0704 06 08 1 12 0 14 16 18 2 22
M, (GeV/c?) M_._,(GeV/c?) M, (GeV/c?)
JHEP12(2022)033
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https://arxiv.org/abs/2209.08464

data:

Different preprocess orraces s cscret hove
* Implement with different ways for amplitude

 Option in config.yml: data: preprocessor and amp_model Disk

Limit of CPU 32G
Limit of GPU 8G |

Ol)t._l()]_]_h })]_‘(‘-pl‘OC(‘SS a,ml)lit]_]_(’le —_— T T T T T T T T T T T T TTI] T i T T TTT] T T T

" 1 - -E 103 = i no option: 100000 : -

b o > - f-lm lanale - cached_shape (nolazy): 100000 | ]

default p* — m,angle | ¢;f; (m.)TI (angle) g Q- ool shope (ol 100000 : :

cached_amp | p* — m.angle.T; cifi(m)T; QE) g cuchied thape (aay): 00000 : C ]

cached shape | pP — m,angle, T, | cifo(m)T, S [t ]

o -9 cachcd:im:l()()()()() |

[T} ¢j [T} 2100 £ g

p4_directly pt p* — m,angle = F ! ]

cifsm)Ti(angle) | & ]

Table 1: Calculation in the two parts 10 [

data memory requirement, for one event i 1

pH 4 N(particles) 1E — o S

m N(particles) : :

arlg](? (i N((hl].‘f-lj.ll) N(deca}. il_l 0110 Cllaill) [ 1 111 IIIII 1 11 IIIII 1 L1l IIIII 1 111 IIIII 1 : 111 IIIII 1 ;I 111 III-
3 N(chain) N(final particles) 100 103 104 10° 100 107 108

1:T;, T; | N(partial waves)N(helicity combination) MC size

Table 2: Memory requirement for one event 16
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Bt - D*tD¥K*

"/_)_4 2 B Ia
« Bt - D**DFK*: two channels P
e Bt 5 D*DTKT l}’x/ ¢
e Bt 5 D*'"D KT g+ A N ﬁ}\/)(m
* Possible resonances: o
e D*:D¥[cé//]: charmonium(-like) i ot
« 3.9~ 4.8GeV . . . K

* Normal charmonium
* 1 (4040),9(4160), x2(3930), xc1(4274) -
e Charmonium(-like) states
* x1(3872) (aka X(3872)),Z.(3900), X (4020), Z.(4430), -+~
« DMK*[csud]: Tr(2870)° (aka X,(2900)), T, (2900)(aka X;(2900))
- Foundin B* > D*T},, (= D"K*)  PRL 125 (2020) 242001, PRD 102 (2020) 112003

S
« DWTK*[c5ud]: T+, (2900)F
« Foundin B¥ - D™ T;5(2900)"" (= DSm™) PRL 131 (2023) 041902, PRD 108 (2023) 012017




C-parity relation

« Used to constrains R°® - D* D' and R®
« AR°-D"DT _ CRAR0—>D*+D_

e Cp Isthe C parity of R
o Effect of this relation

 Two contribution with the same J?

* Ry(C=+1) and R,(C=-1)
« For B* > R(-» D**D)K™

* |A]% = |A; + Az|* = |A1]? + |Az]* + 2Re (4145)
* ForB* > R(» D" DK™

* |42 =141 — A;17 = |A1]? + |A2]* — 2Re (A, 43)

* |A|? = |A"|? = 4Re(A143)

— A1 +AyP
A - Asf?
A2 3
777 |A,f? ]
=== 4Re(A1Ay) ]
"""" JA11? +1A21%

oy

* Only the interference can contribute to the difference of two channel

2024 May

415 420
M(D " D) [GeV]

4.10

19



Implement with custom model in TFPWA

* Create new model based on original model
 Simple inherited with original model
« Override related parts

from tf _pwa.amp.core import register_ particle, get particle model

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

@register_particle("C({})".format(name)) # register with “C(name)”
class NewClass(cls): # inherited form original model
def get amp(self, data, data_d, all data=None, **kwargs): # override amplitude calculation
d = all data.get("c",1) # D*+D- or D*-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 -amp for D*-D+
amp = super().get amp(data, data_d, all data=None, **kwargs)
return tf.where(d >0, amp, -amp)
# other cases: DK, D*K ..

create model("BWR") # create new model “C(BWR)” for “BWR”




LHCb-PAPER-2023-047

Charmuinon(-like) states

e Large difference in 3.9 — 4.0 GeV
cso1 1S small in that range, do not expect large effect
« Large difference due to C-parity

4 Data e %2(3930)  —--- n.3945)  —— P4040) = —— T (2870 = —— T (2900)°

——— Total fit —— EFF;+- - h.(4000) I 1 (4010) he.(4300) e NR | ++

— Background — NRI-- ------ NRy-+ samias: NRGen 0 1w Reference fit

= /r‘\ CTtHobor 2 T AT T T T T T ko

L 100 Il ) 100 s )

> I preliminary (a) = preliminary  (d)

00 ’ { o0

3 50} %50

= L {1 s

2 - 172 -

b - 4 O L

= i 1l S &

8 O oo T T = I 8 O eV Lt e dw W . T 5 XXy .
4.0 4.2 4.4 4 6 4.8 4.0 4.2 4.4 4. 6 4.8

M(D*~D%) [GeV] M(D** D7) [GeV]

2024 May 21



LHCb-PAPER-2023-047

Distribution of difference

- Difference > 80F _un R
« Require two new states with different C-parities =0 [ Inrfrenc between h4300) and ther conrbtions rt incldin 14010
« Prefer 1 contribution in angular distribution. < 405 . Tnerteenes between (4010 and ater somutons -+ ]
« Reference fit w/o new states (green dotted) 8 F 7 oo | j
- Bad Fit quality S 20| m Backeround -H-']' + } .
» Required new states B E o IS Ty
- Add two states around 4.0 GeV A A ! - :
« Similar mass as T.z(4020)[1* ] (aka X(4020), Z.(4025)) % : ) :
* h.(4000)[1" ~]: much larger width than T.z(4020) =40 .
* x01(4010)[1F *]: different C-parity than T.z(4020) ok LHCb9 fb-! -
: -l- preliminary
_80 o | TR R S R R RS ST S S S SR S A
42 4.4 4.6 48

_ h(4000) Xc1(4010) T.:(4020)

1+ — 1+ + 1+ —
mass/MeV 4000F17+25 4012.5138+21 4025%%29 + 3.1
width/MeV 184173+27 62.7tg;2+gg 23.0+ 6.0+ 1.0

PRL 115 (2015) 182002

2024 May

M(D**D%*) [GeV]
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LHCb-PAPER-2023-047
T:.0(2870)° and T/, (2900)°

. PRL 125 (2020) 242001, PRD 102 (2020) 112003
* Previous work

« Bt 5 XD*, X > DK™

« BT - T,,(2870)°D*: S wave

« BT - T}.,(2900)°D*: only P wave

* New production mode
« BY¥ 5 XD*",X > D K*

~J
n

I

1 1 1

LHCb 9 fb-
(e) T:so

preliminary

1 1 1 I 1 1 1 I 1 1 1 l 1 1

I

* -
TCS]_ -

« Bt > T,(2870)°D**: P wave
« BT - T}.,(2900)°D**: S, P, D waves

* Different ratios of branching factions

[\S)
wn
LI

e AW
2.8

30 32

Candidates /(18 MeV)
S
I

-

B(B* - T},(2870)°D™*)

1.17+0.31 £ 048

B(B* - T},1(2900)°D*)+)

0.18 + 0.05

* Mass and width consistent within uncertainties

2024 May

M(D~K*)[GeV]
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Summary

 TF-PWA
 Convenient configuration, general proposed
 Easy to implement new models
 Use powerful AD in fitting and error propagation.

 Provide options to achieve high performance
« Bt - D*tDpTK*

 C-parity relation

« Observe new charmonium(-like) states

 Confirm Tg,(2870)°, TZ;(2900)° in new production mode

Thank you for your attentions!



Backup



Topology of decay chain

* Define
 All combination of final particles

e Same
e Topo: (D, E), (C,D, E)
- A>R1+B R1->R2+C,R2->D+E
« A>R3+B ,R4->R5+C,R5->D+E

 Not same
 Topo: (B, C), (D, E)
« A->R6+R7 R6->B+C,R7->D+E



|mp|ementS Tree traversal dalta amplitude

e Class structure DecayGroup

» Two main method
* init_params()
» Define fit parameters
» get_amp(data) -> amp
 pass data to substructures
» Use fit parameters and data to calculate amplitude

e Einstein summation convention
* Agvar = XcAabcAcap: abc,cdf — abdf

» The index for each decay is well-known: the helicity of final particles.
* Use in Decay Chain, combine all parts together.

e Global model list

* register_particle(name) probability: 4|2

* Write model into a global list Decay Group: A = A, + Ay + -
* New model can inherit from origin model Decay Chain: 4 = A{RA, -
. — 411 2

. bu-IICLZZItthr(]a :;Ar\nl\e/ltla find it, and create with args Decay: Wigner D-matrix, A = HD/ (¢, 6,0)
’ gs. Particle: Breit-Wigner: R(m), user defined

27



f1

Amplitude as a function 5

m = fl.mass_linspace(1000)
# plot the first wave
amp = tf.abs(f1(m)[:,0] + f2(m)[:,0])**2

config.get_particle_function("R1")
config.get_particle_function("R2")

 Reverse process of angle calculation

« Mass + Helicity angle -> 4- momenta plt.plot(m, amp)
transform . .
. S M WU
(Mg, Gg, O, M12, P12,012) > pt ph, pk Uncertainties from error propagation

* Factor system:
 Eval amplitude of special partial wave though control of parameters
8ixj=0 <
» A(pt. Py ps) = g:Ai(p} Py PY)
« Combine Together: Lineshape function of special wave
- Setangleto 0, D,,,,r(0,0,0) =&,,,, is constant.
 Vary mass, then get the shape of masses
* f(m12)_: 9i4; (Mg, $g = 0,00 = 0,my3, My, 12 = 0,01, = 0)
* No worries for the complex formula
« 2D function of amplitude
« 2D plot Dalitz variables
« 2D plot of Mass and cos 6




Process of data

* Input
« p! of final particles directly
» dat_order is the order of p;"
« data, phsp (and bg) are used for input data files
« plain text file for p! (E px py pz)
 Additional information

« Suffix for data, phsp (and bg)
* Weight for weights
» Charge for charges

 Support number for all events or a file for each events

* Preprocess:

» Automatic angle calculation
» Tree traversal for data structure
 Euler angle from coordinates defined by momentums
» With alignment angle (see backup)
» Use topology structure to reduce costs of memory

data:

dat_order: [B, C, D]
data: [data.dat]
phsp: [phsp.dat]

Algorithm 1: Automatic angle caleulation

1 set initial particle data: {(Z5, y0), Lo = 1}

Input: initial coordinate axis z) and 7,
momentum after a chain boost

Output: angle 0, ¢ of all particles

2 for decay from top to finals (pre-order

3

=T S S = BN

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

traversal) do

for particles a that product though decay
do
| boost p# to the rest frame of the decay.
end
for k-th out particle (b) in the decay do
{(Z5, v0) Lo} is data for input particle.
P is the direction of b in the rest frame.
Z— B/, 7 — 7 x /15 x .
output: # = arccos(z; - 2).
set the range of ¢ to [—km, 2w — k|,
output: ¢ = atan2(Z - (70 X ¥), %0 - ¥)
if mass of b is not () then
| w = tanh™'(1/4/1 — p2/E2)
else
| w=sinh™((E? - 1)/(2E))
end
L = B.(w)Ry(0)R.(¢)Lo-
sct particle b data: {(Z, ), L}
end
end
for k-th final particle do
L = Leeri L
@ = arg Lys — arg Loy
B = cos™'(L11 Lay + La1 Loy)
~ = arg Los + arg Loy
end

29



Formula of Resolution

 Detector: Combine effect of resolution and efficiency
An event x was detected as y with probability

* p(x = y) = €x(X)Ry(x = y)
The real probability of y: p(y) = [ |A|?(x)p(x = y)dx

p(x =)
Ey(y) =f6x(x)Rx(x_)Y)dx;Ry(x_)y) — € (y)
y
p(y) = | [AP®p(x - y)dx = e, [ |AI*(X)R, (x = y)dx
€, (y) can be obtained by Phase Space MC. The distribution of reconstructed variables
Ry (x — y) in normalize probability function that y from all possible x.

Use R, (x — y) to do the convolution,
» Use phase space MC for flat x, then R,,(x — ) is the projection of p(x, y) with fixed y
» Normalized | R, (x - y)dx = 1.

Use MC truth to do the integration
* JIAP() S €,(0Ry(x = y)dydx = [ |A]*(x)ex(x)dx.




Alignment angle in TFPWA for helicity formula

Boost: B,(w), Rotation: R,(¢), R, (6)

For final state |out) = |p1)®|p2)&|p3) ,choose a single particle state |p;).
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: s
Ip1)r = Bz(w1) Ry (01)R,(¢1)Ip1) = Li|p1)
Ip1)2 = B;(w3) Ry(eé)Rz((pé)lpl) = Ly|p1)g
The finals state is the rest frame, so no boost remained.
The alignment angle is the rotation

Ip1)2 = Lrlpir = R, (¥R, (BIR(a)|p1 )4
So

L, = R,(V)R,(B)R,(a) = LyL\ L71L5!

Ly = LoLy' = (U L’n_i> (U L]T1>

In general




choose SU(2) representation as
W = arccos = B, (w) = (e 9>»Rz(¢) _|e s R, (6) = F
1-= 0 e2 0 ez sinz
_i(a+ty) _ i(a—y)
cos—e 2 —sin—e 2
Lab = Rz(y)Ry(B)Rz(a) = B i(a—y) B i(a+y)
sin-e 2 cos—e 2
_ 2P 2B
cos S = cos* ——sin“—= = Ly1Ly5, + L15,L>¢, 0 € [0, ]

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

L —L
—1 _ ( L2z 12
Lapl =1 ab = (_L21 L11 )

B

—sin—

COS ¢



Simple AD implement

[
Var a ar(3.1415926);
auto b = SinOp(&a);

X+ sinx
ckward AD

grad(Add, Var)
grad(Var, x)

auto c¢ = AddOp(&a, &b); +grad(Add, sin(x))

c.backward(1.0);
std::cout<< a.grad;

Qutput: 1.44329e-15

grad(sin(x), Var)
grad(Var, x)

~1+4cosm

1. have to use defined Op
2. caching forward results,

1. improve the speed

2. more memory required

3. \Vectorized:

1. single operator, multiple data
2. optimized for linear algebra

#include<cmath>
#include<vector>
class Op {
public: std::vector<Op*> inputs;
virtual double forward() = 0;
virtual void backward(double grad=1) = 0;
}s
class Var: public Op {
public: double value, grad;
Var(double value): value(value), grad(9.) {inputs={};};
double forward() override { return value;}
void backward(double grad=1) override {
this->grad += grad;}
}s
class SinOp: public Op {
public: SinOp(Op* input) {inputs = {input};};
double forward() override {
return sin(inputs[@]->forward());}
void backward(double grad=1) override {
inputs[@]->backward(grad * cos(inputs[@]->forward()));
}
}s
class AddOp: public Op {
public: AddOp(Op* x, Op* y) {inputs = {x, y};};
double forward() override {
return inputs[@]->forward() + inputs[1]->forward(); }
void backward(double grad=1) override {
inputs[@]->backward(grad);
inputs[1]->backward(grad);

}s




Likelihood formula

 Option in config.yml:data: model

 Default
e —InL = = Yicaara Wi INIAI? (%)) + Qicgara Wi) In g
. X jemc @jlAI% (%)

sig —
g ZjeMC w j

 bg will be merged into data with -weights

o cfit:
 Additional information data:
 bg_value for value of bg
 Additional config

* bg_frac: fp,
L) = —FIn [(1 = fyg) AL

|A|2 (x; 19)
Isig

fbg

B(x;09)

data:
dat_order: [B, C, D]
data: [data.dat]
bg: [bg.dat]
bg weight: 0.1
phsp: [phsp.dat]

data:
dat_order: [B, C, D]
model: cfit
bg frac: 0.1
data: [data.dat]
data_bg value: [data_bgv.dat]
phsp: [phsp.dat]
phsp_bg value: [phsp_bgv.dat]




Other option affecting fit time

 Bacth size : config.fit(batch=n)

« Batch for calculating gradient
 Large is better but required large memory ol

o tf.function: use_tf function

« Compile function to reduce python operation
« Add no_id_cached: True when use lazy _call e s

 Additional jit_compile
 Required addition memory and setup time

* Grad scale: config.fit(grad_scale=x)
* Can reduce iterations to best minimal

300 step time(min)




Batch for Hesslan

L 0InL@®) _ dlnL(@.D) N d1n L(9,I) 9I
99 by, ol 99

. 0%InL(Y9) _ [62 InL(9,1) . 8% 1nL(9,I) al] (az In L(I,I) 91 +
9999 d909v Ql d9 0109 d9
9% 1In L(9,I) 01 61) N dInL(9,I) 0°I
0101 d9 619 01 09090
2
Stepl: eval (I vt 619619) In small batch

» Step2: eval (In L(I’ ) ° h;g(,ﬁ ),a;gfa(j,)

 Here: 9; i» 619 = (511'(3,9

82 InL(9) _ 02 ln L(9") a9, 619{ n 02InL(9") 021
09;09;  09,09] 09; 99 oI  09;09;

) In small batch

e Step3:




Real analysis performance VIDIA RTX 3080
TensorFlow 2.2
* Optimized method in Factor System page CUDA 10.1

* Caching method
* Large time for caching
* required more memory
 limited to special cases

* All the process is automatic (from config.yml to all basic results)

Total fit time Time in each iterations Fit stability test

33000 — EB:I I T T T E—lGBOf—l L B | '..' — T T T _f
o C BN |oad data 1 v7E E | - :
- i ] - ~1690 F E
.E 2500F Fit time scale to = E?Chmg ] g 6k %I I£E E : ]
= - N iterations = 230 i ] [T . ] —1700F E
g 2000 — gﬂfrtamty . Ssh 1 : E : 5
mmm fit fractions ] : : —1710¢ E
1500 M3 “ ; ~1720f ;
1000 3t % _ -1730F '
: 2F s —1740F ]
>0t 1E == ~1750 | :
0 L £ P IS RS R é W é

ot 000 ent ol optio” elinood ndent o onVy o 20 40 60
no OF m‘\ﬁed \‘Ke“:nass depe\‘\d factor © no ived e mass dep® fact® iters

i i i Fit stability looks well
Only half of hours Caching provide 8 times speed up y

for ALL the process for fit parts in random initial parameters



Factor system: automatic factorization of amplitude

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

A= Zg:A)(Tgi4;) = A= Z(gl-g})(AiAj'-)

Geijy = 9i9; = {

1 i,j =(a,b)
0 i,j#(ab)

* No need known for the exact formula A;, just use the parameters g;.
« Some special treatment is implemented as option for better performances. (comparing in Page 21)

« Amplitude caching method
* mass dependent:

Allow fit parameters related

/

Apf ) = ZgiRMA(p}) = A(m) = L g;R(m)B;
« factor only: (only for MC integration) AN

calculate only once

* YIAI® - GG (XCij)+

» Required all shape parameters fixed
 Special in simultaneous fit
» Mixed likelihood, avoid small size data

In|4|2 + N, anIAIZ + N, 1n2|A|2

—1nL1 —lnL1 = —

2.

datal+data?

mcl

= A= B(l,]) = ALA],

mc?2

Add control options,
base on the same structure,
we can extract it

automatically
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