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FDC, FDC-PWA, FDC-Tensorflow

« FDC: Feynman Diagram Calculation
« FDC-PWA: FDC partial wave analysis
« FDC-Tensorflow tutorial

Progress in FDC project #2
Jian-Xiong Wang (Beijing, Inst. High Energy Phys.) (Jul, 2004)
Published in: Nuclinstrum.Meth.A 534 (2004) 241-245 - Contribution to: ACAT 03 = e-Print: hep-ph/0407058 [hep-ph]

pdf & DOI [= cite [@ claim [Q reference search %) 107 citations
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Baryonic Spectroscopy Program at BES/BEPC

Date of paper

Light hadron spectroscopy at BEPC
Bing-Song Zou (CCAST World Lab, Beijing and Beijing, Inst. High Energy Phys.) (Aug, 2000)

Published in: Nucl Phys.A 692 (2001) 362-371 « Contribution to: Biennial Conference on Low-Energy Antiprot
2000) = e-Print: hep-ph/0011174 [hep-ph]

2002 2016
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Date of paper
N*, Lambda*, Sigma* and Xi* resonances from J / Psi and Psi-prime decays
Bing-Song Zou (CCAST World Lab, Beijing and Beijing, Inst. High Energy Phys.) (Mar, 2000)

Published in: Nucl Phys.A 684 (2001) 330-332 » Contribution to: FB16 = e-Print: hep-ph/0006039 [hep-ph]

2001 2022
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Date of paper

The baryon spectroscopy from J / psi decays
Bing-Song Zou (CCAST World Lab, Beijing and Beijing, Inst. High Energy Phys.) (2000)
Published in: Nucl Phys.A 675 (2000) 167C-172C » Contribution to: Hadron 1999

2001 2013
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Excited baryon in J /1 and ¢’ decays

Data sets: 10 billion J/y , 3 billion y(25)

Bry /¥ - X)

NNr (9.7 + 0.6) x 1073 (7.6 +0.6) x 1074

ppr T (6.0+ 0.5) x 1073 (6.0+0.4) x 1074
NNn (418 £+ 0.36) x 102 (0.58 +0.13) x 10~*
AAn (0.16 + 0.02) x 102 (0.25 + 0.04) x 10~*
pK~A+ c.c. (0.86 +0.11) x 1073  (1.00 + 0.04) x 10~*
pK~ X0 (0.29 + 0.08) x 102 (0.17 + 0.02) x 10~*
YA (0.83 +0.07) x 103 (1.54 + 0.04) x 10~*

Big challenge for PWA
Software : FDC-tf package



Advancements in FDC-PWA Development

Theoretical formalism and Monte Carlo study of partial wave analysis for J /

psi --> p anti-p omega

W.H. Liang (CCAST World Lab, Beijing and Beijing, Inst. High Energy Phys. and Guangxi Normal U. and
Natl. Lab. Heavy lon Accel., Lanzhou), P.N. Shen (CCAST World Lab, Beijing and Beijing, Inst. High
Energy Phys. and Guangxi Normal U. and Natl. Lab. Heavy lon Accel., Lanzhou), J.X. Wang (CCAST
World Lab, Beijing and Beijing, Inst. High Energy Phys. and Guangxi Normal U. and Natl. Lab. Heavy lon

Accel., Lanzhou), B.S. Zou (CCAST World Lab, Beijing and Beijing, Inst. High Energy Phys. and Guangxi
Normal U. and Natl. Lab. Heavy Ion Accel., Lanzhou) (2002)

Published in: LPhys.G 28 (2002) 333-343 19-23 February 2024

¢ DOl [z cite Fd reference search %) 35 citations
2.3. The effective vertices involved
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Table 2. The transformation properties of some operators.
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Progress in the Development of FDC-PWA

O

“To do a good job, one must first sharpen one's tools”

v GPU Implementation of Feynman Diagram Computation

(FDC) System : FDC + Tensorflow
v FDC-TF physics analyses
1. PWAJ/Y -t~ ZtE~
PWA ]/ - ppK* K~
PWAJ/Y — ¢mm

PWAJ /Y - ¢mm’
5. PWAY' - n08*E-

B~ ow

v Upgrade of FDC and Expansion
of Two Major Functions

1. Hyperon weak decays
2. Radiative decays

Partial Wave Analysis Theory-Experiment
Joint Workshop, 3/9/2022, China Advanced
Science and Technology Center
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Structure of the FDC-TF software package

FDC: generate amplitude| Dependent modules:

* Numpy, matlibplot, iminuit,

s 2 Scipy, Tensorflow2.0, pyROOT
» Python version: 3.7

FDC python module

{
TensorFlow: Minuit in
MLLH €= pyROOT:
calculation minimize MLLH
{
statistical uncertainty. Fill histograms
:




Development of FDC-TF Applications

« Simultaneous fit to multiple data sets

Object function for data set i: S; = —(InLy, — InLy, )
Minimized object function: § =),;§;
where §; calculated by one GPU card, dispatched by CPU muti-threads

* One channel decay with running width

BW(S, Mo, Fo) - S

20+1
i _rfa) T mopge

qo
B(q,q0.d) = 1,

1 d)?
B} (g, q0,d) = \/ 11(5;}4))2*

9 + 3(qod)* + (qod)*
9+ 3(gd)? + (gd)* ’

B5(q, qo,d)

225 + 45(god)? + 6(qod)* + (qod)®
225 + 45(gd)* + 6(gd)* + (gd)° ’

B’(q,qo.d) =

\/11035 + 1575(qod)? + 135(god)* + 10(god)® + (god)®

14 —_
B4(q,q0,d) = 11035 + 1575(gd)? + 135(qd)* + 10(gd)® + (qd)® °



* Baryon resonance : couple channel running width

For example: N(1535):

] _Ppan(s) pnn(S)
BW (s, My, Ty) = —————— with I'(s) = T, (o 5 L) | 5 P
S—Mg—iMoI'(s) prun(MZ) pyn(M§)
FeitiEle.  N1440widthe N1520width+ N1535width+ N1650width+ N1700width+ I
JEHRAE.  N(440) T N(1520) g_p N(1535) %_# N(1650) 3_“ N(1700) g_a ¢
FeitEle.  N1710widthe N1720widthe L 1380widthe L 1405widthe L 1520widthe I
LR w10y 2 w720y 2 A(1380) {.: A(1405) {a A(1520) g_a :
- - g
2 2
JeitiEle L1600widthe L 1670widthe D1232widthe D1600widthe D1620widthe E
IR, " A(1670) % . - - A(1620) % e .
A(1600) =@ A(1232) > @ A(1600) =@
FeftiEe  D1700widthe $1385widthe $1660widthe $1670widthe $1750widthe .
iR A(1700) = - - " £(1670) 2= T(1750) 1. .
¥(1385) > r(1660) S @
FEiEe 51910widthe X1530widthe o ° o .
JtfRds.  3(1910) - . . ; .

+
2(1530) g E
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dN/dM,

Events/10MeV

p\ threshold enhancement X(2075)

BESII:;J /¥ - pK~A + c.c.
PRL 93 (2004) 112002
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PRL 95 (2005)
061802

dBr/dMy; ( 107/ (GeVic)

2 25 3 35 4

M (GeVic)

" T T
2 22525275 3 32535375 4
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Motivation

® Observed at BESII in 2004

® Similar structure was seen
In several B meson and
charmonium decays

® |nvestigated theoretically
under scenario of quark
model, FSI and chiral
effective theory

BESII: 0 —

pK A +c.c.

PRD 87 (2013)
! 012007

600

{“” BELLE:B* -
s pAn®

«H  PRD 76 (2007)
3-{4 052004

M, (GeVic?)

51 0p 23 o4 25 28 27
M(pA) (GeV/c?)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.014029
https://doi.org/10.1016/j.physletb.2005.08.046
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.59.3009
https://www.worldscientific.com/doi/abs/10.1142/S0217751X07037949
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.065201
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.065201
http://cpc.ihep.ac.cn/article/doi/10.1088/1674-1137/42/1/014105

X(2075)inete” - y* » pK~A+c.c.

* X(2075)[K(2075)] first observed in J /Y - pK~A + c. c., but spin-
parity not measured.
« Similar evidence found in B — pAm, and y’, x,; = pK~A.

* Near pA_ threshold, an enhancement also observed in B~ —

Atpm~
s [PRLI31, 151901 (2023)

2yt —— Dat
150 (a) ¥*mbin=1.15  Toial fit

[ Background
K, (1980)

— K,(2045)

—— X{2085)

—— K,(2250)

— N(1710)

— N(2570)

—— A(1520)

—— A(1890)

— A(2350)

Vs =4.178

100

50 ¢4

2
M2, (GeVcd) M,y (Gev/c?) .



X(2075)inete” - y* > pK~A+c.cC.

200

100

200

150

100

50

(b)

2.5 3.0 3.5

v%/nbin=1.22

Js =4.178

—— X{208%)

— N{1710)
— — N(2570)
—— A(1520)
—— A(1890)
—— A(2350)

2.0

K;(1980)
— K.(2045)

— K,(2250)

M - (GeV/c?)
L (0 xmbin=1.21 {
—+— Data
—— Total fit i
[ Background

2.5 3.0
M, ~ (GeV/c?)

PRL131, 151901 (2023

« X(2075), JF = 17
My = (208475 +9) MeV
[pore = (5875 £ 25) MeV

AlnLC Andf Significance
1" over 0” 40.6 4 8.3
1" over 1- 30.2 2 7.5
1" over 2° 448 2 9.2
1" over 2 13.8 0 5.3

Vs (GeV) | Mpole (MeV/c*)  Tpole (MeV)
4.008 2085+14 5016
4.178 2085+L6 6210
4.226 2088+£10 68+t12
4.258 2083+£11 48+10
4.416 2088+£13 5612
4.682 2092410 54410
Average 2086+4 5615




Check significance with toy MC method

35

L]
L=
rprrrt

— 1 MC

250 _ —
gt AlnL Andf Significance
§20- 17 over 0~ 40.6 4 8.3
E b 1T over 1~ 30.2 2 7.5
w C
o 1T over 2T 44.8 2 9.2

100 1T over 2— 13.8 0 H.3

%]
T

i

el BN Ll Il 0d
-100 0 100
2<A(-InL)

v The statistical significances of 17 over 07,17, and 27

are obtained with AlnL = In1'" —InL/" and Andf
v' For 1% over 27, the Andf is assumed to be 1,
following PRL 115 (2015), 072001.
v' The approach based on MC simulation is checked.

The t = —21In(L% /L*") distribution suggests a

statistical significance 5.6 ¢ H



X(2075) Argand plot

2.05

[ L 1 1 (I REN S T B
8 6 4 -2 0 2 4 6

Re(A)
+ From 2.05 — 2.13 GeV with step size 20 MeV
« BW function replaced with a complex
nhumber 4; in point i
« Cubic interpolation between two points
« No conclusion whether X(2075) exhibits the

characteristics of a resonance or not. 14



check alternative /*

Tvents / (26 MeV/c?)

Events / (26 MeV/c?)

[
i
=

Ly

i
=
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2 KX

S
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200

150

LIV N N )
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— A1,
— AL2350)

S0
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=+ [hala
= Tustal Fit
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200

100
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15 3.0
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check alternative /*

150 (b) Ynbin=1.05 |0k (0 rf 7*/nbin=1.41
Nu —+ Dhita -
; 200 :h.n ;..t‘ulml'
- S0 K, {1;?%
)= + =" —
] = 7 & —hEw
o i \:iazg
P 100 e
E 0 — AL2350)
-]
ot
=
L5 20 23 00 20 2.5 3.0 35 23 3.0
= T 2 T 2 ] T l
m . (GeV/e?) m - (GeV/ed) m - (GeV/c?)
150 (a) ¥*mbin=1.10 (b) ¥ mbin=1.41 |l (0 1 >mbin=1.07 |
Nu == [kata - |
Sy, Z{H' = July i nd
= 150 ':'h,f%-ﬁu')f’
I— )
P - 3 —¥a
—_— = — K 12250
Jm=2" 8 e
— — ALIS2
2 100 o
o S
-
=
y
—_ o
2. 3 20 25 KX 3.5 20 25 3.0
2 2 1 ¥ 2
m- (GeV/c?) m = (GeV/es) m, —(GeV/e?)
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Fvents / (0.2)

Data favor 1™ hypothesis

150 —+-Data 150 —+Data
(a) :"f (b) —_l1}+ J-n - / N
) : Xinele/ DI
myz <213 GeV iy Sy angle/
ol -3 3l L S 1 [ 19.4/20
S - 0~ | 107.2/20
£ L 1= | 80.4/20
> i —r e - . ;
50| = S0k, iz 2t 53.2/20
FEEeenne Do) 2- | 41.2/20
L
Uﬁh | ! | il 0 | L !
-1.0 -0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0
€0s(By 55, cos(6,)
Fit x*
40 11:' (©) 16
E *mbin=1.20 = -
R : . e x i: JT | XD ait,/nbin
L I = S o 1T | 490.5/409
3 » & g ¢ 0™ | 602.7/409
- " “ o s 2% | 540.1/400
s s - : 27 | 502.7/409

M (GeVed) My (GeV/et)

M AGeVT )

17



Data at other five points

1
L] 10w
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Lo 10 12 "
ol _c::w ibin=1.15 :: iy 0 : #Amhin=.9% 3 : ol _‘:I J¥nbin=1.40 :s
E il f::mmKA .;; 1k N E ‘E‘gﬁ; “ % i
% \"F!- | ‘E h_' .- --n'u “ < ¢ _5::‘-:“ H E ;
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RN R =89 T 1nbit=1.23 ik @ #¥nblin=1.84 ok ® Hnbin=1.52
R il 1, @4680 Data luminosity
: L = 100
< £ I
% T H{’I‘I‘w E T E T
1 2 = 5 w . E N
e e vs Eun Yo
L5 _IE I IT! ﬂ:l 25 3 A3 i L'il T _1‘['][‘}8 482” :|: _'1 [ 2{'}11
R e 4.178 3189.0 £31.9 2016
1 - - . .
-3 ! € 3 =1. E 1 4 ['4 L] E H 44
st ™| ' FE N . 4.226 1100.0£7.0 2013
HE | ME: ‘4.258 8284 +£55 2013
P W.Lu 7 ! PE Y 7 o 4416 1000.7 £7.2 2014
H L 4 v 4 , [
et 1 i Lo L4682 1669.3 9.0 2020
o ] - el ]
_" m ﬁ(‘n\!c'?ﬂ 15 - MGV w ..:.':u:.\'r:'}: .
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The exotic properties of N(1535)

® N(1535) FNU/FNTI =1.0 i 04‘, Mpgp ~ 1.61 GeV

Br(N* - Nm) Br(N* - Nn) Br(N* - Nmtmr)

+
N(1440) 7 (55-75) % < 1% (17 = 50)%
N(1520) > (55-65) % (0.05-007) %  (25-35) %
N(1535) 7 (32-52) % (30-55) % (4-31) %

*kkk

® Inverted mass order
N(1440): ~ 1.37 GeV, N(1535): ~ 1.51GeV
® Theoretical investigations
« dynamical generated bound states in KA — KX channel
* Pentaquark uudss
 Lattice QCD simulation 19



N(1535) iny’ - ppr®, ppn

100 Resonance state|Mass (MeV/c?) Width (MeV) I C’(J PCy
< p(1900) 188030 130£30 17(1 )
o £(2000) 2078+6 149421  17(1 )
E p(2150) 2254+22 109£76  17(177)
Q 50 p(2225) 2225+35 3354100 17(2 )
X $3(1850) 1854+7 87428 0-(377)

(1960) 196025 195460 0 (1 )
w(2205) 2205+30 330£00 0-(1)
+

0 NR(2 — — 3G7)

N (1440) 1406+3 31449 )

N(1535) N (1520) 151242 12143 ;3)
N(1535) 1525+2 14745 3 )

N(1650) 1666+3 1337 L(17)

[ N(1710) 171030 140£60  1(17)
K N(1720) 1720430 250£100  1(27)
Tt N(1895) 1895425 120480  1(i7)
Z 202
S || N(2100) 210050 260£60  3(3)
“E 4 N(2300) 2300+116 3404114  L(LT)
- N (2570) 2570-£39 250470  1(&7)

2
20

m? (GeV?/ %)



PWA of 1(3686) — ppr® /n

v' Data can be well described with Several N*& p* /w*/¢* states.

: : : : pi(V/s)
v" Three lowest lying N* is described with KSU modelll®: T'(y/s) =T, X Y. r; X p‘(m )
i 0
v’ Iny/Tng 0f N(1535) is determined to be 0.99 £+ 0.05,,
3000z Y/bin=123 ) Y/nbin=156 1000 ) nbin=147 (b) /nbin=147
) - % 3000f 0 )
S BESTT preliminary > imi S _ S 1000 imi
S 0 :  BESII preliminary % BESTI preliminary g BESII preliminary
2 : 2 2
< S < swr N
g g
£ 10 £ £ e 0
2 2 2 &
. . T R TR T 15 0 25
M, (GeVic) o M Gevie M, (GeV/c) M, (GeVic)
¥(3686) = ppm Y(3686) — ppn
(© yfubin=1.22 = ol (© {/nbin=124 ~+Data

I [ Background o — Total Fit
2 3000~ __Eg(%gg% g 1000 - [ ] Background
E BESII preliminary B E o — o(2205)
A —N{1mo) g BESTI preliminary — (1960)
- -~ N(2300) =
J NR(12) N — (1854)
g s £ 50 — N(I895)
g — ggiiﬁ; g N(1710)
= - —N(l720; = — N(1630)

NG LA — N(I53)

15 20 25 21

"M GeVie) My, (GeV/c)



Events / (16 MeV/c?)

Events / (16 MeV/c?)

ete™ - ppr’/n @3.773 GeV

v PWA fit is performed @+/s = 3.773 GeV with 2.93 fb~1 to estimate

continuum background
v" Ignore potential contributions from ¥(3773) — ppn®/ni2

v" The same sets of intermediate states are considered as @+/s = 3.686 GeV

400

300

400

300

[(a)

1/nbin=1.47

BESTI preliminary

20
MPF (GeV/c?
+
0) Ibin=1.71

BEST preliminary

Events / (16 MeV/c?)

400

300

[(b)

1¥/nbin=1.49

BESTI preliminary

M0 (GeVIc)

—+— Data
— Total Fit
[ Background
p(ZISO;
= p(2000
— p(lQOﬂ;
- p(2225
— N(1710)
---- N(2300)
NR(1/2)
N(2100)
-+ N(1650)
— N(1535)
— N(1440)
- N1720
— N(1520
---- N(2570)

Events / (15 MeV/c?)

Events / (15 MeV/c?)

60

60

40

(a)

2/nbin=1.22

BESTT preliminary

20 (]}

oo T AL Ty ety L ey

20 25
My, (GeVic)

Events / (15 MeV/c?)

(=)
=

£y
=

20

(b)

1¥/nbin=141

BESTT preliminary

M, (GeV/c)

—+ Data

— Total Fit

D Background

— 1(2205)

— m(1960)

— 0(1854)

— N(1895)
N(1710)

— N(1650)

— N(1535)
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ete”™ - ppr’/n @+/s = 3.67 ~ 3.709 GeV

V5 (MeV) £ (pb~)
3670.16 84.7
3680.14 84.8
3682.75 28.7
3684.22 28.7
3685.26 26.0
3686.10 3877.1
3686.50 25.1
3691.36 69.4
3709.76 70.3

10°

o
=
To

Cross Section (pb)

—  x2/ndf=5.66/6

-+ Data

—— Total fit
---- Y(3686) peak
-~ Continuum

3.69
s (GeV)

3.7 3.71

The Y1539 s otermined to be 0.99 + 0. 05,,,, confirms the fixed target

I'n(1535)5N

experiment results listed by PDG.

The strong coupling to Nn suggest a significant ss component in N(1535),
possibly uud + s5 ? Need to be confirmed in KA final state!

The other N* structures in ' - ppr® /n are studied & branching fraction

measured.
B(1(3686))

B(J/¥)

~12% confirmed by ppr® channel, but violated by ppn channel.

- (*/mdf=1.36/6

-~ Y(3686) pea
---- Continuum




Program to study baryon spectroscopy at BESIII

. 1(3686) - AAn, AAr®, BESIII, Phys. Rev., D106, 072006
(2022)

« 1(3686) — ppn, ppr’, being reviewed in BESIII

« (3686) —» ppK+*K~, being reviewed in BESIII

« (3686),]/ ¥ - A’V + c.c., being reviewed in BESIII

« P(3686) » KtTAE",KX°E~, KJX*tE~, being analysis

Y (3686) - T *X~, being analysis

Y(3686) - ppo, being analysis

Y (3686) - pK~ X% + c.c., being analysis

* Yoo = PKA+ c.c, ppKTK~, being analysis

e J/Y - 2tS mtm~, being analysis

« J/Y - pK~A+ c.c., being analysis

* J/Y — ppw, being analysis

* J/Y - nAZ® + c.c., being analysis

24



Summary and Outlook

 FDC-TF package availability
« Ongoing baryonic analyses
* Resonance lineshape: BW, running-width,K-matrix

« Continued development of multiple applications
for FDC-TF

 Prospects for FDC-PWA generation code:
— Examination of multi-step decays involving hyperons
— Analysis of y.; decays
— Investigation of radiative decays

Thanks for your attention 2
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>*and A*inJ/Y - ArtEt + c.c.

BESIII, PRD108, 112012 (2023)

4r 4—
A(IBSO)%‘ 3.5F %: 350 (b)
A(1405)|5 o o
A(1520) | = s - 4
A(1600) iy no
A(1670)|s T ¥
A(1690) 15—t 1.5C ﬁ N é L
A(1820) W(Rr) (GeVed WAAT) (GeVed)
AI30)| ,
A(1890)|£ £ (o ]
£(1385) |5 % T 3%
£(1660) |2 3 S i
2(1670) :;E 2.5F % 250
(1750) g i~ % i

1= NR .

2 3
M2ATY (CGeVZ ) M*AxY) (GeV¥ed)




Toy MC with 9 A", 4 X" and 1™ NR states
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Performance test

 GPU : Tesla V100-SXM2-32GB
» decay: ¥’ - pK~A+c.c.

» 5969 data events, and 80,000 PHSP events. 179
parameters in the fit.

o 24 resonances included In the fit
N*(1710),N*(1870),N*(1720),A(1810),
A(1800),A(1670),A(1600),A(1405),K,(2075)
N*(2060),A(2325),A(1890),A(1690),A(1520)
K,(2250),N*(1990),N*(2190),A(2110),A(1830)
A(1820),N*(2250),A(2100),A(2020),A(2350)



Performance test (cont.
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Performance test (cont.)

e =22 ~ 430 : t.(t,) times cost for CPU (GPU) calculation per iteration

—InL = —-789.45

FDC: —InL =-789.10

100 % 122 % 100 %
o R A i o B LT T TG
20 } t t } | ) A H+ 40 A
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Performance test (cont.)

* Check on yields ratios
DN e

1 0.034 0.034 0.042 0.042
2 0.007 0.007 14 0.021 0.021
3 0.187 0.187 15 0.056 0.056
4 0.069 0.069 16 0.523 0.523
5 0.116 0.116 17 0.005 0.005
6 0.018 0.018 18 0.614 0.611
7 0.122 0.123 19 0.034 0.034
8 0.050 0.050 20 0.023 0.023
9 0.051 0.051 21 0.003 0.003
10 0.041 0.041 22 0.137 0.138
11 0.035 0.035 23 0.009 0.009
12 0.040 0.040 24 0.011 0.006

@ /hpcfs/bes/gpupwa/pingrg/fdc/pkl2/process/fort_dbg



