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Work

When we talk about artificial intelligence, we often mean machine learning using artificial
neural networks. This technology was originally inspired by the structure of the brain. In
an artificial neural network, the brain’s neurons are represented by nodes that have
different values. In 1982, John Hopfield invented a network that uses a method for saving
and recreating patterns. He found inspiration in physics' models of how many small parts

John J. Hopfield
Nobel Prize in Physics 2024

Born: 15 July 1933, Chicago, IL, USA

Affiliation at the time of the award: Princeton University,
Princeton, NJ, USA

Prize motivation: “for foundational discoveries and
inventions that enable machine learning with artificial
neural networks”

Prize share: 1/2

in a system affect the system as a whole. The invention became important in, for example,

image analysis.
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Geofirey Hinton
Nobel Prize in Physics 2024

Born: 6 December 1947, London, United Kingdom

Affiliation at the time of the award: University of
Toronto, Toronto, Canada

Prize motivation: “for foundational discoveries and
inventions that enable machine learning with artificial

. neural networks”
© Nobel Prize Outreach.

Photo: Clement Morin
Prize share: 1/2

Work

When we talk about artificial intelligence, we often mean machine learning using artificial
neural networks. This technology was originally inspired by the structure of the brain. In
an artificial neural network, the brain’s neurons are represented by nodes that have

different values. In 1983—1985, Geoffrey Hinton used tools from statistical physics to

create the Boltzmann machine, which can learn to recognise characteristic elements in a
set of data. The invention became significant, for example, for classifying and creating
images.
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Machine learning in hadron physics
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One-channel case in 2022
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One-channel case in 2022
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Epoch
model for a,r | model for threshold | model for o E ‘ :Zg E
< 1k < 0F
Loss function MSELoss MSELoss MSELoss e F 350 2 ek
. . 2 12r 1300 2 E
Optimizer Adam Adam Adam I Pl 2 osf
10 " S E
Initial learning rate 0.001 0.001 0.0001 & of 200 & O07F
5 150 0.6F
Learning rate dynamic ] ] C 100 E
_ B e 50% 50% 10% o B osf
adjustment (each 100 epochs) J ) i, 04k
5 10 15 0.4
Total epochs 1000 1000 1000 Label a (fm)

bl

100

80

60

Prediction thr (GeV)

3 35
Label thr (GeV)



One-channel case in 2022

The first step: One-channel line shape in HM picture
Why one-channel case?

® The most simple case
® A given structure has one foremost channel

¢ In the isospin limit, sometimes the requirement can be satisfied

— + %k
X(3872) DD*+c.c. T+ DD
le7
N§6 *X - Resample data 1 lell
= Resample data 2 . 1.0 - Resample data 1
5 Resample data 3 S v
,H Resample data 4 o « EZ:QS:E j:t: ;
4 } x  Resample data 5 0.8 + Resample data 4
1 Source data «  Resample data 5
3 ? % 0.6 {  Source data
2 0.4 {
1 |
. @g%%w %ﬁﬂi@ﬁl@zﬁ ¥ o2 i
RITTW
3.8 3.84 3.860 3.88 3.90 3.92 0.0 ig % st st sasse s assasananes
E(GeV) 3.88 3.89 3.90

E(GeV)

Liu, Zhang, Hu, QW, PRD105(2022)076013
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One-channel case in 2022

Im(k) A
Generate samples K
] X bound state
Choose parameter region Re(k)
>
a € [4.93,14.80] fm, N AT~
i resonances :
r € [0.49,0.99] U [-9.87, —0.49] fm, { virtual state
mi1 + Mmoo € 28, 39] GeV,
o € [0.5,10] MeV. | A
e Allow for bound state, virtual state and /
resonances % %
Wigner bound
e Cover charmonium(-like) region
_ ~a
® Resolution is set to cover usual experimental AN
% \\\a/
values bound state "5»@ :
® Generate 150000 samples (100 data points) resonance"""'f%
® 45000 samples for testing

Matuschek, Baru, Guo, Hanhart, EPJA57(2021)101
3



One-channel case in 2022

Evaluation
x10°
> SRF~ ~ ~ ~ 1 T T — T T T
S
Lﬁ 7 (b 1 ) Parameter:r
- Entries 45000
6 Mean -0.0327
5 Std Dev 0.268
4
3 L
o) -
1 e e
S o,
0 *e® 4 1 L
-0.5 0 0.5

Ar(fm)

Entry

2000 F
1500 F

1000 F

2500 F

500 F

T T T T T T T T

Parameter:r =]
Entries 10074 7
- Mean -0.0376 _7
Std Dev 0244 1
-+
L 4
[ - ]
-.-... *
aeeeeaeteel > I :. ’.’ %%eeciosnsenensd
-0.5 0 0.5

® The difference between the predicted values and the label values.

e The distributions are obtained by testing 45000 samples.

® The means measure the deviation of the predicted values from the label ones.

® The root-of-mean-square (RMS) measures the intrinsic uncertainties.

e Compare to the 10074 /45000 fitting results.

>

Liu, Zhang, Hu, QW, PRD105(2022)076013



One-channel case in 2022

Evaluation
x10°
> SRF- - + - T~ T T 1 T
S
Lﬁ 7 (b 1 ) Parameter:r
- Entries 45000
6 Mean  —0.0327
Std Dev 0.268
5 L
4
3 L
2 * -
1 e e
N Sl oo
0 e B ] N
-0.5 0 0.5
Ar(fm)

Liu, Zhang, Hu, QW, PRD105(2022)076013

b ————T —————T7—

N .’ .

LS 2500 (bz) Parameter:r -

Entries 10074 7

Mean -0.0376 _7

2000 Std Dev 0244 1

* i

1500 =

1000 =

500 - . E
-0.5 0 0.5

Ar(fm)

Table I. The biases and errors information of models

methods— Deep learning Fitting
parameters] bias |uncertainty| bias |uncertainty
a (fm) -0.010 1.040 -1.67 2.740

r (fm) -0.033 0.268 -0.038 0.244
threshold (MeV)| 0.75 0.52 -0.16 0.31

o (MeV) -0.0001 0.06 -0.0098 0.10

»



One-channel case in 2022

Apply to the X(3872)
le7

N6
=

- Resample data 1

X(3872) }H ) Resample data 2
3
{

Resample data 5

Resample data 3
l { Source data

Resample data 4

5
4
3
2 :
1
0
3.

IS
ﬁfgﬁﬁs@&@@ﬁ@” il
82 3.84 3.86 3.88 3.90 3.92

E(GeV)

Liu, Zhang, Hu, QW, PRD105(2022)076013

e DD* + ¢.c. channel

® o r and threshold are consistent

with those from fitting within 1o

® The errors are obtained in

bootstrap (10000 data sets)

X (3872) parameters |Deep Learning Fit
parameter a (fm) 8.76 £ 1.75 9.95 £ 0.34
parameter r (fm) 0.06 = 0.59 0.32 = 0.08

parameter threshold (MeV)|3871.30 £ 0.52 [3871.20 4 0.01
parameter o (MeV) 1.20 +0.15 1.70 £ 0.16

%6




One-channel case in 2022

Apply to the T

=1.0

=

lell

- Resampledatal
Resample data 2
» Resample data 3
+ Resample data 4
x  Resample data 5
0.6 {  Source data

0.8

0.4

0.2

0.0/ %

e DD* channel

® o r and threshold are consistent

with those from fitting within 1o

® The errors are obtained in

bootstrap (10000 data sets)

T parameters Deep Learning Fit
parameter a (fm) 823 +1.04 | 13.74+4.77
parameter r (fm) —2.7910.27 | —2.15x0.21
parameter threshold (MeV)|3874.83 4+ 0.51 |3874.53 + 0.13
parameter o (MeV) 1.10 £+ 0.06 0.11 +0.12

Liu, Zhang, Hu, QW, PRD105(2022)076013
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One-channel case in 2022

Apply to the T, ML can do as good as normal fitting approach
. lell
=10 . Resample data 2 e DD* channel
0.8 T+ | Resample data .
' cc . Resample data 5 ® a, r and threshold are consistent
0.6 {  Source data
04 with those from fitting within 1o
0 l T ® The errors are obtained in
| i
0.0 lgﬁ Attt snenasassssmeeseesses bootstrap (10000 data sets)
3.88 3.89 3.90
E(GeV)
T.". parameters Deep Learning Fit
parameter a (fm) 8.23 £1.04 13.74 £4.77
parameter r (fm) —2.79 1+ 0.27 | —2.151+=0.21
parameter threshold (MeV)|3874.83 4+ 0.51 |3874.53 4+ 0.13
parameter o (MeV) 1.10 £ 0.06 0.11 £0.12

Liu, Zhang, Hu, QW, PRD105(2022)076013
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Multi-channel case in 2023

The history of pentaquarks Bing-Song Zou, Sci.Bull.66(2021)1258

A(1405) predicted by Dalitz and Tuan in 1959 Dalitz and Tuan, PRL2(1959)425

* An excited state of a three-quark (uds) system

* KN hadronic molecule with udsqg
A similar situation for N*(15353)

* An excited state of a three-quark (uds) system

* KX — KA dynamical generated state with gggsS Kaiser, Siegel, Weise, NPA594(1995)325

. . Liu, Zou, PRL96(2006)042002
Pentaquark in hidden charm sector 14, £ou (2006)

Wu, Molina, Oset, Zou, PRL105(2010)232001

(I,S) zr (MeV) Ja (I,S) zr (MeV) Ja
(1/2,0) DY, DAY (1/2,0) D*Y, D*AJ
4269 2.85 0 4418 2.75 0
(0,-1) DsAt D=, D=, (0,—1) DIAY D*E, D*=.,
4213 1.37 3.25 0 4370 1.23 3.14 0
4403 0 0 2.64 4550 0 0 2.53

39



Multi-channel case in 2023

BRI ER LT WS

800

700

R. Aaij et al., Phys.Rev.L 115, 072001(2015)
R. Aajj et al.,, PhyS.ReV.L 122, 222001 (2019)

stD’

1200
[ — data

> N e
= . — background
< 600 N A ;
) . S—
= L 800
500 ©
o ke
e}
z c
4\9 400 8
c e}
D 300 £
(®)]
L k)
=

4200 4250 4300 4350 4400 4450 4500 4550 4600
M yp [MeV]

20155ELHCo & 1EHAEA, » K] /WpidFEd & 20194ELHCb S 1EHAEAM FEFE KRGt & K

LT P.(4380)F1P,(4450) .,

SRIBA T, (24,28 = (1/2,3/2), (D,D*) = (0,1)

Hadronic molecular JP
_ 1~
2D .
T 3_
D :
5+D* 13
2 '2
s+ D 135
22’2

T P.(4312), P.(4440)F1P.(4457).

HF P.(4312) +4r#3E 2D WIRE, H
P.(4440) FP.(4457) +5r#8 23 D* HR1{E,
a] LA R 5s 770 12 BMR i RE S 10 303 .
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Multi-channel case

XY = (k R
The VD™ molecular picture  Du, Baru, Guo, Hanhart, Meifiner, Oller, QW, PRL124(2020)072001

mg — oo the strong interaction independent of the spin of heavy quark

Heavy Quark Spin Symmetry

_Sl+5 =Sl_5 _Sl+5 —Sl—z

My« — Mmp = 142 MeV My — My = 64 MeV

1 — 1+
5, = > doublet s; = 17 doublet

llllllllllllllllllllllllllllllllllllllllllllllllllllll
* .Q

Spin rearrangement { Two LECs to LO
[04,,1,10(q4),,] Z%W (0Ongaay) i Ci=cetimnel)
QJZ 7 qq JiJn JijnHL H\449)r J T ) 9)
= ¢+ " 3 . 3
p®» =0 . C=(HEZ|HIH®)

. .
% o
41 ......................................................



Multi-channel case in 2023

The XD molecular picture
Liu et.al., PRL122(2019)242001

Scenario Molecule J©* B (MeV) M (MeV)
A DY, %_ 7.8—-9.0 4311.8 -4313.0
A 10)y %_ 8.3-9.2 4376.1 —4377.0
A D3, 1 Input 4440.3
A D'x. 2 Input 4457.3
A D*Zz %_ 25.7 — 26.5|14500.2 — 4501.0
A D% %_ 15.9 - 16.114510.6 — 4510.8
A D*ZZ‘. %_ 3.2 — 3.5 v4523.3 — 4523.6
B DX, %_ 13.1 — 14.5 4306.3 — 4307.7
B DZ: %_ 13.6 — 14.8 4370.5 — 4371.7
B D'x. 5 Input 4457.3
B DX, 2 Input 4440.3
B D*EZ‘. %_ 3.1 — 3.5 14523.2 — 4523.6
B D*Zﬁ %_ 10.1 — 10.214516.5 — 4516.6
B D*Z: %_ 25.7 — 26.514500.2 — 4501.0

® Two parameters determined by
P_(4440), P.(4457)

® Two solutions

e
()
S
-

1000

800

Weighted candidates/(2 MeV)

Solution A ( y*/d.o.f. = 1.01)
Solution B ( y?/d.o.f. = 1.03)

6001

T

400}

.

n o -

' 2
N : ~ 3
Data: LHCb : _'l -i 1t
1
=D
- : '.4'|" A
Il i ’.-~ E
R gl ‘ o I
‘r ) | H ,’,. I S, ".IEE'!I.
/17 it | e -
1§ I" ’ - N iii|\ I
!I!:!!l' L - _- 20 2 i
,I! _________ |%| = Z |ﬂ]| \._\~ .
i3

4250

4300 4350 4400 4450 4500
m]/wp[MeV]

e Two parameters g¢, gp for J lyp, H.pP

e Predict pole positions accurately

o)(j<)(§

® The effect of each data point is different

Du, Baru, Gu04}-lanhart, Meifiner, Oller, QW, PRL124(2020)072001



Multi-channel case in 2023

The XD molecular picture
Liu et.al., PRL122(2019)242001

Scenario Molecule J©* B (MeV) M (MeV)
A DY, %_ 7.8—-9.0 4311.8 -4313.0
A 10)y %_ 8.3-9.2 4376.1 —4377.0
A D3, 1 Input 4440.3
A D'x. 2 Input 4457.3
A D*Zz %_ 25.7 — 26.5|14500.2 — 4501.0
A D% %_ 15.9 - 16.114510.6 — 4510.8
A D*ZZ‘. %_ 3.2 — 3.5 v4523.3 — 4523.6
B DX, %_ 13.1 — 14.5 4306.3 — 4307.7
B DZ: %_ 13.6 — 14.8 4370.5 — 4371.7
B D'x. 5 Input 4457.3
B DX, 2 Input 4440.3
B D*EZ‘. %_ 3.1 — 3.5 14523.2 — 4523.6
B D*Zﬁ %_ 10.1 — 10.214516.5 — 4516.6
B D*Z: %_ 25.7 — 26.514500.2 — 4501.0

® Two parameters determined by

P (4440), P (4457)

B Solution A ( y?/d.o.f. = 1.01)
B Solution B ( y?/d.o.f. = 1.03)

O

1200+ .
. Cont. .I ZCD ]
— L HC : ipil L
1000l Data: LH(?b § wlﬁ -
| =D it
800} i : ily
it

’,41 Mt H ! N, -

| b\t pitd . R

‘ 3L i S I > Jl

600 iyl B =il : : N ’
L e " 4[] ; : 12 x

Weighted candidates/(2 MeV)

I
400"'-|--:-1I---:. IJ:.%.’%.’%.l.:...l...\;
4250 4300 4350 4400 4450 4500
myy » [(MeV]

e Two parameters gg, g, for J/wp, n.p
e Predict pole positions accurately
® )(j < )(l%

® The effect of each data point is different

® Two solutions Du, Baru, Gyp, Hanhart, Meifiner, Oller, QW, PRL124(2020)072001



Multi-channel case in 2023

The XD molecular picture

LHCb, PRL122(2019)222001
zp’ e P (4312) bound state or virtual state?

[ — data

L
. — background

—
N
o
o

e Spin assignment of P .(4440) and P.(4457)?

00} e The pole situations for all the P, states?

600|-

400 ;w i

P (4312)"

Weighted candidates/(2 MeV)

Wil ® Whether NN approach obtains more than

P .(4440)'

200/

\ the normal fitting approach?

4900 4250 4300 4350 4400 4450 4500 4550 4600
m o [MeV]

LO HQEFT, Du, Baru, Guo, Hanhart, MeifSiner, Oller, QW, PRL124(2020)072001

The decay amplitude for A, — J/wpK™ process

- K
T/ w(n.) - p Zhang, Liu, Hu, QW, Meifiner, Sci.Bull.68(2023)981-989
J/¢(e)
The decay amplitude for A, — (DMK~ process
Ay e IO = A, -’;’b/ IO - A, - £0
\ D® D® p® =N
D®

4



Multi-channel case in 2023 om0

States for 3-channel case @ : "Resonance" (1)
A : "Virtual state" (2)

States and labels

thr.1 thr.2 thr.3
e “+” and “-” for phy. and unphy. sheets R+ | ' ' >
1" L ’ | |
¢ dyn. Channels: £ D, 2 D*, 2*D* Rt ‘J_' B
- SN S P
o — dyn. Channels: X*D, > D*, ¥*D* i , |
o R___ A ——>
® E dyn° Channel: szf D* States for 1-channel case
thr.
LHCb, PRL122(2019)222001 R, | >
; B
1 .
Bound state for J/ = —, —, — channels . . ,
Solution B 000 Zhang, Liu, Hu, QW, Meif3ner, Sci.Bull.68(2023)981-989
1 3 3 1
Py Mass label 1 and 0 for JPC(444O) — E, JPc(4457) — E and JPC(444O) — 5, JPC(4457) — 5,

i.e. solution A and B in PRL122(2019)242001, PRL124(2020)072001, JHEP08(2021)157
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Multi-channel case in 2023

Training and verification

240184 samples

Mass Relation Label

State Label

Number of Samples

o

— o = - O = OO O

000
000
001
002
100
110
111
111
200
200
210
211
220
221
222

46951
4283
1260
4360
3740
4320
7520
360
9590
280
3980
2690
50240
50512
50098

2

Predicted probability
g;tp“t(%) L2>ell 0000 1000|1001 [1002| 100X | others
prediction of NN trained with {S”"} samples.
NN 1 0.69 89.13| 1.42 | 8.75 99.30 0.01
NN 2 0.03 5.83 [38.47(55.30 99.60 0.37
NN 3 0.03 5.39 |15.79|78.41 99.59 0.11
NN 4 0.01 1.9 [27.01|70.95 99.86 0.13
NN 5 2.40 94.45| 0.15 | 2.99 97.59 0.01
5 NNs Average  |0.63(1.03)|39.34|16.57[43.28(99.19(0.91)|0.13(0.15)
10 NNs Average |0.36(0.74)|21.16(20.69|57.62|99.47(0.68) |0.12(0.13)
prediction of NN trained with {S°*} samples.
NN 1 0.00 0.15 | 5.37 |94.47| 99.99 0.00
NN 2 0.00 0.07 | 4.11 |95.81 99.99 0.00
NN 3 0.00 0.78 [13.57|85.61 99.96 0.03
NN 4 0.00 0.81 (19.02|80.16 99.99 0.00
NN 5 0.14 15.13(16.91|67.80 99.84 0.00
5 NNs Average  |0.03(0.06)| 3.39 |11.80|84.77(99.95(0.06) |0.01(0.01)
10 NNs Average  |0.01(0.04)| 1.78 | 9.50 |88.70/99.97(0.04)|0.00(0.01)

5 and 10 NN models with an identical structure under different initialization

The uncertainties decrease with the increasing number of NNs
Top 3 probabilities, 1000,1001,1002 favor solution A

Bound states in J* =

The NNs successfully retrieve the state label with an accuracy (standard deviation) of

1= 37

9

channels, Undetermined for J© = = channel

75.91(1.18) %, 73.14(1.05) %, 65.25(1.80) % , 54.35(2.32) % for the samples
{7}, {7}, {87}, ($7™°)

Zhang, Liu, Hu, QW, Meifiner, Sci.Bull.68(2023)981-989
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Multi-channel case in 2023

Why NN favors Solution A?

Generate 100 1xxx samples and 100 Oxxx samples Reduced chisq from the normal fitting

(o)}

[ZZ4 Success
Oxxx samples > Failure

x| [ZZA4 Success
4 X0 Failure

=
o)}

Ixxx samples

D

Solution B

Solution A

el e e
N

o N
NOUOUNNNANANNY

e
N

o

Number of MC data samples
Number of MC data samples

o N b~ O 0
o N B~ O O

® A 3% misidentification for 1xxx samples

Zhang, Liu, Hu, QW, Meifiner, Sci.Bull.68(2023)981-989
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Multi-channel case in 2023

Why NN favors Solution A?

Generate 100 I1xxx samples and 100 Oxxx samples

Probabilities from NN

Correct Prediction 30+ Correct Prediction ;

20" BA Incorrect Prediction B Incorrect Prediction j

25 j

/|

/|

151 “
/]

Ixxx samples Oxxx samples

[
(92

NN
Number of MCNdata samples

Number of MC data samples

10- . .
Solution A Solution B
101
5_
5_
O' 4 % @ 1 T O- Y 71. T T T
0.00 0.01 0.02 0.030.97 0598 099 1.0C 0.00 0.01 0.02 0.03 0.040.95 0.96 0.97 0.98 0.99 1.00
Predicted Probability Predicted Probability

® The NN can make a good prediction

® The two solutions are well distinguished for both samples

Zhang, Liu, Hu, QW, Meifiner, Sci.Bull.68(2023)981-989
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Multi-channel case in 2023

The impact of each experimental data point in NN

0 1250 @ s [

2 +42| w0000 —+— 1001 —— 0100 }  LHCb Data 2 = | W 1200

f —+— 1000 —— 1002 h {{ 12002 = 2 1000 {590}
2 {H{ } -1000% ?;3:

? 0.75 }w {

=

800

0.25 + 1600 0

0.00 R
400

-0.25
200

—0.50

0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Neuron Number
Neuron Number

* The Shapley Additive exPlanation (SHAP) is investigated.
* A positive (negative) SHAP value indicates that a given data point is pushing
the NN classification in favor of (against) a given class.

* The data points around the peaks in the mass spectrum have a greater impact.

Zhang, Liu, Hu, QW, Meifiner, Sci.Bull.68(2023)981-989
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Multi-channel case in 2023

The impact of each experimental data point in NN

o 1250 g g [
= —— 0000 —— 1001 —— 0100 { LHCb Data © = S 1200
> 1.00{ 000 T 002 h ﬂ}{ 1200% Z 2 1000 {57}
é ik oo
n 1000 n
0.75 {*
0.50 { 800

0.25 2. 600

0.00 g
400

-0.25
200
—0.50

0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Neuron Number
Neuron Number

* The Shapley Additive exPlanation (SHAP) is investigated.
* A positive (negative) SHAP value indicates that a given data point is pushing

ML can extract more information than normal fitting approach

Zhang, Liu, Hu, QW, Meifiner, Sci.Bull.68(2023)981-989
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Multi-channel case

0.0035

s Cyip $ Sample Data »1200§
, , ) 0.0030 He ié«
The impact of each experimental data point ¥ 4 10005
0.0025 *{* }
: . t 800
in normal fitting 0.0020 %ﬂ . *{HHW*# *ﬁ%ﬁ”
et # 600
fho it ¢
0.0015 #* m* ** *ﬁﬂ*{.}* "
A analogous quantity 0.0010 400
P(on) — P (off) . 00005 <20
AU; = | | for the ith para. 400! .
@l(On) 0 20 40 60 80 100 120 Niilck))er
AU,
: 0a0l ™= " | 11200
* The bins near threshold do not show strong 40§ sample Dote ne
0.35 H*} 4 11000
constraints on parameters due to the large 0.30 by 200
0.25 *H *#HW “}}m}
. ; H‘ o
correlation among the parameters 0.20 g e “ahy., (600
0.15 JR}#} 400
* Data at higher energy have large constraints 4,
0.05 200
on the production parameters |
P P 0-00 20 40 60 8 100 120 140 °

Number

Zhang, Liu, Hu, QW, Meif3ner, Sci.Bull.68(2023)981-989

51



Multl-Channel case Zhang, Liu, Hu, QW, Meif3ner, Sci.Bull.68(2023)981-989

The impact of each experimental data point in normal fitting

. s+ _ | Re[Pole;](on) — Re[Pole;](oft) .
Another analogous quantity AU; = for the ith pole
Re[Pole;](on)
le-5
% (a) [ ] F’Ol(—:‘%/2 ,12003 = le—>5 @
= *H”# { Sample Data é,.i ~§64 (b) | s Pole;” 1120048
— +|.+{ { 11000 8 }H ${ Sample Data %
4l ZCD *H*“ *}H > H +#++ »10005"
; 1800
] ST H, 4 n filt
173 it t i, 1= ; t “ 1800
1 b #t _ i | 5 ¢ }#ﬂw{ﬂi }f# t
AU12 it | pd# Y D* *#*M**%W 600 AU22 | R , th &wﬁ”
PR c # 3 f Y i # 1600
2t 1400 # sy | Hat *#M{{H;
i Hﬂ
244 400
1 1200
1 1200
0O 20 40 60 80 100 120 T\T14(})\ 0
% 20 40 60 80 100 120 14% 0
le-5 Number
§7 (c) * | POIe%/2 1200% _ _
6 :ﬂ}ﬁ Lo i ° The data around the X D, X D* thresholds
° ; b {H{ 800 .
- L | are more important
AU? * P g iy
3 e 4ot 1600
3 A i . % )
o 400 The data around the X*D* threshold are not
2 C
) 200 . . .
important, due to its small production rate
% 20 40 0

Number
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Multi-channel case

Zhang, Liu, Hu, QW, Meifsner, Sci.Bull.68(2023)981-989

The impact of each experimental data point in normal fitting

. s+ _ | Re[Pole;](on) — Re[Pole;](oft) .
Another analogous quantity AU; = for the ith pole
Re[Pole;](on)
le-5 N
% (a) [ | F’Ol(—:‘%/2 ,1200§ = le—> a
=5 / *H;ﬂ} { Sample Data é,.i ~§64 (b) | s Pole}” 12008
— +|.+{ { 1000 8 }H ¢ Sample Data %
4l ZCD ﬁ*}* : > 4 #ﬁ »10005"
| ; H}*#H +} *{h{*ﬁﬂ}% . 41 oy wl || % 800
1~ 3 } ' 1- '
1 b it _ Wi , 5 ¢ }#ﬂ L *f# t
AU12 LN L *#*M**‘%W 600 AU22 | & ﬁiﬁ &“#{-[”{
2‘%#}#{#@{ C b 3 {f %& #}#ﬂ* H{*#M{ 1600
1400 ##}#ﬁﬂ% # LN
2% 4 1400
L 1200
11 1200
% 20 40 60 80 100 120 140 0
% 20 40 60 80 100 120 14% 0
le-5 Number
270 © * = Polei? |1005
= H# { Sample Data %
° 1t 4 1000 & .
; IE1ANY * The experimental data around the coupled-
AU 1=, {H ; ﬁ{*{ﬂ*{% H?{&H} i 500
2 ¢ §ud X . .
S KT channels still have strong constraints on the
2**&#* 400
1 200 phySICS
ol

Number
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Multl-Channel CasSe Zhang, Liu, Hu, QW, Meif3ner, Sci.Bull.68(2023)981-989

The impact of each experimental data point in normal fitting

. P Re[Pole;](on) — Re[Pole | (off) .
Another analogous quantity AU, = for the ith pole
Re[Pole;](on)
oop 17 . op 37
The 2nd pole in J* = 5 The 2nd pole in J*© = —
= le-5 le—5
%6 (b) \ [ | PO|€%/2 t1200 %6 (b) . P0|eg/2 1200§
= h}# Sample Data = Sample Data ke
> Hilﬁ ¢ 1000 5 {{H{H# p -
{ {ZD* H*{*ZD* 1000 8
4 Wl | | % i
1" *ﬂ { eyt H 500 z ’k H 800
AUz2 3 * %{ﬁ *ﬂ; 1600 AU; 3 W# WK W 600
A" W Al Pty
i 400 2**##* # 400
1 200 1 200
%20 40 60 80 100 120 140 © 20 40 60 80 100 120 140 O
Number Number
data around Pc(4440) have large constraints data around Pc(4457) have large constraints

* The sample corresponds to Solution A
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Three-body system on the lattice in 2024

Many-body system

°
SClence Current Issue First release papers Archive About v (Submit manuscript)

HOME > SCIENCE > VOL.177,NO. 4047 > MORE IS DIFFERENT

@  ARTICLE

More Is Different: Broken symmetry and

P_W. ANDERSON Authors Info & Affiliations

SCIENCE - 4 Aug 1972 - Vol 177,Issue 4047 - pp.393-396 - DOI: 10.1126/science.177.404

Three ways to decipher the nature of exotic hadrons: Multiplets, three- #52
body hadronic molecules, and correlation functions

Ming-Zhu Liu (Lanzhou U. (main)), Ya-Wen Pan (Beihang U.), Zhi-Wei Liu (Beihang U.), Tian-Wei
Wu (SYSU, Guangzhou), Jun-Xu Lu (Beihang U.) et al. (Apr 9, 2024)

Published in: Phys.Rept. 1108 (2025) 1-108 - e-Print: 2404.06399 [hep-ph]

pdf ¢ DOI [4 cite @ reference search %) 71 citations

E. Oset, T. Hyodo, K.P. Khemchandani, A. Martinez
Torres, L.S. Geng, C.W. Xiao, M.P. Valderramma, A.

Hosaka, E.K. Guo......

Liu et al., Phys.Rept.1108(2025)1 Wau et al., Sci.Bull.67(2022)1735-1738
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Three-body system on the lattice in 2024

Applications in Hadron Physics

TABLE XXXIX. Summary for heavy-flavor three-body states. Energies are in units of MeV.

Components I(J%) Results (Method) Decay modes
DNN 1(07) BS ~ 3500 — 15i (FCA, V) [836] A p, Ap [836]
NDK,NDK, L1+
- 137 BS ~ 3050, 3150, 4400 (FCA) [837] 1
NDD
Teep, DDp + 7(7), Ece + 7 (%),
DD*N 1(L*, 3% BS ~ 4773.2,4790.7 (GEM) [838] p. DDp+7(7) ™ [838]
charmed baryon + charmed meson
DD*N g(—) difficult to form bound states (GEM) [838] T
_ ) D-like state ~ 2845.5 (FCA) [821],
DKK 3(07) 7D [821]
D-like state ~ 2900 (QCDSR, xF) [839]
DKK %(0‘) no bound state (FCA) [821] T
DKY., 14 BS ~ 4738.6 (GEM) [840] DZ', D% [840]
D™ multi p several D) states (FCA) [841, 842] t
pDD 0(?),1(?)  BS ~ 4241 — 10i, [4320 — 137, 4256 — 141] (FCA) [843] 1
BS ~ 4162 (GEM) [273], 4140 (xF) [819],
DDK 1(07) (GEM) [273], 4140 () [819] DD?,D*D, [826]
4160 (FV) [820]
DDK 3(07) BS ~ 4181.2 (GEM) [822], 4191 (FCA) [825] D,D*, J/yK [822)
DD*K (1) BS ~ 4317.9 (BO) [823] 1
_ ) BS ~ 4294.1 (GEM) [822], 4317.9 (BO) [823], (x) =
DD*K 1(17) DY D™ J/hK* [823, 844]
4307 (FCA) [824]
4845 — 40, D*D*K*,
D*D*K* 3(07,17,27) BS ~ [4850 — 46i, 4754 — 50i], (FCA) [845] D*D® K™, [845]
(4840 — 434, 4755 — 50] [D*D*K*, D* D™ K*|
DD*Y, 147,37 BS ~ 6292.3,6301.5 (GEM) [829] J/hpD® T, A.m [829]
JIWKK 0(17) Y (4260) ~ 4150 — 45i (xF) [481] 1
DDD* (1) BS ~ 5742.2 (GEM) [833] DDDx(v)[833]
DD*D* %(0_, 17,27) several loosely bound states (GEM) [834] charmed mesons + ... [834]
%(0‘, 17,27,37) several loosely bound states (GEM)[834]
D*D*D* charmed mesons + ... [834]
1(07,17,27) BS ~ 5790.9 — 49.8i, 5990.2, 5989.4 (FCA) [835]
D*D*D™) 2=) difficult to form bound states (GEM) [834] T
D*D*D 127 BS ~ 5879 (F) [846] 1
D*D*D* 337 BS ~ 6019 (F) [846] 1
QeeeQeceQece 737 no bound state (GEM) [847] t
EeeZec K £(07) BS ~ 7641.8 (GEM) [848] T

56

Gaussian expansion method (GEM)
QCD sum rule (QCDSR)
Born-Oppenheimer approximation
Fixed center approximation (FCA)

Faddeev equation (F)

Without 3-body force!

Liu et al., Phys.Rept.1108(2025)1



Three-body system on the lattigé

& BH K R=h KB R+ E+EHFTE
(1) BB FERTF 40 A A (GERR+r )
Q#EEZRTFTHEAEAKGHE
(3) #&%Ea =~ 1fm (FAEXT AR P AL SR ARIR)

T4 by ‘
(4) FEAast T IE R MR H B A BT T
. b . RAsHE  ~0.1fm ~1fim
AR B A& AR 5 A 9] AL EREF AR 3 An st b
& B K m B i 4 MR v x
(1)5_44(,];3 5 4k b K & BAAE = BE XI5 A AL

#EH X H T AR RFINZARIR EAE . KMBATZE  BERY 4B %1+

B XXk
B, U BTHREBARE T THBTFAGORA.

A (MeV) 250 275 300 325 350 375 /4/00_\E‘xg

B 5.170 2.763 1.538 0.890 0.561 0.412 0.380
Eanr (*H) 6.17(4)  -6.63(4)  -7.05(2) -7.39(2) -7.64(1) -7.77(1) [-7.78(1)
Eonpsnr (°H) -8.482 -8.482 -8.489 -8.485 -8.483 -8.483 -8.483 -
Eonr (‘He) -30.6(7)  -30.3(6)  -30.7(4)  -30.0(4) -29.8(4) -29.4(4) | -29.2(4) -28.

28.4(4) -28.
N41.8(9) -

~— Js%%%?@ﬁ %4k H)

Eoneisne (‘He)  -29.8(7)  -29.5(6)  -29.9(4)  -20.2(4)  -29.0(4)  -28.6(4)
Exnr (1°0)  -144.0(21) -135.1(14) -136.3(11) -139.1(9) -140.6(8) -141.7(8)
E5NF43NF ('60) -135.8(20) -124.8(14) -124.5(11) -126.3(9) -127.3(8) -128.1(8)

(B TEATRASRE
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Three-body system on the lattice in R@P#e#ooxs s ]

5> 70 | I
= F - LHCb
g 60; t 9fh~! R
E 400 [ 5
. | &1 Data 3874 3876 - 9;
30F- o= Baound monras - (GeV/e?] - S
E T(:E“a] 0 threshold E b
20:_ + + ; ———— g ()]I))+ fill(’;il():(} <|> + + _: ‘d:)
L ! - (&3]
oF Byt et bl 1
O: + tjj_ /K:ﬁ}ﬂ’ﬁ{’ +++H + + | + +++ + I
o L TR NS -
3.87 3.88 3.89 3.9
MpODO+ [GeV/C ] M(D_;) (Gev/c?)
DD*KZ AR Z
8] 75 n% R 48 A (SR
)69 R IIER
#RDD*, 4’F7'JDD*§§:J" % ijﬁi@éy\#ﬁ' 2 7 il
BIIE—Z PR E, 2 ’\*ﬁﬁi' LQCDﬁ'ﬁ- %BWJ % H.

[1]R. Aaijj et al.(LHCb), Nature Phys. 18, 751(2022). [2]P. Krokovny et al.(Belle), Phys. Rev. Lett. 91, 262002 (2003).
[3]L. Liu et al., Phys. Rev. D 87, 014508 (2013).
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Three-body system on the lattice in 2024
e The observation of 7 D;’B(23 17), D,;(2460) in experiment

ce?
S D D* interacti on: LO -l-OPE Du et al, PRD105(2022)014024
* DK interaction: LO+NLO Guo et al, EPJA40(2009)171
D oL D D g D

* D*K interaction: LO+NLO

K‘\ //K K\\ /,K
\ ’ \ ’

D* D* D* \.i D*

* Single particle regulator is used to obtain a better ren. Group invariant

5 Lu et al, arXiv:2308.14559
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Three-body system on the lattice in 2024

Two-body parameters

T = v D*(2317) = h, Dy, (2460) = I

|
-
W
|

- & -~ =400 (MeV) Y --- A=400 (MeV) 23 - A=400 (MeV)
B ALY — | —
<N, -¥- A=350 (MeV) [ -¥- A=350 (MeV) - - %= N=350 (MeV)
| B N\ B
>-1.0F '\\;\ --#- A=300 (MeV) o a4l -#- A=300 (MeV) xo gl -~ N=300 (MeV)
L \ N ‘ — — p— —
= [ e S [ ©-0-_ g -0-0-0-0--0-0-0-0-0-0-0-0 = [ o-o
° i W %< 8 - 13) - ~0--0-0-0-0--0-0-0--0--0-0-0--0
S | \‘ \‘ ~~.~~‘ 15} B 5] B
5151 W *-e-0-0-0-o-o S 6w ]
b1 s \‘ \‘\‘ =] oA Sl dutn sl Sl S ol oot S St ot aieb 4 = B AaiiEhatt S DL EE CEL SE DL ST SE DT bk aUL 4
= ! \ S g
ST R -8 S
_20 — ‘*‘ 3 i el
- Rl SR »-n .’_./ Ty E-E-E-E--E-E -8 -E--E-E of .’_./ Ry -E-E-E-E--E-E-8-E--E-E
[ | 1 | 1 | 1 | 1 | | 1 B - [—
_10 L I L I 1 I L I L I L I L I L L I 1 I 1 I L I L I L I L I L
6 & 10 1L2 14 16 18 6 8 10 12 14 16 18 6 8 10 12 14 16 18
L L

* Cubic lattice L° = 5°..-19°

* Cutoff A = 300, 350, 400 MeV in the regulator

* Lattice spacing a = 1/200 MeV ~ 0.99 fm

* v, converges slow < long-ranged force+shallow bound state

* A =400 MeV converges quickly

Zhang et al., Phys.Rev.D111(2025)036002
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Three-body system on the lattice in 2024

Three-body interaction

' DD*Klag. & = e, (HD, H'HDH' ) + c; (Hal H'Hat'H' ) d

* DD*K three—body force

Voprk (Pi) 4 f

* DD*K binding energy

Op Or
- \=400 (MeV) " . $£3- L=10 X
—S0FT T & B s O- 1=11 S0 T T T s meDe o -o-
-100 — o -4 L=12 —100 — /—"':::g
~ ok / -0 L-13 N
> -150F !/ _aa7 > —150p 7/ —44
2 E / L —ar- L:14 [P - / -‘&_ﬁ_-_-_-_-_=__ _—E_
— - / C / ——— e = EEEEERsE
< 200 /450 ol || = 0= L= € 200 7 / 46 S /
“Wosob S/ RET T T T + T : /
,/' —45.3 —O;::/ ---- T_K threshold 250 - // L
=300 :_ ,I' 456 &8 - D;koD* threshold =300 :_ /Il —48 _[j/
- —45.6 - : . L :
=350 }é, 10° 10" 10° Ds1D threshold 350 3 //' 10° 10! 10
- I—i I—l Io |1 Iz Volume error 9 [ | | |
=10 =10 10 10 10 10 _100 _10—110—1 100 101 102

Parameter C3 (MeV™) Parameter C3 (MeV™>)

* Extrapolate to infinite volume
AL _ — (xkL)™? Z C; eXp — U, KL)
Er l

* Switch off three-body force, the result is consistent with that in

Ma et al., CPC43(2019)014102

61

From Serdar’s talk

(p1 p3+tpp3tpyp3+pyp3tp P3P P3P P3P p3)€ €*

Zhang et al., Phys.Rev.D111(2025)036002

—-{}=-
—_ -
-O=-

- TZXK threshold
- D;,D" threshold

D¢, D threshold
N=300 (MeV)
N=350 MeV)
N=400 (MeV)

Meng et al., PRD98(2018)014508




Three-body system on the lattice in 2024
The first excited states
* No experimental data = binding energy with A = 400 MeV as input

* The parameter c; at various cubic

62

A (MeV) | Parameter L State
9 10 11 12 13 14
400 0.100 0.100 0.100 0.100 0.100 0.100 Input
350 C3 (MeV_S) 0.170 0.162 0.164 0.164 0.163 0.163 Fitted
300 0.328 0.305 0.281 0.278 0.281 0.280 Fitted
Zhang et al., Phys.Rev.D111(2025)036002
i . excited __ rrexcited
E A, A, decreases
_30 -
; * p-type and A-type excitation
§_40 [ ——— e | A=300 (MeV)
0 = L e ST _ETE BEEE mEsE | ool AS=350 (MeV) .
= I a0 (vew) The standard angular
" i — —- DZ,D" threshold .
DD threshold momentum and parity
—60 - ]
et e T projection technique is used
9 10 11 12 13 14
L

g 2
 JP=17 & ‘\PA>=2—ZZ;(”(QZ.)R(Q,.) “P0>
=1

Lu et al., PRD90(2014)034507



Three-body system on the lattice in 2024

Does this extrapolation formula also work for long-rang interaction?

000
00000000
- 00000
) 00000000
e Genetic algorithm Symbolic
............. calculation regression
~ 1 results

Inference

Fit

...................

'd ™
: Formula

Ep=Eyx+e /L7
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Three-body system on the lattice in 2024
FEAE A E
SREAILAER] (B4 FRLT m = 1969MeV)

2 p;°
H= ) >—+ f(®1,pr2)V ()

2
f(P1p2) = iggA(m)gA(pé) V(r) = —Co63(r)
ga (p) =exp(—p°®/2A°)
R IERLAL BT

KM BRI EFRRT m = 1969MeV)

e M

V() = —Cy16°(r) — Cy,

N

F @1 p2) = TLaa@IINED F(a) = exp(~(? + 1)/A2)

Co1 = Co2

bl

R IERAL 77

228 u = 20MeV
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Three-body system on the lattice in 2024

3

Gl

2

¢

¢

Loss = 3. (Beys(Lo) — EL(L))*/N

LossHI ¥ 7 Z A%, iR KA S5 HHE KR

IR o

PySR BN AT 5 RIENCEHERT. TAZEH

{5 FH LossF1Score N ™ fa bn R4S 1E L 45

L

~

5

T

Score = —

Times Complexity Loss Score Equation
1 1 5.818 0.000 L
2 2 0.014 6.016 —2.312
3 4 0.010 0.180 L —2.410
4 5 0.007 0.396 —2.549 exp(L)
5 6 0.005 0.220 —3.144 exp(VL)
6 7 0.003 0.653 (—0.028/L) — 1.992
7 8 0.003 0.000 (—0.028/L) — 1.992
8 9 0.001 0.682 —0.001/L?% —2.148
9 10 3.679 x 107* 1.341 (VL —0.171)/L — 3.696
10 11 1.831 x 107° 5.302 —29.889 exp(—83.458L) — 2.245
11 12 1.826 x 1076 0.003 — exp(—83.388L + 3.393) — 2.245
12 13 6.333 x 1077 1.059 —0.629 exp(—66.049L) /L — 2.244
13 14 6.292 x 1077 0.006 —0.628 exp(—66.022L) /L — 2.244
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The power law of FV energy shift in 2025

The result of short-range interaction

* Boxsize 10 ~ 30 fm
E, = C,+ Ce SL/L? (A)
E, =C,+ Ce %ML (B)

EL — Cl + Cze_C3L

* The value of Cj is

exactly the binding

momentum

EL (MCV)

EL (MCV)
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f _6 -// ”””””
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— ',
8 o = — - - = =

IR0 4° 4
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o
o
~J
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[
o
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20 = 74 23628 30
[P P PR i Bl N P |
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L/a

| (d)
le-5-1.22693¢l

1
' | i
i

?4 36 ?X 40 47 44
| Pl P I

15 18 7] "4 27 30 H 36 39 4" 45
L/a

* Recover the formula of short-range interaction successfully
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The power law of FV energy shift in 2025

The result of long-range interaction

* Box size 10 ~ 30 fm
E, =C,+ Ce SE/L (A)

(B)
(©)

E, = C,+ Ce %t
ZZL —_ (:& + (;26;—651{1;
* The power of L

increases 2 for 10 fm

range interaction

E[_ (MCV)

EL (MCV)

-0.2

0.4

-0.6

-0.8

-1.0

-4.0

-4.5

-5.0

[ (a) 24827
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- ;/-’/ - - d .
- g3k ®
¢ R S T T T N,
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* The range parameter is set y = 20 MeV

* The power depends on the range of the force
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Three-body system -

Y
b

KAEAH BAE R

LGS

FAEFI10 ~ 30 fm

. KREJI/IFEN20Z

g /2| 0.25 fm
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—3.826/L7 7 ,’0'. -
’,/ /e ~= Eq.(D)
4 —3,828-//' == Eq¢.(®)
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The power law of FV energy shift in 2025

The n and C; value
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* The regressed formula recovers the short-range limit and indicates the

long-range tendency
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The power law of FV energy shift in 2025

The n and C; value
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The ML can extract unknown formula!
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Summary and outlook

2022 One-channel analysis

ML can do as good as normal fitting approach

2023  Multi-channel analysis = ML can extract more information

ML can extract more information than normal fitting approach

2025 Power law of FV energy shift = ML can extract unknown formula

Avoid model dependence.

I XXXX eeeeee Thank you very much!
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