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| Many reasons to study the three-hadron problem from lattice QCD

O Resonances that decay to three (or more) hadrons P Exotics: 7.. — DD*, DDxn ?
> 3r resonances: w(782), h(1170), a,(1260)... |
2> Roper: N(1440) - Ax — Nznrx

|
| W
O Interest in three-baryon forces: NNN, NNY ﬁ

P

‘ O Electroweak processes K — 371', KO — A1 & I? , VY RY/1
(
|

M Major developments in the three-particle finite-volume formalism

[Hansen, Sharpe, PRD 2014 & 2015], [Hammer, Pang, Rusetsky, JHEP 2017] x 2
3 [Mai, Doring, EPJA 2017] [...]

e —— — 4

, M See other related talks at this conference:

[ M. Hansen (plenary, Tuesday) ]
[ F. Pittler (parallel, Monday), M. Sjo, A. Rusetsky, L. Meng, S. Dawid (parallel, Tuesday) ]
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[https://www.nikhef.nl/~pkoppenb/particles.htmil]

A growing hadron spectrum still requires first principles understanding
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https://www.nikhef.nl/~pkoppenb/particles.html

| A growing hadron spectrum still requires first principles understanding

[https://www.nikhef.nl/~pkoppenb/particles.html] ?
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https://www.nikhef.nl/~pkoppenb/particles.html

l E’?xperimem%s

® Asymptotic states ?

® Direct access to cross sections |

20 10| 0 S — ﬁ
3
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: " ~ J
’ 0 \"{ a T —l A m? .
\ 0.2 0.7 1.2 1.7 2.2
M(n*n~) GeV
[Protopopescu et al, PRD7 1973]
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l Experimemﬁs Latbtice QCD

@® Asymptotic states @® Euclidean time ?
@® Direct access to cross sections @ Stationary states in a box |

2
C(t) = (0(6'(0) = Y, [(016(0) |n) | e~

Y0 0] 3 — q
[ :

i p(770)

i_ ', pr — pr(nr):

ot
¥y
o
(&

events /20 MeV
o
S
o

500 |

[Protopopescu et al, PRD7 1973]
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Experi;mem%s Latbtice QCD

@® Asymptotic states @® Euclidean time ?
@® Direct access to cross sections @ Stationary states in a box |

2
() = (606" ) = Y, [(016(0)|n)| e B

20 10| 0 S —
3

p(770)

ot
¥y
o
(&

lete volume formallsm
| o [Luscher 89] o

events /20 MeV
o
S
o

000

[Protopopescu et al, PRD7 1973]

4 /29




l Expmimem@s Labkbtice QCD

® Asymptotic states ® Euclidean time ?

@® Direct access to cross sections @ Stationary states in a box |

2
C) = (OWO'O) = Y, (0160 |n)| e

—— . ————

< O . S S
> b ke 3 Lo = DDr - |
= B & T }
= 20F
| = - | 105 - . . .
| < 40F ; Yo #ﬁ e “Finite-volume formalism N
30:_ i Iil dTiti DDt 3'8E(6_;e\//c2]_:
- v :
‘ 20}~ M DD threshod + 4 Need to include 3-body effects!
o B o abdd
| 0 i+++j+_ /\%’iﬁ‘“*ﬂt - #ﬁ#{# ﬁ . WLH j H_ HJ[ W&E
L , | , | | | , , | , , | .
* 3.87 3.88 3.89 39

MO0t (GeV/c?
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| The S-Matrix contains the physical information of the theory:

S (E) = (out

S

in)

Lakbtice QCD —-—> QCD S=makrix

————— R —




| The S-Matrix contains the physical information of the theory:
S (E) = (out|S|in) :

Lakbtice QCD ——-) QCD S=makrix

—— . ————

2 Resonances as poles in the S-matrix (or scattering amplitude)
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| The S-Matrix contains the physical information of the theory:
S (E) = (out|S|in)

Lakbtice QCD ——-) QCD S=makrix
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Spectrum Infinite-~volume
scattering quantities ?

E, ’
E, K matrix Phase shift Amplitude ‘

—_ F |
RN . K 5, M i
Quantization #

condition V

‘ From Euclidean
|
|

Correlation functions

(%et [F_l + /C] =0

e —— — 4

S A bridge between:
| finite volume =— infinite volume Kesonance pc:)i.es

| M Y (E ) =0

8 /29
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> Compute Euclidean correlation functions:

Cy(H) = (6,)07(0)) Ot

Ec_m40'_ _ - o S o
_ N A S -
C.(f) = (0| O, |n){n| O;|0)*eEn - .
] -] 3.5_—
> Variational techniques >0 o ) P
‘( ' (Generalized EigenValue Problem, GEVP) ; . T
2.5
E3 Horz, Hanlon [arXiv:1905.04277]
E, o0bor o o
The Spectrum SE— RN IO RS IR IOENOIN
WO DY Y DY Y DY D DY S
Irreps = “finite-volume quantum numbers”

E
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Free scalar particles in finite volume
with periodic boundaries

. 27
p= T(nx’ Ny, 1,)

e —— ik

- , 4,
) Two particles: E = 24|/ m*“ + n
| L?
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Free scalar particles in finite volume ____) Interactions change the spectrum:
with periodic boundaries it can be treated as a perturbation

o 9 % K - S Ve ’ 78 arg S Ee o Panizs A s -~agd ’ 78 ang e~k
ANy - PR (Ros Bl o ; AN S N N S SR
P

Ground state to leading order

E, — 2m = (p(©)¢p0) | Hy| p(0)p(0))

[Huang, Yang, 1958]

p — T(nx, I/ly, I/lz)

| | , A7°
Two particles: E = 24|/ m*“ +
| L?
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Free scalar particles in finite volume ____) Interactions change the spectrum:
with periodic boundaries it can be treated as a perturbation

g e A - MA S - ‘, s t 5 ' ,l' oo = 4 e MR o ’ -» s t \E , ' .2
.'o-\“c..' - T Ty v oo 5 g 04 3 R 0 ey <D - e s & L v ol p Loy o - ) o -1 <D P
>

Ground state to leading order

E, — 2m = (p(©)¢p0) | Hy| p(0)p(0))

[Huang, Yang, 1958]

[ s .8 %y PR < e Fe T V. &7 3 S8 S SR dn £ < et « 5 5 L8 -
R B R JUGIE PU I AR BRSO PO I - o

. 2z
p = T(le, Ny, 1,)

e —— ik

) The energy shift of the two-particle ground state
’ Two particles: E = 24/ m? + am 772 is related to the 2 — 2 scattering amplitude

| L-
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Free scalar particles in finite volume
with periodic boundaries

Interactions change the spectrum:
., it can be treated as a perturbation ?

A o 9 Wi AN Ca rae ~_x Panizs ERY At
o 9o- &

LA skatbe ko Leac&&&xg order

R = ($(0)p(0) | Hy | p(0)(0))

[Huang, Yang, 1958]

r

[ s .8 %y SR < e E e S : L 7 RASET TG g 2 < e v 5 L e .
o . g - o ~ = e - . .' . . g - o ~ = e - . .' . . g — P

The energy shift of the two-particle ground state
m?2 + 22 is related to the 2 — 2 scattering amplitude

Two particles: E =2

*
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2 Derivation in an EFT to all orders including from all diagrams
[Hansen, Sharpe, PRD 2014 & 2015]

a’ a

| Fernando Romero-Lopez, Uni Bern
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[Hansen, Sharpe, PRD 2014 & 2015]

T ~—

Fwo-meson
spectrum |

Three-meson
spea&rum

—— . ————

— E,
| £
| E,

e ———

kg
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[Hansen, Sharpe, PRD 2014 & 2015]

T ~—

Fwo-meson A

, spectrum

|
L,
£ Quankizakion ?
? condikions ‘,
E(l) (%et [ICZ -+ F2_1} =0

f Three-meson “
spea&rum

12/29
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[Hansen, Sharpe, PRD 2014 & 2015]

Fwo-meson A
SF’@.@ T LM

K—mwakrices
Quankizakion ?
condikions ,

(%et [ICZ -+ Fz_l} =0

Three-meson
spea&ru,m

FParamebrize:
ICo :CO—|—Clk‘2—|—...

2
__ 1-1s0,0 iso,1 s —9m
’Cdf,i% — de,3 T ,Cdf,3 9 ) T ...
Im
[Blanton, FRL, Sharpe, JHEP 2019]

| Fernando Romero-Lopez, Uni Bern 12/29

- - —— T — el R —

e —————— —
L ee—_S—— e e e R e




[Hansen, Sharpe, PRD 2014 & 2015]

Fwo-meson
spectrum |

Scattering

K-matrices _

Quankizakion amgt&udes ?

&0&\&&%&0&\.9 )

det[ICo + Fy, '] =0 Unitarity
m | .

relaktions

Three-meson
spea&rum

Integral
equ&&&ons
[Bricefio et al., PRD 2018] m
|

[Hansen et al., PRL 2021]
[Jackura et al., PRD 2021]
[Dawid et al., 2303.04394]

Paramebrize: [See talk by S. Dawid]
9
ICo =co+c1k” + ...

2
__ 1-1s0,0 iso,1 s —9m
’Cdf,3 — de,3 + ,Cdf,3 ( 9 ) T ...
Im
[Blanton, FRL, Sharpe, JHEP 2019]
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' Important benchmark system: three pseudoscalar mesons at maximal isospin

2> Implement formalism and explore its features

> Test fitting strategies to extract three-body K matrix (Blanton ... ERL ... et al., PRL 2020 & JHEP 2021] |
! . . . . [Draper ... FRL ... et al., JHEP 2023],
2 Interpret results in combination with EFTs [Fischer ... ERL ... et al (ETMC), EPJC 2021]

[Alexandru et al, Brett et al, Culver et al, Mai et al. (GWQCD) PRD 2020&2021]

|n\leStigate featu res Of Scattering amplitUdeS [Hansen et al (HadSpec), PRL 2021 See talk by M. Hansen]

v
(L/a)® x (T/a) M,[MeV] Mg[MeV] N |

N203  48% x 128 340 440 771 tr mg = 2myq + ms == const
N200 483 x 128 280 460 1712 a ~ 0.063 fm

3 D200 64° x 128 200 480 2000

| E250 96° x 192 130 500 505

Fernando Romero-Lopez, Uni Bern




' E250 ensemble, M, ~ 130 MeV, Mg ~ 500 MeV

33010 Qo3 (fittea) - - = . e o
QC3 (not fitted) | o, % To. o 32 w 0 % o ?
M L T ‘.____'__________ I
{ LQCD B S TTTTTTTTmToTomoomoosooooos .%‘ """"""" i e KKK ,
325' o &n ‘

s 2

x> /dof = 1.49

S ’ s dof = 87, Nnparams = 6

~— N -~~~ N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N

R R e e Tt T i e = e B S S s + d waves
<G .
Kats # 0, with > 100
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' E250 ensemble, M, ~ 130 MeV, Mg ~ 500 MeV

33010 Qo3 (fittea) . - = - = E I
$ Scé]gmt e '“:'---i:----.-“----:-.- ----------------------------- ;-"---il ........ = ----:L--_:_____t____:! __________________ KKKn predicted ?
3.25- & e oo ¢ (fitted)

I - - i i / f

0 dot = 87, nparams = 6

~— N -~~~ N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N /N

R R e e Tt T i e = e B S S s + d waves
<G .
Kats # 0, with > 100
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| O Required input for three-meson calculations

O Competitive statistical uncertainties! 2 Lattice QCD can access low-energy region! ?

0.000- — — 0.000- — —
T T =TT T KT -7 K |
S wave -0.025- S wWave ﬁ

-0.000 1
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Lo ¢hP1T T~ | = LOChPT I~
Fit L T 025 ( FOFIE T
Dispersive Dispersive | T
’ | [Garcia-Martin et al., 1102.2183] O 1 5 O | | [Pelaez, Rodas 2010. 11222] T~
0 1 2 3 | 0.0 0.5 1.0 1.5 2.0
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' O Compare to chiral perturbation theory Kars = o + K (
3 — ™0 1

NLO ChPT: [Baeza-Ballesteros, Bijnens, Husek, FRL, Sharpe, Sjo, JHEP 2023] [See talk by M. Sjo] 9M7g
ETMC: [ Fischer, Kostrzewa, Liu, FRL, Ueding, Urbach, EPJC 2021 ] ?
)
2 p 2 |
--- LO ChPT This work --- LO ChPT This work ﬂ
| NLO ChPT O ETMC - . — NLOChPT O ETMC ﬁ
1 M_ =340 MeV

Phenomenological LECs

M= 130 MeV __Preliminary! Preliminary! . .
0 50 100 150 0 50 100 150

Fernando Romero-Lopez, Uni Bern




| O Physical amplitudes that are consistent with unitary are obtained after solving integral equations:

Mas =D + Mdf,g

“divergence-free amplitude” "

two-body rescattering

At least one
| D= — M2 G _/\/l2 — M2 GD three-body interaction

19/29
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| Lattice QCD predictions for physical three-meson scattering amplitudes

Preliminar ! Equilateral kinematic configuration
1010; y E = 3\/m? + p? g
=10 |
Divergent *Gg) “
at threshold = 108-
aF ; J}
5 |
‘ N§ 107 K K n" — K'K*n* Pion interactions m
} / are chirally suppressed |
0 .
1 M;M3z = O(M, | Fy)
3 107 ' ntn KT > ntan KT

| 0.0 0.2 0.4 0.6 0.8 1.0 1.2
J’ (\/g o \/gthreshold)/ Mz
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Experiment

Ener ?
_H_ %.I_gz 2 For physical quark masses is a three-body resonance "
I.. — DDr

DDrn DD

—— . ————
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Experiment

E
_H_ %.Iirgz 2 For physical quark masses is a three-body resonance
I.. — DDr
DDrn DD*

‘ N=2+1+1 QCD v
I (heavier quarks) ﬁ

_ _i_Iiergz 2> Stable D* at slightly heavier-than-physical quark mases
3 T.. — DD*?

, DD* DDz

Fernando Romero-Lopez, Uni Bern




[Padmanath, Prelovsek, arXiv:2202.10110]

' O Several works study the Tcc channel in this setup ~ 9-2°
[Chen et al., 2206.06185] [Lyu et al. (HALQCD), 2302.04505] *
Padmanath & Prelovsek, 2202.10110] 8
'Whyte, Thomas, Wilson, 2405.15741] L] O 1 -
= 0
» ° ° o
> Signature of virtual bound state? )
-
O
o 00 —— N, =32
= N, =24

‘ —0.1
' (p/Epp+)?

Fernando Romero-Lopez, Uni Bern
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[Padmanath, Prelovsek, arXiv:2202.10110]

° ° - #
' O Several works study the Tcc channel in this setup 0.2 =
[Chen et al., 2206.06185] [Lyu et al. (HALQCD), 2302.04505] * 0
Padmanath & Prelovsek, 2202.10110] a = ?
'Whyte, Thomas, Wilson, 2405.15741] L 0.1 - ©
= - G |
, . . - ]
> Signature of virtual bound state? w ~d

e

. . . (@)

> But two-particle formalism breaksdown O 0.0
Q

|
. . —— NI_=32 : “
I.e. complex phase shift

>, NL=24

. . . —-0.1 , ' , ,
h ' one-pion exchange creates non-analytic behavior: —0.008 —0.004 0.000 0.004 0.008 0.012
1

(P/Epp~)?

=0, s—s5;,=—M>+My— Mp.)*

just 8 MeV below threshold!



FRL, Sh , BI , Briceno, H 908.02
: 0 In the presence Of a [4.0- arpe, Blanton, Briceno answen1 411]
% ® [ [ ] [ 3.5
2> Below the three-particle threshold, effective “particle-dimer” \

[FRL et al 2302.04505] [Jackura et al 2010.09820]

[Dawid, Islam, Briceho, 2303.04394]
[Briceno, Jackura, Pefkou, FRL 2402.12167]

3.01
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FRL, Sh , BI , Briceno, H 1908.02411
: 0 In the presence Of 3 [4-0- arpe, Blanton, Briceno answen ]
2> Below the three-particle threshold, effective “particle-dimer” \
[FRL et al 2302.04505] [Jackura et al 2010.09820] 30 i
[Dawid, Islam, Briceno, 2303.04394] '
[Briceno, Jackura, Pefkou, FRL 2402.12167]
| 25
O This solves the left-hand cut problem: 2.0¢ : . — J
2 Finite-volume effects from one-pion exchange naturally incorporated &

‘ Other approaches: [Du et al (2408.09375), Abolnikov et al. (2407.04649), Bubna et al. (2402.12985),
| Meng et al. (2312.01930), Raposo, Hansen (2311.18793)]
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[Hansen, FRL, Sharpe, arXiv:2401.06609]

| Two-meson
spectra

D* as a "
— bound state

' 3\ or resonance
Iy, =12 \ b,
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[Hansen, FRL, Sharpe, arXiv:2401.06609]

| Two-meson
spectra
?
D* as a L »
___ _—% bound state Three-meson Quantization |
or resonance spectrum Conditions
I, =1/2 ,, . J—

_[T=0] ~[I=0]
1+ Kaz F =0 "

: : v
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[Hansen, FRL, Sharpe, arXiv:2401.06609]

Two-meson

spectra
D* as a L »
% bound state Three-meson Quantization |
or resonance spectrum Conditions

. [I=0] ~[I=0]
1+ Kaz F =0

fit

DD DD D
de,S 7’C2 7’C2




[Hansen, FRL, Sharpe, arXiv:2401.06609]

Two-meson

spectra
D* as a L »
% bound state Three-meson Quantization Tetraquark |
or resonance spectrum Conditions properties

[I=0] ~[I=0]

[Dawid, FRL, Sharpe (in prep)]

fit Integral equations ‘

DD DD D
de,S 7’C2 7’C2




m.L = 3.90

2.15
2.141PDP7la: - Prefliminary!
: , * : 2.14 1 | :
O Published data only provides DD* energies R y
[Padmanath, Prelovsek, 2202.10110] N 1«
‘2]3 ZIZZZﬁZ:ZIZZZéZ:
2.12 --D*D*‘”” A A
| O Fix Dt and DD interactions with “educated guesses” " |.... 20 R A A
; . 2.11 A
> HChPT and lattice results 5 A 0
2.10 1

2 Neglect DD interactions

—— . ————

e ———

_—Qqcs

e —— — 4

‘ 2.0 -
V O Only “free” parameter in the three-body K matrix
2.08 -
. / 2 B ::§:A:::::::éz:
}Cdf,3 — KE(pﬂ' o pﬂ') 2.07 | > A ar
DD*I]H'
\ 2.06_g 2 - \
| \C

~~ Lattice QCD
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O With simple parametrizations we are able to reproduce lattice QCD energies.
Data from: [Padmanath, Prelovsek, arXiv:2202.10110] ?

[ More details in parallel by S. Dawid (Tuesday) ] )

. 5
0.4+ lhe | | DD |y —. lhe DD, - |
| ___::__:_::_:::=— j*g 4+ - o 0 _-.-—:'. ‘
< 034 perEee S Preliminary! s TroTod
- 4o N W ” 'O' - "
— — - ®) 3 1 “.-\«153\\0“ PP ,o:¢:-—’
0 2_' ) NN -7 NI
3 7 3 2 e T
_-" "t
| = s eSS “
' \'Q Ol_E ] \’.Q 1_;/’,,~’ ‘9:,:4¢¢ m
—0.0 T ok i DD |y
j?:l* (T{:C @h&%%@.t) — U j?_‘ﬁm
- .
—U.2 i i ‘ ‘ —1 | | | |
2.05 2.07 2.09 2.11 2.13 2.15 205 207 209 211 213 2 15

> Still lots of modeling, and need a genuine three-body study of the Tcc !
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O Three-hadron dynamics is an important frontier in lattice QCD spectroscopy
> Resonances, exotics, three-baryon forces, electroweak decays ?

O Constraints on three-meson scattering amplitudes: |

2> Three-hadron at maximal isospin at the physical point

—— . ————

> Evidence for “contact” three-hadron force (3K)

2 Already some pioneering three-body resonances
[Yan et al (2407.16659), Garofalo et al. (2211.05605), Mai et al. (2107.03973)]

P

‘( ' O Three-meson dynamics is essential to investigate the Tec

> Solves the issue of the left-hand cut

2 Allows for a smooth transition from stable to unstable D*

e —— — 4

O Next steps involve other three-pion isospin channels, DDn systems and systems with baryons

> Needs formalism developments and lattice QCD applications
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O Three-hadron dynamics is an important frontier in lattice QCD spectroscopy
2> Resonances, exotics, three-baryon forces, electroweak decays ?

O Constraints on three-meson scattering amplitudes: |

2> Three-hadron at maximal isospin at the physical point

2> Already some pioneering three-body resonances |
[Yan et al (2407.16659), Garofalo et al. (2211.05605), Mai et al. (2107.03973)]

|
> Evidence for “contact” three-hadron force (3K) ﬁ N
i

“ ' O Three-meson dynamics is essential to investigate the Tecc '

2> Solves the issue of the left-hand cut ' k& M M»s . f
T o

2 Allows for a smooth transition from stable to unstable D*

B

O Next steps involve other three-pion isospin channels, DDn systems and systems with baryons
2 Needs formalism developments and lattice QCD applications
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O Interactions of two and three mesons including higher partial waves from lattice QCD
[Blanton, Hanlon, Horz, Morningstar, FRL, Sharpe, arXiv:2106.05590]

O Interactions of nK, tnK and KKr systems at maximal isospin from lattice QCD ?
[Draper, Hanlon, Horz, Morningstar, FRL, Sharpe, arXiv:2302.13587] |

O Two- and three-meson scattering amplitudes with physical guark masses from lattice QCD
| [Draper, Dawid, Hanlon, Horz, Morningstar, FRL, Skinner, Sharpe (in prep)]

—— . ————

O The isospin-3 three-particle K matrix at NLO in ChPT
‘ [Baeza-Ballesteros, Bijnens, Husek, FRL, Sjo, Sharpe, arXiv:2303.13206]
|
|

O The three-pion K matrix at NLO in ChPT
[Baeza-Ballesteros, Bijnens, Husek, FRL, Sjo, Sharpe, arXiv:2401.14293]

P

[Hansen, FRL, Sharpe, arXiv:2401.06609]

| O A three-body study of the T¢:(3875)
[Dawid, FRL, Sharpe, (in prep)]

e —— — 4

S O Incorporating DDr effects and left-hand cuts in lattice QCD studies of the T¢c(3875)
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| — NLO ChPT

2000 2500

, 0 500 1000 1500
(M, /F;)°
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| O Symmetrize (each particle gets a turn to be the spectator)

<
o
b|
-
=
]
'
2
"bw;/
=
3
1
x~ o 8

Reaction plane

—— . ————

O Equilateral kinematic configuration F — 3\/m2 + p2 /n““
ﬂ+/\
JZ'+

| -
1 — u,u)J=0 O u,u)J=0
Mé, O(E) =9 M:(a,oo;)oo (E) Mg,zz;)zz (E)

V5
2

e ———

u,u)J=0 u,u)J=0
(M:(a,zz;)oo (E) + Mg,oo;)zz (E)) ,

Partial-wave projection
[Jackura, Briceno, 2312.00625 ]
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0.0020 +

0.0015 1
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a0 By,

——

3K, B,, P =1, level 0

0.0010 +

0.0000 -

-==-=chosen
¢ l-exp
¥ l-exp-ratio
2-exp
Y geom

Y

2-exp-ratio
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O Stochastic LapH method, multi-hadron operators ?
[Morningstar et al, 1104.3870]

3K*, A,, P? =3, level 0 |

| O GEVP and look for consistency between methods. 000257 %
0.0020 -
> Single and double exponential 00015 - | ﬁ%ﬁ
‘ > Ratio fit with single and double exponential = 0.0010- ﬁﬁiﬁ ) ﬁg % I
V ET% 0.0005 - ~HFI
O Use ratio fit to benefit from correlated cancellations S oooo- { 1 [ --—- chosen
| ¢ l-exp
C t —0.0005 - | [] ;—exp-ratio
-exXp
Rn(t) — three-meSOn( ) —0.0010 - { Y geom
| C'meson (t)Cmeson (t)Cmeson (t) 0.0015- 4 2-expratio

25 30 35
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' O Requires a correlated fit for several systems at one. For instance: 7T7TK

O Fit energy shifts in the lab frame (“spectrum method”) ?

() = > (A — AEX(F)) (C7) (2B, — AEY (7))
/ i] / N
parameters in matfiiv;r:glral?:hifts “predicted minus measured”

K-matrices lab-frame energy shifts

h . O Include several two-meson partial waves: ¢ s and d waves for zr and KK
¢ s and p waves for 7K

O Threshold expansion in three-body K matrix Kats = Ko + 1A + JCoA? + ICAA 4 + KsABg,

1 ™~ S

s — 9m? .
| Functions of Mandelstam
37 /29 variables
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' O Physical amplitudes can be obtained after solving integral equations:

(u,u)
M. ?
“Unsymmetrized amplitude”

_ '
b |@ Mgw

) =
)
: l )
0
IS
—
{,—#—_ e ————

| L @

2> Choice of spectator is fixed

2> Needs “symmetrization”

| My =S| MM

e —— — 4
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“Unsymmetrized amplitude”

b |{@— M
‘ k ]

2> Choice of spectator is fixed

2 Needs “symmetrization”

| My =S| MM

Fernando Romero-Lopez, Uni Bern

O Physical amplitudes can be obtained after solving integral equations: [Jackura, Bricefio, 2312.00625 ]

M:())U’U) —_ D(u’u) —|— M((]_lszg) “divergence-free ?

D(uau)

“ladder amplitude”

Partial-wave projection

amplitude” |

'

At least one
l three-body interaction

— _MQGMQ — /MQGD(U’U’)
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| O Required input for three-meson calculations

: — : —~ KK S 3 c ?
| T, s-wave | . S-wave &i | o |
0 —9 \ i 5 { . +§ 5o \ E |
_10- : i i |
10 \ l:i ‘ *MTNE\ — 7K, s-wave i ﬁ
<! | |
15 ! .- - d}
| 1 — KK, d-wave M

h 0.21 — mm, d-wave
1

ﬁ
—HL

{1 — wK, p-wave

L
>
e
il
1
1
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1
1
|
|
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Equilateral kinematic configuration

1079 - Re Amplitude

- Reaction plane E — 3 m2 _I_ p2
N — P
I I I I ' — ' ﬂ+/’\ )
2 T
‘ > Partial-wave projected to JE=0"
1 [Jackura, Bricefio, 2312.00625 |

1079 . Im Amplitude

3.00 3.05 3.10
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