Fernando Romero-Lopez
MIT

fernando@mit.edu #
V

LAY

—_—

Bonn, 10th August 2022



mailto:fernando@mit.edu

Multi-hadron dynamics is at the core of many non-perturbative phenomena in Quantum Chromodynamics

LFernando Romero-Lopez, MIT

—— ———— R —

 ——— e e —— —_— —_—



| Multi-hadron dynamics is at the core of many non-perturbative phenomena in Quantum Chromodynamics
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| Multi-hadron dynamics is at the core of many non-perturbative phenomena in Quantum Chromodynamics

2> Most of the known hadrons are resonances
= |ncluding exotics, charmonium...
2> Tests of the Standard Model in meson weak decays

CP violation in D — KTK ™~ /r"n~ decays
t Aadt = (—15.7 +2.9) x 10~* [LHCb, 2019]
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2> Most of the known hadrons are resonances
= |ncluding exotics, charmonium...
2> Tests of the Standard Model in meson weak decays

CP violation in D — KTK ™~ /r"n~ decays
t Aadt = (—15.7 +2.9) x 10~* [LHCb, 2019]

2 Nuclear interactions

= Nucleon resonances: N(1440) - Anr — Nrr

= Binding energies and properties of nuclei

| Fernando Romero-Lépez, MIT 2 /25
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| The S-Matrix contains the physical information of the theory:
S (E) = (out|S|in)

Lattice QCD -——> QCD S—makrix
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| The S-Matrix contains the physical information of the theory:
Sop(E) = (out|S|in)

Lattice QCD -——> QCD S—makrix

> However, the finite volume distorts multi-particle interactions
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| The S-Matrix contains the physical information of the theory:
S (E) = (out|S|in)

Lattice QCD -——> QCD S—makrix

2 However, the finite volume distorts multi-particle interactions P~ ‘&

//
—

finite-volume
formalism(s)
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E’prmimamés

® Asymptotic states ,

@ Direct access to scattering amplitudes

[Ellis, Tang (arXiv:9609459)]
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E’Zxr,?er&mem%s Labkbtice QCD

® Asymptotic states @® Euclidean time ,
@ Direct access to scattering amplitudes @ Stationary states in a box

QKA

0 20 40 60 80 100 120 140 160 180 200 G1,0) G1.(0) H,0) H,0) Gi(1)
[Ellis, Tang (arXiv:9609459)]

[Bulava, Hanlon, H6rz, Morningstar, Nicholson,
4 /25 FRL, Skinner, Vranas, Walker-Loud, 2208.03867]
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Expm&mev\%s Labkbtice QCD

® Asymptotic states @® Euclidean time ,
@ Direct access to scattering amplitudes @ Stationary states in a box

» Quantization condition = mm= === =g= TTT _

ST [Lascher, 897

QKA

0 20 40 60 80 100 120 140 160 180 200 GQ(O) Gh;(O) Hg'(O) H,(0) G(1)
[Ellis, Tang (arXiv:9609459)]

[Bulava, Hanlon, H6rz, Morningstar, Nicholson,
4 /25 FRL, Skinner, Vranas, Walker-Loud, 2208.03867]

| Fernando Romero-Lopez, MIT

———. ] B

———




| O Significant progress has been achieved:
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| O Significant progress has been achieved:

Physical point *
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[BMW collaboration]

[ State-of-the-art calculations can determine

widths and masses accurately! 139 206 255 280

[see plenary by Liuming Liu] my (MeV)
0(40) talks at this conference!

[Bulava, Hanlon, HOrz, Morningstar, Nicholson,
5 /25 FRL, Skinner, Vranas, Walker-Loud, 2208.03867]
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1. Two-body interactions in finite-volume

?
\
2 . Thr@.e-‘par&ciﬁ. processes finite volume E

5. Oulbloolk: towards mamjmhac{rom physics



1. Two-body interactions in finite-volume

2 . Thr@.e-‘par&ciﬁ. processes finite volume E

5. Oulbloolk: towards many-hadron physics

I Disclaimer: not a review talk. Apologies for missing references.
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. O Indirect connection between the spectrum and the two-particle scattering amplitude [Luscher 89)

& Rt : FUS AT AP T T (s Sy T2 N e e A W MR ~aheus
S P s B > o Y g PE . > N r PN

Twcmparﬁi‘:{a Quankizakion Condikion

det ‘%Z(En) + F_l(En, F, L)] —
£m

y Scattering Kiowin kinematic F=E
4 K-Makrix function

: A I i L. B a2 i
.~ - . L~ -
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. O Indirect connection between the spectrum and the two-particle scattering amplitude [Luscher 89)

- MR sge 5 1 DR IS ok ST Sy VWP 2 DS Tl ok ST MAsashiul
S P s B > o Y g PE . > N r PN
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K-matrix parametrized
in terms of phase shift
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‘m

Scattering Kinowi kinemaktic E=F
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. O Indirect connection between the spectrum and the two-particle scattering amplitude [Luscher 89)
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K-matrix parametrized
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Finite-volume information
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. O Indirect connection between the spectrum and the two-particle scattering amplitude [Luscher 89)

L Twcwmparh{’:i.@. Quantization Condition ’

K-matrix parametrized
in terms of phase shift

det | % (E)+F\(E,, P, L)]
‘m

Scattering Kinowi kinemakic
K-Makrix function

: A I i B a2 i
.~ - L~ -

- : - -- ‘..'5'-
Y *'-..\ O on o

Finite-volume information

1 J dk 1
L3 = Qr)3 | kK2—g

O Fully general formalism (nondegenerate, spin, multi-channel): Foolq®) ~

[Rummukainen, Gottlieb, NPB 1995] [Kim, Sachrajda and Sharpe, NPB 2005]

[Bernard et al, JHEP 2008] [Davoudi, Savage, PRD 2011] R
[Leskovec, Previosek, PRD 2012] [Gockeler et al, PRD 2012] et G S RN S B IR
[Briceno, PRD 2014]

) [see also talk by A. Baiao Raposo] 2> See also the HALQCD method:
| [Talk by S. Aoki]

8 /25
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O Some systems already being studied at the !
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LO ChPT |

(k/Mz)?

[Fischer, Kostrzewa, Liu, FRL, Ueding, Urbach (ETMC), EPJC 2021]

0.0 0.5 1.0 1.5 2.0
(k/M;)?

[Draper, Hanlon, Horz, Morningstar, FRL, Sharpe (in preparation) ]

Talks at this conference of scattering at the physical point:
[R. Mukherjee], [N. Pitangal, [S. Paul]

Several other physical point calculations:

[Fischer et al (ETMC), PLB 2021] [Blum et al (RBC/UKQCD), PRD 2021]
p(770) (7‘(‘7‘(‘)]:2,0
9 /25
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' O The present frontier is scattering with nucleons & See also talks by: [A. Nicholson], [J. Green, [F. Pittier], [M. Wagman]
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O Finite-volume calculations also distort other matrix elements with two-body states

Xk

K — 7w T+ — T |
Decay processes [Lellouch, Luscher, Com. Math. Phys 2001] [Briceiio, Hansen, Walker-Loud, PRD 2015] )
2 |
matrix elements 0 + /Y* — P * oK ‘
— T +

S . O G 7 7
[See also talk by F. Ortega Gama] [Baroni, Briceno, Hansen, Ortega-Gama, PRD 2019] [Sherman, Ortega-Gama, Briceno, Jackura, PRD 2022] ﬁ

[Talk by R. Briceno]
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O Finite-volume calculations also distort other matrix elements with two-body states

Xk

K — 7w T+ — T |
Decay processes [Lellouch, Luscher, Com. Math. Phys 2001] [Briceiio, Hansen, Walker-Loud, PRD 2015] )
2 |
matrix elements 0 + ,-),* — P * oK ‘
— T w

S . O G /)/ /Y
[See also talk by F. Ortega Gama] [Baroni, Briceno, Hansen, Ortega-Gama, PRD 2019] [Sherman, Ortega-Gama, Briceno, Jackura, PRD 2022] ﬁ

[Talk by R. Briceno]

O One approach is to use the Feynman-Hellmann theorem for resonance form factors: &
‘ [Lozano, MeiB3ner, FRL, Rusetsky, Schierholz, arXiv:2205.11316 ]
| [Talk by J. Lozano] ‘n

Form Factor

“(p|Volp)”

dP?
de

F
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O The two-body formalism is restricted to few interesting resonances

2> Even the p resonance couples (in principle) to four pions!

LFernando Romero-Lopez, MIT

—— ———— R —

 ——— e e —— —_— —_—



O The two-body formalism is restricted to few interesting resonances

2> Even the p resonance couples (in principle) to four pions!

2> Exotics: ch —> DD*, DDr [Talks by M. Padmanath and S. Prelovsek]

————— R —

Resonance I ... J¥
w(782) 0 1™ ?
h1(1170) 0 1T |
w3(1670) 0 3~
m(1300) 1 0~
a1(1260) 1 1+
7T1(1400) 1 1~
7T2(1670) 1 2™
a2(1320) 1 2T
a4(1970) 1 4+

(with >3 decay modes)
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2> Exotics: ch —> DD*, DDr [Talks by M. Padmanath and S. Prelovsek]

O The puzzle of the Roper resonance [raik by . severt)

N(1440) - An — Nrnrn

O Many-body nuclear physics: 3N force, tritium nucleus
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Resonance I... J¥

O The two-body formalism is restricted to few interesting resonances

w(782) 0 1 g
2> Even the p resonance couples (in principle) to four pions! T ,
> Exotics: ch —> DD*, DDr [Talks by M. Padmanath and S. Prelovsek] hl (1170) O 1 ‘
w3(1670) 0 3 ﬂ
O The puzzle of the Roper resonance [raik by . severt) 7T(1300) 1 0- ﬁ
N(1440) - An — Nrrn 01(1260) 1 1% |
O Many-body nuclear physics: 3N force, tritium nucleus m (1400) 1 1™ i
7T2(1670) 1 2~ |
O cPviolation: K — 37, K' o K as(1320) 1 2t
[Talk by A. Jackura / R. Briceno] a4(1970) 1 4_|_

| (with >3 cl@.&ta\v modes)
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| can go on-shell
(physical divergence)
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pair-wise
4 rescattering

can go on-shelli
(physical divergence)
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pair-wise
_# rescattering

T

h ' O Finite-volume formalism has been developed independently by three groups

|
can go on-shell “ |
(physical divergence)
|

B

!

M
® Generic Relativistic Field Theory (RFT) [Hansen, Sharpe, PRD 2014 & 2015]
[Talks by J. Baeza-Ballesteros, M. Hansen, S. Sharpe]

c . . o ” o “’t
@® Non-Relativistic EFT (NREFT) [Hammer, Pang, Rusetsky, JHEP 2017] x2 | Equwalence has been establlshed |
’ [Talk by F. Miller] 1 [Jackura et al. PRD 2019],[Blanton, Sharpe, PRD 2020], {

[Jackura (to appear)]

® Finite-Volume Unitarity (FVU) [Mai, Déring, EPJA 2017] S s
[Talk by M. Mai]

14 /25
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| [Hansen, Sharpe, PRD 2014 & 2015]

Quankizakion ?
condikions ,

- T+ Fl =0
£m

R det [%de ~+ F;l] — O
W kCm ’

Matrix indices describe
three on-shell particles
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| [Hansen, Sharpe, PRD 2014 & 2015]

K—=nakrices
Quankizakion ?
condibtions ‘,
A det [7,+ F; '] =0 % )
r ‘m

K v v S
. DAAEELAAEED LS Y ’ N ~
S AW
»> AND). (I
,\ \ 1 .
P~ \JC ) :‘\. —
. C drf.3
et lf, 3
< >, ! ﬁ
B, ../
X ;fa”‘/
.

E, Matrix indices describe

three on-shell particles Parametrize:

ICQZCO—|—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]

15/25
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Quanktizakion
condikions

- T+ Fl =0

‘m

7 o
N\
- -’
s -
~ iz
‘

E, Matrix indices describe
three on-shell particles
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det [‘%dfﬁ + F;l] —

[Hansen, Sharpe, PRD 2014 & 2015]

K-matrices Saa?:&.eriv\g
amgt&udes
Unikarik %
retaﬁiavxg 2

0 '
d Integral ﬂ
]C’ 3 equa& LOWNS 3
[Briceio et al., PRD 2018]

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

FParamebrize:
ICo :CO—|—Clk‘2—|—...

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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E, Matrix indices describe
three on-shell particles
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S et [7, 4 F5] = 0

det [‘%dfﬁ + F;l] —

[Hansen, Sharpe, PRD 2014 & 2015]

Scattering
amgti&udes

K—mwakrices

UMEL%{M‘LE:?
relakions

0 '
d IV\EQST‘QL
]C, 3 equations
R [Bricefio et al., PRD 2018]

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

Paramebrize:
ICo :CO—|—Clk‘2—|—...

2
__ 1-1s0,0 iso,1 s —9m
’Cdf,3 — de,3 + ,Cdf,3 ( 9 ) T ...
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[Blanton, FRL, Sharpe, JHEP 2019]
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' O Three pions and three kaons at maximal isospin have been explored by different groups

[Alexandrou et al, PRD 2020], [Blanton et al., PRL 2020 & JHEP 2021], [Brett et al, PRD 2021], [Culver et al, PRD 2021],
[Fischer et al, EPJC 2021], [Hansen et al, PRL 2021], [Mai et a PRL 2019 & 2021]

O Requires large sets of energy levels obtained using variational techniques ?
Using stochastic LapH method [Morningstar et al, PRD 2011] )

3K™ energy levels

O XE TN PN OB TP PN TN PN OBY ONF RN PN OB OB N PN TN PN R B W PN OBy OBy B TR PN PN OB OB PN PN PN OB OPF TR PN P OB P PN PN OB OB P PR

D irreps
PRI YT & frames
16/25 [Blanton, Hanlon, Horz, Morningstar, FRL, Sharpe, JHEP 2021]
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' O Three pions and three kaons at maximal isospin have been explored by different groups

[Alexandrou et al, PRD 2020], [Blanton et al., PRL 2020 & JHEP 2021], [Brett et al, PRD 2021], [Culver et al, PRD 2021],
[Fischer et al, EPJC 2021], [Hansen et al, PRL 2021], [Mai et a PRL 2019 & 2021]

O Requires large sets of energy levels obtained using variational techniques ?
Using stochastic LapH method [Morningstar et al, PRD 2011] |

3K™ energy levels

XN TN PN OB F PN TN PN DY NF RN TN PN OB B PN TN PN P B WM PN OBy OB OB TN PN PN OB OB . o oo oo o o B3 BY B TE PN OPY OBY OB OB

Frecliét&cm from QC3
(fitted)

o» o nowhinteracting
--------- energy Latbtice QCD spea&rum

3.25

D irreps
PRI YT & frames
16/25 [Blanton, Hanlon, Horz, Morningstar, FRL, Sharpe, JHEP 2021]
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' O Three pions and three kaons at maximal isospin have been explored by different groups

[Alexandrou et al, PRD 2020], [Blanton et al., PRL 2020 & JHEP 2021], [Brett et al, PRD 2021], [Culver et al, PRD 2021],
[Fischer et al, EPJC 2021], [Hansen et al, PRL 2021], [Mai et a PRL 2019 & 2021]

O Requires large sets of energy levels obtained using variational techniques ?
Using stochastic LapH method [Morningstar et al, PRD 2011] )

3K™ energy levels

r E/ M, > N EN

3.75F o» o
- _3Kninelasticthreshold _ = > | o] o o |
_ - T V
‘ 3.5} =TT
| | s T s Frecl&ét&cm from QC3 M
| : : Lkked
5 95 | o oo Mo%n%&erarﬁ:&hg (ﬂf < ) {
e enerqgy Laktice QCD spe&rum |
sk ek threshold e e Statistically significant determinations ‘
SO RN PP RN RD B HEPN OO OSSO DR _ IMePs of the three-body K-matrix, /C ;¢ 5 ;
ATHRARAK S BT PIDIYV VIS PIRIRI PPV I PIZIQ ORI RIPRWR WP YT & frames ?
| Fernando Romero-Lopez, MIT
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' O Relevant three-body systems involve nonidentical particles (z7zN)

O First step: formalism for three nonidentical scalars eg. mmn , KTKtnt, DD~
[Blanton, Sharpe, PRD 2021] x 2, [Hansen, FRL, Sharpe, JHEP 2021], [Mai et al (GWQCD), PRL 2021] ?

detr s m el — Kaes(E*)F3(E, P,L)] =0 ‘

|

|
determinant runs over an ﬁ
additional “flavor” index
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' O Relevant three-body systems involve nonidentical particles (z7zN)

O First step: formalism for three nonidentical scalars eg. mmn , KTKtnt, DD~
[Blanton, Sharpe, PRD 2021] x 2, [Hansen, FRL, Sharpe, JHEP 2021], [Mai et al (GWQCD), PRL 2021]

detk’g,m’f[l — de,g (E*)Fg (E, P, L)] =

determinant runs over an
additional “flavor” index

| ‘
K+ scaklter LG

__ 1~1s0,0 1so,1 B1 A S E,1 7
‘ Katg = Kgpy + Kgpg A+ Kgi 3Dy + Kyist o

— fo9 = A, _ P +pr)” — 4m}
Ji M2 22 — M2 2 M2
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' O Relevant three-body systems involve nonidentical particles (z7zN)

O First step: formalism for three nonidentical scalars eg. mmn , KTKtnt, DD~
[Blanton, Sharpe, PRD 2021] x 2, [Hansen, FRL, Sharpe, JHEP 2021], [Mai et al (GWQCD), PRL 2021] ?

detk,g,m,f[l — de,?, (E*)Fg (E, P, L)] = ‘

r [Draper, Hanlon, Horz, Morningstar, FRL, Sharpe (in preparation) ] “

- Talk by S. Sh
determinant runs over an 2000 ek by S Shareel
additional “flavor” index
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' K P A ~

—100 T M _ 340 MeV

MQKB,E

. 1SO O ISO 1 S T f\‘: 9000] —oe- NLO CHPT, e = 1 el
‘ ,Cdf,?) T ’Cdf 3 —I_ ’Cdf,?) A ’Cdf 3A —|_ ICdf 3t 22 ‘ ---= NLO ChPT, ¢pp =05  p~__
= S ——— _3000{ o KB g
' o

| 9 o K* relimina

; _ S M g (p2 — plz) (Pl T Pl’)2 - 4"”% —4000 . . . (p. . V)

J’ Y to9 = > Ay = IV 0 2 4 6 3 10 12

M (MT('/FW)Q

18/25

—— -

| Fernando Romero-Lopez, MIT

J— e - N —
L  ——— e T ——

————— R —




| O Extract resonance properties on a toy model
Induces transitions:

L= (0u8l0u0: +mid) g + Mol ) & S0lg8 + h.c. P1 — 3¢ ?
=01 (M; > 3Mp) ‘
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| O Extract resonance properties on a toy model
Induces transitions:

L= (0u8l0u0: +mid) g + Mol ) & S0lg8 + h.c. P1 — 3¢ ?
=01 (M > 3M,) ‘

0.047 (preliminary)

& J3-particles — FVU RFT

—— . ————

[Garofalo, Mai, FRL, Rusetsky, Urbach (in prep.)]

’ [Talk by M. Garofalo]

* 5.5 6.0 6.5 7.0
LM,
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L= (0u8l0u0: +mid) g + Mol ) & S0lg8 + h.c. P1 — 3¢ ?
=01 (M > 3M,) ‘

0.047 (preliminary)

|
& J3-particles — FVU RFT “

[Garofalo, Mai, FRL, Rusetsky, Urbach (in prep.)] * ;

[Talk by M. Garofalo] ] .
| | . - avoided level crossing:
5.5 6.0 6.5 7

LM, “signature of a resonance
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L= (0u8l0u0: +mid) g + Mol ) & S0lg8 + h.c. P1 — 3¢ ?
=01 (M > 3M,) ‘
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T Y =

- = "% compare V
\ two approaches
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| O Extract resonance properties on a toy model

L= (0u8l0u01 +mugldi + Ngt) G 26165 + hec

Induces transitions:

P1 — 3P0

(M 1 > 3M, 0)
Statistical evidence of
a narrow resonance fél

i—0,1
| | —04 _
0.047 (preliminary) -
& 3-particles
2% 1004
0.031
- <
| EO e compare )
‘ 4 3 two approaches &
| ~ V4 N\ PP z N
Q s
4 ™

1x10~-%4 (preliminary)

0.01 L
[Garofalo, Mai, FRL, Rusetsky, Urbach (in prep.)]
\ ’ [Talk by M. Garofalo] _ _
| | | - avoided level crossing: |
m 5.5 6.0 6.5 " sighat ‘ T
LM, Signature or a resonance
| Fernando Romero-Lépez, MIT 19/25
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M Many applications to simple system have been achieved or are under way

2 Three pions/kaons at maximal isospin and toy scalar theories ?

O Awaiting lattice QCD data to study resonances with three-particle decay channels,
such as the 0(782) and the h1(1170), as wellas K — 37 decays.

[Hansen, Sharpe, FRL, JHEP 2020 & 2021] x 2, [Miiller, Rusetsky, JHEP 2021]

—— . ————

> First step in that direction with the a;(1260) maietal @wacp), PRL 2021]

e ———

O However, some generalizations are still needed:

> Three pal"tiC|eS with Spin [Draper, Hansen, Sharpe, FRL (in preparation)]

e —— — 4

N ( 1440) “Roper resonance”

2 Matrix elements of currents with three-particle states ik by a. sackural
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6144 (!'!!) pion correlator

| 0x10%1 ©
°, @ —-16.75 x 101
O Need to compute many-hadron correlators. % \
O
< 000 | @ - —17.25 x 10f ?
. . . . N -8 x10* 1 o )
Naive cost scales factorially with the number of particles o %, , : |
O % 2L ~17.75 x 10}
2 oo |
Smart algorithms can reduce the cost! = 4 . ﬂ
— —16 x10*- OOQB | ﬁ
(preliminary) 00000,
00000066
[Talk by R. Abbott] 00066888
[Abbott, Detmold, FRL (in preparation)] #
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6144 (!'!!) pion correlator

| 0x10%4 ©
o @ —-16.75 x 101
O
O Need to compute many-hadron correlators. %
< %% 8 - —17.25 x 10¢ ?
. . ) ] < -8 x10¢ % | 7 ,
Naive cost scales factorially with the number of particles = %, « : |
O o, | =L ~17.75 x 101
2 Oo | :
Smart algorithms can reduce the cost! & O | ”
— . “Oogg ﬁ
(preliminary) %0000000666
[Talk by R. Abbott] 00066668 ‘
. [Abbott, Detmold, FRL (in preparation)] }
O How to interpret the correlators? ~24 %10+ - - - - 2

( :

Derive QC4, QCS5, ..., QCN?

Spectral functions? (Pienary by J. Bulaval

Effective Field Theories in a finite volume?

[Detmold, Savage NPA 2004], [Beane at al, PRL 2012 ],[Eliyahu et al, PRC 2020],
[Li, Wu, Leinweber, Thomas, PRD 2021], [Detmold, Shanahan, PRD 2021]

b J, [Talks by W. Detmold and D. Severt]
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O Need to compute many-hadron correlators.
Naive cost scales factorially with the number of particles

Smart algorithms can reduce the cost!

O How to interpret the correlators?

| 2 Derive QC4, QCS5, ..., QCN?
Spectral functions? (Pienary by J. Bulaval

Effective Field Theories in a finite volume?

[Detmold, Savage NPA 2004], [Beane at al, PRL 2012 ],[Eliyahu et al, PRC 2020],
[Li, Wu, Leinweber, Thomas, PRD 2021], [Detmold, Shanahan, PRD 2021]

[Talks by W. Detmold and D. Severt]
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| O Formulate EFTs for nucleons in a finite volume

He s SIVEE Y Valw) + 3 Vale e ?

1<J 1<g<k |

\IJL (:13) — \I]L (CB —|— TLL) + correlated gaussian Ansatz

Periodic Boundary Conditions

—— . ————

LFernando Romero-Lopez, MIT

——

7"”



| O Formulate EFTs for nucleons in a finite volume

He s SIVEE Y Valw) + 3 Vale e ?

1<J 1<g<k |

\IJL (m) — \IJL (CB —I— nL) + correlated gaussian Ansatz

Periodic Boundary Conditions

é—%—_&-t

‘ O Variational techniques to construct many-nucleon wave functions
|
|

\J *HW d
Ep < E[Wy] = J lx) - (x)dx
(upper bound) f\:[jh(x) \I/h(X)dX

, \ 2

Optimize wave functions

l with state-of-the-art ML optimizers
[Sun, Detmold, Luo, Shanahan, PRD 2022] 03 /25

e —— — 4
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| O Formulate EFTs for nucleons in a finite volume 20

[Detmold, Luo, FRL, Shanahan (in plreplaration) ]
1 [Talk by W. Detmold] |__| Predicted
H=—- d Vit Variy)+ Y Va(rij,r) ‘
N5 i<j i<j<k ~20-
\IJL (w) — \I]L (CB —I— nL) + correlated gaussian Ansatz —40 (- - - '
Periodic Boundary Conditions g Y YL I
= . .
‘( O Variational techniques to construct many-nucleon wave functions —801' used in fit !
' [ Uh(x)*"HYp(x)dx -
Ep, < 8[\I!h] N NPLQCD | |7 -
U, (x)* 0, (x)d )
(upper bound) f h (X) h (X) X ~1201 &  d2=0
\ \% —
niig —140
’ g SHe tHe

Optimize wave functions

with state-of-the-art ML optimizers
[Sun, Detmold, Luo, Shanahan, PRD 2022]

| Fernando Romero-Lépez, MIT 23/25
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lattice QCD data vs. predicted FV spectrum
(including moving frames & excited states)
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™ Well-understood formalism with many applications
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™ Well-understood formalism with many applications

[J To do’s: = Scattering with nucleons
| = Resonance form factors
= Continuum limit (FLAG-level results)

—— . ————
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|
M Formalism ready for some mesons systems ﬁ |

M Lattice QCD results in simple systems J}

B

i‘

-

|

*

25/25
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M Formalism ready for some mesons systems
M Lattice QCD results in simple systems |

|
&

‘( ] Awaiting lattice data for meson resonances
i

] Further theoretical developments underway M

|

= Three-nucleons, particles with spin
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™M FVEFT is a promising tool for nuclear physics
] Approach based on quantization conditions needs significant work

;
| Fernando Romero-Lopez, MIT
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™M FVEFT is a promising tool for nuclear physics

l ] Approach based on quantization conditions needs significant work Tk M L '
AWNMS,
— el

25/25

| Fernando Romero-Lopez, MIT

L  ——— e T —— - Ea— e

e ——

———









Free scalar particles in finite volume
with periodic BC

_, 2z
p = T(nx’ n, 1)

Two particles: E =2 m* + n




Free scalar particles in finite volume )

Interactions change the spectrum!
with periodic BC d P ?

_, 2r
p = T(nx’ n, 1)

e —— — 4

Two particles: E =2 m* + n
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Free scalar particles in finite volume ____) Interactions change the spectrum!

with periodic BC

_ o ot A - RS T L e DN Come s TR SR T A SRS
/BRI o0y -1~ 1 P~ o5 o oo  Cm s . > kB oo v arerce s e A ZE3 24 A g S e o S TR o
3

Ground state to leading order

Ey — 2m = (p(0)p(0) | Hy | 4(0)$(0)) §

_, 2z
P = T(le, ny, n,)

Two particles: E =2 m* + n




Free scalar particles in finite volume ____) Interactions change the spectrum!

with periodic BC

_ : s ‘ - .-_.-5- h . B Ty S T em ‘.. - .-_.-5‘ )
/o AR o Ly - B XS O (&0 y T 7 R , TOM - TN 2 A" 5oy Yoz
P

Ground state to leading order

[Huang, Yang, 1958]

_, 2z
S P = T(le, ny, n,)

A s R e M e Y e B A VS o O SRL IR FETTI e TSy, 765 LS T T
2 . - B IR P 2 . - B IR P 2 . —p oan

e —— ik

Two particles: E =2 m* + n




Free scalar particles in finite volume ____) Interactions change the spectrum!

with periodic BC
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Ground state to leading order

_, 2z
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Two particles: E =2 m* + n




Free scalar particles in finite volume

Interactions change the spectrum!
with periodic BC d P
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' O Decay processes get distorted in finite volume [Lellouch,Liischer] AS AN Ref.
(=1.5+2.2) x 107*{(1.8 = 1.8) x 10~ *|Batley et al. (2007)




' O Decay processes get distorted in finite volume [Lellouch,Liischer] AS AN Ref.
(—=1.5£2.2) x 107*|(1.8 +-1.8) x 10~ *|Batley et al. (2007)

B




' O Decay processes get distorted in finite volume [Lellouch,Liischer] AS AN Ref.
o\ (=1.5+2.2) x 107*{(1.8 = 1.8) x 10~ *|Batley et al. (2007)

= -
=




' O Decay processes get distorted in finite volume [Lellouch,Liischer] AS AN Ref.
(—=1.5£2.2) x 107*|(1.8 +-1.8) x 10~ *|Batley et al. (2007)




' O Decay processes get distorted in finite volume [Lellouch,Liischer] AS AN Ref.
o\ (=1.5+2.2) x 107*{(1.8 = 1.8) x 10~ *|Batley et al. (2007)
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‘ O From the lattice, one can get the one-to-three finite-volume matrix element:
|
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(En, P, Ay, L|Hw (0)|K, P, L) .
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' O Decay processes get distorted in finite volume [Lellouch,Liischer] AS AN Ref.
o\ (=1.5+2.2) x 107*{(1.8 = 1.8) x 10~ *|Batley et al. (2007)

4 s |

‘ O From the lattice, one can get the one-to-three finite-volume matrix element:
|
|

(En, P, Ay, L|Hw (0)|K, P, L) .

4
(\>

e — i

‘ O How to relate that to the physical infinite-volume decay amplitude?

l Ty3r = <37T,Out‘7'lw(0) ‘K, P> :

29/29
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' O Decay processes get distorted in finite volume [Lellouch,Liischer] AS AN Ref.
o\ (=1.5+2.2) x 107*{(1.8 = 1.8) x 10~ *|Batley et al. (2007)

[

4
(\>

‘ O From the lattice, one can get the one-to-three finite-volume matrix element:
|
|

(En, P, Ay, L|Hw (0)|K, P, L) .

NREFT in [Muller, Rusetsky]
RFT in [Hansen, FRL, Sharpe]

e —— — 4

‘ O How to relate that to the physical infinite-volume decay amplitude?

l Ty3r = <37T,Out‘7'lw(0) ‘K, P> :

29/29
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: q V'sM

O Parametrize K-matrices with only s-wave interactions: 7 cot Oy = >

‘%df3 — %iS0,0 4 %iSO,l (S B 9M2> ?

[

df3 df.3




l . | | . . q VsM

O Parametrize K-matrices with only s-wave interactions: — cot oy =
M S — Zz
Fit By B1  25/M? MPKiy MPKhioy  x°/dof Mao M?rag i50.0 iso1 [ S~ OM? ?
5 -11.1(7) -2.4(3) 1 (fixed) 550(330) -280(290) 26.04/(22-4) 0.090(5) 2.57(8) K df.3 — =X df3 + A df.3 OM2 |

|

21-150,0 iso _ |

. M ]Cdf,3 * Kis(E)=0 ﬁ
LO yPT

Linear fit

3 (0

1250 -

[Blanton, FRL, Sharpe]
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MQIC
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; q VsM

O Parametrize K-matrices with only s-wave interactions: — cot oy =
M S — 23
Fit Bo  Bi z3/M* MPKyy MKy x°/dof  May MPrag 0 o1 S—IM 2 ?
5 -11.1(7) -2.4(3) 1 (fixed) 550(330) -280(290) 26.04/(22-4) 0.090(5) 2.57(8) v 4 dr3 — K df3 + % df3 M2 |
MQICiS0,0 | * Ki(E)=0 ﬂ
1500 - df,3 37\& * i Lcd)f;PT ﬁ

Linear fit
1250

1. 2cevidence for K a3 7 0.

R .
[Blanton, FRL, Sharpe] i

|
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21-1s0,1
]\ﬁ /Cdf,3 ? 30/25

—800 —600 —400




O Parametrize K-matrices with only s-wave interactions:

Fit By B1  23/M? MPKiYy MPKipy  x°/dof  Mao MP’rao

5 -11.1(7) -2.4(3) 1 (fixed) 550(330) -280(290) 26.04/(22-4) 0.090(5) 2.57(8)

* ’Ciisfc,%(E) =0
LO xPT
Linear fit

211s0,0
1500 - M de,3

3 (0

1250 -

N e —
[Blanton, FRL, Sharpe] i

|
—200 0 200 400 600

21-1s0,1
MK,

—800 —600 —400

30/25

q V/sM

— COot oy = B, + B,g* + -
Y, 0 S_Zzz( 0o T D19 )

/A _ %iso,O 4 %iSO,l 5 — 9M2 ?
df.3 = % 43 df.3 OM2 |

{,—#—_&-t

1. 2cevidence for K a3 7 0.

L.

Some tension with ChPT.
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O Parametrize K-matrices with only s-wave interactions:

Fit By B1  23/M? MPKiYy MPKipy  x°/dof  Mao MP’rao

5 -11.1(7) -2.4(3) 1 (fixed) 550(330) -280(290) 26.04/(22-4) 0.090(5) 2.57(8)

* ’Ciisfc,%(E) =0
LO xPT
Linear fit

1500 ~

150,0
MEK s B+

1250 -

N e —
[Blanton, FRL, Sharpe] i

|
—200 0 200 400 600

21-1s0,1
MK,

—800 —600 —400

30/25

q V/sM

— cot o, =
77 €0 P
2
/A _ %iso,O 4 %iSO,l s —9M ?
df.3 = % 43 df.3 OM2 |

1. 2cevidence for K a3 7 0.

Some tension with ChPT.

L.

Same spectrum has been analyzed
by [Mai, Doring, Culver, Alexandru]




O The FVU formalism has also been applied to three-pion systems
[Brett et al.] ?

02 Me=R20 MeV

O n=1 n =117

-------- LO ChPT

-== T3=1,

— i; = [_() -+ I_I.S'/IN.;:_

3.0

three-particle “contact” term
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O The FVU formalism has also been applied to three-pion systems
[Brett et al.] ?

002f  M=220 MeV " 5 ‘

0.01| ﬂ
 Tewnston with CWPT? ﬁ

O n=1

n=1.17

-------- LO ChPT

-== T3=1,

— fg = [_() -+ [_I.S'/‘IN;_)r

3.0

three-particle “contact” term
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Particle-Dimer pkase sm& [Jackura et al.]

Romero-Lépez et al. ©
'e)] | l | | | | | é
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7.5

‘ijswat B=33
&mpu&uc&e

Im&egr&£

d (@ l: 6.0_
aqu&%cons S
~—~

o 551
S

0.0

Particle-Dimer phase shift Wackuraetal)

Romero-Loépez et al. 0O

'e)] | | | I | | | é
8.6 8.8 9.0

(g/m) cot 6p

Dalitz plots from Lattice QCD (31)
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4 2
Mﬂ"%3‘
5 x 108 ?
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|
3 x 108 ‘

55 60 65 7.0 7.5

m%z/ m?r

40 45 5.0

[Hansen et al. (HadSpec) ]
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Finite-volume information & two-body interactions
1 | F 1 )

— F F 3

L’ 3 (K2) '+ F+G

Fy =

| Fernando Romero-Lopez, MIT
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Finite-volume information & two-body interactions

F 1 ' ?
13 4 1 4 |
3 (K2) "+ F+G

L3 Z / d3k

| Fernando Romero-Lopez, MIT
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| O Construct a “finite-volume amplitude” with spectator singled out

M (P) = D) £

<
=
3
I

S| My (P)

& S R

O Infinite-volume limit

’ M5(E, P) = lim lim Ms 1 (E + ie, P)

| e—0" L—00

————— R —



' O Relevant three-body systems involve nonidentical particles (z7zN)

O Let us consider mass-degenerate pions with different flavor |eg. nn'n™

[Hansen, FRL, Sharpe, JHEP 2020] ?

2 All pions have the same mass

2> Overall isospin is conserved

2 Presence of resonances

> Example of multi-channel scattering

| Fernando Romero-Lopez, MIT
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. O Three-pion formalism: detk,ﬁ,m,f[l _ de,?, (E*)F3 (E, P’ L)] — 0

[Hansen, FRL, Sharpe, JHEP 2020] \

additional “flavor” index F; =

é—%—_&-t

‘ O Need to include all diagrams connecting all possible flavor combinations
|
|

> T possibilities in the zero electric charge sector

1191=001602)1=10 00102 (1523 3)

| Fernando Romero-Lopez, MIT
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[Hansen, FRL, Sharpe, JHEP 2020]

' * — F | 1
| detk,ﬁ,m,f[l — de’g(E )Fg(E, P, L)] — () Fs = 5 FK2_1 _F_GF
nt ?
(a) (b) - (c) _+ ‘,
(= (P
( :o,l:1)
1 Mm O 0 0O 0O O D 0 0O 0 0 0 O m
| O om O O O O O 0 0 O O m O O
| O O m O O O O ( ([7”70 € mmo] [m_mo < mo 7] ) \ O O O O O m O ,
F=Fx|O O O m O 0O O K,= | \Fom- & mm) [momo e mom ] y G=CGx|O0O O O m O O O
0 0O O O m O O 0 O om O O O O O
0 0O O O O m O \ K-/ O O om O O O O
3 \0 O O OO O m \m 0 O O O O 0O
|

2> Diagonal in flavor > Two-body interactions can change flavor 2> Permute the spectator

38/25

| Fernando Romero-Lopez, MIT
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» O Project to definite total isospin det[1 — K\ ,(E*)F (E,P,L)] =0 |

1

]

O Four independent QC3! Fj' = |
3 1 — M, Gl

MILEN M) =

| Fernando Romero-Lopez, MIT
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O The three-particle K-matrix has the same symmetries as the scattering amplitude

O For identical particles: ?
> Particle exchange symmetry: de,g(pl,pz,pg; k;) = de,3(p2,p1,p3; ki)=... |
2> Time reversal: ’Cdf,3(297:, ki) = ,Cdf,3(ki7pi) ‘

O For there-pions with definite isospin, need to consider flavor indices. Example:

_ 2
2 |=0 flavor wave function is fully antisymmetric t’ij = (pi — kj)
‘ 3m, I=0)~|+0-)—[04+—-)+]0—+)+|—0+) — |+ —0) + | — +0) |
v
V > Therefore, the K-matrix must also be antisymmetric Kgff;o] O ICQSS €;ikE€mnrbimbin M
ijk
Il
> Minimal parametrization for resonances: Kgffzo""(m)] _ cxVaV
’ ’ S — Mf

| Fernando Romero-Lopez, MIT
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