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Three particles from QCD 38 = “Three-Bodly”

Many hadrons couple to / ‘ \ ~89%
three-particle channels

m

Amplitude analysis is essential
e Not just for resonance extraction

e Unique kinematic effects

e ?- and 3-body forces

e | attice spectra and K-matrices are only a
piece of the puzzle...
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Lattice-to-Amplitude Workflow

Finite-Volume

K-matrices
(scheme dependent)

Quantization Conditions
Two-body
spectra

det(F, ' 4+ K3) =0 ~_  Ks

Three-body
spectra

“Finite-volume
function”
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Lattice-to-Amplitude Workflow

Infinite-Volume

QCD Input

Integral . . 0! \
Equations 1Mz = % -7 T

e P\W Projection
e Analytic Continuation

Post-analysis
e Symmetrization
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PW = “Partial Wave”




A concluding step in the formalism...

Need for Symmetrization

¢ |ntegral equations use pair-spectator basis

e Singles out initial/final momenta as spectators
¢ Remaining two form a pair

¢ Final amplitude has unphysical dependence on spectator

Asymmetric Pair-Spectator Amplitude

/
op, S, m Ok,S,m

MS’m’;Sm(pa k) —

P k
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Partial Wave Formalism
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Partial-Wave Projection

considering spinless particles...

/ Ny / . / 7 /
/ k boost /

3B rest frame (initial state) Pair rest frame

Pair-spectator Kinematics

Spectator Momenta P k
Pair Invariant Masses
Spin of pairs

Pair-spectator orbital ang. mom
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Partial-Wave Projection

considering spinless particles...

PW = “Partial Wave”

-

PW project pair to
deflnlte (and isospin 12

/ N / . /
/ k boost

3B rest frame (initial state)

Pair-spectator Kinematics

Spectator Momenta p k
Pair Invariant Masses o, O
Spin of pairs S" S

Pair-spectator orbital ang. mom

Pair rest frame

WILLIAM & MARY Lattice 2026 | UMD, College Park | July 30, 2026 (821,



Partial-Wave Projection PW = “Partial Wave'

é )
PW project pair to

deflnlte (and isospin 12

/ N / . /
/ k boost

3B rest frame (initial state) Pair rest frame

considering spinless particles...

undo boost

Pair-spectator Kinematics

Spectator Momenta p k L
Pair Invariant Masses o' o > @ ¢
Spin of pairs g g o 12 S

Pair-spectator orbital ang. mom L L

3B rest frame
(spectator + quasi-particle)
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Partial-Wave Projection PW = “Partial Wave'

é )
PW project pair to

deflnlte (and isospin 12

/ N / . /
/ k boost

3B rest frame (initial state) Pair rest frame

considering spinless particles...

undo boost

Pair-spectator Kinematics

Spectator Momenta p k
Pair Invariant Masses o, O
Spin of pairs S" S
Pair-spectator orbital ang. mom L L
Total ang. mom J 3B rest frame

(spectator + quasi-particle)
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We need to symmetrize...

The pair-spectator basis creates an
unphysical dependence on spectator choice

j’+2 j+2

Z i +1
7" ,

Symmetrized Asymmetric Pair-
Spectator Amplitude

M M (359)

Spectator Index

j.3'=1,2,3

P; —7 Pj+1 —7 Pj+2
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We need to symmetrize...

Key Concept

Difficult to symmetrize in pair-spectator basis

e Requires relating angular kinematics in different Lorentz frames

Difficult to relate
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...SO let’s try a new basis

ZA

Dalitz Basis

Separate angular kinematics in
3B rest frame

No more boosting

S
€ZT ZU]

Dalitz PW Projection oy )

Pair invariant masses

MU (p, k) ].Eyl
=) > M3, (o'} {o})D DY (E7) )

AN,
J XN i ? t o= P2.

pair

5 variables 3 variables = (Vs —E; )2 — p?
\_ Y,
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Symmetrizing Dalitz PWs

Now, it’s easy to move between spectator choices

e Rotate, then re-orient reaction plane

> Z

T

Zj  Pj+2 “j+1

Pj+1

\ Ry(wj—jt1) /
r Zj r Tj+1

«— () > = ——)
Pj+2 J Wj—j+1

Pj

Zj+1

; Yj+1
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Sym m et ri Zi N g D al itz PWS [Jackura, Chambers, Bricefio. PRD 113, 014019 (2026)]

New strategy:
1. Construct amplitudes from K-matrices in pair-spectator basis

2. Complete symmetrization step in Dalitz basis

Symmetrized PW Amplitude

Jargon . ..
Recoupling Coefficients
. . e Clebsch-Gordans
q Target Quantum Numbers” (e.g. omega) e Wigner-d matrix elements

e Wigner 6-j symbols (isospin)
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Toy Model Application
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Model input: Three Pions

1

One-particle exchange (OPE) @ / g - (P—p—Fk)2—m?
e K3=20 - _
5 1Mz = “OPE function”
* No integral equations @
180
160 \ /"’ I o O
27 amplitude input 1‘218 : —
E -t I I o 100 +
e Exact isospin 5wl 7—1
e S<1 60 |-
40 +
e m, ~ 400 MeV 20 |
0 f=——
* m, X 2.2m; 90 4 . . . . L[ = 2
2.0 2.1 2.2 2.3 2.4 2.5
Vo [ My
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Dalitz Distributions

Differential 3B “Reaction Rate”

Exhibits symmetry
predicted by Zemach

C. Zemach, Phys. Rev. 133, B1201 (1964)
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Dalitz Distributions

Dalitz distributions exhibit rich symmetry features
and two-body subchannel physics

( mxT
——————{1") =009 A
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/ 2
0-2/m7r

'108
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Dalitz Distributions

Dalitz distributions exhibit rich symmetry features
and two-body subchannel physics

6.0

DO
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vanishing intensity
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5.0
oh/m2
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Final Thoughts

1. 3B integral equations produce
asymmetric amplitudes

2. Symmetrized amplitudes lead
naturally to Dalitz distributions

3. These symmetries are only visible
through post-analysis of 3B
amplitudes

4. Results already applied,
see [2510.24894 ]

Vo1 /M Next Step: Particles with intrinsic spin
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3B Lattice Calculations
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Backup Slides
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We need to symmetrize...

Key Concept

Difficult to symmetrize in pair-spectator basis

e Requires relating angular kinematics in different Lorentz frames
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XY§j+1/j(9;—|—1) ‘pj‘|‘17 JmJ? L]+1Sj—|—1>
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Dalitz Distributions

Nodes of vanishing intensity correspond to symmetric momenta cfgs.
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Log singularities in Dalitz Plots
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Subchannel Contribution

Ig, | JPC ([rrlgm)L
0+ ([rm]ém)s
3~ 1—+ none
1 ([rm)sm)p
0~ ([rm)5m)s, ([7m]pm)p
2~ 1=~ ([rm)bm) p
1+ ([rm)37)p, ([r)bm)s, ([rm]bm)D
0+ ([r7)3°m)s, ([rm]bm)p
1= 1= ([x7]pm)p
1 ([rmlg’m)p, ([nx]bm)s, ([rn]bm)Dp
U ([rm]pm)p
0= | 17 ([rm]pm)p
17 ([rm)bm)s, ([rm)bm)p
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Initial kinematics

initial state plane

fixed-target frame

WILLIAM & MARY Lattice 2026 | UMD, College Park | July 30, 2026 (28} ——(21,



