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Two-particle matrix element

mm+ JH — 7, <7T7T, out|J"|mm, in>

* Interacting pi-pl 7

Interaction
bubble

* In/out rescattering
e finite-volume norm

e smooth current kernel

Refs: Briceno-Hansen 2016; Baroni et al. 2019; Briceno et al. 2021
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Resonance form factor
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* resonance pole in pi-pi amplitude
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» double-pole limit in both channels j — wl_é_lf — K
) Lo .
» residue: resonance form factor ' double pole: 51,57 = '

- . M
residue: FpJp

Ref: Briceno-Jackura-Ortega-Gama-Sherman 2021
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pp electroweak processes

pp+ T —pn —> pp—detr, (final pn pole)
pp+ JTem.z —Pp — two—proton electroweak response

* two-proton scattering input
* charged and neutral currents
» deuteron pole from final proton and neutron

* two-nucleon current operators

Refs: Moscoso et al. 2026; Wang et al. 2026
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Lattice QCD input
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Refs: Luscher 1986; Briceno-Hansen 2016; Baroni et al. 2019; Briceno et al. 2021
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Lattice QCD input

Co(t) = (0|0 ()01 (0)[0)  (t3>1) ~ Y | Z,[*e FnlL)

Cé“b(tf, L, t,,;) — <O‘Of(tf)j“(t)oz(ti)‘0> (tf > 1> tz.) ~ ZfZi*e—Ef(L)(tf—t) <Ef; L‘j‘u‘EZ-, L> e—E@-(L)(t—t@-)

 two-point fits -> finite-volume energies
» three-point fits -> current matrix

* FV matrix -> matching input

Refs: Luscher 1986; Briceno-Hansen 2016; Baroni et al. 2019; Briceno et al. 2021
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Luscher: spectrum -> scattering
det| K" (E*)+ F(E,P,L)| =0

* moving-frame kinematics | | 1
iM(s) = iK(s) T 1K (s)

* Energy spectrum input

* K-matrix fit B ¢ gt
pﬁ’mgrgﬁmg _ 6£’£ 5m£,m€ 87"-\/5

* reconstructed amplitude

Ref: Luscher 1986
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Finite-volume problem

2-2 Finite-volume matrix element

T IY{(Py, LITH(0)| P, L) = \/R(Py, L)R(P;, LYW} (Pt, P, L)

Wi a(Py, Piy L) = Wye(Py, Py) + f(Q*)M(P§)G"(Py, P;, L)M(F;)

N\

2-2 Infinite-volume divergence-free matrix element [ (E — E,,) ]

R(EnP) = Jiy FOEL) ey m(p D)

» Lellouch Lushcer normalization factor é .

-~ - ~ -
-~ - - -
--------------------

» current matrix-element matching

Refs: Lellouch-Luscher 2001; Briceno-Hansen 2016; Baroni et al. 2019
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Finite-volume problem

L3(P;, L|T"(0)|P;, L) = \/R (Py, LYR(P;, L)W" (P}, P, L)

WE Py, Py L) = Wi(Py, B) + f(Q*) M(P})G*(Py, P, L)M(P?)

Full amplitude A

P,—p \ on-shell contribution

— h = E :{l } m scattering amplitude * propagator * 1pt form factor

1 ﬁa ; _

RS WEN €5 i(*)/g
Refs: Lellouch-Luscher 2001; Briceno- Hansen 2016; Baroni et al. 2019
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Finite-volume problem

iWS(Py; P) = iM(sy) [A"(Py, P)|+ £(Q*)G" (Py, P)] M(s.),
< N

Mer Omorp h iC I non-analytic

* How to parametrize? s ¢
Hint from EFT. W = Pfej%zﬁa S {0}

Z{)Li} j/()\i LGS S

L3<Pf,L|g7N |P7,7L \/R Pf7 PZ?L ngf(Pf"PZ’L) _g ?

Wf df(Pf P L) ng(Pf f(Q ) (Pf )Gu(Pf P L)M(P’Lz) Refs: Lellouch-Luscher 2001; Briceno-Hansen 2016; Baroni et al. 2019
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Chiral perturbation theory

* Chiral Symmetry Spontaneous Breaking SU(2); x SU(2)gr — SU(2)y

* Low energy effective field theory for pions
) Definition
Lo = thr D,U'D'U + x'U + U'x] U e SU@2) x =M1y,

2/3 0
D,U=0,U+1ieA,|Q, U]l Q= ( (/) _1/3)
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Chiral perturbation theory

* Chiral Symmetry Spontaneous Breaking SU(2); x SU(2)gr — SU(2)y

* Low energy effective field theory for pions

2 Definition

Ly = tr[D,UD'U + x'U + U] UeSU@2) x= M2;12x2
. - (2/3 0
D,U=0,U+1A,|Q, U Q= ( . _1/3)
Exponential parametrization: U(z) = exp(i(I)J(cx)) B(z) = ifr = ( 7;0 ‘/iﬂj)
: : H2 H 3 A
Square root parametrization: Ulz) = \/ L - g i, B= S s, ;: i
—1 P o — P :Z{);}JFWA



Chiral perturbation theory
Ten
* Typical diagram for r* gt — gtgt

Similar but not equal.
Kinematic poles cancel
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scattering amplitude * propagator * 1pt form factor

Vertices generated via FeynRules.

Diagrams generated by FeynArts.
Amplitudes simplified with FeynCalc.
Loop Integrals calculated by PackageX.
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Results
, loo , Ct
Ay = A 10 + A% Nio + A% NLO

JéumOC’Tg, IJ:]_ 7TO7TO—|—’7*%7TO7TOZ .Afo:O AﬁLO;&O

~»

LO: ¢, =¢;=0, NLO: [A%]¢ 101

* |SOSpIin channels coupled by current
* neutral channel generated beyond leading order
* higher partial waves enter through loops

* near threshold hierarchy: S wave largest
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Summary

» two-body current amplitude target
» |attice data -> current kernels

* 1loop ChPT results, to be compared with lattice data
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