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Motivation L ATTICE 2024
Electroweak Hadrons

B Hadron Spectroscopy and internal structure of (JCD) states

Tuesday (4 PM) Hadronic and Nuclear Spectrum and Interactions

The timeline pion form factor and other applications of I = 1 zx scattering
Nolan Miller

Timelike pseudoscalar form factors in a coupled channel from LQCD
Felipe Ortega-Gama
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Motivation L ATTICE 2024
Electroweak Hadrons

O Hadron Spectroscopy and internal structure of (JC[) unstable states

* Neutrino-nuclear reactions are critical!

O Proton-Proton fusion, vd scattering Single-weak current

Wednesday(4 PM). Zi-Yu Wang

Lattice calculation

| DO“ble ﬁ-decay TranSitionS Proton-Proton Fusion Matrix Element

o) ﬂ ,B Low-energy NN — NN

L-violating ﬁ‘ﬁ‘ iCrin—spp = é é mé’m(%m i Mé”é’m . @é’mém :
0vpp é
?)m ik lelm + 0 (Y

LEGEND, 1

['Tiburzi, Wagman, Winter, et.al. (2017);1702.02929]
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Motivation L ATTICE 2024

LATTICE ocD

O LQCD calculations of multi-hadron systems are maturing to include

Meson-Baryon systems, Coupled-Channel Systems, Meson Form Factors

O [attice QCD for Ovpf [Ciriliano, Detmold, Nicholson, Shanahan (2020);2003.08493]
* Connect to EFTs with transition amplitudes (Matrix Elements)

O Long-Distance Nuclear Matrix Elements [Davoudi, Detmold, Fu et.al. (2024);2402.09362]
NN

- Heavy Physics (Short—Range) Contributions [Nicholson, Berkowitz, Monge-Camacho et.al. (2018);1805.02634]

FV Formalism required for LQCD calculations

‘..: ooooooooooo > ‘
R " G fin; .
D : & nite-volume fini :
P T : nite-volume
finite-volume : ‘ . two-to-two : one-body
spectrum ‘ matrix elements : matrix elements { . ®

-----------------------------
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Background LATTICE 2024

2 — 2 Elastic Scattering

P+ = (E, P) |
Q ’LM p— «— P

Analytic Structure
| J, my, 5, L, a> Im(s) Sheet |
L Liischer
oo . —1 ) 2m?* < s < 3m?
¢ Liischer Formalism det (F~'(E,,L) + M(E,)) =0 D Wi BA RE()
Bound state
—— Eﬁ - Im(s) Sheet Il
- E3 H 1
B Virtual
} P— E1 m FEm,E’m' (Pa L) Bound State
; Q BoAaaaaatiane Re(s)
amm— F
i bound state lim gcotd < O

q—0

Discrete

Encodes FV efftects

Joseph Moscoso, Lattice EFT Test of FV 2 Hadron Matrix Elements 5



A Background L ATTICE 2024

I.A"I(E — Reality N+ ./ — M Twansition Amplitude

1 + j — 1 A
A -« -«
“Won = 1 k
- 1+ -2
¢ Lellouch-Liischer (LL) vEnr — nn P
[Lellouch, Liischer (2001); 0003023 | |Briceno, Dudek,Edwards et. al.(2016); 1604.03530]
K — nm (nr| 2Ly | K) A

2+ 7> 2

¢ Recently developed Formalism
Covariant, Relativistic, New Analytic Properties
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Formalism L ATTICE 2024

(2|712)r Roadmarp

ST A " Liischer
.. ' formalism . ®
finite-volume : : > partial wave
spectrum | amplitudes ‘/
Veesssssssnnns .i'. .
finite-volume ‘\
two-to-two  : 2+J — 2 ® two-hadron
matrix elements : amplitudes / form factors
’ ®

finite-volume
one-body :
matrix elements

1+7 -1 o—_
amplitudes and
®

form factors

| Briceno, Hansen; (2015) 1502.04314]

| Baroni, Briceno, Hansen, Ortega-Gama (2019); 1812.10504 ]
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Formalism L ATTICE 2024

physical 2 + J — 2 matrix element

Wi, (Pr ks Py k) = (Pg, ks out| Ty ..., (0)| Py, k510 conn,

- ﬁ%@@@@@ﬂf K

= )'( T * —  (2|TJ|2)p "weivtwo
Wty -, i

matrix elements

Had CD g
adron (QCD) 1-++J->1 Matrix Element

j 0 L.ocal Current

M = >(<— P 2 ->72 Scattering Amplitude

Triangle Diagram
G.“l"'“n (Pf7 P, L)
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Formalism L ATTICE 2024

FV Analytic Structure

[Lf”%ﬂzﬁ 2 ‘/(gwl;
IM = )<<—P

ke (2n/L)Z3
On-shell Intermediate States Isolated Poles

real part

Kinematic Singularities

Landau Singularities

FV Free Energies
Poles

imaginary part

L Er - ImG
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Formalism L ATTICE 2024

(2|712)r Consistency Checks

O Conserved currents and bound states [Briceio, Hansen, Jackura; 1909.10357]

Current Conservation!

¢ Charge Operator /d3X~70(ﬂ7) - L*JY%0) = Q (P, L|Q|P,, L) = Q
@ Conserved Vector Current 0.J Hlx) =0 Qo = Qp + Q,
@ Q*=—(P;—P) =0
i*(ig)*

1 WH(Py, P) = (P; + Py)* Fs(Q?)

(sf —sB)(si — sB)

2 (2T12)1 — (21712 + o)

S-wave bound-state
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Formalism L ATTICE 2024

(2|712)r Consistency Checks

O Conserved currents and bound states [Briceiio, Hansen, Jackura (2019); 1909.10357]

. Current Conservation!

¢ Charge Operator /dSXjO(fL‘) L I3JY0) =Q— (P,,L|Q|P,,L) = Q

@ Conserved Vector Current o, J" () =0 Qo = Qp + Q,
@ Q*=—(P;—P) =0

Test using numerical EFT *

Single External Vector Current
o’ [Briceno, Jackura;, Ortega-Gama, Sherman (2020) 2012.13338]

S-wave bound-state
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Lattice EFT L ATTICE 2024
Lattice Pionless EFT =i

OLow energy Nuclear EFT Energies << m_ (same condition as Liischer)
2 point-like non-relativistic nucleon
point € non-relativistic nucleons LECs

interacting via delta functions
| .
92 - - * o

Vz
=y (’i&r | ) ¥+ 9o (¢T¢) g |

Nucleon Mass _/

Tune coupling by using s-wave scattering amplitude

4
= Mﬂpcoté—zp >< >Q<

1 1

FRE pcotd= e e éropZ +ript 4.,
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Lattice EFT L ATTICE 2024

Endres, Kaplan, Lee, . . v2 :
Nicholson (2011) DlSCI‘EtlZe L..= ,(p’r (Zar 2M) w 9 ("'M"p)z W}LQ

Enforcing continuum limit  Hubbard-Stratonovich - l Z QPT K(
T T
0 O Z w;V%zp] b
\ J
D (AN, -1) 0 0
0 D X(éN,-2)
f . Z b Qp KO]T’T, wT : K[¢7 N'r] = , : :
7.7/ . bgv% : : : ZOD Xgo)
= Z \V ngoqu,Twl,T"px,T—l - 2 APBC .
X X(¢r) =1—4/909- T =0
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Lattice EFT L ATTICE 2024

Endres, Kaplan, Lee,

v | Transfer Matrix Method (Euclidean Time)

\Ijsnk,Q — C(T) — <\Ilsnk,2‘6—HT‘\Ijsrc,2>

src,2

1
& = 7 /D¢D¢TD¢6_S[¢T7¢7¢]\I]T

-

5 /5 ; - 90'5 ‘ 2,
e Tlp'd) = P00 T vOoptar'+q e
' { B PdTIPd) = e T M

27

P = T"
Periodic Boundary Conditions
Brillouin zone —

Parameters [3%x 3 JP—

L Lattice size T=Hy+c TE V, i @i

M Mass If

C C l. Nesnns i ....... L

oupling
d Momentum det (T 4 0 NR 08 %
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L ATTICE 2024
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O Extract E* from Ey,

40 -

Preliminary Results

L ATTICE 2024

Formalism is made for relativistic theory Assumption:
No Physical Mass Scale in NR theory m=M
M ~ 1/a,
EX;R:E*—ZM 2 M — oo
L 2 g?r=—=+ ME}, 2 _ ME
) _ B M2 4 q NR
1T |

35 4

30

25 A

0

*
ENR

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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Preliminary Results LATTICE 2024

E Assumption:
/= E -y
m =
*cotdla*) = 2 7d (1. q¢L” Relativistic
O Extract £* from E g cotd(q’) = T 00 (1; Ar2 )
NR yL~\/m s
M = 50
O FP,L)to get p™ cot o(p™)
5 0.90 g ® d=[000]
=5 I o003
4 = 8 - m d=[111]
Ld =[00 O]J ./
o [ |
w2 B =
I x> 4] O
*U Q
Q 1 C. N -
0 : o B - L =8
= 1 B . c = 0.5
= ; YL M = 50
- . : i : : 4 000 0 2 4 sp*z 8 10 12

*2

p
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Preliminary Results LATTICE 2024

_ £ Assumption:
T E m=M
A . 2 g Relativisti
O Extract E* from E g cotd(q”) = A clativistic
NR yL~\/7 4
M = 50
O FP.Ltogetp*coté(p*) @ Relativistic form of scattering amplitude  ERE fit
2.0 - =
c =0.5
M(s) = 1 L5 1 d=Pg=0581 ra==-656'gg
7 p(s) cot 8(s) — ip(s)’
Te) 1.0 -
_ T S
p(S) T 87TE* a 5
* NLO 1 1 *2 |
g cotd Y (s) = . | 574 -

—-0.5 0.0 0.5 1.0 1.5 2.0 21 3.0 Sed

p*2
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Preliminary Results LATTICE 2024

T \/\_/, Single—Particle Form Factor f( Q 2) = ]

2 2
Ground-state NN system Eigenvectors of Transfer Matrix Q — = (P f— P i)

(NN)o(P)) = Y ax (P)lp(ki) In(—k; + P) P =(E, P)

((NN)(P)IT(@Q)|(NN)o(P)) =) ak,—(P —Q)ax, (P)(2kk — Q") Timelike. i = 0

Current Conservation!
Matrix Elements, L8,c0.4,M50 W(Pﬂ) Ll Q |Pn’ L) — QO

1.0 - ‘
Scattering State O . Qo=Q,+ Q,

0.8 -

Py ]
~
N
g 0.6 - o . ° @
[
~~— 0.4 -
0.2 - ¢

0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
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Preliminary Results LATTICE 2024
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hesintuninnnnny
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L3 (Pa. g, L| T° |Pai, L) = Wy, 4g(Pa.f, Pai, L) \/ R(Pas, LR(Pn i, L)

/ \

Finite Volume Matrix Elements LL factor
2+J->2 Matrix Element Correction of the FV states

Transition Amplitude
2+J->2 Matrix Element
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Preliminary Results LATTICE 2024

‘ LL factor

Dalin Correction of the FV states
R L) = | 2 (F1PD)+ M@s))|| = [ O M~(s) +2EG(P, L) — 2G*=(P L)]_1
(Bn L) = | g (F (B L)+ M(s)) o ML) | 0E | S roray
Scattering State Near-Threshold Bound Deep Bound State
= Cl\TL—():':)lS = 5.168 - c=05 . ; =L—O='78 = 5.362
2.0- 4=10 0 0] iR . d=P:I)=058] e d=[“3'053] P
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Preliminary Results LATTICE 2024

, . LL factor

Dalin Correction of the FV states
RPuL) = | L Fr s M) = [ O M(s) + 2EG(P, L) - 2G*=°(P L)]_1
(Fn, L) = 3_E( (P, L)+ (3)) E=En_— M?2(sn(L)) | OF ’ " pep, (1)
Scattering State Near-Threshold Bound Deep Bound State
—6 —6 -5
C 10 - 10
- 3.0-‘

Rn(P, L)




Preliminary Results LATTICE 2024

. Divergence Free g

.. ..... .; '

Free of 1+J->1 Poles i éf
G‘Wdf;m---un
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?
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Preliminary Results LATTICE 2024

wrai N B Divergence Free é
iy =) Free of 1+J->1 Poles o+ éﬁ

3 G’ Wty pim
L <Pn,f7 Ll Vi |P’n,’i7 L> — Wg,df(P’n,f? Pn,ia L) \/R(Pn,fa L)R(Pn,ia L)

‘.
-
“
.

WY 4i(Pg, Ps, L) = Whi(Ps, P;) + f(Q*)M(sy) [(Pf + P)*G(Py, P, L) — 2G*(Py, P, L)] M(s;)

LQQ Scattering State Near-Threshold Bound Wi (Pr, Pi) Deep Bound State
3
i 4.0.}{) 1@?
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ng(Pfa P’&)
- 6 0 1 > o 2

. . 1.0 OZ
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(2|T12)z

Formalism has been developed and will be critical in
providing theoretical predictions of electroweak matrix

elements from QCD.

S-wave bound-state

ME Preliminary Lattice EFT calculations of transition
amplitude in three cases:

Deuteron Break Up?
1+ 7= 2 Scattering State, Shallow Bound State, Deep Bound State
Reverse Reaction l Next Steps:
2+ 7—-1 Non-Relativistic Implementation of the Formalism (

Error Estimation through Gaussian Bootstrap

Confirm Transition Amplitude behavior for Bound States

Conclusion LATTICE 2024
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