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Motivation

@® SM is well known to have CPV, but not enough for baryogenesis!

@ 2019: LHCb observed CP violation in hadronic charm decays D !

| Acp = Acp (K" K™) 1 Acp(!7 1)

= (1 154+ 2.9)" 10 *
LHCDb

New physics, or non-perturbative QCD?

¥ LHCb (PRL, 2019) ¥

@ Lattice QCD can provide the needed SM amplitudes

@ This work: pilot lattice calculation of D! K! atthe U(3)g point




Relevance of SUJ(3)g calculation

& J(3)r / U-spin: organise abundant D I PP, PV data to “reduced” or “topological amplitudes”

Decay SU(3)r Amplitude
DY —» K—nt TEVuaViy 5 (V2427 + V245 — V/5Cs)
D° — K n0 ﬁf:v V2 & (3497 — 245 + v/10Ck)
D° - K n f/zzv JVr 15{ (3v2427 + V2(v/5 — 2) As — vV/5(v/5 — 2)Cy)
DY — fon’ ?;V aVe 30\/— (3427 — 2(1 4 4v/5) Ag + V/10(1 + 4/5)Cs)
Dt 5 Kt CEVaaViy Js Aot
Df - K K+ ?/EVudVC*S s (V2427 + v2As + V/5C%)

Df — 7ty 351/ Vi 15\/—(6\/_A27—\/_(4—|—\/_)A8—\/_(44—\/_)08)
Df = mty | CEVuVeE 7 (3427 +2(2v/5 — 1) Ag + V10(2V5 — 1)Cs)
¥ Bhattacharya et al. (2021) ¥
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Relevance of SUJ(3)g calculation
& J(3)r / U-spin: organise abundant D I PP, PV data to “reduced” or “topological amplitudes”

Decay SU(3)r Amplitude
DY — K—rnt C\;/EV Vcﬂ; é (\/§A27 + \/§A8 — \/508)
DO — K 70 ifiv V2 15 (3A27 — 2Ag + v/10Cs)

DY _>KO77 ?/EV ‘/CZ 15\/— (3\/714274-\/7(\/_ )Ag—\/g(f )Cg)
DY = K | EVudVe 557 (3427 — 2(1 + 4v/5) Ag + V10(1 + 4v/5)Cs)

D™ — EOW+ ?/EV Vcﬂ; —2A27
D;_ — FOK+ ?/EV dVos % (\/_A27 + \@Ag 4 ﬁCg)

Df — 7fn 351/ V. 15\f(6\/_A27—\/_(4+\/_)A8—\/_(4+\/_)Cg)
Df — oty f/zv aVos f (3427 + 2(2v/5 — 1) Ag + V10(2v/5 — 1)Cs)
¥ Bhattacharya et al. (2021) ¥

@ Fits to experiment require symmetry breaking, typically at the expected 20 - 30 % level

Lattice QCD can provide first direct determinations at SU(3) while building
technology/experience towards a calculation at the physical point



https://inspirehep.net/literature/1895135

Basic approach

@ Integrate out electroweak physics ! basis of four-quark operators
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@& Finite-volume formalism required to relate these to amplitudes




Basic approach

@ Integrate out electroweak physics ! basis of four-quark operators
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@& Finite-volume formalism required to relate these to amplitudes
@® Large body of related calculations:
Kt 1" =3/2 RBC-UKQCD (Blum et al.) (2015)
KU 1" =1/2 RBC-UKQCD (Blum et al.) (2015, 2020)
L= 1 1Lg 1 Ig Hadspec (Briceno, Dudek, Edwards, Shultz, Thomas, Wilson) (2015, 2016)
l#1 1ILS 1 1# Alexandrou, Leskovec, Meinel, Negele, Paul, Petschlies, Pochinsky, Rendon, Syritsyn (2018)
K# 1 Kl K1 K# Hadspec (Dudek, Edwards, Radhakrishnan) (2022)
B! 1%& B! $%& _eskovec, Meinel, Petschlies, Negele, Paul, Pochinsky (2025)
D! Kl%é&, D! K*%& HPQCD (Harrison et al.) (ongoing)

B! Kl%%(, B! K*%'%( Erben, Black, Boyle, Di Carlo, Gulpers, Hansen, Lachini, Mukherjee, Portelli, Tsang (ongoing)
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Roadmap of the calculation

Finite-volume matrix elements

My = 'n,L|Hw|D,L"




Finite-volume matrix elements

Mo = In,LIHw[D,L" = CMS lim ZMS lim 10! (" ¥/ 2)Q;(0)D (" t/ 2)|0",

al 0 I t"

Non-perturbative renormalization of four-quark operators)
Control of discretization e* ects (enhanced by the charm mass))




Roadmap of the calculation

Finite-volume matrix elements

Moo = In,L|Hw[D,L" = CMS lim ZMS lim 10! (" t/ 2)Q;(0)D(" t/ 2)|0",

al 0 I t"

Cik (t) = 10]0; (1)Ox (0)|0"L

C(t)va(t,to) = In(t, to)C(to)vn(t,to)
)= v (tg, to) Oy (1)

K

Non-perturbative renormalization of four-quark operators)
Control of discretization e* ects (enhanced by the charm mass))

Reliable creation of excited multi-hadron final states)




Roadmap of the calculation

Finite-volume matrix elements

MnpLe = In,L|Hw|D,L"=  Cpo |i|mOziMS| im 10! (" ¥/ 2)Qi(0)D(" ¥/ 2)[0",

. " al L

I
InPnite-volume decay amplitudes Cik (1) = 10]G; (1) Ok (0)[0",
. ., C(t)Va (t,to) = ! n(t, to)C(to)Vn(t,t
A(D' |): C1|__L(| ‘!!1!!!1aaﬁMn1,L1,Mn2,L2,aa] (t)vn (1, to . (t,to)C(to)Vvn(t, to)
0= v (ta, o) O (1)
Lellouch-LYscher framework (""" " etc. represent open channels) ‘

Non-perturbative renormalization of four-quark operators)
Control of discretization e* ects (enhanced by the charm mass))
Reliable creation of excited multi-hadron final states)
Extraction of the matrix element from three-point functions)

Formalism to relate finite-volume matrix elements to the amplitudes




Roadmap ! Finite-volume formalism

Finite-volume matrix elements

Mnpo = !n,LIHw|D,L"=  CMS hlmOzMS' im 10! (" ¥/ 2)Qi(0)D(" ¥/ 2)[0",

| a t!

I
InPnite-volume decay amplitudes Cik (1) = 10]0; () O (0)]0",
. . ., C(t)Vn(t, to) = ! n(t to)C(to)Vn(t,t
AD! 1)=Ctepr 1" aadMn, (,,Mpn, 1,,44] Dinlito) = EnllTo)E (o) (L o)
)= v (t, 10) O (1)
Lellouch-LYscher framework (""" " etc. represent open channels) ‘

Non-perturbative renormalization of four-quark operators)
Control of discretization e* ects (enhanced by the charm mass))
Reliable creation of excited multi-hadron final states)
Extraction of the matrix element from three-point functions)

Formalism to relate finite-volume matrix elements to the amplitudes




J(3) theory

& Project everything

' to an SU(3)g irreducible representation (irrep)

A ~~3 incomingD, weak Hamiltonian# \,), outgoing two-hadron state { , KK, K!, KK)

10



U(3)r theory

@& Project everything

' to an SU(3)g irreducible representation (irrep)

"—3 incomingD, weak Hamiltonian#{ ), outgoing two-hadron state { , KK, K! , KK)

@® Two-pseudoscalar state yields six irreducible representations (we focus on the 27)

X — D Or—D1lD D
8R8 = 2791081 ® 10 8.
Contains
| = 3/2 K!
PR | GVVafhr 1

¥ Bhattacharya et al. (2021) ¥
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Simplifications for UJ(3)r

Finite-volume matrix elements (with irrep labels)

fewer operators
cheaper inversions
smaller physical volume:

Mo Wt = n 1 LIHW D, Ip,L" ¢

InPnite-volume decay amplitudes

| 1) = Lern ! 1 M 44 2 A1 Generic paradigm for many
ADE 1) C1|_‘ C It aalMn, L Ma, 1,48 =" channels (only partially knowr

11




Simplifications for UJ(3)r

Finite-volume matrix elements (with irrep labels)

fewer operators
cheaper inversions
smaller physical volume:

Mr|1[|)_| lw " I — InllnlL‘H{/\\;\/ ‘D,ID,L" <

InPnite-volume decay amplitudes

| 1) = Leyn ! 1 M 44 2 A1 Generic paradigm for many
AD! )= QRN a8AMn, L M, L, B8] channels (only partially knowt

| (] = L 1 + 47 Reduce to one two- anc
AD L (1K)zr) = G- (FK)27 (KM )27 M, s Mo, oo, 88 one four-particle channe

Neglecting four particles yield:

— L " M
—_— ’L .-
ChL"—’ (1 K )27 : standard Lellouch-LYscher

11




More on finite-volume framework
& Applies for all energies f(E)='E,!K, out|Hw (0)|D"
& Interp-/extrapolate to E = My for physical amplitude

@ Use K-matrix framework to motivate fit forms

A A

physical sheet s=E Sm unphysical sheet

1
A = H - | e S aaaaas < P A AAAAAAAAAAAS

1! K| —e<o




More on finite-volume framework
& Applies for all energies f(E)='E,!K, out|Hw (0)|D"
& Interp-/extrapolate to E = My for physical amplitude

@ Use K-matrix framework to motivate fit forms

A A

physical sheet s=E gm unphysical sheet
1
A = H - e e | SN NN
I I o e Q
1 . K2 . P(QJ o
3.5
@& Perturbative four-particle framework may also be useful
3.0 1
- ( \ - 2-ptc NI level
4-ptc NI level
5CL(E,P)=(WV< W@)(:? :O:) 1 + >< >< (:gt i:)""” (%) 2.5 1 fl—ptcw.ith21—>?
Ld Ld Interacting leve
\>< ></ _ * E(”=2)(ng=4.5)
2.0 1 , ,
¥ MTH, Sharpe (2012) ¥ ¥ Mukheriee, MTH (2026) & Wed 11:30 ¥ o ’
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Roadmap ! Renormalization

Finite-volume matrix elemen{suppressing irrep labels)

Moo = In,L|Hw|D,L"=  CMS i‘.moZiM—S. im 10]! (" ¥ 2)Qi(0)D(" ¥ 20",

InPnite-volume decay amplitudes Cik (1) = 10]O; (t)Ox (0)|0"L

AD! ('K)271)= GL k), " MnL

C(t)vn(t,to) = n(t, to)C(to)Vvn(t, to)

)= v (tg, to) Oy (1)
k

Non-perturbative renormalization of four-quark operators)
Control of discretization e* ects (enhanced by the charm mass))
Reliable creation of excited multi-hadron final states)
Extraction of the matrix element from three-point functions)

Formalism to relate finite-volume matrix elements to the amplitudes

13




Non-perturbative renormalization

@& Four-quark operators can be challenging with Wilson quarks

Lack of O(a) improvement Odgime + @Odim 7

14



Non-perturbative renormalization

@& Four-quark operators can be challenging with Wilson quarks

. . 1
Power-divergent mixing + Odime + a_nodim (6! n)
Operator mixing+ Odime + COother dim 6
Lack of O(a) improvement Odime + @Odim 7

Not relevant forD ! (K!),-

Addressed by multiple +
lower-precision goal

14



Non-perturbative renormalization

@& Four-quark operators can be challenging with Wilson quarks

. .. 1
Power-divergent mixing + Odime + a_nodim 6! n) Not relevant forD ! (K!),-
Lack of O(a) improvement Odime + @Odim 7 lower-precision goal

@ Discrete symmetries oBU(4) theory highly constraining (even for Wilson quarks)
@& Parity-negative part vV $ A)? operator does not mix

14 RI-scheme 14+ Wilson lattice
S=+= + N 4
Q{p | ]] VA + Opv 2+ 2+
O!i-a! ) = é (I_ll al 2)(|_3| b' 4) + (I_ll al 4)(|_3| bI 2) 4:: 4::

¥ Donini et al. [hep-lat/9902030] ¥ -

@& Apply RI-MOM and RI-SMOM with twisted momentzoOt discuss more in thjs talk

14




Roadmap ! Excited multi-hadron states & a! (

Finite-volume matrix elemen{suppressing irrep labels)

Moo = In,L|Hw|D,L"=  CMS ;ilmOzN_Si im 10]! (" ¥/ 2)Qi(0)D(" ¥/ 2|0

InPnite-volume decay amplitudes Cik (1) = 10]O; (t)Ox (0)|0"L

AD! ('K)271)= GL k), " MnL

C(t)vn(t,to) = n(t, to)C(to)Vvn(t, to)

)= v (tg, to) Oy (1)
k

Non-perturbative renormalization of four-quark operators)
Control of discretization e* ects (enhanced by the charm mass))
Reliable creation of excited multi-hadron final states)

Extraction of the matrix element from three-point functions)

Formalism to relate finite-volume matrix elements to the amplitudes

15




Computational set-up: gauge-belds & software

@® Lattices generated by the OPEN LATtice initiative
¥ Francis, Fritzsch, Karur, Kim, Pederiva, Pefkou, Rago, Shindler, Walker-Loud, Zafeiropoulos (2025) ¥

& N; = 3 Stabilised Wilson (exponentiated clover term) with m = m, = 410 MeV, my/m %4.6:

Label T! L3/a* a(fm) m; L N cfg
al2m400 94 24° 0.12 5.988(28) 77 ~7 % variation in
a09m400 94 32  0.094 6.201(19) 111 physical box length

a06m400 94 48 0.064 6.383(14) 74

@& Distillation framework is fully open source and based on+

Grid: data parallel C++ library (github.com/paboyle/Grid )+
Hadrons: Grid-based workflow management system (github.com/aportelli/Hadrons )

16
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Variational method

Cik (t) = 10|O; (1) O« (0)[0", C(t)vn(t, to) = ! n(t, to)C(to)Vn(t, to) ()=

@® Exact distillation with 60 eigenvectors on the three ensembles

& [K(p)! (P $ p)].- like operators up to P? = 4(2! /L)? and up to 5 states

@& Focus on trivial irrep in each frame (A or Ay)

K

vi" (g, to) O (1)

17



Variational method

Cix (t) = 10]O; (t)Ok (0)]0", Ct)Vn(t,to) = ! n(t to)C(to)Vn(t, to) 0= vV (tg, to) Oy (1)
K
@® Exact distillation with 60 eigenvectors on the three ensembles

& [K(p)! (P $ p)].- like operators up to P? = 4(2! /L)? and up to 5 states

@& Focus on trivial irrep in each frame (A or Ay)

Example: [P] = [002]

a064 011 AL enval 0, B= 0.3634(9), Z = 0.5672(49), Ecm = 0.3127(11) 0.3850] a064 011 Al enval 1, E.= 0.3763(8), Z = 0.5728(43), Ecm = 0.3276(10) a064 011 Al enval 2, E = 0.4520(13), Z = 0.5596(68), Ecm = 0.4124(15)
0.37004 best w: ! 2[13] = 0.789, pvalue = 0.673 best w: ! 2[13] = 0.789, pvalue = 0.673 best w: ! 2[13] = 0.789, gvalue =0.673
0.3825 B 0.460+ i

004 o 0.445+ o
preliminary preliminary

0.3550- prelllmlnary 000000

0.475- a064 011 Al enval 3, Bi= 0.4638(11), Z = 0.5575(54), Ecm = 0.4253(13) 0545 a064 011 Al enval 4, E = 0.5270 23), Z = 0.5307(89), Ecm = 0.4935(24)
best w: ! #[13] = 0.789, pvaiue =0.673 ] 0.540- best w: ! [13] = 0.789, pvalue =10.673

04554 T T T T T T T T T T T T T T T T T T T S S oo oo oomom oo 515 o
prellmlnary ¥ 0.510- prellmlnary




Spectrum + scattering-length-only fit

al2: ag/a = 1.22(16), ! 2[20] = 0.341 a094: agla = 1.537(56), ! 2[20] = 2.107 a064: agla = 2.622(88), ! £[20] = 2.117
® GEVW ® GEVP § GEW
I g D ctormaiem | || hess{esssssstessssaspad Ut s |
S S === mp/mg =46176(6) | 00 [Tt T@EEEEEEEEEEEEEEEEEE "= s mp/mg = 4.6263(20) 4.5 - "= s mp/mg = 4.6213(30)
........................................ A5 4{7 s
4.5 - .
coarse medium Pne
BN ‘0. —— 404 —F—
4.0 ; RN | 3 3
— —
i B — B
¥35_ I l ¥ 35 - I N —— ¥3.5- ’ . . ——
g’ £ £
= — = =
] —— i —4— S 4
* —— ‘ | B ¢
3.0 - 3.0 - 3.0
(] . —
2.5 - —%— — & 2.5 - —— .  J 2.5 - ‘ *
— . +
¥ —¥— —
204 —4%— S —¥— 20- . | |
preliminary 01 —%— preliminary —%— 204 —4— preliminary ——




Continuum spectrum

@& Physical volumes are reasonably well matched (~7% in L)

¢ GEVP

] ] i HE E HE E E E E N EEEE N E EEEEEEETR FVformahsm
@ Use per-ensemble scattering length to adjust to L + £xr molm = 46262010
3.001 a=0 27plet POOO enval 1 3.9 - a=0 27plet POOO enval 2
E(0) = 1186.7(37) MeV, ! 2[1] = 1.171, pvalue = 0.279 E (0) = 1451.0(78) MeV, ! 2[1] = 0.503, pvalue = 0.478 I
3.8 _—
2.95 -
3.7 — 3
« 2.90- «
S B R - e 36 I
s | | EEEEEmmmaaay = — g [ Rl T LR e e e ? ---- R
w28~ £ EEEEsea L 3.57
1 - == CL O(a?) bt al2 mPiL=6.0 ‘ 3.4 —~== CL O(a?) bt al2 mPiL=6.0
280 HH  al2 mPiL=6.4 a094 mPiL=6.2 HH  al2 mPiL=6.4 a094 mPiL=6.2 !
H4  a094 mPiL=6.4 B O(a?) continuum 3.3 HH 2094 mPiL=6.4 B O(a?) continuum +
075 - p ellmlnary HH  a064 mPiL=6.4 plellmlnary 4 a064 mPiL=6.4 ‘
0.000 0.002 0.004 0.006 ) o.‘éos 0.010 0.012 0.014 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
4.4 - a=0 27plet POOO enval 3 a=0 27plet POOO enval 4
E(0) = 1669(11) MeV, ! 2[1] = 0.345, pvalue = 0.557 o E (0) = 1804(15) MeV, ! 2[1] = 0.258, pvalue = 0.611
4.3 ' :
4.2 - 4.8 - 2 5 _
~ « ' —— —9
g 41 € 46 ——
E b oo TR e - L N - B '-{#"
w 404 | o EEESEsseeeee T N B ELLLEE 4
+ 441 g fpmmmmmmmEEET
3.9 7 ~== CL O(a?) bt al2 mPiL=6.0 ~==- CL O(a?) bt al2 mPiL=6.0 . .
HH al2 mPiL=6.4 2094 MPIL=6.2 42- i al2 mPiL=6.4 2094 MPIL=6.2 204 —%— p e I IMMin ary -
3.8 1 HH  a094 mPiL=6.4 B O(a% continuum HH  a094 mPiL=6.4 B O(a?) continuum '
pl'e”minary HH  a064 mPiL=6.4 ‘o, p -e”minary HH  a064 mPiL=6.4 A , » , » , » | n |
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 P<=0 Pe=1 Pe=2 Pc=3 Pc=4
a’ [fm2] a2 [fm2]
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Continuum spectrum

@& Physical volumes are reasonably well matched (~7% in L)

@® Use per-ensemble scattering length to adjust to L +

I per-energy continuum limit at fixed physical volume

a=0 27plet POO1 enval O

2 275 E(0) = 919.0(49) MeV, ! ?[1] = 0.215, pvalue = 0.643
2.2504 E
2205 L | T Tme—al *
= ool | eessss +
gxor | eSS,
5 2175 i =B
05 2
2.1504
~—- CL 0O(a?) bt al2 mPiL=6.0
2.125+ HH  al2 mPiL=6.4 a094 mPiL=6.2
H+  a094 mPiL=6.4 B O(a?) continuum
2.100+ P 'eliminary H4  a064 mPiL=6.4
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
4.0 a=0 27plet POO1 enval 2
E (0) = 1462(20) MeV, ! 2[1] = 0.166, pvalue = 0.684
3.8
g 3.6
R L e S
3] B
Wyl | EEEEms=—aa
- == CL O(a?) bt al2 mPiL=6.0
3.2 H4  al2 mPiL=6.4 a094 mPiL=6.2
H4  a094 mPiL=6.4 B O(a?) continuum
pl'e”minary H4  a064 mPiL=6.4
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
a2 [fm?]

a=0 27plet POO1 - cL o) pt

al2 mPiL=6.4 a094 mPiL=6.2
HH  a094 mPiL=6.4 B O(a?) continuum
HH  a064 mPiL=6.4
““““ ‘f—i'r---—---_________ﬂ—
preliminary
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

a=0 27plet POO1 enval 3

E (0) = 1498(10) MeV, ! 2[1] = 0.008, pvalue = 0.930
E ------------- .IIF ------------- -F'I-F ———————————————— +_.
—~== CL O(a?) bt al2 mPiL=6.0
HH  al2 mPiL=6.4 a094 mPiL=6.2
M4 a094 mPiL=6.4 # O(a?) continuum
P 'e|iminary H4  a064 mPiL=6.4
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
a? [fm?]

Ecm/m K

4.5

4.0 1

3.0 -

2.5 1

2.0 -

¢ GEVP
FV formalism
== s mMmp/mg = 4.6262(10)

3

:

20



Continuum spectrum

@& Physical volumes are reasonably well matched (~7% in L)

@® Use per-ensemble scattering length to adjust to L +
I per-energy continuum limit at fixed physical volume

2 550 a=0 27plet PO11 enval 1
' E(0) = 1015.6(39) MeV, ! 2[1] = 0.660, pvalue = 0.417
2.525
2.500
< 2475
£ I —
= L DECE S . o
o 4  1r T T S e e
ujp 2401 e T
2.425 ‘
—== CL O(a?) bt al2 mPiL=6.0
2.400 HH  al2 mPiL=6.4 a094 mPiL=6.2
M4 a094 mPiL=6.4 ® O(a?) continuum
23751 preliminary # a064 mPiL=6.4
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
3.401 2?8)2:72'3?;; 8(1;, ——- CL O(a?) bt al2 mPiL=6.0
HH  al2 mPiL=6.4 a094 mPiL=6.2
3.351 HH 2094 mPiL=6.4 B O(a?) continuum
HH  a064 mPiL=6.4
3.301
X
=
= 325
(&]
L
3.201 } _______________
lIL """""" Tt — e __ _—i:___
3.151
3104 preliminary

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

a2 [fm?]

Ecm/m K

3.30 7

3.4 1

3.2 -

a=0 27plet PO11
E(0) = 1275.1(6¢

preliminary

K

- CL O(&?) bt
al2 mPiL=6.4
a094 mPiL=6.4
a064 mPiL=6.4

al2 mPiL=6.0
a094 mPiL=6.2

B O(a?) continuum

0.000 0.002

0.004 0.006

Lo TR

0.008 0.010 0.012 0.014

a=0 27plet PO11 enval 4
E(0) = 1530(11) MeV, ! 2[1] = 0.401, pvalue = 0.526

- == CL O(a?) bt al2 mPiL=6.0
HH  al2 mPiL=6.4 a094 mPiL=6.2
M4 a094 mPiL=6.4 ® O(a?) continuum
P -e|iminary HH  a064 mPiL=6.4
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
a2 [fm?]

Ecm/m K

4.5 -

5
4.0 - —3
3.5 - ¥
3.0 -

—
2.5

S

204 —4— preliminary

¢ GEVP
FV formalism
=EEE Mp /m K = 4.6262(10)
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Continuum scattering length
@ Compare a5 from E(L,a! 0)vs IIm ay(a)
al 0

® To do: Consider other K-matrix ansatze

0.50 -
0.45 -
0.40 -
0.35-

S

X 0.30 -
S
0.25 -
0.20 -

0.15 -

o1 HIH 1 1 1

Mk ao(0) = 0.377(21), ap(0) = 0.918(52) GeV' 1, ! 2[1] = 1.691

-
~
—_y
&.
—_y
—_y

*-__
S _1,
al2
a094
a064
O(a?) continuum
O(a?) continuum energies preliminary

1 0.002 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

a2 [fm?]
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. : 0.50- My a(0) = 0.377(21), a0(0) = 0.918(52) GeV' 1, I 2[1] = 1.691
Continuum scattering length -
@ Compare a5 from E(L,a! 0)vs IIm ay(a) 0.40- {
al 0 {~~~\
. . ) 0.35- BT o
@ To do: Consider other K-matrix ansétze e | | TTEEea +
Ex 0.30 - R ~~__C
@® Results will give:+ .
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. . . . _ | HH  a064
Scattering information for finite-volume formalism 1s| W 0@ continuum
110 e | & ?(az) continuum energies pre”minary
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Roadmap ! Three-point functions

Finite-volume matrix elemen{suppressing irrep labels)

Mol = !'n,L|Hw|D,L"=  CMS lim zMS lim 10! (" t/ 2)Q;(0)D(" t/ 2)|0".

WETar o |t

InPnite-volume decay amplitudes Cik (1) = 10]O; (t)Ox (0)|0"L

AD! ('K)271)= GL k), " MnL

C(t)vn(t,to) = n(t, to)C(to)Vvn(t, to)

)= v (tg, to) Oy (1)
k

Non-perturbative renormalization of four-quark operators)
Control of discretization e* ects (enhanced by the charm mass))
Reliable creation of excited multi-hadron final states)
Extraction of the matrix element from three-point functions)

Formalism to relate finite-volume matrix elements to the amplitudes
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Three-point function set-up

@® Introduce unsmeared/generalized perambulators so the local four-quark operator
Insertion retains full position-space information at T

@ Decay contractions are organized into four contributions: TQi and CQi with | = 1,2

@& All four can be factorized into product of two traces over distillation indices
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First preliminary results (coarsest ensemble)
(Ko!o)27(tk 1) Q(tw) Do(0)

Q=g ',(1! 's)c " @ !'*(1! '5)q =0 'y(1! !'s)c " @ !*Q! l5)q
al2 27-plet'"K!,L |Q.|D# al2 27-plet"K!,L |Q.|D# Ik
preliminary preliminary
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Roadmap ! Status

Finite-volume matrix elements

Moo = In,L|Hw[D,L"=  CMS lim ZMS lim 10! (" t/ 2)Q;(0)D (" t/ 2)|0",

al 0 | t!"

InPnite-volume decay amplitudes Cik (1) = 10]O; (t)Ox (0)|0"L

T C(t)vn(t,to) = 'n(t, to)C(to)vn(t, to)
AD! ('K)27)= G akyy  Mar

)= v (t, 10) O (1)
k

Non-perturbative renormalization of four-quark operators) CO000OO0O
Control of discretization e* ects ) Q0000
Reliable creation of excited multi-hadron final states) Q0000
Extraction of the matrix element from three-point functions) Q0000
Formalism to relate finite-volume matrix elements to the amplitudes 0000
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Conclusions and Outlook
® Pilot study of D ! (K!'), at the SU(3) point is reaching a mature stage

@® Future calculations:+
Remaining SUJ(3) final states+

Amplitudes with operator mixing (switch action or apply gradient [3ow methods?)!

Move towards physical masses

® GEW
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@® Possible technical improvements:- ] al2 27-plet’K!, L |Q:|D#
- reliminar |
Improved operator construction+ prefiminaty—
[
Sparse grid or blending for # , = ES T i
—3 |
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