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•              ongoing work with F Joswig, F Erben, M Di Carlo, N Lachini, S Paul, A Portelli   •



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

Motivation
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•   LHCb (PRL, 2019)   •

2019: LHCb observed CP violation in hadronic charm decays D ! ⇡⇡,KK

Is this new physics?

Im[VCKM] 6= 0
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•   LHCb (PRL, 2019)   •

2019: LHCb observed CP violation in hadronic charm decays D ! ⇡⇡,KK

Is this new physics?

Lattice QCD can provide the Standard Model prediction  
(correctly treating all complicated QCD dynamics)

glueballs tetraquarks hybrids

Here we present progress on the first model calculation

 at the  pointD → Kπ SU(3)F

Im[VCKM] 6= 0
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Hadronic D decays: Lattice Calculation
Calculation comes with many challenges

Non-perturbative renormalization of four-quark operators
Reliable creation of excited multi-hadron final states
Removal of discretization effects (enhanced by the charm mass) 
Formalism to relate finite-volume matrix elements to the amplitudes
Extraction of the matrix element from three-point functions
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Gold standard here is the RBC/UKQCD calculation of 
This work is far from that level of calculation:  building strategies/understanding feasibility

K → ππ

•   R. Abbott et al., RBC/UKQCD, Phys.Rev.D 102 (2020) 5, 054509   •



Computational set-up: gauge field ensembles
Lattices generated by the OPEN LATtice initiative

Three flavors of stabilised Wilson fermions with mπ = mK

Results for the finer two ensembles = new relative to last year’s presentation

<latexit sha1_base64="I13o37ShYE3y2ZmVqGEET+Y26GI="></latexit>

Label T ⇥ L3/a4 �  a (fm) m⇡ (MeV) m⇡L

a12m400 96⇥ 243 3.685 0.1394305 0.12 410 5.988(28)

a094m400 96⇥ 323 3.8 0.1389630 0.094 410 6.201(19)

a064m400 96⇥ 483 4.0 0.1382720 0.064 410 6.383(14)

Similar physical volumes across different lattice spacings (~7% variation)

•   F Joswig, Lattice2022   •
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•   A Francis, Friday 9:00am, Curia II   •



Computational set-up: software
Distillation framework is fully open source and based on

Initially developed for domain wall fermions 
     → flexibility of Grid & Hadrons allows us to use it for Wilson fermions

Grid: data parallel C++ library (github.com/paboyle/Grid)

Hadrons: Grid-based workflow management system (github.com/aportelli/Hadrons)

Improved solvers for Wilson-clover type fermions are needed

Data analysis based on

pyerrors: python framework for error computation using the  method 
(github.com/fjosw/pyerrors)

Γ

•   U Wolff, Comput.Phys.Commun. 156 (2004) 143-153,. 176 (2007)    •
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Non-perturbative renormalization of four-quark operators
Reliable creation of excited multi-hadron final states
Removal of discretization effects (enhanced by the charm mass) 
Extraction of the matrix element from three-point functions
Formalism to relate finite-volume matrix elements to the amplitudes
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Hadronic D decays
Integrating out electroweak physics  →  basis of four-quark operators

Four-quark operators can be challenging with Wilson quarks

Power-divergent mixing 
Operator mixing
Lack of O(a) improvement
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Odim 6 + aOdim 7



First two issues:  not present for  and  decaysD0 → K+π− D0 → K−π+

Third issue:  addressed by multiple lattice spacings (and lower precision goal)
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Operator mixing
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Lack of mixing
Four distinct flavours  →  no power-divergent mixing

Discrete symmetries of  theory highly constraining (even for Wilson quarks)SU(4)F
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Lack of mixing
Four distinct flavours  →  no power-divergent mixing

Discrete symmetries of  theory highly constraining (even for Wilson quarks)SU(4)F

Parity-negative part of  operator does not mix under renormalization(V − A)2

Use basis with definite    exchange symmetryψ2 ↔ ψ4
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•   Donini et al. [hep-lat/9902030]   •
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Non-perturbative renormalization
Regularization independent (RI) momentum-subtraction schemes

Scale comes from lattice momenta (MOM vs SMOM)
Perturbative conversion to MS

Strategy

Calculate amputated vertex function on Landau-gauge-fixed background
Demand “projected vertex = tree vertex” at a given scale

<latexit sha1_base64="B5HQ+llRjlyOk0Wky4ILTXdc0mo="></latexit>
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•   Martinelli et al., Nucl.Phys.B 445 (1995)   •
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Final result should be independent of matching scale

•   Martinelli et al., Nucl.Phys.B 445 (1995)   •
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pin = (p, p, 0, 0), pout = (p, 0, p, 0), q = (0,�p, p, 0)
<latexit sha1_base64="KwvGg36VAXvm3+MrOG+GwhdK9dA="></latexit>

pin = (0, 0, 0, 2p), pout = (p, p, p, p), q = (p, p, p,�p)

Use twisted boundaries to define different momentum trajectories
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•   Martinelli et al., Nucl.Phys.B 445 (1995)   •
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Perturbative conversion at one loop only, seems to reduce curvature

First focus on large momenta
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�2/dof ⇠ 3.8 – 4.4



<latexit sha1_base64="58WvJfRKIprgxvCQhHIdzJ0WyeQ="></latexit>

ZMS RI
O

(µMS, µRI) · ZRI latt
O

(µRI, a)
<latexit sha1_base64="OYJJMn0Efwe2RnKLwAYB7UKrUaM="></latexit>

ZRI latt
O

(µRI, a)

Example: 
<latexit sha1_base64="x2EqNV6lsYW+aRChMrkRk29vCjE=">AAACJnicbZDPSwJBFMdn7ZfZL6tjlyEJglB2Q6qLoHXpllKuwrous+Oog7M/mJkNZPGv6dK/0qWDEdGtP6VZ3YNpD2b48H3v8d77uiGjQur6t5ZZW9/Y3Mpu53Z29/YP8odHpggijkkTByzgbRcJwqhPmpJKRtohJ8hzGWm5o7sk33omXNDAf5LjkNgeGvi0TzGSSnLylUY3tjoekkOMGHyEFVi0J86CVJ9L6n9wYrM26RbhRYI1U6GTL+glfRZwFYwUCiCNupOfdnoBjjziS8yQEJahh9KOEZcUMzLJdSJBQoRHaEAshT7yiLDj2ZkTeKaUHuwHXD1fwpm62BEjT4ix56rKZHuxnEvE/3JWJPs3dkz9MJLEx/NB/YhBGcDEM9ijnGDJxgoQ5lTtCvEQcYSlcjanTDCWT14F87JkXJXKjXKhepvakQUn4BScAwNcgyq4B3XQBBi8gDcwBR/aq/aufWpf89KMlvYcgz+h/fwCZKSinw==</latexit>

Q
[S=�]
[P=�] = O

�
V A +O

�
AV

Full momentum range

Fit away  in the large momentum regime

Twist trajectories fit independently, consistency is encouraging

Renormalization looks likely to be sub-dominant uncertainty here

a2p2

8.2

twist-1

twist-2

twist-4preliminary

preliminary

SMOM



<latexit sha1_base64="58WvJfRKIprgxvCQhHIdzJ0WyeQ="></latexit>

ZMS RI
O

(µMS, µRI) · ZRI latt
O

(µRI, a)
<latexit sha1_base64="OYJJMn0Efwe2RnKLwAYB7UKrUaM="></latexit>

ZRI latt
O

(µRI, a)

Example: 
<latexit sha1_base64="x2EqNV6lsYW+aRChMrkRk29vCjE=">AAACJnicbZDPSwJBFMdn7ZfZL6tjlyEJglB2Q6qLoHXpllKuwrous+Oog7M/mJkNZPGv6dK/0qWDEdGtP6VZ3YNpD2b48H3v8d77uiGjQur6t5ZZW9/Y3Mpu53Z29/YP8odHpggijkkTByzgbRcJwqhPmpJKRtohJ8hzGWm5o7sk33omXNDAf5LjkNgeGvi0TzGSSnLylUY3tjoekkOMGHyEFVi0J86CVJ9L6n9wYrM26RbhRYI1U6GTL+glfRZwFYwUCiCNupOfdnoBjjziS8yQEJahh9KOEZcUMzLJdSJBQoRHaEAshT7yiLDj2ZkTeKaUHuwHXD1fwpm62BEjT4ix56rKZHuxnEvE/3JWJPs3dkz9MJLEx/NB/YhBGcDEM9ijnGDJxgoQ5lTtCvEQcYSlcjanTDCWT14F87JkXJXKjXKhepvakQUn4BScAwNcgyq4B3XQBBi8gDcwBR/aq/aufWpf89KMlvYcgz+h/fwCZKSinw==</latexit>

Q
[S=�]
[P=�] = O

�
V A +O

�
AV

Perturbative conversion at one loop only, seems to reduce curvature

First focus on large momenta

9.1

twist-1

twist-2

twist-4

preliminary

preliminary

MOM

<latexit sha1_base64="WOi3W0TegZ9sHoo6un/LZpvuOp0=">AAACF3icbZC7TsMwFIYdrqXcAowsFhUSAw1JVS5jBQtjkehFakrluE5r1bnIPkFUUd+ChVdhYQAhVth4G9w2A7T8kqVf3zlHx+f3YsEV2Pa3sbC4tLyymlvLr29sbm2bO7t1FSWSshqNRCSbHlFM8JDVgINgzVgyEniCNbzB1bjeuGdS8Si8hWHM2gHphdznlIBGHdNyaZ/flU5cYA+QdiN/hF3FA2xbJewe4ykuFkfaa3TaMQu2ZU+E542TmQLKVO2YX243oknAQqCCKNVy7BjaKZHAqWCjvJsoFhM6ID3W0jYkAVPtdHLXCB9q0sV+JPULAU/o74mUBEoNA093BgT6arY2hv/VWgn4F+2Uh3ECLKTTRX4iMER4HBLucskoiKE2hEqu/4ppn0hCQUeZ1yE4syfPm3rJcs6s8k25ULnM4sihfXSAjpCDzlEFXaMqqiGKHtEzekVvxpPxYrwbH9PWBSOb2UN/ZHz+APOnnT4=</latexit>

�2/dof ⇠ 0.2 – 0.25
<latexit sha1_base64="pTPvS7Ruh5EMvRT9NlqkNYXUzGI=">AAACFnicbZC7SgNBFIZnvcZ4W7W0GQyChVl3kxAtgzaWEcwFsjHMTmaTIbMXZs6KYclT2PgqNhaK2Iqdb+PkUmjiDwMf/zmHM+f3YsEV2Pa3sbS8srq2ntnIbm5t7+yae/t1FSWSshqNRCSbHlFM8JDVgINgzVgyEniCNbzB1bjeuGdS8Si8hWHM2gHphdznlIC2OmbepX1+VzhzgT1A2o38EXYVD3DRKmD3FE/tfH6kuWiVO2bOtuyJ8CI4M8ihmaod88vtRjQJWAhUEKVajh1DOyUSOBVslHUTxWJCB6THWhpDEjDVTidnjfCxdrrYj6R+IeCJ+3siJYFSw8DTnQGBvpqvjc3/aq0E/It2ysM4ARbS6SI/ERgiPM4Id7lkFMRQA6GS679i2ieSUNBJZnUIzvzJi1AvWE7ZKt2UcpXLWRwZdIiO0Aly0DmqoGtURTVE0SN6Rq/ozXgyXox342PaumTMZg7QHxmfP37cnQk=</latexit>

�2/dof ⇠ 3.2 – 3.6



<latexit sha1_base64="58WvJfRKIprgxvCQhHIdzJ0WyeQ="></latexit>

ZMS RI
O

(µMS, µRI) · ZRI latt
O

(µRI, a)
<latexit sha1_base64="OYJJMn0Efwe2RnKLwAYB7UKrUaM="></latexit>

ZRI latt
O

(µRI, a)

Example: 
<latexit sha1_base64="x2EqNV6lsYW+aRChMrkRk29vCjE=">AAACJnicbZDPSwJBFMdn7ZfZL6tjlyEJglB2Q6qLoHXpllKuwrous+Oog7M/mJkNZPGv6dK/0qWDEdGtP6VZ3YNpD2b48H3v8d77uiGjQur6t5ZZW9/Y3Mpu53Z29/YP8odHpggijkkTByzgbRcJwqhPmpJKRtohJ8hzGWm5o7sk33omXNDAf5LjkNgeGvi0TzGSSnLylUY3tjoekkOMGHyEFVi0J86CVJ9L6n9wYrM26RbhRYI1U6GTL+glfRZwFYwUCiCNupOfdnoBjjziS8yQEJahh9KOEZcUMzLJdSJBQoRHaEAshT7yiLDj2ZkTeKaUHuwHXD1fwpm62BEjT4ix56rKZHuxnEvE/3JWJPs3dkz9MJLEx/NB/YhBGcDEM9ijnGDJxgoQ5lTtCvEQcYSlcjanTDCWT14F87JkXJXKjXKhepvakQUn4BScAwNcgyq4B3XQBBi8gDcwBR/aq/aufWpf89KMlvYcgz+h/fwCZKSinw==</latexit>

Q
[S=�]
[P=�] = O

�
V A +O

�
AV

Full momentum range

Fit away  in the large momentum regime

Twist trajectories fit independently, consistency is encouraging

Renormalization looks likely to be sub-dominant uncertainty here

Clear consistency between MOM and SMOM!

a2p2

9.2

twist-1

twist-2

twist-4preliminary

preliminary

MOM



<latexit sha1_base64="en0c2CZ7MuP+yS3Y8CWOb0W++wQ="></latexit>

A(D ! h1h2) = C
LL
n,L,h1h2

h
lim
a!0

ZMS
hn, L|HW |D,Li

i

Non-perturbative renormalization of four-quark operators
Reliable creation of excited multi-hadron final states
Removal of discretization effects (enhanced by the charm mass) 
Formalism to relate finite-volume matrix elements to the amplitudes
Extraction of the matrix element from three-point functions

Hadronic D decays: Lattice Calculation
Calculation comes with many challenges



Operator construction

Feasible thanks to distillation

GEVP on a matrix from two-hadron operators: K(p1)π(p2)

Quark-field smearing (projection into low-modes of the covariant laplacian)
We use exact distillation with  eigenvectorsN𝗏𝖾𝖼 = 60

Need a broad basis of operators to reliably create excited states

10



Operator construction

Feasible thanks to distillation

GEVP on a matrix from two-hadron operators: K(p1)π(p2)

Quark-field smearing (projection into low-modes of the covariant laplacian)
We use exact distillation with  eigenvectorsN𝗏𝖾𝖼 = 60

Operators projected to a definite  irrepSU(3)F

Will lead to the Cabibbo-enhanced and doubly Cabibbo-suppressed D decay amplitudes

Contains 
  I = 3/2 Kπ

Need a broad basis of operators to reliably create excited states

10



Extracted energy spectrum
Variation of energies = mixture of volume and cutoff effects

<latexit sha1_base64="v5yow74jqlE9nPPPHpeGJqOOlyk=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgKiRSH10IRTcuXFSwD2hjmUwn7dDJJMxMlBL6H25cKOLWf3Hn3zhts9DWAxcO59zLvff4MWdKO863lVtaXlldy68XNja3tneKu3sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfrD64nffKRSsUjc61FMvRD3BQsYwdpID2G3EzN0iy7RqV2pdIslx3amQIvEzUgJMtS6xa9OLyJJSIUmHCvVdp1YeymWmhFOx4VOomiMyRD3adtQgUOqvHR69RgdGaWHgkiaEhpN1d8TKQ6VGoW+6QyxHqh5byL+57UTHVx4KRNxoqkgs0VBwpGO0CQC1GOSEs1HhmAimbkVkQGWmGgTVMGE4M6/vEgaJ7Z7ZpfvyqXqVRZHHg7gEI7BhXOowg3UoA4EJDzDK7xZT9aL9W59zFpzVjazD39gff4A3heQzg==</latexit>

m⇡L = 5.99
<latexit sha1_base64="Kh3QsWagAP+RxGZq8uHaPys+U0c=">AAAB9XicbVA9SwNBEJ3zM8avqKXNYhCsjrsQoo0QtLGwiGA+IDnD3maTLNndO3b3lHDkf9hYKGLrf7Hz37hJrtDEBwOP92aYmRfGnGnjed/Oyura+sZmbiu/vbO7t184OGzoKFGE1knEI9UKsaacSVo3zHDaihXFIuS0GY6up37zkSrNInlvxjENBB5I1mcEGys9iG4nZugWXaKKW/K6haLnejOgZeJnpAgZat3CV6cXkURQaQjHWrd9LzZBipVhhNNJvpNoGmMywgPatlRiQXWQzq6eoFOr9FA/UrakQTP190SKhdZjEdpOgc1QL3pT8T+vnZj+RZAyGSeGSjJf1E84MhGaRoB6TFFi+NgSTBSztyIyxAoTY4PK2xD8xZeXSaPk+hW3fFcuVq+yOHJwDCdwBj6cQxVuoAZ1IKDgGV7hzXlyXpx352PeuuJkM0fwB87nD8dXkL8=</latexit>

m⇡L = 6.20
<latexit sha1_base64="FeeL9FUSnrFVIFtMFJzfOOK8TIA=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0i01F6EohcPHirYD2hj2Ww37dLdJOxulBL6P7x4UMSr/8Wb/8Ztm4O2Phh4vDfDzDw/5kxpx/m2ciura+sb+c3C1vbO7l5x/6CpokQS2iARj2Tbx4pyFtKGZprTdiwpFj6nLX90PfVbj1QqFoX3ehxTT+BByAJGsDbSg+h1Y4Zu0SWq2OfVXrHk2M4MaJm4GSlBhnqv+NXtRyQRNNSEY6U6rhNrL8VSM8LppNBNFI0xGeEB7RgaYkGVl86unqATo/RREElToUYz9fdEioVSY+GbToH1UC16U/E/r5PooOqlLIwTTUMyXxQkHOkITSNAfSYp0XxsCCaSmVsRGWKJiTZBFUwI7uLLy6R5ZrsVu3xXLtWusjjycATHcAouXEANbqAODSAg4Rle4c16sl6sd+tj3pqzsplD+APr8wfU/JDI</latexit>

m⇡L = 6.38

11

preliminary



<latexit sha1_base64="v5yow74jqlE9nPPPHpeGJqOOlyk=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgKiRSH10IRTcuXFSwD2hjmUwn7dDJJMxMlBL6H25cKOLWf3Hn3zhts9DWAxcO59zLvff4MWdKO863lVtaXlldy68XNja3tneKu3sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfrD64nffKRSsUjc61FMvRD3BQsYwdpID2G3EzN0iy7RqV2pdIslx3amQIvEzUgJMtS6xa9OLyJJSIUmHCvVdp1YeymWmhFOx4VOomiMyRD3adtQgUOqvHR69RgdGaWHgkiaEhpN1d8TKQ6VGoW+6QyxHqh5byL+57UTHVx4KRNxoqkgs0VBwpGO0CQC1GOSEs1HhmAimbkVkQGWmGgTVMGE4M6/vEgaJ7Z7ZpfvyqXqVRZHHg7gEI7BhXOowg3UoA4EJDzDK7xZT9aL9W59zFpzVjazD39gff4A3heQzg==</latexit>

m⇡L = 5.99
<latexit sha1_base64="Kh3QsWagAP+RxGZq8uHaPys+U0c=">AAAB9XicbVA9SwNBEJ3zM8avqKXNYhCsjrsQoo0QtLGwiGA+IDnD3maTLNndO3b3lHDkf9hYKGLrf7Hz37hJrtDEBwOP92aYmRfGnGnjed/Oyura+sZmbiu/vbO7t184OGzoKFGE1knEI9UKsaacSVo3zHDaihXFIuS0GY6up37zkSrNInlvxjENBB5I1mcEGys9iG4nZugWXaKKW/K6haLnejOgZeJnpAgZat3CV6cXkURQaQjHWrd9LzZBipVhhNNJvpNoGmMywgPatlRiQXWQzq6eoFOr9FA/UrakQTP190SKhdZjEdpOgc1QL3pT8T+vnZj+RZAyGSeGSjJf1E84MhGaRoB6TFFi+NgSTBSztyIyxAoTY4PK2xD8xZeXSaPk+hW3fFcuVq+yOHJwDCdwBj6cQxVuoAZ1IKDgGV7hzXlyXpx352PeuuJkM0fwB87nD8dXkL8=</latexit>

m⇡L = 6.20
<latexit sha1_base64="FeeL9FUSnrFVIFtMFJzfOOK8TIA=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0i01F6EohcPHirYD2hj2Ww37dLdJOxulBL6P7x4UMSr/8Wb/8Ztm4O2Phh4vDfDzDw/5kxpx/m2ciura+sb+c3C1vbO7l5x/6CpokQS2iARj2Tbx4pyFtKGZprTdiwpFj6nLX90PfVbj1QqFoX3ehxTT+BByAJGsDbSg+h1Y4Zu0SWq2OfVXrHk2M4MaJm4GSlBhnqv+NXtRyQRNNSEY6U6rhNrL8VSM8LppNBNFI0xGeEB7RgaYkGVl86unqATo/RREElToUYz9fdEioVSY+GbToH1UC16U/E/r5PooOqlLIwTTUMyXxQkHOkITSNAfSYp0XxsCCaSmVsRGWKJiTZBFUwI7uLLy6R5ZrsVu3xXLtWusjjycATHcAouXEANbqAODSAg4Rle4c16sl6sd+tj3pqzsplD+APr8wfU/JDI</latexit>

m⇡L = 6.38

Extracted energy spectrum
Up to ~5% effect… commiserate with ~5% volume mistuning

12.1

preliminary



Extracted energy spectrum
Rescaling by non-interacting ratio  →  cutoff effects unresolvable

12.2

preliminary



Phase shift tells consistent story

Next steps

Complete and analyze moving frame data
More careful phase-shift analysis

13

preliminary



Non-perturbative renormalization of four-quark operators
Reliable creation of excited multi-hadron final states
Removal of discretization effects (enhanced by the charm mass) 
Formalism to relate finite-volume matrix elements to the amplitudes
Extraction of the matrix element from three-point functions

<latexit sha1_base64="en0c2CZ7MuP+yS3Y8CWOb0W++wQ="></latexit>

A(D ! h1h2) = C
LL
n,L,h1h2

h
lim
a!0

ZMS
hn, L|HW |D,Li

i

Hadronic D decays: Lattice Calculation
Calculation comes with many challenges



Lellouch-Lüscher formalism
At the  point, four-particle threshold is just open for SU(3)F EKπ = MD

Standard Lellouch-Lüscher formula can be applied
<latexit sha1_base64="HvLdABCPGlzv4K3clPL4J6Z30g0="></latexit>��CLL

��2 = 8⇡

✓
q
@�

@q
+ k

@�0
@k

◆

k=kn

E2
nmD

k3n

14



Lellouch-Lüscher formalism
At the  point, four-particle threshold is just open for SU(3)F EKπ = MD

Standard Lellouch-Lüscher formula can be applied
<latexit sha1_base64="HvLdABCPGlzv4K3clPL4J6Z30g0="></latexit>��CLL

��2 = 8⇡

✓
q
@�

@q
+ k

@�0
@k

◆

k=kn

E2
nmD

k3n

14

Applies for all energies:
<latexit sha1_base64="6nM/fILzdQi9Yjsrl2Dnq5hrUbc="></latexit>

f(E) = hE,⇡K, out|HW (0)|Di

Extrapolate (interpolate?) to  for physical amplitudeE = MD
<latexit sha1_base64="3pmcbzM3WJI4uR57tK/wk3Uc+AM=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VwY0lKsW6EqpuCmwr2AU0Ik+mkHTp5MDMRSsinuPFX3LhQRHf6NU7a4KP1wIXDOfdy7z1uxKiQhvGhFZaWV1bXiuuljc2t7R19d68jwphj0sYhC3nPRYIwGpC2pJKRXsQJ8l1Guu74KvO7d4QLGga3chIR20fDgHoUI6kkR69bPpIjjBi8gOfQ8jjCiZkmJjyB3861U4UWH4Xpj9R09LJRMaaAi8TMSRnkaDn6uzUIceyTQGKGhOibRiTtBHFJMSNpyYoFiRAeoyHpKxognwg7mT6YwiOlDKAXclWBhFP190SCfCEmvqs6swvFvJeJ/3n9WHpndkKDKJYkwLNFXsygDGGWFhxQTrBkE0UQ5lTdCvEIqZCkyrSkQjDnX14knWrFPK3UbmrlxmUeRxEcgENwDExQBw3QBC3QBhjcg0fwDF60B+1Je9XeZq0FLZ/ZB3+gfX4BgLuhWg==</latexit>

A =
1

1�K2⇢
H

Take advantage of K-matrix based ideas to motivate fit forms

physical sheet s = E2
cm unphysical sheet



Towards lighter masses
infinite-volume 

scattering amplitudes

finite-volume energies

know field theoretic relation,
exact up to              .e�M⇡L

⇡⇡ ! KK

15
•   MTH, Sharpe, Phys.Rev. D86 (2012) 016007   •
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Towards lighter masses
infinite-volume 

scattering amplitudes

finite-volume energies

know field theoretic relation,
exact up to              .e�M⇡L

⇡⇡ ! KK

KK like

ππ like

L

L

L

cū

ūs

s̄
u K+

K�

D0

|n, Li = c(n)⇡ (L) |⇡⇡, outi+ c(n)K (L) |KK, outi
path to physical amplitude

15
•   MTH, Sharpe, Phys.Rev. D86 (2012) 016007   •



Towards lighter masses
infinite-volume 

scattering amplitudes

finite-volume energies

know field theoretic relation,
exact up to              .e�M⇡L

⇡⇡ ! KK

KK like

ππ like

L

L

L

cū

ūs

s̄
u K+

K�

D0

|n, Li = c(n)⇡ (L) |⇡⇡, outi+ c(n)K (L) |KK, outi
path to physical amplitude

15

biggest challenge = treating  etc, channelsππππ
<latexit sha1_base64="xW6SSASATsk6H9fK5KGijm2nAG0="></latexit>

|n, Li = c(n)⇡ (L) |⇡⇡, outi+ c(n)K (L) |KK, outi+ c(n)4⇡ |⇡⇡⇡⇡, outi+ · · ·

•   MTH, Sharpe, Phys.Rev. D86 (2012) 016007   •



<latexit sha1_base64="en0c2CZ7MuP+yS3Y8CWOb0W++wQ="></latexit>

A(D ! h1h2) = C
LL
n,L,h1h2

h
lim
a!0

ZMS
hn, L|HW |D,Li

i

Hadronic D decays: Lattice Calculation
Calculation comes with many challenges

Non-perturbative renormalization of four-quark operators
Reliable creation of excited multi-hadron final states
Removal of discretization effects (enhanced by the charm mass) 
Formalism to relate finite-volume matrix elements to the amplitudes
Extraction of the matrix element from three-point functions
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