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» CP violation is an important criterion for baryogenesis

» Observed in SM in many processes, but not enough!

Where to find new sources of CPV?

Towards hadronic D decays from lattice QCD Matthew Black



Introduction 3

» CP violation is an important criterion for baryogenesis

» Observed in SM in many processes, but not enough!
Where to find new sources of CPV?

» CPV observed in hadronic D decays by LHCb:

AAcp = Acp(KTK™) — Acp(ntn™) = (=154 £2.9) x 1074
» ~ 4o larger magnitude than naive / sum rule estimates!
New physics?!

» But: traditional methods are not reliable =¥ HQE for charm, hadronic factorisation, sum rules...

Towards hadronic D decays from lattice QCD Matthew Black



Introduction 3
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Where to find new sources of CPV?

» CPV observed in hadronic D decays by LHCb:

AAcp = Acp(KTK™) — Acp(ntn™) = (=154 £2.9) x 1074
» ~ 4o larger magnitude than naive / sum rule estimates!
New physics?!

» But: traditional methods are not reliable =¥ HQE for charm, hadronic factorisation, sum rules...

Model-independent prediction from lattice QCD
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Lattice Setup
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| attice Setup 6

» Three gauge-field ensembles generated by the OpenLat initiative

» Stabilised Wilson-Clover fermions at SU(3) » symmetric point

= sum of masses equivalent to physical world

h 1
mPhYS o mPYS omPhYs — 3

latt
I

Label (L/a)® x (T/a) | a(fm) | a™' (GeV) | M, (MeV) | ML | Neons
al2m400 243 x 96 0.12 1.64 410 599 | 77
a094m400 323 x 96 0.094 2.10 410 6.20 | 112
a064m400 483 x 96 0.064 3.08 410 6.38 | 74

» Similar physical volume for different lattice spacings
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| attice Setup

» Efficient evaluation of multi-hadron interpolators via distillation
w smearing of quark fields via projection into low modes of laplacian

w ideal setup for this project previously studied in = Nyee = 60
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» Distillation framework is open source and based on Grid €) and Hadrons )
» Developed for domain wall fermions, but adapted for Wilson fermions

» Improved solvers have been developed and implemented for Wilson fermions
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https://inspirehep.net/literature/2601264
https://github.com/paboyle/Grid
https://github.com/aportelli/Hadrons

Final State Scattering
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Final State Scattering 9

» Construct two-hadron operators K(p;)m(p2)

» Project into definite SU(3) g irreps A(d) =¥ consider [ = 3/2 Km channel

@ = g SrHD1OIT D
8 ® 8 27 D 10 b 8 1 10 D 8

Contains I =3/2 K
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» Construct two-hadron operators K(p;)m(p2)

» Project into definite SU(3) g irreps A(d) =¥ consider [ = 3/2 Km channel
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Contains I =3/2 K

» Constrain hadron interpolator momenta as 0 < d? < 4

= 7,(q) correlators for each irrep

- A(d)

na) | Reference momenta
A, [000] 5 [000][000], [001][00-1], [011][0-1-1], [111][-1-1-1], [002][00-2]
A;[001] 4 [000][001], [001][10-1], [011][1-1-1], [-100][200]
A[011] 5 [000][110], [010][001], [00-1][111], [011][1-10], [020][1-10]
A[111] 3 [000][111], [001][110], [002][11-1]
A1[002] 4 [000][200], [100][100], [101][10-1], [111][1-1-1]
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» Construct two-hadron operators K(p;)m(p2)

» Project into definite SU(3) g irreps A(d) =¥ consider [ = 3/2 Km channel
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2 ® 10 ® 8 D1D® 10 @ 8

Contains I =3/2 K

» Constrain hadron interpolator momenta as 0 < d? < 4

= 7,(q) correlators for each irrep

‘ A(d) | naa) | Reference momenta
A,[000] | 5 | [000][000], [001][00-1], [011][0-1-1], [111][-1-1-1], [002][00-2]
A,[001] | 4 | [000][001], [001][10-1], [011][1-1-1], [-100][200]
A[011] | 5 | [000][110], [010][001], [00-1][111], [011][1-10], [020][1-10]
Ai[111] | 3 | [000][111], [001][110], [002][11-1]
A;[002] | 4 | [000][200], [L00][100], [L01][10-1], [111][1-1-1]

» Leads to Cabibbo-favoured (D? — 77 K~) and double Cabibbo-suppressed (D’ — K*7~) decays

w four distinct flavours in effective Hamiltonian, simplified renormalisation =» Raj's talk

Towards hadronic D decays from lattice QCD
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GEVP

» Construct n%(d) correlator matrix
d A d) d)
R (1) = (0% (p1, P2, D) O (a1, 02, 0)1), (1, P2)s (a1, @2) € A(d)

» Solve generalised eigenvalue problem

COD (@l (1) = XD (1) N (1) 1)

NSO () = 2@ exp(~EY 1) [14 0 (2]

with eigenvalues
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GEVP

» Construct n%(d) correlator matrix

C?(SE (1) = (O A(d (P1, P2, )O?(Sf (a1, a2, 0)"), (p1, P2), (a1, @2) € A(d)

» Solve generalised eigenvalue problem

MDD () = M@ (p) CA(d)uﬁ}(d)

NSO () = 2@ exp(~EY 1) [14 0 (2]

» Resample correlator matrices with 1000 bootstrap samples

with eigenvalues

» Correlated x? fit to each eigenvalue to extract @

Possible refinements:
» Model-averaging approach, e.g. AlC » More operators in basis

» Study dependence on » Increase statistics

Towards hadronic D decays from lattice QCD Matthew Black




GEVP - al12m400 ensemble
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S-wave Scattering Phase Shift

» Get phase shift data from s-wave Liischer quantisation condition

g2 ]

do(q) = — arctan [—
Zoo(1; ¢)
» For weakly-interacting system, model with effective range expansion

1
pPeotdy = — + EPQ + O(p*)
ap 2
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S-wave Scattering Phase Shift

» Get phase shift data from s-wave Liischer quantisation condition

g2 ]

) = —arctan | ————
O(Q) [Zoo(l; q2)

» For weakly-interacting system, model with effective range expansion

1
p°cot 8y = a——l—w)
0

2

Disclaimer:

» 1 fits become unconstrained
» Show only scattering length ay parametrisation for now

» Uncorrelated fits

Towards hadronic D decays from lattice QCD Matthew Black




Phase Shift — a12m400 ensemble
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» Some data are outliers =¥ revisit GEVP with more rigor?
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Finite Volume Effects

» How does energy spectrum vary between ensembles?

ML = 6.38 ML =6.20 ML =5.99
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Finite Volume Effects

» ~ 5% variation =¥ ~ 5% volume mistuning
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Finite Volume Effects

» rescale with Efeo( M, L = 6.38)/ Epree (M L) =¥ < 1% residual effects ¢/

ML = 6.38 ML =6.20 ML =5.99
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Corrected energy relative to ML = 6.38
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Lellouch-Luscher Formalism
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Lellouch-Luscher Formalism

» Key ingredient to decay amplitudes is to relate finite-volume MEs to infinite volume
» Standard Lellouch-Liischer formalism:
0 o) E?
‘CLL|2:87T< ¢+ _0) _;7,
a 6p P=Pn pn

» Useful to represent as ratio of interacting piece to

03,
et ( Op )/

gP>=0) | ¢P>=1)| c™W

0.104(32) | 99(50) 0.458(13) | 81(3)

1.048(7) | 70.3(4) 1.155(7) | 62.8(3)

1.500(9) | 59.9(2) 1.445(13) | 152.1(6)

1.793(7) | 71.5(1) 1.540(8) | 68.6(2)
gP*=2) | c*

gP*=3)| gP*=14)| C*

SS(EE?; 9?)%& 0.710(11) | 99(2) 0.829(9) | 112(1)
1200(5) | 175.6(4) 0.897(11) | 50.7(5) 1.022(9) | 76.8(3)
L260(7) | 704(2) 1.681(7) | 51.9(1) 1.443(5) | 71.5(1)

Matthew Black
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LL Ratios — al2m400 ensemble
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Prospects for 3-point Functions

» We want D — Kr 3-pt function

=

7
6
=6
N\
Q)

X
G|
G|
IS

|

D Hw K

» Need unsmeared solves for a local operator insertion

LapH source vectors: o9 (x, ) = Z Vpa(X; t)PEm]z st t)n[n](t)
kLt B

Unsmeared solve: ¢™ Z Do v (%, t; X’ t)g%d](x’, t)
b8, X/
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Prospects for 3-point Functions

» We want D — Kr 3-pt function

D

o @

Hy

» Step 1: create p vectors and unsmeared solves

SRS

(SIS

Matthew Black
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Prospects for 3-point Functions

» We want D — Kr 3-pt function

D Hw K

. J

» Step 1: create p vectors and unsmeared solves

» Step 2: contract D — Hy into “DMeson-4Quark” meson-field-like object
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Prospects for 3-point Functions

» We want D — Kr 3-pt function
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. J

» Step 1: create p vectors and unsmeared solves
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Prospects for 3-point Functions

» We want D — Kr 3-pt function

e A

.

P——

D Hw K

. J

» Step 1: create p vectors and unsmeared solves
» Step 2: contract D — Hy into “DMeson-4Quark” meson-field-like object

» Step 3: contract with Km meson fields to get 3-pt function

Preview!
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3-point Function Preview — a12m400

1072 4
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= —— tKpi =10 tKpi = 23
S tKpi=11 —— tKpi=24
;% i —— tKpi=12 —— tKpi=25
tKpi = 13 tKpi = 26
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» One configuration

» Matches expected behaviour C°P'(t) oc exp {—Mptw} exp {—Exx(tir — tw)} v
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3-point Function Preview — a12m400
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0.0005 1
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» One configuration

15

tKpi =5
tKpi = 6
tKpi =7
tKpi = 8
tKpi =9
tKpi = 10
tKpi = 11
tKpi = 12
tKpi = 13
tKpi = 14
tKpi = 15
tKpi = 16
tKpi = 17

» Matches expected behaviour C°P'(t) oc exp {—Mptw} exp {—Exx(tir — tw)} vV

» Correct for exponential factors =» approaches plateau independent of ¢y — tx,

Towards hadronic D decays from lattice QCD

tKpi = 18
tKpi = 19
tKpi = 20
tKpi = 21
tKpi = 22
tKpi = 23
tKpi = 24
tKpi = 25
tKpi = 26
tKpi = 27
tKpi = 28
tKpi = 29
tKpi = 30
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Summary and Outlook
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Summary and Outlook

>
>
>
>

CP violation is a crucial criterion for baryogenesis

Tension in CPV of hadronic D decays between theory and experiment

Lattice QCD can provide a new, model-independent prediction

Shown first steps towards exploratory D — K study

w Final state scattering ¢/

w [\ formalism to relate matrix elements to infinite volume ¢/

w | aid out methodology for 3-pt functions with distillation (calculation ongoing #)
w Discretisation effects

Raj up next!
w Non-perturbative renormalisation

Towards hadronic D decays from lattice QCD Matthew Black



