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Motivation - Flavour Physics

[ ——— ‘aﬂ%‘ LB L B Experiment
i Y % 1
o s sz an, o Belle, BaBar, CLEO-c
M ] o LHCb, Belle Il, BESIII
“F = 4 Amy A
[ { : ] Theory
= 00 L £
X “ “j . ] o Compute non-perturbative SM
: E quantities for K, D and B
10 y & é
_155‘ ‘ . . “ Combine Ex+Th to extract CKM
"0 -0.5 0.0 0.5 1.0 15 2.0

5 matrix elements

CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41,
1-131 (2005) [hep-ph/0406184], updated results and plots
available at: http://ckmfitter.in2p3.fr

= Test CKM unitarity and place tight bounds on SM
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Flavour Physics and CKM

Experiment & CKM x Lattice x (PT-kinematics)

u,d, s _
l
Pw
e(b) v
Leptonic decays: MNP — Iy) = ]Vq2q1]2 x 3 x K1

where Z (0] €459 | Dg(0)) = fp,mp,, g=4d,s
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Flavour Physics and CKM

Experiment & CKM x Lattice x (PT-kinematics)

u,d, s B
l
Pw
e(b) v
Leptonic decays: MNP — Iy) = ]Vq2q1]2 x 3 x K1

where Z (0] €459 | Dg(0)) = fp,mp,, g=4d,s

[HFLAV] o |Ved| = (45.9 £ 1.1) MeV, o, |Ves| = (250.3 £+ 4.5) MeV

Computing fp,/fp gives access to Vis/Vey
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Flavour Physics and CKM

Experiment & CKM x Lattice x (PT-+kinematics)

Neutral meson mixing:

c(b) t l,s
U o
l.s t e(b)
. ~ G2m?
Amp = |Vig, Vigs| X fompBp x =551

5/20 J Tobias Tsang st/fD and &



Flavour Physics and CKM

Experiment & CKM x Lattice x (PT-+kinematics)

Neutral meson mixing:

c(b) t l,s
U o
1,5 t ¢(b)
. ~ G2m?
Amp = |Vig, Vigs| X fompBp x =551

HFLAV
Amg = 0.5064 + 0.0019 ps~!

Ams = 17.757 £ 0.021 ps*
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Flavour Physics and CKM

Experiment = CKM x Lattice x (PT-kinematics)

Neutral meson mixing:

c(b) t l,s
# V4
l,5 t c(b)
. 2 m2
Amp = |V, Vig,| X fmpBp x gWQW/cz
Computing £ gives access to
2 _ féSBBS _ Vid 2 Amg mg
fBzBB Vts Amd mBs
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Ensembles

3% T/a*| a1/GeV  m,/MeV
CO 483x96 1.73 139
Cl 243x64 1.78 340
C2 243 x64 1.78 430
MO 643 x 128 2.36 139
M1 323 x 64 2.38 300
M2 323 x 64 2.38 360
M3 323 x 64 2.38 410
F1 483 x 96 2.77 230
6/20 J Tobias Tsang

Iwasaki gauge action

@ Domain Wall Fermion action
= Nf =2+ 1 flavours in the sea
= automatically O(a)-improved
= multiplicative renormalisation

2 ensembles with physical pion
masses

3 Lattice spacings

fp, /fp and &



Ensembles

o o o @ lwasaki gauge action

: ;Z o @ Domain Wall Fermion action

8 m o = N¢ =2+ 1 flavours in the sea
S O M ) = automatically O(a)-improved
2: B~ = multiplicative renormalisation
i = @ 2 ensembles with physical pion

masses

% | | o 3 Lattice spacings

T ey 7T
6/20
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Actions

Light and strange

o Unitary light quark mass
@ Physical strange quark mass

o DWF parameters same
between sea and valence

e Gaussian source (sink)
smearing for better overlap
with ground state
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Actions

Light and strange

@ Unitary light quark mass o Mobius DWF

@ Physical strange quark mass o Ms =10, Ly =12

o DWF parameters same @ Stout smeared
between sea and valence (3 hits, p=0.1)

o Gaussian source (sink) @ Range of quark masses from
smearing for better overlap below charm to ~ mp/2 on
with ground state finest ensemble. )
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Actions

Light and strange

o Unitary light quark mass
@ Physical strange quark mass

o DWF parameters same
between sea and valence

e Gaussian source (sink)
smearing for better overlap
with ground state

o Mobius DWF
e Ms =1.0, Ly =12
@ Stout smeared
(3 hits, p=0.1)
@ Range of quark masses from

below charm to ~ mp/2 on
finest ensemble.

= All DWF mixed action set-up

= Increased heavy quark reach compared to pHep 04 (2016) 037,0HEP 12 (2017) 008]

= Second continuum limit trajectory for m¢ and a,

7/20 J Tobias Tsang

LOHVP,c
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Measurement strategy

0 t 0 ¢ AT
@ Z>-Wall sources on every 2nd time-slice
@ Light and strange propagators Gaussian smeared sources (L and S
sinks)
@ Unitary light and physical strange quark masses
@ Range of charm (and heavier) quark masses
@ Many source-sink separations AT for 4-quark operator
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Correlator Fitting of two-point functions |

Iy Mrz CU(t) _ Z(d)n)i(w;)je—Ent
: n=0

with E, < Eny1 and (,); = 221 for O = T g where X =S, L.

Consider I' = 5 (Pseudo scalar) and ' = 745 (Axial vector current).
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Correlator Fitting of two-point functions |

; DL/_\LDF 00
Y Gi(t) = - (uni(up)je

n=0

with E, < Eny1 and (,); = 221 for O = T g where X =S, L.

Consider I' = 5 (Pseudo scalar) and ' = 745 (Axial vector current).

ISSUE: Exponential noise growth i.e. signal-to-noise problem

= Simultaneous uncorrelated excited state fits to 6 channels:
(AAYSE (APYSE (PP)SE, (AAYSS (APYS® and (PP)®°

/20 J Tobias Tsang fp, /fp and &



Correlator Fitting - two

1.045
1.040
1.035
& 1.030
S 1025
1.020
1.015

1.010

MO h_0.68 un_ex

point functions Il

T
* . N amg
i A ® aaSLLL
e @ aa_SSLL
T e ® ap.SLLL
18 g @ ap_SSLL
A\ & ppSLLL
sfi®, 8 pp_SSLL &
n . a Ef
h; )
0 10 15 20 25

Example fit (heavy-light meson

t/a

with amp = 0.68 on MO).

J Tobias Tsang
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1.060
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MO sh_0.68 un_ex

HH O I 104 I 1O

amy,
aa_SLLL
aa_SSLL
ap_SLLL
ap_SSLL
pp_SLLL
pp_SSLL

10

Example fit (heavy-strange meson
with amp = 0.68 on MO0).




Correlator Fitting - checks and improvements

Cip(t) ~ AgPge Bt + AfPPe it

Cap(t) = AgPge Bt + Ap PPe Bt

Construct Linear Combination
CiP(t) = Cap(t)X® — CRa(t) Xt
~ PS (AGXS — ASXE) e7Bt

+ P (ALXS - AfXE) B

11/20 J Tobias Tsang fp, /fp and &



Correlator Fitting - checks and improvements

CPP(t) ~ PS (Agxs - Ang) oot

+ P (AEXS - AfXt) B

small

Identify X°, X with central value
of Af, Af from fit.
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Correlator Fitting - checks and improvements

CP(e) ~ P (AGXS — ATXE) e™BF e

+ P (AEXS - AfXt) B

& 1.030

S 1025
small ’
1.020
Identify X°, XL with central value o
of A?, Af from fit. Lot

= Removes (most of) excited state
= Strong a posteriori check of fitrange

ki

L REX)

L]

. e
]

[ ]

H§

i +|]

@ apSLLL
@ ap_SSLL
[ e

0

10

= Possible to refit with smaller t;,;, /fewer coefficients.
= Use this as optimised source for 3-point functions.
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ASIDE: Re-Fitting

uncorrelated excited state fit (MO Ih_0.68)

1.045 T - - - . .
v . ¥ SSLL pp
A
¢ SLLL pp
¥ SSLL_aa
1.040 i e § SLlLaa
¥ s $ SLLL_ap
v
¥ SSLL ap
1.035 jie
Y s
¥
P8t
= 1.030
5 t ¥ [
NN
1.025 %
1.020
1.015
0 5 10 15 20 25

t/a
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ASIDE: Re-Fitting

Linear Combinations (MO |h_0.68)

1.045 T H T T T H T -
- - & o

@ Y D

1.040 & Dy
D)

1.035 : ‘

1.030
v !
1.025 : t { ‘
[] i 3.7 ¢ 4

BT | ] ~

ame
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ASIDE: Re-Fitting

it

am,

Re-fitted LCs as correlated ground state fit (MO Ih_0.68)

1.045

1.040

1.035

1.030

1.025

1.020

1.015

s o
¥ DLy
" Dy
¥ D@
[ ; : .
; I[m#i MILI“:J I
}%ﬁﬁ Nﬁ 1 i
tit ¥ : * : 3
L] ‘ N i
0 5 10 15 20 - 25

J Tobias Tsang

fp, /fp and &



ASIDE: Re-Fitting

Re-fitted LCs as correlated ground state fit (MO Ih_0.68)

1.045,

& iy

1040 ' ; e
3 U,v“‘”|

G T11§ H+JI r‘ |

PR LT IATELY

. i*.i; Jiu*ﬂ] ﬂ]z m |

= Check tyin, tmax Sensititivy
= Check sensitivity to choice of X's
= Pick optimal LCs (not all simultaneously independent)
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Correlator Fitting of 4-quark operators |

Ovviaa

G(t,AT) = (P(AT)Owvaa(t)PT(0))

B G(t,AT)
R(t,AT) = 8/3CPA(3AT — t)Cap(t)

R(t,AT)— Bp for t,AT >0

13/20 J Tobias Tsang fp, /fp and &



Correlator Fitting of 4-quark operators |

f — fit
® data

Ovviaa 7 oo }

32a)
8
2

Gs(t, AT) = (P(AT)Ovv 1 aa(t)P1(0)) « TS
Cg(t,AT)
R(t,AT) =
( ) 8/3CPA(AT - t) CAP(t) 083, 2 4 6 8 10 12 14 16
R(t,AT)— Bp for t,AT >0 Ex: amp = 0.63 on MO
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Correlator Fitting of 4-quark operators |l

MO Ih (am;, =0.68) Neont = 82 MO sh (am;, =0.68) Neon =82
0.88 088
*  x?/dof=0.095 Xk x?/dof=0.663
z 0.87 2 0.87
™ ™
c c
g 0.86 g 086
k= =
© { °
L 085 L 085 . - A 5
. - x

setd o 1| 5
8 T 8
S o8 S o8
%] wn
g o
E 0.83 E 0.83

0.82 0.82

20 22 24 26 28 30 32 20 22 24 26 28 30 32 34
AT/a AT/a
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Correlator Fitting of 4-quark operators |l

MO Ih (am, =0.68)  Neons =82 MO sh (am; =0.68)  Negy =82
0.88— . . : : : . 0.854
0.853

z 0.87 2
€ *5‘ 0.852
o
L 086 2
(9] o
£ @ oest
i Soml 3]
= 085 = o
it IR S | 5 I .
2 T 2 o849 1 t + T l
S o84 £
[0} wn
o O 0848
) =
o L 0.847

0825 22 24 26 28 30 £ 0846755 22 26 26 28 30 32 34

AT/a AT/a

zoom
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Results of correlator fits

Ratio of decay constants

1.22 -
—— charm
1.20 bottom : }
118 & Co : + {
o Cl : * é
116l B2 : L L]
= 4 Mo LI TN
~~ 114} & M1 T [
& o M2 ¢
o2 ° 1 ~
112t 6 M3 s °® s
ol R ® of M
1.08 o © ¢ o
a o
1.06 -
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

l/mhh [GeV’l]

= Renormalisation constants cancel
= Mild linear behaviour with 1/my and a?
= Stat precision: 0.5-1.5%
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Results of correlator fits

1.22 T T T
—— charm
120 ... bottom } { ;
#® Co ¢ s
sl [ * 0 e §
116} @ C2
MO LA
wi1al| @ M1 ¢
o M2 1 ®
112 o M3 o > &
1.10 ¢ F1 b
o] ]
1.08 n o
1.06 -
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

1/mhh [GeV‘l]

= Renormalisation constants cancel
= Mild linear behaviour with 1/my and a?
= Stat precision: 0.5-1.5%
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Global fit form

Base fit

O(a, my, my) = O(0, mP™s mP*) 4 Ceya® + C,Am2 + CyAmy;!

16 /20 J Tobias Tsang fp, /fp and &



Global fit form

Base fit
O(a, my, my) = O(0, mP™s mP*) 4 Ceya® + C,Am2 + CyAmy;!

Assess systematic errors by

varying cuts on pion mass

°
@ using my = mp, mp, and my,

@ varying inclusion/exclusion of heaviest data points
°

varying inclusion /exclusion of fit parameters

including/estimating higher order terms (a*, (Amfr)z, (Am;,l)2)

= All fits are fully correlated.

16 /20 J Tobias Tsang fp, /fp and &



Global fit results - ratio of decay constants

O(a, my, my) = O(0, mP™s mP™*) 4 Ceya® + C,Am2 + CyAmy;!

fanl fun

PRELIMINARY

correlated fit for m, <350MeV  (ncp,ny,ny)=(1,1,1)

resatb =1.182(4) resatc =1.165(3) x*/d.o.f=1.25 p=0.2135

- b
1.20..... c
# CO
* Cl
MO F—
1151 * ML ¥ :
# F1 : T *
X fitresult @c l : ¥
X fitresult @b | 1 1 + N +
1.10f L +
1.05}
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
-1 -1
m, ! [GeV ™!

Ratio of decay constants for m,; < 350 MeV
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Global fit results - ratio of decay constants

O(a, my, my) = O(0, mP™s mP™*) 4 Ceya® + C,Am2 + CyAmy;!

correlated fit for m, <330MeV  (ncp,ny,ny)=(1,1,1)
resatb =1.185(6) resatc =1.168(5) x*/d.o.f=1.55 p=0.0903
-- b : :
1.20f..... ¢
# CO
MO
M1 }
115 * F1 : ¥-]
) X fitresult @c : ® I
E X fitresult @b l I ¥
= : Tt ;
*=> 110}
1.05f

000 005 010 015 020 025 030 035 040 045
-1 -1
m, ! [GeV ™!

Ratio of decay constants for m,; <330 MeV
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Global fit results - ¢

O(a, my, my) = O(0, mP™s mP*) 4 Cepa® + CAm2 + CyAmy;!

PRELIMINARY

correlated fit for m, <350MeV  (n¢y,ny,ng)=(1,1,1)
resatb =1.183(6) resatc =1.167(4) x%/d.0.f=0.82 p=0.6658

1.20f...... c

Ed

&

o+
115} # ML

* el l :

X fitresult @c | IR * -3

X fitresult @b : J LT

110

1.05

000 005 010 015 020 025 030 035 040 045
m; ! [GeV ™!

£ for m; < 350 MeV
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Global fit results - ¢

O(a, my, my) = O(0, mP™s mP*) 4 Cepa? + CAm2 + CyAmy!

correlated fit for m, <330MeV  (n¢y,ny,ng)=(1,1,1)
resatb =1.186(8) resatc =1.170(6) x%/d.0.f=0.97 p=0.4830

- - b
1.20}...... c
i Co
MO
i M1
115 R ; i L ) S
X fitresult @c . l : ¥
X fitresult@b| ;T Tl 1
wr ; 8
1.10+
1.05f

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
m; ! [GeV™!]

& for m; < 330 MeV
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PRELIMINARY

It systematics

Global fit results - f

————&———— {('T'T) 052 "ul
> (T'T'T) 05T DUl
—t (T'1'1) 052 9%®
e (1'2'T) O€€ Ul
—y— (1°2°T) O€€ 2x@
< (21°T) O€€ “2ul
—e— (T'1°T) O€€ Ul )
—a— (T'1'T) O€€ 2% o
s (1°2°T) 0S€ “2ul 4
—t (1'2'T) 0S€E 2% o
———a——  {(2'T'T) 0€ Ul
v (T1°T) 0S€ ‘2ul Al
—e— (T'T'T) 05€ 2%®
o (T'2'T) 00Y DUl r.NJ >
—E— (1°2°1) 00v ‘2x@ n =
I a— (2'11) 00v “2ul 5 5
—— (T'1°T) 00% ‘2ul s ©
A (T'1'1) 00Y %@ v
—¥— (T'2'1) 0EY DUl n ©
o (1'2'1) 0EY 2x@ 0 =
—— (2'T'T) 0EY DUl > (]
o (T'1T) 0P "2ul =
< (1'2'1) 05 ‘Ul 2 % el
—A— (1'2'T) 05p 9%@ ) 2
v : (2'1'T) 05Y Ul Q n 5
" n L A:,dc oSt ul ° ° L
O - - 3
5 g
I — (Z'1'1) 052 DUl
— — (T'1'1) 05z 2l [
— —<— (1D 05z %o [l
oA I (T'2'1) oge ur [
llo ¥ {(1'z'D) oge o [
< (z'1'1) oge ur [
—e— —e— {(T'T'D) oge ou [
—— ~B{(T'T'T) OEE X2
—— —— (T'2'1) 0S€ Ul
— —<—  {(I'z'D) 05 %@
TT< & {(Z'T'T) 05€ Ul
v (T'T'T) 0S€ Ul
—— —e— {(T'T'T) 0S€ %@
e e (T1'2'1) 00 DUl
—a —.— (T'2'1) 00% %@
—— ——  {(@'T'D) oo dul
TAM —<—  {(T'T'D) 00Y 2ul
A {(T'T'T) 00Y 9x®
—— —— (T'2'1) 0gY DUl
IOIA_ “e o {(T'Z'T) 0Ep X
< (T'2'T) 05 DUl
i mTTm R — mTpla J(rz'D) o5y
ayay af/'q,




PRELIMINARY

It systematics

Global fit results - f
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It systematics

Global fit results - f
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Linear Combinations |

Possible for any two correlation functions of equal energies which share
one matrix element:

CM(t) =

chP(t) =

Dlsl‘(t) =
DY (t) =
Ds(t) =

D5°(t) =

A (D)X —

CRB(t)Y° ~

Caa(D)Y® —
CRA()Y® —
CRB(t)Y" —

Cap(t)Y® —

RXE AT (AEXS — ATXE) emBot 4 AT (ALXS — AfXL) it

CAP(t) = CSL(1)XS — C3L ()Xt ~ PS (Agxs - Ang) e~fot 4 pp (Aﬁxs - Afo) e—Eut

CEL(t) Yt ~ PS (POLYS - ngL) e~Eot 4 pS (PILYS .y YL) e—Eut

CSE(£)XS ~ Ab (AgYS - POSXS) e~Eot Al (Af YS - Pfx5> e~Eit

CRROX® = AT (ATYS = PEXS) ™8 4 AT (ATYS — PEXS) 10

CEh(tXt ~ PS (AfYE -~

CBR(OX° ~ P (A3

PEXE) e B4 Pf (Afyt - PExt) e fit

— PX®) B0t 4+ PP (ATYS - PiXS) e Bt

Identify: XL=AL XS =A?, YL= P{‘ and Y° = Pf.
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Linear Combinations I

Example for the the 7 aforementioned linear combinations

CO Ih_0.69 un_ex

L0 FET0 S @ apsit @ ppsul ® posUL
Lazs| @ sass @ wssu @ s o o s
B . & o
1120 ox .
s j -. . \
£ 110 R "ae
: i
1105 ' . .
TR
1100 AN z
1095
1130 @ oSl ® opsiL ® apsSL
112 o oL . o oosuL 8 possiL
& D 3 D T, & Dr0
1120 Y "
=15 e o ‘m
I3 . "m
g 110 \ ., -
L) L
N Gl e T
1100 ity ? ] vigped rrtety *
1.095 P +
5 10 5 20 5 10 i 20 5 10 5 20
t/a t/a t/a

20 /20 J Tobias Tsang fp, /fp and &



Linear Combinations Il

Fit to data
uncorrelated excited state fit (MO Ih_0.68)
1.045 T
P % ¥ SSLL pp
¢ SLLL pp
¥ SSLL_aa
1.040 i ik 3 Slilaea
¥ s & SLLL ap
1 ¥ SSLL_ap
1.035 jie
Y s
¥
P8t
= 1.030
5 t ¥ [N
NN
1.025 %
1.020
1.015
0 5 10 15 20 25

t/a
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Linear Combinations Il

LCs using the central value of the fit result
Linear Combinations (MO Ih_0.68)

1.045 T T
0

3 v D)

1.040 i Df"(l)
[IER0)

1.035 : ‘

- I}gﬁﬁﬁﬁﬁ ait el .

MERRFEY L ] |

0 5 10 15 20 25

t/a

am,
<«
L 2l
o
[ SE
——

LCs plateau in fitrange region. = Excited state contamination removed.
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Linear Combinations Il

amey

LCs from fit results X — 36X

Linear Combinations (MO |h_0.68)

1.045 o e s
¢ & ¢
Y D)
1.040 L 0]
8 D)
1.035 m
1.030 ¢ l
s i
o LN | |
| ! ot # N
0 5 10 15 20 25
t/a

LCs do not plateau. = Excited states still present.
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Linear Combinations Il

LCs from fit results X + 36X

Linear Combinations (MO |h_0.68)

1.045 : : [ C,-I;”I(L)I
Y D)
1.040 v L 0]
8 D)
| L]
51030 .5 .
: . |
1.025 ﬁ . I . l ‘
TLEE. * L |
1.020 v Y n 1 T ﬂﬁ Tﬁ JIT £ It
. ; I * I |
1.015 Y + ’
0 5 10 o 15 20

LCs do not plateau. = Excited states still present.
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