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Introduction

Precise determinations of CKM matrix elements:
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Tensions: Inclusive-Exclusive determinations of |V,,| and |V_|.



Introduction

LLong-standing tension between exclusive and inclusive determinations of the CKM

matrix elements |V,,| and | V| at the ~ 30 level.
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From Belle 1809.03290 and FNAL/MILC 2014 |V, |°tN = (38.4 £ 0.9) - 102
Voo |PCT = (38.3 £ 1.0) - 1073



Introduction: Status exclusive |V,;,| extraction
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Introduction: Status exclusive |V,;| extraction
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). 1073 ~ 30 disagreement.



Introduction: Status exclusive |V,;| extraction
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Leptonic determinations
* Less precise (dominated by exp. errors on B(B — 7v))

* BaBar and Belle results don't agree very well.



Introduction: Status exclusive |V,;,| extraction

| Vs | = 3.73(14) - 1072
| Vi | 2etusive: = (4.52 £ 0.157211) . 1073 ~ 3o disagreement.
Leptonic determinations
* Less precise (dominated by exp. errors on B(B — 7v))

* and results don't agree very well.

Important role for for both leptonic and semileptonic



Introduction: Status exclusive |V,;,| extraction

Alternative way of getting |V,,;|: Bs — K/lv.
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* Three LQCD calculations of the relevant form factors:

* LQCD error smaller than for B — = form factors



Introduction: Status exclusive |V,;,| extraction

Alternative way of getting |V,,;|: Bs — K/lv.
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* Three LQCD calculations of the relevant form factors:

* LQCD error smaller than for B — = form factors

* Experimentally: Under investigacion by ~expected to be
measured at the Y (55) run at

(maybe 5-10% precision for the decay rate at Belle-II)



Introduction: Lepton Flavor Universality tests
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Belle 2019: R(D) = 0.307 4 0.037 4= 0.016 (consistent with SM),
R(D*) = 0.283 4+ 0.018 4+ 0.014

World average at ~ 3o from SM.



Introduction: b rare decays (FCNC)

Flavor-changing neutral currents b — g transitions are potentially
sensitive to NP effects B —+ K*~, B — K*¢t¢—, B — note—



Introduction: b rare decays (FCNC)

Flavor-changing neutral currents b — g transitions are potentially
sensitive to NP effects B —+ K*~, B — K*¢t¢—, B — note—

Sets of tensions between SM predicions and experimentally measured
b — s¢t¢~ observables

Branching fraction measurements: BY — K*0,+,—,

Angular analyses: BT — K™ *tutu—, B, — outpu~

Tests of Lepton Flavour Universality (u/e): BY — K*%utu—,
BT — K+t

Very small sensitivity to hadronic form factors ~ 10—*
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Introduction: Rare decays (FCNCQC)

Lepton Flavour Universality Tests
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Introduction: Neutral-current b decays

For B — P/¢¢, hadronic contributions are parametrized in terms of matrix

elements of current (vector, axial and tensor) operators through three
form factors

f+ fo (for my #0) and fr
+ non-factorizable contributions

Allow the calculation of branching fractions, angular observables and
LFUV quantities

Extract CKM matrix elements |V, +s| Or constrain Wilson coefficients Cg
and C1op.



Introduction: Neutral-current b decays

For B — P/¢¢, hadronic contributions are parametrized in terms of matrix
elements of current (vector, axial and tensor) operators through three
form factors

f_|_ ,f() (for my 75 O) and fT

+ non-factorizable contributions

Allow the calculation of branching fractions, angular observables and
LFUV quantities

Extract CKM matrix elements |V, +s| Or constrain Wilson coefficients Cg
and C1op.
* Non-factorizable contributions under control? New physics or

charm-loops?

* This talk: Form factors for h — [ decays.



Current status: Form factors for B — K{T¢~

B — KFfT0™: HPQCD 1306.0434, 1306.2384, ENAL/MILC, 1509.06235
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Overlapping ensemble sets (asqtad MILC N, = 2 + 1) but different lattice actions:
HPQCD: NRQCD b + HISQ u,d, s
FNAL/MILC: Fermilab b + asqgtad u, d, s

Consistent results for fo 4 7, and with LCSR Khodjamarian et al 1006.4945



Form factors for B — K/{T/~
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B — K/¢T¢—: Lepton Flavor Universality Tests
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(1 — Ry )PPQCD = 0.00074 4 0.00035, (1 — Ry )FNAL/MILC — g 00050 4+ 0.00043

SM predictions for these ratios pretty insensitive to form factors and non-factor.
contributions.



B — K/¢T¢—: Lepton Flavor Universality Tests
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compatible/tension with SM at 2.5¢

SM predictions for these ratios pretty insensitive to form factors and non-factor.
contributions.



B — K/¢T¢—: Lepton Flavor Universality Tests
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compatible/tension with SM at 2.5¢

SM predictions for these ratios pretty insensitive to form factors and non-factor.
contributions.

* LHCb expects a reduction by a factor of 4 by 2025.



Form factors for B — w/T/~

Take fi and fo from combined fit of lattice
+ experimental data for B — wfv (assume not significant NP effects at tree level).
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The largest error is the one from the form factors.



Form factors for B — w/T/~

FNAL/MILC, 1507.01618, D. Du et al. 1510.02349 Take f; and fy from combined fit of lattice
+ experimental data for B — wfv (assume not significant NP effects at tree level).
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The largest error is the one from the form factors.

D. Du et al. 1510.02349 SM prediction for R, = BéfB__)::;VT)) = 0.641(17).

Expected to be measured at Belie-11, possible to determine at LHCb



Rare semileptonic B decays to v states

with form factors
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Predictions for both neutral and charged channels: complementary
information (also |Viq.:s|)

* Theoretically clean (no problem with charm LD contributions)

* Difficult to measure experimentally, expected precision ~ 10% for B —- K

B(B° — 7%vp) - 107 = 0.668(41)(49)(16)
B(B° — K%w) - 107 = 40.1(2.2)(4.3)(0.9)

B(BT — ntvw) - 10° = 9.62(1)(92); B(BT — KTvw) - 10° = 4.94(52)(6)



Rare semileptonic B decays: CKM parameters
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* B-mixing results : ,

* B — K(m)put ™ results from

* Full/tree CKM unitarity results come from CKMfitter's fit 2018 using all
inputs/only observable mediated at tree level of weak interactions.



Fermilab Lattice/MILC program for
b(c) — s(d) decays



Form factors for B, — K/lv

FNAL/MILC 1901.02561 on MILC asgtad Ny =2+ 1 ensembles.

Valence sector: Fermilab b 4+ asqtad [, s

‘ Nt = 1000
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0009
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015

Analysis led by Yuzhi Liu

* Errors:
O(asa?), O(asa, a?) f((mpa)?)

* Scale set with r;, with

r?=% = 0.3117(22) fm

* Partially quenched: m/ # mg

* Lattice data
€ [17.4,23.2] GeV?

(Kaon momentum up to JQV—”(l, 1,1)



Form factors for B, — K/lv

FNAL/MILC 1901.02561 on MILC asgtad Ny =2+ 1 ensembles.
Valence sector: Fermilab b 4+ asqtad [, s

Analysis led by Yuzhi Liu

| | | | | * Errors:
@ - O(asa?), O(asa, a?) f((mya)?)

o2

* Scale set with r;, with
r¢=% = 0.3117(22) fm

g 1
o | o O | * Partially quenched: m’ # m,
O | * Lattice data

physical |

€ [17.4,23.2] GeV?

o (fm) (Kaon momentum up to %(1, 1, 1)

# Chiral-continuum extrapolation with NLO HMrSChPT in SU(2)
hard-kaon limit + NNLO analytic terms.

* Small adjustments to the physical my



Form factors for B, — K/lv

# Use BCL parametrization for z—expansion (with K = 4).

* Kinematic constraint f4(0) = fo(0) enforced (without constraint, results
satisfy f,(0) = fo(0) within errors)
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Tension with HPQCD (especially at low g?). Good agreement with RBC/UKQCD.



Form factors for B, — K/lv

# Predictions for differential decay rates:
Ratios for LFU tests: I'(Bs — K7v)/T'(Bs — Kuv) = 0.836(34)

Forward-backward asymmetry: (0;: angle between charged lepton and B)

Y 0 d*T
ALp = / dcos«%—/ dcos 8y
o dg?dcosb, _1 dg?dcos 8y

2 m% 2\ g 2
o Ipkl’ oy Be [£1(a)f5 (a?)]
Lepton polarization asymmetry:

, dl'— /dq? — dT'+

o = = aer o ar (@) o)




Form factors for B, — K/lv

# Predictions for differential decay rates:
Ratios for LFU tests: I'(Bs — K7v)/T'(Bs — Kuv) = 0.836(34)

Forward-backward asymmetry: (0;: angle between charged lepton and B)

Y 0 d*T
A%B = / dcoseg—/ dcos 0y
o dg?dcosb, _1 dg?dcos 8y

2
o Ipkl’ oy Be [£1(a)f5 (a?)]

Lepton polarization asymmetry:

, dl'— /dq? — dT'+

o = = 7qer g g /(@) 1o(@®))

7 Also provides ratios of fi and fo for B — K{flv and Bs — Dgfv as
functions of ¢?: useful for the determination of |V,;/V.s|.



b(c) — s(d) decays on MILC N;=2+1+1
HISQ ensembles

(in progress)



b(c) — s(d) decays on MILC N;=2+4+1+1
HISQ ensembles

* MILC Ny =2+ 1+ 1 HISQ ensembles
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b(c) — s(d) decays on MILC N;=2+1+41
HISQ ensembles

* MILC Ny =241+ 1 HISQ ensembles

* Liuscher-Weisz, one-loop Symanzik and tadpole improved gauge
action — O(a?a?)

* Valence [, s, c quarks are always described with HISQ action — O(asaQ)

* Scale set with wp/a



b(c) — s(d) decays on MILC N;=2+4+1+1
HISQ ensembles

* MILC Ny =241+ 1 HISQ ensembles

* Liuscher-Weisz, one-loop Symanzik and tadpole improved gauge
action — O(a?a?)

* Valence [, s, c quarks are always described with HISQ action — O(asa?)

* Scale set with wp/a

A Clover action with Fermilab interpretation for b — O(asa,a?)f((mya)?)

B HISQ action for heavy quarks, m. < mjp < mp — O(asa?)f(mpa)?)



By — w(K){v: charged currents

Extraction of |V,|: B — wflv and Bs — K{lv.

Vg
g=p—Fk

W 4 dr’

dg?

> A
Y \

B(p) /K (k)
u/d/s
-

(known) |Vub|2 {f+(q2)7 fO(QQ)}



B — w(K)¢T¢—: flavour-changing neutral currents

Flavor-changing neutral currents b — g transitions are potentially
sensitive to NP effects B — K*~, B — K*{T{—,

B — n(K){t¢~,Bs — K{T4™

Most important contributions to all this

type of decays are expected to come

from matrix elements of current (vector,

¢ ¢
b W dfs axial and tensor) operators
B(p) /K (k)

u/d
-

u/c/t
-

Need vector, fi, scalar, fo and tensor, fr form factors from LQCD

= (known) |V, Vi I° {F4(a%), fo(a®), fr(a®)}

dg?



Form factors for B — K(m)

Taking Lorentz and

(P(k)|IV"[B(p)) =

(P(k)IS[B(p)) =

(P(R)IT""|B(p)) =

discrete symmetries into account:
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2 2
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my — My
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Form factors for B — K(m)

Taking Lorentz and discrete symmetries into account:

2 as2 2 2

M M Mz — M
(P(k)|V*|B(p)) = f+(q2)<p”+k“— — PCJ“>+fo(q2) =

= V2Msp [kifJ_(EP) + ’qun(EP)} , v=p/Mp

2 MJ23 o M123
(P(k)|S|B(p)) = fol(qd”) S
2
(P(K)|IT""|B(p)) = fT(qQ)MB S Ma (p" k" — p"Ek")
and then

(P(k)[V'|B(p)) 1

fi(Ep) = T r
B (P(k)|V°|B(p))
fi(Ep) = e
fr(dd) = Mp + Mp (P(k)|T%|B(p)) 1

2Mp 2Mp k*



Correlation Functions

Ratios of 3- and 2-point correlation functions

J(tsource + t)

l,s b Suppress oscillating and excited
states
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—EQt - M (T-t) me : u(v) :
CrO (¢ T k) = = N Cr(t, T k) CHI(t+1,T; k)
3 T - —EWt MO (T 1) —EO (t+1) ,— MO (T—t—1)
8 e P e H e P e H
CH(t +2,T; k)
T —EO (t+42) . — M (T—t—2) T =Tl
& P e H
~ v 0
) — CrW) (¢, T; k) J 2E)
B \/62’p(t, k)éQ’H(T - t, k‘,) e_El(DO)e MI(‘?)(T t)



Correlation Functions
Ratios of 3- and 2-point correlation functions

Suppress oscillating and excited states:

0 0
e—EDt o —MP (T—t)

p(v) i w(v) )
CH(V)(t T k‘,) — Cg (t7 T7 k") C3 (t —|— 1, T, k‘,)
3 ) ) =

) e—EDt o— MY (T—1) e—ES (t+1) o — MY (T—t—1)

CHI(t +2,T; k)

e—EY (t+2) o — MY (T —t—2)

+ T - T +1

RM(V) —

CrW) (¢, T; k) J 25
\/CZ,P(t5 k)Co u(T — t; k)

0 0
e—EY o—MP (T—1)

N F'u(y) [1 . Fpe—AMpt . FPe—AMH(T—t) _|_ } —I— O(AM;, AMPAMH, AM?‘I)

F'(k)
fi(Ep) = Z, :
kz

fi(Ep) = ZF*'(k)

My + Mp F* (k)

fr(Ep) = Zr :
e ki



b — s(d) decays on MILC Ny =2+1+1
HISQ ensembles

A Fermilab b

Analysis led by Zech Gelzer



Simulation data

am;/am

‘ Noontig = 1000

0.2

0.1} .

1 o0 @

0.03 0.06 0-0(9f | 0.12 0.15 Parameters for physical-mass ensembles
a 1

a(fm) Nj’ X N, am; am’ am’ k, Necont X Neour
0.15 323 x 48 0.002426 0.06730 0.8447 0.07732 3630 X 8
0.12 483 x 64 0.001907 0.05252 0.6382 0.08574 986 X 8
0.088 643 x 96 0.0012 0.0363 0.432 0.09569 1535 X &8
0.057 963 x 192 0.0008 0.022 0.260 0.10604 1027 X 8




Correlation Functions and Fits

AV g

* Two values of 7" and 8 time sources.

J t‘?OUTCEi_'_t N
(. ) * Light (HISQ) quarks sources: random

[, s b

wall.
* Heavy (Fermilab) quarks sources: local +
P(tsource) B (tsource +T) 1S-smeared.
* P momenta generated up to
. k=1(2,2,2) X 27 /(aN,) (7 values)
I, 5

CE(t;0) = 5, (Op(t, 2) 05(0,0)), CL(tik) =¥, (Op(t, =) OL(0,0)) ™™=,

CH)(t, Ty k) = &

€T,y

etV (0p(0,0) JH) (¢, y) OL(T, )



Correlation Functions and Fits

AV g

* Two values of 7" and 8 time sources.

J t‘?OUTCEi_'_t N
(. ) * Light (HISQ) quarks sources: random

l,s b wall.
* Heavy (Fermilab) quarks sources: local +
P(tsource) B (tsource +T) 1S-smeared.
* P momenta generated up to
. k=1(2,2,2) X 27 /(aN,) (7 values)
I, 5

CE(t;0) = 5, (Op(t, 2) 05(0,0)), CL(tik) =¥, (Op(t, =) OL(0,0)) ™™=,

CLM (¢, T k) = Ty, ¥ (0p(0,0) IV (¢, y) OL(T, =)

€T,y

* Mostly nonperturbative matching: Z; = pJ\/ZVb% Zyv s+ With p; calculated perturbat.
at one loop and ZVJ%’ Zv+ nonperturbatively.

** Introduce a blinding factor through the renormalization factors.



Correlators and Fits: B - K on phys. a = 0.057 fm

Form factors from direct (combined) fits to all correlation functions: Preliminary

g
1'5—|""|"'_'""I."'/"I""I""I""
' 10k I
= 2
§ T T T E T L L) ?T“\
| Y
05} &=
OO N B S T B R B
0 5 10 15 20 25 30 35
t/a
4
0-5|"| T '|V"|""|""| i k:(0,0,0)
0.4 i | b k=(1,0,0)
1 frforsh k=(1.1
03[ ettt ] ¢ . (1,1,0)
A : b k=(2,0,0)
0.2} 4 .
| _ ¢ k=(2,1,1)
M ‘_ b k=(3,0,0)
0.0I....I....I....I....I....I....I.... A:
0O 5 10 15 20 25 30 35 b k=(2272)

(consistent with fits to ratios R of 3-point over 2-point functions)



Form factors for B — 7«

15 T T T T T T T T
W
ST
e ¥
~ ®
= %iﬁ;.
l o 0.5} ¥ E{ s
00 ) ] ) ] ) ] ) ] ) ] ) ] ) ]
0.1 02 03 04 05 06 07 08 09
wOE’ﬂ'
10 T T T T T T T
.
< | e
= ;Q ; = ;
5= 05} ﬁﬁf .y i
~
— O
S !
00 ) ] ) ] ) ] ) ] ) ] ) ] ) ] )
0.1 02 03 04 05 06 07 08 09

wOEﬂ'

fr/pr

2.5

2.0}

0.0

Preliminary

0.5

-
%it' | :
iy

0.1 02 03 04 05 06 07 08 09

wOEﬂ'

¢ a~0.15fm, my/m{ = phys

/
a~ 0.12 fm, m;/m, = 0.2
a~0.12 fm, m;/m} = 0.1
a ~ 0.12 fm, mj/m/, = phys

a ~ 0.088 fm, m;/m/ = 0.1
a ~ 0.088 fm, m;/m/, = phys
!/

@ H@-H HEH

a ~ 0.057 fm, mj/m/ = phys

q? € [18,27.6] GeV? Preliminary

Note: Correct renomalization p; factors missing. Only /va%) Zy+ included.



Form factors for B —- K

10 T T T T T | ' |

3

fi/p1
;
.
H@H

~1/2
0
M
5
ot
a_ N

0.4 0.5 0.6 0.7 0.8 0.9 1.0
wolik
10 T T T T T T T T T
S @ n
é ' e il 2 i |
= 05} R E |
~~ | i
— O
S
00 . | . | . | . | . | .
0.4 0.5 0.6 0.7 0.8 0.9 1.0
wolik

fr/pr

Preliminary
1.5 _ : . . T T
[ ﬁgi n
1.0+ = i
i ®
EQj %Ei . ﬂ
0.5} h &
ool v L
0.4 0.5 0.6 0.7 0.8 0.9 1.0

onK

¢ a~0.15fm, my/m{ = phys
a~ 0.12 fm, m;/m, = 0.2
a~0.12 fm, m;/m} = 0.1

a ~ 0.12 fm, mj/m/, = phys

a ~ 0.088 fm, m;/m/ = 0.1

!/
a ~ 0.088 fm, m;/m/, = phys
!/

@ H@-H HEH

a ~ 0.057 fm, mj/m/ = phys

q? € [16.8,23.8] GeV? Preliminary

Note: Correct renomalization p; factors missing. Only /va%) Zy+ included.



Form factors for B, — K Preliminary

1.0 T T T T T T T T T T T 1.5 T T T T T T T
| | %
. _ _ 'l _
° @
S ° | Lo} . ]
~—— \ a ] E' ' | [} ]
— e Qo | ~. |
T 051 - 1 ~ o
| o ﬂ 0.5 i
: t
00 . | . | . | . | . | . OO - . | . | . | . | . | . |
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
onK onK
1.0 T T T T T T T T T
¢ a~0.15fm, my/m{ = phys
S | o ' a~ 0.12 fm, m;/m, = 0.2
= ' Yo | a~ 0.12 fm, mj/m/ = 0.1
“~ 05} Ll e E . v
& L E a =~ 0.12 fm, m;/m/ = phys
— [ 1
SD _ B a~0.088fm, mj/m;=0.1
é a~0.088 fm, m;/m; = phys
' é a~0.057 fm, mj/m; = phys
00 . | . | . | . | . | .
0.4 0.5 0.6 0.7 0.8 0.9 1.0
wo LUk

q? € [16.8,23.8] GeV? Preliminary

Note: Correct renomalization p; factors missing. Only /va%) Zy+ included.



Chiral-continuum interp./extrap.: B; — K

We extrapolate the form factors to the continuum and interpolate to
the physical quark masses using SU(2) HMrSyPT

froo= O x (1859 + 870 4857 O+ ) x (14 815)
0 _ 9r
/ fW(EP+A )

SFYFC = dxi+cSxs +cixe + b XD 4 ¢ xa

* A*

5= (Mé — M2 — MIQD) /(2Mp ), where Mp- isa 1~ or 0T mass.

B,
* fL°9%: nonanalytic functions of m;, a

* b b-quark discretization effects,
O ((aA)Q, asal\, ozS(aA)Q) X mistmach functions (amy, as)th].

* Perturbative part of Z; implemented with priors: g; = 1 + ﬁ a + p( )



Chiral-continuum interp./extrap.: B; — K

Preliminary Preliminary

1.0 . . . . . .
$ a~0.15fm, mj/m = phys

09} a~0.12 fm, mj/m, =02 A 0.9}

a~0.12 fm, mj/m}, = 0.1

0-8¢ a ~ 0.12 fm, mj/m) = phys |

o7l : #  a~009fm, mj/m;=01 |
' $ a~0.09fm, mj/m; = phys

f1

g 0.6 \‘\ ¢ a~0.06fm, mj/m; = phys |
l o i continuum
0.5} i
04}
0.3} 0.3
0.2 | | | | | | 02 I I I I I I
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
wokk wolk

* fiL and fj fit simultaneously.

* Central fit: NLO SU(2) HMrSxPT + N2LO analytic terms.



Error budget for B, —+ K

Preliminary and missing perturbative p; factors

60 stat. + HQ, LQ disc. + g, 1l 60 stat. + HQ, LQ disc. + g,
50 fi wo - 50 fo Wo
N Z, . 2)
2o 40 — e 40
= S =
P 7 e
@ 30 3 Z 30
o = o
— — —
) © )
~— 20 ~ 20
14
10 10
12
0 0
17 18 19 20 21 22 23 24 17 18 19 20 21 22

¢ (GeV?) ¢ (GeV?)

23

24

errors (%)



Error budget for B, —+ K

Preliminary and missing perturbative p; factors

60 stat. + HQ, LQ disc. + ¢,
50 fi wo
Z,

17 18 19 20 21 22 23 24

¢ (GeV?)

Compared to previous FNAL/MILC:

errors (%)

60 stat. + HQ, LQ disc. + ¢,
50 fO Wy [
— Z| -
< 40 .
= S
o =
2 30 5
o =
: 3
<b]
~— 20
{4
10
42
0
17 18 19 20 21 22 23 24

¢ (GeV?)

Similar a — similar statistics, smaller discretization (HISQ)

Physical mg ensembles — remove chiral extrapolation error



Outlook

On-going calculation of form factors fo, f+, fr for B—-nm, B—- K, Bs - K
with Fermilab b and HISQ [,s,c on HISQ Ny =2+ 1+ 1 MILC ensembles.

* 4 |attice spacings, 7 ensembles (including 4 with phys. masses)
* Mostly non-perturbative renormalization.

* Chiral4continuum fits: NLO HMrSChPT in SU(2) hard-kaon limit + NNLO
analytic terms.



Outlook

On-going calculation of form factors fo, f+, fr for B—-nm, B—- K, Bs - K
with Fermilab b and HISQ [,s,c on HISQ Ny =2+ 1+ 1 MILC ensembles.

* 4 |attice spacings, 7 ensembles (including 4 with phys. masses)

* Mostly non-perturbative renormalization.

* Chiral4continuum fits: NLO HMrSChPT in SU(2) hard-kaon limit + NNLO
analytic terms.

Need to do

Renormalization coefficients: calculate pj, get va4b with better stat.
»dd

* 2z expansions and finalize systematic error budgets.

X

Phenomenology: |[Vuu!|, |Vzdl, |Vis|, confront branching fractions and
angular observables with experiment, make predictions for the not yet
measured quantities.

Correlated ratios for different processes



h — s(d) decays on MILC Ny =2+1+41
HISQ ensembles

B HISQ heavy

Analysis led by William Jay



All-HISQ decay constants analysis

It is feasible to do B physics with HISQ: Decay constants

6 — — o (physical mass ensembles)

g O m=mls E 10 .
SE O Q o m=m/0 - | —

F-———- <>"©‘“ O m)=physical 3 9 /L//. —

i OO B4 | = ;
OO ' e ]

© N A ! !
kOO & | E/?/ﬁ/
= r | i I 1

<> =3 : B

u fp

~
e
& @ = — a=~0.09fm
| 666 5 — a~006fm |
— a~0.042 fm
continuum
O C 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 : 4 L L L L \r
0 0.03 0.06 0.09 0.12 0.15 0.18 15 20 25 30 35 40
a (fm) MHs/fp/ls

Avoid large lattice artifact including data with Use HQET-inspired model for extrapolating to

am; < 0.9 (black solid line) the B mass.



All-HISQ decay constants analysis

It is feasible to do B physics with HISQ: Decay constants

6 — — — — (physical mass ensembles)
- O m=mls E 10 —
SE O ® o m=n10 S | L
______ 9 @ O  m, = physical ? ):a//. — 1
Q ] ! " : !
=3 & @ 7 ' ' E/? [
s I | ! 1
<> @ gi : B
2E & @ t 61
S
& @ = — a~0.09fm
] AN - - G -~ — a~0.06fm ||
@ ° — a~0.042 fm
continuum
E | | | | | | | | | | | | | | | | | B 4 I ! | | !
00 0.03 0.06 0.09 0.12 0.15 0.18 15 20 25 30 35 40
a (fm) MHs/prls

Avoid large lattice artifact including data with Use HQET-inspired model for extrapolating to

am; < 0.9 (black solid line) the B mass.

* Errors: 0.2-0.3% for ¢ decay constants, 0.6-0.7% for b decay constants.

LLargest systematic errors: choice of fit model (continuum extrapolation errors),

correlator fits (excited-state contamination).



All-HISQ decay constants analysis

(f= ppc also important systematic for charmed decay constants)

* Controversy with EW radiative corrections needed to exract |V, 4| from
superallowed B decays:



300

(MeV)

:S 200}

135}

0.042

project until middle July 2019

Simulation data

Data generated for all-HISQ heavy semileptonic

B+ K, B—m, B, > K

' ‘ (and D - K, D — w, D, — K)
By — Dys)
0.66 0.69 0.i2 0.i5
a (fm)
~ a(fm) Ng X N, am; am’ am’ amy/am,
0.15 323 x 48 0.002426 0.06730 0.8447 09,1, 1.1
0.12 243 x 64 0.0102 0.0509 0.635 09,1, 1.4
0.12 323 x 64 0.00507 0.0507 0.628 09,1, 1.4
0.12 483 x 64 0.001907 0.05252 0.6382 09,1, 1.4
0.088 483 x 96 0.00363 0.0363 0.430 0.9, 1, 1.5, 2, 2.5
0.088 643 X 96 0.0012 0.0363 0.432 09,1, 1.5, 2, 2.5
0.057 643 x 144 0.0024 0.024 0.286 09,1, 2, 3,4




300}

(MeV)

:S 200}

135}

0.042 0.06 0.09 0.12

0.15

project until middle July 2019

By — Dys)

Simulation data

Data generated for all-HISQ heavy semileptonic

B - K, B—mnw, B, - K
(and D - K, D — w, D, — K)

Include partially-quenched data: fine-tuning light

quark masses, isospin-breaking effects.

a (fm)

~ a(fm) Ng X N, am; am’ am’ amy/am,
0.15 323 x 48 0.002426  0.06730  0.8447 09,1, 1.1
0.12 243 X 64 0.0102 0.0509 0.635 0.9,1, 1.4
0.12 323 x 64 0.00507 0.0507 0.628 0.9, 1, 1.4
0.12 483 X 64 0.001907  0.05252  0.6382 0.9, 1, 1.4
0.088 482 x 96 0.00363 0.0363 0.430 0.9,1, 15,2, 25
0.088 643 x 96 0.0012 0.0363 0.432 0.9,1, 15,2, 25
0.057 643 x 144 0.0024 0.024 0.286 0.9,1,2 3,4




Correlation Functions

87 V/Lanl/

tSOllI‘CC source + T

* Random wall sources.

Vi, S

tsource + L

tsource tSOUI“CG + T

* 4 values of T generated, 3 more being generated in some ensembles.

* 6-8 time sources.

* Local scalar and temporal vector currents, point-split spatial vector currents.

¥k S and V; are taste singlets — parent H,) has spin-taste v5 X 5 (Goldstone

meson).

** Vo and T,, have taste v, — parent H() has spin-taste vovs X Y075

(non-Goldstone meson).



Correlation Functions

87 V/Inmy

tSOUI‘CG tSOU.I”CG + T

* P momenta data generated up to k& = (4,0,0) x 27w/(aNs) (8 values)

H —tk-x —tk-ax
Cy @ (t; k) =5 <OH(S)(t,a:) O}L._I(S)(O,O)>€ ke CP(t k) =), <Op(t,m) o;(0,0)>e koo

CLO (1, Ts k) = T,y @Y (00 (0,0) 77 (2, 1) O, (T, =)

Gl (8, Ti k) = T, , ¥ (O, (0,0) (8, 4) O}, (T, 2))



n/s (%)

Comparison of noise-to-signal at a =~ 0.12fm

Fermilab heavy b vs HISQ A

HISQ h
Fermilab b
k| =

k| =1

k| =

k| =

F =4

* Physical [, s and ¢ masses

* Source-sink separation
T = 15, 16.

* mypy — 1.4mc

Typical fit range:

~ [2 — 13]

To suppress oscillating-state contributions for better visualization, an averaging

scheme has been applied over neighboring time slices.



Extracting the form factors

Using the Ward identity qu<P|Vﬁt|H>Zvﬂt = (myp — mgq){P|S|H) and the
definition of the form factors

2 _ mp — Mg

fola™) = M2 — M2 (P|S|H),2 mnorenor.needed
fl) = L (Mu = Mp)(mn = mo){PISIH) — ¢?Zyo(PV|H)
- 2MH k2

1 MH _ MP .

T 2M Zyo(PIV°|H) + — Zyi(P|V’|H)

H

fr(?) = MatMe, (PITH)

M1 Mg



Extracting the form factors

Using the Ward identity qu<P|Vﬁt|H>Zvﬂt = (myp — mgq){P|S|H) and the
definition of the form factors

mp — Mg
fo(a®) = (P|S|H),2 norenor.needed
M2 — M3 q
fl) = L (Mu = Mp)(mn = mo){PISIH) — ¢?Zyo(PV|H)
i 2MH k2
1 MH _ MP .
- IMy Zyo (PIV|H) + : Zyi (P|V*|H)
frig = MotMe, P71
2M gy IM g

* For the local temporal current, with both mesons at rest:

m — m
Zyo(P|Vo|HYpr = — 1 (P|S|H),:
a7 .« Vi 9 max
]MH - P




Extracting the form factors

Using the Ward identity qu<P|Vﬁt|H>Zvﬂt = (myp — mgq){P|S|H) and the
definition of the form factors

mp — Mg
fo(a®) = (P|S|H),2 norenor.needed
M2 — M3 q
fl) = L (Mu = Mp)(mn = mo){PISIH) — ¢?Zyo(PV|H)
i 2MH k2
1 MH _ MP .
- IMy Zyo (PIV|H) + : Zyi (P|V*|H)
frig = MotMe, P71
2M gy IM g

* For the local temporal current, with both mesons at rest:

m — m
Zyo(P|Vo|HYpr = — 1 (P|S|H),:
a7 .« Vi 9 max
JMH - P

* Renormalization factors Zy,., Z+: Under investigation.
** First step: Mostly non-perturbative renormalization?



Correlation Functions and Fits
Example: D — 7 at a ~ 0.12fm with phys. quark masses

S correlation function for k = (1,0,0) (fo)

0.8 - : - Preliminary
: I Prior: R
5 0.6 : 4 Data:R, T=13
= | Fit: R, T=13 * Combined correlated fit to
> I -
o | Data: R, T=14 A A
';E) 0.4 - : Fit: R, T=14 2-point and 3-point
© ® | 4 Data:R T=15 functions
' 0.2 \ Fit: R, T=15
¢ (ratio R 3pt- and 2-point
0.0 l

functions for visualization)



Correlation Functions and Fits
Example: D — 7 at a ~ 0.12fm with phys. quark masses

S correlation function for k = (1,0,0) (fo)

0.8 ; : - Preliminary
: I Prior: R
5 0.6 - : 4 Data: R, T=13 - -
= | Fit: R, T=13 * Combined correlated fit to
S I -
Data: R, T=14 . .
0] I ' _ _
';E) 0.4 - : Fit: R, T=14 2-point and 3-point
© ® | 4 Data:R T=15 functions
' 0.2 \ Fit: R, T=15
¢ (ratio R 3pt- and 2-point
0.0 . L . . . .
) 4 6 8 10 12 functions for visualization)
t/a

T19 correlation function for k = (1, 0, 0)

| |
- Fit: R
* Similar results for all currents : \ | = Prior: R
5 I I 4 Data:R, T=13
%] ’
and most of the momenta. 2 ! i Fit: A, T=13
=] 1 -
) | I Data: R, T=14
U . -
* Add larger values of T: Better g : : Fit: R, T=14
2 | | | 4 Data:RT=15
constrain of ground state ‘o + ‘ Fit: R, T=15
contributions I *
I T

t/a



Correlation Functions and Fits

Example: 3-point correlation function with S insertion and k = (1,0,0)

2 -+ 1 states for = channel

and 4 + 2 for D channel

Check stability



Correlation Functions and Fits

Example: 3-point correlation function with S insertion and k = (1,0,0)

2 -+ 1 states for = channel

and 4 + 2 for D channel

Check stability

* Light bands: broad priors

(central value from 2-point fits)

* Dark bands: (combined) fit values.

1.5 1

©

“io -
05

0.0 1

Energies: light-light

Bl & &

0 5 10 15 20 25 30
t/a

Energies: heavy-light

ffit guess
— Fit: EO
- Fit: E1
— Fit: E2
Prior: EO
Prior: E1
Prior: E2
4+ Effective mass
4 Smeared effective mass

ffit guess

Fit: EO

Fit: E1

Fit: E2

Fit: E3

Prior: EO

Prior: E1

Prior: E2

Prior: E3

4+ Effective mass
4 Smeared effective mass



Preliminary: D — 7w form factors

Physical masses for light and heavy masses = 0.9m.. Three lattice

spacings a =~ 0.088,0.12,0.15 fm

0.36

0.34 A

0.32 A

f|| r

0.28 1
0.26 A

0.24 A

0.35 1

0.30 H

= 0.25 A

0.20 A

0.15 A

0.30 T

fl
™Y 4 0.088
® > 0.12
® 4 0.15
*
1)
0.05 0.10 0.15 020 025 030 035 0.40 0.45
p3lGeV?]
fr
2 . 4 0.088
+ > 0.12
+ 4 0.15
¢
%
¢§:i. +
$ o
0.05 0.10 0.15 020 025 030 035 040 0.45

p%lGeV?]

0.65
0.60 -
0.55 1

., 0.50 1
L
Z0.45 A
_‘
0.40 1
0.35 1

0.30 H
0.25 -

0.65 1
0.60 1
0.55 1

o 0.50 1
0.45 1
0.40 1

0.35 1

Note: No renormalization included.

fi
7 4 0.088
. & 0.12
4 0.15
Y )
0%
¢ooe
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
p3lGeV?]
fo
™ 4 0.088
b 0.12
4 0.15
o
°
Y
°
»
%
.0
0.0 0.1 0.2 0.3 0.4 0.6
p?[GeV?]



Preliminary: Pion dispersion relation

(for physical quark masses ensembles)

4 0.088fm -9

0.12 fm _-
4 0.15fm
— =+ Continuum Dispersion ”,{

’/
‘./
P 5
’f
> g
’/
a”
.’

&
e
0.0 0.1 0.2 0.3 0.4 0.5 0.6

p?lGeV?]




Conclusions and outlook

On-going calculation of form factors fq, f+, fr for H - P, H — H’
processes with the HISQ action for all flavors on HISQ Ny =2+ 1+1
MILC ensembles.

* So far: 4 lattice spacings, 7 ensembles (including 3 with phys. masses)
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On-going calculation of form factors fq, f+, fr for H - P, H — H’
processes with the HISQ action for all flavors on HISQ Ny =2+ 1+1
MILC ensembles.

* So far: 4 lattice spacings, 7 ensembles (including 3 with phys. masses)

* Momenta up to k = (4,0,0) x 27 /(aN,): cover ¢° range for D semileptonic,
down to ~ 11 GeV? B semileptonic.

* Noise-to-signal seems to significantly reduce respect to Fermilab b/HISQ light
description.

* Good behaviour of dispersion relation

Next steps in the current analysis:

* Include larger source-sink separations: better determination of ground state.
* Optimize fitting methodology.

* Autocorrelations (plots in this talk, data binned by 10).
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* Nonequilibrated topological charge effects.

For HISQ Ny =2+ 1+ 1 MILC ensembles with smallest lattice spacings
(a ~ 0.042,0.03 fm), the topological charge @ is not properly sampled.

Correct the form factors in a similar way as we did for K — w/fv

* 4 ™ Q2 sample
ff (O>Corrected — ff (O>Sampled — 2X1TV (ff (O))” (]_ — <X>Tl>

with (f7(0))" = d*fy/d6%|s—o and xr = (Q)/V the topological susceptibility.

* Following . use ChPT to study
Q-dependence (6 dependence) of the form factor and obtain (ff”(o))” at LO:

* Renormalization for 7 current.
* Scale setting with a different (than f.) experimental input: Mg, mp_ ...7

* Long term: EM and isospin breaking effects.






