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- Why St2edy faar(/—-f/avd physics?.

4+ Most standard-Model extensions have additional sources of flavor § CP violation

+ Quark-flavor-changing processes receive contributions from exchange of new
particles that arise in wide range of models:

tree-level b-hadron decays to
T leptons sensitive to charged scalars

s—d & b—d,s flavor-changing
neutral currents sensitive to SUSY,
that couple preferentially to heavier

particles (e.g. 2HDM) -

flavor-changing Z', leptoquarks, 4
generation, composite Higgs, ...

dy, SL,
.).x [ | ) [ |

+ Precision quark-flavor measurements sensitive to QM loop effects from new
particles too heavy to be directly accessible at the LHC (ov fovseeable colliders)

R. Van de Water - . ~ Lattice for the CKM matrix -
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.

Broad experimental effort to study flavor-changing interactions of strange,
charm, and beauty hadrons

D
O %

EXPERIMENT

+ AQuark-flavor sector provides numerous experimental observables to compare with
Standard Model (differential decay rates, angular distributions & asymmetries, oscillation
frequencies, ...)

+ Revealing new-physics effects requires reliable Standard-Model predictions with
uncertainties commensurate with experimental measurements

+ Theory error often limited by QCD matrix elements §p wowperturbative |attice-acd
cdlculations cvucidl to maximize Scientific impact of cuvvent & future quavk-

flavor experiments!

R
R. Van de Water - ~ Lattice for the CKM Matrixs "“




Predision lattice

“In the last five years lattice QCD has matured into a precision tool. Results with fully
controlled errors are available for nearly 20 matrix elements. ... The ultimate aim of
lattice-QCD calculations is to reduce errors in hadronic quantities to the level at which
they become subdominant either to experimental errors or other sources of error.”

— Snowmass 2013 Quark-flavor WG report (1311.1076)

’/ _




gantum hromo ynamies

1 _ 10
Lacp = 55tr[FuF*] =Y s (B +myg) s + 3om2¢ T Eu o]
f=1 N -~ v
violates C'P

+ QCD Lagrangian contains 1 + n; + 1 parameters that can be fixed from equal number of
experimental inputs

FUNDAMENTAL PARAMETER EXPERIMENTAL INPUT
¢ Gauge coupling g2 ri, mq, Y(25-15), or fy
<+ nr quark masses ms Mn, MK, MJy/y, My, ...
« 06=0 neutron EDM (]6| <101)

4+ Once the parameters are fixed, everything else is a prediction of the theory

4 Caleulations of hadronic parameters challenging in practice because low-energy QCD is
nonperturbative

R Varlde Water ____lattice QCD forthe CkMmatix___ 4 5



i m erical lattice

+ Systematic method for calculating + Simulate using Monte-Carlo methods and
hadronic parameters from QCD first importance sampling
principles o

Sample from all possible field
configurations using a distribution given

+ Define QCD on (Euclidean) spacetime by exp(-Sacp)

lattice and solve path integral

numerically + Run codes upon supercomputers and

. . dedicated clusters
+ Recover QCD when lattice spacing

. WY Argonne Natl. Lab BG/Q;

L=Nsa

R. Van de Water




n Hattice- simulatl

+ Standard simulations include dynamical
u, d, s (& c) quarks in the vacuum

% (Tyrically sed wm,=my)

4+ Control systematic errors using gauge-
field ensembles with different parameters:

< Multiple lattice epacings to extrapolate to
continuum limit (a—0)

 Multiple up/down-quark masses to
extrapolate to physical Mz =135 MeV

< Multiple spatial volumes to estimate finite-
size effects e

Test and validate methods by
(1) Comparison with experiment
(2) Independent calculations sensitive to different systematics




SGOBD®PLATED” lattice proCESSEs:

4+ Most precise results for simple processes with single (stable) initial hadron & at most
1 final-state hadron

< Includes numerous quantities needed to obtain leptonic decay constants

CKM matrix elements and test Standard Model
-

< Excludes QCD resonances (p, K, ...);
fully hadronic decays (K=nr, B=DK, ...);
long-distance dominated quantities
(AMg, D-mixing, ...)

semileptonic
form factors
W



attice- validadiron

+ Reproduce experimental results for wide variety of hadron properties and provide the only
ab initio QCD calculation of others

% Light- and heavy-
hadron spectrum
(including n-p mass
difference)

<+ Most precise Os
determination and
competitive b-, c-quark
masses

< Dredictione of Bc
meson mass, decay
constants fp & fps, and
D—Klv form factor

4+ Demonstrate that
lattice-QCD calculations
are reliable with
controlled uncertainties

Hadron spectrum from lattice QCD
[update of compilation by Kronfeld in 1203.1204]

O’B S’QO?SSPS Bc Bc
BO0—T—T T T T 1

——

2000 |~ — oo —
e B mesons offset by —4000 MeV 7




Recent lattice results
for the CKM matrix

“[An] area of striking progress has been lattice gauge theory. ... It is now possible to
compute the spectrum of hadrons with high accuracy, and lattice computations have
been crucial in the measurement of the properties of heavy quarks. Continuing

improvements in calculational methods are anticipated in coming years.”
— Snowmass 2013 Executive Summary (1401.6075)




Determination of CKM elements

+ Measure flavor-changing processes
involving hadrons

4 [nfer CKM elements within Standard

Model by comparing experimental
measurements of flavor-changing
interactions with theory predictions

< Absorb nonperturbative QCD
dynamics into hadronic
parameters

Amyg s)

dl'(B — wlv) dI'(B — D™w)
dq? ’ dw T

Y

(Experiment) = (known) x (CKM factors) x (Hadronic Matrix Element)

vertex « Vb

w-

b . u

B .
meson M pion

d d

Compute nonperturbative QCD parameters
(decay constants, form factors, B-parameters,...)

numerically with LATTICE ()CD

o

R.Van de Water Lattice QCD for the CKM matrix 11



Lattice QCD & the CKM matrix

+ Lattice-QCD community has mature & successful program to calculate weak matrix
elements needed to obtain CKM elements & phase (see recent lattice reviews)

+ Here focus on new results since FPCP 2014: appendices present additional results for
light flavors (u,d,s) and heavy flavors (c,b)

4+ Simple lattice processes
enable determinations

Vud Vus \
of all CKM e&aments NN K — {u B — fu
except | Vib| K —-mlv B — 1ty

Vcd Vcs Vcb
D—/V%wv D,—fv B— Div
D—mlv D— Klv
th_ Vts_
(Bd|Ba)  (Bs|Bs) /

< Neutral kaon mixing aleo
gold-plated & can be uged
to obtain phase (g, )

B —nll B— KU

R.Van de Water Lattice QCD for the CKM matrix 12



Kaon physics summary

7T+
_|_
u W—{— H
= | f
d v,
K+

_|_
7
u W—{—
fk
Y
f+K—>n(q2=0) .
Vi
W+
S u
KY < T
d d
R.Van de Water Latti

+ For all simple quantities
% Physical light-quark masses

<+ Nonperturbative or no renormalization

< Confirmation from independent results

+ (Sub-)percent precision =» EM & isospin-

breaking becoming relevant

Bk
K K
u,c,t
d S
> W W <
S d
u,c,t

e OCD for the CKM matrix



Kaon physics summary

fKi/fﬂi

FTAG2015 . ..
‘__l_ 0.2% E-T-;Ae]s-;i?atefoer:Q.{_]_H * For all Slmple quantltles
T MILC 14A
——H ETM 13F ° . .
< " A % Physical light-quark masses
f HJ MILC 11 (stat. err. onIY)
—{ ETM 10E (stat. err. only)
. _ ’ ° ° [ ]
i e SV <+ Nonperturbative or no renormalization
~fs gD 1
n T—o—  lecmoo % Confirmation from independent results
(ﬁl H_-_t-H—D—| Jfl;(/l)\élef(T)WQCD 09A (stat. err. only) b e o E ° °
> B i s 4+ (Sub-)percent precision =» EM & isospin-
—— —t ubin
»—[E—q PACS-CS 08, 08A . .
e - nacikacsos breaking becoming relevant
—_ NPLQCD 06
T MILC 04
—l- our estimate for N¢=2
o~ H H EE/IHi\éllBB(stat. err. only)
I — BGR 11 r
= — ETM 10D (stat. err. only) BK
- ETM 09 =
. - T—— | QCDSF/UKQCD 07 T w - x x x
1.14 1.18 1.22 1.26 "I_‘ i our estimate for Np=2+1+1 ‘
N
g\ i ETM 15 K ..
f 4+  Kaon-mixin
I'_LK(;- 2015 X | | + (O) 1 .3% = = our estimate for Ny=2+1 . g
‘:_ 0.3% HilH our estimate for Ny =2+1+1 a RBC/UKQCD 14 matrlx elements
T .l ETM LA T SWhELE fall ibl
‘ﬁ‘ FNAL/MILC 13C i T e 1 OrT a pOSSl e
p ) + ‘ i
Z our estimate for Ny =2+1 : L SWME 13A —
- RBC/UKQCD 15 cﬁl —L RBC/UKQCD 12A AS_Z B SM
— RBC/UKQCD 13 > — Laiho 11
+ alno
S PALMLQL N o operators also
JLQCD 11 . .
> RBC/UKQCD 10 BMW 11
< RBC/UKQCD 07 —HF—H RBC/UKQCD 10B aval I ab | €
O — Kastner 08 = H * SWME 10
= —e— Cirigliano 05 — H—t Aubin 09
© —— Jamin 04
i —— Bijnens 03 1 —l— = RBC/UKQCD 07A, 08
g 1 I—,—i 1 1 Leutwyler 84

R.Van de Water Lattice QCD for the CKM matrix 13



Implications for 1st-row CKM unitarity

v

i { + ~20 tension between leptonict & K

0.0508 =775 % N decays, semileptonic K decays, B-decay,
CENALMILO) | \Z \ and CKM unitarity [see e.g. Rosner, Stone,
- 2 - & RV (PDG), 1509.02220]
0.0504 |~ RN
\ 1 + Unitarity test using |Vus| from K3 decay
- ] [FLAG <015 prel. + Moulson, 1411.525<]
2 o0sLK, \ and |Vud| from superallowed B-decay
= | (FNAL/MILC) ! [Hardy & Towner, 1411.5987]
I | limited by error on: |Vud|?:
0.0496 |- m 1
I j | Vua |2+ Vus [ 2+ Vup | 2-1 =
! - -0.0021(29)vus(41)vud
0.0492 |- nuclear —
i B-decay §
M N [ I

09484 09488 09492  0.9496

1% |2 = can | Vi from ﬁ—deoagj be meroveal?
ud

R.Van de Water Lattice QCD for the CKM matrix 14



D-meson physics summary

+ Small errors due to

7

+ Physical light-quark masses

< Improved charm-quark actions
+ fine lattice spacings

<+ No renormalization (PCAC) pt

Vi f+D_’1T(q2=O)

D+

.Van de Water Lattice QCD for the CKM matrix 15



D-meson physics summary

+ Small errors due to Kecent highlights:

7

< Physical light-quark masses + First 3-flavor Ds—plv form factors

<+ Improved charm-quark actions [HPQCD, PRD90 (2014) 7, 074506]

+ fine lattice spacings + First 4-flavor D-mixing matrix elements

% No renormalization (PCAC) (all five AC=2 SM & BSM operators,
only short-distance contributions)

PDG 2015 Nf>= 3 averages [ETM, 1505.06639]

0 0/ @ 0 5cy @ FNAL/MILC 14
-é (0] = (o]
R S | FLAG 13 N = 2+1 averages
—@— XQCD 13 | T T T T | T T T T |
@ @ HPQCD 12
. . . . FNAL/MILC 11 o HPQCD 13
! . i I @ i (0] ()
i W g | HPQCD 10 4.4% 2.5%
—@— —@— HPQCD 07 HPQCD 11,10
. . PA , FNAL/MILC 05
L u, (_ilgggzl _______________________________________________ FNAL/MILC 04
|_._| |_._| TWQCD 14 ________________________________________________________
—e—— ——— ALPHA 13
— @ —— ETM 13
——— — @ — ETM 11
— e—— — @i ETM 09 | |
u, d sea | | b 0.7 DK 0.8 0.9
1 7T
250
f, 0 f, O)

f,, MeV)

R.Van de Water Lattice QCD for the CKM matrix 15



Implications for 2"d-row CKM unitarity

v

|
+ Errors on |Ved| & |Ves| from leptonic D

decays limited by experimental branching
fractions [Rosner, Stone, & RV (PDQG),
1509.02220]

|Vea| =0.217(1)Lacp(5)expt
| Vcs | =] 007(4) LQCD(] 6) expt

+ Some tension with CKM unitarity

||Vcd|2+ |Vcs|2+ |Vcb|2-] 20064(36)

| = Reaching precision where need estimate of
YRyt ra—— hadronic structure-dependent EM

|
0044 0046 0048 005 L .
2 contributiong to D¢ leptonic decay rates

1%

|

!

|

1.05 |+ J, Ds |
(K NAL/MILC{)

CS

\'%

0.95

R.Van de Water Lattice QCD for the CKM matrix 16



B-meson physics overview

+ Lattice B-physics calculations rapidly maturing to the level of pion/kaon calculations

4+ For leptonic decay constants, confirmation from several independent calculations using
different gauge-field configurations, light-, and b-quark actions [see Rosner, Stone, & RV
(PDG 2016), 1509.02220]

+ fg: obtained with physical-mass pions
[HPQCD, PRL110, 222003 (2013)]

= No chiral-extrapolation error

+ fgs obtained with highly-improved

staggered (HISQ) b-quark action

[HPQCD, PRD85, 031503 (2012)]

< Lattice axial current absolutely
normalized = no renormalization
error

R.Van de Water Lattice QCD for the CKM matrix 17



B-meson physics overview

+ Lattice B-physics calculations rapidly maturing to the level of pion/kaon calculations

4+ For leptonic decay constants, confirmation from several independent calculations using
different gauge-field configurations, light-, and b-quark actions [see Rosner, Stone, & RV
(PDG 2016), 1509.02220]

+ fg, obtained with physical-mass pions = PDG 2015 N,>= 3 averages

[HPQCD, PRL110, 222003 (2013)] I |
—@— —@— ETM 13
= No chiral-extrapolation error oD 2.2% o HPOCD 13
u’ d’ 9
+ fgs obtained with highly-improved [ | RN R — NPT
staggered (HISQ) b-quark action - ®
[HPQCD, PRD85, 031503 (2012)] ! ® = ——e—— RBC/UKQCD 14
% Lattice axial current absolutely i G T HPQCD 12
(o)
normalized m» no renormalization B D 1.9% HPaco 11,12
—— b o ! FNAL/MILC 11
error u,d, s sea | | |
| | 200 | | | | 250 | | | | 300

f,(MeV)  f, (MeV)

R.Van de Water Lattice QCD for the CKM matrix 17



B-meson physics overview

+ Lattice B-physics calculations rapidly maturing to the level of pion/kaon calculations

+ using
different gauge-field configurations, light-, and b-quark actions [see Rosner, Stone, & RV
(PDG 2016), 1509.02220]

+ fg, obtained with physical-mass pions = PDG 2015 N,>= 3 averages

[HPQCD, PRL.110, 222003 (2013)] L |
—— —@— ETM 13
= No chiral-extrapolation error oD 2.2% o HPOCD 13
u,d, S, C Sea
+ fgs obtained with highly-improved =777 7 oo R
staggered (HISQ) b-quark action . °
[HPQCD, PRD85, 031508 (2012)] ! o i\  ——@——  RBC/UKQCD 14
% Lattice axial current absolutely G . HPQCD 12
o
normalized = no renormalization ) D 1.9% HPacD 11,12
—— = ® : FNAL/MILC 11
error o W Tt
200 250 300

For many qua ntitles, still only
1 or 2 lattice caleculations with ==

f,(MeV)  f, (MeV)

olgwamical, quarks...

R.Van de Water Lattice QCD for the CKM matrix 17



B—ntév form factors (2015)

+ Two independent caleulations g (GeV)

Last Year! 0.005 26|.4 2|5 2|0 : 1|5 1|o ? (l)

. . O BaBar untagged (2012)

“ First RBC/UKQCD f+ & fO 0 BaBar untagged (2011)
[ ] 0.004 - < Belle tagged B’ (2013) | 7]

. , . 2 > Belle tagged B (2013)

< New FNAL/M”.C f+ with [ qubl (]'q /mB*)f+ Belle untagged (2011)
more statistics & finer lattice 0.003 T : N
spacings, and first fo :

g°<16 GeV? using model-

[ ] 0.002 - L4
% Extend lattice results to B W ] I
0.001 |- | A ' g

- q . ~3.5% :
| | | !
+ f.(g?) shape consistent with E 0.2 0.1 0

measured B—lv dB/dq?

+ Obtain |Vub| from joint z-fit to

lattice + experimental data Use of all experimental & theoretical

information minimizes error on | Vup |

R.Van de Water Lattice QCD for the CKM matrix 18



B—Dlv form factors @ nonzero recoil (2015)

p
Combination with

experimental rate enables

V| determination

+ Comparing theory & experiment at
w=1 =» large experimental errors in
|Veb| because decay rate suppressed

4+ First three-flavor form-factor results

over full kinematic range [Fermilab/
MILC, PRD92, 034506 (2015); HPQCD,

PRD92, 054510 (2015)]
% [ndependent calculationg agree
% Shapes consistent with experiment

+ Joint lattice + experiment fit using
w>1 data reduces error on |Vcp|

R.Van de Water

1.2

Lattice QCD for the CKM matrix

1.1 1.2 1.3 14 1.5 1.159
| | | | |
— HPQCD 2015
— FNAL/MILC 2015
o O BaBar 2009
\ ]
\ f ~1 l4o/0
4L Sy

lattice

- -~§

_—

—
—~— —
—

—
—

—_——
—
-_—
—
L~

0.01 0.02 0.03 0.04 0.05 0.06
4




Av—plv and Ap—Aclv form factors (2015)

Combination with ratio of experimental rates enables
determination of |Vyp| /|Vcs| — first from baryon decay!

4+ First three-flavor Ap—p form factors with
relativistic b-quark at physical mass; first
three-flavor A,— A form factors

|
|

+ Combine chiral-continuum extrapolation
with g? fit via modified z-expansion

2 _
dI'(Ap— U,)
9 max b—pP H W 2
Ven|? Ji5 Geve dq? dg
|Vub’2 qr2nax dI'(Ap—Ac U_E,u) dq2

7 GeV? dq?
=1.470+0.115+=0.104

= 5.3% LQCD error on |Vub| /|Veb|

R.Van de Water Lattice QCD for the CKM matrix 20



Implications for [Vub| & [Veb

|Vub|

L L N L B
=D 4.3%
<
t/|\£' I i I
Q
I i I
___________________
5
< ——
@)
|_._|
ca o b b b by

32 36 40 44
IV 1x10°
ub

FNAL/MILC 15 + BaBar + Belle
FNAL/MILC 08 + HFAG 14

RBC/UKQCD 15 + BaBar + Belle

Imsong 14 + BaBar 12 + Belle 13
(LCSR)

HPQCD 06 + HFAG 14
(q > 16 GeV )

Detmold 15 + LHCb 15
(A, = plv)

BLNP 2004 + HFAG 2014
(B — Xulv)

UTFit 2014
(CKM unitarity)

4+ Error on |Vuw]| from B—T1lv reduced

by factor of 2!

R.Van de Water

|Vcb|

LQCD + BaBar 09 + Belle 15
(B—D,w>1)

HPQCD 15 + BaBar 09
(B—D,w>1)

FNAL/MILC 15 + BaBar 09
(B—D,w>1)

FNAL/MILC 15 + HFAG 14
(B—D,w=1)

FNAL/MILC 14 + HFAG 14
(B—D*, w=1)

Alberti et al. 14 (B — X Iv)

UTFit 2014 (CKM unitarity)

37 38 39 40 41 42 43 44

3
IVcbI x 10

+ QCD errorin | Vo]

from B—D’lv
now commensurate with
experimental error

+ New Belle nonzero-recoil B—=D
measurement raises |Veb|

Lattice QCD for the CKM matrix
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Implications for the “|Vxp| puzzle”

Increased lattice-QCD
precision + new measurements

IIIIIIIIIlllllf[l]’"lfllllllllllllIIIIIIIIIIII

a5k B—Dlv _ sharpening picture of inclusive-
- T —— : exclusive tensions
I B—Xulv
I & B—Xclv |

: o + LQCD will continue to address “Vy"
40 |- B—I Dl\’ P puzzle through:

E I@/ % New b—u decays (e.g. Bs—Klv)
sf e / % Independent Ab—p & AL Ac

L)

3
101V |
-
|
.
<
)

form factors

NS

_— § ’
® Pexel. = 027 .
— 68%CL | * |V fromB—D’lv extrapolates
N J/L b 95(70 CLI ] measurement to zero recoil using
35 36 37 38 39 40 41 42 43 44 45

3 CLN parameterization =» time for
101V _| : :
cb model-independent analysis!

| [fit from Kronfeld] I

R.Van de Water Lattice QCD for the CKM matrix 22




Neutral B-meson mixing

+ Ratio of B4 to Bsoscillation frequencies (Amyg) +
determines apex of UT (p,) via

r

Amd
Am

R.Van de Water

Lattice QCD for the CKM matrix

Ratio of Bg- to Bs-mixing
hadronic matrix elements
can be computed precisely
in lattice QCD because:

< Statistical fluctuations
correlated

< Matrix elements equal in
SU(3) limit ms=mud, so some
systematic errors suppressed
by (ms-mud)/Aqcp

23



» <. ' B-mixing matrix elements

2 50
/8,88,

2 ~
Jg B

()
BS

FHed | B

|
0.04  0.06

R.Van de Water

this work

RBC 14
Fermilab/MILC 12
Fermilab/MILC 11

HPQCD 09

ETM 13

Lattice QCD for the CKM matrix

g

!
1.15 1

21

!
1.27

1.33

-~

—

Significant Fermilab/MILC
update of 2012 § calculation
with increased statistics, finer
lattice spacings, better
treatment of chiral
extrapolation

=>» Error on € reduced from ~5%
to .6%!

Also present individual Bg-
and Bs-mixing matrix elements

... and first three-flavor
results for all five local
operators that contribute
to neutral B-meson mixing
in and beyond the
Standard Model

24



Implications for |Vid| & [Vis]

+ Standard-Model rates for Bgs-meson mixing and B=2ap*y- & B—=Kp*p-decays proportional

to | th\/tol>l< | &

| Vis| & |Vid / Vis| from

semileptonic decays >2x more
precise using new lattice B—1r

& B—K form factors, with
commensurate theory &

experimental errors [c.f.
LHCDb, JHEP 1406, 133
(2014); JHEP 1510 (2015)
034]

4+ Both d'LspLag ~20 tensions
wilth CKM uwltarita!

R.Van de Water

|th| x 10

IV | % 10°

4.4%

@

3.2%

@

T35 39 43
[Fermilab/MILC, 1602.03560]

DR ——

AMq:

this work

PDG

BoKmu'u”

CKM unitarity:

full

tree

Lattice QCD for the CKM matrix

|th|, |Vts|, and |th/Vts|

|

HH

—t—
I I I I

0.18 0.19 0.20 0.21 0.22 0.23
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Impact on CKM unitarity-triangle fit

Summer 2015

latticeaverages.org
Summer 2015

+ allowed
|Vub|/|Veb|®* from fit of

B-7, B=*D(), and

Ao=>p/Ab=*A\c decay ‘ v v
results [Kronfeld] | — -

p-value = 370% |y BR(B-71v)+AM;

excl

10 =05 0.0 0.5 10

[figures from Lunghi] P

R.Van de Water Lattice QCD for the CKM matrix
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Impact on CKM unitarity-triangle fit

1.0

latticeaverages.org

Summer 2015

0.8

0.6

' new B(s)-mixing ;
matrix elements |
i [Fermilab/MILC] |

02 EK-I-|V61))(CI‘ \ \

C v \4
ub 1
p—value = 7.4% V., : BR(B-1v)+

3|

04

excl

0.0
-1.0 -0.5 0.0 0.5 10
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Impact on CKM unitarity-triangle fit

1.0

latticeaverages.org
Tenslon between Summer 2015
measurements growing!

0.8

' new B(s)-mixing ;
matrix elements |
i [Fermilab/MILC] |

0.2 €K+|V§§d‘
Vi \4
¢ p—value = 7.4% V., | BR(B—-1v)+AM;

00 excl
-1.0 -0.5 0.0 0.5 1.0

3|

04
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“Lattice QCD has become an important tool in flavor physics. ... Matrix elements

which contain at most one hadron in the final state [such as (semi)leptonic decays
and meson mixing] should soon be calculable with percent level uncertainties. ...
The full exploitation of the experimental program requires continued support of
theoretical developments.” — Snowmass 2013 Quark-flavor WG report (1311.1076)




*

*/\/ea) Since :

.EDCP 20141

CKMssumma ry

CKM element process LQCD input Vg | % error
|Vud| T — fv f7T 0.9764 (1-3)LQCD(O-O)exp(O-1)EM
Vs K — (v fi 0.2255 (0.3) LoD (0-1)exp (0.1) M
K — mly £7(0) 0.22310 (0.3)Lqcp (0-2)exp
Vis| /| Vaud] K = v/t — v frlfx 0.2314 (0.2)Lacp (0.1)exp (0.1)Enm
'Vub| B — wlv fBr (g2}  3.72x107%  (~3.4)rqcp(~ 2.8)exp
B — lv B 4.12 x 1073 (2.2)Lacp(9:0)exp
|Vcd‘ D — fv fD 0.217 (0-5)LQCD<2-3)exp
D — wly 27(0) 0.2140 (4.4)LoeD (1.3)exp
|VCS| DS — v st 1.007 (0-5)LQCD(1-6)eXp
D, — Klv P5(0) 0.9746 (2.5)LqcD (0.7)exp
|Vcb| B — D*/v F(l) N 38.9 x 1073 (1-3)LQCD(1-3 exp(0-5)QED
B — D/ fBD(w)<  40.7 x1073  (~ 1.2)r.qcp(~ 2:1)exp(0.5)QED
Vil AMy4 f5. (Br. )12~ 8.00 102 (4.1)1.000(0.3)exn (0-4)other
Vis| AM, fs. (Br.)"Y/2X 30.0 10~ (3.1)1.000(0.0)exs (0.5 )opher
Vial/|Vis| AMy/AM;q Ex 0.2052 (1.5).QcD (0-2)exp (0.0) other
(P, 1) € Bk - (1.3) By L¢f - (0.7) e exp]

' <L
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*

*/\/ea) Since :

ocr i CKMssummary

CKM element process LQCD input Vg | % error
|Vud| T — v f7T 0.9764 (1 S)LQCD (O.O)exp(O.l)EM
Vs K — lv fK 0.2255 (0.3)Locp (0.1)exp (0.1)mm
K — mlv £7(0) 0.22310 (0.3)Lqcp (0-2)exp
|Vus|/|Vud| K — EV/T(' — v fK/fw N 0.2314 (0 2)LQCD (O-l)exp(o-l)EM
'Vub| B — wlv fBr (g2}  3.72x107%  (~3.4)rqcp(~ 2.8)exp
B — tv fB 412 x 1073 (2 2)LQCD<9'O)6XP
Veal D — TR _ D(2.3)exp
D kM evvors still limited Ww wost [ (13),
|Ves| Dy — cases b\j |attice-acD uncertamnties! Jop(1.6)c
Ds — D<0-7)exp
|Vcb| B — D*/v F(l) N 38.9 x 1073 (1 3)LQCD(1-3 exp(0-5)QED
B — D/ fBD(w)<  40.7 x1073  (~ 1.2)r.qcp(~ 2:1)exp(0.5)QED
| [Vl AMy fp, (Bp,) /2~ 8.00 x 107°  (4.1)1qcD(0.3)exp(0-4)other
Vis| AM, fg.(Bp,) /2% 39.0x 1073 (3.1)1qcD(0.0)exp (0.5 )other
Vial/|Vis| AMy/AM;q Ex 0.2052 (1.5).QcD (0-2)exp (0.0) other
(ﬁ? 77}) € BK o (1 3)BK [Cf' (O 7)6 exp]

. — |
R. Van de Water - ~ Lattice for the CKM matrix



}’.//nz‘\ﬁ of e p/’lyS 07

+ Lattice-QCD results + experimental measurements imply several 2o “tensions” with
Standard-Model CKM framework:

|V from semileptonic K decay inconsistent with leptonic m & K decays +
superallowed B-decay

“ |V & |Ves| from leptonic decays differ from second-row unitarity expectations
P y y exp

% |Vub| & [Veb| from inclusive and exclusive B decays differ (although new B—DIv

nonzero-recoil measurements and form factors yield exclusive |Vqp| in better agreement
with inclusive value)

% |Vid| & [Vis| from Bgs-meson mixing and rare B—mi(K)ll decays differ from global
CKM unitarity-triangle fit

+ global crkm uwitaritg—triawgw fit still compatible with Standaro Model, but
tenstow s growing,...

. ’ r e ‘
R. Van de Water = ~ Lattice for the CKM matrix u




i Quﬂook

+ Quark-flavor physics program needs lattice-QCD calculations on same time scale
as experiments with reliable uncertainties and commensurate precision

+ Lattice flavor-physics community devoting considerable human effort & computing
resources to meet theory needs of current & upcoming experiments

% Petascale computing enabling simulations with physical-mass pions, very fine lattice
spacings, very large volumes, & dynamical charm quarks = /ncreased precision

% Precision on simple quantities approaching level where strong isospin
(straight§orward) & EM corrections (methods being developed) are becoming relevant

< Working towards first QCD calculations with controlled uncertainties of more
challenging quantities such as long-distance amplitudes, decays to QCD resonances
or multi-hadron final states, baryon form factors, ...

+ Future quark-flavor measurements + anticipated lattice-QCD improvements will
increase precision on CKM elements & sharpen Standard-Model tests

< f deviations are seen, pattern of measurements will provide tnformation on new
particle masses and couplings and helps distinguish between high-scale models!

R. Van de Water - . ~ Lattice for the CKM matrix -
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Quark-flavor physics program needs lattice-QCD calculations on same time scale
as experiments with reliable uncertainties and commensurate precision

Lattice flavor-physics community devoting considerable human effort & computing
resources to meet theory needs of current & upcoming experiments

% Petascale computing enabling simulations with physical-mass pions, very fine lattice
spacings, very large volumes, & dynamical charm quarks = /ncreased precision

* Prec’
(strz Continued support for lattice-QCD hardware & software essential fq|avant
to achieve scientific goals and fully capitalize on enormous
& Wor Investments in experimental quark-flavor physics program more

or multi-hadron final states, baryon form factors, ...

Future quark-flavor measurements + anticipated lattice-QCD improvements will
increase precision on CKM elements & sharpen Standard-Model tests

< f deviations are seen, pattern of measurements will provide tnformation on new
particle masses and couplings and helps distinguish between high-scale models!
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The lattice community ig
working hard, go gtay tuned!

\ 34th International
Symposium on

nafld Piymout, Lverp : Lattice Field Theory E‘

pl homas (Cambridge)
tthew Wingate (Cambridge)

24-30July

2016

Algorithms and Machines
Applications Beyond QCD

Chiral Symmetry

Hadron Spectroscopy and Interactions
Hadron Structure

Nonzero Temperature and Density
Physics Beyond the Standard Model
Standard Model Parameters and Renormalization
Theoretical Developments

Vacuum Structure and Confinement
Weak Decays and Matrix Elements

yyyyy

Kari Ru

Southampton SHEPZ;

Science & Technology O
g Facilities Council EMMI

http:/www.southampton.ac.uk/lattice2016/
lattice2016@soton.ac.uk
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Additional reading

‘A~

General reviews:

 “Lattice Quantum Chromodynamics” (Laiho,
Sharpe, Hashimoto, PDG 2015)

 “Review of lattice results concerning low-energy
particle physics” (FLAG 2013)

 “Leptonic Decays of Charged Pseudoscalar
Mesons” (Rosner, Stone, RV, PDG 2015)

Pion & kaon physics:
 “Light flavour physics” (Juttner, Lattice 2015)

% “CP violation & Kaon weak matrix elements from
LQCD” (Garron, Chiral Dynamics 2015)

Heavy flavor physics:

 “Progress and prospects for heavy flavour physics
on the lattice” (Pena, Lat. 2015)

% “Testing the Standard Model under the weight of
heavy flavors” (Bouchard, Lat. 2015)

Lattice

for the C'K_I\./I matrix


http://pdg.lbl.gov/2015/reviews/rpp2015-rev-lattice-qcd.pdf
http://pdg.lbl.gov/2015/reviews/rpp2015-rev-lattice-qcd.pdf
http://arxiv.org/abs/1310.8555
http://arxiv.org/abs/1310.8555
http://arxiv.org/abs/1310.8555
http://arxiv.org/abs/1310.8555
http://arxiv.org/abs/1310.8555
http://arxiv.org/abs/1310.8555
http://arxiv.org/pdf/1509.02220.pdf
http://arxiv.org/pdf/1509.02220.pdf
http://arxiv.org/pdf/1509.02220.pdf
http://arxiv.org/pdf/1509.02220.pdf
https://indico2.riken.jp/indico/getFile.py/access?contribId=347&sessionId=0&resId=0&materialId=slides&confId=1805
https://indico2.riken.jp/indico/getFile.py/access?contribId=347&sessionId=0&resId=0&materialId=slides&confId=1805
http://arxiv.org/pdf/1512.02440.pdf
http://arxiv.org/pdf/1512.02440.pdf
http://arxiv.org/pdf/1512.02440.pdf
http://arxiv.org/pdf/1512.02440.pdf
https://indico2.riken.jp/indico/getFile.py/access?contribId=353&sessionId=0&resId=0&materialId=slides&confId=1805
https://indico2.riken.jp/indico/getFile.py/access?contribId=353&sessionId=0&resId=0&materialId=slides&confId=1805
https://indico2.riken.jp/indico/getFile.py/access?contribId=353&sessionId=0&resId=0&materialId=slides&confId=1805
https://indico2.riken.jp/indico/getFile.py/access?contribId=353&sessionId=0&resId=0&materialId=slides&confId=1805
http://arxiv.org/abs/1501.03204
http://arxiv.org/abs/1501.03204
http://arxiv.org/abs/1501.03204
http://arxiv.org/abs/1501.03204

| wonder what kind of new
Pavticle it is. | hope it's a
cha\rged H1gqS SO the SM owne has
someone to Play with ...



Semileptonic B—x1 and B—K decays

+ Predictions for semileptonic decay rates and other observables depend upon
hadronic form factors

X/
L X4

Standard-Model tree-level B—=lv decays mediated by vector current

Flavor-changing-neutral-current decays (B—=l*l;, B=KI*l, B=nvv, & B—=Kwv) also
involve tensor current

/7
A X4

/7
A X4

Three form factors f+, fo, & fr suffice to parameterize (factorizable) hadronic
contributions to ALL Standard Model and new-physics B—r(K) processes
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B—xll & B—KIl form factors (2015)

B—1T tensor form factor
[Fermilab/MILC, PRD 93, 025026 (2016)] [PRL115, 152002 (2015)]

fi fr
31 fo - 31 HPQCD 13 (LQCD) ——— - ' ‘
HPQCD 13 (LQCD) —— Khodjamirian 10 (LCSR) —s—
Khodjamirian 10 (LCSR; —e— 1

=T S =

(l-qZ/Mzia*) fr(q?)

0 b} 10 15 20 25

q* (GeV?)

! ! ! | | O ] ] ] ] !
o 5 10 15 20 o5 1520 First lattice result for B—m
q’ (GeV?) q’ (GeV?) tensor form factor! '

+ B—K form factors consistent with HPQCD results obtained with different b-quark action
[PRD88, 054509 (2013)] and LCSR at g>=0 [JHEP 1009, 089 (2010)]

Yof New lattice-QCD B—m and B—K form factors enable ealeulations of B—>n(K)I*T, B—n(l)vv,
and B—mitv observables with fewer agsumptions than previously possible!
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B—nu*tu and B—K u*y” decay rates

+ Shapes consistent, but measurements slightly below Standard-Model expectations

Lattice prediction for d® (B—mutu)/do? appeared before LHCD measurement!

+ Large difference for B=>rnp*p-in lowest g bin from effects of light (p,w,®) resonances,
which are difficult to estimate in model-independent manner

+ - + -
B—-ny*u B-Ku*p
2 ST 0.7 ¢ . . . .
Mas Form factors®CKM s '> Form factors + CKM + Others mmm
& L8 ¢ Form factors only l & 0.6 Form factors only
> 16t LHCb (1509.00414) —5— | = LHCb14 (B") =
© 14 L7 ] S 05} LHCbBl4 (BY) —e— |
< = abarl2 ——s—
1L I \ | ~ i I Belle09 —————
* 08} 8- o . < 0.3 ‘H}% : | :L
- . +
06 p el : =02 | HEE S SNV
I S i i}
M|, L . o —t —
= 02 N B lE ==
0 5 10 15 20 25 = 0 5 10 15 20 25
2 q°(GeV)
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B—nu*tu and B—K u*y” decay rates

+ For quantitative comparison, use measurements of B*=n*p*y-and B*—=K*ru+y- partially
integrated branching ratios in wide g bins away from charmonium resonances

* Theory errors commensurate with experiment!

\/
£ %4

ABR(B*— tup) ABR(B*— K*p*u)
10 T T T T T T T T T T
Form factors + CKM + Others mmm 250 Form factors + CKM + Others mmm A
& Form factors only & Form factors only
S 8 LHCb [arXiv:1509.00414] —e— - = LHCb [JHEP 1406, 133 (2014}] —o—
= =200 |
2 6L : : < : :
+3L 6 | 1 B :i | |
+ | | | |
NI s A ? 150 | T 74 A
CQ | | CQ | |
\m/ 2 i i — 100 ¢ i K
| | m | |
4 | | 4 | I: %
ol L :. . . I :. .
0 5 10 15 20 25 0 5 10 15 20 25
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(B—1)-to-(B—K) ratios

4+ Probes new-physics scenarios that ABR(B*—=r*u*y)
would alter shape of g? distribution ABR(B*—=K*u*p)
differently for B—nil*l-and B—KI*I- 60 ' ' '
S 50
< (...but insensitive to new physics that > " :
would affect overall rates) A0 %
30 | ol

+ Standard Model and experiment

compatible within 1.10 for both
individual bins and combination

—_
-
T

s
——

AB(Bt—rtete-
AB(BYT K00~
(\)

-

Standard Model |This work
LHCb |arXiv:1509.00414

-

0 5 10 15 20 25
¢*(GeV)?

x%/dof=2.7/2
p=0.26
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More gengitive B—1 & B—K obgervablee?

ANGULAR OBSERVABLES LEPTON-UNIVERSALITY TESTS

+ Flat term in angular distribution Fy of + Ratio of partially-integrated decay rates
O(mi?/msg?) in Standard Model to different charged-lepton final states
Rp12 unity in Standard Model up to

+ B Y-
B n(K)p*p- Fu large enough to measure O(m2/ms2, m#/q?) corrections

in future experiments
+ Explicit calculation of Rx+#¢ confirms

+ B- +@- o L L
B n(K)e*e: Fu so small that nonzero intuitively significant deviation observed

measurement would suggest new physics

[

—-—o—

Fu(B—ntl*l) (Rk+He-1)x103

Standard Model [This work

T o T ' ] |
Fg ) 2007 LHCh [PRL113,151601(2014)

01
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The effective EW Hamiltonian

+ Because masses of W, Z, top, Higgs » bottom quark, can integrate out to yield effective
Hamiltonian

Y/

< Contributions of particles at or above electroweak scale parameterized by short-
distance Wilson coefficients

<+ QCD contribution parameterized by matrix elements of effective operators

4+ New heavy particles ean alter Wilson coefficients or introduce new operator structures

HIGH-SCALE THEORY EFFECTIVE
HAMILTONIAN

+
ut
/
Z e Op—d
> b
u u u > u

R. Van de Water Lattice QCD for the CKM matrix 40

o




New-physics constraints from B—u(K)u*u

4+ Use measured decay rates + lattice-QCD
form factors to constrain new-physics
contributions to coefficients of
effective operators 09 and 010

< Also include BR(Bs— p*u-) because
lattice QCD provides reliable fgs

R. Van de Water Lattice QCD for the CKM matrix
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New-physics constraints from B—n(K)u*y

4+ Use measured decay rates + lattice-QCD [Du et al., PRD93, 034005 (2016)]
form factors to constrain new-physics :
contributions to coefficients of 10"
effective operators 09 and 010

< Also include BR(Bs— p*p-) because
lattice QCD provides reliable fgs

+ Region favored by exclusive (semi)leptonic
decays compatible with those from

B— XsI*l-inclusive observables
[Huber et al., JHEP 06, 176 (2015)];

B—K*u*p angular observables
[Altmannshofer & Straub,1503.06199]

4+ Constraints from theoretically clean
B decays now competitive with B—K*!
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P.S. New-physics assumptions

+ Allow new-physics contributions to the coefficients of the four-fermion effective
operators 09 and 01

Og x (S5vubr) (I4*0)

+ Define the new-physics contributions to C9 and Cio as:

with Ho = 120 GeV, and assume for the analysis:

<+ Coefficients identical for b—=dl*l- and b—=sl*I- transitions (as in minimal flavor violation)

% No new CP-violating phases mp CoNP, C1oNF real

+ Measurements of B— X,y suggest that any new-physics contributions to the coefficients of
the photon penguin operators 607 and g must be small, so take C;NP= CgNP = 0

R. Van de Water Lattice QCD for the CKM matrix 47



Appendix:
Masny More lattice results!
4+ Light flavor physics

4+ Heavy flavorphysics

4 Strong coupling consant




The CKM guark-mixing matrix

< Vgigj
W Quarks change 7.~ No tree-level
flavor via W- ’ flavor-changing
boson exchange neutral currents
q; q; q; q;

+ Mixing between quark flavors under charged weak interactions parameterized by
Cabibbo-Kobayashi-Maskawa (CKM) matrix:

@D ® ©®

Viid Vis Ve 0.9742 0.2257 3.59 x 103 @
Vernr =1 Vg Ve Vi | = 0.2256 0.9733  41.5 x 103 @

Via Vie Vi 8.74 x 1073 40.7 x 10~3 0.9991

+ CKM elements & phase are parametric inputs to Standard Model predictions for many
flavor-changing processes such as neutral kaon mixing and rare kaon decays
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The CKM unitarity triangle

+ Standard-Model CKM matrix is unitary =» elemente are not all independent

+ One of the relationships ) ) )
between CKM matrix VuadVip + VeaVey + ViaVig, =0

elements is:

+ Can express as triangle in complex plane known as the CKM unitarity triangle

(0,0) (1,0)
A——

(Rescaled by |Ved Veb™| so base has unit length)
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The CKM unitarity triangle

+ Standard-Model CKM matrix is unitary =» elemente are not all independent

+ One of the relationships ) ) )
between CKM matrix VuadVip + VeaVey + ViaVig, =0
elements is:

+ Can express as triangle in complex plane known as the CKM unitarity triangle

(p.M)
D

f New quark flavor-changing interactions & CP-violating 0 — 277

phases can lead to inconsistencies between Standard-
Model determinations of o and n from different processes

p + 11

(0,0) (1,0)
A——
(Rescaled by |Ved Veb™| so base has unit length)
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Light hadron spectrum

2000 -
1500 -

1000 -

M[MeV]

500 -

EK* +N

—— experiment

—= width
input
QCD

o

¢

+ Light hadron masses primarily due to energy stored in gluon field and to quarks’ kinetic
energy -=p tests nonperturbative QCD dynamics

+ Also calculation of neutron-proton mass difference |

R. Van de Water
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http://dx.doi.org/10.1126/science.1257050
http://dx.doi.org/10.1126/science.1257050

Pion & |<';C]Oﬂ decay constants

i -~

+ Decay-constant ratio fk/f; can be computed to sub-% precision with lattice QCD:

< Statistical fluctuations correlated between numerator & denominator
% fx=frzin SU(3) limit ms=myq, SO0 some systematics suppressed by (ms-mud)/Aqcp

e /s

0;2% | our estimate for N, =2+1+1

ETM 15A

MILC 14A

ETM 13F

HPQCD 13A

MILC 13A

MILC 11 (stat. err. onIY)
y)

FCAG2015

ETM 10E (stat. err. on

our estimate for N, =2+1

RBC/UKQCD 14

RBC/UKQCD 12

Laiho 11

MILC 10
LQCD/TWQCD 10
BC/UKQCD 10A

BMW 10

{\I,TQCD/TWQCD 09A (stat. err. only)
ILC 09A

MILC 09

Aubin 08

PACS-CS 08, 08A

RBC/UKQCD 08

HPQCD/UKQCD 07

NPLQCD 06

MILC 04

our estimate for Nf =2

( L] L] L] L]
ETM 148 (stat. err. only) Combination with experimental
BGR A1

ETM 10D (stat. err. only) decay rates enables |V, 4| /|V .|
QCDSF/UKQCD 07 ° o .
determination [Marciano]

I
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|

K—mev semileptonic rorm factor

i

+ Zero-recoil form factor
f+(q2=0) highly constrained by
SU(3)r and chiral symmetries:

ut
} q?=(mi?+my2-2mgEy)?
Vi

< f.(0)=11in SUQ3) limit ms=mud

< Leading-order correction to
unity is known function of {m, f.(0)
mg, f.} [Leutwyler & Roos] | |

our estimate for N, =2+1+1

FNAL/MILC 14
ETM 14A
FNAL/MILC 13C

=2+1+1

< £=-0.023 numerically small
. 2 our estimate for Nf=2+1
because second-order in (m?- RBC/UKQCD 15
RBC/UKQCD 13
m,2) [Ademollo-Gatto]

N¢

FNAL/MILC 12
JLQCD 12
JLQCD 11
RBC/UKQCD 10

+ Lattice-QCD calculation does SR

our estimate for N¢=2
not require renormalization

N¢=2+1

ETM 10D (stat. err. only)
ETM 09A

QCDSF 07 (stat. err. only)
RBC 06

JLQCD 05

JLQCD 05

Nf =2

(

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
Leutwyler 84

Combination with experimental
rate enables |[V,s| determination

non-lattice

0.94 0.96 0.98 1.00

I
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Neutral kaon mixing parameter

4+ Percent-level lattice-QCD
calculation of Bk enabled by:

% Chiral fermion actions

<+ Nonperturbative
renormalization

+ Kaon mixing constrains scale of
new physics with generic O(1)
flavor couplings to = 10,000 TeV
[Isidori, Nir, Perez (2010)]

% Lattice-QCD results for matrix
elements of all possible AS=2

BSM operators available for
model building

Combination with measurement of
indirect CP violation in kaon
system (&) constrains CKM phase

|

R. Van de Water Lattice QCD for the CKM matrix

u.c.t

. FTAG2015

our estimate for Np=2+1+1

ETM 15

our estimate for Nr=2+1

RBC/UKQCD 14
SWME 14

SWME 13B
SWME 13A
RBC/UKQCD 12A
Laiho 11

SWME 11A

BMW 11
RBC/UKQCD 10B
SWME 10

Aubin 09
RBC/UKQCD 07A, 08

—O—

vl
ST

our estimate for Nr=2

ETM 12
ETM 10A
JLQCD 08
RBC 04

0.65 0.70

0.75




Status of the | ex| band

+ Brod & Gorbahn [PRL108 (2012) 121801] give following error breakdown for |€k| in the
Standard Model:

ex| = (1.81 +£0.14,, +0.02,,, £0.07, , +0.050p *+ 0.23parametric) X 107

(1) Largest individual uncertainty is from
~10% parametric error in o¢|Vp|*

(2) Nee and Mt are both known to
3-loops (NNLO)

(3) Error from Bk only fourth-largest
individual contribution

+ Lattice community moving own to other
wore challenging kRaon-physics quantities
such as K—=nm and A(My)...

I
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See Kelly

K— J'IZJ'IZ decao YS @ FPCP 2016

Sensitive to new particles,
interactions, sources of CP
violation

“Al=1/2 rule”: empirically
observe enhancement
ReAo/ReA; = 22.5

+ Describe AS=1 FCNC
transitions with

effective Hamiltonian
< Short-distance effects factorized in Wilson coefficients = continuum perturbation theory

+ Long-distance effects factorized in matrix elements (zz|Qi|K) — lattice QCD

+ New physics above EW scale modifies Wilson coefficients, but hadronic matrix elements
remain the same

R. Van de Water Lattice QCD for the CKM matrix 52
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K — it matrix elements (2015)

Al=3/2 amplitude (A2)

% Laﬁlce.compllcahon: additional L.Uscher 'RBC/UKQCD, PRDDO1 (2015) 7, 074502]
formalism needed to relate amplitudes

calculated in Euclidean box to physical Physical-mass pions, continuum limit, and
observables in Minkowski space approximately physical kinematics
[Briceno review, PoS LATTICEZ014 — ~10% errors on Re(A>), Im(A>)
(2015) 008] Dominant uncertainty from perturbative

+ First complete three-flavor K — 1rm truncation error in continuum Wilson
amplitudes with controlled errors using coefficients
domain-wall (chiral) fermions

+ Also first Wilson-fermion results from Al=1/2 amplitude (Ao)
Ishizuka et al. [arXiv:1505.05289] [RBC/UKQCD, arXiv:1505.07863]
with heavy, zero-momentum pions + 170 MeV pions with physical kinematics

+ Small spatial volume m;L=3.2 and single
lattice spacing a~0.14 fm

+ — ~35% error on Re(Ao)

+ Will be reduced with higher statistics,
larger volumes, continuum limit, ...

Emerging explanation of At=1/2 rule:
Significant cancellation between
dominant contributions to Re(A>)

which does not occur for Re(Ag)

R. Van de Water Lattice QCD for the CKM matrix 53


http://arxiv.org/abs/arXiv:1505.05289
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Re(e’/e) in the Standard Model (2015)

[RBC/UKQCD, PRL115, 212001 (2015)]

3x expt. error

<«

u,d, s sea

experiment

—
O i  RBC/UKQCD 15

NA48 + KTeV (PDG 14)

—o—

R. Van de Water

] ] ] ]
5 10

Re(e’/e) x 10"

Lattice QCD for the CKM matrix

+

Lattice Im(Ao,A2) +
experimental Re(Ag,A2)
=» first Re(g’/¢) in
Standard Model with
controlled errors

f

Lattice-QCD ecalculation of
Rele’/ &) with ~10%
uncertainty achievable
in the forseeable future!
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Heavy hadron spectrum

+ Tests lattice methods for charm & bottom quarks, which often rely on effective theories

12

. expt
" hy(2P) /EE(%)(ZP) fl’;gg‘tﬁéﬁ:
10 N, © ——Y e 22%(?) © e=e predens —O—
Mp—e———Y h(P) 4P Y(1D)

i ( ° °
% s} Predicted from lattice
% QCD before CDF
%’ B.odo B measurement
S °F s g~ | [HPQCD & Fermilab,
z B*=="" p” | PRL94(2005)172001]
2
83
=
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Heavy-guark masses

+ Most precise mc and mp obtained by fitting moments of correlation functions of the
quarks’ electromagnetic current to O(as?) perturbative expressions

+ Moments can be obtained from experimental e*e annihilation data, and also computed
numerically with lattice-QCD simulations with negligible statistical uncertainties

PDG 2014 average PIDG 2014 average |
A | | | | | | | ETM 14 o ETM 14 (preliminary)
8 vascsn o HPQCD 14 ———— HPQCD 14 (HISQ)

S | e e » HPQCD 10 Nudsesea < HPQCD 14 (NRQCD)
g [ T ALPHA 13 (preliminary) e HPQCD 13 (NRQCD)
3 ETM 10 idssen HPQCD 10 (HISQ)

ludsea | TR ALPHA 13
= ABRAMOWICZ 13
3 ALEKHIN 13 ludsea ETM 12
B DEHNADI 13 e LUCHA 13
A SAMOYLOV 13 e BODENSTEIN 12
5 . NARISON 11 . 8 iiﬁgg#l .
g s BODENSTEIN 11 i B LASCHEKA 11
T = LASCHKA 11 AUBERT 10
z © AUBERT 10 i~ CHETYRKIN 09
s CHETYRKIN 09 I SCHWANDA 08
——— SIGNER 09 | . BOUGHEZAL 06
e BOUGHEZAL 06 — BUCHMULLER 06
o BUCHMULLER 06 PINEDA 06
5 HOANG 06 i BAUER 04
1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45 4.0 4.1 4.2 4.3 4.4 4.5
me(me,ny =4) (GeV) mp(mp,ny =5) (GeV)
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Heavy-guark masses

+ Most precise mc and mp obtained by fitting moments of correlation functions of the
quarks’ electromagnetic current to O(as?) perturbative expressions

+ Moments can be obtained from experimental e*e annihilation data, and also computed
numerically with lattice-QCD simulations with negligible statistical uncertainties

PDG 2014 average PIDG 2014 average |
A I I I | | | | ETM 14 5 ETM 14 (preliminary)
S e HPQCD 14 - HPQCD 14 (HISQ)
luds.esea e - HPQCD 14 (NRQCD)
3 udssea@o_GDA, _______ HPQCD 10 ‘ludscsea @0-50/0 ...............
g ALPHA 13 (preliminary) N HPQCD 13 (NRQCD)
S| —mm HPQCD 10 (HISQ)
: Agree with non-lattice e
1 determinations with o= LUCHA 13
ep: BODENSTEIN 12
. competitive errors COANG 15
3 R NARISON 11
:§ 9: LASCHKA 11 = B iﬁii:if?ol !
= —
2 o AUBERT 10 | CHETYRKIN 09
= CHETYRKIN 09 - SCHWANDA 08
) SIGNER 09 BOUGHEZAL 06
B BOUGHEZAL 06 ; BUCHMULLER 06
5 BUCHMULLER 06 " PINEDA 06
5 HOANG 06 - BAUER 04
1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45 4.0 4.1 4.2 4.3 4.4 4.5
i (Mic,ns = 4) (GeV) my(mp,ny =35) (GeV)
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Ds)-meson decay constants (2014)

+ fp & fps can be used to obtain |Ved| and |Ve| via:

GF

[(Dsy — v) = —f5 _ Mp, (1 —

ST

4+ Fermilab/MILC recently obtained

first four-flavor results for fp &
fos with physical pions

+ HISQ action for u,d,s, and c quarks
and fine lattice spacings eliminates
renormalization error and leads to
small discretization errors

+ 0.5% errors on fp & fps and 0.3%
error on fps/fp 2-4x more

precise than previous best results

R. Van de Water

[Phys.Rev. D90 (2014) 7, 074509 ]

~ —— ——A ETM 09
I ——A —— ETM 11
Z‘s —— —— ETM 13
——A ——A ALPHA Lat’13
- O O FNAL/MILC 05
+ O HOH HPQCD 07
M O HOA HPQCD 10
Z& [ O [ O FNAL/MILC 11
HOH HOH HPQCD 12
_ —O— ¥QCD Lat’13
+
I I HH FNAL/MILC Lat'12
(I\I] —_ —TY— ETM Lat’13
~ .
= Hi HH This work
fD i
| | | | | | | | | | | |
200 250 300 MeV
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B-meson decay constants

+ Enter rates for leptonic decays
B-1v and Bgs—2pp-

+ Most precise fg, calculation employs
physical-mass pions [HPQCD,
PRL110, 222003 (2013)]

= No chiral-extrapolation error

+ Most precise fgs uses highly-improved PDG 2015 N.>= 3 averages
. f
staggered (HISQ) b-quark action .- B ...
1
[HPQCD, PRD85, 031503 (2012)] @' 2‘_ 2' o B - e
< Lattice axial current absolutely ju . M ]
normalized w no renormalization : -~ e Pok14
error : o ! : o = RBC/UKQCD 14
4+ Confirmation from several independent e
. . . _ o @ 1.99, HPQCD 11,12
calculations using different gauge-field NALMILG 1
configurations, light-, and b-quark actions = |u.d,ssea | |

[see PDG review by Rosner, Stone, & 00 a0
4 f,(MeV) £, (MeV)

RV, arXiv:1509.02220]
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B—D ¢y form factor @ zero recoil (2015)

[Bailey et al [FNAL/MILC] PRD89 (2014) 11, 114504]

+ Only need one normalization point from lattice QCD =» choose zero recoil (w=1)
where it can be computed most precisely

<+ F(1)—1 in the static limit (mp=m—®) [Isgur & Wise], and Luke’s theorem ensures
that the leading heavy-quark corrections to F(1) are of 6(1/mp?,1/m¢?)

< Can compute form factor using double ratio of lattice three-point correlation
functions in which statistical and systematic errors largely cancel

+ New FNAL/MILC calculation with increased statistics, lighter quark masses, & finer
lattice spacings =% 1.4% precision on F(1)

(W = Vg Vp*) r

Combination with experimental
—|_ (] (]
W rate enables |V ,| determination

I
R. Van de Water . Lattice QCD for the CKM matrix 40

i



B—Dtv.and B—D*tv excesses

+ Ratios of B—D0Olv decays to
T over light lepton final

. . A~ 0.5 ! T T T I T T T T | T | ]
states prOVlde espemq”y x B = BaBar, PRL109,101802(2012) ) -
. a) - — Belle, PRD92,072014(2015) Ay =10 1
clean new-physics probe 7 045F LHCb, PRL115,111803(2015) —
— Belle, arXiv:1603.06711 -
< Form-factor errors [ —— HFAG Average, P(x?) = 67% ]
. . . 04 —sm prediction i
partially cancel in ratio - .
<+ |V| cancels exactly 0.35— —
0.3= —
025F = =
- R(D), PRD92,054510(2015) .
L R(D*), PRD85,094025(2012) o i 20 ]
O 2 C 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 P

0.2 0.3 04 0.5 0.6

+ In 2012, BaBar measured

R(D) and R(D*) 3.40
(combined) above Standard- ' confivmed vecently by Belle and LHch '

Model expectations
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Lattice-QCD calculation of R(D)

*

[ | responded quickly to the BABAR
result and obtained the first Standard-Model calculation of R(D) from ab initio lattice-
QCD using results for the form factors f.(g?) and fo(g?) at nonzero recoil from

1 _| | | | | | | | | | | | | | | | l

0.8 JHDM II (This work)

06 [ _ii_

Standard % %g BaBar ’12 J
Model I \ VA
i _____________ y )/ :

y 7

2HDM prediction from

""
_______

| ]
+ FNAL/MILC form factors

R. Van de Water

01 02 03 04 05
tanB/My+ (GeV™)

Lattice QCD for the CKM matrix

+ Error smaller than
previous estimate,
primarily due to
reduced uncertainty in
scalar form factor fo(g?)

R(D) approximately
1o higher and slightly

reduces the tension
with experiment

Lattlee-RED
calculation of R (D)
Ln progress...
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Prospects for B—»mTv

+ Experimental upper limit close to BR(B°—m1t"Vv;) X 10°
Standard-Model result =»

Belle Il well poised to Standard Model |[Belle [1509.06521]
measure total rate and test
predicted g2 dependence 9.33(38) <28 (90% CL)

+ Form-factor errors partially

cancel in ratio of decay rate to dB(B°—nT1vr)/dg?

light leptons, while |Vub| cancels o 8
exactly =» especially clean new- A
physics probe insensitive to S 6}
inclusive-exclusive tension S 5t
< 4

;
T3

B(B — 7T’7'V7-) S
R(?T) — 1+ 2
B(B — 7T€V£) ?’.9/ 1L
= 0.641(17) < ol
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Strong coupling constant



Strong coupling constant

+ Lattice average of ais(Mz) (RED) agrees with experimental determinations, and has

smaller uncertainties [Particle Data Group]

—— 0.5

vdecays .:-c;-u April 2012

) . a (Q) v T decays (N3LO)

Lattice . |'q > ® Lattice QCD (NNLO)
DIS ,n—'c;—u | ‘\‘ 04 | » DIS jets (NLO)

e L | R o Hefw.y Quarkonia (NLO)
€*e” annihilagon  ——O7— X o e'e jets & shapes (res. NNLO)
7 et I . e Z pole fit (N3LO)

polg fus '—:-O—' % o pp —> jets (NLO)
P .|....|....|....|..‘.‘. DT
‘¢ I | 'I' I 1 -
HPQCD (Wilson loops) L'Il
HPQCD (c-c correlators) IO 02t
Maltman (Wilson loops) I:O-I
J LQCD (Adler functions) I-d-l
PACS-CS (Schrédinger func.) :|—Q-| 01 L
US(MZ) 0 Ill e (; |12 — 0 13 — QCD aS(MZ) =0.1184 = 0.0007
1 10 100
Q [GeV]
G proaches condistont & Nontrivial test tha
with similar precision QCD of partons = QCD of hadrons
T ———— B ———
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