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4+ Experimental high-energy physics community searching broadly for direct and indirect signs of
new particles and forces over wide range of energy scales and areas within particle physics

+ High-precision measurements sensitive to quantum-mechanical effects of new
particles that would give rise to tiny deviations from Standard-Model expectations

Revedling new Physics vequives velidble and precise theOV\j.'

muon anomalous magnetic moment s—d & b—d,s flavor-changing
sensitive to SUSY, X-dimensions, neutral currents sensitive to SUSY,

dark photons, ... flavor-changing Z', leptoquarks, 4t
generation, composite Higgs, ...
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QCD

Lattice high-energy-physics effort aims to reduce QCD uncertainties to at-or-below
measurement errors to maximize discovery potential of high-precision experiments

+ U.S. DOE HEPAP Particle Physics Prioritization Panel (P5) identified five ” cOmpe///‘ng
lines of /n?a/ry CZAhal ] shoeo 3/‘&62% proM/‘Se, for a//‘SC’/O\/ery over the rnext 10 Zo
20 yearé-' "

(1) Explore the unknown: new particles, interactions,
& physical principles

(2) Use the Higgs boson as a new tool for discovery
Pursue the physics associated with
(4) Identify the new physics of dark matter
(5) Understand cosmic acceleration: dark energy & inflation

4 Lattice-AcD calculdations supporting all of these aveas U\V\c\e\(wa\j!

(See appendix slides on the role of lattice QCD for cosmic-frontier experiments)

QCD



QCD

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

FUNDAMENTAL PARAMETER EXPERIMENTAL INPUT
< Gauge coupling g? ri, mq, Y(25-1S), or fy
<+ nf quark masses ms Mn, MK, My/y, My, ...
* 0=0 neutron EDM (|6| <10-1)

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

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

R. Van de Water Lattice QCD for precision particle physics 5



+ Systematic method for calculating
hadronic parameters from QCD first
principles

+ Define QCD on (Euclidean) spacetime
lattice and solve path integral
numerically

L)

* Recover QCD when lattice spacing
a—0 and box size L=

L)

L=Nsa

QCD

Simulate using Monte-Carlo methods and
importance sampling

< Sample from all possible field
configurations using a distribution given

by exp(—SQCD)

Run codes upon supercomputers and
dedicated clusters

' Argonne Natl. Lab BG/Q}
~10 PetaFlops peak §

R. Van de Water Lattice QCD for precision particle physics 6



QCD

+ 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 spacings to extrapolate to
continuum limit (a—=0)

< Multiple up/down-quark masses to

interpolate or extrapolate to physical

< Multiple spatial volumes to estimate finite-
size effects

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

R. Van de Water Lattice QCD for precision particle physics



QCD

+ 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:
o Mul’riple laﬁiqe $pa v¢ ALL resulks presented in
continuum limit (c this tallk have complete
* Multiple up/down- error budgets
interpolate or extr. (unless explicitly stated otherwise)

< Multiple spatial volumes to estimate finite-
size effects

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

R. Van de Water Lattice QCD for precision particle physics



QCD

+ Lattice-QCD results agree with experimental measurements for wide variety of hadron
properties including light- and heavy-hadron spectrum & proton-neutron mass difference

+ Lattice-QCD predictions
of Bc mass, D) decay Hadron spectrum from lattice QCD
constants, & D—KIlv form SIS N

D D c
factor appeared defore T T T T

measurements with
comparable precision

+ Independent lattice-QCD
calculations using
different actions &
methods provide
confirmation for matrix
elements inaccessible by

——

B mesons offset by —4000 MeV

experiment
+ Dewmonstrate that : [update of compilation by Kronfeld in 1203. 1204ﬂ
caleuwlations are reliable Kog mow @ ¢ N A T I A 5 g @

with controlled errors!

R. Van de Water Lattice QCD for precision particle physics 3



Lattice QCD for particle physics:
recent results & future prospects

“In the last five years lattice QCD has matured into a precision tool. ...
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)



Recent lattice-QCD results for
guark-flavor physics

Explore the unknown: new particles, \
interactions, and physical principles )




Quark-flavor physics

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

ln the quark sector

+ Lattice-QCD quark-flavor effort has two main thrusts:

(1) Determination of CKM quark-
mixing matrix elements

+ Use tree-level decays unlikely to
receive substantial new-physics
contributions

vertex o« Vb

N g

R. Van de Water

(2) New-physics searches in rare decays &
mixing
+ Study (orimarify) loop-level processes

sensitive to beyond-the-Standard-Model
contributions

W~ /H™

Lattice QCD for precision particle physics 11



b-quark physics in lattice QCD

+ Appendices present details & additional results for light (u,d,s) & heavy flavors (c,b)

+ LQCD B-physics calculations rapidly
improving precision & expanding scope

+ For B(s)-meson leptonic decay constants,
confirmation from several calculations
[see Rosner, Stone, RV, 1509.02220

(PDG 2016)]
[ [ ] [ ] f
+ First fg at physical pion mass - — B
[HPQCD, PRL110, 2232003 (2013)] T FLAG average for Ne=2+1+1
N 2 90 POCD 13
4+ For form factors § mixing matrix = D) 2.2%
, , —l FLAG average for Ny =2+1
elements, still only 1 or 2 caleuwlations | RBC/UKOCD 141
with 22 dynamical quarks... + e AR RBCIUKQCD 144
I HL RBC/UKQCD 13A (stat. err. only)
Zq- e o HPQCD 12
+ In few years, expect <1% fg(s) errors i PNAMILE L
and percent-level form factors & - e
160 175 190 205 220 235 250 MeV

mixing parameters from finer lattice
spacings + improved actions at physical my,

R. Van de Water Lattice QCD for precision particle physics 12



Lattice-QCD CKM 2015/16

+ Lattice-QCD community has mature & successful program to calculate weak matrix
elements needed to obtain Cabibbo-Kobayashi-Maskawa quark-mixing matrix elements
(see recent lattice reviews)

Vud Vus Vub \
T — fv K — v B — v
K —>mlv B — wly

Vcd Vcs Vcb
D—/¢%w D,—V¢w B— Div
D—-7mlv D— Klv B— D*fv

th_ Vts_ Vib
(Ba|Ba)  (Bs|Bs)
B rll B KU )

Simple processes in LQCD
enable determinations of all CKM
elements & phase except [Vy|

R. Van de Water Lattice QCD for precision particle physics



Lattice-QCD CKM

2015/16

+ Lattice-QCD community has mature & successful program to calculate weak matrix
elements needed to obtain Cabibbo-Kobayashi-Maskawa quark-mixing matrix elements
(see recent lattice reviews)

Vud
T — fv

Vcd
D — lv
D — wly

Via
(Ba|Ba)
B — 7wt/

R. Van de Water

Vs Vub)
K — v B — v
K — wlv (B — WEV)

Ves
D, -/t (B— Dfv
D— Klv B— D*v

Vts_ th
(Bs|Bs)

B — KW/

Simple processes in LQCD
enable determinations of all CKM
elements & phase except |Vi|

Several new B-meson & and b-baryon semileptonic
form-factor results since [CHEP 20(4 including:

)

(1) Two independent calculations of B—11lv form

factors [RBC/UKQCD,PRDD91 (2015) 7,

074510; Fermilab/MILC [PRDD92 (2015) 1,
014024]

(2) First three-flavor B—Dlv form factors over

full kinematic range (nonzero recoil)

[Fermilab/MILC, PRD92, 034506 (2015);
HPQCD, PRD92, 054510 (2015)]

(3) First three-flavor Ab—plv and Ay—=Aclv form

factors with physical-mass b quarks [Detmold,
Lehner, & Meinel, PRD92, 034503 (2015)]

Lattice QCD for precision particle physics 13



Implications for |Vub| & |Vl

_I LI LI IlllllfllTI LIBLVL | LILLPL UL LI LI IIII_
45l B—>D”llv T 1 [Vl
- H—@— 1 4+ 2x smaller error on [V from
i 1 BoXulv B-omlv
N & B_)Xclv_
B 4 Determinations frowm nclusive &
40
— L B—Dlv / - - -
S B v / exclusive Sewileptonic B decays
L R_, N =
. g o~ 2 continue to differ by d2o
= \ v
— B 1//:3" /
] S
/ + Exclusive |V | from B—Dlv over
o P =027 - full kinematic range agrees with
- — 68% CL inclusive value
+- 95% CL | , ,
PLLLLJ%LI L1l | | | | L1 1.l I | IOI L1l I L1l l— * Lattbce_QCD caLcuLatLoW DfBeD*Lv

35, 36 37 38 39 40 41 42 43 44 45 at wonzero recoll tn progress ...

3 , ,
10 chbl perhaps “puzzle” will resolve Ltself?
[fit from Kronfeld]

R. Van de Water Lattice QCD for precision particle physics 14



Lattice-QCD FCNC

Several new resulte for b—d & b—¢ flavor-changing-
neutral current processes sensitive to new physics:

(1) First complete 3-flavor calculation of neutral
Bd,s-mixing matrix elements [Fermilab/MILC,
PRD93, 113016]

¢ Combination with experimental oscillation
frequencies AMy s yields CKM combinations

Vid Vib | & |Vis Vib | and constrains apex
(p,n) of CKM unitarity triangle

(2) First LQCD result for B— 17 tensor form ftactor
[Fermilab/MILC PRL115, 152002 (2015)]

(3) First lattice-QCD calculation of Ab—A form

factors with relativistic physical-mass b quarks
[Detmold & Meinel, PRD93, 074501 (2016)]

R. Van de Water

Lattice QCD for precision particle physics

2015/16

B%-meson mixing

u,c,t
b d
> W W <
d b
u,c,t

B 1tl*l- decay

u,c,t

lopl

15



Impact on CKM unitarity-triangle fit

ICHEP 2014

Lattice 2013

IVub)/|Veb|

R. Van de Water Lattice QCD for precision particle physics
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Impact on CKM unitarity-triangle fit

ICHEP 2016

Summer 2016

allowed

(p.n)

exclusive
IVubI/chbI

R. Van de Water Lattice QCD for precision particle physics

17



Impact on CKM unitarity-triangle fit

ICHEP 2016

.

Tension between
measurements growing!

J

R. Van de Water

Lattice QCD for precision particle physics

Summer 2016
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SM expectations for b—(d s)I*lI" decays

2
Cr?—|
%
@)
T
(-
=
N
3
"
I
)
N——"
N
SIS

dB/dqg?(B—nu*u’)

18 [
1.6 |

0.8
0.6
0.4 +
0.2

11
L

14t
1.2 +

Form factors@CKM |

Form factors only
LHCbH (1509.00414) —85— -
i HH-
e | e
5 10 15 20 25
e

dB(B — Kptp™)/dg?(1077GeV?)

0.7 p
0.6 t
0.5 F

0.4
0.3
0.2

0.1 -

dB/dg?(B—Kpu*u)

Form factors + CKM + Others
Form factors only

LHCb14 (B*

LHCb14 (B°

Babarl2
CDF11

Belle09

e

2N .

Jw  P@28)

5 10 15 20

¢*(GeV)?

25

4+ Theoretical & experimental g2 shapes for B—n(K)p*y- differential branching fractions

consistent, but measurements lie slightly below Standard-Model expectations

Lattice-@ep prediction for dB (B—mu*u)/dg> appeared before LHCD measurement!

R. Van de Water
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SM expectations for b—(d s)I*lI" decays

ABR(B*—r*u*u-) ABR(B*— K u*u)
10 . . . . . . . . .
Form factors + CKM -+ Others mm=m 250 Form factors + CKM -+ Others mmm
& Form factors only ? Form factors only
'2 8 L LHCb |arXiv:1509.00414| —e— = LHCb [JHEP 1406, 133 (2014)| —e—
|x F 200
3 i =
+1 6 | | | j:i
+
< == v, | el S}
T ' T
. ¥(2s) = ) : ¥(25)
& &y
Q
< e $
O ! ! ! ! ! ! ! ! ! !
0 5 10 15 20 25 0 5 10 15 20 25
¢*(GeV)? ¢*(GeV)?

+ Theoretical & experimental g% shapes for B—m(K)u*p- differential branching fractions
consistent, but measurements lie slightly below Standard-Model expectations

Lattice-@ep prediction for dB (B—mu*u)/dg> appeared before LHCD measurement!

Measurements in four wide g2 bins in 1.70 combined tension with Standard Model

R. Van de Water Lattice QCD for precision particle physics 18
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0.0

R. Van

SM expectations for b—(d s)I*lI" decays

No—= Ap*tu- differential

branching fraction

- d . . T 1 i
i d—q2 [10 Ge\/ ] e ——1
/Y, 1.60 \X
Y(2S)
0 5 1|o 1|5 2|o
¢* [GeV?

0.4

0.2

0.0F

—0.2

—0.4

No—= ApTu- lepton forward-

backward asymmetry

—e— LHCb [JHEP 06, 115 (2015)]

3.20

¢ 31
AFB_§K10

Ve

________ e — _— —“— | — ==
/Y, B /

Y(25) .

5 10 5 2

Dattern of measurements can digentangle contributiong from individual operatorg in the b—l

effective Hamiltonian

Measurements in [15 GeV?, 20 GeV?] bin above Standard Model

de Water

Lattice QCD for precision particle physics
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Implications for |Vid| & |V

4+ | Viq| from By s-mixing ~2-3x more precise, but still limited by hadronic matrix elements

+ | V| from B—2Kpy >2x more precise, with commensurate theory & experimental errors

R. Van de Water

V1 x10° 1V, | x10°
I I I:I I I
—B— - HEH
HH HH
| -
| | | | |
7 8 9 35 39 43

BoKmp'u |

CKM unitarity:

full

tree

0.18 0.19 0.20 0.21 0.22 0.23

v, 1V,

M

-

—t—
I

Lattice QCD for precision particle physics

[plot from
Bouchard]
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Implications for |Vid| & |V

Determinations from flavor-changing-neutral current processes differ
by ~20 from values implied by tree-level processes + CKM unitarity

V1 x10° 1V, | x10° v, 1V,
I I I I I I I I I I
2.00 1.20 210
@ 2 2 AM, &
2.00 290
—a— - HEH B-Kmuu | =
CKM unitarity:
M HH full HH
- - tree —t—
| | | | | | | | | |
7 8 9 35 39 43 0.18 0.19 0.20 0.21 0.22 0.23

R. Van de Water

Lattice QCD for precision particle physics
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Lattice-QCD progress
on muon g-2

Explore the unknown: new particles, \
interactions, and physical principles )




Muon anomalous magnetic moment (g-2)

+ Fermilab Muon g-2 Experiment will reduce 4+ To fully leverage new measurement,
experimental error by 4 to explore 230 tension ~ must bring Standard-Model theory
between BNL measurement & Standard Model error to commensurate precision

SM Exp. QED
_ +EW
cO
o
- Hadronic
- Light-by-Light
= 5(a,Mb)=25%
2
rU"\
E
L
= + Hadronic contributions are calculable
3 “Tooa ] (im principle) with lattice QCD

R. Van de Water

Target hadronic uncertainties are
§(a"VP)<0.2% & 8(a,PL) < 10%

Lattice QCD for precision particle physics Py


http://arxiv.org/abs/arXiv:1311.2198
http://arxiv.org/abs/arXiv:1311.2198

Lattice-QCD progress on a,2Vr

4+ Can calculate nonperturbative vacuum
polarization function MN(Q?) directly in lattice
QCD from simple 2-point correlation function of

HVP l
:S\l‘ QCD '\7%' EM quark current [Blum, PRL 91 (2003) 052001]
" § , K

4+ Lowest-order contribution
of O(Xem)

4+ Current determination of
II(&@2) and a,V? from
ete—hadvrons Limited bg
experimental uncertainties

R. Van de Water Lattice QCD for precision particle physics 3



Lattice-QCD progress on a,2Vr

¢ (Davier ef al. 2011) + Can calculate nonperturbative vacuum
| T | T ° ° ° 2 do I ° I tto
polarization function MN(Q?) directly in lattice
HPERD 2o @ 2.0% QCD from simple 2-point correlation function of
ETMC 2013 O EM quark current [Blum, PRL 91 (2003) 052001]
u,d, s, csea
““““““““““““““““““““““““““““ + Several ongoing lattice efforts yielding new results
BMW 2013 -
(prefiminary. stat. only) —o— gince [(CHED 2014 including:
UKQED 2011 =i (1) First calculation of quark-disconnected
Aubin & Blum 2006 HCH contribution [RBC/UKQCD, PRL116, 232002
(stat. only) O (2016)]
u,d,ssea b
iz 2016 (2) Second complete calculation of leading-order
(preliminary) e a,"VP [HPQCD, arXiv:1601.03071]
ETMC 2011 H@H , ,
% Flrst to reach precision needed to observe
Mainz 2011 00— sigwnificant deviation from experiment
u, d sea . .
| | | | + ~1% total uncertainty by 2018 possible
400 600 800

+ Sub-percent precision will require inclusion of
isospin breaking & QED, and hence take longer

R. Van de Water Lattice QCD for precision particle physics 3



Lattice-QCD progress on a,,HLbL

1l 1l 4+ New method combines dynamical QCD gauge-field
configurations with exact analytic formulae for photon
propagators [Blum et al., PRD93, 014503 (2016)]

QCD < Exploits stochastic methods for position-space sums to
control computational cost
HLbL 5 i

<+ Obtain s10% statistical errors at the physical

pion mass in ballpark of Glasgow consensus value

+ Lowest-order au e % 1010=10.5(2.6)

contribution of O(0gm?)

CLHLbL > 1010 _

4+ Current estimate from L

RCD models subjcotive

11.60(0.96)stat. connected
—6.25(0.80)stat. disconnected

and somewhat [L. Jin, Lattice 2016; preliminary update of Blum et al.]

controversial

[Glasgow consensus, + Full study of systematic errors including lattice-spacing
Prades, de Rafael, and finite-volume effects still needed ... but
Vainshtein, 0901.0306] initial results encouraging !

R. Van de Water Lattice QCD for precision particle physics 24



Lattice-QCD results & prospects
for Higgs physics

Use the Higgs boson as a ﬁ

new tool for discovery




Higgs physics

4+ Next-generation high-luminosity colliders will measure Higgs partial widths to sub-
percent precision to look for deviations from Standard-Model expectations

+ Full exploitation of measurements needs theory predictions with same precision

+ Parametric errors from mc¢, mp, & s are largest sources of uncertainty in SM
Higgs partial widths for many decay modes [LHCHXSWG-DRAFT-INT-2016-008]

+ b,c-quark masses & strong coupling can be calculated to needed precigion with lattice QCD

QCD scale
EW correction

QCD scale +
EW corrections

QCD scale +
EW corrections

Al'sm(H—g9):
~6% total err.

Al'sm(H—cc):

Al'sm(H—bb):
~6% total err.

~3% total err.

R. Van de Water Lattice QCD for precision particle physics 26



R. Van de Water

Quark masses & strong coupling from LQCD

4+ b c-quark wasses §vow |attice acD dgree with

nwown-|attice vesults with competitive ervovs

<+ mp error dominated by discretization effects
= anticipate significant improvement with
simulations using finer lattice spacings

There are several independent lattice-QCD
methods available to obtain «s

& TResults consistent, and each Ls wore Preoise than
from non-lattice methoos

In next few years, increased corroboration from

independent calculations will reduce o, mp, & m.
uncertainties & make lattice-QCD determinations
very robust

Obtaining m¢, my,, & Osto precisions needed by
high-luminosity ILC straightforward with existing
lattice methods + anticipated computing resources

[see Lepage, Mackenzie, & Peskin, 1404.0319]

Baikov I—;—O—I g_
Davier |—|-o—|
Pich e L
Boito —eo— Q
. | <
SM review —e— A
HPQCD (wilson loops) |-ql-|
HPQCD (c-c correlators) 4 I—
Maltmann (wilson loops) I_|.—I O m
JLQCD (Adler functions) |-—.—| O ﬁ
PACS-CS (vac. pol. fctns.) m U 5.
ETM (ghost-gluon vertex) D
BBGPSV (static energy) |—.-—|E I
|
ABM  |—e—] >
BBG I——O—ll S 'C‘
JR | —i a0
NNPDF | o o c
MMHT F—e—i 2 o
ALEPH (jets&shapes) ; I | $
OPALj&s) I 0 M
JADE(ss) | :0 o
Dissertori (3j) [—C—— =S
JADE @) | LR S,
DW ) —el— 3.
Abbate (1) —o— | i o
Gehrm.l-'r-)—o—ll : -
Hoang —e—] || o
Q 4 o T e 3. 1
GFitter ; élect.r<.)weak'
....... ', . . . . precision fits
CMS | ' hadron
(tt cross section) J : . . collider
0.11 0.115 0.12 0.125 0.13
[PDG 2015] a_(M?)
S Z

Lattice QCD for precision particle physics
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Lattice-QCD needs for
neutrino physics

Pursue the physics associated |
with




Long-baseline neutrino experiments

LBNF/DUNE Conceptual Design Report

+ Aim to improve precision on mass-squared [arXiv:1512.06148]
splittings & mixing parameters, determine F DUNE Sensitivity
the mass hierarchy, and observe CP violation iz, o085

sin’0,, = 0.45

4+ Detect neutrinos via scattering off atomic
nuclei such as carbon (NOVA), oxygen

(T2K), or argon (DUNE) =
Interpretation of wedSurements o

vequives kvxow\edge of V-vucleus
wntevactions

4+ Underlying processes are v-proton &

v-neutron scattering, as modified by the A T T T T

presence of nucleon inside atomic nucleus D 200 400 OO0 A re (K MW yoars)

% Nucleon-level matrix elements can be Reaching DUNE sensitivity goals for
caleulated with controlled uncertainties in mass hierarchy & &cp requires reduced
lattice QCD V(V)-Ar X-section uncertainties

R. Van de Water Lattice QCD for precision particle physics 29



Useful lattice-QCD calculations for DUNE

Nucleon axial-vector form factor N-body nucleon currents
+ Gives dominant contribution to charged- + Enter effective theories of v-nucleus
current quasielastic v-nucleus scattering scattering
Vi H
W

+ Obtain Fa(g?) in_lattice QCD from matrix + (N—=N)-nucleon scattering matrix
element {p(p7)| u yuysd [n(p)» elements from lattice QCD can

4+ Nuclear wodel calculation still needed to constrain nuclear EFT parameters
relate nucleon fovw Factov £o V-Ar 4+ First LQCD caleulations begun this year
cross-section [Savage @ ICHEP 2016]

R. Van de Water Lattice QCD for precision particle physics 30


http://indico.cern.ch/event/432527/contributions/1071302/
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Useful lattice-QCD calculations for DUNE

Nucleon axial-vector form factor N-body nucleon currents
+ Gives dominant contribution to charged- + Enter effective theories of v-nucleus
current quasielastic v-nucleus scattering scattering
AT
v . . . . . d
Vu ™ Lattice-QCD calculations of hadronic matrix elements will: : n

* Cleanly separate nucleon & nuclear effects and
uncertainties

d * Provide reliable input to nuclear-theory calculations and
n 4 test nuclear models g

- P

* Improve precision & reliability of needed X-sections &
matrix elements

+ Obtain F,. _ matrix
element (p(p7)| u Yuysd [n(pi) elements from lattice QCD can
4+ Nuclear wodel calculation still needed to constrain nuclear EFT parameters

velate nucleon formw Factov to V-Av 4+ First LQCD calculations begun this year

cvross-Section [Savage @ ICHEP <016]

R. Van de Water Lattice QCD for precision particle physics 30
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Nucleon axial-vector coupling
from lattice QCD

4+ Nucleon axial charge ga = -Fa(g?=0)
benchmark for accuracy of lattice-QCD

nucleon matrix-element calculations
and critical milestone on path to form

First ga caleulation with phygical-mags piong
& all gystematice controlled thig year

I 1.00 1.25 1.50 1.75
factors over full kinematic range $[3.2% error——. NDNE 16 '
2 ,,,,,,,,,,,,,,,,,,,,,,,,, e ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
+ Present LQCD uncertainties over 10x | —=—  2.1¢ LHPC 12
larger than experimental errors L e RBC/UKQCD 08
e Lin/Orginos 07
< Central values wmostly Lie below . N— RQCD "14
’ ’ , —e— CDSEF/UKQCD ’13
e)qsenmewcaL determinations ol —a—1— gTMC ’/15 :
> e CLS 12
+ In next few years, improved algorithms + T e
simulations with larger lattice volumes, . Mund 13
finer lattice spacings, and physical-mass ~ _ Mendenhall 112
. . . .« . 5] Abele ’02
pions will improve precision 5 Abele 02
o Liaud 97
+ In ~5 years, expect percent-level ga - —e— ‘éi;";?ézmsw
& few-percent vector and axial- BT I ——
vector form factors, with independent g4
calculations providing checks [PNDME, arXiv:1606.07049]

R. Van de Water Lattice QCD for precision particle physics 31



Neutrinoless double B-decay experiments

+ Searching for Majorana neutrinos 4+ If Majorana v’'s heavy, Ovp[) decay rate
via parameterized by matrix elements of six-
fermion effective operators Oar-2

%

NVVW“ i € HIGH-SCALE

W
W THEORY
C 3
@
[KamLAND-ZEN, u
1605.02889] d v

€ LOW-ENERGY
o- THEORY

d u

Bounds on Majoranad wass

liwited by nucledr matrix- 4+ First LQCD caleulation of hadronic matrix elements
element uncertdinties begun this year [Nicholson @ Lattice 2016]
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https://conference.ippp.dur.ac.uk/event/470/session/1/contribution/369
https://conference.ippp.dur.ac.uk/event/470/session/1/contribution/369

"Progress in science is based on the interplay between theory and experiment,
between having an idea about nature and testing that idea in the laboratory. Neither
can move forward without the other.” — Snowmass 2013 Executive Summary

“Lattice QCD has [already] become an important tool in flavor physics. ...The full
exploitation of the experimental program requires continued support of theoretical
developments.” — Snowmass 2013 Quark-flavor WG report



+ In the quark-flavor sector, lattice QCD already providing reliable computations
of simplest hadronic matrix elements needed to extract CKM quark-mixing matrix
elements and for many Standard-Model tests

= Recent lattice-QCD regulte + experimental meagurements imply geveral 20 “tengiong” with

Standard-Model CKM framework

4+ Ambitious lattice-QCD program in place to meet theory needs of current & future
worldwide high-energy-physics experimental program by

(1) Increasing precision of present calculations of simplest quark flavor-changing
matrix elements, quark masses & strong coupling, scalar quark-content of nucleon, ...

(2) Providing first reliable QCD calculations of more challenging quantities such as
quark-flavor-changing decays to resonances or multi-hadron final states, hadronic

contributions to muon g-2, v-nucleon scattering form factors & matrix elements, ...

+ Future measurements combined with anticipated lattice-QCD improvements will
sharpen precision tests of the Standard Model

% 1§ deviations frowm Standard-Model expectations ave Seen covvelations between
weadsurements will provide information on new particle masses and couplings!

QCD



QCD

4 Hadvownic Physics is ubiquitous thvoughout high-energy Physics experiments

+ Reliable theoretical predictions are needed on same time scale as
measurements with commensurate uncertainties

neutrino-nucleus

muon-nucleus SRR -
cross-sechons Parton distribution functions

cross sections

dark-matter-nucleus hadronic vacuum
cross sections polarization &
light-by-light scattering

Decay constants, form factors,
& mixing parameters

QCD



QCD

4 Hadvownic Physics is ubiquitous thvoughout high-energy Physics experiments

+ Reliable theoretical predictions are needed on same time scale as
measurements with commensurate uncertainties

neutrino-nucleus

muon-nucleus s trihot :
cross-sechons Parton distribution functions

cross sections

Continued gupport for lattice-QCD hardware & software ig
esgential to achieve scientific goale and fully capitalize on enormoug

invegtmentg in the HED (and ND) experimental programe!
cuum

cross sections polarization &
light-by-light scattering

Decay cu _
& mixing parameters

QCD



Qee Lattice 2016 webgite for
more hot-off-the-presg regulte!

Particle Data Group reviews:

i 34th International  “Lattice Quantum Chromodynamics”

cert . Symposium on : :

Lo ; Lat’ucey FIE|C| Theory E‘ (La’lho’ Sharpe, Ha,ShlIIlOtO)

% “Leptonic Decays of Charged Pseudoscalar

p homas (Cambri dg )]

e Mesons: 2015” (Rosner, Stone, RV)

oy LATTI CE

2016 SOUTHAMPTON UK

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

Flavor Lattice Averaging Group report:

% 2016 “Review of lattice results concerning low-
energy particle physics”

Snowmass working-group reports:

ccccc

o “Charged Leptons”

% “Higgs Working Group Report...”

» “Lattice field theory ... Scientific goals and
computing needs”

yyyyy

M h u I(NCSU)
James Zanotti (Adelaide)

* “Report of ... QCD Working Group”

7= Ve =

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

“* “Report of ... Quark Flavor Physics Working Group”
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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
http://arxiv.org/pdf/1607.00299.pdf
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http://arxiv.org/pdf/1607.00299.pdf
http://arxiv.org/pdf/1607.00299.pdf
http://arxiv.org/pdf/1607.00299.pdf
http://arxiv.org/pdf/1607.00299.pdf
http://arxiv.org/abs/1311.5278
http://arxiv.org/abs/1311.5278
http://arxiv.org/abs/1310.8361
http://arxiv.org/abs/1310.8361
http://arxiv.org/abs/1310.6087
http://arxiv.org/abs/1310.6087
http://arxiv.org/abs/1310.6087
http://arxiv.org/abs/1310.6087
http://arxiv.org/abs/1310.5189
http://arxiv.org/abs/1310.5189
http://arxiv.org/abs/1311.1076
http://arxiv.org/abs/1311.1076
http://www.southampton.ac.uk/lattice2016/
http://www.southampton.ac.uk/lattice2016/

QCD

* Identify the new physics of dark matter

e Understand cosmic acceleration:
dark energy and inflation

~/




+ Experiments searching for dark-matter particles scattering off detector nuclei
via exchange of a new or Standard-Model particle

+ Next-generation experiments will improve X-section limits & hope to make measurements!

4+ Errors on DM X-section predictions limited by QCD uncertainties =» wust veduce
theovy ervors to fully exploit measurements

+ It mediator is scalar particle, cross-sections depend upon scalar matrix elements of quark
contents of proton & neutron: <N|qq|N) with q=u, d, s, (& ¢)

<+ Hadronic matrix elements can be caleulated with econtrolled uncertainties in lattice QCD

[Hill & Solon, PRL112, 211602 (2014)]

DM l
10_47 E ’\
&
E;/ 10748}
o8
2 107%
nA
S 0-50 \
. double\t\ ;'I
DM 10 110 120 125
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QCD

4+ Several new results since ICHED 2016 including first calculations at the physical pion
mass [BMW, PRD116, 172001 (2016): ¥QCD, 1511.09089]

+ In next few years, increased computing resources + improved algorithms will continue to
improve precision

+ Increased corroboration from independent calculations will make determinations robust

Leinweber et al.
Leinweber et al.
Procura et al.
Procura et al.
JLQCD

E
Thomas_& Youn
. PACS-C
Martin-Camalich_et al.
Shanahan et Emcl
DSF

Ren et al.
Alvarez-Ruso et al.
Ivarez-Ruso et al.
Lutz & Semke

g >
@)
[02le)

(p)
|
[ NO] (] (O] (STl N (] (O] (R (] (0] (] (0] (] (0] (] (0] (] (0] (0] (0] (] (0] (] (O] (] (0] (] (O] (] )

x
vow

@

RQ

Gasser e
avan_et
larcon

Chen et al.
Hoferichter et al.
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[S. Collins @ Lattice 2016]
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Appendix:
Masny more quark-flavor results!
4+ Light flavors (u,d,s)

4+ Heavy flavors (b,c)




Lattice-QCD flavor-physics references

General reviews:

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

2016 “Review of lattice results concerning low-energy particle physics”
(Flavor Lattice Averaging Group)

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

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

* “CP violation & Kaon weak matrix elements from L.QCD”
(Garron, Chiral Dyn. 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)
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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/pdf/1607.00299.pdf
http://arxiv.org/pdf/1607.00299.pdf
http://arxiv.org/pdf/1607.00299.pdf
http://arxiv.org/pdf/1607.00299.pdf
http://pdg.lbl.gov/2015/reviews/rpp2015-rev-pseudoscalar-meson-decay-cons.pdf
http://pdg.lbl.gov/2015/reviews/rpp2015-rev-pseudoscalar-meson-decay-cons.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
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

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

vertex « Vb

Amq,s) Compute nonperturbative QCD parameters
dI'(B — wly) dI'(B — D(*)éu) (decay constants, form factors, B-parameters, ...)
4 ) T RS numerically with LATTICE (CD

¥ ¥

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

CKM element process LQCD input Vg | % error
|Vud‘ T — v f7T 0.9764 (1-3)LQCD(O-O)exp(O-1)EM
|Vu3| K — tv fK 0.2255 (O.B)LQCD(O.l)eXp(O.l)EM

K — mlv £7(0) 0.22310 (0.3)Lqcp (0-2)exp
|Vus|/|Vud| K — gy/ﬂ' — v fK/fw 0.2314 (O.Q)LQCD(O.l)eXp(O.l)EM
'Vub| B — mlv f37(q?) 3.72 x 1073 (~3.4)Lqcp(~ 2.8)exp

B — lv fB 4.12 x 1073 (2.2)Lacp(9:0)exp

|Vcd‘ D — v D 0.217 (O-S)LQCD(Q-?))eXp

D — mlv 27(0) 0.2140 (4.4)LqQep (1.3)exp
|Vcs| DS — fv st 1.007 (0-5)LQCD(1-6)exp

D, — Klv P5(0) 0.9746 (2.5)LqcD (0.7)exp
'Veb| B — D*{v F(1) 38.9 x 1073 (1.3)Lqep (1.3)exp (0-5)QED

B — D/v 30 (w) 40.7 x 1073 (~1.2)pgcp(~ 2.1)exp(0.5)QED
Vidl AMq fg,(Bp,) /2 8.00x 1073  (4.1).qcn(0.3)exp(0.4)other
Vis| AM, fg.(Bp,) /2 39.0x1073  (3.1).qcn(0.0)exp(0.5)other
Vid|/|Vis| AMy/AMg £ 0.2052 (1.5)L.QcD(0.2)exp (0.0)other
(P, 1) € By - (1.3) By [¢f - (0.7)e,exp]

R. Van de Water
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CKM summary

Ve S OkM evvors still limited n wiost
cd — .
D — c3ses by |attice-acD uncertainties! .

O

O
NN NN /N

CKM element process LQCD input Vg | % error
|Vud‘ T — lv f7T 0.9764 (1-3)LQCD(O-O)exp(O-1)EM
|Vu3| K — v fK 0.2255 (O.B)LQCD(O.l)eXp(O.l)EM
K — mly £7(0) 0.22310 (0.3)Lqcp (0-2)exp
| Vius|/| V| K —/lv/m — lv fx/fr 0.2314 (0.2)1.ocD(0.1)exp (0.1)mr
'Vub| B — mlv 57 (q?) 3.72 x 1073 (~ 3.4)Lqcp(~ 2.8)exp
B — )CD 9.0)e
2.3)ex
3
.6

1.3)ex
} |VCS| DS —> v J Dg 1L.UU I \U.U}LQCD ]_ )ex
D, — Klv P5(0) 0.9746 (2.5)LqcD (0.7)ex
'Veb| B — D*/v F(1) 38.9 x 1073 (1.3)Lqcp (1.3)exp(0.5)
B — D/v 30 (w) 40.7x 1073 (~1.2)pqcep(~ 2.1)exp(0.5)QED
Vidl AMy fs,(Bg,)" /2 8.00x 1073 (4.1)1.qcp(0.3) exp
Vis| AM, fs_.(Bg.)" /2 39.0x10°3 (3.1)1.qcn(0.0)exp
Vid|/|Vis| AMy/AMg £ 0.2052 (1.5)Lqcep(0.2)exp
(p, 1) € Br - (1.3) By lef - (0.7)e exp]
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Light flavor physics



M[MeV]

Light hadron spectrum

2000 -
1500 -
1000 -

500 -

——0
- =
| e
—— -
| & |
3 |ZgA
—a— /\
EK* + N
—— P

K —— experiment

—= width

] o input

{1 & QCD

0

+ Light hadron masses primarily due to energy stored in gluon field and to quarks’ kinetic
energy - 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 & kaon decay constants

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

< Statistical fluctuations correlated between numerator & denominator

Y/

FLAG average for N¢=2+1+1

ETM 14E

FNAL/MILC 14A

ETM 13F

HPQCD 13A

MILC 13A

MILC 11 (stat. err. onIY
ETM 10E (stat err. only)

FLAG average for Ny =2+1

RBC/UKQCD 14B

RBC/UKQCD 12

Laiho 11

MILC 10
LQCD/TWQCD 10
BC/UKQCD 10A

BMW 1
{\I,_IQCD/TWQCD 09A (stat. err. only)

MILC 09

Aubin 08

PACS-CS 08, 08A
RBC/UKQCD 08
HPQCD/UKQCD 07
NPLQCD 06

MILC 04

% fx=frzin SU(3) limit ms=myq, SO0 some systematics suppressed by (ms-mud)/Aqcp

FLAG average for Ny =

ETM 14D (stat. err. onIy)
ALPHA 13A

BGR 11

ETM 10D (stat. err. only)

TM 09
QCDSF/UKQCD 07

R. Van de Water

Combination with experimental
decay rates enables |V, 4| /|V.|
determination [Marciano]
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K—mev semileptonic form factor

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

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

< Leading-order correction to
unity is known function of {m,
mg, fz} [Leutwyler & Roos]

< 1,=-0.023 numerically small
because second-order in (mg?-
m,2) [Ademollo-Gatto]

4+ Lattice-QCD calculation does
not require renormalization

r D
Combination with experimental

rate enables |[V,s| determination
\ y

R. Van de Water

=2+1+1

z
+
N

N¢=

Nf=2

non-lattice

ut
} q*=(mk?+mz2-2mgEy)?
Y

u

d

f+(0)

FLAG average for N;=2+1+1

ETM 15C
FNAL/MILC 13E
FNAL/MILC 13C

FLAG average for N;=2+1

RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 12!
JLQCD 12

JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

FLAG average for Ny=2

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

QCDSF 07 (stat. err. only)
RBC 06

JLQCD 05

JLQCD 05

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
Leutwyler 84

094 096 0.98 1.00
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Implications for 1st-row CKM unitarity

+ ~20 tension between leptonic &t & K
decays, semileptonic K decays, -decay,
and CKM unitarity [see e.g. Rosner, Stone,
& RV (PDG), 1509.02220]

|

0.0508

T
\
5
=
+
4\'\
&

0.0504 |~ ‘% N
p 1 + Unitarity test using |Vus| from Kz decay
I ] [FLAG 2015 prel. + Moulson, 1411.5252]
2 o0sLK, and |Vud| from superallowed B-decay
= (FNAL/MILC) ! [Hardy & Towner, 1411.5987]
I | limited by error on: |Vud|?:
0.0496 |- -
: : |Vud|2+|\/us|2+|\/ub|2‘]:
I 5 -0.0021 (29)Vus(4] )Vud
0.0492 |- nuclear ]
i B-decay i
| | | | | | | | | | | | | | |

09484 09488 09492  0.9496

1% |2 = can | Vi from ﬁ—decag be meroveal?
ud
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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 LAG average for Ny =241 41
new physics with generic O(1) ETM 15
flavor couplings to = 10,000 TeV FLAG average for Ni=2+1
. . . } il l SWME 15A
[I51dor1, N]r, Perez (2010)] RBC/UKQCD 14B
} il 4 SWME 14
. . } % % : SWME 13A
< Lattice-QCD results for matrix — swweis
elements of all possible AS=2 Laiho 11
BSM operators available for T RBCIUKQCD 108
. . } : : | SWME 10
model bu1|d|ng — - Aubin 09

RBC/UKQCD 07A, 08

FLAG average for Ny =2

~
Combination with measurement of

ETM 12D
ETM 10A

indirect CP violation in kaon | o : JLQCD 08

. RBC 04
\system(eK)constramsCKM phase) 065 070 075 080 085
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Status of the | ex| band

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

[\GK\ = (1.81£0.14,,,  £0.02,,, £0.07,_, £ 0.051,p %+ 0.23parametric) X 10_3J

(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)...
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K— nrr decays

® Sensitive to new particles,

. interactions, sources of CP

- w 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
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K — it matrix elements (2015)

%k Lattice complication: additional Lischer formalism needed to relate amplitudes calculated
in Euclidean box to physical observables in Minkowski space [Briceno review, PoS
LATTICER2014 (2015) 008]

4+ First complete three-flavor K = mimr amplitudes with controlled errors using domain-
wall (chiral) fermions

+ Also first Wilson-fermion results from Ishizuka et al. [PRD92, 074503 (2015)] with
heavy, zero-momentum pions

Al=3/2 amplitude (A2) Al=1/2 amplitude (Ao)
[RBC/UKQCD, PRDD91, 074502 (2015)] [RBC/UKQCD, PRL1185, 812001 (2015)]

+ Physical-mass pions, continuum limit, + 170 MeV pions with physical kinematics
and approximately physical kinematics + Small spatial volume m;L=3.2 and single
+ — ~10% errors on Re(Az), Im(A,) lattice spacing a~0.14 fm

+ Dominant uncertainty from perturbative + — ~35% error on Re(Ao)
truncation error in continuum Wilson + Will be reduced with higher statistics,
coefficients larger volumes, continuum limit, ...
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Implications for Al=1/2 rule and Re(g’/g)

Al=1/2 rule Re(g’/g)

® Empirically Qbserve ® First complete lattice-QCD calculation of direct CP
Al=1/2 amplitude (Ao) violation in K = 1111 decays

~20x larger than Al=3/2 ¢ 2.10 tension with Standard Model
amplitude (Ay)

® Ewerging understanding
Svow |attice ach: : o | RBC/UKQCD 15

o . d
significant cancellation e

between dominant
contributions to Re(A») NA48 + KTeV (PDG 14) FH—eo—

not present for Re(Ao) experiment

| | | | | | | | | | | | | | | | | | | | | | | | | |
-5 0 5 10 15 20

Re(e’/e) x 10°

s N
Anticipate reduction of QCD error to experimental size within few years with improved

operator matching & data at finer lattice spacing (C. Kelly @ Lattice 2016)

.
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Heavy-hadron spectrum

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

12

10

MESON MASS (GeV/c?)
@)

R. Van de Water

expt
fix params
b2 p
. h,(2P) /gg(l)(ZP) postdcns
n’b e —— ¥ _@_: o © o= predcns —6—
Mp—-o——Y h,(1P) %;(1)(113) Y(1D)
(
B.—e-)© B
B. . B
’ = q), K2 7
mn. = | o=S Xel
e —H ¢ XcO
Ne I
BS i -
I K ——

Predicted from lattice
QCD before CDF

: measurement

« [HPQCD & Fermilab,

B* === p*  PRL 94 (2005) 172001]
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Heavy-quark 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

PDG 2014 average P.DG 2014 average |
A | | | | | | | ETM 14 o ETM 14 (preliminary)
8 | dsesa I o HPQCD 14 — HPQCD 14 (HISQ)
2 | e » HPQCD 10 Nudsesea = HPQCD 14 (NRQCD)
% I ALPHA 13 (preliminary) —— HPQCD 13 (NRQCD)
8 ETM 10 idssen e HPQCD 10 (HISQ)
ludsea .. T B ALPHA 13
o ABRAMOWICZ 13
X ALEKHIN 13 lwdsea o ETM 12
_ B DEHNADI 13 e LUCHA 13
5 SAMOYLOV 13 o }BI(SEEIE}SIZEIN 12
. . NARISON 11 . * NARISON 11
- geie =
= © i . AUBERT 10
> o AUBERT 10 | CHETYRKIN 09
e CHETYRKIN 09 SCHWANDA 08
——— SIGNER 09 y BOUGHEZAL 06
s BOUGHEZAL 06 5 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
mc(mc,nf = 4) (GeV) mb(mb,nf = 5) (GeV)

R. Van de Water Lattice QCD for precision particle physics



Heavy-quark 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

PDG 2014 average PDG 2014 average
A e ETM 14 5 ETM 14 (preliminary)
Q s HPQCD 14 . HPQCD 14 (HISQ)
O fudsesa o~ o7 o HPQCD 14 (NRQCD)
8 lutssee . (3 0.6% HPQCD 10 Nudsesa . C0.8%. HPOCD 13 (NROCD
£ ALPHA 13 (preliminary) —— Q (NRQCD)
S r N HPQCD 10 (HISQ)
ludsea A t h | .t.t """"""""""""""""" ALPHA 13
- gree witn non-idatiice ETM 12
determinations with [ LUCHA 13
© T BODENSTEIN 12
o competitive errors
o HOANG 12
2 e \. — NARISON 11
2 . BODENSTEIN 11 LASCHKA 11
= ASCHKA 11 °
- e L . AUBERT 10
> o AUBERT 10 | CHETYRKIN 09
o CHETYRKIN 09 . SCHWANDA 08
—— SIGNER 09 y BOUGHEZAL 06
> BOUGHEZAL 06 5 BUCHMULLER 06
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- HOANG 06 . BAUER 04
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mc(mc,nf = 4) (GeV) mb(mb,nf = 5) (GeV)
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Dis)-meson decay constants (2014)

*

fo & 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

7/

fo

S

fo

0.5%
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FLAG average for N, =2+1+1
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ETM 14E
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ALPHA 13B
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-

>—[|]—<
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R. Van de Water

230 250 270 MeV

% Errors ~2-4x smaller than previous best results

fo./fp

recently obtained first four-flavor results for

Ne=2+1+1
lo -
@
32

FLAG average for Ns=2+1+1
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ETM 14E

ETM 13F
FNAL/MILC 13
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Implications for 2nd-row CKM unitarity

1.05

CS

\'%

0.95

R. Van de Water

L/MILC)

+ 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
hadronic structure-dependent EM
contributiong to D¢ leptonic decay rates
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R. Van de Water

Bs)-meson decay constants

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

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

= No chiral-extrapolation error

Most precise fgs uses highly-improved

staggered (HISQ) b-quark action
[HPQCD, PRD85, 031503 (2012)]

< Lattice axial current absolutely
normalized m no renormalization
error

Confirmation from several independent

calculations using different gauge-field
configurations, light-, and b-quark
actions [see PDG review by Rosner,
Stone, & RV, arXiv:1509.02220]

N¢ =

Ne=2+1

Ne=2+4+1+1

Ne=2+1

24141
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—=— — o ETM 13E
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-l RBC/UKQCD 14
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— HPQCD 12
C!-II—H ) 1 900 HPQCD 11A
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B—1ilv form factors (2015)

4+ Two iwolepewolewt caleculations
last 5ear!

\/
2\ X4

S

First RBC/UKQCD f, & fo
[ ]

New FNAL/MILC f, with
more statistics & finer lattice
spacings, and first fo

[ |

Extend lattice results to
g°<16 GeV? using model-
independent z-expansion

+ f.(g?) shape consistent with
measured B—lv dB/dq?

+ Obtain |Vub| from joint z-fit to

lattice + experimental data

R. Van de Water

2 2
qg (GeV)
0.005 26|.4 2|5 2|0 : 1|5 1|O ? (I)
O BaBar untagged (2012)
00 BaBar untagged (2011)
0.004 - < Belle tagged B’ (2013) | 7]
2 > Belle tagged B* (2013)
D>
|Vubl (1-q/ mB*) f + Belle untagged (2011)
0.003 — : —
1
1
1
0.002 - ——F——u % ) . |
= 1
! Pok s
Ot sl
0.001 - / :
~3l5% 1
f. error . Z-expansion
| | ' |
90.3 -0.2 -0.1 0.1 0.2 0.3

|
0
<

Use of all experimental & theoretical
information minimizes error on | Vup |
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Ap—=plv & A clv form factors (2015)

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

4+ First three-flavor Av,—p form factors with H
relativistic b-quark at physical mass; first W- U
three-flavor A,— A form factors
| A 7\

] o -
u u

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

Imax  AD(No—=pp~ ) 5 2
Veo|? )15 Gev? 1z dg
2 2w dD(Ap—A. p—v
Vao T G ( e < dg? b
— 1.470 £ 0.115 £ 0.104 o
= 5.3% LQCD error on |Vub| /|Ven| AY
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Comparison of |Vuo | determinations

@ 4.3% |FNAL/MILC 15 + BaBar + Belle

—— FNAL/MILC 08 + HFAG 14

RBC/UKQCD 15 + BaBar + Belle

B—mlv
B

Imsong 14 + BaBar 12 + Belle 13
(LCSR)

H];QCD 06 + HFAG 14
___________________ (q >16 GeV )

A Detmold 15 + LHCDb 15
(A, = plv)

BLNP 2004 + HFAG 2014
(B—X Iv)

UTFit 2014
(CKM unitarity)

Other
7S

—o-

32 36 40 44
WV 1% 10°
ub
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B—D’lv form factor @ zero recoil (2014)

+ 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=mc— ) [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) [FNAL/MILC, PRD89 (2014) 11, 114504]

(W = Vg Vp*) r N

Combination with experimental
—|_ (] (]
W rate enables |V ,| determination
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B—DIv form factors (2015)

r A
Combination with

experimental rate enables
V| determination

J

w

+ Comparing theory & experiment at 147 : z = = oo

w=1 =» large experimental errors in T — HPQCD 2015

|Veb| because decay rate suppressed - & 5 BaBar2008 |
4+ First three-flavor form-factor results N I;1t;4;/;

over full kinematic range [Fermilab/ ¢

MILC, PRD92, 034506 (2015); HPQCD, N

PRD92, 054510 (2015)] =

* [ndependent caleulationg agree -

+ Shapes consistent with experiment B =

+ Joint lattice + experiment fitusing . | | | | | |
w>1 data reduces error on IVcbl 0 0.01 0.02 0.03Z 0.04 0.05 0.06
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Comparison of |Vep | determinations

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 — Xcl\/)

UTFit 2014 (CKM unitarity)

37 38 30 40 41 42 43 44
V 1x10°
ch
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B—11ll & B—KIl form factors (2015)

B—K form factors B— 1T tensor form factor
[Fermilab/MILC, PRD 93, 025026 (2016)] [PRL115, 152002 (2015)]
: : : : . . : &\ .6 . T T T T \
3t ];% E . 3t HPQCD 13 (LQC{)T) E— = \-/ :
HPQQD 13 (LQCD; - Khodjamirian 10 (LCSR) —=—i qr | 3
95 | Khodjamirian 10 (LCSR) +——— L~ A
) Nm 3 | %
=y |
Nﬁ" 1
0 5} 10 15 20 25
q* (GeV?)
: . . . . 0 L . . . . - '
o 5 10 15 20 o0 20 First lattice result for B—m

Q2 (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)]

New lattice-QCD B—1t and B—K form factors enable ealeulations of B—n(K)I*T", B—m(i)wv,
and B—mitv observables with fewer agsumptions than previously possible!
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A= All form factors (2016)

Enable calculations of
Ap,— A\ Il observables in

the Standard Model and
beyond

| | | |
— — Light-cone sum rules [arXiv:1511.09036]
Lattice QCD [arXiv:1602.01399] /

4+ First Ab—A form factors with
relativistic, physical-mass b-quark

1.5

1.0

+ Joint chiral-continuum extrapolation (.5
and g? fit via modified z-expansion

+ More precise than light-cone-sum- -0
rule determinations [Wang &
Shen, JHEP 1602, 179 (2016)]
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Neutral B-meson mixing

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

4 5 N\
Amg de\/Bin mp, |Vid|
A, fg.\/Bg, | "5 Vis|?
_ 2B ( A )2 (1-p)*+7?)
me \L=X2/2) (14 25 p) + M
.

R. Van de Water

+ 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
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2 5
/8,88,

2 o~
f5 B

B-mixing matrix elements (201 6)

()
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
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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
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