


QCD is a key part of the Standard Model but quark
confinement is a complication/interesting feature.

Cross-sections calculated at
high energy using QCD pert. th
with ~3% errors. Also parton
distribution function and
hadronisation uncertainties.

4 ———3meters —————»

But (some) properties of hadrons
much more accurately known
and calculable In lattice QCD -
can test SM and determine
parameters very accurately (1%).




Weak decays probe meson structure and quark couplir
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CKM matrixf Expt = CKM x theory(QCD)

Need precision lattice QCD to get accurate CKM
elements to test Standard Model (e.g. is CKM unitary?

If Vabknown, compare lattice to expt to test QCD



Applications of Lattice QCD/Lattice field theory

Annual proceedings:!

Partlcle phyS|CS http://pos.sissa.it /
QCD parameters

Hadron spectrum . 4.1 structure Nuclear, physics

CKM elements Glueballs and exotica

QCD at high temperatures
Theories beyond the ~and densities

Standard Model Nuclear masses
and properties

Quantum gravity

Astrophysics LAT2015 talks: !
http://indico2.riken.jp/indico/

conferenceDisplay.py?confld=1805!


http://pos.sissa.it

Lattice QCD = fully nonperturbative
based on Path Integral formalism

basic

Integral
¥ Generate sets of gluon fields for
Monte Carlo integrn of Path Integra
(inc effect of u, d, s (+ ¢) sea quark
¥ Calculate averaged Ohadron
correlatorsO from valence g props.

¥ Fit as a function of time to obtain
masses and simple matrix element
¥ Determinea  and frr;  to get
results in physical units.

¥ extrapolate taa =0, my g = phys

for real world *now*able to t
calculate directly

DUD! D! exp(! Locpd*x)



Hadron correlation functions (O2point functionsO) give
masses and decay constants. &

0|H (T)H (0)]0" = ZAn Ml fgemmoT

\ masses of all

H - H hadrons with
guantum

A, = ‘<O|H‘n>|2 fv%mn numbers of H

2 / 2

decay constant parameterises amplitude to annihilate -
property of the meson calculable in QCD. Relate to

experimental decay rateq os accurate experimental info.
for f and m for many mesons!
Need accurate determination
from lattice QCD to match




correlator(T)

Example (state-of-the-art) calculation

“ponatpnysicaig, —— ] EXtract meson mass and
amplitude=decay constant

0.1f 1 from correlator for multiple
£ <+~ lattice spacings andum.
| | Very high statistics

0.01}

Extrapolation in a
X

0 20 40 60 80 100
T 0.145}

Convert decay constant S 0.140}
to GeV units usinguy ta%

fix relative lattice = 0.135¢
spacing. Very small
discretisation errors.

0.130f
0.00 0.05 0.10 0.15 0.20 0.25

R. Dowdall et al, HPQCD, 1303.1670. m?2 /(2mf —m?2) = my/m




fix params

postdcns —H—
predcns —O—

MESON MASS (GeV/c?) }

few MeV uncertainties in many cases



More detalled study of unstable and excited states

Important to pin down oddities now being seen (e.g. In

charmonium spectrum) Hadspec
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# 1411.2004
Key future aim: establish whether tetra/pentaguark states, hy

glueballs exist - needs very high stats and large basis of ope



-~ The spectrum of decay constants for

< gold-plated meson N ]
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Quark masses and strong coupling constant

u,d,s sea

O
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OCM—S(Mz, ng= 5)
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u,d,s,c sea
"""""""""""" u,d,s sea
|_O_|
—O—
O
75 80 85 90 95

ms(3GeV,ny =3)

1408.4169
HPQCD-jj this paper
ETMC 1310.3763

Basavov et al 1205.6155

HPQCD-j 1004.4285
HPQCD-W,y,, 1004.4285

JLQCD 1002.0371
PACS-CS 0906.3906

1408.4169
HPQCD this paper

ETMC 1403.4504

RBC/UKQCD 1411.7017
Durr et al 1011.2403
HPQCD 0910.3102
HPQCD (pert) 0511160

Lattice QCD results have
transformed accuracy

possible.
1408.5768
4 HPQCD NRQCD JJ
& HPQCD HISQ JJ 1 =3
—— HPQCD HISQ ratio ny = 4

1408.4169
HPQCD NRQCD Ey

1302.3739

A ETMC ratio
4.0 411 412 4j3 414 4.5

iy (Mp, s = 5)(GeV) B
Future: Accurate tests of Higgs bb
require halving uncertainty onym
and s E..



Quark mass ratlos HPQCD: 1408.4169
Obtained directly from lattice QCD if same quark formalis
is used for both quarks. (mql,latt) _ Mg, 775 (1)
Ratio Is at samg  and for same\Wng2 et ),y Myo 775 (1)

Not possible any other way ... my/m
C
fm,c/TnS *new* 2+1+1 with ' '
physical u.d:
12.8 . . . .
12.6} 7
12.4} ////%-
< 12.2 ok
< 12.0f /%/ -7 .
1.8 1 - Me 4 ° 5
11.6F 1 : ey (C)
115%000 0.005 0.010 0.015 0.020 0.025 mb/mc = 4.51 (4) ‘
2 (fm?) mp/m s = 52.90(44
m./m s =11.652(65 7£ 3m /m
T/ Ty

allows 1% accuracy Iin £(i94.0(6) MeV)



B semileptonic decays from Lattice QCD
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ree-level or loop
processes - need hadroni
form factors from lattice
QCD to obtain SM rate

Tree-level: CKM
elements, Wb and
Vcb

Loop: test for new
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o0 — Lattice
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dB/dg? x 10° [GeV?]

|
N,=4 fit

BaBar untagged 6 bins (2011)
Belle untagged 13 bins (2011)
BaBar untagged 12 hins (2012)
(2013)

Belle tagged B% 13 bins (2013 &

Belle tagged B" 7 bins (2013) = ¥V
Lat.+all expt. combined N,=4 fit EEEE

o
—o—

/

B | | |" Fermilab/MILC

arXiv.:  1503.07839
semileptonic decay

Combined fit to lattice
and experimental results
Improves determination
of Vub

This work + BaBar + Belle, B — wlv
Fermilab/MILC 2008 + HFAG 2014, B — mlv
RBC/UKQCD 2015 + BaBar + Belle, B — nlv
Imsong et al. 2014 + BaBar12 + Bellel3, B — mlv

HPQCD 2006 + HFAG 2014, B — ntlv
Detmold ez al. 2015 + LHCb 2015, A, — plv

—e— | BLNP 2004 + HFAG B—X v
UTFit 2014, CKM unitarity

L1l | L1l | L1l | L1l | L1l 1503-01421

0
a T T T T T 1503.07839

new result using -

- —a—A
bar_yon decay In .
lattice QCD \ —a—

: L

Conclude: tension T
between exclusive o
and inclusive 32 36 40 44
methods remains IV, % 10°



B — 7(K)I"I~ semileptonic decalsu e osis

potential sensitivity to new

12 _ Foll";m facftof:cs@CKll\/i o _ phySICS through IOOp
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| | =1/2 rule RBC/UKQCD

Decades-long puzzle of why
K1t n =0 450 x more likely
thankK ! =r(l =2)

resolved by lattice QCD.

P 5@

/j:;’/ 150200263 Unexpected Cancellatlc_)n of different
1505.07863 Colour charge contractions

& SM test of direct CP violation ir
- - K I 1l

ws with physical kinematics

Technically challenging - future: significant accuracy gai



Hadronic vacuum polarisation contribution to anomalou:

magnetic moment of muoigg! 2),,/ 2
B.Chakraborty et al, HPQCD : 1403.1778

differs between expt and the SM by
25(9)! 10 *° *new physics*?

Uncertainty dominated by that from
HVP contribution calculated from
expt forRg+ o

Can we improve ahead of E989 run?
On lattice, calculate :

f - 11 A
adie = = doff (@A QF)P¢(d)
0 / \vacuum
very steep function, polarisation

so small g dominates function
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1% accurate

Total HVP from lattice
still not accurate enough,
but significant progress

E

B.Chakraborty et al, HPQCD
1403.1778

physical u/d Iin sea

\New - accurate

determination of s HVP
from lattice QCD.

/'

: o apHVP, no new physics

. .| HPQCD

! | PRELIMINARY
. o |EmNMe

| 11 1308.4327

A Benayoun et al
i i 1210.|7]h84 f
A i ' | Jegerlehner+Szafro
! 11 1101.2872
| | Hagiwara et al
'11105.3149
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apHVP X 1010



Conclusion

¥ Lattice QCD results for gold-plated hadron masses &
decay constants now providing stringent tests of QCD/c
¥ Gives QCD parameters and some CKM elements to
¥ Provides BSM constraints, tests of sum rules/HQET e

Future

¥ Lattice uncertainties being improved substantially
e.g. withmy 4 at physical value and finer lattices/higr
statistics

¥Analysis underway by several groups of effects from
QED andmy £ mg e.g. BMW 1406.4088 mmp

¥ The range of methods and calculatisnacreasing
Odisconnected calculationsO, glueballs, unstable parti



Spares



Look at error budgets to see how things will improve in futur

1302.2644: calculation of B,sBnasses and decay constants

errors divided into extrapolation and other systematics:

Error % l g /! B

l 5

l B,
EM: 0.0 1.2 0.0 0.0
a dependence: 0.01 0.9 0.7 0.7
chiral: 0.01 0.2 0.05 0.05
g: 0.01 0.1 0.0 0.0
stat /scale: 0.30 152 1.1 I5]
operator: 0.0 0.0 1.4 1.4
relativistic: 0.5 0.5 1.0 1.0
total: 0.6 2.0 2.0 2.1

for different quantities different systematics are importa



