


QCD 1s a key part of the Standard Model but quark
confinement 1s a complication/interesting feature.

Cross-sections calculated at

CDE high energy using QCD pert. th.
/ with ~3% errors. Also parton
If' distribution function and
\L ._ hadronisation uncertainties.

4 ———3meters —————»

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




Weak decays probe meson structure and quark couplings
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CKM matrix / Expt = CKM x theory(QCD)

Need precision lattice QCD to get accurate CKM
elements to test Standard Model (e.g. 1s CKM unitary?).

If Vab known, compare lattice to expt to test QCD



Applications of Lattice QCD/Lattice field theory

Annual proceedings:

PartiCIephysics http://pos.sissa.it/
QCD parameters

Hadron structure Nugclear,physics

Hadron spectrum

CR T e —— Glueballs and exotica

QCD at high temperatures
Theories beyond the - and densities

Standard Model Nuclear masses
and properties

Quantum gravity

AStl’OphySics LAT2015 talks:
http://indico2.riken.jp/indico/

conferenceDisplay.py?confId=1805


http://pos.sissa.it

Lattice QCD = fully nonperturbative,
based on Path Integral formalism

basi —
e | PUDVDGess(~ [ Locpd'a)

» Generate sets of gluon fields for
Monte Carlo integrn of Path Integral
(inc effect of u, d, s (+ ¢) sea quarks)
» Calculate averaged “hadron
correlators” from valence q props.

* Fit as a function of time to obtain
masses and simple matrix elements
* Determine d@ and fix m,, to get
results 1n physical units.

e extrapolate to a = 0,m,, 4 = phys

for real world  *now*ableto t
calculate directly



Hadron correlation functions (‘2point functions’) give
masses and decay constants. T

(O|HT(T)H(0)[0) = ) AnemnYT\laf ¢ pge—moT
n m fall

t
(OIH[m)® f2mn pumbers of

A, = _
2, / 2

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

experimental decay rate. jo; 5ccyrate 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

pionarphysicalm, | Extract meson mass and
amplitude=decay constant

| from correlator for multiple
X « &~ lattice spacings and muaq.

| | Very high statistics

)
—
——
X

001 3

. . . . Extrapolation 1n a
0 20 40 60 80 100 \
T 0.145} :

Convert decay constant S
to GeV units using wg to  §
fix relative lattice = 0.135F
spacing. Very small
discretisation errors.
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R. Dowdall et al, HPQCD, 1303.1670. mZ2 /(2mp —m?2) = ml/ms



fix params

postdcns —H—
predcns —O—

MESON MASS (GeV/c?) }

few MeV uncertainties in many cases



More detailed study of unstable and excited states
important to pin down oddities now being seen (e.g. 1n
charmonium spectrum)
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e 1411.2004
Key future aim: establish whether tetra/pentaquark states, hybrids,
glueballs exist - needs very high stats and large basis of operators.
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N -~ The spectrum of decay constants for
8- < gold-plated mesons N ]
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HPQCD, arXiv:1302.2644, 1408.5768, 1503.05762

key mput for SM calcn of
B(s) a2



Quark masses and strong coupling constant

u,d,s sea

(@)

——O—

0.116 0.118 0.120

OCM—S(Mz, ng= 5)

O
—O—
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 nj = 3
—— HPQCD HISQ ratio ny = 4

1408.4169
HPQCD NRQCD Ey

1302.3739

A ETMC ratio
4.0 411 412 4f3 414 4.5

7y (i, 1y = 5)(GeV) B
Future: Accurate tests of Higgs — bb
require halving uncertainty on mp
and O



Quaﬂ( mass ratios HPQCD: 1408.4169
Obtained directly from lattice QCD 1f same quark formalism

is used for both quarks. (mql,latt) My grs ()
a=0

Ratio 1s at same (1 and for same nf. \ 72,1410 Mo 715 (1)

Not possible any other we.ty My /me
mc/ms *new™* 2+1+1 with | |
physical u.d: ’S; 1;1
12.8 ! S 1.2
12.6} 4 £
12.4} ///%— SLO
< 12.2} /%/ | 5 09
Elz.o_ //// | " | | | | |_
11.8} %//% . M. 4 6 8 My,
11.6F— = my, (GeV)
6”000 0.005 0.010 0.015 0.020 0.025 mb/mc = 4.51 4)
@ (i) my/ms = 52.90(44)
me/ms = 11.652(65) £ BmT/mu

allows 1% accuracy 1n ms (94.0(6) MeV)



B semileptonic decays from Lattice QCD

Tree-level or loop
processes - need hadronic
form factors from lattice

- - - QCD to obtain SM rate
O % § R %% O W Tree-level: CKM

elements, Vu, and

" Veb
ﬁ<
.
C o Loop: test for new

O T O 0  physics

w

d



|
Lattice N,=4 fit
BaBar untagged 6 bins (2011
Belle untagged 13 bins (2011
BaBar untagged 12 hins {2012
Belle tagged B% 13 bins (2013

Belle tagged B~ 7 bins (2013)
Lat.+all expt. combined N,=4 fit
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Fermilab/MILC

- B — ﬂ-/V 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 — wiv

0 5 10 15 20 25
@ T T T 1503.07839
new result using -
. ——
baryon decay 1n .

lattice QCD \ —a—]

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

Conclude: tension —
between exclusive o
and inclusive R
methods remains IV, % 10°

4.4



B —m (K ) [T~ semileptonic decay e i61e

potential sensitivity to new
Form factors@CKM _ thSiCS thrOugh 100p

1.8 + Form factors only

16 L LHCb 2015 (preliminary) —&— | CffCCtS

1.4 |

S ouf_ % ~— B— it

s o8 Tl Lattice QCD gives SM rate:
0.6 | | 1
S 04l | Br(BT = 7t ptpT) =20.4(2.1) x 1077
02 | B\ - LHCD : 18.3(2.5)x10"
o arxiv: 1509.00414
= 06} - 80 ' ' ' ' '
Soozfs - zZ o0
0 X 50
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q? [GeV?] %;40 ——
jf?,o
Ratio of 7 to K partially =
. 10 Standard Model 1
integrated rates — DL e
0 5 10 15 20 25

Ran Zhou: KITP2015 ¢*(GeV)?



Al =1/2 rule RBC/UKQCD
Decades-long puzzle of why

Q K — nr(I = 0) 450 x more likely
< than K — 7w (I = 2)

= ' resolved by lattice QCD.

- T 0

)  1502.00263  unexpected cancellathn of different
1505.07863  colour charge contractions

& O@ SM test of direct CP violation in

K — 7w
_@/t O@@ First lattice QCD result for €' /€
with physical kinematics

Technically challenging - future: significant accuracy gain



Hadronic vacuum polarisation contribution to anomalous

magnetic moment of muon (g — 2),,/2
B.Chakraborty et al, HPQCD: 1403.1778

differs between expt and the SM by
25(9) X 10719 *new physics*?

Uncertainty dominated by that from
HVP contribution calculated from
expt for R+ .-

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

a [ A
e =2 [ da* (6 (AmaQD ()
0 / \Vacuum

very steep function, polarisation
so small g dominates function




B.Chakraborty et al, HPQCD:
54.5 | _ - 1403.1778
- ¢ ! — ‘\ o .
S 540} .- _4%-"1 physical u/din sea
X _ - 9 - _ At -
2= 535 ¢ - - - |
kT ] \New - accurate
| determination of s HVP
52.5 | | | | | R
0.005 0.010 0.015 0.020 0.025 from lattice QCD,
a? (fm?)
S —10 LI
ajl,l/ — 53.41 (59) >< 1() E E HVP, no new physics
1% accurate o
= .|| HPQCD
| PRELIMINARY
. - 13084327
Total HVP from lattice | |
. A | | Benayoun et al
still not accurate enough, 2078
but sionifi ¢ A 11{1%1”2872t1
ut signiricant progress Hagiwara ct a
640 6150 6160 6170 6180 6190 72)0 7110: 7120 :730

HVP
a

10
" x 10



Conclusion

» Lattice QCD results for gold-plated hadron masses and
decay constants now providing stringent tests of QCD/SM.
* Gives QCD parameters and some CKM elements to 1%.
* Provides BSM constraints, tests of sum rules/HQET etc.

Future

» Lattice uncertainties being improved substantially
e.g. with m,, 4 at physical value and finer lattices/higher
statistics

» Analysis underway by several groups of effects from
QED and M., 7 My e.2. BMW 1406.4088 mny-mp

* The range of methods and calculations 1s increasing
“disconnected calculations”, glueballs, unstable particles ..



Spares



Look at error budgets to see how things will improve 1n future ...
1302.2644: calculation of B, Bs masses and decay constants

errors divided into extrapolation and other systematics:

EI‘I‘OI‘% (I)BS/(I)B MBS—MB (I)BS (I)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 important



