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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



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 @ and fix m,, to get
results 1n physical units.

e extrapolate to a = 0,m,, q = phys
for real world **now at mphys™*



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

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




Darwin(@Cambridge, .
part of STFC’s HPC facility (—%

for theoretical particle physics www.dirac.ac.uk
and astronomy DIRACII

Allows us to calculate
quark propagators
rapidly and store them
for flexible re-use.
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State-of-the-art commodity
cluster: 9600 Intel Sandybridge
cores, infiniband interconnect,
fast switch and 2 Pbytes storage

bbb da) 8

OB i
’ s . 5’2’:‘ s ¥ ~A



http://www.dirac.ac.uk

Example parameters for calculations now being done with

‘staggered’ quarks. “2nd generation”
, , , : : lattices inc. ¢
0.14 MILCHISQ, 2+1+1 @ quarks in sea
Mass HISQ = Highly
of u,d 012 improved
quarks staggered quarks -
v 0.1 very accurate
I ® discretisation
% E.Follana et al,
o 0.08 HPQCD, hep-lat/
o 0610092.
2 0.06
o <« My g~ mg/10
0.04
real o2 ° «— myg=mg/27
world 77
M .o =0 ' ! ' | ' Volume:
135 MCV 0.005 001 0015 002 0.025 0.03 m-L > 3

22 / fm?



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.

0.00 0.05 0.10 0.15 0.20 0.25

R. Dowdall et al, HPQCD, 1303.1670. mZ2 /(2mp —m?2) = ml/ms



The gold-plated meson spectrum

expt
fix params
postdcns —H—

© wcns —O—
Y(1D) HPQCD

1112.2590

1207.5149;
0909.4462

*
© B,

HPQCD
* 1008.4018
> error 3 MeV

\ - em effects

important!

older predcns: I. Allison et al, hep-lat/0411027, A. Gray et al, hep-lat/0507013



Lattice QCD 1s best method to determine quark masses

mg latt determined very accurately by fixing a meson mass
to be correct. e.g. for me fix M,

. : *masses
Issue 1s conversion to the )/ S scheme important for
* Direct method Higgs cross-
mars() = Z(pa) Mgt sections*

Calculate Z perturbatively or partly nonperturbatively.

* Indirect methods: (after tuning m;,;;) match a quantity
from lattice QCD to contnm pert. th. in terms of M S mass

e.g. g>-derivative moments of current-current

correlators (vac. pol.function) for heavy

quarks known through Ozi : J J

Calc. on lattice as time-moments of ‘local’

meson correlation function

Chetyrkin et al, 0907.2110
HPQCD + Chetyrkin et al, 0805.2999, C. Mcneile et al, HPQCD,1004.4285



Most accurate to use pseudoscalar correlator time-moments:

G(t) = a® Y (ame)? < 01ja(# 15 (0. 0)[0 > J@ ;
G, = t/a)"G(t ratio to results with no
Z( fa)"G(t) gluon field improves disc. t

t
Rn,la,tt — G4/GELO) n =4 er‘ro}
amy,

— (G, /GON/ (=41 —6,8,10...

2ame extrapolate first 4 moments to
1.6 — ' — 1 a=0 and fit to contnm pert. th.
1.5 Qe O OF oo e R glVGS m(u) AND g (,u)
Al A R6 | From 2+1 configs:
LAl ;:2 Ry | myp(my) = 4.164(23)GeV
2f T e wr | me(me) =1.273(6)GeV
v (M) = 0.1183(7)

00 01 02 03 0.4
o’ (GeV?) *new™ 2+1+1 results agree:1408.4169



Improvement in result 10T T ‘
< 1.05F .

clear as more orders g oo !
. . e AN QB |
added in contnm pert. < 0os] o
theory. 090} | | -
HPQCD, 1408.4169 0130 |
— 0.125} % ]
% 0.120 | jL % -
e R
3 0.115F .
- HPQCD NRQCD JJ 0.110 | | | ! ! ]

1408.5768 0 1 2 3
N
HPQCD HISQ JJ n - ) .
T HPQCD HISQ JJ ny =4 Difterent lattice methods
1408.4169
for my agree.
HPQCD NRQCD Ej .
1302.3739 Weighted average (grey
A ETMC ratio band): 4. 1 78( 1 4) GeV
1311.2837
1404:0319: impact on

4.0 411 412 413 414 4.5 1
(i mr = )(GeV) accuracy of Ff — bb



Quark mass ratios HPQCD: 0910.3102; 1004.4285,1408.4169
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 775 (1)
Not possible any other we.ty My /me
mc/ms *new™* 2+1+1 with | |
physical u.d:
12.8 . . . |
12.6f €
12.4} ////%_
< 12.2} ) /% g
s 12.0f 7
11.8} %/ - %
11.6F— - my, (GeV)
1104000 O.(I)OS O.(I)lO 0.(I)15 O.(I)ZO 0.025 mb/mc — 451 4)
@ (i) my/ms = 52.90(44)
m./ms; = 11.652(65
/ (65) ~ 3m /m,

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



Meson decay constants
Parameterises hadronic information needed

for annihilation rate to W or photon:

= Z [J [ |

— 7 ] ]
ll‘.

07 bk Experiment : weak decays
: em decays —

—~ Lattice QCD : predictions —o—

5 0.6 postdictions —E— HPQCD:

S Hpocp: 1207-0994

= 05 HPQCD: 1302.2644¢ _%_

<ZC 1311.6669  Lpocp: o

= 0.4 F HPQCD: 1312.5264 ==

Z 1303.1670 i

®, HPQCD,
& 0.3 \ o o 1408.5768
— ® *NEW*
&) 0.2 @

0 HPQCD,

a X 1208.2855

0.1

= K ¢ D DiD. B By B,  Jwy Y Y

0
A1m for same ‘overview’ as for masses. Note different scale.



Constraining new physics with lattice QCD

* results at physical u/d quark masses™

fK/fW

HISQ 2+1+1 configs N
0.164 | - / o
- 0162 - P
S 0.160 | : / A AN
< 0.158 | - S
Annihilation of / T to W
01561 1 allows CKM element
0.150 1 determination given decay
0145| | constants from lattice QCD
E 0.140 { expt for F(K+ — )
< 0.135} . F(W¢ — )
0.130 | | Wuslfrer
- = 0.27598(35) Ba(x+)(25) Bt
005 010 015 020 Vial frs
. . . . ~f
R.Dowdall et  m2/(2m% —m?2) K+ : :
. § § from lattice gives CKM
al, HPQCD: _ m\u’d/ms 7 g

1303.1670



Comparison of results  (note: fre+ < fK by 0.3%)

good agreement from different formalisms .
* results at physical u/d

e/t quark masses*
- n=2+1+1 | HPQCD, 1303.1670
HISQ it
. MILC, 1301.5855 = 1.1916(21)
HISQ fo+
— ETMC, Lattice2013 l
twisted mass -
____________________________________________________ Voss| = 0.23160(29) eapt (21) Ear(41) 102t
fi/f Vad
K''n
——i n=2+1 BMW, 1001.4692 l
clover
—o— ngQéZD,O706.1726 ‘Vus‘ — 0.22564
. o = LvW, 1112.4861
domain-wall . (28)Br(20) £ (40)1at¢ (D) v,
— e MILC, 1012.0868 l
asqta
. o R(?ﬁ;g%%%? 1 — [Vual® — [Vus|? — [V
-W
- - - - — —0.00009(51)

115 117 119 121 123 125
Vud from nuclear 5 decay now needs improvement for unitarity test!



B meson decay constants: results from NRQCD b and

—~ 1.20F

physical u/d quarks
1.26 | ; | X Setl f Set 5 |
) | d Set2 A Set6
I B Foset3 & Set7]
s 122+ % *  Set4d P Set8 |

“

&

~

1.16

1.14 |

0.00

g
1.18 |

EPhysical point

0.05

0.15

B;s to B decay constant

ratio accurate to 0.6% -

since Z factors cancel.

Separate decay
constants to 2%

.20

Mz/My, = T /T g 100

MBS — MB (MGV)

HPQCD: R Dowdall et al,
1302.2644.

MILC HISQ 2+1+1
configs with u/d down to
physical values +

improved NRQCD

meson mass difference
correct to 2%

95

90

&S|

80|

751

70

65

60

0.000

X  Set3 F  Set8 |
d Set6 d PDG
® % %
O.OIOS 0.0llo 0.0|15 0.620 0.0|25

a* (fm)



185(3) 225(3) averages B, Bs decay constant

Bl ¥ T world averages 2014
fgii T
! S| f
| | B expt PDG av. branching fracti
B : g Ifraction
 — + unitarity Vub
fo4 0! R
B @ - HPQCD NRQCD
' | 1302.2644
fBoi, u,d,s,csea
A A HPQCD NRQCD
| R 1202.4914
i i HPQCD HISQ 1110.4510
A A FNAL/MILC 1112.3051
! ! u,d, s sea
N ¥ u,d sea
-l i ETMC Lattice2013
= = ALPHA 1210.7932
150 175 200 225 250 275 300 WNOTE: tgs < 1ips (248 MeV)
fg_/MeV but by much less than LO

HQET expects



Enables SM branching fraction to be determined for:
Br(Bs — N+N_) — Af}288 Mg, ‘/752‘/153|27'(Bs)
S - e 2013: Updated result from lattice

t 4 v .
o w L QDI 3 47019) 1079
s B HPQCD: R Dowdall et al,1302.2644.
—_ ' Lz < (including AT effect in time-integration)
ek H LHCb: Nov. 2012
b o '[0_2mm]
Combined CMS/LHCb:

Br = 2.9(7) x 107
Improved accuracy will
allow strong test against SM.

Determination of 4-quark matrix
elements underway on 2+1+1
configs with physical u/d...

[ e (mm) ey



B/Bs mixing z " e
= - YN o Tagged unmixed

Neutral B flavour states < a0 ARVRRY Fit mixed
¢ . ’ f—é : PR Fit unmixed
oscillate’ because they s |

. § 200 4
mix through SM loop ; e,
effects - sensitive to BSM s

B,

%4 decay time [ps]
tm LHCb,1304.4741
XAt
W
HPQCD, LAT2014

Rate depends on matrix elements 4} iC R
of 4-quark operators and CKM L o¥
Visand Vig. X : | ] g -
*NEW?* Lattice QCD calculations < N\ 02
inc. physical u/d quarks o B y/““ 0,
underway. Improved errors over 08 o E :
previous results will be found .. o6 L e —

ml/mS



Anomalous magnetic moment of the muon

QED

EW

Blum et al,

&%s@w@%

sensitive to new physics ...

Counts per 150 ns

/ZMZQMQ S

@ﬁ% ay = (9—2)u/2
QCD f@w@w@@w@@w@e

1301.2607 BNL E821

-
o
]
7]

QED 11658471.8845(9)(19)(7)(30) x 10~10
11658471.8951(9)(19)(7)(77) x 10710
EW 154(2) 10 | A
QCD | LO (e7e™) 692.3(4.2) x 10710, 694.91(3.72) (2.10) x 10-10 " |5 ppnn NN,
LO (1) 701.5 (4.7) x 10710 W M'mmw
HOHVP  —9.79(9) x 10~1° \R 4o Tm w
HLbL 10.5(2.6) x 1010 ere ‘}FNAL E989

Error in SM calc. dominated by that from hadronic
vacuum polarisation - improve 1n lattice QCD?



Hadronic vacuum polarisation contribution to anomalous

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

4, 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




Determine the g2 derivative moments of 11
at ¢>=0 from time moments of vector correlator and
use Pade Approximants to evaluate the integral

55.0

a’
,u
aC
,u

. . . ' ' s contrib. calculated
_ —on 2+1+1 with
¢/ - - |e - -1 physical u/d quarks

_ - _ - | still to do:
“disconnected”
pleces - expect very

' ' ' ' . small o
0.005 0.010 0.015 0.020 0.025 it

o () 1% accurate
= 53.41(59) x 10710¥

2+1 results from earlier -
10 «
= 14. 42(39) x 10~ agree well with R+ .-



At large times vector correlator gives information about
the @ meson - agrees well with expt for physical u/d

my-m, (MeV)

380 T T T 280 ' T
ml/ms=Q.2 —— my/m=0.2 —¥%—
physical point ——<— physical point ——>—
370 b Experimental —@— | 270 b Experimental —@— |
360 F e 260 F
2
2350 | . = 250
q_‘e
340 . 240 F
330 f - 230 F
320 . . L . L L 220 1 . : . :
0 0005 001 0015 002 0025 0 0005 00L 0015 002 0025

2% (fm?) a® (fm%)
u/d calculation underway. Much noisier - currently

getting ¢!V "¢ = 662(35) x 1077

Expect to reduce error to 2-3% 1n current run.

Plan : 10x statistics in collaborn with MILC - should
reduce errors below 1% by end 2015



Pion electromagnetic form factor J. Koponen et

al, HPQCD,
. . 1311.3512
7T — e scattering probes 7 electric charge
105 [— . . . . .~ physical u/d quark
1} i masses on HISQ
095 | 2+1+1
09 | configurations.
085 | Agrees with
= 08t experiment
075 t directly.
0.7 1 NA7, expt i :
065 F very coarse ——H—H— glves a charge
06 F . fine
025 02 0.15 0.1
q2/GeV2

Scalar form factor in progress ....




www.physics.gla.ac.uk/HPQCD

Conclusion

e Lattice QCD results for gold-plated hadron masses and
decay constants now providing stringent tests of QCD/SM,
QCD parameters to 1% and input to BSM constraints.

Future

* Now working on ‘2nd generation’ gluon configs with
charm 1n the sea and ", 4 at physical value.Will take ¢
down below 0.05fm (so b quarks are ‘light’)

and increase statistics by a factor of 10 on coarser lattices.

* Aim for 1% errors for B and Bs physics
* Improve noisier calculations such as muon g-2, calcs.

inc ‘disconnected diagrams’, exotic hadrons etc.

e We need DiIRAC III 1n 2015-16 to do this ...


http://www.dirac.ac.uk

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



