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

Connecting observed hadron
sroperties to those of quarks
requires full nonperturbative
treatment of Quantum

gy \_ i C h romo dyn am | CS.

. CLEO Event: 98595
ATLAS@LHC D! ul

Someproperties of hadrons can
be very accurately measured and
arecalculable In lattice QCD -
can test SM and determine
parameters very accurately (1%).



Weak decays probe meson structure and quark couplir

-

OV Vs Vb
’ !!dl" K1 |" II"O/ ' /V

Kl. !|--\§\ us

" Vcd cs Vcb "
« D! I" Dg! ? P . 0
« D! 1I"D!
"BylBq# 'B<BH Br(M ! ul)" V bf
CKM matrixf Expt = CKM x theory(QCD)

Need precision lattice QCD to get accurate CKM
elements to test Standard Model.

If Vabknown, compare lattice to expt to test QCD



Lattice QCD = fully nonperturbative
based on Path Integral formalism

basic WPNE B 4
integral DUD! D! eXp( £QCD d X)

discretise quark and gluon fields in a
4-d space-(Euclidean)time volume

a=0.1fm, N = 56, gives
multi-million dimensional integral

Integrating over quark fields leaves

gluon field integral.
Sea quarks appear through det M
Valence quarks through-M

M=1-D+m,




Lattice QCD =two-step procedure

1) Generate sets of gluon fields for

Monte Carlo integrn of Path Integra
(inc effect of u, d, s, (c) sea quarks)
*numerically extremely challenging*

2) Calculate valence quark

propagators and combine fohadror
correlatorsO

*numerically costly, data intensive*
¥ Fit formasses and matrix element

¥ Determinea  and fim, to get
results in physical units.

¥ costincreasesad 0, m; !
and with statistics, volume.

phys



UK landscape

- people

8 university
teams in UKQCD Norch Sea |
consortium. North adantic 3 M o
Key members of

International X" unitep
collaborations nqETERs LT

e.gFastsum, e : - f,ﬁ«".‘:;;iii;

Hadspec, IRELAND Eéif’ Lf B@::Z::: 3
_”:)QCD’ QCDSF, w ‘ m(*ltmm NETHERLANDS
RBC-UKQCD, [ ] e B2 )

lersey

strongBSM

Different methods for hand

BELGIUM *¢

e “‘m\i

INg quarks, optimised for different

e

English Channel A

physics, but crosschecks important. Results impact:
LHC, BES, KEK, FNAL, JLAB, J-PARCDAFNE, RHIC, FAIR ..



STFCOs HPC facility ./%

www.dirac.ac.uk

Blue Gene/Q @Edinburgh:
98000 cores, 5D Torus
Interconnect, 1.3 Pflops
23 In Top500 list 2012

‘.
"l.\

. . LR | L .
2 | w — b - <
T B M
alo {C 2’ ‘}‘0" (.o‘( "t AR
’ \. . ' ]

»
o o
» - - >

|

- e ;. ‘/._‘.
~— e y =2
. ' = ;“‘
=

{
~

Darwin@Cambridge: State-of
the-art commodity cluster: 96(
Intel Sandybridge cores,
Infiniband interconnect, fast
switch and 2 Pbytes storage

Upgrade needed in 2016!


http://www.dirac.ac.uk

Example parameters for calculations now being done w
OstaggeredO quarks: =2zt ™

my = Md

0.12 |

mass of u,d

guarks¥
>

B 0.08}

~~
AN

S 0.06}

real
world <~

0.04

[Tly o — 0.02F

135 MeV )

0.14 |

0.1F

O2nd generation(

LGRS0 2 ; lattices inc. ¢
MILC HISQ, 2+1+1 @ :
MILE asqgtad, 2+1 O quarks in sea
HISQ = Highly
Improved
o O staggered quarks
°® o o . very accurate
discretisation
E.Follana et al,
©) HPQCD, hep-lat/
- 0610092.
2 e ° ©o «— Myg! My 10
O
e o o 1 «— myq! my 27
' ' ' ' ' \Volume:
0O 0.005 0.01 0.015 0.02 0.025 0.03
m; L> 3

a2 / fm?

also: Odomain-wallO RBC/UKQCD, OcloverO QCDSF, Hads}



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

0[H (T)H(0)[0" = Ane mn,T\'ﬂere! moT
n masses of all
H - H hadrons with

nj|2 quantum
“O‘H‘n ‘ _ fgmn numbers of H

An_ —
2m;, /' 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




Example (state-of-the-art) calculation

* pion at physical g4 —<—

correlator(T)
o
|_\

0.01}

40 60
T

0 2IO
Convert decay constant
to GeV units usingvy
fix relative scale. Very
small discretisation
errors.

R. Dowdall et al, HPQCD, 1303.1670.

Extract meson mass and
amplitude=decay constant
from correlator for multiple
lattice spacings andJm
Very high statistics

Extrapolation in a
X

0.130

0.00 0.05 0.10 0.15 0.20 0.25
2y =my /ms

™

mi /(2m12< —m



The gold-plated meson spectrum

= Z [ [ |

—— 7 ] |
ll‘.

MESON MASS (GeV/d) [
(@)

N
| |

S

expt
fix params
postdcns—H&—
predcns—e—

HPQCD

1112.2590
1207.5149;

0909.446

HPQCD

1008.4018 |
/ error 3 MeV
BS g— D, - €m effects

Important!

K ——

Future: inc QED anth, £ My

. see BMW 1406.4088



Quark masses and strong coupling constant

u,d,ssea

(@)

——O—

0.116 0.118 0.120
I is(Mz,n¢ = 5)

u,d,ssea

o

75 80 85 90 95
mg(3GeV,ns = 3)

Lattice QCD results have
transformed accuracy possik

* — g LIRAC,

HPQCD#H)j this
ETMC 1310.3763

per

Basavov et al 1205.615!
HPQCD#H)j 1004.4285

HPQCDBV,m 1004.4285
1408.5768
JLQCD 1002.0371 . HPOCD NRQCD JJ
PACS-CS 0906.3906
& HPQCD HISQ J&¢ = 3

14084169 o HPQCD HISQ ratins = 4*
HPQCD this pape* 1408.4169

HPQCD NRQCDE,
ETMC 1403.4504 1302 3739

A ETMC ratio

RBC/UKQCD 1411.701'*
Durr etal 1011.2403

41 42 43 44 4.5

my(My, Ny = 5)(GeV) 3
Future: Accurate tests of Highs b
require halving uncertainty onym

and ! s E..

4.0
HPQCD 0910.3102

HPQCD (pert) 0511160



M—-M, (MeV)

More detailed study of unstable and excited states underwa

first results: charmonium
1500} - ] Eﬁ D - |
|:| |:| :I I:I 180
L o ijgo_
—
so0] T Experiment
- K #3l. Xiog (1 Xigw X R o
B OExoticO
”_‘ 0= 1— 2 2 3— 4 4",_ OFF 1t 1t gt gt gt g b gt o
o

__Hadspec

i

0 T T
800 * 850

unstable
states need
multivolume
analysis

1411.2004

~uture: establish whether tetraquark states, hybrids, glueball
pentaquarks exist - needs very high stats and large op. basi
Pin down unstable states so they can be included in SM test



Meson decay constants

Parameterises hadronic information needed
for annihilation rate to W or photon:

£
s 1503.05762 /
0.7 | Experiment : weak decays o
. em decays  mam ® [ﬁ

| Lattice QCD : predictions +—o—
0.6 _ —
. postdictions =

0.5 _%_ -

0.4 | m ¢ i
0.2% accurate ©

DECAY CONSTANT [GeV]

0.3 | l‘fus o |
@@

0.2 } o 0 3 ]

| o

o1l ~ i

! K B"B DB, BS$DD "'# " B.Bc! ! !

0
decay constants of &2012 \O 5% accuracy from lattice QCD

vector mesons now | " now . FNAL/MILC 1407.3772
being pinned down BES will improve exptVeg V.o



185(3)225(3) averages B, Bsdecay constant
e world averages
fp sti f
| B expt PDG av. branching fraction
% + unitarity Vub

................................................................................................................

................................................................................................................

u,d sea

150 175 200 225 250 275 300
fy /MeV

1502

HPQCD HISQ 1110.4510

HPQCD NRQCD
120%4914 ?

FNAL/MILC 1112.3051
RBC/UKQCD 1404 .4670

CD NRQCD
2644

ETMC 1308.1851
ALPHA 1404.3590

NOTE:!

Different
approaches t
b quark
being used
and to
normalising
weak current

fBs < fos NOW quite clear



Enables SM branching fraction to be determined for:

Br(Bs! W' W )= Af 5 Mp |V, Vis|! (Bs)

S e e 2013: Updated result from lattice
w1 QCDBs 347010)1 107°

LHCb: November 2012

* HPQCD: R Dowdall et al,1302.2644.
S 5 . . o .
wr§\>wmw< (including I effect in time-integratipn

Now seen by LHC (CMS/
LHCDb)with 1411.4413

Br=2.8(6) x 10 °
Improved accuracfrom
Run 2 will allow strong
test against SM.

Bq rate a bit high vs SM E




OBpomtfunctlonO amplltude ) y

\ \)y
My

Exclusives~
process

'u:pD pK O

T
M 2 M 2
< K |VH|D > = f+(q2) |:pl[1) _|_pl|i _ D q2 K qp:|
measured by exﬁt M2 — N2
D K u
through rate for e.g +fo(¢") 4 f
D! KI ! 0(0) =1+(0)
< K|S|D >= Mz Mf2< folq )f\abs. norm. for same c/s

Moc — MOs action HPQCD: 1008.45



Semileptonic form factors for charmed mesons:

[ I | I I I I 1 1 1 1 I 1 || I I I I ,l f 1 I
- O cDtoK  c=coarse, f=fine /4
1 3-_ c005 D toK /4
“E O fDtoK b/
L O c¢D_ ton, /4
12F c005D_tom,
. S f
= C O fDStonS +
o 11F — fitDtoKf,
+ ~ 44 ”:
e . — @DwK{, 7 ez J. Koponen et
2 1 — fitD jton f; @ in al HPQCD
< [ — fbhrend, A P \ 1305.1462
09 - lattice acguracy highest -
: /’/’/ '::;’ f I N
" 7 e2ZZ articles at rest
0.8 . 2;_1::: ::: ! P -
= . : 2ic 4.
0.7F 3 gc IS 4-mom
~ [N TN TR TN TN NN TN SN SN TN N TN NN SUN SN SN SN S S G tranSfer
0 0.5 1 1.5 2
¢ GeV)) between D an
outgoing

Comparison to expt gives more detailed test of QCDmeson
Note: form factor seems to be independent of spectator
guark in decay. (not predicted by QCD sum rules ....)



Convert to decay rate irf §ins to compare to experiment

[1 CLEO
X BaBar
Belle

CS

BaBar+lattice, fit A
CLEO+lattice, fit A
CLEO+BaBar+Belle total rates +lattice, fit B
Unitarity

1.0

J. Koponen et al,
HPQCD, 1305.1462

0.95=L0 4771 777777777 Y~ —tol——m - — T — — D

%iﬁﬁ% ------ %%

Partial rate ratio Exp/Lat, \

o
©

0.8 exptl error best o 4e
0.0 02 04 06 08 10 12 1.4 1.@12 Total 30 t (‘ii"g
Binl Bin2 Bin3 Bin4d Bin5 Bin6 Bin7 Bin8 Bin9 20 \ B HPQCD
Uses all exptl data in model-indptway < =
to give Vcs to 1.5% ‘

Also tests QCD via form factor shape B R LR R LA L



B

form factors nyq -dependentg
and ¢ range of lattice QCD
ation is limited.

calcu

mfyv and Vb

20

Fermilab/MILC 1503.07839

Long-standing
ISsue of
Inclusive Vp >
exclusive \{p .
Same for \b

New LHCDb
result using

baryons+
lattice QCD ff.

> 15
Q
o,
[ie]
[
= 10
o
[«
B
m
©
I|III|
1
—E—
—
—
| O
—A—
—eo—
o

3.2

36 40 44
V| x 10°

| |
Lattice N,=4 fit
BaBar untagged 6 bins (2011) — 5
Belle untagged 13 bins (2011) —<—
BaBar untagged 12 bins (2012) —©— |
Belle tagged B® 13 bins {2013)

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

This work + BaBar + BelleB — =lv
Fermilab/MILC 2008 + HFAG 20148 — =lv
RBC/UKQCD 2015 + BaBar + Bell& — wlv
Imsonget al 2014 + BaBarl12 + Bellel8 — zlv

HPQCD 2006 + HFAG 2018 — wlv
Detmoldet al 2015 + LHCb 20155, — plv

BLNP 2004 + HFAG 20148 — X v
UTFit 2014, CKM unitarity

Look at more modes, ,
Inc. vector final states E.



B % !II + nul
Addnl ops in eff. EW

Hamiltonian

give additional tensor form B O

factor + Wilson coeffs.

B(l=e [10"%GeV"?

(="

m‘%—

2

1.8 [T
1.6 |
14}
1.2 }

1k
0.8 |
0.6 |
0.4 |
0.2 |

0.6 r
0.4

0.2
0

b

OpenguinO processes

CL d(s)

w

S

Form factors# CKM  m

Form factors only

~ inc. expt

| B! wly

LHCb 2015 (preliminary) —&— |

between
expt
and SM

BN

P ¢

o

- Run 2
sort out

10 15 20

25

[
o

! !+u+u )(10 %)

Otensmn@

0

- T
280 |

! B(B* 5 K Hptpo)(1079)

D
B — m)" 6o Fermilab/MILC 1510.02349

d

(o)}

Form factors + CKM + Others m=
Form factors only
LHCb [arXiv:1509.00414}—— |

jeme

B —

0 5 10 15 20
F(GeV)?

200 +

150 +

Form factors + CKM + Others === |
Form factors only
LHCb [JHEP 1406, 133 (2014)}——

0 5 10 15 20




Lattice QCD can give hadronic contribution to anomalot
magnetic moment of muon

B.Chakraborty et al, HPQCD: 1403.1778

2)ul 2

differs between expt and the SM b

25(9) x 107% «new physics*?
Error dominated by that from HVP

contribution calculated usinR .. ..

Can we improve ahead of E989 rur
On lattice, calculate :

| | ) .
A uve = & doPf (@)@ QY A(eP)
. / \vacuum
very steep function, polarisation

so small g dominates function



corrected a/I;IVP ’LO ! 10_10

N . " | «—598(11)u/d
b 53.4(6) s

S 450 fi 14.4(4) C

000 005 00 0.5 0.27(4) b
b, Total 666(6)(12

o))
-
-
o
T
-
]

ol

&)

-
|

VP (u/d) x 101
o1
(@)
(@)
e 1

o [noew pivgls inc systs from QED,
. HPOCD isospin, disc. diags
“ | E;¥52327

R (adronic light-by-
- sious  lightO smaller b

' | Benayoun et al
| 1507.02943 1FF1
e o more difficult

1105.3149

- | Jegerlehner et a
| 1101.2872

see: RBC 1510.01700

640 650 660 670 680 690 700 710 720 730
aHVP,LO % 1010
U



Conclusion

¥ Lattice QCD results for gold-plated hadron masses,
decay constants and form factomwv providing stringent
tests of QCD/SM.

¥ Gives QCD parameters and some CKM elements to .
¥OTensionsO with expt./inclusive methods to be resolv

Future
¥ Aim for 1% errors for B andsiphysics B p ¢,

¥ Inc. the range ohodes 28

studied to Inc. vector Mesok 24l He i .
baryons etc. §%  x 7 ea Ao
¥ Inc. the range ofgovered: 14 7

by going to finer lattices—& ¢ o _
¥ many more calculations El-f— HPQCD Preliminary g2 :B o

3 4 5 6 7 8 9 1(

will need faster computers! M, [GeV] o



Spares



1.1
.05+

Independent determination ofMrom 1
0 1+

Ds — ¢€V 0.9}

>° 095F % __________________ @ e SN 1

Ds— ¢ D—K Unitarity |

0.85

Vector final state means helicity info. is
transmitted. Angular ancf@listributions

Lattice QCD
(HISQ on 2+1 asqgtad

0.4 I I I I 0.2 I I I
033 1 - |
0225 :jfjfjf I e 015 AT

/ configs)

__ Experiment (BaBar)

. 0.1 H
0.15 :
0.1 0.05
0.05
0 0

0O 02 04 06 08 1 -1 -0.5 0 0.5
q% (GeV?) cos 0,

0.25 _ 02

-------------

0.2 -
015 [ i e i NS
- eabli bl S L ey NN KK
0.1 I | 0.1 N KN
0.05 0.05

0 D

- - . . _ _ _ 3

G. Donald et al,
HPQCD, 1311.6669



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 % (I)Bs /(I)B MBS — Mg (I)Bs OF

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 1.2 1.1 1.1
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



