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UK landscape  - people 

UK provides ~8% 
of worldwide 
lattice community. 

• judged from attendance at the annual 
lattice QCD conference

Strong in 
international 
collaborations, 
e.g HPQCD, 
QCDSF-UKQCD, 
RBC-UKQCD, 
strongBSM ..

8 universities 
form UKQCD 
consortium of 
25  academics.  

UK authors produced 50 top-cited 
lattice papers in 2008-13



UK landscape  - computers

!

STFC’s HPC facility for theoretical particle physics, 
astrophysics and cosmology. 

Phase 2 (2012-15) - £15M capital from BIS plus input 
from HEIs and STFC - now operating fully as a facility: 
>35 projects, >400 users. Bidding to STFC for operating 
costs from mid-2014 on.

Distributed Research using 
Advanced Computing =

5 machines at 4 sites (Cambridge, Durham, Edinburgh and 
Leicester) - coordinated management and peer-reviewed 
resource allocation (starting Dec. 2012) open to all 

where are the phenomenologists?



1) 6-rack BG/Q at Edinburgh. 20 
in top 500 (2012) - 1Pflops

!

aim to focus on a few 
architectures suited to physics 
problems, NOT one-size-fits-all 

numerically more intensive 
calcs, e.g. gauge field generation

data intensive calcs, e.g. physics 
analysis on gauge fields

2) Sandybridge/infiniband cluster 
at Cambridge.  
93 in top 500 (2012) - 200 Tflops

Lattice field theory uses two machines: 



DiRAC-2 hadron physics from Lattice QCD

Enrico Lunghi

UTd : the complete fit 

The fit tests the combination of SM (intended as the underlying theory only), 
experimental results and theoretical inputs (lattice-QCD, perturbative QCD)
Glaring problems are: 

inclusive vs exclusive

             vs 

Vub

sin(2�) BR(B ! ⇥�)
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Decay constants for annihilation rate

Combined with experiment, lattice 
QCD gives CKM elements and 
unitarity constraints
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TABLE V: Raw lattice energies from each ensemble, errors are
from statistics/fitting only. aM⇡ are the pion masses used in
the chiral fits, aE(Bs) and aE(B) are the energies of the Bs

and B meson. Results on sets 3, 6 and 8 are new, others are
given in [11].

Set aM⇡ aE(Bs) aE(B)

1 0.23637(15) 0.6156(5) 0.5648(11)
2 0.16615(7) 0.6113(3) 0.5546(6)
3 0.10171(4) 0.6067(7) 0.5439(12)
4 0.19153(9) 0.5238(2) 0.4807(6)
5 0.13413(5) 0.5203(2) 0.4735(6)
6 0.08154(2) 0.5158(1) 0.4649(6)
7 0.14070(9) 0.4105(2) 0.3801(5)
8 0.05718(1) 0.4025(2) 0.3638(5)

bation theory. The second is to study only the physical
u/d mass results as a function of lattice spacing.

For the chiral analysis we use the same formula and
priors for MBs � MB as in [11]. Pion masses used in
the fits are listed in Table V and the chiral logarithms,
l(M2

⇡), include the finite volume corrections computed
in [18] which have negligible e↵ect on the fit. For the
decay constants the chiral formulas, including analytic
terms up to M2

⇡ and the leading logarithmic behaviour,
are (see e.g. [19]):
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The coe�cients of the analytic terms bs, bl are given
priors 0.0(1.0) and �0, �s0 have 0.5(5). To allow for
discretisation errors each fit formula is multiplied by
(1.0 + d1(⇤a)2 + d2(⇤a)4), with ⇤ = 0.4 GeV. We ex-
pect discretisation e↵ects to be very similar for � and �s

and so we take the di to be the same, but di↵ering from
the di used in the MBs � MB fit. Since all actions used
here are accurate through a2 at tree-level, the prior on
d1 is taken to be 0.0(3) whereas d2 is 0.0(1.0). The di are
allowed to have mild mb dependence as in [11]. The ratio
�s/� is allowed additional light quark mass dependent
discretisation errors that could arise, for example, from
staggered taste-splittings.

Error % �Bs/�B MBs �MB �Bs �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 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

TABLE VI: Full error budget from the chiral fit as a percent-
age of the final answer.
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FIG. 1: Fit to the decay constant ratio �Bs/�B . The fit
result is shown in grey and errors include statistics, and chi-
ral/continuum fitting.
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FIG. 2: Fit to the decay constants �Bs and �B . Errors on the
data points include statistics/scale only. The fit error, in grey,
includes chiral/continuum fitting and perturbative errors.

The results of the decay constant chiral fits are plotted
in Figs. 1 and 2. Extrapolating to the physical point
appropriate to ml = (mu + md)/2, i.e. M⇡ = M⇡0 , we
find �Bs = 0.520(11) GeV3/2, �B = 0.428(9) GeV3/2,
�Bs/�B = 1.215(7). For MBs � MB we obtain 86(1)
MeV, in agreement with the result of [11].

Figs 3 and 4 show the results of fitting MBs � MB

and decay constants from the physical point ensembles
only, and allowing only the mass dependent discretisation
terms above. The results are �Bs = 0.515(8) GeV3/2,
�B = 0.424(7) GeV3/2, �Bs/�B = 1.216(7) and MBs �
MB = 87(1) MeV. Results and errors agree well between
the two methods and we take the central values from the
chiral fit as this allows us to interpolate to the correct
pion mass.

Our error budget is given in Table VI. The errors that
are estimated directly from the chiral/continuum fit are
those from statistics, the lattice spacing and g and other
chiral fit parameters. The two remaining sources of error
in the decay constant are missing higher order corrections
in the operator matching and relativistic corrections to

bag 
parameter 
for mixing 
rate

work at 
physical 
u/d quark 
masses!

B(s) ! µ+µ�
SM rate for

Precise quark masses 
and mass ratios 



Beyond QCD .. 

search for viable ‘walking 
technicolour’ theory

Lattice QCD at high temperature, density
QUARKONIA AT FINITE TEMPERATURE

S WAVES: Υ

construct spectral function: temperature dependence
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groundstate survives - excited states suppressed
Glasgow, September 2011 – p. 12

Upsilon melts at high T

Transport properties of the  
quark-gluon plasma



Future: DiRAC-3
Preparing bid to BIS for £25M capital for upgrade 
by factor ~10 from 2015, based around 3 machine 
types and RFI responses from potential vendors. 

Lattice field theory prime interest in two:  
“extreme scaling” and “data driven discovery”

5 Pflops, 1Pbyte 1 Pflops, 7Pbyte

• Increase in PDRAs and PhDs in particle theory would 
improve exploitation capabilities and HPC training impact. 

• If successful will need recurrent costs for electricity and 
support staff. 



Future (to 2018 with 10x computing power).. 
• improve precision 
flavour physics 
observables 
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theories give rise to additional 4-quark operators of different spin structure. RBC/UKQCD is 
computing matrix elements for these for strange and charm mesons (see Beyond the Standard 
Model physics).  

Semileptonic form factors. Lattice 
QCD calculations of matrix elements 
with one meson in the initial state 
and one (the same or different) 
meson in the final state are harder 
than those for decay constants but 
relatively mature. Successes on 
DiRAC-2 include detailed 
comparison against experiment of 
the momentum-transfer dependence 
of the form factors for D decay and 
the first calculations, beginning with 
the pion electromagnetic form 
factor, at physical u/d quark masses 
(HPQCD). The range of form factors 
calculated has also been increased 
to include experimentally well-
measured pseudoscalar to vector 
form factors and electromagnetic 
transitions. Significant efficiency 
gains have been made on the Data 
Analytics cluster by storing several 
hundred Tbytes of intermediate data 
(quark propagators) for re-use from 
one calculation to another. Larger 
lattices in future will require Pbytes 
of storage for this approach.  

A key aim remains that of beating down errors on the K, D, and B weak interaction transitions 
which are at the heart of CKM tests of the Standard Model. On DiRAC RBC/UKQCD have 
achieved 0.4% errors on the ! → !"# form factors that allow extraction of Vus, and are currently 
improving on this with physical u/d mass calculations. Improved determination needs physical (and 
unequal) u/d quarks and finer lattices at a cost of a factor of 3-4 in computer speed. HPQCD have 
achieved 1.5% errors on ! → !"#!for Vcs and will improve this with calculations underway, also by 
RBC/UKQCD, at physical u/d quark masses along with ! → !"# and !! → !"#!for Vcd.  

The full range of initial to final meson momentum transfer is accessible on the lattice for D and K 
decays. For B decays the high momenta for  ! mesons at large recoil, where experimental results 
are concentrated, mean that very fine lattices and high statistics are needed for accurate results. 
This is important as Vub remains the least well measured CKM element with disagreement between 
values from exclusive (using lattice QCD) and inclusive approaches. ! → !/!∗!" form factors are 
needed to extract Vcb which now, with the progress seen on the lattice QCD calculation of BK 
above, sets the error on the CKM constraint from !! . The US Fermilab group has led the 
determination of these form factors but both HPQCD and RBC/UKQCD aim to improve on their 
accuracy with their respective formalisms with DiRAC-3. Further sensitive windows into new 
physics are provided by decay processes such as ! → !/!∗!!!! and Λ! → Λ!!!!. First steps in 
calculating these form factors have been taken by the Cambridge group, but high accuracy is very 
challenging here. High statistics are needed and fine lattices to handle the large momentum 
transfer. The decay of the K* needs special techniques that require large volumes and are under 
development (see the section on hadron spectroscopy).  

Kaon decays A major achievement on DiRAC has been the first lattice determination of the 
isospin 2 ! → !! amplitude by RBC/UKQCD using domain wall quarks (winning the 2012 Ken 
Wilson award) and the emerging explanation of the 50-year old Δ! = 1/2 puzzle. The next 
challenge is to compute the isospin-0 amplitude and hence !! for a full understanding of CP-

Quantity CKM/ Current Current 2018
expt expt lattice lattice
process Error Error Error

fK/f⇡ |Vus| 0.2% 0.2%* 0.1%
K ! ⇡`⌫ |Vus| 0.2% 0.3%† < 0.2%
fD |Vcd| 4% 2% < 1%
fDs |Vcs| 2% 1% < 1%
fB |Vub| 12% 2%* 1%
fBs Bs ! µ+µ� 25% 2%* 1%
f2
Bs

BBs(�Ms) |VtsVtb|2 0.24% 10%† 3%
�Ms/�Md |Vts/Vtd| 0.4% 4%† 1%
BK Im(V 2

td) 0.5% 1.5%† < 1%
D ! ⇡`⌫ |Vcd| 3% 4%† 2%
D ! K`⌫ |Vcs| 0.5% 1.5%*† 0.5%
Ds ! �`⌫ |Vcs| 4% 4%* 2%
B ! ⇡`⌫ |Vub| 4.1% 9%† 2%
B ! D/D⇤`⌫ |Vcb| 1.3% 2% < 1%
Bs ! �µ+µ� 20% 10%* 4%

Table 1: Current world’s best uncertainties from lattice QCD
calculations of important hadronic matrix elements which over-
constrain the Standard Model in combination with experiment,
and those we expect to reach with DiRAC-3 by 2018. * indi-
cates where the error was achieved using DiRAC and † indicates
a current calculation in progress there which will reduce errors.

1

Table 1: Current world’s best uncertainties from lattice QCD 
calculations of important hadronic matix elements which over-
constrain the Standard Model in combination with experiment, and 
those we expect to reach with DiRAC-3 by 2018. * indicates where 
the error was achieved using DiRAC and indicates a current 
calculation in progress there which will reduce errors. 

• reduce                errors 
for 0.5% SM 
• calc. masses of     
X, Y, Z; glueballs, 
tetra quarks

• understand proton spin and size
• constrain BSM contribns to 
kaon mixing/proton decay 

• achieve 1% on had-vac-pol  contribn to muon g-2

�(H ! bb)

• precision transport 
coefficients in QGP

• results for: LHC, FNAL, BES, KEK, JLAB, DAFNE, RHIC, FAIR ...

cc

mb,mc

• map out range of 
technicolor theories


