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Lattice QCD =  fully nonperturbative 
QCD calculation 
RECIPE
• Generate sets of gluon fields for 
Monte Carlo integrn of Path Integral
(inc effect of u, d, s, (c) sea quarks)
• Calculate valence quark propagators 
to give “hadron correlators” 

• Determine      and fix       to get 
results in physical units.

a mq

• Fit for masses and matrix elements

a

• extrapolate to                               
for real world

a = 0, mu,d = phys

• cost increases as              
and with statistics, volume.

a → 0,ml → phys
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mud, corresponding toMp ≅ 135MeV, are difficult.
They need computationally intensive calculations,
withMp reaching down to 200 MeVor less.

5) Controlled extrapolations to the contin-
uum limit, requiring that the calculations be
performed at no less than three values of the
lattice spacing, in order to guarantee that the
scaling region is reached.

Our analysis includes all five ingredients
listed above, thus providing a calculation of the
light hadron spectrum with fully controlled sys-
tematics as follows.

1) Owing to the key statement from renor-
malization group theory that higher-dimension,
local operators in the action are irrelevant in the
continuum limit, there is, in principle, an un-
limited freedom in choosing a lattice action.
There is no consensus regarding which action
would offer the most cost-effective approach to
the continuum limit and to physical mud. We use
an action that improves both the gauge and
fermionic sectors and heavily suppresses non-
physical, ultraviolet modes (19). We perform a
series of 2 + 1 flavor calculations; that is, we
include degenerate u and d sea quarks and an
additional s sea quark. We fix ms to its approxi-
mate physical value. To interpolate to the phys-
ical value, four of our simulations were repeated
with a slightly different ms. We vary mud in a
range that extends down to Mp ≈ 190 MeV.

2) QCD does not predict hadron masses in
physical units: Only dimensionless combinations
(such as mass ratios) can be calculated. To set the
overall physical scale, any dimensionful observ-
able can be used. However, practical issues in-
fluence this choice. First of all, it should be a
quantity that can be calculated precisely and
whose experimental value is well known. Sec-
ond, it should have a weak dependence on mud,
so that its chiral behavior does not interfere with
that of other observables. Because we are con-
sidering spectral quantities here, these two con-
ditions should guide our choice of the particle
whose mass will set the scale. Furthermore, the
particle should not decay under the strong in-
teraction. On the one hand, the larger the strange
content of the particle, the more precise the mass
determination and the weaker the dependence on
mud. These facts support the use of theW baryon,
the particle with the highest strange content. On
the other hand, the determination of baryon dec-
uplet masses is usually less precise than those of
the octet. This observation would suggest that
the X baryon is appropriate. Because both the
W and X baryon are reasonable choices, we
carry out two analyses, one withMW (theW set)
and one withMX (the X set). We find that for all
three gauge couplings, 6/g2 = 3.3, 3.57, and 3.7,
both quantities give consistent results, namely
a ≈ 0.125, 0.085, and 0.065 fm, respectively. To
fix the bare quark masses, we use the mass ratio
pairs Mp/MW,MK/MW or Mp/MX,MK/MX. We
determine the masses of the baryon octet (N, S,
L, X) and decuplet (D, S*, X*, W) and those
members of the light pseudoscalar (p, K) and

vector meson (r, K*) octets that do not require
the calculation of disconnected propagators.
Typical effective masses are shown in Fig. 1.

3) Shifts in hadron masses due to the finite
size of the lattice are systematic effects. There
are two different effects, and we took both of
them into account. The first type of volume de-
pendence is related to virtual pion exchange be-
tween the different copies of our periodic system,
and it decreases exponentially with Mp L. Using
MpL >

e
4 results in masses which coincide, for

all practical purposes, with the infinite volume
results [see results, for example, for pions (22)
and for baryons (23, 24)]. Nevertheless, for one
of our simulation points, we used several vol-
umes and determined the volume dependence,
which was included as a (negligible) correction at
all points (19). The second type of volume de-
pendence exists only for resonances. The cou-
pling between the resonance state and its decay
products leads to a nontrivial-level structure in
finite volume. Based on (20, 21), we calculated
the corrections necessary to reconstruct the reso-
nance masses from the finite volume ground-
state energy and included them in the analysis
(19).

4) Though important algorithmic develop-
ments have taken place recently [for example

(25, 26) and for our setup (27)], simulating di-
rectly at physical mud in large enough volumes,
which would be an obvious choice, is still ex-
tremely challenging numerically. Thus, the stan-
dard strategy consists of performing calculations
at a number of larger mud and extrapolating the
results to the physical point. To that end, we use
chiral perturbation theory and/or a Taylor expan-
sion around any of our mass points (19).

5) Our three-flavor scaling study (27) showed
that hadron masses deviate from their continuum
values by less than approximately 1% for lattice
spacings up to a ≈ 0.125 fm. Because the sta-
tistical errors of the hadron masses calculated in
the present paper are similar in size, we do not
expect significant scaling violations here. This is
confirmed by Fig. 2. Nevertheless, we quantified
and removed possible discretization errors by a
combined analysis using results obtained at three
lattice spacings (19).

We performed two separate analyses, setting
the scale with MX and MW. The results of these
two sets are summarized in Table 1. The X set is
shown in Fig. 3. With both scale-setting proce-
dures, we find that the masses agree with the
hadron spectrum observed in nature (28).

Thus, our study strongly suggests that QCD
is the theory of the strong interaction, at low

Fig. 3. The light hadron
spectrum of QCD. Hori-
zontal lines and bands are
the experimental values
with their decay widths.
Our results are shown by
solid circles. Vertical error
bars represent our com-
bined statistical (SEM) and
systematic error estimates.
p, K, and X have no error
bars, because they are
used to set the light quark
mass, the strange quark
mass and the overall
scale, respectively.

Table 1. Spectrum results in giga–electron volts. The statistical (SEM) and systematic uncertainties
on the last digits are given in the first and second set of parentheses, respectively. Experimental
masses are isospin-averaged (19). For each of the isospin multiplets considered, this average is
within at most 3.5 MeV of the masses of all of its members. As expected, the octet masses are more
accurate than the decuplet masses, and the larger the strange content, the more precise is the
result. As a consequence, the D mass determination is the least precise.

X Experimental (28) MX (X set) MX (W set)
r 0.775 0.775 (29) (13) 0.778 (30) (33)
K* 0.894 0.906 (14) (4) 0.907 (15) (8)
N 0.939 0.936 (25) (22) 0.953 (29) (19)
L 1.116 1.114 (15) (5) 1.103 (23) (10)
S 1.191 1.169 (18) (15) 1.157 (25) (15)
X 1.318 1.318 1.317 (16) (13)
D 1.232 1.248 (97) (61) 1.234 (82) (81)
S* 1.385 1.427 (46) (35) 1.404 (38) (27)
X* 1.533 1.565 (26) (15) 1.561 (15) (15)
W 1.672 1.676 (20) (15) 1.672
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overall χ2 to the central value is determined. If this initial χ2 is larger than the number
of degrees of freedom, i.e. larger than the number of individual inputs minus one, then
all individual errors are enlarged by a common factor such that χ2/d.o.f. equals unity.
If the initial value of χ2 is smaller than the number of degrees of freedom, an overall,
a-priori unknown correlation coefficient is introduced and determined by requiring that
the total χ2/d.o.f. of the combination equals unity. In both cases, the resulting final
overall uncertainty of the central value of αs is larger than the initial estimate of a
Gaussian error.

This procedure is only meaningful if the individual measurements are known not to
be correlated to large degrees, i.e. if they are not - for instance - based on the same
input data, and if the input values are largely compatible with each other and with the
resulting central value, within their assigned uncertainties. The list of selected individual
measurements discussed above, however, violates both these requirements: there are
several measurements based on (partly or fully) identical data sets, and there are results
which apparently do not agree with others and/or with the resulting central value, within
their assigned individual uncertainty. Examples for the first case are results from the
hadronic width of the τ lepton, from DIS processes and from jets and event shapes in
e+e− final states. An example of the second case is the apparent disagreement between
results from the τ width and those from DIS [264] or from Thrust distributions in e+e−

annihilation [278].
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Figure 9.3: Summary of values of αs(M2
Z) obtained for various sub-classes

of measurements (see Fig. 9.2 (a) to (d)). The new world average value of
αs(M2

Z) = 0.1184 ± 0.0007 is indicated by the dashed line and the shaded band.

Due to these obstacles, we have chosen to determine pre-averages for each class of
measurements, and then to combine those to the final world average value of αs(MZ),
using the methods of error treatment as just described. The five pre-averages are
summarized in Fig. 9.3; we recall that these are exclusively obtained from extractions
which are based on (at least) full NNLO QCD predictions, and are published in
peer-reviewed journals at the time of completing this Review. From these, we determine
the new world average value of

αs(M
2
Z) = 0.1184 ± 0.0007 , (9.23)
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC
channels in which we

identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members

of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are

other states, all calculated on the 24
3
volume. As in Fig. 14, black lines are experimental values

and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

three states observed in the negative parity sector suggested to be non-exotic hybrids,

(0, 2)−+, 1−−
. Higher in mass there is a pair of states, (0, 2)+−

, and a second 2
+−

state

slightly above this. Not shown on the figures, an excited 1
−+

appears at around 4.6 GeV,

there is an exotic 3
−+

state at around 4.8 GeV and the lightest 0
−−

exotic does not appear

until above 5 GeV.

The observation that there are four hybrid candidates nearly degenerate with JPC
=

(0, 1, 2)−+, 1−−
, coloured red in Fig. 16, is interesting. This is the pattern of states pre-

dicted to form the lightest hybrid supermultiplet in the bag model [37, 38] and the P-wave

quasiparticle gluon approach [39], or more generally where a quark-antiquark pair in S-

wave is coupled to a 1
+−

chromomagnetic gluonic excitation as shown Table 5. This is not

the pattern expected in the flux-tube model [40] or with an S-wave quasigluon. In addition,

the observation of two 2
+−

states, with one only slightly heavier than the other, appears

to rule out the flux-tube model which does not predict two such states so close in mass.

The pattern of JPC
of the lightest hybrids is the same as that observed in light meson sec-

tor [11, 31]. They appear at a mass scale of 1.2− 1.3 GeV above the lightest conventional

charmonia. This suggests that the energy difference between the first gluonic excitation

and the ground state in charmonium is comparable to that in the light meson [31] and

baryon [15] sectors.

To explore this hypothesis of a lightest hybrid multiplet further, we follow Ref. [31] and

consider in more detail operator-state overlaps. The operators (ρNR × D[2]
J=1)

J=0,1,2
with

JPC
= (0, 1, 2)−+

and (πNR ×D[2]
J=1)

J=1
with JPC

= 1
−−

are discussed in that reference.

These operators have the structure of colour-octet quark-antiquark pair in S-wave with

S = 1 (ρNR) or S = 0 (πNR), coupled to a non-trivial chromomagnetic gluonic field with

J
PgCg
g = 1

+−
where Jg, Pg and Cg refer to the quantum numbers of gluonic excitation.

– 25 –
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Figure 4: Nonsinglet average momentum fraction 〈x〉u−d vs. m2
π from LHP (114),

RBC and UKQCD (115), and ETM (116). The last has 2+1+1 flavors of sea
quark, the others 2+1. Fits to experiment from MSTW (117) and ABM (118);
others fall between these two.

Note that earlier work with only 2 flavors of sea quark yielded confusing results.
The low moments of quark densities from 2+1- and 2+1+1-flavor simulations are
approaching the point where the lattice-QCD results could be incorporated into
the traditional fits of experimental data. For collider phenomenology, the real
challenge for lattice QCD is to compute similar moments of the gluon density,
which are less well constrained by low-energy experiments.

8 QCD Thermodynamics

The previous sections consider isolated hadrons at zero temperature. Soon after
the Big Bang, however, the universe was much hotter than it is now, and in
neutron stars, for example, the baryon density is much higher than in normal
nuclear matter. These phenomena motivate the study of the thermodynamics of
QCD. Even within lattice gauge theory, thermodynamics is a vast subject (119,
120), so this review touches only on some of the more fascinating aspects.

Thermodynamics starts with thermal averages in the canonical ensemble

〈•〉 =
Tr

[

• e−Ĥ/T
]

Tr e−Ĥ/T
, (12)

where T is the temperature, and the traces Tr are over the Hilbert space of the
QCD Hamiltonian Ĥ. In fact, the average on the left-hand side of Equation 12
is precisely that of Equation 2; the time extent N4 specifies the temperature
T = (N4a)−1. The eigenstates of Ĥ—a.k.a. hadrons—do not change with T , but
as T increases the vacuum no longer dominates the way it does in Equations 3–5,
and multi-hadron states begin to play a role in the thermal average.

The simplest observables are quantities like the energy, pressure, and entropy
density, and order parameters sensitive to symmetry breaking. The thermal state
can either restore a spontaneously broken symmetry of the vacuum or be a state

Hadronic light-by-light

Feynman Diagrams as Space Invaders

Hadronic vacuum polarization
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Finally, NB0
(s)

→µ+µ− is the number of observed signal

events. The observed numbers of B+ → J/ψK+, B0
s →

J/ψφ and B0 → K+π− candidates are 340 100 ± 4500,
19 040 ± 160 and 10 120 ± 920, respectively. The three
normalization factors are in agreement within the uncer-
tainties and their weighted average, taking correlations
into account, gives αnorm

B0
s→µ+µ− = (3.19 ± 0.28) × 10−10

and αnorm
B0→µ+µ− = (8.38± 0.39)× 10−11.

For each bin in the two-dimensional space formed by
the invariant mass and the BDT we count the number
of candidates observed in the data, and compute the ex-
pected number of signal and background events.

The systematic uncertainties in the background and
signal predictions in each bin are computed by fluctu-
ating the mass and BDT shapes and the normalization
factors along the Gaussian distributions defined by their
associated uncertainties. The inclusion of the systematic
uncertainties increases the B0 → µ+µ− and B0

s → µ+µ−

upper limits by less than ∼ 5%.
The results for B0

s → µ+µ− and B0 → µ+µ− decays,
integrated over all mass bins in the corresponding signal
region, are summarized in Table I. The distribution of
the invariant mass for BDT>0.5 is shown in Fig. 1 for
B0

s → µ+µ− and B0 → µ+µ− candidates.

FIG. 1. Distribution of selected candidates (black points)
in the (left) B0

s → µ+µ− and (right) B0 → µ+µ− mass
window for BDT>0.5, and expectations for, from the top,
B0

(s) → µ+µ− SM signal (gray), combinatorial background

(light gray), B0
(s) → h+h�− background (black), and cross-

feed of the two modes (dark gray). The hatched area depicts
the uncertainty on the sum of the expected contributions.

The compatibility of the observed distribution of
events with that expected for a given branching frac-
tion hypothesis is computed using the CLs method [15].
The method provides CLs+b, a measure of the com-
patibility of the observed distribution with the signal
plus background hypothesis, CLb, a measure of the
compatibility with the background-only hypothesis, and
CLs = CLs+b/CLb.

The expected and observed CLs values are shown in
Fig. 2 for the B0

s → µ+µ− and B0 → µ+µ− channels,
each as a function of the assumed branching fraction.
The expected and measured limits for B0

s → µ+µ− and
B0 → µ+µ− at 90% and 95% CL are shown in Table II.
The expected limits are computed allowing the presence
of B0

(s) → µ+µ− events according to the SM branching
fractions, including cross-feed between the two modes.

The comparison of the distributions of observed
events and expected background events results in a p-
value (1− CLb) of 18% (60%) for the B0

s → µ+µ−

(B0 → µ+µ−) decay, where the CLb values are those cor-
responding to CLs+b = 0.5.

A simultaneous unbinned likelihood fit to the mass pro-
jections in the eight BDT bins has been performed to
determine the B0

s → µ+µ− branching fraction. The sig-
nal fractional yields in BDT bins are constrained to the
BDT fractions calibrated with the B0

(s) → h+h�− sam-

ple. The fit gives B(B0
s → µ+µ−) = (0.8+1.8

−1.3) × 10−9,
where the central value is extracted from the maximum
of the logarithm of the profile likelihood and the uncer-
tainty reflects the interval corresponding to a change of
0.5. Taking the result of the fit as a posterior, with a
positive branching fraction as a flat prior, the probabil-
ity for a measured value to fall between zero and the SM
expectation is 82%, according to the simulation. The
one-sided 90%, 95% CL limits, and the compatibility
with the SM predictions obtained from the likelihood, are
in agreement with the CLs results. The results of a fully
unbinned likelihood fit method are in agreement within
uncorrelated systematic uncertainties. The largest sys-
tematic uncertainty is due to the parametrization of the
combinatorial background BDT.

In summary, a search for the rare decays B0
s → µ+µ−

and B0 → µ+µ− has been performed on a data sam-
ple corresponding to an integrated luminosity of 1.0 fb−1.
These results supersede those of our previous publica-
tion [6] and are statistically independent of those ob-
tained from data collected in 2010 [12]. The data are
consistent with both the background-only hypothesis and
the combined background plus SM signal expectation at
the 1σ level. For these modes we set the most stringent
upper limits to date: B(B0

s → µ+µ−) < 4.5 × 10−9 and
B(B0 → µ+µ−) < 1.03× 10−9 at 95% CL.

We express our gratitude to our colleagues in the
CERN accelerator departments for the excellent perfor-
mance of the LHC. We thank the technical and admin-
istrative staff at CERN and at the LHCb institutes,
and acknowledge support from the National Agencies:
CAPES, CNPq, FAPERJ and FINEP (Brazil); CERN;
NSFC (China); CNRS/IN2P3 (France); BMBF, DFG,
HGF and MPG (Germany); SFI (Ireland); INFN (Italy);
FOM and NWO (The Netherlands); SCSR (Poland);
ANCS (Romania); MinES of Russia and Rosatom (Rus-
sia); MICINN, XuntaGal and GENCAT (Spain); SNSF
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construct spectral function: temperature dependence
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Figure 3: Temperature dependence of the renormalized chiral susceptibility (m2∆χψ̄ψ/T 4), the strange quark
number susceptibility (χs/T 2) and the renormalized Polyakov-loop (PR) in the transition region. The different
symbols show the results for Nt = 4, 6, 8 and 10 lattice spacings (filled and empty boxes for Nt = 4 and 6,
filled and open circles for Nt = 8 and 10). The vertical bands indicate the corresponding critical temperatures
and its uncertainties coming from the T !=0 analyses. This error is given by the number in the first parenthesis,
whereas the error of the overall scale determination is indicated by the number in the second parenthesis. The
orange bands show our continuum limit estimates for the three renormalized quantities as a function of the
temperature with their uncertainties.
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The QCD equation of state

(2+1)-flavor QCD (so far mainly staggered)

bare data of Budapest/Wuppertal and HotQCD
calculations agree;
• need to verify continuum extrapolations

• need to improve on high-T limit to make
contact to (screened) perturbation theory

confirm (?) EoS calculations by using
different discretization schemes:
Wilson (BW, WHOT, Mainz/Frankfurt),
twisted mass (DESY/Rome),
domain wall fermions (hotQCD)

P. Petreczky (hotQCD), Lattice 2012 (yesterday) Town Meeting HIC, 2012 – p. 8
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Introduction Recent results Concluding remarks

Results in 3D

Much like in 4D:

• SU(N) is a confining theory in the large-N limit (Teper, hep-lat/9804008)

• Confining flux tubes behave as Nambu-Goto strings (Athenodorou et al.,
1103.5854; Caselle et al., 1102.0723; Mykkänen, in progress)

• Glueball masses have a smooth dependence on N (Johnson and Teper,
hep-ph/0012287; Meyer, hep-lat/0508002)
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• The equation of state depends only trivially on N (Caselle et al., 1105.0359 and
1111.0580)

Beyond QCD .. 

Spectral Dimension

χ2/dof=35/32, CL=37%
DS(∞) = 4.04 ± 0.26, DS(0) = 1.457 ± 0.064 (includes “fitting” systematic
error) [Laiho + Coumbe, arXiv:1104.5505]
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Figure 2. Other Q = 8 supersymmetric lattices

The lattice field strength is then given by the gauged forward difference Fµν = D
(+)
µ Uν and is

automatically antisymmetric in its indices. Furthermore it transforms like a lattice 2-form and
yields a gauge invariant loop on the lattice when contracted with χµν . Similarly the covariant
backward difference appearing in DµUµ transforms as a 0-form or site field and hence can be
contracted with the site field η to yield a gauge invariant expression.

This use of forward and backward difference operators guarantees that the solutions of the
theory map one-to-one with the solutions of the continuum theory and hence fermion doubling
problems are evaded [19]. Indeed, by introducing a lattice with half the lattice spacing one can
map this Kähler-Dirac fermion action into the action for staggered fermions [22]. Notice that,
unlike the case of QCD, there is no rooting problem in this supersymmetric construction since
the additional fermion degeneracy is already required by the continuum theory.

Many other examples of supersymmetric lattices exist. Figure 2. shows two such lattices
arising in the case of eight supercharges – a two dimensional triangular lattice and a generalized
hypercubic lattice (including body and face links) in three dimensions. Notice that in all cases
almost all fields live on links with the exception of a small number of fermion site fields – the
number of those corrresponding to the number of exact supersymmetries preserved in the lattice
theory. Furthermore, in all cases the number of fermions exactly fills out multiples of a basic
Kähler-Dirac field in the corresponding number of dimensions.

5. Twisted N = 4 super Yang-Mills
In four dimensions the constraint that the target theory possess 16 supercharges singles out a
single theory for which this construction can be undertaken – N = 4 SYM.

The continuum twist of N = 4 that is the starting point of the twisted lattice construction
was first written down by Marcus in 1995 [23] although it now plays a important role in the
Geometric-Langlands program and is hence sometimes called the GL-twist [24]. This four
dimensional twisted theory is most compactly expressed as the dimensional reduction of a five
dimensional theory in which the ten (one gauge field and six scalars) bosonic fields are realized
as the components of a complexified five dimensional gauge field while the 16 twisted fermions
naturally span one of the two Kähler-Dirac fields needed in five dimensions. Remarkably, the
action of this theory contains a Q-exact piece of precisely the same form as the two dimensional
theory given in eqn. 6 provided one extends the field labels to run now from one to five. In
addition the Marcus twist requires a new Q-closed term which was not possible in the two
dimensional theory.

Sclosed = −
1

8

∫

Tr εmnpqrχqrDpχmn (14)

The supersymmetric invariance of this term then relies on the Bianchi identity εmnpqrDpFqr = 0.
The four dimensional lattice that emerges from examining the moduli space of the resulting

discrete theory is called A∗
4 and is constructed from the set of five basis vectors va pointing

supersymmetry
on lattice
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Future (with increased computing power).. 
• lattices with physically light up and down quarks in the 
sea now becoming available - no chiral extrapolation!
• very fine lattices (a<0.03 fm) allow b quarks to be treated 
relativistically rather than with effective theories
• large volumes (6 fm across) allow study of hadron 
resonances/multi-hadron states/small nuclei 
• very high statistics give access to calculations with more 
intrinsic noise - flavour singlets, glueball spectrum etc 
• finite temperature QCD calculations can be extended to 
different quark formalisms. 
• the huge space of BSM theories can be explored
• not all progress requires improved computational 
resources but it helps! 
• results for: LHC, BES, KEK, JLAB, DAFNE, RHIC, FAIR ...
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Address

map of europe - Google Maps http://maps.google.co.uk/maps?oe=utf-8&client=firefox-a&q=m...

1 of 1 20/08/2012 14:05

European landscape  - people 
Many European countries active in lattice field theory*: 
Europe provides 
~50% of 
worldwide lattice 
community•
of a few thousand.
 
70% of top-cited 
papers from hep-
lat have some 
European authors^

*input to this talk from almost all of them

• judged from attendance at the annual 
lattice QCD conference

^ from SPIRES, sampling years 2005-2010
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European landscape  - collaborations

Vary from international collaborations of ~20 people (e.g. 
Alpha, BMW, CLS, ETM, Hadron Spectrum, HotQCD, 
HPQCD, QCDSF, RBC-UKQCD, StrongBSM) to smaller 
groups. Sociologically tricky for theorists, but necessary 
for access to computing resources.

Some success at bringing people together with EU 
networks - currently StrongNET and participation in III 
Hadronphysics 3. Flavianet spun out  FLAG (lattice 
averaging group).

Significant fragmentation of European community around 
different discretisations of QCD Lagrangian. Good for 
diversity or inefficient?
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European landscape  - computing 
Europe has 7 of world’s top 20 computers* with Pflops speed
(32 of top 100 vs USA: 37 of top 100)  

* www.top500.org

Hardware is provided nationally and piecemeal but PRACE 
provides important Europe-wide access

Curie
Fermi

JUGENE

BUT 
fundamental 
physics not a 
top priority ...
Lattice QCD 
not chosen as 
an application 
area for the 
EXASCALE 
DEEP  project

Lattice QCD has some access to these capability machines, but
analysis phase needs large-scale capacity computing. 
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International Lattice DataGrid 
Global initiative allowing gluon field configurations to 
be made publically available for analysis. 
BUT no resources available to run this ...

US DoE SciDAC initiative
Provides steady source of funds for computing hardware 
and people to develop publically available efficient parallel 
software for lattice calculations. Smaller European groups 
use this - would be good to contribute/have our own 
initiative BUT no resources for this ...

Lattice QCD pushes boundary of supercomputer “grand 
challenges” (and has led to hardware developments) so is a 
good technical training environment.
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Conclusions 
Europe must maintain a long-term world-leading 
programme in lattice gauge theory both as vital input for 
the experimental programme and for the leading-edge 
technology skills base. 
This requires sustained investment in computing 
infrastructure, support and people. To be competitive, we 
need 10-20M€ per year for dedicated hardware + 4M€ per 
year for software/algorithm development across Europe. 
More coordination between researchers would help us 
argue for this investment and maximise the output from it 
in research, training and communication of results. We 
need mechanisms within Europe to encourage this to 
happen. 
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