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Elementary particle physics: uncover the fundamental 
particles and interactions at the smallest distance scales

...

Atom - nm Proton - fm Quark
- size ? 

.
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Smashing protons together
at high energy does not give 
subunits directly - just more 
particles!

Particle physics experiment

Large
Hadron
Collider
2010
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Protons and other hadrons are made of quarks, interacting 
by the strong force (which also keeps the nucleus 
together).

Quarks never seen as 
free particles - to study 
them need accurate expt 
and theoretical 
calculations for hadrons.

QCD is theory of strong 
force - hard to calculate 
because strongly-coupled 
and nonlinear - needs 
numerical simulation. 
This is lattice QCD.
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Standard Model of particle physics has:

6 quarks -

 
6 leptons - 

3 forces (ignore gravity) : strong, weak, electromagnetic
Over 20 parameters, whose origin is some deeper theory 
with New Physics.
QCD is theory of strong force - mirrors QED
Quarks           electrons
color charge RGB          electric charge
gluons              photons  

a ‘zoo’ of hadrons
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BUT QED and QCD behaviour very different:

QED - uncharged photons travel 
freely - easy to get free electrons 
- electromagnetic fields felt on 
macroscopic scales
Microscopically, QED very well 
understood as power series 
expansion in QED coupling

e e
γ

e e
γ γe+

e-

strength of interaction = e2

=      = 0.007α

strong force is stronger than em 
force but not seen macroscopically
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David Gross David 
Politzer

Frank Wilczek

1974: strength of QCD 
interaction (the ‘color charge’, 
g) depends on the distance at 
which you measure it. 

At very short distances g is small 
= asymptotic freedom. At v. high 
energies strong force is ‘simple’.

interaction strength = g2

=      αs(r) ATLAS@LHC
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At large distance g becomes large and force between 
quark and antiquark does not fall with distance. 

q q_
g g

gg
g g

Force of attraction 
= weight of several 
elephants!

Effect is to confine 
quarks to bound 
states (hadrons) in 
which overall color 
charge = 0 

q

q
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Quarks come in 6 different flavours: up, down, strange, 
charm, bottom, top

Known hadrons are:
mesons          e.g. 
baryons          e.g.
but many different configurations

qq
qqq

Over 100 particles with different masses 
and properties! Some (relatively) long-
lived, others only fleeting. 

π+ = ud
p+ = uud

In principle all the masses and 
properties are calculable from QCD if 
we can solve it at low energies/long 
distances. Also allows us to determine 
quark properties like         and  mq αs(r)
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Quarks also feel the 
weak force and one 
quark type changes 
into another on 
emitting a W, e.g. 
nuclear beta decay

Quark decay occurs 
inside hadrons and 
so, to understand 
this, QCD effects 
have to be included 
fully. 

Important because of 
symmetry breaking ..
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1956 Weak decays violate parity symmetry, P:
B 60Co

e-

P
60Co

e-

B

x→−x

Co atom spin lined up in B field. 
See e- from beta decay 
preferentially in opposite dirn - 
this violates P.

Chien-Shiung Wu

60Co→60 Ni+ e−+νe
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Physicists were horrified, 
but it seemed to be true that 
CP was preserved.
CP = charge conjugation            
               x parity 

1964  CP violation was 
discovered 
a difference between matter 
and antimatter

Nature does distinguish - but can the Standard Model?

Yes, if the coupling strength between different quark types 
and W boson can be complex
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



Vud Vus Vub
π→ lν K→ lν B→ πlν

K→ πlν
Vcd Vcs Vcb

D→ lν Ds→ lν B→ Dlν
D→ πlνD→ Klν
Vtd Vts Vtb

〈Bd|Bd〉 〈Bs|Bs〉





Cabibbo-Kobayashi-Maskawa (CKM) matrix contains 
these numbers - 3x3 unitary matrix can be complex

Vab appears in trivial way in decay processes involving 
quarks a + b. Calculating QCD effects is non-trivial - need 
precision lattice QCD to get accurate CKM results. 

Vus

K

µν

Expt = CKM x theory(QCD)
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• Long history of “heavy flavor 
physics” at CLEO

• Modern charm measurements 
are critical to the global program 
of flavor physics

• Other exciting physics 
possibilities in the charm system 
in addition to  precision CKM 

CLEO at CESR: 
A Beauty Factory

charm

‘B factory’ (b quark) expts 
have made huge progress ..

Run: 202742
Event: 98595

Ks

Ks         
+   +  Tag

1630804-076

BELLE@KEK

BaBar@SLAC

CLEOc@CESR

‘D factory’ (c quark) expts check 
precision lattice QCD results for B

FUTURE: LHCb, BES ....
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• Solve QCD  by
numerical evaluation of path 
integral: 

Lattice QCD

a
• Importance sampling - make 
gluon configs - ‘snapshots of 
vacuum’ and propagate quarks 
through them.

Z
dAµdψdψe−SQCD

• ‘Measure’ e.g. hadron correlators on the gluon configs to 
calc. hadron masses and weak decay rates

• make integral finite with a 
space-time lattice
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Handling light quarks is a big headache 

For valence quarks, need to calc. 
For sea quarks need to inc.                 
in making gluon configs 

Lq,QCD = ψ(γ ·D+m)ψ≡ ψMψ
M−1

det(M)

Very costly as mq→ 0
Early calcs:
Quenched Approximation - omitted 
sea quarks. Gives 10-20% errors. 
Now: 
include sea u, d and s quarks but use 
multiple u/d masses and extrapolate.
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The gold-plated meson spectrum from lattice QCD - HPQCD collaboration 2009
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Results for ‘gold-plated’ meson masses from lattice QCD 

HPQCD collaboration 

Error 6 MeV
QED corrns matter!

2008 CDF
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with condensates

Determining QCD 
parameters

Determining g is 
equivalent to determining 
the distance scale at which 
g acts i.e. the lattice 
spacing.

HPQCD collaboration 

 0.11  0.115  0.12  0.125  0.13

!s(MZ)

" decays

DIS [F2]

DIS [e,p -> jets]

e
+
e

-
[jets shps]

electroweak

e
+
e

-
[jets shps]

lattice QCD: wloops

lattice QCD: curr corrs

WORLD AV.: 
BETHKE 09

Lattice QCD is the best 
way to determine g - 
also see g ‘running’
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Determining parameters of QCD: mq

mproton

Masses are 
parameters in lattice
QCD action - 
determine by getting 
hadrons masses right. 

Visible 
Universe is 
made of QCD 
binding 
energy! HPQCD collaboration 
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fπ

fK

Exp’t
0.1

0.15

0.1 0.2 0.3 0.4 0.5

mu/d/msmu/d/ms

K decay constant parameterises leptonic decay.
Ratio of             combined with expt. (KLOE)

Vus = 0.2262(14) (current world’s best but theory still 
dominates error)

Follana et al, HPQCD, 0706.1726[hep-lat]

Programme to determine CKM elements - recent highlights

µν

Vus

K

1−V 2ud−V 2us−V 2ub = 0.0006(8) test of first row unitarity 
of CKM matrix

K/π
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The decay constants of gold-plated mesons from lattice QCD - HPQCD 
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or, use Vab from elsewhere and compare lattice QCD and 
expt for decay constants. Inc. also electromagnetic decays.

2σ discrepancy - a hint?
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New physics more likely in  neutral B mixing
Neutral B (and K) mix - gives rise to ‘oscillations’.  Mixing 
determined by box diagram. Calculate in lattice QCD 

B0 B0 =

HW

VtdV ∗
tb

Parameterise with              where        is decay constant.f 2BBB fB

ξ=
fBs

√
BBs

fB
√
BB

Using ratio 
for Bs to Bd

|Vtd
Vts

| = ξ

√
ΔMdMBs
ΔMsMBd

lattice QCD results (HPQCD):

fBs
√
B̂Bs = 0.281(21)GeV 5% error on      : work in progressξ

E. Dalgic et al, HPQCD, hep-lat/0610104
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The CKM matrix and flavor physics from lattice QCD Ruth S. Van de Water

Figure 9: Potential impact of future lattice determinations on the global unitarity triangle fit. If the theoret-
ical errors in all of the lattice QCD inputs are reduced to 1% with the central values fixed, the fit would no
longer be consistent with Standard Model expectations. Figure courtesy of E. Lunghi.

problematic when the lattice errors are so small. The confidence level of this hypothetical fit is
0.0004%, indicating that this scenario would no longer be compatible with the Standard Model.
Thus improved lattice QCD calculations of hadronic weak matrix elements could allow the obser-
vation of new physics in the quark flavor sector with a high significance.

4. Hints of new physics in the flavor sector

Although most observations in the flavor sector are consistent with Standard Model expecta-
tions, there are currently several 2–3σ tensions that may indicate the presence of new physics. In
the following subsections I present those hints of new physics that rely on lattice QCD calculations
of weak matrix elements. It is worthwhile, however, briefly mentioning first two others that do not
require lattice inputs. In the case of all tensions, we must, of course, wait and see whether their
significance increases or decreases with improved experimental and theoretical precision.

The Bs-mixing phase in the Standard Model is given by β SM
s = arg(−VtsV ∗tb/VcsV ∗cb) ≈ 0.02.

This prediction disagrees, however, with the measured world average based on flavor-tagged anal-
yses of Bs → J/ψφ decays by 2.2σ [34]. If this discrepancy remains as the experimental errors
are reduced, it would indicate the presence of new sources of CP-violation beyond the phase of
the CKM matrix. Such new phases would lead to correlated effects between ∆B = 2 processes and
b→ s decays, thereby making improved measurements of CP-violation in b→ s penguin decays
particularly important [35]. Thus is is interesting that the “effective” value of the angle β in the
CKM unitarity triangle obtained from b → qqs penguin decays is lower than the value of β ob-
tained from tree-level b→ ccs decays, which are expected to be less sensitive to new physics. For
example, sin(2β )eff determined from the penguin decay B→ φK0 is∼ 1.3σ lower than the average
sin(2β ) from tree-level decays [36]. Although this discrepancy is not statistically significant, the
value of sin(2β )eff obtained from various penguin decay modes is systematically lower than the
average sin(2β ) from tree-level decays in almost all decay channels. Addressing these puzzles will
require improved determinations of the Bs-mixing phase and of sin(2β )eff from b→ qqs penguin
decays at LHCb and the super-B factory.

11

R. van der Water, LAT09 0902.1815[hep-lat]

Lattice QCD calculations are key to constraining sides of 
CKM Unitarity triangle

current situation

tensions developing 
at 2 sigma level. 

Future with 1% 
lattice errors for

fBs

√
BBs

fK

Vcb from exclusive SL decay

BK ,

ξ,

Vub,

The CKM matrix and flavor physics from lattice QCD Ruth S. Van de Water

Figure 8: Global fit of the CKM unitarity triangle [14] . The current fit is consistent with the Standard Model
at the 23% level. The constraints from εK , |Vub|/|Vcb|, ∆Ms/∆Md , and ∆Md are all limited by theoretical
uncertainties from lattice QCD.

Fortunately, assuming the Standard Model, the majority of inputs to κε are well-known from exper-
iment. The remaining unknown, ImA2, can be obtained from lattice QCD calculations of K→ ππ
matrix elements in the ∆I = 1/2 channel. The only Nf = 2+1 flavor determination of this quantity
is by the RBC and UKQCD collaborations [31], and has rather large systematic errors associated
with the use of leading-order chiral perturbation theory. Nevertheless, the contribution to Eq. (3.11)
from ImA2 is small and leads to only a ∼ 1% uncertainty in κε [14]:

κε = 0.92±0.01 . (3.12)

This result agrees with the estimate of Buras and Guadagnoli [29] and lowers the SM prediction
for εK by 8%. The correction factor κε is included in the global unitarity triangle fits presented in
the following section [14], and has also recently been included by the UTfit collaboration [32]. It
has not yet been implemented by the CKMfitter group [33].

3.2.3 Global fit of the CKM unitarity triangle

Figure 8 shows the current status of the global CKM unitarity triangle fit using the lattice QCD
inputs presented in Table 1 [14] . Although the average of inclusive and exclusive determinations
of |Vcb| is used, the error in the average is inflated in order to account for the inconsistency be-
tween the two values following the prescription of the Particle Data Group [4]. Only the exclusive
determination of |Vub| is used, however, because the inclusive determination varies so much de-
pending on the theoretical framework. The confidence level of the global fit is 17%; thus current
observations are consistent with Standard Model expectations given the present level of theoretical
precision.

Currently the constraints from εK , ∆ms/∆md , and |Vub/Vcb| are limited by uncertainties in the
lattice QCD calculations of |Vcb|excl., ξ , and |Vub|excl., respectively. In order to show the poten-
tial impact of future lattice calculations, it is therefore an interesting exercise to repeat the global
CKM unitarity triangle fit after reducing the lattice uncertainties in ξ , BK , |Vcb|excl., and |Vub|excl.

to 1% (with central values fixed). The resulting fit is shown in Fig. 9. In this case, only the exclu-
sive determination of |Vcb| is used because combining it with the inclusive determination becomes

10
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Conclusions
• Lattice QCD is now providing precision results for 
the physics of the strong force.  
Gold-plated meson masses accuracy:  a few MeV/c2

Quark masses : 1-2%
color charge (         )  : 1%αs

Weak decay and mixing rates for mesons: a few % 

• Further work ongoing to pin down CKM elements and 
understand quark weak interactions.

• Other work: spectrum of excited baryons, glueballs etc, 
phases of QCD at high temperature, other strongly 
coupled theories etc etc etc
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