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QCD: THE THEORY OF STRONG INTERACTIONS

,{ Very simple theory ‘
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> Only N¢ + 1 free parameters: g2, m;
» Incredibly rich phenomena: full hadron spectrum
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QCD: THE THEORY OF STRONG INTERACTIONS

,{ Very simple theory } \

N¢
1 -
E = @FHVFMV + § ¢(7MDH + sz)
i=1
» Only N; + 1 free parameters: g2, m;

» Incredibly rich phenomena: full hadron spectrum

4 Difficult theory } 5

> At high energies g2(u) — 0: perturbation theory is reliable

> Atlow energies a(u) = g%(u)/(127) = 1: perturbation theory breaks down
» We need “non-perturbative framework” to describe low energy physics
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COMPUTING PATH INTEGRALS: LATTICE FIELD THEORY

Lattice field theory — Non Perturbative definition of QFT.

U (x) = 4™ g(x)

tu

sel=2 3

pEPlaquettes

7

» Discretize space-time in an hyper-cubic lattice
(spacing a)

» Path integral — multiple integral (one
variable for each field at each point)

» Compute the integral numerically — Monte
Carlo sampling.

1 Neonf

N a Z O(ul +O(1/\/ conf)

Observable computed averaging over samples

» This works both in the perturbative and
non-perturbative regimes!

~
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Tr(1— U, — U,f) — 3 /d4xTr(FWFW)
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Latrice QCD TIMELINE
1974 First formulation of a non-Abelian gauge theory on a space-time
lattice [Wilson. Phys.Rev D10 (1974)].

1980 First lattice simulation: Pure SU(2) gauge theory in a lattice up to
10%. [Creutz. Phys.Rev D21 (1980)].

1985 Firsts unquenched simulations: 2 x 43 to 4 x 83 lattices. [Duane,
Kogut. Phys.Rev.Lett. 55 (1985)].

'90s Quenched lattice QCD reign. Formally large N, limit of QCD.
Error ~ 1/N¢ =~ 30% — Uncontrolled systematics.

’00s Unquenched simulation comes up.

Present Start of precision lattice QCD era: Large volumes, physical quark
masses, QED, etc...

4/18




REACHING THE PHYSICAL POINT

L=25fm, T=2L,a=0.09fm
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Figure: 2001 Berlin conference
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REACHING THE PHYSICAL POINT

The fall of the Berlin wall

» Schwartz-preconditioned Hybrid
MC [Liischer '03-"04; PACS-CS "08]

P Multiple time scale integration
[Hasenbusch "01;BMW "07]

» Mass preconditioning [Urbach '06;
BMW 07]

» Deflation acceleration [Liischer "07]

P Better understanding of the

simulations = more intelligent
choice of simulation parameters.

Transistor count

CPU Transistor Counts 1971-2008 & Moore’s Law
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Lattice QCD: How 1s A SIMULATION DONE?

\.

,{ Any lattice simulation requires N¢ 4 1 input }

> We need to choose g2: “bare” coupling

» We need to choose am;: “bare” quark masses in lattice units

» Only dimensionless input! = only dimensionless predictions
» We can obtain aM,aMp,aMgq, . . .

4 Remember renormalization: we do not know what input to choose!

» Quark masses am; and coupling g2 renormalize = aif; (1), g% (1)
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Latrice QCD: How A SIMULATION IS DONE?

,{ Determine input to “match” our world } \

» Choose a value for the bare coupling gy (implicitly this corresponds to a value
of a)

» Use N; dimensionless physical input to fix quark masses

» Tune bare quark masses am; to match those!
» Repeat for several values of the bare coupling gy (i.e. several values of a)

» Make dimensionless predictions by performing a continuum extrapolation

[
aM),
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SoME LATTICE QCD JARGON

~

» We like to quote dimensionfull predictions

» Convert to physical units by using reference scale

Mq = M)® x lim ——— 2 (C)
P a—0 aM, ( )
Mz = MS® x lim M@

a—0 llMp (ﬂ)

» Usually we say that “We use M, to set the scale”

> We say that we determine the lattice spacing of our simulation

» We then use

aMp
4= —=p
MP
Mg = lim %

a—0 a
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SystEMATIC IN LaTTIiIcE QCD
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,{ Lattice QCD simulations are performed } N

» At non-zero lattice spacing = Continuum extrapolation

» In finite volume = Finite volume effects extrapolation

» At non-physical values of quark masses = Chiral extrapolation/interpolation

» Some observables require renormalization => Non-perturbative/perturbative

» Heavy quarks (i.e. is am;, < 1??) <= Effective field theory approach
. v
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WELCOME TO FLAG [aTTP:/ /FLAG.UNIBE.CH]

,{ Summary/averages of Lattice QCD results for flavor physics }—\

» sk the parameter values and ranges used to generate the data sets allow for a
satisfactory control of the systematic uncertainties;

» o the parameter values and ranges used to generate the data sets allow for a
reasonable attempt at estimating systematic uncertainties, which however
could be improved;

> mthe parameter values and ranges used to generate the data sets are unlikely

to allow for a reasonable control of systematic uncertainties.
\ 7

\

4 Continuum extrapolation ‘ N\

Decrease as 4> (with logarithmic corrections)

» Jkatleast three lattice spacings and at least two points below 0.1 fm and a range
of lattice spacings satisfying [amax/amin]> > 2

> o atleast two lattice spacings and at least one point below 0.1 fm and a range of
lattice spacings satisfying [amax/amin]> > 1.4

» motherwise
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WELCOME TO FLAG [aTTP:/ /FLAG.UNIBE.CH]

,{ Summary/averages of Lattice QCD results for flavor physics }—\

» sk the parameter values and ranges used to generate the data sets allow for a
satisfactory control of the systematic uncertainties;

» o the parameter values and ranges used to generate the data sets allow for a
reasonable attempt at estimating systematic uncertainties, which however
could be improved;

> mthe parameter values and ranges used to generate the data sets are unlikely

to allow for a reasonable control of systematic uncertainties.
\ 7

r{ Finite volume effects } N

These are exponentially suppressed oc e ~MrL

> *[Mﬂ,min/Mﬂvﬁd]z exp{4 — Mx min[L(Mx min)|max} < 1, or at least three
volumes

> o [Mﬂ',mm/Mﬂ,ﬁd]z exp{3 - M‘rr,min [L(Mfr,min)]max} < 1, or at least three
volumes

» motherwise
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Lattice QCD FOR FLAVOR PHYSICS

[ » Lattice QCD is an essential ingredient to investigate flavor structure of SM ]

> Vsl

» Indirect CP violation in K — 77

» Direct CP violation in K — 77 s




WHAT WE CAN DO VERY WELL

W "

d

» Only one hadron
» (leptons are not simulated)

<0|a'7,u'75u‘0> = Zpufﬂ'r

» No signal to noise problem (single meson)
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WHAT WE CAN DO VERY WELL
W It
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WHAT WE CAN DO WELL
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CHALLENGES

\

K — wrand € /e ‘

» Two particles in the final state (strongly interacting)
» Impressive progress by RBC collaboration spanning several years

» Still far from “FLAG” level where several collaborations compute a quantity
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CHALLENGES

l+
u wt
+ [+ s “
w @ "
d Y .
A QED corrections } N

> SM at low energies => QCD + QED + Effective weak interactions
» QED corrections are relevant in precise determinations (i.e. % effect)
» QED on a finite volume is hard: No charged states!

» Radiation is very hard

» Not only a Numerical challenge, but also a theoretical one: How to do the
computation at all!
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QED anD THE GAUSs LAW IN A PERIODIC BOX T* = L X L x L x L

Ny
1 _
SQEp = /11‘4 Ay {MP”UFHV + E vr ('yMD); + mf) ¢f}
f=1

DL = Oy — upAy
usual gauge invariance

W(x) = e p(x)
Au®) = Au(x) + dua(x)

4 Problems describing the propagation of electrically charged states? }—\

1. e~ propagator is not a gauge invariant quantity

@F@)P()) = OO G)p(y)) = @R)P(y)) =0

2. Gauss law implies a total zero charge

6kEk =S p(x) > / d3x akEk = / d3xp(x) =0
T3 T3

16/18




WELL KNOWN PROBLEM IN PERTURBATION THEORY L = o0

,{ Gauge fix before computing propagators not enough in FV }—\

Use for example Coulomb gauge: 9;A4; = 0

» Gauss constrain is not automatically solved in FV

» Large gauge transformations c(x) = ZLﬂx“ survive gauge fixing
I

w(x) N eernx/L¢(x)
Ap(x) = Ap(x) + ZTFTn

and aiA,' =0.
» Propagators still vanish (!!)

\. J

4 Summary \

In a periodic box Hamiltonian spectra contains only neutral states

\. J
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ConcrusioNs
» Lattice QCD is in a precision era

» Physical quark masses

» Large volumes

» Non-perturbative renormalization
> QED effects

» Key for the future of flavor physics
» FLAG is your friend!
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