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The Goldstone bosons



Chiral Perturbation Theory ( x—PT )

EFT that encodes the interactions of the
Goldstone modes with themselves and
with other hadronic degrees of freedom.
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EFT that encodes the interactions of the
Goldstone modes with themselves and
with other hadronic degrees of freedom.
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Explicit chiral symmetry breaking: m = (m ma ) # 0
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Explicit chiral symmetry breaking: m = (mu Ma ) # 0
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Power counting

Consider generic connected diagram:

pTadVa—21 +4L

Vy - vertices with d derivatives
E external lines
I : internal lines
L : loops




Power counting

Consider generic connected diagram: . S, dVy— 21 + 4L

Vg - vertices with d derivatives
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Sub-leading Lagrangian

SU(S)L X SU(?))R
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Example: 7777 scattering
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length
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3 [4(@1 +€2) + {3 —64] + 1

Not constrained by symmetries!

But related to other processes!



Quark mass dependence of masses and
decay constants!

1 §
2 —— —
i, = Qqu{l + 2fln (gphy

Calculated using Lattice QCD!



FLAG = Flavour Lattice Averaging Group
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QCD Euclidean Path Integral I

Z = / DA, DYDi ol d'e(= 1 Ft, o —)[Dpyutmly + Le.r.)

(0) = %/DAMD@sz O el diz( -5 F2, P —[Dyyu+mly + La.r.)
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The correlation functions



QCD Euclidean Path Integral I

Z = /DA#D’(ED’¢ efd4:1:(—%F“}UFG#V_@E[D“,M_{_m]Qp + EG.F.)

(0) = % / DADIDY O f @o(= b —dlDunutmly + Le.r)

N

Need a non-perturbative definition!

The correlation functions

Lattice regularization



LATTICE QCD = QCD ON A GRID OR LATTICEI

volume: Mﬂ. L > 1

infrared cutoff

}b lattice spacing: b < M ]:[1

vltraviolet cutoff

Can use Effective Field Theory to extrapolate in L and b!

(systematic uncertainties from lattice artifacts are controlled)



[T special
gauge sector:  Uu(z) =exp (161/ dzAAZ)) unitary

matrices




[ special
gauge sector:  Uu(z) = exp (zg / dzAu(z)> i,

matrices
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fermion sector:  S; = ¢ D(U)Y

D(U) is a sparse matrix (lots of zeros)
Wilson fermions

Domain wall fermions

Staggered fermions (Kogut-Susskind)
Overlap fermions

* % % % %
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In principle, all discretizations have the same continuum limit.
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QCD Euclidean Path Integral I

/ H 4 H dbdiy e=S/0)-Sr@e0)

/HdU det (D(U)'D(U)) e (1o flavors)




QCD Euclidean Path Integral I

/HdU Hdwdw o~ Sa(U) =S5 (v¥,4,0)
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. Montecarlo Integration '
| Matrix Inversion '

D(U)x =




Generalized Gaussian Integration
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Generalized Gaussian Integration
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Generalized Gaussian Integration
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“Wick contractions”



QCD path integral with Montecarlo I Y (*L\)A
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Lattice QCD Economics

COST ~ (L)* (b))% (M,)~%®



QCD:
AE

Ay 1 M,

+m,
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What happens to chiral symmetry breaking at finite V?

27 |n|
L

p| = <A, e fL>1




o my(qq) L* =(mL)*(fL)* ~p~% > 1:

b .
— myL= 1 pregime
L _
Lt ~my~p

— myL <1 € regime

L™t~ /m, ~e¢

Momentum zero-modes nonperturbative




What happens to chiral symmetry breaking at finite b?

Symanzik action:

3

EFT . _ 1 —

Locn = E (Qi’tlp% — mz‘Qz’Qz’) — §T1“GWGW+ b Csuy E 7;0,,G"q + ...
i=1 i

Sheikholeslami-Wohlert

A — RAILT
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EA/I,A = )\1\4% (TI'A/[Z + hC) + A4 '/0 (TrAY + h.c.)

m2 = Ay (mu+mg) + 2040 v



Scattering in a finite volume I

Recall NR scattering

As (p ) — M peotd (P) — = A A AR

\

sum of poles in a Finite Volume!

[Az_l(p) ZOJ

eigenvalue equation



S-wave at Finite Volume
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(Luscher, 1990)
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Weak coupling expansion:
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the lattice! phase shift
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TUTU  scattering in lattice QCD

Lhitdin O_+(t,7) = ult,@)ysd(t, T)

Crtnt (p, t) — (Ol Z Zeip-(x—y)ow_ (t,x) O - (tay) O+ (an) Or+ (O’O)|0>
lp|=p XY
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Chiral and continuum extrapolation

2 2 2
mral=2(b #0) = — M [1 + —m (3log Tr 1 - 1=

8 f2 1672 f2 1672 f2



Chiral and continuum extrapolation

2 2 2

=2 max max mai [=2

b#0) = — 1 31 — 1 —

Moy (b 7 0) 87 f2 [ T T6m2p2 ( % 1672 f2 )]
e ) = B
\/ \J/ m?‘_ 1 A}“
x! + C
9 sz | Gy |om2
MAY—PT

Ju =mi—ml, =2Bo(mj —mu) +b*Ar + ... = 0.0769(22)

e Contains all O(m2b?) and O(b") lattice artifacts.
e m; and fr are the lattice-physical parameters.

e Many sources of systematic error.



Error budget

Higher-order effects in MAYPT:

O(mib?) ~ 2mmy VAL
" (47 fx)* (47 fr)?

Finite-volume effects: ~ 4% at lightest mass.

Residual chiral symmetry breaking:

8tmi ..
T~ 3%

(AT fr)* my

Range corrections:

o I=2\2,2

MrQs; -~ )°p

(mr ~ 1%
2m?2

Isospin violation: Only issue if compare to experiment!

1%
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