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Continuum theory
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Locp = YDy =M)p — L FLFY

o fermions part /

Aa

@ Yang-Mills part
Ff, = 0,A% — 0,A% — gf* AL AS
@ Lgcp invariant under local gauge transformations

v(z) — G@)y(),
Ay(z) — G(x)(Au(:L')—ig@)G(x)_l

@ any approximation should respect this invariance because
it is the source of the interactions.



Discrétization

@ 4D lattice
Uuly) € SUG)
Uy ' O
| Bt o A o Uy(x) = et904u (@)
N o Volume : 24% x 48 & 48° x 96
E : o Lattice spacing : a ~ 0.05 3 0.1 fm
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@ If Socp is discretization of the QCD action

1

=~ [ 11 Wdlao) [Jlav1 O, ¢, dle-Secr b

sommets liens

(OlU, ¥, 9])



Principe of lattice calculation

@ A typical corrélator
(O(t+1)0(t)), =20

@ can be evaluated as

(O(t+T1)0(t)) = % / [depdipdU] O(t + 7)O(t)e~S¥Y]

@ on the other hand

(Ot +71)0(t)) = (0|0eH70l0)
= D _[(0[O[n)[e M7

n

@ More generally the physical information is extracted from
the time dependance of some correlator.



Gluon action

@ Plaquette
Us
v U, U, Uz, p,v) = UUsUsUy
jZ Tl o,

@ Wilson action(1974)

5= % ofl- gRenUG )]

Plaquettes

@ with 8 = 6/4° then

1 4 v
Sg W Sym = 4/d .I'FEVFZLL



Continuum limit

@ what we compute is (for instance) a « M = f(g) because
there is no mass scale in the action
f(g)

@ g must be a function of a in order that M = ——= be finite
a
whena — 0
@ Asymptotic freedom tells that g(a) — 0 whena — 0

. , 6
@ so the continuum theory is at 6 = 7 — 00 .



Scale setting

At a given 3 one needs to know a to compute dimensionfull
quantities. One chooses a convenient reference observable :

@ the Sommer parameter r, defined from the static quark
antiquark potential

ov
r§$|ro = 1.65
@ some mass (m,,)

@ some decay constant (f;)



@ naive discretization naive : 9,, — finite difference
@ Doublers

E(p)

e [p) =0et|p)=m/aare
o degenerate

—7/a

e On simulates 2* fermions

@ add the Wilson term
@ vanishesasa — 0
@ gives a mass « 1/a to the doublers
@ explicitly breaks chiral symmetry. (This restored by
renormalization)



Twisted quarks

Wilson quarks

SF,W = a4 ; lB(Z’) ["}/u %M +m — % ; VZV/,:| 1/1(33)

twisted Wilson quarks : Ny = 2

— ) . a .
SrTM = at Z x(x) [7“ Vyu +m + iuysTS — 5 Z VI,VM]X(m)

o

@ for the chiral invariant part of the action the twist can be
eliminated by a chiral rotation tanw = p/m
L w - . w
X = exp(—ins 5T, X = Pexp(—in )
@ but this would change the Wilson term. So for every twist
angle w one has a different discretization
@ on exploit this to improve the continuum approach.



twisted quarks : continuum limit

@ The continuum limit of tmQCD is équivalent to QCD under
the (+ and x) mass renormalization

mpr = Zm(m - mcr)7 HR = Zuluf
where the critical mass m., est determined by

(00 Ag(z) P*(0))
2(Pe(z)P2(0))

MpCAC = =0

@ Renormalized twist angle tanwp = — =
m




0.05

@ Setwpr =7/2, oon
equivalently m = m., 00
@ The pion mass depends oo
only on p : m2 o p ST w2 5555030 o
Advantage
@ 1 # 0 provides a cutoff to the zero modes of the Dirac
operator

@ At maximum twist one has (for free) O(a?) improvement of
the observables.

Drawback

@ Explicit breaking (of order a?) of isospin and parity
invariance




Generalization to strange and charmed quarks

@ done
@ more complicated because s and ¢ are not degenerate

@ tuning to maximal twist has to be done every time the s
and ¢ masses are changed




Monte Carlo

@ Typical integral to evaluate

. detD[U] _S [U]
C(t) = /H[dU] e 9 propagateurs v

@ det D[U] is evaluated with pseudo-fermions method

@ U is sampled with the hybrid Monte carlo method
(molecular dynamics)



Scalabilité

Benchmark tmLQCD (réseau gIobaI34896)

(Blue Gene/P IDRIS)
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2 points function (Ny = 2)

@ let J(t, ¥) some operator which has the quantum numbers
of the nucleon

(*]
C(t) =) _{01J(t,1)J(0)|0) oc e ™"
P
M
@ look for a plateau in mes¢(t) = —log e



@ J|0) may have little overlap with the true nucleon
@ quark field smearing improves this

@ faster approch to the plateau
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Continuum limit and finite volume effects

Finite volume effects m, ~ 310 MeV
@ L=24 ampy = 0.5111(58)
@ L=32 amy = 0.5126(46)




Simple chiral extrapolation

@ A order m3 :

3 2
my(mgz) = mQ — dcym? JA

o 3

@ No change when higher order terms are included



Chiral extrapolation
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Masses extrapolated to physical point
@ my = 963(16) MeV (exp. my ~ 938 MeV)
@ ma = 1356(33) MeV (exp. ma ~ 1232 MeV)

Terme o term

T Om?2

on = (N|mytiu + mgdd|N) ~m

@ oy = 66.7 + 1.3 MeV. Popular “experimental” value
45 £+ 8 MeV.




Nucléon Ny =2+ 1+ 1 (préliminary : one 3,0ne

volume)
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3 points functions

@ Needs matrix elements :

(N(py,s£)IOIN (i, si))

@ involves new propagators

u,
P al N SN
Uu
Y 0
d

inconnu déja connu



Disconnected quark contractions

@ The operator can be connected to the valence quarks only
through the gluons

@ Costly
@ Consider only the non singlet combination (p-n)



Operator renormalization

@ On the lattice one deals with bare (cutoff dependant)
operators.

@ They need renormalization to be compared to continuum
observables because they do not contain information
beyond 1/a.

OR(n) = Z Z%(ap, §) O’ (a)

@ renormalization constants are evaluated non-perturbatively
in the RI-MOM scheme (and possibly converted to M S
scheme)



Preliminary results

@ One value of 5 (a = 0.0855 fm)
@ Some renormalisation constants not yet calculated
@ p-n combination only




Currents

2 1-
Vi = gu’yuu — gd'yﬂd

A, = Fyuvsu — dyuysd
Form factor decomposition

(N (o5, )Vl N(piy 50)) = alpy, 55) [wFl(Cf) 4 MMQ%} o)

2m

(N (o5, 27)| AulN (s, 52)) = oy, 55) [szGA(QQ) T Maacﬂ] i)

2m
2
Gr = (@) - L Ry, Gar = Fu(Q?) + Fa(@?).

4m?




Electric form factor
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Magnetic form factor
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Axial form factor
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Pseudoscalar form factor
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Electric dipole mass (isovector !)
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Magnetic dipole mass and G, (0)
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Axial dipole mass and G 4(0)
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<17>ufd et <x>Au—Ad

/dx zq(x) = (z)q, /dw zAq(z) = (T)aq ’

need the operators

N 1 > > N
Ogo(x) = q(z) {’yo Do —g(’h D1 +7v2 D2 +73 D3)]Q(UC)

OP(z) = q(=)vs(v Do +v0 Di)a(z), i=1,2,3
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) Figiures show bare results
o ZMS(u=2GeV) =1.20(3)

Caleul : (z)y—q = 0.312(22)
Experiment (4 GeV?) : (x),_4 = 0.154(3)




Final comments

@ tmQCD allows simulations at small quark masses at a
modest cost.

@ m,=200MeV is running

@ tuning 1 single parameter makes the observables O(a?)
improved

@ no sign of isospin or parity violation in our results

@ Masses come quite well (hyperons too)

@ Form factors looks good but need continuum extrapolation.
The gauge configuration at a = 0.65fm and a = 0.55fm
exist. Just do it.

@ The pdf pose a serious problem which must be solved
before the GPD calculation can be considered.

@ How long shall we wait until disconnected diagrams are
included ?? ?










@ N; = 2 Tree level Symanzik
@ Ny =2+1+1 Ilwazaki



