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ABSTRACT

I report recent results in hadron physics obtained from lattice QCD,

1, = INTRCDUCTION

In the last few mmonths many progresses have been made in lattice gauge theories with
fermions, In pariicular several groups computed the spéctrum of the hadrons by Montecarlo
gimulation starting from interacting quarks and gluons on the lattice, Many questions howev-
er are still to be solved, In this talk we will give & survey of the more relevant results, dis-
cuss problems and limitations with Montecario techniques and indicate possible future appli-
cations,

In Section 2 seversl possible fermion lattice actions are presented and the problem of
fermion 'doubling discussed ; in Bection 3 we describe some techniques that have been pro-
posed to compute the fermion propagator and determinant ; in Section 4 we introduce the so
called quenched approximation and give details on the computation of hadron masses from ap

propriate correlation functions ; in Section 5 we revew the results recently obtained for.the dy



namical symmetry breaking and for the hadronic spectrum, In the conclusion we indicate some

of the possible future applications of these powerfull techniques,

SECTION 2

This section is devoted to the problems arising in putting fermions on the lattice, Let us

start from the usual Dirac action for fermions interacting with gauge fields on the continuum :

So= Ja% (- 230y, D, ax) - m T alx) + S,.(0) (1)

C 2 W q G . 1)

D, is the usual covariant derivative ; SG(U) is the pure Yang-Mills gauge field action; sum-
mation over spinor, colour and flavour indices is understood,

The most direct (naive) way to put the theory on the lattice is the replacement (for fer-
mion fields):

,ﬁ is the unit vector in the u direction and a is the lattice spacing (x = na; n is a four dimen
sional integer vector), We get:

Sy * 5{53 Liv‘(nwyuu ) ¥ (n+B) - Fn+R) 7, Un) win)] -
' (3)
- mqﬁ(n)w(n)} + 5, (U) .

a = 1 to simplify the notation,

S1,(U) is one of the possible gauge field actions on the lattice ; for example, following
Wilson(l) we could choose:

- N +.
S (U) = g tr(UP +Up) . (4)

omml s

UP is the product of the links along an elementary plaquette and g, is the lattice bare cou-
pling constant,

The action of eq. (3) has the same (at the tree level) chiral properties of the continuurn
action, In fact, in the limit m q° 0 it is invariant under the fellowing global transformations :

y{n) —s e w(n) , PY(n) s eiay5 Y(n) , (5)

which correspond to. a U(.])VxU(l)A symmetry group., This property contradicts Adler theorem
which states that we cannot find a gauge invariant regularization which preserves the axial

symmetry, We would expect the divergence of the axial current to be different from zero be-



cause of the Adler-Bell-Jackiw anomaly : |
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Indeed Adler theorem is not violated because of fenrxnion doubling, The .action (3) contains 16
different fermions : the fermion propagator has 16 poles corresponding to different points of

the Brillouin zone. The free quark propagator:

NI S
S(P) - p )'Msinp (7
u w
has poles for p‘u =0, w,

The anomaly is given by the sum of the contributions of all these fermionic states:

P < (2 QL (8)

where Qi ar¢ the axial charges of the looping fermions, Karsten and Smit(z) showed that the
sum of the axial charges of the 16 fermions is equal to zero (Q=+1 for the pole P=(0,0,0,0);
Q=-11if P=(%,0,0,0), ...). In order to avoid this problem, Wilson(1) proposed a different
action of the form:

S 3 4-Tem +K| 3 (F@-7,) U enh) +

W ) - A ‘

; n b I _ (9)

o ~ .*..
WA +7) Y, () w(n))]} +8; (0).

Eg. (9) reproduces the usual continuum action in the limit a -» 0., The 15 unwanted extra fer-
mjons aquire an effective mass ~ 1/a for a -» 0 and disappear from the game. The price one
has to pay is the introduction of an explicit chiral symmetry breaking term in the Lagrangian:
chiral symmetry is not protected against perturbative/non perturbative corrections, Other so
lutions have been proposed. In the Susskind version(3) we have only (sic!) 4 fermions instead
of 16; the contimium chiral syminetry is replaced by a discrete chiral symmetry, The SLAC
group propose»d(4) to avoid the problem of doubling by introducing a non local agtion which in

the free case has the form (in momenturn space):
Pp)pwp). (10)

This action however gives problems because of non locality even at a perturbative 1eve1(2).
The conclusion ig that is not possible to write a fermion action on the lattice which is local,

has the same chiral properties of the continuum and avoidsg the fermion doubling(s). We hope



that, for a —» 0, these lattice patologies wilt-disappear givingthecorrect continuum,limit,

SECTION 3

In pure bosonic theories many Montecarlo methods (Métropolis, heath bath, Langevin)
are aviable, unlike in the fermionic case because of the anticommuting nature ‘of the fef-méi.op_‘
ic degrees of freedom,

Let us illustrate how the Metropolis method can be applied to the coinfnﬁation of the eé_c_

_pectation value of some operator in»ﬂh‘e‘bps‘oniccase.

The Feynman path integral on an euclidean space time has the form:

. I | o
<S> = Jafulow) exp - S(U) (11)

/ d[U] exp - s(u)

U are arbitrary bosonic degrees of freedom and S(U) their action, One computes. the expecta

tion value by the following algorithm :

a) Start with a trial field configuration 1U} ;

b) Choose a new link U'; {U} - {U'} ;

c) If exp - [S({U'}) - S({U})] > x, where x is a random variable extracted with a flat pro

. bability distribution in the interval (0, 1), then {U'} is accepted as rew configuration,

‘Thig-algorithm satisfies the detaﬂtedvbalance; ; the probability digtribution of the U fields

tends asymptotically to: ‘

—c 'h.‘ N
e (U‘}d

P(U) d(U) —» U S (12)

and the expectation value of the operator is simply its average over the field co'r1f:iguration‘s:

exp - S(U)4[U] » 3 . (13)
field
configurations
‘It is not possible to define a probability digtribition for fermions. However, bacause in the

interesting cases, the action'is quadratic in the ferrion fields (see eqs. (3),(9)), these can be

‘formally integrated out :

S = 1,2.1 ¥, 4,50 vy +5,(U) . o (19

Then :

Ja[®] afv] exp(-sw, v, T)) - det [ A(U)] exp (-8} (U)

3 (15)
[a[®] a[v] ¥, v exp(-5(U, v, %)) = A3 1(V) det(4 (V) exp (-5, ()



In general, the expectation value of some operator depending on U, ¥, P will be given by :

. _ Ja[ula E['w] a[F] o, w, P) exp(-8)
<OU, ¥, ¥)> = —————" - =

d [U] d [w] d [‘3]3] exp (- S)

(18)
Ja[u]0[u, 4-1(w)] det [A(0)] exp (-5, (U))
z

The problem is reduced to compute the determinant and the inverse of A(U). If the determi

nant has a definite sign:
det [A(U)] exp(~S, (1)) ~ exp(-S, (U) + trin| A(V)| ) = exp -S_f(U) . (17)

We can apply the usual (bosonic) Montecarlo technique for the gauge fields with the effective
action Sgp(U) = §; (U) - trin|4(0)].

The fermionic determinant gives the modification to the Gluon Green functions due to
looping quarks as shown in Fig, 2; for a fixed gauge field configuration A‘l(U) is the fer-

mion propagator in an external field {‘U} (fig. 3).

S

FIG, 2 _FIG. 3

The difficulty is the inversion of 4(U) and the computation of the highly non local quantity

det [,_A(Uﬂ (non a typical 6%x 10 lattice the fermion propagator has ~1.3% 107 degrees of

freedom). Several methods have heen proposed:

a} F, Fucite, E, Marinari, G, Parisi and C.Rebbi(ﬁi).

© One chooses the new: field configuration {U’} g0 that dU = U' -U is small,

84

i AT ‘ It Q -1 '
SestU) - Sgel0) 2 5, ) -8, (0) - 3 4Ny (2L sy (18)

eff iT

id

To corapute the propagator (3%}3)» is trivial) we introduce the "pseudofermionic" variables

as follows : ’
e f d E“l;] d[tpj Eﬁi @5:1 exp (- @A(U)}ﬁ)
U Jal@la[e) exp(- Bawme) .

4

(19)



The bosonic field P carry the same quantum numbers of the corresponding quark fields,

AE}(U} is computed by an "internal" Montecarlo integration in the usual way. This méthods
could practically fail when the action has several pronounced minima because the variation of
the U's must necesgsarily be small, The method has been successfully applied to the two di-

mensional Scwinger model,

b) D.J. Scalapino and R. L. Sugar(7).
In this case one computes exactly the propagator and the determinant, starting from the

locality properties of AiJ(U), using the equations:

det | A(U + 6U) -
R = : [ - J = det] 1+ 471w aiA(U)],
det [A(UY] B

(20)
AU +ou) = 47w - ANy sdw) 4w + o)

where 64(U) is the variation of the A(U). With this method one must necessarily store all
the matrix elements of the propagator. In practice this could rise unreasonable memory (or
time) computer problems, It has so far been applied only to a very simple soluble :model("i')

(more recently it has also been applied to QCD with a lattice of very small size),

¢) D.H, Weintgarten and D, N, Petcher(8),
T will not enter in all the details of their method but only describe the techniques they
proposed to compute the propagator (Gauss-Seidel relaxation method), Let us write A{U) =

= I~ B(U), where I is the identity matrix in position, spin, ... space. We define X to be:
-1
X= 4Ue . (21)

¢ is an arbitrary fixed vector,
We write the following recursive equation:
X 41 =BOX +9 . (22)
The fixed point of eq.{22) is the solution of eq, (21), This technique has been widely used in

recent Montecarlo experiments, We should add that, very recently, alternative stochastic

methods have been developed(g) but they have not yet been applied to gauge theories,

SECTION 4

At present, it seems very difficult to overcome the problems connected with the comipu
tation of the fermion determinant, One possible way out is to work in the so called quenched

approximation: weput det [A(U)] = 1, that is we completely neglect the fermion feedback on



the gluons, In four dimensional QCD, with the only exception of the hopping parameter expan
sion (see ref. (10)), all the results for chiral symmetry breaking and for the hadron mass spec
trum have been obtained in the quenched case, which corresponds to the nf/ No = 0 limit,

This approximation is expected to work reasonably well for the following reasons :

a) It becomes exact in the limit N, = o ; note that this is not the N e r® limit because non
planar gluon diagrams are not neglected,

b} Zweig rule is exactly satisfied and hadrone are made only by valence quarks and gluons; we
know that thie is approximately true in the real world,

¢) The resulis of ref, (10), indicate that, at least in that approximation, the ihclusion of quark
loops only amounts to a small changement for the relevant physical quantities.

In any case this must be considered as a first stepto develope our techniques and founder
stand possible sources of statistical and systematical errors, Any further development will ne
cessarily include the computation of the determinant.

Here following we describe the techniques used to compute the chiral symmetry break-

ing and the hadron mass spectrum,

a) The chiral symmetry breakin g.

Starting from the lattice action (3} which becomses chiral invariant in the limit m_ - 0

q
(a # 0), at any order in perturbation theory we have:
Lm<Pp¥> =0 (23)
mg > 0

because all the chiral breaking perturbative corrections must be proportional to the explicit
mass term M.
The fact that, by Montecarlo simulation, one finds:

um <PY> £ 0 ; (24)

mq»()

is a signal of dynamical chiral symmetry breaking and we expect that in the continuum limit

(a =» 0) the usual Goldstone phenomenon will happen. For a-» 0, we must require the renor
malization group behavior for <PY> to be satisfied, From perturbation theory we expect (for

8U(3) of colour):

LTy ~pexp - =7 8 (8= G/gi) (25)

¢ iz a computable exponent (see ref, (11)),
In Flg,, 4 we dmpiaj the experimental results from ref, (11) for L<ypy > .g 2sa func
tion of 1/ g The full line is the predicted perturbative renormalization group behavior,

After the cross over region between the strong and weak coupling regimes (analogously
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FIG, 4 - The renormalization group behavior of <Py >1/ 3 as a function of
1 g,- 'The full line is the theoretical prediction. The data are from ref. (11),

to what happens for the string tension) the experimental points fit rather well the theoretical

curve, The meagared <ww>mq=0 can be used to extract L ‘stzarting from the renormaliza-

tion group invariant relation:

2 .2 S ;
fympy = mq<1pw,> (26)

where m g is the (measured) pion mass, The duthors of ref, (11) found
fp= 95710 Mev for f=6. (2m

<i;71p7mq=0 has been also computed in ref. (15) for SU(2) of colour.

b) The hadron mass spectrum.

We start by defining operators which carry the same quantum numbers of the particles
we want to study, '

For example :



m(x) = u(@)g gy dg ) pion
¥ (x) = u(x){: '}'alg dg(x) ‘ g-meson (28)
L5 (x) = (u(x)f;A (€ )'5)a5 dlg(x))ug(x) “'EABC proton

€ is the charge conjugation operator, It is straightforward to compute the correlation func-

tions for these operators, In the case of the pion, for example:

f d[v] a[4] a[F]wex)7(0) exp(-5)

G(x) = {mw(x)m(0) > = 7
(29)
"5 4-1 5 -1 ]
Ja[u]te| ° 471 U)(x, 0)7° 471 (V) (0, %) |exp (-5, (1))
(remembetr that det [A(U)] = 1),
The r:h. 8. of eq, (29) is'diagramatically represented
in Fig, 5. f exp - 5. (U)a[U] » = in a Montecarla simulation,
: ‘ link .
; configurations 7
5 A:—-’ )5 if there is a single particle propagating, then we expect:
rAN
0 <h_,« TN x G(t) = T G(x) ~ exp - mt ‘ (30)
: z
\'\._.“—

FIG. 5 - Typical diagram for { ~wcosh [:m(t - T/ZU on a periodic lattice of period T in

the pion propagator in the the time direction), 2 is the sum over the spatial com
quenched approximation. ponents and m-"is the ass of the particle, By fitting

G(t) we measure the masses in units of the lattice spacing. In Fig. 6 we display the behavior
of the masses of the particles as a function of the quark masses (these results have been fa_l§
en-from ref, (11)), |
In order to give the masses of the particlés in physical units one must fix a fundamental
(strong interaction) scale and a mass parameter for each quark flavour. At fixed B we could
set the scale from the mass difference hetween the ¢ and the % (or from AMOM measured

in deep inelastic scattering or from the Regge slope) and then assign a mass to the quarks by

fixing the &, K,... meson masses, In the Wilson forraulation : .
2 2 _ 1 ' 2 1
mg -mg = :;2- f{K, g, my, = —;E- gK, 8) . - {31)

-

{ and g, which govern the behavior of mg and mi ag a function of K are measured in the
Montecarlo experiment. For a given value of #, K is fixed by solving eqs. (31). Once that

mQ and m, are fixed from eqs. (31) all other particle masses AMOM’ the Regge slope . ..
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v below the experimental points and curves

\w p for the pseudoscalar, 'vec:tpr,, secalar and
; 4 - ¢ axial mesons and the 1/2% and 3/2+
0.3 0.2 0.1 0 mg baryons are reported, These results

are taken from ref, (11),

are predictions of the theory, We expect all these quantities to scale in a predicible way with
the cutoff a, ’

To have under control the renormalization group behavior {that is . the a -» 0 limit) one
should be able to work at several values of B. This comes out to be rather difficult because
the inverse masses (i, e. the correlation lenghts) increase exponentially with £ and very goon
very serious finite volume problems come in. On the other hand, for too small values of B
we are far from the weak coupling regime and the lattice becomes too coorse grained to obtain
sengible results, At present this problem, common to almost all lattice measurements (e, g

to the case of the string tension) certainly requires further invegtigations,

SECTION 5,

In this section I will briefly list and discusg the results recently obtained by several
groups using the methods illustrated in Section 4;
a) E. Marinari, G, Parisi and C, Rebbi(12),
- Discrete SU(2) with the "naive" fermion action (eq. (3)) ;
- Lattices 8%x 16 (16 in the time direction) and 83x 32,
- Particle propagators averaged over 4 gauge configurations ;

- They measured <y w)m =0 and checked the renormalization group behavior for this quanti‘!:y;;
q



- 11 -

- At B =2 (corresponding to a-l = 1200 MeV) they obtained:

fop= 1501 10 MeV mg = 80080 MeV, m, = 9501100 MeV, m, =7 MeV;

q
- No renormalization group behavior check was made for the masses ;

- The total computer time spent in this experiment was ~10 h CDC 7600 CPU time.

b) D.H, Weintgarte‘n(ls) :

- Discrete SU(2) with Wilson fermions ;

- Lattice size fixed in physical units for different values of B ranging from 1.05 to 2.4; the
maximum size was 124;

- 8 gauge field configurations ;

- The measured critical value of the hopping parameter X o corresponding to the value at
which the mass of the pion becomes zero, K, 2 0.23 is suspiciously near to its strong cou
pling value("‘:) H

< The only dquantity that was measured was the mass'of the ¢-meson, He found mg = 800 t
T 100 MeV ;

. He gpent - ~65 h CDC 7600 CPU computer time,

¢) H.Bamber and :'G;‘?'Paris:i(ll) :

- SU(3)V with "naive" and Wilson ferrnions :

- §3x 10 lattice p

~ The numﬁer of gauge field configurations used to compute the particle propagators was dif-
ferent (6-25) for different values of the quark masses ;

- They meagured <Y w>mq==0 (for the "naive" action). and checked its renormalization group
behavior ; the results are in agreement with theoretical expectations ;

-At B=8 (a=! = 1120 MeV) with Wilson fermions they obtained:

my 80011006 MeV, mg = 1000 100 MeV, mp = 12001 100 MeV,

my, = 9507100 MeV, my = 13001100 MeV, my 4~ 3-5 MeV .

~ They spent ~25 h CDC 7600 CFU computer time,

Besides these published papers another Montecarlo experiment has been initiated at
CERN and Rome‘lm), We are working with parsmeter gimilar to those of ref, {(11),
- 8U(3) with Wilson fermions; f= 6;
- 53x10 lattice;
- 32 gauge field configurations for each value of the quark masses at which we want to meas

ure hadron masses,

(%) ~ After the end of this Meeting I heard that there is a revised version of the paper to be
puablished on Physics Letters B.
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The analysis has not been completed, however with the experience allready gained, we
believe that, at least for Wilson fermions, there was an underextimation of statistical errors,
probably due to a strong correlation among different gauge field configurations, in previous
papers. A more carefull analysis of the systernatical errors (beside the usual finite volume
effects) is also needed because it appeared rather hard, ‘with actual lattice gizes,to isolate in
the propagator the 1low lying states poles from higher mass excitations with the sanfe prq
pagating quantum numbers simultaneously. EREE .

A completely different strategy based on the hopping parameter expansion has been car-
ried out by the authors of ref, (10). At present their result show that this method works r‘eas;og".

ably well for the meson spectrum but can have serious problem in the baryon sector,

CONCL.USION

Many important and exciting progresses in computing hadron spectroscopy from lattice
QCD have been done in the last few months. A better understanding of these results from Mon
tecarlo simulation is needed. I believe that in a short time it will be possible to obtain many
physical predictions: among the others Ga /GV and the anomalous magnetic moment, These
techniques will be hopefully applied to new theories which may require the knowledge of non

perturbative dynamies like supersymmetry,
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