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Strongly coupled W(1) lattice gauge theory as a microscopic model of Yukawa theory
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Dynamical chiral symmetry breaking in a strongly coupled)Uattice gauge model with charged fermions
and a scalar is investigated by numerical simulation. Several composite neutral states are observed, in particu-
lar a massive fermion. In the vicinity of the tricritical point of this model we study the effective Yukawa
coupling between this fermion and the Goldstone boson. The perturbative triviality bound of Yukawa models
is nearly saturated. The theory is quite similar to strongly coupled Yukawa models for sufficiently large
coupling except for the occurrence of an additional state—a gauge ball of mass about half the mass of the
fermion.[S0556-282(198)05115-1

PACS numbes): 11.15.Ha, 11.30.Qc

The question of whether the Higgs-Yukawa mechanism In the yU¢ model, the scalar field helps to solve both
of symmetry breaking and particle mass generation in conproblems. First, it shields the fermion charge and gives rise
temporary high energy physics might be an effective theoryto an unconfined, i.e., physical massive, fermion ¢y in
to some more fundamental renormalizable quantum fieldhe phase with chiral symmetry broken dynamically by the
theory with dynamical symmetry breaking has been raise¢auge interactiofNambu phase Second, the scalasup-
many times. It is of particular interest with respect to thepressesthis symmetry breaking and at sufficiently strong
large top quark mass, stimulating, e.g., the idea of top cololgayge coupling induces a second order transition to a chiral

The pursuit of this question_leads frequently to deViSinngmmetric(Higgs) phase, thus opening a way to continuum.
strongly coupled gauge theories beyond the standard modef \y¢ fing that one particular point of the phase transition

with speculative nonperturbative dynamics. It might be in'line, the tricritical pointE, represents a new kinghew uni-

spiring to have prototypes of such “microscopic” gauge ; - ; -
models of Yukawa theory with a solid and accessible dy_versallty classof dynamical symmetry breaking mechanism

namical framework. Numerical lattice methods are justifiedIn strc_)ngly coupled gauge theor_|es with fermions in four di-
for this purpose provided a lattice model can be found withMensions. We present some evidence that a strongly coupled

the required basic dynamical properties, though neglectinﬁffeCtive Yukawa theory results. It describ_es the interaction

various phenomenological aspects. In particular, these proppetween the composite fermidghand someyx “mesons.”
erties should be preserved when approaching the continuudt this point the model could serve as a microscopic model
limit; i.e., the model should be nonperturbatively renormal-of Yukawa theory. But in addition, the mechanism produces
izable. also a scalar gauge ball.

A promising lattice model has been suggested in Réf. To explain these findings, we now summarize the most
This “xU ¢ model” consists of a charged fermion fiejd relevant features of the modghore details can be found in
with strong vectorlike coupling to a compact(1) gauge [2]). The model is defined by the action
field U, and a scalar fieldp of the same charge. Here we
summarize the results of our extensive systematic investiga- S=S5,tSu+tS,,
tions of this model in four dimensions by means of numeri-
cal simulations with dynamical fermions. Though we cannot _12 wS +
decide by currently available means whether the model is Sx‘i = XX,L=1 Txu (U X p ™ U o uXx— o)
renormalizable, we find some encouraging properties. A de-
tailed account is given in a parallel pag®] and in some —
previous workg3—6]. +amO§X: XxXx

The same model has been investigated also in lower di-
mensions. There is little doubt that tl& ¢ model defines a
renormalizable quantum field theory in two dimensions, be- Sy= —ﬁE cog05p),
longing to the universality class of the chiral Gross-Neveu P
model [7]. Also first results in three dimensions suggest 4
renormalizability[8]. __ t

Finding a “promising” lattice model meets two major Se KE ﬂzl (OxUxudxrnt HE).
difficulties. Strongly coupled lattice gauge theories with fer-
mions exhibit frequently the required dynamical chiral sym-Here®pe[0,2m) is the plaquette angle, i.e., the argument of
metry breaking. However, this phenomenon comes mostljhe product of W1) gauge field link variable&), , along a
along with undesirable confinement of fermions acquiringPlaquetteP. Taking ®p=a’gF,,, wherea is the lattice
mass. Furthermore, at strong coupling, it is difficult to find aspacing, ang3=1/g?, one obtains for weak coupling the
second order phase transition required for an approach teontinuum gauge actioﬁu=%fd4xFiV. The staggered fer-
continuum. mion field y has(rea) bare massm; in lattice units. It leads
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=k o ' T "] critical points relevant in our context are summarized, e.g., in
1 ] [11].) The wusual universality of second order lines
1og . suggests—and this is supported by our earlier investigations
S Higes ] [3]—that the whole NE line except point E corresponds to
N <2< _ the same continuum model as point N, the NJL model. The
Y oser e . gauge field is presumably auxiliary and the model is there-
| e ] fore of limited interest there. However, point E is expected to
o[ Memee Prel ] be different, the gauge field playing an important role.
o2 ! E To verify this expectation, we have investigated the criti-
[ | Coulome] cal exponents and spectrum of the model in the vicinity of E.
00 02 04 06 08 C 10 The study of the exponents uses advanced techniques of sta-

tistical physics and is described|i]. Here we only mention
FIG. 1. Phase diagram of theU ¢ model in the chiral limit, the found valuer,=1/3 of the correlation length tricritical

my=0. The =0 limit corresponds to the Nambu-Jona-Lasinio exponent. It is different from=1/2 along the NE line, con-

(NJL) model. The NE line is a line of second order phase transi-ﬂrming the particularity of E. It also differs from the predic-

tions. Other lines are lines of first order transitions. In the Nambution of the classical theory of tricritical points usually be-
phase, chiral symmetry is broken dynamically and the fermionlieved to hold in four dimension$10] and predicting,
F=¢"x is massive. In the Higgs phask, is massless. E is the =1/2. This indicates that point E is a tricritical point with the
tricritical point where the scaling behavior is different from the NJL important role of quantum fluctuations.

model. The Coulomb and Higgs phases extend ygti. The Some insight into the continuum physics, which might be
data points are positions of the phase transitions extrapolated to th§htained at point E, is provided by the spectrum and its scal-
infinite volume. ing behavior. The massesm, are in lattice units and thus

only their ratios are physical. They are determined in the

to four fermion species in the continuum limit. Sign factors Nambu phase without any gauge fixing from the correlation
7, are standard for staggered fermions. The complex scaldunctions of various gauge invariant composite opera@rs
field is constrained|¢|=1. As its “hopping parameter’x  In this sense the massive physical fermkras well as other
increases, it drives the model into the usual Higgs phase. physical states, is composite. The interaction between them

We note that there is no Yukawa coupling betwgeand is due to the van der Waals remnant of the fundamental
¢, as both fields have the same charge. The model li&s U interactions.
global chiral symmetry in the limit of vanishing fermion bare  The fermion masamg>0 decreases when the NE line is
mass in physical unitsn,=0. This is the case we are really approached from the Nambu phase and there it is rather in-
interested in. The numerical simulations have to be Carrie@ensitive to the lattice size. It is small in the H|ggs phase on
out at nonvanishingno, however, and an extrapolation to the finjte |attices, decreasing with increasing lattice size. The
c_hlral limit performed. Foramy# 0, the chiral transforma- §5t5 are consistent with the expected vanishingro in the
tion relates the model at amy. Higgs phase in the infinite volume limit.

The phase diagram at,=0 is shown in Fig. 1. One limit ) — .
case isk=0, corresponding to the massless compact Iattic? We find severak, x bqund statgs and borrow their names
rom QCD. One of them is the obligatory pseudoscalar Gold-

QED. Another important limit case {§=0. Here the model : :
can be rewritten exactly as the lattice NJL mof@lwith the ~ Stoneé bosonr with the dependence oam, as required by

critical point N. The strong four-fermion coupling of that purrent algebra. Ther meson is massless in the c_hiral limit
model corresponds to smaHl The Nambu phase thus con- I the whole Nambu phase. It would get “eaten” if the glo-
nects the broken chiral symmetry phases of both these lim#al chiral symmetry of the¢U ¢ model were gauged. This
models. Only a part of its boundary, the NE line, represent®rocess would be identical with the standard Higgs mecha-
second order phase transitions. nism. Thus we do not need to discuss it and mention it only
Point E is far away from any limit case and it does notfor completeness.
appear to be accessible by any reliable analytic method, nei- We obtain some results for the pion decay constant. The
ther on the lattice nor in continuum. It is “tricritical” be- data suggest a large ratig /mg increasing when point E is
cause in the full parameter spa@ecludingam,) there are, approached. However, the value is sensitive to the lattice
apart from NE, two further second order “wing” lines en- volume and we cannot yet extrapolate it to the infinite vol-
tering E from the positive and negatieen, directions. The ume and continuum limit. If the ratio diverges, it would in-
existence of a common point E of these three second ordetlicate the triviality of the mode(12]. Its current value
lines is neither predicted nor understood. The evidence i$,/mg=1/3 for am=0.4 can be considered as a lower
purely numerical, but quite strong®]. Its position isgBg  bound.
=0.623),kg=0.322). Also the o meson in the antifermion-fermion channel is
The importance of point E is rooted in the experienceobserved. Ther mass is quite dependent both on the lattice
from statistical mechanics that a tricritical point belongs to asize and bare fermion mass, preventing its prediction in the
universality class different from that of any of the secondcontinuum limit with my=0. A strong lattice size depen-
order lines entering into {t10]. (The basic properties of tri- dence off , ando mass has been observed and explained by
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FIG. 2. Mass ratioms/me as a function of the fermion mass  FIG. 3. Effective Yukawa couplingr of the = meson toF
when point E is approached. The data have been obtainedi® 6 (solid symbol$ and the tree level relatiofl) (open symbolsas a
(open circley and 824 (solid circle lattices. function ofame for differentam, at k<=0.30 on a §24 lattice.

means of the Schwinger-Dyson equations in the limit casgoupling, which would describe the interaction betwéen
B=0, the NJL model, and holds apparently also in the vi-and  in the regime where their composite structure can be

cinity of E. neglected. Our measurement, performed in a similar way as
The p mass is insensitive to the lattice size and scales likén [13], is described in detail ifi2,6]. In spite of the com-

the fermion mass, with the approximate valog=2mg.  plexity of the corresponding expressionsg, is measurable

We cannot distinguish between a bound state and a res#ith good precision. The reason is the strict locality of the

nance. used operators. An attempt to measure also an analogous

Also a neutral scalatS boson is seen, appearing as a coupling of theS boson failed becaus8 is described by
composite of¢' and ¢ and as a state of pure gauge field. In extended operators.
the Higgs phase it corresponds to the Higgs boson associated The renormalized Yukawa couplingg is presented in
with the perturbative Higgs mechanism occurring in thatFig. 3 (solid symbol$ for three differentam, at «=0.30 in
phase at larggs. In the Nambu phase it is more natural to the Nambu phase close to E. We show it in dependence on
interpret theS boson as a scalar gauge ball. The transitionam: and compare it with the tree level relation
between both interpretations is smooth, however, and the

corresponding channels appreciably mix in the vicinity of E. (tres_ ME
) . =——\Z.. 1)
The massamg is nonzero in all phases and goes to zero Yr ) m
when the two wing critical lines are approached for amy,. XX

Foram,=0, the masamg goes to zero only at point E. This
illustrates the particular character of the tricritical point E.
Whereas only one of the massas: or amg vanishes on
each of the second order lines, they both vanish at the tricT.h
ritical point. As their ratio remains finite, both corresponding
states are present in the continuum limit taken at this point.
This is the best evidence that the physical conteniver-

sality clas$ of point E differs from that of any of the adja-

The agreement is so good that the open symbols representing
Eqg. (1) in Fig. 3 are nearly invisible.

The values folyy are not significantly dependent amy.
erefore we expect that the value fgg in the chiral limit

am,=0.01 8°24

] ©x=0.30

| ep=0.64

cent second order lines and thus does not correspond to the %if”(::fjm)

NJL model obtained at N. 4 ap=0.00
(6°186)

As amg is only moderately dependent on the lattice size, =
we can estimate its scaling behavior when point E is ap-
proached. This is shown in Fig. 2 fot=0.30, which is
approximately thex coordinate of E. The rationg/mg re-
mains constant wheamg decreases, as long as finite size
effects are negligible. The sudden rise of the data at small
amg is due to the strong finite size dependencak in the
Higgs phase and shifts correspondingly to smallex when ame
the lattice volume increases. These observations suggest thatg g 4 yr of the 7w meson for different couplings along line NE.
the valuems/mg=1/2 would be obtained in the continuum o g o 55 the tree level definition was used. Most data have been
limit at E. taken on a 824 lattice (at =0 on 6°16) with amy,=0.01 (at 8

In the rest of this paper we concentrate on the renormal= 55 jsam,=0.02). Shown is also the curve of maxima! as it
ized Yukawa couplingyr betweenF and 7. It is obtained  results from the first order perturbative expansion in a correspond-

from the three-point function of the corresponding compositéng Yukawa model. This curve goes to 0 fam-—0, as expected
operators and thus can be interpreted as an effective Yukawem triviality.
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is rather well represented by our resultsaaty=0.01. In
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possible bare Yukawa couplifd4,15. As seen in Fig. 4,

Fig. 4 we show these results for substantially different gaugelso in our model close to E, the data are only slightly below

couplings. The results close to point E, {8+0.64,x=0.30,
andB=0.55, are very similar. The values g at 3=0 (NJL

mode) are significantly below the other data, however. This

the curve(2). Thus, in this intervalyg has the same form as
that in the strongly coupled Yukawa models.
For ygr<2, the data are significantly influenced by the

implies that the Yukawa coupling gets stronger as one movef#nite size effects, and we cannot make any conclusion. It

from the NJL model to the vicinity oE by increasing3 at
fixed amg .

might be that some deviation from Yukawa theory occurs
there. The fact thagy is stronger in the vicinity of E than in

In the intervalyg=2-5, where the Yukawa coupling is the NJL model suggests the question of whether it vanishes

determined reliably, we compare our result with the curve of" the continuum limitamg=0, taken there. Is it zero as in
maximal renormalized coupling, resulting from the first or- Yukawa theory, or could triviality be avoided at the tricriti-

der perturbative calculation in the Yukawa modtiviality
boung:
1 Ng

max:—v :_7 2
YR ] O a2 @

cal point? A reliable extrapolation ofg to am=0 at the
tricritical point of the yU ¢ model is a challenge for future
investigations.

We thank D. Kominis, M. Lindner, and E. Seiler for dis-
cussions. The computations have been performed on the
Fujitsu S600, VPP500 and VPP300 at RWTH Aachen, and

with Ne=4 the number of fermions including lattice dou- on the CRAY-YMP and T90 of HLRZ Jich. We thank
blers. In the lattice Yukawa models this upper bound isHLRZ Juich for hospitality. The work was supported by

nearly saturated by the valuesyyf obtained at the maximal

DFG.

[1] C. Frick and J. Jerga Phys. Rev. D52, 340(1995.
[2] W. Franzki and J. Jerkathis issue, Phys. Rev. B8, 034508
(1998.

[3] W. Franzki, C. Frick, J. Jerkaand X. Q. Luo, Nucl. Phys.

B453 355(1995.

[4] W. Franzki, C. Frick, J. Jerkaand X. Q. Luo, Prog. Theor.

Phys. Suppl122 171(1996.

[5] W. Franzki, Nucl. Phys. BProc. Supp). 53, 702 (1997).

[6] W. Franzki, Ph.D. thesis, RWTH Aachen, 1997.

[7]1 W. Franzki, J. Jefda and R. Welters, Phys. Rev. B4, 7741
(1996.

[8]I. M. Barbour, E. Focht, W. Franzki, J. Jéksaand N. Psy-
charis, Phys. Rev. o be publishey hep-lat/9804032.

[9] I.-H. Lee and R. E. Shrock, Phys. Rev. Lé88, 14 (1987).

[10] I. D. Lawrie and S. Sarbach, irhase Transitions and Critical
Phenomenaedited by C. Domb and J. LebowitAcademic,
New York, 1984, Vol. 9, p. 1.

[11] H. G. Evertz, J. Jef&a T. Neuhaus, and P. M. Zerwas, Nucl.
Phys.B251[FS13, 279 (1985.

[12] S. Hands and J. B. Kogut, “Logarithmic corrections to the
equation of state in the SP)XSU(2) NJIL model,”
hep-l1at/9705015.

[13] M. Gockeler, R. Horsley, P. E. L. Rakow, and G. Schierholz,
Phys. Lett. B353 100(1995.

[14] A. K. De and J. Jefda in Heavy Flavorsedited by A. J. Buras
and M. Lindner(World Scientific, Singapore, 1992p. 732.

[15] W. Bock, C. Frick, J. Smit, and J. C. Vink, Nucl. Phy400,
309 (1993.

034509-4



