RAPID COMMUNICATIONS

PHYSICAL REVIEW D, VOLUME 58, 111502

Diquark masses from lattice QCD
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We present the first results for diquark correlation functions calculated in the Landau gauge on the lattice.
Masses have been extracted from the long distance behavior of these correlation functions. We find that the
ordering of the diquark masses with spin 0 and 1 states in color anti-triplet and sextet channels is in accordance
with instanton motivated interaction models. Although we find evidence for an attractive interaction in color
anti-triplet states with a splitting between spin 0 and spin 1 diquarks that can account for the mass splitting
between the nucleon and the delta, there is no evidence for a deeply bound diquark state.
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[. INTRODUCTION tion of diquark correlation functions on the lattice. In par-
ticular, we present results for diquarks in the color anti-
For a long time it has been speculated that QCD at a finitdriplet representation. Our spectrum calculations have been
baryon number density and low temperature may have gerformed in quenched QCD using perturbatively improved
much richer phase structure than at high temperature and lo@gauge and fermion actions. As quark and diquark correlation
or vanishing baryon number density. In general, this is due téunctions are gauge-variant observables, we have performed
the fact that quantum statistics are much more important &/l our calculations in a fixed gaugewe have used the
low temperature and energetically favors bosonic forms of-@ndau gauge as is commonly done in the analysis of quark
matter over fermionic matter. At low temperature and low[10,11 and gluon massgd2,13 on the lattice.
density, the possibility of pion and kaon condensates thus
has been discussed. Unlike in the high temperature casel. QUARK AND DIQUARK CORRELATION FUNCTIONS
where it is evident that the strongly interacting matter exists I . .
in the form of a quark-gluon plasma, it has been speculated While it is generally expected that the interaction between

that at high baryon density bosonic states—diquarks anP a”‘?' dqwn quarks in a spin O color anti-triplet state is
even larger quark clusters—may play an important fale attractive, it is not that obvious how quarks in other quantum
Recently, it has been suggested that diquarks may, in fac um_ber chann_els_lnteract. The analysis of_dlquark states in
form a Bose condensate at high densities and low temperé—? Instanton liquid model suggests a quite deeply bound
spin 0 diquark stat¢9]. Such calculations, however, may

2 Iso th ibility of a di h h
gjg;:;[bﬁ]er?g?sgussc;édi possibility of a dibaryon phase asmiss a contribution from the confining part of the quark-

The realization of such states of matter crucially dependguark int_eraction. In generalz the diquark masses Wi!l _receive
on details of the interaction among quarks. In particular, thecontr|b_ut|0ns from the constituent masses, the_ conflnl_ng and
analysis of the fine structure of the hadron spectrum such e@e spw;-depen(ljent part (I)f thg Iqusrk-quark !gteractlon. In
the nucleon-delta mass splitting suggests that there exists!8™MS Of & simple potential model, these contributions are to

strong attractive force between quarks in a color anti-triplef®2ding order additivé6],
state with anti-parallel spin orientation which leads to the
formation of a diquark state. Such a spin dependent interac-

tion naturally arises in the framework of perturbative QCthere the subscripESC denotesflavor, spin and color

from one-gluon exchandgé]. Furthermore, it has been real- quantum numbers, denotes the constituent quark mass
ized that a spin and flavor dependent interaction among con; - g I . ’
stituent quarks is needed to account for a satisfactory de=co"f and Vs are the contributions from the confining and

scription of the fine structure of the experimentally observed’ pin-dependent parts of the quark-quark potential. The latter

baryon spectruni]. Such an attractive spin and flavor de- may include contributions from flavor-spin as well as color-
y P LS L pin spin dependent interaction terms. Some information on the
pendent interaction indeed is induced by instantphs].

This raises the possibility for the existence of rather tightlycomrIbUtlon of the different terms to the diquark masses ex-

bound spin 0 diquark states. Some indications for such stat ists from the analysis of hadron masses within the framework

e .
have been found from the analysis of diquark correlationO% potential models. In the case of three quark states, the

functions in the instanton liquid modé®]. A quantitative corresg)ndlng form of Eq.(2.1) reads, for instance,
analysis of the interaction between quarks is clearly needef@n=3Mq* Veoni+2Vo+Vy  for  the nucleon and
to judge the existence of the interesting diquark phase struc-
ture discussed if2,3]. In particular, the possible coexistence
of a chiral symmetry broken phase with a diquark condensate!Alternatively, one could couple the light diquark states to a heavy
will crucially depend on the value of the diquark masses. quark, which serves to neutralize the cdlef. This, however, only

In this paper we will present first results from a calcula-tradesgauge dependenagainstpath dependence

Mesc= ZEq-I—Vconf-l-VS, (21)

0556-2821/98/58.1)/1115024)/$15.00 58 111502-1 ©1998 The American Physical Society



RAPID COMMUNICATIONS

M. HESS, F. KARSCH, E. LAERMANN, AND |I. WETZORKE PHYSICAL REVIEW 38 111502
TABLE I. Diquark states with spir§ in flavor (F) and color 3 . T
(C) anti-triplet and sextet representations. The third and fourth col- mmq +
. . . . . 303 b
umn give the relative stre.ngth of |pteract|on terms correspondingto o5 ™ my —m—
a flavor-spin and color-spin couplingg~ (A3A3)(s:S,), wherea?
denote the generators 8fU(3)fa,0r OF SU(3)coi0r, respectively. 5| . 0447 |
(F,S,C) State F-S coupling C-S coupling @ L
c 15} E
(3*.0,3)  €and C78)apli],oh 4 -2 -2 = .
(6,1,3) €apdil Ul -1/3 2/3 S L " 2 s wwuwuwansh ]
(3%,1,6) ul dl 213 -1/3 R A B %
(6.0, (C¥8)aptl alil 5 1 1 05t .
A A A A A A & A A & » 3 i
— ~ . ~ 0 1 1 L 1 ! 1
My =3My+Veonst 3Vy for the delta, withVeq,=3Veons- 0 2 4 6 8 10 12

tmin

While the masses are expected to receive the largest contr,
butions from the constituent mass termg=300 MeV) and FIG. 1. Masses extracted from single exponential fits to the
the confining part Ycont=200 MeV [6)), the nucleon-delta o rejation functions of quark, color anti-triplet spin 0 diquark and
mass splitting is entirely determined by the difference in thenycleon atc=0.147 in the intervalt, 32—t ;. ]-

spin dependent part of the potential. The latter also is related

to the mass splitting of th8=0 andS=1 diquarks, ) . )
the fermion sector, we use the Sheikholeslami-Wohlert ac-

Me13— Maga= 5(My —My). (2.2)  tion with a tree-level clover coefficiefii6]. On each gauge
field configuration, the fermion matrix has been inverted four
In the following, we will analyze5=0 andS=1 diquark  times, i.e., with source vectors at four different lattice sites,
states in different color and flavor representations. The foufgor eight different quark mass values. Our analysis thus is
different states considered are listed in Table I. based on a sample of 292 quark propagators. Fits have been
The corresponding diquark correlation functions are builtperformed with one and two exponential functions. Leaving
up from the quark correlation functioB3°;. For the color out successively data points at small time separations, we

anti-triplets we obtain, for instance, look for stable results for the fitted masses. Typical results
303 - ad ~be obtained from single exponential fits of quark, diquark and
Ger (X,1) = €ancede( Cv5) ap(CV5) y5G 0y Cps: nucleon correlation functions are shown in Fig. 1. Fits with
two exponential functions do reach a plateau earlier and
613 ¢ 1) — de~b bd : .
G (X,1) = €apceded GapGap— GapGap): yield consistent results.
(2.3 In addition to the gauge dependent quark and diquark cor-

relation functions, we also construct the standard hadron cor-
relation functions for the pion, rho, nucleon and delta. The

freedom. ; . .
We have analyzed these correlation functions in Landal?Ight different quark masses selected correspond_ to the Inter-
al 0.5<m_/m,<0.9. Our current analysis thus is still re-

auge. To be specific, we have calculated the diagonal cor’2. . .
glal:grs GF,S’C(t)pE(IBIF,S,\éV andvthe sc:Iar art of Ithge uark stricted to rather heavy quark masses. This is also reflected in
' aa P U8 the fact that the ratiany/m, is still close to that of the
propagator,G,(t)=4G;7, where the sum is taken over P

d 4 al " tal dinates der t additive quark model, i.e.ny/m,=1.5. Nonetheless, we
and « and also over the spatial coordinabesn order 10 nqta that our analysis does yield quite sizeable results for the
project onto zero-momentum states.

X . ._nucleon-delta mass splittif@able 1l) which was determined
Our calculations have been performed on lattices of Sizgo 5 gimuitaneous fit of the ratio of nucleon and delta
16°x32. The gauge field configurations have been generateg o |ation functions and the nucleon correlation functions.

with a tree-level Symanzik improved action at a gauge CoUr o an extrapolation to the chiral limit, we obtain,

pling 6/g>=4.1. A calculation of the string tension at this —my=184(63) MeV, which is about 400/; below the ex-
value of the coupling leads tgoa=0.3773(22), i.e. @ CUt- porimental value. It is, however, consistent with earlier cal-
off a”"=1.1 GeV[14].” We have generated 73 gauge field ¢ jations with similar parametefd7,18. For our current
separated by 100 sweeps of 4 overrelaxation and 1 heat bafly5\ysis; it is reassuring that we can observe a sizeable split-

steps each. These are fixed to Landau gauge using an alg@q in baryonic states and are thus sensitive to the spin de-
rithm based on Fourier accelerated overrelaxafib®]. In pendence of hadron masses.

The basic component for the analysis of diquark correla-
tion functions is the quark propagator. Although the quark
2Here and in the following, we usg¢o=420 MeV to set the scale Mass is, in principle, a gauge-variant quantity, it has been
for all masses. Althougo is experimentally less well determined found to show only little gauge dependence in a class of
than a hadron mass, it is more appropriate to use it to set the sca@@variant gauges, which includes the Landau galig#.
in a quenched calculation where hadron masses are calculated féhe quark masses extracted in Landau gauge are consistent
various values of the quark mass. with constituent quark mass values (850-400 MeV

where Latin(GreeK indices denote colafspinoy degrees of
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TABLE II. Hadron masses and the nucleon-delta mass splitting 06 I ' " "
for various values of the hopping parameter. The last row gives the
results of an extrapolation to the chiral limit obtained from a linear 0.55 -
fit in K’lfxc’l. The critical value of the hopping parameter for

K, = 0.14923(2)

vanishing pion mass has been determineaas0.1492%2). 05 ¢
045
K m, m m my—m &
? N il g o4l
0.140 0.9101) 1.0252) 1.6086) 0.06510) 0.35

0142  0.7941) 09322)  1.45716)  0.07912
0.144  0667l) 0.8363)  1.2986)  0.09816) 03|
0.145  0596l) 0.7874)  1.2127)  0.11420)
0.146  05181) 0.7397)  1.12210) 0.12822)
0147  043@) 068815 1.02913  0.13541) 02 - -
0.1475 037®@) 0.66%18  0.98213  0.13166) 66 6.7 68 63 7 71 72

0.148 0.3163) 0.59566) 0.92414) 0.14797)

13 my —m— -
1/6 (mpy+my) —x—
0.25 m, —aA&— A

12 mggy —e—

FIG. 2. 1/2 diquark303), 1/3 nucleon and 1/6 (nucleertelta)
Ke 0.57918) 0.821(13) 0.16656) in comparison with the quark mass calculated in Landau gauge.

=2. The mass values obtained from such fits are given in

[10,11. Our results for the quark correlation function are Tables Il and Ill. In Fig. 2 we show results for half the spin
consistent with these earlier findings. We generally observe diquark masses and a combination of nucleon and delta
that local masses extracted fra@y(t) rise with increasing masses, Ifi, + my)/6, which generally is used as a definition
temporal distanc¢ and develop a plateau fa=6. In this  of the constituent quark mass. As expected from potential
region we have performed exponential fits to extract themodels,m\/3 is significantly lighter than the quark masses
quark mass. The results are summarized in the second cdalculated by us in Landau gauge. We also note that in the
umn of Table Ill. Using the five largest-values to extrapo- chiral limit (k=«,), the quark mass agrees quite well with
late linearly in k *—«;* to the chiral limit, we find (m,+my)/6. This is quite astonishing, as this phenomeno-
mq/£= 0.813(30) orm,=342(13) MeV. logically defined constituent quark mass receives, at least in

The diquark correlation functions corresponding to thethe context of potential models, additional contributions
color anti-triplet representation show a remarkably clean exfrom the confining part of the potentials as well as the spin-
ponential decay. This is reflected in the sntatlependence dependent parts. This difference also is reflected in the dif-
of local masses shown in Fig. 1 and also suggests the exiferent hopping parametépare quark magslependence seen
tence of an attractive interaction in this channel. Althoughin Fig. 2.
the diquark correlation functions are also gauge variant, the The mass of the spin 0, color anti-triplet diquark is
local masses show a behavior very similar to that of ordinanslightly larger than twice the constituent quark mass. Inter-
hadron masses. They approach a plateau from above. In tipeeted again in terms of a potential model, this suggests that
case of the spin 0 diquark state, this is typically reachedhe positive energy contribution resulting from confinement
already fort=4. For the spin 1 correlation functions, we is just balanced by a contribution from an attractive spin
observe larger contributions from excited states at short dignteraction. From Fig. 2 as well as Tables Il and Il it is,
tances and consequently the plateau is reached only for however, obvious that the diquark masses show no indication
= 6. The situation is improved when we perform fits with for a deeply bound diquark state. In the tables we also give
two exponentials. These yield stable results for distances the result of an extrapolation to the chiral limit which is

based on the five lightest quark masses and is obtained from

TABLE lIl. Quark and diquark masses for various values of thea fit linear in x«~*— Kc’l_ Using again the string tension to

hopping parameter. The last row gives the results of an extrapolaset the scale, we finthyog= 694(22) MeV.

tion to the chiral limit obtained from a linear fit iR *—«_ *. Similar to what has been observed in the case of the delta-
— nucleon mass splitting, we find that the difference between
K My M3o3 Me13 the masses of the spin 0 and spin 1 diquarks increases with
0.140 0.5865) 1.1909) 1.20711) decreasing guark mass. _This _is _shown ir_1 Fig. 3. From an
0.142 0.5315) 1.07912) 1.10213) (ixtrapolanon t(r)f tﬁel (]:(h|rall limit, we 0f|nd;n6ﬁ3_ m3|93_
0.144 0.4796) 0.96714) 0.99314) —0.104(42), which in fact is abput 60% of t e sp itting
found in the nucleon channel. This agrees well with the be-
0.145 0.446) 0.90115) 0.93615) . -
havior expected from potential modd€Eq. 2.2.
0.146 0.4108) 0.83915) 0.88026) - . .
Let us finally comment on the correlation functions for
0.147 0.378L1 0.77415) 0.82133) . . - -
0.1475 0.36(12 0.73718 0.80635 diquarks in a color sextet representation. We find that these
: -36012) -73118) 80639 have a much smaller amplitude and are therefore much more
0.148 0.34411) 0.69618) 0.80645)

noisy. Moreover, they receive much larger contributions
Ke 0.30712) 0.62319) 0.72737) from excited states at short distances and reach a plateau
only very late. The general tendency is that the color-sextet
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2 - - - - - - - with fairly large quark massesn(,/m,=0.5), the current
analysis does seem to rule out a deeply bound diquark state.
For the lightest spin O state, we fimasyz~=700 MeV which

_ is slightly larger than twice the constituent quark mass.

This makes the existence of a diquark phase coexisting
with a chiral symmetry broken phase as suggestefin
unlikely. However, our finding of a sizeable splitting be-
tween the spin 0 and 1 anti-triplet diquark states and the clear
exponential decay of the corresponding correlation functions
my —a— gives some support for an attractive g-q interaction in the
my —%— 7 spin 0 channel and for the existence of a color superconduct-
mmq : ing diquark phase at high density. We should stress that our

Moy current analysis has been performed in e 0 confining
0 : : : . . . phase of QCD where the attractive interaction due to instan-
66 67 68 69 JK Tz s 74 tons (flavor-spin coupling is expected to give the dominant
contribution. In the high density regime, it is expected that

FIG. 3. Mass splitting between color anti-triplet diquarks andihe instanton induced interactions become suppressed and
r_lucle_on/delta: The lines show fits to the results obtained with thebne-gluon exchangéolor-spin coupling becomes increas-
five lightest quark masses. ingly important for the attractive interaction. Further studies
of the temperature and density dependence of diquark
Hasses as well as the nucleon-delta splitting are thus needed.
Fhe latter will be difficult to analyze for 3-color QCD due to
the well-known algorithmic problems in QCD with non-
vanishing chemical potential. The density dependence of the

g-q interactions may, however, first be analyzed in 2-color
lIl. CONCLUSION QCD[2].

K. = 0.14923(2)
15}

Mass
-

05

states have larger masses than the triplet states. This is
accordance with expectations based on a flavor-spin depe
dent coupling(Table ). We will report on a more detailed
analysis of these correlation functions elsewhere.
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