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Hadron spectrum of QCD with one quark flavor

1. Introduction and motivation

The low-energy dynamics of QCD with a single quark flavdf & 1 QCD) strongly differs
from the one of the multi-flavor theory since chiral symmeagd its spontaneous breaking, is
absent. Nevertheless, several open guestions of the phtrstory may be better understood in the
theory with minimal number of fermionic degrees of freeddinid, [3]. For example[J2], whether
setting to zero just one quark mass produces physical gffecthe one-flavor model, due to the
lack of a chiral symmetry, even the definition of the quark sriasion-trivial [1]. Another question
[B] is whether spontaneous breaking of CP is possible fotiapeombinations of the light quark
masses (negative quark mass for one flavor).

Another intriguing aspect of one-flavor QCD, emerging frommng theory, is the connec-
tion with the.#"=1 supersymmetric Yang-Mills theory (SYM), also investaghby our collabora-
tion [f]. The equivalence of the two theories in the bosoeitiar can be proved at the planar level
of an “orientifold” largeN; limit [§]. Relics of SUSY are therefore expectedNia = 1 QCD (with
N. = 3) where approximately degenerate scalars with opposiityshould be observed. These
two particles can be identified in the single-flavor theorytwthe singlet scalar and pseudoscalar
mesons which we denote with, andns.

As we have argued inf][6], some chiral symmetry can be recdvier; = 1 QCD by embed-
ding the theory in a larger partially quenched (PQ) theorthweidditional valence quark flavors.
This allows to build pions and obtain a possible definitiothaf quark mass by the PCAC relation.

We present here the latest results of an ongoing computatitme low-lying hadron spectrum
of Ny = 1 QCD in the Wilson formulatior{]6], obtained from 3632 and 24 - 48 lattices at lattice
spacinga ~ 0.13fm (L = 2.1 and 31fm). The lightest simulated pion massMls; ~ 300 MeV.

2. Partial quenching

The definition of a quark mass is not immediate in one-flavoDQ@De to the lack of chiral
symmetry (even in the continuum). For example a PCAC quarksncannot be defined. More
generally, the bilinear quark operaigq is not protected against scheme-dependent additive renor-
malizations and the concept of vanishing quark mass couldeveid of physical meanind][1].

In our approach we takiy, = 2 valence quarks degenerate with the (single) sea quark tiAét
Ny > 2 valence quarks plus the sea quark, all mesons and bary@@bfcan be build, appearing

in degenerate multiplets due to the exact 8+ 1) flavor symmetry. A PCAC quark mass can be

defined in the PQ theory by the non-singlet axial-vectoratfdurrentAg,

7@“%'3} ) : (2.1)
2(RER)

n-b CAC

Relation [2.]1) should be considered here just as a possifileittbn of the quark mass iN¢ = 1
QCD (a possible physical meaning of this definition is noinsked at this stage).

In [B], validity of the GMOR relation for the pions in the PQtersion of the one-flavor theory
was confirmed: the masses of the pions can be made to vanislhithlglg tuning the bare quark
mass on the lattice; in this situation the quark m@s$ (2.4jsties, too. This scenario is confirmed
by a study of the chiral Ward identitief [7].
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Table 1: Summary of the runs: the bar indicates runs with Stout-lmthie fermion action (see text).

| L| B | Kk |Neont| plaguette | Tpaq| ro/a
a 12 | 3.80| 0.1700| 5424 | 0.546041(66)| 12.5| 2.66(4)
b 12 | 3.80| 0.1705| 3403 | 0.546881(46), 4.6 | 2.67(5)
c 12 | 3.80| 0.1710| 2884 | 0.547840(67), 7.6 | 2.69(5)
A 16 | 4.00| 0.1600| 1201 | 0.581427(36)| 4.3 | 3.56(5)
B | 16 | 4.00| 0.1610| 1035 | 0.582273(36) 4.1 | 3.61(5)
C |16 4.00| 0.1615| 1005 | 0.582781(32) 3.3 | 3.73(5)
A | 16| 4.00] 0.1440] 5600] 0.577978(23) 9.7 | 3.74(3)
B 16 | 4.00| 0.1443| 5700 | 0.578167(28)| 11.3 | 3.83(5)
Bys | 24 | 4.00| 0.1443| 3900 | 0.578182(10)| 5.8 | 3.83(4)

Although pions do not belong to the unitary sector of the theaheir properties and the PCAC
guark mass can be used for a characterization of the ona-flzeory. In particular the low-energy
coefficients of the chiral Lagrangian can be extracted by raiyais in PQ chiral perturbation

theory [6].

3. Simulation

The gauge action is discretized by the tree-level improwedazik (tISym) lattice actior{]8]
including planar rectanguldd x 2) Wilson loops. We apply the (unimproved) Wilson formulation
in the fermionic sector. Previous resulfs [6] were presgfaesimulations with the original Wilson
formulation; with the goal of improving stability of the Mta Carlo evolution at small quark
masses, we now apply Stout-smeared lifiks [9] in the hoppamixr(one step of isotropic smearing
with coefficientp,, = p = 0.15).

The update algorithm is a Polynomial Hybrid Monte Carlo aitipon with a two-step polyno-
mial approximation (TS-PHMC]T10]. A correction fact6fU] in the measurement is associated to
configurations for which the eigenvalues of the (squaredhtitemn) fermion matrix lie outside the
validity range of the polynomial approximation. S€le [6] foore details on the algorithmic setup.
The sign of the determinant associated to one (light) Wilgoark can become negative on some
configurations, even for positive quark masses. Since trecginnot be taken into account at the
update level, it must be computed “off-line” and includedhie correction factor; the expectation
value of a generic quantité is therefore given by
JldU]oU]CU]AY]

Jldujou]Cu]
whereg|[U] is the sign of the one-flavor determinant. For the computatithe sign we study the
(complex) spectrum of the non-Hermitian matrix conceiricgabn the lowest real eigenvalues: sign
changes are signaled by negative real eigenvalues. Wedppté ARPACK Arnoldi routines on a
transformed Dirac operator. The (polynomial) transfoioratvas tuned such that the real eigen-
values are projected outside the ellipsoidal bulk comgrthe whole eigenvalue spectrufn][11].
This allows an efficient computation of the real eigenval{I&g.

(A) = (3.1)
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Table 2: Results for hadron observableshin = 1 QCD (lattice units).

| aMy,

| aMg,

‘ aMAS

H AMbcac

| aMg

| afy

aMy

0.462(13)

0.660(39)

1.215(20)

0.0277(5)

0.3908(24)

0.1838(11)

1.044(5)

0.403(11)

0.629(29)

1.116(38)

0.0195(4)

0.3292(25)

0.1730(15)

0.956(3)

0.398(28)

0.584(55)

1.204(57)

0.0108(12)

0.253(10)

0.156(10)

1.01(5)

0.455(17)

0.607(57)

1.006(15)

0.04290(36)

0.4132(21)

0.1449(9)

0.902(4)

0.380(18)

0.554(52)

0.960(15)

0.02561(31)

0.3199(22)

0.1289(10)

0.798(5)

0.344(21)

0.576(53)

0.971(30)

0.01681(33)

0.2622(19)

0.1190(17)

0.762(9)

0.347(16)

0.538(41)

0.855(50)

0.01651(27)

0.2471(19)

0.0983(20)

0.733(13)

WO >|o|T|w

0.286(18)

0.485(46)

0.848(70)

0.01094(23)

0.2028(35)

0.0913(24)

0.670(20)

oY)

24| 0.261(11)

0.496(22)

0.900(24)

0.01047(17)

0.1958(15)

0.0920(11)

0.672(10)

The updating has been performed by applying determinakiup by a factor of two (that
is, two half-flavors were considered instead of one). Theatgpdequence consisted of two PHMC
trajectories followed by an accept-reject step by the sg¢precise) polynomial approximation.
The precision of the first polynomial approximation was tiseich that an acceptance of about
90% was obtained. The same acceptance was required for ttnepdks test at the end of every
individual PHMC trajectory by tuning the trajectory lendth4-0.5). This resulted in a high total
acceptance rate of about 80%. The gauge configurations veeesl after every accept-reject step
by the precise polynomial. Relatively short trajectoriesr@vchosen in order to have many con-
figurations for the glueball mass determination. Optimizabf the parameters of PHMC turned
out to have a substantial impact on the integrated autdatioe times of the average plaquette.
Information about the sets of configurations generated upte can be found in Tablg 1. New
results presented in this Contribution concern 1GnA, B, Bya.

We fix the lattice scale by the Sommer scale parantgtgid]. For the conversion into physical
units we assume the conventional vahge= 0.5fm. As in ordinary QCDyo/a grows with the
hopping parametex; consistently with a massless scheme the valug faf should be extrapolated
to the critical valuek = k. where the PCAC quark masfk (2.1) vanishes. The number of quark
masses at our disposal are however not sufficient for anpotaon and we rely on the value at
the highestk for given 3. We obtain in this way(3.8) ~ 0.19fm anda(4.0) ~ 0.13fm. This
corresponds to a roughly constant volume 2.1fm. In order to check finite volume effects, a run
on a larger 2. 48 lattice has been started, see Table 1, corresponding-t8.1fm.

We observe that, for a fixed quark mass (in lattice units)Steait-smearing leavesg/a es-
sentially unchanged (as can be seen by comparing@mm:iAT). On the basis of this observation,
we will assume approximate equality of the lattice spactlie 8 = 4.0 runs with and without
smearing; therefore data from both sets will be includechalyzes at fixed lattice spacing.

4. Hadron spectrum

The disconnected diagrams of thgand g correlators (with usual interpolating fields) were
computed by applying for each configuration 20 stochasticcas with compleX, noise and spin
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Figure 1: The mass of the lightest physical particles in one-flavor GG function of the squared pion
mass in units of the Sommer scale. The hadron masses argledlty the value ofy/a at the giverx.

dilution. In consideration of autocorrelations, we anatyzvery 10th, 16th or 32th configuration
according tak. The resulting statistics vary between 400 and 600.

In the case of the baryon, we take the interpolating #g(ot) = €anc[Wa(X)TCyi W (X)]We(X) .
The low-lying projected state is expected to be a sgid @Barity-positive particle which we denote
with Ag (the desired spin 3/2 component is extracted by spin-piiojgc It corresponds to the
AT (1232 baryon of QCD if the single quark is identified with thequark.

In the PQ sector we measure the pion observaldNgs,f;;, Mocac, I Which case correlators
trivially coincide with the connected parts of the corrasgiag s correlators; the nucleon mass is
determined by applying the standard projecting operglfor [6

No smearing was applied for the extraction of the massesuriistout however that this
is necessary in the baryon sector where the approach to yinepastic behavior is slow. The
optimization of the overlap with the ground state by Jacaiearing is in plan.

Results. The results for the hadron observables in lattice unitsigiolg new runs with Stout-
smearing are reported in Talle 2. The lightest pion masesponds to~ 300MeV. From the
comparison between ruBsand B,y (L=2.1fm andL = 3.1fm, respectively) finite volume effects
can be estimated. These are below the statistical accurat®%o) for the particles in the unitary
sector. In the pion sector, they exceed statistical acgurathe case of the pion mass and of the
PCAC quark mass, however they are relatively smaltfo in both cases). Observe that the sign
of the finite size scaling agrees with what is observed indetethQCD.

In Fig.[3 the hadron masses in the unitary sector are repirtelalysical units as a function of
the squared pion mass. Thgand theAs masses are (surprisingly) near to the values observed in
nature for the corresponding particles or resonances.ntrast, the)s meson is much lighter than
the QCD flavor-singlety’; this can be understood]] [6] in terms of the Witten-Venezitormula.

The ns mass, which shows a clear quark mass dependence, can bpokatid to zero quark
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Figure2: The PQ sector of one-flavor QCD: the nucleon mass as a funaftitve square pion mass in units
of the Sommer scale. The pion mass is also reported for casopar

mass by applying the LO chiral perturbation theory form{d, BIM3, = (MZ+M2)/(1+a),
with My anda constants. The result ispM;, (Mg = 0) = 0.84(5) [330(20) MeV]; the error also
includes a rough estimate of the extrapolation uncertagiitained by comparing results including
or excluding the heaviest quark mass. It is interesting tagare this result for thgs mass with
the one obtained by our collaboration for the correspongaaticle in SU(2) SYM, thedjoint n’
(a-n"): roMa-ps = 1.25(5) [49920)MeV] [H]. Since the quark mass dependence ofdienass
cannot be seen with our statistical accuracy, we simplyyappiit to a constant; the result is:
roMg, = 2.05(9) [810(35) MeV].

We can now check our results against the prediction from ttentifold planar equivalence
[[3]: Mn./Mg, = (Ne — 2)/Nc x (1+ &), where the correctiod = O(1/N¢, 1/N?) is expected to
be suppressed. We obtain:

% = 0.410(32)(25), & =0.23(10)(7). (4.1)

(the second error comes from the extrapolation, only data thel. = 2.1fm volume are included).
The relatively small value od seems to confirm suppress@dl/N;) corrections, as expected on
theoretical groundd [15]. Small deviations from the legdmientifold prediction were also ob-
served for the fermion condensate, in numerical simulatf@f], and in an analytical computation
for free staggered fermiong J17]. The inclusion in the asialpf smaller quark masses and larger
volumes could further lower the ratip (4.1) and therefoeedbviationd.

Purely gluonic operators, the glueballs, project onto &pstates, too. We investigate here
the O+ state, which is expected to mix with tlig. We neglect for the moment possible mixings
with the mesonic state and consider diagonal correlatdgs 8ince the computational load is low,
we analyze in this case each configuration; this allows tainka decent signal for the case of the
Stout-runs, where fluctuations are reduced. We obighify- = 1.94(25) for run A and 243(35)
for run B; these results are in the ballpark of iemass in accordance with strong mixing.
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The behavior of the nucleon mass as a function of the pion stasared is reported in Fifg. 2;
for comparison, we also report the pion mass. Also in the cBee nucleon we observe a surpris-
ing agreement with the expectations from the physical world

5. Conclusions and per spectives

New data from simulations of lighter quark masses in suffitjelarge volumes allowed first
guantitative estimates for the hadron spectrunNpf= 1 QCD. Results for th@s and ns masses
could be compared with the predictions from the orientifetfliivalence; the deviation from the
leading formula for the ratio of the masses turns out to batively small, in accordance with
observations for the fermion condensdtg [16, 17]. With steeption of a lighters, no other strik-
ing deviation from the physical (multi-flavor) picture iss@yved for the measured quantities. The
simulation of additional lighter quark masses in view of aalgsis in chiral perturbation theory is
planned for the future. The search for the expected CPinglghase transition is ongoing.

The computations were carried out on Blue Gene L/P and Juldtersg at JSC Jilich (Ger-
many).
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