arXiv:hep-ph/0304147 v1 15 Apr 2003

UMN-D-03-3 hep-th/0304147

Spectrum of N = 1 massive super Yang–Mills theory with fundamental matter in 1+1 dimensions

J.R. Hiller

Department of Physics, University of Minnesota-Duluth, Duluth, MN 55812, USA

S.S. Pinsky and U. Trittmann

Department of Physics, Ohio State University, Columbus, OH 43210, USA (Dated: April 15, 2003)

Abstract

We consider N = 1 supersymmetric Yang–Mills theory with fundamental matter in the large- N_c approximation in 1+1 dimensions. We add a Chern–Simons term to give the adjoint partons a mass and solve for the meson bound states. Here “mesons” are color-singlet states with two partons in the fundamental representation. The spectrum is exactly supersymmetric, and there is complete degeneracy between the fermion and boson bound states. We find that the mass spectrum is composed of two distinct bands. We analyze the properties of the bound states in each band and find a number of interesting properties of these states. In both bands, some of the states are nearly pure quark-gluon bound states while others are nearly pure squark-gluon bound states. The structure functions of many of the bound states found are very strongly peaked near x = 0. The convergence of the numerical approximation appears to be very good in all cases.

I. INTRODUCTION

At this point there is no direct evidence for supersymmetry. Nevertheless supersymmetry is such a beautiful symmetry and provides such elegant solutions to a host of theoretical problems [1] that many believe that it must be present in nature. It is a pressing experimental issue to see if nature takes advantage of this elegant option. Of course, we already know that supersymmetry is rather badly broken, since we do not see any superpartners for the particles of the standard model. It is assumed that all of the superpartners are in fact very heavy and that we will see them as we go to higher energies in accelerators. It is therefore extremely interesting to investigate what the properties of supersymmetric bound states might look like. There are indications that some unusual things can happen in a theory with supersymmetry [2, 3].

We present here the solution of an N = 1 super Yang–Mills (SYM) theory with fundamental matter in 1+1 dimensions. We also add a Chern–Simons (CS) term to give the adjoint matter a mass. There are several motivations to look at (1+1)-dimensional models. ’t Hooft [4] showed long ago that two-dimensional models can be powerful laboratories for the study of the bound-state problem. These models remain popular to this day because they are easy to solve and share many properties with their four-dimensional cousins, most notably stable bound states. Supersymmetric two-dimensional models are particularly attractive, since they are also super-renormalizable. Given that the dynamics of the gauge field is responsible for the strong interaction and for the formation of bound states, it comes as no surprise that a great deal of effort has gone into the investigation of bound states of pure glue in supersymmetric models [5, 6]. Extensive study of the meson spectrum of non-supersymmetric theories has been done (see [7] for a review). Recently an initial study addressed some of these states in the context of supersymmetric models [8]. In addition to these reasons for studying (1+1)-dimensional models, we are also interested in investigating them as the first step toward solving (2+1)-dimensional models. A (2+1)-dimensional model can be much more realistic, since it includes some transverse dynamics.

Currently there are several numerical approaches to solving field theories. For QCDlike theories, lattice gauge theory is probably the most popular approach, since the lattice approximation does not break the most important symmetry, gauge symmetry. Similarly for supersymmetric theories, supersymmetric discrete light-cone quantization (SDLCQ) [5, 7, 9, 10] is probably the most powerful approach since the discretization does not break the most important symmetry, supersymmetry [11]. In this paper we consider supersymmetric theories and follow this latter approach. To simplify the calculation we will consider only the large-N_c limit [4], which has proven to be a powerful approximation for bound-state calculations. While baryons can be constructed in this limit [12], they have an infinite number of partons, and thus practical calculations for such states are complicated.

Throughout this paper we use the word “meson” to indicate the group structure of the state. Namely, we define a meson as a bound state whose wave function can be written as a linear combination of parton chains, each chain starting and ending with a creation operator in the fundamental representation. In supersymmetric theories, the states defined this way can have either bosonic or fermionic statistics.

Previously we saw that the lightest bound states in N = 1 supersymmetric theories are very interesting [2, 3]. In SYM theories in 1+1 and 2+1 dimensions, the lightest bound states in the spectrum are massless Bogomol’nyi–Prasad–Sommerfield (BPS) bound states [5]. These states are exactly massless at all couplings. When we add a CS term to the (1+1)- dimensional SYM theory, which gives a mass to the constituents, we find approximate BPS states. The masses of these states are approximately independent of the coupling, and at strong coupling these states are the lightest bound states in the theory [2]. In (2+1)- dimensional SYM-CS theory we also find that at strong coupling there are anomalously light bound states [3]. In both 2+1 and 1+1 dimensions, these interesting states appear because of the exact BPS symmetry in the underlying SYM theory. We have also looked at the lightest bound states of SYM-CS theory with fundamental matter [13]. Again we see that the lightest bound states are significantly lighter than one would have naively expected. We found that the lightest state is nearly massless and well below threshold.

We will see that this model has a number of interesting bound states in addition to the lowest mass state that we studied previously [13]. The bound states separate into two bands, a low-mass band and a high-mass band. Interestingly the low mass permits two solutions for bound states. The preferred solution has an unusual oscillatory convergence. Some of the states in the low-mass band are very light and well below threshold. The upper band has the standard linear convergence. In both bands, some of the states are nearly pure quark-gluon states, and some are nearly pure squark and gluons. Some have structure functions that are very sharply peaked at small longitudinal momentum fractions, and some have several of these properties.

Throughout this paper we completely ignore the zero-mode problem [14, 15]; however, it is clear that considerable progress on this issue could be made following our earlier work on the zero modes of the two-dimensional supersymmetric model with only adjoint fields [16].

The paper has the following organization. In Sec. II A we consider three-dimensional supersymmetric QCD (SQCD) with a CS term and dimensionally reduce it to 1+1 dimensions. We perform the light-cone quantization of the resulting theory by applying canonical commutation relations at fixed x^+ ≡ (x^0 + x^1)/ √ 2 and choosing the light-cone gauge (A^+ = 0) for the vector field. After solving the constraint equations, we obtain a model containing four dynamical fields. We construct the supercharge for this dimensionally reduced theory. In Sec. II B we discuss the structure of the lighter meson bound states in the large-N_c approximation. In Sec. II C we discuss the addition of a CS term to the supercharge [17, 18, 19]. We explain that, in the context of this model, this is equivalent to adding a mass to the partons in the adjoint representation. In Sec. III we discuss the bound-state solutions that we find, including the mass spectrum, structure functions and the numerical convergence of the various bound states. In Sec. IV we discuss our results and the future directions that are indicated by this research.

II. SUPERSYMMETRIC SYSTEMS WITH FUNDAMENTAL MATTER

A. Construction of the supercharge

We consider the supersymmetric models in two dimensions which can be obtained as the result of dimensional reduction of SQCD_{2+1}. Our starting point is the three-dimensional action S = ∫ d^3xtr ( − 1 4 F_{μν} F^{μν} + i 2 Λ̄Γ^μD_μΛ + D_μξ^†D^μξ + iΨ̄D_μΓ^μΨ − g [¯ ΨΛξ + ξ^†Λ̄Ψ ]) . (2.1)

This action describes a system of a gauge field A_μ, representing gluons, and its superpartner Λ, representing gluinos, both taking values in the adjoint representation of SU(N_c), and two complex fields, a scalar ξ representing squarks and a Dirac fermion Ψ representing quarks, transforming according to the fundamental representation of the same group. In matrix notation the covariant derivatives are given by

D_μΛ = ∂_μΛ + ig[A_μ, Λ] , D_μξ = ∂_μξ + igA_μξ , D_μΨ = ∂_μΨ + igA_μΨ . (2.2)

The action (2.1) is invariant under the following supersymmetry transformations, which are parameterized by a two-component Majorana fermion ε: δA_μ = i 2 ε̄Γ_μΛ , δΛ = 1 4 F_{μν} Γ^{μν} ε , δξ = i 2 ε̄Ψ , δΨ = − 1 2 Γ^μεD_μξ . (2.3)

Using standard techniques one can construct the Noether current corresponding to these transformations as

ε̄q^μ = i 4 ε̄Γ^{αβ} Γ^μtr (ΛF_{αβ}) + i 2 D^μξ^† ε̄Ψ + i 2 ξ^†ε̄Γ^{μν} D_ν Ψ − i 2 Ψ̄εD^μξ + i 2 D_νΨ̄Γ^{μν} εξ . (2.4)

We will consider the reduction of this system to two dimensions, which means that the field configurations are assumed to be independent of the transverse coordinate x^2. In the resulting two-dimensional system we will implement light-cone quantization, where the initial conditions as well as canonical commutation relations are imposed on a light-like surface x^+ = const. In particular, we construct the supercharge by integrating the current (2.4) over the light-like surface to obtain ε̄Q = ∫ dx^−dx^2 ( i 4 ε̄Γ^{αβ} Γ^+tr (ΛF_{αβ}) + i 2 D_−ξ^† ε̄Ψ + i 2 ξ^†ε̄Γ^{+ν} D_ν Ψ − i 2 Ψ̄εD^+ξ + i 2 D_νΨ̄Γ^{+ν} εξ ) . (2.5)

Since all fields are assumed to be independent of x^2, the integration over this coordinate gives just a constant factor, which we absorb by a field redefinition.

If we use the following specific representation for the Dirac matrices in three dimensions:

Γ^0 = σ_2 , Γ^1 = iσ_1 , Γ^2 = iσ_3 , (2.6) the Majorana fermion Λ can be chosen to be real. It is also convenient to write the fermion fields and the supercharge in component form as Λ = ( λ, λ̃ )_T , Ψ = ( ψ, ψ̃ )_T , Q = ( Q^+, Q^− )_T . (2.7)

In terms of this decomposition the superalgebra has an explicit (1, 1) form

{Q^+, Q^+} = 2 √ 2P^+ , {Q^−, Q^−} = 2 √ 2P^− , {Q^+, Q^−} = 0 . (2.8)

The SDLCQ method exploits this superalgebra by constructing P^− from a discrete approximation to Q^− [9], rather than directly discretizing P^−, as is done in ordinary DLCQ [7].

To begin to eliminate nondynamical fields, we impose the light-cone gauge (A^+ = 0). Then the supercharges are given by

Q^+ = 2 ∫ dx^− ( λ∂_−A^2 + i 2 ∂_−ξ^†ψ − i 2 ψ^†∂_−ξ − i 2 ξ^†∂_−ψ + i 2 ∂_−ψ^†ξ ) , (2.9)

Q^− = −2 ∫ dx^− ( −λ∂_−A^− + iξ^†D_2ψ − iD_2ψ^†ξ + i √ 2 ∂_−(ψ̃^†ξ − ξ^†ψ̃) ) . (2.10)

Note that apart from a total derivative these expressions involve only left-moving components of the fermions (λ and ψ). In fact, in the light-cone formulation only these components are dynamical. To see this we consider the equations of motion that follow from the action (2.1), in light-cone gauge. Three of them serve as constraints rather than as dynamical statements; they are ∂_−λ̃ = − ig √ 2 ( [A^2, λ] + iξψ^† − iψξ^† ) , (2.11) ∂_−ψ̃ = − ig √ 2 A^2ψ + g √ 2 λξ , (2.12) and ∂^2_−A^− = gJ , (2.13)

with J ≡ i[A^2, ∂_−A^2] + 1 √ 2 {λ, λ} − ih∂_−ξξ^† + iξ∂_−ξ^† + √ 2ψψ^† . (2.14)

Apart from the zero-mode problem [14], one can invert the last constraint to write the auxiliary field A^− in terms of physical degrees of freedom.

In order to solve the bound-state problem 2P^+ P^−|M⟩ = M^2|M⟩, we apply the methods of SDLCQ. Namely we compactify the two-dimensional theory on a light-like circle (−L < x^− < L), and impose periodic boundary conditions on all physical fields. This leads to the following mode expansions:

A^2_{ij} (0, x^−) = 1 √ 4π ∞∑ k=1 1 √ k ( a_{ij} (k)e^{−ikπx−/L} + a^†_{ji}(k)e^{ikπx−/L} ) , (2.15)

λ_{ij} (0, x^−) = 1 2^14 √ 2L ∞∑ k=1 ( b_{ij} (k)e^{−ikπx− /L} + b^†_{ji}(k)e^{ikπx−/L} ) , (2.16)

ξ_i(0, x^−) = 1 √ 4π ∞∑ k=1 1 √ k ( c_i(k)e^{−ikπx− /L} + c̃^†_i (k)e^{ikπx−/L} ) , (2.17)

ψ_i(0, x^−) = 1 2^{14} √ 2L ∞∑ k=1 ( d_i(k)e^{−ikπx− /L} + d̃^†_i (k)e^{ikπx− /L} ) . (2.18)

We drop the zero modes of the fields; including them could lead to new and interesting effects (see [16], for example), but this is beyond the scope of this work.

In the light-cone formalism one treats x^+ as the time direction, thus the commutation relations between fields and their momenta are imposed on the surface x^+ = 0. For the system under consideration this means that [ A^2_{ij} (0, x^−), ∂_−A^2_{kl}(0, y^−) ] = i ( δ_{il}δ_{kj} − 1 N δ_{ij} δ_{kl} ) δ(x^− − y^−) , (2.19) { λ_{ij} (0, x^−), λ_{kl}(0, y^−) } = √ 2 ( δ_{il}δ_{kj} − 1 N δ_{ij} δ_{kl} ) δ(x^− − y^−) , (2.20) [ ξ_i(0, x^−), ∂_−ξ_j (0, y^−) ] = iδ_{ij} δ(x^− − y^−) , (2.21) { ψ_i(0, x^−), ψ_j (0, y^−) } = √ 2δ_{ij} δ(x^− − y^−) . (2.22)

These relations can be rewritten in terms of creation and annihilation operators as [ a_{ij} , a^†_{kl} ] = ( δ_{il}δ_{kj} − 1 N δ_{ij} δ_{kl} ) , { b_{ij} , b^†_{kl} } = ( δ_{il}δ_{kj} − 1 N δ_{ij} δ_{kl} ) , (2.23) [ c_i, c^†_j ] = δ_{ij} , [ c̃_i, c̃^†_j ] = δ_{ij} , { d_i, d^†_j } = δ_{ij} { d̃_i, d̃^†_j } = δ_{ij} . (2.24)

In this paper we will discuss numerical results obtained in the large-N_c limit, i.e. we neglect 1/N_c terms in the above expressions. Although 1/N_c corrections may have interesting consequences, they are beyond the scope of this work.

Substituting the result into the expression for the supercharge and omitting the boundary term, we get Q^− = Q^−_s + Q^−_1 + Q^−_2 + Q^−_3 . (2.25)

where Q^−_s is the supercharge of pure adjoint matter [9]. The three supercharges that govern the behavior of the fundamental matter in these states are

Q^−_1 = − g √ 2 ∫ dx^− ( i √ 2ξ∂_−ξ^† − i √ 2∂_−ξξ^† ) 1 ∂_− λ , (2.26)

Q^−_2 = − g √ 2 ∫ dx^− ( 2ψψ^† ) 1 ∂_− λ , (2.27)

Q^−_3 = −2g ∫ dx^− ( ξ^†A^2ψ + ψ^†A^2ξ ) . (2.28)

After substituting the expansions (2.15-2.18), one gets the mode decomposition of the supercharge,

Q^−_α = i2^{−1/4}g √ L π ∞∑ k_1 ,k_2,k_3 =1

q^−_α (k_1, k_2, k_3) , (2.29) with

q^−_1 =

(k_2 + k_3) 2k_1 √ k_2k_3

[c̃^†_i (k_2)c̃_j (k_3)b̃_{ji}(k_1) − c̃^†_i (k_2)b^†_{ij} (k_1)c̃_j (k_3)

+b^†_{ji}(k_1)c^†_i (k_2)c_j (k_3) − c^†_i (k_2)b_{ij} (k_1)c_j (k_3)]δ_{k3,k1+k2} , (2.30)

q^−_2 = 1 k_1

[d̃^†_i (k_2)b^†_{ij} (k_1)d̃_j (k_3) + d̃^†_j (k_3)d̃_i(k_2)b_{ij} (k_1) +

d^†_i (k_2)b^†_{ij} (k_1)d_j (k_3) + d^†_j (k_3)d_i(k_2)b_{ij} (k_1)]δ_{k3,k1+k2} , (2.31)

q^−_3 = −i 2 √ k_2k_3

[(d^†_j (k_1)c̃_i(k_3)a_{ij} (k_2) + c̃^†_i (k_3)a^†_{ij} (k_2)d_j (k_1) +

(d̃^†_i (k_1)a_{ij} (k_2)c_j (k_3) + a^†_{ij} (k_2)c^†_j (k_3)d̃_i(k_1))δ_{k1,k3 +k2}

(c̃^†_j (k_3)d_i(k_1)a_{ij}(k_2) + d^†_i (k_1)a^†_{ij} (k_2)c̃_j (k_3) +

(c^†_i (k_3)a_{ij} (k_2)d̃_j (k_1) + a^†_{ij} (k_2)d̃^†_j (k_1)c_i(k_3))δ_{k3,k1 +k2} ] . (2.32)

We have dropped from these expression the terms that connect the states that are closed loops of adjoint partons to the string-like meson states. These interactions are of order 1/ √ N_c and can be neglected in the large-N_c approximation.

B. Meson structure

We will consider here only meson-like states. In the large-N_c approximation these are color-singlet states with exactly two partons in the fundamental representation. The boson bound states will have either two bosons or two fermions in the fundamental representation. In general a boson bound state will have a combination of these types of contributions. Because this theory and the numerical formalism are exactly supersymmetric, for each boson bound state there will be a degenerate bound state that is a fermion. The fermion bound state will have one fermion in the fundamental representation and one boson in the fundamental representation. In the string interpretation of these theories, such states would correspond to open strings with freely moving endpoints. In the language of QCD, the model corresponds to a system of interacting gluons and gluinos which bind dynamical (s)quarks and anti-(s)quarks. In the large-N_c limit we will have to consider only a single (s)quark– anti-(s)quark pair. Thus the Fock space is constructed from states of the following type:

f̄^†_{i1} (k_1)a^†_{i1i2} (k_2) . . . b^†_{inin+1} (k_{n−1}) . . . f^†_{ip} (k_n)|0⟩ . (2.33)

Here f̄^†_i and f^†_i each create one of the fundamental partons, and |0⟩ is the vacuum annihilated by a_{ij} , b_{ij} , c_i, c̃_i, d_i, and d̃_i.

The other color-singlet bound states in this theory are states that are composed of traces of only adjoint mesons. These can be considered to be loops. At finite N_c this theory has interactions that break these loops and insert a pair of fundamental partons, making an open-string state. This type of interaction can, of course, also form loops from open strings and break one open string into two open strings. In principle, a calculation of the spectrum of such a finite-N_c theory is within the reach of SDLCQ. The only significant change is to include states in the basis with more than one color trace.

C. Supersymmetric Chern–Simons theory

The CS term we use in this calculation is obtained by starting with a CS term in 2+1 dimensions and reducing it to 1+1 dimensions. This term has the effect of adding a mass for the adjoint partons. In this calculation we are including fundamental matter because we are interested in QCD-like meson bound states. Without a mass for the adjoint matter, this theory is known to produce very long light chains of adjoint partons. In a finite-N_c calculation we would not have these very long chains because they would break, but in the large-N_c approximation they do not. While SDLCQ can be used to do finite-N_c calculations, it is much easier to add a mass to restrict the number of adjoint partons in our bound states. We choose the CS mechanism to give the adjoint partons a mass because we can do this without breaking the supersymmetry.

The Lagrangian of this theory is

L = L_{SQCD} + κ 2 L_{CS} , (2.34)

where L_{SQCD} is the SQCD Lagrangian we discussed earlier, κ is the CS coupling, and

L_{CS} = ϵ^{μνλ} ( A_μ∂_ν A_λ + 2i 3 gA_μA_ν A_λ ) + 2Ψ̄Ψ . (2.35)

A trace of the color matrices is understood. The constraint equation (2.12) gains a third term of the form −κλ/ √ 2 on the right-hand side, and the definition of the current in (2.14) now has an additional term, κ∂_−A^2. The discrete version of the CS part of the supercharge in 1+1 dimensions is Q^−_{CS} = ( 2^{−1/4} √ L √ π ) ∑ n κ √ n ( a^†_{ij} (n)b_{ij} (n) + b^†_{ij} (n)a_{ij} (n) ) . (2.36)

It is informative to compare Q^−_{CS} with the one term in the supercharge for N = 1 SYM in 2+1 dimensions [20] which has an explicit dependence on the transverse momentum k_⊥. This k_⊥-dependent term has the form

Q^−_⊥ = i ( 2^{−1/4} √ L √ π ) ∑ n,n_⊥ k_⊥ √ n ( a^†_{ij} (n, n_⊥)b_{ij} (n, n_⊥) − b^†_{ij} (n, n_⊥)a_{ij}(n, n_⊥) ) , (2.37)

where k_⊥ = 2πn_⊥/L_⊥ is the discrete transverse momentum. Notice that k_⊥ and κ enter the supercharge in very similar ways. Addition of a CS term has the effect of changing k_⊥ to k_⊥ + iκ. Because the light-cone energy is of the form (k^2_⊥ + m^2)/k^+, k_⊥ behaves like a mass, and therefore κ also behaves in many ways like a mass for the adjoint particles.

The partons in the fundamental representation in this theory will remain massless. Of course, in a more physical theory the supersymmetry would be badly broken; the squark would acquire a large mass, and only the quarks would remain nearly massless.

III. NUMERICAL RESULTS

This SYM-CS theory with fundamental matter has two dimensionful parameters with dimension of a mass squared, the YM coupling squared g^2N_c/π and the CS coupling squared

(a) (b)

FIG. 1: The mass-squared spectrum, with Z_2 odd, in units of g^2N_c/π, at a resolution of K = 6 as a function of (a) κ at g √ N_c/π = 1 and (b) g √ N_c/π at κ = 1.

κ^2. The latter is also the mass squared of the partons in the adjoint representation. All of the masses in this paper will be given in units of g √ N_c/π, which will usually be suppressed. Furthermore, we are only considering meson bound states. These are states of the form shown in Eq. (2.33) with two fundamental partons linked by partons in the adjoint representation. Since we are working in the large-N_c approximation, this class of states is disconnected from the other allowed class of pure adjoint matter bound states and multiparticle states. This theory also has a Z_2 symmetry [21] which is very useful in labeling the states and reducing the dimension of the Fock basis that one has to consider in any one diagonalization step. For this theory the Z_2 symmetry divides the basis into states with an even or odd number of gluons.

A. Spectra

We find that the spectra of meson bound states, for both odd and even Z_2 symmetry, divides into two bands of states as we increase κ, a light-mass band and a heavy-mass band, as can be seen in Fig. 1(a). As κ grows, a gap develops in the spectrum. This mass gap reflects in part the number of massive adjoint partons in the bound states. At very large κ, the low-mass band will comprise states with only fundamental partons. We will look at the bound states in both bands and consider various values of κ relative to g √ N_c/π. In Fig. 1(b) we see that at κ = 1 this gap grows with the coupling. The lowest mass state remains very light even for values of g √ N_c/π up to 2. As far as we can tell, this state remains very light even at very large couplings.

In Fig. 2(a) and (b) we show the spectrum in the Z_2-even sector, with g √ N_c/π = 1, as a function of resolution at κ =0 and 1, respectively. We see that at large resolution with κ = 0 the two bands merge. It is unclear from this figure whether the states in the lower band mix with the states in the upper band in the region where their masses overlap. An

(a) (b)

FIG. 2: The mass-squared spectrum, with Z_2 even, in units of g^2N_c/π, as a function of the resolution at (a) g = 0 and (b) g √ N_c/π = 1 . inspection of adjacent states seems to show that these states remain on smooth trajectories and do not repel, as one would expect if they were interacting. This seems to indicate that separate analysis of these two sets of states is possible. For the most part, however, we will look at the situation where κ = 1, as shown in Fig. 2(b). In this case the two bands are well separated even at the highest accessible resolution, and, therefore, there is not a problem considering the two bands separately.

Let us first consider the bound states in the lower band. To understand the physics underlying these bound states we will look at both the spectrum and the structure functions of individual states. In this theory we have four species of partons: adjoint fermions and bosons, and fundamental fermions and bosons. Therefore, we will look at four structure functions that give the probability of finding a particular variety of parton at a particular value of longitudinal momentum fraction in a particular bound state. We need all of this information about each bound state to properly analyze this theory.

Although the procedure that we follow for identifying bound states is the standard one in DLCQ, it is worthwhile to give a brief description of that procedure here because of the unusual nature of the lower band. To identify a bound state, we start at the lowest value of the resolution K, usually K = 3, and select a particular eigenvalue, usually the lowest nonzero one. We then look at the properties of this state, which we always calculate along with the mass. In principle, we can look at the entire wave function, but for higher resolution there is more data than we can efficiently handle. It is efficient to look at the average number of partons of the various types and sometimes the average momentum of some of these partons. We then move to the next higher resolution and try to identify an eigenstate that has the same or very similar properties to the state at lower resolution. We continue this through all the resolutions. This then gives us the mass squared of a particular bound state and the various properties of the state as functions of the resolution. If this history of a state as a function of the resolution makes sense, and can be extrapolated to

K M^2 < n > < n_{aB} > < n_{f B} > < n_{aF} > < n_{f F} > 3 0.178 2.30 0.30 1.03 0.01 0.97 4 0.006 2.56 0.51 1.86 0.05 0.14 5 0.049 2.69 0.63 1.29 0.06 0.71 6 0.016 2.83 0.75 1.71 0.08 0.30 7 0.029 2.84 0.76 1.45 0.08 0.55 8 0.022 2.92 0.83 1.58 0.09 0.42 9 0.025 2.92 0.83 1.49 0.10 0.51 10 0.024 2.96 0.86 1.52 0.10 0.48 11 0.025 2.97 0.87 1.49 0.11 0.51 12 0.025 3.00 0.89 1.48 0.11 0.52 13 0.026 3.01 0.90 1.47 0.11 0.53

TABLE I: Properties of the lowest mass boson bound state in the Z_2-even sector, including the average numbers of adjoint bosons aB, adjoint fermions aF , fundamental bosons fB, and fundamental fermions fF , for different values of the resolution K. The mass squared M^2 is given in units of g^2N_c/π. The CS coupling is κ = g √ N_c/π. infinite resolution, we say we have found a bound state. We then repeat the process to obtain another bound state. For the oscillatory states presented below, we actually started with the lightest state at the highest resolution and then followed the states down to low resolution. We then repeated the process with the next highest states at the highest resolution.

The lower band of this model is unique relative to all other models we have studied in SDLCQ or DLCQ. We find that there are two different ways of carrying out the above procedure to find the states in the lower band. We can follow the eigenvalues from resolution to resolution in two ways. As a result we end up with two sets of bound states, all of whose properties are very smoothly behaved as functions of the resolution. Two such states and their properties are shown in Tables I and II. The masses in Table I are very small. We have discussed the lowest mass state in this spectrum in detail elsewhere [13]. The convergence as a function of the resolution is oscillatory, but clearly as we move to large resolution the convergence is very good. In Fig. 3(a) we present the spectrum as a function of 1/K, and we see that the oscillations lead to good convergence that extrapolates nicely to K = ∞. These states have masses near zero. The lowest state has on average one adjoint parton; therefore, the threshold is at κ^2. Thus this is a deeply bound state. In Fig. 3(b) we show the spectrum for the next highest mass bound state, and again we see very good convergence to a very light state. In fact all of the data in the lower band describe a series of oscillatory states at higher masses.

Shown in Table II is another way of organizing the same set of data used to analyze the oscillatory states discussed above, and all these states also converge numerically, but to infinite mass. As a function of the resolution we see almost no variation in the properties of this state. We will refer to these states as divergent states, and we will argue that they are divergent. This data and a fit to the data points are shown in Fig. 3(c), and there are no oscillations. In Fig. 3(d) we see another state of this type. It appears that the divergent states do extrapolate to an infinite mass as K → ∞. The curves, however, can be fit by a variety of functions. In fact the functions a + b/ √ K + 1/K and a + b log K + 1/K produce equally good fits. The fits shown are of the former form and have intercepts between 10 and

K M^2 < n > < n_{aB} > < n_{f B} > < n_{aF} > < n_{f F} > 3 0.29 2.39 0.33 1.01 0.06 0.99 4 0.75 2.58 0.47 0.91 0.11 1.09 5 1.23 2.73 0.59 0.87 0.14 1.14 6 1.67 2.82 0.66 0.85 0.17 1.15 7 2.06 2.88 0.70 0.84 0.18 1.16 8 2.41 2.92 0.72 0.84 0.20 1.16 9 2.73 2.94 0.73 0.84 0.21 1.16 10 3.02 2.96 0.74 0.84 0.22 1.16 11 3.28 2.97 0.74 0.84 0.23 1.16 12 3.53 2.98 0.74 0.84 0.23 1.16

TABLE II: Same as Table I, but for the lowest mass divergent state.

11. In Fig. 4 we put all four plots from Fig. 3 on the same graph, so that one can clearly see that at low resolution both curves involve the same data. In the DLCQ procedure a state must extrapolate nicely to K = ∞, if it is a true bound state of the theory. It is unclear from the data whether this is true for these states. Our prejudice is that this bound state diverges as K → ∞.

In Fig. 5 we show similar results for the Z_2-odd sector. In Fig. 6 we again show the oscillatory and divergent fits on the same figure, but now we add a few more states to better show the interlacing of these fits to the same data. There are, of course, degenerate fermion bound states for all these states, whose properties we do not show.

The oscillatory behavior made this calculation particularly challenging numerically. We were forced to go to very high resolution, K = 13, to be certain that the spectrum really converged. This was made even more difficult because we had four species of particles in the problem.

To get some insight into the behavior of the low-mass band, we recall the behavior of the two-particle continuum in DLCQ. The “mass squared” of two free partons of mass m at resolution K is M^2 = m^2K [ 1 K − n + 1 n ] , (3.1)

where one free parton has longitudinal momentum K −n and the other has n [22]. In DLCQ this formula produces a band of states. It is interesting to compare the top and bottom of this band with the top and bottom of the low-mass band of bound states we have been studying. The top of the band is obtained by fixing n at one. If we then take K large, we find M^2 = m^2(K +1+1/K +...). Not surprisingly, the divergent curves in Figs. 3(c) and (d), and Figs. 5(c) and (d) can be fit with a function of the form M^2 = a+bK +c/K. In essence, the form of the divergent state is comparable to the shape of the top of the continuum band. Similarly the bottom of the continuum band is obtained by taking n = K/2 for K even and n = (K − 1)/2 for K odd. The bottom of the continuum band oscillates as a function of K. For K even it is 4m^2, and for K odd it is 4m^2(1 + 1/K + ...). It again appears that the lowest mass states resemble the bottom of the continuum band. We would expect to see a connection between the weak-coupling bound states and the free spectrum, but this connection appears to extend to g^2N_c/π = κ^2. Based on this argument, the divergent states actually do diverge and are not true states of the theory.

(a) (b)

(c) (d)

FIG. 3: The mass squared in units of g^2N_c/π, as a function of 1/K for κ = g √ N_c/π in the Z_2-even sector, of (a) the lowest mass oscillatory state, (b) the second lowest mass oscillatory state, (c) the first divergent state, and (d) the second divergent state. The solid curve is a fit to the computed points.

The lowest mass Z_2-even state in the low-mass band has on average one adjoint parton, which has mass 1.0, and the fundamental partons are massless. One would therefore expect the lowest bound state in the spectrum to have a mass of order 1.0. In N = 1 SYM-CS theory [2, 3], we previously found anomalously light states at strong coupling, but all of these states were at or close to threshold. Here the lowest mass state is anomalously light, in fact nearly massless, and therefore well below threshold.

At yet stronger coupling, g^2N_c/π = 10κ^2, we find that oscillations are significantly stronger, as seen in Fig. 7, and at K = 12 the curve is not totally converged. The mass squared at K = 12 is 0.068, but without complete convergence we are not able to say anything precise about the variation of the bound-state mass as a function of the coupling from g^2N_c/π = κ^2 to g^2N_c/π = 10κ^2.

B. Structure functions

The two largest structure functions for the lowest mass state are shown in Fig. 8. Even though this is an exactly supersymmetric theory, nearly all the adjoint partons are gluons. About 2/3 of the wave function of this state is composed of two fundamental bosons and an

FIG. 4: The mass squared in units of g^2N_c/π, as a function of 1/K for κ = g √ N_c/π in the Z_2-even sector of oscillatory and divergent mass fits.

(a) (b)

(c) (d)

FIG. 5: Same as Fig. 3, but for the Z_2-odd sector.

adjoint parton, and about 1/3 of the wave function is made of two fundamental fermions. Within the context of the standard model, this state is primarily a bound state of two squarks and a gluon. We see that both of these distributions are peaked at small x. This reflects strong binding of the fundamental partons, allowing them to be widely separated in momentum, combined with only a small contribution to the momentum from the adjoint boson.

FIG. 6: Same as Fig. 4, but for the Z_2-odd sector.

FIG. 7: The mass squared of the lowest mass oscillatory state in units of g^2N_c/π, as a function of 1/K for 10κ^2 = g^2N_c/π in the Z_2-even sector.

The average number of partons in the next lowest state is about 4.5. For this state, 90% is composed of gluons and squarks, and the structure functions are shown in Fig. 9. The squarks have a significantly wider distribution than in the lowest state. The gluons remain very sharply peaked at small x.

For the lowest state in the low-mass band with Z_2 odd, the average number of partons is slightly less that 4. Again the partons in the adjoint representation are almost entirely bosons. However, the partons in the fundamental representation are almost entirely quarks, so this is the lightest standard-model meson. This is a deeply bound state, since the gluons have mass 1 and on average there are close to two gluons per bound state. The structure functions for the gluon and quarks are shown in Fig. 10. As we have seen in all the states that we have considered, the gluons are strongly peaked at x near zero. The quarks have a strong peak at small x but have a significant distribution at other values of x.

C. Spectra and structure functions in the upper band

While the lower mass band appears to have a very unusual behavior as a function of the resolution, the bound states in the upper band behave very similarly to the bound states found in most SDLCQ calculations. The convergence is excellent, starting from the lowest

(a) (b)

FIG. 8: Structure functions of the bound state M^2 = 0.025 at resolution K = 12, with Z_2 even, for (a) adjoint bosons aB and (b) fundamental bosons fB, with the CS coupling fixed at κ = g √ N_c/π. The solid curve is a fit to the computed points.

(a) (b)

FIG. 9: Same as Fig. 8, but for M^2 = 0.29.

(a) (b)

FIG. 10: Structure functions of the bound state M^2 = 0.135 at resolution K = 12, with Z_2 odd, for (a) fundamental bosons fB and (b) fundamental fermions fF , with the CS coupling fixed at κ = g √ N_c/π. The solid curve is a fit to the computed points.

(a) (b)

FIG. 11: The mass squared in units of g^2N_c/π, as a function of 1/K for κ = g √ N_c/π in the Z_2-even sector, of (a) the second lowest mass state of the upper band, with M^2_∞ = 9.03, and (b) the lowest mass state of the upper band, with M^2_∞ = 8.31. The solid curve is a fit to the computed points.

resolution, and the data is fit very well as a function of 1/K by a line with a small slope. In Fig. 11 we show that the lowest two bound states in the upper band converge to masses M^2_∞ = 8.31 and M^2_∞ = 9.03 at infinite resolution. We carry the calculation out to resolution K = 13, but the structure functions are calculated at K = 12. From the structure functions of the state at M^2_∞ = 8.31, we find that this state is 85% quarks and gluons, so it is very much like a standard-model meson. The average number of partons is 3.98, so for the most part the bound state contains two gluons. It is very interesting that this bound state is very much like a QCD meson and is the solution of a supersymmetric field theory. The structure functions are shown in Fig. 12. While the gluons are peaked at small x, they have a much larger spread than we saw in the lower band. The fundamental fermions are very sharply peaked at small x. The structure functions of the state at M^2_∞ = 9.03 are interesting because the state has nearly equal mixtures of all four constituents. The structure functions are shown in Fig. 13. The shapes are different, particularly for the distribution of adjoint fermions, which are spread over the region of larger x.

In Fig. 14 we see that in the Z_2-odd sector we again have an excellent linear fit. The two lowest states have masses of M^2_∞ = 8.93 and M^2_∞ = 9.60. The structure functions for this sector are similar to those for the Z_2-even states. The structure functions for the state with M^2_∞ = 8.93 are shown in Fig. 15 and are very similar to the structure functions for the state with M^2_∞ = 9.03 in the Z_2-even sector.

IV. DISCUSSION.

In this paper we studied N = 1 SYM-CS theory with fundamental matter in 1+1 dimensions. The CS term was included to give masses to the adjoint partons. The calculations were performed at large N_c in the framework of SDLCQ; namely, we compactified the lightlike coordinate x^− on a finite circle and calculated the Hamiltonian as the square of a supercharge Q^−, which we then diagonalized numerically. We found that the spectrum of this theory has two bands, a lower mass band and an upper mass band. With a CS term

(a) (b)

FIG. 12: Structure functions of the bound state M^2_∞ = 8.31, with Z_2 even, for (a) adjoint bosons aB and (b) fundamental fermions fF , with the CS coupling fixed at κ = g √ N_c/π. The solid curve is a fit to the computed points.

present, we found that these bands separate for g^2N_c/π = κ^2, and we can easily study them separately.

For very massive adjoint partons, the lower mass band becomes a set of massless bound states composed of only fundamental partons. When the mass for the adjoint partons is reduced, the massless states become the states of the lower mass band. The states in the low-mass band are unusual in that their convergence is oscillatory. We show that the upper and lower bounds of the low-mass band have the same shape as the DLCQ approximation to the two-particle free spectrum, which has an oscillatory behavior for its lower bound and a growing upper bound. We argue therefore that the oscillatory behavior is a numerical remnant of the free two-particle spectrum. In previous work [13] we found that at g^2N_c/π = κ^2 the lowest mass state of this theory was anomalously low, and in fact close to zero, while threshold for this state is at M^2 = 1. On average this state has one massive gluon and two squarks. This is the fifth supersymmetric theory where we have found anomalously light states. In SYM in 1+1 [6] and 2+1 [23] dimensions, there are massless BPS states. In SYM-CS theory in 1+1 dimensions we saw that at strong coupling the lightest states are approximately BPS states whose masses are independent of the YM coupling [2]. In SYM-CS theories in 2+1 dimensions at strong coupling, there is again an anomalously light bound state [3]. The next lightest state in this band has about four partons. We carry the calculation to resolution K = 13, so in principle these states could contain 13 partons. In addition, almost all of the partons in the adjoint representation are gluons rather than gluinos. Also, the content of the particles in the fundamental representation is rather pure, either squarks or quarks. Thus some of the boson bound states are rather pure combinations of quarks and glue, in spite of the fact that they are bound states of an exactly supersymmetric theory.

The bound states in the upper mass band are rather conventional SDLCQ bound states. They converge very quickly and have the conventional linear behavior in 1/K. Similar to the lower mass band, most of the partons in the adjoint representation are gluons. In addition, the states are again rather pure quark or squark states. When we take the adjoint parton mass large, these are the states that have at least one adjoint parton.

We calculate the structure functions of the states in both bands for all four species of partons, and we find that most of the distributions are strongly peaked at x near zero. This

(a) (b)

(c) (d)

FIG. 13: Structure functions of the bound state M^2_∞ = 9.03 for (a) adjoint bosons aB, (b) fundamental bosons fB, (c) adjoint fermions aF , and (d) fundamental fermions fF , with the CS coupling fixed at κ = g √ N_c/π and Z_2 even. The solid curve is a fit to the computed points.

is an indication that for g^2N_c/π = κ^2 these are strongly coupled bound states. In a weakly coupled bound state one would, on average, expect the partons to share the momentum fraction equally, and therefore the structure function would be peaked at 1/3 for a state with three partons, for example. Since several of the states we consider are almost pure quark-gluon bound states, they might not be affected by supersymmetry breaking, which would give large mass to the squarks and gluinos. It would be interesting to investigate in more detail the properties of these states and compare them with QCD.

There remains a considerable amount of work to be done on SYM-CS theories with fundamental matter. The most straightforward extension of the present work is to consider calculations in 2+1 dimensions [20, 23, 24]. The N = 1 theory in 2+1 dimensions is easily within our reach. Beyond that the N = 2 theory [25] in 2+1 dimensions, which is the dimensional reduction of the N = 1 theory in 3+1 dimensions, will be very interesting. For finite N_c we could also look at the mixing of closed-loop states and finite string-like meson states. For κ = 0 the bound states of all these theories provide an interesting field-theoretic model for strings.

(a) (b)

FIG. 14: The mass squared in units of g^2N_c/π, as a function of 1/K for κ = g √ N_c/π in the Z_2-odd sector, for (a) the lowest mass state of the upper band, with M^2_∞ = 8.93, and (b) the second lowest mass state of the upper band, with M^2_∞ = 9.6. The solid curve is a fit to the computed points.

(a) (b)

(c) (d)

FIG. 15: Same as Fig. 13, but for M^2_∞ = 8.93 and Z_2 odd.

Acknowledgments

This work was supported in part by the U.S. Department of Energy.

[1] For brief reviews and some history of supersymmetry, see the proceedings of the international symposium Celebrating 30 Years of Supersymmetry, edited by K. A. Olive, S. Rudaz, and M. A. Shifman, Nucl. Phys. B Proc. Suppl., No. 101 (North–Holland, Amsterdam, 2001).

[2] J. R. Hiller, S. S. Pinsky, and U. Trittmann, Phys. Rev. Lett. 89, 181602 (2002), [arXiv:hep-th/0203162].

[3] J. R. Hiller, S. S. Pinsky, and U. Trittmann, Phys. Lett. B 541, 396 (2002), [arXiv:hep-th/0206197].

[4] G. ’t Hooft, Nucl. Phys. B 75, 461 (1974).

[5] O. Lunin and S. Pinsky, in New Directions in Quantum Chromodynamics, edited by C.-R. Ji and D.-P. Min, AIP Conf. Proc. No. 494 (AIP, Melville, NY, 1999), p. 140, [arXiv:hep-th/9910222].

[6] F. Antonuccio, O. Lunin, and S. Pinsky, Phys. Rev. D 58, 085009 (1998), [arXiv:hep-th/9803170].

[7] S. J. Brodsky, H.-C. Pauli, and S. S. Pinsky, Phys. Rep. 301, 299 (1998), [arXiv:hep-ph/9705477].

[8] O. Lunin and S. Pinsky, Phys. Rev. D 63, 045019 (2001), [arXiv:hep-th/0005282]. [9] Y. Matsumura, N. Sakai, and T. Sakai, Phys. Rev. D 52, 2446 (1995), [arXiv:hep-th/9504150]. [10] F. Antonuccio, O. Lunin, and S. Pinsky, Phys. Lett. B 429, 327 (1998), [arXiv:hep-th/9803027].

[11] For a discussion of supersymmetry in the context of lattice techniques, see A. Feo, to appear in the proceedings of the 20th International Symposium on Lattice Field Theory (LATTICE 2002), Boston, Massachusetts, 24-29 June 2002, [arXiv:hep-lat/0210015].

[12] E. Witten, Nucl. Phys. B 160, 57 (1979).

[13] J. R. Hiller, S. S. Pinsky, and U. Trittmann, [arXiv:hep-ph/0302119]. [14] K. Yamawaki, in Seoul 1997: QCD, Light-cone Physics and Hadron Phenomenology, edited by C.-R. Ji and D.-P. Min (World Scientific, Singapore, 1998), p. 116, [arXiv:hep-th/9802037].

[15] J.S. Rozowsky and C.B. Thorn. Phys. Rev. Lett. 85, 1614 (2000), [arXiv:hep-th/0003301]. [16] F. Antonuccio, O. Lunin, S. Pinsky, and S. Tsujimaru, Phys. Rev. D 60, 115006 (1999), [arXiv:hep-th/9811254].

[17] J. R. Hiller, S. Pinsky, and U. Trittmann, Phys. Rev. D 65, 085046 (2002), [arXiv:hep-th/0112151].

[18] G. V. Dunne, in Topological Aspects of Low Dimensional Systems Lectures at the 1998 Les Houches NATO Advanced Studies Institute, Session LXIX, edited by A. Comtet et al. (Springer–Verlag, Berlin, 2000), pp. 177, [arXiv:hep-th/9902115].

[19] E. Witten, in The Many Faces of the Superworld, edited by M.A. Shifman, (World Scientific, Singapore, 2000), p. 156, [arXiv:hep-th/9903005].

[20] J. R. Hiller, S. Pinsky, and U. Trittmann, Phys. Rev. D 64, 105027 (2001), [arXiv:hep-th/0106193].

[21] D. Kutasov, Nucl. Phys. B 414, 33 (1994).

[22] D. J. Gross, A. Hashimoto, and I. R. Klebanov, Phys. Rev. D 57, 6420 (1998),

[arXiv:hep-th/9710240].

[23] F. Antonuccio, O. Lunin, and S. Pinsky, Phys. Rev. D 59, 085001 (1999), [arXiv:hep-th/9811083].

[24] P. Haney, J. R. Hiller, O. Lunin, S. Pinsky, and U. Trittmann, Phys. Rev. D 62, 075002 (2000), [arXiv:hep-th/9911243].

[25] F. Antonuccio, H.-C. Pauli, S. Pinsky, and S. Tsujimaru, Phys. Rev. D 58, 125006 (1998), [arXiv:hep-th/9808120].