arXiv:hep-ph/0212048 v1 3 Dec 2002

FTUAM-02/29; IFT-UAM/CSIC-02-48

hep-ph/0212048

More about the Standard Model at Intersecting Branes^1

D. Cremades, L.E. Ibáñez and F. Marchesano

Departamento de Física Teórica C-XI and Instituto de Física Teórica C-XVI, Universidad Autónoma de Madrid, Cantoblanco, 28049 Madrid, Spain.

Abstract

Intersecting D-brane models seem to be one of the most promising avenues to embed the Standard Model physics within the string context. We review here different aspects of these models. Topics include the question of SUSY and quasi-SUSY in intersecting brane models, model-building, the brane recombination interpretation of the SM Higgs mechanism, Yukawa couplings, the lowering of the string scale and possible new Z’s accessible to accelerators.

1Contribution to the proceedings of SUSY-02, Hamburg.

Figure 1: The SM spectrum at intersecting branes.

In the last couple of years there have been renovated efforts in looking for Dbrane configurations with a low-energy effective theory resembling the standard model (SM). One approach which looks particularly successful is that of intersecting D-brane models [1, 2, 3, 4, 5, 6] (see also [7, 8, 9, 10, 11, 12, 13, 14, 15, 16]). We will not attempt to give here an introduction to the subject (see e.g. [6] and references therein). Rather we will concentrate on giving a brief report on some of the work in the subject that we have been involved with in the last year.

In intersecting brane models (fig. 1) the different gauge interactions live on different stacks of D-branes, the simplest configurations having four stacks: baryonic, left, right and leptonic. In particular one considers stacks of branes with multiplicities N_a = 3, N_b = 2, N_c = 1, N_d = 1, yielding initially a gauge group U(3) × U(2) × U(1) × U(1). Up to three of the U(1)’s become massive by combining with some closed string (Ramond-Ramond) fields so that in the simplest situation one is just left with standard hypercharge and the full group is that of the SM. The Dp-branes (with p = 6, 5, 4) worldvolumes contain Minkowski space and the remaining (p − 3) dimensions wrap cycles on compact dimensions. At the brane intersections in extra dimensions live quarks and leptons and the triplication of generations appear because in the compact space the different branes intersect three times. In particular, if we denote by I_{ab} the number of times that branes a and b intersect, the following intersection numbers [5]: I_{ab} = 1, I_{ab∗} = 2, I_{ac} = −3, I_{ac∗} = −3, I_{bd} = 0, I_{bd∗} = −3, I_{cd} = −3 I_{cd∗} = 3, (1)

Figure 2: The general intersecting brane system may be embedded, e.g, into a general Calabi-Yau compact space.

give rise to the fermion spectrum of the SM. Specific D6-brane models in which the compact space is just a 6-torus T^6 and yielding the above SM spectrum were provided in ref. [5]. One can also find D5-brane models in which the compact space is T^4 × (T^2/Z_N ) and one obtains the same SM chiral fermion spectrum [15]. In both classes of constructions there is an interesting connection between the number of generations and the number of colours. Indeed, in order to cancel anomalies the net number of U(2)_b doublets has to equal that of anti-doublets [5], which in these models happens only because the number of generations equals the number of colours. In addition, one of the nicest features of these constructions is that the proton is automatically stable since baryon number (U(1)_a) is a gauged symmetry [5].

We must emphasize that the intersecting brane setting just described is quite general. As fig. 2 illustrates, one may consider for example four stacks a, b, c, d of D6-branes wrapping 3-cycles on a complicated Calabi-Yau. As long as the intersection numbers are as above, the chiral fermion spectrum is going to be the one of the SM independently of the details of the compactification. As an example the above SM spectrum has also been recently obtained from D6-branes wrapping 3-cycles on the quintic CY [17] or in certain non-compact manifolds [18].

The mentioned specific toroidal models are generically non-SUSY due to the presence of the intersections. Thus, for example, associated to each of the intersections there are massive scalar fields which in some sense may be considered ”SUSY-partners”, squarks and sleptons, of the massless chiral fermions, have the same multiplicity |I_{ij}| and carry the same gauge quantum numbers. The lightest of those states have masses [2]

(Mass)^2_1 =^1_2 (−ϑ_1 + ϑ_2 + ϑ_3)M^2_s (Mass)^2 =^1_2 (ϑ_1 − ϑ_2 + ϑ_3)M^2_s (Mass)^2_3 =^1_2 (ϑ_1 + ϑ_2 − ϑ_3)M^2_s (2)

where ϑ_i are the abslute value of the intersection angles (in units of π) at each of the three subtori. As is obvious from these formulae the masses depend on the angles at each intersection and hence on the relative size of the radii. In principle some of the scalars could be tachyonic, but in general it is possible to vary the compact radii in order to get rid of all tachyons of a given model (see [2,5]). On the other hand, one can also adjust the radii so that there is one massless scalar at the intersection. Then one gets N = 1 SUSY at that specific intersection. Is it possible to get a fully N = 1 SUSY model, i.e., a model in which all intersections respect the same N = 1 supersymmetry? The answer is no, at least in the purely toroidal examples as in ref. [5] . The reason for this is that D-brane configurations wrapping compact spaces as in here have to respect the conditions of RR-tadpole cancellation. The overall charge of the configuration with respect to certain tensorial RR-fields has to vanish. In the purely toroidal case those conditions turn out to be incompatible with the geometrical configurations required to get N = 1 SUSY. Fully N = 1 SUSY intersecting brane models may be built in the case with an added Z_2 × Z_2 orbifold twist [8]. However, in that case additional chiral exotics beyond the SM content seem unavoidable.

On the other hand there is an interesting possibility termed quasi-SUSY in ref. [10] and pseudo-SUSY in ref. [19]. The possibility exists that all intersections respect some N = 1 SUSY but different ones. In the case of toroidal models this possibility is still compatible with cancellation of RR tadpoles. For example, certain subset of the models in ref. [5] can be made quasi-SUSY by choosing appropriate radii. Let us denote by (n^i_a, m^i_a), i = 1, 2, 3 the wrapping numbers of each brane D6_a, n^i_a(m^i_a) being the number of times the brane is wrapping around the x(y)-coordinate of the i − th torus. Consider in particular the wrapping numbers for the different branes given in table 1. The number of times the two branes D6_a and D6_b intersect in T^6 is given by the intersection number [1] I_{ab} = (n^1_am^1_b − m^1_an^1_b )(n^2_am^2_b − m^2_an^2_b )(n^3_am^3_b − m^3_an^3_b ). Then one can easily check that this brane setting yields the chiral spectrum of the SM. Now, the masses of the scalars depend on the ratios U^i = R^i_2/R^i_1, i = 1, 2, 3. One can easily check that if we set U^1 = (n^1_b /2)U^3 and U^2 = (n^2_a/6β^2)U^3 massless scalars appear at each intersection and some N = 1 SUSY is preserved at each of them. This property may be depicted in terms of a square quiver diagram, shown in

N_i (n^1_i , m^1_i ) (n^2_i , m^2_i ) (n^3_i , m^3_i )

N_a = 3 (1, 0) (n^2_a, β^2) (3, −1/2)

N_b = 2 (n^1_b , 1) (1/β^2, 0) (1, −1/2)

N_c = 1 (0, 1) (1/β^2, 0) (0, 1)

N_d = 1 (1, 0) (n^2_a, 3β^2) (1, 1/2)

N_h (1, 0) (1/β^2, 0) (n^3_h, m^3_h)

Table 1: D6-brane wrapping numbers giving rise to a Q-SUSY SM spectrum for a square quiver. For the sake of generality we have also considered the possible presence of an extra brane with no intersection with the SM branes.

Figure 3: A square SUSY-quiver.

fig. 3. Thus, now each quark and lepton has a massless SUSY-partner, very much as in the SUSY-SM. The model is however not fully N = 1 supersymmetric because each intersection respects a different SUSY. This kind of quasi-SUSY theories have some interesting properties. In particular, loop corrections to scalar masses appear only at two loops, since only at that order the global non-SUSY structure of the configuration may be noticed [10, 13, 19]. This loop suppression of scalar masses may be interesting phenomenologically in order to address the “modest hierarchy problem”, i.e., in order to maintain a hierarchy between a string scale of order 10-100 TeV and the electroweak scale.

There is a variety of SUSY-quivers that one may consider leading to different lowenergy models [13]. One can also find D6-brane configurations wrapping T^6 leading to the massless chiral spectrum of the MSSM. Some examples were presented in ref. [10,13] but we will present here a new and remarkably simple model which will be discussed in more detail elsewhere [20]. Consider the stacks of D6-branes with the wrapping numbers of table 2. Generically the gauge group of this configuration is U(3) × U(1)^3.

N_i (n^1_i , m^1_i ) (n^2_i , m^2_i ) (n^3_i , m^3_i )

N_a = 3 (1, 0) (1/ρ, 3ρ) (1/ρ, −3ρ)

N_b = 1 (0, 1) (1, 0) (0, −1)

N_c = 1 (0, 1) (0, −1) (1, 0)

N_d = 1 (1, 0) (1/ρ, 3ρ) (1/ρ, −3ρ)

Table 2: D6-brane wrapping numbers giving rise to a the chiral spectrum of the MSSM. Here ρ = 1, 1/3.

However, one can check that the symmetry is enhanced to U(3)_a × SU(2)_b × U(1)_c × U(1)_d if the brane b is located on top of its orientifold mirror b^∗. Computing the intersection numbers as above one gets the result I_{ab} = 3, I_{ab∗} = 3, I_{ac} = −3, I_{ac∗} = −3, I_{db} = 3, I_{db∗} = 3, I_{dc} = −3 I_{dc∗} = 3, I_{bc} = −1 I_{bc∗} = 1,

(3)

which corresponds to the chiral fermion spectrum of the SM (plus right-handed neutrinos). In addition there is a minimal set of Higgs multiplets if one locates the brane b on top of the brane c along the first torus. In other words, there is a minimal Higgs sector with a μ-parameter given by the distance between branes b and c along the first torus. If the ratios of radii in the second and third torus are equal (U^2 = U^3 = χ) one can check that the same N=1 SUSY is preserved at all intersections. So this configuration is (locally) N = 1 supersymmetric, and the massless chiral spectrum is that of the MSSM with a minimal Higgs set. The spectrum is anomaly-free in the sense that there are as many fundamentals as antifundamentals of any of the groups. On the other hand the configuration cannot be made fully N = 1 supersymmetric, because it

Figure 4: Branes b and c are recombined into a single brane f. The gauge symmetry is reduced.

turns out that in order to cancel RR-tadpoles an additional massive N = 0 sector has to be added (see ref. [13] for a discussion of this point). In this model there are three U(1)’s and only one of them (3B + L) is anomalous and gets massive by combining with one RR-field. There are two massless U(1)’s corresponding to (B − L) and the 3-d component of right-handed weak isospin (U(1)_c). So the actual low-energy gauge group is SU(3) × SU(2) × U(1)_{B−L} × U(1)_c.

One of the nice features of the intersecting brane approach is that the low-energy Lagrangian parameters admit a simple geometrical interpretation. We already saw an example: the μ-parameter in this model corresponds to the distance between branes b and c in the first torus. Another example is the generation of tree level Fayet-Iliopoulos terms for the anomalous U(1)’s [8, 10]. If one has a small departure from the SUSY geometry, i.e., if U^2 = U^3 + δ with δ small, one finds a FI-term for the anomalous U(1) [10] : ξ = M^2_s ×

3ρ^2δ 1 + (3ρ^2U^3)^2

. (4)

If δ ≠ 0, the existence of this FI-term may trigger further gauge symmetry breaking. In particular the additional U(1) may be broken down to standard hypercharge by inducing a vev to the right-handed sneutrino.

Before taking into account SUSY-breaking effects, the above local SUSY configuration has (for vanishing μ-term) a flat direction in which electroweak symmetry is broken by the vevs of the Higgs scalars lying at the bc and bc* intersections H_{bc}. The Higgs mechanism has also a geometric interpretation in terms of branes [13]. As illustrated in fig. 4, a vev for the Higgs fields H_{bc} corresponds to a process b + c → f in

Figure 5: The Yukawa couplings are computed from correlators involving a Higgs field, a right-handed fermion and a left-handed fermion. Open strings have to stretch in worldsheets of triangle shape. Those triangles have different size for different generations, leading to Yukawa textures and hierarchies (see ref. [20]).

which branes b and c recombine into a single brane f. Since we have started from two branes (plus orientifold mirrors) and end up with one brane and its mirror, the rank of the gauge group has been reduced. Altogether we are left at the end of the day with only three brane stacks, a,d,f and a gauge group SU(3) × U(1)_{em} at the massless level.

The Yukawa couplings also have an interesting geometrical interpretation in intersecting brane models [3]. A Yukawa coupling involves correlators of a Higgs field, a right-handed fermion and a left-handed fermion. The worldsheet of strings connecting those three vertices has a triangular shape, as in fig. 5, with open strings stretching between the three intersecting branes participating in the coupling. The Yukawa couplings are then proportional to exp(−S_{cl}), S_{cl} being the classical string action, which is proportional to the area of the worldsheet. This provides a nice physical origin for the observed hierarchy of fermion masses since, as exemplified in fig. 5, the size of the relevant triangles for the different generations is in general different [3]. Thus, e.g., the triangle associated to the top-quark coupling would be smaller than the one associated to the c-quark which would, in turn, be smaller than the one of the u-quark. One can also see that generation mixing as well as complex phases do in general appear. An analysis of Yukawa couplings in intersecting brane models will appear in ref. [20].

One interesting question is whether in this class of intersecting brane models one can realize the low string scale scenario [21] with M_s ∼ 1 − 10 TeV. This is particularly relevant in models which are not supersymmetric and in which lowering the string scale down to the TeV scale provides then a solution to the hierarchy problem. As is well known, this requires that at least 2 of the 6 compact dimensions become very large, so that we obtain a large splitting between the string scale M_s and the effective 4- dimensional gravity scale M_{P lanck} . In the simple case of D6-branes wrapping a 6-torus, realizing the low string scale scenario is in principle complicated [1]. This is because there are no dimensions which can be made large and are orthogonal to the SM brane system. On the other hand, as pointed out in [2] and explained in more detail in [18], one can start from a toroidal model as above and construct a related model in which the compact volume can be made arbitrarily large without affecting the SM branes. This is done by glueing an infinite throat to the torus in a region far away from the branes and then connecting the throat to some large volume. Alternatively one can consider other intersecting brane constructions in which the presence of a couple of dimensions transverse to the SM branes which can be made large is more obvious. For example, one can consider Type IIB compactified on T^2 ×T^2 ×(T^2/Z_N ) with D5-branes wrapping 2-cycles on T^2 × T^2 and located at a fixed point of the orbifold T^2/Z_N (see fig. 6). One can now have a low string scale M_s ∝ 1 − 10 TeV while maintaining the experimentally measured four-dimensional Planck mass M_p = 1.18×10^{19} GeV by some dimensions getting very large [21]. Let us denote by V_4 the volume of T^4 and by V_2 that of T^2/Z_N . Then the Planck scale is given by

M_p = 2 λ M^4_s √ V_4V_2 (5)

In order to avoid too light KK/Winding modes in the worldvolume of the D5-branes let us assume V_4 ∝ 1/M^4_s . Then one has

V_2 =

M^2_p λ^2 4M^4_s (6) and one can accommodate a low string scale M_s ∝ 1 TeV by having the volume V_2 of the 2-dimensional manifold B_2 large enough (i.e., of order (mm.)^2). Such D5-brane models with the chiral fermion content as in eq.(1) leading to the fermions of the SM have been recently constructed in ref. [15]. Note, however, that those D5-brane constructions are intrinsically non-SUSY since the Z_N orbifold projection projects out all gauginos.

Figure 6: Intersecting D5-world set up. One can obtain a low string scale M_s << M_p if the volume of the two transverse dimensions is large.

In the case of a string scale M_s close to the 1-10 TeV range, one interesting feature of the intersecting brane models is the presence of a very well defined and modelindependent class of extra TeV-scale Z’ bosons. Indeed, in all models there are some extra U(1) symmetries beyond hypercharge which seem rather model independent [22]. We have generators U(1)_a and U(1)_d which are gauged baryon and lepton numbers respectively. U(1)_c correspond to the 3^{rd} component of right-handed weak isospin and U(1)_b is a PQ-like gauged symmetry. In the class of models in eq.(3) the latter U(1)_b symmetry is absent. Hypercharge is a linear combination of (B − L) and U(1)_c. The orthogonal U(1)’s may get Stueckelberg masses^1 by combining with RR string fields B^{μν}_i , as shown in fig. 7. In this way one gets a mass matrix for the Abelian gauge bosons of the form: M^2_{αβ} = ∑ i g_αg_β c^α_i c^β_i M^2_s (7)

where α, β run over the U(1) factors of each specific model and the c^α_i are modeldependent coefficients which may be computed in each particular brane setting [22,23].

1 Note that all anomalous U (1)’s get masses through this mechanism but also some anomaly-free U (1)’s may get a mass, see ref. [5].

Figure 7: Mixing of U(1)’s and antisymmetric RR-fields B^{μν}_i yielding masses to Abelian gauge fields.

Thus for example, in the class of models discussed in ref. [5] or ref. [15] one sees that this matrix has four eigenvalues M = (0, M_2, M_3, M_4), with the zero mode corresponding to standard hypercharge. It turns out that in those models typically one of the eigenvalues is well below the string scale M_s, so that one could detect the effects of such extra U(1) before actually reaching the string threshold. One can also put constraints on those eigenvalues from ρ-parameter bounds [22]. It would be rather amusing if the first signature of string physics would come from the detection of any of these particular extra Z’ bosons.

References

[1] R. Blumenhagen, L. Görlich, B. Körs and D. Lüst, JHEP 0010, 006 (2000), hepth/0007024; Fortsch. Phys. 49, 591 (2001), hep-th/0010198.

[2] G. Aldazábal, S. Franco, L. E. Ibáñez, R. Rabadán and A. M. Uranga, J. Math.

Phys. 42, 3103 (2001), hep-th/0011073.

[3] G. Aldazábal, S. Franco, L. E. Ibáñez, R. Rabadán and A. M. Uranga, JHEP 0102, 047 (2001), hep-ph/0011132.

[4] R. Blumenhagen, B. Körs and D. Lüst, JHEP 0102, 030 (2001), hep-th/0012156. [5] L. E. Ibáñez, F. Marchesano and R. Rabadán, JHEP 0111, 002 (2001), hepth/0105155.

[6] L. E. Ibáñez, hep-ph/0109082.

[7] R. Blumenhagen, B. Körs, D. Lüst and T. Ott, Nucl. Phys. B 616, 3 (2001), hep-th/0107138; Fortsch. Phys. 50, 843 (2002), hep-th/0112015.

[8] M. Cvetič, G. Shiu and A. M. Uranga, Phys. Rev. Lett. 87, 201801 (2001), hepth/0107143; Nucl. Phys. B 615, 3 (2001), hep-th/0107166.

[9] D. Bailin, G. V. Kraniotis and A. Love, Phys. Lett. B 530, 202 (2002), hepth/0108131; hep-th/0210219; hep-th/0210227.

[10] D. Cremades, L. E. Ibáñez and F. Marchesano, JHEP 0207, 009 (2002), hepth/0201205.

[11] G. Honecker, Fortsch. Phys. 50, 896 (2002), hep-th/0112174; JHEP 0201, 025 (2002), hep-th/0201037.

[12] J. García-Bellido, R. Rabadán and F. Zamora, JHEP 0201, 036 (2002), hepth/0112147.

[13] D. Cremades, L. E. Ibáñez and F. Marchesano, JHEP 0207, 022 (2002), hepth/0203160.

[14] C. Kokorelis, JHEP 0208, 018 (2002), hep-th/0203187; JHEP 0209, 029 (2002), hep-th/0205147; JHEP 0208, 036 (2002), hep-th/0206108; hep-th/0207234; JHEP 0211, 027 (2002), hep-th/0209202; hep-th/0210200.

[15] D. Cremades, L. E. Ibáñez and F. Marchesano, Nucl. Phys. B 643, 93 (2002), hep-th/0205074.

[16] J. Ellis, P. Kanti and D. Nanopoulos, Nucl. Phys. B 647, 235 (2002), hepth/0206087.

[17] R. Blumenhagen, V. Braun, B. Körs and D. Lüst, JHEP 0207, 026 (2002), hepth/0206038; hep-th/0210083.

[18] A. Uranga, hep-th/0208014.

[19] M. Klein, Phys. Rev. D 66, 055009 (2002), hep-th/0205300; hep-th/0209206;

hep-th/0209207.

C. P. Burgess, E. Filotas, M. Klein and F. Quevedo, hep-th/0209190.

[20] D. Cremades, L. E. Ibáñez and F. Marchesano, “Towards a theory of quark masses, mixing angles and CP violation”, to appear.

[21] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429, 263 (1998), hep-ph/9803315.

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436, 257 (1998), hep-ph/9804398.

[22] D. M. Ghilencea, L. E. Ibáñez, N. Irges and F. Quevedo, JHEP 0208, 016 (2002), hep-ph/0205083.

D. M. Ghilencea, hep-ph/0208205.

[23] E. Kiritsis and P. Anastasopoulos, JHEP 0205, 054 (2002), hep-ph/0201295.

I. Antoniadis, E. Kiritsis and J. Rizos, Nucl. Phys. B 637, 92 (2002), hepth/0204153.