arXiv:hep-th/0701114v2 13 Feb 2007

hep-th/0701114 ROM2F/2007/01

Anomalous U(1)^′s, Chern-Simons couplings and the Standard Model

P. Anastasopoulos^1

Dip. di Fisica & Sez. I.N.F.N. Università di Roma “Tor Vergata”, Via della Ricerca Scientifica, 1 - 00133 Roma, ITALY

Abstract

This proceeding is based on hep-th/0605225 and it shows that the most general anomaly related effective action contains Stückelberg, axionic and Chern-Simons-like couplings. Such couplings are generically non-trivial in orientifold string vacua. A similar analysis in quantum field theories provides similar couplings. These Chern- Simons couplings generate new signals which might be visible at LHC.

1Pascal.Anastasopoulos@roma2.infn.it

1 Introduction

Recently, many attempts have been made with partial success, in order to embed the Standard Model (SM) in open string theory [1]-[14]. In such a context the Standard Model particles are open string states attached on (different) stacks of D-branes. N coincident D-branes typically generate a unitary group which provides an anomalous U(1) under the usual decomposition U(N) → SU(N)× U(1).

Such U(1)^′s have generically 4d anomalies. The anomalies are cancelled via the Green- Schwarz mechanism [15, 16, 17, 18] where a scalar axionic field (zero-form, or its dual twoform) is responsible for the anomaly cancellation. This mechanism gives a mass to the anomalous U(1)^′s and breaks the associated gauge symmetry. These masses are typically of order of the string scale but in open string theory they can be also much lighter [19, 20]. If the string scale is around a few TeV, observation of such anomalous U(1) gauge bosons becomes a realistic possibility [22, 23].

As it has been shown in [20, 21], we can compute the general mass formuli of the anomalous U(1)^′s in supersymmetric and non-supersymmetric models by evaluating the ultraviolet tadpole of the one-loop open string diagram with the insertion of two gauge bosons on different boundaries. It turns out that U(1) gauge fields that are free of fourdimensional anomalies can still be massive due to the presence of mass-generating higherdimensional anomalies [2, 19, 20, 21] .

However, Green-Schwarz mechanism is not enough to cancel all the anomalies. Mixed abelian anomalies between anomalous and non-anomalous factors need generalized Chern- Simons terms to be cancelled. Here, we will stress the role of these terms by using a toy-model. A more detailed study can be found in [26].

All the above have very interesting phenomenological consequences because if these anomalous U(1) masses are in the TeV range, these fields behave like Z^′ gauge bosons widely studied in the phenomenological literature [22]-[26]. However, non trivial generalized Chern-Simons terms are needed to cancel all the mixed anomalies between the non anomalous (hypercharge) and the anomalous gauge bosons, generating new signals that distinguish such models from other Z^′ models. If the string scale is of order of a few TeV, such signals may be visible at LHC [25].

2 Generalized Chern-Simons: A toy model

In this section, we show that the Green-Schwarz mechanism is not enough to cancel all the anomalies in models with various U(1)^′s. In particular, generalized Chern-Simons terms are necessary to cancel mixed anomalies between anomalous and non-anomalous U(1)^′s [26].

We will concentrate on a toy-model which consists of a chiral gauge theory with only two U(1)^′s^2, one anomalous with gauge field A_μ, field strength F^A_{μν} and charge operator Q_A, and one non-anomalous with gauge field Y_μ, field strength F^Y_{μν} and charge operator Q_Y . By definition, the non-anomalous gauge boson obeys the conditions^3: T r[Q_Y ] = T r[Q^3_Y ] = 0 but in general, other traces are non zero:

T r[Q_AQ^2_Y ] = c_1 , T r[Q^2_AQ_Y ] = c_2 , T r[Q^3_A] = c_3 . (1)

The above traces imply the following anomalous transformations of the one-loop effective action. Under

A_μ → A_μ + ∂_μϵ , Y_μ → Y_μ + ∂_μζ (2)

the action transforms as:

δS_{1−loop} = ∫ d^4x { ϵ [c_3 3 F^A ∧ F^A + c_2 F^A ∧ F^Y + c_1 F^Y ∧ F^Y ]

+ ζ [ c_2 F^A ∧ F^A + c_1 F^A ∧ F^Y ] } (3) Following Green and Schwarz, we add the classical action:

S_{axion} = ∫ d^4x { − 1 4g^2_Y

(F^Y )^2 − 1 4g^2_A

(F^A)^2 + (∂_μα + MA_μ)^2 + α ( d_3 F^A ∧ F^A + d_2 F^A ∧ F^Y + d_1 F^Y ∧ F^Y ) } (4) where d_1, d_2, d_3, M are constants. The axion α transforms as α → α − Mϵ and we are assuming that α does not shift under non-anomalous gauge transformations parameterized by ζ. Although Q_A and Q_Y mix in a certain sense (T r[Q_AQ_Y ] ≠ 0), we will confirm that α does not couple á la Stückelberg to Y_μ.

It is obvious that the axionic transformation does not cancel all the anomalies. It is necessary to add non ζ-invariant generalized Chern − Simons terms:

S_{GCS} = ∫ Y ∧ A ∧ { d_4 F^A − d_5F^Y } (5) where all d_i are constants. The gauge variation of the classical action:

δS_{axion} + δS_{GCS} = − ∫ ϵ { d_3 F^A ∧ F^A + (d_2 − d_4) F^A ∧ F^Y + (d_1 + d_5) F^Y ∧ F^Y }

− ∫ ζ { d_4 F^A ∧ F^A − d_5 F^Y ∧ F^A } . (6)

2Generalizations can be found in [26] 3Where the trace runs onto all left-right fermions, denoted by f: T r[Q^iQ^j Q^k] = ∑ f Q^i_f Q^j_f Q^k_f .

Anomaly cancellation δS_{1−loop} +δS_{axion} +δS_{GCS} = 0 implies: d_1 = 2c_1, d_2 = 2c_2, d_3 = c_3/3, d_4 = c_2, d_5 = −c_1. The presence of the generalized CS terms is due to the non-vanishing mixed anomalies between the two U(1)^′s (non vanishing c_1, c_2).

We can generalize the previous example to the case of several U(1)^′s and axions. The anomaly-related terms in the effective action are: S = ∫ d^4x [ − ∑ i 1 4g^2_i

F_{i,μν} F^{μν}_i − 1 2 ∑ I (∂_μa^I + M^I_i A^i_μ)^2 , + 1 24π^2

C^I_{ij}a^I F^i ∧ F^j + 1 24π^2

E_{ij,k}A^i ∧ A^j ∧ F^k ] , (7)

where A_i are abelian gauge fields, a^I are axions with Stückelberg couplings which render massive (some of) the gauge fields.

This action is gauge-variant under A^i → A^i +dϵ^i, a^I → a^I −M^I_i ϵ^i. This gauge-variance is tuned to cancel the anomalous variation of the one-loop effective action due to the standard triangle graphs. The contribution of the triangle graphs is scheme dependent, (see [26] and references there for a detailed exposition). In a natural scheme where the anomalous variation is distributed democratically among the three vertices, the anomaly cancellation conditions read:

t_{ijk} + E_{ijk} + E_{ikj} + M^I_i C^I_{jk} = 0 . (8)

Here t_{ijk} = T r(Q_iQ_j Q_k) are the standard anomaly traces explained above and Q_i is the charge generator associated to A_i.

Notice that t_{ijk} is a completely symmetric tensor , E_{ijk} is antisymmetric in the first two indices and M^I_i C^I_{jk} is a sum of two types of tensors: and . Therefore, there are special cases eg model without fermions where the cancellation is achieved between the axionic couplings and the GCS terms, or a model with a single U(1) where the anomalies are cancelled by the axionic couplings since E_{ijk} is trivial. However, in general, all terms in (8) are necessary.

2.1 Generalized Chern-Simons in orientifold models

Generically, anomalous and non-anomalous factors appear in orientifolds [27]. Therefore, the presence of GCS terms is necessary to cancel all the anomalies.

A direct string computation of these terms requires the evaluation of the 1-loop open string amplitudes with the insertion of three bosonic vertex operators (VO) in the odd spin structure i.e. an annulus with two VO^′s and a single VO on the opposite boundaries, and an annulus and a Möbius strip with all three VO^′s on the same boundary. In the closed IR limit, the two last diagrams cancel in any consistent theory due to tadpole cancellation and the remaining non-planar cylinder diagram contains the (antisymmetrized) Chan-Paton traces: E_{ijk} = 1 3 ∑ κ η_κ| √ N_κ| tr[γ_κl_kl_{[j}] tr[γ_κl_{i]}] . (9)

Here κ = 1 · · · N − 1 denotes the different type of twisted sectors propagating in the tree-level channel cylinder diagram, whereas

N_κ =

∏_3

Λ=1(2 sin[πκv_Λ])^2 for D9 − D9 and D5 − D5 sectors,

(2 sin[πκv_3])^2 for D9 − D5 sectors

(10)

denote the number of fixed points in the internal space and in the third internal torus, respectively (we consider for simplicity D5 branes whose world-volume span the third internal torus T^2_3 ). Also, η_k depends on the sector and is given by sign(

∏_3 Λ=1 sin[πkv_Λ]) for all sectors of D9-D9, D5-D5, D9-D5 where the orbifold action twists all tori, (−1)^{kvi} for all sectors of D9-D5 where the orbifold action leaves untwisted a perpendicular torus T^2_i to the D5 brane (all the above are N = 1 sectors), and zero for sectors of D9-D9, D5-D5, D9-D5 where the orbifold action leaves untwists the longitudinal torus T^2_3 to the D5-brane (which are N = 2 sectors). Notice that particles and antiparticles contribute to the anomaly with different signs as it should be.

Applying (9) in various 4d orientifold models, like Z_6 and Z^′_6, we find that non-zero GCS terms are necessary to cancel all the anomalies [26].

2.2 Generalized Chern-Simons in effective filed theories

An interesting question is wether in the anomaly sector of an EFT, we can distinguish if the UV completion is stringy or an UV-complete QFT.

We consider a consistent (i.e. anomaly-free) and renormalizable gauge theory with spontaneously-broken gauge symmetry via the Brout-Englert-Higgs mechanism. Through appropriate Yukawa couplings, some large masses can be given to a subset of the fermions. Absence of anomalies requires that ∑ light+Heavy(Q i LQ^j_LQ^k_L − Q^i_RQ^j_RQ^k_R) = 0 where Q_i^′s denote the charge operators of the various U(1)^′s. In general, the previous sum evaluated only for the light fermions is different from zero, generating a superficially anomalous EFT at a lower scale than the heavy fermion mass M_H .

It has been shown in [26] that the decoupling of heavy chiral fermions by large Yukawa couplings does generate a generalized Green-Schwarz mechanism at low energy, with axionic couplings cancelling anomalies of the light fermionic spectrum in combination with generalized Chern-Simons terms which play an important role in anomaly cancellation:

�^L RR^Lα^{Aμi}Aνj =⇒ �α Aνj^{Aμi} , �^R RL RA^μi^{Aνj}Aρ_k =⇒ �A^μi Aρ_k^{Aνj}

where we denote by L, R the left, right fermions respectively and by × the heavy mass insertion.

Consequently, GCS-terms are a prediction of any anomaly-free chiral gauge theory with light and heavy fermions and it seems that we cannot distinguish between lowenergy predictions of string theory versus 4d field theory models. However, a deeper analysis is needed in this direction.

2.3 Generalized Chern-Simons and the Standard Model

The presence of GCS terms has important phenomenological consequences because they provide new anomaly-related couplings that distinguish these models from others which have been studied in the literature.

All open string models which attempt to describe the SM contain various U(1)^′s, one from each stack of branes that participates in the construction. A linear combination of all these U(1)^′s is the Hypercharge which is anomaly free. However, there are other linear combinations which are anomalous and their corresponding gauge boson gain a mass due to the Stückelberg mixings with the axions. As we have argued before, such a configuration needs GCS terms to cancel all the anomalies.

As an example consider the GCS term Y ∧ P Q ∧ dP Q which is necessary to cancel the mixed anomalies between the hypercharge and the Peccei-Quinn anomalous boson. Going from the hypercharge basis to the photon basis, we perform a rotation that provides non-trivial couplings of the form γZZ^′ [25]. Such couplings are of the same order of the Higgs → γγ signal, that is the main channel for the discovery of the Higgs.

Acknowledgements

The author would like to thank Massimo Bianchi, Emilian Dudas and Elias Kiritsis for the fruitful collaboration. It is a pleasure to thank the organizers of the 2nd Workshop and Midterm meeting in Napoli ”Constituents, Fundamental Forces and Symmetries of the Universe” 9-13 Oct.2006 and the organizers of the PRIN meeting in Alessandria 15-16 Dec.2006 for giving the opportunity to present this work. This work was supported in part by INFN, by the MIUR-COFIN contract 2003-023852, by the EU contracts MRTN- CT-2004-503369 and MRTN-CT-2004-512194, by the INTAS contract 03-516346 and by the NATO grant PST.CLG.978785.

References

[1] G. Aldazabal, S. Franco, L. E. Ibanez, R. Rabadan and A. M. Uranga, J. Math.

Phys. 42 (2001) 3103 [arXiv:hep-th/0011073]; G. Aldazabal, S. Franco, L. E. Ibanez, R. Rabadan and A. M. Uranga, JHEP 0102 (2001) 047 [arXiv:hep-ph/0011132];

[2] L. E. Ibanez, F. Marchesano and R. Rabadan, JHEP 0111 (2001) 002 [arXiv:hep-th/0105155];

[3] R. Blumenhagen, B. Kors and D. Lust, JHEP 0102 (2001) 030 [arXiv:hep-th/0012156]; R. Blumenhagen, B. Kors, D. Lust and T. Ott, Nucl. Phys. B 616 (2001) 3 [arXiv:hep-th/0107138];

[4] M. Cvetic, P. Langacker and G. Shiu, Phys. Rev. D 66 (2002) 066004 [arXiv:hep-ph/0205252]; M. Cvetic, P. Langacker and G. Shiu, Nucl. Phys. B 642 (2002) 139 [arXiv:hep-th/0206115].

[5] D. Bailin, G. V. Kraniotis and A. Love, Phys. Lett. B 502 (2001) 209 [arXiv:hep-th/0011289]; D. Bailin, G. V. Kraniotis and A. Love, Phys. Lett. B 547 (2002) 43 [arXiv:hep-th/0208103]; D. Bailin, G. V. Kraniotis and A. Love, Phys. Lett. B 553 (2003) 79 [arXiv:hep-th/0210219].

[6] C. Kokorelis, JHEP 0208 (2002) 018 [arXiv:hep-th/0203187]; C. Kokorelis, JHEP 0209 (2002) 029 [arXiv:hep-th/0205147]; M. Axenides, E. Floratos and C. Kokorelis, JHEP 0310 (2003) 006 [arXiv:hep-th/0307255]. E. Floratos and C. Kokorelis, arXiv:hep-th/0607217.

[7] I. Antoniadis, E. Kiritsis and T. N. Tomaras, Phys. Lett. B 486 (2000) 186 [arXiv:hep-ph/0004214]; I. Antoniadis, E. Kiritsis and T. Tomaras, Fortsch. Phys. 49 (2001) 573 [arXiv:hep-th/0111269]. I. Antoniadis, E. Kiritsis, J. Rizos and T. N. Tomaras, Nucl. Phys. B 660 (2003) 81 [arXiv:hep-th/0210263].

[8] E. Kiritsis, Fortsch. Phys. 52 (2004) 200 [Phys. Rept. 421 (2005) 105] arXiv:hep-th/0310001.

[9] E. Kiritsis, “Introduction to superstring theory,” arXiv:hep-th/9709062.

[10] I. Antoniadis and S. Dimopoulos, Nucl. Phys. B 715 (2005) 120 arXiv:hepth/0411032.

[11] G. K. Leontaris and J. Rizos, Phys. Lett. B 510 (2001) 295 arXiv:hep-ph/0012255;

T. Dent, G. Leontaris and J. Rizos, Phys. Lett. B 605 (2005) 399 arXiv:hep-ph/0407151; D. V. Gioutsos, G. K. Leontaris and A. Psallidas, arXiv:hep-ph/0605187; D. V. Gioutsos, arXiv:hep-ph/0605278.

[12] J. R. Ellis, P. Kanti and D. V. Nanopoulos, Nucl. Phys. B 647 (2002) 235 arXiv:hep-th/0206087.

[13] T.P.T. Dijkstra, L.R. Huiszoon and A.N. Schellekens, Phys. Lett. B 609 (2005) 408 arXiv:hep-th/0403196. T.P.T. Dijkstra, L.R. Huiszoon and A.N. Schellekens, Nucl. Phys. B 710 (2005) 3 arXiv:hep-th/0411129.

[14] P. Anastasopoulos, T.P.T. Dijkstra, E. Kiritsis and A.N. Schellekens, arXiv:hep-th/0605226.

[15] M. B. Green and J. H. Schwarz, Phys. Lett. B 149 (1984) 117; M. B. Green and J. H. Schwarz, Nucl. Phys. B 255 (1985) 93.

[16] A. Sagnotti, Phys. Lett. B 294 (1992) 196 [arXiv:hep-th/9210127].

[17] L. E. Ibanez, R. Rabadan and A. M. Uranga, Nucl. Phys. B 542 (1999) 112 [arXiv:hep-th/9808139].

[18] M. Bianchi and J. F. Morales, JHEP 0003 (2000) 030 [arXiv:hep-th/0002149].

[19] C. A. Scrucca, M. Serone and M. Trapletti, Nucl. Phys. B 635 (2002) 33 [arXiv:hep-th/0203190].

[20] I. Antoniadis, E. Kiritsis and J. Rizos, Nucl. Phys. B 637 (2002) 92 [arXiv:hep-th/0204153].

[21] P. Anastasopoulos, JHEP 0308 (2003) 005 hep-th/0306042; Phys. Lett. B 588 (2004) 119 hep-th/0402105; Thesis: “Orientifolds, anomalies and the standard model,” arXiv:hep-th/0503055.

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

[23] D. M. Ghilencea, L. E. Ibanez, N. Irges and F. Quevedo, JHEP 0208 (2002) 016 [arXiv:hep-ph/0205083]. D. M. Ghilencea, Nucl. Phys. B 648 (2003) 215 [arXiv:hep-ph/0208205].

[24] B. Kors and P. Nath, Phys. Lett. B 586 (2004) p. 366, arXiv:hep-ph/0402047; JHEP 0412 (2004) 005 arXiv:hep-ph/0406167; hep-ph/0503208; D. Feldman, Z. Liu and P. Nath, arXiv:hep-ph/0603039. D. Feldman, Z. Liu and P. Nath, arXiv:hep-ph/0702123.

[25] C. Corianó, N. Irges and E. Kiritsis, arXiv:hep-ph/0510332. C. Coriano and N. Irges, arXiv:hep-ph/0612128. C. Coriano, N. Irges and S. Morelli, arXiv:hep-ph/0701010.

[26] P. Anastasopoulos, M. Bianchi, E. Dudas and E. Kiritsis, arXiv:hep-th/0605225.

[27] M. Bianchi and A. Sagnotti, Phys. Lett. B 211, 407 (1988). G. Pradisi and A. Sagnotti, Phys. Lett. B 216, 59 (1989). M. Bianchi and A. Sagnotti, Phys. Lett. B 231, 389 (1989). M. Bianchi and A. Sagnotti, Phys. Lett. B 247, 517 (1990). M. Bianchi and A. Sagnotti, Nucl. Phys. B 361, 519 (1991). M. Bianchi, G. Pradisi and A. Sagnotti, Phys. Lett. B 273, 389 (1991). M. Bianchi, G. Pradisi and A. Sagnotti, Nucl. Phys. B 376, 365 (1992). M. Bianchi, Nucl. Phys. B 528, 73 (1998) [arXiv:hep-th/9711201].