arXiv:hep-ph/0509230 v1 22 Sep 2005

ITP-Budapest 621 September 2005

Fermion Condensate Model of Electroweak Interactions

G. Cynolter^∗, E. Lendvai^∗ and G. Pócsik^†

∗Theoretical Physics Research Group of Hungarian Academy of Sciences, Eötvös University, Budapest, 1117 Pázmány Péter sétány 1/A, Hungary †Institute for Theoretical Physics, Eötvös Lorand University, Budapest, 1117 Pázmány Péter sétány 1/A, Hungary

Abstract

A new dynamical symmetry breaking model of electroweak interactions is proposed based on interacting fermions. Two fermions of different SUL (2) representations form a symmetry breaking condensate and generate the lepton and quark masses. The weak gauge bosons get their usual standard model masses from a gauge invariant Lagrangian of a doublet scalar field composed of the new fermion fields. The new fermion fields become massive by condensation. It is shown that the new charged fermions are produced at the next linear colliders in large number. The model is a low energy one which cannot be renormalized perturbatively. For the parameters of the model unitarity constraints are presented.

One of the most important open questions of particle physics is the origin of elecroweak symmetry breaking. Scalars have not been seen in experiments emphasizing the importance of investigating models beyond the standard one [1-6]. In particular, technicolor models [1] embody dynamical symmetry breaking but it is not easy to fulfill electroweak precision tests. The top quark plays a key role in top condensate models [2], which predict too large masses for the top quark and the Higgs boson. Electroweak symmetry breaking by the condensate of massive matter vector bosons was also put forward [3].

In this note we propose a new low energy effective model based on fourfermion interaction of new doublet and singlet fermion fields forming condensates. These lead to massive fermions in the linearized approximation [4]. Nonvanishing lepton and quark masses are coming from gauge invariant couplings of known and new fermions. The Kobayashi-Maskawa description is unchanged. The usual gauge boson masses follow from the gauge invariant interaction of a scalar doublet composed of new fermion fields. The production cross section of the new fermions is calculated for the next generation of linear electron-positron colliders. Unitarity constraints for two particle elastic scattering processess are presented.

We consider the standard model but replace the usual Higgs sector with new fermions having nonrenormalizable 4-fermion interactions. The new fermions are a neutral singlet, Ψ_S , T = Y = 0,

and a weak doublet with hypercharge 1,

Ψ_D = ( Ψ^+_D Ψ^0_D ) , T = 1 2 , Y = 1. Ψ^+_D ( Ψ^0_D ) is a field of positive (zero) electric charge. The doublet has the same quantum numbers as the standard Higgs field. The new fermions are assumed to have 4-fermion interactions as a result of an unknown new physics. Let us assume that in the vacuum a symmetry breaking condensate is formed ⟨ Ψ_S Ψ_D ⟩ 0 = ⟨( Ψ_S Ψ^+_D Ψ_S Ψ^0_D )⟩ 0 ≠ 0. (1)

By SU_L(2) transformations we can always transform the upper component into 0. By U_Y (1) transformations of Ψ_D the condensate can be chosen real. Ψ_S Ψ_D resembles the standard scalar doublet. The condensate (1) breaks properly the weak SU_L(2) × U_Y (1) and respects the electromagnetic U_{em}(1) symmetry. The strength of the condensate is ⟨ Ψ_{Sα}Ψ^0_{Dβ} ⟩ 0 = a_3δ_{αβ}, ⟨ Ψ_{Sα}Ψ^+_{Dβ} ⟩ 0 = 0, (2)

where a_3 is real.

In what follows we build up the low energy effective theory. We replace in the standard model Lagrangian the Higgs sector with gauge invariant kinetic terms for the new fermions and new 4-fermion interactions, L_Ψ + L_f ,

L_Ψ = iΨ_DD_μγ^μΨ_D + iΨ_S ∂_μγ^μΨ_S +

+λ_1 ( Ψ_DΨ_D

)_2

+ λ_2 ( Ψ_S Ψ_S

)_2

+ λ_3 ( Ψ_DΨ_D ) ( Ψ_S Ψ_S ) , (3)

L_f = g_f ( Ψ^f_LΨ^f_R ) ( Ψ_S Ψ_D ) + g_f ( Ψ^f_RΨ^f_L ) ( Ψ_DΨ_S ) , (4)

here D_μ = ∂_μ − i g 2 τ A_μ − i g^′ 2 B_μ, (5)

A_{μ,}B_μ and g, g^′ are the usual weak gauge boson fields and couplings, respectively.

L_f couples Ψ_{S,D} to the traditional left (right) handed lepton (or quark) doublet Ψ^f_L(singlet Ψ^f_R) and it can be extended to three families. The dimensionful coupling constants can be written as λ_i =^{λ̃i}_{M 2} and g_i =^{g̃i}_{M 2} , where the couplings with tilde are dimensionless and M can be considered as the scale of the new physics. M is expected to be a few TeV. The masses of the weak gauge bosons are coming from effective interactions specified later. λ_i, g_f are assumed to be positive.

The mixed condensate (1) generates masses for the standard quarks and leptons and leads to 4-fermion contact interactions. For example, for the electron and electron neutrino doublet it reads

L_f = g_e ( ν e_RΨ_S Ψ^+_D + e_Le_RΨ_S Ψ^0_D + e_Rν Ψ^+_DΨ_S + e_Re_LΨ^0_DΨ_S ) . (6)

In the linearized approximation L_f generates the electron mass

m_e = −4g_ea_3, (7)

and e^+e^−Ψ_S Ψ_D type interactions in the physical gauge Ψ_S Ψ^+_D = 0. Down type quark masses are generated similarly. For up quarks, as usual, couplings to the charge conjugate Ψ̃_D = iτ_2 (Ψ_D)^† = (( Ψ^0_D )_† , − ( Ψ^+_D )_†) must be introduced.

Introducing nondiagonal quark bilinears, the Kobayashi-Maskawa mechanism emerges. As in the standard model, from (7) for two particles m_i/m_j = g_i/g_j, but a_3 is not determined alone by the Fermi coupling constant.

In order to generate masses for the new fermions, the condensates ⟨ Ψ^0_{Dα}Ψ^0_{Dβ} ⟩ = a_1δ_{αβ} , ⟨ Ψ_{Sα}Ψ_{Sβ} ⟩ 0 = a_2δ_{αβ} , (8)

are introduced, where a_1, a_2 are real. Simple models show that a_1, a_2 < 0 may be assumed. Then, in the linearized approximation one has

L_ψ → L^{lin}_Ψ = −m_+Ψ^+_D Ψ^+_D − m_1Ψ^0_DΨ^0_D − m_2Ψ_S Ψ_S − m_3 ( Ψ^0_DΨ_S + Ψ_S Ψ^0_D ) , (9) with

m_± = − (8λ_1a_1 + 4λ_3a_2) = −2a_1λ_1 + m_1, m_1 = − (6λ_1a_1 + 4λ_3a_2) , (10) m_2 = − (6λ_2a_2 + 4λ_3a_1) , m_3 = λ_3a_3.

Condensate of the charged Ψ^+_D would only shift m_+, m_1, m_2 by −6λ_1, −8λ_1, 4λ_3 times the condensate. For g_f > 0 : a_3 < 0 and if λ_j > 0, a_{1,2} < 0 it follows m_+, m_1, m_2, −m_3 > 0. For λ_3 < 0 positivity of masses is possible but would require extra conditions on λ_1, λ_2. To define physical eigenvalues (9) is diagonalized by the unitary transformation

Ψ_1 = c Ψ^0_D + s Ψ_S , Ψ_2 = −s Ψ^0_D + c Ψ_S , (11)

where c = cos ϕ and s = sin ϕ, ϕ is the mixing angle. The masses of the physical fermions Ψ_1, Ψ_2 are

2M_{1,2} = m_1 + m_2 ± m_1 − m_2 cos 2ϕ

. (12)

The mixing angle is given by

2m_3 = (m_1 − m_2) tan 2ϕ. (13)

Once m_1 = M_1, m_2 = M_2, the mixing vanishes, m_3 = 0 and vice versa.

For m_3 < 0 and M_1 > M_2, (M_1 < M_2) we have sin 2ϕ < 0 (sin 2ϕ > 0). It follows that the physical eigenstates themselves form condensates since

c^2 ⟨ Ψ_{1α}Ψ_{1β} ⟩ 0 + s^2 ⟨ Ψ_{2α}Ψ_{2β} ⟩ 0 = a_1δ_{αβ} ,

s^2 ⟨ Ψ_{1α}Ψ_{1β} ⟩ 0 + c^2 ⟨ Ψ_{2α}Ψ_{2β} ⟩ 0 = a_2δ_{αβ} , (14) cs ⟨ Ψ_{1α}Ψ_{1β} ⟩ 0 − cs ⟨ Ψ_{2α}Ψ_{2β} ⟩ 0 = a_3δ_{αβ} .

There is no mixed condesate as Ψ_1, Ψ_2 are independent. For a_3/cs > 0 (M_1 > M_2) Ψ_1 forms the larger condensate. Combining the equations of (14) one finds

a_3 = 1 2 tan 2ϕ (a_1 − a_2) . (15)

For a_1 = a_2 one cannot put a_3 ≠ 0 for cos 2ϕ ≠ 0. As is seen, (15) is equivalent to ⟨ Ψ_{1α}Ψ_{2β} ⟩ 0 = 0. Comparing (15) to (13) yields

m_1 − m_2 = λ_3 (a_1 − a_2) . (16)

Substituting m_1 − m_2 from (10) we are lead to the consistency condition

a_1 (λ_3 − 2λ_1) = a_2 (λ_3 − 2λ_2) . (17)

A consequence is that a_1 ≠ a_2 goes with λ_1 ≠ λ_2.

In the physical spectrum there are three new fermions, a charged one and two neutral ones. They have many self-interactions given by (3) and (11) like Ψ^+_D Ψ^+_DΨ^−_D Ψ^−_D, Ψ^+_D Ψ^−_D (Ψ_1Ψ_1, Ψ_2Ψ_2, Ψ_1Ψ_2), Ψ^4_1, Ψ^3_1Ψ_2, Ψ^2_1Ψ^2, Ψ_1Ψ^3_2, Ψ^4_2.

The masses of the weak gauge bosons arise from the effective interactions of an auxiliary composite Y = 1 scalar doublet, Φ = ( Φ^+ Φ^0 ) = Ψ_S Ψ_D. (18)

Φ develops a gauge invariant kinetic term in the low energy effective description

L_H = h (D_μΦ)^† (D^μΦ) , (19)

D_μ is the usual covariant derivative (5).

The coupling constant h sets the dimension of L_H , [h] = −4 in mass dimension. We assume h > 0. (19) is a nonrenormalizable Lagrangian leading to the weak gauge bosons masses and some of the interactions of the new fermions with the standard gauge bosons.

In the gauge Φ^+ = 0 L_H can be written as

h^{−1}L_H = g^2 2 W^−_μ W^{+μ}Φ^{0†}Φ^0 + g^2 4 · cos^2 θ_W

Z_μZ^μΦ^{0†}Φ^0 + (20) + [ ∂^μΦ^{0†}∂_μΦ^0 − i 2 g cos θ_W ( ∂^μΦ^{0†} ) Φ^0Z_μ + i 2 g cos θ_W

Φ^{0†}Z_μ ( ∂^μΦ^0 ) ]

in terms of the usual vector boson fields.

In the linearized approximation of (20) we put

h Φ^{0†}Φ^0 → h ⟨ Φ^{0†}Φ^0 ⟩ 0 = h ( 16a^2_3 − 4a_1a_2 ) = v^2 2 , (21)

leading to the standard masses

m_W = gv 2 , m_Z = gv 2 cos θ_W

. (22)

v^2 is, as usual, (√ 2G_F )_{−1} ; v = 254GeV . The tree masses naturally fulfill the important relation ρ_{tree} = 1. (21) and (15) impose the restriction

v^2 = 8h [ tan 2Φ (a_1 − a_2)^2 − a_1a_2 ] > 0. (23)

(20) describes several nonrenormalizable interactions of the type Z, Z^2, W^2 times Ψ^2_S , ( Ψ^0_D

)_2

, or Ψ^2_S ( Ψ^0_D

)_2

. Their strengths in h units are determined by the gauge coupling constants.

A transparent experimental consequence of the model is provided by the doublet kinetic term in (3) whence we get usual renormalizable fermion pair couplings to gauge bosons

L^I = Ψ^+_D γ^μΨ^+_D (eA_μ − e cot 2θ_W Z_μ) + g 2 cos θ_W

Ψ^0_D γ^μΨ^0_DZ_μ + + g √ 2 ( Ψ^+_D γ^μΨ^0_DW^+_μ + Ψ^0_Dγ^μΨ^+_DW^−_μ ) . (24)

To get the physical interactions for the neutral component, the mixing (11) must be taken into account, then

L^I = Ψ^+_D γ^μΨ^+_D (eA_μ − e cot 2θ_W Z_μ) + + e sin 2θ_W Z_μ ( c^2Ψ_1γ^μΨ_1 + s^2Ψ_2γ^μΨ_2 − sc ( Ψ_1γ^μΨ_2 + Ψ_2γ^μΨ_1 )) + + [ g √ 2 W^+_μ ( cΨ^+_Dγ^μΨ_1 − sΨ^+_D γ^μΨ_2 ) + h.c. ] . (25)

The interaction L_f in (6) turns out to be very weak. Indeed, from (7) and (21) we have an upper bound for g_e, g_e ≤ √ 2h^{me}_v = √ 2hg^{SM}_e , which is suppressed by two factors of the scale of new physics compared to the standard model value g^{SM}_e .

Figure 1: Cross section of D^+D^− production at electron-positron collider vs. √ s for m_+ = 200GeV

To test the model at the forthcoming accelerators we consider the productions of new fermion pairs in electron-positron annihilation. It is most useful to investigate the case of a charged new fermion pair, we denote this D^+D^−.

The contact graph from (6) yields the cross section σ ( e^+e^− → D^+D^− ) = g^2_e 16π s √ 1 − 4 m^2_+ s ( 1 − 5 2 m^2_+ s ) , (26)

where s is the centre of mass energy squared. The cross section is negligible at moderate s. For example at h ∼ (2T eV )^{−4}, √ s = 1TeV it is still at the order of 10^{−13}fb.

We expect a higher number of events from the photon and Z exchange processes e^+e^− → γ, Z → D^+D^−. The usual SM coupling at the e^+e^−Z vertex is i g 2 cos θ_W γ_μ (g_V + γ_5g_A) , where g_V = − 1 2 + 2 sin^2 θ_W , g_A = − 1 2 .

By making use of (25) one obtains the cross section σ ( e^+e^− → D^+D^− ) = 1 16π √ 1 − 4 m^2_+ s 1 s |M |^2 ,

|M |^2 = 4 3 e^4 s + 2m^2_+ s + 2 3 e^4 sin^2 θ_W cos^2 θ_W g_V s + 2m^2_+ s − m^2_Z + + 1 12 e^4 sin^4 θ_W cos^4 θ_W ( g^2_V + g^2_A ) s s + 2m^2_+ (s − m^2_Z )^2

, (27)

where the three terms in |M |^2 are coming from photon exchange , photon-Z interference and pure Z exchange. Similar cross section belongs to the neutral pair productions, too. The cross section rises fast after the threshold, at high energies it falls off as 1/s reflecting that all the interactions are renormalizable in the process. The cross section is given in Table 1 for a few masses and plotted versus √ s in Fig. 1. At a linear collider of √ s = 500GeV (TESLA) and integrated luminosity 50 fb^{−1}/year a large number of events is expected.

m_+( GeV) 100 150 200 σ (e^+e^− → D^+D^−) (fb) 560 535 450

Table 1: Cross section of D^+D^− production at √ s =500 GeV

The cross section at √ s = 1500GeV is an order of magnitude smaller but with an integrated luminosity of 100 fb^{−1} per annum a large number of events appears and higher mass range can be searched for.

m_+( GeV) 100 200 400 700 σ (e^+e^− → D^+D^−) (fb) 62 61 60 32

Table 2: Cross section of D^+D^− production at √ s =1500 GeV

Now, we provide a rough estimate of the model parameters by imposing partial-wave unitarity, |Re a_0| ≤^1_2 , for the J = 0 partial-wave amplitudes of 2 → 2 processes [7, 8]. Consider D^+D^− elastic scattering. At high energies, s ≫ 4m^2_+, the contact graph is expected to give the dominant part of a_0 leading to λ_1s ≤ 8π. At a maximum possible energy of s = (1 − 25) T eV^2, λ_1 ≤ (2.5 − 0.1)G_F . In case of no mixing we expect a similar upper bound for λ_2, too. To obtain an upper bound on h let us consider the process Ψ_1Ψ_2 → ZZ with longitudinally polarized Z, and (+ -) helicity for the incoming fermions. The relevant contact interaction follows from (19)

L_H = −Z_μZ^μΨ^0_D Ψ_S hg^2a_3 cos^2 θ_W + h.c. , (28) where 16a^2_3h ≳^{v2}_2 . Choosing Ψ_1Ψ_2 at asymptotic s the unitarity imposes c^2 ( s^3h )_{1/2} ≤ 16πv. This shows that h is in general a very weak coupling: at the scale s = (1 − 25) T eV^2 c^4h ≲ 2 ( 1 − 5^{−6} ) G^2_F . We checked that t̄t → Ψ_1Ψ_2 provides a weaker bound. Fixing λ_1, λ_2, larger a_1, a_2 give larger masses m_+, m_1, m_2. For instance, at λ_3 = 0, m_+ = 100 [300]GeV needs a condensate a_1, |a_1| ≥

(_1 60 −^1_{2.4} ) G^{−3/2}_F [(_1 20 −^5_4 ) G^{−3/2}_F ] for λ_1 ≤ (2.5 − 0.1) G_F . The lower bound for |a_2| lies not very far from that of a_1 for m_1 not very far from m_2. It also follows that the leptonic coupling constant g_e is less than its standard model value, g^{SM}_e × O (G_F ), if c is not very small. Finally, since 8 |a_3| ≥ 2^{1/4} (G_F h)^{−1/2}, one gets for s = (1 − 25)T eV^2 |a_3| ≳^{1√}_2 (1 − 125)G^{−3/2}_F at small mixing.

In conclusion, we proposed a new dynamical symmetry breaking of the electroweak symmetry based on four-fermion interactions of hypothetical doublet and singlet fermions. Generating masses for all the standard and new particles follows by condensation. Condensates are free parameters of the model. The interactions of new fermions tend to be weak, since the model is a nonrenormalizable effective low energy one. From experimental pont of view, e^+e^− → D^+D^− is advantageous following from purely gauge interactions and it results in a large number of events at the next generation of linear colliders.

References

[1] Dynamical Symmetry Breaking, World Scientific, 1992, Ed. K. Yamawaki.

[2] W.A. Bardeen, C.T. Hill and M. Lindner, Phys.Rev. D41 1647 (1990); C.T.

Hill, Phys.Lett. B266 , 419 (1991); M. Lindner and D. Ross, Nucl.Phys. B370 , 30 (1992); for an early attempt see also J. Hosek, Phys.Rev. D36 , 2093 (1987); CERN-TH 4104/85 (1985); A. Hasenfratz, P. Hasenfratz, K. Jansen, J. Kuti and Y. Shen, Nucl.Phys. B365 , 79 (1991).

[3] G. Cynolter, E. Lendvai and G. Pócsik, Eur. Phys. J. C38: 247 (2004);

Mod.Phys.Lett A9, 1701 (1994).

[4] Y. Nambu, EFI-88-39, 62 (1988); EFI-89-08 (1989).

[5] A. Dobado and M.J. Herrero, Phys.Lett. B142 , 85 (1984); 233, 505 (1989);

A. Dobado, M.J. Herrero and J. Terron, Zeitsch. f. Phys. C50 , 205 (1991); T.N. Truong, Phys.Rev.Lett. 61 , 2526 (1988); A.Dobado. M.J. Herrero and T.N. Truong, Phys.Lett B235 , 129, 134 (1990).

[6] R. Casalbuoni, S. De Curtis, D. Dominici and R. Gatto, Phys.Lett B155 , 95 (1985); Nucl.Phys. B282 , 235 (1987); R.Casalbuoni, P. Chiapetta, S. De Curtis, F. Feruglio, R. Gatto, B. Mele and J Terron, Phys.Lett. B249 , 130 (1990).

[7] B.Lee, C.Quigg and H.Thacker, Phys. Rev. D16, 1519 (1977); D.Dicus and V.Mathur, Phys. Rev. D7, 3111 (1973).

[8] G. Cynolter, A. Bodor and G. Pócsik, Heavy Ion Phys. 7, 245 (1998).