arXiv:0902.0792v2 [hep-ph] 13 Apr 2009

February 4, 2009; Revised April 10, 2009 Fermilab-Pub-08-571-T

Prospects for top-prime quark discovery at the Tevatron

Bogdan A. Dobrescu, Kyoungchul Kong, Rakhi Mahbubani

Theoretical Physics Department, Fermilab, Batavia, IL 60510, USA

Abstract

We show that a top-prime quark as heavy as 600 GeV can be discovered at the Tevatron, provided it is resonantly pair-produced via a vector color octet. If the top-prime originates from a vectorlike quark, then the production of a single topprime in association with a top may also be observable, even through its decay into a Higgs boson and a top. A color octet with mass of about 1 TeV, which decays into a top-prime pair, may account for the CDF excess of semileptonic (W j)(W j) events.

1 Introduction

The top-quark discovery at the Tevatron [1], made more than a decade ago, has completed the quark sector of the standard model. It is imperative to ask whether physics beyond the standard model includes additional quarks, and in particular, whether there are any heavier quarks with collider signatures similar to those of the top quark.

All standard model fermions are chiral (i.e., their left- and right-handed components have different gauge charges). Additional chiral quarks could exist, although a variety of nontrivial constraints need to be satisfied [2, 3, 4]. Most importantly, electroweak observables are highly sensitive to the presence of chiral fermions [5].

A simpler possibility would be the existence of vectorlike (i.e., non-chiral) fermions. These can easily evade all experimental constraints because their effects decouple in the limit of large fermion masses. Given that the masses of vectorlike fermions are not protected by the electroweak symmetry, they are likely to be larger than the electroweak scale. As a result, even if vectorlike fermions exist, it is natural that they have not been discovered so far.

A vectorlike quark that mixes with the top quark may decay into W b with a sizable branching fraction, appearing in collider experiments as a heavier copy of the top quark [2, 6, 7, 8]. For a region of parameter space, the same is true for an up-type quark belonging to a chiral 4th generation [4]. The CDF Collaboration has searched for t^′ pair production, where t^′ is a hypothetical quark assumed to decay to a W boson and a jet, with 760 pb^{−1} of data in Run II of the Tevatron, setting a lower mass limit of 256 GeV at the 95% CL [9]. More recently, with 2.8 fb^{−1}, the CDF limit on the t^′ mass has been raised to 311 GeV [10]. Given the record luminosities achieved recently at the Tevatron, and various improvements of the search techniques, the CDF and D0 experiments may become sensitive to t^′ pairs produced via QCD for t^′ masses up to roughly 350 GeV.

Here we show that the top-prime production cross section at hadron colliders could be substantially higher than the QCD prediction if a “gluon-prime”, i.e. a massive coloroctet vector boson, is present in the theory. This provides motivation for the search of significantly heavier t^′ quarks, and in particular allows the interpretation of some excess events observed by the CDF Collaboration [10] in terms of a t^′ with mass of about 450 GeV. Specifically, we consider an extension of the standard model which includes a vectorlike fermion that has the same gauge charges as the right-handed top quark, and a gluon-prime arising from an SU(3) × SU(3) extension of QCD similar to those presented in [11] (the gluon-prime in that case is referred to as a “coloron”). We find that this model predicts several interesting collider signatures, and propose further ways of testing the origin of the CDF excess.

The two hypothetical particles discussed here are part of various models for TeV scale physics. In the top-quark seesaw model [12, 13, 14], the vectorlike quark binds to the topquark forming a Higgs boson, with binding provided by the coloron. In certain models with a flat [15] or warped [16] extra dimension, the vectorlike quark and the gluon-prime appear as Kaluza-Klein modes. Rather than imposing here any of the constraints among parameters present in these models, we consider a generic renormalizable theory that includes these two particles.

In Section 2 we review the properties of the vectorlike quark, in the absence of a gluon-prime. We then analyze the t^′+G^′_μ model in Section 3, and present its implications for Tevatron searches in Section 4. A concluding discussion is given in Section 5.

2 Vectorlike origin of the top-prime quark

Let us start with the standard model plus a single vectorlike quark, labelled by χ, which transforms as (3, 1, 2/3) under the SU(3)_c × SU(2)_W × U(1)_Y gauge group. This uptype vectorlike quark, having electric charge +2/3, may mix with the top quark. The mixings of χ with the first two generations of quarks are expected to be small, and we will neglect them. The Lagrangian includes two gauge invariant quark mass terms and two Yukawa interactions of χ and u^3 to the Higgs doublet, where u^3 is the standard model up-type quark of the third generation in the gauge eigenstate basis. Given that SU(2) transformations that mix χ_R and u^3_R are not physically observable, we can choose one of the Yukawa couplings to vanish. Thus, after electroweak symmetry breaking, the quark mass matrix and interactions with the Higgs boson are given by L = − ( u^3_L , χ_L ) ( λ_t ( v_H + h^0/ √ 2 ) 0 M_0 M_χ ) ( u^3_R χ_R ) + H.c. , (2.1)

where h^0 is the Higgs boson and v_H ≃ 174 GeV is the VEV of the Higgs doublet. The two mass parameters, M_0 and M_χ, and the λ_t Yukawa coupling are taken to be real parameters, as their complex phases can be absorbed by U(1) transformations of the quark fields.

To relate these three real parameters of the Lagrangian to physical observables, we transform the gauge eigenstates u^3_{L,R} and χ_{L,R} to the mass eigenstates t_{L,R}, t^′_{L,R}, where t is the top quark observed at the Tevatron, of mass m_t ≈ 173 GeV, and t^′ is a new quark of mass m_t′ , which remains to be discovered. The relation between the two bases depends on two angles, θ_L and θ_R, ( t_{L,R} t^′_{L,R} ) = ( c_{L,R} −s_{L,R} s_{L,R} c_{L,R} ) ( u^3_{L,R} χ_{L,R} ) , (2.2)

where s_{L,R} and c_{L,R} are short-hand notations for sin θ_{L,R}, and cos θ_{L,R}, respectively. As explained above, no physical observable depends on θ_R (the situation changes in the model presented in the next section). The mixing angle θ_L affects the electroweak interactions of the top quark as well as the Yukawa couplings of the Higgs boson. The relations between the physical parameters m_t, m^′_t, θ_L and the initial parameters λ_t, M_χ, M_0 are given by m^2_{t,t}′ = 1 2 ( M^2_χ + M^2_0 + λ^2_t v^2_H ) [ 1 ∓ √ 1 − ( 2λ_tv_H M_χ M^2_χ + M^2_0 + λ^2_t v^2_H

)_2 ] (2.3)

for the masses, and by tan 2θ_L =

2M_0λ_tv_H M^2_χ + M^2_0 − λ^2_t v^2_H

, (2.4) for the θ_L mixing angle, which is taken to be between 0 and π/2. The θ_R mixing angle is given in terms of m_t, m_t′ and θ_L by

s^2_R = s^2_Lm^2_t′ s^2_Lm^2_t′ + c^2_Lm^2_t

. (2.5)

Although s_L and m_t′ are independent parameters, s_L cannot vary over the entire range 0 to 1 when m_t′ is large enough. To see this, it is useful to express s_L in terms of λ_tv_H , m_t, and m_t′ :

s_L = √ λ^2_t v^2_H − m^2_t m^2_t′ − m^2_t

. (2.6)

When λ_t ≫ 1 the above relation implies

s_L = λ_tv_H m_t′ [ 1 + O ( m^2_t m^2_t′ ) + O ( m^2_t λ^2_t v^2_H )] . (2.7)

The Yukawa coupling λ_t is limited by perturbativity, so that Eq. (2.7) gives an upper limit on s_L. For m_t′ → ∞, we see that the mixing vanishes (s_L → 0) so that the new physics decouples from the standard model. For top-prime masses accessible at the Tevatron, however, the upper limit from (2.7) can be ignored because it is above 1.

The interactions of t and t^′ with the electroweak bosons depend on θ_L [8]. The chargedcurrent interactions are g √ 2 W^+_μ b_Lγ_μ (c_Lt_L + s_Lt^′_L) + H.c. (2.8)

where g ≡ e/ sin θ_W is the SU(2)_W gauge coupling. Given that the measurement of single-top production at the Tevatron sets a limit on the coefficient of the t-W -b coupling^1 c_L ≃ V_{tb} ∼< 0.82, we find a nontrivial constraint:

s_L < 0.57 . (2.9)

The Z boson has modified interactions with the left-handed quarks, including a flavorchanging t-t^′ current: g cos θ_W Z_μ [( c^2_L 2 − 2 3 sin^2θ_W ) t_Lγ_μt_L + ( s^2_L 2 − 2 3 sin^2θ_W ) t^′_Lγ_μt^′_L + s_Lc_L 2 ( t^′_Lγ_μt_L + H.c. )] . (2.10)

1The D0 measurement [17] is |V_{tb}| = 1.07 ± 0.12, and the CDF one [18] is |V_{tb}| = 0.91 ± 0.11 ± 0.07. Combining these two measurements in quadrature gives |V_{tb}| > 0.82 at the 95% CL. We use this result only as a rough estimate for the combined limit; a proper combination of measurements, which takes into account correlations, would need to be performed by the CDF and D0 Collaborations. Note that the D0 measurement by itself gives almost the same limit: |V_{tb}| > 0.83 at the 95% CL.

The interactions of t_R and t^′_R with the Z boson are identical with those of the right-handed top quark in the standard model. The Higgs interactions with t and t^′ can be expressed in terms of θ_L, m_t/v_H and m^′_t/v_H : −1 v_H √ 2 h^0 ( c^2_Lm_t t_Lt_R + s^2_Lm_t′ t^′_Lt^′_R + c_Ls_Lm_t′ t_Lt^′_R + c_Ls_Lm_t t^′_Lt_R ) + H.c. (2.11)

The modified electroweak couplings of the t quark as well as the new couplings of the W and Z bosons to the t^′ quark have an impact on electroweak observables. Most notably, the W and Z masses get one-loop corrections such that the T parameter, which measures weak-isospin violation, is given by [13] T = 3 16π sin^2θ_W m^2_t s^2_L M^2_W ( s^2_L m^2_t′ m^2_t + 4c^2_Lm^2_t′ m^2_t′ − m^2_t ln m_t′ m_t − 1 − c^2_L ) − Δ(M_h) . (2.12)

Here Δ(M_h) ≥ 0 is the contribution due to Higgs loops, and depends only on the Higgs mass. Using the standard model with M_h = 115 GeV as the reference point, the 95% confidence limit (assuming an optimal contribution to the S parameter) is T ≲ 0.36 [3], and Δ varies from 0 to 0.15 as M_h varies from 115 to 500 GeV. Fixing m_t′ = 450 GeV, we find that the limit on the t − t^′ mixing ranges from s_L ≲ 0.32 for M_h = 115 GeV to s_L ≲ 0.38 for M_h = 500 GeV. Although this limit is more stringent than Eq. (2.9), it is less robust: new physics may relax the electroweak fit without being discovered at the Tevatron or LHC. For example, leptophobic Z^′ bosons or complex Higgs triplets can give negative contributions to T , allowing larger values for s_L. For this reason we will not use the electroweak constraints in what follows.

The charged-current interactions induce the t^′ → W^+b decay, while the flavor-changing neutral-current interactions induce the t^′ → Z^0t decay, assuming m_t′ ≳ 264 GeV. The tree-level decay widths are given by

Γ(t^′ → W^+b) = s^2_Lm^3_t′ 32πv^2_H ( 1 − M^2_W m^2_t′

)_2 ( 1 + 2M^2_W m^2_t′ ) ,

Γ(t^′ → Z^0t) = c^2_Ls^2_Lm^3_t′ 64πv^2_H [( 1 − m^2_t m^2_t′

)_3 + O ( M^4_Z m^4_t′ )] . (2.13)

The Higgs interactions allow the t^′ → h^0t decay, provided m_t′ > M_h + m_t:

Γ(t^′ → h^0t) = c^2_Ls^2_Lm^3_t′ 64πv^2_H ( 1+ 6m^2_t −M^2_h m^2_t′ + m^4_t − m^2_t M^2_h m^4_t′ ) β ( m^2_t m^2_t′ , M^2_h m^2_t′ ) , (2.14)

Figure 1: Branching fractions of t^′ for a Higgs mass M_h = 150 GeV, as a function of either s_L ≡ sin θ_L or m_t′ . The shaded region on the first plot is excluded by Eq. (2.9).

where β is the relative velocity of the decay products:

β(x_1, x_2) = [ (1 − x_1 − x_2)^2 − 4x_1x_2 ]_{1/2} . (2.15)

Eqs. (2.13) and (2.14) agree with the results given in [19].

In the limit of m_t′ ≫ m_t + M_h the branching fractions for the t^′ decays are

B(t^′ → W^+b) = 1 1 + c^2_L

≥ 50% ,

B(t^′ → Z^0t) = B(t^′ → h^0t) = c^2_L 2 (1 + c^2_L)

≤ 25% . (2.16)

Given that the t^′ quark compensates for a heavier Higgs boson in the electroweak fits (see Eq. (2.12) and Refs. [14, 20]), allowing even M_h ∼ 500 GeV, the t^′ → h^0t decay could be strongly phase-space suppressed for m_t′ as large as ∼ 700 GeV. If m_t′ < m_t + M_h, then the t^′ → W^+b branching fraction becomes even larger: B(t^′ → W^+b) > 2/(2 + c^2_L) > 2/3, where the first inequality is due to the phase-space suppression of the t^′ → Z^0t decay. As an example, the branching fractions of t^′ for M_h = 150 GeV are shown in Figure 1 as a function of s_L for fixed m_t′ , and as a function of m_t′ for fixed s_L.

It is interesting that the top-prime lifetime can be long in the s_L → 0 limit [2]. The decay length for a top-prime moving at the speed β_t′ is given by:

L = 3 cm ( 10^{−8} s_L )_2 ( 450 GeV m_t′ )_3 β_t′ . (2.17)

Therefore the top-prime decay is prompt for s_L ≳ 10^{−7}. Nevertheless the limit of very small s_L is natural in a theory where a symmetry imposes M_0 = 0, motivating searches for displaced top-prime vertices.

3 A model with gluon-prime and top-prime

We now extend the model of Section 2 by including a SU(3)_1 × SU(3)_2 gauge symmetry which is spontaneously broken down to the diagonal group SU(3)_c, identified with the gauge symmetry of QCD. This symmetry breaking pattern is due to the vacuum expectation value of a field Σ transforming as a bilinear under the two SU(3) groups. Σ may be an elementary scalar so that the theory presented here is renormalizable and simple, but the radial degrees of freedom within Σ do not play a role in what follows. The quarks transform under the extended gauge group as shown in Table 1.

When Σ gets a VEV proportional to the 3 × 3 unit matrix, the two SU(3) gauge bosons G^1_μ and G^2_μ mix [11]. One linear combination of the two SU(3) gauge bosons is the massless gluon of QCD, G_μ, while the orthogonal combination G^′_μ is a color-octet boson of spin 1 and mass M_G: ( G^1_μ G^2_μ ) = 1 √ h^2_1 + h^2 ( h_2 −h_1 h_1 h_2 ) ( G_μ G^′_μ ) , where h_1 and h_2 are the SU(3)_1 × SU(3)_2 gauge couplings.

In the mass eigenstate basis for the fermions and gauge bosons, the gluon interactions with all quarks are vectorlike and have a strength set by the QCD gauge coupling

g_s = h_1h_2 √ h^2_1 + h^2

. (3.1)

SU(3)_1 SU(3)_2 SU(2)_W U(1)_Y

SM quarks: q^i_L, u^i_R, d^i_R 3 1 2, 1, 1 +1/6, +2/3, −1/3

vectorlike quark: χ_L, χ_R 1 3 1 +2/3

scalar with VEV: Σ 3 3 1 0

Table 1: Fields charged under the SU(3)_1 × SU(3)_2 gauge group, and their electroweak charges. The i upper index of the standard model quarks labels the three generations.

The gluon-prime interaction with light quarks is also vectorlike, but of different strength: g_sr G^{′a}_μ qγ^μT^aq , (3.2) where T^a are the SU(3)_c generators and r ≡ h_1 h_2

. (3.3)

If r ≪ 1 (r ≫ 1), then the gauge coupling h_2 (h_1) is large and the theory becomes nonperturbative. Imposing some loose perturbative condition, h_2 (h_1) < 4π/ √ N_c with N_c = 3, and using Eq. (3.1) with α_s ≡ g^2_s /(4π) ≈ 0.1, we derive the range of values for r where our tree-level results can be trusted:

0.15 ≲ r ≲ 6.7 . (3.4)

The gluon-prime interactions with the t and t^′ quarks are chiral, and include flavordiagonal terms, g_sG^{′a}_μ [ tγ^μ (g_LP_L + g_RP_R) T^at + t^′γ^μ (g^{′′}_LP_L + g^{′′}_RP_R) T^at^′ ] , (3.5)

as well as flavor-changing terms,

g_sG^{′a}_μ tγ^μ (g^′_LP_L + g^′_RP_R) T^at^′ + H.c. (3.6)

The left- and right-handed projection operators are given as usual by P_{L,R} = (1 ∓ γ_5)/2, the couplings of the left-handed quarks are

g_L = rc^2_L − s^2_L r , g^{′′}_L = rs^2_L − c^2_L r , g^′_L = ( r + 1 r ) s_Lc_L , (3.7)

while the right-handed couplings, g_R, g^{′′}_R and g^′_R, are analogous to the left-handed ones except for the replacements s_L → s_R and c_L → c_R.

Altogether, the model discussed here has 5 free parameters: the masses m_t′ and M_G of the top-prime and gluon-prime, the mixing parameter s_L from the top sector, the ratio r of the SU(3)_1 and SU(3)_2 gauge couplings, and the standard model Higgs mass M_h.

Given the couplings shown in Eqs. (3.2), (3.5) and (3.6), we can compute the decay widths of G^′_μ. Summing over the standard model quarks other than top, we find Γ ( G^′_μ → ∑ qq̄ ) = 5 6 α_sr^2M_G . (3.8)

Figure 2: Decay widths of G^′_μ as shown in Eqs. (3.8)-(3.11) for its four decay modes, as a function of the ratio r of gauge couplings, for M_G = 1 TeV, m_t′ = 450 GeV, and s_L = 0.1 (solid lines) or 0.3 (dashed lines). The top two lines represent the total width.

The decay width into tt̄, for M_G ≫ m_t, is given by: Γ ( G^′_μ → tt̄ ) = α_s 12 ( g^2_L + g^2_R ) M_G . (3.9)

Including the exact phase-space suppression, the decay width into t^′t̄^′ is Γ ( G^′_μ → t^′t̄^′ ) = α_s 12 [ ( g^{′′ 2}_L + g^{′′ 2}_R ) ( 1 − m^2_t′ M^2_G ) + 6g^{′′}_Lg^{′′}_R m^2_t′ M^2_G ] ( 1 − 4m^2_t′ M^2_G )_{1/2} M_G . (3.10)

Finally, the gluon-prime may decay into a top and a top-prime quark, with a width Γ ( G^′_μ → tt̄^′ + t^′t̄ ) = α_s 6 [( g^{′ 2}_L + g^{′ 2}_R ) F ( m^2_t′ M^2_G , m^2_t M^2_G ) + 6g^′_Lg^′_R m_t′ m_t M^2_G ] β ( m^2_t′ M^2_G , m^2_t M^2_G ) M_G , (3.11) where β(x_1, x_2) is given in Eq. (2.15) and

F (x_1, x_2) = 1 − 1 2 (x_1 + x_2) − 1 2 (x_1 − x_2)^2 . (3.12)

In Figure 2 we plot the tree-level partial widths of the gluon-prime as a function of r for fixed s_L.

The total width of G^′_μ, Γ_G, is the sum of the above four decay widths. For small r the total width is large, as shown in Figure 2, but for r ∼> 0.3 the gluon-prime becomes a narrow resonance, with Γ_G less than 10% of M_G. Note that for M_G ≫ 2m_t′ , the total width is independent of the quark mixing angles:

Γ_G = α_s 6 ( 6r^2 + 1 r^2 ) M_G . (3.13)

4 Resonant production of top-prime quarks

Let us now compute the cross sections for quark pair production at hadron colliders. We are primarily interested in the case where the t^′t̄^′ production via an s-channel gluonprime is substantially larger than the QCD production. A large G^′_μ coupling to light quarks would be in conflict with the limits on dijet resonances, but the t^′t̄^′ cross section can still be substantially enhanced if the G^′_μ width is small. In that case we can ignore the interference between the gluon-prime and gluon. The partonic cross section for t^′t̄^′ production as a function of the center-of-mass energy of the collision ŝ is σ ( qq̄ → G^′_μ → t^′t̄^′ ) = σ_0 2 ( 1 − 4m^2_t′ ŝ )_{1/2} [ ( g^{′′ 2}_L + g^{′′ 2}_R ) ( 1 − m^2_t′ ŝ ) + 6g^{′′}_Lg^{′′}_R m^2_t′ ŝ ] . (4.1)

The resonant part of the above cross section is contained in

σ_0 = 8π 27 α^2_sr^2 ŝ (ŝ − M^2_G)^2 + M^2_GΓ^2_G

, (4.2)

where Γ_G, the total width of the gluon-prime, was computed at the end of Section 3. Similarly, the tt̄ production cross section due to an s-channel gluon-prime is given by replacing m_t′ → m_t, g^{′′}_L → g_L and g^{′′}_R → g_R in the above expression for σ ( qq̄ → G^′_μ → t^′t̄^′ ) . The cross section for producing a top and a top-prime is: σ ( qq̄ → G^′_μ → tt̄^′ + t^′t̄ ) = σ_0 β ( m^2_t′ ŝ , m^2_t ŝ ) [( g^{′ 2}_L + g^{′ 2}_R ) F ( m^2_t′ ŝ , m^2_t ŝ ) + 6g^′_Lg^′_R m_tm_t′ ŝ ] , (4.3) with the functions β and F given in Eqs. (2.15) and (3.12), respectively. The dijet cross section, including 5 quark flavors and neglecting the t-channel exchange, is simply σ ( qq̄ → G^′_μ → jj ) ≃ 5r^2σ_0 . (4.4)

Figure 3: Cross section for t^′ pair production at the Tevatron as a function of the G^′_μ mass M_G, for m_t′ = 450 GeV, r = 0.2 or 0.4, and s_L = 0.1 or 0.3.

Convoluting these partonic cross sections with the CTEQ6L [21] parton distribution functions, one can obtain the leading-order cross sections at hadron colliders. We have also implemented the interactions shown in Eqs. (3.2), (3.5) and (3.6) in CalcHEP [22] and MadGraph [23], allowing us to more efficiently compute the hadronic cross sections [24]. The pp̄ → G^′ → t^′t̄^′ cross section in Run II of the Tevatron is shown in Figure 3, for a renormalization and factorization scale of √ ŝ. The threshold behavior close to M_G ∼ 2m_t′ results in regions where a given cross section is consistent with two different G^′_μ masses. We do not include any next-to-leading order corrections because they have not been computed for this process.

4.1 The t^′ search in the (W j)(W j) final state at the Tevatron

We now have the tools needed to discuss the existing Tevatron t^′ searches. The CDF Collaboration [10] has searched for t^′ pair production in the ℓ + ν + 4j channel, where the lepton and neutrino reconstruct a W . They then imposed that two of the jets reconstruct a second W , and paired the remaining jets with the hadronic and leptonic W s in such a way as to minimize the difference between the invariant mass of the jet+W systems. The latter constraint determines m_t′ . In 2.8 fb^{−1} of data they found 7 candidate t^′t̄^′ q

q

G^′_μ t^′

t̄^′ b W^+ W^− b̄ ℓ^+ ν j j

Figure 4: Resonant t^′t̄^′ production followed by t^′ → W b decays, with one W decaying leptonically and the other W decaying to jets.

events with reconstructed m_t′ between 375 and 500 GeV. The standard model predicts a background of 2.1 events. Although the excess events may be due to a fluctuation of the background, it is intriguing that they can be interpreted as due to the decays of a t^′ pair with m_t′ ≈ 450 GeV. Taking into account the resolution, any value of m_t′ between about 400 and 500 GeV would probably fit the data.

However, the cross section that can account for the observed events is at least an order of magnitude larger than the QCD production of a t^′ pair at that mass [10]. We propose that this discrepancy is due to the resonant enhancement of the cross section when the gluon-prime is produced in the s-channel, as shown in Figure 4.

One worry about the s-channel resonance interpretation is that, in order to be produced at the Tevatron, the new particle must couple to quarks or gluons and hence would give rise to a dijet resonance that would already have been observed. The CDF search for dijet resonances in 1.1 fb^{−1} of data has ruled out a gluon-prime of mass up to 1.25 TeV [26], assuming that it couples to all quarks as the usual gluon. In our model, though, the branching fraction into jets is parametrically smaller by a factor r^4: one factor of r^2 coming from the width to dijets, and another coming from the total width (dominated by the width to t^′ pairs) which is proportional to 1/r^2 for r ≪ 1. Furthermore, the production of the gluon-prime is suppressed by r^2, due to the smaller coupling to standard model quarks. As a result, σ(pp̄ → G^′ → jj) decreases as r^6, and the limit of 120 fb set by dijet resonance searches can be satisfied for a nontrivial range of parameters: for M_G = 1 TeV, we find r ∼< 0.4. Note that the dijet cross section, given in Eq. (4.4), is only weakly dependent on s_L through Γ_G.

Searches for tt̄ resonances also impose a constraint on our model. The partonic cross section, ignoring terms of order m^2_t /ŝ, may be written as σ ( qq̄ → G^′_μ → tt̄ ) ≈ σ_0 2r^2 [ ( s^2_L(1 + r^2) − r^2

)_2 + ( s^2_Lm^2_t′ (1 + r^2) m^2_t + s^2_L(m^2_t′ − m^2_t ) − r^2 )_2 ] , (4.5)

where we used the expression for s_R given in Eq. (2.5). The above square bracket is maximized when s_L → 1 as long as r < 1, while for r too small Γ_G is large so that σ_0 is small. Hence, tt̄ resonance searches are sensitive to the region of large s_L and large r. The current best limit on the cross section of a tt̄ resonance is 570 fb for a resonance of 900 GeV [27].

A similar analysis applied to Eq. (4.1) shows that σ ( qq̄ → G^′_μ → t^′t̄^′ ) is maximized for s_L → 0. In this limit, the product of the G^′_μ couplings to light quarks and to t^′ becomes independent of r, but for small r the t^′t̄^′ cross section still decreases when r decreases because the G^′_μ becomes broader. We display the cross section for t^′ pair production at the Tevatron in Figure 5 as contours (solid lines) in the s_L-r plane. Given that the t^′ → W b branching fraction is approximately 70% for large Higgs mass (see Section 2), the cross section for (W^+b)(W^−b̄) is around half the t^′t̄^′ cross section.

This should be compared with the observed (W j)(W j) cross section, which must be around 20 fb in order to give rise to 5 excess events for an 8.8% acceptance [25], corresponding to a t^′t̄^′ cross section of 40 fb. Thus, values r ≳ 0.2 are preferred within the allowed (unshaded) region in Figure 5. With this restriction, the G^′ width is less than 20% of its mass (see Figure 2), justifying our neglect of interference with the gluon in computing the t^′t̄^′ and tt̄ cross sections^2.

The top-prime production in association with a top quark is also of interest. Its partonic cross section, given in Eq. (4.3), vanishes in the s_L → 0 limit, while for m^2_t′ ≫ m^2_t it is proportional to s^2_Lc^2_L. Thus, the tt̄^′ + t^′t̄ cross section reaches its maximum for s_L close to 1/2, away from the maxima of both the t^′t̄^′ and tt̄ cross sections. In Figure 5 we show the tt̄^′ + t^′t̄ cross section contours (dashed lines) in the s_L-r plane. Strikingly, in the region where the CDF excess events may be explained and 0.3 ≲ s_L ≲ 0.5 and 0.3 ≲ r ≲ 0.4, the (W^+b)(W^−b̄) cross section from associated t^′ production may be up to 5 times larger than that from t^′ pair production.

It is important to note that there are searches for ‘tt̄ resonances’ from both the CDF

2The t^′t̄^′ contours in the lower part of the allowed region (r ≲ 0.2) in Figure 5 are only approximate, since the width of the G^′_μ is large here. The interference with the gluon may easily be included using CalcHEP or MadGraph, but may complicate the comparison to the data because experimental plots often assume a narrow width and no interference.

Figure 5: Production cross sections for t^′t̄^′ (solid lines) and tt̄^′ + t^′t̄ (dashed lines) at the Tevatron, for M_G = 1 TeV and m_t′ = 450 GeV. The shaded regions for s_L > 0.57 and r < 0.15 are excluded by Eqs. (2.9) and (3.4). The shaded region from the upper side of the plot is excluded by the search for dijet resonances [26]. The search for (W b)(W b) resonances [29] excludes the upper-right corner: the shaded region for M_h = 120 GeV, and everything above the dot-dashed line for M_h = 500 GeV.

and D0 Collaborations that do not attempt to reconstruct the top mass. These are in fact searches for W bW b resonances, and in the context of our model, they are sensitive to the sum of the tt̄, t^′t̄^′, t^′t̄ and tt̄^′ resonances. The CDF search of this type [28], with 680 pb^{−1} of data, yielded 13 events with W bW b invariant masses in the 750 - 1000 GeV range, while the estimated background is approximately 5 events. The D0 search [29], with 2.1 fb^{−1}, set a 95% confidence level upper limit of 210 fb on a W bW b resonance of 1 TeV. This limit excludes a region in the s_L-r plane, which depends on the Higgs mass because of the t^′ → W b branching fraction. For M_h = 120 GeV the shaded region in the upper right corner of Figure 5 is excluded; for larger Higgs masses the excluded region grows, reaching the dot-dashed line for M_h = 500 GeV.

Figure 5 shows that a sizable region of parameter space is consistent with the (W j)(W j) events observed at CDF when M_G = 1 TeV. Larger values of M_G, up to about 1.2 TeV, can also give a t^′t̄^′ cross section above 40 fb, especially for small s_L. Values of M_G below 1 TeV are also fine, but the constraint on r from dijet resonance searches becomes more stringent. For M_G as low as 850 GeV, the t^′t̄^′ cross section remains above 40 fb, with the small r and small s_L region satisfying the dijet constraint (see the r = 0.2 and s_L = 0.1 line on Figure 3).

Should the potential t^′ pair signal at CDF grow with luminosity, and also be confirmed by the D0 Collaboration, then its large cross section will point to an s-channel resonance. If this is the case, the invariant mass distribution of the full (W j)(W j) final state should have a peak, representing the observation of a new particle (the gluon-prime in our model) as well as a measurement of its mass (M_G). Even if the current excess turns out to be only a fluctuation of the background, searching for a peak in the distribution of the total invariant mass in each event may uncover a top-prime signal that is otherwise swamped by background. It is thus important for the CDF and D0 Collaborations to impose a mass constraint on the (W j)(W j) sample where one W and one jet have a mass peak at m_t′ and the other W and the remaining jet have a mass peak at either m_t or m_t′ .

In addition, detailed studies of the t^′ can be carried out. Its spin and couplings to standard model particles may be measured by adapting current Tevatron analyses for the top quark, such as W -helicity measurements. Moreover, the invariant mass distribution of the lepton and b-jet from the same t^′ decay, which differs from that of the t due to the larger mass of the t^′, allows the measurement of the chiral structure of the t^′-W -b coupling and t^′ spin [30]. Also, the measurement of the t^′t̄^′ forward-backward asymmetry will probe the chiral structure of the G^′_μ couplings.

Given the large enhancement of t^′t̄^′ production in the presence of the G^′_μ, it is instructive to estimate the ultimate m_t′ reach of the Tevatron. At the M_G = 2m_t′ threshold the G^′_μ width becomes very small because the t^′t̄^′ decay is no longer kinematically available. For small s_L, we get Γ_G ≈ α_sr^2M_G, so that the width is smallest for small r. As a consequence, at threshold the pp̄ → G^′_μ → t^′t̄^′ cross section becomes large for small r, in contrast with the small r region in Figure 5. Taking M_G = 1.2 TeV, m_t′ = 600 GeV, s_L = 10^{−2} and r = 0.2 we find σ(pp̄ → G^′_μ → t^′t̄^′) ≈ 35 fb. For M_h > m_t′ − m_t, the branching fraction into W b is 72%, so that the (W^+b)(W^−b̄) signal has a cross section of 18 fb. This is huge compared to the QCD pair production, of approximately 0.1 fb at m_t′ = 600 GeV. Assuming a ∼ 9% acceptance for a semileptonic (W j)(W j) event at m_t′ = 600 GeV, we find that there will be approximately 10 events in 10 fb^{−1} of data,

Figure 6: Cross section for pp̄ → G^′ → t^′t̄^′ → (W b)(W b) at the Tevatron as a function of t^′ mass, for M_G = 2m_t′ , M_h = 120 GeV, r = 0.2, and s_L = 0.01, 0.1 or 0.3. Also shown is the CDF limit, taken from [10].

while the background is likely to be very small. We conclude that m_t′ = 600 GeV will be within the reach of the Tevatron if enough data is analyzed. For a lighter Higgs boson, the smaller t^′ → W b branching fractions leads to a decrease in the (W b)(W b) signal. The (W b)(W b) cross section is plotted in Figure 6 as a function of t^′ mass for M_h = 120 GeV.

4.2 Other signatures at hadron colliders

Also interesting for both t^′ pair production and associated production are the decays t^′ → Z^0t and t^′ → h^0t. In particular, the t^′ → h^0t decay may allow the discovery of the standard model Higgs boson. Processes with large branching fractions include

pp̄ → G^′_μ → t^′t̄ → (tZ^0) t̄ / (t h^0) t̄ / (W^+b) t̄ ,

pp̄ → G^′_μ → t^′t̄^′ → (tZ^0)(W^−b̄) / (t h^0)(W^−b̄) ,

as well as the charge-conjugated processes. The parentheses here indicate that the two particles form a mass peak. Any of the h^0 → bb̄, W^+W^−, Z^0Z^0 decay modes may be important depending on the Higgs boson mass.

q

q

G^′_μ t^′ t

h^0

t̄ Z^0

Z^0 b W^+ ℓ^+ ℓ^− j j

W^− b̄ Figure 7: Resonant t^′t̄ production followed by t^′ → h^0t and h^0 → Z^0Z^0 decays.

For example, with M_h in the 200 - 230 GeV range, the standard model predicts a branching fraction of approximately 2.8% for h^0 → Z^0Z^0 with one Z^0 decaying to e^+e^− or μ^+μ^− and the other Z^0 decaying to jets. Taking into account that B(t^′ → h^0t) ≈ 20% for m_t′ = 450 GeV, and that σ(pp̄ → G^′_μ → t^′t) can be as large as 200 fb for M_G = 1 TeV (see Figure 5), we find that the process shown in Figure 7 can have a cross section of about 1 fb at the Tevatron, which is more than an order of magnitude larger than the corresponding tt̄h cross section in the Standard Model. Thus, the CDF and D0 experiments could each observe several tt̄h^0 events with h^0 → Z^0Z^0 → (ℓ^+ℓ^−)(jj). The background for this process is likely to be small, given that the two Z’s form a mass peak at M_h.

Single-t^′ production from W exchange is rather small at the Tevatron. Compared to the standard model single-t production [32], single-t^′ production is suppressed due to the larger t^′ mass, and also by s^2_L arising from the t^′-W -b vertex given in Eq. (2.8). We find σ(pp̄ → t^′j) ≈ 4 fb (s_L/0.4)^2 without cuts, for m_t′ = 450 GeV. It would be difficult to distinguish this signature from the large W + 2j background, which is estimated in Ref. [31].

At the LHC, by contrast, single-t^′ production is the main production mechanism for a heavy vectorlike t^′ [7, 32]. The t^′ → h^0t decay followed by h → bb̄ has been studied in Ref. [33], while the more promising case h^0 → Z^0Z^0 with one of the Z^0 bosons decaying leptonically has been discussed in Ref. [8]. The LHC signals arising from QCD t^′t̄^′ production are discussed in [33, 19, 34].

The LHC phenomenology in the presence of both the t^′ and the gluon-prime has not been studied yet. The small parton distribution for antiquarks within the proton reduces the gluon-prime production in pp collisions compared to pp̄ collisions (gauge invariance forbids the gluons to couple at tree level to a single G^′_μ). Nevertheless, the large centerof-mass energy planned for the LHC will significantly extend the reach in m_t′ and M_G.

5 Conclusions

We have shown that the pair production of top-prime quarks at the Tevatron may be increased by up to two orders of magnitude compared to the QCD process if it occurs via an s-channel resonance. In the case where this resonance is a gluon-prime particle, the Tevatron searches may be sensitive to top-primes as heavy as 600 GeV. Such a gluonprime arises in gauge extensions of QCD, while the top-prime can arise from a vectorlike quark that has a mass mixing with the standard top quark.

It is intriguing that the simple renormalizable model for new physics presented here, which includes only two particles beyond the standard model, fits the noticeable CDF excess in the semileptonic (W j)(W j) channel without fine-tuning. Fixing the top-prime mass at 450 GeV, we can match the CDF excess for any gluon-prime mass in the 850 - 1200 GeV range. A Z^′ → t^′t̄^′ interpretation of this excess would be problematic, because the large coupling to t^′ would require the embedding of the associated gauge symmetry in a non-Abelian gauge group at a scale near the Z^′ mass.

Independent of the CDF excess, our t^′ + G^′_μ model motivates new ways of analyzing existing Tevatron data. Single production of a t^′ in association with a top quark may have a large cross section. This process, as well as t^′t̄^′ production, with a top-prime subsequently decaying to h^0t imply that the Tevatron may be sensitive to Higgs masses as large as 230 GeV. A possible discovery channel is resonant t^′t̄ production followed by t^′ → h^0t and h^0 → Z^0Z^0 decays.

On a more general note, the t^′ + G^′_μ model presented here underscores the importance of reconstructing the invariant mass of the entire event, even for complicated final states such as W jW j or tt̄h^0. Furthermore, the rich phenomenology predicted in this simple extension of the standard model (including, for example, the displaced t^′ decays mentioned in Section 2, or the W btZ signature mentioned in Section 4) illustrates that the Tevatron may discover new physics provided that searches are extended to cover as many signatures as possible.

Note added: Subsequent to the completion of this paper, the D0 search for resonances in the W bW b final state was updated with 3.6 fb^{−1} of data [35]. The new result includes 17 events in the 800 - 1000 GeV range, with a background of approximately 6.4 events. The extra events may arise from a G^′_μ resonance with M_G ≈ 900 GeV which decays into a t^′ pair or into a t^′ and a t quark. A set of parameters consistent with this scenario is m_t′ ≈ 430 GeV, r ≈ 0.2, s_L ≈ 0.1, M_h ≈ 120 GeV.

Acknowledgments: We would like to thank Anupama Atre, Gustavo Burdman, DooKee Cho, John Conway, Robin Erbacher, Patrick Fox, Chris Hill, Andrew Ivanov, Christian Schwanenberger, Thomas Schwarz and Tim Tait for useful comments. Fermilab is operated by Fermi Research Alliance, LLC, under Contract DE-AC02-07CH11359 with the US Department of Energy.

References

[1] F. Abe et al. [CDF Collaboration], “Observation of top quark production in p̄p collisions,” Phys. Rev. Lett. 74, 2626 (1995) [hep-ex/9503002].

S. Abachi et al. [D0 Collaboration], “Observation of the top quark,” Phys. Rev. Lett. 74, 2632 (1995) [hep-ex/9503003].

[2] For a review, see P. H. Frampton, P. Q. Hung and M. Sher, “Quarks and leptons beyond the third generation,” Phys. Rept. 330, 263 (2000) [arXiv:hep-ph/9903387].

[3] For a recent study, see G. D. Kribs, T. Plehn, M. Spannowsky and T. M. P. Tait, “Four Generations and Higgs Physics,” Phys. Rev. D 76, 075016 (2007) [hepph/0706.3718].

[4] P. Q. Hung and M. Sher, “Experimental constraints on fourth generation quark masses,” Phys. Rev. D 77, 037302 (2008) [arXiv:0711.4353 [hep-ph]].

[5] See e.g., M. E. Peskin and T. Takeuchi, “Estimation of oblique electroweak corrections,” Phys. Rev. D 46, 381 (1992).

[6] D. Choudhury, T. M. P. Tait and C. E. M. Wagner, “Beautiful mirrors and precision electroweak data,” Phys. Rev. D 65, 053002 (2002) [arXiv:hep-ph/0109097].

[7] T. Han, H. E. Logan and L. T. Wang, “Smoking-gun signatures of little Higgs models,” JHEP 0601, 099 (2006) [arXiv:hep-ph/0506313].

[8] S. Abdullin et al, “Tevatron-for-LHC report: Preparations for discoveries,” hep-ph/0608322, Section 3.4.

[9] T. Aaltonen et al. [CDF Collaboration], “Search for Heavy Top-like Quarks Using Lepton Plus Jets Events”, Phys. Rev. Lett. 100, 161803 (2008) [hep-ex/0801.3877].

[10] CDF Collaboration, “Search for t^′ → W q in lepton plus jets events”, note 9446, July 2008; A. Lister [CDF Collaboration], “Search for heavy top-like quarks t^′ → W q using lepton plus jets events”, hep-ex/0810.3349.

[11] C. T. Hill, “Topcolor: Top quark condensation in a gauge extension of the standard model,” Phys. Lett. B 266, 419 (1991). C. T. Hill and S. J. Parke, “Top production: Sensitivity to new physics,” Phys. Rev. D 49, 4454 (1994), [hep-ph/9312324]. R. S. Chivukula, A. G. Cohen and E. H. Simmons, “New Strong Interactions at the Tevatron?,” Phys. Lett. B 380, 92 (1996), [hep-ph/9603311]. E. H. Simmons, “Coloron phenomenology,” Phys. Rev. D 55, 1678 (1997), [hep-ph/9608269]. D. Choudhury, R. M. Godbole, R. K. Singh and K. Wagh, “Top production at the Tevatron/LHC and nonstandard, strongly interacting spin-1 particles,” hep-ph/0705.1499.

[12] B. A. Dobrescu and C. T. Hill, “Electroweak symmetry breaking via top condensation seesaw,” Phys. Rev. Lett. 81, 2634 (1998) [hep-ph/9712319].

[13] R. S. Chivukula, B. A. Dobrescu, H. Georgi and C. T. Hill, “Top quark seesaw theory of electroweak symmetry breaking,” Phys. Rev. D 59, 075003 (1999) [hep-ph/9809470].

[14] H. Collins, A. K. Grant and H. Georgi, “The phenomenology of a top quark seesaw model,” Phys. Rev. D 61, 055002 (2000) [hep-ph/9908330]. H. J. He, C. T. Hill and T. M. P. Tait, “Top quark seesaw, vacuum structure and electroweak precision constraints,” Phys. Rev. D 65, 055006 (2002) [arXiv:hep-ph/0108041].

[15] H. C. Cheng, B. A. Dobrescu and C. T. Hill, “Electroweak symmetry breaking and extra dimensions,” Nucl. Phys. B 589, 249 (2000) [arXiv:hep-ph/9912343].

[16] M. S. Carena, E. Ponton, J. Santiago and C. E. M. Wagner, “Light Kaluza-Klein states in Randall-Sundrum models with custodial SU(2),” Nucl. Phys. B 759,

202 (2006) [hep-ph/0607106]. R. Contino, L. Da Rold and A. Pomarol, “Light custodians in natural composite Higgs models,” Phys. Rev. D 75, 055014 (2007) [hep-ph/0612048]. G. Burdman and L. Da Rold, “Electroweak Symmetry Breaking from a Holographic Fourth Generation,” JHEP 0712, 086 (2007) [0710.0623 [hepph]].

[17] V. M. Abazov et al. [The D0 Collaboration], “Observation of Single Top Quark Production,” arXiv:0903.0850 [hep-ex].

[18] T. Aaltonen et al. [The CDF collaboration], “First Observation of Electroweak Single Top Quark Production,” arXiv:0903.0885 [hep-ex].

[19] J. A. Aguilar-Saavedra, “Pair production of heavy Q = 2/3 singlets at LHC,” Phys.

Lett. B 625, 234 (2005); The width for t^′ → h^0t is corrected in Erratum-ibid. B 633, 792 (2006).

J. Alwall et al., “Is V_{tb} ≃ 1?,” Eur. Phys. J. C 49, 791 (2007) [hep-ph/0607115].

[20] R. S. Chivukula, C. Hoelbling and N. J. Evans, “Limits on a composite Higgs boson,” Phys. Rev. Lett. 85, 511 (2000) [hep-ph/0002022].

[21] J. Pumplin et al, “New generation of parton distributions with uncertainties from global QCD analysis,” JHEP 0207, 012 (2002). [arXiv:hep-ph/0201195].

[22] A. Pukhov, “CalcHEP 3.2: MSSM, structure functions, event generation, batchs, and generation of matrix elements for other packages,” arXiv:hep-ph/0412191.

[23] F. Maltoni and T. Stelzer, “MadEvent: Automatic event generation with MadGraph,” JHEP 0302, 027 (2003). [arXiv:hep-ph/0208156].

[24] Our CalcHEP and MadGraph files for the t^′ + G^′_μ model may be downloaded from http://home.fnal.gov/∼kckong/Tprime and http://home.fnal.gov/∼rakhi/Tprime, respectively.

[25] Authors of [10], private communication.

[26] T. Aaltonen et al. [The CDF Collaboration], “Search for new particles decaying into dijets in proton-antiproton collisions at √ s = 1.96 TeV,” arXiv:0812.4036 [hep-ex].

[27] T. Aaltonen et al. [CDF Collaboration], “Limits on the production of narrow tt̄ resonances in pp̄ collisions at √ s = 1.96-TeV,” Phys. Rev. D 77, 051102 (2008) [arXiv:0710.5335 [hep-ex]].

[28] T. Aaltonen et al. [CDF Collaboration], “Search for resonant tt̄ production in pp̄ collisions at √ s = 1.96-TeV,” Phys. Rev. Lett. 100, 231801 (2008) [arXiv:0709.0705 [hep-ex]].

[29] D0 Collaboration, “Search for tt̄ resonances in the lepton + jets final state in pp̄ collisions”, note 5600, March 2008.

[30] M. Burns, K. Kong, K. T. Matchev and M. Park, “A General Method for Model- Independent Measurements of Particle Spins, Couplings and Mixing Angles in Cascade Decays with Missing Energy,” JHEP 0810, 081 (2008) [hep-ph/0808.2472].

[31] A. Atre, M. Carena, T. Han and J. Santiago, “Heavy Quarks Above the Top at the Tevatron,” arXiv:0806.3966 [hep-ph].

[32] S. S. D. Willenbrock and D. A. Dicus, “Production of heavy quarks from W-gluon fusion,” Phys. Rev. D 34, 155 (1986).

[33] G. Azuelos et al., “Exploring little Higgs models with ATLAS at the LHC,” Eur.

Phys. J. C 39S2, 13 (2005) [arXiv:hep-ph/0402037].

[34] B. Holdom, “t^′ at the LHC: The physics of discovery,” JHEP 0703, 063 (2007) [arXiv:hep-ph/0702037].

[35] D0 Collaboration, “Search for tt̄ resonances in the lepton + jets final state in pp̄ collisions”, note 5882, March 2009.