arXiv:hep-ph/0303056 v1 6 Mar 2003

SLAC-PUB-9632

Contact Interaction Searches at the Linear Collider: Energy, Luminosity and Positron Polarization Dependencies^∗

Thomas G. Rizzo^† Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309 USA (Dated: March 6, 2003)

Many types of new physics can lead to contact interaction-like modifications in e^+e^− processes below direct production threshold. This report summarizes a survey of contact interaction search reaches at the Linear Collider as functions of energy, luminosity and positron polarization. The various tradeoffs between these quantities in such searches are examined in detail.

I. INTRODUCTION

It is generally expected that new physics beyond the Standard Model(SM) will manifest itself at future colliders that probe the TeV scale such as the LHC and the Linear Collider(LC). This new physics(NP) may appear either directly, as in the case of new particle production, e.g., SUSY or Kaluza-Klein resonances, or indirectly through deviations from the predictions of the SM. In the case of indirect discovery the effects may be subtle and many different NP scenarios may lead to the same or very similar experimental signatures.

Perhaps the most well known example of this indirect scenario in a collider context would be the observation of deviations in, e.g., various e^+e^− cross sections due to apparent contact interactions. There are many very different NP scenarios that predict new particle exchanges which can lead to contact interactions below direct production threshold; a partial list of known candidates is: compositeness[1], a Z^′ from an extended electroweak gauge model[2, 3], scalar or vector leptoquarks[2, 4], R-parity violating sneutrino(ν̃) exchange[5], scalar or vector bileptons[6], graviton Kaluza-Klein(KK) towers[7, 8] in extra dimensional models[9, 10], gauge boson KK towers[8, 11], and even string excitations[12]. Of course, there may be many other sources of contact interactions from NP models as yet undiscovered, as was the low-scale gravity scenario only a few years ago.

The purpose of this paper is to overview how contact interaction search reaches are influenced by changes in the LC center of mass energy, integrated luminosity and positron polarization[13]. To be specific we will limit our discussion to the processes e^+e^− → f̄ f and to four of the scenarios listed above: new Z^′’s, gauge KK towers in the 5-dimensional version of the SM(5DSM), graviton exchange in the ADD model and compositeness. We will at first consider the following center of mass energies: √ s = 0.5, 0.8, 1.0, 1.2 and 1.5 TeV and luminosities in the range 0.1 ≤ L ≤ 3 ab^{−1} and then generalize so that we may interpolate among these cases. Assuming an e^− polarization of 80% we initially consider only two possible polarizations for positrons: P_+ = 0, 60% and later generalize to a continuum of values. In calculating errors, statistical uncertainties and those systematics arising from both polarization and luminosity uncertainties, δP/P = 0.003 and δL/L = 0.0025 are employed. Initial state radiation but no beamstrahlung has been included and a symmetric low angle cut θ_{min} = 100 mrad has been imposed. Finite efficiencies for flavor tagging the final state leptons and quarks, f = e, μ, τ, c, b, t, are also included in the calculations. In performing fits we employ the following observables: the unpolarized total cross sections, σ_f , the unpolarized angular distributions, 1/σ_f dσ_f /d cos θ, the left-right polarization asymmetries, A^f_{LR}(cos θ) and the polarization of taus in the final state, P_τ , including the effects of a finite efficiency. Comparisons between the predictions of the new physics models to those of the SM are determined by the χ^2 of the fit which is controlled by a single parameter, a mass scale, in each case. The resulting 95% CL bounds we obtain are consistent with those found in earlier analyses[13].

However here it is not so much the bounds themselves that we are interested in but their variation as we change the values of √ s, L and P_+. For impatient readers the punchline of this analysis can be found in Section V and specifically in Figs. 8 and 9. Sections II-IV contain the justification for these later results and conclusions.

∗ Summary of a talk given at the American Linear Collider Workshop, the University of Texas, Arlington, Jan. 9-11, 2003. †rizzo@slac.stanford.edu

FIG. 1: 95% CL search reach MZ_2 for a Z^′ at a √ s = 500 GeV LC when P+ = 0(solid) or 60%(dashed) as a function of the integrated luminosity for E6 models ψ(green), χ(red), the LRM(blue) and the SSM(magenta).

II. NEW GAUGE BOSONS

Our first example of contact interactions is Z^′ exchange below production threshold. There are a huge number of models of this kind[2, 3]. We will consider four specific but representative Z^′ models: the models ψ and χ based on E_6 GUTS[2], the canonical Left-Right symmetric model(LRM) with equal left- and right-handed couplings, i.e., κ = g_R/g_L = 1[3] and the so-called Sequential Standard Model(SSM), which has a heavy copy of the SM Z that is often used by experimenters to gauge Z^′ sensitivity. The possibility of mixing between any of these new Z^′ fields and the SM Z will be neglected in the analysis and the deviations of the observables from their SM values for the final states f = μ, τ, c, b and t will be combined into a single overall fit. Fig. 1 shows a typical result from this analysis for the specific case of an LC with √ s = 500 GeV. We see immediately that the Z^′ limits are quite model dependent as one might expect due to the wide variation in their couplings to the various SM fermions; note that reaches in the range ∼ 5 − 12 √ s seem rather generic. We also observe that the search reaches are in all cases relatively(∼ 10 − 20%) sensitive to the presence of positron polarization, but in a model-dependent manner. Although the various reach curves have slightly different slopes they are found to rise approximately[3] as ∼ L^{1/4} in all cases. As we will discuss below this approximate scaling implies that the discovery reach is essentially statistics dominated.

What happens to these results as we vary √ s? This is shown in detail in Fig. 2 for the same set of Z^′ models.

In order to compare the same model but at different values of √ s, thus removing the coupling dependencies, we replot these results as shown in Fig. 3. In both these figures we see that these are some small relative changes in the slopes as √ s is varied. Overall one sees that for a given model and fixed values of L and P_+ the reach scales[3] approximately as ( √ s)^{1/2}, which again signals the dominance of statistical errors.

III. EXTRA DIMENSIONS

We will investigate two models which display distinct signatures for extra dimensions. The first case we consider is the 5DSM in which the photon and Z(as well as the W and gluon) of the SM have nearly equally spaced KK excitations with masses M^2_n = n^2M^2_c + M^2_0 , where M_0 is the SM particle mass, n = 1, 2, 3, ... and M_c is the compactification scale. Based on analyses of precision measurements we expect M_c to be in excess of 4-5 TeV[11]. (We note however that there are variations of this model where KK gauge boson can exists which are significantly lighter than these bounds thus allowing for the possibility of their direct production at a TeV class LC.) The scale M_c is thus essentially the mass of the first photon/Z KK excitation. The reach for M_c is expected to be significantly larger than, say, the reach for the mass of the SSM Z^′, for several reasons. First,

FIG. 2: Same as the previous figure but now for √ s = 0.8 TeV (upper left), 1 TeV(upper right), 1.2 TeV(lower left) and 1.5 TeV(lower right).

both the photon and Z have KK excitations which perturb the various observables. Second, a whole tower of both states exists instead of a single state and, lastly, the couplings of all the states in both of the KK towers to the SM fermions are greater than those of the corresponding SM gauge fields by a factor of √ 2. Fig. 4 shows the search reaches obtained in this case with values of M_c as high as ∼ 20 √ s being probed. We see several things from this plot. First, the curves have very similar slopes though there is some variation as the values of √ s and P_+ are altered. However, to a very good approximation the reach in all cases scales as ∼ (sL)^{1/4} which signals that the bounds are statistics dominated. Second, increasing P_+ from 0 to 60% leads to an increase in the reach for all √ s of approximately ∼ 12%. This is similar to what was seen in the case of new gauge bosons.

In the second extra-dimensional scenario, the ADD model, an almost continuum tower of KK gravitons is exchanged. The corresponding KK sum needs to be cutoff and is defined by a parameter Λ_H if the scheme of Hewett is employed[11]. Graviton exchange differs in an important way from the other contact interactions encountered above in that to lowest order it can be represented as an operator of dimension-8. Z^′, 5DSM and compositeness effects all lead to dimension-6 operators. We note that for dimension-d operators the new effects due to the associated contact interactions scale as ∼ ( √ s/M )^{(d−4)}, where M is the relevant mass scale.

Furthermore, a short analysis demonstrates that for dimension-d operators the reach scales correspondingly as ∼ [ s^{(d−5)}L ]_{1/(2d−8)} , (1)

when statistical errors dominate. For the now familiar dimension-6 case this yields ∼ (sL)^{1/4} as discussed above but for the ADD model we obtain instead the result ∼ (s^3L)^{1/8}. This ∼ L^{1/8} behavior for the search reach is an excellent approximation to what is observed in Fig. 5; the growth in the reach for fixed L is also consistent with the ∼ ( √ s)^{3/4} expectation assuming statistically dominated errors. The increase in the reach with P_+ going from 0 to 60% is somewhat smaller than in the two previously examined cases here being only ≃ 5%2. Note that as the dimension of the NP operator increases, changes in L become far less important than changes in √ s in increasing search reaches.

FIG. 3: 95% CL search reaches for different Z^′ models. In each plot there are a pair of curves (solid,dashed) for each center of mass energy corresponding to P+ = (0, 60)%. From bottom to top the curves correspond to √ s = 0.5, 0.8, 1, 1.2 and 1.5 TeV, respectively. The upper left(right) panel is for model χ(ψ) while the lower panel is for the LRM.

FIG. 4: 95% CL search reach for the compactification scale of the 5DSM. There are a pair of curves (solid,dashed) for each center of mass energy corresponding to P+ = (0, 60)%. From bottom to top the curves correspond to √ s = 0.5, 0.8, 1, 1.2 and 1.5 TeV.

FIG. 5: Same as the previous figure but now for the cutoff scale in the ADD model employing the prescription of Hewett.

IV. COMPOSITENESS

If the SM fermions are composite then they can exchange constituents during a scattering process which leads to new dimension-6 operators[1] and the corresponding contact interactions. Since different fermions may have different constituents and differing scales of compositeness, the simplest process to analyze in this case is Bhabha scattering since only electrons and positrons are involved. The contact interactions in this scenario can be classified according to the helicity structure of the two leptonic currents: LL, RR, LR, VV, AA, etc, and the associated operator mass scale Λ. Here we will assume that these interactions constructively interfere with the SM γ and Z exchange contributions and that only one of these helicity structures dominates.

In the case of Bhabha scattering the θ_{min} cut can play a more important role than for the purely s-channel processes discussed above. The cut is essential in removing the purely photonic t-channel singularity in the forward direction. The overall event rate and hence to some extent the statistics is, however, sensitive to the particular value chosen for the cut. However, the very forward region, being so dominated by the pure photon exchange diagram, is not very sensitive to the existence of contact interaction contributions. Fig. 6 show the search reaches for these five helicity combinations at a √ s = 500 GeV LC both without and with positron polarization, respectively; note that the reach is quite sensitive to the helicity choice. The increased reach obtained with positron polarization is found to be helicity dependent but overall comparable to that obtained for the Z^′ and 5DSM cases: ∼ 10 − 18%. Fig. 7 shows the corresponding √ s dependences of the search reaches.

We find that again the reaches are statistically dominated so that they scale approximately as ∼ (sL)^{1/4} as they do for other dimension-6 contact interactions.

V. TRADEOFFS AND PROSPECTS

Given all of the results above for the different models we can now assess the various tradeoffs between variations in √ s, L and P_+ for contact interaction searches. Clearly graviton exchange in the ADD case will be distinct from the three other scenarios since it involves dimension-8 and not dimension-6 operators. To address these issues in the broadest possible way the curves shown in Figs. 8 and 9 need to be used simultaneously. (Note that Fig. 9 shows that the growth in the search reach with increasing P_+ is roughly linear.) The results summarized in these figures rely on our conclusions from detailed calculations that the search reaches for contact interactions are at least approximately statistics dominated over the range of parameters of interest to us here. These are the most important results presented in this paper.

To demonstrate the usage of these two sets of figures it is best to give a few examples. Suppose for the case of the LRM Z^′ we want to know (i) the fractional increase in reach that is obtained in going from P_+ = 0 to

FIG. 6: Top(Bottom): 95% CL lower bound on the compositeness scale at a √ s=500 GeV LC arising from Bhabha scattering assuming P+ = 0(60)%. The red(green,blue,magenta, cyan) curves are for LL(RR,LR,VV,AA) type interactions.

P_+ = 50% and what this additional reach would correspond to in terms of (ii) increased L or (iii) increased √ s? First, the left panel of Fig. 9 tells us that in this case going to P_+ = 50% would lead to a search reach increase of about 15% for the LRM. Now using the two top panels of Fig. 8 we see that a 15% search reach gain from P_+ is equivalent to a ∼ 75% increase in integrated luminosity or, instead, a ∼ 32% increase in √ s for any Z^′ model. It is clear in this example that a significant amount of positron polarization buys you a lot in terms of equivalent luminosity or √ s increases. If we followed the same numerical example for the ADD model and repeated the last proceedure we would find an increased reach of only 5% in going to P_+ = 50% which is equivalent to a ∼ 47% increase in L or a ∼ 7% increase in √ s. Here the gain from positron polarization is clearly somewhat less. We can also ask other questions (for fixed but arbitrary values of P_+), e.g., a factor of 5 increase in L produces a search reach increase for the ADD model which is equivalent to how much of a corresponding increase in √ s? From Fig. 8 we see this value is ∼ 31%. It is quite clear from these examples that a large number of issues regarding parameter options can now be addressed at least within the context of contact interaction searches.

In planning for the LC it is important to explore what the physics benefits of different potential upgrade paths will be. At least in the case of contact interactions the detailed analysis above will hopefully be helpful in making the appropriate choices.

FIG. 7: Model dependence of the 95% CL bounds on compositeness from Bhabha scattering. There are a pair of curves (solid,dashed) for each center of mass energy corresponding to P+ = (0, 60)%. From bottom to top in each panel the curves correspond to √ s = 0.5, 0.8, 1, 1.2 and 1.5 TeV. The top left(right) panel is for the LL(RR) case, the left(right) central panel is for the LR(VV) case and the lower panel is for the AA case, respectively.

VI. REFERENCES

[1] E. Eichten, K. D. Lane and M. E. Peskin, Phys. Rev. Lett. 50, 811 (1983). [2] J. L. Hewett and T. G. Rizzo, Phys. Rept. 183, 193 (1989).

[3] A. Leike, Phys. Rept. 317, 143 (1999) [arXiv:hep-ph/9805494]; M. Cvetic and S. Godfrey, arXiv:hep-ph/9504216.

FIG. 8: Parameter tradeoffs for the 95% CL search reaches for dimension-6(solid) and dimension-8(dashed) type contact interactions. ‘P gain’ is the increase in search reach in going from P+ = 0 to P+ = 60% which can be read off the previous figures and is discussed in the text and shown in detail in the following Figure.

FIG. 9: Increase in search reach for fixed luminosity and √ s as a function of the amount of positron polarization. In the top panel are the results for the ADD model(dashed) as well as for Z^′: ψ(green), χ(red) and LRM(blue). The 5DSM and SSM correspond to the single violet curve. In the bottom panel are the corresponding results for compositeness searches in Bhabha scattering: the red curve is the result for the LL and RR cases while the second curve is for the LR,VV and AA cases.

[4] W. Buchmuller, R. Ruckl and D. Wyler, Phys. Lett. B 191, 442 (1987) [Erratum-ibid. B 448, 320 (1999)];

J. L. Hewett and T. G. Rizzo, Phys. Rev. D 58, 055005 (1998) [arXiv:hep-ph/9708419], Phys. Rev. D 56, 5709 (1997) [arXiv:hep-ph/9703337] and Phys. Rev. D 36, 3367 (1987).

[5] J. Kalinowski, R. Ruckl, H. Spiesberger and P. M. Zerwas, Phys. Lett. B 414, 297 (1997) [arXiv:hep-ph/9708272];

J. Kalinowski, R. Ruckl, H. Spiesberger and P. M. Zerwas, Phys. Lett. B 406, 314 (1997) [arXiv:hep-ph/9703436]; T. G. Rizzo, Phys. Rev. D 59, 113004 (1999) [arXiv:hep-ph/9811440].

[6] F. Cuypers and S. Davidson, Eur. Phys. J. C 2, 503 (1998) [arXiv:hep-ph/9609487].

[7] J. L. Hewett, Phys. Rev. Lett. 82, 4765 (1999) [arXiv:hep-ph/9811356]; G. F. Giudice, R. Rattazzi and J. D. Wells, Nucl. Phys. B 544, 3 (1999) [arXiv:hep-ph/9811291]; T. Han, J. D. Lykken and R. J. Zhang, Phys. Rev. D 59, 105006 (1999) [arXiv:hep-ph/9811350]; T. G. Rizzo, Phys. Rev. D 59, 115010 (1999) [arXiv:hep-ph/9901209].

[8] For an overview of RS phenomenology, see H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys. Rev. D 63, 075004 (2001) [arXiv:hep-ph/0006041]; Phys. Lett. B 473, 43 (2000) [arXiv:hep-ph/9911262]; Phys. Rev. Lett. 84, 2080 (2000) [arXiv:hep-ph/9909255]; J. L. Hewett, F. J. Petriello and T. G. Rizzo, arXiv:hep-ph/0203091.

[9] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429, 263 (1998) [arXiv:hep-ph/9803315]; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436, 257 (1998) [arXiv:hep-ph/9804398]; N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Rev. D 59, 086004 (1999) [arXiv:hep-ph/9807344].

[10] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[11] See, for example, I. Antoniadis, Phys. Lett. B 246, 377 (1990); T. G. Rizzo and J. D. Wells, Phys. Rev. D 61, 016007 (2000) [arXiv:hep-ph/9906234]; M. Masip and A. Pomarol, Phys. Rev. D 60, 096005 (1999) [arXiv:hep-ph/9902467]; T. G. Rizzo, Phys. Rev. D 64, 015003 (2001) [arXiv:hep-ph/0101278].

[12] S. Cullen, M. Perelstein and M. E. Peskin, Phys. Rev. D 62, 055012 (2000) [arXiv:hep-ph/0001166]. [13] For other recent analyses of contact-like interactions, see J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group Collaboration], “TESLA Technical Design Report Part III: Physics at an e+e- Linear Collider,” arXiv:hep-ph/0106315; S. Riemann, TESLA Linear Collider Note LC-TH-2001-007; S. Godfrey, in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. N. Graf, arXiv:hep-ph/0201093.