Received: May 15, 2000, Accepted: July 5, 2000

HYPER VERSION

Testing TeV scale quantum gravity using dijet production at the Tevatron

Prakash Mathews

Instituto de Fisica Teorica, Universidade Estadual Paulista Rua Pamplona 145, 01405-900, Sao Paulo, SP, Brazil E-mail: mathews@ift.unesp.br

Sreerup Raychaudhuri

Department of Physics, Indian Institute of Technology Kanpur 208 016, India E-mail: sreerup@iitk.ac.in

K. Sridhar

Department of Theoretical Physics, Tata Institute of Fundamental Research, Homi Bhabha Road, Bombay 400 005, India E-mail: sridhar@theory.tifr.res.in

Abstract: Dijet production at the Tevatron including effects of virtual exchanges of spin-2 Kaluza-Klein modes in theories with large extra dimensions is considered. The experimental dijet mass and angular distribution are exploited to obtain stringent limits (> 1.2 TeV) on the effective string scale M_S .

Keywords: Beyond Standard Model, Compactification and String Models.

In recent years, there have been major breakthroughs in the understanding of string theories at strong coupling in the framework of what is now known as M-theory [1, 2, 3]. In particular, unification of gravity with other interactions now seems possible in the M-theoretic framework. But of tremendous interest to phenomenology is the possibility that the effects of gravity could become large at very low scales (∼ TeV), because of the effects of large extra compact dimensions where gravity can propagate [4]. Starting from a higher-dimensional theory of open and closed strings [5, 6], the effective low-energy theory is obtained by compactifying to 3 + 1 dimensions, in such a way that d of these extra dimensions are compactified to a common scale R which is large, while the remaining dimensions are compactified to extremely tiny scales which are of the order of the inverse Planck scale. In such a scenario, the Standard Model (SM) particles correspond to open strings, which end on a 3-brane and are, therefore, confined to the (3 + 1)-dimensional spacetime. On the other hand, the gravitons (corresponding to closed strings) propagate in the (4 + d)-dimensional bulk. The relation between the scales in (4 + d) dimensions and in 4 dimensions is given by [4]

M^2_P ∼ M^{d+2}_S R^d , (1)

where M_S is the low-energy effective string scale. This equation has the interesting consequence that we can choose M_S to be of the order of a TeV and thus get around the hierarchy problem. For such a value of M_S , it follows that R = 10^{32/d−19} m, and so we find that M_S can be arranged to be a TeV for any value d > 1. Effects of non-newtonian gravity can become apparent at these surprisingly low values of energy. For example, for d = 2 the compactified dimensions are of the order of 1 mm, just below the experimentally tested region for the validity of Newton’s law of gravitation and within the possible reach of ongoing experiments [7]. In fact, it has been shown [8] that it is possible to construct a phenomenologically viable scenario with large extra dimensions, which can survive the existing astrophysical and cosmological constraints. This idea, proposed by Arkani-Hamed, Dimopoulos and Dvali [4, 5], may be referred to as the ADD model. For some early papers on large Kaluza-Klein dimensions, see refs. [11, 12] and for recent investigations on different aspects of the TeV scale quantum gravity scenario and related ideas, see ref. [13].

Below the scale M_S [14, 15, 16], we have an effective theory with an infinite tower of massive Kaluza-Klein states, which contain spin-2, spin-1 and spin-0 excitations. The spin-1 couplings to the SM particles in the low-energy effective theory decouple from matter, whereas the scalar modes couple to the trace of the energy-momentum tensor, which vanishes for massless particles. Other particles related to brane dynamics (for example, the Y modes which are related to the deformation of the brane) have effects which are subleading, compared to those of the graviton. The only states, then, that contribute to low-energy phenomenology with initial-state light particles are the spin-2 Kaluza-Klein states. For graviton momenta smaller than the scale M_S , the effective description reduces to one where the gravitons in the bulk propagate in the flat background and couple to the SM fields via a (four-dimensional) induced metric g_{μν} . The interactions of the SM particles with the graviton, G_{μν} , at the lowest order, can be derived from the following effective lagrangian: L = − 1 M̄_P ∑ n G^{(n)}_{μν} T^{μν} , (2)

where n labels the Kaluza-Klein mode, M̄_P = M_P / √ 8π and T^{μν} is the energymomentum tensor. Given that the effective lagrangian given in eq. (2) is suppressed by 1/M̄_P , it may seem that the effects at colliders will be hopelessly suppressed. However, in the case of real graviton production, we have to sum over the whole tower of Kaluza-Klein states, as a result, the phase space for the Kaluza-Klein modes cancels the dependence on M̄_P and, instead, provides a suppression of the order of M^{−4}_S . For the case of virtual production, we again have to sum over the whole tower of Kaluza-Klein states and this sum when properly evaluated [16, 15] provides the correct order of suppression (∼ M^{−4}_S ). The summation of time-like propagators and space-like propagators yield exactly the same form for the leading terms in the expansion of the sum [16] and this shows that the low-energy effective theories for the s- and t-channels are equivalent to the lowest order.

Recently, several papers have explored the consequences of the above effective lagrangian for experimental observables at high-energy colliders. In particular, direct searches for graviton production at e^+e^−, pp̄ and pp colliders, leading to spectacular single photon + missing energy or monojet + missing energy signatures, have been suggested [15]–[18]. The virtual effects of graviton exchange in e^+e^− → ff̄ and in high-mass dilepton production [19], in tt̄ production [20] at the Tevatron and the LHC, and in deep-inelastic scattering at HERA [21] have been studied. The bounds on M_S obtained from direct searches depend on the number of extra dimensions. Non observation of the Kaluza-Klein modes yield bounds which are around 500 GeV to 1.2 TeV at LEP2 [17, 18] and around 600 GeV to 750 GeV at Tevatron (for n between 2 and 6) [17]. Indirect bounds from virtual graviton exchange in dilepton production at Tevatron yields a bound of around 950 GeV [19]. Virtual effects in tt̄ production at Tevatron yields a bound of about 650 GeV [20], while from deepinelastic scattering a bound of 550 GeV results [21]. At LHC, it is expected that tt̄ production can be used to explore a range of M_S values upto 4 TeV [20]. More recently, these studies have been extended to the case of e^+e^− and γγ collisions at the NLC [22, 23]. There have also been papers discussing the implications of the large dimensions for Higgs production [24] and electroweak precision observables [25]. Astrophysical constraints, like bounds from energy loss for supernovae cores, have also been discussed [26].

In the present work, we study the effect of the virtual graviton exchange on the dijet production cross-section in pp̄ collisions at the Tevatron. The presence of the new couplings from the low-energy effective theory of gravity leads to new diagrams for dijet production. For the sake of brevity, we do not present the diagrams here, but limit ourselves to a list of the sub-processes which contribute to this signal. These are

• q q^′ −→ q q^′ (t channel) , • q̄ q̄^′ −→ q̄ q̄^′ (t channel) , • q q̄^′ −→ q q̄^′ (t channel) , • q q −→ q q (t and u channels) , • q̄ q̄ −→ q̄ q̄ (t and u channels) , • q q̄ −→ q^′ q̄^′ (s channel) , • q q̄ −→ q q̄ (s and t channels) , • q q̄ −→ g g (s, t and u channels) , • g g −→ q q̄ (s, t and u channels) , • q g −→ q g (s, t and u channels) , • q̄ g −→ q̄ g (s, t and u channels) , • g g −→ g g (s, t and u channels) ,

where q can be any of u, d or s as applicable and q^′ denotes another quark of different flavour. To each QCD diagram with a gluon exchange, there corresponds a similar diagram with a spin-2 Kaluza-Klein graviton exchange. Using the couplings given in refs. [15, 16], and summing over all the graviton modes, we have calculated the sub-process cross-section (including the all-important interference effects) due to the new physics.^1 This has then been incorporated into a parton-level Monte-Carlo event generator, which, while neglecting fragmentation effects, still yields reasonably good results when the angular separation of the parent partons is large, which is mostly the case in the present study.

For s-channel processes, the sum over all graviton modes involves a sum over propagators, of the form [16]

D(ŝ) = 1 M̄ 2_P ∑ n 1 ŝ − M^2_n ≃ −i λ^{(d)}s (ŝ) M^4_S ≡ i ±1 ~M 4_S (3)

absorbing the magnitude of the effective coupling λ^{(d)}s (ŝ) into an effective string scale ~M 4_S . Under the low-energy approximation ŝ ≪ M 2_S , we can write

λ^{(d)}_{s0} (ŝ) = log ( M^2_S /ŝ ) for d = 2 = (d − 2)^{−1} for d > 2 , (4)

which is either constant or varies very slowly with ŝ. We thus see that the graviton induced cross-sections involve just two new parameters: the effective string scale M_S and the sign of λ_s. This may be referred to as the constant-λ approximation. In

1The explicit expressions for the subprocess cross-sections will appear in a future publication [27].

mass bins 241-300 300-400 400-517 517-625 > 625 Combined CDF λ = +1 585 587 753 873 1095 1070 λ = −1 626 544 717 852 1075 1108 mass bins 260-425 425-475 475-635 > 635 Combined D0 λ = +1 523 632 919 1154 1160 λ = −1 500 614 896 1131 1159

Table 1: 95% C.L. limits on ~M_S derived from the χ distribution. All masses are in GeV.

general, the sign of λ_s is not known á priori in effective theories. We keep the sign of λ_s as a parameter, therefore, in all our calculations using the constant-λ approximation. Similar considerations hold for t- and u-channel processes, with a somewhat different functional form λ^{(d)}_t (t̂). However, in the low-energy approximation |t̂| ≪ M^2_S , the function λ^{(d)}_{t0} (t̂) has, as mentioned above, the same functional form as the sum of s-channel propagators in eq. (4).

Significant changes in the angular distribution of jets are expected when spin-2 particle exchanges are added to the spin-1 exchange of the SM. With this in mind, we study the normalised χ distribution,^1_N^{dN}_{dχ} , where the variable χ is defined as

χ ≡ exp |η_1 − η_2| ≃ û t̂ , (5)

with η_1 and η_2 being the pseudo-rapidities of the two jets, so as to be able to compare with the experimental results from the CDF [28] and the D0 [29] collaborations. The approximate equality in eq. (5) is exact in a parton-level analysis. The χ distributions in both the experiments have been calculated in different mass bins, and we have used the same binning as used by the two experiments. Using the same kinematic cuts as used by the experimentalists (insofar as can be implemented in a partonlevel analysis), we study the normalised χ distribution as a function of the effective string scale, ~M_S , and obtain the 95% C.L. limits by doing a χ^2 fit to the data in each invariant mass bin as well as to the data integrated over the entire mass range. For our computations, we have used CTEQ4M parton densities [30] taken from PDFLIB [31]. Details of this analysis will be presented elsewhere [27]. However, the main conclusions are discussed below.

The 95% C.L. limits on ~M_S derived from the CDF and the D0 χ distributions, respectively, are displayed in table 1 for the cases λ = ±1. We find that the χ distribution integrated over the entire mass range yields a limit of 1070 (1108) GeV for λ = 1(−1) for CDF and a limit of 1160 (1159) GeV for λ = 1(−1) for D0. These bounds are the most stringent yet obtained from processes involving virtual graviton exchange. Interestingly, the bounds obtained by considering the highest mass bin are almost as good as those obtained by comparing with all the data.

Figure 1: Illustrating the validity of the constant-λ approximation for (a) s-channel and (b) t-channel graviton exchange processes.

As explained above, the approximation in eq. (4) breaks down as ŝ → M_S . In figure 1, we present curves for d = 2, 3, 4, 5 and 6, illustrating the behaviour of the ratios (a) R_s ≡ | | | | | λ^{(d)}s (x_s) λ^{(d)}_{s0} (x_s) | | | | | , (b) R_t ≡ | | | | | λ^{(d)}_t (x_t) λ^{(d)}_{t0} (x_t) | | | | | (6) with variation in the argument x_s = √ ŝ/M_S or x_t = √ −t̂/M_S, as the case may be.

In the low-energy approximation, both ratios are unity by definition and the singular behaviour as the argument tends to unity is symptomatic of an effective theory. It is immediately obvious that R_s remains less than about 2 for a significant energy regime. A deviation as large as R_s = 2, will, however, change the effective ~M_S only by a factor 2^{1/4} ≃ 1.2. Almost all the data used to put a bound on ~M_S from the χ distribution belong to the energy regime where the low-energy approximation holds (it should be noted that both the CDF and D0 Collaborations have very few events with invariant mass above 700 GeV). We thus conclude that the bounds derived from the χ distributions using a constant-λ approximation are fairly robust, except possibly in the case d = 2. (In this case, however, astrophysical bounds are so strong as to make bounds from terrestrial experiments practically redundant.)

The fact that the bounds on ~M_S from higher invariant mass bins are almost as good as the bounds from all the bins combined tells us that the deviations from the SM are greater as the invariant mass increases. We, therefore, need to consider the data in the invariant mass distribution as well. In this case, however, we need to consider √ s as high as possible, and hence the constant-λ approximation is no longer a good one. We must therefore perform our analysis using exact forms for λ^{(d)}s (x_s)

Figure 2: Illustrating the variation of χ^2 obtained by fitting the predictions of the gravitonexchange model with the D0 data on the dijet invariant mass, as a function of the string scale M_S . The dashed line represents the 95% C.L. value.

and λ^{(d)}_t (x_t) and restrict ourselves to the formulation of the effective theory given in, for example, ref. [16]. Of course, this means that the bounds can no longer be expressed in terms of a single effective ~M_S , but must be worked out separately for each case d = 2, 3, 4, 5 and 6.

We use the published dijet mass distributions from the D0 experiment [32] for our analysis. The D0 Collaboration has presented data for the dijet invariant mass in 15 bins covering the range from 200 GeV to 1 TeV. These data, like those on the angular distribution, are very well fitted by the SM predictions and hence can be used to bound new physics effects. We do this by performing a simple binwise χ^2-fit of the predictions of the graviton-exchange model (using the cuts used by the D0 experiment) to the data for each value of d, and find the value of M_S (not ~M_S ) which corresponds to a 95% C.L. effect. Our results are shown in figure 2.

In figure 2, we plot the χ^2 value as a function of the string scale M_S for each value of d, as solid lines. It is clear that the χ^2 drops sharply from very high values (this is a reflection of the fourth-power suppression) to a common asymptotic value which corresponds to the SM. For the lower values of M_S , the fit includes only those bins for which √ ŝ < M_S : this accounts for the kinks in some of the graphs around 900 GeV to 1 TeV. The horizontal dashed line corresponds to the 95% C.L. value for 15 bins, and hence, the corresponding bounds on M_S can be read off. These are listed in table 2. The weakest of these bounds is for d = 3, which may be easily explained by referring to figure 1, where it is clear that the ratio R is the smallest

No. of extra dimensions d = 2 d = 3 d = 4 d = 5 d = 6 Lower bound on M_S 1695 1235 1390 1450 1485

Table 2: 95% C.L. limits on M_S (in GeV) derived from the dijet mass distribution.

in this case. However, even this compares favourably with other bounds on M_S from terrestrial experiments, while the bounds for the other values of d are significantly better. We can make bold to say, therefore, that a study of dijet production at the Tevatron yields the best collider bounds on M_S using currently available data.

Finally, we mention some limitations of the present analysis. In itself, the use of a parton-level Monte-Carlo generator does not create much of an error, since the putative jets (here represented by the parent partons) are mostly well-separated. However, effects of initial and final state radiation need to be convoluted with the present cross-sections. The statistical analysis is based on a simple-minded χ^2 fit of our predictions to the data and could certainly be refined. Having said this, however, we wish to remind the reader of the extremely strong dependence of the cross-sections on M_S , i.e. σ ∝ M^{−4}_S at the least. As a result of this, a 10% change in the cross-section changes a bound of M_S > 1 TeV by not more than about 25 GeV, which is roughly the same order as the uncertainty induced by the spread in the experimental data. We conclude, therefore, that the bounds on M_S derived in this work are quite robust.

We have studied the implications of large extra dimensions and a low effective quantum gravity scale for dijet production at the Tevatron. Virtual exchange of the Kaluza-Klein states are considered and the sensitivity of the experimental crosssections to this interesting new physics is studied. We find that this process allows us to put very stringent limits on the string scale M_S — in fact, of all processes with virtual graviton exchanges considered so far, these bounds are by far the best. To obtain these bounds, we have considered the angular distributions and the mass distributions. The resulting limits from the second of these observables are better because they involve higher energies, where the graviton couplings are stronger. At the Run II of the Tevatron, due to the higher luminosities that will be available, we expect that M_S values of the order of 2–2.5 TeV can be probed in dijet studies. Jet production at significantly higher energies, such as those which will become available at the LHC, is able to probe the physics of large extra dimensions to much higher scales. These results will be presented in a future publication [27].

Acknowledgments

It is a pleasure to thank T. Asakawa for help with the experimental data and Prasanta Das and Dilip K. Ghosh for useful discussions. One of us (P.M.) would like to thank FAPESP (Processo: 99/05310-9) for financial support.

References

[1] P. Hořava and E. Witten, Heterotic and type-I string dynamics from eleven dimensions, Nucl. Phys. B 460 (1996) 506 [hep-th/9510209].

[2] J. Polchinski, Quantum gravity at the Planck length, Lectures given at the SLAC Summer Institute Stanford, 3-14 Aug. 1998, Int. J. Mod. Phys. A 14 (1999) 2633 [hep-th/9812104].

[3] J.D. Lykken, Weak scale superstrings, Phys. Rev. D 54 (1996) 3693 [hep-th/9603133];

E. Witten, Strong coupling expansion of Calabi-Yau compactification, Nucl. Phys. B 471 (1996) 135 [hep-th/9602070].

[4] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315].

[5] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, New dimensions at a millimeter to a fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257 [hep-ph/9804398].

[6] G. Shiu and S.H. H. Tye, TeV scale superstring and extra dimensions, Phys. Rev. D 58 (1998) 106007 [hep-th/9805157];

Z. Kakushadze and S.H. H. Tye, Brane world, Nucl. Phys. B 548 (1999) 180 [hep-th/9809147].

[7] J.C. Long, H.W. Chan and J.C. Price, Experimental status of gravitational-strength forces in the sub-centimeter regime, Nucl. Phys. B 539 (1999) 23 [hep-ph/9805217].

[8] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phenomenology, astrophysics and cosmology of theories with sub-millimeter dimensions and tev scale quantum gravity, Phys. Rev. D 59 (1999) 086004 [hep-ph/9807344].

[9] K.R. Dienes, E. Dudas and T. Gherghetta, Extra spacetime dimensions and unification, Phys. Lett. B 436 (1998) 55 [hep-ph/9803466]; Grand unification at intermediate mass scales through extra dimensions, Nucl. Phys. B 537 (1999) 47 [hep-ph/9806292];

K.R. Dienes, E. Dudas, T. Gherghetta and A. Riotto, Cosmological phase transitions and radius stabilization in higher dimensions, Nucl. Phys. B 543 (1999) 387 [hep-ph/9809406].

[10] Z. Kakushadze, Novel extension of MSSM and ‘TeV scale’ coupling unification, Nucl.

Phys. B 548 (1999) 205 [hep-th/9811193].

[11] I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377;

I. Antoniadis, K. Benakli and M. Quiros, Production of Kaluza-Klein states at future colliders, Phys. Lett. B 331 (1994) 313 [hep-ph/9403290].

[12] T.R. Taylor and G. Veneziano, Strings and D = 4, Phys. Lett. B 212 (1988) 147.

[13] I. Antoniadis, S. Dimopoulos, A. Pomarol and M. Quiros, Soft masses in theories with supersymmetry breaking by TeV-compactification, Nucl. Phys. B 544 (1999) 503 [hep-ph/9810410];

P.C. Argyres, S. Dimopoulos and J. March-Russell, Black holes and sub-millimeter dimensions, Phys. Lett. B 441 (1998) 96 [hep-th/9808138];

D. Ghilencea and G.G. Ross, Unification and extra space-time dimensions, Phys. Lett. B 442 (1998) 165 [hep-ph/9809217];

S. Nussinov and R. Shrock, Some remarks on theories with large compact dimensions and TeV-scale quantum gravity, Phys. Rev. D 59 (1999) 105002 [hep-ph/9811323]; S.A. Abel and S.F. King, On fixed points and fermion mass structure from large extra dimensions, Phys. Rev. D 59 (1999) 095010 [hep-ph/9809467]; N. Kaloper and A. Linde, Inflation and large internal dimensions, Phys. Rev. D 59 (1999) 101303 [hep-th/9811141];

T. Kobayashi, J. Kubo, M. Mondragon and G. Zoupanos, Running of soft parameters in extra space-time dimensions, Nucl. Phys. B 550 (1999) 99 [hep-ph/9812221]; B.A. Dobrescu, Electroweak symmetry breaking as a consequence of compact dimensions, Phys. Lett. B 461 (1999) 99 [hep-ph/9812349];

K. Benakli and S. Davidson, Baryogenesis in models with a low quantum gravity scale, Phys. Rev. D 60 (1999) 025004 [hep-ph/9810280];

L.E. Ibañez, C. Munoz and S. Rigolin, Aspects of type-I string phenomenology, Nucl. Phys. B 553 (1999) 43 [hep-ph/9812397];

G. Dvali and S.H. H. Tye, Brane inflation, Phys. Lett. B 450 (1999) 72 [hep-ph/9812483];

N. Arkani-Hamed and S. Dimopoulos, New origin for approximate symmetries from distant breaking in extra dimensions, hep-ph/9811353;

Z. Berezhiani and G. Dvali, Flavor violation in theories with TeV scale quantum gravity, Phys. Lett. B 450 (1999) 24 [hep-ph/9811378];

N. Arkani-Hamed, S. Dimopoulos, G. Dvali and J. March-Russell, Neutrino masses from large extra dimensions, hep-ph/9811448;

N. Arkani-Hamed, S. Dimopoulos and J. March-Russell, Stabilization of submillimeter dimensions: the new guise of the hierarchy problem, hep-th/9809124; P.H. Frampton and A. Rasin, Unification with enlarged Kaluza-Klein dimensions, Phys. Lett. B 460 (1999) 313 [hep-ph/9903479];

A. Delgado, A. Pomarol and M. Quiros, Supersymmetry and electroweak breaking from extra dimensions at the TeV-scale, Phys. Rev. D 60 (1999) 095008 [hep-ph/9812489];

A. Delgado and M. Quiros, Strong coupling unification and extra dimensions, Nucl. Phys. B 559 (1999) 235 [hep-ph/9903400];

A. Donini and S. Rigolin, Anisotropic type-I string compactification, winding modes and large extra dimensions, Nucl. Phys. B 550 (1999) 59 [hep-ph/9901443]; N. Arkani-Hamed and M. Schmaltz, Hierarchies without symmetries from extra dimensions, Phys. Rev. D 61 (2000) 033005 [hep-ph/9903417].

[14] R. Sundrum, Effective field theory for a three-brane universe, Phys. Rev. D 59 (1999) 085009 [hep-ph/9805471].

[15] G.F. Giudice, R. Rattazzi and J.D. Wells, Quantum gravity and extra dimensions at high-energy colliders, Nucl. Phys. B 544 (1999) 3 [hep-ph/9811291].

[16] T. Han, J.D. Lykken and R.-J. Zhang, On Kaluza-Klein states from large extra dimensions, Phys. Rev. D 59 (1999) 105006 [hep-ph/9811350].

[17] E.A. Mirabelli, M. Perelstein and M.E. Peskin, Collider signatures of new large space dimensions, Phys. Rev. Lett. 82 (1999) 2236 [hep-ph/9811337].

[18] K. Cheung and W.-Y. Keung, Direct signals of low scale gravity at e^+e^− colliders, Phys. Rev. D 60 (1999) 112003 [hep-ph/9903294].

[19] J.L. Hewett, Indirect collider signals for extra dimensions, Phys. Rev. Lett. 82 (1999) 4765 [hep-ph/9811356].

[20] P. Mathews, S. Raychaudhuri and K. Sridhar, Getting to the top with extra dimensions, Phys. Lett. B 450 (1999) 343 [hep-ph/9811501].

[21] P. Mathews, S. Raychaudhuri and K. Sridhar, Large extra dimensions and deepinelastic scattering at hera, Phys. Lett. B 455 (1999) 115 [hep-ph/9812486].

[22] T.G. Rizzo, More and more indirect signals for extra dimensions at more and more colliders, Phys. Rev. D 59 (1999) 115010 [hep-ph/9901209].

[23] D. Atwood, S. Bar-Shalom and A. Soni, Graviton production by two photon processes in Kaluza-Klein theories with large extra dimensions, hep-ph/9903538.

[24] T.G. Rizzo, Using scalars to probe theories of low scale quantum gravity, Phys. Rev.

D 60 (1999) 075001 [hep-ph/9903475].

[25] T. Banks, M. Dine and A. Nelson, Constraints on theories with large extra dimensions, J. High Energy Phys. 06 (1999) 014 [hep-th/9903019]; M. Masip and A. Pomarol, hep-ph/9902467.

[26] S. Cullen and M. Perelstein, SN1987A constraints on large compact dimensions, Phys.

Rev. Lett. 83 (1999) 268 [hep-ph/9903422].

[27] P. Mathews, S. Raychaudhuri and K. Sridhar, In preparation.

[28] CDF collaboration, Measurement of dijet angular distributions at CDF, Phys. Rev.

Lett. 77 (1996) 5336 [hep-ex/9609011].

[29] D0 collaboration, Measurement of dijet angular distributions and search for quark compositeness, Phys. Rev. Lett. 80 (1998) 666 [hep-ex/9707016].

[30] H.L. Lai et al., Global QCD analysis and the CTEQ parton distributions, Phys. Rev.

D 51 (1995) 4763 [hep-ph/9410404].

[31] H. Plothow-Besch, Comput. Phys. Commun. 75 (1993) 396.

[32] D0 collaboration, The dijet mass spectrum and a search for quark compositeness in p̄p collisions at √ s = 1.8 TeV, Phys. Rev. Lett. 82 (1999) 2457 [hep-ex/9807014].