Tevatron Searches For Large Extra Dimensions and Leptoquarks∗

Sean Mattingly

Brown University/DZero, Fermilab MS 352, PO Box 500, Batavia, IL 60510 email: sean@fnal.gov

This paper presents searches for large extra dimensions and leptoquarks in pp collisions from Run 1 at the Tevatron. Large extra dimensions are searched for in real graviton production with a monojet or monophoton and in virtual graviton exchange processes with electron or photon pairs. Results from leptoquark searches are presented for three generations of leptoquarks. No evidence of signal is found in any searches for large extra dimensions or leptoquarks and limits are placed. Prospectives for these searches in the Tevatron’s Run 2 are discussed and initial Run 2 data is presented.

1. Large Extra Dimensions

The possibility of more than three spatial dimensions has been raised by a number of theories including string theories with six or seven extra dimensions compactified at distances of the order of 10^{−32} m. Larger extra dimensions can be used to solve the hierarchy problem and bring the effective Planck scale (M_S ) down to the TeV scale. In a model where gravity is the only force allowed to propagate in the extra dimensions, Arkani-Hamed, Dimopoulos and Dvali [1] show that if the extra dimensions are large enough, the apparent weakness of gravity in the observed three dimensions can be explained by the surface area added to the gaussian surface by the extra dimensions. In order to make M_S ∼ 1 TeV, the size of the extra dimensions must be R ≈ 1 M_S (M_P /M_S )^{2/n}

≈ 10^{(32/n)−19} m (1)

where, M_P is the Planck scale, n is the number of extra dimensions and all extra dimensions are assumed to have the same size.

∗ Presented at the 10th International Workshop on Deep Inelastic Scattering (DIS2002). Full version of this talk available at http://dis2002.ifj.edu.pl/. (1)

Cosmological observations [2] and recent results from gravity experiments at submillimeter distances [3] give constraints of M_S > ∼100 TeV for n = 2 and M_S > ∼ 5 TeV for n = 3 while the orbits of the planets in our solar system show the Newtonian 1/r nature of the gravitational potential, ruling out n = 1 (R ∼ 10^{13} m). Clearly, n = 2 (R ∼ 1 mm) is significantly constrained, however for n > 2, the required sizes of the extra dimensions can be microscopic. Probing these short scales can be accomplished at high energy colliders where the effects of gravity may be enhanced by the accessibility of numerous excited Kaluza-Klein graviton states which wind around the compactified dimensions.

Large extra dimensions may be observed at colliders through real graviton production or virtual graviton exchange [4, 5, 6, 7]. The typical signature of real graviton production is a monojet or single vector boson with large transverse momentum as well as missing energy from a graviton that escapes the detector. The cross section for real graviton production has a 1/(M_S )^{n+2} dependence: strongly dependent on the number of extra dimensions.

Virtual graviton exchange produces fermion-antifermion or diboson pairs with large invariant mass. A number of different formalisms describe this cross section in the presence of large extra dimensions [4, 5, 7]. The cross section formalisms have weak or no dependence on the number of extra dimensions. Calculations of virtual graviton effects require an ultraviolet cutoff to keep the divergent sum over the graviton excitation modes finite. This cutoff is expected to be of the order of the effective Planck scale and is quoted as M_S for limits on virtual graviton effects in this paper [8]. The limits on M_S in this paper are presented using the formalism of [7], which has no dependence on n and uses the parameter λ = ±1 to denote constructive or destructive interference between Standard Model and graviton-mediated production.

In a recent study [9], the CDF collaboration reports a search for virtual graviton effects in pp → γγ with E^γ_T > 22 GeV and |η_γ | < 1. A total of 287 events pass these cuts in 110 pb^{−1} of data from the Tevatron’s Run 1 data-taking period. No deviation from the Standard Model description of the invariant mass of the γγ system is observed and limits of M_S (λ = +1) > 0.899 TeV and M_S(λ = −1) > 0.797 TeV are extracted. An e^+e^− final state is also explored with E^{e±}_T > 25 GeV and |η| < 1, 3298 events being accepted. Again, no deviation from the Standard Model is observed and limits of M_S (λ = +1) > 0.826 TeV and M_S (λ = −1) > 0.808 TeV are extracted. The results from the γγ and e^+e^− final states have been combined to increase the limits to M_S (λ = +1) > 0.939 TeV and M_S (λ = −1) > 0.853 TeV.

Similarly, DZero searches for virtual graviton effects by combining both the γγ and e^+e^− final states and searching for events with a final state consisting of two electromagnetic showers in the calorimeter [10]. The electromagnetic showers are required to have greater than 45 GeV of transverse energy and satisfy |η| < 1.1 or 1.5 < |η| < 2.5. A total of 1250 events are found in 127 pb^{−1} of Run 1 luminosity. Instead of comparing to the one-dimensional invariant mass distribution, this analysis fits to the twodimensional distribution of the invariant mass vs. | cos θ^∗|, where θ^∗ is the scattering angle of the di-electron or di-photon system. This method provides greater sensitivity because the Standard Model contributions to high invariant mass final states tend toward large | cos θ^∗|, while contributions from virtual graviton exchange tend toward low | cos θ^∗|. Events in the data with high invariant mass occur at large | cos θ^∗|, consistant with Standard Model production. Limits of M_S (λ = +1) > 1.1 TeV and M_S (λ = −1) > 1.0 TeV are extracted.

A search for real graviton production has been conducted by the DZero collaboration in the qq → gG channel [11]. Events are required to have 150 GeV of missing transverse energy, a jet with E_T > 150 GeV and |η| < 1.0; if a second jet is found it must have E_T < 50 GeV and not point at the missing transverse energy. The search is conducted in ∼79 pb^{−1} of Run 1 data and 38 events are found with an expected background of 38 events. No deviation from the Standard Model is found, and limits on M_S from 0.886 TeV for n = 2 to ∼0.650 TeV for n ≥ 5 are set.

The CDF collaboration has performed a search for qq → γG [12]. Events are required to have a photon with E_T > 55 GeV and |η| < 1.0, missing transverse energy greater than 45 GeV, no jets with E_T > 15 GeV and no tracks with p_T > 5 GeV. From 87 pb^{−1} of Run 1 luminosity, 11 events are found with an expected background of 11 ± 2 events. Limits of M_S (n = 4) > 0.550 TeV to M_S (n = 8) > 0.600 TeV are extracted.

The sensitivities of the Tevatron searches for large extra dimensions are all limited by the statistics available in Run 1. The Tevatron upgrade for Run 2 increases the center-of-mass energy as well as the instantaneous luminosity, and both the DZero and CDF detectors have been improved for Run 2. Whereas in Run 1, 130 pb^{−1} of luminosity were delivered Runs 2a and 2b will consist of 2 fb^{−1} and 20 fb^{−1} of data. The luminosity increase in Run 2a will approximately double the sensitivity of Tevatron searches for large extra dimensions relative to the Run 1 searches, and the Run 2b luminosity will triple the sensitivity relative to Run 1.

In a search for virtual graviton effects in events with two electromagnetic objects in the initial 10 pb^{−1} of Run 2 data, the DZero collaboration has found events with invariant masses up to 286 GeV. The events have large | cos θ^∗| and are consistent with Standard Model production.

Experiment β Scalar Vector: Vector: Minimal Yang-Mills Coupling Coupling 1 225/200/- 292/275/- 345/325/- DZero 0.5 204/180/- 282/260/- 337/310/209 0 98/98/98 238/238/238 298/298/298 1 220/202/99 280/-/170 330/-/225 CDF 0.5 202/-/- 265/-/- 310/-/- 0 -/123/148 -/171/199 -/222/250 Combined CDF/DZero 1 242/-/- Table 1. Tevatron limits on first/second/third generation leptoquark masses (in GeV/c) for scalar and vector leptoquarks assuming minimal and Yang-Mills couplings. The branching ratio of the leptoquark to leptons is denoted as β.

2. Leptoquarks

The possible existance of leptoquarks is suggested by the apparent symmetry between the lepton and quark sectors. Leptoquarks appear in technicolor, R-parity violating supersymmetry, compositeness and grand unified theories [13]. A leptoquark would couple directly to both leptons and quarks and carry fractional electric charge. A leptoquark could be either a vector or scalar boson. Strict limits on flavor changing neutral currents imply that a leptoquark can only couple within a single generation of leptons and quarks, i.e. a first generation leptoquark could only decay to eq or ν_eq.

Many searches for leptoquarks have been performed at CDF and DZero and are summarized in Table 1 [14]. The limits on leptoquark masses depend on which type (scalar or vector, generation number) of leptoquark was investigated, the assumed couplings between the leptoquark and its generation’s leptons and quarks, and the branching ratio, β, of the leptoquark’s decay to leptons. Limits on the mass of first generation leptoquarks run from 79 GeV to 345 GeV with a recent combined limit from CDF and DZero constraining the mass of first generation scalar leptoquarks to above 242 GeV for β = 1. Limits on second and third generation leptoquarks tend to be somewhat lower.

In a recently released study, DZero conducts a generation-independent search for production of two leptoquarks which both decay to νq [15]. Events are required to have greater than 40 GeV of missing transverse energy, two jets with E_T > 50 GeV and ΔR_{jets} = √ Δϕ^2_{jets} + Δη^2_{jets} > 1.5. In 85 pb^{−1} of data, 231 events are found with a background estimated to be 242 ± 18.9 events. No deviation from the Standard Model is seen and the improved

DZero limits for all generations of leptoquarks at β = 0 are shown in Table 1. The increased center-of-mass energy and luminosity available in Run 2 will increase the sensitivity of Tevatron searches for leptoquarks by about 100 GeV in leptoquark mass. A DZero search for di-leptoquark production with the leptoquarks decaying to e^±q in the first 10 pb^{−1} of Run 2 data has found 5 events with two electromagnetic showers in the calorimeter with E_T > 25 GeV and two jets with E_T > 20 GeV. One of these events has tracks matched to the calorimeter electromagnetic objects. The scalar sum of transverse energy and the electron-jet invariant masses in these events is consistent with Standard Model production.

3. Summary

Searches for the effects of large extra dimensions in data from the Tevatron’s Run 1 constrain M_S to greater than about 1 TeV, while searches for leptoquarks constrain their masses to be greater than ∼100 − 350 GeV, depending on the type of leptoquark. The increased energy and luminosity of Run 2 at the Tevatron will initially double and eventually triple the sensitivities of searches for large extra dimensions, and the sensitivity to leptoquark masses will be increased by about 100 GeV.

REFERENCES

[1] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 429, 263 (1998); I. Antonaidis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B 436, 257 (1998).

[2] S. Cullen and M. Perelstein, Phys. Rev. Lett. 83, 268 (1999); L. Hall and D. Smith, Phys. Rev. D 60, 085008 (1999); C. Hanhart et al., Nucl. Phys. B595, 335 (2001); S. Hannestad and G. Raffelt, e-print hep-ph/0103201 (2001).

[3] Talk by E.G. Adelberger at CPT01 conference (http://www.npl.washington.edu/eotwash/publications/kostel.pdf).

[4] G. Giudice, R. Rattazzi and J. Wells, Nucl. Phys. B544, 3 (1999). [5] T. Han, J.D. Lykken, and R.-J. Zhang, Phys. Rev. D 59, 105006 (1999). [6] E.A. Mirabelli, M. Perelstein, and M.E. Peskin, Phys. Rev. Lett. 82, 2236 (1999).

[7] J.L. Hewett, Phys. Rev. Lett. 82, 4765 (1999).

[8] S. Nussinov and R. Schrock, Phys. Rev. D 59, 105002 (1999); K. Cheung and G. Landsberg, Phys. Rev. D 62, 076003 (2000).

[9] Communication with D. Gerdes and S. Rolli (April 2002).

[10] B. Abbot et al. (DZero Collaboration), Phys. Rev. Lett. 86, 1156 (2001). [11] Talk by H. Zheng at APS2002 conference (http://wwwd0.fnal.gov/Run2Physics/np/conferences/APS02/APS02-HZ.pdf).

[12] D. Acosta et al., (CDF Collaboration), hep-ex/0205057. Submitted to Phys.

Rev. Lett. May 2002.

[13] P.H. Frampto, Mod. Phys. Lett. A 7, 559 (1992); J.L. Hewett and T.G. Rizzo, Phys. Rep. 183, 193 (1989); E. Accomando et al., Phys. Rep. 299, 1 (1998); E. Eichten and K. Lane, hep-ph/9609297; D. Choudhury and S. Raychaudhuri, Phys. Lett. B 401, 367 (1997); G. Altarelli et al., Nucl. Phys. B 506, 3 (1997).

[14] F. Abe et al., (CDF Collaboration), Phys. Rev. Lett. 79, 4327 (1997). B. Abbot et al. (DZero Collaboration), Phys. Rev. Lett. 80, 2051 (1998); B. Abbot et al. (DZero Collaboration), Phys. Rev. Lett. 81, 38 (1998); T. Affolder et al. (CDF Collaboration), Phys. Rev. Lett. 85, 2056 (2000). V.M. Abazov et al. (DZero Collaboration), Phys. Rev. D 64, 092004 (2001).

[15] V.M. Abazov et al. (DZero Collaboration), Phys. Rev. Lett. 88, 191801 (2002).