Received: July 14, 2000, Accepted: July 25, 2000

HYPER VERSION

HERA constraint on warped quantum gravity

Prasanta Das, Sreerup Raychaudhuri and Saswati Sarkar

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

Abstract: We study recent data on deep inelastic e^+p scattering at HERA to constrain the parameters of the Randall-Sundrum scenario of quantum gravity with a small extra dimension and a non-factorizable geometry.

Keywords: Extra Large Dimensions, LEP HERA and SLC Physics.

Theories with extra dimensions which predict observable consequences at the current high energy accelerators have lately attracted a great deal of interest. Following the original suggestion by Arkani-Hamed, Dimopoulos and Dvali (ADD) [1], there have been numerous studies in the literature [2] which probe consequences of multiple Kaluza-Klein graviton exchange leading to interactions of electroweak strength. The fact that these theories predict quantum gravity effects at TeV scales has been suggested [1] as a solution of the well-known hierarchy problem in the Standard Model (SM). Though novel and interesting, however, the model suggested by ADD, which is based on a factorizable R^4 × (S^1)^d geometry, d being the number of extra compact dimensions, has the drawback of introducing large compactification radii (amounting to an energy scale as low as 10^{−13} GeV), which effectively introduces a new hierarchy problem. Motivated by this, Randall and Sundrum (RS) [3] have suggested a somewhat different mechanism to solve the hierarchy problem. Instead of writing a factorizable metric

ds^2 = η_{μν} dx^μdx^ν + R^2_c dϕ_i dϕ_i , (1)

where the ϕ_i (i = 1, d) are extra dimensions compactified with a common radius R ∼ 1 mm, they write a non-factorizable metric

ds^2 = e^{−KRcϕ} η_{μν} dx^μdx^ν + R^2_c dϕ^2 (2)

involving one extra dimension compactified with a radius R_c, which is assumed to be marginally greater than the Planck length (10^{−33} cm), and an extra mass scale K, which is related to the Planck scale M^{(5)}_P in the five-dimensional bulk by the approximate relation K[M^{(4)}_P ]^2 ≃ [M^{(5)}_P ]^3. Such a “warped” geometry is motivated by compactifying the extra dimension on a S^1/Z_2 orbifold, with two D-branes at the orbifold fixed points, viz., one at ϕ = 0 (“Planck brane” or “invisible brane”), and one at ϕ = π (“TeV brane” or “visible brane”). It can then be shown that if we assume matter fields to be confined to these D-branes, one can solve the Einstein equations to obtain a metric of the above form. The interesting physical consequence of this geometry is that any mass scale M on one brane gets scaled by the “warp factor e^{±KRcϕ} on the other brane. Thus, a mass scale on the Planck brane (ϕ = 0) will remain unchanged, but any mass scale on the TeV brane will be scaled by a factor e^{−πKRc} . If we assume that the Planck scale is the only fundamental mass scale in the theory, all masses on the TeV brane will be scaled to M ∼ e^{−πKRc} M^{(4)}_P . (3) It now requires KR_c ≃ 11 − 12 to obtain M of the order of the electroweak scale, which justifies the name “TeV brane”. Thus, in this model there is no hierarchy problem, since all the independent mass scales are close to the Planck scale. There still remains a minor problem: that of stabilizing the radius R_c (which is marginally smaller than the Planck scale) against quantum fluctuations, but this is not so severe as in the model of ADD, where the compactification radius needs to be stabilized over as many as 30 orders of magnitude. A simple extension of the RS construction involving an extra bulk scalar field has been proposed [5] to stabilize R_c and this predicts light radion excitations with possible collider signatures [6]. However, as these will not contribute to the processes of interest in this letter, this idea will not be discussed further. On the flip side, it is not as simple to embed the RS construction within the framework of string theories as it is for the ADD case. However, some attempts have been made [4], and it may be hoped that future work will achieve this highly desirable goal.

Following the ingenious suggestion of a non-factorizable geometry, the mass spectrum and couplings of the graviton in the RS model have been worked out, in refs. [7, 8]. We do not describe the details of this calculation, but refer the reader to the original literature. It is worth noting that there are strong phenomenological constraints on bulk excitations of the SM gauge fields [11]. It suffices here to note that the effective lagrangian density for graviton interactions on the TeV brane (which we identify with the observable world) has the form [8]

L^{RS}_{eff} = − 1 M_P h^0_{μν} (x) T^{μν} (x) − e^{πKRc} M_P ∞∑ n=1 h^n_{μν} (x) T^{μν} (x) , (4)

where M_P ≡ M^{(4)}_P / √ 8π is the reduced Planck mass and the h^n_{μν} (x) correspond to the Kaluza-Klein expansion of the massless graviton in five dimensions h_{μν} (x, ϕ) = ∞∑ n=0 h^n_{μν} (x) χ^n(ϕ) √ R_c . (5)

Equation (4) tells us that the massless Kaluza-Klein (KK) mode effectively decouples from ordinary matter since its interactions are suppressed by the Planck mass. On the other hand, the massive KK modes couple as the inverse of the Planck mass, scaled by e^{−πKRc} , which is an electroweak-strength interaction. Feynman rules to the lowest order for these modes, assuming a coupling M^{−1}_P to all the modes have been worked out in refs. [9]) and [10] in the context of ADD-like scenarios. All we need to do to get the corresponding Feynman rules in the RS model is to multiply the couplings by the warp factor e^{πKRc} where necessary.

As shown in ref. [7], the orbifold geometry forces the Fourier coefficients χ^n(ϕ) to satisfy a Bessel equation, whence it may be shown that they are given by a linear combination of the Bessel and Neumann functions of order 2. The requirement that the first derivative of χ^n(ϕ) be continuous at the orbifold fixed point ϕ = π then requires J_1(x_n) = 0. Using this, the masses M_n of the graviton states can be written in terms of the zeros of the Bessel function of order unity as M_n = x_nKe^{−πKRc} ≡ x_nm_o , (6) where m_0 = Ke^{−πKRc} sets the scale of graviton masses and is essentially a free parameter of the theory. It is also convenient to write e^{πKRc} M_P = c_0 m_0 √ 8π (7)

using (6) and introducing another undetermined parameter c_0 ≡ K/M^{(4)}_P . ref. [8] points out that (c_0, m_0) may conveniently be taken as the free parameters of the theory and we follow their prescription in our work.^1

Though c_0 and m_0 are not precisely known, one can make estimates of their magnitude using theoretical ideas and phenomenological inputs. We note that the RS construction requires K to be at least an order of magnitude less than M^{(4)}_P , because K^{−1} sets the scale for the curvature of the fifth dimension, and should therefore be large compared with the Planck length. The latter is necessitated by the requirement that fluctuations in the bulk gravitational field in the vicinity of the D-branes be small. The range of interest for c_0 is, therefore, about 0.01 to 0.1, the lower value being determined by naturalness considerations. Regarding m_0, eq. (6) tells us that it is reduced from the scale K by the factor e^{−πKRc} . In the RS construction, one requires KR_c ∼ 11−12, which, therefore, reduces m_0 to the electroweak scale. Hence, we may consider m_0 in the range of a few tens of GeV to a few TeV. Equation (6) also tells us that the first massive graviton lies at M_1 = x_1m_0 ≃ 3.83 m_0. Since no graviton resonances have been seen at LEP-2, running at energies upto 200 GeV, it is clear that we should expect m_0 > 52 GeV.

In this letter we report on a study of graviton effects, within the RS model, on e^+p deep inelastic scattering (DIS) at HERA. At the leading order, there are two extra Feynman diagrams contributing to e^+p → e^+X. One of these involves a t-channel exchange of a virtual (massive) graviton between the e^+ and a quark; the other involves a t-channel exchange of a virtual (massive) graviton between the e^+ and a gluon. The first one adds coherently with the corresponding SM diagrams with photon and Z-boson exchange; the second one has no SM analogue. However, at HERA energies, we do not expect much contribution from the gluon-induced diagram because of the low gluon flux.

The cross-section for the above processes has been calculated — for the case of the ADD model in ref. [12]. Since the individual graviton couplings in the RS case differ from that in the ADD case only by a scale factor, these cross-section formulae can be translated to the RS model using the simple replacement λ M^4_S −→ 2c^2_0 m^2_0 ∑ n 1 t − M^2_n ≡ − c^2_0 m^4_0

Λ_t(x_t) , (8)

1Though we differ from their exact choice of parameters, a translation is easily made using the formulae c_0 =^{1√}_{8π} ( K/M_P ) and m_0 = Λ_π ( K/M_P ) . It follows that c_0 is roughly an order of magnitude less than (K/M_P ) and m_0 can be one to two orders of magnitude smaller than Λ_π.

Figure 1: Illustrating the variation of the effective coupling Λ_t of RS graviton towers in DIS processes at HERA as a function of x_t = √ |t|/m_0.

where x_t = √ |t̂|/m_0. We note that the overall suppression factor [ m_0/ √ c_0 ]_{−4} is of the same order of magnitude as in the ADD case. The chief point of departure is, however, the function Λ_t(x_t). We have developed approximate analytic formulae for the sum over graviton propagators, using the well-known properties of the zeros of the Bessel function J_1(x). The derivation will be explained elsewhere [13]. It suffices here to present the formula

Λ_t(x_t) = 2 πx_t Im ψ ( 1.2331 + i x_t π ) + 0.65172 220.345 + 29.6898x^2_t + x^4_t (9) which is accurate to four significant digits. Here ψ(z) is the well-known digamma function. The variation of the function Λ_t(x_t) over the domain 0 ≤ x_t ≤ 10 is presented in figure 1. The following points are worthy of note.

• In the limit x_t → 0, the function Λ_t(x_t) → 0.25, a constant value. This behaviour is similar to that in the ADD model, as indeed it should be.

• Since m_0 typically has values of a few hundred GeV and the centre-of-mass energy at HERA is 300 GeV, it is not meaningful to take the limit x_t → 0, as can be done for the ADD model (where the corresponding definition would have x_t = √ |t̂|/M_S ). • The value of Λ_t(x_t) can vary between 0.12 to 0.25 (a factor of 2) for the region of integration at HERA. This variation is too large to warrant absorption of Λ_t(x_t) into the magnitude of m_0, as can be done in the analogous ADD case.

• The fact that Λ_t(x_t) varies between quite significantly over the range of integration of t̂ indicates that the effective coupling of gravitons in each DIS event depends not only on the machine energy, but also on the quark momentum fraction and on the scattering angle.

This variable coupling of gravitons in the RS model means that the results of the ADD model [12] cannot be simply scaled to give the RS model predictions. A fresh analysis is required in which the variation of Λ_t(x_t) for each event is included. Using the formulae described above, we have, therefore, incorporated the calculated theoretical cross-section into a parton-level Monte Carlo event generator, with two free parameters, viz. the graviton mass scale m_0, and the coupling parameter c_0. We use this, with appropriate kinematic cuts, to predict the cross-section for neutral current DIS events in the RS model. The simulation results are then compared with data from the ZEUS Collaboration to constrain the (m_0-c_0) plane.

Our numerical studies are founded on the latest results presented [14] by the ZEUS Collaboration, which are based on 47.7 pb^{−1} of data collected over the period 1994–1997. The ZEUS Collaboration uses the double-angle (DA) method to determine the DIS variables. In this method, one measures the polar angle θ_e of the scattered positron,^2 and reconstructs the polar angle γ_h of the struck quark (in the naive parton model) using all hadronic clusters which can be identified with a jet having the requisite p_T balance with the positron. In terms of these observables and the energy E_e(E_p) of the initial positron (proton) beam, one can reconstruct the standard DIS variables as [14]

Q^2_{DA} = 4E^2_e sin γ_h(1 + cos θ_e) sin γ_h + sin θ_e − sin(γ_h + θ_e) , x_{DA} = E_e E_p sin γ_h + sin θ_e + sin(γ_h + θ_e) sin γ_h + sin θ_e − sin(γ_h + θ_e) , y_{DA} = sin θ_e(1 − cos γ_h) sin γ_h + sin θ_e − sin(γ_h + θ_e)

. (10)

Various triggers, acceptances and selection cuts have been used by the ZEUS Collaboration, of which we need to impose only the following in a parton-level analysis:

• If the final state positron has polar angle greater than 17.2^0, it must have a total energy greater than 10 GeV.

• If the final state positron has polar angle less than 17.2^0, it must have a transverse momentum greater than 30 GeV.

Of the DIS variables listed in eq. (10) above, it is well known that it is the first, namely Q^2_{DA}, which exhibits maximum sensitivity to most kinds of new physics. The

2taking the proton direction as the polar axis

Figure 2: Illustrating the ratio R(m_0, c_0) of the Q^2_{DA} distribution in the RS model to that in the SM (see eq. 11), for c_0 = 0.1 and m_0 = 80, 90 and 100 GeV. The dotted line corresponds to the SM. The ZEUS data are also shown.

ZEUS Collaboration has presented their data for 20 bins in Q^2_{DA}, ranging from Q^2_{DA} = 400 GeV^2 to 51200 GeV^2. The Born-level cross-section in each bin, obtained by suitably scaling out radiative effects, has been presented by the ZEUS Collaboration together with the SM expectation. We have checked that the latter, obtained using hadronization procedures incorporated in the standard HERACLES and ARIADNE program packages, are in excellent agreement (within a few per cent) with our partonlevel analysis. Any small differences which persist can be removed by calibrating the cross-section binwise, so as to yield the actual ZEUS expectations. This procedure has the added merit of taking care of residual higher-order effects such as initial-state radiation, which should be more-or-less the same in the SM as in the case when the graviton exchanges are included.

In figure 2, we present a graph showing the variation in the Q^2_{DA} distribution with the mass scale m_0 in the RS model. For this graph, we have plotted the ratio

R(c_0, m_0) ≡ dσ_{RS}/dQ^2_{DA} dσ_{SM}/dQ^2_{DA}

(11)

of the cross-section predicted in the RS model with the prediction of the SM, for c_0 = 0.1 and m_0 = 80, 90 and 100 GeV, together with the ZEUS data [14]. It may be seen that the cross-section in the RS model (like the ADD model [12]) exhibits large deviations in the highest Q^2 bins. This, of course, rapidly approaches the SM (dotted line) if c_0 is chosen smaller. Interestingly, the RS model predictions seem to show a slight diminution for intermediate values of Q^2_{DA}, which are intriguingly like the trend shown by the data. However, the experimental errors are too large to enable us to attach any significance to this circumstance. Accordingly, we take the conservative viewpoint that the data fit the SM very well and can be used to constrain new physics.

Once the above simulation is set-up, we estimate the binwise cross-section χ^2(m_0, c_0) for each value of c_0 and m_0 and use this distribution to calculate

χ^2(c_0, m_0) = 20∑ i=1

[ σ_i(m_0, c_0) − σ^{(C.V.)}_i

]_2

ϵ^2_i

, (12)

where ϵ_i = ϵ^i_1 θ [ σ_i(c_0, m_0) − σ^{(C.V.)}_i ] + ϵ^i_2 θ [ σ^{(C.V.)}_i − σ_i(c_0, m_0) ] (13)

assuming that the experimental value in the i-th bin is given by [σ^{(C.V.)}_i ]^{+ϵi1}_{−ϵi2} . In this, it is assumed that ϵ^i_1 and ϵ^i_2 contain the statistical and systematic errors added in quadrature. The 95% C.L. bound is then obtained by requiring χ^2(c_0, m_0) < 28.87, which is the expectation [15] from random fluctuations.

In figure 3, we show the 95% C.L. constraints on the c_0-m_0 plane using the above technique. Since the effective graviton coupling is quadratic in c_0 we expect the cross-section to rise steeply as c_0 increases — this is reflected in the fact that Fig. 3 shows upper bounds on c_0. On the other hand, the m_0 dependence of the cross-section is very complicated, because of the summation over the KK states. However, as the figure makes clear, there is a sharp drop in the cross-section as m_0 increases, so that the ZEUS data become insensitive to the new physics beyond about m_0 = 120 GeV. This corresponds to M_1 ≃ 460 GeV, a value which is still not accessible to the generation of colliders running at present.

As the above figure and discussion makes clear, HERA data as presented by the ZEUS Collaboration provide somewhat modest,^3 but nevertheless independent constraints on the parameter space of the RS model of quantum gravity. These can be significantly improved if the data in the last two Q^2-bins is excluded from our analysis — a feature which is indicative of the fact that models with graviton exchange fit the experimental data better than the SM does. However, we have chosen to be conservative and used all the bins for our analysis. As more and more data are collected at HERA, we may expect the central value in these two bins to approach closer to the SM prediction (assuming that the original deviation was due to a statistical fluctuation, which seems to be the generally-accepted view), and this would then lead to substantial improvement in the HERA constraints.

Since gravitons couple to the energy-momentum tensor of the matter fields, one may expect considerable improvements in these results at machines running at higher energies, such as the LHC, the proposed NLC and possible muon colliders. In par-

3Compared with bounds derived in ref. [8] from Tevatron data.

Figure 3: Illustrating the constraint on the parameter space of the RS model arising from an analysis of ZEUS high-Q^2 data. The shaded region is ruled out at the 95% C.L. level.

ticular, it would be interesting to see if these machines could actually find graviton resonances, which one expects in the RS model [8], but not in the ADD theory. We have performed a preliminary study of the RS model in the light of HERA data, and we expect that the future will see many more detailed studies of this very interesting scenario.

Acknowledgments

The authors have benefited greatly from discussions with Gour Bhattacharya, Dilip K. Ghosh, Sudipta Mukherji, Gautam Sengupta, K. Sridhar and Ajit M. Srivastava. SS acknowledges financial support from the Council of Scientific and Industrial Research (Award No. 9/92(185)/95-EMR-I), Government of India.

References

[1] 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]; 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.

[2] For reviews see, for example, T.G. Rizzo, Indirect collider tests for large extra dimensions, in 2nd International Conference: physics beyond the standard model: beyond the desert 99: accelerator, nonaccelerator and space approaches, Ringberg Castle, Tegernsee, Germany, June 1999 [hep-ph/9910255];

S. Raychaudhuri, Large extra dimensions and High Energy experiments, talk delivered at WHEPP-6, Chennai, India (January 2000), to appear in the proceedings

[3] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys. Rev. Lett. 83 (1999) 3370 [hep-ph/9905221]; An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064].

[4] J. de Boer, E. Verlinde and H. Verlinde, On the holographic renormalization group, J.

High Energy Phys. 08 (2000) 003 [hep-th/9912012];

D. Choudhury, D.P. Jatkar, U. Mahanta and S. Sur, On stability of the three 3-brane model, hep-ph/0004233.

[5] W.D. Goldberger and M.B. Wise, Modulus stabilization with bulk fields, Phys. Rev.

Lett. 83 (1999) 4922 [hep-ph/9907447].

[6] C. Csáki, M. Graesser, L. Randall and J. Terning, Cosmology of brane models with radion stabilization, Phys. Rev. D 62 (2000) 045015 [hep-ph/9911406]; W.D. Goldberger and M.B. Wise, Phenomenology of a stabilized modulus, Phys. Lett. B 475 (2000) 275 [hep-ph/9911457];

U. Mahanta and S. Rakshit, Some low energy effects of a light stabilized radion in the Randall-Sundrum model, Phys. Lett. B 480 (2000) 176 [hep-ph/0002049]; U. Mahanta and A. Datta, Production of light stabilized radion at high energy hadron colliders, Phys. Lett. B 483 (2000) 196 [hep-ph/0002183].

[7] W.D. Goldberger and M.B. Wise, Phys. Rev. D 60 (1999) 107505.

[8] H. Davoudiasl, J.L. Hewett and T.G. Rizzo, Phenomenology of the Randall-Sundrum gauge hierarchy model, Phys. Rev. Lett. 84 (2000) 2080 [hep-ph/9909255].

[9] 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].

[10] G.F. Giudice, R. Rattazzi and J.D. Wells, Quantum gravity and extra dimensions at high-energy colliders, Nucl. Phys. B 544 (1998) 3 [hep-ph/9811291].

[11] H. Davoudiasl, J.L. Hewett and T.G. Rizzo, Bulk gauge fields in the Randall-Sundrum model, Phys. Lett. B 473 (2000) 43 [hep-ph/9911262]; Experimental probes of localized gravity: on and off the wall, hep-ph/0006041.

[12] P. Mathews, S. Raychaudhuri and K. Sridhar, Large extra dimensions and deep inelastic scattering at HERA, Phys. Lett. B 455 (1999) 115;

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];

H1 collaboration, Search for compositeness, leptoquarks and large extra dimensions in eq contact interactions at HERA, Phys. Lett. B 479 (2000) 358 [hep-ex/0003002].

[13] P. Das, S. Raychaudhuri and S. Sarkar, in preparation.

[14] ZEUS collaboration, Measurement of high-Q^2 neutral-current e^+p deep inelastic scattering cross sections at HERA Eur. Phys. J. C 11 (1999) 427 [hep-ex/9905032].

[15] Particle Data Group, Review of particle physics, Eur. Phys. J. C 3 (1998) 1.