hep-ph/9811222 v2 17 Dec 1998

CERN-TH/98-349 RIKEN-BNL Preprint hep-ph/9811222

The Glueball Filter in Central Production and Broken Scale Invariance

John Ellis^{(a)} and Dmitri Kharzeev^{(b)}

(a) Theory Division, CERN, CH-1211 Geneva, Switzerland

(b) RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton NY 11973, USA

Abstract We propose a possible explanation of the kinematical dependence of the central production of the scalar glueball candidate observed recently by the WA91 and WA102 Collaborations, and discussed by Close and Kirk, in the context of the broken scale invariance of QCD. The dependences of glueball production on the transverse momenta and azimuthal angles of the final-state protons may be related to the structure of the trace anomaly in QCD.

CERN-TH/98-349 RIKEN-BNL

Confinement and the non-Abelian structure of QCD imply the existence of bound states of gluons. Clearly, finding and recognizing such glueball states is very important. One intriguing possibility is to identify the observed f_0(1500) state with the lightest scalar glueball [1]. To verify the gluonic nature of this state, one has to check in particular if the mechanisms of its production are consistent with those expected for glueball states. This suggests in particular that one looks for its production in gluon-rich environments. It was suggested long time ago [2] that the glueballs should be produced copiously in the central production process pp → p_f Xp_s (1) This may be dominated by double-Pomeron exchange when the final-state protons carry large fractions of the initial-state proton momenta in the centreof-mass frame. In fixed-target experiments, this requires the presence of fast (p_f ) and slow (p_s) protons in the final state.

Recently, a big step in the investigation of this process has been taken by the WA91 and WA102 Collaborations, which have reported remarkable kinematical dependences of central meson production [3, 4]. Specifically, it was observed [4] that the the production of glueball candidates depends strongly on the relative transverse momenta of the final-state protons p_f and p_s. The variable suggested in [4, 5] was the difference between the transverse momenta ⃗p′_t and ⃗q′_t of the final-state protons: dP_t = |⃗p_t′ − ⃗q_t′|. (2) The dependence of central meson production on this variable appears to be very non-trivial: namely, it was found that at small dP_t the production of glueball candidates, in particular the f_0(1500), was significantly enhanced over the production of conventional q̄q mesons^1. It was proposed [5] that this remarkable feature of central production could be related to the intrinsic structure of glueball states, and that the selection of events with small dP_t could act effectively as a glueball filter. So far, no dynamical explanation of this important empirical observation has been suggested, so the challenge for theory is to understand the dynamics behind this glueball filter.

In this Letter, we suggest a possible dynamical explanation of this empirical observation, based on the concept of broken scale invariance in QCD [7,

1 The cross section of conventional q̄q meson production by itself was found to be suppressed at small dP_t; for a theoretical interpretation, see Ref [6].

8, 9]. This framework requires the existence of a scalar glueball, which plays the role of the dilaton, saturating the matrix elements of the trace of the energy-momentum tensor of QCD Θ^μ. This operator includes an anomalous piece containing gluon field strengths, and we propose that the kinematic structure of the effective Pomeron-Pomeron-glueball vertex may reflect that of the gluon-gluon piece in Θ^μ, which is proportional to F^{μν} F_{μν} . We demonstrate that this mechanism reproduces qualitatively the observed dependence of the candidate scalar glueball production on dP_t and the relative angles of ⃗p_t′, ⃗q_t′. In central production at sufficiently high energies, mesons are believed to be produced via Pomeron-Pomeron fusion, as shown in the top two diagrams of Fig. 1, although other models are possible, such as that illustrated in the bottom diagram of Fig. 1. The Pomeron is known to couple to light hadrons effectively as a vector particle [10, 11]. Moreover, it is also generally accepted that the Pomeron has a large gluon component, and this picture is supported by analyses of diffraction at HERA. The strongest form of this hypothesis is the leading-gluon model, which postulates a hard distribution of gluons inside the Pomeron, as suggested by the H1 Collaboration [12]. Within this model, it is natural to describe meson production in Pomeron-Pomeron collisions via the fusion of two leading gluons from the interacting Pomerons, as shown in the central diagram of Fig. 1. Other interpretations of the H1 and ZEUS data are possible [13], but the success in other applications of the vectordominance model for Pomeron couplings [14] also motivates the suggestion that the central production of scalar glueballs occurs via the coupling between the scalar dilaton field and two vector fields.

This coupling has been known since 1972, when the concept of the canonical trace anomaly was introduced [7, 8, 9]. This concept was later given legitimacy by QCD, which was explicitly shown to possess an anomalous term ∝ F^{μν} F_{μν} in the energy-momentum tensor [15]. If one assumes that matrix elements of the trace of the energy-momentum tensor are dominated by a scalar glueball field Θ, its resulting coupling to two vector fields would also have the form ∼ ΘF^{μν} F_{μν} . In an effective theory where the effective coupling of the Pomeron is that of a vector particle, F^{μν} can be considered as an effective ‘Pomeron field’. In the leading-gluon model of the Pomeron structure, this is closely related to the gluon field strength G^{μν}_a (x).

Based on the above arguments, we propose the following form for the coupling responsible for scalar glueball production in Pomeron-Pomeron collisions:

Ł ∼ Θ(x)G^{μν} (x)G_{μν} (x), (3)

In momentum space, this coupling leads to an amplitude that is proportional to the square of the scalar product of the four-momenta of the colliding gluons g_1 and g_2:

M ∼ (ϵ^μg^ν_1 − ϵ^ν g^μ_1 )(ϵ_μg_{2ν} − ϵ_ν g_{2μ}) ∼ (g_1.g_2). (4)

whose implications for the WA91 and WA102 experiments we now evaluate, assuming that the Pomeron-Pomeron-glueball vertex has a similar structure.

Denoting the initial and final four-momenta of the colliding protons by p,q and p′, q′, respectively, and denoting their initial c.m.s. momentum by P , we can write p ≃ ( P + M^2 2P , ⃗p_t = 0, p_L = P ) , q ≃ ( P + M^2 2P , ⃗q_t = 0, q_L = −P )

and p′ ≃ ( x_1P +

M^2 2x_1P , ⃗p_t′, p_L′ = x_1P ) , q′ ≃ ( x_2P +

M^2 2x_2P , ⃗q_t′, q_L′ = −x_2P ) .

We now assume that the dependence of the production vertex on the Pomeron momenta is proportional to that on the gluon momenta in (4). This assumption would be trivial in the leading-gluon model, since the colliding gluons would carry essentially all of the transfered momentum, with the other gluon(s) in the Pomerons merely compensating the colour, which is assumed not to alter the kinematic structure:

g_1.g_2 ∝ (p − p′).(q − q′) = 2P^2(1 − x_1)(1 − x_2) − p_t′.q_t′ cosϕ, (5)

where ϕ is the azimuthal angle between the directions of the final-state protons. This proportionality assumption may also hold in a more general approach to the vector-like couplings of the Pomeron, and even in the different

Figure 1: Diagrams describing double-diffractive production. Top diagram: Pomeron-Pomeron fusion, with the zigzag lines denoting the Pomeron exchanges. Central diagram: as previously, with two-gluon models for the Pomerons. Bottom diagram: another pattern of gluon exchange that may lead to the same form of glueball production vertex.

production mechanism displayed in the bottom diagram of Fig. 1. Making this proportionality assumption, the central glueball production rate contains a factor σ̂ ∼ |M|^2 ∼ (g_1g_2)^2, (6)

In addition to the rate (6) for the glueball production subprocess, one must also take into account the kinematics and the appropriate Pomeron flux factors. In particular, we must ensure the mass-shell condition

[(p − p′) + (q − q′)]^2 = m^2, (7)

where m is the glueball mass. In terms of our kinematical variables, this condition may be rewritten as ( P (2 − x_1 − x_2) +

M^2 2P ( 2 − 1 x_1 − 1 x_2 ))2 − ( ⃗p_t′ + ⃗q_t′)^2 − (x_2 − x_1)^2P^2 = m^2. (8) When x_1 = x_2 = x is close to unity, one has

s(1 − x)^2 − ( ⃗p_t′ + ⃗q_t′)^2 ≃ m^2. (9)

This requirement must be combined with the kinematic dependence of the production rate (6). Assuming that x_1 = x_2 = x, and recalling that t_{1,2} ≃ −⃗p_t′^2, ⃗q_t′^2, we can rewrite (5) as g_1.g_2 ∝ (p − p′).(q − q′) = 1 2 ( m^2 + 2 |t| + 2 |t| cosϕ ) − |t| cosϕ. (10) The cross section (6) then takes the form

σ̂ ∼ (g_1.g_2)^2 = [ m^2 2 + |t| ]_2

. (11)

Note that the fact that the dependence on the azimuthal angle ϕ has cancelled in (11) is the consequence of the assumption x_1 = x_2: in more general kinematic conditions, (11) would depend on ϕ.

Assuming for simplicity that x_1 = x_2 = x ≡ x_P − 1, one can write the cross section for double-diffractive glueball production in the following form:

d^2σ dt_1dt_2dϕ = f_P (x_P , t_1)f_P (x_P , t_2) d^2σ̂ dt_1dt_2dϕ , (12) dσ dϕ dσ dϕ

Œ Œ Figure 2: Distribution in the azimuthal angle ϕ (in radians) between the final-state protons in double-diffractive production of the f_0(980) (left panel) and f_0(1500) (right panel) states, calculated for the center-of-mass energy of the WA91 and WA102 experiments, and with t = −0.5 GeV^2 for both final-state protons.

where σ̂ is defined in (6) and the Pomeron flux factors are given by [18]

f_P (x_P , t) =

9β^2_0 4π^2

[F_1(t)]^2 x^1�^{2α(t)}

P , (13)

with the Pomeron trajectory α(t) = 1 + ϵ + α′t, where ϵ ≃ 0.085 and α′ ≃ 0.25 GeV^2, and |F_1(t)| is the elastic form factor of the proton. The value of x_P is fixed by the kinematical constraint (9):

x_P = ( m^2 − t_1 − t_2 + 2 √ t_1t_2 cosϕ )_{1/2} √ s . (14)

In the case when t_1 ≃ t_2 = t, one can write down a simple formula for the distribution in the relative azimuthal angle ϕ : dσ dϕ ∼ ( s m^2 + 2|t|(1 − cosϕ) )_{1+2ϵ+2α}0_t

(15)

The distribution (15) for f_0(980) and f_0(1500) production in the WA91 and WA102 experiments when t = −0.5 GeV^2 is shown in Fig. 2, and has an interesting feature – it does favour the production of the glueball when the transverse momenta of the outcoming protons are parallel, in qualitative accord with the experimental observation [3, 4]. We note that the angular dependence we find is very different from that found in [14] for other mesons. It would be interesting to study this azimuthal-angle dependence in more detail experimentally, remembering that the detailed shape of the azimuthal dependence should depend on the kinematic selection, according to the expression (12). It would also be interesting to extend the studies of azimuthalangle dependences in double diffractive processes to collider (RHIC or LHC) energies, where the dominance of the Pomeron exchange is better justified.

Acknowledgements We thank Frank Close for comments on the earlier version of this paper.

References

[1] For a review, see R. Landua, Ann. Rev. Nucl. Part. Sc. 46 (1997) 351.

[2] D. Robson, Nucl. Phys. B 130 (1977) 328; Phys. Lett. B66 (1977) 267.

[3] D. Barberis et al., WA91 Collaboration, Phys. Lett. B388 (1996) 853.

[4] D. Barberis et al., WA102 Collaboration, Phys. Lett. B397 (1997) 339;

B427 (1998) 398; B432 (1998) 436; B436 (1998) 304; A. Kirk et al., WA102 Collaboration, hep-ph/9810221.

[5] F.E. Close and A. Kirk, Phys. Lett. B397 (1997) 333.

[6] P. Castoldi, R. Escribano and J.M. Frere, Phys. Lett. B425 (1998) 359;

J.M. Frere, hep-ph/9810227.

[7] J. Ellis, in Lectures from the Coral Gables Conference on Fundamental Interactions at High Energy, 1971, (Gordon and Beach Publishers, 1971) p. 77.

[8] J. Ellis, Nucl. Phys. B22 (1970) 478.

[9] R.J. Crewther, Phys. Lett. B33 (1970) 305; Phys. Rev. Lett. 28 (1972) 1421;

M.S. Chanowitz and J. Ellis, Phys. Lett. B40 (1972) 397; Phys. Rev. D7 (1973) 2490.

[10] H. Cheng and T.T. Wu, Phys. Rev. Lett. 22 (1969) 666. [11] P.V. Landshoff and J.C. Polkinghorne, Nucl. Phys. B32 (1971) 541;

A. Donnachie and P.V. Landshoff, hep-ph/9703366. [12] S. Tapprogge et al., H1 Collaboration, HD-IHEP-96-05;

hep-ex/9605007.

[13] J. Bartels, J. Ellis, H. Kowalski and M. Wüsthoff, CERN-TH/98-67, hep-ph/9803497.

[14] F.E. Close, Phys. Lett. B419 (1998) 387.

[15] J. Collins, A. Duncan and S.D. Joglekar, Phys. Rev. D16 (1977) 438;

N.K. Nielsen, Nucl. Phys. B120 (1977) 212. [16] J. Schechter, Phys. Rev. D21 (1980) 3393;

A. Salomone, J. Schechter and T. Tudron, Phys. Rev. D23 (1981) 1143. [17] J. Ellis and J. Lánik, Phys. Lett. B150 (1985) 289. [18] A. Donnachie and P.V. Landshoff, Nucl. Phys. B303 (1988) 634.