SLAC-PUB-6579 July 1994 (T/E)

Diphoton Pro duction at Hadron Colliders and New Con tact In teractions^∗

THOMAS G. RIZZO Stanford Linear Accelerator Center Stanford University, Stanford, CA 94309

Abstract

We explore the capabilit y of the Tevatron and LHC to place limits on the possible existence of flavor-indep endent qq̄γγ contact interactions which can lead to an excess of diphoton events with large invariant masses. Assuming no departure from the Standard Model is observed, we show that the Tevatron will eventually be able to place a lower bound of 0.5-0.6 TeV on the scale associated with this new contact interaction. At the LHC, scales as large as 3-6 TeV may be probed with suitable detector cuts and an integrated luminosit y of 100f b^{− 1}.

Submitted to Physical Review D.

∗Work supported by the Departmen t of Energy, contract DE-AC03-76SF00515.

Although the Standard Model(SM) appears to be as healthy as ever[1], it is generally believed that new physics must exist to address all ofthe questions the SM leaves unanswered and which can explain the values of the various input parameters (e.g., fermion masses and mixing angles). Although there are many suggestions in the literature, no one truly knows the form this new physics might take or how it may first manifest itself. Instead of the direct production of new particles, physics beyond the SM may first appear as deviations in observables away from SM expectations, such as in the rates for rare processes or in precision electroweak tests. Another possibility is that deviations in cross sections of order unity may be observed once sufficien tly high energy scales are probed. This kind of new physics can generally be parameterized via a finite set of non-renormalizable contact interactions, an approach which is quite popular in the literature[2 ]. In fact, limits already exist from a number of experiments on the scales associated with contact interactions of various types[3].

In this paper we will explore the capabilit y of both the Tevatron and the CERN Large Hadron Collider(LHC) to probe the existence of flavor-independent(apart from electric charge), qq̄γγ contact interactions of dimension-8. Searches for such operators, with the quarks replaced by electrons, have already been performed at TRISTAN and LEP [4] and have resulted in a lower bound ofapproximately 139 GeV on the associated mass scale. As we will see below, the Tevatron(LHC) will easily be able to push the scale in the corresponding qq̄ situation above 0.5-0.6(2.8-5.3) TeV. As we will see below, unlike Higgs bosons or other possible γγ resonances, this new contact interaction will manifest itself only as a smooth modification of the various γγ distributions.

To be definitiv e, we will follow the notation employed by [5] as well as by the ALEPH Collaboration[4] and assume that these new interactions are parit y conserving. (We will return to the cases where such interactions may be chiral below.) In this case we can parameterize the qq̄γγ contact interaction as

L = 2ie^2 Λ^4

Q^2_qF^{μσ} F^ν_σ q̄γ_μ ∂_νq, (1)

where e is the usual electromagnetic coupling, Q_q is the quark charge, and Λ is the associated mass scale. The most obvious manifestation of this new operator is to modify the conventional Born-level partonic qq̄ → γγ differential cross section so that it now takes the form dσ̂ dz = Q^4_q

2πα^2 3ŝ 1 + z^2 1 − z^2 ± 2 ŝ^2 4Λ^4_±

(1 + z^2) + ( ŝ^2 4Λ^4_±

)_2

(1 − z^4)

, (2)

where ŝ, z are the partonic center of mass energy and the cosine of center of mass scattering angle, θ^∗, respectively. Note that we have written Λ_± in place of Λ in the equation above to indicate that the limits we obtain below will depend upon whether the new operator constructiv ely or destructiv ely interferes with the SM contribution. In our discussion, we focus on the case of constructiv e interference but will give results for both cases below.

There are two major effects due to finite Λ: (i) Clearly, once ŝ becomes comparable to Λ^2, the parton-lev el differential cross section becomes less peaked in the forward and backward directions implying that the photon pair will generally be more central and will occur with higher average p_t’s. (ii) When integrated over parton distributions the resulting cross section will lead to an increased rate for photon pairs with large γγ invariant masses. From these two observations we see that the best hope for isolating finite Λ contributions is to look for excess diphotons with high, balanced p_t’s in the central detector region with large pair masses.

Unfortunately , the qq̄ → γγ tree-level process is not the only one which produces diphotons satisfying the above criteria. The issue of diphoton production at hadron colliders has been discussed for many years[6], mostly within the context of searches for Higgs bosons 3 in the intermediate mass region, and a full next-to-leading(NLO) order SM calculation now exists[8]. In the Higgs search scenario, one is looking for a very narrow peak in the diphoton mass distribution for which there are extremely large misidentification induced backgrounds from QCD. In the case of contact interactions, however, the deviation from SM expectations occurs over a rather wide range of diphoton pair masses. The authors of Ref.[8] have provided an excellent summary of the various sources which lead to diphoton pairs and we will generally follow their discussion. The most obvious additional source of diphotons arises from the process gg → γγ which is induced by box diagrams. Although relatively small in rate at the Tevatron, the increased gg luminosity as one goes to LHC energies (combined with the fact that qq̄ annihilation is now a ‘sea-times-valence’ process) implies that gg → γγ is extremely importan t there. We include the gg− induced diphotons in our calculations by employing 5 active quark flavors in the gg-induced box diagram for partonic center of mass energies, ŝ, below 4m^2_t , 6 active flavors for ŝ >> 4m^2_t , and smoothly interp olate between these two cases. In order to include the potential effects of loop corrections to the rate for the gg → γγ we have scaled the results obtained by this procedure by an approximate ‘Kfactor’ of 1.3(1.5) at the Tevatron(LHC). (In numerical calculations, we assume m^{phy s}_t = 170 GeV in agreement with precision electroweak measuremen ts and the recent evidence for top production at the Tevatron reported by the CDF Collaboration[1].) A similar ‘K-factor’ is also employed in the qq̄ → γγ calculation; we use the results of Ref.[7]. While this procedure gives only an approximate result to the full NLO calculation, it is sufficien t for our purp oses as the effects of the new contact interaction are quite large as they modify the tree level cross section.

Additional ‘background’ diphotons arise from three other sources. For 2 → 2 processes, one can have either (i) single photon production through gq → γq and qq̄ → gγ followed by the fragmentation g,q → γ, or (ii) a conventional 2 → 2 process with both final

4 state q,g partons fragmenting to photons. Although these processes appear to be suppressed by powers of α_s, these are off-set by large logs. Numerically, in our analysis these fragmentation contributions are calculated at the leading-log level using the results in Refs.[8, 9]. For 2 → 3 processes, (iii) double bremsstrahlung production of diphotons is possible, e.g., gq → qγγ or qq̄ → gγγ. All of these ‘backgrounds’ are relatively easy to drastically reduce or completely eliminate at both the Tevatron and the LHC by the series of cuts we employ below. We first select diphotons with large invariant masses that are both central and have high transv erse momenta (|η_γ| < 1, 2.5 and p^γ_t > 15, 100 GeV at the Tevatron and LHC respectively). We next demand that any additional hadronic activit y in these events be widely separated (i.e., isolated) from the photons and have only small associated jet energies (E^{cut}_j < 5, 20 GeV at the Tevatron and LHC). As a last requirement we demand that both photons are close to being back to back with nearly balancing p_t’s, i.e., p^1_t /(p^1_t + p^2_t ) < 0.7, with p^1_t ≥ p^2_t as required by the ATLAS Higgs search analysis[10]. It is easy to see how these cuts will greatly reduce the backgrounds from the sources (i)-(iii). In process (i), the additional γ produced from the fragmentation essentially follows the fragmenting parton’s direction but is generally softer than the primary photon in the opposite hemisphere and is contained within a jet which has, on average, a relatively large energy. Under these circumstances, it is very difficult for the two photons to be isolated and have their p_t’s balance; it is also harder for the softer photon to pass the minimum p_t cut and combine with the primary photon to pass the invariant pair mass requirements. Process (ii) has an even more difficult time satisfying these cuts since the photons are both softer than their parent partons, are embedded in jets, and need to have similar fragmentation energies to balance p_t’s. We find in practice that the combination of the cuts above reduces the backgrounds from the sum of sources (i) and (ii) by at least a factor > 15− 20 for both the Tevatron and LHC for the diphoton pair masses of interest to us in our discussion below. In fact, for the machine lumi-

5 nosities we consider, these cuts essentially eliminate (ii) as a diphoton background source. For the 2 → 3 processes (iii), most of the phase space is dominated by the infrared and co-linear regions. Since both γ’s must be hard and isolated with essentially matching p_t’s, the cuts above are designed to remove this background source almost completely.

In presenting our numerical results, we follow the approach employed by the CDF Collaboration in presenting their high p_t diphoton data[11], i.e., we integrate the invariant diphoton mass distribution above a given fixed minimum value of the diphoton mass, M^{min}_{γγ} , subsequent to making all the other cuts discussed above. In order to get a feel for the event rates involved, we scale this integrated cross section by a luminosity appropriate to the Tevatron or the LHC, i.e., 20pb^{− 1} and 100f b^{− 1}, respectively. The results from this procedure are shown in Figs. 1 and 2. Fig. 1a compares the SM diphoton cross section as a function of M^{min}_{γγ} with the constructiv e interference scenario for various values of the Λ parameter. It is clear that present data from the Tevatron[11] is already probing values of Λ of order 400 GeV. (In fact, CDF observes a possible excess of diphotons at large values of M^{min}_{γγ} consistent with values of Λ not far from 400 GeV. Of course, this is most likely a statistical fluctuation.)

Assuming that no event excesses are observed, we can ask for the limits that can be placed on Λ_± as the Tevatron integrated luminosity is increased. To do this we perform a Monte Carlo study, first dividing the M^{min}_{γγ} range above 100 GeV into nine steps of 50 GeV. Almost all of the sensitivit y to finite Λ will lie in this range since for smaller values of M^{min}_{γγ} the cross section looks too much like the SM while for larger values of M^{min}_{γγ} the event rate is too small to be useful even for integrated luminosities well in excess of 1f b^{− 1}. We generate events using the SM as input and then try to fit the resulting M^{min}_{γγ} distribution by a Λ_± - dependent fitting function. ¿From this, bounds on Λ are directly obtainable via a χ^2 analysis.

6

In the first approach, we assume that the normalization of the cross section for small values of M^{min}_{γγ} using experimental data will remove essentially all of the systematic errors so that only statistical errors are put into the fitting procedure. In this case, for a luminosity of 100(250, 500, 1000, 2000)pb^{− 1} we obtain the bounds Λ_+ > 487(535, 575, 622, 671) GeV and Λ_− > 384(465, 520, 577, 635) GeV, respectively, at 95% CL. Note that the constrain ts we obtain on Λ_− are generally weaker than those for Λ_+ although the two bounds begin to numerically converge at larger integrated luminosities. If we also allow for an additional overall systematic error of 15 − 20% due to other uncertain ties not accounted for by the normalization at small M^{min}_{γγ} values, we find that our Λ_+ limits are degraded by at most a factor of ≃ 10% while the corresponding ones for Λ_− are somewhat more significantly reduced, often by as much as 20%. Fig. 1b shows a sample case from this Monte Carlo analysis wherein an integrated luminosity of 500 pb^{− 1} and only statistical errors are assumed; the generated data together with the curves associated with the two 95% CL bounds and the best fit, corresponding to Λ_− = 1128 GeV, are displayed explicitly.

At the LHC, we find the results presented in Figs. 2a-c. Fig. 2a clearly shows, for the default values of the cuts described above and an integrated luminosity of 100f b^{− 1}, that values of Λ greater than 2 TeV will be easily probed. If we strengthen our canonical γγ selection cuts, i.e., |η_γ| < 1 and p^γ_t > 200 GeV, we see in Fig. 2b that we are left with reduced statistics but significantly improved sensitivit y. If we follow the same Monte Carlo approach as above, we obtain very strong limits on Λ_± . We take the M^{min}_{γγ} range above 250 GeV and divide it into ten steps and generate data as above fitting to a Λ_± -dependent distribution; we assume that the only errors are statistical in this first pass as in the analysis above. (The best fit value for the canonical cuts is found to be Λ_+ = 5.17 TeV.) From this we obtain the 95% CL bounds of Λ_+ > 2.83 TeV and Λ_− > 2.88 TeV; the best fit and the corresponding limit curves are shown in Fig. 2c. If we increase the integrated luminosity to 7

200f b^{− 1}, the limits increase to Λ_+ > 3.09 TeV and Λ_− > 3.14 TeV. If, instead, we strengthen the cuts, as described above, we find these limits for a 100f b^{− 1} integrated luminosity are improved to 5.27 TeV and 5.37 TeV, respectively. If, in addition, we also simultaneously increasing the luminosity we find instead the limits of 5.77 TeV and 5.86 TeV, respectively. (These limits may be improved slightly by extending the fit region outwards by another 500 GeV particularly in the higher luminosity case.)

What happ ens when we give up the assumption of a parit y conserving contact interaction and assume that the quark current is chiral? The result is easily obtained from the considerations of the ALEPH Collaboration[4]. Essentially, assuming either purely left- or right-handed quark currents, the previously obtained values of Λ_± are reduced by a factor of 2^{1/4} ≃ 1.19. This is not a sizeable effect numerically so that the ranges of Λ_± being probed are essentially unaltered.

In this paper, we have explored the capabilit y of the Tevatron and LHC to probe for the existence of flavor-independent contact interactions with the following results:

(i) If new dimension-8 qq̄γγ contact interactions, parameterized by a scale Λ_± , exist, they willresult in an excess ofdiphoton events with large invariant masses at hadron colliders. These events will be central and the photons will have large, balancing p_t’s. The resulting modifications to the γγ cross section for different Λ at the Tevatron and LHC were obtained. Existing constrain ts on the corresponding e^+ e^− operators are rather poor.

(ii) While the new physics we propose only takes place in the qq̄ → γγ channel, there are other additional diphoton sources that must be accounted for including the usual gg → γγ box. We have estimated their contributions and included them within the analysis. A large fraction of these additional ‘backgrounds’ are easily reduced by the cuts we have imposed which simultaneously enriches the highly central, large p_t, large M_{γγ} event sample

8 which is most sensitive to the new contact interaction.

(iii) A Monte Carlo analysis was performed for both the Tevatron and LHC to explore the potential constrain ts on Λ_± for various integrated luminosities assuming the absence of new physics. The generated data was fit via a χ^2 analysis to the Λ_± -dependent cross section thus obtaining best fit values as well as 95% CL limits under the assumption that the cross section was properly normalized by the data at small values of M_{γγ}. For the Tevatron with L = 500pb^{− 1}, for example, this led to limits in excess of 520 GeV and a best fit value of Λ_− = 1128 GeV. For the LHC with L = 100f b^{− 1}, the limits were found to be sensitive to the choice of cuts and ranged from 2.8 to 5.3 TeV. Although the statistics were reduced by the stronger cuts, this was more than compensated for by the increased sensitivit y to the new contact interaction.

Excess diphoton events should be searched for, not only as narrow peaks in M_{γγ} signalling the existence of Higgs-like objects, but also in the broad contributions to the tails of distributions. Such searches may yield valuable information on the existence of new physics.

ACKNOWLEDGEMENTS The author would like to thank R. Blair of the CDF Collaboration as well as J.

Ohnemus and J.L. Hewett for discussions related to this work. The author would also like to thank the members of the Argonne National Laboratory High Energy Theory Group for use of their computing facilities and the High Energy Physics Group at the University of Hawaii, where part of this work was done, for their hospitalit y.

9

References

[1] F. Abe et al., CDF Collaboration, Fermilab report Fermilab-PUB-94/097-E, 1994; See talks given by P. Siegrist, D. Bardin, P. Clarke, and B. Pietrzyk at the XXIXth Recontres de Moriond, Electroweak Interactions and Unified Theories, Meribel, France, March 1994.

[2] See, for example, E. Eichten, K. Lane and M. Peskin, Phys. Rev. Lett. 50, 811 (1983);

B. Schrempp, F. Schrempp, N. Wermes and D. Zeppenfeld, Nucl. Phys. B296 , 1 (1988).

[3] K. Hikasa et al., Particle Data Group, Phys. Rev. D45 , II (1992).

[4] D. Buskulic et al., ALEPH Collaboration, Z. Phys. C59 , 215 (1993); P. Abreu et al., DELPHI Collaboration, Phys. Lett. B268 , 296 (1991); O. Adriani et al., L3 Collaboration, Phys. Lett. B288 , 404 (1992); M.Z. Akrawy et al., OPAL Collaboration, Phys. Lett. B257 , 531 (1991); H.J. Kim et al., AMY Collaboration, KEK report 89-52, 1992; K. Shimozawa et al., TOPAZ Collaboration, Phys. Lett. B284 , 144 (1992); K. Abe et al., VENUS Collaboration, Z. Phys. C45 , 175 (1989).

[5] See, for example, P. Méry, M. Perrottet and F.M. Renard, Z. Phys. C38 , 579 (1988).

[6] J.F. Owens, Rev. Mod. Phys. 59, 465 (1987);

[7] V. Barger, J.L. Lopez and W. Putikk a, Int. J. Mod. Phys. A3, 2181 (1988).

[8] B. Bailey, J.F. Owens, and J. Ohnemus, Phys. Rev. D46 , 2018 (1992).

[9] D.W. Duke and J.F. Owens, Phys. Rev. D26 , 1600 (1982).

[10] D. Gingrich et al., ATLAS Collaboration Letter of Intent, CERN report CERN/LHCC/92-4, 1992. 10

[11] R. Plunkett, CDF Collaboration, talk given at the XIII International Conference on Physics in Collision, University of Heidelberg, Heidelberg, Germany, June 16-18, 1993; Fermilab report FERMILAB-Conf-94/045-E, 1994.

11

Figure Captions

Figure 1. (a)Diphoton pair event rate, scaled to an integrated luminosity of 20pb^{− 1}, as a function of M^{min}_{γγ} at the Tevatron subject to the cuts discussed in the text. The solid curve is the QCD prediction, while from top to bottom the dash dotted curves correspond to constructiv e interference with the SM and a compositeness scale associated with the qq̄γγ operator of Λ_+ = 0.2, 0.3, 0.4, 0.5, and 0.6 TeV respectively. (b) Monte Carlo generated data for an integrated luminosity of 500 pb^{− 1} assuming statistical errors only. The two dash dotted curves corresponding to the 95% CL bounds discussed in the text while the solid curve represents the best fit.

Figure 2. Same as Fig. 1, but for the LHC scaling to an integrated lumonosity of 100f b^{− 1}. From top to bottom the dash dotted curves now correspond to Λ_+ = 0.75, 1.0, 1.25, 1.5, 1.75 and 2.0 TeV respectively. In (a) we require p^γ_t > 100 GeV and |η_γ| < 2.5, while in (b) we require instead p^γ_t > 200 GeV and |η_γ| < 1.0. (c) Monte Carlo generated data for an integrated luminosity of 100 f b^{− 1} assuming statistical errors only. The two dash dotted curves corresponding to the 95% CL bounds discussed in the text while the solid curve represents the best fit.

12