arXiv:1210.0973v2 [hep-ph] 8 Jan 2013

KEK-TH-1578 UT-12-32

Null Radiation Zone at the LHC

Kaoru Hagiwara^a, Toshifumi Yamada^b

a KEK Theory Center and SOKENDAI,

1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

b Department of Physics, University of Tokyo,

7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Abstract

The null radiation zone theorem states that, when special kinematical conditions are satisfied, all the helicity amplitudes of a parton-level subprocess where a vector current is emitted vanish due to destructive interference among different diagrams. We study the manifestation of the theorem in pp collisions at the √ s = 8 TeV LHC. The theorem predicts that the cross section for pp → jjγ events is suppressed when the transverse momenta of the two jets are similar and when the rapidity difference between the photon and the cluster of the jets is nearly zero, because the uu → uuγ subprocess, which dominates in events with large jjγ invaraint mass, has strong destructive interference in this region. We confirm this prediction by the calculation with MadGraph 5, and show that the suppression on the pp → jjγ cross section is observable at the LHC.

One of the goals of the LHC is to confirm predictions of the standard model with its unprecedented energy and luminosity. In this letter, we discuss the null radiation zone theorem [1, 2] and its manifestation in hard events at the LHC. We especially focus on the following parton-level subprocesses: q q^′ → q q^′ γ , ( q, q^′ = u, d ) (1) which contribute to events with two hard jets and a photon. The four contributing diagrams are shown in Figure 1. The null radiation zone theorem relates the charges of the quarks with the kinematic conditions under which the diagrams of a subprocess have strong destructive or constructive interference. More generally, the theorem holds at the classical level when the photon minimally couples to the particles and its anomalous-magnetic-moment g-2, quadrapole moments, etc. are absent. Early discussions on its implications in hadron collisions are found in refs. [3], and those at HERA ep collider experiments are found in refs. [4].

The null radiation zone theorem in its general form [1, 5] is described as follows. Consider the following process in which an Abelian vector current, V , is emitted:

a + b → 1 + 2 + V . (2)

The invariant mass for the vector current V is either zero or non-zero. We label the particle four-momenta and charges in the initial state by p_i, Q_i (i = a, b), those in the final state by p_f , Q_f (f = 1, 2), and the four-momentum of the vector current by p_V . Then the theorem states that the tree-level scattering amplitude should vanish for all helicities when the following conditions are satisfied: Q_i 2p_i · p_V − p^2_V = Q_f 2p_f · p_V + p^2_V

= (a common value) for all i and f , (3) ∑ i Q_i = ∑ f Q_f . (4)

We note here that the latter condition (4) dictates the charge conservation, while the conditions (3) have a solution in the physical region only when all Q_i and Q_f have the same sign and when the vector boson is massless, p^2_V = 0. The generalized form is useful to identify kinematical regions where the amplitudes with a vetor boson emission interfere destructively or constructively [5].

Let us focus on the Feynman diagrams depicted in Figure 1, where the sum of the left two diagrams and that of the right two are respectively gauge invariant. We assume that the quarks are all massless: p^2_a = p^2_b = p^2_1 = p^2 = 0. If the charges of the quarks are the same,

Figure 1: Feynman diagrams for a subprocess qq^′ → qq^′γ (q, q^′ = u, d). When q = q^′, antisymmetrization of the final state quarks should be performed.

i.e., Q_a = Q_b = Q_1 = Q_2 holds, the condition for the null radiation zone eq. (3) reduces to the following simple relations:

y(p_1 + p_2) − y(p_V ) = 0 , (5) p_{T 1} = p_{T 2} , (6) p^2_V = 0 , (7)

where y(p_1 +p_2) denotes the rapidity of the four-momentum sum of the final state quarks 1 and 2, and y(p_V ) denotes the rapidity of the vector current V . p_{T 1} and p_{T 2} denote the transverse momenta of the final state quarks 1 and 2. (The three-momenta of p_a and p_b are assumed to be along the z-axis.) In other words, when the conditions eqs. (5, 6, 7) are satisfied, the diagrams of Figure 1 have maximal destructive interference and their amplitudes sum up to zero. Consequently, if Q_a = Q_1 and Q_b = Q_2 hold, but Q_a and Q_b are not necessarily equal, the sum of the amplitudes is proportional to (Q_a − Q_b) and the cross section to (Q_a − Q_b)^2 in the kinematic region satisfying eqs. (5, 6, 7). Were it not for interference terms between the left two and the right two diagrams of Figure 1, the cross section would be given by Q^2_a + Q^2_b . We thus notice that, in the region satisfying eqs. (5, 6, 7), destructive interference occurs when Q_a and Q_b take the same sign and constructive interference occurs when they take the opposite signs.^1

We check the prediction of the null radiation zone theorem by simulating parton-level processes with MadGraph 5 [7]. We calculate the cross sections for uu → uuγ subprocess in pp

1 We can directly confirm the appearance of destructive and constructive interferences from the explicit formulae found in eqs. (11, 12) of ref. [6] with the replacement of C_1, C_2, C_3 and C_4 with appropriate electric charges.

collisions at √ s = 8 TeV with and without the interference terms between the left two and the right two diagrams of Figure 1. For comparison, we also calculate the cross sections for uū → uūγ subprocess in pp̄ collisions at √ s = 8 TeV. The up quark and anti-up quark have opposite electric charges, and the parton distribution function of the up quark in a proton is the same as that of the anti-up quark in an anti-proton. Although s-channel exchange of a gluon contributes to uū → uūγ subprocess in addition to t-channel exchange depicted in Figure 1, such contribution can be suppressed by the selection cut which we introduce later. For these subprocesses, the condition eq. (7) is automatically fulfilled. The theorem predicts that, when the conditions eq. (5, 6) are nearly satisfied, the cross section for uu → uuγ subprocess in pp collisions is strongly suppressed compared to the cross section estimated without the interference terms. On the other hand, the cross section for uū → uūγ subprocess in pp̄ collisions is expected to be enhanced compared to the estimate without the interferene terms, because the up and anti-up quarks have opposite electric charges and hence the contributing diagrams have constructive interference.

Figure 2: (Left) The differential cross sections, dσ/dΔp_T (Δp_T = |p_{T 1} −p_{T 2}|), for the uu → uuγ subprocess in pp collisions at √ s = 8 TeV with the cut eqs. (a, b, c, d). The interference terms between the left two and the right two diagrams of Figure 1 are included for the lower red line, and are dropped for the lower-middle green line. Also shown are the differential cross sections for the uū → uūγ subprocess in pp̄ collisions at √ s = 8 TeV with the interference terms included (upper, blue), and dropped (upper-middle, cyan). (Right) The same as the left graph for the uu → uuγ contribution, but the requirement eq. (d) is mildened to Δy < 2.0 (d^′).

Figure 2 shows the cross sections for the uu → uuγ subprocess in pp collisions at √ s = 8 TeV where the interference terms between the left two and the right two diagrams of Figure 1 are included or dropped. Also shown are the cross sections for the uū → uūγ subprocess in pp̄ collisions at √ s = 8 TeV. Each cross section is plotted as a function of the difference between the transverse momenta of the two jets, Δp_T ≡ |p_{T 1} − p_{T 2}|. For the left graph of Figure 2, the kinematical cut is as follows:

• Require two jets with |η| < 4.5 and p_T > 25 GeV. (a)

• Require a photon with |η_γ | < 1.44 or 1.57 < |η_γ | < 2.5 and p_{T γ} > 50 GeV. (b)

• Require M_{jjγ} ≡ √ (p_{j1} + p_{j2} + p_γ )^2 > 2.5 TeV, where p_{j1}, p_{j2} and p_γ denote the fourmomenta of the jets (p_{T j1} > p_{T j2}) and the photon, respectively. (c)

• Require Δy ≡ |y(p_{j1} + p_{j2}) − η_γ | < 0.75, where y(p_{j1} + p_{j2}) denotes the rapidity of the four-momentum sum of the two leading jets. (d)

The requirement (d) corresponds to the condition eq. (5) for the null radiation zone. For the right graph of Figure 2, we have mildened the requirement eq. (d) to

Δy = |y(p_{j1} + p_{j2}) − η_γ | < 2.0 . (d^′)

We find in the left graph that, in the region with small Δp_T , the uu → uuγ cross section with the interference terms included is significantly suppressed compared to that with the interference terms dropped, while the opposite is the case for the uū → uūγ cross section. By comparing the right graph with the left one, we notice that the severe cut on Δy, Δy < 0.75 in eq. (d), is effective for confirming the null radiation zone in the small Δp_T region. We thus confirm that, around the region with y(p_{j1} + p_{j2}) − η_γ ≃ 0 and p_{T 1} ≃ p_{T 2}, i.e., when the conditions eq. (5, 6) are nearly satisfied, the uu → uuγ subprocess has strong destructive interference, whereas the uū → uūγ process has strong constructive interference.

We next calculate the cross sections for the pp → jjγ process at √ s = 8 TeV with and without the interference terms between the left two and the right two diagrams of Figure 1 by using MadGraph 5 [7]. We also calculate the cross sections for the pp̄ → jjγ process at √ s = 8 TeV as a reference.

In Table 1, we summarize the cross sections for parton-level subprocesses of the type qq^′(q̄^′) → qq^′(q̄^′)γ in the null radiation zone inside the kinematical region defined by eqs. (5, 6, 7) based on the (Q_a − Q_b)^2 counting rule, where Q_a and Q_b are the electric charges of the colliding partons. Shown in the right column are the corresponding values of Q^2_a + Q^2_b , which would be the expected cross sections in the absence of the interference terms.

By using the counting rule of Table 1, we estimate the effect of the interference in the pp → jjγ process as follows. Let us assume for simplicity that contributions from sea quarks are negligibly small. Then pp collisions have contributins from uu, dd and ud + du collisions,

Subprocess Cross section with Int. Cross section without Int. uu 0 8/9 C dd 0 1/9 C ud, du C 5/9 C uū 16/9 C 8/9 C dd̄ 4/9 C 1/9 C ud̄, dū 1/9 C 5/9 C Table 1: Estimates on the cross sections for quark-quark and quark-anti-quark subprocesses in the kinematical region satisfying eqs. (5, 6, 7), with and without the interference terms. C is a common number. Contribution of each subprocess to the jjγ production in pp and pp̄ collisions will be obtained by multiplying the relevant parton distribution functions. Contributions of s-channel gluon exchange to uū and dd̄ collisions are neglected.

whereas pp̄ collisions are made of uū, dd̄ and ud̄ + dū collisions. These contributions are proportional to the parton-parton luminosity functions L_{ab}(Q) = ∫ dx_a ∫ dx_b D_{a/p}(x_a, Q) D_{b/p}(x_b, Q) θ ( x_ax_b − ( 2.5 TeV 8 TeV

)_2) , (8)

where D_{a/p} denotes the parton distribution function (PDF) for parton a in a proton and Q denotes the renormalization scale. From eq. (8), we find

L_{dd}/L_{uu} = 0.11 , (9) (L_{ud} + L_{du})/L_{uu} = 0.68 (10)

for PDF CTEQ6L1 [8] and Q = p^{cut}_T = 25 GeV. In the approximation of neglecting s-channel gluon exchange amplitude, we can use the same luminosity function ratios for uū, dd̄ and ud̄ + dū contributions in pp̄ collisions. The cross section for the pp → jjγ process with the interference terms included is then given by

L_{uu} · 0 + (L_{ud} + L_{du}) · C + L_{dd} · 0 = 0.68 L_{uu}C (11)

where the first term corresponds to the contribution of uu subprocess, the second term to ud subprocess and the third term to dd subprocess. Note that the null radiation zone theorem holds for both uu and dd collision processes where all the charges in eq. (3) are the same, whereas for ud collision process, the interference is constructive because (Q_u − Q_d)^2 − (Q^2_u + Q^2_d) = −2Q_uQ_d > 0. On the other hand, when the interference terms were dropped, the cross section would be given by

L_{uu} · (8/9)C + (L_{ud} + L_{du}) · (5/9)C + L_{dd} · (1/9)C = 1.3 L_{uu}C , (12)

Since 0.68L_{uu}C is about a half of 1.3L_{uu}C, there is a hope that the destructive interference in the pp → jjγ process can be confirmed in the region satisfying eqs. (5, 6, 7).

For the pp̄ → jjγ process, the cross section with the interference terms included is given by

L_{uu} · (16/9)C + (L_{ud} + L_{du}) · (1/9)C + L_{dd} · (4/9)C = 1.9 L_{uu}C , (13)

whereas the cross section without the interference terms would be given by

4 · (8/9)C + 4 · (5/9)C + 1 · (1/9)C = 1.3 L_{uu}C . (14)

If it were not for the interference effects, the cross section for the pp̄ → jjγ process, eq. (14), would be identical to that for the pp → jjγ process, eq. (12). The interference is now constructive due to the dominance of the uū → uūγ subprocess, and the difference between the pp̄ → jjγ and pp → jjγ cross sections can be as large as a factor of 3.

Under the cut of only eqs. (a, b, d), quark-gluon subprocesses (qg → qgγ) dominate over qq^′ → qq^′γ subprocesses for the pp → jjγ cross section. To obtain the prediction of the null radiatiom zone theorem in the presence of the gluon background, we implement a severe cut on the invariant mass of the final-state particles so that we can select quark-quark subprocesses in pp collisions, which have relatively large center-of-mass energy, while reducing the contributions from quark-gluon subprocesses. So we use the cut of eqs. (a, b, c, d), where eq. (c) is to reduce the gluon background. Figure 3 shows the cross sections for the pp → jjγ process where the interference terms between the left two and the right two diagrams of Figure 1 are included or dropped. Each cross section is plotted as a function of the difference between the transverse momenta of the two jets Δp_T = |p_{T 1} − p_{T 2}|. In the top part of the figure, the cut eq. (d) is replaced by a milder version eq. (d^′) (replacing 0.75 by 2.0).

We find from Figure 3 that, in the region with small Δp_T , the pp → jjγ cross section with the interference terms included is suppressed compared to that with the interference terms dropped. By comparing the upper two lines with the lower ones, we notice that a severe cut on Δy helps extracting the effect of the interference. We thus confirm that, around the kinematical region with y(p_{j1} + p_{j2}) − η_γ ≃ 0 and p_{T 1} ≃ p_{T 2}, the cross section for the pp → jjγ process is suppressed because of destructive interference between the left two and the right two diagrams of Figure 1. This is in accord with our expectation based on the null radiation zone theorem.

To conclude, it may be possible to observe the effect of the destructive interference in the pp → jjγ process at the √ s = 8 TeV LHC.^2 Although the leading order matrix element level

2 We have examined the possibility of observing the constructive interference in the pp̄ → jjγ process at √ s = 1.96 TeV, but found it rather difficult mainly because very low p_T cut (∼ 6 GeV) is required to gain the rate.

Figure 3: The differential cross sections, dσ/Δp_T (Δp_T = |p_{T 1} −p_{T 2}|), for the pp → jjγ process at √ s = 8 TeV with the cut eqs. (a, b, c, d) for the red (lower) and green (lower-middle) lines, and with the cut eqs. (a, b, c, d^′) for the blue (upper-middle) and cyan (upper) lines. The interference terms between the left two and the right two diagrams of Figure 1 are included for the red and blue lines, and are dropped for the green and cyan lines.

predictions of MadGraph may not give the right normalization of the cross sections, we expect that suppression of events with small Δp_T under the cut eqs. (a, b, c, d) can be observed through cross section ratios. Our simulation predicts that the pp → jjγ cross section with the cut eqs. (a, b, c, d) with Δp_T < 40 GeV and that with Δp_T > 40 GeV have the ratio of σ_{pp}(cut (a, b, c, d), Δp_T < 40 GeV) σ_{pp}(cut (a, b, c, d), Δp_T > 40 GeV) = 2.936 fb 12.507 fb

= 0.235 . (15)

On the other hand, if the interference between the left two and the right two diagrams of Figure 2 is dropped, the same ratio becomes σ^{NI}_{pp} (cut (a, b, c, d), Δp_T < 40 GeV) σ^{NI}_{pp} (cut (a, b, c, d), Δp_T > 40 GeV) = 3.660 fb 12.664 fb

= 0.289 . (16)

Taking only statistical error into account, we can observe the contributions of the interference terms to pp → jjγ cross section at 2 σ level with the integrated luminosity of 20 fb^{−1}. If we adopt the milder cut of Δy < 2.0 (d^′) instead of eq. (d), the above ratios respectively become 0.350 and 0.362, giving only about 1.3 σ difference for the integrated luminosity of 20 fb^{−1}. As expected, the severe cut of Δy < 0.75 (d) is useful to identify the strong destructive interference around the null radiation zone.

If the destructive interference is not observed, it indicates that either there exists an anomalous coupling of a photon to quarks that breaks the premise of the null radiation zone theorem, or, more likely, our understanding of hadronic jets is inadequate.

Realistic event simulation with parton showering and hadronization as well as QCD NLO corrections to the shape and the rate of the Δp_T distributions are beyond the scope of this exploratory paper. Dedicated studies for reducing the fake γ background as well as those for matching the matrix element to the parton shower may be required, because of the peculiar final state kinematics with very large di-jet invariant mass and relatively small transverse momenta of jets and a photon, which is required to establish the null radiation zone in the uu → uuγ subprocess at the LHC. It may be possible to take advantage of the technique for identifying the charge of a jet, which has been successfully applied by ALEPH, DELPHI and OPAL when measuring the forward-backward asymmetry of the up quark and that of the down (and strange) quark at the Z boson pole [9]. Although the usefulness of the jet charge measurement for much more energetic jets at hadron colliders should yet to be demonstrated, if they can be used to obtain a sample of events which are enriched by di-jets with the same sign charges, the signal can be further enhanced because the cancellation due to constructive interference in events with the opposite charge jets will be reduced and also because the major background from the quark-gluon collision events will be reduced.

References

[1] R. W. Brown, K. L. Kowalski and S. J. Brodsky, Phys. Rev. D 28, 624 (1983);

[2] K. O. Mikaelian, Phys. Rev. D 17, 750 (1978); K. O. Mikaelian, M. A. Samuel and D. Sahdev, Phys. Rev. Lett. 43, 746 (1979); R. W. Brown, D. Sahdev and K. O. Mikaelian, Phys. Rev. D 20, 1164 (1979); T. R. Grose and K. O. Mikaelian, Phys. Rev. D 23, 123 (1981); S. J. Brodsky and R. W. Brown, Phys. Rev. Lett. 49, 966 (1982); M. A. Samuel, Phys. Rev. D 27, 2724 (1983); R. W. Brown and K. L. Kowalski, Phys. Rev. D 29, 2100 (1984).

[3] K. Hagiwara, F. Halzen and F. Herzog, Phys. Lett. B 135, 324 (1984); J. Cortes, K. Hagiwara and F. Herzog, Nucl. Phys. B 278, 26 (1986); U. Baur and D. Zeppenfeld, Nucl. Phys. B 308, 127 (1988); U. Baur and E. L. Berger, Phys. Rev. D 41, 1476 (1990).

[4] C. L. Bilchak, J. Phys. G 11, 1117 (1985); M. A. Samuel and J. Reid, Phys. Rev. D 35, 3505 (1987); Erratum-ibid. D 38, 2913 (1988); U. Baur and D. Zeppenfeld, Nucl. Phys. B 325, 253 (1989); J. Reid, G. Li and M. A. Samuel, Phys. Rev. D 41, 1675 (1990); M. A. Doncheski and F. Halzen, Z. Phys. C 52, 673 (1991).

[5] K. Hagiwara, D. Marfatia and T. Yamada, [arXiv:1207.6857 [hep-ph]].

[6] F. A. Berends, R. Kleiss, P. De Causmaecker, R. Gastmans and T. T. Wu, Phys. Lett. B 103, 124 (1981).

[7] J. Alwall, P. Demin, S. de Visscher, R. Frederix, M. Herquet, F. Maltoni and T. Plehn et al., JHEP 0709, 028 (2007) [arXiv:0706.2334 [hep-ph]]; J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, JHEP 1106, 128 (2011) [arXiv:1106.0522 [hep-ph]].

[8] J. Pumplin et.al., JHEP 0207, 012 (2002) [hep-ph/0201195].

[9] The ALEPH Collaboration, Phys. Lett. B 259, 377 (1991); The DELPHI Collaboration, Phys. Lett. B 277, 371 (1992); The OPAL Collaboration, Phys. Lett. B 294, 436 (1992).